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MICROGLIAL POLARIZATION IN THE 
PATHOGENESIS AND THERAPEUTICS  
OF NEURODEGENERATIVE DISEASES

Microglial polarization and its effects on neuronal functions. Green and pink cells with different morphology 

represent microglia with different phenotypes. Red cells denote neurons. 

Image: Yu Tang.
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Microglia-mediated neuroinflammation is one of the shared prominent hallmarks 
among various forms of neurodegeneration. Depending on the milieu in which 
microglia become activated, the polarization of microglia shows to be heterogeneous 
with diverse functional phenotypes that range from pro-inflammatory phenotypes to 
immunosuppressive phenotypes. Therefore, targeting microglial polarization holds 
great promise for the treatment of neurodegeneration.

This eBook focuses on the potential mechanisms of microglial polarization that are 
critically associated with a broad spectrum of neurodegenerative diseases, includ-
ing Parkinson’s disease (PD), Alzheimer’s disease (AD), Amyotrophic lateral sclerosis 
(ALS), Huntington’s disease (HD), Traumatic brain injury (TBI), glaucomatous neuro-
degeneration and prion diseases. This topic also involves the therapeutic targeting 
of microglial polarization by nutritional and pharmacological modulators. Moreo-
ver, this topic describes advanced technologies employed for studying microglia. 
Age-related changes in microglia functions are also discussed.
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Overall, this eBook provides comprehensive understandings of microglial polar-
ization in the course of neurodegeneration, linking with aging-related microglial 
alterations and technologies developed for microglial studies. Hopefully, it will also 
give comprehensive insights into various aspects of therapeutic treatment for neu-
rodegeneration, through targeting microglial polarization.
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The Editorial on the Research Topic

Microglial Polarization in the Pathogenesis and Therapeutics of Neurodegenerative Diseases

Neurodegenerative diseases are a clinically heterogeneous group of disorders characterized by
the progressive degeneration of neurons in both central nervous system (CNS) and peripheral
nervous system (PNS), among which microglia-mediated neuroinflammation is one of the
shared prominent features. Microglial polarization appears to be heterogeneous with diverse
functional phenotypes that range from pro-inflammatory M1 phenotypes to immunosuppressive
M2 phenotypes [reviewed in Tang and Le (2016)]. Given the highly complexity of microglial
functions, the M1/M2 paradigm represents a simplified model to depict two polars of the
inflammatory responses. This research topic in Frontiers in Aging Neuroscience has produced
a highly informative collection of original research, reviews, mini-reviews, as well as technology
report that cover comprehensive aspects related to microglial polarization. Researchers and
clinicians have presented their work and views on the potential mechanisms ofM1/M2 polarization
that are critically associated with a broad spectrum of neurodegenerative diseases.

First, Subramaniam and Federoff provided a review on the molecules and signaling that
modulate microglial polarization states in animal models and clinical trials of Parkinson’s disease
(PD), which supports targeting of microglial phenotypes as a novel therapeutic approach for PD.
Porrini et al. used the nuclear factor-κB (NF-κB)/c-Rel deficient mice to investigate the dynamics
of microglial polarization and mild inflammatory profiles that contribute to modeling late-onset
Parkinsonism. Two original articles then focused on the potential effects of microglia phenotypes
in Alzheimer’s disease (AD). Hypoxia as a pivotal environmental factor has been demonstrated
to aggravate AD via exacerbating Aβ and tau pathologies. Zhang et al. figured out that acute
hypoxia promoted M1 polarization but suppressed M2 polarization in both AD transgenic mice
and their wild type littermates, the process of which was associated with NF-κB induction through
toll-like receptor 4 (TLR4). This study thus indicates the pathological role of hypoxia in the
immunopathogenesis of AD. Mutations of DNAX-activating protein of 12 kDa (DAP12) and
triggering receptors expressed on myeloid cell 2 (TREM2) have been risk genes for AD. In the
study by Zhong et al. they demonstrated that TREM2/DAP12 complex suppressed the activity of
JNK signaling to suppress lipopolysaccharides (LPS)-triggered M1 pro-inflammatory responses,
thereby executing anti-inflammatory functions. Geloso et al. then analyzed the features and timing
of M1/M2 microglial polarization in the transgenic mice of amyotrophic lateral sclerosis (ALS),
and reviewed the preclinical approaches that may affect microglia phenotypes. Similarly, Yang et al.
summarized current knowledge about M1/M2 microglial polarization and their corresponding
signaling pathways in the pathogenesis and progression of Huntington’s disease (HD).
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Traumatic brain injury (TBI) can also trigger
neurodegeneration and is a major risk factor for the development
of dementia. Microglial polarization following TBI may
contribute to the restoration of homeostasis in the brain. The
study by Donat et al. reviewed the effects of microglia in TBI,
including the analysis of their distribution, morphology and
functional phenotypes over time in multiple experimental
animal models and in humans. This may give an insight into the
time course of microglial polarization at the injury site and the
spreading of inflammation to other brain areas. It reminds us that
ameliorating the inflamed milieu would be required to facilitate
neuron rescue at the injury site and achieve long-term protection
and recovery in TBI. And this is also applied for ischemic stroke.
Liu et al. investigated the neuroprotective functions of dietary
phytochemical curcumin in experimental stroke models, and
demonstrated that curcumin post-treatment has a profound
regulatory effect on microglial responses over time, promoting
M2 polarization and suppressing pro-inflammation.

As an extension of the brain, retina is also affected in
several neurodegenerative diseases. Ramirez et al. described
the contribution in retina to microglia polarization in AD,
PD, and glaucomatous neurodegeneration. Notably, those
neuroinflammation in the retinal tissue might be of great use for
the early diagnosis and monitoring of neurodegeneration. Obst
et al. then reviewed the current understandings on the role of
microglia in the pathogenesis of prion disease, which is a chronic
neurodegenerative disorder characterized by the accumulation of
scrapie prion protein PrPSc. The cytokine profile is associated
with both pro- and anti-inflammatory reactions, suggestive of
a mixed inflammatory profile in the prion-diseased brain. The
fact that different prion strains, disease stages, and detection
techniques are also added into the complexity of inflammatory
profiles in prion diseases.

Despite the simplified division of M1/M2 functionally
polarization, modulation of microglial phenotypes has
become a potential therapeutic approach for the treatment
of neurodegenerative diseases. In light of this, Song and
Suk reviewed recent studies of pharmacological modulators,
especially the small-molecule compounds and their intracellular
target proteins that participate in microglial polarization.
Moreover, Pena-Altamira et al. also focused on nutritional
approaches by the intake of food bioactive compounds such as
carotenoids, phytosterols, and so forth, which may intervene
microglial polarization, contributing to neuron survival and
therefore improve cognitive aging impairment. Specifically,
Roser et al. described how the inhibition of Rho kinase (ROCK)
pathway can induce the microglia phenotype towards the
beneficial “M2” and explored ROCK inhibition as a promising
treatment option for PD and ALS. Atypical chemokine receptors
(ACKRs), which belong to a small subset of chemokine receptors,
were shown to limit inflammation through chemokine scavenge
at the inflammatory sites. The review by Salvi et al. summarized
the potential role of the ACKRs in neuroinflammation,
particularly focusing on the microglial polarization and function.
Moreover, Labandeira-Garcia et al. described the effects of the
brain renin-angiotensin system (RAS) onmicroglial polarization.
Angiotensin II (Ang II) acts through its type 1 receptor (AT1),

leading to the NADPH-oxidase complex activation and giving
rise to pro-oxidative and pro-inflammatory effects. In the
opposite way, these effects are counteracted by Ang II/AT2
receptor signaling and Angiotensin 1-7/Mas receptor (MasR)
signaling, which produce anti-inflammatory effects and promote
M2 polarization.

It then comes to the technology section of studying
microglia functions. The advancement of experimental cell-
specific depletion methods in recent years has greatly boosted
the microglial research. In the study by Lund et al. they reviewed
and compared the different depletion approaches that have been
used to eliminate microglia or monocyte-derived macrophages
in a range of neurodegenerative disease such as ALS and
AD, and discussed their prospects for immunotherapy. In the
technology report by Noristani et al. the authors combined
magnetic resonance imaging (MRI) and multiphoton to study
microglia/monocytes alterations after spinal cord injury (SCI). Ex
vivo diffusion MRI allows detailed examination of CNS tissues,
while advances in clearing procedures allow detailed imaging
of fluorescent-labeled microglia/monocytes at high resolution.
Another critical method for studying microglia is definitely
transcriptomes. Increasing studies have investigated microglial
transcriptome remodeling over the course of pathogenesis and
figured out the microglial response diversity to different diseases.
Hirbec et al. therefore critically reviewed and compared the
different methods developed to isolate microglia, and decipher
microglial transcriptomes as well, including RNA-Seq and
microarray, in multiple neuropathological conditions.

Aging is one of the most important risk factors for the
onset and progression of neurodegenerative diseases, during
which age-dependent and senescence-driven microglia function
impairments have played essential roles. Spittau summarized
the current knowledge of microglia phenotypes and functions
in aged CNS, and also discussed the implications of age-
related changes in microglia functions for the development
of PD and AD. Specifically, Caldeira et al. investigated key-
aging associated responses in microglia stimulated by Aβ in
cell culture, with a reduced phagocytosis, migration and lower
expression of inflammatory miRNAs over time. This study
thus manifests the heterogeneous microglial responses along
the progression of AD, and improves our understanding that
therapeutic targeting microglia might differ from early to late
stages. What is more, the crosstalk among glia, neural progenitor
cells, and neurons also becomes dysfunctional during aging,
along with harmful effects to dopaminergic neuron plasticity
and repair. As reviewed by L’Episcopo et al. the aging-induced
M1 pro-inflammatory responses disrupt the subventricular zone
(SVZ) plasticity via PI3K-Wnt/β-catenin dysregulation, thereby
impairing the neurogenic process.

The study byWalker et al. investigated the potential functions
of colony stimulating factor-1 (CSF-1) and interleukin-34 (IL-
34) in microglia derived from human autopsy AD brains. They
showed that IL-34 induced primarily M1 responses similar to
that of CSF-1, which is contrary to that in earlier work with
rodent microglia. This discrepancy might come from either
species difference or age difference, but it indeed reminds us
that further studies shall also make the most use of human
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subjects to recapitulate the real AD pathology. Finally, Au and
Ma described another type of microglia, bipolar/rod-shaped
microglia, which is previously less studied mainly due to the
lack of a well-established in vitro culture system. The spatial
arrangement of bipolar/rod-shaped microglia is important for
the reorganization and remodeling of neuronal and synaptic
circuitry after CNS injuries. They then discussed the potential
neuroprotective roles of bipolar/rod-shaped microglia, and the
possibility of transforming ramified/amoeboid microglia into
bipolar/rod-shaped microglia to promote CNS repair. This study
will broaden our knowledge on microglia polarization at a very
different angle.

However, as we mentioned above, the categorization of
M1/M2 microglial polarization is quite simplified, since
microglia may not display a significant bias toward either the M1
or M2 phenotype in a complicated microenvironment in vivo.
With the advent of single-cell RNA-Seq, studies have shown
that microglial transcriptome profiles are varied and context
dependent, with regard to microglial polarization [reviewed
in Ransohoff (2016), Colonna and Butovsky (2017)]. When
defining microglial phenotypes, the combined variables such

as age, neuropathological conditions and stages of disease will
need to be accounted for, and genome-wide expression profiling
technologies shall be further employed.

Overall, this collection is plenty of interesting articles
that brought comprehensive understandings of microglial
polarization in a range of neurodegenerative diseases, linking
with aging-related alterations in microglia and technologies
developed for microglial studies. We hope that this topic
would give exciting insights into therapeutic approaches in the
treatment of neurodegeneration, through targeting microglial
polarization.
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Parkinson’s disease (PD) is a chronic and progressive disorder characterized
neuropathologically by loss of dopamine neurons in the substantia nigra, intracellular
proteinaceous inclusions, reduction of dopaminergic terminals in the striatum, and
increased neuroinflammatory cells. The consequent reduction of dopamine in the
basal ganglia results in the classical parkinsonian motor phenotype. A growing body
of evidence suggest that neuroinflammation mediated by microglia, the resident
macrophage-like immune cells in the brain, play a contributory role in PD pathogenesis.
Microglia participate in both physiological and pathological conditions. In the former,
microglia restore the integrity of the central nervous system and, in the latter,
they promote disease progression. Microglia acquire different activation states to
modulate these cellular functions. Upon activation to the M1 phenotype, microglia
elaborate pro-inflammatory cytokines and neurotoxic molecules promoting inflammation
and cytotoxic responses. In contrast, when adopting the M2 phenotype microglia
secrete anti-inflammatory gene products and trophic factors that promote repair,
regeneration, and restore homeostasis. Relatively little is known about the different
microglial activation states in PD and a better understanding is essential for developing
putative neuroprotective agents. Targeting microglial activation states by suppressing
their deleterious pro-inflammatory neurotoxicity and/or simultaneously enhancing their
beneficial anti-inflammatory protective functions appear as a valid therapeutic approach
for PD treatment. In this review, we summarize microglial functions and, their dual
neurotoxic and neuroprotective role in PD. We also review molecules that modulate
microglial activation states as a therapeutic option for PD treatment.

Keywords: Parkinson’s disease, microglia, therapeutics, neuroinflammation, polarization

INTRODUCTION

Parkinson’s disease (PD) is a common movement disorder and the second most prevalent
neurodegenerative disorder worldwide, that affects nearly 2% of the elderly population. PD is
characterized by loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc)
and consequently reduced dopamine (DA) levels in the basal ganglia, causing motor dysfunction
(Figure 1). Lewy bodies, intracellular proteinaceous inclusions, are the pathological hallmark
within PD brains. Lewy bodies contain fibrillar α-synuclein among other proteins (Spillantini et al.,
1997). It is evident that the immune system is involved in PD risk by genome-wide association

Frontiers in Aging Neuroscience | www.frontiersin.org June 2017 | Volume 9 | Article 17610

http://www.frontiersin.org/Aging_Neuroscience/
http://www.frontiersin.org/Aging_Neuroscience/editorialboard
http://www.frontiersin.org/Aging_Neuroscience/editorialboard
https://doi.org/10.3389/fnagi.2017.00176
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnagi.2017.00176
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2017.00176&domain=pdf&date_stamp=2017-06-08
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00176/abstract
http://loop.frontiersin.org/people/432755/overview
http://loop.frontiersin.org/people/244066/overview
http://www.frontiersin.org/Aging_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive


fnagi-09-00176 June 8, 2017 Time: 10:53 # 2

Subramaniam and Federoff Targeting Microglial Activation in Parkinson’s Disease

FIGURE 1 | The nigrostriatal dopaminergic pathway and motor basal ganglia circuitry in Parkinson’s disease (PD) brain. (A) In the nigrostriatal pathway, the striatum,
Str (caudate nucleus and putamen), receives dopaminergic innervation from the substantia nigra pars compacta (SNpc) in the midbrain. (B) A schematic showing
normal motor basal ganglia circuitry (left side) and its irregularities in PD brain (right side), adapted from (Bjarkam and Sorensen, 2004). Normal brain (left): The
dopaminergic afferent neurons from the SN synapse with GABAergic neurons which display either D1 or D2 dopaminergic receptors. These GABAergic populations
project directly (red arrows) or indirectly (blue arrows; through globus pallidus externa, GPe, and subthalamic nucleus, STN) to globus pallidus interna (GPi). The
output from the GPi (green arrows) to the thalamus is inhibitory and modulates normal motor function. PD brain (right): The loss of dopaminergic neurons in the SN
and depletion of striatal dopamine leads to elevated inhibitory output from the GPi to the thalamus causing reduction in normal motor function. Inhibitory and
excitatory inputs are marked as (–) and (+), respectively. The intensity of the inputs is marked with thickness of lines. Str, striatum; Th, thalamus.
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studies (GWAS), implicating the human leukocyte antigen
(HLA) locus with sporadic PD (Hamza et al., 2010) and,
as well, by the neuropathology in PD brains demonstrating
highly activated microglial and T-cells (McGeer et al., 1988;
Imamura et al., 2003). Several inflammatory markers have
been identified in SNpc of PD brains including cytokines and
neurotrophins (Nagatsu et al., 2000; Hunot and Hirsch, 2003).
Also, widespread microglial activation is a concomitant in PD
neuropathology (Gerhard et al., 2006). A meta-analysis of anti-
inflammatory drug trials revealed an association between non-
steroidal anti-inflammatory drugs (NSAIDs) use and reduced
risk for developing PD possibly implicating neuroinflammatory
processes in the disease (Gagne and Power, 2010). Evidence
supports the conclusion that microglia, the brain resident
macrophage-like immune cells, participate in the inflammatory
response of the disease (Qian and Flood, 2008; Long-Smith et al.,
2009; Moehle and West, 2015). In addition, other observations
implicate peripheral immune cells in PD (Saunders et al., 2012;
Funk et al., 2013; Chen et al., 2015). Together these data indicate
that inflammation and microglial activation contribute to the
in pathogenesis of PD. Hence, immunomodulation might be a
possible therapeutic avenue for PD.

The distribution of microglial M1/M2 phenotypes depends
on the stage and severity of the disease. Understanding stage-
specific switching of microglial phenotypes and the capacity to
manipulate these transitions within appropriate time windows
might be beneficial for PD therapy. In this review, we will
outline different microglial activation states and provide evidence
of M1/M2 activation states in PD. We will also discuss
how manipulation of M1/M2 activation may be of potential
therapeutic value.

MICROGLIA FUNCTIONS

In the central nervous system (CNS), the innate immune
response is predominantly mediated by microglia and astrocytes.
Microglia play a vital role in both physiological and pathological
conditions. Tissue-specific macrophages can be found in most
tissues of the body, whereas microglia are present distinctly
in the brain. Microglia are derived from primitive yolk sac
myeloid progenitors that seed the developing brain parenchyma
(Alliot et al., 1999; Ginhoux and Jung, 2014). Microglia represent
10–15% of the total population of cells within the brain
and manifest different morphologies across anatomic regions
(Lawson et al., 1990; Mittelbronn et al., 2001). Microglia appear
to be involved in several regulatory processes in the brain that
are crucial for tissue development, maintenance of the neural
environment and, response to injury and promoting repair.
Similar to peripheral macrophages, microglia directly respond
to pathogens and maintain cellular homeostasis by purging said
pathogens, as well as dead cells and pathological gene products
(Gehrmann et al., 1995; Bruce-Keller, 1999; Stevens et al., 2007;
Tremblay et al., 2010; Olah et al., 2011; Paolicelli et al., 2011).
In addition, microglial function can be altered by interactions
with neurons, astrocytes, migrating T-cells, and the blood–brain
barrier itself (Gonzalez et al., 2014).

Under physiological conditions, microglia acquire a neural-
specific, relatively inactive phenotype (Schmid et al., 2009)
where they sample and inspect the local environment and
other brain cells types (Davalos et al., 2005; Nimmerjahn
et al., 2005). In a healthy brain, resting quiescent microglia
exhibit a ramified morphology, with relatively long cytoplasmic
protrusions, a stable cell body and little or no movement
(Figure 2). Quiescent microglia extend processes into their
surrounding environment (Nimmerjahn et al., 2005). This resting
stage is partly maintained by signals conveyed by neuronal
and astrocyte-derived factors (Neumann et al., 2009; Ransohoff
and Cardona, 2010). The maintenance of this inactive state is
regulated by several intrinsic factors like Runx1 (Runt-related
transcription factor 1) and Irf8 (Interferon regulatory factor 8),
and extrinsic factors such as TREM2 (triggering receptor also
expressed on myeloid cells-2), chemokine CX3CR1 and CD200R
(Kierdorf and Prinz, 2013). In the normal CNS environment,
healthy neurons provide signals to microglia via secreted and
membrane bound factors, such as CX3CL1, neurotransmitters,
neurotrophins and CD22 (Sunnemark et al., 2005; Frank et al.,
2006; Lyons et al., 2007; Pocock and Kettenmann, 2007). In
addition, microglia express elevated levels of microRNA-124
which in turn reduces CD46, MHC-II (major histocompatibility
complex II) and CD11b, to maintain the quiescent state (Conrad
and Dittel, 2011).

MICROGLIAL ACTIVATION: THE DUAL
ROLES OF MICROGLIA

As peripheral macrophages respond to endogenous stimuli
promoting both pathogenic and protective functions, so do
microglia. Upon exposure to endogenous stimuli microglia
become activated. Among the gene products released by
microglia are various substances including pro-inflammatory
cytokines, neurotoxic proteins, chemokines, anti-inflammatory
cytokines, and neurotrophic factors (Mahad and Ransohoff,
2003; Block et al., 2007; Benarroch, 2013; Nakagawa and
Chiba, 2015). Microglia also display signaling immunoreceptors
such as Toll-like receptors (TLRs), scavenger receptors (SRs),
nucleotide binding oligomerization domains (NODs) and NOD-
like receptors (Ransohoff and Brown, 2012). Fundamentally,
the two polar states of microglia, the M1 and M2 phenotypes
are associated phenomenologically with injury and homeostasis,
respectively (as described below). Differential states of microglial
activation within an injured tissue evolve during an inflammatory
epoch (Graeber, 2010).

M1 Polarization State
When classically activated, microglia acquire the M1 phenotype,
characterized by pro-inflammatory and pro-killing functions
that serve as the first line of defense. In M1 microglial
activation state both secreted factors and cellular markers are
dysregulated (Table 1). During M1 polarization (driving from
another, often resting state), microglia release pro-inflammatory
cytokines: interleukin-1β (IL-1β), IL-6, IL-12, IL-17, IL-18, IL-
23, tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ) and
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FIGURE 2 | Schematic of microglial polarization states and function. In normal physiological conditions microglia acquire the surveillance phenotype to maintain all
CNS cell types including neurons. To maintain this surveillance state, microglia secrete several factors including colony stimulating factor 1 receptor (CSF1R), signal
regulatory protein CD172 (SIRP1A), chemokine CX3CL1 and CD200R. Upon classical activation when triggered by LPS, IFN-γ, or GM-CSF microglia acquire M1
pro-inflammatory phenotype leading to neurotoxicity by secreting several pro-inflammatory substances (for detailed list, see Table 1). When activated alternatively by
IL-1, IgG, or IL-10 microglia attain M2 anti-inflammatory state prompting neuroprotection through secretion of variety of substances (for detailed list, see Table 1).
Arg1, arginase 1; CCL, chemokine (C-C motif) ligand; CD, cluster of differentiation; CSF1R, colony stimulating factor 1 receptor; CXCL, chemokine (C-X-C motif)
ligand; Fizz1, found in inflammatory zone; IL, interleukin; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-γ, interferon-γ; iNOS, inducible nitric oxide
synthase; LPS, lipopolysaccharide; MAMPs, microbe-associated molecular patterns; MHC-II, major histocompatibility complex II; SIRP1A, signal regulatory protein
CD172; SOCS3, suppressor of cytokine signaling-3; TNF-α, tumor necrosis factor-α; Ym1, chitinase-like protein.
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TABLE 1 | Microglial polarization states and substances produced.

Activation type/function Source Substances produced Reference

M1 (classical activation):
pro-inflammatory and pro-killing

LPS, IFN-γ Cytokines: IL-1β, IL-6, IL-12, IL-17,
IL-18, IL-23, TNF-α
Markers: CD86, MHC-II
Chemokines: CCL2
Metabolic enzyme/redox
molecules: iNOS, COX-2, reactive
oxygen species and reactive nitrogen
species prostaglandin E2

Mahad and Ransohoff, 2003; Kawanokuchi et al., 2006
Kawanokuchi et al., 2008; Loane and Byrnes, 2010;
Benarroch, 2013; Chhor et al., 2013; Franco and
Fernandez-Suarez, 2015; Nakagawa and Chiba, 2015

M2a (alternative activation):
tissue repair and phagocytosis

IL-4, IL-13 Cytokines: IL-10
Markers: CD206, SR-A1, SR-B1, Arg1,
Ym1, Fizz1
Others: extracellular matrix proteins,
PPAR

Mahad and Ransohoff, 2003; Loane and Byrnes, 2010,
Benarroch, 2013; Chhor et al., 2013; Franco and
Fernandez-Suarez, 2015; Nakagawa and Chiba, 2015

M2b (alternative activation):
recruitment of regulatory T cells

Fcγ receptors, TLRs and
immune complexes (IgG)

Cytokines: IL-1β, IL-6, IL-10, TNF-α
Markers: CD86, MHC-II
Others: SOCS3, COX-2, Sphk

M2c (alternative activation):
anti-inflammatory and healing

IL-10, TGF-β and
glucocorticoids

Cytokines: IL-10, TGF-β
Markers: CD163

Arg1, arginase 1; CCL, chemokine (C-C motif) ligand; CD, cluster of differentiation; COX-2, cyclooxygenase-2; Fizz1, found in inflammatory zone; IFN-γ, interferon-γ;
IL, interleukin; iNOS, inducible nitric oxide synthase; MHC-II, major histocompatibility complex II; SOCS3, suppressor of cytokine signaling-3; Sphk, sphingosine kinase;
SR-A1, scavenger receptor class A1; SR-B1, scavenger receptor class B1; TGF, transforming growth factor; TNF-α, tumor necrosis factor-α; Ym1, chitinase-like protein.

nitric oxide, and chemokines: CCL2 (Mahad and Ransohoff,
2003; Kawanokuchi et al., 2006, 2008; Loane and Byrnes, 2010;
Benarroch, 2013; Nakagawa and Chiba, 2015). Also upon M1
activation microglia appear to present phenotypic markers:
inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-
2), MHC-II, and CD86 (cluster of differentiation marker 86)
(Chhor et al., 2013; Franco and Fernandez-Suarez, 2015) and,
other substances including reactive oxygen species (ROS),
reactive nitrogen species, and prostaglandin E2 (Benarroch, 2013;
Nakagawa and Chiba, 2015). These orchestrated processes are to
purge foreign pathogens and polarize T-cells to elicit an adaptive
immune response.

The M1 phenotype of microglia can be induced in
experimental models using microbe-associated molecular pattern
molecules such as lipopolysaccharide (LPS), an endotoxin present
in the cell membranes of Gram-negative bacteria, or others
related to infections such as IFN-γ (Figure 3; Loane and Byrnes,
2010; Boche et al., 2013). Similarly, an aseptic inflammatory
response also occurs after exposure to trauma or ischemia-
reperfusion injury or chemical injury.

IFN-γ utilizes the JAK/STAT (Janus kinase/signal transducer
and activator of transcription) signaling pathway to activate
the M1 phenotype. M1 activation by IFN-γ occurs through
activation of IFN-γ receptors 1 and 2 (IFN-γR1/2) leading to
JAK1/2 activation, phosphorylation and the nuclear translocation
of STAT1 along with interferon regulatory factors (IRFs).
This signaling cascade promotes expression of M1-associated
cytokines, chemokines, and other genes (Hu and Ivashkiv, 2009;
Boche et al., 2013).

LPS induces M1 activation via TLRs, which recognize
specific patterns of microbial macromolecules. LPS binds to
TLR4 on the cell surface that is coupled to MD2 (myeloid
differentiation protein 2) (TLR/MD2) with participation
of co-receptors CD14 and LBP (LPS-binding protein).

LPS binding to TLR4 results in activation through MyD88
(myeloid differentiation primary response protein 88) and
TRIF (TIR domain-containing adaptor inducing IFN-β),
and transcription factors such as NF-κB (nuclear factor
kappa B), STAT5, and IRFs (Takeda and Akira, 2004).
This causes transcriptional upregulation of M1-associated
cytokines, chemokines and other genes. Alternative M1
activation stimulation through granulocyte-macrophage colony-
stimulating factor (GM-CSF) has been demonstrated recently
(Lacey et al., 2012). However, unlike LPS and IFN-γ, GM-CSF
is reported to instigate pleomorphic activation states that shows
characteristics of both M1 and M2 phenotypes (Weisser et al.,
2013). Figure 3 (left side) provides further details on M1
activation.

M2 Polarization State
The alternative M2 microglial activation state is involved
in various events including immunoregulation, inflammation
dampening, and repair and injury resolution. M2 microglia is
morphologically characterized by enlarged cell bodies (Figure 2).
M2 microglial activation produces an array of mediators such
as anti-inflammatory cytokines, extracellular matrix proteins,
glucocorticoids, and other substances.

Presently, the mechanism of M2 activation in microglia is
poorly understood compared to macrophages. It is believed
that microglia can develop diverse M2 phenotypes similar to
macrophages (Morgan et al., 2005; Herber et al., 2006; Schwartz
et al., 2006). The characteristics of M2 polarization of microglia
parallel that of the macrophages (Chhor et al., 2013; Freilich
et al., 2013) producing IL-4 and IL-10 stimulation through
Arg1 (arginase 1), Ym1 (chitinase-like protein), Fizz1 (found
in inflammatory zone), and PPAR (peroxisome proliferator-
activated receptor) (Michelucci et al., 2009). M2 macrophage
activation is sub-classified into M2a, M2b, and M2c, and these
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FIGURE 3 | Overview of microglial M1 and M2 signaling in neurodegeneration, and potential targets for neuroprotection. The left side of the figure compartment
shows M1 microglial phenotype and its major signaling pathways. LPS binds to TLR4 on the cell surface which is coupled to MD2 (TLR/MD2) with participation of
co-receptors CD14 and LBP (LPS-binding protein), activates interleukin-1 receptor-associated kinases (IRAKs) through MyD88 and TRIF that causes translocation of
transcription factors such as NF-κB, STAT5, activator protein-1 (AP1), and interferon regulatory factors (IRFs) to the nucleus. M1 activation by IFN-γ occurs through
IFN-γ receptors 1 and 2 (IFN-γR1/2) leading to the recruitment of Janus kinase 1 and 2 (JAK1/2) that phosphorylate and translocate STAT1 and IRFs to the nucleus.
M1 activation stimulation through granulocyte-macrophage colony-stimulating factor (GM-CSF) occurs when GM-CSF binds to its receptor GM-CSF-R, which
activates rat sarcoma oncoproteins (RAS), JAK2, and SFK, and causes translocation of STAT5 to the nucleus. The translocation of NF-κB, STAT1, STAT5, AP1, and
IRFs to the nucleus causes upregulation of intracellular iNOS and cell surface markers (CD86, CD16/32, MHC-II). M1 stimulation also causes transcriptional
upregulation of M1-associated pro-inflammatory cytokines (IL-1β, IL-6, IL-12, TNF-α) and chemokines (CCL2, CXCL10). The right side of the figure compartment
shows various M2 microglial phenotypes and major signaling pathways involved. M2 activation can be classified into M2a, M2b, and M2c. M2a state is induced
mainly by IL-4. IL-4 binds to IL-4R, which stimulates JAK1 or JAK3 that causes translocation of STAT6 to the nucleus leading to transcription of M2a-associated
genes including IL-10, cell surface markers (CD206, scavenger receptors, SRs), and intracellular components such as suppressor of cytokine signaling 3 (SOCS3),
Ym1 (chitinase-like protein) and Fizz1 (found in inflammatory zone). The M2b activation state, which has some M1 response characteristics, is stimulated when TLRs
fuse Fcγ receptors, which then bind to IgG (B cells) to derive the M2b phenotype. M2b activation results in secretion of IL-10 and, cell surface markers (CD86,
MHC-II). M2c activation is induced by IL-10 which stimulates the IL-10 Receptor 1 and 2 subunits that activates JAK1 leading to the translocation of STAT3 to the
nucleus. STAT3 translocation inhibits M1-associated pro-inflammatory cytokines and upregulation of IL-10, TGF-β and the cell surface marker CD206. M2c state
plays an important role in immunoregulation, matrix deposition and tissue remodeling. The bottom half of the figure shows potential therapeutic microglial targets for
neuroprotection. (1) JAK/STAT inhibition: M1 phenotype is induced via the JAK/STAT signaling pathway and inhibition of this pathway may suppress the downstream
M1-associated pro-inflammatory genes. (2) Histone deacetylase (HDAC) inhibitors: Histone acetylation is increased in M1 state that may lead to the expression and
release of pro-inflammatory cytokines. HDAC inhibitors prevent neurodegeneration by shifting microglia toward protective M2 phenotype and anti-inflammatory
mechanisms. (3) Microglia-produced high-mobility group box-1 (HMGB1) inhibitors: HMGB1 is a pro-inflammatory cytokine released by microglia which is toxic to
neurons. HMGB1 inhibitors show neuroprotection by binding to HMGB1 and inhibiting its cytokine-like activity. (4) Alteration of M1/M2 balance: These agents
promote the shift M1 pro-inflammatory phenotype toward protective M2 phenotype, and also exhibit neuroprotection by counteracting excessive pro-inflammatory
M1 cytokines. (5) Adenosine monophosphate-activated protein kinase (AMPK) activators: AMPK activators act by inhibiting the expression of pro-inflammatory
cytokines and iNOS by reducing NF-κB activation. (6) Peroxisome proliferator-activated receptor (PPAR) agonists: PPAR agonists exhibit neuroprotection by
upregulating AMPK and protective genes, reducing oxidative damage, maintaining mitochondrial function and anti-inflammatory mechanisms. (7) Glycogen synthase
kinase-3 β (GSK3β) inhibitors: GSK3β regulate microglial migration, inflammation, and neurotoxicity through astrocytes. GSK3β inhibitors decrease inflammation by
reducing iNOS expression and release of nitric oxide (NO). (8) Endocannabinoid system targets: Agents that target the endogenous cannabinoid ligands anandamide
and 2-arachidonoylglycerol (2-AG) increase TGF-β, arginase 1 and glial cell line-derived neurotrophic factor (GDNF), and reduce iNOS and COX-2, expression.
AICAR, 5-amino-4-imidazole carboxamide riboside; GA, glatiramer acetate; HO-1, heme oxygenase 1; MMBO, 2-methyl-5-methylsulfinylphenyl-1-benzofuranyl-
1,3,4-oxadiazole; NP-12, tideglusib; NQO1, NAD(P)H quinone dehydrogenase 1; Nrf2, nuclear erythroid 2-related factor 2; ARE, antioxidant response element;
SOD1, superoxide dismutase 1; TSA, trichostatin A.

Frontiers in Aging Neuroscience | www.frontiersin.org June 2017 | Volume 9 | Article 17615

http://www.frontiersin.org/Aging_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive


fnagi-09-00176 June 8, 2017 Time: 10:53 # 7

Subramaniam and Federoff Targeting Microglial Activation in Parkinson’s Disease

activation states may be envisaged to microglia (Boche et al., 2013;
Figure 3 and Table 1). The M2a state is induced by IL-4 or IL-13
and, is associated with tissue repair and phagocytosis. IL-4 binds
to different receptor pairs, which stimulate JAK1 or JAK3 and
activates STAT6 leading to transcription of M2a-associated genes
including CD206, suppressor of cytokine signaling 3 (SOCS3)
and SRs. The M2b activation state is stimulated by engagement
of TLRs and the IL-1 receptor, and is involved in the recruitment
of regulatory T cells. Activated TLRs fuse Fcγ receptors, which
then bind to IgG (B cells) to derive the M2b phenotype. M2b
activation results in secretion of IL-10, CD86 (on cell surface)
and MHC-II. M2c activation state is induced by IL-10 and
glucocorticoid hormones, and is involved in anti-inflammatory
and healing functions. IL-10 stimulates the IL-10R1 and IL-10R2
which activate JAK1 leading to the translocation of STAT3 into
the nucleus. STAT3 translocation suppresses most of the M1-
associated pro-inflammatory cytokines (Franco and Fernandez-
Suarez, 2015; Michell-Robinson et al., 2015). Overall, it is
considered that the M2 activation promotes healing and tissue
repair whereas the M1 activation state is the first line of defense
with pro-killing functions. Please see Figure 3 (right side) for
details on M2 activation.

Polarization Transitions
The transition from the M1 pro-inflammatory state to the
regulatory or anti-inflammatory M2 phenotype is thought to
assist improved functional outcomes and restore homeostasis
(Orihuela et al., 2016). Recently, histone H3K27me3 demethylase
Jumonji was shown to be essential for M2 polarization and down-
regulation of the M1 phenotype (Tang et al., 2014). The induction
of M1 phenotype is a relatively standard response during injury.
For peripheral immune cells it is thought that M1 polarization
is terminal and the cells die during the inflammatory response
(Orihuela et al., 2016). Although a shift from M1 to the M2
phenotype is considered rare for peripheral immune cells, the
microglia can shift from M1 to M2 phenotype when exposed to
IL-10, glatiramer acetate, beta interferons, PPARγ agonists and
other molecules discussed in the later section. Although, the M1
and M2 microglial phenotypes vastly differ in their function,
different subpopulations in an injury environment may express
specific phenotypes resulting in concurrent expression of M1-
and M2-related factors or mixed M1/M2 phenotypes (Ziegler-
Heitbrock et al., 2010; Pettersen et al., 2011; Vogel et al., 2013).
The potential to pharmacologically promote a microglial M1 to
M2 shift may have therapeutic implications in the setting of
neurodegenerative diseases associated with neuroinflammation.

MICROGLIA-MEDIATED INFLAMMATION
IN PD

The involvement of innate immunity in PD was first proposed
by McGeer et al. (1988) when brain from PD patients showed
high levels of reactive microglia that were positive for human
leukocyte antigen-D related (HLA-DR) in the substantia nigra
and putamen. GWAS indicate that variants in the HLA

region are linked to sporadic PD (Hamza et al., 2010; Hill-
Burns et al., 2011). Activated microglia in PD brain appear
responsible for exacerbating neurodegeneration (McGeer and
McGeer, 2004), and the exposure of human neuromelanin
discharged from dead DA neurons cause chemotaxis and
increases the pro-inflammatory substances in microglial cultures
(Wilms et al., 2007). M1 activation-associated inflammatory
markers such as MHC-II (Imamura et al., 2003), TNF-α
and IL-6 (Boka et al., 1994; Imamura et al., 2003) have
been reported in patients with PD. Recent positron emission
tomography (PET) studies show that PD patients have cortical
microglial activation and lower brain glucose metabolism
early in the disease, and imply that microglial activation
may be a contributing factor in the disease progression
(Edison et al., 2013). PET with inflammatory ligands show
elevation in several areas of the basal ganglia involved in
PD pathology (Gerhard et al., 2006; Edison et al., 2013;
Iannaccone et al., 2013). TLR2 is increased in postmortem
PD brain tissue, which correlates with pathological α-synuclein
deposition. The neuronal TLR2 rather than glial expression of
TLR2 is significantly elevated in PD brain and correlates with
disease progression. In addition, TLR2 is strongly localized in
α-synuclein positive Lewy bodies (Dzamko et al., 2017). These
observations highlight the crucial role of neuroinflammation in
PD pathogenesis.

PERIPHERAL INFLAMMATION IN PD

“The dual hit theory” of PD development states that a
neurotropic pathogen enters the brain by nasal and/or gastric
route by axonal transport, the latter via the vagus nerve
(Braak et al., 2003; Hawkes et al., 2009). There is evidence
that some forms of α-synuclein can be transmitted from
the gut to the brain (Pan-Montojo et al., 2010; Ulusoy
et al., 2013; Holmqvist et al., 2014). Instillation of rotenone
into the rodent stomach exhibits progressive pathological
α-synuclein inclusions in the enteric nervous system, the
vagus nerve and subsequently in the brain stem (Pan-Montojo
et al., 2010). Vagotomy prevents transport of pathological
proteins from the gut to CNS (Phillips et al., 2008; Pan-
Montojo et al., 2012). A recent study in Danish patients
reveals that those who underwent full truncal vagotomy
had lower risk for PD, suggesting that the vagus nerve
might be critically involved in PD pathogenesis (Svensson
et al., 2015). Another clinical study reports that serum
levels of the pro-inflammatory cytokine IL-1β discriminated
asymptomatic LRRK2-G2019S carriers from controls and
suggests that peripheral inflammation is greater in a percentage
of subjects carrying LRRK2-G2019S mutation (Dzamko et al.,
2016).

The major peripheral immune cells, T-lymphocytes
and B-lymphocytes, are not found in the CNS in normal
biological conditions. However, with peripheral inflammation
such as infection or injury, blood monocytes, and tissue-
resident immune cells are activated and secrete variety of
pro-inflammatory mediators including TNF-α, IL-6, and
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IL-1β. These pro-inflammatory mediators cross the blood–
brain barrier leading to the activation of brain resident
microglia, which then triggers a neuroinflammatory cascade.
The blood–brain barrier is considered to be impermeable to
external pathogens and circulating macrophages, hence serving
as an additional line of defense to the CNS. Nevertheless,
damage to the integrity of the blood–brain barrier renders
the brain vulnerable. PET studies on patients with PD reveal
dysfunctional blood–brain barrier (Kortekaas et al., 2005).
Damage to the blood–brain barrier in rats induce degeneration
of dopaminergic neurons in the substantia nigra and activate
glial cells (Rite et al., 2007). CD8+ and CD4+ T cells are
observed in the postmortem human PD brain and MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) mouse model
of PD during its neurodegenerative phase suggesting T cell-
mediated dopaminergic toxicity as a putative mechanism
(Brochard et al., 2009). Moreover, rats with ulcerative colitis
are more susceptible to LPS-induced dopaminergic neuron
loss, blood–brain barrier permeability, microglial activation,
and generation of pro-inflammatory mediators suggesting
that peripheral inflammation may increase the risk of PD
(Villaran et al., 2010). A recent study in the acute MPTP mouse
model where nigrostriatal pathologies are not robust show
that administration of chemokines [regulated on activation,
normal T cell expressed and secreted (RANTES) and eotaxin]
that facilitate T cell trafficking can lead to marked nigral
α-synuclein pathology, loss of dopaminergic neurons and striatal
neurotransmitter depletion, glial-associated inflammation,
and motor impairments. However, systemic administration of
pro-inflammatory cytokines, TNF-α and IL-1β, did not induce
such disease pathologies in this acute MPTP model (Chandra
et al., 2017). Taken together these studies suggest a more direct
link between peripheral inflammation and, potential to elicit and
affect the timing of PD onset.

GENETIC FACTORS LINKED TO
INFLAMMATION IN PD

Mutations in leucine-rich repeat kinase (LRRK2, PARK8) are
linked with autosomal dominantly inherited PD and is the
greatest known genetic contributor to PD. LRRK2-G2019S
mutation in the kinase domain is the most common mutation
in both familial and sporadic form of the disease (Goldwurm
et al., 2005). GWAS show that the genetic locus containing the
LRRK2 gene presents a risk factor for sporadic PD (Singleton
and Hardy, 2011). Interestingly, GWAS implicate LRRK2 as a
major susceptibility gene in inflammatory bowel diseases that
involve chronic inflammation (Barrett et al., 2008; Liu and
Lenardo, 2012). LRRK2 is reported to be a target gene for IFN-γ,
a M1-activation-associated pro-inflammatory cytokine. LRRK2
expression is elevated in human intestinal tissue of patients
with Crohn’s disease inflammation (Gardet et al., 2010). LRRK2
shows high expression in immune cells including microglia
and inhibition of LRRK2 function reduces M1-associated
inflammation and PD neurodegeneration (Moehle et al., 2012;
Daher et al., 2014, 2015; Russo et al., 2015). Collectively, these

studies point toward the importance of LRRK2 function in M1-
activation responses in PD animal models (Moehle and West,
2015).

Three different missense mutations (A530T, A30P, and E46K)
within the open reading frame or duplication or triplication of
the wild type α-synuclein gene (SNCA, PARK1) are associated
with autosomal dominant PD (Polymeropoulos et al., 1997;
Kruger et al., 1998; Singleton et al., 2003; Zarranz et al., 2004).
Fibrillar forms of α-synuclein are a major component of the
Lewy bodies in both sporadic and familial PD. α-Synuclein,
a cytoplasmic protein, can be expressed in microglia and
may be involve modulation and pre-sensitization of microglial
activation (Barkholt et al., 2012; Roodveldt et al., 2013; Zhang
et al., 2017). Most activated microglia in PD patient brains are
associated with α-synuclein-positive Lewy neurites (Imamura
et al., 2003), and there is significant correlation between the
expression of M1 activation-associated marker MHC-II and
α-synuclein deposition in the substantia nigra of PD patients
(Croisier et al., 2005). Previous studies by our group and others
using in vitro and animal models show that both wild type
and mutant α-synuclein can modulate microglial activation
leading to neuroinflammation. Our previous work shows that
α-synuclein activates microglia in a dose-dependent manner in
cultured cells and an early microglial activation event occurs
in mice overexpressing wild type α-synuclein (Su et al., 2008).
Another study reveals that mutant α-synuclein can directly
interact with cultured microglia releasing pro-inflammatory
substances and mice overexpressing mutant α-synuclein exhibit
microglial activation at a very early age (Su et al., 2009).
In addition, we show that misfolded α-synuclein induces
microglial activation and the release of pro-inflammatory
cytokines in BV2 microglial cells (Beraud et al., 2013).
Overexpression of α-synuclein in BV2 microglial cells increase
pro-inflammatory mediators (TNF-α, IL-6, nitric oxide, COX-2)
and induce a reactive microglial phenotype (Rojanathammanee
et al., 2011). Interestingly, TLR4, which is activated by LPS
to induce microglial M1-phenotype, is reported to mediate
α-synuclein-induced microglial phagocytosis, upregulation of
pro-inflammatory cytokine expression and ROS generation in
primary microglial cultures (Fellner et al., 2013). In addition,
α-synuclein is reported to play a crucial role in modulating
microglial activation states in postnatal brain derived microglial
cultures (Austin et al., 2006). Moreover, neuroinflammation with
activated microglia and increased pro-inflammatory cytokines
(TNF-α, IL-1β, IFN-γ) precedes α-synuclein-mediated neuronal
cell death in rats delivered with mutant A53T human α-synuclein
(Chung et al., 2009). There is a rich literature on the role of
α-synuclein in the progression of PD by inducing microglia
activation and neuroinflammation which is reviewed elsewhere
(Zhang et al., 2017).

In addition, genes linked to familial recessive PD including
phosphatase and tensin homolog (PTEN)-induced kinase 1
(PINK1, PARK6) and DJ-1 (PARK7) are strongly associated with
neuroinflammation. Deletion of PINK1 or DJ-1 causes aberrant
expression of genes involved in p38 MAP kinase/NF-κB signaling
pathways that regulate innate immune responses in disease
models (Cornejo Castro et al., 2010; Akundi et al., 2011).
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INFLAMMATION IN PD ANIMAL MODELS

LPS, a bacterial endotoxin from cell wall of Gram-negative
bacteria, induces M1-polarization of microglia through activation
the pattern recognition TLR4. LPS administration into rodent
brains recapitulate certain characteristics of sporadic PD
including progressive degeneration of nigrostriatal dopaminergic
pathway and motor anomalies. A single injection or 2-week
infusion of LPS in the supranigral region in rat brain causes
rapid microglia activation followed by dose and time-dependent
degeneration of nigrostriatal dopaminergic circuitry (Castano
et al., 1998; Gao et al., 2002; Liu, 2006; Dutta et al., 2008).
Direct injection of LPS shows dopaminergic neuron loss
specifically in SNpc but not in ventral tegmental area which also
houses dopaminergic neurons (Kim et al., 2000). This specific
neurotoxicity in SNpc may be attributed to the high proportion
of microglia in SNpc compared with other brain regions (Lawson
et al., 1990), that may trigger inflammatory events leading to
the degeneration of nigrostriatal pathway. Moreover, injection
of a TLR3 agonist in the substantia nigra of adult rats induces
a sustained inflammatory reaction in the substantia nigra (SN)
and dorsolateral striatum, and also increases the vulnerability
of midbrain dopaminergic neurons to a subsequent neurotoxic
trigger (Deleidi et al., 2010).

A transgenic mouse PD model that overexpresses human
wild type α-synuclein, Thy1-aSyn (line 61) (Chesselet et al.,
2012), shows microglial activation as early as 1 month
and persists until 14 months of age (Watson et al., 2012).
Increased levels of TNF-α, TLRs (TLR1, TLR2, TLR4, and
TLR8), MHC-II, CD4, and CD8 are observed in Thy1-aSyn
mice at different ages. This study also reveals that despite
expression of α-synuclein globally in the brain only the regions
containing cell bodies and axon terminals of nigrostriatal
pathway show early inflammatory response. Another transgenic
rodent model overexpressing doubly mutated (A53T and A30P)
human α-synuclein show glial mitochondria alterations (Schmidt
et al., 2011). In a PD mouse model that overexpresses
human α-synuclein by recombinant adeno-associated virus
vector, serotype 2 (rAAV2)-mediated transduction in the SNpc,
inflammatory responses such as microglial activation and
greater infiltration of B and T lymphocytes are observed in
addition to dopaminergic neurodegeneration (Theodore et al.,
2008). These studies show that animal models overexpressing
human or mutant α-synuclein exhibit microglial activation and
neuroinflammation.

MPTP, a meperidine analog byproduct, is a neurotoxin that
causes acute and irreversible human parkinsonism (Davis et al.,
1979; Langston et al., 1983). MPTP is a lipophilic compound
that can actively cross the blood–brain barrier and gets oxidized
by monoamine oxidase to the toxic cation, MPP+ (1-methyl-
4-phenylpyridinium) in the glial cells (Langston et al., 1984;
Markey et al., 1984). MPP+ utilizes the DA transporter (DAT)
to get into the dopaminergic neurons. MPP+ accumulates in the
mitochondria and inhibits the mitochondrial complex I in the
electron transport chain (ETC) (Nicklas et al., 1985; Ramsay et al.,
1986) resulting in reduced ATP levels and production of ROS
(Hasegawa et al., 1990; Chan et al., 1991; Hantraye et al., 1996;

Przedborski et al., 1996; Fabre et al., 1999; Pennathur et al., 1999).
In animal models, MPTP induces inflammatory responses that
lead to neurodegeneration. MPTP causes microglial activation
and an increase in M1-associated pro-inflammatory cytokines
such as IL-6, IFN-γ and TNF-α. The glial response to MPTP is
reported to peak before dopaminergic neuron loss (Czlonkowska
et al., 1996; Smeyne and Jackson-Lewis, 2005). In support of
these findings, it is reported that mice lacking IFN-γ or TNF-α
signaling show resistance to MPTP-induced neurodegeneration
(Sriram et al., 2002; Mount et al., 2007). Mice treated with
MPTP show T-cell (CD4+) infiltration into the substantia nigra
and the MPTP-induced dopaminergic neuron loss is attenuated
in T-cell deficient mice suggesting a pro-inflammatory role for
T-cells (CD4+) in MPTP neurotoxicity (Brochard et al., 2009).
In addition, treatment with anti-inflammatory agents such as
minocycline (Du et al., 2001), ibuprofen (Swiatkiewicz et al.,
2013), flavonoid pycnogenol (Khan et al., 2013) and peptide
carnosine (Tsai et al., 2010) and inhibition of pro-inflammatory
mediators (Watanabe et al., 2004; Zhao et al., 2007), reduce
inflammation and prevent neurodegeneration in MPTP animal
models.

REGULATORS OF MICROGLIAL
ACTIVATION STATES

Microglial activation, astrogliosis and invasion of activated
peripheral immune cells trigger deleterious events in the brain
that lead to neuronal loss and progression of PD (Hirsch
and Hunot, 2009). These observations led to several animal
studies and clinical trials to test a variety of established anti-
inflammatory molecules (see Table 2). Acetylsalicylic acid, a
COX-1/COX-2 inhibitor, exhibits neuroprotective effects in
in vitro and in MPTP animal models of PD (Teismann
and Ferger, 2001). A prospective clinical study shows that
consumption of non-aspirin NSAIDs may delay or prevent the
onset of PD (Chen et al., 2003). A Cochrane collaboration study
which analyzed several prevention trials and observational anti-
inflammatory studies reveals that while ibuprofen use might
reduce the risk of developing PD, there is no existing evidence
that supports NSAID use in PD prevention (Rees et al., 2011).
A clinical study in PD cases shows an association between
use of ibuprofen and lesser PD risk. However, this association
is not shared by other NSAIDs studied (Gao et al., 2011).
Similarly, minocycline, a tetracycline antibiotic that showed
promising anti-inflammatory properties in PD animal models
(Du et al., 2001; He et al., 2001; Wu et al., 2002), did
not provide any symptomatic improvement in PD patients
(Ninds Net-Pd Investigators, 2008). See Table 2 for the list of
anti-inflammatory agents studied in PD. Hence, NSAID use
appears to provide benefits in PD susceptibility in some cases
(Wahner et al., 2007; Samii et al., 2009; Gagne and Power,
2010; Steurer, 2011), however, this beneficial effect of NSAIDs
were not replicated in several other studies (Shaunak et al.,
1995; Bornebroek et al., 2007; Samii et al., 2009; Becker et al.,
2011). One study even suggests that anti-inflammatory drug
treatment may be detrimental if given at the later stage of the
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TABLE 2 | NSAIDs and other anti-inflammatory agents in PD models and clinical trials.

Molecule PD model Mechanism Response Reference

Ibuprofen Mouse MPTP Anti-inflammatory Prevent striatal-TH loss Swiatkiewicz et al., 2013

Clinical trial Anti-inflammatory Reduce PD risk Gao et al., 2011

Acetylsalicylic acid Mouse MPTP COX-1/COX-2 inhibitor Attenuate loss of nigral DA-neurons, striatal
dopamine and locomotor activity

Teismann and Ferger, 2001

NSAIDs Clinical trials Anti-inflammatory Delay or prevent onset of PD Chen et al., 2003; Wahner et al., 2007;
Samii et al., 2009; Gagne and Power,
2010; Steurer, 2011

Clinical trials Anti-inflammatory Exacerbate PD symptoms/Does NOT
improve PD risk

Shaunak et al., 1995; Bornebroek
et al., 2007; Samii et al., 2009; Becker
et al., 2011

Minocycline Mouse MPTP Mouse
6-OHDA

Anti-inflammatory
Anti-inflammatory

Attenuate loss of nigral DA-neurons and
striatal dopamine Protect TH-positive cells

Du et al., 2001; Wu et al., 2002; He
et al., 2001

Clinical trial Anti-inflammatory Does NOT improve PD symptoms Ninds Net-Pd Investigators, 2008

COX, cyclooxygenase; DA, dopamine; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NSAIDs, non-steroidal anti-inflammatory drugs; TH, tyrosine hydroxylase.

disease (Keller et al., 2011). This therapeutic approach aiming
to counteract general neuroinflammation has failed in several
disease therapies as reviewed elsewhere (Pena-Altamira et al.,
2016). Collectively, these studies indicate that the non-specific
inflammatory blockade is unlikely to be beneficial for the disease
treatment. Concurrently, the data on the dual role of microglial
activation has led to the emergence of the novel therapeutic
strategy in other inflammatory diseases such as rheumatoid
arthritis, ankylosing spondylitis, and multiple sclerosis (MS)
(Rau, 2002; Braun et al., 2007; Wilms et al., 2010; Noda et al.,
2013). This approach of the M1 to the M2 phenotype shift
might be beneficial in neuroprotection compared to completely
blocking microglial activation through anti-inflammatory drugs.
Hence, a more reasonable approach of more specific treatment
related to the M1/M2 activation stage by inhibiting the M1
responses and/or promoting the shift of M1 to M2 phenotypic
responses is necessary in PD.

Targeting M1 Polarization State:
Inhibition of Pro-inflammatory M1
Phenotype
M1 activation of microglia results in a pro-inflammatory and
pro-killing output. To inhibit the pro-inflammatory damage
through M1 activation of microglia, its downstream signaling
pathways could be targeted. M1 phenotype is induced by
IFN-γ via the JAK/STAT signaling pathway and targeting this
pathway may arrest M1 activation. In fact, studies show that
inhibition of the JAK/STAT pathway leads to suppression of
the downstream M1-associated genes in several disease models
including experimental allergic encephalomyelitis models and
myeloproliferative neoplasms (Liu et al., 2014; Mascarenhas
et al., 2014). Another approach to suppress M1 activation
would be to target the pro-inflammatory cytokines such as
TNF-α, IL-1β and IFN-γ, and decrease its ability to interact
with its receptors on other cell types. TNF has been targeted
through different approaches in PD animal models to suppress
M1-associated toxicity. A single injection of lentivirus-expressing

dominant negative TNF (DN-TNF) into the rat substantia nigra
concomitantly with 6-hydroxydopamine (6-OHDA) lesion in the
striatum attenuates dopaminergic neuron loss and behavioral
anomalies in rats (McCoy et al., 2008). In another study
intended to examine the role of TNF in delayed and progressive
neurodegeneration model, rats administered with DN-TNF in
the substantia nigra 2 weeks after the 6-OHDA lesion show
no further dopaminergic neuron loss even after 5 weeks of
6-OHDA suggesting that TNF is an essential mediator of
inflammation and hence a promising therapeutic target in PD
(Harms et al., 2011). In addition, adeno-associated virus (AAV)-
mediated transduction of dopaminergic neurons with human ras
homolog enriched in brain with S16H mutation, [hRheb(S16H)],
attenuates nigrostriatal toxicity in 6-OHDA rat model of PD
(Kim et al., 2011, 2012). This protective effect is mediated by
the production of cAMP response element-binding protein (p-
CREB), glial cell line-derived neurotrophic factor (GDNF), and
brain-derived neurotrophic factor (BDNF) in unilateral MPP+

neurotoxin PD model (Nam et al., 2015).
PPARs are actively involved in microglial activation and

inflammatory pathways. PPAR agonists are postulated to
be beneficial for PD and other neurodegenerative diseases
(Agarwal et al., 2017). The administration of a PPARγ agonist,
rosiglitazone, arrests degeneration in both striatum and SNpc
by decreasing TNF-α production and modulating microglial
polarization in MPTPp (MPTP + probenecid) progressive
mouse model of PD (Carta et al., 2011; Pisanu et al., 2014).
Pioglitazone, a PPARγ agonist, prevents tyrosine hydroxylase
(TH)-positive neuron loss in substantia nigra and partially
averts striatal DA loss in MPTP mice model of PD. Pioglitazone
treatment decreases microglial activation, iNOS production and
nitric oxide-mediated toxicity in both striatum and substantia
nigra (Dehmer et al., 2004). However, a recent clinical trial
concluded that pioglitazone did not modify progression in
early PD (Ninds Exploratory Trials in Parkinson Disease
(Net-Pd) Fs-Zone Investigators, 2015). On the other hand,
pioglitazone and rosiglitazone are currently being evaluated in
clinical trials for its potential to reduce progression of AD. In
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addition, treatment of LPS/IFN-γ-activated neuronal and glial
cultures with a PPARγ endogenous ligand, 15-deoxy-M12,14-
prostaglandin J2, inhibits pro-inflammatory response through
the CD200-CD200R1 dependent mechanism (Dentesano
et al., 2014). Unpublished data from our group show that
administration of a PPAR agonist protects dopaminergic
neurons in SNpc and neurites in striatum in MPTP mouse
model of PD. This PPAR agonist reduces LPS-induced M1-
associated pro-inflammatory cytokine IL-1β in BV2 cells
and primary astrocytes in a PPARα-independent manner.
Thus, PPAR agonists are potential molecules for curing PD
through their property to inhibit M1 microglia-induced
neuroinflammation.

Alterations in expression of cannabinoid receptors and
endocannabinoid concentrations are illustrated in PD
pathogenesis (Garcia et al., 2015). The endocannabinoid
system includes the cannabinoid receptors CB1 and CB2, the
endogenous ligands (anandamide and 2-arachidonoylglycerol,
2-AG), and their regulatory enzymes. CB1 receptors are
abundant in neurons whereas CB2 receptors are most specifically
expressed in glia (Onaivi, 2006; Lanciego et al., 2011; Fernandez-
Suarez et al., 2014; Sierra et al., 2015). The expression of CB2
receptors significantly increases during microglial activation
(Maresz et al., 2005; Yiangou et al., 2006) and CB2 receptors
are reported to be localized in substantia nigra, and significantly
downregulated in PD patients (Garcia et al., 2015). A naturally
occurring CB2 receptor agonist, β-caryophyllene (BCP),
prevented nigral DA-neuron and striatal-TH loss, reduced
glial activation and inhibited pro-inflammatory cytokines in
rat rotenone model of PD (Javed et al., 2016). Another study
shows that a non-selective cannabinoid agonist protects loss
of DA-neurons in the substantia nigra and DA in the striatum
of MPTP intoxicated mice. In addition, this cannabinoid
agonist also reduces MPTP-induced motor deficits and
microglial activation (Price et al., 2009). Modification of
the endocannabinoid system, to reduce pro-inflammatory
toxicity, may provide a novel therapeutic avenue for PD
treatment.

Tanshinone-I, a bioactive flavonoid, reduces the production
of M1-pro-inflammatory mediators (nitric oxide, TNF-α,
IL-6 and IL-1β) and, inhibits G-CSF and NF-κB expression
after LPS-induced inflammation in BV2 microglial cell lines.
In the MPTP mouse model of PD, Tanshinone-I prevents
dopaminergic neurotoxicity, improves motor deficits and striatal
neurotransmitters (Wang et al., 2015). Ghrelin, a stomach-
derived endogenous ligand for growth hormone secretagogue
receptor 1a (GHS-R1a), prevents loss of nigral dopaminergic
neurons and striatal neurites, and improves motor performance
in MPTP mouse model of PD. Ghrelin reduces toxicant-induced
microglial activation, production of pro-inflammatory cytokines
(IL-1β, TNF-α) and iNOS levels in MPTP mice (Jiang et al.,
2008; Moon et al., 2009). Piperine, a naturally occurring
bioactive molecule, attenuates the loss of TH-positive neurons
in the substantia nigra and MPTP-induced motor anomalies.
In addition, piperine decreases MPTP-induced microglial
activation, pro-inflammatory IL-1β expression and apoptosis in
these mice (Yang et al., 2015). See Table 3 for the summary of

other potential molecules that act by inhibiting M1 activation in
PD models.

Targeting M2 Polarization State
The molecules with the capability to activate the anti-
inflammatory M2 phenotype or promote the transition of pro-
inflammatory M1 phenotype to anti-inflammatory M2 could
be useful in the treatment of PD. Anti-inflammatory molecules
such as IL-10 and beta interferons produce neuroprotection by
altering the M1 and M2 balance. Cerebral infusion of AAV-
expressing human IL-10 in a MPTP mouse model of PD decreases
the expression of pro-inflammatory iNOS and importantly
enhances the levels of anti-inflammatory mediators including
IFN-γ and transforming growth factor-β (TGF-β). Infusion of
AAV-expressing human IL-10 prevents the loss of striatal DA
and reduces TH transcriptome levels suggesting neuroprotection
in MPTP intoxicated mice (Schwenkgrub et al., 2013; Joniec-
Maciejak et al., 2014).

Treatment with pioglitazone, a PPARγ agonist, causes a
phenotypic conversion of microglia from the pro-inflammatory
M1 state to the anti-inflammatory M2 state. This conversion
is strongly linked to increase in phagocytosis of misfolded
protein deposits resulting in the reduction of amyloid levels
and an associated reversal of contextual memory deficits in AD
mice (Mandrekar-Colucci et al., 2012). As mentioned before,
pioglitazone treatment decreases microglial activation, iNOS
production and NO-mediated nigrostriatal toxicity in MPTP
mouse model (Dehmer et al., 2004).

The endocannabinoid system is implicated in PD pathogenesis
(Garcia et al., 2015). In a chronic MPTPp model of PD, the
administration of an inhibitor that prevents degradation of 2-AG
(JZL184), an endocannabinoid ligand, prevents MPTPp-induced
motor impairment and protects the nigrostriatal pathway
(Fernandez-Suarez et al., 2014). MPTPp mice treated with JZL184
exhibits microglial phenotypic changes and restorative microglial
activation along with increased TGF-β and GDNF levels.

Glatiramer acetate is a Food and Drug Administration (FDA)
approved drug for MS treatment (English and Aloi, 2015) and its
neuroprotective effect is mediated by activation of the microglial
M2 phenotype (Giunti et al., 2014). Glatiramer acetate protects
dopaminergic neurons in a MPTP mouse model by helping
the recruitment of T lymphocytes in the SN, while inhibiting
microglial activation and upregulation of GDNF expression
(Benner et al., 2004; Burger et al., 2009). Glatiramer acetate
also exhibits neuroprotection in Alzheimer’s disease animal
models where its treatment induces microglial co-localization
with amyloid fibrils and a switch in microglial phenotype that
produces insulin like growth factor 1 (Butovsky et al., 2006).
Dimethyl fumarate (DMF), an approved drug for MS treatment,
protects against the depletion of striatal DA and its transporters
and, reduces MPTP-induced increase in IL-1β and COX-2
activity in MPTP mouse model of PD. DMF also modulates
microglial activation states and restores nerve growth factor
levels to provide neuroprotection in MPTP-intoxicated mice
(Campolo et al., 2017). Other molecules that are reported to
possess neuroprotective properties by inducing M2 microglial
activation are listed in Table 3.
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TABLE 3 | Molecules targeting microglia activation in PD animal models and clinical trials.

Molecule PD model Mechanism Response Reference

Pioglitazone Mouse MPTP Inhibit M1 phenotype Prevent loss of nigral DA-neurons and partial
striatal neurites

Dehmer et al., 2004

Clinical trial Inhibit M1 phenotype Does NOT modify progression in early PD Investigators, 2015

Rosiglitazone Mouse MPTPp
(MPTP + probenecid)

Inhibit M1 phenotype
and induce M2
phenotype

Prevent loss of nigral DA-neurons and striatal
neurites

Carta et al., 2011;
Pisanu et al., 2014

Lentivirus-expressing dominant
negative TNF (DN-TNF)

Rat 6-OHDA
(concomitant model)

Inhibit M1-TNF Prevent nigral DA-neuron loss and behavior
deficits

McCoy et al., 2008

Lentivirus-expressing DN-TNF Rat 6-OHDA (delayed
model)

Inhibit M1-TNF Prevent progressive nigral DA-neuron loss Harms et al., 2011

AAV-expressing human IL-10 Mouse MPTP Induce M2 phenotype Prevent loss of striatal dopamine and TH Schwenkgrub et al.,
2013; Joniec-Maciejak
et al., 2014

Glatiramer acetate Mouse MPTP Induce M2 phenotype Prevent loss of nigral DA-neurons Benner et al., 2004;
Burger et al., 2009

Endocannabinoid ligand 2-AG
enhancer

Mouse MPTPp Induce M2 phenotype Prevent loss of striatal dopamine and TH Fernandez-Suarez
et al., 2014

Tanshinone-I Mouse MPTP Inhibit M1 phenotype Prevent nigral DA-neuron loss and motor
deficits

Wang et al., 2015

β-Caryophyllene Rat-rotenone Inhibit M1 phenotype Prevent loss of nigral DA-neurons and striatal
neurites

Javed et al., 2016

Atractylenolide-I Mouse MPTP Inhibit M1 phenotype Attenuate loss of nigral DA-neurons and
behavior deficits

More and Choi, 2017

Loganin Mouse MPTP Inhibit M1 phenotype Prevent loss of striatal dopamine and TH Xu et al., 2017

α-Asarone Mouse MPTP Inhibit M1 phenotype Attenuate behavior deficits Kim et al., 2015

Capsaicin Mouse MPTP Inhibit M1 phenotype Attenuate loss of nigral DA-neurons, striatal
dopamine, and behavioral deficits

Chung et al., 2017

Isobavachalcone Mouse MPTP Inhibit M1 phenotype Attenuate behavior deficits and neuronal
necrosis

Jing et al., 2017

Vitamin-D Mouse MPTP Inhibit M1 phenotype
and induce M2
phenotype

Prevent loss of TH-positive neurons Calvello et al., 2017

Mitoapocynin Mouse MPTP Inhibit M1 phenotype Attenuate loss of nigral DA-neurons, striatal
dopamine and behavioral deficits

Ghosh et al., 2016

Ginsenoside Rg1 Mouse MPTPp Inhibit M1 phenotype Attenuate loss of nigral DA-neurons and
behavior deficits

Heng et al., 2016

AAV, adeno-associated virus; DA, dopamine; IL, interleukin; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; 6-OHDA, 6-hydroxydopamine; TH, tyrosine hydroxylase;
TNF, tumor necrosis factor.

NOVEL MICROGLIAL TARGETS

Other novel potential microglial targets for immunomodulation
are reviewed elsewhere (Pena-Altamira et al., 2016). These
approaches include the following targets: (1) 5′ adenosine
monophosphate-activated protein kinase (AMPK): a critical
enzyme in cellular energy homeostasis, (2) microglia-produced
high-mobility group box-1 (HMGB1): an early released
pro-inflammatory cytokine, (3) glycogen synthase kinase-
3β (GSK3β): an enzyme that mediates microglial migration

and inflammation-induced neurotoxicity, and (4) histone
deacetylases (HDACs).

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

The critical role of microglia in most neurodegenerative
pathologies including PD is increasingly documented through
many studies. Until recently, microglial activation in pathological
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conditions was considered to be detrimental to neuronal survival
in the substantia nigra of PD brains. Recent findings highlight
the crucial physiological and neuroprotective role of microglia
and other glial cells in neuropathological conditions. Studies
on anti-inflammatory treatments targeting neuroinflammation
in PD and other diseases by delaying or blocking microglial
activation failed in many trials due to the lack of a specific
treatment approach, possibly the stage of disease and an incorrect
understanding of mechanisms underlying microglial activation.
With the updated knowledge on different microglial activation
states, drugs that can shift microglia from a pro-inflammatory

M1 state to anti-inflammatory M2 state could be beneficial for
PD. The M1 and M2 microglial phenotypes probably need further
characterization, particularly in PD pathological conditions for
better therapeutic targeting. We support targeting of microglial
cells by modulating their activation states as a novel therapeutic
approach for PD.
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The impact of neuroinflammation and microglial activation to Parkinson’s disease
(PD) progression is still debated. Post-mortem analysis of PD brains has shown
that neuroinflammation and microgliosis are key features of end-stage disease.
However, microglia neuroimaging studies and evaluation of cerebrospinal fluid
(CSF) cytokines in PD patients at earlier stages do not support the occurrence
of a pronounced neuroinflammatory process. PD animal models recapitulating
the motor and non-motor features of the disease, and the slow and progressive
neuropathology, can be of great advantage in understanding whether and how
neuroinflammation associates with the onset of symptoms and neuronal loss. We
recently described that 18-month-old NF-κB/c-Rel deficient mice (c-rel−/−) develop a
spontaneous late-onset PD-like phenotype encompassing L-DOPA-responsive motor
impairment, nigrostriatal neuron degeneration, α-synuclein and iron accumulation.
To assess whether inflammation and microglial activation accompany the onset and
the progression of PD-like pathology, we investigated the expression of cytokines
(interleukin 1 beta (Il1b), interleukin 6 (Il6)) and microglial/macrophage activation
markers (Fc gamma receptor III (Fcgr3), mannose receptor 1 (Mrc1), chitinase-like 3
(Ym1), arginase 1 (Arg 1), triggering receptor expressed on myeloid cells 2 (Trem2)),
together with microglial ionized calcium binding adapter molecule 1 (Iba1) and astrocyte
glial fibrillary acidic protein (GFAP) immunolabeling, in the substantia nigra (SN) of
c-rel−/− mice, at premotor (4- and 13-month-old) and motor phases (18-month-old). By
quantitative real-time RT-PCR we found increased M2c microglial/macrophage markers
expression (Mrc1 and Arg1) in 4-month-old c-rel−/− mice. M2-type transcription
dropped down in 13-month-old c-rel−/− mice. At this age, the pro-inflammatory
Il1b, but not Il6 or the microglia-macrophage M1-polarization marker Fcgr3/CD16,
increased when compared to wild-type (wt). Furthermore, no significant variation
in the transcription of inflammatory and microglial/macrophage activation genes
was present in 18-month-old c-rel−/− mice, that display motor dysfunctions and
dopaminergic neuronal loss. Immunofluorescence analysis of Iba1-positive cells in the

Abbreviations: Arg1, arginase 1; CNS, central nervous system; CSF, cerebrospinal fluid; DAT, dopamine transporter;
Fcgr3, Fc gamma receptor III, also known as CD16; GFAP, glial fibrillary acidic protein; Iba1, ionized calcium binding
adapter molecule 1; Il6, interleukin 6; Il1b, interleukin 1 beta; Mrc1, mannose receptor 1; PD, Parkinson’s disease;
qRT-PCR, real-time quantitative reverse transcription-polymerase chain reaction; SN, substantia nigra; Trem2, triggering
receptor expressed on myeloid cells 2; Ym1, chitinase-like 3.
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SN revealed no sign of overt microglial activation in c-rel−/− mice at all the time-points.
MRC1-Iba1-positive cells were identified as non-parenchymal macrophages in 4-month-
old c-rel−/− mice. Finally, no sign of astrogliosis was detected in the SN of the diverse
animal groups. In conclusion, this study supports the presence of a mild inflammatory
profile without evident signs of gliosis in c-rel−/− mice up to 18 months of age. It suggests
that symptomatic PD-like phenotype can develop in the absence of concomitant severe
inflammatory process.
Keywords: c-Rel, neuroinflammation, microglia, Parkinson’s disease, astrocytes, substantia nigra

INTRODUCTION

Parkinson’s disease (PD) is the major neurodegenerative motor
disorder worldwide, characterized by motor symptoms such
as bradykinesia, resting tremor and rigidity. Key hallmarks of
the brains of affected patients are the loss of dopaminergic
neurons of substantia nigra (SN) pars compacta and Lewy
bodies, intracellular inclusions mainly composed by aggregated
α-synuclein (Poewe et al., 2017). Although the neuropathological
features of the disease have been well described, the biological
basis of neuronal death still needs to be clarified. Nonetheless,
processes such as neuroinflammation and microglial activation
have been proposed to contribute to the onset of PD (Poewe et al.,
2017).

Microglia, the resident immune cells of the brain (Aguzzi
et al., 2013), are essential for brain homeostasis in physiological
conditions (Nimmerjahn et al., 2005; Neumann et al., 2009;
Miyamoto et al., 2013). During brain injury, microglia become
activated, which can be either detrimental or protective for
neuronal cells in the central nervous system (CNS; Hayakawa
et al., 2008; Brites and Vaz, 2014; Hu et al., 2015). The opposite
role of microglia in brain diseases has been hypothesized to arise
from the fact that these cells can adopt diverse activation states
(Tang and Le, 2016). In particular, the classification ofmonocyte-
derived macrophages into classically (M1) and alternatively
activated (M2) was later applied to microglia (Gordon, 2003).
While the M1 state has been associated with pro-inflammatory
responses (Hu et al., 2015), the alternatively activated state
M2 has been found to be related to healing and scavenging. In
addition, three different M2 sub-classes have been described:
M2a, M2b and M2c, that have been associated with tissue
repair, regulation of inflammation and tissue remodeling, and
debris and iron scavenging, respectively (David and Kroner,
2011).

The first evidence of increased microglial activation in
post-mortem brains of PD patients was published by McGeer
and collaborators almost 30 years ago (McGeer et al., 1988).
Since then, microgliosis and inflammation have been thought to
play a role in PD pathogenesis and/or progression (Long-Smith
et al., 2009). On the other hand, the relevance of astrogliosis in
PD pathology remains debated (Hirsch and Hunot, 2009), due
to contrasting results of studies in PD patients (Knott et al.,
1999; Mirza et al., 2000; Thannickal et al., 2007; Song et al.,
2009; Tong et al., 2015). Indeed, post-mortem analysis of PD
brains showed increased reactive microglia in the SN around the
surviving dopaminergic neurons, as well as an augmented level

of cytokines (McGeer et al., 1988; Mogi et al., 1994a; Banati et al.,
1998; Imamura et al., 2003), indicating a clear involvement of
microglia and inflammation at the end stage of the disease. In
order to evaluate neuroinflammation during different stages of
the disease, several studies have analyzed the content of cytokines
in the cerebrospinal fluid (CSF) of patients affected by PD, which
is considered a representative indicator of pathological brain
states. Earlier studies found an increase in the levels of cytokines,
such as interleukin 6 (IL-6), interleukin 1 beta (IL-1β), TNFα and
TGF-β, in CSF from relatively small cohorts of PD patients (Mogi
et al., 1994b, 1995, 1996; Blum-Degen et al., 1995; Vawter et al.,
1996; Müller et al., 1998). On the other hand, more recent studies
on larger patients’ cohorts showed no differences in the CSF
levels of IL-6 and TNFα (Lindqvist et al., 2013), and fractalkine
(Shi et al., 2011), in PD subjects compared to controls. Thus,
while clear neuroinflammatory pathology has been established
in the post-mortem brain of late-stage PD, it remains arguable
the participation of inflammatory processes with microglial
activation in the earlier and progressive stages of PD.

Animal models of PD could be valuable tools to investigate
whether inflammation with microglial activation, and its
diverse activation states, occurs along with SN degeneration
and the onset of motor dysfunction. However, none of
the available models fully recapitulates the pathological
hallmarks and the slow progression of PD (Cebrián et al.,
2015). Thus, the importance of these pathological features
to the onset and worsening of the disease is still an open
question.

We have previously shown that mice deficient for the NF-
κB c-Rel nuclear factor (c-rel−/− mice) develop a late-onset
parkinsonism (Baiguera et al., 2012) characterized by significant
impairment in spontaneous motor activity. They displayed an
L-DOPA-reversible hypo-motility and gait-related deficits at
18 months, but not at younger ages (Baiguera et al., 2012). The
motor deficits observed in aged c-rel−/− mice were accompanied
by a significant loss of dopaminergic neurons and accumulation
of α-synuclein aggregates in the SN, marked reduction of
dopaminergic terminals and dopamine content in the striatum,
as well as increased expression of divalent metal transporter
1 and iron staining in SN and striatum (Baiguera et al., 2012).
Furthermore, we described that the SN and striatum of 18-
month-old c-rel−/− mice displayed a significant increase in the
area of CD11b-positive microglia (Baiguera et al., 2012). More
recently, we found that c-rel−/− mice displayed progressive
accumulation of pathological α-synuclein in SN, as well as striatal
loss of dopamine transporter (DAT) as early as 12 months of
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age, when they did not show either motor impairment or loss
of dopaminergic neurons in the SN yet (Lanzillotta et al., 2015;
Parrella et al., submitted). In this premotor phase (2–13 months
of age), c-rel−/− showed non-motor symptoms typical of PD,
such as hyposmia and gastrointestinal dysfunctions (Lanzillotta
et al., 2015; Parrella et al., submitted).

In this study, we investigated whether there is a temporal
correlation between inflammatory transcription and
microglial/astrocyte activation with the development of the
spontaneous PD-like pathology in c-rel−/− mice. We evaluated
markers of inflammation and microglial/macrophage activation,
as well as signs of gliosis, in the premotor and motor stages of
c-rel−/− mice at 4, 13 and 18 months of age.

MATERIALS AND METHODS

Experimental Animals
C57BL/6 mice carrying the c-Rel gene null mutation (c-rel−/−)
were originally generated by inserting the neomycin cassette
into the fifth exon of the c-Rel gene (Liou et al., 1999). The
genotypes were confirmed by PCR analysis (Baiguera et al., 2012)
and western blot, and both lines were continued by homozygous
breeding. The c-rel−/− and c-rel+/+ wild-type (wt) mice were
housed in the animal facility of the Department of Molecular
and Translational Medicine of the University of Brescia. Animals
were maintained in standard cages under 12/12 h light/dark
cycles with ad libitum access to food and water. Humidity and
room temperature were maintained constant. This study was
carried out in accordance with the recommendations of the
Directive 2010/63/EU of the European Parliament and of the
Council of 22 September 2010 on the protection of animals used
for scientific purposes. The protocol was approved by the animal-
welfare body of the University of Brescia. Male 4-, 13- and 18-
month-old mice were used for this study.

Real-Time Quantitative Reverse
Transcription-Polymerase Chain Reaction
(qRT-PCR)
Total RNA was purified from SN using the RNeasy Mini Kit for
total RNA extractions (Qiagen). Total RNA (1 µg) was reverse
transcribed using the Quantitectr Reverse Transcription
Kit (Qiagen) according to manufacture instructions.
Retrotranscribed cDNA (1–5 µL) was amplified using iQTM

SYBR Green Supermix (Bio-Rad) and 10 µM optimized forward
and reverse primers. PCR reaction was performed using the
standard program in ViiA7TM Real-Time PCR System (Applied
Biosystems). Each reaction was performed at least in triplicate.
For standardization of quantification, beta-Actin (Actb) was
used as housekeeping gene. Data were analyzed following the
comparative Ct method. The following primers were used for
real-time quantitative reverse transcription-polymerase chain
reaction (qRT-PCR):

• arginase 1 (Arg1): For GTGTACATTGGCTTGCGAGA; Rev
AATCGGCCTTTTCTTCCTTC
• Actb: For GGCTCTTTTCCAGCCTTCCT; Rev ATGCCT

GGGTACATGGTGGT

• Fc gamma receptor III (Fcgr3): For TATCGGTG
TCAAATGGAGCA; Rev GCACCT TAGCGTGATGGTTT
• Il6: For CCTACCCCAATTTCCAATGCT; Rev TATTTT
CTGACCACAGTGAGGAAT
• Il1b: For GGCTTCAGGCAGGCAGTATC; Rev TAATGG
GAACGTCACACACC
• mannose receptor 1 (Mrc1): For AAGGTTCGGGATTGTG
GAG; Rev AATCGGCCTTTTCTTCCTTC
• triggering receptor expressed on myeloid cells 2 (Trem2):
For CACTCTGAAGAACCTCCAAGC; Rev ATTCCTGGAG
GTGCTGTGTT
• chitinase-like 3 (Ym1): For GCCCACCAGGAAAGTACACA;

Rev CACGGCACCTCCTAAATTGT

Immunofluorescence
Mice were anesthetized with chloral hydrate (400 mg/kg
intraperitoneally) and transcardially perfused with PBS (Sigma-
Aldrich) and 4% (w/v) ice-cold paraformaldehyde (PFA). Brains
were postfixed in 4% PFA at 4◦C for 2 h, followed by
cryoprotection in 30% sucrose in PBS until cut. Coronal
slices (15 µm-thick) were cut to obtain serial sections of the
SN (anterior–posterior 2.54–3.40 mm), using bregma-based
coordinates (Paxinos and Franklin, 2012).

Immunofluorescence for the ionized calcium binding adapter
molecule 1 (Iba1) and glial fibrillary acidic protein (GFAP)
antibodies was initiated by performing antigen retrieval (Tris-
EDTA Buffer pH 9, 90◦C, 10 min), followed by permeabilization
and blocking. Then, sections were incubated overnight at 4◦C
with the primary antibodies rabbit anti-Iba1 (1:500, Wako
#019-19741) or mouse anti-GFAP (1:100, Sigma #G3893).
The following day, slices were incubated for 1 h at room
temperature with the secondary antibodies goat anti-rabbit Alexa
Fluor 488 (1:1000, Jackson ImmunoResearch #111-545-144),
for Iba1, and goat anti-mouse Alexa Fluor 488 (1:800, Jackson
ImmunoResearch #115-546-071), for GFAP. Lastly, sections
were incubated with Hoechst 33342 (1 mg/mL, Sigma-Aldrich)
to stain cellular nuclei.

Double immunofluorescence staining forMRC1 and Iba1 was
initiated by performing antigen retrieval, permeabilization and
blocking, followed by an overnight incubation at 4◦C with rat
anti-mouse MRC1 (1:50, Bio-Rad #MCA2235). Sections were
then incubated for 1 h at room temperature in biotinylated
goat anti-rat (1:400, Vector laboratories #BA-9401) followed by
streptavidin-Alexa Fluor 488 (1:1000, ThermoFisher Scientific
#S11227). Then, the sections were incubated 2 h at 37◦C in the
second primary antibody rabbit anti-Iba1, goat anti-rabbit Alexa
Fluor 488, and Hoechst 33342.

Double immunofluorescence staining for IL-1β and Iba1 was
performed by incubating sections in goat anti-Iba1 (1:100, Novus
Biologicals #NB 300-270) overnight at 4◦C followed by donkey
anti-goat Alexa Fluor 488 (1:500, Jackson ImmunoResearch
#705-545-147). Slices were then incubated in the second primary
antibody rabbit anti-IL-1β (1:50, Abcam #ab9722) overnight at
4◦C, followed by biotinylated goat anti-rabbit (1:400, Vector
laboratories #BA-1000), streptavidin-Alexa Fluor 488, and lastly
Hoechst 33342. In order to check antibody specificity, control
(blank) reactions with no primary antibodies were run in parallel.
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FIGURE 1 | Inflammatory and microglial/macrophage mRNA expression profile in c-rel−/− and wild-type (wt) mice. Real-time quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) analysis of pro-inflammatory cytokines, interleukin 1 beta (Il1b) and interleukin 6 (Il6; A,B), and microglial/macrophage
activation markers, Fc gamma receptor III (Fcgr3; C), for M1 phenotype; mannose receptor 1 (Mrc1; D), chitinase-like 3 (Ym1; E), arginase 1 (Arg1); (F), and
triggering receptor expressed on myeloid cells 2 (Trem2); (G), for M2 state in substantia nigra (SN) of 4, 13 and 18 months of age mice (n = 4–6 animals per group).
Four-month-old c-rel−/− mice showed increased expression of M2c microglial marker Mrc1 and Arg1, associated with marked decrease of Ym1 transcription. At
13 months of age, c-Rel deficient mice displayed an upregulation in Il1b transcription compared to younger c-rel−/− mice, while no differences in microglial
M2 markers were found in c-rel−/− mice compared to wt group. No biologically relevant variations in all the analyzed markers were evident in 18-month-old c-rel−/−

mice compared to wt. Data are presented as mean ± SEM. ∗P < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; two-way analysis of variance (ANOVA) followed by Bonferroni test
for comparison vs. 4-month-old wt mice.

Microscopy
Immunofluorescence stainings were analyzed by an inverted
light/epifluorescence microscope (Olympus IX50; Olympus),
and pictures were captured with a digital camera (Olympus
XC 30) and cellSens Software (Olympus) and analyzed in
a blinded manner. Images were adjusted for brightness
and contrast with Adobe Photoshop (Adobe system)
software.

Statistical Analysis
Statistical analysis was performed with the GraphPad Prism
program (GraphPad Software). qRT-PCR data was analyzed by
two-way analysis of variance (ANOVA) followed by Bonferroni

post hoc test. Data are presented as mean ± SEM. P < 0.05 was
considered as significant.

RESULTS

Age-Related Alterations in the Expression
of Inflammatory and
Microglial/Macrophage Activation Markers
in the Substantia Nigra of c-Rel Deficient
Mice
We first evaluated the expression of general markers
of inflammation and specific markers for the diverse
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microglial/macrophage activation states, M1 (pro-inflammatory)
and M2 (anti-inflammatory, phagocytic) by qRT-PCR on
SN RNA extracts of wt and c-rel−/− mice at 4, 13 and
18 months. In particular, we analyzed the pro-inflammatory
markers Il1b and Il6, that are widely expressed in the
CNS, and Fcgr3/CD16, that is specifically expressed
by M1-polarized microglia/macrophages. Moreover, we
determined the expression of Mrc1, Ym1, Arg1 and
Trem2, specific markers for the M2 activation state of
microglia/macrophages.

At 4 months of age, no differences were found in the mRNA
expression of the pro-inflammatory markers Il1b and Il6, and
M1 microglia/macrophage marker Fcgr3 in the SN of c-rel−/−

mice when compared to wt (Figures 1A–C). At 13 months of
age, a statistically significant increase of Il1b expression was
detected only in c-rel−/− mice (Figure 1A). This age-dependent
increase in Il1b transcription was also detected in the wt mice
at 18 months of age (Figure 1A). Interestingly, the levels of Il1b
in 18-month-old c-rel−/− mice were not significantly different
from those observed at 4 months (Figure 1A). However, no
biologically relevant, albeit statistically significant, differences in
the expression of Il6 or Fcgr3 were observed between c-rel−/−

and wt mice at all the time points analyzed (Figures 1B,C).
These analyses only showed an age-related decrease of Il6,
occurring in both mouse lines, and a statistically significant
increase of Fcgr3 in 18-month-old wt mice (Figure 1C). On
the other hand, the analysis of the expression of M2 markers
in 4-month-old mice showed a significant increase of Mrc1
and a trend to increase for Arg1 transcription in c-rel−/−

mice when compared to wt, while Ym1 resulted significantly
downregulated (Figures 1D–F). No significant difference in
Trem2 was detected between c-rel−/− and wt mice at this
age (Figure 1G). This expression pattern seems to indicate
a polarization of microglia/macrophages towards a particular
M2 state named M2c, that is associated with tissue repair,
as well as to debris and iron scavenging (David and Kroner,
2011), in 4-month-old c-rel−/− mice. However, the M2c
activation state was no longer detectable in 13-month-old
c-rel−/− mice. Indeed, at this age, Mrc1 and Arg1 transcripts
resulted downregulated in c-rel−/− mice when compared to
4-month-old mice, while Ym1 expression remained unchanged
(Figures 1D–F). On the other hand, we observed a significant
increase in Trem2 transcription in 13-month-old c-Rel deficient
mice when compared to younger animals (Figure 1G). Though
similar changes were found in wt mice (Figure 1G). Finally, we
did not observe biologically relevant changes in the expression
of all M2 markers between c-rel−/− and wt mice at either 13 or
18 months of age, thus suggesting a limited involvement of the
M2 polarization of microglia/macrophages in the SN of older
c-rel−/− mice.

These data support the occurrence of M2c-like pattern of
expression in the SN of c-rel−/− mice at 4 months of age, when
they do not display any sign of degeneration in this area yet.
It is followed by a mild inflammatory state characterized by Ilb
expression in 13-month-old c-rel−/− mice, when they develop a
loss of DAT immunostaining in the striatum (Lanzillotta et al.,
2015).

Immunohistochemical Characterization of
Mild Inflammatory Profile in the Substantia
Nigra of c-Rel Deficient Mice
To assess microglial activation in the premotor andmotor phases
of PD-like pathology, we analyzed the immunoreactivity for Iba1,
a constitutive marker of microglia and macrophages, in the SN
of 4-, 13- and 18-month-old c-rel−/− mice and age-matched
wt animals. Iba1 was expressed similarly, both in distribution
and morphology, in c-rel−/− and wt mice, at all the considered
ages (Figure 2). These data appeared contrasting to our previous
findings showing an increased immunoreactivity for CD11b in
the SN of 18-month-old c-rel−/− mice (Baiguera et al., 2012).

To identify the origin of the increased Mrc1
transcription in the SN of 4-month-old c-rel−/− mice,
double immunofluorescence staining with MRC1 and
Iba1 was performed in brain sections of these animals.
MRC1 immunoreactivity was not detected in Iba1-positive
parenchymal microglia, but instead in Iba1-positive cells located
at CNS interfaces (Figure 3). These non-ramified cells were
identified as non-parenchymal or CNS macrophages, namely

FIGURE 2 | Ionized calcium binding adapter molecule 1 (Iba1)
immunoreactivity in c-rel−/− and wt mice. Pictures of SN sections from 4-
(A,B), 13- (C,D) and 18-month-old animals (E,F) illustrating Iba1
immunostaining. No evident changes in microglial activation were found in
c-rel−/− mice (B,D,F) compared to age-matched wt (A,C,E).
Immunofluorescence images are representative of five sections from each
animal (n = 3 animals per group). Abbreviations: SN, substantia nigra. Scale
bar: in (A) = 100 µm for (A–F).
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FIGURE 3 | Non-parenchymal macrophages are immunoreactive to MRC1.
(A) MRC1 (red) and Iba1 (green) double-labeled cells are localized at CNS
interfaces (closed and open arrows) and not in the SN parenchyma (delimited
by the dashed line) in 4-month-old c-rel−/− mice. (B–D) Higher magnification
of MRC1-Iba1 double-labeled perivascular macrophages (closed arrow) and
Iba1-positive microglia in the SN. (E,F) Higher magnification of MRC1-Iba1
double-labeled meningeal macrophages (open arrows), and Iba1-positive
microglia, outside the SN. Upper image (A) is representative of five sections
from each animal (n = 3). Abbreviations: CNS, central nervous system;
SN, substantia nigra. Scale bars: in (A) = 100 µm; in (B) = 50 µm for (B–G).

perivascular or meningeal, depending on their localization and
morphology (Goldmann et al., 2016). Considering that the aim
of the present work was to study parenchymal microglia in
the SN, we chose not to proceed with the analysis of these few
macrophages limited to CNS borders, though it would definitely
be interesting to focus our attention on these cells in a future
study.

To establish the source of the increased Il1bmRNA in the SN
of c-rel−/−mice at 13months of age, SN sections from thesemice
were immunolabeled for IL-1β and Iba1. IL-1β expression was
mostly found in cells negative for Iba1 in 13-month-old c-rel−/−

mice (Figure 4). Considering their morphology, we speculate
these IL-1β-positive Iba1-negative cells are neurons.

The immunoreactivity for GFAP, an astrocyte marker, was
performed to analyze astrocyte activation in the SN of c-rel−/−

mice. In line with our earlier results (Baiguera et al., 2012), no
signs of astrogliosis were detected in SN sections of 18-month-
old c-rel−/− mice. Likewise, no increased reactivity to GFAP was
identified in 4- or 13-month-old c-rel−/− mice, when compared
to wt animals (Figure 5).

DISCUSSION

The present study shows that merely a mild inflammatory
process, lacking a pronounced activation of microglia and
astrocytes, anticipates SN degeneration in c-rel−/− mouse, a

FIGURE 4 | IL-1β localization in the SN. (A) Representative image of IL-1β

(red) and Iba1 (green) immunofluorescence with Hoechst (blue) staining in the
SN of 13-month-old c-rel−/− mice. Closed arrows highlight IL-1β-positive
cells. Open arrows highlight Iba1-positive cells. The image is representative of
five sections from each animal (n = 3). (B) Blank control. Abbreviations: SN,
substantia nigra. Scale bar: in (A) = 100 µm for (A,B).

novel animal model of late-onset parkinsonism (Baiguera et al.,
2012).

Although several animal models of PD have been established
in the last decades, none of them showed to develop both the
parkinsonian motor and non-motor symptoms (Cebrián et al.,
2015). Furthermore, most models display rapid dopaminergic
neuron degeneration, not replicating the slow, aging-dependent
neuronal loss characteristic of the sporadic human disease (Tieu,
2011). Recently, we have observed that, between 2 and 13
months of age, c-rel−/− mice manifest olfactory deficits and gut
dysfunctions, which are accompanied by progressive α-synuclein
accumulation in the SN and reduction of DAT immunoreactivity
in the striatum (Parrella et al., submitted). These alterations, that
are reminiscent of prodromal PD, anticipate the onset of the
motor disturbances and dopaminergic neuronal loss in the SN
that become evident at 18 months (Baiguera et al., 2012). The
aim of the present study was to investigate whether inflammation
and glial activation may be associated with or anticipate the onset
of PD-like neuropathological alterations reported in the brain of
c-rel−/− mice.

The analysis of inflammation-related transcripts in
the SN of 4-month-old c-rel−/− mice revealed increased
expression of Mrc1 and Arg1 with respect to wt mice. The
transcription of these factors was associated with a decreased
Ym1 expression, supporting the presence of the M2c-type
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FIGURE 5 | GFAP immunoreactivity in c-rel−/− and wt mice. Pictures of SN
sections from 4- (A,B), 13- (C,D) and 18-month-old (E,F) animals illustrating
GFAP astroglial immunostaining. No evident changes in astroglial activation
were found in c-rel−/− mice (B,D,F) compared to age-matched wt (A,C,E).
Immunofluorescence images are representative of five sections from each
animal (n = 3 animals per group). Abbreviations: GFAP, glial fibrillary acidic
protein; SN, substantia nigra. Scale bar: in (A) = 100 µm for (A–F).

microglial/macrophages associated with iron scavenging (David
and Kroner, 2011) in the SN of c-rel−/− mice. The M2c
microglial/macrophage polarization appeared to be transient
as it dropped down at 13 and 18 months of age. Although a
role for M2c-type microglia/macrophages in the onset and
progression of the PD-like disease has yet to be established, our
findings suggest that M2c ‘‘sentinel cells’’ in the SN of c-rel−/−

mice are indeed reacting to harmful signals already present in
brain milieu of young animals. On the contrary the loss of this
M2c-phenotype might contribute to the accumulation of iron
and likely α-synuclein in the SN of older c-rel−/− mice (Baiguera
et al., 2012).

The double labeling of MRC1 and Iba1 in the SN of these
mice allowed us to identify the MRC1-Iba1-positive cells as
non-parenchymal or CNS macrophages, rather than microglia.
This is in agreement with recently published data demonstrating
that the marker MRC1 is specific for CNS macrophages, but
not microglia, in mice (Goldmann et al., 2016) and humans
(Melief et al., 2012). It suggests that the observed changes in
the expression of Mrc1 might reflect macrophage rather than
microglial alterations.

Notably, at 13 months of age, the reduction in the expression
of M2c-specific markers was accompanied by a significant
increase of Il1b, but not Il6 or Fcgr3 transcription, which is
suggestive of a mild inflammatory profile in the c-rel−/− brain.
In wt mice, a similar increase of Il1b expression became evident
only at 18 months of age. As an augment of IL-1β is recognized to
be a feature of brain aging (Maher et al., 2004), the anticipation
of Il1b expression in c-rel−/− mice supports that c-Rel deficiency
accelerates the aging and neurodegeneration of the SN (Baiguera
et al., 2012; Lanzillotta et al., 2015). In addition, we found
that immunoreactivity for IL-1β was mostly localized within
Iba1-negative cells displaying a neuronal morphology in the SN
of c-rel−/− mice. However, we cannot exclude that other cell
types, such as microglia, might contribute to the higher level
of Il1b transcripts detected by qRT-PCR. This is in line with
previous findings showing transcription but no transduction of
IL-1β in peripheral blood mononuclear cells, as well as in the SN
of a PD mouse model (Schindler et al., 1990a,b; Depino et al.,
2003).

Anyhow, we could not detect differences in the morphology
of Iba1-positive microglia/macrophages in the SN of c-rel−/−

mice, at all the considered ages, though we previously described
the presence of activated CD11b-positive cells in the SN of 18-
month-old c-rel−/−mice (Baiguera et al., 2012). This discrepancy
may be ascribed to the use of different microglial/macrophage
markers in the two studies. Indeed, several authors reported
that CD11b and Iba1 can lead to different staining patterns
(Korzhevskii and Kirik, 2016; Lee et al., 2016; Scholtzova et al.,
2017), which depends on the microglial/macrophage activation
state (Ji et al., 2007). In particular, CD11b, although being an
unspecific marker for microglia and macrophages, as it is also
expressed inmonocytes and granulocytes (Korzhevskii andKirik,
2016), detects preferentially the activated microglial/macrophage
state. This is related to the fact that resting microglia display
low expression for membrane receptors, including CD11b,
which become upregulated upon activation (Kreutzberg, 1996).
On the other hand, Iba1 is a specific microglial/macrophage
marker, but not especially sensitive to the activated form
(Liaury et al., 2012; Korzhevskii and Kirik, 2016). Previous
evidence by Liaury et al. showed increases in immunoreactivity
for CD11b without significant difference in Iba1 in the
hippocampal dentate gyrus of Gunn rats, an animal model
of schizophrenia (Liaury et al., 2012). We can assume that
microglia may adopt a minor ‘‘intermediate’’ state of activation
detectable only by immunolabeling CD11b in c-rel−/− mice.
The Iba1-labeled microglia, by depicting microglial morphology
at all the activation states, is a realistic representation of the
mild inflammatory condition present in c-rel−/− mice. The
blunt inflammatory response is also supported by the GFAP
staining for astrocytes in SN of c-rel−/− mice. As previously
reported (Baiguera et al., 2012), c-rel−/− mice showed no
signs of astrogliosis, accordingly to findings in PD patients
(Mirza et al., 2000; Song et al., 2009; Tong et al., 2015).
The role of astrocytes in PD pathology remains controversial
(Hirsch and Hunot, 2009). Moreover, microglial activation
does not necessarily lead to the release of proinflammatory
cytokines (Depino et al., 2003). As mentioned above, it has
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been found that peripheral blood mononuclear cells, that
are able to transcribe but not translate Il1b, upon receiving
a secondary inflammatory stimulus, respond excessively by
releasing disproportionate quantities of inflammatory cytokines,
a phenomenon that is known as cell priming (Schindler et al.,
1990a,b). Therefore, we hypothesize that this ‘‘intermediate’’
microglial activation state in 18-month-old c-rel−/− mice could
belong to ‘‘primed’’ microglia. Interestingly, neurodegenerative
diseases and normal aging are responsible for microglial priming
or sensitization (Norden and Godbout, 2013). In a model of
accelerated aging, primed microglia showed an exaggerated
response to peripheral lipopolysaccharide injection (Raj et al.,
2014). Since PD patients frequently suffer from infections, being
even one of the main causes of death (Beyer et al., 2001),
it cannot be excluded that peripheral infections trigger an
excessive brain inflammatory response at the symptomatic motor
stage of the disease. Diverse factors, such as nutrition (Seidl
et al., 2014; Agim and Cannon, 2015) and physical exercise
(LaHue et al., 2016), that have been assumed to influence the
progression of PD, could very well contribute to modulate the
neuroinflammatory process (Spencer et al., 2012; Orr et al.,
2013). If we consider that c-rel−/− mice exhibit increased
susceptibility to brain aging, it would be remarkable confirming
the presence and role of primed microglia in this animal model,
by evaluating its reactivity upon a peripheral inflammatory
stimulus in further investigations. Moreover, our findings do
not clarify the origin of a putative microglial ‘‘priming’’ and
whether c-rel−/− mice display an impaired neuronal resilience at
12 months of age, as suggested by the increased Il1b expression
in SN and loss of DAT in the striatum (Lanzillotta et al.,
2015).

Definitely, whether and how inflammation contributes to
PD pathology is still debated. Post-mortem analysis of PD
brains has shown reactive microglia in the SN of patients at the
end stage of the disease (McGeer et al., 1988; Imamura et al.,
2003). The assessment of microglial activation in vivo at earlier
stages of PD can be achieved by positron emission tomography
(PET) imaging of radioligand binding to mitochondrial
translocator protein 18 kDa (TSPO), a molecule expressed
during microglial activation (Banati et al., 1997). However,
genetic polymorphisms in TSPO cause an elevated variability in
binding affinity, which is the main limitation of this technique

(Owen et al., 2012; Yoder et al., 2013). In two studies that
have controlled for TSPO rs6791 polymorphism, no differences
were seen in [18F]-FEPPA binding in PD patients compared
to controls (Koshimori et al., 2015; Ghadery et al., 2017).
Thus, whilst microglial activation seems to be a pathological
hallmark of end-stage PD, small-scale studies on the activation of
microglia in patients at initial phases of the disease suggest there
is no association of microgliosis with early disease progression.
These findings are also supported by recent investigations
showing no difference in CSF cytokine content in patients
with mild PD (Shi et al., 2011; Lindqvist et al., 2013). By rising
some concerns about the role of inflammation as a trigger of
the disease, this scenario deserves confirmation in large-scale
studies.

In conclusion, our findings hint that severe inflammation, and
particularly microglial pro-inflammatory activation, is not a key
hallmark of PD-like phenotype in c-Rel deficient mice. So far,
we have analyzed microglial activation in mice up to 18 months
of age, when dopaminergic neuronal loss in the SN is about
40% (Baiguera et al., 2012). The moderate amount of neuronal
degeneration leads us to speculate that, at this age, c-rel−/− mice
are modeling a mild PD. Thus, we cannot exclude that c-rel−/−

mice may develop strong microgliosis at older ages, similar to
what is found in post mortem brains of late-stage PD subjects
(McGeer et al., 1988; Imamura et al., 2003). These findings own
potentially relevant implications for understanding the role of
neuroinflammation in PD.
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Alzheimer’s disease (AD) is the most common neurodegenerative disease mainly caused
by abnormal tau phosphorylation, amyloid β (Aβ) deposition and neuroinflammation.
As an important environmental factor, hypoxia has been reported to aggravate AD
via exacerbating Aβ and tau pathologies. However, the link between hypoxia and
neuroinflammation, especially the changes of pro-inflammatory M1 or anti-inflammation
M2 microglia phenotypes in AD, is still far from being clearly investigated. Here, we
evaluated the activation of microglia in the brains of APPswe/PS1dE9 transgenic (Tg)
mice and their wild type (Wt) littermates, after a single episode of acute hypoxia (24 h)
exposure. We found that acute hypoxia activated M1 microglia in both Tg and Wt
mice as evidenced by the elevated M1 markers including cluster of differentiation 86
(CD86), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), C-C motif chemokine ligand
2 (CCL2) and CCL3. In addition, the markers of M2 microglia phenotype (arginase-1
(Arg-1), CD206, IL-4 and IL-10) were decreased after acute hypoxia exposure,
suggesting an attenuated M2 phenotype of microglia. Moreover, the activation of
microglia and the release of cytokines and chemokines were associated with Nuclear
factor-κB (NF-κB) induction through toll-like receptor 4 (TLR4). In summary, our findings
revealed that acute hypoxia modulated microglia M1/M2 subgroup profile, indicating the
pathological role of hypoxia in the neuroinflammation of AD.

Keywords: hypoxia, Alzheimer’s disease, neuroinflammation, microglia, M1/M2 phenotypes

INTRODUCTION

Neuroinflammation plays pivotal roles in various neurodegenerative diseases, including
Alzheimer’s disease (AD). However, whether it is protective or harmful is still under
debate. Although immune response is intended to be protective, excessive inflammatory
response may cause tissue damage (Calsolaro and Edison, 2016). Senile plaques composed
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of amyloid-β (Aβ) polypeptides and neurofibrillary tangles
(NFTs) made by abnormally phosphorylated tau proteins
are pathological hallmarks of AD. In AD brain, Aβ and
NFTs can directly cause neuronal damage and cell death.
Indirectly, Aβ and NFTs can also activate immune response
and lead to the release of inflammatory cytokines, chemokines,
and neurotoxins including reactive oxygen species (ROS),
nitric oxide (NO), and excitatory amino acids, which may
contribute to the neuronal degeneration. Besides their neurotoxic
effects, pro-inflammatory cytokines, such as interleukin-1β
(IL-1β), tumor necrosis factor-α (TNF-α), and activated
glial cells are believed to promote Aβ production (Azizi
et al., 2014; Calsolaro and Edison, 2016). Senile plaques
deposition is a result of imbalanced Aβ production and
removal. Clearance of Aβ is a complex process mediated
by various cellular machinery, including engulfment and
degradation by resident microglia and infiltrating innate
immune cells. In AD brain, aging and toxic conditions
favor the chronic activation of microglia and reduce their
phagocytic capacity and prolong neuroinflammation (Zuroff
et al., 2017).

Microglia and astrocytes are the main immune cells in the
central nervous system (CNS). As the resident macrophages of
CNS, microglial cells act as the first and main form of active
immune defense (Filiano et al., 2015). Activated microglia
could execute many functions such as phagocytosis of toxic
products, releasing of cytokines, promotion of repair and
antigen-presenting (Morales et al., 2014). It is generally
considered that microglia have two different phenotypes of
activation: pro-inflammatory M1 and immunosuppressive M2.
M1 phenotype, a classical activation, is associated with massive
inflammatory response releasing IL-1β, TNF-α and expressing
inducible nitric oxide synthase (iNOS). M2 includes the states
of both alternative activation and acquired deactivation with
an anti-inflammatory profile. Alternative activation responds
to IL-4 or IL-13 and promotes resolution of inflammation
and tissue repair. Acquired deactivation results from uptake
of apoptotic cells or exposure to anti-inflammatory cytokines
such as IL-10 and transforming growth factor-β (TGF-β)
and alleviates acute inflammation (Orihuela et al., 2016;
Tang and Le, 2016). In AD, microglia surrounding and
infiltrating the Aβ plaques are generally activated as YM-1
positive M2 phenotype (Jimenez et al., 2008). Pro-inflammatory
cytokines, such as interferon-γ (IFN-γ), IL-1β and TNF-α, which
shift microglia to M1 activation, attenuate the phagocytosis
of Aβ (Koenigsknecht-Talboo and Landreth, 2005). For
misfolded tau protein, pro-inflammation cytokines can
affect the tau pathological metamorphosis, increasing tau
phosphorylation and accelerating tangle formation (Zilka et al.,
2012).

Hypoxia, as one of the environmental risk factors, was
reported to contribute to the pathogenesis of AD (Zhang and
Le, 2010). Previous studies have indicated that hypoxia may
increase Aβ production (Li et al., 2009), decrease Aβ degradation
(Wang et al., 2011) and enhance tau phosphorylation (Gao
et al., 2013; Yagishita et al., 2017), thereafter may further
aggravate the pathological changes of AD. Hypoxia is also

reported to be associated with neuroinflammation. The results
of chronic hypoxia studies showed that intermittent hypoxia
increased pro-inflammatory cytokines in microglia and in dorsal
hippocampus of mice (Smith et al., 2013; Sapin et al., 2015).
These results imply that neuroinflammation may be one of the
mechanisms of hypoxia-induced cognitive impairment. Here, we
determined the activation status of microglia and the secretion
of cytokines after acute hypoxia exposure, and investigated the
possible transition of M1/M2 phenotypes in AD mouse model.

MATERIALS AND METHODS

Animals and Hypoxic Treatment
Adult male APPswe/PS1dE9 transgenic (Tg) mice at the age of
6 months and their age-matched wild-type (Wt) littermates
were included. Tg mice were purchased from the Jackson
Laboratory (No. 004462, Bar Harbor, MA, USA). All the mice
were housed under the condition of controlled light (12 h/12 h
light/dark cycle), constant room temperature 22 ± 1◦C and
relative humidity 50± 10%. Themice were randomized into four
groups: Tg with acute hypoxia (H-Tg), Tg with normoxia (N-Tg),
Wt with acute hypoxia (H-Wt), Wt with normoxia (N-Wt), with
10 mice in each group. The hypoxia groups were exposed to a
continued hypoxic condition (oxygen 7%) in a hypoxic chamber
for 24 h. The normoxia groups were kept in a similar chamber
with normoxic condition. After hypoxic exposure, the mice were
immediately sacrificed for pathological and biochemical tests.
Animal care and procedures were carried out in accordance
with the Laboratory Animal Care Guidelines approved by
the Institutional Animal Care Committee at Dalian Medical
University. The protocol was approved by the Institutional
Animal Care Committee at Dalian Medical University.

Gene Expression
Protocols for total RNA extraction, cDNA synthesis and
quantitative real-time polymerase chain reaction (PCR)
were described previously (Tang et al., 2014). Mice were
sacrificed immediately after the 24-h hypoxia episode. Bilateral
hippocampus (n = 4 in each group) were dissected and extracted
for total RNA with RNAiso Plus (Total RNA extraction
reagent; Takara, Shiga, Japan). According to Revertra Ace
qPCR RT kit (Takara, Shiga, Japan) instructions, total RNA
was synthesized to cDNA. Real-time PCR was performed
with TransStart Top Green qPCR SuperMix (TransGen
Biotech, Beijing, China) and monitored by the Real-time
PCR System (Applied Biosystems 7500 Real-Time PCR
Systems). The primer sequences were provided upon request
as summarized in Table 1. The relative expression levels of
each primer sequences mRNA were analyzed by the 2−∆∆Ct

algorithm normalizing to GAPDH and relative to the control
groups.

Western Blotting
Western blotting was performed according to our previous
protocols (Liu et al., 2015, 2016; Qiu et al., 2016). Bilateral
hippocampus (n = 3 in each group) were dissected and
sonicated in ice cold lysis buffer (P10013B, Beyotime Institute of
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TABLE 1 | Primer sequences for real-time polymerase chain reaction (PCR).

Forward (5′ to 3′) Reverse (5′ to 3′)

GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCG
CAGGAG

IL-1β AAGGGGACATTAGGCAGCAC ATGAAAGACCTCAG
TGCGGG

TNF-α CCAGTGTGGGAAGCTGTCTT AAGCAAAAGAGGAG
GCAACA

TGF-β CACTCCCGTGGCTTCTAGTG CTTCGATGCGCTTC
CGTTTC

CCL2 GCATCCACGTGTTGGCTCA CTCCAGCCTACTCATTG
GGATCA

CCR2 ACAGCTCAGGATTAACAGGGACTTG ACCACTTGCATGCACA
CATGAC

CCL3 GCTCAACATCATGAAGGTCTCC TGCCGGTTTCTCTTA
GTCAGG

CD86 ACGATGGACCCCAGATGCACCA GCGTCTCCACGGAA
ACAGCA

CD206 TCAGCTATTGGACGCGAGGCA TCCGGGTTGCAAGT
TGCCGT

Arg-1 CTTGCGAGACGTAGACCCTG TCCATCACCTTGCC
AATCCC

TLR4 AGGCAGCAGGTGGAATTGTATC TCGAGGCTTTTCCATC
CAATAG

Biotechnology, China). The lysate was centrifuged at 12,000× g
for 10 min at 4◦C. Then the supernatant fraction was collected
for Western blotting analysis. Nucleoprotein and cytoplasmic
protein were extracted with Nucleoprotein and Cytoplasmic
Protein Extraction Kit (KeyGEN BioTECH, China). BCA Protein
Assay Kit (T9300A, Takara, Shiga, Japan) was used to detect
the protein concentration. The primary antibodies used in
Western blotting analysis were as follows: Rabbit Anti-Nuclear
factor-κB (NFκB; P105/P50; 13586S, 1:1000; Cell Signaling,
Chicago, IL, USA), Mouse Anti-NFκB (P65; 6956S, 1:1000; Cell
Signaling, Chicago, IL, USA), Rabbit Anti-inhibitor of NF-κB α

(IκBα; 4814S, 1:1000; Cell Signaling, Chicago, IL, USA), Rabbit
Anti-P-IκBα (9246S, 1:1000; Cell Signaling, Chicago, IL, USA),
Rabbit Anti-GAPDH (14C10; 2118S, 1:1000; Cell Signaling,
Chicago, IL, USA). The secondary antibodies were Anti-
Rabbit/Mouse IgG, HRP-linked antibody (7076/7074, 1:2000,
Cell Signaling, Chicago, IL, USA). The target protein bands
were quantified by using FluorChem Q system (ProteinSimple,
San Jose, CA, USA).

Immunostaining
For histological analysis, mice were anesthetized and perfused
transcardially with cold phosphate buffer solution (PBS) and
4% paraformaldehyde (PFA). The whole brains were post-fixed
with 4% PFA overnight and then dehydrated in 15% and
30% sucrose solutions. The brain tissues were then coated
with Tissue-Tek optimal cutting temperature compound (OCT,
Tissue-Tek, 4583, SAKURA, Torrance, CA, USA). All brain
tissues were cut coronally into 10 µm coronal sections with
Leica cryostat (CM-1950S, Leica, Germany). The slices were
used for immunofluorescent staining with Ionized Calcium
Binding Adapter Molecule 1 (Iba1) antibody (019-19741, 1:1000;
Wako, Japan) to detect microglia. As for M1 or M2 staining,
Anti-Mouse Cluster of Differentiation 86 (CD86) antibody

(553689, 1:1000; BD Biosciences, San Jose, CA, USA) was
used to detect M1 microglia, Mouse Macrophage Mannose
Receptor (MMR)/CD206 antibody (AF2535, 1:40; R&D Systems,
Minneapolis, MN, USA) was used to detect M2 microglia.
For astrocytes, Glial Fibrillary Acidic Protein (GFAP) antibody
(Z0334, 1:2000; Dako, Denmark) was used. The secondary
antibodies were Anti-Rabbit IgG (H + L), F(ab’)2 Fragment
(Alexa Fluorr 594/488 Conjugate; 8889S/4412S, 1:2000; Cell
Signaling, Chicago, IL, USA); Cy3 Goat Anti-Rat IgG (H + L;
A0507, 1:2000; Beyotime, China); Alexa Fluorr 555 Donkey
Anti-Rabbit TgG (H + L; A0453, 1:2000; Beyotime, China)
and IFKine Green, AffiniPure, Donkey Anti-Goat IgG (H + L;
A24221, 1:2000; Abbkine Scientific, California, CA, USA).
Pictures were visualized and photographed by a fluorescent
microscope equipped with a DP80 CCD digital camera
(Olympus, Tokyo, Japan). Three microscopic fields, 0.1 mm2

per slice were captured with the same reference position of
hippocampus. The integrated density of positive staining was
measured and recorded by ImageJ software on 10 slices per
animal (n = 3 in each group).

Statistical Analysis
All data were presented as mean ± standard error of the
mean (SEM) values. Statistical significance was determined using
one-way analysis of variance (ANOVA) by GraphPad Prism 7
(GraphPad Software Inc., La Jolla, CA, USA). The results were
considered significant when p-value was less than 0.05. The n
values in each figure legend represent the number of animals
referred to the statistical analysis.

RESULTS

Acute Hypoxia Induced Microglial
Activation in Mouse Hippocampus
To investigate whether acute hypoxia affected microglia
activation status in AD mice, immunofluorescence staining
was performed to detect microglia using anti-Iba1 antibody in
hippocampus of each group. As shown in Figure 1, Iba1 positive
staining increased in both H-Tg and H-Wt groups, compared
with N-Tg and N-Wt groups, respectively. Quantitative
analysis results showed that the integrated density in hypoxia
groups increased significantly when compared to normoxia
groups. Interestingly, the GFAP immunostaining revealed
no alterations in hippocampal astrocytes after acute hypoxia
exposure (Figure 2). All these data suggested that acute hypoxia
induced microglial activation in hippocampus of both Tg and
Wt mice.

Acute Hypoxia Altered M1/M2 Phenotype
in Mouse Hippocampus
In order to further investigate the possible impacts of acute
hypoxia on hippocampal M1/M2 phenotypes transition, double
staining of CD86 (M1 marker) or CD206 (M2 marker)
with Iba1 was performed. The fluorescent immunostaining
together with quantitative analysis clearly showed an enhanced
M1 but a declined M2 phenotype of microglia, as evidenced
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FIGURE 1 | Immunoflourescence staining of microglia cells in mouse hippocampus after acute hypoxia. Microglia were detected by ionized calcium binding adapter
molecule 1 (Iba1) antibody (A). Iba1 positive staining was increased in H-Tg and H-Wt groups vs. N-Tg and N-Wt groups, respectively (B). Scale bar: 50 µm, n = 3 in
each group. Data were the mean ± standard error of the mean (SEM) values. ∗p < 0.05 by one-way analysis of variance (ANOVA).

by the increased CD86+/Iba1+ (Figure 3) and the decreased
CD206+/Iba1+ (Figure 4) microglia cells, respectively.

The mRNA levels of M1/M2 markers were further evaluated
by real-time PCR. Consistent with fluorescent immunostaining,
our results showed that M1 marker CD86 was increased in
H-Tg group, whereas mRNA levels of M2 markers CD206 and
arginase-1 (Arg-1) were decreased in H-Tg and H-Wt groups
(Figure 5). Consequently, the CD86/CD206 and CD86/Arg-1
ratios increased significantly in H-Tg group (Figure 5). These

data indicated that acute hypoxia enhanced M1 activation and
attenuated M2 activation in hippocampus.

Acute Hypoxia Changed the Cytokines and
Chemokines Levels in Mouse
Hippocampus
We next tested the mRNA levels of cytokines and chemokines
in hypoxia-treated mice to confirm the above mentioned
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FIGURE 2 | Immunoflourescence staining of astrocytes in mouse hippocampus after acute hypoxia. Astrocytes were detected by glial fibrillary acidic protein (GFAP)
antibody (A). The GFAP immunostaining revealed no alteration in hippocampal astrocytes after acute hypoxia exposure (B). Scale bar: 50 µm, n = 3 in each group.
Data were the mean ± SEM values.

M1/M2 phenotype change. As shown in Figure 6, the
relative mRNA levels of pro-inflammatory cytokines IL-6
and TNF-α were increased in H-Tg group. In contrast, the
levels of two anti-inflammatory cytokines, IL-4 and IL-10,
were decreased in hypoxia groups, compared to normoxia
groups. These data implied that acute hypoxia induced an
imbalanced M1/M2 phenotype which resulted in increased
level of pro-inflammatory cytokines and decreased level
of anti-inflammatory cytokines. Consistently, chemokine
C-C motif ligand 2 (CCL2) and CCL3 were also increased

in the mouse hippocampus of hypoxia groups. These
chemokines were critical for the accumulation of activated
glial cells, monocytes and lymphocytes, which might
play important roles in neuroinflammation (Azizi et al.,
2014).

Acute Hypoxia Activated NF-κB Signaling
in Mouse Hippocampus
NF-κB family of transcription factors plays a crucial role
in inflammation (Cao et al., 2006). Here, protein levels
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FIGURE 3 | Double immunostaining of cluster of differentiation 86 (CD86; M1 marker) and Iba1 positive microglial cells in hippocampus. CD86 (red) and Iba (green)
co-stained microglial cells (yellow, arrow head) were increased significantly in H-Tg and H-Wt groups vs. N-Tg and N-Wt groups, respectively (A,B). Scale bar:
50 µm, n = 3 in each group. Data were the mean ± SEM values. ∗∗p < 0.01, ∗∗∗∗p < 0.0001 by one-way ANOVA.

of NF-κB p50, p65 and IκBα were detected by western
blotting. Our data showed that both NF-κB p50 and
p65 levels were increased in H-Tg and H-Wt groups. In
addition, the phosphorylation of the inhibitor of NF-κB,
IκBα, increased significantly as evidenced by the increased

ratio of phosphorylated IκBα (p-IκBα)/IκBα in H-Tg
group, suggesting an activated NF-κB signaling pathway
after acute hypoxia (Figure 7). Moreover, the nuclear
NF-κB p65 was increased significantly in H-Tg group,
which implied a translocation of NF-κB p65 into nucleus.
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FIGURE 4 | Double immunostaining of CD206 (M2 marker) and Iba1 positive microglial cells in hippocampus. CD206 (green) and Iba (red) co-stained microglial cells
(yellow, arrow head) were decreased significantly in H-Tg and H-Wt groups vs. N-Tg and N-Wt groups, respectively (A,B). Scale bar: 50 µm, n = 3 in each group.
Data were the mean ± SEM values. ∗∗∗p < 0.001 by one-way ANOVA.

Since NF-κB could be activated by toll-like receptor 4
(TLR4; Ha et al., 2011), we then investigated the relative mRNA
level of TLR4 with real-time PCR. As expected, both H-Tg and
H-Wt group showed a significant increase of TLR4 mRNA
level.

DISCUSSION

Hypoxia is believed to be an important risk factor for AD,
contributing to the pathological changes of Aβ and tau in AD.
We have previously reported that chronic hypoxia aggravated
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FIGURE 5 | mRNA levels of M1 and M2 markers were evaluated by real-time polymerase chain reaction (PCR). M1 marker, CD86, increased in H-Tg group (A) and
M2 markers, CD206 and arginase-1 (Arg-1), decreased in hypoxia groups (B,C). The ratio of CD86/CD206 (D) and CD86/Arg-1 (E) increased significantly in hypoxia
groups, n = 4 in each group. Data were the mean ± SEM values. ∗p < 0.05 by one-way ANOVA.

Aβ production though epigenetic modifications of γ-secretase
(Liu et al., 2016) and induced autophagy in AD mouse
model (Liu et al., 2015). Other studies have confirmed that
hypoxia could increase tau phosphorylation (Zhang et al.,
2014; Yagishita et al., 2017). Furthermore, our group and
others have demonstrated that hypoxia can significantly activate
microglia which is believed to play an important role in
the pathogenesis of AD (Zhang et al., 2013; Sapin et al.,
2015). It is known that pro-inflammatory cytokines released by
microglia can increase Aβ production and decrease its clearance
(Cai et al., 2014). Persistent increase of pro-inflammatory
cytokines and chronic activation of microglia may cause
chronic inflammatory status leading to neuronal damage and
neurodegeneration (Calsolaro and Edison, 2016). With more
knowledge of the interplay among hypoxia, neuroinflammation
and AD pathogenesis, anti-inflammatory treatment is likely
to be successful in AD. And more therapeutic targets could
be found in studies of mechanisms of hypoxia-induced
neuroinflammation.

Microglia can be activated as M1 and M2 phenotypes.
The pro-inflammatory M1 phenotype predominates at the
site of neuroinflammation and is associated with the release

of pro-inflammatory cytokines and chemokines which may
cause cell death and tissue damage. In contrast, M2 microglial
phenotype appears later and is related to repair processes
with anti-inflammatory property (Bolós et al., 2017). Previous
study has reported that short-term hypoxia could increase
the expression of pro-inflammatory cytokines and favored
M1 activation of microglia in vitro. An increased iNOS
and decreased Trem2 and Arg-1 have been reported in
cultured primary rat microglia after 3-h hypoxia (Habib
et al., 2014). Another study of neonatal hypoxic-ischemic
brain injury in mice showed that CD86 positive cells were
increased and relative proportion of CD206 positive cells
were reduced after injury, indicating that hypoxia might
facilitateM1 polarization and attenuateM2 activation (Hellström
Erkenstam et al., 2016). Consistently, in current study, we
found that acute hypoxia increased M1 marker CD86 and
reducedM2markers, CD206 and Arg-1, along with the increased
levels of pro-inflammatory cytokines and the reduced levels
of anti-inflammatory cytokines in hippocampus of AD mouse
model.

Moreover, the levels of chemokines, CCL2 and CCL3,
increased significantly in hypoxia groups. CCL2, also known as
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FIGURE 6 | mRNA levels of cytokines and chemokines were detected by real-time PCR in hippocampus after acute hypoxic treatment. Pro-inflammatory cytokines
interleukin-6 (IL-6) (A) and tumor necrosis factor-α (TNF-α) (B) increased in H-Tg group whilst anti-inflammatory cytokines IL-4 (C) and IL-10 (D) decreased in
hypoxia groups. Chemokines C-C motif ligand 2 (CCL2) (E) and CCL3 (G) increased in hypoxia groups, whereas the change of C-C motif chemokine receptor 2
(CCR2) remained modest (F). n = 4 in each group. Data were the mean ± SEM values. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 by one-way ANOVA.

monocyte chemoattractant protein 1 (MCP1), is a chemokine
produced by neurons and glial cells and induces chemotaxis of
monocytes and microglia, which contributes to the pathological
microgliosis (Westin et al., 2012). Activated monocytes recruited
into the brain are further differentiated into macrophages
producing neurotoxic molecules (Azizi et al., 2014). Previous
study reported that CCL2 overexpression induced microglial

accumulation and facilitated Aβ oligomer formation, resulted
in an enhanced plaque formation and accelerated memory
deficits in APP/CCL2 bigenic mice (Kiyota et al., 2009).
CCL2 overexpression was also reported to elevate the expression
of apolipoprotein E and thus increase Aβ deposition by
reducing the clearance (Yamamoto et al., 2005). CCL3 or
human macrophage inflammatory protein 1α (MIP-1α)
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FIGURE 7 | Acute hypoxic treatment activated Nuclear factor-κB (NF-κB) pathway. Protein levels of key players in NF-κB pathway were tested with western blotting.
Protein levels of NF-κB p65, p50 and p-IκBα/IκBα increased significantly in hypoxia group indicating activation of NF-κB pathway (A,B,C,F,G). Nucleoprotein level of
NF-κB p65 increased significantly in H-Tg group (D,E). mRNA level of toll-like receptor 4 (TLR4) was evaluated by real-time PCR. Significant increase of TLR4 was
observed in hypoxia groups (H). n = 3 in each group. Data were the mean ± SEM values. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, by one-way ANOVA.

is a member of β-chemokine subfamily and is involved
in the recruitment and activation of polymorphonuclear
leukocytes. Previous study found that AD patients had a
higher level of CCL3 in peripheral T lymphocytes compared to
age-matched healthy controls (Man et al., 2007). CCL3 induced
the expression of CCR5, a potential receptor of CCL3,
on brain microvascular endothelial cells constituting the
blood-brain barrier and resulted in an increased T cells
transendothelial migration from blood to the brain (Man
et al., 2007). Then, the accumulated T cells might lead to
the increased levels of pro-inflammatory cytokines and
cause chronic inflammation, which enhanced neurotoxicity

and impaired functions of microglia (Mietelska-Porowska
and Wojda, 2017). T cell infiltrating the brain might also
contribute to the cognitive impairment of tau pathology. One
recent study found that hippocampal T cells might modulate
microglial and/or astrocytic activation status and lead to
detrimental impact on synaptic plasticity (Laurent et al.,
2017).

NF-κB family of transcription factors plays a crucial role in
inflammation, immunity and cell proliferation (Viatour et al.,
2005). Activation of NF-κB pathway is triggered by a variety of
extracellular stimuli and recruited IκB-kinase (IKK) complex.
Once activated, the IKK complex phosphorylates IκB proteins,
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which leads to the proteasome-mediated degradation of IκB
proteins and allows the NF-κB to translocate to the nucleus to
execute transcription of target genes (Viatour et al., 2005; Kawai
and Akira, 2007). In the present study, we further investigated
protein levels of key players in NF-κB pathway and found that
both NF-κB p50 and p65 subunit and nucleoprotein level of
NF-κB p65 increased in hypoxia groups with a higher ratio
of p-IκBα/IκBα, indicating that the increased pro-inflammatory
cytokines and chemokines might be associated with activated
NF-κB pathway. TLR4 is a type-I transmembrane receptor
expressed in neurons, astrocytes and microglia. Its activation
is involved in microglia-mediated inflammation responding to
many insults and leads to the production and release of cytokines
including IL-1β, IL-6, TNF-α and iNOS (Smith et al., 2013).
NF-κB is one of the most important downstream transcription
factors in TLR signaling pathways. TLR4 signaling induces the
phosphorylation of IκB and the subsequent degradation, which
promotes the nuclear translocation of NF-κB, stimulating the
transcription of various target genes (Ha et al., 2011). Previous
studies showed that chronic intermittent hypoxia activated
NF-κB pathway through TLR4 signaling and might contribute
to hippocampal neuronal damage (Smith et al., 2013; Deng
et al., 2015). In our study, we found an increased mRNA
level of TLR4 in acute hypoxia groups which might indicate
that acute hypoxia could activate NF-κB pathway through
TLR4 signaling.

In summary, here we investigated microglia activation
and cytokines levels in hippocampus of APP/PS1 mouse

model after acute hypoxic treatment. We found that
acute hypoxia favored M1 activation and attenuated
M2 activation, which resulted in the release of pro-inflammatory
cytokines and chemokines, such as IL-6, TNF-α, CCL2 and
CCL3, and contributed to the pathogenesis of AD.
Acute hypoxia induced activation of microglia might be
associated with the activation of NF-κB pathway through
TLR4 signaling.
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DNAX-activating protein of 12 kDa (DAP12) is a signaling adapter protein expressed
in cells that participate in innate immune responses. By pairing with different triggering
receptors expressed on myeloid cell (TREM) proteins, DAP12 can mediate both positive
and negative cellular responses. In particular, TREM1 acts as an amplifier of the immune
response, while TREM2 functions as a negative regulator. TREM2 has also been shown
to stimulate the phagocytosis of apoptotic neurons and define the barrier function in
microglia. Notably, loss-of-function mutations of either DAP12 or TREM2 result in a
disorder known as Nasu-Hakola disease (NHD); and mutations of these genes have
been associated with the risk for Alzheimer’s disease (AD), suggesting that TREM2 and
DAP12 may regulate common signaling pathways in the disease pathogenesis. In this
study, we demonstrated an anti-inflammatory role of DAP12 in murine microglia that
depends on the presence of TREM2. We also uncovered the JNK signaling pathway as
the underlying molecular mechanism by which the TREM2/DAP12 complex suppresses
the hyperactivation of microglia upon LPS stimulation. Interestingly, LPS down-regulates
the expression of Trem2 via the activation of JNK and NF-κB signaling pathways,
resulting in a vicious cycle that synergistically promotes the inflammatory responses. Our
study provides insights into mechanism-based therapy for neuroinflammatory disorders.

Keywords: DAP12, TREM2, JNK, LPS, microglia, inflammation

INTRODUCTION

DNAX-activating protein of 12 kDa (DAP12; also known as TYROBP and KARAP) is a
signaling adapter protein expressed by a variety of innate immune cells including macrophages,
microglia, monocytes, dendritic cells and natural killer (NK) cells (Lanier, 2009). The broad
distribution of DAP12 suggests a general function in immune responses. DAP12 consists
of a minimal extracellular domain, a transmembrane segment and a cytoplasmic region
containing a single immunoreceptor tyrosine-based activation motif (ITAM). An aspartic
acid in the transmembrane domain of DAP12 allows its association with cell surface receptors
via an electrostatic interaction. The receptors usually have an oppositely charged amino acid
(arginine or lysine) embedded within their transmembrane region that allows the formation of
non-covalent complexes with DAP12 (Lanier and Bakker, 2000; Humphrey et al., 2005). Ligation
of a DAP12-associated receptor to its ligand leads to the activation of SRC-family kinases and
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subsequent phosphorylation of tyrosine residues in the ITAM
of DAP12 (Mason et al., 2006). DAP12 was originally shown
to trigger the activation of NK cells (Lanier et al., 1998). Since
then, more than 20 DAP12-associated receptors have been
identified (Turnbull and Colonna, 2007). Triggering receptors
expressed on myeloid cells (TREMs) are a family of cell
surface receptors expressed broadly on myeloid cells that have
been identified to associate with DAP12 (Bouchon et al.,
2000; Daws et al., 2001; Chung et al., 2002). In particular,
TREM1 is a potent amplifier of the inflammatory responses;
while TREM2 has an anti-inflammatory function (Bouchon et al.,
2000; Gibot et al., 2004; Takahashi et al., 2005; Turnbull et al.,
2006).

TREM2 is a DAP12-coupled receptor that acts as a sensor
for a wide array of lipids and apolipoprotein E (ApoE) in
the central nervous system (CNS; Atagi et al., 2015; Bailey
et al., 2015; Wang et al., 2015; Yeh et al., 2016). Notably,
loss-of-function mutations of either DAP12 or TREM2 result
in a disorder known as Nasu-Hakola disease (NHD; Paloneva
et al., 2000, 2002). Furthermore, both TREM2 (Guerreiro
et al., 2013; Jonsson et al., 2013) and DAP12 (Pottier et al.,
2016) mutations have been found to be associated with
the risk for Alzheimer’s disease (AD). These observations
suggest that TREM2 and DAP12 may regulate common
signaling pathways in the disease pathogenesis. TREM2 and
DAP12 are both preferentially expressed in microglia within the
CNS (Sessa et al., 2004). Together, they regulate functions
in microglia including inhibition of pro-inflammatory
responses and stimulation of phagocytosis of apoptotic neurons

(Takahashi et al., 2005; Hamerman et al., 2006; Turnbull et al.,
2006; Zhong et al., 2015). Recently, TREM2/DAP12 complex
has also been demonstrated to regulate the barrier function
in microglia that prevents the outward extension of amyloid
fibrils and axonal dystrophy (Sirkis et al., 2016; Yuan et al.,
2016).

Despite intense interest in the function of
TREM2/DAP12 complex in microglia, current understanding of
the relevant molecular, cellular and biophysical mechanisms is
limited. Studies elucidating such mechanisms may uncover
targetable pathways for AD therapy. In this study, we
demonstrated an anti-inflammatory role of DAP12 in murine
microglia that requires the function of TREM2. Mechanistically,
TREM2/DAP12 suppressed the hyperactivation of JNK
signaling pathway upon LPS stimulation. Consequently, a
JNK inhibitor, SP600125, eliminated the hypersensitivity of
Dap12-deficient microglia to LPS. Together, our data suggest
that TREM2/DAP12 complex negatively regulates LPS-induced
inflammatory responses by modulating the JNK signaling
pathway in microglia.

MATERIALS AND METHODS

Reagents and Antibodies
Amaxar Cell Line Nucleofectorr Kit T and Amaxar Glia
Cell Nucleofectorr Kit T were purchased from LONZA.
Primers for quantitative RT-PCR were synthesized by Life
Technologies. SYBR Green for quantitative RT-PCR was

FIGURE 1 | Knockdown of Dap12 exacerbates LPS- or Aβ42-oligomer-stimulated production of pro-inflammatory cytokines. (A) Primary microglia cells were
transiently transfected with non-targeting siRNA (NT) or Dap12-specific siRNAs for 48 h. The relative mRNA levels of Dap12 were determined by quantitative RT-PCR
and shown as bar graph (n = 3, 1-way ANOVA). (B,C) Cells from (A) were treated with 500 ng/mL LPS or vehicle control for 4 h. RNA was extracted and the relative
mRNA levels of IL-1β (B) and IL-6 (C) shown as bar graph were determined by quantitative RT-PCR (n = 3, two-way ANOVA). (D–E) Cells from (A) were treated with
10 µM oligomeric-Aβ42 or vehicle control for 4 h. RNA was extracted and the relative mRNA levels of IL-1β and TNF-α shown as bar graph were determined by
quantitative RT-PCR (n = 3, two-way ANOVA). β-actin was used as an internal control. Data represent mean ± SEM. ∗∗p < 0.01; ∗∗∗p < 0.001; ns, not significant.
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purchased from Roche. SP600125, Bay11–7082, SB203580,
U0126 and LPS were purchased from Sigma. Amyloid-β 42
(Aβ42) peptide was purchased from AnaSpec. Oligomeric
Aβ42 was prepared as previously described (Huang et al.,
2015). Antibodies used in this study are as followed: anti-
phospho-p38-MAPK, anti-total-p38-MAPK, anti-phospho-
ERK1/2, anti-total-ERK1/2, anti-phospho-JNK, anti-total-JNK,
anti-phospho-IκBα, anti-total-IκBα, anti-phosho-NF-κB,
anti-total-NF-κB, anti-phospho-c-Jun, anti-total-c-Jun and
anti-β-actin were purchased from Cell Signaling Technology;
anti-tubulin (Millipore); anti-mouse IgG and anti-rabbit IgG
antibody conjugated with horseradish peroxidase (ThermoFisher
Scientific).

Isolation and Culture of Mouse Primary
Microglia
Trem2 knockout mice (Trem2-KO on C57BL/6N background)
and wild-type (WT) C57BL/6N mice were obtained from
the UC Davis Knockout Mouse Project (KOMP) repository.
The exons 2–4 of the Trem2 gene were replaced with a
LacZ reporter which is identical to the line recently reported

(Jay et al., 2015). Primary microglial cultures were prepared as
previously described (Zhu et al., 2010; Atagi et al., 2015). All
animal experiments were conducted in compliance with the
protocols approved by the Institutional Animal Care and Use
Committee of Xiamen University. Briefly, WT or Trem2-KO
mice (3–4 pups) at postnatal day 1–2 were used to prepare
mixed glial cultures. Cells were plated onto flasks and grown in
DMEM supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco). Three days later, medium was changed
to that containing 25 ng/mL GM-CSF and 10% FBS. Primary
microglia were harvested by shaking (200 rpm, 20 min) after
10–12 days in culture and once every 3 days thereafter (up to
three harvests).

Western Blotting
BV2 microglial cells or primary microglia were lysed at the
indicated times with lysis buffer (1% NP-40, 50 mM Tris-
HCl, pH 8.0, 150 mM sodium chloride) supplemented with
protease and phosphotase inhibitor cocktails. BCA protein
assay kit was used to determine the protein concentration
according to the manufacturer’s instruction (ThermoFisher

FIGURE 2 | DAP12 regulates inflammatory responses in a manner that depends on the presence of TREM2. (A) Primary microglia cells from wild-type (WT) or
Trem2- knockout (KO) mice were transiently transfected with NT or Dap12-specific siRNAs for 48 h. The relative mRNA levels of Dap12 were determined by
quantitative RT-PCR and shown as bar graph (n = 3, one-way ANOVA). (B–D) Cells from (A) were treated with 100 ng/mL LPS or vehicle control for 4 h. RNA was
extracted and the relative mRNA levels of IL-1β (B) IL-6 (C) TNF-α (D) shown as bar graph were determined by quantitative RT-PCR (n = 3, two-way ANOVA). β-actin
was used as an internal control. Data represent mean ± SEM. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ns, not significant.
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Scientific). Equal amounts of total proteins were analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting using appropriate antibodies
and HRP-conjugated secondary antibodies. Proteins were
visualized using ECL Western blotting detection reagents
(Millipore). Immunoreactive bands were quantified using
ImageJ.

Quantitative RT-PCR
Total RNAs were extracted using TRIzol reagent (Invitrogen).
One microgram RNA was reverse-transcribed into first-
strand cDNA using TransScript All-in-One First-Strand
cDNA Synthesis SuperMix (TRANSGEN BIOTECH, Beijing,
China) according to the manufacturer’s protocol. Quantitative
PCR was performed using the FastStart Universal SYBR
Green Master (Roche). The primer sequences used for
Dap12, Trem2, IL-1β, TNF-α, IL-6 and β-Actin were
the same as previously described (Zhong et al., 2015,
2017).

RNA Interference
siRNA at a concentration of 300 nM was transfected into
BV2 cells using Amaxar Cell Line Nucleofectorr Kit T or
primary microglia cells using Amaxar Glia Cell Nucleofectorr

Kit T. Cells were harvested 48 h later, followed by RNA
extraction for quantitative RT-PCR analysis or protein extraction
for Western blotting analysis. The siRNA sequences for
Dap12 were the same as previously described (Zhong et al.,
2015).

Statistical Analyses
Statistical analyses were performed using GraphPad Prism and all
data were presented as mean ± SEM. At least three independent
experiments were analyzed by unpaired t-test, one-way ANOVA
or two-way ANOVA test. To classify and indicate significant
values, the following p-values were used: ∗p < 0.05; ∗∗p < 0.01;
∗∗∗p < 0.001; ns, not significant.

RESULTS

DAP2 Inhibits LPS-Induced Cytokines
Production Dependent on
TREM2 Receptor
In our previous study, we found that knockdown of Dap12
gene in microglial BV2 cells significantly increased the
mRNA levels of pro-inflammatory cytokines in the presence
of LPS (Zhong et al., 2015). To further confirm the role
of DAP12 in mediating the inflammatory responses to
pathogenic stimuli, we employed two Dap12-specific siRNAs
to knockdown the expression of Dap12 in primary microglia
and examined its impacts on cytokine expression (Figure 1A).
Consistently, the knockdown of Dap12 significantly increased
the mRNA levels of IL-1β and IL-6 in LPS-stimulated primary
microglia (Figures 1B,C). The production of IL-1β and
TNF-α were also elevated in response to treatment with
Aβ42 oligomers in Dap12-knockdown primary microglia

FIGURE 3 | LPS-induced JNK phosphorylation is increased in Trem2-deficient
microglia. (A) Primary microglia cells from WT or Trem2- knockout (KO) mice
were stimulated with 100 ng/ml LPS for the indicated time. Cell lysates at
each time point were analyzed by Western blotting using antibodies specific
for either total proteins or phosphorylated form of JNK, P38-MAPK,
ERK1/2 and NF-κB. (B–E) Bar graphs show the quantification of Western
blots as ratios of phospho-JNK/total JNK (B) phospho-ERK1/2/total ERK1/2
(C) phospho-p38-MAPK/total p38-MAPK (D) and phospho-NF-κB/total
NF-κB (E), respectively. β-actin was used as an internal control. The ratio at
“0.5 h” time point of WT cells served as a control (n ≥ 3, unpaired Student’s
t-test). Data represent mean ± SEM. ∗p < 0.05; ∗∗∗p < 0.001; ns, not
significant.

(Figures 1D,E). These data suggest that DAP12 is essential
for suppressing the production of pro-inflammatory
cytokines when microglial cells are exposed to pathogenic
stimuli.

In cells of myeloid origin, TREM1 and TREM2 are
two receptors that signal through DAP12 to oppositely
regulate the inflammatory response. TREM1 has been
shown to function as an amplifier of the inflammatory
response (Bouchon et al., 2000), whereas TREM2 has an
anti-inflammatory function (Turnbull et al., 2006). Since
we observed an anti-inflammation function of DAP12 in
microglia, we further investigated whether DAP12 suppresses
the production of inflammatory cytokines in a manner that
depends on TREM2. Primary microglia were isolated from
both WT and Trem2-knockout (KO) mice and further
subjected to siRNA treatment that specifically knock down
the expression of Dap12 (Figure 2A). Although the deficiency
of Dap12 significantly enhanced the production of inflammatory
cytokines IL-1β, IL-6 and TNF-α in LPS-stimulated WT
primary microglia, the effects were abolished in Trem2-
KO microglia (Figures 2B–D). It is noteworthy that the
amounts of these inflammatory cytokines were significantly
higher in Trem2-KO microglia than WT microglia, which is
consistent with our previous reports (Zheng et al., 2016). Taken
together, we conclude that DAP12 suppresses the production
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FIGURE 4 | LPS-induced JNK phosphorylation is increased in Dap12-knockdown BV2 cells. (A) BV2 cells were transiently transfected with NT or Dap12-specific
siRNAs for 48 h, then stimulated with 500 ng/mL LPS for the indicated times. (B–E) Bar graphs show the quantification of Western blots as ratios of
phospho-JNK/total JNK (B) phospho-ERK1/2/total ERK1/2 (C) phospho-p38-MAPK/total p38-MAPK (D) and phospho-IκBα/total IκBα (E), respectively. α-Tubulin
was used as an internal control. The ratio at “0” time point of NT cells served as a control (n = 3, unpaired Student’s t-test). Data represent mean ± SEM. ∗p < 0.05;
∗∗p < 0.01.

of pro-inflammatory cytokines in microglia in a manner that
depends on TREM2 receptor.

Enhanced JNK Phosphorylation in Trem2-
and Dap12-Deficient Microglia
To identify the signaling pathway(s) that mediates the
inflammatory responses induced by LPS in the absence of
Trem2/Dap12, we first examined the activation kinetics of the
transcription factor NF-κB and the major MAPKs subtypes
(ERK1/2, p38-MAPK and JNK) in both WT and Trem2-KO
primary microglia. The activation kinetics and magnitude of
phosphorylated ERK1/2, p38-MAPK and NF-κB were similar
in LPS-stimulated WT and Trem2-KO primary microglia
(Figures 3A,C–E). In contrast, the phosphorylation of JNK was
more pronounced in primary microglia from Trem2-KO mice
compared with WT mice (Figures 3A,B). Similarly, knockdown
of Dap12 in microglial BV2 cells significantly increased the
phosphorylation of JNK (Figures 4A,B), whereas no effects were
observed for phosphorylated ERK1/2, p38-MAPK and IκBα, a
key regulator in the NF-κB signaling pathway (Figures 4C–E).
We therefore conclude that the TREM2/DAP12 complex

regulates the inflammatory responses in microglia by specifically
blocking the activation of JNK signaling pathway.

JNK Inhibitor Eliminates the
Hypersensitivity of Dap12-Deficient
Microglia to LPS
To further explore the molecular mechanism by which Dap12
down-regulation affects the pro-inflammatory responses induced
by LPS, a specific inhibitor (SP600125) was used to block
the activation of JNK signaling pathway. Microglial BV2 cells
were pre-treated with SP600125 before LPS stimulation. At a
dose of 10 or 20 µM, SP600125 inhibits the phosphorylation
of c-Jun which is a downstream target of JNK pathway
(Figures 5A,B). ThemRNA levels of pro-inflammatory cytokines
IL-1β and IL-6 were increased upon knockdown of Dap12;
however, the effect was abolished by pre-treatment with the JNK
inhibitor (Figures 5C,D). Taken together, these data indicated
that DAP12 negatively regulates LPS-induced inflammatory
responses in microglia by modulating the activity of JNK
signaling pathway.
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FIGURE 5 | JNK inhibitor reverses the increased pro-inflammatory cytokines in Dap12-knockdown BV2 cells. (A) BV2 cells were pretreated with indicated
concentrations of SP600125 for 30 min, and then stimulated with 500 ng/mL LPS or vehicle control for 1 h. Cell lysates were analyzed by Western blotting. (B) Bar
graphs show the quantification of Western blots as ratios of phospho-c-Jun/total c-Jun (n = 3, one-way ANOVA). (C,D) BV2 cells were transiently transfected with
non-targeting siRNA (NT) or Dap12-specific siRNAs for 48 h, and then stimulated with 500 ng/mL LPS or vehicle control for 4 h in the presence or absence of 20 µM
SP600125 (pretreated for 30 min). RNA was extracted and the relative mRNA levels of IL-1β and IL-6 shown as bar graph were determined by quantitative RT-PCR
(n = 3, two-way ANOVA). β-actin was used as an internal control. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ns, not significant.

LPS-Induced Down-Regulation of Trem2 is
Rescued by JNK and NF-κB Inhibitors
We have previously shown that LPS stimulation significantly
suppressed Trem2 expression in primary microglia and mouse
brain (Zheng et al., 2016). Consistently, the mRNA levels of
Trem2 were significantly down-regulated in LPS stimulated
microglial BV2 cells (Figure 6A). However, the expression of
Dap12 was unaffected even upon the stimulation with 1 µg/mL
LPS (Figure 6B). To further dissect the molecular pathway
that modulates Trem2 expression, we pretreated BV2 cells with
various compounds that specifically block individual signaling
pathways downstream of LPS, including NF-κB and each of the
major MAP kinase subtypes. The mRNA level of Trem2 was
similarly down-regulated by LPS in the presence or absence of
p38-MAPK and ERK1/2 inhibitors (Figures 6D,E). However,
the LPS down-regulated Trem2 expression was restored by the
presence of inhibitors for either JNK or NF-κB (Figures 6C,F).
Taken together, our data suggest that both JNK and NF-κB
signaling pathways downstream of LPS modulate the expression
of Trem2 in microglia.

DISCUSSION

In this study, we showed that DAP12 suppresses the production
of pro-inflammatory cytokines when microglial cells are exposed
to LPS. Importantly, the negative modulation of inflammatory
response by DAP12 depends on the presence of TREM2. In
view of the underlying molecular mechanism, we revealed that

the TREM2/DAP12 axis suppresses the activity of JNK signaling
pathway to reduce the inflammatory response in microglia
(Figure 7). Intriguingly, LPS down-regulates the expression of
Trem2 via the activation of JNK and NF-κB signaling pathways
(Figure 7), resulting in a vicious cycle that synergistically
promotes the inflammatory responses.

As a signaling adaptor protein, DAP12 couples with a variety
of cell-surface receptors to modulate the threshold for cellular
activation in response to pathogenic stimuli (Turnbull and
Colonna, 2007). For instance, the association of DAP12 with
TREM1 has been shown to amplify the inflammatory response
(Bouchon et al., 2000; Gibot et al., 2004); while the association
with TREM2 dampens the production of pro-inflammatory
cytokines (Takahashi et al., 2005; Turnbull et al., 2006).
Therefore, the roles of DAP12 in different cell types could
be varied depending on the presence of specific cell surface
receptors. DAP12 is preferentially expressed in microglia within
the CNS (Hickman et al., 2013). In our previous work and in
current study, we have demonstrated that DAP12 inhibits the
production of pro-inflammatory cytokines in LPS-stimulated
microglia by using both immortalized cell line and primary
cultures (Zhong et al., 2015). We further demonstrated that
DAP12 exerts its anti-inflammatory function by coupling with
TREM2 which is the highest expressed DAP12-associated
receptor in microglia among TREM family members (Zhang
et al., 2014). Interestingly, the DAP12 signaling has been
shown to amplify inflammation during sepsis (Turnbull et al.,
2005). The receptors that are involved remain unknown;
TREM1, for instance, might be needed for DAP12 to signal
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FIGURE 6 | Inhibitors for JNK and NF-κB restore Trem2 expression suppressed by LPS. (A,B) BV2 cells were treated with indicated concentrations of LPS (0,
10 and 1000 ng/mL) for 4 h. RNA was extracted and the relative mRNA levels of Trem2 (A) or Dap12 (B) shown as bar graph was determined by quantitative
RT-PCR (n = 3, one-way ANOVA). (C–F) BV2 cells were pretreated with 10 µM SP600125 (C), 5 µM U0126 (D), 5 µM SB203580 (E) or 5 µM Bay11–7082 (F) for
30 min, followed by treatment with 500 ng/mL LPS or vehicle control for 12 h. RNA was extracted and the relative mRNA levels of Trem2 shown as bar graph were
determined by quantitative RT-PCR (n ≥ 3, one-way ANOVA). β-actin was used as an internal control. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ns, not significant.

FIGURE 7 | Schematic model of the interplay between TREM2/DAP12
complex and LPS-induced inflammation. The TREM2/DAP12 complex
suppresses the activity of JNK signaling pathway to reduce LPS-triggered
inflammatory response in microglia. LPS down-regulates the expression of
Trem2 via the activation of JNK and NF-κB signaling pathways.

in a pro-inflammatory manner. The activating and inhibitory
functions of DAP12 in inflammation are proposed to be
modulated by the avidity of the interaction between the DAP12-
associated receptor and its ligand (Turnbull and Colonna, 2007).

In accordance with our findings in microglia,Dap12-deficient
macrophages have been reported to express higher amounts of
inflammatory cytokines in response to a variety of pathogenic
stimuli (Hamerman et al., 2005). However, the signaling
mechanism by which Dap12 regulates cytokine production
was distinct between microglia and macrophages. Upon LPS
stimulation, ERK1/2 signaling was more pronounced in Dap12-
deficient macrophages than in WT cells (Hamerman et al.,
2005). In contrast, we observed the activation of JNK signaling
pathway in Trem2- and Dap12-deficient microglia. It remains
uncharacterized how DAP12 regulates the phosphorylation of
either ERK1/2 in macrophages or JNK in microglia. Further
study is needed to define the precise molecular pathway
downstream of DAP12 actions.

We and others have consistently shown that LPS stimulation
significantly suppressed microglial Trem2 expression both
in vitro and in vivo (Schmid et al., 2002; Zheng et al.,
2016). The decrease in Trem2 expression further augments the
production of inflammatory cytokines, leading to detrimental
exaggeration of neuroinflammation (Zhong et al., 2015; Zheng
et al., 2016). Therefore, understanding the molecular mechanism
by which LPS or other pathogenic stimuli regulate Trem2
expression would provide insights into eliminating the source of
inflammation cascade. Our current study showed that applying
either JNK or NF-κB inhibitor restored Trem2 expression
down-regulated by LPS, implicating a potentially beneficial
effect of those inhibitors for treating neurological diseases with
an inflammatory component. The precise molecular pathways
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downstream of JNK and NF-κB require further investigation. It
would be intriguing to examine whether the transcription factors
activated by JNK andNF-κB regulate Trem2 expression via direct
binding to its proximal promoter.

Collectively, our studies revealed that DAP12 possesses an
anti-inflammatory function in murine microglia that is TREM2-
dependent. The TREM2/DAP12 axis negatively regulates the
activity of JNK signaling pathway downstream of LPS to suppress
the inflammatory responses. Our study provides insights into
mechanism-based therapy for neuroinflammatory disorders.
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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by a
non-cell autonomous motor neuron loss. While it is generally believed that the disease
onset takes place inside motor neurons, different cell types mediating neuroinflammatory
processes are considered deeply involved in the progression of the disease. On these
grounds, many treatments have been tested on ALS animals with the aim of inhibiting
or reducing the pro-inflammatory action of microglia and astrocytes and counteract
the progression of the disease. Unfortunately, these anti-inflammatory therapies have
been only modestly successful. The non-univocal role played by microglia during
stress and injuries might explain this failure. Indeed, it is now well recognized that,
during ALS, microglia displays different phenotypes, from surveillant in early stages,
to activated states, M1 and M2, characterized by the expression of respectively harmful
and protective genes in later phases of the disease. Consistently, the inhibition of
microglial function seems to be a valid strategy only if the different stages of microglia
polarization are taken into account, interfering with the reactivity of microglia specifically
targeting only the harmful pathways and/or potentiating the trophic ones. In this review
article, we will analyze the features and timing of microglia activation in the light of
M1/M2 phenotypes in the main mice models of ALS. Moreover, we will also revise
the results obtained by different anti-inflammatory therapies aimed to unbalance the
M1/M2 ratio, shifting it towards a protective outcome.

Keywords: amyotrophic lateral sclerosis, M1/M2 microglia, neuroinflammation, anti-inflammatory drugs, genetic
modifiers, mutant SOD1 mice

ALS AS A COMPOSITE DISEASE

Amyotrophic lateral sclerosis (ALS) is amultifactorial disease caused by genetic and non-inheritable
components leading to motoneuron degeneration in the spinal cord, brain stem and primary motor
cortex (Al-Chalabi and Hardiman, 2013). Most of ALS cases are sporadic (sALS), while 5%–20%
report a familial history of the disease (fALS; Al-Chalabi et al., 2017). sALS and fALS share most
neuropathological features and, from a clinical perspective, they appear very similar (Talbot,
2011). Pathological hallmarks characterizing degenerating motoneurons are cytoplasmic inclusions
containing aggregated/ubiquitinated proteins as well as RNAs. Indeed, protein misfolding,
with endoplasmic reticulum (ER) stress, impaired autophagy and damage to cytoskeleton are
intracellular mechanisms involved in the pathogenesis of the disease (Taylor et al., 2016).
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However, ALS appears as a composite syndrome where the
aberrant cellular pathways may not derive solely from a
conformational issue, but involve many aspects of cellular
physiology: RNA processing and mitochondria homeostasis
are compromised, oxidative stress is increased, excitotoxic
pathways are enhanced, neurotrophic support is reduced,
glial inflammatory response is oriented towards an harmful
side (Rossi et al., 2016). Actually, more than 40 genes have
been found mutated in ALS, affecting numerous cellular
functions (Al-Chalabi et al., 2017), the most relevant of
which are: a hexanucleotide repeat (GGGGCC) expansion
in an intron of the C9orf72 gene (Dejesus-Hernandez et al.,
2011; Renton et al., 2011), supposed to generate toxic RNA
species, loss of protein and/or harmful dipeptide-repeats
formation (Haeusler et al., 2016); superoxide dismutase 1
(SOD1; Rosen et al., 1993), forming toxic aggregates and
interfering with mitochondrial functions and autophagy (Turner
and Talbot, 2008). In this regard, transgenic SOD1 mice
are so far the most widely used model to study ALS. Both
active (SOD1G93A, SOD1G37R) and inactive (SOD1G85R)
mutants show a phenotype characterized by a progressive
paralysis and death (at 5, 7 and 8.5 months, respectively),
caused by degeneration of motoneurons (limited to 40%
in SOD1G85R mice), and exhibit gliosis within the spinal
cord, brain stem and cortex (Philips and Rothstein, 2015),
suggesting that neurodegeneration relies on a gain of toxic
function of the protein. Other mutated proteins are fused
in sarcoma (FUS; Kwiatkowski et al., 2009; Vance et al.,
2009) and TAR-DNA binding protein-43 (TDP-43; Neumann
et al., 2006), involved in the maturation of mRNAs, found
in cytoplasmic inclusions (Guerrero et al., 2016); proteins
regulating cytoskeleton architecture, such as profiling-1
(Wu et al., 2012; Yang et al., 2016), and vesicle trafficking,
as vesicle-associated membrane protein/synaptobrevin-
associated membrane protein B (Nishimura et al., 2004;
Tsuda et al., 2008); autophagy-linked proteins, among which
sequestosome 1 (Teyssou et al., 2013), optineurin (Nakazawa
et al., 2016) and TANK-binding protein kinase-1 (TBK-1;
Cirulli et al., 2015; Freischmidt et al., 2015). Mutations in
these genes also affect the function of cell types other than
motoneurons. Indeed, ALS is non-cell autonomous, as astrocytes
andmicroglia can participate to determine the disease phenotype
by a local inflammatory response (neuroinflammation) and
characterized by phenotypic transition, migration to the site
of injury, proliferation and secretion of pro-inflammatory
mediators (Philips and Rothstein, 2014). Glial activation
leads to changes in the expression of a wide range of genes
related to the production of soluble molecules, such as
cytokines and chemokines, damage–associated molecular
patterns (DAMPs), reactive nitrogen and oxygen species (ROS),
giving rise to profound modifications in their interactions
with neurons (Becher et al., 2017). Actually, a noticeable
level of neuroinflammation has been detected in both sALS
and fALS, as well as in transgenic models of the disease
(Troost et al., 1989; Engelhardt and Appel, 1990; Schiffer
et al., 1996; Hall et al., 1998; Henkel et al., 2004, 2006). Signs
of microglia reactivity have been detected well before overt

symptoms onset (Brites and Vaz, 2014; Tang and Le, 2016),
concomitantly with loss of neuromuscular junctions (Gerber
et al., 2012) and early motoneuron degeneration (Alexianu et al.,
2001).

The role of microglia has been strengthened by recent
studies opening new perspectives in the knowledge of the
non-cell autonomous molecular pathways possibly contributing
to ALS.

Lack of C9orf72 in a loss-of-function model of the
disease produced no signs of motoneuron degeneration,
but led to lysosomal accumulation and altered immune
responses in macrophages and microglia (O’Rourke et al., 2016).
Furthermore, the recently described ALS-susceptibility gene,
TBK1, not only has a central function in autophagy processes,
but is involved in innate immunity signaling pathways, regulating
the production of interferon α (IFN α) and IFN β (Ahmad et al.,
2016). A close relation between disruption of the autophagy
machinery and microglial activation has been recently proposed
(Plaza-Zabala et al., 2017): hence, an impaired autophagy linked
tomodifications in the response to pro-inflammatory stimuli and
pathogen clearance by resident immune cells likely contributes
to the etiopathology of the disease. Recent data show an
earlier and more detrimental clinical course in SOD1G93A mice
lacking telomerase (Linkus et al., 2016), evidencing therefore
a possible aging effect on microglia priming in ALS. Indeed
aged and mutant SOD1 (mSOD1)-expressing microglia display a
common signature of gene expression, as well as specific patterns
(Holtman et al., 2015).

In this review article, we therefore describe how the adaptive
phenotypes of microglia participate to neurodegeneration in
ALS, evidencing how the concept of a bipolar, protective vs.
harmful, response of microglia has been rapidly changed in less
than a decade. We also discuss how anti-inflammatory drugs
have been used to polarize microglia towards a neuroprotective
signature to control the extent of activation and if and how this
has reached therapeutic benefits.

M1/M2 PHENOTYPE IN ALS

Overview
Microglia are largely considered as the brain’s resident immune
cell, which has been classically described to exist in two
states, resting and activated (Cherry et al., 2014). In the
adult healthy brain, two-photon imaging showed that the so
called ‘‘resting’’ microglia is, in actual facts, a highly dynamic
population (Nimmerjahn et al., 2005), which actively screen
their microenvironment with motile processes, exerting a crucial
role in maintaining homeostasis (Luo and Chen, 2012). It
is indicated as ‘‘surveillant’’ microglia and participates to
many physiological functions, including synaptic pruning, adult
neurogenesis and modulation of neuronal networks (Walton
et al., 2006; Kettenmann et al., 2013).

This highly specific interaction with the extracellular
environment is tightly regulated (Nimmerjahn et al., 2005;
Parisi et al., 2016b), therefore these cells rapidly react to
abnormalities, adopting a less ramified/amoeboid phenotype,
corresponding to activated microglia (Luo and Chen, 2012;
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FIGURE 1 | M1/M2 microglia polarization during amyotrophic lateral sclerosis (ALS)-induced motor neuron degeneration. During ALS progression activated microglia
represent a continuum between the neuroprotective M2 phenotype, which promotes tissue repair and supports neuron survival by releasing neuroprotective factors,
vs. the toxic M1, which produces cytokines increasing inflammation and further supporting M1 polarization, thus contributing to neuronal death. Therapeutic
approaches targeting microglia polarization and resulting in induction of the M2 phenotype are promising strategies to ameliorate local neurodegeneration and
improve the clinical outcome of the disease (see Table 1 for details).

Cherry et al., 2014). Similarly to peripheral macrophages, the
term activation has been associated at least with two distinct
phenotypes, M1 (toxic) and M2 (protective), in response to
different microenvironmental signals, in turn involved in the
production of a variety of effector molecules (Du et al.,
2016). Microglia recognize pathogens via pattern recognition
receptors, which interact with classes of DAMPs derived
from exogenous microorganisms or endogenous cell types

involved in immunity processes, respectively. The interaction
triggers a downstream gene induction program aimed at
initiating cellular defense mechanisms, including the release of
inflammatory cytokines and chemokines (Colton, 2009; Kigerl
et al., 2014).

In particular, in in vitro settings, lipopolysaccharide (LPS)
or IFN-γ stimulate ‘‘classically activated’’ M1 microglia,
which release pro-inflammatory mediators. They include
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pro-inflammatory cytokines (interleukin [IL]-1α, IL-1β, IL-6,
IL-12, IL-23, tumor necrosis factor-α [TNF-α]), chemokines,
prostaglandin E2, chemokine (C-C motif) ligand 2, ROS and
inducible nitric oxide synthase (iNOS; Bagasra et al., 1995; Du
et al., 2016; Orihuela et al., 2016).

In contrast, ‘‘alternatively activated’’ M2 phenotype,
which is induced by anti-inflammatory cytokines IL-4,
IL-10 or IL-13, suppresses inflammation, clears cellular
debris through phagocytosis, promotes extracellular matrix
reconstruction and supports neuron survival through the release
of protective/trophic factors (Hu et al., 2015; Du et al., 2016;
Tang and Le, 2016). ‘‘Acquired deactivation’’ represents another
M2 anti-inflammatory phenotype and it is mainly induced by
the uptake of apoptotic cells or exposure to anti-inflammatory
cytokines, such as IL-10 and transforming growth factor-β (Tang
and Le, 2016).

Microglia in ALS
Studies investigating the progression of the disease in ALS
mice indicate that, in vivo, resident microglia increase their
number during disease progression, and their activation states
represent a continuum between the two classical phenotypes,
i.e., neuroprotective M2 vs. toxic M1 (Liao et al., 2012; Chiu
et al., 2013; Figure 1). In line with this, the occurrence of
two different phenotypes of microglial cells, on the basis of
their morphology, has been recently described in SOD1G93A

transgenic mice: type ‘‘R1’’, showing short and poorly branched
processes, which represents the vast majority of microglia
in the early-stage of the disease and corresponding to early
transformation of surveillant microglia, and type ‘‘R3’’ microglia,
exhibiting large cell bodies with short and thick processes,
which are typical of end-stage phases of the disease (Ohgomori
et al., 2016). Consistently, microglia have been shown to
exhibit, at the pre-onset phase of SOD1-mediated disease,
an anti-inflammatory profile with attenuated TLR2 responses
to controlled immune challenge, and a overexpression of
anti-inflammatory IL-10 (Gravel et al., 2016). Subsequently,
at disease onset and during the slowly progressing phase, the
prevalent expression of specific M2 markers, (e.g., Ym1 and
CD206), was detected in the lumbar spinal cords of ALS
mice (Beers et al., 2011a). Eventually, in end-stage animals,
a microglial phenotype expressing high levels of NOX2,
the subunit of nicotinamide-adenine-dinucleotide-phosphate
oxidase expressed by macrophages considered M1 prototypic
marker, appears to be prevalent (Beers et al., 2011b).

M1 ALS microglia appear hyper-reactive to inflammatory
stimuli (D’Ambrosi et al., 2009) and the specific role of mutated
proteins in driving this increased toxicity has been suggested by
many studies (Beers et al., 2006; Xiao et al., 2007; Liao et al.,
2012). Mutant forms of TDP-43 are able to activate microglia and
upregulate the release of pro-inflammatory mediators, including
NOX2, TNF-α and IL-1β (Zhao et al., 2015). Consistently,
also the intracellular expression of high levels of TDP-43
underlies the occurrence of a more toxic microglial phenotype,
when stimulated, in vitro, with LPS or ROS (Swarup et al.,
2011).

Similarly, exogenous SOD1G93A or SOD1G85R induce, in vitro,
morphological and functional activation of microglia, increasing
their release of pro-inflammatory cytokines and ROS (Zhao
et al., 2010). In chimeric mice with both normal and
mSOD1-expressing cells, non-neuronal cells that do not
express mSOD1, including microglia, delay degeneration and
significantly extend survival of mutant protein-expressing
motoneurons (Clement et al., 2003). Interestingly, also mSOD1-
expressing microglia underlie phenotypic transformation during
the disease. More specifically, evidence has been provided
that, when co-culturing different-aged mSOD1 microglia with
WT motoneurons, mSOD1-expressing early-activated microglia
exhibit neuroprotective features, enhancing neuronal survival,
while end-stage derived mSOD1microglia show toxic properties,
increasing neuronal death rate (Liao et al., 2012). Additionally,
mSOD1 microglia shows increased expression of molecular
players of the ER stress pathway (Ito et al., 2009), which may be
involved in their toxic phenotype.

At the molecular level, mutated proteins, including TDP-43
and FUS, induce the selective activation of nuclear factor-kappa B
(NF-kB), master regulator of inflammation (Frakes et al., 2014).

On this basis, the possibility to appropriately modulate
microglial phenotypes, enhancing the anti-inflammatory
properties and inhibiting or reducing M1 toxicity, could
be a promising therapeutic strategy for ALS, therefore a
comprehensive knowledge of both timing and molecular
players of microglial activity is needed. However, emerging
evidence suggests that the M1/M2 paradigm seems to be an
oversimplification (Ransohoff, 2016) and substantial differences
between microglia and peripheral macrophages, from which
the terminology derives, should be carefully considered. As
resident macrophages of the brain, microglia have an elaborate
repertoire of brain specific functions, sustained by a peculiar
gene expression profiling (Gautier et al., 2012). In vitro,
phenotypic redirection is a feature of peripheral macrophages,
while microglia exhibit a lower grade of plasticity (Parisi et al.,
2016b). Coexistence of the two opposite phenotypes, more than
transition fromM2 to M1, during ALS progression has also been
recently highlighted by several findings. For instance, beneficial
components of inflammation, such as insulin growth factor-1
(IGF-1), whose release is suppressed in a pro-inflammatory (M1)
environment but encouraged in an M2 protective environment
(Suh et al., 2013), is overexpressed by SOD1G93A microglia not
only in pre-symptomatic stage, but also in end-stage (Chiu
et al., 2008). Furthermore, a down-regulation of IL-6 over time,
associated with an up-regulation of IL-1R antagonist, has been
reported, suggesting the occurrence of an anti-inflammatory
response (Chiu et al., 2008). Analysis of transcriptome
changes of SOD1G93A microglia essentially confirmed these
observations. They also evidenced that the activation of genes
involved in anti-inflammatory pathways, including, Igf1,
Progranulin and Trem2, coexists with the upregulation of
genes related to potentially neurotoxic factors, among which
Matrix metalloproteinase-12 and classical proinflammatory
cytokines, (Chiu et al., 2013). Interestingly, critical differences
in gene expression profiling among M1/M2 macrophages,
LPS-activated microglia and SOD1G93A activated microglia
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emerge: while LPS-activated microglia show enriched in
DNA replication-, cell cycle- and innate immune signaling-
genes, SOD1G93A activated microglia are enriched in the
transcripts of genes related to neurodegenerative diseases,
e.g., AD, Huntington’s and Parkinson’s disease, suggesting
a neurodegeneration-specific signature for ALS microglia.
More interestingly, SOD1G93A-expressing microglia do not
display a significant prevalence of M1 or M2 phenotypes at
any time point during disease progression (Chiu et al., 2013).
In line with this results, an increased expression of both
iNOS (M1 marker) and arginase 1 (Arg1; M2 marker) has
been shown to parallel the generalized increase of activated
microglia in SOD1G93A mice (Lewis et al., 2014). Consistently,
characteristics different from typical M1 or M2 phenotypes have
been reported in end-stage SOD1G93A rats, which also show
predominant microglial activation in most severely affected
regions (lumbar spinal cord), as if several phenotypically
different microglial subpopulations were present throughout
differently affected regions of the CNS (Nikodemova et al.,
2014).

MICROGLIAL SWITCH AND THERAPEUTIC
APPROACHES IN ALS ANIMAL MODELS

Targeting the microglia has been the focus of neuroprotective
strategies, based on pharmacological or genetic approaches,
aimed at modulating microglia reactivity in the attempt to
improve the clinical outcome in animal models of the disease
(Table 1, Figure 1). In this regard, pioneer studies based on
administration of minocycline, a tetracycline antibiotic that
prevents microglial activation, showed that, when administered
in both SOD1G93A and SOD1G37R mice before disease onset,
it attenuates microglial activation and delays disease onset and
mortality (Kriz et al., 2002; Van Den Bosch et al., 2002; Zhu
et al., 2002). On the other hand, when administered after
the onset of the disease, it fails to improve clinical and/or
pathological features, even increasing microgliosis (Keller et al.,
2011). Interestingly, recent findings obtained in SOD1G37R

mice have shown that minocycline specifically attenuates
the M1 phenotype, without influencing the expression of
M2 markers (Kobayashi et al., 2013; Table 1), thus highlighting
the crucial role exerted by the modulation of M1/M2 balance in
the therapeutic effectiveness.

Hence, pharmacological modulation of molecular pathways
related to microglial polarization has been explored. The
hyperactivation of P2X7 receptors, strongly involved in
neuroinflammatory response (Burnstock, 2008; Apolloni
et al., 2009; Volonté et al., 2012; Sperlágh and Illes, 2014), has
been described in microglia of both ALS patients and animal
models (Yiangou et al., 2006; D’Ambrosi et al., 2009), where
it is associated to the production of pro-inflammatory factors,
including miR-125b (D’Ambrosi et al., 2009; Parisi et al., 2013,
2016a). Consistently, the administration of the P2X7 antagonist
Brilliant Blue G (BBG), within a critical time frame, improves
several features of the disease (Cervetto et al., 2013; Apolloni
et al., 2014). BBG neuroprotection, obtained at late pre-onset
administration, is supported by the upregulation of IL-10 and

BDNF, associated to M2 phenotype, together with a reduction
of NF-kB protein, NOX-2 and IL1β, markers of M1 polarization
(Table 1). However, BBG administration at earlier phases fails to
counteract disease progression. In this case, although it reduces
M1 markers, it does not affect the expression of M2 mediators,
whose neuroprotective properties seem to be essential to improve
the clinical outcome (Apolloni et al., 2014).

Microglia-mediated neuroinflammation is also modulated by
histamine (Ferreira et al., 2012; Volonté et al., 2015; Barata-
Antunes et al., 2017). The antihistamine drug Clemastine,
administered to SOD1G93A mice at the asymptomatic phase until
the end-stage of disease, fails to improve clinical symptoms
and lifespan, although it modulates the M1/M2 balance by
reducing CD68, NOX2 and P2X7 expression and concomitantly
up-regulating Arg1 (Apolloni et al., 2016b; Table 1). Conversely,
when administered at the asymptomatic phase to the onset, it
delays the disease onset and improves the motor functions and
survival rate (Apolloni et al., 2016a). Clemastine also activates
autophagy in SOD1G93A primary microglia, thus suggesting
that targeting autophagy in microglia could be a promising
therapeutic strategy (Apolloni et al., 2016a).

Alternative therapeutic strategies to shift the balance towards
the M2 phenotype involve the use of trophic factors. Several
findings showed that the delivery of viral vectors encoding
growth factors, such as IGF-1, glial-derived neurotrophic factor,
vascular endothelial growth factor (VEGF) extends lifespan and
slows the progression of the disease in ALS animal models
(Acsadi et al., 2002; Kaspar et al., 2003; Azzouz et al., 2004;
Dodge et al., 2010; Wang et al., 2016). Interestingly, the
intrathecal injection of self-complementary adeno-associated-
virus (scAAV)9-VEGF at disease onset decreases TNF-α, IL-1β
and CD68 levels and increases those of Arg-1 and Ym-1
(Table 1), showing that the modulation of M1/M2 balance could
support the protective effects correlated to VEGF administration
(Wang et al., 2016).

Further, the deletion of the cystine/glutamate-antiporter
xCT/Slc7a11 (xCT), a critical glial transporter system involved in
the excessive glutamate release from M1 microglia, has provided
additional finding on this matter. Indeed, xCT deletion at the
early-stages of the disease, in fact, increases the expression
of M1 marker IL1β and concurrently reduces M2 marker
Ym1/Chil3, thus resulting in earlier disease onset. Conversely,
lack of xCT, at the end-stage, increases Ym1/Chil3 and
Arg1 expression, which possibly sustains the delay of disease
progression (Mesci et al., 2015; Table 1).

These data underline that the modulation of microglia-
specific pathways may ameliorate local neurodegeneration.
However, growing evidence suggests that a successful therapeutic
strategy for ALS could be obtained only interfering with different
pathways in different cell types. In light of this, it was recently
demonstrated that microglial NF-κB suppression combined with
mSOD1 reduction in astrocytes and motoneurons results not
only in attenuated neuroinflammation and neurodegeneration,
but also increases mice mean survival (Frakes et al., 2017),
demonstrating that the redirection of microglia polarization may
still be an effective strategy to counteract ALS when associated
with the interception of other pathogenic mechanisms.
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Huntington’s disease (HD) is an autosomal dominantly inherited neurodegenerative
disorder caused by expanded CAG trinucleotide repeats (>36) in exon 1 of HTT gene
that encodes huntingtin protein. Although HD is characterized by a predominant loss of
neurons in the striatum and cortex, previous studies point to a critical role of aberrant
accumulation of mutant huntingtin in microglia that contributes to the progressive
neurodegeneration in HD, through both cell-autonomous and non-cell-autonomous
mechanisms. Microglia are resident immune cells in the central nervous system (CNS),
which function to surveil the microenvironment at a quiescent state. In response to
various pro-inflammatory stimuli, microglia become activated and undergo two separate
phases (M1 and M2 phenotype), which release pro-inflammatory cytokines (IL-1β, IL-6,
and TNF-α), anti-inflammatory cytokines, and growth factors (TGF-β, CD206, and Arg1),
respectively. Immunoregulation by microglial activation could be either neurotoxic or
neuroprotective. In this review, we summarized current understanding about microglial
activation in the pathogenesis and progression of HD, with a primary focus of M1 and
M2 phenotype of activated microglia and their corresponding signaling pathways.

Keywords: Huntington’s disease, microglia, microglial activation, M1 phenotype, M2 phenotype, pathogenesis

INTRODUCTION

Huntington’s disease (HD) is a devastating neurodegenerative disease characterized by symptoms
of cognitive disorder, motor impairment and mental disturbance. The prevalence of HD is 4–10
per 100, 000 in the western population, and the mean age of onset is 40 years old (Ross and
Tabrizi, 2011). It is an autosomal dominant monogenic disease caused by CAG trinucleotide
repeats expansion in the HTT gene, which translates into huntingtin (HTT) protein with an
expanded polyglutamine (polyQ) tract that is prone to misfolding. Although the pathogenic
mutant huntingtin (mHTT) is ubiquitously expressed in different types of neural cells in the brain
(Jansen et al., 2017), it causes a preferential loss of medium spiny neurons (MSNs) in the striatum
(Graveland et al., 1985), and the atrophy of caudate and putamen could be clinically imaged by
magnetic resonance imaging (MRI) prior to motor symptom onset (Bates et al., 2015).

Neuroinflammation, characterized by remarkable gliosis and inflammatory reactions in
the central nervous system (CNS), has been described as a prominent sign in various
neurodegenerative diseases such as Alzheimer’s disease (AD) (Villegas-Llerena et al., 2016),
Parkinson’s disease (PD) (Le et al., 2016), and Amyotrophic Lateral Sclerosis (ALS)
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(Philips and Robberecht, 2011). HD is no exception, as mounting
evidence indicates that microglia activation could be detected in
the brains from pre-symptomatic HD carriers to post-mortem
HD patients. Specifically, elevated inflammatory cytokines could
be detected in both the CNS and plasma from HD patients (Tai
et al., 2007a,b; Bjorkqvist et al., 2008; Silvestroni et al., 2009;
Politis et al., 2015).

Microglia, the resident macrophage of the CNS, monitor
the microenvironment in the CNS and respond to neural
damage or degeneration by switching to different activation states
(Hanisch and Kettenmann, 2007). Moreover, CX3CL1-CX3CR1
and CD200-CD200R are two major signaling pathways that
function to mediate neuron-microglia interaction and facilitate
immunomodulatory and phagocytic activities of microglia in
response to degenerated neurons in the CNS (Gomez-Nicola
and Perry, 2015). Under normal conditions, resting microglia
typically display small cell bodies with fine processes and work
as the first line of defense in the CNS (Hanisch and Kettenmann,
2007). In the presence of adverse stimuli, microglia retract the
processes and exhibit swollen shapes (Moller, 2010). Microglia
exhibiting large amoeboid-like cell bodies with no processes or
with short stout extensions were seen in both HD patient brain
(Sapp et al., 2001) and YAC128 HD mouse model (Franciosi et al.,
2012). In addition, the abnormal morphology of microglia is
exacerbated in an age-dependent manner, throughout the course
of HD progression. Here, we review the immune-regulatory role
of microglia in HD pathology, and discuss potential cellular
mechanisms of microglia activation underlying HD pathogenesis.

PATHOGENIC mHTT AND
EXPERIMENTAL MODELS FOR HD

Expanded polyQ tract at the N-terminus of HTT is responsible
for protein misfolding and the subsequent aberrant accumulation
and aggregates formation. Aggregated mHTT could be detected
as inclusion bodies either in the cytoplasm or nuclei (DiFiglia
et al., 1997; Gutekunst et al., 1999). The relative contribution of
soluble and aggregated forms of mHTT to the pathogenesis in
HD is still unclear. Nevertheless, it is commonly believed that
the expression of N-terminal mHTT fragments could lead to HD
pathogenesis, and the sizes of the fragments correlate inversely
with neurotoxicity (Mangiarini et al., 1996; Chang et al., 2015).

To facilitate investigation of HD, a variety of HD experimental
models with the expression of either full-length or N-terminal
fragments of mHTT were generated and studied, such as
transgenic animal models (Chang et al., 2015), human embryonic
stem cell derived models (Lu and Palacino, 2013) and HD patients
derived induced pluripotent stem cells (Xu et al., 2017). Among
them, mouse model is one of the most commonly used, due
to its relative ease of genetic manipulation and physiological
resemblance to human. In Table 1, we provide a summary of most
commonly studied HD mouse models, in terms of their genetic
background and mHTT expression pattern and level.

Although mHTT is ubiquitously expressed, HD elicits
selective cortical and striatal neurodegeneration. To understand
mechanisms underlying the preferential neuronal vulnerability,

mouse models that express mHTT in selective cell populations
were generated using the Cre-Loxp system. For instance,
transgenic mice carrying Cre recombinase with different
promoters, such as Emx1 or Rgs9, were crossed with BACHD
mice, allowing restricted expression of mHTT in the cortex and
striatum, respectively (Wang et al., 2014). Similarly, mice that
express exon1 of mHTT in neurons or only in cortical pyramidal
neurons were created by crossing RosaHD mice with Nestin-
Cre mice or Emx1-Cre mice (Gu et al., 2005). In addition, there
are transgenic mice that selectively express mHTT in astrocytes
(Bradford et al., 2009) or oligodendrocytes (Huang et al., 2015),
which demonstrate the mHTT expression in non-neuronal cells
also contributes to the pathogenesis of HD. Mice that express
mHTT specifically in microglia have been generated by crossing
RosaHD with Cx3cr1-Cre miceD (Crotti et al., 2014).

MICROGLIAL ACTIVATION IN HD

Marked astrogliosis and microgliosis were observed in the post-
mortem brains of HD patients but not in normal control
brains (Singhrao et al., 1999). It was reported that microglia
accumulated in all grades of HD patients’ brains, and the density
correlated to the degree of neuronal loss (Sapp et al., 2001).
Indeed, in vivo positron emission tomography (PET) studies
revealed that microglial activation was significant in affected
HD brain regions and this pathology was more pronounced
in more severe cases of HD (Pavese et al., 2006; Politis et al.,
2011). Furthermore, PET also detected microglial activation in
HD patients prior to disease manifestations (Tai et al., 2007b).
These studies provide strong evidence indicating that microglial
activation is an integral part of HD pathogenesis. Nonetheless,
whether the activated microglia plays a protective or detrimental
role in HD pathogenesis remains to be illustrated.

Reactive Microglial Activation
Although mHTT is widely expressed, MSNs in the striatum are
the most susceptible cell type to mHTT-mediated neurotoxicity.
Furthermore, mHTT is more abundantly accumulated in
neuronal dendrites and nerve terminals than in soma and
other cell types, and in vitro studies showed that mHTT
preferentially formed aggregates along neuronal processes and
axonal terminals (Li et al., 2000; Zhao et al., 2016). Microglia,
as an active sensor in the CNS, transform to activated states
in response to pathological changes in the CNS (Hanisch
and Kettenmann, 2007). In cortico-striatal brain slice and
primary neuronal culture models, neuronal expression of mHTT
initiates a local response of microglia, resulting in elevated
numbers and activated morphological phenotypes. In particular,
these proliferative microglia were prone to position along
irregular neurites, but did not directly contributed to neuronal
degeneration (Kraft et al., 2012). Over-activated microglia
were demonstrated to be neurotoxic, due to their capacity to
release toxins. Therefore, decreased number of reactive microglia
coupled with downregulation of inflammatory cytokines was
viewed as an indicator of pathologic alleviation in HD (Wang
et al., 2014; Ochaba et al., 2016), and therapeutic methods
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TABLE 1 | Mouse models of Huntington’s disease.

Mouse Types Poly-Q Protein Protein Protein expression

model of model Promoter repeat context expression level in types of neural cell Reference

R6/2 Transgenic Human HTT 150 CAG Human N-terminal 1–82 a.a. 75% All Mangiarini et al., 1996

N171-82Q Transgenic Murine prion 82 CAG Human N-terminal 1-171 a.a. 20% Neurons Schilling et al., 1999

HdhQ111 Knock-in Murine Hdh 111 CAG Murine full-length Hdh 50% or 100% All Wheeler et al., 1999

Q140 Knock-in Murine Hdh 140 CAG Murine full-length Hdh 50% or 100% All Menalled et al., 2003

HdhQ150 Knock-in Murine Hdh 150 CAG Murine full-length Hdh 100% All Heng et al., 2007

zQ175 Knock-in Murine Hdh 175 CAG Murine full-length Hdh 100% All Menalled et al., 2012;
Southwell et al., 2016

YAC128 Transgenic Human HTT 128 CAG Human full-length mHTT 75% All Hodgson et al., 1999

BACHD Transgenic Human HTT 97 CAA/CAG Human full-length mHTT 150% All Gray et al., 2008

aimed at lowering neuronal mHTT expression led to drastic
amelioration of concomitant microglia activation (Wang et al.,
2014). On the other hand, adding exogenous primary microglia
to mHTT-expressing neurons increased neuronal survival, and
this effect was proportional to the amount of microglia added
(Kraft et al., 2012). Moreover, a recent in vivo study showed
supplementing normal human glia to transgenic R6/2 HD
mice exhibited neuronal protection as well as phenotypic
improvement (Benraiss et al., 2016). The above evidence
indicates that normal microglia can rescue mHTT-expressing
neurons. Nonetheless, whether mHTT expression in microglia
results in its phagocytic or immunoregulatory dysfunction, and
how this contributes to HD neuropathology remain to be
investigated.

Cell-Autonomous Microglial Activation
Although mHTT is ubiquitously expressed in all types of cells,
the frequency of inclusion bodies was observed at a much
lower rate in microglia compared to others (Jansen et al., 2017),
probably owing to the increased immunoproteasome subunits
(Orre et al., 2013) and autophagosomes (Su et al., 2016), which
renders microglia a higher capacity to degrade mHTT. In spite
of less mHTT aggregates formed in microglia, a cell autonomous
effect induced by intrinsic mutant protein may be responsible
for microglia activation and contribute to the pathology in HD
as well. It was demonstrated that mHTT expression altered
the function of immune cells both centrally and peripherally,
and isolated microglia from R6/2 mice were described to be
much more hyperactive than wild type microglia in response
to stimulation (Bjorkqvist et al., 2008). Intriguingly, using
genome-wide approaches, expression of mHTT in microglia
was found to promote cell-autonomous pro-inflammatory
gene expression in the absence of sterile inflammation and is
dependent on the expression and transcriptional activities of
the myeloid lineage-determining factors PU.1 and C/EBPs.
In addition, mHTT-expressing microglia-mediated cell-
autonomous activation exhibits enhanced toxic effects on wild
type neurons in comparison to wild type microglia ex vivo and
after sterile inflammation in vivo (Crotti et al., 2014). However,
whether restricting the expression of mHTT in microglia is
sufficient to exert neuropathological and behavioral deficits
in vivo still needs to be investigated.

Interplay between Microglial Activation
and Astrocytic Activation
Previous work suggests over-activation of N-methyl-D-aspartate
receptor (NMDAR) by extracellular glutamate is involved in
the degeneration of medium-sized spiny neurons in HD (Zeron
et al., 2002). Astrocytes, the major type of glia in brain, express
glutamate transporters that uptake extracellular glutamate while
mHTT expression in astrocytes diminished this protection
against glutamate neurotoxicity (Shin et al., 2005). Moreover,
selective mHTT expression in astrocytes caused age-dependent
neurological symptoms and exacerbated neuronal loss in vivo
(Bradford et al., 2009, 2010). Markedly, reactive astrocytes are
accumulated in proximity to degenerated neurons in HD brain,
characterized by increased proliferation, cell hypertrophy and
the induction of astroglial markers [e.g., glial fibrillary acidic
protein (GFAP)]. Furthermore, activated astrocytes instead of
microglia were shown to upregulate the pro-inflammation in
N171-82 HD mice that express mHTT only in neurons, but not
in glial cells (Hsiao et al., 2013). However, a recent study revealed
that neurotoxic reactive astrocytes could be induced by activated
microglia and consequently resulted in a similar expression
profile of pro-inflammatory cytokines, which led to a more rapid
death of neurons and oligodendrocytes (Liddelow et al., 2017).
Herein, the relative contribution by activated astrocytes and
activated microglia to neuroinflammation and the eventual HD
pathogenesis remains to be elucidated.

IMPLICATION OF FUNCTIONAL
PHENOTYPES OF MICROGLIA IN HD

In response to neurodegeneration and the accumulation of
misfolded proteins, microglia multiply and adopt a process
referred to as priming. Priming makes the microglia susceptible
to a secondary inflammatory stimulus, which then triggers an
exaggerated inflammatory response (Perry and Holmes, 2014).
As the main dynamic component of neuroinflammation in
the CNS, activated microglia exist along a continuum of two
functional states of polarization in which they are able to
either expand the damage to neighboring cells, or clear the
cell debris followed by tissue repair (Jha et al., 2016). In
reference to peripheral macrophage polarization, microglia share
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comparative properties in reaction to acute or prolonged stimuli,
and are classified into two extreme phenotypes: the classically
activated M1 phenotype and the alternatively activated M2
phenotype. Differences between these two phenotypes range
from morphological changes to alteration of representative
cytokines, determined by protein or gene expression profiling
(Durafourt et al., 2012; Hu et al., 2015). To modify this
simplified nomenclature, there are other proposals of classifying
macrophages into more informative populations (Mosser and
Edwards, 2008) or refining M2 categorization further into
alternative activation (M2a), type II alternative activation (M2b)
and acquired deactivation (M2c) (Walker and Lue, 2015). Yet
the existence of these refined cell populations has not been fully
examined in HD brain.

M1 Phenotype of Microglia and
Implicated Biomarkers in HD
When triggered by extracellular or intracellular stimuli, resident
microglia conferred classically activated state named M1
phenotype to initiate and augment the innate immune function
in the CNS. Classically activated M1 microglia release pro-
inflammatory biomarkers such as redox molecules (NO, iNOS),
cytokines (IL-1β, IL-6, IL-8, and TNF-α et al.), chemokines
(CCL2, CCL20, and CXCL-1 et al.) and surface receptors (CD16,
CD32, CD36, CD68, and CD86 et al.) which can be used to
identify M1 phenotype of microglia (Franco and Fernandez-
Suarez, 2015; Orihuela et al., 2016). In vitro and in vivo
studies declared that M1 microglia could be induced by the
treatment of LPS alone, or combining LPS/IFN-γ followed by
increased levels of pro-inflammatory cytokines (Durafourt et al.,

2012; Kroner et al., 2014; Cunha et al., 2016; Wang et al.,
2016). M1 microglia relevant biomarkers were widely detected
in HD brain, which indicates that M1 microglia may play
a crucial role in the pathogenesis of HD. Primary glia cells
including microglia, isolated from R6/2 transgenic mouse model,
showed that iNOS, IL-1β, IL-6, and TNF-α were significantly
elevated after LPS treatment (Hsiao et al., 2014), and IL-6 was
increased in the microglia of R6/2 mouse brain (Bjorkqvist
et al., 2008). In addition, higher levels of IL-1β and IL-8 were
secreted by microglia in HD transgenic porcine model (Valekova
et al., 2016). Furthermore, pro-inflammatory cytokines IL-1β,
IL-6, IL-8, and TNF-α were elevated both centrally (in the
striatum and cerebrospinal fluid) and peripherally (in the plasma)
in HD patients (Bjorkqvist et al., 2008; Chang et al., 2015;
Rodrigues et al., 2016). M1 related markers involved in HD were
summarized as Table 2.

M2 Phenotype of Microglia and
Implicated Markers in HD
In contrast to M1 microglia, alternative activated M2 microglia
enable phagocytosis and initiate tissue repair and neural
regeneration in the CNS (Miron et al., 2013). M2 microglia
are characterized by producing anti-inflammatory cytokines and
growth factors such as IL-10, TGF-β, CD206, Arg1, Ym1 (Chi3l3
in human) and Fizz1 (Franco and Fernandez-Suarez, 2015;
Orihuela et al., 2016). Of these molecules, IL-10 played a key
role in phagocytic microglia to engulf apoptotic cells (Chhor
et al., 2013; Cianciulli et al., 2015). CD206, Arg1, and Ym1
were considered as typical markers for the identification of
M2 microglia (Chhor et al., 2013; Miron et al., 2013; Zanier

TABLE 2 | Implications of M1 and M2 microglia relevant markers in HD.

M1 marker Description Reference

IL-1 β Pro-inflammatory cytokine Primary microglia isolated from transgenic HD porcine model (Valekova et al., 2016)
Plasma of HD patient (Politis et al., 2015)

IL-6 Primary glial cells isolated from R6/2; Plasma and CSF from HD patient (Bjorkqvist et al., 2008)
Plasma of HD patient (Dalrymple et al., 2007; Politis et al., 2015)
Post-mortem brain of HD patient (Silvestroni et al., 2009)
Plasma of HD patient and mouse model (Chang et al., 2015)

IL-8 Primary microglia isolated from transgenic HD porcine model (Valekova et al., 2016)
Primary glial cells isolated from R6/2; Plasma and CSF from HD patient (Bjorkqvist et al., 2008)
Plasma of HD patient (Politis et al., 2015)
Post-mortem brain of HD patient (Silvestroni et al., 2009)

TNF-α Primary glial cells isolated from R6/2; Plasma and CSF from HD patient (Bjorkqvist et al., 2008)
Plasma of HD patient (Politis et al., 2015)

CCL2 Chemokine Post-mortem brain of HD patient (Silvestroni et al., 2009)

MMP-9 Extracellular proteins Post-mortem brain of HD patient (Silvestroni et al., 2009)
Plasma of HD patient and mouse model (Chang et al., 2015)

M2 Marker Description Reference

IL-10 Cytokine Post-mortem brain of HD patient (Silvestroni et al., 2009)

VEGF Growth factor Plasma of HD patient and mouse model (Chang et al., 2015)

TGF-β (Di Pardo et al., 2013)
Plasma of HD patient and mouse model (Chang et al., 2015)

IGF-1 Primary microglia isolated from transgenic HD porcine model (Valdeolivas et al., 2015)

IL, interleukin; TNF-α, tumor necrosis factor alpha; chemokine CCL2, C-C motif ligand 2; MMP-9, matrix metallopeptidase 9; VEGF, vascular endothelial growth factor;
TGF-β, transforming growth factor beta; IGF-1, insulin-like growth factor 1.
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et al., 2014). To recapitulate the phenotype of M2 microglia,
manipulation of IL-10 alone or combining IL-4/IL-13 was
performed to establish the experimental models (Ponomarev
et al., 2007; Chhor et al., 2013; Miron et al., 2013). Much less
M2 markers were found in HD, as only VEGF and TGF-β were
reported to coexist with M1 markers in the plasma and post-
mortem brain tissues of HD patients (Di Pardo et al., 2013; Chang
et al., 2015). M2 related markers in HD were summarized as
Table 2.

Concurrence and Transformation of M1
and M2 Microglia
As illustrated above, M1 and M2 microglia are defined by their
contradictory functions and distinctive biomarkers. However,
in traumatic brain injury (TBI), up-regulated expression of
both M1 and M2 microglia associated genes can be found
simultaneously. And co-localization of representative biomarkers
of both activation states in the same microglia indicated
concurrence of M1 and M2 phenotype following TBI (Morganti
et al., 2016). Consistent phenomenon of concurrent M1/M2
response was found in ALS (Chiu et al., 2013) and spinal
cord injury (SCI) (Shechter et al., 2013) as well. In addition,
M1 microglia are able to transform to M2 microglia, as cyclic
adenosine monophosphate (cAMP) has been reported to play
a key role in converting LPS/IFN-γ induced M1 microglia to
M2 microglia, which augments the anti-inflammatory effects
in the presence of IL-4 with increased levels of Arg1 (Ghosh
et al., 2016). In addition, switching M1 microglia to M2
microglia was demonstrated to be protective by initiating
remyelination in multiple sclerosis (MS) (Miron et al., 2013).
Concurrent inflammatory profiles of M1 and M2 microglia
related biomarkers were also indicated in HD as shown as Table 2.

SIGNALING PATHWAYS UNDERLYING
THE MICROGLIAL ACTIVATION IN HD

Transcriptional Factor Nuclear Factor
Kappa B (NF-KB) Pathway
Microglia express toll like receptors (TLRs) to recognize
extracellular stimuli. TLR-2 is the most expressed TLR in
microglia, which is responsible for IL-6 and IL-10 secretion.
TLR-3 and TLR-4 are two receptors, which most potently
stimulate proinflammatory cytokines secretion, such as IL-12,
TNF-α, IL-6, CXCL-10, and IL-10 (Jack et al., 2005). Studies
showed that TLR-2, TLR-3, and TLR-4 activate microglia and
astrocytes in a sequential manner, coupled with elevated IL-1β

level (Facci et al., 2014). Experimental M1 microglia, obtained
by the treatment of LPS or LPS/IFN-γ, were capable to increase
TLR-2 and TLR-4 gene expression (Marinelli et al., 2015).
Classical TLR signaling involves the intracellular adaptor protein
myeloid differentiated 88 (MyD88) to trigger downstream
NF-κB signaling cascade and thus upregulates the production
of proinflammatory cytokines (Takeda and Akira, 2004). NF-κB
is sequestered in the cytoplasm by I-κBs, a group of inhibitory
proteins (Ghosh et al., 1998). When I-κBs are phosphorylated by

I-κB kinase, NF-κB is dissociated from I-κBs and translocated
to the nucleus (IKK including subunits of IKKα, IKKβ, and
IKKγ) (Ghosh and Karin, 2002). Consequently, NF-κB regulates
downstream inflammatory cytokines gene expression. Soluble
mHTT was shown to activate IKK, which in turn upregulates
the NF-κB signaling pathway (Khoshnan et al., 2004). Trager
et al. used proximity ligation assays and offered evidence that
mHTT interacted with IKK, which also mediated transcriptional
changes of NF-κB signaling with increased levels of IL-1β, IL-6,
IL-8, and TNFα. Furthermore, lowering mHTT level by siRNA
was shown to ameliorate NF-κB transcriptional dysregulation,
and downregulate the expression of pro-inflammatory cytokines
in HD (Trager et al., 2014).

Kynurenine Pathway (KP)
In mammalian cells, Kynurenine pathway (KP) mediates
degradation of the majority of cellular tryptophan through
different enzyme branches (Fujigaki et al., 2017). The
3-hydroxyanthranilate 3, 4-dioxygenase (KMO) enzyme,
which is predominantly expressed in microglia, metabolizes
tryptophan to neuroactive 3-hydroxykynurenine (3HK) and
quinolinic acid (QUIN) (Heyes et al., 1992). QUIN could lead
to neurotoxicity by acting as a selective agonist on NMDA
receptors (Szalardy et al., 2012), and it has been associated with
neuroinflammation in various neurological diseases (Maddison
and Giorgini, 2015). Through a genome wide screening in
yeast, BNA1, which encodes the enzyme Bna1 [3, 4-dioxygenase
(KMO)] involved in the kynurenine pathway, was found to
mediate mHTT toxicity by producing high levels of QUIN and
3HK (Giorgini et al., 2005), which activate NMDA receptors
and generate toxic free radical, respectively (Schwarcz and
Pellicciari, 2002). However, the first and rate-limiting enzyme
of the kynurenine pathway, indoleamine 2,3-dioxygenase
(IDO), preferentially localizes in microglia (Heyes et al., 1996),
but not in astrocytes or neurons of human brain (Guillemin
et al., 2005). A recent study using transgenic N171-82Q HD
mouse model revealed that IDO activity was significantly
elevated in HD mice compared to wild type control mice
(Donley et al., 2016). Moreover, previous studies (Guidetti
et al., 2004, 2006) revealed that IDO activity was elevated in
the early stage of HD, which contributed to increased levels
of HK and QUIN- and NMD-mediated neurotoxicity. Taking
into account of the studies above, drugs that can inhibit
KP enzymes may offer potential therapeutic approaches by
preventing neurotoxicity caused by downstream toxic products
(Schwarcz and Pellicciari, 2002). As KMO and QUIN production
showed cell type specific expression in microglia, chronic
administration of KMO inhibitor JM6 was shown to prevent
synaptic degeneration and increase the survival of R6/2 HD
mouse model, which is associated with amelioration of microglial
activation (Zwilling et al., 2011). In addition, suppressing the
expression of tryptophan-2, 3-dioxygenase (TDO), another rate
limiting enzyme in KP, was demonstrated to be neuroprotective
in MS (Lanz et al., 2017). Additionally, inhibiting KP is likely
to be protective in several neurologic diseases (Fujigaki et al.,
2017), probably by modulating microglial activation mediated
neurotoxicity.
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Cannabinoid (CB) Receptors Signaling
Cannabinoid receptors are a group of G-protein coupled
receptors including cannabinoid type 1 (CB1) receptors and
cannabinoid type 2 (CB2) receptors (Glass and Northup,
1999). In particular, CB2 receptors were involved in regulating
cell proliferation, differentiation and survival through several
signaling pathways, which include adenylyl cyclase and cyclic
AMP-protein kinase A (PKA), extracellular signal-regulated
kinase 1 (ERK1) and ERK2, p38 mitogen-activated protein kinase
and JUN N-terminal kinases (JNKs) (Bisogno et al., 2016).
In R6/2 HD mouse model, CB1 receptors were abundantly
expressed in striatal MSNs (Chiarlone et al., 2014) and exerted
a neuroprotective role through induction of brain-derived
neurotrophic factor (BDNF) expression (Blazquez et al., 2015).
CB2 receptors were reported to be mainly expressed in periphery
immune cells, and were barely detected in brain tissue (Schatz
et al., 1997). However, a significant increase of CB2 receptors
expression was seen in traumatic mouse brain (Donat et al.,
2014) and in activated microglia in AD mouse model (Benito
et al., 2003). In addition, activation of CB2 receptors in microglia
was shown to influence the acquisition of M2 polarization,
and this effect was dampened by knocking out CB2 receptors
(Mecha et al., 2015). As for HD, a study showed genetic
ablation of CB2 receptors in R6/2 mouse model exacerbated
the behavioral abnormalities and reduced life span, along
with accelerated microglial activation (Palazuelos et al., 2009).
The further impairment in motor activities caused by loss of
CB2 receptors was recapitulated in BACHD mouse model as
well (Bouchard et al., 2012). Therefore, therapeutic approaches
targeting CB2 receptors in microglia might be promising
in treating HD. Indeed, R6/2 mice have been treated with
cannabigerol (CBG), a non-psychotropic phytocannabinoid that
exerted neuroprotective effects through both CB1/CB2 receptors-
dependent and -independent mechanisms. Administration of
CBG significantly improved motor impairment and increased
the expression of BDNF and insulin-like growth factor-1 (IGF-1)
in treated R6/2 mouse model (Valdeolivas et al., 2015). In
addition, VCE-003, a CBG quinone derivative, also attenuated
striatal neuron loss, motor impairment and microglial activation
in quinolinic acid (QA) and 3-NP induced HD mouse models
(Diaz-Alonso et al., 2016). A CB2 receptor specific agonist,
SR144528, has also been used for treating mice, which reduced
the generation of proinflammatory molecules such as TNF-α
(Sagredo et al., 2009).

CONCLUSION AND FUTURE
DIRECTIONS

Microglial activation has been found for over a decade
in HD brain and indicated as a strong component of
neuroinflammation in HD pathogenesis (Crotti and Glass,
2015). Microglial activation in HD was reported to be
triggered by neuronal mHTT-mediated excitotoxicity or
mHTT expression in microglia, however, whether microglial
activation makes a significant contribution to HD pathology
has not been fully investigated. Polarized M1 phenotype
and M2 phenotype of microglia, which have been illustrated
in neurological diseases, especially traumatic brain injury
(Morganti et al., 2016) or SCI (Kroner et al., 2014), exert
coherent morphologic and functional features with alteration
of central or peripheral inflammatory profiles. Although M1
and M2 microglia relevant biomarkers are found in HD, the
definition and identification of these polarized phenotypes of
microglia in HD remain to be elucidated. It is possible that
microglial activation play dual roles in HD, either detrimental
or beneficial, and thus targeting signaling pathways specific
in protective properties of microglia may offer potential
therapeutics.
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Microglial Activation in Traumatic
Brain Injury

Cornelius K. Donat, Gregory Scott, Steve M. Gentleman and Magdalena Sastre *

Division of Brain Sciences, Department of Medicine, Imperial College London, London, United Kingdom

Microglia have a variety of functions in the brain, including synaptic pruning, CNS

repair and mediating the immune response against peripheral infection. Microglia rapidly

become activated in response to CNS damage. Depending on the nature of the stimulus,

microglia can take a number of activation states, which correspond to altered microglia

morphology, gene expression and function. It has been reported that early microglia

activation following traumatic brain injury (TBI) may contribute to the restoration of

homeostasis in the brain. On the other hand, if they remain chronically activated, such

cells display a classically activated phenotype, releasing pro-inflammatory molecules,

resulting in further tissue damage and contributing potentially to neurodegeneration.

However, new evidence suggests that this classification is over-simplistic and the

balance of activation states can vary at different points. In this article, we review

the role of microglia in TBI, analyzing their distribution, morphology and functional

phenotype over time in animal models and in humans. Animal studies have allowed

genetic and pharmacological manipulations of microglia activation, in order to define

their role. In addition, we describe investigations on the in vivo imaging of microglia

using translocator protein (TSPO) PET and autoradiography, showing that microglial

activation can occur in regions far remote from sites of focal injuries, in humans and

animal models of TBI. Finally, we outline some novel potential therapeutic approaches

that prime microglia/macrophages toward the beneficial restorative microglial phenotype

after TBI.

Keywords: traumatic brain injury, CCI, microglia, neuroinflammation, TSPO, polarization states

INTRODUCTION

Traumatic brain injury (TBI) is the biggest cause of death and disability in the under 40s in the
developed world (Langlois et al., 2006; Hyder et al., 2007), both in the civilian and military context.
The overall majority of TBIs is a single event; however, repeated injuries among soldiers and athletes
are associated with the development of Chronic Traumatic Encephalopathy (CTE) although the
pathology of CTE can also be seen after single TBI and its causation remains uncertain (Omalu
et al., 2011; Goldstein et al., 2012). Survivors often suffer from debilitating cognitive, emotional and
physical impairments. This is further aggravated by the constant failure of clinical trials (reviewed
in Loane and Faden, 2010; Gruenbaum et al., 2016), leaving patients without any treatment.

Brain injury can trigger neurodegeneration, which is a major determinant of long-
term outcome. Head injury is a major risk factor for the development of dementia,
suggested by the presence of amyloid-β (Aβ) plaques in around 30% of post-mortem
brain tissue from TBI patients (Roberts et al., 1994). Additionally, amyloid plaques have
been observed in surgically removed tissue surrounding contusions in brains of survivors
of TBI (Ikonomovic et al., 2004; DeKosky et al., 2007). Recently, it has been shown by
Positron Emission Tomography (PET) imaging that the distribution of amyloid plaque in TBI
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survivors overlaps with that in patients with Alzheimer’s disease
(AD) but also involves the cerebellum, an area of the brain not
typically involved in AD (Scott et al., 2016). Other pathological
features of AD are also present in TBI, including increased
phosphorylated tau and acetylcholine deficiency (Jordan, 2000;
Tran et al., 2011; Goldstein et al., 2012; McKee and Daneshvar,
2015; Shin and Dixon, 2015). In particular, repetitive mild TBI
leading to CTE is characterized by perivascular tau pathology,
which is also irregularly distributed in the depths of cortical
sulci. Another AD susceptibility factor is the Apolipoprotein
E isoform 4 (ApoE4), which has been linked with exiguous
neurological outcome after TBI (Verghese et al., 2011). This has
been associated with alterations in the integrity of the blood brain
barrier (BBB) in individuals with ApoE4 genotype (Methia et al.,
2001; Nishitsuji et al., 2011).

Additionally, TBI has been linked with Parkinson’s disease
(Jafari et al., 2013), various psychiatric disorders leading to
increased risk of suicide, an overall increase in mortality
(McMillan et al., 2011) and peripheral immune suppression
(Hazeldine et al., 2015). There are currently no neuroprotective
drug treatments available and a major challenge is to understand
how brain trauma causes neurodegeneration and other long-term
impairments.

A common feature of the neurological pathologies developing
as a consequence of TBI is that they initiate and are potentiated
by an inflammatory response. Microglial activation occurs
early after experimental (Chiu et al., 2016) and human TBI
(Ramlackhansingh et al., 2011; Johnson et al., 2013) and can
persist for years, detectable both in vivo and post-mortem. Sites
of activation often coincide with neuronal degeneration and
axonal abnormality (Maxwell et al., 2010; Giunta et al., 2012).
It was hypothesized that the inflammatory response to TBI
therefore could be associated with the subsequent development
of neurodegenerative disorders. However, new evidence indicates
that glial activation may have also reparative/restorative effects.
Thus, it is critical to investigate what causes this inflammatory
response, what are the consequences for neuronal degeneration
and survival and whether this can be modified with anti-
inflammatory therapeutic approaches.

In this review, we analyse the role of microglia in TBI patients
and animal models, from imaging studies used to visualize
changes in microglia activation in vivo and ex vivo to studies
in post-mortem brains of TBI patients and the prospects of
therapies targeting microglia activation in TBI.

MICROGLIA ACTIVATION STATES IN TBI

TBI occurs when brain structure and physiology are disrupted
due to an extrinsic biomechanical insult to the cranium, resulting
in neuronal, axonal and vascular damage. In response to TBI,
the brain orchestrates a complex immunological tissue reaction
similar to ischemic reperfusion injury (Werner and Engelhard,
2007). It was suggested that, as macrophages, microglia can
migrate to the site of the injury, in order to establish a
protective environment mitigating deleterious consequences of
the injury (Faden et al., 2016). The acute function of microglia
in response to TBI is to eradicate cellular and molecular

debris. Microglial removal of damaged cells is a very important
step in the restoration of the normal brain environment.
Damaged cells release Danger-associated molecular patterns
(DAMPs), which can become potent inflammatory stimuli,
resulting in further tissue damage (Solito and Sastre, 2012; Zhang
et al., 2012). Moreover, activated microglia are also capable
of releasing noxious substances such as pro-inflammatory
cytokines, reactive oxygen species (ROS), nitrogen species and
excitatory neurotransmitters i.e., glutamate, which exacerbate
damage (Kreutzberg, 1996). While pro-inflammatory cytokines
are directly deleterious, they also stimulate the release of
glutamate from microglia in an autocrine/paracrine fashion.
Therefore, depending on the released amount, this can lead to
direct neurotoxic effects on neurons, synapses and dendrites,
through ionotropic glutamate receptors and interfere with the
glutamate buffering ability of astrocytes by inhibiting astrocytic
glutamate transporters (Takaki et al., 2012).

It was initially hypothesized that there is a temporary
transition in function of the inflammatory milieu, which in the
latter phases favors a protracted inflammatory profile associated
with chronic microglial activation, precipitating neurological
manifestations, although this view has been found to be far too
simplistic.

As in other CNS injuries, it seems that microglia activation
in TBI results in different phenotypes, corresponding to
neurotoxic or neuroprotective priming states. Depending on
the stage of the disease and the chronicity, microglia are
stimulated differentially and this leads to particular activation
states, which correspond to altered microglia morphology, gene
expression and function. Microglia are activated in-situ by pro-
inflammatory cytokines such as IFN-γ, IL-1α, IL-6, and TNF-
α (Ziebell and Morganti-Kossmann, 2010) and become primed.
Microglia morphology can switch from a “normal,” ramified
shape to a hypertrophic, “bushy” morphology. In response
to extensive tissue damage or pathogen invasion, microglia
can change into an amoeboid morphology, primarily acting
in a phagocytic/macrophage fashion and being difficult to
differentiate from infiltratingmacrophages (Figure 1). In general,
these activation states are classified along a spectrum with M1
or “classically activated” at one end and M2 or “alternatively
activated” and the opposite end, similar to macrophages. The
proinflammatory M1 phenotype favors the production and
release of cytokines that can exacerbate neural injury (Hu
et al., 2015). In contrast, the M2 is associated with the release
of neurotrophic factors that promote repair and a phagocytic
role. However, in recent years, transcriptomic analysis has
revealed that microglia and macrophages display a much broader
transcriptional repertoire than M1 and M2, depending on the
different environmental signals received (Hickman et al., 2013;
Xue et al., 2014). Therefore, it is rare to find clear M1 or M2
microglial phenotypes in chronic diseases, since these states are
transitory and eventually include mixed activation states. This
seems particularly important in TBI as indicated by the many
animal studies showing a mixed expression of different markers
associated with both M1 and M2 phenotype (Table 1), also
described as transitory state (Mtrans) by some authors (Kumar
et al., 2016a). Additionally, the inevitable recruitment of bone
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FIGURE 1 | Iba-1 staining illustrating the ramified microglial morphology associated with normal surveillance activity (A) compared to that seen in patients where there

has been damage to the vasculature and the microglia take on a more rounded phagocytic appearance (B). Scale bar corresponds to 50 µM.

marrow-derived monocytes into the injured brain parenchyma
following experimental TBI and the subsequent differentiation
into macrophages complicates the interpretation of the findings,
especially with regard to the ability of these cells to change
phenotype.

Additional complications arise from the clinical observation
that outcome after TBI can be different between male and
female adults and post-pubescent adolescents in some but not
all studies (Coimbra et al., 2003), with females having lower
mortality and less complications (Phelan et al., 2007; Berry
et al., 2009; Ley et al., 2013). This can be attributed, at least
partially, to astrocytes and microglia, as recently reviewed
(Caplan et al., 2017). Gonadal steroid hormones such as
progesterone and estradiol are directly involved in the glial
response under injury conditions in and during development
(Lenz and McCarthy, 2015). Moreover, as progesterone can shift
macrophage polarization from M1 to M2 phenotype (Menzies
et al., 2011), is seems possible that similar effects could occur in
microglia as well, whether the concept of microglia polarization
is accepted or not.

The polarization states of microglia could therefore be
relevant in the progression of TBI into other neurological
disorders such as AD and could interfere with the recovery of
the patients and the effectiveness of particular anti-inflammatory
treatment.

In addition, the role of infiltrating macrophages and other
immune cells are also relevant in the context of microglia
dynamics; injury type and parameters may play an important
role, with focal models of TBI generally eliciting a more
pronounced and localized inflammatory response due to
significant tissue damage and pronounced infiltration of
peripheral immune cells through the compromised BBB.
In line with this, factors that have been implicated in BBB
breakdown after injury, such as ApoE (mentioned above)
and the extracellular enzymes matrix metalloproteinases
(MMPs) have been found to contribute to contusion
expansion and vasogenic edema after TBI (Guilfoyle et al.,
2015).

MICROGLIAL ACTIVATION IN ANIMAL

MODELS OF TBI

In the past five decades, several animal models have
been developed to characterize the biomechanical and
pathophysiological patterns of TBI and to provide reliably
ways to test treatment strategies. These models almost
exclusively employ a single-hit injury and only in the past
decade repeated injury models emerged that try to mimic the
effect of repetitive injuries. The different animal models address
distinct pathophysiological aspects of TBI and have different
etiological and construct validity (O’Connor et al., 2011). The
most widely applied models of TBI are open-head models, that
induce an injury via the intact dura mater upon the underlying
cortical tissue (reviewed in Xiong et al., 2013), with focal, diffuse
and/or mixed injury patterns, depending on the type of injury. In
order to do so, rigid impactors (Controlled Cortical Impact, CCI;
weight drop,WD), fluidic pressure (Fluid Percussion Injury, FPI)
and blast waves are employed. Additionally, high-velocity probes
or projectiles are used to model penetrating brain injury. The
CCI, FPI and the various WD models have a long history and
were extensively characterized in the past, including assessment
of long-term outcome (Kochanek et al., 2002; Immonen et al.,
2009).

With the recognition that multiple head injuries, even of sub-
threshold severity, are connected to chronic sequel, such as CTE
(McKee et al., 2016; Vile and Atkinson, 2017), new models were
developed to account for those findings. A growing number of
studies in repeated injury rodent models (Shitaka et al., 2011;
Klemenhagen et al., 2013; Mannix et al., 2014; Semple et al.,
2016; Robinson et al., 2017) indicate that the glial response,
in particular increases in microglia numbers and changes in
morphology, shares an overall similar pattern with the traditional
single-injury models. Interestingly, a few studies showed that
repeated injuries can exacerbate the glial response, e.g., microglia
or astrocyte cell density, as compared to a single injury (Ojo

et al., 2013; Petraglia et al., 2014; Xu et al., 2016; Gao et al., 2017;
Tyburski et al., 2017). Recent findings in human post-mortem
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tissue support the overall notion that repeated injuries result in a
stronger glial response by showing that repeated head injury was
a predictor of CD68 cell density and phosphorylated tau (Cherry
et al., 2016).

The involvement of microglia in the complex
pathophysiological cascade following brain injury has long
been recognized. Shortly after the description of microglia by
Del Rio-Hortega, accumulation of “microglia-like” cells were
reported in the tissue around autologous blood injections and a
cortical stab wound (Carmichael, 1929; Dunning and Stevenson,
1934) in the rabbit. Similar to reactive astrocytes, microglia
are versatile cells, which is exemplified by their heterogeneous
morphology (Boche et al., 2013). Perivascular microglia respond
to pressure on the thinned mouse skull (Roth et al., 2014) by
changing into jellyfish morphology; CCI causes some microglia
to align with axon initial segment, the site where action
potentials are generated (Baalman et al., 2015) and midline FPI
yields several rod-like microglia (Ziebell et al., 2012).

Depending on the employed markers and methods,
significantly increasing microglia activation in animal models
of TBI is usually apparent from day 1 to 3 post-injury (p.i.)
(Bye et al., 2007; Elliott et al., 2011) and can persist chronically
beyond 28 days p.i., a usual cut-off time-point for many animal
studies. A few studies have elegantly emphasized the long-
term nature of microglia activation after experimental TBI,
primarily with immunohistochemical analysis showing that
major histocompatibility complex (MHC)-II positive cells were
still present in the ipsilateral hemisphere at 3 months after WD
injury (Holmin and Mathiesen, 1999). Recently, a significant
loss of ramified, but increase of hypertrophic microglia in the
injured rodent cortex at 1 year after moderate CCI in mice was
demonstrated (Loane et al., 2014a). This suggests that, although
microglial activation occurs early after TBI, it can change the
phenotype and function over time (see Table 1).

Manipulation of Microglial Activation in

Animal Models of TBI
Several studies have investigated the effects of microglial
elimination in brain injury models, in order to understand
their function and the potential as therapeutic approach. The
use of the transgenic CD11b-HSVTK mice in response to
ganciclovir (GCV) treatment allowed the study of the depletion
of proliferating microglia in models of brain or peripheral nerve
injury. These transgenic mice express a mutant form of the
gene herpes simplex virus 1 thymidine kinase (HSV-1 TKmt-30)
driven by the myeloid specific promoter CD11b. HSV-1 TK is
capable of phosphorylating specific nucleoside analogs such as
GCV, which lead to inhibition of DNA synthesis and cell death
during cell proliferation (Cheng et al., 1983; Faulds and Heel,
1990; Black et al., 1996).

Unexpectedly, eliminating proliferative CD11b positive cells
and therefore microglia and potentially macrophages in a model
of hypoglossal nerve axotomy did not result in pronounced
changes in motor neuron loss (Gowing et al., 2006). In another
study, employing a repeated closed-head injury in the CD11b-TK
mice, low dose of GCV reduced the microglial population after

TBI but did not alter the extent of axonal injury as visualized by
silver staining. Additionally, higher doses were found to be toxic
and aggravated the TBI induced damage (Bennett and Brody,
2014).

Rapid elimination of ∼95% of all microglia can be achieved
by administration of the colony stimulating factor 1 receptor
(CSF1R) inhibitor PLX3397. This approach was used in a model
of neuronal injury (Rice et al., 2015) consisting of a diphtheria
toxin-induced neuronal lesion in transgenic mice carrying a
transgene for the diphtheria toxin A-chain. The diphtheria
toxin was activated in transgenic mice by feeding them food
without doxycycline, triggering neurotoxicity. The treatment
with PLX3397 had different outcomes depending on whether
microglia elimination took place in the recovery period only
or was administered during the lesion as well as the recovery
period. Elimination of microglia after the lesion resulted in
improved functional recovery, while microglia depletion during
the insult led to greater neuronal loss (Rice et al., 2015).
Therefore, in models of CNS damage, it seems that chronically
activated microglia display a pro-inflammatory phenotype that
may contribute to further synaptic loss. In addition, using
the same approach of treatment with the CSF1R inhibitor, it
was recently shown that microglia are involved in changes in
neuronal network activity and spreading depolarization after
excitotoxic lesions and ischemia. Depletion of microglia led to
dysregulated neuronal calcium responses, calcium overload and
increased neuronal death and infarct size (Szalay et al., 2016),
with similar reports in a mouse model of transient focal cerebral
ischemia and reperfusion (Jin et al., 2017).

From these findings, it seems obvious that general ablation of
microglia is not a productive strategy and perhaps it would be
more effective to suppress a specific phenotype at a particular
time-point. One approach would be to characterize the different
microglial functions based on morphology and phenotype
markers in order to find the right time for a microglia-targeting
therapeutic strategy.

Polarization of Microglia in TBI Models
The polarization of microglia is a relatively new concept, not seen
without controversy (Ransohoff, 2016), which has been already
investigated in a number of studies, primarily in the CCI model
in mice. Only a few studies employed rats or other established
TBI models, such as FPI and WD. Data from clinically relevant
repeated and penetrating models is lacking even for rodents. To
the knowledge of the authors, no study has investigated microglia
polarization in gyrencephalic models such as ferrets, sheep or
pigs, even though these species had previously been employed in
CCI, FPI, penetrating, and blast models.

In the established rodent models (see Table 1), data indicates
that microglia and infiltrating macrophages, responding to
injury, do not lean toward an extreme end of the spectrum,
as shown in several studies through the expression of both
M1 and M2-like markers in the “acute” phase. However, it
seems that in the subsequent “subacute” and “chronic” phase,
the expression of M2-like markers is reduced, while M1-like
markers are still expressed, indicating that the pro-inflammatory
action of microglia/macrophages exacerbates the pathology. In
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TABLE 1 | Microglia/macrophage polarization in experimental models of Traumatic Brain Injury.

References Species, strain,

sex

Model, severity and

injury details

Time post injury Key markers Simplified key results of

M1/M2-like marker analysis

Jin et al., 2012 Mouse

C57B6/J

♂

CCI, moderate

3 mm

dpi: 1, 3, 7 14,

and 28

M1: CD86

M2: CD206

M1: N 7 + 28 dpi

M2: N 1 dpi, Sham levels 28 dpi

Bedi et al., 2013 Mouse

C57B6

♂

CCI, moderate

ns

dpi:

1

M1: FcγRII/III (CD16a/b)

M2: CD206

M1/2 ratio: N at 24 hpi

Walker et al., 2012 Mouse

C57B6

♂

CCI, moderate

ns

hpi:

24, 48, 72, 120

M2/M1 ratio of CD206/CD86 M1: N 24–72 hpi

Hsieh et al., 2013 Mouse

C57BL/6

♂,

YARG/Yet40

knock-in

CCI, moderate

2 mm flat

dpi:

1, 4, 7, 14

M1: IL-12p40

M2: Arg-1

M1: N macrophages 1–14 dpi

M2: N macrophages 1 dpi

Mixed M1/M2 expression

Tchantchou and Zhang,

2013

Mouse

C57B6

♂

CCI, moderate

3 mm flat

dpi:

3,7, 21

M1: iNOS

M2: Arg-1

M1: N 3 + 7 dpi,

M2: no Arg-1

Wang et al., 2013 Mouse

C57B6

♂

CCI, moderate

3 mm flat

dpi:

1, 3, 5, 7, 14

M1: CD16/32, iNOS, CD11b,

CD86

M2: CD206, IL-10, Ym1/2,

TGF-β,

Arg-1, CCL22

M1: N 5–14 dpi

M2: N 3–5 dpi

Wang et al., 2015 Mouse

C57B6

♂

CCI, moderate

3 mm flat

dpi:

7, 35

M1: CD16, iNOS

M2: CD206, IL-10

M1: N 7 dpi

M2: N 7 dpi

Kumar et al., 2013 Mouse

C57B6

♂,

CCI, severe

3.5 mm flat

dpi:

1, 7

M1: IL-1β, TNF-α, CD86, iNOS,

CCL2, CCL3

M2a: Arg-1, Ym1, CD206/MRC,

Fizz-1

M2c: IL-4Rα, SOCS3, TGF-β

Mixed M1/M2 expression

M1: aged > young

M2a: marker specific NH

M2c: young > aged

Aged animals N Ym1 on highly

activated microglia/macrophages

Young animals NYm1 on

ramified cells

Loane et al., 2014a Mouse

C57Bl/6

♂

CCI, severe

3.5 mm flat

wpi:

1, 5, 12, 52

M1: MHC II

M2: Ym-1

M1/MHC II: N 1–52 wpi

M2: N 1–5 wpi, absent 12–54

wpi

Loane et al., 2014b Mouse

C57Bl/6

♂

CCI, severe

3.5 mm flat

dpi:

28

M1: iNOS

M2: Arg-1

M1: N iNOS/CD11b

M2: HArg-1/CD11b

Kumar et al., 2016a Mouse

C57Bl/6

♂

CCI, severe

3.5 mm flat

hpi:

1, 6, 24 dpi:

7

mRNA:

M1: IL-1β, IL-12, TNF-α, IL-6,

iNOS

M2a: Arg-1, Ym1, CD206,

Fizz-1,

IL-1rn

M2c: IL-4Rα, SOCS3, TGF-β

Flow cytometry:

M1: iNOS, IL-12

M2: TGF-β,

Ym1, CD206, Arg-1

Histology:

M1: CD16/32, iNOS

Mtrans: CD16/32+TGF-β,

iNOS+, Arg-1

M2: TGF-β, Arg-1

Mixed expression of M1/M2

mRNA and protein

M1/trans dominate contusion

and peri-contusional tissue at 7

dpi

(Continued)
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TABLE 1 | Continued

References Species, strain,

sex

Model, severity and

injury details

Time post injury Key markers Simplified key results of

M1/M2-like marker analysis

Kumar et al., 2016b Mouse

C57Bl/6

♂

NOX2 −/−

CCI, severe

3.5 mm flat

dpi:

1, 3, 5, 7, 21, 28

M1: IL-1β, NOS2, TNF-α, IL-6,

IL-12b

M2: Arg-1, Ym1, SOCS3, Fizz-1,

IL1rn, IL-4Rα

M2c: IL-4Rα, SOCS3, TGF-β

Mixed expression of M1/2 up to

7 dpi

Morganti et al., 2015 Mouse

Dbl-Het

C57Bl/6

♂/♀

CCI, moderate

3 mm convex

hpi:

3, 6, 12

dpi:

1, 2, 7, 14, 28

M1: CD68, CD45, MHC II,

MARCO,

NOS2, TNF-α, CCL2, IL-1β, IL-6,

INF-γ

M2a: Arg-1, Ym1, Fizz1, CD206,

IL-4, IL-13

M2c: CD36, CD163, TGF-β,

IL-10, IL-4Rα, IL-1Ra

Mixed expression of M1 and

M2a/c marker mRNA in

leucocytes

M1: N 3 hpi – 14 dpi

M2a: N12 hpi – 7dpi

M2c: N 6 hpi – 7dpi

Morganti et al., 2016 Mouse

C57Bl6/J

♂

CCI, moderate

3 mm convex

dpi:

1, 2, 7

M1: CCL2, CCL3, CCL4, CCL6,

CCL7, CCL9, CCL12, CCL19,

CCL25, CD14, CXCL1, CXCL2,

CXCL3, CXCL9, CXCL10,

CXCL16, DUSP1, IL-1β, IL-15,

IL-16, PTX3, TLR2, TNF-α

M2: Arg-1, CD36, CX3CL1,

IL4R, IL25, TGF-βm TGM2,

TLR1, TLR8

Mixed expression of M1 and M2

marker mRNA

M1: N 3–7 dpi

M2: N 3–7 dpi

Lower fold changes in M2

expression compared to M1

Zanier et al., 2014 Mouse

C57Bl/6

♂

CCI, moderate

3 mm

dpi: 3, 7 M1: CD11b, TNF-α, CD68,

CD86, IL-1β

M2a/c: Ym1, Arg-1, CD206,

SOCS3, IL-10

Mixed expression of M1 and M2

marker mRNA

M1: N at 3 + 7 dpi

M2: N Ym1, Arg-1, SOCS3 at 3

dpi

Febinger et al., 2015 Mouse

CX3CR1−/−

CX3CR1+/+

♂

CCI, mild

3 mm

dpi:

7, 15, 30

M1: IL-1β, CD86, iNOS, MARCO

M2: TGF-β, Arg-1, CD206

M2a: N Ym1, CD206 in

CX3CR1−/− only at 7 dpi

N TGF-β in CX3CR1−/− mRNA

M1: H iNOS, IL-1β

30 dpi:

N M1: Marco, CD68

Zanier et al., 2016 Mouse

CX3CR1−/−

CX3CR1+/+

♂

CCI, Moderate

3 mm

dpi:

1, 2, 4, 7

wpi: 5

M1: CD11b, CD68, iNOS,

IL-1β,TNF-α

M2: Ym1

CX3CR1−/−, 4 dpi:

N sensorimotor performance

HTUNEL positive cells

H M1, CD68, iNOS

CX3CR1−/− 5 wpi:

H sensorimotor performance

NTUNEL positive cells

N M1 iNOS

Desai et al., 2016 Mouse

C57BL6/N

♂

CCI, moderate

3 mm flat

hpi: 4

dpi:

1, 4

M1: CD16, CD32

M2: CD-206, Arg-1, Ym1

M1: N CD16, CD32 at 1–4 dpi

M2: N CD206, Arg-1, Ym1 at

1–4 dpi

Braun et al., 2017 Mouse

C57BL/6

CD-1

C3H/OuJ

C3H/HeJ

CX3CR1

♂

CCI, severe

3 mm convex

hpi:

24, 72

wpi: 3

M1: TNF-α, IL-12

M2: TGF-β, IL-10

M1/M2 ratio: N 24 + 72 hpi, 3

wpi

(Continued)
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TABLE 1 | Continued

References Species, strain,

sex

Model, severity and

injury details

Time post injury Key markers Simplified key results of

M1/M2-like marker analysis

Ansari, 2015 Rat

Sprague-Dawley

♂

CCI, severe

5 mm flat

hpi:

2, 4, 6, 10, 24

M1: TNF-α, IL-1β, IL-6, IFN-γ

M2: IL-4, IL-10, IL-13, Arg-1,

Ym1, Fizz1, MRC-1

Mixed response

M1: N TNF-α, IL-1β, IL-6

mRNA/protein at 2-10 hpi

M2: N Arg-1: 6-24 hpi; Ym1: 6 hpi,

Fizz1: 4-24 hpi

Turtzo et al., 2014 Rat

Wistar

♀

CCI, severe

5 mm flat

dpi:

1, 3, 5, 7, 14, 30

wpi:

8

M1: CD40, CD68, TNF-α, CD86,

CD80, NOS2

M2: CD163, CD206

Mixed expression of M1 and M2

protein expression and mRNA

M1: NCD86 at 5, 7 dpi, TNF-α 1, 3

dpi

M2: N CD163 at 5, 7 dpi, CD206 at 7

dpi

Barrett et al., 2017 Mouse

C57Bl/6

♂

NOX2 −/−

CCI, severe

3.5 mm flat

dpi:

72

M2: IL-4Rα, SOCS3, TGF-β,

SHIP1, Arg-1, Ym1, IL-10

NOX2 −/− mice show a robust

increase in M2 markers

N IL-4Rα, SOCS3, TGF-β, SHIP1,

Arg-1, Ym1, IL-10 at 72 hpi vs WT

Cao et al., 2012 Rat

Sprague-Dawley

♂

mFPI, moderate

2 atm

4.8 mm craniotomy

dpi:

7, 28

M1: TNF-α, CD45

M2a: Arg-1

M2c: TGF-βI, TGF-βRII

M1 and M2c marker expression

Cortex:

M1 and M2c: N nonsignificant CD45,

TGF-βI, TGF-βRII at 7 dpi, no change

in M2a (Arg-1)

Thalamus:

M1 and M2c: π CD45, TGF-βI,

TGF-βRII at 7 and 28 dpi, no change

in M2a (Arg-1)

Bachstetter et al., 2013 Mouse

p38α MAPK

−/−

C57BL/6J

♂/♀

mFPI, moderate

1.2 atm

3 mm craniotomy

hpi:

3, 9, 24

dpi

7

M1: IL-1β, IL-6, TNF-α, CCL2,

CCL5, CXCL1, CD45, CD68,

MHC

M2: Arg-1, Ym1

Mixed expression of M1 and M2

markers mRNA and

cytokines/chemokines

M1: N IL-6, TNF-α, CCL3 3, 9 hpi,

elevated at 7 dpi

M2: N Arg-1, Ym1 9 hpi, H below

sham levels at 7 dpi, Rod-like

microglia

p38α MAPK −/−:

N M1 and M2 response

(mRNA/protein) at 6 hpi

N motor performance

H Synaptic loss, microglia activation

Fenn et al., 2014 Mouse

BALB/c

♂

mFPI, moderate

1.2 -1.5 atm

3 mm craniotomy

hpi:

4, 72

M1: IL-1β, CD14, TNF-α, iNOS,

IFN-γ, CCL2

M2: Arg-1, IL-4Rα, IGF-1, IL-10,

IL4

Mixed mRNA expression in ipsilateral

cortex and hippocampus, M2

markers less expressed at 72 hpi

Cortex, 4 hpi:

M1: N IL-1β, CD14, TNF-α, CCL2;

M2: N Arg-1, IGF-1

72 hpi: M1: N IFN-γ, CCL2, iNOS;

M2: N IL4

Hippocampus, 4 hpi: M1: N IL-1β,

CD14, TNF-α, CCL2; M2: N IL-4,

IL-10

72 hpi: M1: N IL-1β, CD14, TNF-α,

iNOS; M2

N IL-10

N Primed microglia

Fenn et al., 2015 Mouse

BALB/c

♂

mFPI, moderate

1.2 -1.5 atm

3 mm craniotomy

dpi: 1 M1: IL-1β, CD14, TNF-α, iNOS

M2: Arg-1, IL-10

Mixed expression at 1 dpi

Hippocampus:

M1: N IL-1β, CD14, TNF-α, CCL2;

M2: N Arg-1

(Continued)
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TABLE 1 | Continued

References Species, strain,

sex

Model, severity and

injury details

Time post injury Key markers Simplified key results of

M1/M2-like marker analysis

Whole brain CD11b positive cells:

M1: N IL-1β, CD14, TNF-α,

CCL2, iNOS;

M2: N Arg-1

Truettner et al.,

2016

Rat

Sprague-Dawley

♂

mFPI, moderate

1.8–2.2 atm

4.8 mm craniotomy

hpi:

4, 24

M1: iNOS, IL-1β, IL-1α, TNF-α,

IL-6. IL-12, CCL2

M2: Arg-1, CD163, CD206,

IL-10,

Ym1, TGF- β

M1/M2: iNOS/Arg-1 ratio

Mixed expression of M1 and M2

mRNA at 4 and 24 hpi, M1 more

pronounced

N M1 ratio at 4 h, similar M1/M2

ratio at 24 h in microglia

mRNA 4 h:

M1: N all; M2: N (lower relative

expression)

mRNA 24 h:

M1: N TNF-α N CD206, TGF-β

Chhor et al.,

2016

Mouse

OF-1

Postnatal day 7

♂/♀

WD, closed

2 mm footplate

10 g weight dropped

10 cm

hpi:

2, 6, 14, 24

dpi:

5

M1 (Cytotoxic):

IL-1 α, IL-1β, IL-3, IL-6, IL-9,

IL-12p40, IL-12p70, IL-17,

INF-γ,

TNF-α, CXCL1, CCL3, CCL4,

CCL5, Cox-2, iNOS, CD32,

CD86

M2a (Reparative/regenerative):

IL4, IL-13, G-CSF, CCL2, Arg-1,

CD206, IGF-1, Gal-3

M2c (Immunomodulatory): IL-5,

IL-10, SphK1, IL-1rn, SOCS3,

IL-4ra

Moderate mixed increase in M1

and M2a/c mRNA

Ipsilateral hemisphere:

M1: N all markers except TNF-α

and IL-12(p70) between 6, 14

and 24 hpi

M2a/c: N all markers except

TNF-α and IL-

12(p70) between 6, 14 and 24 hpi

CD11b+ isolated microglia/macrophages:

M1: NCD32/CD86 up to 1 dpi

M2a/c: NArg-1, CD206,

SOCS3, IL-1rn, Gal3 up to 1 dpi,

IGF-1 at 5 dpi

Pronounced contralateral effects

Semple et al.,

2010

Mouse

CCL2 −/−

C57Bl/6

♂

WD, closed 333 g

weight dropped 2

cm, silicone tip

hpi: 2, 4, 12, 24

dpi: 4, 7, 14, 28

M1: IL-1α, IL-1β, IL-6, IL-12p40,

IL-12p70, CCL3, CXCL1,

CXCL2, CCL5, TNF-α, INF-γ,

M2a: G-CSF, IL-10

Primarily M1 driven response

M1: N IL-1α, IL-6, IL-12p40,

CCL5 at 12 hpi

M2: N G-CSF1, IL-10 only at 12

hpi in CCL2 −/−

CCL2 −/−:

Hlesion volume, macrophage

accumulation and astrocyte

activation at 14, 28 dpi

Levels of severity for CCI: Mild: 0.5 mm, Moderate: 0.95–1.5 mm; Severe: >2.0 mm.

CCI, Controlled Cortical Impact; mFPI, midline Fluid Percussion Injury, WD, Weight drop.

Dpi, Days post injury; hpi, hours post injury; wpi, weeks post injury.

contrast, studies in non-human primates suggest a trophic
role for chronically activated microglia after TBI, indicating a
restorative phenotype in the chronic phase (Nagamoto-Combs
et al., 2007, 2010).

Another issue is the apparent differences in the expression of

murine and human markers of potential microglia polarization,

which have been found for macrophages (reviewed in Murray

and Wynn, 2011). However, the employed cellular markers of

M1-like and the different M2-like microglia/macrophages are

not always clearly indicative of the presumed phenotype, which

calls for new and more specific markers in murine models
(Jablonski et al., 2015). Additionally, mRNA extraction of brain
homogenates does not always yield reliable information on the
M1/2-like spectrum. Ideally, microglia andmacrophages are to be
separated by flow cytometry and then assayed for their activation

spectrum using transcriptomic analysis (Hickman et al., 2013;
Xue et al., 2014).

The studies that employed different therapeutic strategies
show that an increase in M2-like markers is often associated with
a better cognitive and histopathological outcome (Table 2). It
seems therefore imperative for future studies targeting microglia
polarization as therapeutic strategies, to assess several markers in
the target cells within a sufficient temporal window in order to
show a long-term positive outcome.

IMAGING OF MICROGLIA ACTIVATION IN

TBI

Measurement of microglial activation in vivo has become
possible using PET and Single Photon Emission Computed
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TABLE 2 | Treatments in experimental models of TBI targeting inflammation and microglia.

References Species, Strain, sex Treatment Injury Simplified treatment outcomes

Thal et al., 2011 Mouse

C57BL6/CrlN

♂

Pioglitazone,

rosiglitazone, PPARγ

agonists

CCI Pioglitazone:

Lesion volume at 24 hpi

M1 : iNOS, TNF-α, IL-1β mRNA at

24 hpi No beneficial effect of

rosiglitazone

Besson et al., 2005 Rat

Sprague-Dawley

♂

Fenofibrate, PPARα

agonist

FPI 24 hpi:

Neurologic deficits

Oedema

7 dpi:

Neurologic deficits

Bye et al., 2007 Mouse

C57BL6

♂

Minocycline Closed-head WD 4 hpi:

IL-1 β

1 dpi:

Lesion volume

Activated microglia accumulation

(F4/80)

Motor performance

4 dpi:

Beneficial effects on lesion size and

motor function loss

No effect on apoptotic cell death,

neutrophil infiltration

Homsi et al., 2010 Mouse

Swiss

♂

Minocycline Closed-head WD 1 dpi:

Lesion volume

Microglia/macrophages (CD11b)

2 dpi -12 wpi:

Hyper-locomotor activity

Body weight

Kovesdi et al., 2012 Rat

Sprague-Dawley

♂

Minocycline Blast injury, mild Serum biomarkers of inflammation,

vascular and neuronal injury at 51 dpi

Brain biomarkers in multiple brain

regions at 51 dpi

Locomotor activity, spatial memory

Anxiety

Hanlon et al., 2016 Rat

PD 11 Sprague-Dawley

♂/♀

Minocycline Closed-head CCI, repeated Microglia/macrophages (ED1)

accumulation at 3 dpi, Effect lost at 7

dpi, trend toward increase at 21 dpi

Spatial memory vs vehicle

No effect: Iba1 cells, axonal injury,

white matter loss and

neurodegeneration

Hanlon et al., 2017 Rat

PD 11 Sprague-Dawley

♂/♀

Minocycline Closed-head CCI Short-term treatment (3 days):

Microglia reactivity in cortex,

hippocampus and white matter at 3

but not 7 dpi

Neurodegeneration at 3 but not 7

dpi

Long-term treatment (9 days):

Microglial reactivity and

neurodegeneration up to 15 dpi in

cortex and hippocampus

Spatial memory vs vehicle

No effects of sex

(Continued)
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TABLE 2 | Continued

References Species, Strain, sex Treatment Injury Simplified treatment outcomes

Chhor et al., 2016 Mouse

OF-1

Postnatal day 7

♂/♀

Minocycline Closed-head WD 24 hpi:

M1: IL-1β, IL-6

M2a/c: IGF-1, IL-1rn

Ventricular volume

Cleaved caspase 3 positive cells in

cortex, hippocampus and striatum

Iba1 positive cells in cortex but not

hippocampus/striatum

No beneficial effects at 5 dpi

Lloyd et al., 2008 Mouse

CD-1

♂

Minozac Closed-head CCI 12 hpi:

M1 : cytokines levels, IL-1β, IL-6,

TNF-α, CCL2 in hippocampus and

cortex

28 dpi:

Astrogliosis

Exploratory deficits

Tchantchou and Zhang,

2013

Mouse

C57B6

♂

WWL70, alpha/beta

hydrolase domain 6 inhibitor

CCI iNOS

ARG-1 staining

BBB disruption, lesion size,

neurodegeneration

Motor/working memory

performance

Loane et al., 2014b Mouse

C57Bl/6

♂

VU0360172, mGlu5

positive

allosteric modulator

CCI M1: iNOS/CD11b

M2: Arg-1/CD11b

motor performance

lesion size, neurodegeneration

Wang et al., 2015 Mouse

C57B6

♂

Scriptaid, class I/II histone

deacetylase inhibitor

CCI M1: CD16 cells

CD16+iNOS mRNA

M2: CD206 cells CD206 mRNA

Sensorimotor performance

White matter integrity

Morganti et al., 2015 Mouse

Dbl-Het

C57Bl/6

♂/♀

CCX872,

CCR2 selective antagonist

CCI Acute phase:

M1 : CD68, CD45, CCL2, IL-1β,

IL-6 M2a H: Arg-1, Fizz1

M2c H: TGF-β and IL-10

Chronic phase:

M1 : CD68, CD45, CCL2, IL-1β,

TNF-α

M2a H: Fizz1

Spatial learning/memory

Macrophage invasion

Kumar et al., 2016a,b Mouse

C57Bl/6

NOX −/−

♂

gp91ds-tat,

selective NOX2 inhibitor

CCI M1: CD16/32

M2: TGF-β

M1: Nox2

M2: Ym1, Arg-1

lesion size, neurodegeneration

motor/spatial memory

performance

Menzel et al., 2017 Mouse

Progranulin −/− and WT

♂

Recombinant progranulin,

pre-injury

CCI M1 cytokines mRNA at 5 dpi in

progranulin −/− mice

Neurological severity score

Lesion size and white matter

damage

Astrogliosis

(Continued)
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TABLE 2 | Continued

References Species, Strain, sex Treatment Injury Simplified treatment outcomes

Cao et al., 2012 Rat

Sprague-Dawley

♂

Ibuprofen FPI TGF-βI

nonsignificant in TSPO, CD45 at 7

dpi in the thalamus

Chio et al., 2013; Cheong

et al., 2013

Rat

Sprague-Dawley

♂

Etanercept (TNF-α

antagonist)

FPI 3/7 dpi:

Neurological severity score

Iba1/TNF-α positive cells in

multiple brain regions

TNF-α protein levels

Oedema

Neurogenesis

CCI, Controlled Cortical Impact; FPI, Fluid percussion injury, WD, Weight drop.

Dpi, Days post injury, hpi, hours post injury; wpi, weeks post injury;

Green color indicates beneficial, while red indicates detrimental actions of the treatment.

Tomography (SPECT) due to the development of radioligands
that bind to the 18-kDa translocator protein (TSPO). TSPO
is a five-transmembrane domain protein localized in the outer
mitochondrial membrane (Jaremko et al., 2014). The best studied
putative function of TSPO relates to its role in transporting
cholesterol into the mitochondrial inner membrane space,
the rate-limiting step of steroid and neurosteroid biosynthesis
(Papadopoulos et al., 2006). However, this function has been
lately questioned due to the findings from knockout mice that
did not show abnormal steroidogenesis (Morohaku et al., 2014;
Tu et al., 2014). Despite almost 40 years of study, the precise
functional role of TSPO is far from clear (Selvaraj and Stocco,
2015).

Imaging of Activated Microglia after

Experimental TBI
Autoradiographic studies and PET using TSPO ligands in
experimental TBI have informed our understanding of the time-
course and spatial distribution of microglial activation following
brain trauma. The first TSPO ligand, PK11195, was synthesized
in the 1980s. Autoradiographic studies localized binding of
radiolabelled PK11195 to activated microglia (Banati et al., 1997)
and, as a result, [11C]PK11195 was adopted as a PET radioligand
to image neuroinflammation in vivo (Liu et al., 2014). Increased
TSPO-specific radioligand binding was detected as early as
6 h after CCI in rats, with significantly elevated radioligand
binding in the ipsilateral and contralateral cortices at 24 h and
delayed thalamic upregulation at 28 days p.i. (Donat et al.,
2016). Additionally, we previously observed a small increase
of [3H]PK11195 binding in several brain regions of newborn
piglets subjected to FPI at 6 h p.i. (Donat et al., 2014). Similarly,
increased TSPO up-regulation indicative of microglia activation
was reported in models including FPI (Yu et al., 2010; Cao et al.,
2012), CCI (Venneti et al., 2007; Folkersma et al., 2011b; Wang
et al., 2014), penetrating brain injury (Miyazawa et al., 1995;
Grossman et al., 2012), closed-head injury (CHI) (Grossman
et al., 2003) and dynamic cortical deformation (Soustiel et al.,
2008).

In vivo studies employing [11C]PK11195 PET in rats following
CCI 1 day after injury showed no differences in whole brain
uptake compared to baseline values or sham-treated controls,

whereas scans at 10 days showed significantly increased uptake
(Folkersma et al., 2011b). In another CCI rat model, uptake of
[18F]DPA-714 (a second-generation TSPO ligand) was observed
on day 2 after injury, peaking on day 6, and remaining elevated to
day 16 (Wang et al., 2014). Similar findings were seen in a weight-
drop mouse model, no differences were observed in [18F]DPA-
714 binding at day 1, but increased uptake in focal brain lesions
on repeated scans at days 7 and 16 (Israel et al., 2016).

Several experimental studies have also shown that TSPO
expression increases not only in the vicinity of lesioned areas but
also at locations remote from sites of focal damage. Following
CCI in rats, the ipsilateral thalamus and hippocampus show
increased [3H]PK11195 binding between 3 and 14 days after
injury (Raghavendra Rao et al., 2000). In the FPI model,
increased uptake of [18F]-fluoroethyl-DAA1106 (a second-
generation TSPO ligand) appears in the ipsilateral striatum up to
4 weeks’ post-injury (Yu et al., 2010). In our own study, using a
CCI model in rats, we found increased binding of [123I]CLINDE
(a second-generation TSPO ligand) in contralateral motor cortex
early after injury (24 h), whereas increased binding in the
ipsilateral thalamus was observed first at 28 days post-injury
(Donat et al., 2016).

However, TSPO up-regulation does not appear to relay any
information on potential polarization pattern (Kim and Yu,
2015). In a mouse model of intracranial hemorrhage, microglia
exclusively expressed TSPO and in these cells CD16/32 (M1-

like) or CD206 (M2-like) were evenly distributed (Bonsack et al.,
2016).

While TSPO seems a more general biomarker of glia
activation, likely showing the mitochondrial changes due to the
increased metabolic demand resulting from glia activation and
cell proliferation (Liu et al., 2014), other targets expressed by
microglia (e.g., cannabinoid type 2 receptor, P2X7 and P2Y12
receptors) could be more indicative of microglial polarization,
although less tracers are available for these targets.

Imaging Microglia in Humans
In humans, [11C]PK11195 PET has demonstrated increased
TSPO expression in a variety of neuroinflammatory conditions
(Owen and Matthews, 2011), including herpes encephalitis
(Cagnin et al., 2001b), Alzheimer’s disease (Cagnin et al., 2001a),
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FIGURE 2 | Imaging of chronic microglial activation after TBI. Images of [11C]PK11195 PET images are shown superimposed on the T1 MRI scan at the level of the

thalamus for 10 TBI patients, 11 months to 17 years after injury, and a representative control participant. Numbers indicate time since injury (months). R = right. The

figure has been reproduced with permission of the copyright holder (Ramlackhansingh et al., 2011).

multiple sclerosis (Banati et al., 2000), and stroke (Gerhard et al.,
2005). In the normal human brain, [11C]PK11195 uptake is
generally low, but with relatively high binding in subcortical
structures, including midbrain, thalamus and putamen (Kumar
et al., 2012; Kobayashi et al., 2017). The relatively increased
TSPO ligand binding observed in midbrain, thalamus and basal
ganglia (Kumar et al., 2012) is in keeping with the high density
of microglia found in these regions in the mouse (Lawson et al.,
1990) and human brain (Mittelbronn et al., 2001) in comparison
to the cerebral cortex. However, increased TSPO ligand binding
may reflect an increase in TSPO density rather than the number
of cells expressing TSPO. These regions are highly connected
through white matter to widespread brain regions. Owing to their
dense connectivity, it is possible that even subtle neuronal injury,
as may arise in normal aging, may result in the accumulation of
secondary microglial activation in these regions, and therefore
increased TSPO binding.

PET imaging with TSPO ligands provides a method to
visualize microglial activity following TBI in vivo, although the
specificity of TSPO formicroglia still remains controversial. In an
early study, we used [11C]PK11195 PET to investigate a group of
10 patients in the chronic phase 11 months to 17 years after single
moderate-severe TBI (Figure 2; Ramlackhansingh et al., 2011).
[11C]PK11195 binding potential was significantly increased in
subcortical structures, particularly the thalami, putamen, and
parts of the white matter. In keeping with animal work, this
chronic microglial activation was seen in regions remote from
focal damage and was also reduced around areas of focal injury.
High [11C]PK11195 binding in the thalamus was associated
with more severe cognitive impairment, suggesting either that
microglial activation might be directly contributing to cognitive
impairment or that this was a response to underlying brain injury
that caused the cognitive impairment.

These initial findings have been replicated and extended
in further studies. A second study by another group also
used [11C]PK11195 PET following TBI (Folkersma et al.,
2011a). They again showed increased binding in subcortical

regions remote from the focal traumatic pathology, which
included the thalamus, putamen, pons, and hippocampus.
Increased microglial activation has also been observed in
sportsmen exposed to repetitive TBI (Coughlin et al., 2015,
2017). A group of 14 active or recently retired National
Football League players with a history of concussions were
studied using the second generation TSPO ligand [11C]DPA-
713. Increased binding was seen predominantly in medial
temporal lobe regions in sportsmen who also showed subtle
evidence of white matter damage on diffusion MRI. In our
follow-up study, we used the second generation TSPO ligand
[11C]PBR28 (Scott et al., 2015). A similar distribution of
subcortical microglial activation was again seen years after
single moderate/severe TBI. Prominent white matter microglial
activation in areas of white matter damage was measured using
magnetic resonance imaging (MRI). In addition, areas with
high microglial activation showed high levels of brain atrophy
over the next 6 months. This suggests that chronically activated
microglia are seen in areas of persistent white matter damage,
which are progressively degenerating even many years after
injury.

These studies consistently show microglial activation in
regions far removed from sites of focal injuries. Whilst at first
glance surprising, the observation is in keeping with the evolution
of microglial activation after experimental TBI (Donat et al.,
2016) and is likely to reflect slowly progressive changes within
damaged white matter, in particular Wallerian degeneration
(Figure 3). In our initial study, the level of thalamic microglial
activation after TBI showed a strong correlation with the level
of traumatic axonal injury in thalamo-cortical projections. This
suggests that traumatic axonal injurymight be playing a causative
role in increasing chronicmicroglial activation (Scott et al., 2015).
The effect is not specific to TBI and a similar progression of
microglial activity is seen following lacunar infarcts. This suggests
that as the after effects of axonal injury develop and Wallerian
degeneration progresses, microglial activation might be observed
in cortical and subcortical regions remote from the initial injury.
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FIGURE 3 | How chronic microglial activation and axonal injury may be linked

after TBI. Microglial activation (green cells) and traumatic axonal injury in

thalamo-cortical white matter tracts (red areas) have been demonstrated after

TBI. Sites of chronic microglial activation can co-localize with axonal

abnormality (A) as well as along the entire axonal tract affected by injury.

Remote from sites of primary axonal injury, microglia may be observed both in

retrograde projection areas, toward the cell bodies of damaged neurons (B),

and in anterograde areas (C,D). The thalamus is a highly-connected structure.

Thalamic microglial activation may be observed after TBI because of the high

density of connections to damaged axons. The number of cortico-thalamic

projections far exceeds thalamo-cortical projections. If microglial activation

preferentially favors anterograde involvement, then relatively increased

activation would be expected in the thalamus (C) compared to corresponding

cortical areas (B).

A number of factors might explain the thalamic rather than
cortical preponderance of microglial activation after TBI. Firstly,
there is a high density of projection neurons converging in
the thalamus, which might lead to a regional amplification of
widespread, but sub-threshold cortical pathology (Cagnin et al.,
2003). Secondly, as cortico-thalamic projections are 10 times
more numerous that thalamo-cortical projections, a more intense
microglial reaction to anterograde neurodegeneration might
contribute to the persistent microglial reaction in the thalamus
(Figure 3).

ANTI-INFLAMMATORY TREATMENTS

TARGETING MICROGLIA ACTIVATION IN

TBI

The relevance of microglia in the general pathophysiological
response to TBI is recognized as a potential therapeutic avenue
(reviewed in Chio et al., 2015) and has prompted several
studies to investigate the effects of certain drugs on microglial

polarization in brain injury models. Although studies in animal
models indicate that microglia/macrophages respond to TBI with
a transient M2 phenotype, followed by a shift to M1, and that
the number of M1 cells is strongly correlated with the severity
of white matter injury (Koh and DiPietro, 2011), this may
differ in non-human and human primates. Therefore, therapies
that prime microglia/macrophages toward the beneficial M2
phenotype after TBI may offer new anti-inflammatory strategies
(Table 2). Several of these drugs, including minocycline,
minozac, etanercept and the PPAR agonists fenofibrate and
pioglitazone are FDA approved (Garrido-Mesa et al., 2013; Kim
et al., 2014) confirming their safety and tolerability.

Progranulin
In response to TBI, microglia/macrophages and astrocytes
release inflammatory mediators with dual effects on secondary
brain damage progression. The neurotrophic and anti-
inflammatory glycoprotein progranulin (PGRN) attenuates
neuronal damage and microglia/macrophage activation in brain
injury but mechanisms are still elusive. Intracerebroventricular
administration of recombinant PGRN in mice immediately
before trauma reduced brain damage and neurological deficits,
and restored normal levels of cytokine transcription, axonal
injury and astrogliosis 5 days after TBI in granulin knockout
mice (Menzel et al., 2017).

Minocycline
Minocycline is a tetracycline derivative with anti-inflammatory
and neuroprotective properties. Some of the proposed
mechanisms for the anti-inflammatory properties for
minocycline include the inhibitory effects on the activities
of key enzymes, like iNOS, MMPs and PLA2 (Garrido-Mesa
et al., 2013). In particular, it has been shown that it is able to
inhibit M1 polarization state of microglia (Kobayashi et al.,
2013), through the inhibition of NFκB and the interference with
MAPK pathways. Minocycline significantly inhibited retinal
neuroinflammation in an ischemia reperfusion (IR) model,
characterized by inflammatory gene expression, leukocyte
adhesion and invasion, and vascular permeability, however
it failed to block neurodegeneration (Abcouwer et al., 2013).
The effects of minocycline treatment in an animal model of
TBI (closed head CCI in the neonate rat) revealed that the
protective effects could be detected short term after injury (3
days after minocycline treatment) but not in chronic treatment
(for 9 days after injury), in which microglial reactivity and
neurodegeneration in all regions examined were exacerbated
in minocycline-treated brain-injured animals (Hanlon et al.,
2016, 2017). However, in other TBI models, such as blast
injury, minocycline appears to prevent the development of
neurobehavioral abnormalities (Kovesdi et al., 2012).

Minozac
Minozac (Mzc) is an anti-inflammatory molecule that selectively
reduces excessive pro-inflammatory cytokine production by
activated glia toward basal levels. There is evidence that
administration of Mzc in a mouse closed-head, CCI at 3 and 9 h
following TBI attenuates the acute increase in proinflammatory
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cytokine and chemokine levels and reduces the longer-term
astrocyte activation, neurologic injury and neurobehavioral
deficits observed over a 28-day recovery period (Lloyd et al.,
2008)

Pharmacological Inhibition of TNF-α
Pharmacological inhibition of TNF-α using etanercept has been
shown to reduce the expression of microglial TNF-α in rodents
subjected to FPI (Cheong et al., 2013; Chio et al., 2013) and
improve the neurological outcome after stroke and TBI in
humans (Tobinick et al., 2012). Etanercept also seems to be able
to stimulate neurogenesis in rats (Cheong et al., 2013).

Modulation of Glutamate Receptors
Although glutamate released by microglia may be related to a
neurotoxic effect, it was shown that activation of metabotropic
glutamate receptor 5 (mGluR5) on microglia is a novel
mechanism to attenuate M1-like microglial activation and
associated microglial-mediated neurotoxicity, suggesting a self-
regulatory mechanism. Positive allosteric activation of mGluR5
has powerful neuroprotective effects in experimental models of
CNS injury (Loane et al., 2014b).

PPAR Agonists
In traumatic brain injury, the PPARα agonist fenofibrate
appears to represent a highly promising new anti-inflammatory
compound. Besson et al. (2005) assessed the pharmacological
role of fenofibrate in the FPI model in adult male Sprague-
Dawley rats. The study revealed that the administration of
fenofibrate during a clinically relevant therapeutic “time window
of opportunity” at 1 h after trauma mediated a significant post-
traumatic neuroprotection. This was demonstrated by improved
neurological scores in the fenofibrate group at 24 h and 7
days after trauma, compared to vehicle-treated animals (Besson
et al., 2005). In the case of PPARγ agonists, both pioglitazone
and rosiglitazone seem to have protective effects, in particular
pioglitazone reduced the histological damage and inflammation
in the CCI model of TBI (Thal et al., 2011).

HDAC Inhibition
HDAC inhibitors have been found to have anti-inflammatory
and neuroprotective effect in models of TBI. Scriptaid, a novel
inhibitor of class I/II HDACs, was found to facilitate and enhance
recovery of motor functions after CCI and protected whitematter
up to 35 day after TBI, as shown by reductions in abnormally
dephosphorylated neurofilament protein, increases in myelin
basic protein, anatomic preservation of myelinated axons, and
improved nerve conduction (Wang et al., 2015). Furthermore,
Scriptaid shifted microglia/macrophage polarization toward
the protective M2 phenotype and mitigated inflammation.
In primary co-cultures of microglia and oligodendrocytes,
Scriptaid increased expression of microglial glycogen synthase
kinase 3 beta (GSK3β), which phosphorylated and inactivated
phosphatase and tensin homolog (PTEN), thereby enhancing
phosphatidylinositide 3-kinases (PI3K)/Akt signaling and
polarizing microglia toward M2. The increase in GSK3β in

microglia and their phenotypic switch to M2 was associated with
increased preservation of neighboring oligodendrocytes.

Nicotinamide Adenine Dinucleotide

Phosphate (NADPH) oxidase
Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
inhibitors were able to alter M1-/M2-like balance in favor of the
anti-inflammatory M2-like phenotype in a CCI model of TBI
(Kumar et al., 2016a,b).

CONCLUSIONS

In recent years, there has been a growing interest in investigating
the activation of microglia in TBI, because of the potential role
in the progression of those patients to neurodegenerative and
psychiatric diseases. The studies of microglia in animal models
of TBI have allowed the manipulation of microglial numbers (by
genetic or pharmacological ablation), indicating their important
role in neuroprotection especially at early times post-injury,
although this sequence seems to be model and species-specific.
In addition, this has provided insights into the time course of the
different profile of microglial activation phenotypes in the injury
site and the spreading of inflammation to other areas of the brain,
such as the thalamus.

In vivo molecular imaging of TSPO potentially provides an
extremely useful biomarker of microglial activation and the effect
of immunomodulatory drugs. In TBI patients, it has allowed the
observation of chronically activated microglia located in areas
of persistent white matter damage, even long time post injury.
However, it currently only provides a one-dimensional measure,
i.e., the amount of microglial activation within a particular brain
region. It is clearly too simplistic to describe microglial activation
in vivo along a single dimension (i.e., from “low activity” to
“high activity”). Crucially, on the basis of current evidence, TSPO
molecular imaging cannot discriminate activation phenotype,
but probably reflects the (potentially uneven) summation of
activity from microglia across all functional states.

In addition, there has been some debate regarding the
possibility that certain TSPO ligands also recognize astrocytes
or other immune cells in the brains of TBI patients. Other
limitations of the application of second-generation ligands
include that the binding affinities are influenced by a common
polymorphism (rs6971) in the TSPO gene which causes a
single amino acid substitution (A147T) in the protein (Owen
et al., 2012). Because 147T TSPO binds ligands with lower
affinity than 147A, this produces three classes of binding affinity
across a population, which studies must therefore control for.
Even after accounting for TSPO genotype, however, many
second-generation TSPO ligands show high between-subject
variability in uptake when using analysis methods which rely on
measurement of the ligand in arterial blood (Guo et al., 2012). As
for [11C]PK11195, high and variable plasma protein binding may
be a factor (Lockhart et al., 2003). Methods of analysis such as the
simplified reference tissue model (SRTM) have been developed
that do not require arterial blood data, but rather use the PET
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imaging data from a reference region (or reference tissue) instead
(Gunn et al., 1997).

To improve the interpretation of the TSPO signal, a detailed
characterization is needed of how TSPO expression in humans
varies with the diversity of microglial phenotypes seen in
vivo. Future TBI work needs to provide a description of the
time-course of microglial phenotype change after TBI and its
relationship to TSPO expression. Novel PET ligands showing
specificity for distinct functional subtypes of microglial activation
would be of great utility, with cannabinoid type 2 and purinergic
receptors, such as P2Y12 and P2X7, possibly providing suitable
targets in the future. Another option is to combine TSPO
PET imaging with different biomarkers that disambiguate the
TSPO signal in a particular context, in particular neurofilament
light (NFL). NFL levels in CSF have been proposed as a valid
biomarker to accurately assess the level of trauma and predict the
clinical outcome of the patient (Zhang et al., 2016).

Recent investigations have indicated that simple suppression
of microglia activation can exert only limited beneficial effect and
the inhibition of M1-like responses might be detrimental similar
to a simple stimulation of M2-like phenotypes, as indicated
by increased fibrosis which seems modulated by Arginase-1 in
peripheral and central infection (Hesse et al., 2001; Aldrich
and Kielian, 2011). In addition, pharmacological treatment with
the anti-inflammatory drugs tested in several models may not
have similar effects when administered in TBI patients, as
seen in clinical trials for AD (Lleo et al., 2007), limiting the

potential therapeutic impact. It seems therefore imperative for
future studies that target microglia polarization as therapeutic
strategies, to assess several markers in the target cells within a
sufficient temporal window in order to show a long-term positive
outcome.
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Stroke is the most common type of cerebrovascular disease and is a leading cause of
disability and death. Ischemic stroke accounts for approximately 80% of all strokes. The
remaining 20% of strokes are hemorrhagic in nature. To date, therapeutic options for
acute ischemic stroke are very limited. Recent research suggests that shifting microglial
phenotype from the pro-inflammatory M1 state toward the anti-inflammatory and
tissue-reparative M2 phenotype may be an effective therapeutic strategy for ischemic
stroke. The dietary phytochemical curcumin has shown promise in experimental stroke
models, but its effects on microglial polarization and long-term recovery after stroke are
unknown. Here we address these gaps by subjecting mice to distal middle cerebral
artery occlusion (dMCAO) and administering curcumin intraperitoneally (150 mg/kg)
immediately after ischemia and 24 h later. Histological studies revealed that curcumin
post-treatment significantly reduced cerebral ischemic damage 3 days after dMCAO.
Sensorimotor functions—as measured by the adhesive removal test and modified
Garcia scores—were superior in curcumin-treated mice at 3, 5, 7 and 10 days after
stroke. RT-PCR measurements revealed an elevation of M2 microglia/macrophage
phenotypic markers and a reduction in M1 markers in curcumin-treated brains 3 days
after dMCAO. Immunofluorescent staining further showed that curcumin treatment
significantly increased the number of CD206+Iba1+ M2 microglia/macrophages and
reduced the number of CD16+Iba1+ M1 cells 10 days after stroke. In vitro studies using
the BV2 microglial cell line confirmed that curcumin inhibited lipopolysaccharide (LPS)
and interferon-γ (IFN-γ)-induced M1 polarization. Curcumin treatment concentration-
dependently reduced the expression of pro-inflammatory cytokines, including TNF-α,
IL-6 and IL-12p70, in the absence of any toxic effect on microglial cell survival.
In conclusion, we demonstrate that curcumin has a profound regulatory effect on
microglial responses, promoting M2 microglial polarization and inhibiting microglia-
mediated pro-inflammatory responses. Curcumin post-treatment reduces ischemic
stroke-induced brain damage and improves functional outcomes, providing new
evidence that curcumin might be a promising therapeutic strategy for stroke.
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INTRODUCTION

Stroke remains one of the leading causes of death and disability
worldwide (Huuskonen et al., 2017; Mijajlovíc et al., 2017).
Ischemic stroke accounts for approximately 80% of all strokes.
The remaining 20% of strokes are hemorrhagic in nature.
Thrombolytic therapy with recombinant tissue plasminogen
activator (rtPA) is the only FDA-approved clinical treatment
for acute ischemic stroke. A large number of neuroprotective
agents have been investigated in the past few decades and
shown promising results in animal models of stroke; all of them,
however, failed in subsequent clinical trials (Cook et al., 2012;
Guekht et al., 2017). Thus, rescuing neurons without improving
the microenvironment in the injured brain is not sufficient
to achieve long-term protection and functional recovery after
stroke. Therefore, new therapeutic strategies that re-establish
brain homeostasis and foster a permissive environment for cell
survival or regeneration are being actively explored.

Microglia and infiltrated macrophages play critical roles in
regulating immune and inflammatory responses after brain
injuries (Perry et al., 2010). Accumulating evidence shows
that microglia/macrophages assume different phenotypes with
distinct functions during the course of ischemic brain injury (Hu
et al., 2012). For example, alternatively activated M2 microglia
protect neighboring cells by removing cell debris and releasing
trophic factors for brain repair. However, classically activated
M1 microglia may exacerbate brain injury by producing
neurotoxic substances when overactivated for prolonged times,
even if they participate in clearing cell debris at early stages after
stroke (Hu et al., 2012, 2015). These two microglia/macrophage
phenotypes probably lie along a continuum of activation status.
Such phenotypic plasticity and diversity support the view that
microglia serve a unique and important role in maintaining brain
homeostasis under physiological and pathological conditions.
Several agents known to be protective against ischemic stroke,
such as Ginkgolide B (Shu et al., 2016), Malibatol A (Pan et al.,
2015), thiamet G (He et al., 2016), and Exendin-4 (Darsalia et al.,
2014) have the capacity to promote M2 polarization in microglia.
Thus, balancing microglia/macrophage phenotype is a promising
therapeutic strategy for stroke treatment.

Curcumin (1,7-bis[4-hydroxy-3-methoxyphenyl]-1,6-
heptadiene-3,5-dione) is a major component of the rhizomes of
Curcuma longa and a well-established polyphenolic antioxidant
(Gupta et al., 2012). A number of studies have demonstrated that
curcumin can protect against ischemic stroke in experimental
models (Thiyagarajan and Sharma, 2004; Lapchak, 2011;
Shah et al., 2016). Pre-/post-stroke treatment with curcumin
was found to effectively reduce infarct volumes and improve
functional outcomes. Curcumin has also been proposed as a
promising agent for stroke prevention in humans (Ovbiagele,
2008). Manifold mechanisms are involved in the protective
effects of curcumin, including anti-oxidative, anti-inflammatory
(Thiyagarajan and Sharma, 2004; Yang et al., 2009; Wu et al.,
2013), and anti-apoptotic mechanisms (Zhao et al., 2008, 2010;
Altinay et al., 2017), as well as neurogenesis (Liu S. et al., 2016).
However, the effect of curcumin on microglial phenotypic
polarization after ischemic stroke has not been explored.

In the present study, we assessed the effects of curcumin
on microglial polarization and inflammatory responses both
in vitro and in a mouse model of ischemic stroke. Our results
demonstrate that curcumin promoted microglial M2 polarization
and inhibited M1 polarization, both in vivo and in vitro.
Furthermore, curcumin treatment ameliorated post-stroke brain
injury and improved functional outcomes. These findings
support the view that curcumin improves functional recovery
after stroke by adjusting the balance between M1 and
M2 microglial states.

MATERIALS AND METHODS

Animals
Adult male C57BL/6 mice (8–10 weeks, 23–25 g) were purchased
from the Vital River Laboratory Animal Technology Co., Ltd
(Beijing, China). All animal experiments were approved by
the Institutional Animal Care and Use Committee of Capital
Medical University. Food and water were available ad libitum.
All efforts were made to minimize animal suffering and the
number of animals used. Animals were randomly divided
into: (1) sham; (2) stroke plus vehicle; and (3) stroke plus
curcumin groups. In this study, a total of 80 mice were used
for infarct volume measurements (23 mice), behavioral tests and
immunohistochemical examinations (42 mice), and mRNA or
protein expression measurements (15 mice).

Distal Middle Cerebral Artery Occlusion
(dMCAO) Model
Anesthesia was induced with 2% isoflurane in 70% nitrogen/30%
oxygen gas mixture. Rectal temperature was maintained at
37 ± 0.5◦C with a heating pad. A ∼2 cm incision was made
between the right eye and ear. Using a surgical microscope, the
temporal muscle was dissected to expose right zygomatic arches
and squamosal bone. A craniotomy was performed and the
right MCA was occluded distal to the lenticulostriate branches
with bipolar electrocautery (Goldbov Photoelectronics CO. Ltd,
Wuhan, China). The middle cerebral artery occlusion (MCAO)
was accompanied by 15-min bilateral occlusion of the common
carotid artery (CCA). Regional cerebral blood flow (rCBF) was
monitored with a two-dimensional laser speckle imager (Perimed
AB, Järfälla, Sweden). Mice with rCBF reduction less than
30% of baseline levels were excluded from further experiments.
Sham-operated mice were manipulated in the same way, but the
MCA and CCA were not occluded.

Drug Preparation and Treatments
Curcumin (Sigma-Aldrich) was dissolved in 5 mol/L NaOH,
titrated to pH 7.4 using 1 mol/L HCl, and then diluted with
saline. Ischemic mice were subjected to intraperitoneal injections
of 150 mg/kg curcumin or the same volume of vehicle. Injections
were performed 0 h and 24 h after reperfusion of the CCA.

Measurements of Infarct Volume
At 72 h after cerebral ischemia, mice were decapitated and brains
were rapidly removed on ice. Brains were sliced into 1 mm-thick
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coronal sections and stained with 2% 2, 3, 5-triphenyltetrazolium
chloride (TTC, Sigma-Aldrich), as previously described (Liu X.
et al., 2016). The infarct area was calculated as the area of the
contralateral hemisphere minus the noninfarcted area of the
ipsilateral hemisphere by a person blinded to the experiment
group. Infarct volumes were determined using National institutes
of Health ImageJ software. The total infarct areas were multiplied
by the thickness of the brain sections to obtain the infarct
volumes.

Adhesive Removal Test
Sensorimotor functional recovery after stroke was measured
before or 3, 5, 7 and 10 days after stroke with the adhesive
removal test, as described in prior studies (Wang et al., 2017).
In brief, a mouse was placed in a cage for 1 min. An adhesive
tape (50 mm2) was applied to the distal radial region of the
right forelimb as a tactile stimulus. The time to contact and
the time to remove the tape were both recorded. Each animal
was tested three times with a cutoff time of 120 s per trial. The
data are presented as the mean time to contact and the mean
time to remove the tape on each testing day. The investigators
performing the assessments were blinded to experimental group
assignments.

Modified Garcia Score Test
The Modified Garcia Score system was used to assess
sensorimotor functions at 3, 5, 7 and 10 days after dMCAO
by an observer blinded to the experimental groups. Five tests
were performed: body proprioception, vibrissae touch, limb
symmetry, lateral turning and forelimb walking with scores of
0–3 for each test, as previously reported studies (Wang et al.,
2017). The data from pre-stroke tests were defined as the
baseline.

Immunohistochemistry and Cell Counting
Brain slices were prepared and subjected to
immunohistochemistry, as previously published (Pan et al.,
2015). Mice were perfused with saline and 4% paraformaldehyde.
Brains were then removed, followed by cryoprotection in 30%
sucrose. The brains were sliced into 20 µm-thick coronal
sections at −25◦C using a freezing microtome (CM3050S, Leica,
German). The slices were then subjected to immunofluorescent
staining. Non-specific staining was blocked with 10% normal
serum. Next, brain slices were incubated with mouse anti-CD16
(1:100, BD Pharmingen, San Jose, CA, USA), goat anti-CD206
(1:100, R&D Systems, Minneapolis, MN, USA), and rabbit
anti-Iba-1 (1:100, Wako, Richmond, VA, USA) overnight at 4◦C.
The sections were then treated with fluorophore-conjugated
secondary antibodies (Invitrogen Corporation, Carlsbad, CA,
USA)—goat anti-rabbit antibody conjugated to Alexa 594
(1:400), goat anti-mouse antibody conjugated to Alexa 488
(1:400), and donkey anti-goat antibody conjugated to Alexa
488 (1:400), at room temperature for 2 h. All images were
captured with a fluorescence microscope (DM4000 B LED,
Leica Microsystem, Germany) and analyzed by a blinded
observer with ImageJ. Cell numbers were calculated from three

randomly-selected microscopic fields, and three consecutive
sections were analyzed for each brain.

BV2 Microglia Cell Line Cultures
The BV2 microglia cell line (Cell Center, Institute of Basic
Medical Sciences, CAMS and PUMC, Beijing, China) was
cultured in RPMI 1640 (Cat No.: C11875500BT, Gibco),
supplemented with 10% fetal bovine serum (Cat No.: 16000-
044, Gibco) and 1% penicillin-streptomycin (Cat No.: 15070-
063, Gibco). Cells were incubated at 37◦C in a humidified
atmosphere containing 5% CO2 and the medium was changed
every 2 days. For M1 stimulation, lipopolysaccharide (LPS,
100 ng/mL) and IFN-γ (20 ng/mL) were added to BV2 microglia
cultures. Different concentrations of curcumin were added to the
cultures immediately following the application of M1 inducers.
After 48 h of treatment, cells were collected for RT-PCR and
the supernatant was harvested for the detection of cytokines by
ELISA.

The cytotoxicity of curcumin against BV2 microglia cell line
was analyzed by a lactate dehydrogenase (LDH) cytotoxicity
assay kit (Cat No.: C0017, Beyotime, Shanghai, China) according
to the manufacturer’s protocol. Absorbance was measured
at 490 nm by a microplate reader (Cat No.: Synergy HT,
Biotek, Winooski, VT, USA). All cell culture experiments were
performed in duplicate and repeated six times.

Real-Time PCR
Total RNA was extracted from the cortex of C57BL/6 mice
or from the BV2 microglia cell line (Cell Center, Institute
of Basic Medical Sciences, CAMS and PUMC, Beijing,
China) by RNeasyr Lipid Tissue Mini Kit (Cat No.: 74804,
QIAGEN) according to manufacturer’s instructions. Three
microgram RNA were reverse-transcribed into cDNA using the
SuperScriptTM III First-Strand Synthesis SuperMix for qRT-PCR
(Cat No.: 11752-250, Invitrogen). RT-PCR was performed
using quantitative PCR systems (Applied Biosystemsr

7500 Real-Time PCR Systems, Thermo Fisher Scientific,
Waltham, MA, USA) with corresponding primers (Table 1,

TABLE 1 | Primers for RT-PCR.

Genes Primers (5′-3′)

GAPDH Forward AGGTCGGTGTGAACGGATTTG
Reverse GGGGTCGTTGATGGCAACA

IL-12 Forward AAATGAAGCTCTGCATCCTGC
Reverse TCACCCTGTTGATGGTCACG

TNF-α Forward GATCTCAAAGACAACCAACTAGTG
Reverse CTCCAGCTGGAAGACTCCTCCCAG

iNOS Forward CAAGCACCTTGGAAGAGGAG
Reverse AAGGCCAAACACAGCATACC

CD16 Forward TTTGGACACCCAGATGTTTCAG
Reverse GTCTTCCTTGAGCACCTGGATC

CD32 Forward AATCCTGCCGTTCCTACTGATC
Reverse GTGTCACCGTGTCTTCCTTGAG

CD206 Forward CAAGGAAGGTTGGCATTTGT
Reverse CCTTTCAGTCCTTTGCAAGC

Arg1 Forward TCACCTGAGCTTTGATGTCG
Reverse CTGAAAGGAGCCCTGTCTTG

Ym1/2 Forward CAGGGTAATGAGTGGGTTGG
Reverse CACGGCACCTCCTAAATTGT
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FIGURE 1 | Curcumin treatment reduces infarct volume 3 days after distal middle cerebral artery occlusion (dMCAO). (A) Timeline for in vivo experiments. Stroke
was induced in mice with permanent occlusion of the dMCAO. Curcumin was intraperitoneally injected (150 mg/kg) at 0 and 24 h after ischemia. At 3 days after
stroke, RT-PCR was performed to determine the mRNA expression of M1/M2 microglia markers and infarct volume was measured after 2,3,5-triphenyltetrazolium
chloride (TTC) staining. Adhesive removal tests and modified Garcia scores were used to measure post-stroke sensorimotor functions at 0, 3, 5, 7 and 10 days after
cerebral ischemia. To confirm whether curcumin regulates microglial polarization in the brain after dMCAO, brain sections were double-stained for Iba-1 (microglia)
with CD206 (M2 marker) or CD16 (M1 marker) at 10 days after stroke. (B) Representative TTC staining at 3 days after dMCAO. (C) Infarct volume in vehicle (red) and
curcumin-treated (blue) dMCAO mice. (D) Infarct areas in TTC-stained slices. (E) Representative two-dimensional laser speckle images for regional cerebral blood
flow (rCBF) in curcumin and vehicle-treated mice. (F) Changes in rCBF in infarct regions. Data are expressed as a percentage of pre-dMCAO rCBF. n = 11 animals
per group. Data are means ± SEM. #p < 0.05, ##p < 0.01 vs. vehicle-treated group, Student’s two-tailed t test (C) and two-way ANOVA followed by Bonferroni
post hoc test (D).

Invitrogen) and a fluorescent dye (RT2 SYBRr Green FAST
Mastermixes, Cat No.: 330603, QIAGEN). The cycle time (CT)
was normalized to GAPDH in the same sample. The expression
levels of mRNAs were reported as fold changes vs. sham
control.

ELISA Measurements
Cytokine production (IL-1β, IL-2, IL-12p70, IL-13 and TNF-α)
in the BV2 culture media was determined by ELISA (Cusabio
Co., Ltd., Wuhan, China), according to the manufacturer’s
instructions. Each sample was assayed in triplicate.

Statistical Analyses
Power analyses were used to determine the number of mice
within each experimental group, according to our past experience
with similar measurements (α = 0.05 and β = 0.20). All
data are presented as mean ± SEM. The Student’s two tailed
t-test was used for comparisons of two experimental groups.
Differences in means across multiple groups were analyzed using

one-way or two-way ANOVA, depending on the number of
independent variables. Differences in means across multiple
groups with multiple measurements over time were analyzed
using two-way repeated measures ANOVA. When the ANOVA
revealed significant differences, the Bonferroni post hoc test was
used for pairwise comparisons between means.

RESULTS

Curcumin Treatment Significantly Reduces
Infarct Volumes 3 days after dMCAO
Curcumin (150 mg/kg) was administered intraperitoneally
immediately after dMCAO and 24 h after surgery (Figure 1A).
As shown in Figures 1B–D, curcumin treatment significantly
reduced infarct volumes compared to vehicle. rCBF was
measured before and after dMCAO with a two-dimensional laser
speckle imager (Figure 1E). For all animals assigned to curcumin
or vehicle groups, the rCBF after dMCAO was reduced to about
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FIGURE 2 | Curcumin treatment significantly improves sensorimotor functions early after dMCAO. Adhesive removal test (A,B) and modified Garcia scores (C–H)
were used to evaluate sensorimotor functions pre-surgery or 3, 5, 7 and 10 days after dMCAO in mice treated with vehicle or curcumin. (A) Time to touch adhesive
tape. (B) Time to remove adhesive tape. (C) Body proprioception. (D) Vibrissae touch. (E) Limb symmetry. (F) Lateral turning. (G) Forelimb walking. (H) Total
neurologic assessment score. n = 14 animals per group. Data are means ± SEM. ∗p < 0.05, ∗∗p < 0.01 between vehicle-treated group and curcumin-treated group.
#p < 0.05, ##p < 0.01, ###p < 0.001 at a particular time point between vehicle-treated and curcumin-treated group. Two way repeated measures ANOVA followed
by Bonferroni post hoc test.

30% of pre-ischemic baseline values (Figure 1E). There was
no statistical difference in rCBF reduction between curcumin
and vehicle-treated groups (Figure 1F), verifying that outcome
differences between the experimental and control groups cannot
be attributed to different degrees of the original ischemic injury.

Curcumin Treatment Significantly
Improves Sensorimotor Functions after
dMCAO
To evaluate the effects of curcumin treatment on functional
outcomes after dMCAO, sensorimotor deficits were measured
by the adhesive removal test and modified Garcia score system
at 3, 5, 7 and 10 days post-stroke. Curcumin treatment
significantly improved neurological performance in the adhesive
removal test after dMCAO, as manifested by a consistent
reduction in the times to contact and then remove the tape
from the compromised limb (Figures 2A,B, respectively). In
addition, sensorimotor functions such as body proprioception
(Figure 2C), limb symmetry (Figure 2E), and lateral turning
(Figure 2F) were all significantly improved in curcumin-treated
mice compared to vehicle-treated mice, resulting in an increase
in the total neurological score, especially at day 3–5 after
stroke (Figure 2H). There was no significant difference in
vibrissae touch (Figure 2D) or forelimb walking (Figure 2G)

between vehicle and curcumin-treated groups. These data reveal
improvements in some aspects of neurological function at early
timepoints after stroke with curcumin.

Curcumin Treatment Inhibits M1
Polarization and Promotes M2 Polarization
of Microglia
Polarization of microglia plays a critical role in the pathological
progression of ischemic stroke (Hu et al., 2012). Thus, the
effect of curcumin on microglial polarization was examined
by RT-PCR. RNA samples were prepared from dMCAO mice
treated with curcumin or vehicle. As shown in Figure 3, the
expression of M1 markers (TNF-α, IL-12, CD16, CD32 and
iNOS) and M2 markers (Arg-1 and YM1/2) were all significantly
increased in vehicle-treated stroke mice 3 days after dMCAO.
Curcumin treatment significantly inhibited this increase of
M1 markers and enhanced the expression of M2 markers 3 days
after dMCAO (Figure 2).

To further assess whether curcumin regulates microglial
polarization in the brain after dMCAO, brain sections
were double-stained for Iba-1 (microglial marker) and
CD16 (M1 marker) or CD206 (M2 marker). As shown in
Figures 4A,C, the percentage of CD16+Iba-1+ cells among
total Iba-1+ microglia/macrophages was significantly higher in
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FIGURE 3 | Curcumin treatment inhibits M1 polarization and promotes M2 polarization of microglia/macrophages 3 days after dMCAO. Mice were subjected to
dMCAO. Curcumin (150 mg/kg) or the same volume of vehicle was intraperitoneally injected into mice at 0h and 24 h after dMCAO. Brain samples were collected 3
days after dMCAO. mRNA expression of M1 microglia/macrophage signature genes (TNF-α (A), IL-12 (B), CD16 (C), CD32 (D), and iNOS (E)) and M2 signature
genes (CD206 (F), Arg-1(G), and YM1/2 (H)) were measured by RT-PCR. Data are means ± SEM. n = 5 animals per group. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs.
sham; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. vehicle-treated, one-way ANOVA followed by Bonferroni post hoc test.

vehicle-treated mice compared to curcumin-treated stroke mice.
Moreover, curcumin administration significantly increased
the percentage of CD206+Iba-1+ M2 microglia/macrophages
after dMCAO (Figures 4B,D). Taken together, these results
demonstrate that curcumin treatment promotes M2 polarization
and inhibits M1 polarization after stroke, consistent with its
neuroprotective properties.

Administration of Curcumin
Promotes M2 Polarization and Inhibits
M1 Polarization In Vitro
The BV2 microglial cell line was used to further determine
the effects of curcumin on microglial polarization. First, we
performed the LDH assay to determine curcumin cytotoxicity
in BV2 microglia cells (Figure 5A). Treatment with 6.25, 12.5
and 25 µmmol/L curcumin showed no significant effects on
microglial survival. Treatment with 35 µmmol/L curcumin
exerted a significantly cytotoxic effect on BV2 microglia cells.
Therefore, the 12.5 and 25 µmol/L concentrations were selected
for further experiments.

BV2 microglial cells were treated with LPS (100 ng/mL) and
IFN-γ (20 ng/mL) for 48 h to induce the M1 phenotype. As
shown in Figures 5B–E, the mRNA expression of M1 markers
(TNF-α, IL-12, CD16 and CD32) was increased significantly
in BV2 microglia after stimulation with LPS and IFN-γ, but
markedly reduced after treatment with 12.5 or 25 µmmol/L
curcumin. However, the mRNA expression of iNOS (M1 marker,
Figure 5F) was drastically upregulated by LPS and IFN-γ
and not significantly reduced with curcumin. In contrast
to the upregulation of M1 markers with LPS and IFN-γ,
the mRNA expression of M2 markers (CD206 and Arg-1)
was reduced by these two pro-inflammatory stimuli. The

12.5 or 25 µmmol/L concentrations of curcumin partially
reversed this reduction of CD206 expression (Figure 5G),
but showed only marginal effects on Arg-1 expression
(Figure 5H). We conclude that most, but not all, M1 markers
are almost completely inhibited by curcumin treatment in
stimulated microglial cells, whereas M2 markers are partially
upregulated.

Administration of Curcumin Significantly
Reduces Pro-Inflammatory Cytokines in
LPS + IFN-γ-Stimulated BV2 Cells
Next, we performed ELISAs to measure the release of
pro-inflammatory cytokines in LPS + IFN-γ-stimulated
BV2 cells. LPS and IFN-γ dramatically increased the
production of pro-inflammatory cytokines from BV2 cells,
including TNF-α, IL-12p70, IL-6, IL-2 and IL-1β (Figure 6).
Curcumin treatment significantly reduced the production
of pro-inflammatory cytokines including TNF-α, IL-12p70
and IL-6. However, the secretion of IL-1β and IL-2 was
not dramatically attenuated with curcumin administration
at 12.5 or 25 µmmol/L. Taken together, our in vitro data
demonstrate that curcumin promotes M2 polarization
and inhibits M1 polarization of microglia, and inhibits
production of pro-inflammatory cytokines from M1-stimulated
microglia. Collectively, these findings suggest a titration
of polarization status by curcumin, both in vivo and
in vitro.

DISCUSSION

Curcumin is a natural compound deemed as safe for
ingestion by animals and humans by the Food and
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FIGURE 4 | Curcumin treatment enhances M2 polarization and suppresses M1 polarization of microglia in the ischemic cortex at 10 days after dMCAO.
Representative double-immunofluorescence staining for CD16 or CD206 and Iba-1 markers in brain sections obtained from curcumin or vehicle-treated mice 10
days after dMCAO, or from sham-operated mice. Scale bar: 50 µm. Blue squares in the schematic diagram illustrate the anatomical location of images in the
ipsilateral peri-infarct cortex. (A) Cortex sections co-stained for CD16 (M1 marker) (green) and Iba-1(red). (B) Cortex sections co-stained for CD206 (M2 marker)
(green) and Iba-1 (red). (C) Quantification of the percentage of CD16+ Iba-1+ cells among total Iba-1+ cells. (D) Quantification of the percentage of CD206+/Iba-1+

cell among total Iba-1+ cells. Data are means ± SEM. n = 6 animals per group. ###p < 0.001 vs. vehicle-treated group, Student’s two-tailed t test.

FIGURE 5 | Curcumin inhibits M1 polarization and promotes M2 polarization in lipopolysaccharide (LPS) and interferon-γ (IFN-γ)-activated BV2 microglial cells.
(A) lactate dehydrogenase (LDH) cell cytotoxicity assay in BV2 cells cultured with vehicle or 6.25, 12.5, 25 and 35 µmmol/L curcumin. (B–H) BV2 microglia were
stimulated with LPS (100 ng/mL) and IFN-γ (20 ng/mL), and then treated with vehicle or 12.5 and 25 µmmol/L curcumin. The mRNA expression of M1 markers
(TNF-α (A), IL-12p70 (B), CD16 (C), CD32 (D) and iNOS (E)) and M2 markers (CD206 (G) and Arg-1 (H)) were examined by RT-PCR. Data are means ± SEM.
n = 6 per group. Samples were collected from six independent experiments, each performed in duplicate. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, one-way ANOVA
followed by Bonferroni post hoc test.

Drug Administration (FDA). The therapeutic potential of
curcumin has been reported in many diseases, including
cancer and neurodegenerative disorders (Pluta et al., 2015;

Panda et al., 2017). A growing number of reports suggest
that curcumin can protect against stroke-induced brain
damage (Thiyagarajan and Sharma, 2004; Lin et al., 2016;
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FIGURE 6 | Curcumin suppresses inflammatory cytokines in LPS and
IFN-γ-treated BV2 microglia. BV2 microglia were stimulated with LPS
(100 ng/mL) and IFN-γ (20 ng/mL), and then treated with vehicle or 12.5 and
25 µmmol/L curcumin. The concentrations of inflammatory cytokines (TNF-α
(A), IL-12p70 (B), IL-6 (C), IL-2 (D), and IL-1β (E)) were measured by ELISA.
Data are means ± SEM. Samples were collected from six independent
experiments, each performed in duplicate. ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001, one-way ANOVA followed by Bonferroni post hoc test.

Miao et al., 2016; Altinay et al., 2017). In the present study,
we reported that curcumin treatment not only ameliorated
infarct volumes, but also improved multiple aspects of
neurological function at early timepoints after ischemic
stroke.

Our previous study revealed an elevation of both M1 and
M2 markers in microglia/macrophages after ischemic stroke,
with an early M2-dominant phenotype and a later transition
into M1-dominant responses (Hu et al., 2012). Different
microglial phenotypes are well known to exert distinct effects
on stroke pathology and brain repair (Hu et al., 2012, 2015).
M1 microglia are known to release inflammatory cytokines
(TNF-α, IL-1β, IL-6, iNOS and IL-12), which accelerate cell

death and aggravate local inflammation (Girard et al., 2013).
In contrast, M2 polarization upregulates anti-inflammatory
or reparative factors and protects the ischemic brain. The
lack of necessary endogenous signals for M2 induction is
known to worsen outcomes after cerebral ischemia (Lee et al.,
2016; Liu X. et al., 2016; Yang et al., 2017). For example,
IL-4 deficient mice display less long-term functional recovery
after ischemic stroke (Liu X. et al., 2016). Thus, shifting
microglia from the M1 phenotype toward M2 may be an
effective therapeutic strategy for ischemic stroke. Notably,
we discovered that curcumin can shift microglia/macrophage
polarization toward the neuroprotective and tissue-reparative
M2 phenotype in the ischemic brain. In vitro studies in
a microglial cell line confirm a direct effect on microglial
polarization. Similarly, curcumin treatment inhibited cerebral
inflammation in the ischemic brain in vivo. In agreement
with our results, several recent studies demonstrated
that curcumin induced macrophage polarization toward
M2, and this was accompanied by an inhibition of local
inflammatory responses (Gao et al., 2015; Karuppagounder et al.,
2016).

Although the mechanisms whereby curcumin promotes
microglial M2 polarization are not yet clear, several signaling
pathways critical for microglial phenotype regulation may
be activated by curcumin. For example, curcumin inhibited
the phosphorylation and activation of STAT1 and STAT3
(Qin et al., 2012)—known to be important for microglial
M1 polarization—in gangliosides, LPS, or IFN-γ activated
microglia (Kim et al., 2003). In addition, miRNA 155 enhances
M1 polarization and suppresses the expression of M2 signature
genes (Cai et al., 2012; Moore et al., 2013) and is downregulated
by curcumin treatment in LPS-treated macrophages and
LPS-treated mice (Ma et al., 2017). Further studies are warranted
to confirm the involvement of these mechanisms in curcumin-
afforded neuroprotection and microglial phenotypic regulations
in stroke models.

Similar to other polyphenols, curcumin is known to possess
pleiotropic activities (Gupta et al., 2012). Previous studies
performed in stroke models have shown that curcumin exerts
diverse neuroprotective functions, including antioxidative effects
(Thiyagarajan and Sharma, 2004; Yang et al., 2009; Wu
et al., 2013), regulation of neuronal (and other cell) apoptosis
(Zhao et al., 2008, 2010; Altinay et al., 2017), promotion of
mitochondrial biogenesis (Liu et al., 2014), and enhancement
of neurogenesis (Liu S. et al., 2016). The present study
demonstrates that curcumin reduces ischemic stroke-induced
brain damage and improves several functional outcomes. Our
in vivo and in vitro studies suggest that curcumin has a
profound regulatory effect on microglial responses, promoting
M2 microglial polarization and inhibiting microglia-mediated
pro-inflammatory responses. Thus, curcumin and perhaps
other polyphenols may be ‘‘physiology tuners’’ that, among
other beneficial functions, balance the equilibrium between
M1 and M2 polarization states to elicit a wide range of
protective effects. This multi-targeting characteristic of curcumin
may underlie its efficacy in models of ischemic brain injury
and justifies further investigation. Finally, the advent of new
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delivery systems might help increase the bioavailability and
pharmacokinetic activity of curcumin (Panda et al., 2017),
which would facilitate the translation of this compound to the
clinic.
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Microglia, the immunocompetent cells of the central nervous system (CNS), act

as neuropathology sensors and are neuroprotective under physiological conditions.

Microglia react to injury and degeneration with immune-phenotypic and morphological

changes, proliferation, migration, and inflammatory cytokine production. An uncontrolled

microglial response secondary to sustained CNS damage can put neuronal survival

at risk due to excessive inflammation. A neuroinflammatory response is considered

among the etiological factors of the major aged-related neurodegenerative diseases of

the CNS, and microglial cells are key players in these neurodegenerative lesions. The

retina is an extension of the brain and therefore the inflammatory response in the brain

can occur in the retina. The brain and retina are affected in several neurodegenerative

diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), and glaucoma.

AD is an age-related neurodegeneration of the CNS characterized by neuronal and

synaptic loss in the cerebral cortex, resulting in cognitive deficit and dementia.

The extracellular deposits of beta-amyloid (Aβ) and intraneuronal accumulations of

hyperphosphorylated tau protein (pTau) are the hallmarks of this disease. These deposits

are also found in the retina and optic nerve. PD is a neurodegenerative locomotor

disorder with the progressive loss of dopaminergic neurons in the substantia nigra. This

is accompanied by Lewy body inclusion composed of α-synuclein (α-syn) aggregates.

PD also involves retinal dopaminergic cell degeneration. Glaucoma is a multifactorial

neurodegenerative disease of the optic nerve, characterized by retinal ganglion cell

loss. In this pathology, deposition of Aβ, synuclein, and pTau has also been detected

in retina. These neurodegenerative diseases share a common pathogenic mechanism,

the neuroinflammation, in which microglia play an important role. Microglial activation

has been reported in AD, PD, and glaucoma in relation to protein aggregates and

degenerated neurons. The activated microglia can release pro-inflammatory cytokines
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which can aggravate and propagate neuroinflammation, thereby degenerating neurons

and impairing brain as well as retinal function. The aim of the present review is to

describe the contribution in retina to microglial-mediated neuroinflammation in AD, PD,

and glaucomatous neurodegeneration.

Keywords: microglia, neuroinflammation, Alzheimer’s Disease, Parkinson, glaucoma, retina, beta-amyloid,

synuclein

INTRODUCTION

Alzheimer’s Disease (AD) and Parkinson’s Disease (PD) are the
most common neurodegenerative disorders (de Lau and Breteler,
2006). AD involves progressive memory loss and dementia
(Sharma and Lipincott, 2017), while the PD is a chronic and
progressive movement disorder (Orr et al., 2002). Glaucoma, a
neurodegenerative disease of the optic nerve, is characterized
by death of retinal ganglion cells (RGCs) (de Hoz et al., 2016).
Recently, neurodegenerative lesions have been detected in the
intracranial optic nerve, the lateral geniculate nucleus, and the
visual cortex (Gupta et al., 2006, 2007), suggesting that this
pathology could be grouped as a neurodegenerative disease
(Yucel et al., 2003).

AD is a neurodegenerative disorder related to age, in
which neuronal and synaptic losses in the cerebral cortex
lead to cognitive impairment, behavioral deficits and
dementia (Ghiso et al., 2013). The major pathology related
to AD is the extracellular deposit of β-amyloid (Aβ) in
the form of parenchymal plaques and cerebral amyloid
angiopathy co-existing with intraneuronal accumulations of
hyperphosphorylated tau (pTau) (neurofribillary tangles) (Ghiso
et al., 2013).These deposits can induce neuronal death by
apoptosis (Garcia-Ospina et al., 2003). Initially, it was thought
that age was the main risk factor for this disease. However, it
is now known to have a multifactorial origin and it seems to
result from a complex interaction of multiple environmental
and genetic factors (Wostyn et al., 2010). AD has been related
to genetic mutations, among them in the gene encoding the Aβ

precursor protein peptide, mutations in the presenilins genes
(Calabrese et al., 2001) and the presence of the APOE ε4 allele
(Martínez-Lazcano et al., 2010). In addition, AD is frequently
associated with vascular dysfunctions and inflammation
(Dudvarski Stankovic et al., 2016).

PD is characterized by the progressive loss of dopaminergic
neurons in the substantia nigra pars compacta and the nerve
terminals in the striatum (Dauer and Przedborski, 2003).
The clinical symptoms of PD are mainly motor problems,
including bradykinesia, rigidity, tremors, and postural instability.
In addition, PD presents non-motor symptoms including
disorganized speech and altered moods (Fakhoury, 2016). The
loss of neurons is accompanied by abnormal intracytoplasmic
filamentous aggregates called Lewy bodies. These aggregates
(deposited in somas and axons) are constituted by α-syn,
parkin, phosphorylated neurofilament and components of the
protheosomic-ubiquitin pathway (Orr et al., 2002). The main
etiological factors proposed for PD are aging, environmental
toxins, and genetic factors. Neurodegeneration could be due to

exposure to dopaminergic neurotoxins e.g., herbicides (MPTP),
insecticides (Rotenone), and metals (Hernández-Montiel, 2006).
Genetic factors include mutations in α-syn (Olanow and
Tatton, 1999; Pérez and Arancibia, 2007), while mitochondrial
dysfunction and oxidative stress may also act by causing the
accumulation of misfolded proteins (Dauer and Przedborski,
2003).

Glaucoma is an age-related multifactorial neurodegenerative
disease of the optic nerve, with an irreversible decrease in
RGCs, causing a visual-field loss and cupping of the optic nerve
head (Quigley et al., 1988). In glaucoma, increased intraocular
pressure (IOP), vascular dysregulation, and the immune system
activation can trigger several changes in retina and optic
nerve including: disrupted axonal transport and neurofilament
accumulation, microvascular abnormalities, extracellular matrix
remodeling, and glial cell activation. These alterations can
lead to secondary damage such as, excitotoxicity, neurotrophin
deprivation, oxidative damage, mitochondrial dysfunction, and
eventually RGC death (Nickells, 1999; Gallego et al., 2012). In
addition, there is a dendritic atrophy of the lateral geniculate
nucleus, the site to which the RGC axons project (Gupta et al.,
2007; Park and Ou, 2013).

The AD, PD and glaucoma share certain biological features,
for example: (i) they are slow and chronic neurodegenerative
disorders with a strong age-related incidence; (ii) they have
similar mechanisms of cell injury and deposition of protein
aggregates in specific anatomical areas (Wostyn et al., 2010;
Kaarniranta et al., 2011; Ghiso et al., 2013); and (iii) death occurs
in one or more populations of neurons (RGCs in glaucoma,
hippocampal and cortical neurons in AD and nigrostriatal
dopaminergic neurons in PD) (Mattson, 2000). Although the
exact mechanism bringing about this neuronal death remains
unknown, these neurodegenerative disorders seem to have
pathogenic mechanisms in common. These mechanisms include:
oxidative stress (Uttara et al., 2009), mitochondrial dysfunction
(Lee et al., 2011; Lascaratos et al., 2012; Chrysostomou et al.,
2013), alterations in the ubiquitin-proteasome system (Campello
et al., 2013), abnormal accumulation of misfolded proteins,
glutamate excitotoxicity (Gazulla and Cavero-Nagore, 2006;
Guimaraes et al., 2009), and glial activation and inflammation
(Verkhratsky et al., 2014; Brown and Vilalta, 2015). These
mechanisms could act individually or synergistically (Ghiso et al.,
2013).

Inflammation is a defensive process of the body against
damage that seeks to restore tissue integrity. Neuroinflammation,
the inflammation of central nervous system (CNS), is essential
to protect the tissue. However, uncontrolled and prolonged
neuroinflammation is potentially harmful and can cause cellular
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damage. The astrocytes and microglia could play a major role
in the neuroinflammation associated with neurodegenerative
diseases (Cherry et al., 2014). The presence of reactive astrocytes,
the microglial activation, and the release of inflammatory
mediators such as cytokines, reactive oxygen species (ROS), nitric
oxide (NO), and Tumor Necrosis Factor-α (TNF-α) could cause
a state of chronic inflammation that may exert neurotoxic effects
(Cuenca et al., 2014).

The neuroinflammatory process occurs not only in the brain,
but also in the retina, which is a projection of the CNS. The
retina and brain are associated over a range of neurological and
neurovascular conditions of varying etiologies, because the retina
and brain are similar, and respond similarly to disease. Thus, it
has been described that the retina is a “window to the brain,”
and the manifestation of disease in the brain is the same as in
the retina (MacCormick et al., 2015). The neuroinflammatory
changes could be observed using optical coherence tomography
(OCT), a routinely diagnostic techniques used in ophthalmology.
This technique provides anatomic detail of pathological changes
in the retina and optic nerve. Changes in OCT measurements
have been used to study the course of particular neurologic
diseases such AD (Garcia-Martin et al., 2014; Maldonado et al.,
2015; Salobrar-Garcia et al., 2015, 2016a,b), PD (Yu et al., 2014;
Stemplewitz et al., 2015; Boeke et al., 2016; Satue et al., 2017), and
glaucoma (Leung, 2016; Fallon et al., 2017), suggesting that the
data compiled may be useful as a biomarker in diagnosing and
treating neurodegenerative disease.

The aforementioned data underline the importance of
knowing the function of inflammatory processes in the retina of
neurodegenerative diseases (AD, PD, and glaucoma), especially
the contribution to microglial-mediated neuroinflammation.

MICROGLIAL ACTIVATION

In neurodegenerative diseases, neuroinflammation constitutes
a fundamental process in which microglial cells play a key
role (Glass et al., 2010). Microglial cells are CNS resident
immune cells which have sensor and effector functions as well
as phagocytic capacity (Streit et al., 2005). In the developing
of CNS these cells enter from the bloodstream, develop
from monocytes, and differentiate into microglia. Thus, they
maintain numerous cellular antigens present inmacrophages and
monocytes (Ransohoff and Cardona, 2010). Microglia express
CD11b/c, D45low, and the chemokine fractalkine receptor
(CX3CR1) (Dudvarski Stankovic et al., 2016). These cells
survey the CNS in order to detect homeostasis alteration and
they respond accordingly, combining a defensive service with
neuroprotective functions (Verkhratsky and Butt, 2013).

In addition to the immune functions, microglia have an
essential role in the physiology and survival of neurons.
Fractalkine, involved in indirect neuroprotection, is released
by neurons and the receptor is expressed by microglia, their
interactions constituting a neuron-microglial signaling system
(Ransohoff and El Khoury, 2015). The fractalkine expressed
by neurons can induce adenosine release from microglia. This
adenosine (via adenosine A1 receptor) can activate survival

pathways in neurons sensitive to excitotoxicity challenge (Lauro
et al., 2008, 2010). The signaling mediated by CX3CR1 could
regulate microglial behavior in the neurodegenerative diseases.

The presence of protein aggregates in the CNS is a common
feature of most neurodegenerative disorders. These aggregates
are identified by the Toll-like receptors (TLRs) which are
danger-signal sensors. Microglial cells express these receptors
(TLR1-TLR9) and their co-receptors, which promote microglial
activation (Gonzalez et al., 2014). Concretely, TLR4 and TLR2
are associated with both neuro-inflammation and clearance of
protein aggregates in neurodegenerative disorders (Jack et al.,
2005).

Microglia constitute the first line of immune defense in
CNS. After injury these cells become activated and in this state
change their morphology, proliferate, migrate to the damage
sites, modify the expression of enzymes and receptors, and
release a variety of inflammatory factors, such as NO, tumor
necrosis factor (TNF-α), interleukin (IL-6) among others (Magni
et al., 2012). The morphology of activated microglia includes a
retraction of processes, enlargement of the soma, and increased
expression of myeloid cell markers (Ransohoff and Cardona,
2010). In their state of high activation, microglial cells acquire
an amoeboid morphology and act like macrophages, engulfing
debris (Brown and Neher, 2014). Excessive microglia activation
might prompt the release of cytotoxic factors, causing neuronal
damage, which could accelerate the progression of some CNS
diseases.

Microglial cells may undergo two different kinds of activation
in response to infections or injuries. The first is a neurotoxic
phenotype called M1-like. This phenotype generates a massive
inflammatory response releasing interleukin-1β (IL-1β), IL-
12, TNF-α and inducible nitric oxide synthase (iNOS). M1
microglial cells present amoeboid morphology as well as high
phagocytic capacity and motility (Varnum and Ikezu, 2012;
Gonzalez et al., 2014; Jones and Bouvier, 2014). However, in
certain circumstances, the neuroinflammation can help stimulate
myelin repair or remove toxic aggregated proteins and cell
debris from CNS (Ding et al., 2004; Simard et al., 2006; Glezer
et al., 2007). After this acute M1 activation, microglial cells
can suffer an uncontrolled activation leading to a state of
chronic inflammation. In this state, microglia release neurotoxic
inflammatory factors (TNF-α, IL-1α, IL-1β, IL-6, NO, hydrogen
peroxide, superoxide anion, chemokines, and glutamate), which
lead to neuronal death (Block et al., 2007; Lull and Block, 2010;
Burguillos et al., 2011; Kettenmann et al., 2011; Gordon et al.,
2012).

The second microglial phenotype, M2-like, secrete anti-
inflammatory mediators and neurotrophic factors, thus inducing
a supportive microenvironment for neurons (Kettenmann et al.,
2011). The M2 microglial cells are characterized by thin cellular
bodies and ramified processes (Menzies et al., 2010; Komori
et al., 2011; Varnum and Ikezu, 2012; Jones and Bouvier, 2014;
Zhou et al., 2014). These cells can release anti-inflammatory
cytokines including IL-4, IL-13, IL-10, TGF-β and neurotrophic
factors, such as insulin-like growth factor 1 (IGF-1) to assist
inflammation resolution and promote neuron survival (Suh et al.,
2013; Tang and Le, 2016). M2 microglia are the major effector
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cells with the potential to dampen pro-inflammatory immune
responses and promote the expression of repair genes (Tang
and Le, 2016). The change of microglia between M1 and M2
phenotypes is a dynamic process and microglial activation can
switch from M2 to M1 phenotype during the course of disease
(Cherry et al., 2014).

Recently, it has been reported that microglia release
extracellular microvesicles (Evs) by exocytosis. These
microvesicles are involved in all immune activities and can
be protective or detrimental, affecting some pathologies of
the CNS. EVs have a heterogeneous molecular composition,
including receptors, integrins and cytokines, bioactive lipids,
miRNA, mRNA, DNA, and organelles, being similar to their
parental cells. They can be detected in the plasma and other
biological fluids such as the cerebral spinal fluid (CSF). The
microglial EVs representing a “liquid biopsy” of their parental
cells, and could provide information on the functional phenotype
(protective or damaging) of microglial cells over the course of
neurodegeneration (Nigro et al., 2016).

Microglia and astrocytes are the main innate immune effector
cells in the CNS (da Fonseca et al., 2014). Under pathological
conditions, astrocytes and microglia can collaborate to induce
an inflammatory response. After injury, astrocytes produce
cytokines and chemokines (CCL2, CXCL1, CXCL10, GM-CSF,
and IL-6), which activate microglia and recruit peripheral
immune cells to the CNS. By contrast, a recent report has
described an astrocyte subtype A1 that is abundant in AD
and PD and other human neurodegenerative diseases. Activated
microglia can induce A1 astrocytes by secreting IL-1α, TNF, and
C1q, and this type of astrocyte contribute to the death of neurons
in the neurodegenerative disorders and could be analog to the
M1-like phenotype microglia (Liddelow et al., 2017).

Microglia, together with endothelial cells, pericytes, and
astrocytes, form the functional blood-brain barrier (BBB)
that selectively separates the brain parenchyma from blood
circulation. In this perivascular location, the microglia survey
the influx of blood-borne components entering the CNS.
The activated microglia can induce the dysfunction of the
BBB, being correlated with the disruption of the BBB in the
neurodegenerative diseases (Dudvarski Stankovic et al., 2016).
During inflammatory conditions, innate immune cells (DCs,
neutrophils, monocytes, and natural killer cells) and adaptive
immune cells (activated B cells together with CD4+ and CD8+ T
cells) are recruited by chemoattractants to cross the BBB from the
periphery. The presence of this cellular infiltrate in the CNS can
directly or indirectly provoke neuroinflammation by producing
pro-inflammatory cytokines/chemokines. All this could generate
oxidative stress, which leads to neuronal death. In addition,
activated microglia are capable of upregulating CD11c, MHC I,
and MHC II to act as antigen-presenting cells, which activate T
cells. This activation would in turn damage the nervous system
(Xu et al., 2016).

As mentioned above, during the inflammatory process, there
is a are released of cytokines. Cytokines bind to receptors in
the microglia and activate the JAK/STAT signaling pathway (Yan
et al., 2016). This pathway plays a critical role in the initiation and
regulation of innate immune responses and adaptive immunity

(Yan et al., 2016). Although the same JAK/STAT components
are used, the gene expression in response to a specific cytokine,
depending on the cell type (van Boxel-Dezaire et al., 2006).
This pathway constitutes a pattern-recognition system by which
microglial cells respond to foreign antigens and inflammation in
the CNS (Hanisch and Kettenmann, 2007).

In microglial cells, other receptors called the “triggering-
receptors-expressed-on-myeloid-cells” (TREM) are thought
to play a central role in the immune-system regulation and
inflammation. The signaling pathway TREM2 regulates
apoptosis, the immune response, and phagocytic activity. Brain
homeostasis without inflammation depends on eliminating
extracellular aggregates and apoptotic debris, this being mediated
by the TREM2/DAP12 receptor complex (Han et al., 2017). The
signaling pathway TREM2 regulates the apoptosis, the immune
response, and the phagocytic activity. This pathway, induced in
the microglial cells by anti-inflammatory cytokines, is modulated
by CD33 and is down-regulated by agonists of TLR2, 4, and 9,
as well as by inflammatory stimuli such as lipopolysaccharides
and RNA interference. An overexpression of TREM2 promotes
phagocytosis and reduces the pro-inflammatory response (Han
et al., 2017). This receptor is a critical regulator of microglia and
macrophage phenotype and is involved in neurodegenerative
diseases (Andreasson et al., 2016).

After damage, microglia transform into active phagocytes.
These cells migrate to the damaged area and adopt an amoeboid
morphology, releasing both pro- and anti-inflammatory
molecules. They also have the capacity to remove apoptotic
cells and debris. As mentioned above, for phagocytosis to occur
the expression of specific receptors on the microglial surface
is necessary. The principal receptors are the TLRs, which have
high affinity for pathogens, and TREM2, which recognizes
apoptotic cellular substances (Hsieh et al., 2009). In addition,
other receptors also participate in cell-debris clearance (Fc
receptors, complement receptors, scavenger receptors (SR),
pyrimidinergic receptors P2Y, G-protein coupled,6 (P2RY6),
macrophage antigen complex 2 (MAC-2), mannose receptor,
and low-density lipoprotein receptor-related protein (LRP) (Fu
et al., 2014).

Although microglia are the main agents responsible for
phagocytosis of cell debris in the CNS, the complement
system can play a primordial role in removing damaged
and apoptotic cells (Fakhoury, 2016). Microglial cells can
activate the complement by local secretion of the complement
component from both the classical and the alternative
pathway and also express C3 and C5 (Luo et al., 2011).
The complement also participates in the physiological process,
termed synaptic pruning. The synapses and axons have to be
labeled by complement components C1q and C3 before being
phagocytosed, which prompts their selective recognition by
microglial cells (Paolicelli et al., 2011; Linnartz et al., 2012;
Schafer et al., 2012).

Given the central role ofmicroglial cells in neurodegeneration,
the evaluation of activated microglia in vivo is an important
approach. Positron emission tomography (PET) is the
most widely used in vivo method for detecting microglial
activation (Owen and Matthews, 2011; Mirzaei et al., 2016).
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It has been found that activated microglia and astrocytes
overexpress mitochondrial translocator protein (TSPO) within
or surrounding senile plaques. Thus, it has been proposed
that neuroimaging of TSPO using PET is a good marker of
neuroinflammation (Cosenza-Nashat et al., 2009; Pasqualetti
et al., 2015).

AD AND MICROGLIA

The primary pathogenic process in AD is the accumulation
of Aβ protein. This protein aggregates into extracellular
amyloid plaques, which are the hallmark of this pathology
(Southam et al., 2016). The amyloid hypothesis for AD is
based on a linear, quantitative, centered neuron model. This
model postulates that the initial deposition of Aβ triggers
mechanisms that progressively lead to Tau pathology,
synaptic dysfunction, inflammation, neuronal loss and
finally to dementia (De Strooper and Karran, 2016).
Recently, evidence has been reported that Aβ protein acts
by increasing tau pathology through the formation of tau
species capable of producing new aggregates (Bennett et al.,
2017).

After acute inflammatory damage, the brain glial cells
respond to repair the tissue. If the stimulus persists, it
produces an inflammatory chronic state that leads to neuronal
dysfunction, injury, and loss (Streit et al., 2004; Calsolaro
and Edison, 2016). As mentioned before, inflammation is
one of the possible causes in the development of AD
(Wyss-Coray, 2006). The increase in Aβ deposition induces
the activation of astrocytes as well as microglia (Cagnin
et al., 2001). These activated cells can release both pro- and
anti-inflammatory mediators, leading to a state of chronic
inflammation in the tissue. This inflammation not only occurs
in response to Aβ deposition, but is also capable of generating,
via feedback mechanisms, more Aβ while weakening the
mechanisms responsible for its elimination (Parpura et al.,
2012).

The Soluble Aβ oligomers and Aβ fibrils can react to
various receptors expressed bymicroglia, including CD14, CD36,
CD47, α6β1 integrin, class A scavenger receptor, receptor
for advanced glycosylation end products (RAGE) and TLRs
(Stewart et al., 2010). The RAGE is an important cell-
surface receptor for Aβ in the endothelial cells, neurons, and
microglia, and increased expression in these cell types has been
demonstrated in AD (Yan et al., 1996). The interaction of
Aβ with RAGE causes oxidative stress in neurons, enhances
inflammatory responses in microglia, and is involved in
reversed transport of Aβ across the BBB in endothelial cells
(Deane et al., 2012). The binding of Aβ to CD36 (cell
surface microglial co-receptor) promotes the TLR4 and/or TLR6
phosphorylation and activation, resulting in the production
of inflammatory cytokines and chemokines (Stewart et al.,
2010).

Recently, an alternative pathway has been described for
intracellular signaling produced by the binding of Aβ to
microglial cells, activating NLRP3 inflammasome (Heneka

et al., 2013; Sheedy et al., 2013). NLRP3 inflammasome
is an intracellular protein complex. Their assembly and
activation regulates activation of caspase-1, which catalyzes
the cleavage and activation of proinflammatory cytokines
of the IL-1β family, promoting the secretion of these,
now biologically active, cytokines. These cytokines could
induce neuronal degeneration (Gold and El Khoury, 2015).
In addition, NLRP3 inflammasome activation reduces
phagocytosis of Aβ by microglial cells, thus increasing
the Aβ depositions and contributing to the pathogenesis
of AD (Garlanda et al., 2013; Gold and El Khoury,
2015).

Microglial cells are important for the normal functioning
of neurons in the CNS. They provide trophic support to
neurons and regulate synapses. The altered microglial behavior
could induce neuronal degeneration in AD (Southam et al.,
2016). During development, microglia are involved in synapse
elimination and these mechanisms may be aberrantly reactivated
in the aged brain, contributing to the synapse loss in AD. The
synapse loss in the hippocampus and association cortices is an
early hallmark of AD and strongly correlates with cognitive
impairment (Hong et al., 2016). In the healthy development of
the brain, the proteins of complement participate in synapse
pruning. Synapses to be cleared express C3 and binding to
CR3 on microglia, resulting in microglial phagocytosis of the
synapse (Schafer et al., 2012; Southam et al., 2016). In the healthy
adult brain, these complement components are downregulated.
However, in aging brains, C1q and C3 are highly upregulated
and are deposited on synapses, particularly in the hippocampus,
the most vulnerable region in the synapse loss in AD (Bialas
and Stevens, 2013). These findings highlight the importance
of complement regulation for normal synaptic maintenance
(Southam et al., 2016). In addition, it has been shown that Aβ can
bind and regulate the expression and localization of complement
proteins in the AD brain. An upregulation has been observed in
the complement proteins (C1q, C3, and C4) localized in senile
plaques also known as neuritic plaques (Hong et al., 2016).

Microglial cells can use additional mechanisms for synapsis
regulation. The release of brain-derived neurotrophic factor
(BDNF) by microglial cells induces synaptic pruning. However,
the depletion of this factor in the microglia results in learning
and memory impairment (Parkhurst et al., 2013). The activation
of the fractalkine receptor (CX3CR1) inmicroglial cells, increases
synaptic strength. However, deficiency in this receptor results in
a reduced hippocampal synaptic plasticity (Rogers et al., 2011;
Clark et al., 2015).

It has been reported that in the later stages of AD, there is
destruction of axons, dendrites, and synapses, in which microglia
has a relevant role (Parpura et al., 2012). In AD brains reactive
microglia has been found colocalized with amyloid plaques.
In addition, the reactive astrocytes accumulate around senile
plaques next to the activated microglia (Heneka et al., 2015). In
brain, astrocytes as well as microglia are capable of capturing Aβ

for degradation (Pihlaja et al., 2011). In AD patients, astrocytes
in the entorhinal cortex accumulate Aβ, this accumulation being
positively correlated with the extent of AD (Nagele et al., 2003).
Moreover, astrocytes can also induce microglia to perform Aβ
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phagocytosis by regulating the release of the apo E and the
ATP-binding cassette (ABCA) protein. Studies in vitro have
demonstrated that microglial phagocytosis of Aβ is more effective
in the presence of supernatants derived from astrocytes (Terwel
et al., 2011). In AD, mutations in ABCA7 can cause a loss
of receptor activity, resulting in reduced microglia phagocytic
function (Southam et al., 2016).

Microglial senescence can enhance the sensitivity of microglia
to inflammatory stimuli; this phenomenon is called “priming”
(Heneka et al., 2015). In addition, aged microglia show reduced
phagocytic capacity. This process could be due partly to a
reduction in the ability of microglia to recognize phagocytic
targets (Udeochu et al., 2016). Both inflammation and reduced
microglial phagocytic capacity in AD can contribute to the
decline in synaptic plasticity observed in this pathology (Ritzel
et al., 2015; Udeochu et al., 2016).

In AD, protein aggregation is caused by declining of protein
homeostasis (proteostasis) (Mosher and Wyss-Coray, 2014).
As mentioned above, Aβ deposits can attract and activate
microglia. Presumably, microglial proliferation around plaques
could serve as a line of defense to limit the deposition of
amyloid. Nonetheless, it seems that microglial cells clustered
around Aβ− deposits have become incapable of removing the
amyloid (Calsolaro and Edison, 2016). The sustained exposure
to cytokines, chemokines and Aβ, could be responsible for the
functional impairment of microglial cells located around Aβ−

deposits (Heneka et al., 2015). In addition, microglial-specific
genetic alterations may be related to this microglial dysfunction.
The expression of beclin 1, a protein associated with autophagy
pathway, is reduced in the brain of patients with AD, leading to
disruption in phagocytosis and retromer-mediated recycling of
the phagocytic receptors CD36 and TREM2 inmicroglia (Mosher
and Wyss-Coray, 2014).

Similarly, mutations in TREM2 can trigger the loss of
phagocytic capacity in microglial cells. TREM2 inhibits pro-
inflammatory cytokine production, facilitates phagocytosis and
promotes cell survival. Thus, TREM2 dysfunction could induce
the loss of the homeostasis in the tissue (Painter et al., 2015).
Missense mutations in TREM2 lead to a significant risk of
developing AD (Jonsson et al., 2013; Meyer-Luehmann and
Prinz, 2015).

As mentioned above, in AD the Aβ peptide that is aggregated
extracellularly in the neuritic plaques produces an inflammatory
environment and a chronic activation of microglial and astroglial
cells (D’Andrea, 2005). Activated microglia can shed MVs in
response to several signals, including cytokines. These MVs
contain bioactive molecules (i.e., IL-1β, proteases, and MHC-II)
which modulate the activity of neuronal and non-neuronal cells
(Antonucci et al., 2012). In AD patients, the production ofMVs is
very high, reflecting microgliosis. These extracellular vesicles can
be isolated form cerebrospinal fluid (Guerriero et al., 2016).

In patients with AD, an upregulation of iNOS has been found.
In the course of AD, cytokines stimulate iNOS in microglia
and astrocytes, generating high NO levels (Vodovotz et al.,
1996). NO can interact with signaling cascades and regulate
gene transcription, impair mitochondrial respiration or directly
induce neuron death by apoptosis or necrosis (Parpura et al.,

2012). In addition, the NO can promote the nitration of Aβ,
increasing their propensity to aggregate (Kummer et al., 2011;
Heneka et al., 2015).

In late-onset Alzheimer’s disease (LOAD), accumulating Aβ

and NO harm the cells of the cerebral vessel, causing the
onset of cerebral amyloid angiopathy (Nelson et al., 2016).
The neurovascular unit, constituted by cerebral blood vessels,
perivascular glia and neurons, are associated with distinct
inflammatory, functional, and morphological alterations in AD
(Heneka et al., 2015). In LOAD, damaged blood vessels can
hinder neurogenesis from neural stem cells in the subventricular
zone and hippocampus, preventing the processing and storage of
new memories (Licht and Keshet, 2015; Chiarini et al., 2016).

Recently, it has been suggested that the involvement of glial
cells in AD is related with the transient receptor potential
melastatin member 2 (TRPM2). This receptor, besides regulating
synaptic plasticity and glial cell activation, also modulates
oxidative stress and inflammation (Yuruker et al., 2015). TRPM2
channel can be activated by Aβ. The activation of these
channels in microglia and astrocytes leads to Ca2+ overload and
subsequent inflammation and oxidative stress. All of this causes
mitochondrial dysfunction, [Ca2+]I increase, Aβ accumulation,
glutamate-receptor dysfunction, and finally plasticity alterations
and dementia (Yuruker et al., 2015; Wang et al., 2016).

PARKINSON AND MICROGLIA

PD is characterized by α-synuclein (α-syn) accumulation,
dopaminergic neuron loss and inflammation (Beach et al., 2014;
Wang et al., 2015). The pathological hallmark of this disorder is
the presence of Lewy bodies. The Braak hypothesis has suggested
that PD begins in the olfactory bulb or the gastrointestinal
tract. These areas are constantly exposed to the environment,
and in them, the Lewy bodies accumulate (Kannarkat et al.,
2013). Lewy bodies are constituted mainly by misfolded α-syn
and other intraneuronal protein aggregates such as tau and
ubiquitin proteins (Campello et al., 2013; George and Brundin,
2015). The nitration, phosphorylation, and ubiquitination of
α-syn can promote their pathological accumulation, inducing
neurodegeneration (Giasson et al., 2000; Tofaris et al., 2003;
Anderson et al., 2006). In addition, missense mutations in α-
syn can produce the protein aggregation in familial PD (Conway
et al., 1998).

Reportedly, α-syn can induce microglial activation, which
in turn can promote α-syn phagocytosis (Cao et al., 2012)
and neuroinflammation. The neuroinflammation leads to
the loss of dopaminergic neurons and drives the chronic
progression of neurodegeneration in PD (Schapansky et al.,
2015). Accumulations of activated microglia have been found
around dopaminergic neurons in postmortem human brains
(Hamza et al., 2010). Microglial cells can be activated by
α-syn, via TLRs, initiating an immune response (Fellner
et al., 2013). Specifically, the stimulation of TRL2 and TRL4
in the microglia induces signaling cascades involved in the
inflammatory response. It has been shown in PD patients that
TLR2 colocalized with CD68+ amoeboid microglia indicates
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microglial activation at the sites of neuronal loss (Doorn et al.,
2014). Also, TRL4 can induce microglial phagocytosis of α-syn.
Deficiencies in this receptor can prompt poor α-syn clearance
and neurodegeneration (Fellner et al., 2013).

The clearance of α-syn also can be promoted by the leucine-
rich repeat kinase 2 (LRRK2) gene. This gene has been proposed
as a regulator of the microglial response (Schapansky et al.,
2015). LRRK2 is the most commonly mutated gene in both
idiopathic and familial PD. Pathogenic mutations in LRRK2
influence the ability of microglia to internalize and degrade
α-syn, exacerbating α-syn-induced microglial pathology, and
neuroinflammation (Schapansky et al., 2015). In addition, other
genes whose mutations are responsible for rare familial forms of
PD have been identified, including, SNCA, PARKIN, DJ-1, and
PINK1 (Chao et al., 2014).

Persistent microglial activation is known to exert harmful
effects that result in dopaminergic neuron death. One of
the most important signaling pathways associated with the
microglial activation in PD involves nuclear factor-kappa B (NF-
kB) (Zhang et al., 2017). The activation of this factor could
increase the release of proinflammatory cytokines such TNF-
α and interleukin 1β by microglial cells (Mogi et al., 1996;
McLaughlin et al., 2006). In addition, proinflammatorymediators
such as TNF-α, IL-1β, and IFN-γ have been found at higher
levels in the midbrain of PD patients (Wang et al., 2015).
Immunomodulators, including the CX3CL1, CD200, CD22,
CD47, CD95, and neural cell adhesion molecule, sustain the rest
state of microglia under normal conditions (Chang et al., 2000;
Sheridan and Murphy, 2013). In rat PD models, both deficiency
CX3CL1 or CX3CR1 as well as the dysfunction of CD200-
CD200R signaling have been shown to increase microglial
activation and the degeneration of DA neurons (Wang et al.,
2011; Zhang et al., 2011).

The cytokines released by activated microglia can attract
peripheral immune cells (e.g., CD4 T-cell) to the brain. In vivo
and in vitro studies have demonstrated that overexpression of α-
syn can induce theMHC-II expression bymicroglia. TheMHC-II
expression in microglia cells can play an important role in the
immune responses (innate and adaptive) in PD (Michelucci et al.,
2009; Harms et al., 2013; Gonzalez et al., 2015).

In addition, dopaminergic neurons seem to be especially
sensitive to several factors that can induce cell damage
and eventually cell death. It has been suggested that
mitochondrial malfunction leads to reduced energy
metabolism and induces neuroinflammation via NO and
ROS production, which ultimately entails neurodegeneration
(Vivekanantham et al., 2015). The production of NO and
superoxide exerted by activated microglia in PD can cause the
degeneration of dopaminergic neurons (Appel et al., 2010).
The high cytosolic concentrations of free DA can produce
oxidative stress and can interact with α-syn, promoting
the neurodegenerative process (Mosharov et al., 2006). In
addition, the neuromelanin (dark, complex endogenous
polymer derived from DA) can activate microglial cells,
inducing neuroinflammation and neurodegeneration of
dopaminergic neurons in PD (Zecca et al., 2008; Herrera et al.,
2015).

Neuroinflammation is produced by the set of integrated
responses of all the CNS immune cells including microglia,
astrocytes and infiltrating T-lymphocytes (Le et al., 2016). Gliosis
in the PD is an atypical activation where astrogliosis is largely
absent while the microglia is highly activated by the disease. The
low astroglial response may be caused by degeneration due to an
increase of α-syn in the astrocyte (Stefanova et al., 2001; Orr et al.,
2002; Sofroniew and Vinters, 2010). Astrocytes are responsible
for secreting glutathione and transporting to neurons in response
to neural excitatory stimuli. A lower level of glutathione has been
detected in the CNS of PD patients, and thus the antioxidant
capacity in the tissue could be impaired, probably secondary to
the astroglial defect (Olanow and Tatton, 1999).

Recently, the kinurenic pathway (KP) has been implicated in
the inflammatory and neurotoxic processes in PD. Astrocytes
produce a neuroactive component of KP, kynurenic acid,
considered to be neuroprotective. By contrast, quinolinic acid,
released by microglia, can activate the NMDA receptor-
signaling pathway, leading to excitotoxicity and increasing the
inflammatory response. Based on this, KP may represent an
important target to prevent the progression of the underlying
neurodegeneration observed in PD (Lim C. K. et al., 2017).

Nowdays, it has been reported that prothrombin kringle-
2 (pKr-2), which is a domain of prothrombin (which is
produced by active thrombin), could be involved in PD.
Also, pKr-2 induced DA neuronal death in an experimental
PD model (Kim et al., 2010). In addition, in PD patient’s
pKr-2 expression is significantly increased and co-localized
in activated microglial in the substantia nigra, leading to
disruption of the nigrostriatal DA projection. This disruption
could be mediated through the neurotoxic inflammatory
events brought about by the pKr-2 upregulation, wich trigger
microglial activation via TLR4. On the basic of these results,
limiting pKr-2-induced microglial activation may be an effective
therapeutic strategy for protecting DA neurons (Leem et al.,
2016).

NEURODEGENERATIVE DISEASES AND

THE EYE

Alzheimer’s Disease
Classically, the damage in AD was thought to be restricted
mainly to the brain. However, in the last few decades it has
been demonstrated that patients with AD often develop visual
anomalies, which are correlated with abnormalities in the eye.
Among them, there is a reduction in the number of optic nerve
head axons and a decrease in the thickness of the peripapillary
and macular retinal nerve fiber layer (RNFL) (Tsai et al., 1991;
Hedges et al., 1996; Danesh-Meyer et al., 2006; Iseri et al.,
2006; Paquet et al., 2007; Garcia-Martin et al., 2014; Salobrar-
Garcia et al., 2015; Salobrar-García et al., 2016c) (Table 1). One
of the earliest symptoms of AD could be the thinning of the
RGC layer and visual spatial impairment (Kesler et al., 2011).
Postmortem studies in AD retinas, have demonstrated that, in
addition to RGC loss, melanopsin retinal ganglion cells (mRGC)
are lost. There is evidence that mRGCs may be affected primarily
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by Aβ pathology in AD (La Morgia et al., 2011). This mRGC
deficiency could be correlated with a circadian dysfunction (La
Morgia et al., 2011) in which AD patients tend to be more active
during the night in comparison with the day (Hatfield et al.,
2004; Hooghiemstra et al., 2015). In addition, in the retina of
AD patients as well as AD human postmortem specimens the
presence of Aβ plaques has been demonstrated. Aβ deposition
was observed from the outer nuclear layer (ONL) to nerve fiber
layer (NFL), being more abundant in the superior region of the
retina where greater neuronal degeneration has been detected
(Hardy and Selkoe, 2002; Selkoe, 2004, 2008; Alexandrov et al.,
2011; Ratnayaka et al., 2015; Hart et al., 2016; Table 1). In AD
patients, the alloform Aβ42 is increased (Alexandrov et al., 2011).
This alloform presents higher cellular toxicity, more aggregation
capacity, and a more direct relation with AD pathology (Qiu
et al., 2015). Aβ42 peptide accumulation in the retina may
contribute to retinal degeneration and visual impairment in
AD (Hardy and Selkoe, 2002; Selkoe, 2004, 2008; Alexandrov
et al., 2011; Ratnayaka et al., 2015; Hart et al., 2016; Figure 1A,
Table 1). However, recently Williams et al. in AD patients found
no evidence of deposits or accumulations of Tau, Aβ, TDP-43,
ubiquitin or α-syn in any part of the eyeball (Williams E. A. et al.,
2017).

Aβ plaques have also been detected in the retina of transgenic
mouse models of AD (APPswe / PS11E9, Tg2576AD, 3xTg-AD,
PSAPP, 5xFAD; Hsiao et al., 1996; Holcomb et al., 1998; Takeuchi
et al., 2000; Lukiw et al., 2001; Oddo et al., 2003; Kumar-Singh
et al., 2005; Oakley et al., 2006; Philipson et al., 2010; Koronyo-
Hamaoui et al., 2011). Overall, in these mice, Aβ plaques were
found principally in the NFL, ganglion cell layer (GCL), inner
plexiform layer (IPL), inner nuclear layer (INL) and outer
plexiform layer (OPL) (Table 1). In APPswe / PS11E9 transgenic
mice, Aβ plaques appeared in the retina of young transgenic
AD mice at presymptomatic stages, as early as 2.5 months,
preceding their detection in the brain. This situation points out
a correlation between retinal and brain pathology in AD. The
detection of retinal Aβ might potentially provide an alternative
noninvasive approach to assess the progression of AD. In relation
to this last point, it has been demonstrated that the systemic
administration of curcumin to AD mice resulted in specific
in vivo labeling of retinal Aβ plaques. This finding provides
the basis for the development of a high-resolution noninvasive
optical-imaging technique for detecting Aβ plaques in the retina,
allowing the early diagnosis and follow up of AD (Koronyo-
Hamaoui et al., 2011; Kayabasi et al., 2014). In addition, curcumin
has been revealed to be a novel agent for treating AD through
different neuroprotective mechanisms, such as inhibition of
Aβ aggregation and decrease in neuroinflammation (Maiti and
Dunbar, 2016; Lakey-Beitia et al., 2017).

In addition to Aβ plaques, pTau was observed from OPL to
GCL in the retina of AD patients. Also, pTau has been found from
the ONL to GCL in the transgenic mouse (Liu et al., 2009). It
has been postulated that pTau could be potentially a marker for
the AD disease (Lim J. K. et al., 2016). In a model of transgenic
mice P301S tau, early accumulation of pTau and βIII-tubulin
in the NFL of the retina was demonstrated. This accumulation
was accompanied by somatodendritic redistribution of pTau

and the subsequent development of tau inclusions in a group
of RGCs. In the optic nerve of this transgenic model, at
5 months of age, damaged axons were detected presenting
phospho-tau, neurofilaments, amyloid precursor protein and
ubiquitin accumulations, as well as disordered filaments and
degenerating mitochondria and organelles (Gasparini et al.,
2011). These observations suggest that tau may alter axonal
transport. This alteration is an early event in tau-induced
neuronal dysfunction and corroborates previous findings in
mouse models of tautopathy and glaucoma, showing that axonal
degeneration precedes neuronal loss (Schlamp et al., 2006; Leroy
et al., 2007; Figure 1A, Table 1).

A significant upregulation of inflammation (evidenced by
astroglial and microglial activation) has been found in the retinas
of AD mouse models in relation to Aβ plaques (Parnell et al.,
2012). Ning et al. (2008) observed an age-dependent increment
in Aβ in the retina of the double transgenic mice model APPswe
/ PS11E9. This increment was accompanied by increases in the
inflammatory cytokine MCP-1, the microglial marker F4/80, and
the TUNNEL-positive cells in the RGC layer. Thus, the authors
suggested that Aβ played a major role in the inflammation and
neurodegeneration in AD. In the same transgenic model, Perez
et al. (2009) observed significantly greater microglial activity.
Microglial activation could occur early in the retina and could
be involved in the elimination or turnover of Aβ deposition. In
addition, activated microglia could trigger a neuroinflammatory
response, whichmay contribute to a disorganization of the retina,
as demonstrated by electroretinogram functional alterations
(Krasodomska et al., 2010; Table 1). This neuroinflammatory
response associated with Aβ plaques and pTau, has also
been observed in Tg2576AD mice. In these animals, there
was a significant increase in Iba1 cells (a microglial marker)
and an increase in the glial fibrillary acidic protein (GFAP)
immunoreactivity (a marker of astrocytes) (Figure 1A). The
vaccination with Aβ oligomer antigen reduced Aβ retinal
deposits in these transgenicmice. However, themicrovascular Aβ

deposition as well as the microglial infiltration and astrogliosis
were increased and were associated with the disruption of
retinal architecture (Liu et al., 2009). Other studies support the
involvement of the neuroinflammation in the AD progression.
These studies analyzed the role of the complement in this
disease (Parnell et al., 2012). Deficits have been found in the
expression of the innate immune-repressor complement factor H
(CFH) associated with significant increases of Aβ42 peptides in
brains and retinas of transgenic models of AD (Veerhuis, 2011).
CFH functions as a cofactor in the inactivation of C3b in the
alternative complement pathway, and thus low CFH levels result
in complement activation, triggering inflammation in the retina
and brain (Alexandrov et al., 2011). In the transgenic rat model
(TgF344-AD) also has been observed, along with Aβ deposition,
microglial recruitment, and complement activation in association
with a decline in visual function (Tsai et al., 2014; Table 1).

Parkinson’s Disease
As mentioned above, PD is a motor disorder associated with
degeneration of dopaminergic neurons in the substantia nigra
(Inzelberg et al., 2004). In this disease, high levels of α-syn
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TABLE 1 | Retinal changes associated with AD, PD, and glaucoma.

AD PD Glaucoma

References

Retinal thickness decrease Tsai et al., 1991; Hedges et al.,

1996; Danesh-Meyer et al.,

2006; Iseri et al., 2006; Paquet

et al., 2007; Kesler et al., 2011;

Garcia-Martin et al., 2014;

Maldonado et al., 2015;

Salobrar-Garcia et al., 2015,

2016a,b; Salobrar-García et al.,

2016c

Inzelberg et al., 2004; Yu et al., 2014;

Stemplewitz et al., 2015; Boeke et al.,

2016; Satue et al., 2017

Leung, 2016; Fallon et al., 2017

Inner retinal involvement La Morgia et al., 2011 Bodis-Wollner, 1990; Tatton et al.,

1990; Surguchov et al., 2001;

Cuenca et al., 2005; Hajee et al.,

2009; Bodis-Wollner et al., 2014

Rojas et al., 2014

Outer retinal involvement Hardy and Selkoe, 2002; Selkoe,

2004, 2008; Ratnayaka et al.,

2015; Hart et al., 2016

Maurage et al., 2003; Esteve-Rudd

et al., 2011

Protein deposits in

retina

Aβ Hsiao et al., 1996; Holcomb

et al., 1998; Takeuchi et al.,

2000; Lukiw et al., 2001; Hardy

and Selkoe, 2002; Oddo et al.,

2003; Selkoe, 2004, 2008;

Kumar-Singh et al., 2005; Oakley

et al., 2006; Philipson et al.,

2010; Alexandrov et al., 2011;

Koronyo-Hamaoui et al., 2011;

Kayabasi et al., 2014; Qiu et al.,

2015; Ratnayaka et al., 2015;

Hart et al., 2016

McKinnon et al., 2002; McKinnon, 2003; Goldblum

et al., 2007

pTau Liu et al., 2009; Gasparini et al.,

2011; Lim J. K. et al., 2016

Gupta et al., 2008; Ning et al., 2008; Bolos et al.,

2017

α-syn Surguchov et al., 2001; Maurage

et al., 2003; Bodis-Wollner et al.,

2014

γ-syn Surgucheva et al., 2002

Microglial activation Ning et al., 2008; Perez et al.,

2009; Parnell et al., 2012

Chen et al., 2003; Nagel et al., 2009;

Cho et al., 2012

Kreutzberg, 1995; Neufeld et al., 1997; Giulian and

Ingeman, 1988; Wax et al., 1998; Neufeld, 1999;

Shareef et al., 1999; Tezel et al., 2001; Yang et al.,

2001b; Yuan and Neufeld, 2001; Naskar et al.,

2002; Steele et al., 2005; Taylor et al., 2005;

Nakazawa et al., 2006; Stasi et al., 2006; Vidal

et al., 2006; Farina et al., 2007; Inman and Horner,

2007; Johnson et al., 2007; Hammam et al., 2008;

Tezel, 2009; Ebneter et al., 2010; Graeber and

Streit, 2010; Luo et al., 2010; Bosco et al., 2011,

2012; Kettenmann et al., 2011; London et al., 2011;

Bosco et al., 2012; Gallego et al., 2012; Varnum

and Ikezu, 2012; de Hoz et al., 2013; Gramlich

et al., 2013; Pinazo-Duran et al., 2013; Astafurov

et al., 2014; Cherry et al., 2014; Gonzalez et al.,

2014; Jones and Bouvier, 2014; Lee et al., 2014;

Rojas et al., 2014; Karlstetter et al., 2015; Madeira

et al., 2015; Ransohoff and El Khoury, 2015;

Chidlow et al., 2016; Bolos et al., 2017; Williams E.

A. et al., 2017

(Continued)
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TABLE 1 | Continued

AD PD Glaucoma

References

Neurodegeneration Hatfield et al., 2004; Schlamp

et al., 2006; Leroy et al., 2007;

Liu et al., 2009; La Morgia et al.,

2011; Veerhuis, 2011; Parnell

et al., 2012; Tsai et al., 2014;

Hooghiemstra et al., 2015

Bodis-Wollner, 1990; Tatton et al.,

1990; Cuenca et al., 2005

Neufeld, 1999; Yuan and Neufeld, 2001; Steele

et al., 2005; Garden and Möller, 2006; Quigley and

Broman, 2006; Stasi et al., 2006; Koizumi et al.,

2007; Langmann, 2007; Ohsawa et al., 2007; Wu

et al., 2007; Tezel, 2009; Karlstetter et al., 2010,

2015; Taylor et al., 2011; Rojas et al., 2014; Wang

et al., 2014; Bosco et al., 2016; Chidlow et al., 2016

Blood-retinal barrier breakdown Farina et al., 2007; Tezel, 2009; London et al., 2011;

Howell et al., 2012; Gonzalez et al., 2014;

Karlstetter et al., 2015; Breen et al., 2016

Visual impairment Krasodomska et al., 2010; Tsai

et al., 2014

Djamgoz et al., 1997

AD, Alzheimer’s Disease; PD, Parkinson’s Disease; Aβ, beta-amyloid; pTau, hyperphosphorylated tau protein; α-syn, α-synuclein; γ-syn, γ–synuclein.

FIGURE 1 | Schematic representation of the hypothetical events associated with the neuroinflammation in AD (A), PD (B), and glaucoma (C). AD, Alzheimer’s

Disease; PD, Parkinson’s Disease; ILM, inner limitant membrane; NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer;

OPL, outer plexiform layer; ONL, outer nuclear layer; OLM, outer limitant membrane; PL, photoreceptor layer; RPE, retinal pigment epithelium; BM, Bruch membrane;

C, choroid; Aβ, beta-amyloid; pTau, phosphorylated tau.

are found in midbrain dopaminergic neurons (Neystat et al.,
1999; Solano et al., 2000; Braak et al., 2003; Kingsbury et al.,
2004; Alafuzoff and Parkkinen, 2014). Moreover, abnormalities
in visual function have been reported (Bodis-Wollner, 1990;
Nowacka et al., 2014) in PD patients and correlated with
changes in retinal tissue (La Morgia et al., 2013; Yu et al., 2014)
(Table 1).

In the normal retina of vertebrates, α-syn is expressed at
photoreceptor axon terminals of vertebrates, as well as in several
subtypes of bipolar and amacrine retinal cells. This protein
is present in presynaptic, but not postsynaptic, terminals of
retinal neurons in both IPL and OPL, where it could be
associated with synaptic vesicles to modulate neurotransmission

(Martinez-Navarrete et al., 2007). However, α-syn aggregates
are related to neurodegenerative disorders, including PD. In
postmortem PD eyes, α-syn aggregates have been observed
inside the neurons of different retinal layers, including the
border of the INL, the IPL, and the GCL. These locations
suggest a substrate for the visual impairment in PD (Bodis-
Wollner et al., 2014). Maurage et al. also reported the presence
of α-syn inclusions in the OPL and a lower cone density
in a patient suffering dementia with Lewy bodies (Maurage
et al., 2003). Additionally, in transgenic mice overexpressing
α-syn, an accumulation of this protein has been found in
the INL, GCL, and NFL (Surguchov et al., 2001; Figure 1B,
Table 1).
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In PD, in addition to substantia nigra dopaminergic neuron
degeneration, the DA content in the retina diminishes. This
deficiency could alter visual processing by altering the ganglion
cells receptive fields (Djamgoz et al., 1997). Retinas having a
dopaminergic deficiency associated with the loss of amacrine
cells, which provide input to the ganglion cells, can lose RGCs.
This fact is has been observed both in human PD and in
PD model in monkeys treated with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) (selective neurotoxin which destroys
DA neurons) (Bodis-Wollner, 1990; Tatton et al., 1990; Cuenca
et al., 2005). This loss can be mediated by the impoverished
dopaminergic input, which contributes to an alteration in
the glutamate production and the atrophy of inferotemporal
circumpapillary RNFL in PD patients (Inzelberg et al., 2004).
These data agree with the observations in PD patients, in
which a thinning of inner retinal layer (15–20%) has been
demonstrated in the macular region. This percentage of thinning
does not necessarily cause a vision loss (Hajee et al., 2009;
Figure 1B, Table 1). Also in the retina of mice treated with
rotenone (pesticide that elicits DA neuron degenerations), an
experimental model of PD, a correlation between functional and
structural alterations were located in the retina, specifically in
the photoreceptors and their synaptic connections with second-
order neurons (Esteve-Rudd et al., 2011).

Very few studies analyze retinal glial cells in PD. In a
transgenic mouse model overexpressing α-syn, an accumulation
of α-syn has been found in glial cells of the INL (Surguchov
et al., 2001). In a PD model with the administration of MPTP
increased GFAP immunostaining, glutamine synthetase (Müller
cell marker), and CD11b (microglial marker) were detected,
indicating an activation of retinal glial cells (Chen et al., 2003).
In the same experimental model, Nagel et al. also observed
astrogliosis in retinal tissue, without changes in the number
of tyrosine hydroxylase (TH)+ amacrine cells, postulating that
other retinal neurons can be affected, even non-neuronal cells
(Nagel et al., 2009). In addition, a non-proliferative gliosis of
GFAP+ Müller cells was found in the MPTP model of PD. This
gliosis was accompanied of milder declines in TH+ amacrine
cells, followed by stronger recoveries without neurogenesis (Cho
et al., 2012). Müller cells constitute the main glial cell type in
the retina where it interacts with virtually all cells displaying
functions relevant to retinal physiology. Müller cells are able to
synthesize and release DA to the extracellular medium. Thus,
the dopaminergic Müller cells can be used as a source of DA in
cell-therapy procedures (Stutz et al., 2014; Table 1).

Glaucoma
Glaucoma, the second leading cause of blindness in the world,
is characterized by the irreversible RGC loss, leading to a
vision loss (Quigley and Broman, 2006). In the early stages
of the disease, the reactivation of the glial cells leads to
the progression of glaucomatous damage (Tezel, 2009). As
mentioned above, when neurons are damaged, microglial cells
respond by adopting an activated phenotype (Kreutzberg, 1995;
Graeber and Streit, 2010). In glaucoma, activated microglia
can exhibit morphological changes, proliferate, migrate, or can
change the expression of different enzymes, receptors, growth

factors, and cytokines (Rojas et al., 2014). An overexpression
of these latter inflammatory mediators can contribute to retinal
degeneration (Langmann, 2007; Karlstetter et al., 2010). Also,
microglia can act as antigen-presenting cells and even transform
into phagocytes (Luo et al., 2010; Kettenmann et al., 2011;
Karlstetter et al., 2015; Ransohoff and El Khoury, 2015).
Unfortunately the role of the microglia in the pathophysiology
of glaucoma is poorly understood, and thus better knowledge of
the function of microglial cells in this disease is necessary.

As mentioned above, microglial activation is one of the first
events in glaucomatous neurodegeneration (Williams P. A. et al.,
2017), but even this activation is prior to the RGC loss (Ebneter
et al., 2010; Bosco et al., 2011). In experimental glaucomamodels,
it has been observed that after treatment withminocycline (Bosco
et al., 2008) or with a high dose of irradiation (Bosco et al., 2012),
there was a reduction of microglial activation and thus lower
RGC death. In addition, in DBA-2Jmice a significant quantitative
correlation has been established between the microgliosis and
the axon loss in the optic nerve (Bosco et al., 2016; Figure 1C,
Table 1).

Neurons can induce an inflammatory response in microglial
cells after an injury. Nucleotides released by damaged neurons
can up-regulate the purinergic receptors of the microglia,
activating their phagocytic ability, motility, and migration
(Koizumi et al., 2007; Ohsawa et al., 2007; Wu et al., 2007). It has
been demonstrated, in an experimental mouse glaucoma model,
that deficiencies in the activation of CX3R1 increase microglial
activity, neurotoxicity, and the RGC death (Wang et al., 2014). In
addition, in the experimental model of glaucoma, there is an early
change in the CD200R/CD200 expression which regulates the
microglial activity and precedes RGC death (Taylor et al., 2011).
The damaged neurons can release head-shock proteins (HSP),
triggering the oxidative response in the microglial cells. These
proteins can activate the innate immune system via TRLs in the
glaucoma (Tezel, 2009; Karlstetter et al., 2015). In the human
glaucoma, high levels of HSP27, HSP60, HSP7, and antibodies
against HSPs (Cagnin et al., 2001; Streit et al., 2004; Wyss-Coray,
2006; Stewart et al., 2010; Parpura et al., 2012; Calsolaro and
Edison, 2016; De Strooper and Karran, 2016; Bennett et al.,
2017) have been found. Furthermore, the dying neurons release
the protein HMGB1, which binds to the CD11b receptor of
the microglia to induce the production of inflammatory and
neurotoxic factors. In experimental glaucoma the elimination of
the CD11b receptor has a neuroprotective role since it prevents
the microglial activation (Nakazawa et al., 2006).

In glaucoma patients, an overexpression of γ–synuclein has
been demonstrated in ganglion cell axons as well as in glial cells of
the lamina and postlamina cribosa of the optic nerve. Synuclein
has an important role in neurodegenerative diseases, and these
findings suggest possible synuclein involvement in glaucomatous
alterations in the optic nerve (Surgucheva et al., 2002).

In experimental glaucoma and in the DBA/2j spontaneous
mouse glaucoma model, amyloid precursor protein and Aβ were
found in the RGCs (Figure 1C) in relation to increased IOP
(McKinnon et al., 2002; McKinnon, 2003; Goldblum et al., 2007).
In addition, abnormal tau (AT8) and phosphorylated tau were
found to be present in human ocular tissues of uncontolled IOP
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and in donor eyes with glaucoma (Gupta et al., 2008; Ning et al.,
2008). This implies that Aβ accumulation in the retina is involved
in the pathogenesis of glaucoma, this Aβ deposition being related
to microglial activation and neuroinflammation (Bolos et al.,
2017; Figure 1C, Table 1).

When microglia are activated, they can adopt different
morphologies. In experimental models of glaucoma, activated
microglia acquire several morphological phenotypes: stellate
cells with thick processes, hyper-ramified cells, rounded cells,
amoeboid cells (which act as macrophages, phagocytizing cellular
debris) and rod-like microglia. The rod-like microglia are related
to neurodegeneration, in the experimental glaucoma model, and
the presence of this cell type is restricted to eyes with neuronal
damage. It seems that the rod-like microglia might be involved in
the active removal or “stripping” of the synaptic contacts (Gallego
et al., 2012; de Hoz et al., 2013; Rojas et al., 2014).

In addition to the different morphologies, activated microglia
can adopt different functional phenotypes in response to
neuronal damage. After injury, the cytokines released by the
damaged cells (e.g., IFN-γ) give rise to the microglial activation,
acquiring a M1-like phenotype. This phenotype is characterized
by production of proteolytic enzymes and pro-inflammatory
cytokines (TNF-α, IL-1β, IL-6, IL-12, and NO) promoting tissue
inflammation (Varnum and Ikezu, 2012; Gonzalez et al., 2014;
Jones and Bouvier, 2014). In human glaucoma and in the
experimental models of glaucoma, high levels of these pro-
inflammatory cytokines have been found (Neufeld et al., 1997;
Shareef et al., 1999; Tezel et al., 2001; Nakazawa et al., 2006; Vidal
et al., 2006; Lee et al., 2014; Madeira et al., 2015).

In experimental glaucoma, it has been observed that the
activated microglia can migrate to remove the damaged or
dead cells (Bosco et al., 2012; Rojas et al., 2014). In the
human glaucoma the amoeboid microglia are located in the
lamina cribrosa phagocyting the damaged axons (Neufeld, 1999).
The morphology change of the microglia from the ramified
shape to the amoeboid phagocytic shape is associated with
the expression of different surface markers such as: MHC-II
(OX6), CD68, Griffonia simplicifolia isolectin B4, complement
receptor 3 (CD11b/CD18, OX42), and F4/80 (Kreutzberg, 1996;
Streit et al., 1999). In a unilateral experimental glaucoma model,
CD68 expression (a member of the scavenger-receptor family)
was observed in the retinal microglia (Rojas et al., 2014).
The migration and the proliferation of the microglial cells are
regulated by soluble factors or by the extracellular matrix changes
of damaged CNS tissues. It has been found that microglia of the
optic-nerve head express different matrix metalloproteinases and
their inhibitors, indicating their participation in the remodeling
of the extracellular matrix (Yuan and Neufeld, 2001; Garden and
Möller, 2006).

The activation of the microglia also involves higher numbers
of microglial cells. This fact it has been observed in human
glaucoma and in glaucoma animal models (Giulian and Ingeman,
1988; Yuan and Neufeld, 2001; Naskar et al., 2002; Inman and
Horner, 2007; Johnson et al., 2007; Gallego et al., 2012; de Hoz
et al., 2013; Rojas et al., 2014). The microglia mitosis can be
stimulated by neurotrophic factors (BDNF, NT-3) and several
cytokines (macrophage colony-stimulating factors, granulocyte

macrophage CSF, IL-1β, IL-4, and IFN-γ) (Garden and Möller,
2006).

In the classical M1 activation, the MHC II, CD86, and Fcγ
receptors are up-regulated, because this phenotype is oriented
to antigen presentation and the killing of intracellular pathogens
(Taylor et al., 2005; Cherry et al., 2014). Under physiological
conditions, somemicroglial cells express very low levels of MHC-
II, although certain pro-inflammatory cytokines (e.g., TNF-α or
IFN-γ) can upregulate MHC-II expression by microglial cells.
In this context, both for glaucoma patients (Yang et al., 2001b;
Tezel, 2009; Ebneter et al., 2010) and in animal models of
glaucoma (Ebneter et al., 2010; Gallego et al., 2012; de Hoz
et al., 2013; Rojas et al., 2014) there is evidence for increased
expression of MHC-II molecules in glial cells. In a glaucoma
model, after 15 days of ocular hypertension (OHT), most of
microglial cells were MHC-II + while the CD86 expression was
observed only in some amoeboid and rounded Iba-1+cells in
the NFL and the GCL (Rojas et al., 2014). The fact that most
of microglial cells were CD86- could prevent T-cell activation
by their omission of co-stimulation, leading to a downregulation
of the immune response (Broderick et al., 2000). In addition, in
an experimental glaucoma model the MHC-II upregulation by
the activated microglia in the optic nerve could be associated
with more severe RGC degeneration (Chidlow et al., 2016). It has
been observed in an experimental glaucoma model that caffeine
administration decreases the microglia MHC-II upregulation
reducing microglial activation and increasing RGC survival
(Madeira et al., 2016).

After M1 activation, the microglial cells can return to a state of
rest, adopting a transitory state of M2 activation. In this state, the
microglia can upregulate CD68, CD206, and Ym1 (Menzies et al.,
2010; Komori et al., 2011; Varnum and Ikezu, 2012; Jones and
Bouvier, 2014; Zhou et al., 2014). In an experimental model of
unilateral glaucoma, it was observed that the only cells expressing
Ym1 were amoeboid Iba-1 + cells in the NFL and GCL of the
OHT retinas. The authors postulated that most of the microglial
cells in this OHT model were serving functions not related with
the M2 microglial phenotype (Rojas et al., 2014).

In glaucomatous eyes, the chronic stress in the tissue can
induce the rupture of the blood-retinal barrier, allowing the
contact of nervous tissue of the retina and the optic nerve with
systemic immune cells (Tezel, 2009). In addition, chemokines
(CCL2, CCL5, CCL20, CXCL10, CXCL12, CXCL1, CXCL2, and
CX3CL1) released by reactive astrocytes can recruit dendritic
cells, microglia, monocytes/macrophages, and T-cells into the
inflamed tissue (Farina et al., 2007; Gonzalez et al., 2014).
In a chronic glaucoma model DBA/2J, the loss of CX3CL1
signaling increased the infiltration of peripheral macrophages
(Breen et al., 2016). The role of monocytes in the survival of
RGCs is controversial. In an experimental model of OHT it
was observed that an increased number of monocytes could be
protective (London et al., 2011). However, in a genetic model of
glaucoma (DBA/2J) the irradiation that lowered the number of
monocytes boosted RGC survival (Howell et al., 2012).

In addition, the blood retinal barrier breakdown (Figure 1C,
Table 1) can allow the entry of complement proteins, thus
activating the complement in the retinal tissue (Karlstetter et al.,
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2015). For retinal homeostasis, the level of complement proteins
should be low. However, the complement constituents can be
activated by inflammatory cytokines (e.g., TNF-α, INF-γ, and IL-
6) produced under inflammatory conditions such as glaucoma
(Karlstetter et al., 2015). In the retina of the glaucomatous eyes
an upregulation of the component complement C1q has been
observed (Steele et al., 2005; Stasi et al., 2006). Microglial cells
respond to C1q upregulation by eliminating the targeted synapses
(Steele et al., 2005; Stasi et al., 2006). Thus, the involvement of the
immune system in glaucomatous pathology has been postulated.
Recently, it has been suggested that oral microbiome could
be related to glaucoma pathophysiology, through microglial
activation mediated through TLR4 signaling and complement
upregulation (Astafurov et al., 2014). Apart from the chronic
activation of resident immunoregulatory glial cells, the presence
of plasma cells in the retina, and the complement activation
(Tezel, 2009), high levels of autoantibodies and deposition
of immunoglobulins have been found in the glaucomatous
neurodegeneration (Wax et al., 1998; Hammam et al., 2008;
Gramlich et al., 2013; Pinazo-Duran et al., 2013). It has even
been speculated that the glaucoma would be mediated by an
autoimmune mechanism and that both innate and adaptive
responses accompany this pathology (Tezel, 2009, 2013). The
serum of glaucoma patients has been found to contain high
levels of antibodies (e.g., against HSPs; Maruyama et al., 2000;
Wax et al., 2001; Tezel et al., 2004; Grus et al., 2008). Moreover,
serum alteration of the populations of T-cell repertoires and of
interleukin-2 receptors has been detected (Yang et al., 2001a).
In view of the evidence mentioned above, the immune response
could be involved in the pathogenesis of the glaucoma.

CONCLUSION

AD, PD, and glaucoma are neurodegenerative diseases that
share a common pathogenic mechanism, in which the
neuroinflammation, in the form of microglial activation, plays
an important part. The differential activation of microglia
(M1 or M2 phenotypes) can produce a neurotoxic or
neuroprotective environment, and could constitute a key in
neuroinflammation regulation. In the search for a new strategy
to control neuroinflammation, it might be more effective to
change the M1 phenotype to the M2 phenotype than to block
microglial activation completely. In the regulation of microglial
activation, several cell types including, neurons, astrocytes, and
T-cells are involved. When the neuroinflammatory process is
triggered by protein aggregates (Aß, α-syn, pTau etc.), peripheral
immune cells infiltrate CNS and prompt more activation on
resident microglia, favoring neuroinflammatory processes.

Neuroinflammatory processes occur not only in the brain
but also in the retina, because the retina is a projection of the
CNS. Thus AD, PD, and glaucoma share neuroinflammatory
changes in the retinal tissue. The follow up of neuroinflammatory
processes in the retinal tissue may be useful for the early
diagnosis and monitoring of neurodegenerative diseases. Future
research could therefore address these issues to provide fuller
knowledge of neuroinflammatory events that occur in AD, PD,

and glaucoma, especially the contribution of microglia. This
might help in the development of new therapeutic strategies to
control neuroinflammation and thereby spur progress in treating
these neurodegenerative diseases.
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Inflammation is a major component of neurodegenerative diseases. Microglia are
the innate immune cells in the central nervous system (CNS). In the healthy brain,
microglia contribute to tissue homeostasis and regulation of synaptic plasticity. Under
disease conditions, they play a key role in the development and maintenance of the
neuroinflammatory response, by showing enhanced proliferation and activation. Prion
diseases are progressive chronic neurodegenerative disorders associated with the
accumulation of the scrapie prion protein PrPSc, a misfolded conformer of the cellular
prion protein PrPC. This review article provides the current knowledge on the role of
microglia in the pathogenesis of prion disease. A large body of evidence shows that
microglia can trigger neurotoxic pathways contributing to progressive degeneration. Yet,
microglia are also crucial for controlling inflammatory, repair and regenerative processes.
This dual role of microglia is regulated by multiple pathways and evidences the ability
of these cells to polarize into distinct phenotypes with characteristic functions. The
awareness that the neuroinflammatory response is inextricably involved in producing
tissue damage as well as repair in neurodegenerative disorders, opens new perspectives
for the modulation of the immune system. A better understanding of this complex
process will be essential for developing effective therapies for neurodegenerative
diseases, in order to improve the quality of life of patients and mitigating the personal,
economic and social consequences derived from these diseases.

Keywords: microglia, Csf1r, proliferation, neuroinflammation, neurodegnerative diseases

Abbreviations: Aβ, amyloid-β; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; APP/PS1, APPswe/PSEN1dE9;
Ara-C, cytosine arabinoside; ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; BBB,
blood-brain barrier; CCL2, C-C motif chemokine ligand 2; CCR2, C-C chemokine receptor type 2; CD, Cluster of
differentiation; C/EBPα, CCAAT/enhancer-binding protein alpha; COX, cyclooxygenase; CVO, circumventricular organs;
CJD, Creutzfeldt-Jakob disease; CNS, Central nervous system; CR3, complement receptor 3; CSF, cerebrospinal fluid; CSF1,
Colony stimulating factor; CSF1R, Colony stimulating factor 1 receptor; CTL/CTLD, C-type lectin/C-type lectin-like domain;
CX3CL1, C-X3-C motif chemokine ligand 1; CX3CR1, C-X3-C motif chemokine receptor 1; DAP12, DNAX-activating
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1; Sall1/3, Sal-like 1/3; SIRPα, Signal regulatory protein α; SOD1, superoxide dismutase 1; STAT1/3, Signal transducer and
activator of transcription 1/3; Tie2, TEK receptor tyrosine kinase; TGFβ, Transforming growth factor β; TK, thymidine
kinase; TIMD4, T-cell immunoglobulin and mucin domain containing 4; TNFα, Tumor nerosis factor α; TREM2,
triggering receptor expressed on myeloid cells 2; VV2, PRNP codon 129 Val/Val type 2; YS, yolk sac.
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MICROGLIA IN THE HEALTHY BRAIN

Origin and Turnover of Microglia
Since the initial description of microglial cells by Pio Del
Rio Hortega (del Río-Hortega, 1920, 1932; del Río-Hortega
and Penfield, 1927), their origin has been a source of debate.
However, it has been recently established that tissue resident
macrophages as microglia originate from erythroid-myeloid
progenitors (EMPs) emerging from the yolk sac (YS) during
primitive hemeatopoiesis at embryonic stages 7.0 (E7.0) to E9.5
(Cuadros et al., 1993; Alliot et al., 1999; Schulz et al., 2012;
Gomez Perdiguero et al., 2015; Sheng et al., 2015; Wang et al.,
2015). A pioneering study by Ginhoux et al. (2010) allowed
finding the earliest microglial progenitors in the YS during
mouse development, thanks to fate-mapping experiments that
allowed tagging early YS blood-island cells and then follow
the emergence of microglial cells into the central nervous
system (CNS). Fate mapping of YS progenitors from E6.5 to
E7.0 produced tagging of less than 4% of adult microglia, whereas
mapping from E7.0 to E7.25 produced 29% microglia being
labeled, allowing the definition that primitive EMPs that arise
before E7.5 are the main contributors to the adult microglial
population (Ginhoux et al., 2010). Then, several studies using
tamoxifen-inducible Cre lines in which the Cre-ER-T2/Mer-
Cre-Mer protein was expressed under the control of different
genes such as Colony stimulating factor receptor 1 (Csf1r; Schulz
et al., 2012), C-kit (Sheng et al., 2015), TEK Receptor Tyrosine
Kinase (Tie2; Gomez Perdiguero et al., 2015) corroborated that
microglial progenitors have a YS origin. A recent study by
Mass et al. (2016) has allowed a more precise definition of the
sequence of differentiation steps leading to the adult microglial
population. In the YS, uncommitted EMPs (Kit+ CD45lo Csf1r+

AA4.1+) differentiate into pre-macrophage (pMac; kit− CD45hi

F4/80−) that do not yet have a microglial phenotype. From
E9.5, as they initiate a core macrophage transcriptional program,
those pMacs colonize the whole embryo in a C-X3-C motif
chemokine receptor 1 (CX3CR1)-dependent manner. Indeed,
at E9.5 and E10.5, CX3CR1-deficient embryos exhibit a delay
in the colonization of progenitors and a decrease of pMacs
and macrophages population in the head while they display an
accumulation of pMacs in the YS and fetal liver (Mass et al.,
2016). Immediately following colonization of the embryonic
brain, a tissue specific transcriptional program is triggered and
leads to the production of postnatal microglia, including a
downregulation of T-cell immunoglobulin and mucin domain
containing 4 (Timd4) and mannose receptor (Cd206) and an
upregulation of Sal-like (Sall)1 and Sall3 (Lavin et al., 2014;
Mass et al., 2016). As the embryo develops, microglia progenitors
mature in a Interferon regulatory factor 8 (IRF8) and PU.1-
dependant manner by expressing a set of different markers
including CSF1R, Runt-related transcription factor (Runx1),
ionized calcium-binding adaptor molecule 1 (Iba1), C-X3-C
Motif Chemokine Receptor (CX3CR1), Tie2, the cluster of
differentiation 45 (CD45) or C-kit (Kierdorf et al., 2013; Mass
et al., 2016).

In humans, microglial cells are identified in the extracerebral
mesenchyme around 4.5 gestational weeks. At 5 gestational

weeks, they invade the parenchyma by entering the brain
primordium via the developing meninges, ventricular zone and
choroid plexus (Monier et al., 2006; Verney et al., 2010) and
they only exhibit a ramified morphology around the 35th week
(Hutchins et al., 1990; Esiri et al., 1991; Rezaie and Male, 1999).

In the adult, the microglial population is maintained by
a self-renewal process (Lawson et al., 1992; Askew et al.,
2017; Figure 1). A foundational study by Lawson et al. (1992)
defined a remarkably slow turnover rate of adult murine
microglia, by means of analyzing short-term 3H tymidine
incorporation. However, more recent insight arising from
repopulation paradigms suggested that microglia could have a
higher turnover capacity in the steady state. The pharmacological
depletion of microglia, by using a potent CSF1R inhibitor, is
followed by the rapid reconstitution of the microglia population
by proliferation of resident microglia, without the contribution
of circulating monocytes (Elmore et al., 2014). A transgenic
paradigm, allowing the depletion of microglia by diphtheria toxin
injection, validated this repopulating capacity, independent of
circulating monocytes (Bruttger et al., 2015). Although these
repopulation paradigms are distal from modeling a homeostatic
system, they suggested a latent potential for microglial cells
to proliferate more rapidly than thought before, allowing the
colonization of an empty niche. In this line, a recent study from
our group showed that in mice and humans the turnover of
microglia in the steady state is remarkably fast, allowing the
whole population to be renewed several times during a lifetime
(Askew et al., 2017). Indeed, whereas the previous study in the
healthy brain, using 3H thymidine and immunohistochemistry
for F4/80, had shown that, at a given time, only 0.05% of
the microglia were proliferating (Lawson et al., 1992), Askew
et al. (2017) recently demonstrated that 0.69% of the microglial
population is proliferating by using more sensitive techniques
(BrdU incorporation detected in Iba1+ cells and 2-photon
live imaging). Microglial proliferation is balanced by microglial
apoptosis, with these two mechanisms being synchronized
in time and space, allowing for a rapid remodeling of the
microglial landscape during a lifetime, without the contribution
of circulating monocytes (Askew et al., 2017).

Distribution and Function of Microglia in
the Adult Brain
The density and morphology of microglia varies considerably
across the healthy adult brain. In the mouse brain, there are an
estimated total number of 3.5 × 106 microglial cells, however
their distribution varies from 5% in the cortex and corpus
callosum, to 12% in the substantia nigra (Lawson et al., 1990).
In mice, microglia are more numerous in gray matter than
white matter and areas as the hippocampus, basal ganglia and
substantia nigra are particularly densely populated in microglia
(Lawson et al., 1990). In comparison, the less densely populated
areas include fiber tracts, cerebellum and much of the brainstem
whereas the cerebral cortex, thalamus and hypothalamus have
average cell densities (Lawson et al., 1990). This cell density
remains constant from early postnatal development to aging,
thanks to the constant turnover of the population (Askew et al.,
2017). In the human brain, microglia has been estimated to make
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FIGURE 1 | Microglia in the prion-diseased brain. In the healthy brain, microglia constantly surveil their microenvironment for any disturbance of brain homeostasis
and are kept in this surveiling state by signals mainly originating from healthy neurons. The microglial population is maintained by local self-renewal mediated via
CSF1R and its ligands CSF1 and IL-34. In the context of neurodegeneration and protein accumulation present in the prion-diseased brain, the microglial response is
characterized by functional changes involving increased proliferation, an inflammatory activation and the removal of apoptotic neurons. CX3CL1, C-X3-C motif
chemokine ligand 1; CX3CR1, C-X3-C motif chemokine receptor 1; CD200, Cluster of differentiation 200; CD47, Cluster of differentiation 47; SIRPα, Signal
regulatory protein α; CSF1R, Colony stimulating factor 1 receptor; CSF1, Colony stimulating factor; IL-34, Interleukin 34; MFGE8, Milk fat globule-EGF factor
8 protein; ROS, Reactive oxygen species; NOX2, Nicotinamide adenine dinucleotide phosphate-oxidase (NADPH) oxidase 2; NFκB, Nuclear factor
kappa-light-chain-enhancer of activated B cells; STAT1/3, Signal transducer and activator of transcription 1/3; TNFα, Tumor nerosis factor α; IL-1β, Interleukin 1β;
CCL2, C-C motif chemokine ligand 2; TGFβ, Transforming growth factor β; PrPSc misfolded prion protein (scrapie).

up 6%–18% of neocortical cells (Mittelbronn et al., 2001; Pelvig
et al., 2008; Lyck et al., 2009). Similarly, microglial morphology
varies considerably depending on specific regional properties.
Whereas they are usually more ramified in gray matter, in
white matter they display elongated somata and less ramified
processes preferentially oriented along fiber tracts (Lawson
et al., 1990; Mittelbronn et al., 2001; Torres-Platas et al., 2014).
The molecular determinants of those anatomical differences in
diversity and morphology are not clearly defined, however recent
studies showed that microglia have a distinct region-dependent
and age-dependent transcriptomic signature corroborating the
existence of the regional heterogeneity of microglial phenotypes
(Hickman et al., 2013; Grabert et al., 2016; Soreq et al., 2017).

In the healthy brain, microglia display a ‘‘surveilling’’
phenotype characterized by a small cell body and long branching
processes serving to continuously sense the microenvironment
to detect any alteration of CNS homeostasis (Kettenmann
et al., 2013; Figure 1). Microglia show invariant soma
positions but continually and rapidly moving processes (average
velocity around 2.5 µm/min; Davalos et al., 2005; Nimmerjahn
et al., 2005; Wake et al., 2009). Microglias rapidly change
their surveilling phenotype into a diversity of ‘‘activated’’
phenotypes after the alteration of the CNS homeostasis or
presence of a threat to neuronal integrity. They adopt a more
amoeboid and less ramified phenotype with a large soma and
rapidly trigger appropriate responses, which could range from

upregulation or de novo synthesis of cell-surface molecules
such as CD68 and major histocompatibility complex (MHC)
class II to phagocytosis or the release of molecular mediators,
including immune and non-immune factors (Kettenmann
et al., 2011; Figure 1). Consequently, this activated phenotype
is a generalized term that fails to take into account that
microglia can adopt numerous functionally different phenotypes,
depending on the exact nature of the stimulus (Perry et al.,
2010).

In the healthy brain, microglia is involved in several
mechanisms regulating CNS physiology. Microglia are in direct
contact with dendritic spines, axons and synapses, suggesting
that they participate in the regulation of synaptic structure and
function (Wake et al., 2009; Paolicelli et al., 2011; Squarzoni
et al., 2014). One of these mechanisms is synaptic pruning, a
process by which excess synapses formed in the developing brain
are eliminated to thereby increase the efficiency of the neural
network. In this process, microglia has been shown in direct
contact with the synapses and removing unwanted elements by
phagocytosis (Paolicelli et al., 2011). Electron microscopy and
high resolution in vivo engulfment assays have showed also
the presence of presynaptic and postsynaptic elements inside
microglial lysosomes (Berbel and Innocenti, 1988; Tremblay
et al., 2010; Schafer et al., 2012). Some proteins as complement
receptor 3 (CR3/CD11b), CX3CR1 or the adaptor protein
DNAX-activating protein of 12-kDa (DAP12), highly expressed
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by microglia, are involved in the process of synaptic pruning.
Indeed it has been shown that disruption of one of those proteins
resulted in synaptic abnormalities in both prenatal and postnatal
brain development (Stevens et al., 2007; Paolicelli et al., 2011;
Squarzoni et al., 2014).

As mentioned above, the interactions between microglia and
their surrounding cells have a major role in the determination of
the microglial phenotype. Healthy neurons maintain microglia
in their surveilling state via secreted and membrane bound
signals. The interaction of neuronal CD200 with microglial
CD200R leads to inactivation of microglia and plays a critical
role in neuroprotection (Lyons et al., 2007). In CD200-deficient
mice, microglia are more numerous, form more aggregate-like
structures, display less ramifications with shorter processes
and show an upregulation of CD45 and CD11b, which are
markers of activation (Hoek et al., 2000). The bidirectional
signaling between SIRPα and CD47 that can be co-expressed
by both neurons and microglia maintains microglia in their
surveilling state by inhibiting phagocytosis and inducing the
synthesis of the anti-inflammatory cytokines (Zhang et al.,
2015). The interaction of neuronal CX3CL1 with microglial
CX3CR1 constrains microglial activation (Lyons et al., 2009).
In models for Parkinson’s disease (PD) under a CX3CR1-
deficient background, microglia exhibit an over-activated
phenotype and neuronal cell death is enhanced (Bhaskar
et al., 2010; Cho et al., 2011). The neurotoxicity induced
by activated microglia in neurodegenerative diseases seems to
be worsened in CX3CR1-deficient mice, suggesting that the
signaling through CX3CL1/CX3CR1 regulates the phenotype
of microglia (Cardona et al., 2006). Another receptor involved
in the maintenance of the microglial surveilling state is the
triggering receptor expressed on myeloid cells 2 (TREM2)
associated with the adaptor protein DAP12. TREM2 is essential
for phagocytosis process by microglia (Takahashi et al., 2007)
and has recently been shown to interact with specific lipids
to promote microglial survival (Wang et al., 2015). Mutations
leading to a loss of function in TREM2 or DAP12 underlie
the Nasu–Hakola disease, in which patients display progressive
presenile dementia (Paloneva et al., 2000, 2002).

Microglia also express receptors that trigger essential cellular
survival and developmental signals. CSF1R plays a major
role in microglial development and survival. Expressed by
microglia (Akiyama et al., 1994; Raivich et al., 1998), CSF1R
is activated by two homodimeric glycoprotein ligands, CSF1
(Stanley and Heard, 1977) and Interleukin 34 (IL-34; Lin et al.,
2008). In the brain, IL-34 is primarily expressed by neurons
(Mizuno et al., 2011; Wang et al., 2012) whereas CSF1 is
mainly expressed by microglia (Chitu et al., 2016). These two
ligands present different patterns of regional expression in
the prenatal and postnatal brain. CSF1 is highly expressed in
the neocortex, corpus callosum, cerebellum and spinal cord,
whereas IL-34 is highly expressed in the forebrain (neocortex,
olfactory bulb and striatum; Wei et al., 2010; Nandi et al.,
2012). The binding of CSF1 or IL-34 to CSF1R leads to the
oligomerization and transphosphorylation of CSF1R followed by
the phosphorylation and activation of downstream cytoplasmic
mediators that promote microglia development, survival and

proliferation (Ségaliny et al., 2015). As described previously, the
development of tissue-resident macrophages including microglia
is dependent on Csf1r expression from the first stages of
development (Mass et al., 2016). Moreover, IL-34-deficient and
CSF1-deficient mice display fewer microglia in various regions
of the brain while Csf1r-deficient mice are completely devoid of
them (Dai et al., 2002; Ginhoux et al., 2010).

In addition to their manifold functions in maintaining
homeostasis in the healthy brain, microglia have been shown to
play a major role in driving innate inflammatory responses in
many neurodegenerative diseases. Prion disease is characterized
by progressive neurodegeneration, which is accompanied by
a pronounced microglia-mediated immune response, therefore
being an extraordinary model to study the role of microglia
in chronic neurodegenerative diseases. In this review, we will
explore the molecular determinants of the contribution of
microglia to the pathogenic cascade in prion disease, aiming to
address some of the most relevant remaining unknowns of the
role of microglia in prion disease: is microglial activation merely a
bystander effect of prion pathology, or what aspects of microglia-
mediated immune response are contributing to disease outcome
in a beneficial or detrimental manner? Can the microglia-
derived inflammatory response directly harm neurons and lead
to neuronal degeneration, or is neuronal loss a consequence
of misfolded prion protein (scrapie) (PrPsc) accumulation, or a
combination of both? In the following sections, we will provide
a comprehensive picture defining many aspects of microglial
biology in prion disease.

PRION PATHOLOGY

Transmissible spongiform encephalopathies or prion
diseases, such as Creutzfeldt-Jakob disease (CJD), are fatal
neurodegenerative disorders that affect humans and many
other mammals (Aguzzi and Calella, 2009). The infectious
agent consists of PrPSc. PrPSc can aggregate, recruit and convert
benign cellular prion protein (PrPC) into abnormal pathological
isoforms (Aguzzi and Calella, 2009). Thereby, prions act as
‘‘seeds’’ that trigger a chain reaction of PrP misfolding and
aggregation (Jarrett and Lansbury, 1993). Prion diseases have
a heterogeneous etiology, as they can be genetic, infectious
or sporadic. Infectivity requires the transfer of prion seeds
from affected individuals into healthy hosts, whereas in genetic
and idiopathic cases prion protein undergoes a spontaneous
misfolding of PrP molecules into self-propagating seeds. In
humans, sporadic CJD (sCJD) is the most common prion
disease, followed by genetic CJD (gCJD) and transmitted
CJD (iatrogenic CJD and variant CJD; Aguzzi and Calella,
2009). CJD has been also shown to be transmitted through
blood or blood derivatives (Llewelyn et al., 2004; Bishop et al.,
2013).

The prion neuropathology is characterized by spongiform
degeneration, synaptic and neuronal loss, gliosis and the
accumulation of aggregated PrPSC (DeArmond and Prusiner,
1995; Cunningham et al., 2003; Wadsworth and Collinge,
2011; Hilton et al., 2013). Prion disease typically has long
incubation times and a rapid disease progression, and can be
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manifested in different ways, with behavioral and pathological
differences within and across species (Prusiner, 1998; Tanaka
et al., 2006; Collinge and Clarke, 2007; Colby and Prusiner,
2011). Interestingly, different strains of prion (e.g., ME7, 79A,
22L, 22A) preferentially affect specific regions of the brain in
mice (Cunningham et al., 2005a). The simplest explanation
for such regional selectivity would be a differential tropism of
prion strains and thereby a regional aggregation and toxicity.
However, recent experiments assessing prion misfolding using
highly sensitive techniques showed that prion protein seeds
accumulate in all brain regions irrespective of neurodegeneration
(Alibhai et al., 2016).

Prions disease also provides an interesting experimental
approach to model many aspects of neurodegenerative diseases
associated with protein misfolding. In mouse models of
prion disease, microglia become activated early in the disease
process thereby representing a valuable tool for elucidating
the impact of neuroinflammation in chronic neurodegenerative
disorders.

MICROGLIAL PROLIFERATION AND
ACTIVATION IN PRION DISEASE

Prion disease is characterized by an increase in the number of
microglia, associated with an activated and phagocytic phenotype
(Perry et al., 2002; Perry and O’Connor, 2010; Figure 1). The
relative contribution of local proliferation of microglia vs. the
infiltration of bone-marrow derived progenitors to this increase
has been a source of debate during recent years (Gomez-Nicola
and Perry, 2015). However, a recent study demonstrated that, in
a murine model of prion disease, local proliferation of resident
microglial cells is a major component in the evolution of chronic
neurodegeneration (Gómez-Nicola et al., 2013). The increase in
microglial density and proliferative activity varies across different
regions such as the hippocampus (CA1) and the thalamus, the
later showing the biggest increase in cell numbers (Gómez-Nicola
et al., 2013). This increase in microglial numbers is independent
of the recruitment of circulating monocytes, evidenced by
comparing microglial density in prion diseased mice with a C-C
chemokine receptor type 2 (CCR2)−/− background with WT
mice (Gómez-Nicola et al., 2014).

The proliferation of microglia in prion disease is regulated by
the activation of CSF1R and the transcription factors PU.1 and
CCAAT/enhancer-binding protein alpha (C/EBPα, being this
system also active in human variant CJD and Alzheimer’s disease
(AD; Gómez-Nicola et al., 2013; Olmos-Alonso et al., 2016). The
inhibition of CSF1R blocks the proliferation of microglia, leading
to a decrease in neuronal death in the hippocampus (Gómez-
Nicola et al., 2013). A recent study showed that prolonged
inhibition of CSF1R in APPswe/PSEN1dE9 (APP/PS1) mice,
a model of AD-like pathology, blocks microglial proliferation
and leads to the prevention of synaptic degeneration and to
an improvement of performance in memory and exploratory
tasks (Olmos-Alonso et al., 2016). CSF1R blockade also showed
positive effect in mutant superoxide dismutase 1 (SOD1) models
of Amyotrophic Lateral Sclerosis (ALS) by reducing microglial
proliferation in the spinal cord and macrophage infiltration into

peripheral nerves (Martínez-Muriana et al., 2016). The studies
focused to targeting CSF1R suggest that microglial proliferation
in prion disease, AD and ALS has a net detrimental contribution
to the disease progression.

Targeting microglial proliferation by the specific inhibition
of CSF1R renders a different experimental outcome than the
unspecific removal of microglia. Some studies have aimed at
eliminating microglial cells in prion disease, either by the
transgenic expression of thymidine kinase (TK) and ‘‘suicide’’
of proliferating CD11b+ cells (Zhu et al., 2016), or by the
non-specific blocker of mitosis cytosine arabinoside (Ara-C;
Gómez-Nicola et al., 2013). These approaches indicated a
neutral or beneficial role of microglia, as their elimination
did not change the trajectory of the disease. However, the
technical limitations of these targeting approaches difficult
the interpretation. For example, the use of CD11b-TK mice
leads to a prominent and uncontrolled death of microglia
in the context of on-going neurodegeneration, not providing
a physiologically silent way to address the contribution of
the cells. Also, the TK transgene in CD11b-TK mice is
activated by the administration of ganciclovir, an agent recently
identified to have a potent anti-proliferative impact on microglia
during brain pathology (Ding et al., 2014). Similarly, the
use of Ara-C causes a shift in the microglial phenotype
towards a detrimental pro-inflammatory profile, independent
from its effects on cell proliferation, accelerating neuronal
death (Gómez-Nicola et al., 2013). Together, these findings
suggest that the specific and selective targeting of microglial
proliferation, instead to their elimination, is an optimal
approach to understand the contribution of these cells to the
pathology.

Activation of microglia is detectable from early stages of
prion disease pathogenesis (Betmouni et al., 1996) and becomes
more widespread as the disease progresses, closely associated
with the spread of neurodegeneration (Perry, 2016). Microglial
activation appears simultaneously with first behavioral deficits
(Guenther et al., 2001), at a time point when synapses start to
degenerate in the stratum radiatum of the hippocampus, but
no neuronal loss occurs yet (Cunningham et al., 2003; Gray
et al., 2009). Whether microglia activation is directly caused
by accumulating misfolded PrPsc or as a response to synaptic
damage cannot be reliably concluded. While studies in vitro
have demonstrated that microglia can be activated directly by
PrP and subsequently damage neurons (Brown et al., 1996;
Giese et al., 1998), there is limited evidence of a direct response
to PrPSc aggregates in vivo. In contrast, the mere presence of
misfolded prion protein, as detected in various brain regions
using high sensitivity techniques, might not be sufficient to
induce a microglia-mediated immune response in all brain
regions (Alibhai et al., 2016). However, it is widely accepted
that microglia activation precedes neuronal degeneration and the
onset of clinical disease (Williams et al., 1997; Giese et al., 1998).

The cytokine profile in the prion-diseased brain is associated
with the expression of both pro- and anti-inflammatory
molecules (Perry, 2016; Figure 1). While a number of
studies demonstrated a profile shifted to the anti-inflammatory
spectrum, dominated by the expression of transforming growth
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factor β (TGFβ, C-C Motif Chemokine Ligand 2 (CCL2)
and prostaglandin E2 (PGE2) with a limited pro-inflammatory
response characterized by IL-1β and tumor necrosis factor α

(TNFa; Minghetti et al., 2000; Walsh et al., 2001; Cunningham
et al., 2002, 2005b; Perry et al., 2002), other studies have
reported that also pro-inflammatory factors are up-regulated in
the prion brain (Campbell et al., 1994; Williams et al., 1994;
Kordek et al., 1996), suggestive of a mixed inflammatory profile.
The lack of consensus regarding the inflammatory profile in
the prion brain may arise from the fact that different prion
strains, stages of disease and techniques of detection were
used. Recent studies using a broader panel of markers support
the hypothesis that both pro-and anti-inflammatory factors
contribute to the immune response in prion disease. Vincenti
et al. (2015) re-analyzed a large transcriptomic database of
brains from multiple mouse strains exposed to various prion
strains and collected at different stages of disease progression
(Hwang et al., 2009) and proposed that most of the differentially
expressed genes in the prion brain were of microglial origin and
associated with the inflammatory response. Microglia isolated
from 79A-infected mice showed increased expression of IL-1β,
TNFα and CSF1, but not IL-6, IL-10 or TGFβ, which correlates
with disease progression and indicates a classical activation
phenotype of microglia in this prion model (Vincenti et al.,
2015). A recent longitudinal study reported new inflammatory
genes upregulated early in the prion brain, including genes
involved in inflammation, monocyte recruitment and growth
regulation (Carroll et al., 2015). Concerning signal transduction
pathways, an early activation predominantly of the Signal
transducer and activator of transcription (STAT)- and Nuclear
factor kappa-light-chain-enhancer of activated B cells (NFkB)
pathways has been observed in prion disease models, determined
by the up-regulation of STAT- and NFkB-responsive genes,
including many cytokines and chemokines, as well as by
the detection of increased phosphorylation of STAT1 and
STAT3 specifically (Llorens et al., 2014; Carroll et al., 2015).
The inflammatory response seems to be quite consistent between
different murine prion strains. Although prion strains 22L, RML
and ME7 revealed cellular and regional differences in PrPSc

accumulation, they showed a similar up-regulation mainly of
pro-inflammatory genes and chemokines which correlated with
the deposition of PrPSc and the onset of glial activation (Carroll
et al., 2016).

Targeting individual immune pathways which are
dysregulated in prion disease have shown differential effects in
modifying pathology. The absence of CCL2 does not drastically
affect the disease course (Felton et al., 2005; O’Shea et al.,
2008) and similarly, reducing PGE2 levels using dapsone or
Nonsteroidal anti-inflammatory drugs (NSAIDs) did not impact
disease progression (Guenther et al., 2001; Perry, 2010). On
the contrary, inhibition of TGFβ enhanced neurodegeneration,
indicating that this immune mediator is critically involved in
regulation of the innate immune response in prion disease
(Boche et al., 2006). TNFα as well as TNF receptor 1 knockout
mice show normal prion disease progression after intracerebral
injection of the prion protein (Klein et al., 1997; Mabbott et al.,
2000), whereas deficiency of IL-1 receptor type 1 prolongs prion

incubation time (Tamgüney et al., 2008) and delays disease onset
and protein aggregation and increases survival of diseased mice
(Schultz et al., 2004). PrP fibrils have been found to induce IL-1β

secretion by microglia in vitro, dependent on components of the
Nod-like receptor family pyrin domain containing 3 (NLRP3)
inflammasome, is sufficient to induce neuronal toxicity (Hafner-
Bratkovič et al., 2012; Shi et al., 2012). However, an in vivo
study using mice deficient in NLRP3 or the adaptor protein
apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC) and thereby lacking functional
NLRP3 inflammasome, failed to demonstrate a significant
impact on prion pathogenesis, indicating that inflammasomes
do not contribute to prion progression (Nuvolone et al., 2015).

Numerous studies have reported signs of oxidative stress
in brains of CJD patients as well as in murine models
of prion disease (Guentchev et al., 2002; Van Everbroeck
et al., 2004; Yun et al., 2006), which might play a role
in disease progression by contributing to neurotoxicity and
neurodegeneration. Stimulation of microglia with PrP fragments
in vitro has been shown to induce growth arrest and the release
of nitric oxide (NO) and PGE2 (Villa et al., 2016). Furthermore,
in patients with CJD as well as in a mouse model of prion,
production of NADPH oxidase 2 (NOX2) was up-regulated
specifically by microglia in the affected brain regions (Sorce et al.,
2014). Prion-induced mice deficient in NOX2 demonstrated
decreased production of reactive oxygen species (ROS), a delayed
onset of motor deficits and an increased survival time, indicating
that microglia-specific NOX2 production leads to the release of
ROS and affects prion pathology (Sorce et al., 2014).

It has been shown that microglia are able to engulf and
clear apoptotic neurons (Hughes et al., 2010; Kranich et al.,
2010). The phagocytic function of microglia is increased
in the prion-diseased brain and associated with enhanced
expression of scavenger receptors, cathepsins, and proteins
of the respiratory burst, while phagocytic microglia were
characterized by a lack of IL-1β expression (Hughes et al.,
2010). While microglia were efficient in the uptake of injected
latex beads and apoptotic cells, they were unable to remove
prion protein aggregates, even upon additional stimulation with
lipopolysaccharide (LPS; Hughes et al., 2010). Phagocytosis
of apoptotic neurons by microglia has been shown to be
dependent on milk fat globule epidermal growth factor 8
(MFGE8). Ablation of mfge8 resulted in accelerated prion
pathology, with reduced clearance of apoptotic bodies and
increased prion protein accumulation, indicating that microglia
phagocytosis via MFGE8 is a protective mechanism in prion
disease (Kranich et al., 2010). While in vitro studies using
microglia cells or organotypic brain slices proposed that
microglia can clear PrP and thereby decrease prion titers
(McHattie et al., 1999; Falsig et al., 2009; Kranich et al.,
2010; Zhu et al., 2016), evidence that they do so in vivo
is still missing. It is possible that the removal of misfolded
prion protein is simply inefficient or that PrPsc is not a
sufficient trigger to induce phagocytosis, a similar concept to
that proposed for phagocytosis of amyloid β (Aβ in AD (Guillot-
Sestier and Town, 2013; Prokop et al., 2013). Furthermore,
while the phagocytic function of microglia in prion disease
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is mostly considered to be beneficial and protective, it is
also conceivable that microglia, by taking up cell debris from
prion infected cells or possibly PrP aggregates, might even
contribute to the spreading of the pathogenic protein (Baker
et al., 2002).

TREM2 has been implicated in several neurodegenerative
diseases such as AD (Jonsson et al., 2012; Guerreiro R. J. et al.,
2013), frontotemporal dementia (Guerreiro R. et al., 2013) and
ALS (Cady et al., 2014). TREM2 is an innate immune cell receptor
expressed on microglia and other myeloid cells is thought to be
involved in phagocytosis of apoptotic neurons and promoting
an anti-inflammatory phenotype (Takahashi et al., 2005, 2007;
Hsieh et al., 2009). In the context of prion disease, TREM2 has
been demonstrated to be up-regulated after prion infection, but
the depletion of TREM2 did neither change incubation time and
survival, nor microglia immune phenotype during prion disease
(Zhu et al., 2015).

Recently, there has been evidence of the involvement of
non-coding microRNAs (miR) in regulating the microglia
inflammatory response in prion disease. A number of miRs
implicated in the regulation of gliosis, glial cell proliferation,
the innate-immune response, inflammatory signaling, deficits
in neurotrophic signaling and synaptogenesis have been found
to be upregulated in human prion disease cases (Zhao et al.,
2016). Among them, miR-146a was observed to influence
immune response and activation state of microglia (Saba et al.,
2012).

While increasing evidence indicates that microglia activation
seems to contribute to prion pathogenesis, not much is
known about the mechanistic underpinnings. We have shown
recently that microglial expansion negatively affects prion disease
pathology (Gómez-Nicola et al., 2013), pointing towards a net
detrimental role of microglia during chronic neurodegeneration.
Another recent study emphasized a protective role of microglia
in prion disease, demonstrating accelerated disease pathology
upon microglia ablation in the brain (Zhu et al., 2016). This
dual role of microglia during prion disease provides further
proof that microglia function is highly dynamic and versatile,
by promoting neurotoxic effects through facilitating a potentially
aberrant and harmful inflammation in prion disease, but also by
provoking a protective response through tissue maintenance and
repair.

SYSTEMIC INFLAMMATION AND
MICROGLIAL PRIMING

The study of immune to brain communication is gaining
interest, with the immune system as a transducer of both
endogenous and exogenous challenges to the host. It is known
that systemic infection and inflammation are able to produce
behavioral changes, known as ‘‘sickness behaviors’’, that include
fever, malaise, anorexia, lethargy and depression (Dantzer
et al., 1998), demonstrating an important influence of the
immune system on CNS processes. LPS challenge in healthy
humans has been shown to produce sickness behavior with
fever and neuropsychological symptoms, including reduced
declarative memory performance (Krabbe et al., 2005) and

increased symptoms of depression (DellaGioia et al., 2012).
Systemic inflammation communicates with the brain by several
neural and humoral pathways. Receptors for inflammatory
mediators present on vagus nerve fibers can respond to
inflammatory signals and inform the nucleus of the solitary
tract and other regions of the brain (Wang et al., 2003).
Macrophages in the circumventricular organs (CVOs), which
are regions of the CNS without a tight blood-brain barrier
(BBB), are also able to communicate with systemic inflammatory
mediators. Signals generated in the CVOs subsequently travel
to other regions of the brain (Lacroix et al., 1998). A
third route of communication involves cerebral endothelial
cells of the BBB, which can transduce signals from blood
to the CNS (Laflamme and Rivest, 1999). The molecular
pathways by which systemic inflammation alters brain function
leading to sickness behavior are not completely elucidated.
It has been suggested that the link between the systemic
immune system and the CNS is located at the level of
the hypothalamus, the main brain region controlling the
neuroendocrine system. Systemic inflammation or ageing can
modify the hypothalamic function though NFkB activation and
microglial-neuronal crosstalk (Li et al., 2012; Zhang et al., 2013).
Further studies are needed to elucidate the exact mechanism
underpinning the alteration of neuronal function by systemic
inflammation.

It is known that microglia play an important role in immune-
to-brain communication (Perry and Teeling, 2013). Within
this context, the concept of microglial priming has been
proposed. Microglial priming occurs as a result of damage
associated with chronic neurodegenerative conditions (e.g.,
misfolded protein, neuronal debris or vascular changes), or
several other stressors affecting the nervous system, such
as maternal separation, acute injury or aging. It consists of
an exaggerated or heightened microglial response—much
stronger than that observed in stimulus-naïve microglia—to
a second inflammatory stimulus. Most of the evidence
supporting the hypothesis of microglial priming in chronic
neurodegenerative conditions arises from the study of prion
models. In fact, microglial priming was first described in
prion brains subjected to a systemic challenge mimicking
systemic infection (Combrinck et al., 2002). Cunningham
et al. (2005b) showed how intracerebral LPS injection in
prion mice results in exacerbated IL-1β expression, neutrophil
infiltration and NO expression, accompanied with increased
cell death. Systemic injection of LPS (Cunningham et al., 2009),
Polyinosinic-polycytidylic acid (poly I:C; Cunningham et al.,
2002, 2005b, 2007; Field et al., 2010) or TNFα (Hennessy et al.,
2017) in prion mice also leads to exacerbated in the brain,
with increased expression of pro-inflammatory cytokines and
chemokines including IL-1β TNFα and CCL2. Interestingly, the
increased inflammation triggered by LPS in ME7 prion brain
is independent on circulating IL-1β and IL-6 (Murray et al.,
2011; Hennessy et al., 2017). Although the exact mechanism
by which microglia is primed is still unknown, it has been
suggested that cyclooxygenase 1 (COX-1) expression in
microglia mediates the systemic effects of LPS in the prion
brain (Griffin et al., 2013). More recently, Hennessy et al.
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(2017) reported that astrocytes could be also primed in the
prion brain, and generate exaggerated levels of cytokines and
chemokines after systemic LPS challenge. Although these
findings suggest that microglia in the prion diseased brain are
primed by the ongoing pathology and that a secondary stimulus
switches these cells to an aggressive phenotype, there is still no
defining criteria to classify this state, and it remains unclear
whether different patterns of priming result from different
forms of neurodegeneration or different systemic inflammatory
stimuli.

Interestingly, priming observations and the impact of the
immune system on the CNS are not restricted to prion disease
(Perry, 2010; Cunningham, 2013). Systemic LPS injection
can induce degeneration of cells in the substantia nigra (Gao
et al., 2002; Qin et al., 2007) and systemic challenge with IL-1β

in an animal model of PD leads to enhanced degeneration
of substantia nigra neurons and pro-inflammatory cytokine
production (Pott-Godoy et al., 2008). Systemic challenge
with LPS or other bacterial toxins in an experimental
model of multiple sclerosis, Experimental autoimmune
encephalomyelitis (EAE), can also exacerbate neurological
symptoms (Schiffenbauer et al., 1993). Systemic LPS challenge
caused increased synthesis of pro-inflammatory cytokines in
the CNS of transgenic mouse models of AD-like pathology
(Sly et al., 2001), and tau phosphorylation (Roe et al., 2011).
Chronic systemic inflammation in the form of osteoarthritis
results in accelerated neuroinflammation and Aβ pathology
in APP/PS1/Col1-IL1βXAT mice (Kyrkanides et al., 2011).
There is also evidence about the impact of the immune system
upon human neurodegenerative diseases. Systemic infection
and increased systemic inflammation have been associated
to an enhanced cognitive decline in AD patients (Holmes
et al., 2003, 2009, 2011), and systemic infections are associated
with relapses in multiple sclerosis in patients (Buljevac et al.,
2002).

Overall, evidence suggests that systemic inflammation
contributes to the pathology during chronic neurodegenerative
conditions, with microglia acting as a hub of communication
between the systemic and CNS compartments. According to this
view, it is likely that a correct treatment and management of
systemic inflammation could potentially delay the progression of
neurodegenerative disorders.

ROLE OF MICROGLIA IN HUMAN PRION
DISEASES

Evidence from the literature supports a role of microglia-
mediated inflammation in human prion diseases. Activated
microglia are found in the brains of CJD patients (Sasaki
et al., 1993; Szpak et al., 2006) where they appear to be
closely associated with PrPSc deposits (Miyazono et al., 1991;
Guiroy et al., 1994; Muhleisen et al., 1995). However the
degree of microglial reactivity seems to depend on the subtype
of prion disease and the type of biochemical PrPSc (Puoti
et al., 2005; Shi et al., 2013). Increased levels of inflammatory
cytokines such as IL-8, CCL2, TGFβ, TNFα and IL-1β have

been found in the cerebrospinal fluid (CSF) of sporadic CJD
cases (Sharief et al., 1999; Stoeck et al., 2006, 2014) and the
inflammatory response seems to correlate with the severity
of lesions (Van Everbroeck et al., 2002). A recent study
demonstrated subtype-specific and region-specific changes in
glia activation and the expression of inflammatory mediators
in CJD, with inflammation being pre-dominant in the cerebral
cortex in the CJD subtype PRNP codon 129 Met/Met type 1
(MM1) and in the cerebellum in PRNP codon 129 Val/Val type
2 (VV2) cases (Llorens et al., 2014). Microglia markers such
as CD11b, Iba-1 and CD68 were found to be up-regulated in
a region- and subtype-specific manner which correlated with
the up-regulation of pro- and anti-inflammatory cytokines,
members of the complement system, the integrin family
and C-type lectin/C-type lectin-like domain (CTL/CTLD)
superfamily, toll-like receptors, colony-stimulating factors and
cathepsins (Llorens et al., 2014). Additionally, regulatory proteins
IL-34, PU.1 and C/EBPα involved in microglial proliferation
are increased in variant CJD (Gómez-Nicola et al., 2013).
The increased inflammatory response observed in the two
subtypes of CJD was further associated with an activation
of NFkB and STAT1, 3 signaling pathways (Llorens et al.,
2014). The finding that key regulators of inflammationCOX-
1/2 and PGE2, are elevated in brains of CJD (Minghetti et al.,
2000; Deininger et al., 2003; Llorens et al., 2014) further
speaks for a crucial role of inflammatory processes in human
prion disease, however the exact role of microglia-mediated
inflammation during the course of the fatal disease remains to
be elucidated.

CONCLUSION

Increasing evidence highlights the major contribution of the
expansion and activation of microglia to the pathogenesis of
prion disease. Activated microglia adopts a variety of functionally
diverse phenotypes depending on the disease stage and systemic
influences. While their response is manifold during prion disease,
targeting the microglia-mediated immune response appears to
be a useful approach to modify the disease course. Determining
the exact mechanistic underpinnings of the neuroinflammatory
processes in prion disease is an informative step in order to
develop novel treatment strategies targeting neurodegenerative
disease.
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Microglia are the resident innate immune cells of the central nervous system that
mediate brain homeostasis maintenance. Microglia-mediated neuroinflammation is a
hallmark shared by various neurodegenerative diseases, including Alzheimer’s disease,
Parkinson’s disease, and multiple sclerosis. Numerous studies have shown microglial
activation phenotypes to be heterogeneous; however, these microglial phenotypes
can largely be categorized as being either M1 or M2 type. Although the specific
classification of M1 and M2 functionally polarized microglia remains a topic for debate,
the use of functional modulators of microglial phenotypes as potential therapeutic
approaches for the treatment of neurodegenerative diseases has garnered considerable
attention. This review discusses M1 and M2 microglial phenotypes and their relevance
in neurodegenerative disease models, as described in recent literature. The modulation
of microglial polarization toward the M2 phenotype may lead to development of future
therapeutic and preventive strategies for neuroinflammatory and neurodegenerative
diseases. Thus, we focus on recent studies of microglial polarization modulators, with
a particular emphasis on the small-molecule compounds and their intracellular target
proteins.

Keywords: pharmacological modulator, microglial polarization, neurodegenerative diseases, neuroinflammation,
neuroprotective

INTRODUCTION: DIVERSITY OF MICROGLIAL PHENOTYPES
AND DISEASE RELEVANCE

Microglia, the resident immune cells of the central nervous system (CNS), are highly specialized
macrophages that play a fundamental role in neurodegenerative diseases such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), and multiple sclerosis (MS) (Mandrekar-Colucci and
Landreth, 2010; Colonna and Butovsky, 2017). Microglia have been traditionally classified as
either of the following: (1) resting with branched morphology and present in healthy brains
or (2) activated with amoeboid morphology and present in diseased brains. Recent microglia
classifications are more complex. Activated microglia are now recognized as being heterogeneous
and plastic, and exist in various phenotypes in the CNS. Microglia can be divided into at least
two types (neurotoxic or neuroprotective) based on their function (Kettenmann et al., 2013).
Microglia can promote neurotoxicity via the release of several pro-inflammatory mediators, such
as nitric oxide, interleukin (IL)-1β, and tumor necrosis factor-alpha (TNF-α) (Hanisch, 2002; Block
et al., 2007). Conversely, they can be neuroprotective and neurosupportive, via several mechanisms
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under certain conditions. For example, neuroprotective roles of
microglia include glutamate uptake (Byrnes et al., 2009), removal
of dead cell debris and abnormally accumulated proteins (Diaz-
Aparicio et al., 2016), and production of neurotrophic factors
such as insulin-like growth factor-1 (IGF-1) (Thored et al., 2009),
glial cell-derived neurotrophic factor (GDNF) (Lu et al., 2005),
and brain-derived neurotrophic factor (BDNF) (Batchelor et al.,
1999).

The dual nature of microglial functional polarization is
consistent with the general classification of macrophages
as being either the M1 (classic pro-inflammatory) or M2
(anti-inflammatory) phenotype (Michelucci et al., 2009).
Specific environmental cues induce macrophages to adopt
a given functionality. For example, stimulation with either
lipopolysaccharide (LPS) or interferon (IFN)-γ induces
activation of the classical M1 phenotype, whereas stimulation
with either IL-4 or IL-13 induces the M2 activation (Cherry et al.,
2014; Loane and Kumar, 2016). Microglia are critical to immune
response in the CNS, and unsurprisingly, microglial functional
polarization has been implicated in almost all CNS disorders,
and in the progression of neurodegenerative diseases (Tang and
Le, 2016). Microglia also play key functional roles in recovery
from brain injury and in the maintenance of homeostasis in the
brain.

Microglia in Neurodegenerative Disease
Neurodegenerative diseases such as AD, PD, amyotrophic
lateral sclerosis (ALS), and MS, are characterized by neuronal
degeneration in specific regions of the CNS, sharing common
pathophysiological mechanisms including inflammation and
abnormal protein deposition (Heppner et al., 2015; Chen
et al., 2016). AD is the most prevalent neurodegenerative
disorder that is characterized by progressive focal cortical
atrophy, cognitive dysfunction, β-amyloid deposition, and
neuronal degeneration that initiates with neurons of the
hippocampus and cortex. PD is the second-most prevalent
disorder, and is characterized by a progressive loss of the
dopaminergic neurons in the substantia nigra and accumulation
of α-synuclein and other abnormal proteins in Lewy bodies.
ALS is a chronic degenerative disease characterized by the
progressive degeneration of motor neurons. The accumulation
of abnormal proteins such as superoxide dismutase (SOD)1
and transactive response (TAR) DNA binding protein 43 kDa
(TDP-43) in motor neurons is the major pathological feature.
MS is an inflammatory and degenerative disease of the CNS
characterized by autoimmunity, monocyte infiltration, microglial
activation, demyelination, and neuronal death. Inflammatory
mediators, such as IL-1β, IL-6 TNF-α, chemokines, matrix
metalloproteinase 2 (MMP2), nitric oxide, and nuclear
factor kappa-B (NF-κB), contribute to neurodegeneration
and myelin damage in these neurodegenerative diseases.
Activated microglia and macrophages produce these
inflammatory mediators, orchestrating neuroinflammation,
and neurodegeneration. Neuroinflammation is initially a
protective response in the brain, however, uncontrolled
inflammatory responses are detrimental as they induce the
release of high levels of neurotoxic factors such as ROS

and TNF-α, and block neuronal regeneration (Chen et al.,
2016).

Therefore, demonstrating a microglial functional polarization
would potentially uncover new prospects for understanding the
way in which neurodegeneration can be promoted by local
CNS inflammation. In AD, inflammation is considered to be a
pathology that occurs in response to β-amyloid accumulation.
Classical (M1) activation of microglia is considered the initial
defense mechanism in AD, and is characterized by the release
of proinflammatory cytokines. Conversely, alternative (M2)
activation is associated with angiogenesis, neurogenesis, anti-
inflammatory effects, and the degradation of β-amyloid deposits.
Thus, modulation of microglial activation toward the M2
phenotype has been proposed as a novel therapeutic strategy
for patients with AD. Indeed, Latta et al. (2015) showed
that an enhanced M2 phenotype, induced either by IL-4
overexpression, or treatment with exogenous IL-4, decreased
β-amyloid deposition both in vitro and in an animal model.
Similarly, M1 polarization of microglia induced by expression
of IFN-γ has been shown to increase the amyloid burden in
an amyloid precursor protein/presenilin1 (APP/PS1) AD mouse
model (Weekman et al., 2014).

Microglia-mediated neuroinflammation is also a hallmark
of PD. In the brains of PD patients, microglia exert both
neurotoxic and neuroprotective effects depending on the
surrounding microenvironment. Persistent microglial activation
by damaged neurons and α-synuclein deposition is generally
detrimental. Reactive microglia release a range of reactive
oxygen species, such as nitric oxide and superoxide-anion and
pro-inflammatory cytokines, which exacerbate motor deficits
in PD. Therefore, many anti-inflammatory agents have been
proposed as promising PD therapeutic agents. Indeed, non-
steroidal anti-inflammatory drugs and minocycline have been
used in clinical studies for PD patients (Gao and Hong,
2008).

Accumulation of the misfolded ALS-linked mutant SOD1
or TDP-43 is tightly associated with the neurotoxic M1
inflammatory microglial activation (Boillee et al., 2006; Swarup
et al., 2011; Huang et al., 2012). Primary microglia isolated from
SODG93A transgenic mice are more neurotoxic compared to wild-
type microglia, due to an increased production of superoxide
and nitric oxide as well as the decreased expression of IGF-
I (Xiao et al., 2007). Furthermore, IL-4-induced M2 microglia
reduced LPS-induced microglia-mediated motor neuron injury
(Zhao et al., 2006) and disease stage-dependent microglial switch
from neuroprotective to neurotoxic phenotype has been observed
in an ALS mouse model.

Microglia isolated from ALS mice at disease onset expressed
higher levels of M2 markers and lower levels of the M1
marker, NADPH oxidase (NOX)2, compared with those isolated
at the end-stage of ALS, indicating a diminished function of
neuroprotective microglia in the late stage of the disease (Liao
et al., 2012). Thus, the administration of minocycline delays the
pathogenesis of SODG93A mice by selectively attenuating the
induction of M1 microglia markers during the progressive phase,
without affecting the transient enhancement of M2 microglia
markers at the early stage (Kobayashi et al., 2013).
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Microglial activation has also been studied extensively in MS
patients and in the experimental autoimmune encephalomyelitis
(EAE) mouse model. In this pathological condition, microglia
release neurotoxic and neurotrophic molecules, pro- and anti-
inflammatory cytokines, playing both beneficial and detrimental
roles during the demyelination and recovery stages (Correale,
2014). Miron et al. (2013) examined whether M2 phenotypes
contribute to regenerative response in the CNS. In their study, the
M1 to M2 switch was observed at the initiation of remyelination,
10 days post-injection of lyso-phosphatidylcholine (lecithin).
Oligodendrocyte differentiation for regeneration was enhanced
by M2 microglia-conditioned medium. M2 polarization of
microglia has been proposed to preserve myelin homeostasis
after white matter injury in traumatic brain injury (TBI) or
cuprizone-induced demyelination models (Chen et al., 2014c;
Wang et al., 2015). Furthermore, the protective mechanisms
exerted by alternatively activated (M2) microglia have been
discussed in recent review articles (Cherry et al., 2014; Du et al.,
2016; Tang and Le, 2016). Thus, enhancing the neuroprotective
effects of these M2 microglia may be a promising therapeutic
approach.

Prion disease is another progressive neurodegenerative
disorder, and like many other neurodegenerative diseases,
it is characterized by misfolded protein aggregates and
neuroinflammation (Burchell and Panegyres, 2016; Stopschinski
and Diamond, 2017). In prion disease, misfolded prion protein
aggregates propagate by the conversion of normal cellular prion
protein (PrPC) to abnormal isoforms, designated pathogenic
conformers of the prion protein (PrPSc), which causes rapid
neurodegeneration accompanied by spongiform change and
neuronal loss in the brain. Furthermore, the crosstalk between
misfolded proteins in animal models of Alzheimer’s and prion
diseases has been proposed in recent studies (Morales et al., 2010;
Fernandez et al., 2017), suggesting that one protein misfolding
process may be an important risk factor for the development
of other protein aggregation-induced diseases. Importantly,
microglial proliferation, activation, and phenotype conversion
have been associated with overall prion disease progression
(Aguzzi et al., 2013; Grizenkova et al., 2014; Lins et al., 2016).

Specific Markers for the M1 and M2
Phenotypes
M1-type microglia release diverse proinflammatory mediators
and free radicals that inhibit brain repair and regeneration.
Conversely, microglia of the M2 phenotype improve brain
repair and regeneration by enhancing phagocytosis, releasing
trophic factors, and reducing brain inflammation. Following
stimulation with LPS or IFN-γ, M1 microglia express high
levels of inducible nitric oxide synthase (iNOS) and pro-
inflammatory cytokines/chemokines such as TNF-α, IL-1β,
and CC chemokine ligand (CCL)2. IL-4- or IL-13-stimulated
microglia express Arg1, Ym-1, CD200R, IL-10, transforming
growth factor (TGF)-β and Fizzl-1, which serve as specific
markers for M2 microglia. M1 and M2 microglia represent a
spectrum of various activation phenotype rather than single
phenotype of each status. Three subtypes of M2 microglia

have been proposed, such as M2a (wound-healing and anti-
inflammatory phenotype expressing CD206, Fizz-1, Arg1, Ym1),
M2b (inflammation modulatory phenotype expressing IL-10,
COX2) and M2c (immunosuppressive phenotype expressing
CD163) (Franco and Fernandez-Suarez, 2015; Du et al., 2016).
More recently, Kumar et al. (2016) proposed a mixed transitional
phenotype of microglia called Mtran, co-expressing M1 makers
(iNOS and IL-12) and M2 markers (TGF-β and Arg1). In
their study, up to 42% of Arg1 (M2 marker)-positive cells co-
express the M1 marker iNOS at 7 days post-TBI indicating a
significant mixed population of microglia during recovery after
injury (Kumar et al., 2016), which was confirmed in the middle
cerebral artery occlusion (MCAo) model (Moretti et al., 2016).
Furthermore, it is difficult to discriminate between M1 or each
M2 subtype in vitro, and even more so in vivo. Recent technical
advancements, including the fluorescent analysis of activation
markers, cell sorting, and single-cell RNA-seq analysis, have
helped to define microglia-specific genes compared to those
specific to macrophages and other glia (Butovsky et al., 2014;
Crotti and Ransohoff, 2016). However, M1/M2 phenotypes of
microglia do not precisely match the microglial classification
based on a transcriptomic analysis such as RNA-seq (Yamasaki
et al., 2014). Although the binary concept of microglial M1/M2
classification has been recently debated (Ransohoff, 2016), the
functional classification of microglia as being either neurotoxic
(M1) or neuroprotective (M2) is a useful for illustrating the
pathobiology of inflammatory and degenerative CNS disorders.
Therefore, we used the M1 and M2 phenotypic classification for
activated microglia in this review.

PHARMACOLOGICAL APPROACHES
FOR MODULATING MICROGLIAL
PHENOTYPES

Currently available medication is incapable of repairing
degenerated neurons, inducing regeneration, and/or preventing
further neuronal death in AD, PD, ALS, and/or MS patients.
Current drugs are used to reduce the severity of disease-related
symptoms by limiting the extent of neuroinflammation in
patients (Glass et al., 2010). Nevertheless, although these drugs
reduce symptoms, and thus increase the quality of life for these
patients, they are not able to repair or regenerate damaged
neurons.

Given that the balance of microglial M1/M2 phenotypes
has been implicated in the pathogenesis of neurodegenerative
diseases, several small-molecule compounds have recently
been studied to ascertain their ability to regulate microglial
functional polarization, and thereby exert neuroprotection
against neurodegenerative diseases in animal models. Elucidating
the underlying mechanisms of action and identifying the target
proteins of these small-molecule compounds may be essential to
design better chemical modulators of microglial polarization and
thus effective neuroprotective drugs.

The microglial microenvironment (for example, infection,
ischemic injury, β-amyloid depositions, and/or pro-
inflammatory mediators such as TNF-α, IL-1β, and nitric
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oxide), has been shown to play a critical role in determining
the microglial polarization state. Several soluble factors released
from neurons and astrocytes are suggested to contribute to the
determination of microglial phenotypes, as demonstrated by the
M2 to M1 microglial phenotypic switch induced by exposure
to cell culture medium conditioned by damaged neurons or
activated astrocytes. Furthermore, many intracellular molecules
are involved in controlling microglial/macrophage polarization.
For example, nuclear receptors [peroxisome proliferator-
activated receptor (PPAR)γ, PPARδ, retinoid X receptor (RXR)],
redox signaling molecules [NOX2, hypoxia-inducible factor
(HIF)-1α], NF-κB signaling molecules, and metabolic shift-
mediated proteins are all known to control the phenotypic
switching of microglia and macrophages (Sica and Mantovani,
2012). Thus, potential exploitation of these molecules may be a
promising method for developing novel therapeutic drugs for
neurodegenerative diseases.

Gene therapies, including BDNF- or IL4-overexpressing
viruses, recombinant proteins such as IL-4, IL-10, IL-13, and/or
TGF-β, Etanercept (a TNF-α-antagonist fusion protein), and
cell therapies (M2 microglia and macrophages) have been
applied as therapeutic tools. However, due to the blood–brain
barrier, these therapeutic strategies have limited efficacy, leading
to the screening of small synthetic chemical and/or natural
compounds as treatments for various brain diseases. In this
review, we focus on the effect and the target proteins of these
small-molecule compounds that modulate M1/M2 microglial
polarization (Table 1).

Nuclear Receptors
The nuclear hormone receptor PPAR is a key regulator of the M2
phenotype in macrophages and microglia (Bouhlel et al., 2007;
Chawla, 2010). PPAR activation increases phagocytic uptake of
amyloid-β plaques, and is neuroprotective in an AD mouse
model (Mandrekar-Colucci et al., 2012; Yamanaka et al., 2012).
Accordingly, treatment with the PPARγ agonist, pioglitazone,
results in the phenotypic switch of proinflammatory M1 to
anti-inflammatory M2 microglia. Furthermore, pioglitazone
treatment dramatically reduces the levels of soluble and insoluble
β-amyloid, and reverses the cognitive deficits in 12-month-
old APP/PS1 mice (Toba et al., 2016). A novel selective-PPAR
modulator, DSP-8658, was shown to enhance the microglial
phagocytosis and improve the spatial memory performance
in an AD mouse model (Yamanaka et al., 2012). Similarly,
a PPARγ agonist called rosiglitazone has also been shown to
induce IL-4 expression in the rat brain as well as age-dependent
M1 microglial activation in an IL-4 dependent manner (Loane
et al., 2009). A novel compound, MDG548, was found to
induce neuroprotection in MPTP-treated mice and decrease LPS-
induced NF-κB activation in a dose-dependent manner (Lecca
et al., 2015). Finally, an N-carbamolylated urethane compound
(SNU-BP) has been identified as a novel PPARγ agonist, and
inhibits LPS-induced pro-inflammatory cytokine and nitric oxide
production as well as potentiates IL-4-induced M2 marker
expression in microglia and astrocytes. SNU-BP was also shown
to exhibit an anti-neuroinflammatory effect in an LPS-injected
mouse model, probably via the M1/M2 switch (Song et al., 2016).

Alzheimer’s disease (AD) is strongly associated with the
impaired clearance of β-amyloid from the brain. The RXR
agonist bexarotene (Targretin) has been shown to enhance
β-amyloid clearance by activating PPARγ/RXR and liver
X receptors (LXRs)/RXR, inducing apoE expression, and
promoting microglial phagocytosis (Cramer et al., 2012). It is a
highly selective, synthetic retinoid analog with specific affinity
for the RXR, which is able to cross the blood–brain barrier and
has a favorable FDA-approved safety profile (Skalak et al., 1987;
Cramer et al., 2012).

Malibatol A (MA) is a natural resveratrol oligomer extracted
from the leaves of the Chinese plant Hopea hainanensis. MA has
an anti-inflammatory effect on MCAo mice and LPS-stimulated
microglia. MA treatment was found to decrease the expression
of M1 (CD16, CD32, and CD86), while increasing that of M2
markers (CD206 and YM-1), in a PPARγ-dependent manner
(Pan et al., 2015).

Metabolism-Associated Proteins
Evidence suggests a role for metabolic reprogramming in the
modulation of M1/M2 microglial phenotypes (Orihuela et al.,
2016). Various studies support the belief that mitochondrial
metabolic shifts are associated with microglial polarization.
Under normoxic conditions, ATP (energy) production is
achieved via oxidative phosphorylation; in contrast, anaerobic
glycolysis converts pyruvate into lactate under hypoxic
conditions. In the context of the peripheral immune cells, a
shift in the cellular metabolism from oxidative phosphorylation
to aerobic glycolysis favors the polarization of microglia toward
the M1 phenotype. This metabolic switch is promoted by
PI3K/AKT and inhibited by AMP-activated protein kinase
(AMPK) and IL-10.

AMP-activated protein kinase activation is associated with
neuroprotection after stroke (Jin et al., 2014; Venna et al., 2014)
via enhanced neurogenesis and lowered blood glucose levels. The
AMPK activator metformin promotes both functional recovery
and tissue repair following stroke. Mice that administered
metformin daily after MCAo exhibited more M2-polarized
microglia and macrophages, as well as increased angiogenesis and
neurogenesis (Jin et al., 2014). The same study also demonstrated
metformin-induced M2 polarization of BV-2 microglial cells
dependent upon AMPK activation. Patil et al. (2014) similarly
demonstrated the neuroprotective effect of metformin in a PD
mouse model, such that impaired locomotor activities and the
loss of TH-positive cells were both significantly improved in
metformin (500 mg/kg for 21 days)-treated PD mice, compared
to controls.

Pyruvate dehydrogenase kinases (PDKs) are mitochondrial
metabolic regulators that modulate pyruvate dehydrogenase
(PDH) activity to convert pyruvate either aerobically to acetyl-
CoA, or anaerobically to lactate (Jha et al., 2015). In vitro
studies support the role of PDK2/4 as promoters of the
classical proinflammatory (M1) activation of macrophages.
Moreover, the pharmacological PDK inhibitor dichloroacetate
(DCA) diminishes complete Freund’s adjuvant (CFA)-induced
inflammation and pain via an induced M1-M2 switch (Jha
et al., 2015). This suggests that a pathological metabolic shift,
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and subsequent lactic acid production, each contribute to
neuroinflammatory disease progression.

Fidarestat (SNK-860) is an aldose reductase (AR) inhibitor
used for the treatment of diabetic neuropathy (Kuzumoto et al.,
2006). A recent study showed the incubation of macrophages
with LPS to cause a significant increase ( 6-fold) in the uptake of
glucose in a time dependent manner. In contrast, the inhibition
of AR via fidarestat treatment decreased LPS-induced glucose
uptake by 30% (Reddy et al., 2010). AR expression is enhanced
in microglia/macrophages after spinal cord injury (SCI). The
study further demonstrated that AR inhibition and/or deficiency
in microglia/macrophages favors a phenotype switch toward the
M2, rather than the M1 phenotype, and that AR inhibition
induces the phosphorylation of cAMP response element-binding
protein (CREB) leading to the enhanced expression of the M2
marker, Arg-1 (Zhang et al., 2016).

cAMP-Dependent Pathways and their
Regulators
Cyclic adenosine monophosphate (cAMP) is a well-known
regulator of microglial function and activation (Ghosh et al.,
2012, 2015, 2016). The elevation of cAMP in microglia
or macrophages via the application of an adenylyl cyclase
activator, synthetic cyclic AMP analoges or phosphodiesterase
(PDE) inhibitors, inhibits the production of pro-inflammatory
molecules (Gerlo et al., 2011). Interestingly, proinflammatory
cytokines such as TNF-α and IL-1β both rapidly reduced cAMP,
and increased PDE4 expression in microglia (Ghosh et al., 2012).
The protective effect of cAMP on neuronal regeneration
has been reported in rat SCI (Neumann et al., 2002) and
cerebral ischemia-reperfusion injury models (Niu et al., 2010).
Dibutyryl (db)-cAMP is a membrane-permeable derivative of
cAMP that exhibits a prolonged response time. Ghosh et al.
(2016) investigated the effect of cAMP on the modulation of
microglial phenotypes and found that co-treatment of microglial
cells with cAMP and IL-4 induced an M2 phenotype (Arg-
1+/iNOS−) with concomitant expression of various M2-specific
markers including TG2 and FIZZ1. Administration of db-
cAMP and IL-4 also promoted M2 phenotypes in the lesions
of SCI model mice (Ghosh et al., 2016). Together, these data
strongly support that cAMP is a critical determinant of M1-M2
polarization.

PDE4 is an enzyme that negatively regulates cAMP signaling
by hydrolyzing cAMP in immune and brain cells. PDE4
inhibitors (including rolipram) are reported to have precognitive,
neuroprotective, and anti-inflammatory effects (Barad et al.,
1998; Dinter, 2000; Block et al., 2001). PDE4-negative allosteric
modulators (NAMs) have been recently developed for specific
inhibition of each PDE4 subtype (i.e., PDE4A, B, C, and D).
PDE4D-NAM has been shown to improve cognitive performance
in healthy rodents (Burgin et al., 2010) and primates (Sutcliffe
et al., 2014). PDE4D-NAMs (including D158681, D159153,
D159404, and D159687) have also been demonstrated to
produce potent cognitive benefits by augmenting signaling
via the cAMP/protein kinase A/CREB pathway for memory
consolidation (Burgin et al., 2010; Gurney et al., 2015).

PDE4 subtypes are known to modulate the inflammatory
response in the brain, such that TNF-α increases PDE4B
expression and nuclear translocation in microglia (Ghosh et al.,
2012). Of the PDE4 subtypes, PDE4B in particular is highly
expressed in activated microglia after TBI and SCI. Importantly,
this observation promotes the potential application of therapeutic
modulators for the treatment of neuroinflammatory diseases
including AD.

PDE5 inhibitor sildenafil has been recently developed as a
first-line drug for diabetic patients with erectile dysfunction.
Recently PDE5 inhibitors have been proposed as potential
therapeutic agents for neuroinflammatory, degenerative, and
memory-loss diseases including AD, PD, and MS (Puzzo
et al., 2009; Pifarre et al., 2011; Fiorito et al., 2013; Peixoto
et al., 2015). Possible underlying mechanisms for the beneficial
effects of PDE5 inhibitors include a neuroprotective effect
exerted via the cGMP and/or cAMP signaling pathways and
an anti-inflammatory-related effect. In an in vitro study of
microglia, PDE5 inhibitors were shown to inhibit LPS-induced
M1 polarization by decreasing the production of nitric oxide,
TNF-α, and IL-1β (Zhao et al., 2016). M2 polarization induced
by sildenafil has been shown to provide protection against
lesion extension in the late phase of MCAo in neonatal mice
(Moretti et al., 2016). Furthermore, the chronic inhibition of
PDE-5 has been shown to facilitate the shift from classic (M1)
to alternative (M2) macrophage polarization in streptozotocin-
induced diabetic mice (Venneri et al., 2015).

Redox Signaling Molecules
Activated microglia-derived oxidative stress is implicated in
numerous CNS diseases. The redox status modulates the
acquisition of classical microglia activation phenotypes by
various mechanisms, including the NOX and NOS-dependent
pathways (Bermudez et al., 2016; Haslund-Vinding et al., 2016;
Seredenina et al., 2016; Vilhardt et al., 2016). NOX induces
M1 polarization of microglia, and thus unsurprisingly, either a
NOX inhibitor (apocynin) or genetic depletion has been reported
to induce M2 polarization. Choi et al. (2012) showed that
pharmacological inhibition of NOX changed microglia from an
M1 to an M2 phenotype. Moreover, NOX2 gene-deficient mice
(gp91phox−/−) have been found to be completely protected
against glial M1 over-activation and dopaminergic neuron
degeneration in the 6-hydroxydopamine (6-OHDA)-induced
PD mouse model (Hernandes et al., 2013a,b). GKT137831
(NOX1 and NOX4 inhibitor), originally developed for diabetic
nephropathy, has been shown to significantly reduce both
hypoxia-induced ROS production, and the expression of
inflammatory cytokines in retinal microglia (Deliyanti and
Wilkinson-Berka, 2015), suggesting that NOX inhibitors may
be promising therapeutic agents for diabetic retinopathy and/or
neuropathy.

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a natural
phytoalexin found in grape-skin that exerts anti-inflammatory
and antioxidant, as well as various other biological effects.
Recently, resveratrol has been suggested to have neuroprotective
effects against many neurological diseases (Porro et al.,
2015; Abdel-Aleem et al., 2016; Ghaiad et al., 2016; Jeong
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et al., 2016; Shi et al., 2016; Xu et al., 2017), and several
underlying mechanisms for this effect have been suggested. For
example, resveratrol attenuates hypoxia-induced neurotoxicity
by inhibiting microglial activation (Zhang et al., 2015), and
similarly constrains amyloid-β-induced microglial activation via
NOX (Yao et al., 2015).

mTOR Inhibitors and Chlorogenic Acid:
M1 Polarization for Inhibiting Glioma Cell
Growth
The mammalian target of rapamycin (mTOR) is a
serine/threonine protein kinase involved in many cellular
processes such as transcription and translation, ribosomal
biogenesis, energy metabolism, and autophagy (Laplante and
Sabatini, 2012). The inhibition of mTOR has been recently
suggested to prevent glioblastoma, the most common and
aggressive primary CNS tumor-type, originating from glial cells
(Rolle et al., 2012). Rad, an inhibitor of mTOR, was recently
found to significantly increase iNOS expression, and to reduce
IL-10 expression, suggesting that Rad prevents the acquisition
of an M2 phenotype in response to glioma factors promoting
classic M1 activation. Thus, mTOR inhibition prevented glioma
growth by inhibiting M2 polarization of microglial cells, thereby
increasing their anti-tumor cytotoxic potential (Lisi et al., 2014).

Chlorogenic acid, a phenolic compound extracted from
natural products, has been shown to exert anti-tumor effects
on multiple malignant tumors (Bandyopadhyay et al., 2004;
Belkaid et al., 2006). Previous studies on the anti-tumor
effects of chlorogenic acid focused on its direct cytotoxic or
antioxidant effect (Lewandowska et al., 2016); however, a recent
report suggested a novel anti-tumorigenic mechanism for the
chlorogenic acid-induced effects, in which it promotes M1
polarization to inhibit tumor growth (Xue et al., 2017). In glioma
xenograft mice, chlorogenic acid was shown to increase CD11-
positive M1 and decrease CD206-positive M2 cells in tumor
tissues, leading to a reduction of the overall tumor size.

Epigenetic Regulators and Other
Signaling Molecules
Previous studies have shown that histone deacetylase
(HDACs) inhibitors preferentially promote the transcription
of neuroprotective genes, and protect against TBI-induced
neuronal damage (Lazo-Gomez et al., 2013; Wang et al., 2013)
and strongly suppress LPS-induced cytokine expression and
release by microglia (Kannan et al., 2013). Recently, Wang et al.
(2015) showed that a novel HDAC inhibitor, scriptaid, protected
white brain matter from damage by TBI via polarization of
microglia/macrophages toward the beneficial M2 phenotype.
Scriptaid induced the expression of microglial glycogen synthase
kinase 3 beta (GSK3β) and the microglial phenotypic switch from
M1 to M2. Media conditioned by Scriptaid treated-microglia
conferred a greater protective effect against oxygen and glucose
deprivation-induced cell death in oligodendrocytes, as compared
to media conditioned by vehicle-treated microglia (Wang et al.,
2015).

Rho-associated kinase (ROCK) has been proposed as another
potential regulator of the microglial phenotype. ROCK is a
serine/threonine kinase and a key regulator in controlling
formation of the actin cytoskeleton, as well as cell motility,
and cell adhesion. Selective ROCK inhibitors, such as FSD-
C10 or Y-39983, have been shown to exhibit therapeutic
potential in an EAE model via attenuation of demyelination
and neuroinflammation (Gao et al., 2013; Li et al., 2014). More
recently, microglial treatment with a ROCK inhibitor Fasudil
induced alteration in microglial phenotype polarization and
functional plasticity, shifting the M1 to a M2 phenotype (Chen
et al., 2014a).

CONCLUSION

Here, we summarized the current research on pharmacological
modulators of microglial phenotypes and their cellular targets.
We focused on the effects of these modulators both in vivo,
and in in vitro models of neurodegenerative diseases. We
divided the cellular targets into groups according to their
original functions, these being nuclear receptors, metabolism-
associated proteins, proteins regulating the cAMP pathway,
redox signaling molecules, and others. These target proteins
are potential therapeutic candidates for the effective treatment
of neurodegenerative diseases. Furthermore, an improved
characterization of target protein functions will enable the
design of novel pharmacological compounds to modulate
cytotoxic and/or neurotrophic microglial phenotypes at specific
stages of neurodegenerative disease. This is owing to the
time-dependent microglial activation in the switch from
neuroprotective to neurotoxic profiles in chronic diseases.
Thus, further studies are essential in cultured cells and
animal models, as well as in human patients, to enable the
translation of these preliminary findings into clinically applicable
interventions for AD, PD, MS, and other neurodegenerative
diseases.
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The study of microglia, the immune cells of the brain, has experienced a
renaissance after the discovery of microglia polarization. In fact, the concept that
activated microglia can shift into the M1 pro-inflammatory or M2 neuroprotective
phenotypes, depending on brain microenvironment, has completely changed the
understanding of microglia in brain aging and neurodegenerative diseases. Microglia
polarization is particularly important in aging since an increased inflammatory status
of body compartments, including the brain, has been reported in elderly people.
In addition, inflammatory markers, mainly derived from activated microglia, are
widely present in neurodegenerative diseases. Microglial inflammatory dysfunction,
also linked to microglial senescence, has been extensively demonstrated and
associated with cognitive impairment in neuropathological conditions related to
aging. In fact, microglia polarization is known to influence cognitive function and
has therefore become a main player in neurodegenerative diseases leading to
dementia. As the life span of human beings increases, so does the prevalence
of cognitive dysfunction. Thus, therapeutic strategies aimed to modify microglia
polarization are currently being developed. Pharmacological approaches able to
shift microglia from M1 pro-inflammatory to M2 neuroprotective phenotype are
actually being studied, by acting on many different molecular targets, such as
glycogen synthase kinase-3 (GSK3) β, AMP-activated protein kinase (AMPK),
histone deacetylases (HDACs), etc. Furthermore, nutritional approaches can also
modify microglia polarization and, consequently, impact cognitive function. Several
bioactive compounds normally present in foods, such as polyphenols, can have
anti-inflammatory effects on microglia. Both pharmacological and nutritional approaches
seem to be promising, but still need further development. Here we review recent
data on these approaches and propose that their combination could have a
synergistic effect to counteract cognitive aging impairment and Alzheimer’s disease
(AD) through immunomodulation of microglia polarization, i.e., by driving the
shift of activated microglia from the pro-inflammatory M1 to the neuroprotective
M2 phenotype.

Keywords: immunomodulation, microglia, cognitive impairment, aging, Alzheimer’s disease, drug therapy,
bioactive compounds, nutrition
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MICROGLIA AND THEIR POLARIZATION

Microglia are the resident mononuclear phagocytes of the
central nervous system and constitute about 5%–20% of total
brain cells displaying regional differences in density (Lawson
et al., 1990). These cells are known for their plastic capability
and the functional characteristic depending on their activation
state; indeed, it is not difficult to find morphological changes
these cells undergo depending on their function (Szabo and
Gulya, 2013). Under physiological conditions, microglial cells
are in a ‘‘resting’’ state of non-activation, and cell morphology
is characterized by numerous processes that originate from
the soma with distal arborization (Hailer et al., 1996). On
the other hand, under conditions of stress, inflammation,
injury or upon the effect of certain signals, microglia change
their morphology and activation state, from a non-activated
to an activated state (Stence et al., 2001). Microglial cells
enlarge their cell body and their ramifications become shorter
and less arborized. This morphological mutation can induce
phagocytic functions and amoeboid ability that allows cells
to move toward sites of injury (Tzeng and Wu, 1999). A
typical feature of this state is the activation of microglia and
subsequent release of inflammatory mediators that lead to
an increased oxidative and nitrosative stress. This condition
promotes the inflammatory process, and persisting microglial
activation in this condition shows to be harmful to the
nervous tissue (Csuka et al., 2000; Polazzi and Monti, 2010).
Activated microglia have two different phenotypes: M1 and
M2. Classically activated M1 microglia, activated by LPS or
IFN-γ, have pro-inflammatory, neurotoxic properties, inhibiting
the proliferation of lymphocytes; M1 activated macrophages
secrete proinflammatory cytokines, such as interleukin IL-1α,
IL-1β, tumor necrosis factors (TNF) and nitric oxide (NO).
Alternatively activated M2 microglia are able to repair small
damage, have an anti-inflammatory phenotype, contributing
to trophic support of neurons, possess the ability to degrade
toxic aggregates and increase the neuroprotective functions
thanks to anti-inflammatory interleukin production (Michelucci
et al., 2009; Choi et al., 2017). The M2 phenotype is further
divided in three subtypes; M2a, M2b, M2c. They may have
comparable biochemical functions, but are different in the
mechanisms of action. The shift to the M2a subtype is driven
by IL-3 and IL-4 and is involved in collagen formation, tissue
repair and immunity against parasites whereas the transition
to the M2b subtype is driven by the activation of Toll-like
receptor (TLRs) agonists and is able to recruit regulatory
T-cells. On the other hand, the M2c phenotype, induced by
IL-10, TGFβ1 and glucocorticoids, is involved in the repair
of damage and injury (Chhor et al., 2013; Mecha et al.,
2015).

Regarding the beneficial or detrimental role of activated
microglia on neuronal survival, the most accredited hypothesis
today is that microglia may have a dual role, both neuroprotective
and neurotoxic, depending on their activation state, which in
turn depends on the nature, length and extension of the insult
(Ransohoff and Perry, 2009). In vitro studies in cell cultures
have shown the ambivalent role of microglial cells on neurons;

neuroprotective, but also neurotoxic, while in vivo studies mainly
support the neuroprotective potential of activated microglia
(Streit, 2002).

COGNITIVE DEFICITS IN AGING AND AD

Aging is defined as ‘‘the gradual change in an organism
that leads to increased risk of weakness, disease and death’’
(Merriam-Webster thesaurus). It takes place all throughout an
organism and the brain is no exception. Aging leads to reduced
brain size, neurotransmitter receptor alterations, dendrite
loss/regression and electrophysiological changes such as cortical
spreading depression alterations, possibly connected also to
cortical microglial reactivity, as shown by Iba-1 immunolabeling
(Landfield et al., 1978; Earnest et al., 1979; Jacobs et al., 1997;
Hof et al., 2002; Duan et al., 2003; Luebke et al., 2004; Batista-
de-Oliveira et al., 2012; Lima et al., 2014). These alterations
lead to what is normally called ‘‘age related cognitive decline’’.
Human cognitive function can be classified in basic cognitive
functions: attention, working memory, long-term memory,
perception; and higher-level cognitive functions: speech and
language, decision making, executive control (Glisky, 2007).
However, much research on cognitive function has mainly
focused on memory, and this could account for variability
between aged individuals. The term ‘‘mild cognitive impairment’’
(MCI) was first introduced with the Global Deterioration Scale
(Reisberg et al., 1982) for those individuals whose cognitive
performance is below normal according to age-matched healthy
individuals, especially regarding memory-based performance.
The term was further refined in 2004 by the International
Working Group on MCI (Winblad et al., 2004), in which
affected individuals are considered those that show evidence of
cognitive decline after appropriate testing, but maintain normal
everyday life activities and functions. MCI appears to be a risk
factor for developing dementia as shown by a Chinese study
in which about 30% of patients with MCI developed dementia
within 2 years and high plasma C-reactive protein levels were
associated with accelerated cognitive decline and increased risk
of dementia (Xu et al., 2009). Moreover, in another recent
study, about 20% of patients with MCI developed Alzheimer’s
disease (AD) within 2 years after diagnosis, as assessed through
biochemical and magnetic resonance imaging (MRI) performed
for brain volumetric assessment, among which hippocampal
volume (Nesteruk et al., 2016). AD is a neurodegenerative disease
characterized by progressive cognitive decline, present both
as familial and sporadic cases. Aβ production and processing
alterations are thought to be one of the causes that trigger
the disease. Post-mortem brain studies have shown that AD
pathology hallmarks are the deposition of extracellular Aβ

plaques as well as intracellular neurofibrillary tangles (Lantos
et al., 1992). Familial AD which accounts for 2% of all cases
and may have a disease onset as early as 40–50 years, is caused
by mutations in the amyloid precursor protein (APP) gene and
presenilin 1–2 genes prevalently (Karlinsky et al., 1992; Levy-
Lahad et al., 1995; Sherrington et al., 1995). However, also
rare TREM2 receptor mutations increase the risk of developing
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AD (Guerreiro et al., 2013; Jonsson et al., 2013). TREM2 is
an innate immune receptor expressed by macrophages and
dendritic cells, among other cell types, while in the central
nervous system it is expressed mainly by microglia (Hickman
and El Khoury, 2014) and is involved in inflammation and
phagocytosis. Mutations in TREM2 may impair phagocytosis
(Kleinberger et al., 2014), supporting microglial involvement
in AD pathology. On the other hand, sporadic AD shows late
disease onset around 60–70 years for which the apoliprotein
E type 4 (APOE-ε-4) allele has been identified as a major
risk factor (Corder et al., 1993). Currently, there is no cure
available for AD, yet AD is responsible for 60%–80% of all
dementia cases (Alzheimer’s international statistics). Nearly
46.8 million people worldwide were affected by dementia in
2015 and this number is expected to reach 131.5 million
cases by 2050 (Alzheimer’s international statistics). Thus,
dementia represents a burden to society and to healthcare
systems.

IMMUNOMODULATION AS A PROMISING
THERAPEUTIC STRATEGY TO
COUNTERACT COGNITIVE IMPAIRMENT

Under physiological conditions, immune responses exert positive
effects on the brain by regulating neuroplasticity, learning
and memory, while injury or chronic stress lead to the
increased production of inflammatory molecules such as
IL-1, IL-6 and TNF-α which may disrupt neurotrophic
factor production/signaling and impair learning and memory
(Schneider et al., 1998; Parish et al., 2002; Avital et al.,
2003; Balschun et al., 2004; Golan et al., 2004; Soiampornkul
et al., 2008). Interestingly, increased pro-inflammatory IL-6
and reduced anti-inflammatory IL-10 levels have been detected
in brains from aged mice (Ye and Johnson, 1999, 2001).
Moreover, immune status can also influence brain function
in humans as the Hoorn Study evidenced that increased
levels of inflammatory plasma markers (TNF-α, IL-6, IL-8,
C-reactive protein) were associated with cognitive decline
(Heringa et al., 2014). Because M1 activated microglia produce
inflammatory cytokines, and these seem to induce cognitive
impairment, immunomodulation strategies aiming to attenuate
M1 microglial activation or induce an M1 to M2 microglial
shift may contribute to counteract, at least partially, cognitive
impairment in aging and in neurodegenerative diseases such
as AD. Thus pharmacological and nutritional approaches
targeting immunomodulation are currently being developed,
and a remarkable amount of data has been produced recently
(Figure 1).

PHARMACOLOGICAL APPROACHES
TOWARDS IMMUNOMODULATION AND
THEIR POTENTIAL APPLICATION IN
AGING/AD

Therapeutic strategies aimed to modify microglia polarization,
and therefore leading to immunomodulation, are currently

being developed. Pharmacological approaches able to
shift microglia from the M1 pro-inflammatory to the
M2 neuroprotective phenotype could become new therapeutic
tools in neurodegenerative diseases such as AD and also in
normal brain aging. In the following sections we discuss on
potentially interesting and successful immunomodulatory
targets including glycogen synthase kinase-3 (GSK3) β,
b-site APP-cleaving enzymes (BACEs), Janus kinase (JNK),
phosphodiesterases (PDEs), AMP-activated protein kinase
(AMPK), histone deacetylases (HDACs) and peroxisome
proliferator-activated receptor gamma (PPAR-γ) according to
currently available evidence.

GSK-3 β
GSK-3 β is a serine/threonine kinase, involved in several
signaling pathways such as cell proliferation and inflammation
(Cui et al., 1998; Park et al., 2006). Notably, GSK-3β appears
to be responsible for tau hyperphosphorylation (Sperber et al.,
1995), detaching tau from microtubules and inducing tau
precipitation as intracellular neurofibrillary tangles (NFTs;
Ferrer et al., 2002), a hallmark of AD. Moreover, GSK-3β has
been shown to mediate the release of inflammatory cytokines
in LPS-activated microglia in vitro (Green and Nolan, 2012),
thus GSK-3 could be a promising target. Tideglusib (NP031112),
a thiadiazolidinine derivative, prevents inflammation and
neurodegeneration in a kainic-acid inflammation rat model
(Luna-Medina et al., 2007) and has reached phase II clinical
trials on AD patients (Clincaltrials.gov identifier NCT00948259),
appearing safe though not effective enough (del Ser et al., 2013;
Lovestone et al., 2015). In another study, two triazolopyridine
derivative GSK-3 inhibitors (C-7a and C-7b) reduced Aβ

neurotoxicity and tau hyperphosphorylation in vitro and
improved cognitive deficits in a transgenic AD mouse model
(Noh et al., 2013), though no anti-inflammatory effects were
investigated. More recently, triazinones displayed in vitro anti-
GSK-3 and anti-BACE-1 activity plus neuroprotective and
neurogenic effects besides good brain permeability in vivo (Prati
et al., 2015), however no anti-inflammatory data are currently
available. Lastly, L807mts, a highly selective GSK-3 peptide
derivative inhibitor, reduced Aβ levels, reduced inflammation
and enhanced autophagy in a transgenic AD mouse model
(Licht-Murava et al., 2016).

BACEs
Aβ aggregates are generated by the cleavage of the membrane-
associated APP by α, β and γ-secretases. Through two successive
proteolytic cleavages by α-secretase and γ-secretase, a harmless
peptide, p3, is produced. On the other hand, β-secretase
operates a different cleavage leading to the production of two
neurotoxic peptides of 40 and 42 amino acids each, called
Aβ40 and Aβ42, respectively. The first β–secretase identified was
BACE-1, a type I transmembrane aspartic protease (Vassar et al.,
1999). Because Aβ can induce neuroinflammation, BACE-1
inhibitors can contribute indirectly to inhibiting microglial
M1 activation and research on their potential application is
ongoing. In vivo treatment with the aminoisoindole AZ-4217, a
BACE-1 inhibitor, resulted in long term reduced Aβ deposition
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FIGURE 1 | Possible pharmacological and nutritional approaches towards immunomodulation to counteract pathological brain aging. Food bioactive compounds
and/or synthetic compounds may influence microglial activation state contributing to neuronal survival and thus improve cognitive function during aging.

in an APP transgenic cerebral amyloidosis mouse model
(Eketjäll et al., 2013). In another study, treatment with the
BACE inhibitor RO5508887 reduced amyloid plaque load and
formation in an AD transgenic mouse model and combined
treatment with an anti-Aβ antibody (gantenerumab) further
enhanced these effects (Jacobsen et al., 2014), however the
impact on cognition was not investigated. Also, as previously
stated, triazinones displayed anti-GSK-3 and anti-BACE-1
activity (Prati et al., 2015) while NB-360, another BACE-1
inhibitor was able to block Aβ deposition and the accumulation
of inflammatory cells in a transgenic AD mouse model
(Neumann et al., 2015). Noteworthy, a clinical trial to
study the effect of the BACE-1 inhibitor LY3202626 on
patients with mild AD dementia, as of February 2017 was
recruiting patients (Clinicaltrials.gov identifier NCT027
91191).

JNK
Mitogen-activated protein kinases (MAPKs) are
serine–threonine kinases that mediate intracellular signaling.
JNK is a major cellular stress response protein induced by
oxidative stress and its activation is believed to be an early event
in AD (Zhu et al., 2001). Among the MAPKs, JNK is one of
the essential mediators of microglial proinflammatory functions
(Waetzig et al., 2005), it is a component of signaling pathways
that lead to inflammation, and it can control the synthesis and

release of proinflammatory molecules by LPS-activated microglia
(Hidding et al., 2002). Moreover, the JNK-AP1 signaling
pathway mediates the increased expression of inflammatory
genes induced by Aβ peptides in human brain endothelial
cells and in AD brain (Vukic et al., 2009). Thus JNK is an
attractive target for AD prevention/therapy. In one study,
treatment of LPS-activated primary rat microglia with conserved
dopamine neurotrophic factor (CDNF) resulted in reduced
production of inflammatory cytokines by suppressing the
phosphorylation of JNK and thus inhibiting JNK signaling (Zhao
et al., 2014). Therefore, CDNF use in vivo seems promising.
Another recent in vivo study showed that administration
of the JNK inhibitor SP600125 resulted in cognitive deficit
improvement in a transgenic AD mouse model by reducing Aβ

production, inflammatory responses and synaptic loss (Zhou
et al., 2015). Interestingly, in vivo administration of the small
molecule LX2343 improved cognitive deficits in a transgenic
AD mouse model by inhibiting both JNK and BACE-1 activity,
reducing Aβ production and promoting autophagy (Guo et al.,
2016), though no direct anti-inflammatory mechanisms were
investigated.

PDEs
PDEs act as regulators of intracellular signaling cascades
through the control of 2 second messengers, cyclic adenosine
monophosphate and cyclic guanosine monophosphate. Recent
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findings point to PDE inhibitors as compounds able to
affect different mechanisms underlying AD, as shown by
active ongoing research with these molecules. Administration
of sildenafil, a PDE-5 inhibitor, improved cognitive deficits,
reduced Aβ levels and neuroinflammation in a transgenic AD
mouse model (Zhang et al., 2013). Moreover, administration
of another PDE-5 inhibitor, yonkenafil, resulted in improved
cognitive function, increased neurogenesis in the dentate
gyrus and reduced activation of microglia and astrocytes in
a transgenic AD mouse model (Zhu et al., 2015), therefore
showing also anti-inflammatory effects. In another study, the
PDE-7 inhibitor S14 improved cognitive impairment, reduced
Aβ deposition and tau phosphorylation in a transgenic AD
mouse model (Perez-Gonzalez et al., 2013). Also in an
in vitro study, the PDE-3 inhibitor cilostazol reduced Aβ

production by increasing ADAM10 expression (Lee et al.,
2014), though no anti-inflammatory effects were investigated.
Noteworthy, a phase IV clinical trial to examine the additive
effects of cilostazol on donepezil-treated mild to moderate
AD patients has been completed (Clinicaltrials.gov identifier
NCT01409564) and in a very recent small clinical trial,
cilostazol administration as an add-on therapy reduced cognitive
decline in AD patients (Tai et al., 2017). In another study,
administration of GEBR-7b, a PDE-4D inhibitor, improved
cognitive deficits in a transgenic AD mouse model (Sierksma
et al., 2014) though the underlying mechanisms of action
remain to be discovered. Lastly, in a very recent in vivo
study, administration of the PDE-4 inhibitor FFM reversed
cognitive deficits in a transgenic AD mouse model by increasing
CREB phosphorylation and BDNF levels and reducing inducible
NO synthase (iNOS), TNF-α and IL-1β levels (Guo et al.,
2017).

AMPK
AMPK is a highly conserved energy sensor involved in
mitochondrial biogenesis, cellular stress responses and
regulation of inflammation (Corton et al., 1994; Zong et al.,
2002; Giri et al., 2004). Because overactivated AMPK has been
reported to accumulate in neurons containing tangles in AD
brains (Vingtdeux et al., 2011) and AMPK can phosphorylate
tau protein (Domise et al., 2016), AMPK may represent an
interesting target, though its role in AD is not fully understood.
While inhibition of AMPK with the compound C (CC)
improved hippocampal synaptic plasticity impairment induced
by Aβ in a transgenic AD mouse model (Ma et al., 2014)
AMPK activators have also shown beneficial effects in AD
models. An example are the anti-epileptic drugs topiramate and
levetiracetam which improved cognitive deficits, reduced Aβ

production, increased the activation of AMPK and inhibited
HDAC activity in a transgenic AD mouse model (Shi et al.,
2013). Moreover, a phase II levetiracetam clinical trial on
MCI patients was completed in 2012, though no results
were posted (Clinicaltrials.gov identifier NCT01044758).
Also, while not tested in AD, telmisartan, an angiotensin II
type 1 receptor blocker, increased brain AMPK activation
and microglial M2 gene expression in an LPS-induced
neuroinflammation mouse model (Xu et al., 2015) thus its

application in AD may deserve attention. In another study,
administration of the AMPK activator AICAR, improved
cognitive deficits in a streptozotocin-induced AD rat model (Du
et al., 2015) by restoring mitochondrial functions, though no
anti-inflammatory effects were investigated. Lastly, treatment
with the small molecule THSG exerted anti-inflammatory effects
on LPS-activated microglia by reducing iNOS, COX-2, TNF-
α and IL-6 levels and increased AMPK phosphorylation
levels, thus confirming AMPK activation (Park et al.,
2016).

HDACs
The effects of histone acetylation on the activation of gene
expression were unknown until the 1960s (Allfrey et al., 1964).
Acetylation reduces the positive charge of basic histone proteins
thus decreasing their interaction with DNA and allowing gene
expression. More in detail, this process is finely regulated
by several Histone Acetyl Transferases (HATs) and HDACs.
Recently, the effects of HDAC inhibitors on immunomodulation
have increasingly generated interest due to a potential role
in immunotherapy. In fact, class I HDAC inhibitors have
been reported to increase transcription of neuronal genes,
provide neuroprotective effects, and enhance cognitive abilities.
Moreover, class I HDAC inhibitors such as valproic acid (VPA),
trichostatin A (TSA), suberoylanilide hydroxamic acid (SAHA),
sodium phenylbutyrate (SB) and MS-275 have been shown to
enhance neurite outgrowth, synaptic plasticity, neurogenesis,
neuronal differentiation and axon regeneration in cultured
neurons and in vivo (Laeng et al., 2004; Siebzehnrubl et al.,
2007; Koriyama et al., 2014). In one in vivo study, administration
of the HDAC inhibitor SB, prevented cognitive deficits and
reduced Aβ and GFAP levels, suggesting an anti-inflammatory
effect in a transgenic AD mouse model (Ricobaraza et al.,
2011). Another in vivo study showed that treatment with the
benzamide HDAC inhibitor MS-275 improved cognitive deficits
and reduced microglial activation and Aβ accumulation in a
transgenic AD mouse model (Zhang and Schluesener, 2013).
Lastly, in another in vivo study, SAHA treatment restored
H3 acetylation and BDNF levels (Sharma and Taliyan, 2016) in
mice fed a fat-enriched diet which developed insulin resistance-
induced cognitive decline. While not being an AD study,
insulin resistance is considered a risk factor for AD (Fava
et al., 2017) and thus SAHA may deserve attention in AD
research.

PPAR-γ
PPAR-γ is a nuclear receptor that, after binding peroxisome
proliferators, binds to specific DNA PPAR response elements
regulating the expression of genes involved in fatty acid
peroxisomal beta-oxidation (Dreyer et al., 1993). Current
evidence shows that PPAR-γ activation may prove useful in
AD therapy. In one in vitro study pioglitazone, a PPAR-γ
agonist, inhibited iNOS and the production of IL-1β,
TNF-α and IL-6 in LPS-activated HAPI microglia (Ji et al.,
2010). Unfortunately, a phase II pioglitazone clinical trial
performed in mild to moderate AD patients completed
in 2009 produced no results (Clinicaltrials.gov identifier
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NCT00982202). In another in vitro study, the small molecule
SNU-BP inhibited inflammatory cytokine production and
iNOS in LPS-stimulated microglia by activating PPAR-γ.
SNU-BP also increased IL-4 and arginase-1 expression,
considered as M2 microglial phenotype markers (Song
et al., 2016), thus SNU-BP may deserve in vivo testing as
well. Interestingly, PPAR-γ agonists able to act on other
targets are also being studied in AD therapy. Such is the case
for T3D-959, a PPAR-γ and PPAR-δ agonist that reversed
neurodegeneration in a streptozotocin-induced AD mouse
model though no anti-inflammatory mechanisms were
investigated (Tong et al., 2016). Noteworthy, a phase II
clinical trial focused on TD3D-959 in mild to moderate AD
patients as of June 2016 was being performed (Clinicaltrials.gov
identifier NCT02560753). Lastly, MH84 a PPAR-γ agonist/γ-
secretase modulator, reduced Aβ42 in HEK293APPwt
cells, characterized by elevated Aβ42 levels, and improved
mitochondrial dysfunction (Pohland et al., 2016), thus
performing in vivo MH84 studies applied to AD therapy
may be worth.

NUTRITIONAL APPROACHES TOWARDS
IMMUNOMODULATION AND THEIR
POTENTIAL APPLICATION IN AGING/AD

Interest in the role of diet in health developed after several
epidemiological studies found an association between the
Mediterranean diet and a lower risk of developing cardiovascular
diseases and death (Menotti et al., 1996; Knoops et al., 2004).
Nutritional approaches to target immunomodulation could
become interesting strategies given that foods we consume on
a daily basis, especially plant-based foods (widely present in
the Mediterranean diet), besides providing nutrients contain
also non-essential molecules, termed bioactive food compounds,
able to exert multiple effects throughout the body by acting on
different targets. Science has started understanding the effect of
these molecules, and they could join the list of key players in
immunomodulation strategies.

Bioactive compounds comprise a heterogeneous group of
thousands of molecules. They can be classified into four/five
major groups depending on authors: carotenoids (including
carotenes and xantohpylls); phytosterols (including sterols
and stanols); phenolic compounds (including chlorogenic
acid); polyphenols (including flavonoids, stilbenes, lignans and
curcuminoids) and sulfur compounds (including glucosinolates;
Lozano et al., 2016).

Being a heterogeneous group of molecules with distinct
chemical structures, bioactive compounds exert therefore
different effects such as anti-inflammatory, antioxidant,
hypoglycemic, cholesterol-lowering, estrogen mimicking,
immunostimulant, neurogenic and neuroprotective effects.

Nutritional strategies based on the use of bioactive
compounds can include dietary enrichment, by increasing
the intake of foods containing naturally high amounts of
bioactive compounds; intake of bioactive compound-enriched
supplements, such as concentrated extracts or purified single

molecules; intake of foods fortified with bioactive compounds.
On the other hand, dietary supplements containing high
amounts of bioactive compounds are already commercially
available.

Given their multifaceted properties, many studies have
focused on the effect of bioactive compounds which we
summarize in the following sections and discuss on their
potential use in aging/AD.

Carotenoids
Well-known carotenoids such as β-carotene, lycopene and lutein
can be found in carrots, tomatoes, peaches and peppers among
other foods (Lozano et al., 2016). Lycopene, highly concentrated
in tomatoes, was able to reduce BV-2 microglial cell activation
after LPS treatment in vitro by reducing COX-2 expression
(Lin et al., 2014). Moreover, lycopene exerted anti-inflammatory
effects and enhanced cognitive performance in a Aβ42-induced
AD rat model by downregulating inflammatory cytokines
such as TNF-α and IL1-B (Sachdeva and Chopra, 2015).
Also lutein, highly present in parsley, was able to reduce
LPS-induced neuroinflammation in BV-2 microglial cells, by
significantly inhibiting iNOS and cyclooxygenase-2 activity, as
well as by reducing TNF-α and IL-1β production (Wu et al.,
2015). However, no in vivo data on the anti-inflammatory
effect of lutein are currently available. Interestingly, a human
study involving nearly 7000 participants aged 50 or older
found an association between high levels of serum lycopene
and lutein and a lower risk of mortality by AD (Min
and Min, 2014). Current research on AD and bioactive
compounds has also focused on less-known carotenoinds. For
example, fucoxanthin, a carotenoid abundant in brown seaweeds,
exerted anti-inflammatory effects and reduced reactive oxygen
species levels in Aβ42 treated BV2 microglial cells (Pangestuti
et al., 2013). Moreover, in another in vitro inflammation-
induced microglial cell culture study, fucoxanthin was able
to inhibit the secretion of inflammatory cytokines after LPS
treatment (Zhao et al., 2017). However, no in vivo data
on the anti-inflammatory effect of fucoxanthin are currently
available.

On the other hand, carotenoids contained in saffron, such as
crocin and crocetin, exerted in vitro anti-inflammatory effects on
LPS-treated rat brain microglial cells by inhibiting NO synthesis
from iNOS and the production of inflammatory cytokines (Nam
et al., 2010). Also, in another study, trans-crocetin was able
to improve Aβ degradation in monocytes derived from AD
patients (Tiribuzi et al., 2017) thus it would be interesting to
determine whether trans-crocetin may induce the same effect
in microglia. Remarkably, crocin intraperitoneal administration
showed neuroprotective effects in vivo, by blocking Aβ-induced
apoptosis in an AD animal model (Asadi et al., 2015) which
means crocin is able to cross the blood brain barrier, despite its
hydrophilic nature.

Phytosterols
Phytosterols such as β-sitosterol, stigmasterol and campesterol
can be found in vegetable oils, such as olive oil, cereals,
legumes and nuts (Lozano et al., 2016). While a direct
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anti-inflammatory activity in AD has not been reported for
most phytosterols, their anti-inflammatory effects may not
have been thoroughly investigated. Stigmasterol, one of the
most prevalent phytosterols in foods, exhibited beneficial
effects in vivo in an AD animal model, mainly by reducing
Aβ generation (Burg et al., 2013). In another in vivo
study, a plant sterol-enriched diet was able to prevent
cognitive impairment in SAMP8 mice, a non-transgenic
AD animal model. This beneficial effect could derive from
the fact that plant sterols may substitute lost cholesterol
in SAMP8 mice brains (Pérez-Cañamás et al., 2016). AD
studies have also focused on less common phytosterols.
For example, spinasterol, isolated from Aster scaber, widely
used in Korean cuisine, exerted anti-inflammatory effects on
LPS-activated BV-2 microglial cells by upregulating heme-
oxygenase-1 and reducing the production of TNF-α, IL-1β

and PGE2 (Jeong et al., 2010). However, no anti-inflammatory
effects for spinasterol in aging/AD models have been reported.
Moreover, fucosterol, a phytosterol contained in brown seaweed,
exerted anti-inflammatory effects on RAW264.7 macrophages by
inhibiting the production of NO and the expression of iNOS and
cyclooxygenase-2 (Jung et al., 2013). This suggests that fucosterol
may exert the same anti-inflammatory effects on microglial cells.
Interestingly, a recent in vitro study additionally shows that
fucosterol may also exert BACE-1 inhibitory effects (Jung et al.,
2016).

Phenolic Compounds/Polyphenols
Phenolic compounds such as tyrosol, capsaicin, coumaric, caffeic
and chlorogenic acid can be found in citrus, olives, oats and
soybeans wheras polyphenols, the most heterogeneous group of
bioactive compounds, which includes quercetin, rutin, flavan-
3-ols, catechins, anthocyanins, flavones (luteolin), isoflavones
(phytoestrogens such as genistein, daidzein), curcumin and
lignans can be found in onions, blueberries, red wine and
tea (Lozano et al., 2016). Chemically speaking, phenolic acids
belong to the supercategory of polyphenols, and thus we
describe several examples together. In one in vitro study,
caffeic acid, naturally present in honeybee propolis, exerted
anti-inflammatory effects on BV-2 microglia by inhibiting the
expression of iNOS and cyclooxygenase-2 (Tsai et al., 2015).
Moreover, caffeic acid oral administration improved cognitive
deficits in an Aβ25–35-induced AD animal model, possibly by
inhibiting lipid peroxidation and NO production (Kim et al.,
2015).

In another study, artoindonesianin O, a phenolic compound
found in mulberries, blocked Aβ-42 toxicity in an in vitro model
of AD (Qiao et al., 2015). While no in vivo anti-inflammatory
properties for artoindonesianin O have been reported, a recent
report showed that artoindonesianin O is a potent lipooxygenase
inhibitor, thus it could also play an anti-inflammatory role in vivo
(Lang et al., 2016).

On the other hand, carnosic acid found in rosemary and sage,
was able to inhibit LPS-induced activation of MG6 microglial
cells in vitro, by reducing iNOS levels (Yanagitai et al., 2012).
Moreover, carnosic acid was able to improve cognitive deficits
in an Aβ40-induced AD rat model (Rasoolijazi et al., 2013).

In another study, oral administration of ferulic acid, found in
seeds and cereals, particularly flaxseed (Beejmohun et al., 2007),
inhibited microglial activation in an Aβ42-induced AD mouse
model by decreasing IFN-gamma levels in the hippocampus
(Kim et al., 2004). Moreover, ferulic acid administration was able
to improve cognitive deficits in a transgenic AD mouse model
(Mori et al., 2013).

Interest in the application of other polyphenols normally
present in foods for AD research has constantly increased.
In fact, oral administration of oleuropein aglycone, found in
olive leaves, significantly attenuated astrocyte and microglial
activation in an Aβ42-induced AD rat model (Luccarini et al.,
2014). Moreover, oleuropein aglycone oral administration also
improved cognitive deficits and reduced Aβ42 plaque area and
number in a transgenic AD mouse model (Pantano et al., 2017).
Also resveratrol, a polyphenol found in red grapes and wine,
was able to inhibit Aβ-induced activation of BV-2 microglial
cells by reducing the production of inflammatory factors such as
TNF-α, IL-1β and NO (Yao et al., 2015). Moreover, resveratrol
administration showed anti-inflammatory and anti-apoptotic
effects in vivo in an Aβ42-induced AD mouse model by
inhibiting PDE-4 signaling (Wang et al., 2016). Interestingly,
dietary resveratrol also extended life span of SAMP8 mice,
a non-transgenic AD mouse model through sirtuin activation
(Porquet et al., 2013). However, a resveratrol phase II clinical trial
on patients with mild to moderate AD, resulted in no benefit
to patients (Turner et al., 2015; Clinicaltrials.gov identifier
NCT01504854).

In another study, curcumin, mainly found in turmeric,
inhibited Aβ induced microglial activation in vitro (Shi et al.,
2015). Moreover, curcumin administration improved cognitive
deficits in an AD transgenic rat model, possibly through an
anti-inflammatory effect by activating PPAR-gamma (Liu et al.,
2016) and a phase II curcumin clinical trial on mild to moderate
AD patients was concluded in 2009 though no results were posted
(Clinicaltrials.gov identifier NCT00099710).

Regarding phytoestrogens, genistein, the main isoflavone
found in soy, exerted anti-inflammatory effects on LPS-activated
BV-2 microglia by blocking TLR4 signaling (Jeong et al., 2014).
Moreover, genistein improved cognitive deficits in an AD mouse
model (Bonet-Costa et al., 2016). However, oral administration
of soy isoflavones (100 mg/day) to AD patients for 6 months
resulted in no cognitive deficit improvement (Gleason et al.,
2015; Clinicaltrials.org identifier NCT00205179). This could
be due to the fact that genistein is metabolized by the gut
microbiome to its most active metabolite, equol, only in presence
of specific bacteria in the gut microbiome such as Slackia
isoflavoniconvertens (Matthies et al., 2009).

In another study, anthocyanin in vitro treatment inhibited
LPS-induced BV-2 microglial activation by reducing IL-1β

levels (Meireles et al., 2016). Moreover, a diet supplemented
with 1% anthocyanin extracts was able to prevent cognitive
deficits in a transgenic AD mouse model (Yamakawa et al.,
2016) whereas pomegranate polyphenol administration
exerted anti-inflammatory effects on a transgenic AD mouse
model by reducing TNF-α brain levels and microgliosis
(Rojanathammanee et al., 2013).
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Even the polyphenol epigallocatechin from green tea,
attenuated Aβ EOC 13.31 microglial activation in vitro (Cheng-
Chung Wei et al., 2016). While no in vivo anti-inflammatory
effects for green tea catechins in AD have been reported, green
tea epicatechin administration combined with treadmill exercise
improved cognitive deficits in an AD transgenic mouse model
(Zhang et al., 2016). Also, a phase II epigallocatechin clinical
trial on early stage AD patients was completed on 2016 though
no results have been published yet (Clinicaltrials.gov identifier
NCT00951834).

Lastly, rutin, a citrus flavonoid, exerted anti-inflammatory
and antioxidant effects in an AD transgenic mouse model,
improving spatial memory (Xu et al., 2014).

Interestingly, one in vivo study showed that dietary
polyphenols may exert in part their beneficial effects after
being converted into phenolic acids by intestinal microbiota
(Wang et al., 2015).

Sulfur Compounds
Sulfur compounds such as glucosinolates (isothiocyanate,
sulphoraphane) and Allium genus compounds (allin, allicin
and ajoene) can be found in cabbage, broccoli, onions and
garlic (Lozano et al., 2016). Sulforaphane, an isothiocyanate
derived from glucoraphanin hydrolysis in broccoli,
exerted anti-inflammatory effects in vitro on LPS-activated
microglia by decreasing IL-1β, IL-6 and TNF-α expression
(Brandenburg et al., 2010). Moreover, sulforaphane was able
to extert anti-inflammatory effects against Aβ42-induced
microglial activation in THP-1 macrophages through STAT-1
dephosphorylation and the activation of heme-oxygenase 1
(An et al., 2016). While no in vivo anti-inflammatory effects in
AD disease have been reported for sulforaphane, sulforaphane
administration exerted neuroprotective effects in an AD
aluminum-induced mouse model (Zhang et al., 2015). Moreover,
a very recent study showed that treatment with moringin, an
isothiocyanate derived from the edible plant Moringa oleifera,
exerted potent in vitro ant-inflammatory effects on LPS-activated
RAW 264.7 macrophages (Giacoppo et al., 2017). Also, moringin
showed in vivo anti-inflammatory effects in a Parkinson’s disease
mouse model (Giacoppo et al., 2017) and thus it would be worth
testing moringin also on aging and AD models.

IN VITRO AND IN VIVO CONSIDERATIONS

Microglial cells are able to exert neuroprotective effects towards
neurons challenged with toxic insults. Evidence shows that this
mechanism can be exerted either through direct contact or
through factors secreted by microglia, as shown by in vitro studies
(Polazzi et al., 2001, 2009, 2013). On the other hand, nanomolar
concentrations of Aβ induced neuronal death in mixed neuron-
glial cerebellum cultures, possibly through a microglia mediated
mechanism (Neniskyte et al., 2011), thus outlining a multifaceted
role of microglial activation. Of remarkable importance are
the limitations of the in vitro and in vivo studies here
discussed. Regarding both pharmacological and nutritional
in vitro studies, the abovementioned molecules may actually
be metabolized by the liver cytochrome P450 systems and

thus their properties may change, thus further research in
in vivo models to understand the effect of liver metabolism
will be required. Moreover, regarding nutritional in vitro
studies, the bioactive compounds here cited may not all
cross the blood brain barrier and thus may not reach the
identified targets. Also, dietary bioactive compounds may be
transformed by the gut microbiome, as is the case for genistein
which is converted into equol, its most active derivative
(Matthies et al., 2009). This means further research needs to
be performed in order to understand whether food bioactive
compounds used in in vitro studies are actually the same
identical molecules crossing the blood brain barrier after being
absorbed in the gastrointestinal tract. Also, most nutritional
based studies have focused on the administration of a single
bioactive compound. Bioactive compound mixtures, as present
in foods, could modify/enhance their activity mutually. For
example, as stated in the previous sections, brown seaweeds
contain both the carotenoid fucoxanthin and the phytosterol
fucosterol and thus may exert a synergistic effect on AD
when brown seaweeds are consumed with the diet. However,
one caveat of the above described nutritional approaches is
that single compounds may have been used at concentrations
much higher than those present in foods and thus the
observed effects may not be attainable through food intake.
In fact, in the previously described in vivo lycopene AD
study (Sachdeva and Chopra, 2015), lycopene was used at
concentrations reaching 4 mg/kg of body weight. In order to
reach such dietary intake in humans, more than 2 kg of fresh
tomatoes would need to be consumed (Kamiloglu et al., 2014).
However, dietary bioactive compound supplementation may
overcome this problem. Also, regarding nutritional approaches,
intestinal absorption should not be underestimated as is the
case for some carotenoids, which are partially absorbed at
the intestinal level, as is the case for lycopene, which shows
about 20% absorption levels (Moran et al., 2015) and thus,
circulating blood carotenoid levels may be too low compared
to those used in the previously described studies. Moreover,
carotenoid polarity influences greatly their absorption, though
dietary fat intake and food matrix also influence carotenoid
intestinal absorption, as shown in an in vitro Caco-2 intestinal
barrier model (Mashurabad et al., 2017). However, carotenoid
absorption problems may also be overcome by avoiding oral
carotenoid administration, for example, through intraperitoneal
administration, as previously stated for crocin in vivo studies
(Asadi et al., 2015). On the other hand, AD animal studies
pose several limitations when compared to human studies,
being species-specific differences the most important ones. While
extremely useful, currently available transgenic AD models
are based on the overexpression of one or more proteins, as
suggested from familial AD genetic causes, involved in AD
pathology in order for animals to develop AD. However, protein
overexpression at much higher than physiological levels, such
as APP transgenic mice which develop cerebral amyloidosis
(Jacobsen et al., 2014; Neumann et al., 2015) may lead to
negative results after compound administration perhaps not
necessarily due to compound inefficacy but rather to forced
protein expression levels much higher than in AD patients. At
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such high transgene expression levels, the studied molecules
may not be able to exert detectable beneficial effects, while they
could do so at physiological protein expression levels. Another
issue regards compound metabolism since pharmacological and
food bioactive compounds may be differently metabolized by
rodents, the most widely used animal model for AD research.
Moreover, gut microbiome differences present in humans which
can influence bioactive compound metabolism, may not be as
sharp in rodents and rodent intestinal permeability may differ
from human intestinal permeability for the above mentioned
pharmacological and food bioactive compounds. Noteworthy,
the amount of pharmacological or food bioactive compounds
used in animal studies, when extrapolated to human studies
may be quite high. This suggests further consideration is needed
when designing human studies. Despite these limitations, animal
models continue to be an invaluable resource in AD research.
Furthermore, regarding pharmacological approaches in human
studies, compound delivery conditions may not be optimal:

orally administered compounds may need to be increasingly
stable and/or rendered more permeable to brain parenchyma
in order to reach their targets in affected areas. Accordingly,
pharmacological compound delivery methodologies should be
further developed. One last consideration regarding human
studies is that gut microbiome differences between different
world populations may account for different outcomes in clinical
trials when dealing with food bioactive compounds, in case these
are metabolized by gut microbiota. Such is the case for genistein
conversion into equol, its most active derivative, given that only
about 30%–50% of the world population contains gut bacteria
able to perform this specific chemical reaction (Atkinson et al.,
2005).

CONCLUSION

Pharmacological and nutritional strategies aimed at modulating
microglial activation (Figure 2) offer much potential for future

FIGURE 2 | Summary of immunomodulatory bioactive and synthetic compounds. Bioactive (green) and synthetic (blue) compounds are able to modulate microglial
activation by shifting from the M1 neurotoxic to the M2 neuroprotective phenotype acting on several intracellular targets.
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brain aging and AD therapy. However, they also represent a
big challenge and further research is needed to understand
their potential application in humans. Clinical trials focused
on immunomodulation targets performed so far, have not
resulted in AD patient improvement, however it has to
be considered that immunomodulatory strategies may have
preventive rather than protective effects. This could derive
from the fact that initial AD pathology hallmarks such as Aβ

accumulation may start years before symptoms manifest. In
fact, protein tangles may already be present in early life and
even in healthy aged people (Braak and Del Tredici, 2011),
thus perhaps only when a combination of biochemical (Aβ

deposition) and cellular factors (Aβ clearance dysfunction) are
present, may AD pathology progress. A considerable amount
of Aβ turnover is handled by the glymphatic system in the
brain and perivascular circulation and dysfunction in these
systems may contribute to Aβ accumulation as well (Tarasoff-
Conway et al., 2015). Microglial activation thus may be initially
beneficial in AD pathology as show by positron emission
tomography imaging studies in AD patients and only after
becoming chronic it may exacerbate disease (Hamelin et al.,
2016; Fan et al., 2017). For example, Aβ direct interaction
with the receptor for advance glycation end products (RAGE)
increases oxidative stress in neurons, however it also enhances
inflammatory response in microglia (Deane et al., 2012).
By the time symptoms manifest, microglial dysfunction has
already been established and it may be too late to apply
current immunomodulation strategies for disease management.
However, if compound administration starts as soon as the
first biochemical alterations are detected, this may prove an
effective preventive strategy. Therefore, a different design of
clinical trials directed not towards AD patients, but rather people
with MCI should be considered. This approach would hopefully
allow to evaluate efficacy from a reduction of MCI individuals
undergoing AD and/or a significant delay of this transition.
Recent technological advances in MRI allow to discriminate
healthy individuals with higher and lower brain levels of Aβ

accumulation (Yasuno et al., 2016) which could aid identifying
patients with a higher risk of developing MCI and eventually
AD in order to better design early intervention clinical trials.
If high brain Aβ levels are one of the required factors to
trigger AD, yet not the only cause, detecting abnormal Aβ

and perhaps tau conformational changes, spreading, deposition
and mislocalization at early AD stages may lead to define a

time frame in which initial beneficial microglial inflammatory
responses are ongoing and immunomodulation strategies thus
may prove more effective. Pharmacological therapies are
currently experiencing a renaissance, thanks to multitarget
drug design, in which already approved or discontinued drugs
are fused with other drugs or food bioactive compounds.
Thus the obtained hybrid molecule exerts multitarget directed
activities derived from the original forming molecules, which
may also act on different brain cell populations (Jeřábek
et al., 2017). Regarding nutritional approaches, a first step
could be adopting, the earlier the better, a healthy eating
lifestyle, as close as possible to the Mediterranean diet, in
order to increase the intake of bioactive compounds and
contribute to healthy aging. Considering the multifactorial
nature of cognitive impairment in aging, especially in AD,
it is evident that a multitarget-based approach is essential to
address this complex condition (Bolognesi, 2013). Interestingly,
this multitarget approach can be obtained through either
pharmacological or nutritional strategies, however the combined
use of both approaches in order to obtain a synergistic effect
could be even more effective most probably as a preventive
AD/cognitive aging strategy and perhaps also as a therapeutic
approach.
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Neurodegenerative diseases are characterized by the progressive degeneration of
neurons in the central and peripheral nervous system (CNS, PNS), resulting in a
reduced innervation of target structures and a loss of function. A shared characteristic
of many neurodegenerative diseases is the infiltration of microglial cells into affected
brain regions. During early disease stages microglial cells often display a rather
neuroprotective phenotype, but switch to a more pro-inflammatory neurotoxic phenotype
in later stages of the disease, contributing to the neurodegeneration. Activation of
the Rho kinase (ROCK) pathway appears to be instrumental for the modulation of the
microglial phenotype: increased ROCK activity in microglia mediates mechanisms of the
inflammatory response and is associated with improved motility, increased production
of reactive oxygen species (ROS) and release of inflammatory cytokines. Recently,
several studies suggested inhibition of ROCK signaling as a promising treatment option
for neurodegenerative diseases. In this review article, we discuss the contribution
of microglial activity and phenotype switch to the pathophysiology of Parkinson’s
disease (PD) and Amyotrophic lateral sclerosis (ALS), two devastating neurodegenerative
diseases without disease-modifying treatment options. Furthermore, we describe how
ROCK inhibition can influence the microglial phenotype in disease models and explore
ROCK inhibition as a future treatment option for PD and ALS.

Keywords: microglial polarization, Parkinson’s disease, amyotrophic lateral sclerosis, ROCK, ROCK inhibition,
neuroinflammation

INTRODUCTION

The idea that neurodegenerative disorders (NDD) are primarily caused by a particular susceptibility
of neuronal subpopulations to damaging insults is challenged by the observation that a pronounced
infiltration of microglia into affected brain regions is a common hallmark of NDD. The discovery of
a microglial phenotype switch from an immune-suppressive neuroprotective to a pro-inflammatory
neurotoxic phenotype emphasizes the importance of a microglial contribution to the formation
and course of NDD. One major regulator of microglial activity is the Rho-kinase (ROCK) signaling
pathway. ROCK is a serine/threonine kinase that is expressed as two homologs, ROCK1 and
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ROCK2. The two isoforms share similar structure and function,
but show differences in their abundance. ROCK1 is the dominant
form in liver, lung, testes, blood and the immune system, whereas
ROCK2 is dominant in the brain and muscles (Nakagawa et al.,
1996; Hashimoto et al., 1999). ROCK activity is regulated by
its upstream regulators, the Rho-GTPases RhoA and RhoC,
which belong to the Ras-superfamily (Leung et al., 1996;
Hashimoto et al., 1999). Active ROCK phosphorylates numerous
downstream targets which are involved in regulation of cell shape
and motility as well as apoptosis and cell survival. In microglial
cells the ROCK pathway is involved in regulation of migration,
phagocytosis and release of inflammatory cytokines and thus
mediates the microglial phenotype (Yan et al., 2012; Borrajo
et al., 2014a). Additionally, there is accumulating evidence that
ROCK is increased in microglial cells in Parkinson’s disease
(PD) and Amyotrophic lateral sclerosis (ALS; Conti et al.,
2014; Saal et al., 2017). Thus, inhibition of the ROCK pathway
could be a promising treatment option for NDD. In this
review article, we show how ROCK inhibition can influence the
microglial phenotype, discuss the microglial contribution to the
pathophysiology of PD and ALS and explore ROCK inhibition as
a treatment option for PD and ALS.

MICROGLIAL POLARIZATION AND
PHENOTYPES

Microglia are the resident innate immune cells with a
macrophage-like capacity in the otherwise immune-privileged
central nervous system (CNS; Kettenmann et al., 2011).
Microglial cells fulfill a broad variety of functions and can
commit to different reactive phenotypes (Schwartz et al., 2006;
Hanisch and Kettenmann, 2007). In the healthy brain microglia
occur in a so-called ‘‘resting’’ state with a ramified phenotype,
which presents highly motile processes that continuously
scan their environment. The processes can detect even slight
aberrations in neural signal propagation and in occurrence and
quantity of extracellular molecules. Thus, ‘‘resting’’ microglia
serve mainly in the surveillance and maintenance of the CNS
homeostasis (Kettenmann et al., 2011; Wolf et al., 2017). Under
pathological conditions microglia can be ‘‘activated’’, e.g., by
infectious agents, tissue damage or functional modifications
of neighboring neurons. This is accompanied by a drastic
morphological change towards an ameboid phenotype and an
altered expression of surface molecules and releasable factors
(Kettenmann et al., 2011; Hu et al., 2015) that is strongly
dependent on the brain region and the nature of the activating
agent. It was shown that microglia isolated from different
brain regions and the spinal cord differ in the severity of
a pro-inflammatory response (Baskar Jesudasan et al., 2014).
Activated microglia can be classified according to the peripheral
macrophage classification system in ‘‘M1’’ and ‘‘M2’’ microglia,
even though this oversimplified model only represents two
extreme activation states and it has become clear that microglial
activation is a highly dynamic process with more than the two
polarities (Franco and Fernández-Suárez, 2015; Tang and Le,
2016; Wolf et al., 2017). The ‘‘M1’’ phenotype is associated with
the release of proinflammatory cytokines (e.g., TNF-α, IL-1β),

nitric oxide (NO) and reactive oxygen species (ROS) and bears
the risk of harming neuronal cells with prolonged activation
(Hanisch and Kettenmann, 2007; Tang and Le, 2016). The ‘‘M2’’
phenotype provides a rather neuroprotective environment by the
release of anti-inflammatory cytokines (e.g., IL-4, IL-10, IL-13)
or growth factors such as TGF-β and promotes tissue repair
and regeneration. A growing body of evidence suggests different
‘‘M2’’ subpopulations with distinct biological functions (Hu et al.,
2015; Tang and Le, 2016).

THE ROLE OF ROCK ACTIVITY FOR THE
INFLAMMATORY RESPONSE OF
MICROGLIA

ROCK activity plays a crucial role in microglial activation. It
has been shown that it is involved in the regulation of key
features of microglial activitiy like migration, phagocytosis and
release of cytokines and chemokines (Barcia et al., 2012; Yan
et al., 2012; Borrajo et al., 2014a). Microglia are migratory cells
that can travel along chemokine gradients towards a site of
infection or injury. Motility is a process that mainly reflects
the dynamic organization of the actin cytoskeleton and that
is critically controlled by the Rho family of small GTPases
(Welch and Mullins, 2002). ROCK maintains stress fibers
and focal adhesions, whereas Rac organizes the formation of
filopodia, both necessary structures for migration (Nobes and
Hall, 1995). For phagocytotic cells like microglia, the remodeling
of the actin cytoskeleton is not only important for migration,
but also enables them to engulf particles and cellular debris.
Even though phagocytosis is initiated by different receptors,
downstream they all lead to activation of Rho GTPases for
remodeling of the actin cytoskeleton (Chimini and Chavrier,
2000). As migration and phagocytosis are strongly dependent
on the actin cytoskeleton the involvement of ROCK activity in
these processes is not surprising. Interestingly, however, ROCK
signaling plays also a role in microglial release of cytokines
and chemokines, a process that is initiated by binding of
ligands to specific surface receptors, e.g., purinergic receptors,
toll-like receptors (TLRs) or angiotensin type receptors (Olson
and Miller, 2004; Inoue, 2006; Rodriguez-Perez et al., 2015).
Activation of purinergic receptors for extracellular nucleotides
leads to microglial motility, chemotaxis and release of cytokines,
NO and superoxides. Downstream of purinergic receptors
different effector molecules are activated, among them JNK
and MAPK signaling pathways and ROCK (Erb et al., 2006;
Färber and Kettenmann, 2006). Another important family of
receptors for the activation of microglia are TLRs. They have
a variety of downstream targets including the RhoA-ROCK
signaling pathway (Oda and Kitano, 2006). Microglial release of
cytokines and chemokines is also mediated by angiotensin type
receptors by activation of the nicotinamide adenine dinucleotide
phosphate (NADPH)-oxidase complex and the ROCK signaling
pathway (Rodriguez-Perez et al., 2015). There are several studies
employing inhibition of ROCK that emphasize the significant
role of this pathway for the microglial activation process. In
a rat model of neuropathic pain, ROCK inhibition prevented
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morphological changes in microglia as well as microglia-
neuron interactions (Tatsumi et al., 2015). In a mouse model
for hypoxia and reoxygenation it was shown that ROCK
inhibition by Fasudil led to a reduced expression of microglial
inducible nitric oxide synthase (iNOS). Furthermore, treatment
with the isoquinoline-type ROCK-inhibitor Fasudil reduced the
microglial release of the pro-inflammatory factors NO, IL-1β,
IL-6 and TNF-α (Ding et al., 2010). Similar findings were made
in the rat retina (Tura et al., 2009). Additionally, there is strong
evidence that the ROCK pathway is involved in modulation of the
microglial phenotype. Even though there are no studies showing
that ROCK activity is increased in a certain microglial phenotype,
there are reports from different models showing that inhibition
of ROCK leads to a phenotypic shift from ‘‘M1’’ towards ‘‘M2’’
microglia, suggesting that ROCK activation is necessary for
maintenance of the pro-inflammatory ‘‘M1’’ phenotype. These
phenotypic shifts were associated with a decrease in the release
of the pro-inflammatory factors NO, IL-1β, IL-6 and TNF-α and
increased the release of the anti-inflammatory factor IL-10 in
cultured microglia (Ding et al., 2010). A similar suppression of
the pro-inflammatory cytokines was observed in a mouse model
after Fasudil-treatment (Tönges et al., 2014). Taken together,
there is robust evidence that ROCK activity plays an important
role in activation of microglia and the determination of its
reactive phenotype.

MICROGLIAL ACTIVITY IN PD

PD is the second most common neurodegenerative disorder
worldwide with a prevalence of about 0.3% in industrialized
countries (Dexter and Jenner, 2013). One of its characteristics
is a progressive degeneration of the dopaminergic nigrostriatal
projections and their cell bodies in the substantia nigra. This
leads to a lack of striatal dopamine and imbalanced basal
ganglia signaling, causing severe motor deficits (Jankovic, 2008).
Approximately 5% of all PD cases are inherited and caused
by mutations in different genes or duplications/triplications
of the α-synuclein locus. However, the majority of the PD
cases occurs sporadically without identifiable cause (Dexter and
Jenner, 2013).

There are numerous in vitro and animal studies suggesting
a link between the loss of dopaminergic neurons and activation
of microglia in the substantia nigra in PD. In animals treated
with the neurotoxins 6-hydroxydopamine (6-OHDA) or
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridin (MPTP) an
increased microglial infiltration and activation has been
described (Akiyama and McGeer, 1989; Członkowska et al.,
1996; Cicchetti et al., 2002; Gao et al., 2002; Noelker et al.,
2013). Similar observations could be made in monkeys treated
with MPTP. Here, a prolonged activation of microglia was
observed even 1 year after MPTP treatment (Barcia et al.,
2004). Interestingly, the postmortem tissues of human MPTP
users showed also a prolonged activation of reactive microglia,
even years after the acute intoxication (Langston et al., 1999).
Furthermore, aggregated α-synuclein, one of the main hallmarks
of PD, released from dying neurons leads to a microglial
activation towards the pro-inflammatory ‘‘M1’’ phenotype

(Zhang et al., 2005; Reynolds et al., 2008; Lee et al., 2010). It
is possible to visualize reactive microglia in vivo by positron
emission topography (PET) employing radiotracers that
bind to surface structures of activated microglia, such as the
isoquinoline-derivative and translocator protein (TSPO)-ligand
[11C]-PK11195 (Bartels and Leenders, 2007). Different PET
studies could confirm an increased microglial activation in
the midbrain of PD patients that was correlated to disease
progression (Ouchi et al., 2005; Gerhard et al., 2006; Koshimori
et al., 2015). This goes in line with a study reporting that the
pro-inflammatory cytokines TNFα, IL-6 and IL-1β were elevated
in the cerebrospinal fluid (CSF) of PD patients (Qin et al.,
2016). So far, all evidence on hand points towards an increased
microglial activation with a pro-inflammatory ‘‘M1’’ phenotype
that might contribute to PD progression. Little is known about
the ‘‘M2’’ phenotype in PD.

Abnormal activity of ROCK associated with an increased
inflammatory response was demonstrated in the substantia
nigra of the MPTP mouse model for PD (Villar-Cheda et al.,
2012). Additionally, our group could show that in postmortem
tissue of PD patients compared to age-matched controls ROCK
expression is increased in glial cells (Saal et al., 2017). It has been
shown that, as the two phenotypes can transit into each other,
treatment with a ROCK inhibitor skews ‘‘M1’’ toward ‘‘M2’’
microglia in experimental PD models and thus, is a promising
therapeutic option for the treatment of PD (Zhao et al., 2015; He
et al., 2016; summarized in Figure 1).

MICROGLIAL ACTIVATION IN ALS

ALS is a chronic progressive NDD with a fatal disease course.
Because of the involvement of upper and lower motoneurons
with subsequent impairment of the CNS corticopyramidal tract
and peripheral motor axons patients suffer from progressive
muscle weakness and paralysis, which ultimately leads to death
within 3–5 years. The large majority of ALS is sporadic but
there are also familial cases which have a genetic predisposition
(e.g., mutations in the SOD1 gene or DNA repeat expansions in
C9orf72; Paez-Colasante et al., 2015).

The immune system and neuroinflammation are strongly
implicated in ALS progression and comprise microglial
activation, T-cell-independent macrophage activation, monocyte
recruitment to diseased tissue and dysregulation of immune-
related genes in human ALS patients (Henkel et al., 2013;
Philips and Rothstein, 2014). This neuroinflammatory response
accompanies neuronal cell death with microglial cells being
the first cell type to be activated (Evans et al., 2013). In human
postmortem studies, reactive microglia were detected in regions
which play an important role in motor function (motor cortex,
motor nuclei of the brainstem, corticospinal tract, spinal cord;
Kawamata et al., 1992; Moisse and Strong, 2006). Recently,
microglia were also visualized in ALS patients using integrated
MR/PET and the radioligand [11C]-PBR28 that also binds to
TSPO (Alshikho et al., 2016).

While a functional analysis of microglia in living human
subjects remains difficult, there are various experimental
approaches. In ALS mouse models, microgliosis occurs as well in
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FIGURE 1 | The role of Rho-kinase (ROCK) activity and ROCK inhibition in microglia in Parkinson’s disease (PD) and amyotrophic lateral sclerosis
(ALS). In their physiological “ramified” stage microglia are continuously scanning their environment. For simplification, constitutive ROCK activity is disregarded in this
illustration. Upon binding of pathogen- or danger associated molecular patterns (PAMPs or DAMPs; e.g., α-synuclein) to cell surface receptors microglia are
activated, showing a “M1” phenotype that is associated with increased ROCK activity. This leads to a drastic change in morphology towards an ameboid shape,
release of pro-inflammatory cytokines and chemokines and increased formation of microglia-neuron contacts (“gliapses”). Upon ROCK inhibition by a ROCK inhibitor
the microglial phenotype changes towards a more “M2”-like phenotype, leading to the release of anti-inflammatory cytokines and growth factors and less “gliapse”
formation.

pre-symptomatic as in symptomatic SOD1.G93A mice (Gerber
et al., 2012; Tönges et al., 2014) and in SOD1.G37R mice
(Boillée et al., 2006). Here, in vivo imaging could demonstrate

that microglial cells were highly reactive in pre-symptomatic
stages but lost this ability with disease progression (Dibaj
et al., 2011). Phenotyping of mSOD1.G93A microglia suggests

Frontiers in Aging Neuroscience | www.frontiersin.org April 2017 | Volume 9 | Article 94170

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Roser et al. ROCK inhibition modulates PD & ALS microglia

a predominant M2-type in early onset SOD1.G93A mice and
a rather classically activated M1-type at end stage (Liao et al.,
2012) indicating that the function of microglia changes during
disease progression and both protective or harmful effects may
be exerted depending on the particular situation (summarized in
Figure 1).

When both, wildtype and mSOD1(G93A) primary microglia
were stimulated with LPS, we observed a strong release of
pro-inflammatory cytokines and chemokines in both microglial
cells types, which was even stronger in the wildtype form
(Tönges et al., 2014). This inflammatory response could
be effectively attenuated when cells were co-treated with
ROCK inhibitor Fasudil. This underlines that ROCK is
considerably involved in the modulation of microglial cell
function. In line with this, SOD1.G93A mice were shown to
exhibit enhanced ROCK activity leading to increased levels
of phosphorylated adducin, elevated PTEN activation and
decreased Akt activity (Takata et al., 2013). In patients with
sporadic ALS, increases of ROCK2 protein have also been shown
and were most prominent in skeletal muscle tissue (Conti et al.,
2014).

ROCK INHIBITION AS A TREATMENT
OPTION FOR PD AND ALS

Therapeutic studies targeting ROCK have been performed in
different models of NDD using different strategies to attenuate
ROCK activity (reviewed in Hensel et al., 2015). Inhibition
of ROCK can be achieved pharmacologically using small
molecules targeting either both ROCK isoforms (e.g., Fasudil
and Y-27632) or specifically ROCK2 (e.g., SR3677 and SLx-2119;
Defert and Boland, 2017). Another approach is the employment
of genetic tools that target ROCK expression (e.g., sh- or
siRNA).

In PD models, several studies using different approaches of
ROCK inhibition have been published (reviewed in Labandeira-
Garcia et al., 2015). In a medium severe subchronic MPTP
mouse model of PD (30 mg/kg body weight for five consecutive
days) oral treatment with Fasudil led to protection of nigral
dopaminergic neurons and preservation of the nigrostriatal
projections, resulting in an improved motor performance
(Tönges et al., 2012). Similar findings were reported in MPTP
treated mice (30 mg/kg body weight for five consecutive
days) that received the ROCK inhibitor Y-27632 (Villar-Cheda
et al., 2012). Interestingly, the effects were attributed both,
to a direct neuroprotective effect, which was also present
in a microglia-free neuronal culture (Tönges et al., 2012),
and to an inhibition of the microglial response (Villar-Cheda
et al., 2012). Another study could show that inhibition of
the microglial response is essential for the neuroprotective
effects of ROCK inhibition in the MPP+-mediated dopaminergic
degeneration (Borrajo et al., 2014b). Additionally, it was shown
that MPTP treatment leads to microglial activation and increased
formation of microglia-neuron contacts, so called ‘‘gliapses’’.
Treatment with Fasudil prevented microglial activation and
led to increased dopaminergic neuron survival (Barcia et al.,
2012).

In another toxin-induced PD model that shows a more
severe lesion, the high dose (4 µg/2 µl) striatal 6-OHDA model,
oral treatment with Fasudil could not reduce dopaminergic
degeneration in mice (Tatenhorst et al., 2014). Using shRNAs
that diminished ROCK2 in nigral neurons in the same model,
we could show decreased dopaminergic cell death in the
substantia nigra. However, striatal fiber density and dopamine
contents were not significantly preserved in these animals (Saal
et al., 2015). So far, there are no descriptions of the effect
of ROCK inhibition on microglial activation in the 6-OHDA
model, even though it is known that microglial activation and
ROS production contribute to 6-OHDA induced dopaminergic
neurodegeneration (Rodriguez-Pallares et al., 2007). The extent
of dopaminergic neuron loss in the two described toxin-induced
PD models is strongly dependent on the dosage and, in the
6-OHDA model, site of administration. The described studies
show that in models with a severe lesion, like the here-described
6-OHDA model, ROCK inhibition alone may not be sufficient to
prevent dopaminergic degeneration.

In a transgenic mouse model expressing human mutated
α-synuclein (aSyn.A53T), oral Fasudil treatment led to decreased
midbrain α-synuclein pathology and improved motor and
cognitive functions (Tatenhorst et al., 2016). Even though the
microglial contribution to the phenotype was not analyzed here,
one could speculate that it plays a role, as aggregated α-synuclein
induces microglial ‘‘M1’’ activity (Reynolds et al., 2008; Lee et al.,
2010).

Taken together, ROCK inhibition leads to protection of
dopaminergic neurons in different models of PD by changing
the microglial activation state and exertion of a direct
neuroprotective effect.

In ALS, animal studies with ROCK inhibitors are limited
to the transgenic SOD1.G93A mouse model. Oral treatment
with Fasudil resulted in a slowed disease progression, increased
survival time and attenuated motor neuron loss (Takata
et al., 2013), which was mediated by decreased PTEN
activation and an increase in PI3K-Akt signaling. Similar
effects were also observed in our own analysis. Additionally,
pre-symptomatically applied Fasudil modified glial responses in
SOD1.G93A mice. While astroglial infiltration in the anterior
horn was decreased, microglia numbers increased with Fasudil
treatment. Furthermore, an in vitro activation analysis of primary
microglia showed that Fasudil changes the release of cytokines
towards an anti-inflammatory profile. Thus, it can be postulated
that Fasudil shifts the microglial phenotype towards ‘‘M2’’ in
SOD1 mice (Tönges et al., 2014). In animals, where the treatment
started with disease onset and thus pathology was already
advanced, survival, basic neurological scoring, motoneuron
pathology and microglial infiltration could not be significantly
improved by Fasudil. However, even in this paradigm the
treated animals showed a better motor performance compared
to non-treated animals (Günther et al., 2017). In another study,
treatment with the 4-aminopyridine ROCK-inhibitor Y-27632
improved motor function in male SOD1.G93A mice (Günther
et al., 2014). Since both Fasudil and Y-27632 are not completely
selective for ROCK, inhibition of other kinases may also
contribute to their effects. Nevertheless, the biological efficacy of
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these two molecules with chemically distinct back bones strongly
argues for ROCK as their main pharmacologically relevant
target.

PHARMACOLOGICAL ROCK INHIBITORS

In recent years a large number of pharmacological ROCK
inhibitors have been developed, most of them belonging either
to the chemical group of isoquinoline derivates (e.g., Fasudil;
Ripasudil) or aminopyridines (e.g., Y-27632; Feng et al., 2016;
Defert and Boland, 2017). The majority of ROCK inhibitors
are Type 1 ATP competitive kinase inhibitors that block the
transfer of the terminal phosphate from ATP to the respective
substrate (Liu and Gray, 2006). In biomedical research Fasudil
and Y-27632 are the most extensively used ROCK inhibitors,
even though they are less selective against different other
kinases and show a limited potency (Feng et al., 2016).
Thus, off-target effects that might have contributed to the
results have to be considered in studies that used these drugs.
Consequently, to date there is only limited data demonstrating
the effect of selective or isoform-selective pharmacological
ROCK inhibition (reviewed in Defert and Boland, 2017).
Development of selective ROCK2 inhibitors would be especially
important for the treatment of NDD as ROCK2 is the dominating
isoform in the CNS. Furthermore, selective ROCK2 inhibition
would minimize the risk of hypotension, a major side effect
of long-term treatment with non-selective ROCK inhibitors.
So far, two ROCK inhibitors have been licensed for clinical
use, both in Japan; Fasudil for the treatment of cerebral
vasospasms (Mueller et al., 2005) and Ripasudil for glaucoma
treatment (Garnock-Jones, 2014). Possible adverse events under
systemic Fasudil treatment are abnormal elevation of liver
enzymes (<2%), renal dysfunction (<2%) and hypotension
(<5%) that occurred in a small number of treated patients,
thus indicating excellent tolerability (Suzuki et al., 2007). In

addition, several new compounds are tested in preclinical and
clinical trials, exploring the potential of pharmacological ROCK
inhibition a promising therapeutic strategy for the treatment of
NDD.

CONCLUDING REMARKS AND
PROSPECTS FOR CLINICAL APPLICATION

Taken together, there is an obvious microglial contribution to the
pathogenesis of PD and ALS and ROCK plays an important role
in mediating the microglial inflammatory response. Different
studies showed that inhibition of ROCK changes the microglial
phenotype from the pro-inflammatory ‘‘M1’’ towards the
beneficial ‘‘M2’’ and that it enhances clinically relevant outcomes
in models of different NDDs making it an auspicious treatment
strategy. Fasudil is already licensed in Japan for the treatment
of vasospasms following subarachnoidal hemorrhage and its
safety for short-term treatment was proven in several preclinical
and clinical trials (Fukumoto et al., 2013; Takata et al., 2013).
As NDDs are chronic diseases, long-term effects of systemic
ROCK inhibition will have to be evaluated, even though first
preclinical long-term studies show excellent tolerability and
safety (Tatenhorst et al., 2016). Translational trials in human
patients are now needed to evaluate the tolerability, safety
and efficacy of ROCK inhibition as a treatment strategy for
NDDs.
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Inflammatory reactions occurring in the central nervous system (CNS), known as
neuroinflammation, are key components of the pathogenic mechanisms underlying
several neurological diseases. The chemokine system plays a crucial role in the
recruitment and activation of immune and non-immune cells in the brain, as well as in the
regulation of microglia phenotype and function. Chemokines belong to a heterogeneous
family of chemotactic agonists that signal through the interaction with G protein-coupled
receptors (GPCRs). Recently, a small subset of chemokine receptors, now identified as
“atypical chemokine receptors” (ACKRs), has been described. These receptors lack
classic GPCR signaling and chemotactic activity and are believed to limit inflammation
through their ability to scavenge chemokines at the inflammatory sites. Recent studies
have highlighted a role for ACKRs in neuroinflammation. However, in the CNS, the role
of ACKRs seems to be more complex than the simple control of inflammation. For
instance, CXCR7/ACKR3 was shown to control T cell trafficking through the regulation
of CXCL12 internalization at CNS endothelial barriers. Furthermore, D6/ACKR2 KO
mice were protected in a model of experimental autoimmune encephalomyelitis
(EAE). D6/ACKR2 KO showed an abnormal accumulation of dendritic cells at the
immunization and a subsequent impairment in T cell priming. Finally, CCRL2, an
ACKR-related protein, was shown to play a role in the control of the resolution phase
of EAE. Indeed, CCRL2 KO mice showed exacerbated, non-resolving disease with
protracted inflammation and increased demyelination. This phenotype was associated
with increased microglia and macrophage activation markers and imbalanced M1 vs.
M2 polarization. This review will summarize the current knowledge on the role of
the ACKRs in neuroinflammation with a particular attention to their role in microglial
polarization and function.

Keywords: chemokine receptors, neuroinflammation, microglia, atypical chemokine receptors, CCRL2

INTRODUCTION

The central nervous system (CNS) degeneration, which characterizes several chronic
neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS), is closely linked to immune
activation occurring in the CNS called neuroinflammation (Ransohoff, 2016a). Regardless the
triggering mechanisms that can include viral infections, immune-mediate disorders and neuron
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damage, the immune activation involves microglia and astrocytes
(Sofroniew and Vinters, 2010; Perry and Teeling, 2013). These
cells represent immune cells resident in the CNS, which regulate
CNS homeostasis from the development of brain to the adult
life and aging (Schwartz et al., 2013). In particular, any insult
is followed by activation of microglia, which culminates with
the production of a series of pro-inflammatory mediators that
alter brain-blood barrier permeability and induce infiltration
of circulating leukocytes inside the CNS (Noh et al., 2014).
This effect is regulated by the chemokine system which plays
an important role in the control of immune surveillance in
the brain (Takeshita and Ransohoff, 2012). The inflammatory
response is usually self-limiting and culminates with tissue
repair and resolution mechanisms, which mostly involve
M2 polarized microglia. However, when this process persists
and become chronic, the long-standing activation state of
microglia sustains the release of detrimental inflammatory
mediators and neurotoxic products which contribute to
neurodegenerative sequelae (González et al., 2014; Ransohoff,
2016a).

This review article will focus on the mechanisms involved in
the tight regulation of local immune responses occurring during
CNS inflammatory process, with particular attention to the
role of the chemokine system and atypical chemokine receptors
(ACKRs) in microglial activation and polarization.

MICROGLIAL ACTIVATION AND
POLARIZATION

Microglia are tissue-resident macrophages of the brain and
spinal cord, derived from primitive myeloid progenitors in the
yolk sac that invade the brain parenchyma during embryonic
development (Ginhoux et al., 2010). As mononuclear phagocytes
of the CNS, microglia play an important role in maintaining
normal brain functions in both physiological and pathological
conditions (Wolf et al., 2017). In CNS development, microglia
regulate neurogenesis by phagocyting apoptotic newborn cells
in the sub-granular zone (Sierra et al., 2010) and support
neuronal survival by accumulating around axons and secreting
trophic factors like IGF-1 (Ueno et al., 2013). In addition,
microglia actively remove the excess of synaptic connections
and play a major role in synaptic pruning during postnatal
development in mice (Paolicelli et al., 2011). In physiological
conditions microglia are responsible to eliminate and remodel
synapses and support myelin turnover by phagocytosis of axon
terminals and dendritic spines also in adult brain (Tremblay,
2011). Morphology of microglia reveals the different activation
states of these cells. In healthy brain, microglia have a ramified
shape with extensively branched processes in contact with
neurons, astrocytes and blood vessels, that continually survey
and monitor changes in the local milieu (Nimmerjahn et al.,
2005). Once activated by tissue damage, viral or bacterial
insults or pro-inflammatory stimuli these cells develop ameboid
morphology characterized by cell body enlargement, shortened
cell processes and the presence of numerous cytoplasmic
vacuoles, associated with phagocytosis and pro-inflammatory
functions (Djukic et al., 2006; Colonna and Butovsky, 2017).

Microglia like macrophages are plastic cells able to acquire
distinct functional phenotypes according to the nature of the
local microenvironment (Figure 1). In addition tomorphological
differentiation, these cells express different surface markers
such as Toll-like receptors, NOD-like receptors, nucleotide-
binding oligomerization domain and scavenger receptors. In
response to pro-inflammatory stimuli, like LPS, IFNγ and
TNF-α, microglial cells produce inflammatory cytokines such
as IL-1α/β, IL-6, IL-12, IL-23, TNF-α, iNOS, CCL5 and
express Fc receptors CD16, CD32, CD64 and CD68. This
pro-inflammatory polarization corresponds to the ‘‘classical’’
M1 activation state (Boche et al., 2013; Cherry et al., 2014).
On the other hand, anti-inflammatory stimuli such as IL-4,
IL-10, IL-13, TGF-β and glucocorticoids polarize microglia
in the ‘‘alternative’’ M2 phenotype that promotes resolution
of inflammation and restoring of homeostasis. M2 polarized
cells produce anti-inflammatory molecules like arginase-1
(Arg-1), that contributes to matrix deposition and wound
healing, growth factors like IGF-1, chitinase 3-like 3 (Ym-1)
and FIZZ1 which promote deposition of extracellular matrix
and express characteristic receptors of M2 phagocytes such
as mannose receptor (CD206) and TREM2 (Raes et al.,
2002; Orihuela et al., 2016). Activation of microglial cells
strongly influence the pathogenesis of neuroinflammatory
and neurodegenerative diseases such as PD, ALS, MS, AD,
traumatic brain injuries, stroke and brain tumors (Wolf
et al., 2017). However, the concept of microglia polarization
is now debated, since M1/M2 paradigm may represent an
oversimplification of in vivo activation. Transcriptomic and
proteomic analysis will help to define the heterogeneity
of microglial phenotype associated to different pathological
contexts (Ransohoff, 2016b).

CHEMOKINE SYSTEM IN
NEUROINFLAMMATION

Chemokines are small, secreted chemotactic cytokines involved
in leukocyte trafficking both in homeostatic and inflammatory
conditions. Chemokines play their functional role by the
engagement of the cognate G protein-coupled receptors
(GPCRs), which results in the receptor activation and the
triggering of intracellular signaling cascade that regulates several
cell activities such as migration, adhesion, phagocytosis, cytokine
secretion, proliferation and apoptosis (Bachelerie et al., 2014a).
More than 50 different chemokines and about 20 chemokine
receptors have been discovered (Bachelerie et al., 2014a).
Chemokines are divided into CC, CXC, XC and CX3C
subfamilies according to the specific nature of the cysteine
motif (Zlotnik and Yoshie, 2000). The chemokine system
displays promiscuity features in ligand binding and chemokine
receptor expression on different leukocytes (Bachelerie et al.,
2014a).

In CNS, chemokines play a role in physiological conditions
being involved in neuronal migration, cell proliferation and
synaptic activities. During neuroinflammation, in addition to
their primary role in leukocytes recruitment, they can also
have direct effects on neuronal cells and mediate the cross
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FIGURE 1 | Activation and polarization of microglia in resting conditions and during neuroinflammation. The morphology and the phenotype associated
with different functional states of microglia are represented. In physiological conditions patrolling microglia regulate central nervous system (CNS) homeostasis. In
neuroinflammation microglia assume ameboid morphology and acquire classical M1 or alternative M2 phenotype according to the nature of local milieu.

talk between neurons and inflammatory cells (Cartier et al.,
2005). Chemokines can exert neuroprotective role. For instance,
CCL2 was described to play a role as a protective agent against
the toxic effects of glutamate and HIV-tat-induced apoptosis
(Eugenin et al., 2003). In addition, the signaling of the neuronal
CX3CL1 and its receptor CX3CR1 were shown to reduce the
levels of neurotoxic substances such as TNF-α and nitric oxide
in activated microglia during neuroinflammation (Mattison
et al., 2013). On the contrary, chemokines can directly induce
neuronal death or indirectly through the activation of microglia
killing mechanisms (Sui et al., 2006; Yang et al., 2011). A
new role for chemokines in the modulation of the release
of neuropeptides and neurotransmitters was also proposed
(Rostène et al., 2007, 2011), as shown by the effect of CXCL12 in
tuning the firing pattern of vasopressin neurons (Callewaere
et al., 2006).

In active MS patients, the pathogenic Th1 axis, involving
CXCL10, CCL3, CCL4, CCL5 and the receptors CXCR3 and
CCR5, is activated in blood and cerebrospinal fluid (Uzawa
et al., 2010). On the contrary, the Th2 receptors CCR4 and
CCR3 and the ligand CCL2 play a protective role (Nakajima et al.,
2004). Th17 are recruited by CCR6/CCL20 axis expressed by
epithelial cells of choroid plexus as shown in the experimental
autoimmune encephalomyelitis (EAE) model (Reboldi et al.,
2009; Cao et al., 2015). CXCL12 acts as double edge sword
since it is responsible for the recruitment of monocytes

in the CNS during MS (Azin et al., 2012) and, at the
same time, contributes to remyelination and neuroprotection
processes (Khorramdelazad et al., 2016). Moreover, in MS,
CXCL13 secreted by microglia has been shown to be involved
in the recruitment of CXCR5 expressing Th1, Th17 and B cells
(Huber and Irani, 2015).

The dysregulation of the CX3CL1-CX3CR1 communications
between neurons and microglia has been investigated
in AD patients showing opposite effects. In one study
CX3CR1 deficiency was reported to reduce beta-amyloid
deposition in AD experimental model (Lee et al., 2010).
Other work showed different contribution of the soluble vs.
the membrane-bound forms of CX3CL1 in the regulation of
microglial phagocytosis of plaques (Cho et al., 2011; Lee et al.,
2014). CX3CL1 gene expression was upregulated in the brain
of AD patient (Strobel et al., 2015). Other chemokines, such as
CCL3, CXCL10 and CCL2 were implicated in the regulation
of glial activity involved in neuroinflammation and neurotoxic
environment during the AD development (Xia et al., 2000;
Galimberti et al., 2006; Meyer-Luehmann et al., 2008; Dos
Passos et al., 2016). A relevant role of glial activation in the
development of neuroinflammation associated with damage of
the nigro-striatal dopaminergic system was suggested in PD
(Przedborski, 2010). The CXCL12 and CXCR4 expression is
increased and can promote apoptosis of dopamine neurons
(Shimoji et al., 2009). On the contrary, CX3CL1 exerts a
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neuroprotective effect during PD development (Pabon et al.,
2011).

Overall, neuroinflammation is a complex process involved
in several CNS diseases ranging from autoimmune to
degenerative pathologies and chemokine system plays key
role in immune surveillance, in microglial activation and
functions, in neurocommunications among several CNS cell
types and can orchestrate both neuroprotective and detrimental
effects.

ATYPICAL CHEMOKINE RECEPTORS IN
NEUROINFLAMMATION

ACKRs represent a small subset of proteins expressing high
degree of homology with chemokine receptors. Since ACKRs
lack structural domains required for proper Gαi signaling,
they are unable to activate canonical G protein-dependent
receptor signaling and chemotactic functions (Bachelerie et al.,
2014a,b). At the moment, the ACKR family includes four
proteins, namely ACKR1, ACKR2, ACKR3 and ACKR4.
Other two proteins, namely CCRL2 and PITPNM3 have
been provisionally included with the name of ‘‘Ackr5’’ and
‘‘Ackr6’’, respectively, but they still need formal approval
(Bachelerie et al., 2014b). In the last few years, the role
of ACKRs is gradually clarifying since they were shown to
regulate inflammation acting as scavenger receptors, promoting
chemokine transcytosis or regulating chemokine gradient
formation (Mantovani et al., 2001; Nibbs and Graham, 2013;
Bachelerie et al., 2014a,b; Bonecchi and Graham, 2016). The
role of ACKRs in neuroinflammation is described below and
summarized in Table 1.

ACKR1
ACKR1 binds, with high affinity over 20 inflammatory
chemokines belonging to the CC and CXC families (Novitzky-
Basso and Rot, 2012). ACKR1 is expressed on erythrocytes,
cerebellar Purkinje cells, postcapillary venules and capillary
endothelial cells. Depending on its cellular expression, the
biological functions of ACKR1 are quite different. Indeed,
ACKR1 expressed by erythrocytes regulates the bioavailability
of circulating chemokines by binding them with high affinity
(Schnabel et al., 2010), while endothelial ACKR1 induces
chemokine internalization and transcytosis from the basolateral
to the luminal side of endothelium, where the chemokines are
immobilized and contribute to leukocyte extravasation in vivo
(Pruenster et al., 2009). In neuroinflammation, ACKR1 is
upregulated on endothelial cells in CNS microvessels during
EAE and in MS where it mediates the abluminal to luminal
transport of inflammatory chemokines across the blood-brain
barrier and contributes to EAE pathogenesis (Minten et al.,
2014). In bone marrow chimera experiments, ACKR1 expression
in erythrocytes was shown to be responsible for the increased
plasma levels of inflammatory chemokines observed during EAE.
However, for the full development of the disease, the expression
of ACKR1 was necessary also on endothelial cells (Minten et al.,
2014).

ACKR2
ACKR2 binds a broad panel of inflammatory CC chemokines
and is expressed by lymphatic endothelial cells, trophoblasts,
keratinocytes and some leukocyte subsets, mostly innate-like B
cells (Lee et al., 2013). ACKR2 binds and internalizes its ligands
and target them for lysosomal degradation. Therefore, ACKR2 is
a chemokine-scavenging receptor, aiding the resolution of
inflammatory reactions (Graham, 2009). Studies in EAE model
suggested that ACKR2 functions may be context-dependent.
Indeed, ACKR2 KO mice are unexpectedly resistant to the
induction of EAE due to impaired encephalitogenic responses
(Liu et al., 2006). This observation is ascribed to defective
T-cell priming resulting by the suppression of dendritic cells
migration to the lymph nodes caused by excessive inflammation
at the immunization site (Liu et al., 2006). In contrast,
ACKR2 deficiency was recently associated with an exacerbated
EAE phenotype when mice were immunized with the entire
protein but not the MOG peptide, suggesting a regulatory role
for ACKR2 mediated by T cell polarization (Hansell et al., 2015).

ACKR3
ACKR3 binds two chemokines, namely CXCL12 and CXCL11.
ACKR3 is expressed by endothelial cells, some hematopoietic
cells, mesenchymal cells, neurons and astrocytes. ACKR3 is
able to internalize CXCL12 and modulate CXCR4 expression
and signaling by forming heterodimers with CXCR4 (Levoye
et al., 2009; Décaillot et al., 2011). Thus, ACKR3 can control
chemokine responsiveness by regulating CXCR4 protein levels
and CXCL12 scavenging activity as shown in migrating
cortical interneurons (Sánchez-Alcañiz et al., 2011; Abe et al.,
2014). Loss of CXCL12, a chemokine that restricts the
CNS entry of CXCR4-expressing leukocytes from abluminal
surfaces of blood-brain barriers, has been described in MS.
During EAE, ACKR3 expression on endothelial barriers
is increased at sites of inflammatory infiltration (Cruz-
Orengo et al., 2011b) and its activation, by scavenging
CXCL12, is essential for leukocyte entry via endothelial
barriers into the CNS parenchyma (Cruz-Orengo et al., 2011b).
Administration of ACKR3 specific antagonist CCX771 increases
abluminal levels of CXCL12 at the blood-brain barrier,
preventing the pathological entry of immune cells into CNS
parenchyma, thus improving clinical signs of EAE disease (Cruz-
Orengo et al., 2011b). In addition, ACKR3 antagonism during
EAE helps preserving axonal integrity (Cruz-Orengo et al.,
2011a). In mice with EAE, ACKR3 is also upregulated in
migrating oligodendrocytes progenitors, important cells for the
remyelination process, in the subventricular zone (Banisadr et al.,
2016). More recently, it was reported that ACKR3 expression
is responsible for the migration of activated microglia and
positively correlated with the clinical severity of EAE (Bao
et al., 2016). Indeed, an ACKR3 neutralizing antibody modulates
microglial chemotaxis and ameliorates EAE symptoms (Bao
et al., 2016).

ACKR4
ACKR4 binds the homeostatic CC chemokines CCL19, CCL21,
CCL25 and with lower affinity CXCL13. ACKR4 is expressed by
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TABLE 1 | Atypical chemokine receptors (ACKRs) and their role in neuroinflammation.

Receptor name Alternative names Sites of expression Role in neuroinflammation References

ACKR1 Duffy antigen receptor for
chemokines (DARC), CD234

Erythrocytes
Vascular endothelial
cells
Purkinje cells

On erythrocyte it acts as chemokine
reservoir
On endothelium it contributes to EAE
pathogenesis

Minten et al. (2014)

ACKR2 CCBP2, D6, CMKBR9 Lymphatic endothelial
cells
Innate-like B cells
Keratinocytes
Trophoblasts

It is required for generating
T cell responses in EAE
It suppresses Th17 responses in EAE

Liu et al. (2006),
Hansell et al. (2015)

ACKR3 RDC1, CXCR7, CMKOR1 Endothelial cells
Hematopoietic cells,
Mesenchymal cells
Neurons
Astrocytes

It contributes to EAE pathogenesis
It mediates chemotaxis of activated
microglia during EAE

Cruz-Orengo et al.
(2011b); Bao et al.
(2016)

ACKR4 CCRL1, CCXCKR, CCR11 Thymic epithelial cells
Keratinocytes
Lymphatic endothelial
cells

It delays the onset of EAE and reduces
disease severity

Comerford et al.
(2010)

thymic epithelial cells, keratinocytes and lymphatic endothelial
cells. After chemokine binding ACKR4 internalizes and drives
its ligand to degradation (Comerford et al., 2006), thus
representing the homeostatic counterpart of the inflammatory
CC chemokine scavenger receptor ACKR2. In an EAE model,
ACKR4 deficient mice developed the disease earlier and
with more severity compared to wild type mice. This earlier
onset was associated with an enhanced splenic Th17-type
response, an elevated expression of IL-23 transcript, and
an increase in CCL21 in the CNS (Comerford et al.,
2010).

ROLE OF CCRL2 IN MICROGLIAL
POLARIZATION

CCRL2 is a seven transmembrane protein that shares some
structural and functional aspects with ACKRs, such as the
lack of conventional GPCR signaling and the inability to
induce cell migration (Zabel et al., 2008; Del Prete et al.,
2013; Bachelerie et al., 2014a; De Henau et al., 2016). Some
authors described binding and/or functional activation of
CCRL2 in response to chemokines CCL2, CCL5, CCL7, CCL8
and CCL19 (Biber et al., 2003; Catusse et al., 2010; Leick
et al., 2010). However, these results were not subsequently
confirmed by other groups (Del Prete et al., 2013; De
Henau et al., 2016). CCRL2 binds and presents chemerin, a
non-chemokine chemotactic protein, to adjacent cells expressing
the functional chemerin receptor ChemR23, and acts as regulator
of chemerin bioavailability (Zabel et al., 2008; Gonzalvo-Feo
et al., 2014). Neither internalization nor calcium mobilization
was described upon chemerin binding (Zabel et al., 2008).
CCRL2 is expressed by endothelial and epithelial cells, and by
a variety of leukocytes, including macrophages, dendritic cells,
mast cells and neutrophils and its expression is increased by
pro-inflammatory stimuli (Galligan et al., 2004; Zabel et al.,
2008; Otero et al., 2010; Monnier et al., 2012; Del Prete et al.,
2013; Gonzalvo-Feo et al., 2014). In particular, CCRL2 was

described to play a non-redundant role in the regulation of
dendritic cell migration during airway inflammation (Otero
et al., 2010). Moreover, in vitro and in vivo studies showed
CCRL2 expression in mouse microglia and astrocytes and
upregulation in macrophages in the EAE model (Zuurman
et al., 2003; Brouwer et al., 2004). To better understand the
role of CCRL2 in CNS physiopathology, our group studied
the role of CCRL2 deficiency in EAE model (Mazzon et al.,
2016).

CCRL2 expression was found upregulated following
MOGaa35–55 immunization and paralleled the kinetics of
the clinical symptoms, reaching the peak induction at the acme
of the disease and declining thereafter (Mazzon et al., 2016).
During the development of EAE, the upregulation of CCRL2 was
associated with increased levels of chemerin (Graham et al., 2009;
Mazzon et al., 2016), mimicking the regulation of ACKR3 and
its ligand CXCL12 (Banisadr et al., 2016). CCRL2 deficient
mice showed exacerbated EAE clinical phenotype, in terms of
increased mortality, higher maximum and cumulative clinical
score. The histopathological analysis revealed an intense and
persistent inflammatory reaction associated with increased
demyelination in CCRL2 deficient spinal cords at the recovery
phase of the disease. These observations were paralleled by
the increase in T cell infiltration in CCRL2 deficient mice.
In addition, in CCRL2 KO mice, the macrophage/microglia
activation markers, namely Iba-1, CD68, and TREM2 remained
elevated during the recovery phase of the disease. An unbalanced
M1/M2 polarization, with a persistent predominance of the
M1 markers was also observed during the recovery phase of
the disease. This was in contrast to control mice that developed
all the signs of resolution of inflammation including the
M2 phenotype characterizing the CNS regenerative response.
These results candidate CCRL2 as an important player in
EAE-associated inflammatory reactions and suggest the tuning
of microglial activation and polarization as an additional
mechanism used by ACKRs to regulate CNS inflammatory
responses.
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CONCLUSIONS

Neuroinflammation is a key component of neurodegenerative
diseases. This process involves the effector components of
both innate and adaptive immunity. In the CNS, microglia
represent the resident immune component involved in tissue
homeostasis. Being an immune sensor of altered homeostasis,
microglia accumulate in response to neuron injury and after
the entry of foreign substances in the CNS. The way microglia
become activated represents a crucial element in the regulation
of neuroinflammation and may be associated with either
beneficial or detrimental effects resulting in neuroprotection
or neurotoxicity. The chemokine system plays multiple roles
in the modulation of this multifaceted process. Our growing
understanding on the functions of the ACKRs increases the level

of complexity of this scenario and provides new potential targets
to be exploited in the control of neuroinflammation.
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Microglia can transform into proinflammatory/classically activated (M1) or anti-
inflammatory/alternatively activated (M2) phenotypes following environmental signals
related to physiological conditions or brain lesions. An adequate transition from the
M1 (proinflammatory) to M2 (immunoregulatory) phenotype is necessary to counteract
brain damage. Several factors involved in microglial polarization have already been
identified. However, the effects of the brain renin-angiotensin system (RAS) on microglial
polarization are less known. It is well known that there is a “classical” circulating
RAS; however, a second RAS (local or tissue RAS) has been observed in many
tissues, including brain. The locally formed angiotensin is involved in local pathological
changes of these tissues and modulates immune cells, which are equipped with all the
components of the RAS. There are also recent data showing that brain RAS plays a
major role in microglial polarization. Level of microglial NADPH-oxidase (Nox) activation
is a major regulator of the shift between M1/proinflammatory and M2/immunoregulatory
microglial phenotypes so that Nox activation promotes the proinflammatory and
inhibits the immunoregulatory phenotype. Angiotensin II (Ang II), via its type 1 receptor
(AT1), is a major activator of the NADPH-oxidase complex, leading to pro-oxidative
and pro-inflammatory effects. However, these effects are counteracted by a RAS
opposite arm constituted by Angiotensin II/AT2 receptor signaling and Angiotensin
1–7/Mas receptor (MasR) signaling. In addition, activation of prorenin-renin receptors
may contribute to activation of the proinflammatory phenotype. Aged brains showed
upregulation of AT1 and downregulation of AT2 receptor expression, which may
contribute to a pro-oxidative pro-inflammatory state and the increase in neuron
vulnerability. Several recent studies have shown interactions between the brain RAS
and different factors involved in microglial polarization, such as estrogens, Rho
kinase (ROCK), insulin-like growth factor-1 (IGF-1), tumor necrosis factor α (TNF)-
α, iron, peroxisome proliferator-activated receptor gamma, and toll-like receptors
(TLRs). Metabolic reprogramming has recently been involved in the regulation of the
neuroinflammatory response. Interestingly, we have recently observed a mitochondrial
RAS, which is altered in aged brains. In conclusion, dysregulation of brain RAS plays a
major role in aging-related changes and neurodegeneration by exacerbation of oxidative
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stress (OS) and neuroinflammation, which may be attenuated by pharmacological
manipulation of RAS components.

Keywords: angiotensin, microglia, NADPH-oxidase, neuroinflammation, neuroprotection, Nox, oxidative stress,
Parkinson

INTRODUCTION

In the late 19th century, Franz Nissl first described microglia
as staebchenzellen (rod cells) for their rod-shaped nuclei. In
1913, Santiago Ramón y Cajal described these cells as a ‘‘third
element’’, and in 1919 microglial cells were characterized by
his disciple Pío del Río Hortega as a phagocytic and distinct
non-neural and non-astrocytic population. During embryonic
development, primitive yolk sac myeloid progenitors enter the
brain and differentiate into microglial cells (Alliot et al., 1999;
Ginhoux et al., 2010). It is usually estimated that around 10%
of the adult brain cells are microglial cells (Carson et al., 2006;
Kettenmann et al., 2011). In the adult mouse brain, microglia
constitute 5%–12% of all glial cells, although these cells are
not evenly distributed throughout the brain, ranging from 5%
in the cerebral cortex to 12% in the substantia nigra (Lawson
et al., 1990; Mittelbronn et al., 2001; Harry and Kraft, 2012).
There are tissue-specific macrophages in practically all tissues
of the body (Gautier et al., 2012), and microglial cells have
been considered as the resident macrophages in the brain.
Consistent with this, the resident microglia mediate the brain
immune and inflammatory responses (Hu et al., 2014; Prinz
and Priller, 2014). Although microglia and brain macrophages
express several common protein markers, microglial cells have
a particular molecular signature, which is different to other
circulating and tissue-resident macrophagic cells (Hickman et al.,
2013; Butovsky et al., 2014).

Microglial cells have been classically described to exist in
two states, resting and activated state. In the healthy brain,
neurons produce several immunosuppressive proteins, which
keep microglia in a classical inactivated state (Harrison et al.,
1998; Hoek et al., 2000). However, the initial concept of
resting microglia has been modified, and recent studies have
shown that the classical ‘‘resting’’ microglia are highly active
by scanning of the surrounding region for disturbances in
physiological conditions (Davalos et al., 2005; Nimmerjahn et al.,
2005). Furthermore, it is now generally admitted that the term
activation includes a set of several ‘‘activated’’ states. The classical
concept of either ‘‘good’’ or ‘‘bad’’ activation states of microglia
has to be reconsidered, and substituted by a range of different
types of functional activation. Microglia can develop a number of
different phenotypes and functions to preserve brain homeostasis
depending on their environment.

MICROGLIAL POLARIZATION

The dual role of microglia is associated with different
polarization of microglia under different context, particularly
after brain injury (Hu et al., 2014; Franco and Fernández-
Suárez, 2015; Kim et al., 2015). Microglia can develop
into proinflammatory/classically activated (M1) or

anti-inflammatory/alternatively activated (M2) phenotypes
depending on the signals present at different stages after
brain lesions. M1/proinflammatory microglia produces
proinflammatory mediators and free radicals that exacerbate
neuronal death. Alternatively, M2/immunoregulatory microglia
induce brain repair and regeneration, produce growth factors
and anti-inflammatory cytokines to protect neurons and
resolve inflammation. In addition, as primarily described in
the periphery, several subclasses of M2/immunoregulatory
activation have been identified. The M2a activation state has a
main function of suppression of inflammation. A second state
of alternative activation is classified as ‘‘M2c’’, which has been
suggested to restore the tissue after the inflammatory process
has been attenuated (Gordon, 2003; Colton, 2009; Sica and
Mantovani, 2012). The class termed ‘‘M2b’’ is least understood;
M2b has been involved in both pro- or anti-inflammatory
responses and related to memory immune responses (Mantovani
et al., 2004; Edwards et al., 2006). The functional polarization
of microglia is modulated by several receptors, transcription
factors, acute phase proteins, and metabolic states. Toll-like
receptors (TLRs), nucleotide-binding oligomerization domains
(NODs) and NOD-like receptors are known to play a major
role in microglia-mediated inflammation (Ransohoff and Perry,
2009; Ransohoff and Brown, 2012). Upregulation and release
of reactive oxygen species (ROS) and activation of inducible
nitric oxide synthase (iNOS), followed by the release of reactive
nitrogen species (RNS), are hallmarks of M1 macrophages/
microglia (MacMicking et al., 1997). Upregulation of the
enzyme arginase 1 (Arg1) is considered as an specific marker of
M2 macrophages/microglia (Sica and Bronte, 2007; Chhor et al.,
2013).

An adequate progression from the proinflammatory/M1 to
immunoregulatory/M2 phenotype is necessary to efficiently
counteract brain lesions. However, when this process is
dysregulated, the persistent release of inflammatory cytokines
and ROS induces neuron death and enhances brain damage
(Kigerl et al., 2009). Interestingly, microglial activation and
enhanced neuroinflammatory responses have been observed
in major neurodegenerative diseases (Frank-Cannon et al.,
2009). Persistently proinflammatory polarized microglia and
release of proinflammatory cytokines leads to a pro-oxidative
and proinflammatory milieu and enhances neurodegeneration
(Heneka et al., 2015; Tang and Le, 2016). New therapeutical
strategies are necessary to modulate microglial activation
and drive microglia polarization to a protective phenotype
(Koenigsknecht-Talboo and Landreth, 2005; Porrini et al., 2015).

Proinflammatory phenotype polarization can be induced
by stimulation with compounds such as the TLR-4
agonist lipopolysaccharide (LPS), interferon (IFN)-γ,
Interleukin (IL)-17A and tumor necrosis factor-α (TNF)-α.
Alternatively, stimuli such as IL-4, IL-10, or transforming
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growth factor β (TGF)-β induce the M2/immunoregulatory
phenotype. However, the effects of the brain renin-angiotensin
system (RAS) on microglial polarization are less known. It
has been shown that angiotensin modulates immune cells in
peripheral tissues, and that inflammatory cells have all RAS
components, including angiotensin II (Ang II). Ang II receptor
antagonists are modulators of macrophagic polarization in
different tissues such adipose tissue, lung, kidney, or tumors
(Fujisaka et al., 2011; Ma et al., 2011; Liu et al., 2012; Shrestha
et al., 2016). There are also recent data showing that brain RAS
plays a major role in microglial polarization.

THE RENIN-ANGIOTENSIN SYSTEM

The RAS was initially considered as a circulating humoral
system, with functions in regulating blood pressure and in

sodium and water homeostasis. Ang II, which is the most
important effector peptide of the RAS, is formed by the
sequential action of two enzymes (renin and angiotensin
converting enzyme, ACE) on angiotensinogen. Ang II acts via
type 1 and 2 (AT1 and AT2) receptors (Unger et al., 1996; Oro
et al., 2007; Jones et al., 2008). AT1 and AT2 receptors have
usually opposite effects on several cell functions (Chabrashvili
et al., 2003; Jones et al., 2008). A number of data suggest,
however, that interactions between AT1 and AT2 receptors
may be more complex, and additional studies are necessary.
Furthermore, new RAS components have emerged, which
appear to contribute to further regulate the system (see below;
Figure 1).

In addition to the ‘‘classical’’ circulating RAS, a second RAS
(local or tissue RAS) has been observed in several tissues. A
local independent RAS has also been observed in the brain
(Ganong, 1994; Re, 2004). The local systems have all components

FIGURE 1 | The brain renin–angiotensin system (RAS). Angiotensin II is formed by the sequential action of two enzymes prorenin-renin (that forms angiotensin I)
and ACE on the precursor protein angiotensinogen. Renin and its precursor prorenin also act on specific PRR receptors. In addition to angiotensin II, several
angiotensin peptides such as Angiotensin (1–7), angiotensin III and angiotensin IV are formed from angiotensin I and II by the action of ACE2, APA and APN.
Angiotensin II, via AT1 receptors, induces pro-inflammatory effects and M1 phenotype. However, these effects are counteracted by a RAS opposite arm constituted
by angiotensin II/AT2 receptor signaling and Angiotensin 1–7/MasR signaling. In addition, activation of prorenin-renin receptors may contribute to activation of the
proinflammatory phenotype. Abbreviations: ACE, angiotensin converting enzyme; ACE2, angiotensin converting enzyme 2; APA, aminopeptidase A; APN,
aminopeptidase N; AT1R, angiotensin type 1 receptor; AT2R, angiotensin type 2 receptor; AT4R, angiotensin type 4 receptor; MasR, Mas receptor;
PRR, prorenin/renin receptor.
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observed in the circulating RAS. The local Ang II plays a
relevant function in pathological changes of the corresponding
tissues (Ruiz-Ortega et al., 2001; Suzuki et al., 2003). Tissue
Ang II, via AT1 receptors, induces oxidative stress (OS) damage
by activation of the NADPH-oxidase complex (Nox; Touyz,
2004; Garrido and Griendling, 2009). In different types of cells,
PKC mediates initiation of AT1-induced Nox activation (Plumb
et al., 2005; Herrera et al., 2010), which was also confirmed
in microglial cells (Joglar et al., 2009). However, this initial
generation of superoxide/H2O2 activates multiple downstream
signals and transcription factors that may further amplify Nox
oxidase activity in a multistep process that remains to be totally
clarified (Seshiah et al., 2002; Balakumar and Jagadeesh, 2014).
Consistent with this, we have recently shown that Nox-derived
superoxide activates NFκB and the RhoA/Rho kinase pathway
in microglial cells, which further increased Nox activation
via p38 MAPK (Borrajo et al., 2014a; Rodriguez-Perez et al.,
2015a).

More recent studies on local RAS have identified new
components and mechanisms controlling RAS effects (Figure 1).
New ACE homologs such as ACE2 and Chymase have been
observed in different cells and tissues (Bacani and Frishman,
2006; Hamming et al., 2007). In addition to Ang II, several
angiotensin peptides such as Ang (1–7), Ang III and Ang IV
have been shown to have functional effects. Ang IV may act
via specific AT4 receptors (Albiston et al., 2001). Ang (1–7),
via a G-protein coupled receptor Mas (Santos et al., 2003), may
counteract the effects of activation of AT1 by Ang II (Clark et al.,
2001; Kostenis et al., 2005). A specific receptor for renin and
its precursor prorenin (prorenin/renin receptor, PRR) may be of
particular interest for the brain RAS (Nguyen et al., 2002). High
levels of PRR were found in heart, brain, placenta and adipocytes,
and lower level of expression in other tissues (Nguyen, 2011).
PRR play a dual function (Nguyen and Contrepas, 2008; Shan
et al., 2008): (i) Ang II-mediated effects; after binding to PRR,
the catalytic activity of renin to hydrolyze angiotensinogen into
angiotensin increases by about 4–5 times, and the precursor
prorenin acquires catalytic properties similar to those of renin
and (ii) Ang II-independent actions; PRR trigger their own
signaling pathway that leads to pro-oxidative effects similar to
those induced by activation of AT1 receptors.

THE BRAIN RAS

Initially, it was considered that the effects of RAS in the CNS
were a consequence of the activity of the circulating RAS, acting
through the circumventricular organs, on neurons regulating
blood pressure and sodium and water homeostasis (Phillips
and de Oliveira, 2008), because active components of the RAS,
particularly Ang II, do not cross the blood-brain barrier (Harding
et al., 1988). However, a local and independent RAS has now
been identified in the brain. Astrocytes are the major source of
brain angiotensinogen (Stornetta et al., 1988;Milsted et al., 1990),
with only a small contribution from neurons (Kumar et al., 1988;
Thomas et al., 1992).

Different RAS components were observed in several brain
regions. In the basal ganglia, particularly in the nigrostriatal

dopaminergic system, we have shown a local RAS using
laser confocal microscopy and other methods such as in situ
hybridization, laser microdissection and PCR or western
blotting. In the substantia nigra, both AT1 and AT2 receptors
were observed in dopaminergic neurons, astrocytes and
microglia of rats (Rodriguez-Pallares et al., 2008), mice
(Joglar et al., 2009), non-human primates (Valenzuela et al.,
2010; Garrido-Gil et al., 2013b, 2017) and human brains
(Garrido-Gil et al., 2013b). In addition, AT1 and AT2 receptors
were observed in dopaminergic neurons and glial cells in
primary cell cultures of the nigral region and several neuronal
and glial cell lines (Rodriguez-Pallares et al., 2004, 2008; Joglar
et al., 2009; Rodriguez-Perez et al., 2015a). In some studies,
expression of AT1 receptors was not detected in microglial
cells (Benicky et al., 2009). However, it is known that the
level of microglial AT1 receptor expression is low in control
(classically non-activated) microglia and is highly upregulated
as part of the pro-inflammatory microglial response (Miyoshi
et al., 2008; Rodriguez-Perez et al., 2015a; Dominguez-Meijide
et al., 2017). Detection of AT1 expression may depend on the
sensitivity threshold of the methodology used, and the level
of pro-inflammatory activation of the microglial cells that are
being analyzed. In addition, cytoplasmatic and membrane Nox
subunits were located in dopaminergic neurons, astrocytes and
microglia (Rodriguez-Pallares et al., 2007, 2008; Joglar et al.,
2009).

A MAJOR ROLE FOR THE
NADPH-OXIDASE COMPLEX ACTIVATION
IN POLARIZATION TO
PROINFLAMMATORY/M1 PHENOTYPE

The complex NADPH-oxidase is a multi-component enzyme
constituted by three cytosolic subunits (p40, p47 and p67) and
at least two membrane subunits (gp91 and p22). The complex
is inactive when the different subunits are spatially isolated.
After stimulation, the complex is assembled and activated.
In cells, mitochondria and the membrane NADPH-oxidase
complex are the major sources of ROS (Babior, 2004). In
addition, NADPH oxidase-derived ROS enhance production
of ROS by mitochondria, intracellular iron uptake and other
intracellular ROS sources (Cai, 2005). It is known that there
is a ROS-mediated cross-talk signaling between the membrane
Nox and mitochondria (Sheh et al., 2007; Alberici et al.,
2009). This feed-forward mechanism enhances and sustains
ROS production. Most cells appear to have Nox. However,
Nox produces high levels of oxidants in phagocytes and low
levels of ROS, particularly for signaling function, in other cell
types (including neurons and glial cells). Initially, Nox-derived
ROS may have been developed in cells as a signaling system,
and then specialized as a defense system in macrophages
(Babior, 2004). In phagocytes-neutrophiles and monocytes,
Nox produces high levels of extracellular superoxide/ROS to
eliminate invading microorganisms or unwanted cells (Babior,
2004; West et al., 2011). Superoxide induces tissue damage
after being transformed into toxic species such as hydrogen
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peroxide and peroxynitrite, formed after reaction with NO.
Furthermore, in the presence of Nox, iNOS oxidation of
L-arginine (L-ARG) produces NO (MacMicking et al., 1997).
ROS derived from Nox may also act indirectly by enhancing the
production of proteases (Reeves et al., 2002). In macrophages
and microglial cells, Nox-derived ROS also act on intracellular
signaling pathways involved in microglial or macrophage
activation and the release of proinflammatory signals (Qin et al.,
2004).

Ang II, VIA AT1 RECEPTORS, IS A MAJOR
ACTIVATOR OF THE NADPH-OXIDASE
COMPLEX. ROLE IN BRAIN DISEASES
AND NEURODEGENERATION

Abnormal upregulation of local Ang II induces OS and
exacerbates inflammation. As indicated above, Ang II, via its
AT1 receptor, is a major activator of the NADPH-oxidase
complex (Zalba et al., 2001; Hoogwerf, 2010), and NADPH-
dependent oxidases mediate several key aspects of OS and
inflammatory processes that are involved in major degenerative
diseases in peripheral tissues (Griendling et al., 2000; Münzel and
Keaney, 2001). In the brain, the RAS has been involved in several
disorders such as anxiety and stress (Peng et al., 2002), depressive
illness (Saab et al., 2007), and alcohol intake (Maul et al., 2005).
Inhibition of AT1 receptors has been reported to improve aging-
related deficits in learning, spatial working memory and motor
performance (Hellner et al., 2005; Kerr et al., 2005). AT1 receptor
blockers and ACE inhibitors (ACEIs) have been shown to inhibit
inflammation in the central nervous system (Platten et al., 2009;
Stegbauer et al., 2009). Indeed, AT1 receptor antagonists exerted
positive effects in several processes mediated by microglial
activation and neuroinflammation, such as experimental models
of multiple sclerosis (Platten et al., 2009; Stegbauer et al.,
2009), Alzheimer’s disease (AD; Kehoe and Wilcock, 2007;
Mogi and Horiuchi, 2009; Torika et al., 2016) and brain
ischemia (Iwanami et al., 2010). Consistent with this, several
clinical and genetic studies suggest a relationship between AD
and RAS (reviewed in Savaskan, 2005; Kehoe and Wilcock,
2007; Mogi and Horiuchi, 2009). In a series of recent studies
in animal models of PD, we have also observed that the
brain RAS plays a major role in progression of dopaminergic
degeneration.

A number of experimental and clinical data suggest
that neuroinflammation is a factor for the progression of
dopaminergic neuron degeneration. Both PD patients (Ouchi
et al., 2005; Ghadery et al., 2017) and PD animal models
(Cicchetti et al., 2002; Rodriguez-Pallares et al., 2007) show
enhancedmicroglial reaction in the substantia nigra and striatum
(Figure 2). It was initially considered that the increase in the
microglial response was a consequence of the neuronal death
to remove dead cells and debris, although this inflammatory
process may also lead to additional damage of the surrounding
neurons and progression of neurodegeneration, as reported
for several autoimmune diseases (Vowinckel et al., 1997).
However, it has been shown that microglial response and Nox

FIGURE 2 | Intense microglial activation in a degenerating rat
substantia nigra (A), iba-1 positive red immunofluorescence. A high density
of activated microglial cells is observed in the nigral region surrounding the
dopaminergic cells. The degeneration of dopaminergic neurons (green;
tyrosine hydroxylase, TH immunolabeled cells) was triggered by over
expression of alpha-synuclein (not shown) after unilateral injection of
adeno-associated viral vectors encoding alpha-synuclein. The contralateral
non-lesioned substantia nigra of the same tissue section (B) shows scattered
microglial cells in an apparent classical “non-activated” state. The areas
squared in (A,B) are magnified in (C–E), and a close interaction between a
dopaminergic neuron and a microglial cell (asterisks) is shown in (E). Scale
bar: 100 µm (A,B), 20 µm (C,D) and 10 µm (E).

activation are major factors for triggering neuronal degeneration,
acting synergistically with different pathogenic factors to induce
neurodegeneration at early stages of the disease (Gao et al.,
2003; Wu et al., 2003). In different PD models, we observed
that Ang II increased the neurotoxic effect of low doses of
dopaminergic neurotoxins, and that administration of ACE
inhibitors (Lopez-Real et al., 2005; Muñoz et al., 2006) or
AT1 receptor antagonists (Rey et al., 2007; Rodriguez-Pallares
et al., 2008; Joglar et al., 2009) induced significant protection
of dopaminergic neurons and reduction in neurotoxin-induced
levels of protein oxidation and lipid peroxidation (Sánchez-
Iglesias et al., 2007). Nox inhibitors also blocked the enhancing
effect of Ang II on dopaminergic neurodegeneration, which
confirmed that Nox activation and Nox-induced ROS play
a major role in the Ang II-induced increase in neuronal
loss (Rey et al., 2007; Rodriguez-Pallares et al., 2008; Joglar
et al., 2009). In summary (Labandeira-Garcia et al., 2013;
Labandeira-García et al., 2014), we suggest that Ang II acts
by a double mechanism; in dopaminergic neurons (i.e., CNS
resident cells), Ang II acts on AT1 receptors to produce low
levels of intraneuronal ROS by activation of neuronal Nox. In
addition, Ang II acts on microglia (i.e., inflammatory cells), and
activation of the microglial AT1/ Nox axis induces the generation
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of high levels of superoxide and superoxide-derived ROS that,
after being released to the extracellular medium, may lead to
neuronal damage. In addition, a small amount of microglial
ROS is used as a microglial second messenger in intracellular
pathways that regulate the inflammatory response (Babior, 2004;
Qin et al., 2004). Consistent with this, overactivation of the
Ang II/AT1/Nox axis enhances vulnerability of dopaminergic
neurons and synergistically contributes to initiation and
progression of the disease. The role of brain RAS in dopaminergic
neuron death and possibly in PD has also been shown
by a number of studies from different research groups
(Grammatopoulos et al., 2007; Zawada et al., 2011; Sonsalla et al.,
2013).

OVERACTIVATION OF THE Ang
II/AT1/NADPH-OXIDASE AXIS IN AGING

Aging is the major risk factor for neurodegenerative diseases,
and particularly for PD and AD (McCormack et al., 2004;
Collier et al., 2007). Aged tissues, including brain tissue, are
characterized by a proinflammatory, pro-oxidant state that leads
to exacerbated responses to lesions and enhanced vulnerability
to neurodegeneration (Csiszar et al., 2003; Choi et al., 2010).
Consistent with this, age-related diseases such as hypertension,
diabetes and atherosclerosis show increased NADPH-oxidase
activity (Griendling et al., 2000; Mehta and Griendling, 2007).
It is known that tissue Ang II, acting on AT1 receptors, plays
a major role in inflammatory processes that induce age-related
degenerative changes (Heymes et al., 1998; Basso et al., 2005).
In normal non-pathological states, there is a tight regulation
of Ang II-induced ROS (de Cavanagh et al., 2004; Garrido
and Griendling, 2009). However, a marked hyperactivity of the
Ang/AT1/Nox axis has been observed in aged tissues (Min
et al., 2009; Cassis et al., 2010). Consistent with this, mice
null for AT1 receptors showed longevity, which was related
to a decrease in OS together with an increase in expression
of the prosurvival gene sirtuin 3 and mitochondrial protection
(Benigni et al., 2009; de Cavanagh et al., 2011; Valenzuela et al.,
2016). Furthermore, AT1 receptor deletion decreased age-related
progression of atherosclerosis (Umemoto, 2008).

We observed that the increase in AT1/Nox activity in
the substantia nigra of aged rats plays a major role in the
increase in vulnerability of dopaminergic neurons with aging
(Figure 3). In aged animals, neurotoxins induced higher levels
of dopaminergic neuron loss than in young animals (Sugama
et al., 2003; McCormack et al., 2004), and nigral RAS was
involved in this effect (Villar-Cheda et al., 2012b). A significant
increase in Nox activity and levels of the pro-inflammatory
cytokines IL-1β and TNF-α was observed in aged rats, which
revealed a pro-oxidative and pro-inflammatory state in the
aged substantia nigra. Aged rats also showed upregulation of
AT1 receptor expression and down-regulation of AT2 receptor
expression, which was inhibited by administration of the
AT1 receptor blocker candesartan. The aging-related increase
in AT1 receptors may lead to the increase in the Nox-derived
OS and dopaminergic cell vulnerability to degeneration. In aged
rats, Nox activation is further increased by the lack of the

FIGURE 3 | Dysregulation of brain RAS with aging and other
pathogenic factors. In young and healthy brains the balance between the
RAS pro-oxidative/proinflammatory and protective arms are tight regulated for
physiological functions. Aging is associated with overactivation of the Ras
pro-oxidative/proinflammatory arm and lack of compensatory upregulation of
the protective arm, which leads to a pro-oxidative pro-inflammatory state and
increased vulnerability to neurodegeneration. Other pathogenic factors
involved in triggering neurodegeneration may also increase the activity of the
RAS pro-inflammatory axis. Abbreviations: Ang, angiotensin; AT1, angiotensin
type 1 receptor; AT2, angiotensin type 2 receptor; ND, neurodegenerative;
Nox, NADPH-oxidase; OS, oxidative stress; PRR, prorenin/renin receptor.

compensatory upregulation of AT2 receptors (see below), which
was observed in young rats after upregulation of AT1 receptor
signaling (Villar-Cheda et al., 2010). Aging-related loss of striatal
D2 and D1 receptors (Wang et al., 1998; Ishibashi et al., 2009)
and alteration of the dopaminergic system (Kubis et al., 2000;
Collier et al., 2007; Cruz-Muros et al., 2009) have been observed
in experimental models and human brains. It is also known that
Ang II, via AT1 receptors, increases the release of dopamine
(Mendelsohn et al., 1993; Brown et al., 1996; Dominguez-Meijide
et al., 2014). Therefore, the upregulation of the Ang II/AT1/Nox
axis that we observed in aged rats may be a compensatory change
to counteract the decreased levels of dopamine or dopamine
receptors (Villar-Cheda et al., 2012b, 2014). However, in addition
to the dopaminergic down-regulation, other factors are probably
involved in the aging-related upregulation of AT1/Nox activity,
as aging has been shown to be associated with overactivation of
the AngII/AT1/Nox axis in different tissues (Thompson et al.,
2000; Min et al., 2009; Cassis et al., 2010).

THE ROLE OF OTHER ANGIOTENSIN
RECEPTORS IN REGULATION OF
MICROGLIAL POLARIZATION

Level of Nox activation has been suggested to be a major factor
for regulation of the shift between proinflammatory/M1 and
M2/immunoregulatory microglial phenotypes, so that Nox
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activation promotes proinflammatory and suppress the
immunoregulatory phenotype (Choi et al., 2012). Consistent
with this, AT1 receptor antagonists reduce proinflammatory
microglia activation and promote immunoregulatory microglia
polarization (Saavedra, 2012; Rodriguez-Perez et al., 2016;
Torika et al., 2016). The classical Ang II/AT1/Nox pro-oxidative
and pro-inflammatory axis plays a major role in the RAS
effects both in the brain and peripheral tissues. However,
it is now known that these effects are regulated by a RAS
opposite arm constituted by Ang II/AT2 receptor signaling
and Ang1–7/MasR signaling. A number of recent data
suggest that activation of AT2 and/or MasRs plays an anti-
oxidative/anti-inflammatory role. In addition, activation of
PRR appears to contribute to activation of proinflammatory
phenotype. However, the mechanisms involved in the
interaction between different RAS receptors signaling to
regulate microglial polarization and neuroinflammation are still
unclear (Figure 4).

AT2 receptors counteract the effects of AT1 receptor
activation and promote the M2/immunoregulatory phenotype.
Reciprocal interaction between AT1 and AT2 receptors may
regulate the effect of Ang II on cells (Sohn et al., 2000).
Several studies in different types of cells have shown that
AT2 activation decreases AT1 expression and NADPH-oxidase
activation, leading to decrease in inflammatory responses (Jin
et al., 2012; Yang et al., 2012; Lu et al., 2015). However, the
intracellular pathways responsible for the interactions have not
been clarified, and several mechanisms may be involved (Wu
et al., 2004; Rompe et al., 2010; Yang et al., 2012; Dhande
et al., 2013). Consistent with this, treatment with AT2 agonists
led to reduction in the inflammatory responses, which were
increased in AT2 receptor KO mice (Dhande et al., 2013;
Iwanami et al., 2015). In the nigrostriatal system of young
animals, we observed that upregulation of AT1 receptors was
accompanied by a simultaneous and apparently compensatory
upregulation of AT2 receptors (Villar-Cheda et al., 2010). In
the nigra and striatum of aged rats, there was an increase
in the expression of AT1 receptors and Nox activation;
however, there was a lack of compensatory increase in
AT2 expression (Villar-Cheda et al., 2010, 2012b). In aged
animals, a decrease in AT2 receptor expression may lead to
further increase in the pro-oxidative, pro-inflammatory effects
and neuron vulnerability induced by activation of upregulated
AT1 receptors.

MasRs, together with AT2 receptors, are considered major
components of the RAS protective arm, which mediates actions
opposing to AT1 (Bader, 2013; Villela et al., 2015). The ACE2
transforms Ang II into the heptapeptide Ang (1–7), which
activates MasRs. It was observed that Mas-protooncogene is
primarily expressed in the brain (Bunnemann et al., 1990; Von
Bohlen und Halbach et al., 2000), and MasRs were identified
in neurons, astrocytes and glial cells (Gallagher et al., 2006; Liu
et al., 2016). Several recent studies suggest that activation of
the Ang (1–7)/Mas axis inhibits the M1 inflammatory response
in microglial cells and peripheral macrophages (Hammer et al.,
2016; Liu et al., 2016; Tao et al., 2016). However, the cellular
mechanisms involved in these effects remain to be clarified.

PRRs have been identified in neurons, astrocytes and
microglial cells in rodents and primates, including humans
(Valenzuela et al., 2010; Garrido-Gil et al., 2013b). PRR, together
with AT1 receptors, promote the inflammatory response and
the M1/proinflammatory phenotype (Shi et al., 2014; Zhu et al.,
2015). The mechanisms involved in interactions of PRR and
other RAS receptors to regulate microglial polarization remain
to be investigated. The peptide Ang IV and its receptor have
been involved in a number of functions in the CNS (Wright
et al., 2015). There are a few data on possible involvement of
Ang IV in inflammatory responses in peripheral tissues (Esteban
et al., 2005; Kong et al., 2015). However, there are no data on the
involvement of Ang IV in the neuroinflammatory response.

INTERACTIONS BETWEEN RAS AND
OTHER MICROGLIAL POLARIZATION
REGULATORS

A number of studies have shown interactions or mutual
regulation between RAS and different compounds involved
in neuroinflammation and microglial polarization, such as
estrogens, Rho kinase (ROCK), insulin-like growth factor-1
(IGF-1), TNF-α, iron, peroxisome proliferator-activated receptor
gamma (PPARγ), and TLRs.

Estrogens protect neurons by mechanisms that are still
unclear. However, modulation of the glial neuroinflammatory
response plays a major role in the estrogen-induced
neuroprotection (Morale et al., 2006; Suzuki et al., 2007;
Vegeto et al., 2008). In several recent studies using PD
models, we observed that estrogens modulate brain RAS
and neuroinflammation acting both on astrocytes and
microglia (Rodriguez-Perez et al., 2010, 2012, 2015b;
Labandeira-Garcia et al., 2016). We observed that activation
of microglial estrogen receptor (ER) β with the agonist 2,3-
Bis-4-hydroxyphenyl-propionitrile (DPN)) inhibited the Ang
II-induced increase in levels of several major mediators of the
microglial inflammatory response such as IL-1β and ROCK
(Villar-Cheda et al., 2012a; Rodriguez-Perez et al., 2013,
2015a).

RhoA/ROCK is a major modulator of the actin cytoskeleton,
which regulates migration of microglia and other inflammatory
cells (Yan et al., 2012; Labandeira-Garcia et al., 2015) into
lesioned areas (Greenwood et al., 2003; Honing et al., 2004).
RhoA/ROCK induces changes in the actin cytoskeleton necessary
for cell motility, process retraction and cell spreading, which
characterize activation of inflammatory cells, includingmicroglia
(Bernhart et al., 2010). Activation of the microglial RhoA/ROCK
pathway plays a major role in the effect of Ang II/AT1/Nox
axis on microglial polarization and neurodegeneration. This was
shown in rodents (Barcia et al., 2012; Villar-Cheda et al., 2012a),
and confirmed using mesencephalic cultures lacking microglial
cells (Villar-Cheda et al., 2012a; Borrajo et al., 2014b). During
Ang II-induced microglial activation, a crosstalk signaling
between Nox and ROCK has been observed: Ang II-induced Nox
activation led to superoxide production, NF-κB translocation
and Rho-kinase activation. In addition, Rho-kinase activation
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FIGURE 4 | Role of different angiotensin receptors in regulation of microglial polarization, and interactions with other microglial polarization
regulators. Angiotensin II, via AT1 receptor and Nox activation, and prorenin/renin, via PRR, induce pro-inflammatory effects and M1 phenotype, which is
associated to increased levels of ROS, NO, TNF-α and IL-1β. These effects are counteracted by a RAS opposite arm constituted by angiotensin II/AT2 receptor
signaling and Angiotensin 1–7/MasR signaling, which promote anti-inflammatory effects and M2 phenotype, which is also associated to TGF-β, IL-4, IL-10, and
Arg-1 overexpression. In addition, there are interactions between RAS and different compounds involved in neuroinflammation and microglial polarization, such as
estrogens, ROCK, IGF1, TNF-α, iron, PPARγ, and toll-like receptors. Abbreviations: Ang, angiotensin; ARG-1, arginase 1; AT1, angiotensin type 1 receptor; AT2,
angiotensin type 2 receptor; IGF1, insulin-like growth factor-1; IL, interleukin; MasR, Mas receptor; NO, nitric oxide; Nox, NADPH-oxidase; O2

−, superoxide; PPARγ,
peroxisome proliferator-activated receptor gamma; PRR, prorenin/renin receptor; ROCK, Rho kinase; ROS, reactive oxygen species; TGF-β, transforming growth
factor β; TNF-α tumor necrosis factor α. Scale bar: 7.5 µm.

was involved in regulation of NADPH-oxidase activation via
p38 mitogen-activated protein kinase. Moreover, Rho-kinase
activation, via NF-κB, upregulated angiotensin type-1 receptor
expression in microglial cells through a feed-forward mechanism
(Rodriguez-Perez et al., 2015a).

For many years, IGF-1 was considered a cytoprotective
factor. However, it has also been suggested that IGF-1 may
be detrimental to health, and that reduced IGF-1 levels lead
to prolonged life (Tao et al., 2007; Suh et al., 2008). Local
brain IGF-1 is produced by neurons and glial cells (Quesada
et al., 2007; Suh et al., 2013), but the effects of IGF-1 in the
brain and particularly in the aged brain are unclear (Bartke
et al., 2003; Brown-Borg, 2007). Inhibitory effects on the
neuroinflammatory response (Nadjar et al., 2009), improvement
in mitochondrial function (Puche et al., 2008), inhibition of
OS and Sirtuin-1 activation (Vinciguerra et al., 2009; Tran
et al., 2014) have been suggested as possible mechanisms.
Interestingly, the brain RAS has been shown to be involved
in neuroinflammation (Borrajo et al., 2014a; Rodriguez-Perez

et al., 2015a), mitochondrial function (Zawada et al., 2011;
Rodriguez-Pallares et al., 2012) and Sirtuin-1 activity (Diaz-
Ruiz et al., 2015). Recently, we observed a reciprocal regulation
between IGF-1 and RAS (Rodriguez-Perez et al., 2016): IGF-1
inhibited AT1/Nox activity in neurons and glial cells (i.e., it
decreased AT1, increased AT2 and decreased angiotensinogen
expression); conversely, Ang II—via AT1 receptors—increased
the levels of IGF-1 in microglial cells, while activation of
AT2 receptors decreased IGF-1 levels. We observed that Ang
II, via AT1 receptors, induced an increase in markers of the
proinflammatory phenotype, which was blocked by treatment
with IGF-1, suggesting that induction of microglial IGF-1 by
Ang II and other OS and pro-inflammatory inducers may
play a major role in repressing the M1-neurotoxic phenotype
and transition to an M2-repair/regenerative phenotype. Our
study showed that IGF-1 and the local RAS interact to
inhibit or activate neuroinflammation (i.e., transition from the
M1/proinflammatory to the M2/immunoregulatory phenotype).
However, in brains from aged rats, particularly in the substantia
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nigra, we observed increased Ang II/AT1/Nox activity, while
IGF-I levels remained decreased. The loss of the mechanism that
upregulates IGF-1 to inhibit the AT1/Nox axis (Rodriguez-Perez
et al., 2016) may lead to the loss of capacity of microglia to
undergoM2/immunoregulatory activation and the pro-oxidative
and pro-inflammatory state that characterizes the aged brain, and
particularly the aged substantia nigra (Rey et al., 2007; Villar-
Cheda et al., 2012b). IGF-1 and the local RAS may interact
to inhibit or activate neuroinflammation and this important
mechanism may be impaired in aged animals.

TNF-α is a pro-inflammatory cytokine that is involved
in the pathogenesis of several neurodegenerative diseases
(Hofman et al., 1989; Fillit et al., 1991; Mogi et al., 1994). In
particular, dopaminergic neurons are highly vulnerable to TNF-α
(McGuire et al., 2001; Qin et al., 2007; Harms et al., 2012).
In primary mesencephalic cultures, we have recently observed
that administration of low doses of the neurotoxin MPP+ led
to significant dopaminergic cell death, which was increased by
co-treatment with Ang II and decreased by administration of
TNF-α blockers (Borrajo et al., 2014a). Furthermore, treatment
with Ang II induced a marked increase in levels of TNF-α
in primary mesencephalic cultures, which was blocked by
administration of AT1 receptor antagonists, NADPH-oxidase
inhibitors and NFK-β blockers. In cultures lacking microglial
cells, however, levels of TNF-α were not significantly affected by
administration of Ang II. We also observed that AT1 receptors,
NADPH-oxidase, Rho-kinase and NFK-β were involved in the
release of TNF-α by microglia (Borrajo et al., 2014a). These
results revealed an important functional interaction between
Ang II and TNF-α, and also that microglial TNF-α is a
major mediator of Ang II-induced neuroinflammation and
dopaminergic neurodegeneration.

Microglia play a major role in iron storage and homeostasis,
and Ang II modulates microglial ferritin/iron storage levels and
the neuroinflammatory response (Garrido-Gil et al., 2013a).
Microglial ferritin levels (i.e., iron storage by ferritin) change in
response to OS and microglial activation, and the release of iron
from ferritin in activated microglia may enhance the oxidative
damage derived from the proinflammatory microglial response
(Mehlhase et al., 2006). Consistent with this, we observed in
PD models that intense RAS overactivity and OS induced an
increase in microglial labile iron and a decrease in ferritin levels.
Although some data are controversial (Zecca et al., 2001), it is
usually accepted that iron and ferritin increase in the substantia
nigra with aging (Dusek et al., 2012). Aging-related increase in
microglial ferritin has been associated to a less efficient control
of iron homeostasis by senescent microglia (Lopes et al., 2008).
In several studies in aged rats, we observed hyperactivity of
the AT1/Nox axis in the substantia nigra, together with an
increase in the levels of iron and ferritin, which were inhibited
by AT1 receptor blockers such as candesartan. This suggests
that overactivity of the Ang II/AT1/Nox axis plays a key role in
aging-related iron and ferritin increase in the substantia nigra
(Garrido-Gil et al., 2013a). The aging-associated upregulation of
Ang II/AT1/Nox activity may lead to upregulation of iron storage
by microglia and induce a pro-oxidative pro-inflammatory state
and higher vulnerability of dopaminergic cells to degeneration

with aging (Collier et al., 2007; Villar-Cheda et al., 2009,
2012b).

PPAR-γ is a member of a group of nuclear receptors (PPARs),
which have been related to regulation of macrophage and
adipocyte differentiation, as well as glucose and lipid metabolism
and energy homeostasis. PPAR-γ receptors are also involved
in inhibition of expression of different inflammatory cytokines
and downregulation of the inflammatory process (Jiang et al.,
1998; Ricote et al., 1998). PPAR-γ receptors are also involved
in regulation of microglial activation and suppression of the
proinflammatory phenotype (Bernardo et al., 2000; Mrak and
Landreth, 2004). It was also shown that activation of the PPAR-γ
induces themicroglial immunoregulatory/M2 phenotype (Benoit
et al., 2008; Rajaram et al., 2010). PPARγ agonists have
been suggested as promising therapy for neurodegenerative
diseases enhanced by neuroinflammation such as AD and
PD (Schintu et al., 2009; Mandrekar-Colucci et al., 2012).
Several studies have shown that AT1 receptor antagonists
activate PPARγ. This has been related to pharmacological
properties of some AT1 blockers such as telmisartan (Xu et al.,
2015). However, studies using AT1 null mice revealed that
blockage of AT1 receptors, independently of the pharmacological
properties of the antagonists, also inhibits neuroinflammation
and neurodegeneration (Garrido-Gil et al., 2012). Inhibition
of AT1 with antagonists (ARBs), in addition to inhibition of
proinflammatory polarization (see above), leads to activation
of PPAR-γ and promotes the immunoregulatory phenotype by
a double mechanism: by a pharmacological AT1-independent
PPARγ agonistic effect (with more or less activation potency
depending on the type of ARB), and by a direct effect of the
blockage of the AT1 itself, which also induces PPARγ activation
(Garrido-Gil et al., 2012). Among ARBS, the role of PPARγ

activation in anti-inflammatory effects is particularly important
for telmisartan, both at peripheral and CNS levels (Garrido-Gil
et al., 2012; Pang et al., 2012; Wang et al., 2014; Villapol and
Saavedra, 2015).

TLRs such as TLR2 and TLR4 are known to mediate classical
microglial activation and neuroinflammation (Rietdijk et al.,
2016). An increasing number of studies suggest a functional
interaction or crosstalk between AT1 receptors and TLR4 and/or
TLR2 (Biancardi et al., 2016). AT1 receptor antagonists inhibit
TLRs in different immune effector cells both in peripheral tissues
(Dasu et al., 2009; Cheng et al., 2011) and in brain microglia
(Daniele et al., 2015; Biancardi et al., 2016). Ang II, via AT1, has
been shown to increase TLR4 expression and Ang II-mediated
ROS production and Ang II-induced microglial activation was
blunted in TLR4 deficient mice (Rietdijk et al., 2016). The
mechanisms involved in Ang II/AT1/TLRs interactions remain
unknown.

Several recent studies suggest a pivotal role of metabolic
reprogramming in the regulation of the innate inflammatory
response (Galván-Peña and O’Neill, 2014; Tannahill et al.,
2015). In the context of the peripheral immune cells, a shift in
the cellular metabolism from oxidative phosphorylation to a
erobic glycolysis for energy production favors the polarization
toward a proinflammatory phenotype. More recently, the link
between polarization and mitochondrial energy metabolism
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has been considered in microglia (see for review Orihuela
et al., 2016). Interestingly, we have recently shown that an
intracellular RAS, including AT1 and AT2 receptors, exists
in brain mitochondria (Valenzuela et al., 2016). Activation
of mitochondrial AT1 receptors regulates (by activation
of mitochondrial Nox4) levels of superoxide and increases
mitochondrial respiration. Mitochondrial AT2 receptors
are much more abundant and downregulate mitochondrial
respiration via NO production. Interestingly, altered expression
ofmitochondrial angiotensin receptors was observed in aged rats.
Altered expression of AT1 and AT2 receptors with aging may
contribute to mitochondrial dysfunction, neuroinflammation
and neurodegeneration.

CONCLUSION

Dysregulation of brain RAS plays a major role in aging-
related changes and neurodegeneration by exacerbation
of OS and neuroinflammation, which may be attenuated
by pharmacological manipulation of RAS components.
Angiotensin II (via AT1 receptor and Nox activation) and
prorenin/renin (via PRR) induce pro-inflammatory effects and
M1 microglial phenotype. These effects are counteracted by a
RAS opposite arm constituted by angiotensin II/AT2 receptor
signaling and Angiotensin 1–7/MasR signaling, which promote
anti-inflammatory effects and M2 microglial phenotype. In

addition, there are interactions between RAS and different
compounds involved in neuroinflammation and microglial
polarization, such as estrogens, ROCK, IGF1, TNF-α, iron,
PPARγ and TLRs. Pharmacological manipulation of brain RAS
components may be an interesting therapeutical approach for
neurodegenerative diseases and aging-related processes in which
OS and neuroinflammation play a major role.
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While bone marrow-derived Ly6Chi monocytes can infiltrate the central nervous system
(CNS) they are developmentally and functionally distinct from resident microglia. Our
understanding of the relative importance of these two populations in the distinct
processes of pathogenesis and resolution of inflammation during neurodegenerative
disorders was limited by a lack of tools to specifically manipulate each cell type.
During recent years, the development of experimental cell-specific depletion models
has enabled this issue to be addressed. Herein we compare and contrast the different
depletion approaches that have been used, focusing on the respective functionalities of
microglia and monocyte-derived macrophages in a range of neurodegenerative disease
states, and discuss their prospects for immunotherapy.

Keywords: microglia, monocyte, neurodegeneration, depletion, experimental models in neuroscience

PERIPHERAL AND RESIDENT MYELOID CELL POPULATIONS

‘‘Myeloid cell’’ is a collective term that encompasses many innate immune cells including
macrophages and monocytes. Resident macrophages are specialized subsets defined by their
organ location (e.g., central nervous system (CNS) microglia, liver Kupffer cells), having been
differentiated in these specialized microenvironments during development from (in the majority of
cases) embryonic precursors. They primarily conduct homeostatic functions in the tissues, but their
numbers and properties can change during a local inflammatory process, and they can proliferate
within tissues in order tomaintain homeostasis. In contrast, circulatingmonocytes are derived from
hematopoietic stem cells in the bonemarrow and are generally divided into two subsets in the blood
of mice based on their expression of Ly6C. Ly6Clow monocytes have endothelium patrolling and
scavenging functions whereas Ly6Chi monocytes infiltrate tissue in response to inflammation and
differentiate into macrophages. Monocytes are constantly turned over and generally have limited
life spans in the circulation.

MICROGLIA DEPLETION MODELS

Depletion of CNS-resident or infiltrating microglia/macrophage cell populations has been used
to dissect the role of these cell types during neurodegenerative disorders. The major advances in
developing microglia/macrophage depletion tools are summarized below, but for a more detailed
review the reader is referred to Waisman et al. (2015), Wieghofer et al. (2015) and Jäkel and Dimou
(2017). Depletion of macrophage populations first became a readily available technique through the
development of clodronate-encapsulated liposomes in the 1980s (van Rooijen, 1989). Intravenous
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administration efficiently depleted circulating monocytes
(Sunderkötter et al., 2004) and since they did not pass the blood
brain barrier this technique could be used to ablate circulating
monocytes without affecting CNS-resident macrophage
populations (Zattoni et al., 2011). More specific targeting
of Ly6Chi monocytes can be accomplished by antibody-mediated
depletion (Mack et al., 2001), or by the use of CCR2−/− mice in
which Ly6Chi monocytes are unable to leave the bone marrow
(Serbina and Pamer, 2006). Intracerebroventricular (i.c.v)
delivery of clodronate liposomes has also been used to deplete
microglia (Lee et al., 2012; Hanafy, 2013; Asai et al., 2015).
In addition, i.c.v injection of mannosylated liposomes is an
established technique to specifically target mannose receptor
(CD206)-expressing perivascular macrophages without affecting
resident microglia numbers in both rats (Polfliet et al., 2001;
Newman et al., 2005) and mice (Galea et al., 2005; Hawkes and
McLaurin, 2009).

A major breakthrough in the development of efficient
microglia depletion tools was the development of mice
expressing the herpes-simplex virus encoded suicide-gene
thymidine kinase (HSVTK) under the CD11b-promoter
(Heppner et al., 2005). Administration of ganciclovir via an
osmotic pump-connected i.c.v cannula resulted in up to 95%
depletion of microglia (Grathwohl et al., 2009) with the only
drawback being that drug administration became toxic after
extended delivery, thereby limiting this approach to a period
of 4 weeks. In subsequent studies, it was demonstrated that
cessation of ganciclovir delivery resulted in complete exchange
of the microglial pool by peripheral myeloid cells (Varvel et al.,
2012, 2015; Prokop et al., 2015). A major step forward in
achieving more specific microglia targeting was the development
of CX3CR1CreER mice (Goldmann et al., 2013; Parkhurst et al.,
2013). When bred with Rosa26DTR mice and subsequent to
peripheral administration of the drug tamoxifen followed by
diphtheria toxin, efficient depletion of microglia resulted without
affecting bone marrow-derived CX3CR1+ cells (Parkhurst et al.,
2013; Bruttger et al., 2015). Since other CNS-associated
(perivascular, meningeal and choroid plexus) macrophages
also express CX3CR1 (Goldmann et al., 2016), these cells are
most likely also depleted in CX3CR1CreERRosa26DTR mice.
Transcriptional profiling has revealed genes uniquely expressed
by microglia such as Sall1, and this has been successfully
utilized in Sall1CreER mice which target microglia while sparing
both peripheral and CNS-associated macrophage populations
(Buttgereit et al., 2016). However, Sall1CreER mice have currently
not been used to deplete microglia.

Microglia require CSF1R during development, since
CSF1R−/− mice completely lack microglia (Ginhoux et al.,
2010). Microglia can use both ligands of CSF1R for their survival
(CSF1 and IL-34) since mice mutant for either cytokine display
reduction but not complete loss of microglia (Ginhoux et al.,
2010; Greter et al., 2012; Wang et al., 2012). Elmore et al. (2014)
recently demonstrated that microglia remain dependent on
CSF1R for survival in adult animals. Pharmacological inhibition
of CSF1R yields complete ablation (>99%) of microglia within
21 days. This approach is practical because it requires no mouse
breeding and microglial depletion can be maintained as long

as the drug is administered. Depletion of the microglial pool
disturbs CNS homeostasis, and while neurons do not regenerate,
microglia have significant potential to self-renew through
proliferation. The incomplete depletion (80%) accomplished
in CX3CR1CreERRosa26DTR mice is quickly recuperated by
hyper-proliferation of surviving microglia (Bruttger et al., 2015).
Even more efficient depletion (99%) using the CSF1R-inhibitor
is followed by such rapid repopulation that the existence of a
microglia-progenitor has been suggested (Elmore et al., 2014).
A recent report, however, demonstrates the relatively high
turnover of microglia in the steady-state, arguing against the
existence of a microglia progenitor (Tay et al., 2017). Conversely,
using the CD11b-HSVTK model repopulation occurs from
peripheral myeloid cells (Varvel et al., 2012; Prokop et al.,
2015).

Given this historic perspective of microglia depletion
research, we review below the lessons learned using these
different strategies, focusing on models of neuroinflammation
(experimental autoimmune encephalomyelitis, EAE), acute
neurodegeneration (stroke, toxin-induced neurodegeneration)
or chronic neurodegeneration (Amyotrophic Lateral Sclerosis
(ALS), Alzheimer’s disease, Prion disease). We do not review
the role of microglia in development or homeostasis and refer
the reader to separate reviews addressing these areas of research
(Greter and Merad, 2012; Nayak et al., 2014).

AMYOTROPHIC LATERAL SCLEROSIS

ALS is a generally fatal neurodegenerative disease characterized
by progressive paralysis of skeletal muscles associated withmotor
neuron death and glial activation in the lumbar spinal cord.
The most commonly used mouse model of ALS is based on the
over-expression of human SOD1 carrying the G93A mutation
(mSOD1mice). Mice accumulate mutant SOD1 aggregates in the
spinal cord, leading to motor neuron death and recapitulation of
the central aspects of ALS pathology including an age-dependent
accumulation of CD11b+ (Alexianu et al., 2001; Gowing
et al., 2008), CD68+ (Henkel et al., 2006; Beers et al., 2011),
MHC II+ (Hall et al., 1998), CD11c+ (Beers et al., 2011)
microglia/macrophages in the spinal cord of mSOD1 mice.

That mutant SOD1 expression in microglia/macrophages
contribute to disease progression has been convincingly
demonstrated in the slow progressing SOD1G37R line in
which CD11b-Cre-mediated removal of SOD1 from myeloid
cells slowed progression of disease and extended survival
(Boillée et al., 2006). Similarly, repopulating the empty
microglial niche in mSOD1/PU.1−/− mice with wildtype bone
marrow extends survival compared to mice transplanted with
mSOD1 bone marrow (Beers et al., 2006; Lee et al., 2012).
It should be noted that one study reported no increase
in motorneuron loss following partial (40%) elimination of
microglia/macrophages during the symptomatic disease stage in
CD11b-TK/mSOD1 mice (Gowing et al., 2008; Table 1).

Whether microglia or monocytes make up the majority of
the activated macrophage population in the spinal cord is a
matter of controversy. One elegant study using parabiotically
connected GFP+ and mSOD1 mice recorded no parenchymal
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GFP+Iba-1+ cells in the spinal cord at the late stage of disease
when microgliosis is extensive (Ajami et al., 2007). Similarly,
a more recent study did not detect any Ly6C+ cells within
the CD11b+CD45+ ‘‘microglial’’ compartment (Chiu et al.,
2013). However, Butovsky et al. (2012) reported that Ly6Chi

monocytes progressively accumulate in the spinal cord (but
not brain) of mSOD1 mice, reaching as much as 30% of the
CD11b+ compartment in late stage animals, and that their
antibody-mediated depletion attenuated motor neuron death
and delayed disease onset and mortality. Such monocyte-
specific contribution to disease progression is very interesting,
since most previous studies have used targeting systems
that do not discriminate between microglia and monocytes.
However, this study would benefit from confirmation in other
laboratories since the presence of spinal cord monocyte-derived
macrophages is contradicted by parabiosis experiments (Ajami
et al., 2007).

ALZHEIMER’S DISEASE

Alzheimer’s disease is the most prevalent form of
neurodegeneration and is characterized by the presence
of amyloid beta plaques and neurofibrillary tangles. The
recognition of a glial reaction as a hallmark of Alzheimer’s
disease neuropathology was, despite being described by Alois
Alzheimer himself (Alzheimer et al., 1995) long disregarded as
an epiphenomenon. However, the recent discoveries that several
immune and microglia/myeloid-expressed genes (i.e., CD33,
CR1, TREM2) are genetically linked to Alzheimer’s disease has
established the role of microglia in disease progression (Lambert
et al., 2009; Griciuc et al., 2013; Guerreiro et al., 2013; Jonsson
et al., 2013).

Amyloid Beta
The in vivo microglial response to amyloid beta has been well
characterized in amyloid-depositing mouse models. Microglia
rapidly migrate to newly formed plaques (Meyer-Luehmann
et al., 2008) where they display an alteredmorphology (Frautschy
et al., 1998; Stalder et al., 1999) and upregulate a vast
array of surface molecules (Bornemann et al., 2001; Frank
et al., 2008). Whether microglia actively internalize amyloid
beta fibrils in naive APP mice has been a matter of debate
(Stalder et al., 2001; Bolmont et al., 2008), but the increasing
amyloid load observed with age indicates that microglia are
ultimately unable to control the amyloid burden. Direct proof
that microglia do not limit either amyloid plaque formation
or growth was provided by Grathwohl et al. (2009) who
demonstrated that complete ablation of microglia for 4 weeks
in either young or aged APPPS1 mice resulted in no net
effect on amyloid beta burden or plaque-associated neuritic
pathology (Table 1). This finding was replicated in the 5XFAD
disease model using CSF1R inhibition to deplete microglia,
which resulted in no difference in amyloid pathology in
either young or old 5XFAD mice. Interestingly, however, this
model is characterized by development of substantial neuronal
loss with age and microglial depletion both prevented this
neuronal loss and improved contextual memory. Microglial

depletion was also accompanied by an attenuation of disease-
driven inflammatory gene expression (Spangenberg et al.,
2016).

These studies are important because they explain the
observation that amyloid deposits progressively increase in APP
mice despite the association of microglia. This is supported by
evidence that microglia in the vicinity of amyloid beta plaques
progressively lose phagocytic capacity (Hickman et al., 2008;
Krabbe et al., 2013). However, it is important to understand
that microglia can be stimulated into removing existing amyloid
plaques by a variety of means (Boissonneault et al., 2009;
Leinenga and Götz, 2015; Iaccarino et al., 2016; Daria et al.,
2017).

Whether monocytes take part in the response to amyloid
deposits is a matter of long-standing debate. Previous studies
claimed that monocytes/peripheral myeloid cells possessed
superior ability to remove amyloid deposits compared to
microglia (Malm et al., 2005; Stalder et al., 2005; Simard et al.,
2006; Butovsky et al., 2007). However, these studies were all based
on whole body irradiation chimeras and exposure of the brain
to irradiation has subsequently been elucidated to condition
the brain for monocyte infiltration (Mildner et al., 2007).
More recent studies using brain-protected irradiation chimeras
(Mildner et al., 2011) or chemotherapy-induced myeloablation
(Lampron et al., 2012; Michaud et al., 2013) have demonstrated
very little engraftment of monocytes during disease progression
in amyloid-depositing mice. Furthermore, complete exchange
of the microglial compartment with peripheral monocytic cells
did not affect amyloid beta burden (Prokop et al., 2015;
Varvel et al., 2015), which was final proof that monocytes
do not confer better amyloid beta removal ability than do
microglia.

The possibility remains that monocytes take part in
the removal of amyloid deposits in the cerebrovasculature,
so-called cerebral amyloid angiopathy. Using two-photon
in vivo imaging patrolling Ly6Clow monocytes have been
observed to actively crawl on amyloid beta-laden cerebral
blood vessels (Michaud et al., 2013). Ly6Clow monocytes
are dependent on the transcription factor Nr4a1 for their
survival (Hanna et al., 2012) and specific elimination of
Ly6Clow monocytes by transplanting Nr4a1−/− bone marrow
into chemotherapy-myeloablated APP/PS1 mice significantly
increased the build up of amyloid deposits (Michaud et al.,
2013).

Lack of Ly6Clow monocytes could also explain why
CCR2−/−APP mice have increased levels of amyloid deposition
in cerebral blood vessels (El Khoury et al., 2007; Mildner et al.,
2011). While the authors attributed increased amyloid buildup
to loss of CCR2 in the perivascular myeloid compartment,
involvement of Ly6Clow monocytes cannot be excluded. In
fact, perivascular macrophages are not lost in CCR2−/− mice
(Goldmann et al., 2016), in contrast to Ly6Clow monocytes
which are directly derived from Ly6Chi monocytes and therefore
are also significantly reduced in CCR2−/− mice (Yona et al.,
2013). Another study has attempted to more specifically address
the role of perivascular macrophages in buildup of vascular
amyloid deposits through i.c.v injection of clodronate to deplete
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CD163+ perivascular macrophages while sparing parenchymal
Iba-1+ microglia, this procedure resulting in a 5-fold increase
in cerebral amyloid angiopathy load (Hawkes and McLaurin,
2009).

Tau
Microtubule-associated protein tau (MAPT, tau) is a
microtubule-stabilizing protein that during the course of
AD becomes hyperphosphorylated, a process leading to
dissociation from microtubules and aggregation into paired
helical filaments and formation of neurofibrillary tangles (Wang
and Mandelkow, 2016). Tau aggregates follow a predictable
pattern of neuron-to-neuron spreading in the brain (Braak
et al., 2011) and a recent study addressed the possible role
of microglia in this process. Asai et al. (2015) developed a
simple but elegant model of tau propagation in wildtype mice
by injecting tau-expressing adeno-associated virus into the
entorhinal cortex and observed how tau aggregates spread
to the nearby hippocampus in only 4 weeks. Depletion
of microglia using either clodronate liposomes or CSF1R
inhibition dramatically halted the propagation of tau into
the hippocampus. Similar results were obtained by inhibiting
exosome synthesis, suggesting microglia could seed tauopathy
(Asai et al., 2015).

There is also evidence that microgliosis can precede
deposition of insoluble tau in transgenic mice (Yoshiyama
et al., 2007; Maphis et al., 2015), indicating that microglia
could drive spatiotemporal tau propagation through production
of neuroinflammatory mediators. Loss of CX3CR1 amplifies
tau pathology in hTau mice in an IL-1β-dependent manner
(Bhaskar et al., 2010) and tau hyperphosphorylation could be
induced in wildtype mice by intracerebral transplantation of
CX3CR1−/− hTau microglia (Maphis et al., 2015). This was
the proof-of-concept that reactive microglia could drive tau
pathology.

PRION DISEASE

Prion disease is a transmissible neurodegenerative disorder
affecting both animals and humans. The contribution of
myeloid subsets to disease progression has been characterized
using mouse models in which prion disease is produced
by intracerebral inoculation of scrapie protein strains. While
microglial proliferation and activation occurs irrespective of
the inoculated prion strain (Cunningham et al., 2005) and
correlates with onset of neurological deficits (Boche et al., 2006)
there is little evidence of monocyte infiltration during disease
progression. Preventing monocytes from entering the circulation
using CCR2−/− mice does not exacerbate neuropathology or
disease course in prion-infected mice (Gómez-Nicola et al., 2014;
Table 1).Whethermicroglial proliferation observed during prion
disease is beneficial or deleterious is a matter of conflicting data.
Using a CSF1R inhibitor Gómez-Nicola et al. (2013) limited
microglial proliferation which prevented neurodegeneration,
improved behavioral impairments and extended survival in
prion mice. Conversely, Zhu et al. (2016) reported that
microglial depletion (CD11b-HSVTK) or reduction (IL-34−/−)

exacerbated prion disease and reduced survival, suggesting
a neuroprotective role for microglia. Since the two studies
have used different scrapie strains, different strategies to
limit the microglial response and different timing of the
microglial targeting, it is difficult to consolidate the data sets.
However, it could indicate strain-specific microglial responses or
suggest that microglia possess neuroprotective and neurotoxic
reactions to prions at different time points during the disease
course.

EXPERIMENTAL AUTOIMMUNE
ENCEPHALOMYELITIS

The development of demyelinating lesions that is characteristic
of multiple sclerosis (MS) and its mouse model EAE is
initiated by autoreactive, myelin-specific CD4+ T cells. These are
reactivated within the CNS (Goverman, 2009), secreting factors
that open the blood-brain barrier and recruit a heterogeneous
population of myeloid cells that drive demyelination. The
primary importance of myeloid cells in pathogenesis is indicated
by the strong genetic association of MHC II and MS (Sawcer
et al., 2011). While infiltrating monocyte-derived macrophages
drive disease pathogenesis (as detailed below), the contribution
of resident microglia during the different disease phases is still
not completely understood.

It has been demonstrated that EAE severity correlates with
numbers of monocytes infiltrating the spinal cord and that
prevention of this infiltration protects against EAE development
(Fife et al., 2000; Mildner et al., 2009; Ajami et al., 2011).
Importantly, the presence of the infiltrating cells in the CNS
is transient, their numbers decreasing significantly during the
remission phase of EAE (Hesske et al., 2010; Ajami et al.,
2011), leaving the niche occupied by resident microglia. It
is evident from our review (Table 1), that the majority
of depletion studies in EAE have focused on preventing
monocyte infiltration into the CNS from the periphery, with
EAE pathology and symptoms being abrogated irrespective
of the manner in which this is accomplished. Compared to
infiltrating monocytes, microglia display low levels of MHCII
and co-stimulatory molecules during EAE (Vainchtein et al.,
2014) and their MHCII expression is dispensable for EAE
induction (Greter et al., 2005). While preventing microglial
expansion (referred to as microglial paralysis) has been
demonstrated to substantially ameliorate the clinical signs of EAE
and to strongly reduce CNS inflammation (Heppner et al., 2005),
recent data indicate an alternative role of microglia compared to
monocytes. Using electron-microscopy to study microglia and
macrophage-specific interactions with axons, monocytes were
shown to initiate demyelination at nodes of Ranvier, whereas
microglia appeared to scavenge myelin debris (Yamasaki et al.,
2014).

Given that EAE is primarily a disease state caused by
infiltrating monocytes, the role of microglia in driving
pathogenesis is not major. However, the role of microglia
in restoring CNS during remission (healing) phases, or their lack
of achieving this role during chronic disease states, warrants
further investigation.
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STROKE

Stroke is caused by severe occlusion or stenosis of a cerebral
artery and is the second leading cause of death and disability
worldwide. Brain resident microglia become activated by various
cytokines and damage-associated molecular patterns which are
released by necrotic or apoptotic tissues (Shichita et al., 2012).
An inflammatory response is triggered during the early stages
of brain injury, leading to an influx of peripheral immune cells
including macrophages and neutrophils (Tanaka et al., 2003;
Gelderblom et al., 2009). Different studies have been performed
to characterize the role of resident microglia and infiltrating
peripheral macrophages in various mouse and rat models of
stroke, but their roles are still under debate and vary depending
on the experimental model employed (Table 2).

Using macrophage depletion via clodronate liposomes, Gliem
et al. (2012) reported that the early influx of peripheral
macrophages prevents hemorrhagic infarct transformation in
a model of middle cerebral artery occlusion (MCAO), with
mice treated at early time points having increased peri-lesional
hemorrhage. Similar results were obtained using CD11b-DTR
mice for macrophage depletion in the same study. In contrast,
Ma et al. (2016) demonstrated a positive effect of peripheral
macrophage depletion on the stroke lesion following clodronate
treatment, with decreased myelin damage and microglial
activation as well as decreased brain atrophy and increased
neurological recovery following MCAO. Likewise, antibody
blockade of CCR2-infiltrating macrophages reduced early motor
deficits following intracerebral hemorrhage (Hammond et al.,
2014), again indicating a negative role of myeloid cells in
this model. Yet another recently published study contradicts
all the aforementioned studies and concludes that targeting
monocytes/macrophages (using clodronate, anti-CCR2 antibody
or M1/M2 transfer) had no therapeutic value in acute ischemic
stroke but only on mortality (Schmidt et al., 2017). The
discrepancies in these studies, even though the same disease
model was used, can be explained due to the different time
points of monocyte depletion. Both studies that reported a
detrimental effect of monocyte depletion (Hammond et al.,
2014; Ma et al., 2016) depleted monocytes before inducing
MCAO whereas in the first study (Gliem et al., 2012)
monocyte depletion was performed after stroke induction,
suggesting a differing role of monocytes during the course of
disease.

Numerous stroke studies have been performed using
selective depletion of microglia instead of peripheral monocytes.
Microglia seem to have a supporting role in various models
of stroke, as exemplified by studies of neonatal focal arterial
stroke. The i.c.v injection of clodronate liposomes before
induction of the lesion yielded specific microglia depletion
without affecting the periphery, resulting in increased local
inflammation and injury severity as well as reduced vessel
coverage that triggers hemorrhages in the injured brain regions
(Faustino et al., 2011; Fernández-López et al., 2016). Microglia
are therefore thought to contribute to the endogenous protection
mechanisms of the brain during early stages after injury in
neonates. Similarly, depletion of proliferating microglia using

adult CD11b-HSVTK mice resulted in exacerbation of the
stroke lesion, increased neuronal death and pro-inflammatory
cytokine levels (Lalancette-Hébert et al., 2007). Depletion of
microglia using a CSF1R inhibitor prior and subsequent to
MCAO also exacerbated brain infarction and neurological
deficits by promoting leukocyte infiltration into the brain and
increased inflammatory cytokine levels in the area of the lesion,
supporting the beneficial role of microglia in MCAO (Jin
et al., 2017). Interestingly, using the same depletion method in
the intracerebral hemorrhage model, microglia were concluded
to have the completely opposite role in that model of brain
injury. Depletion of microglia thus led to reduced lesion size,
brain edema and neurodeficits, a lack of microglia attenuated
leukocyte infiltration, decreased inflammatory cytokine levels
and preserved the integrity of the blood brain barrier (Li et al.,
2017). Most studies to date have focused on the effect of
microglia/monocyte depletion during the acute phase of brain
injury. However, the roles of microglia/monocytes can differ at
various time points and between injury models, underlining the
many potential roles of inflammatory monocytes and microglia
in the pathogenic and regenerative CNS (Hammond et al.,
2014).

TOXIN-INDUCED NEURODEGENERATION

Microglia can have multiple roles during acute hippocampal
neurodegeneration (Table 3), as demonstrated using a model
of diphtheria toxin-inducible neuronal loss. Microglia numbers
increase dramatically after lesion formation, without evidence
of peripheral myeloid infiltration. Elimination of microglia
during this procedure exacerbated neuronal loss (Rice et al.,
2015). However, elimination subsequent to lesion formation
improved cognitive recovery and reduced inflammatory
signaling (Rice et al., 2015), demonstrating a deleterious
response of microglia after as opposed to during lesion
formation, again stressing how important accurate timing in
microglia depletion studies is to obtain comparable results
between studies. In a subsequent study, the elimination
and repopulation of microglia after the procedure was
reported to similarly reduce neuroinflammation, improve
behavioral recovery and synaptic densities (Rice et al.,
2017). The role of microglia in these toxin-induced models
appears to be time-dependent, with an acute pathogenic
role becoming a return-to-homeostasis (healing) role at later
timepoints.

While partial depletion of circulating monocytes did not
affect MPTP-induced neuronal loss in the basal ganglia (Côté
et al., 2015; a model of Parkinson’s disease), LPS-induced
striatal neurodegeneration in gerbils was attenuated by similar
means (Zito et al., 2001). Kainic acid- or pilocarpine-induced
eplieptic seizures in mice provoke microglial activation in
the hippocampus and a delayed entry of monocytes into
the parenchyma (Varvel et al., 2016). Varvel et al. (2016)
elegantly showed that monocytopenic CCR2−/− mice
developed less hippocampal neurodegeneration, suggesting
a detrimental role of monocytes. However, peripheral clodronate
administration reduced accumulation of CNS-infiltrating
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TABLE 3 | Acute neurodegeneration models—toxin-induced neurodegeneration.

Disease setting Depletion model Effect References

Diptheria
Toxin-induced
hippocampal lesion

PLX3397 CSF1R inhibition (drinking
water) in CaM/Tet-DTA mice post-lesion
or during lesion

Post-lesion microglial depletion improves behavior (elevated-plus maze and
morris-water maze) and reverses lesion-induced increase in inflammatory
signaling. Microglial depletion during lesion exacerbates neuronal loss in
hippocampus

Rice et al. (2015)

Diptheria
Toxin-induced
hippocampal lesion

PLX5622 CSF1R inhibition (chow) in
CaM/Tet-DTA mouse post-lesion

Microglial elimination and repopulation, largely resolves chronic
neuroinflammatory responses and improved behavioral abilities

Rice et al. (2017)

LPS-induced
striatal
neurodegeneration

Clodronate depletion i.v in gerbils Attenuated striatal macrophage infiltration reduced the severity of LPS-
induced neurodegeneration

Zito et al. (2001)

Parkinson’s disease Clodronate i.v in MPTP (i.p) model of PD
in C57BL/6

Partial depletion of peripheral Ly6Chi monocytes does not affect basal ganglia
TH+ neuronal loss but protected against loss of TH+ neurons in the myenteric
plexus (enteric nervous system)

Côté et al. (2015)

Kainic-acid induced
epilepsy

Clodronate i.p. in C57BL/6 Depletion of F4/80+ cells in hippocampus reduces survival of dentate gyrus
granule neurons.

Zattoni et al. (2011)

Pilocarpine-induced
epilepsy

Pilocarpine-induced epileptic seizures in
CCR2−/− mice

CCR2−/− and WT mice develop similar seizure severity but CCR2−/− mice
develop less hippocampal neurodegeneration

Varvel et al. (2016)

F4/80+ macrophages and reduced survival of dentate gyrus
granule cells (Zattoni et al., 2011) indicating a beneficial role of
monocytes.

INJURY

Acute injury can be inflicted on the CNS in different ways, be
it by crush or cut in the spinal cord, or traumatic brain injury
(Table 4) as typified by traffic accidents and more recently by
professional American sportsmen (Cherry et al., 2016). What
is often characteristic of these injuries is a chronic state of
neuroinflammation that can be experienced years after the
initial injury, and this is associated with permanent microglial
dysfunction. Despite this variation in the type of injury model
and in the method of microglial depletion that have been
reported there are few effects of reduced microglia numbers
during the responses in these settings.

Thus in a model of repetitive brain concussion microglia
did not contribute to acute axon degeneration after multiple
concussive injuries, although there is still a possibility of
longer-term effects on axon functionality (Bennett and Brody,
2014). However, in a mouse model of spine transection, resident
microglia and peripheral monocytes were concluded to act
synergistically to initiate hypersensitivity and to promote the
transition from acute to chronic pain following peripheral nerve
injury (Peng et al., 2016).

It is possible that the severity of the extensive trauma in
many of these models affects too large an area to make the
microglial loss significantly synergistic, or alternatively that the
ensuing chronic microglial dysfunction only gradually develops
over time.

OTHER IN VIVO AND IN VITRO MODELS
OF DEPLETION

Given the proven propensity of pharmacological agents to
efficiently deplete microglia andmacrophages, it is not surprising

that these have been applied in additional in vivo and in vitro
settings (Table 5). It is apparent that clinical cognitive decline
is a long-term condition induced by both cranial irradiation
(Acharya et al., 2016) and peripheral surgery (Degos et al.,
2013), and in both settings the depletion of myeloid cells
increases cognitive ability. While in the former setting an
effect on microglia would be expected, and has recently been
reported to differ depending on the age of the mice (Han
et al., 2016), the latter is intriguing as a peripheral skeletal
injury is seemingly a long distance away from the CNS. The
interplay between peripheral macrophages and CNS-resident
microglia is thus probably more intricate and extensive than we
currently understand. Organotypic CNS slice cultures provide an
alternative to live mice for study of CNS homeostasis and disease,
and microglia depletion agents can be applied to these.

Generally the findings suggest that tissues devoid of microglia
have less ability to protect neurons.

POINTS OF PERSPECTIVE

Given the vast expansion in the field of microglia research
during recent years it will be important to build on
previous interpretations in the light of new knowledge.
For example, the absence of any effect on amyloid beta
burden by microglia depletion in Alzheimer’s disease models
could be explained by recent results suggesting that the
key function of amyloid plaque-associated microglia is to
form a barrier around it (to compact the amyloid fibrils
into a dense plaque) rather than solely their previously
perceived role in amyloid phagocytosis (Yuan et al.,
2016).

It has proven difficult to permanently deplete microglia
in a specific manner and there are caveats with all the
depletion models employed. The nature of the cell death of
depleted microglia within the CNS is also an issue that has
not been addressed, and this might not only vary between
depletion systems, but might also trigger downstream (e.g.,
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TABLE 4 | Acute neurodegeneration models—injury.

Disease setting Depletion model Effect References

Partial sciatic nerve
ligation

Mac-1-saporin i.t in C57BL/6 mice
pre-ligation

Acute depletion of spinal cord microglia had no effect on
mechanical or thermal activity nor on allodynia following PSNL
injury

Yao et al. (2016)

Neuropathic pain in spinal
nerve transection

CX3CR1CreERR26DTR mice pre-injury Depletion of microglia delayed but did not reverse neuropathic
hypersensitivity after peripheral nerve injury

Peng et al. (2016)

Repetitive concussive
traumatic brain injury

Valganciclovir i.c.v in CD11b-HSVTK
mice pre-TBI

Microglial depletion did not affect the rate of neuronal death Bennett and Brody (2014)

Spinal cord injury Clodronate i.p/i.v in LysMEGFP mice
pre-acute compression injury

Macrophage depletion did not affect the extent of the
microglial-based inflammatory response in the lesion

Mawhinney et al. (2012)

Spinal cord injury Clodronate i.p in LysMtdTom >

CX3CR1GFP chimeric mice
post-mid-thoracic (T8) contusive injury

Macrophage depletion resulted in changes in multiple cytokines
that make the injury site less fibrotic and more conducive to
axonal growth

Zhu et al. (2015)

TABLE 5 | Other in vivo and in vitro models.

Disease setting Depletion model Effect References

Cranial irradiation PLX5622 CSF1R inhibition (chow) in
C57BL/6 mice

Elimination of microglia ameliorates radiation-induced
cognitive deficits (novel object recognition, object in
place, fear conditioning) but has no effect in
non-irradiated mice

Acharya et al. (2016)

Post-operative cognitive decline Clodronate i.p in CCR2RFP/+

CX3CR1GFP/+ mice with stabilized tibial
fracture

Depletion of macrophages prevents hippocampal
neuroinflammation and memory dysfunction

Degos et al. (2013)

NMDA-induced excitotoxic lesion
in organotypic hippocampal slice
cultures

Clodronate depletion in Wistar rat
tissues

Microglial depletion increases the number of
degenerating neurons after excitotoxic lesions

Kallendrusch et al. (2013)

Mixed neuronal cultures Deoxyglucose-induced death in cell
culture

Microglia death via inhibition of glycolysis and ATP
depletion, inducing microglial necrosis and their
phagocytosis by other microglia

Vilalta and Brown (2014)

Organotypic spinal cord slice
culture

Clodronate depletion in
Sprague-Dawley rat tissues co-cultured
with neural progenitor cells

Depletion of microglia decreased the apoptotic rate of
NPCs, more NPCs differentiated into neurons, and glial
differentiation was impaired

Liu et al. (2013)

epigenetic) programmes that we are currently unaware of but
which have significant bearing on the interpretation of the
studies.

The enormous propensity of the CNS to repopulate
with myeloid cells, be they surviving microglia colonies
that hyperproliferate, or CNS-adapted infiltrating monocytes
that fill up the available niche, indicates that a myeloid-
deficient CNS is a highly non-physiological condition. While
the infiltrating monocytes co-occupy the CNS and begin
to express microglia-specific proteins, it still remains to be
proven if they develop full microglial functionality. Exactly
how the CNS regulates the repopulation process and senses
when the niche is replenished are important unanswered
questions.

What is clear from our review is that there is some
disparity between the results of different microglia depletion
systems in the same disease model. Discerning the underlying
molecular mechanisms that lead to these different outcomes
will serve to further our knowledge of the pathogenesis
that we wish to target therapeutically. In particular, the
relative timing of microglial depletion in relation to the insult
might explain some of the disparity, and deserves further
consideration.

While the homeostatic functions of microglia are well
understood, these cells always having activity in surveying
the CNS, the molecular basis for these functions are less
well characterized. TGFβ appears to be a key cytokine in
preventing microglia and other infiltrating myeloid cells from
pro-inflammatory (pathogenic) activation (Buttgereit et al., 2016;
Parsa et al., 2016). The existence of sub-populations in different
regions of the CNS has been demonstrated (Grabert et al., 2016),
and so it is plausible that even homeostatic microglia function
varies between different CNSmicroenvironments (Harris, 2014).
A very recent study using a novel fate-mapping strategy has
described such regional differences of self-organization ofmature
microglial subpopulations during both health and disease in
the CNS (Tay et al., 2017). If and when subpopulation-specific
microglial markers can be defined then it might even be
possible to deplete individual subpopulations in the future.
The more refined our understanding of these issues becomes,
the more likely we will be able to design efficient therapeutic
paradigms.

As it is clear that microglia are implicated as a part of
all the neurodegenerative diseases described in this review
article, modulation of microglial functionality (suppression
of pro-inflammatory, pathogenic properties) or replacement
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with CNS-adapting macrophages are intriguing prospects
for immunotherapy. We have previously reported that
immunosuppressive macrophages can down-modulate
pro-inflammatory macrophage and T cell activities in settings
of experimental MS (Zhang et al., 2014), indicating that
immunomodulation with favorable clinical outcome is possible.
With the knowledge that monocytes can become CNS-adapted
during repopulation of a microglia depleted CNS, further
effort in manipulating this phenomenon to a therapeutic end is
warranted.
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Central nervous system (CNS) injury has been observed to lead to microglia activation

and monocytes infiltration at the lesion site. Ex vivo diffusion magnetic resonance

imaging (diffusion MRI or DWI) allows detailed examination of CNS tissues, and recent

advances in clearing procedures allow detailed imaging of fluorescent-labeled cells

at high resolution. No study has yet combined ex vivo diffusion MRI and clearing

procedures to establish a possible link between microglia/monocytes response and

diffusion coefficient in the context of spinal cord injury (SCI). We carried out ex vivo

MRI of the spinal cord at different time-points after spinal cord transection followed

by tetrahydrofuran based clearing and examined the density and morphology of

microglia/monocytes using two-photon microscopy. Quantitative analysis revealed an

early marked increase in microglial/monocytes density that is associated with an increase

in the extension of the lesion measured using diffusion MRI. Morphological examination

of microglia/monocytes somata at the lesion site revealed a significant increase in

their surface area and volume as early as 72 hours post-injury. Time-course analysis

showed differential microglial/monocytes response rostral and caudal to the lesion site.

Microglia/monocytes showed a decrease in reactivity over time caudal to the lesion

site, but an increase was observed rostrally. Direct comparison of microglia/monocytes

morphology, obtained through multiphoton, and the longitudinal apparent diffusion

coefficient (ADC), measured with diffusion MRI, highlighted that axonal integrity does

not correlate with the density of microglia/monocytes or their somata morphology. We

emphasize that differential microglial/monocytes reactivity rostral and caudal to the

lesion site may thus coincide, at least partially, with reported temporal differences in

debris clearance. Our study demonstrates that the combination of ex vivo diffusion MRI

and two-photon microscopy may be used to follow structural tissue alteration. Lesion

extension coincides with microglia/monocytes density; however, a direct relationship

between ADC and microglia/monocytes density and morphology was not observed.

We highlighted a differential rostro-caudal microglia/monocytes reactivity that may
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correspond to a temporal difference in debris clearance and axonal integrity. Thus,

potential therapeutic strategies targeting microglia/monocytes after SCI may need to

be adjusted not only with the time after injury but also relative to the location to the

lesion site.

Keywords: spinal cord injury, microglia/monocytes, ex vivo diffusion MRI, tissue clearing, two-photon

INTRODUCTION

Spinal cord injury (SCI) is a devastating neuropathology affecting
over 2.5 million people worldwide (van den Berg et al., 2010).
Depending on the anatomical level and the severity of the spinal
cord lesion, clinical symptoms range from minor sensory/motor
damage to complete quadriplegia.

In clinic, magnetic resonance imaging (MRI) is the only
non-invasive method for examining the impact of the insult
on the structure and function of human spinal cord (Wheeler-
Kingshott et al., 2014). MRI is also well adapted for following
the evolution of the lesion in pre-clinical animal models of SCI
(Bonny et al., 2004; Denic et al., 2011). In particular, ex vivo
MRI analysis provides high resolution images of the spinal cord,
allowing accurate assessment of lesion-induced tissue alterations.
Recently, we have shown that ex vivo 1H-MRI (9.4T) closely
correlates with histological examination of the injured spinal
cord after different lesion severities (Noristani et al., 2015).

Diffusion weighted MRI (diffusion MRI, or DWI) reflects the
local dynamics of water molecules in the tissue. The structure
of tissues can be characterized by the capability of water to
diffuse along preferential directions and can be quantitatively
assessed using the apparent diffusion coefficient (ADC). DWI
thus offers information on tissue integrity and structure that
cannot be obtained by conventional 1H-MRI. In particular, the
longitudinal ADC (lADC), which represents the diffusivity along
the rostro-caudal axis and reflects the integrity of white matter
fibers, is often decreased in the presence of axonal injury (Song
et al., 2003; Vedantam et al., 2014). In the spinal cord, diffusion
MRI is often applied to evaluate myelin integrity (Bonny et al.,
2004) but may also be applied to assess morphological alterations
of cell populations, including glia. In addition, diffusion MRI
has been used to examine the 3-dimensional (3D) structure and
architecture of post-mortem brains for review, [see Bastiani and
Roebroeck (2015)].

Numerous animal models have been developed to study SCI
pathophysiology including spinal cord compression, contusion,
ischemia and transection (Lee and Lee, 2013). Whilst these
animal models partially recapitulate clinical symptoms, they
have important limitations due to the high level of inter-
individual differences in the severity of the lesion (Basso et al.,
1996; Onifer et al., 2007). Although transection of the spinal
cord is regarded as the most severe model of SCI, it has

Abbreviations: CNS, Central nervous system; MRI, magnetic resonance imaging;

1H-MRI, proton MRI; diffusion weighted MRI (diffusion MRI); eGFP, enhanced

green fluorescent protein; PBS, phosphate base saline; PFA, paraformaldehyde;

SCI, spinal cord injury; TR, repetition time; TE, Echo Time; NE, echo number;

AVG, average; FOV, field of view; ADC, apparent diffusion coefficient.

the advantage of minimizing the inter-individual differences
in injury severity (M’Dahoma et al., 2014) and is more easily
quantified using MRI (Wang et al., 2014). Because of its high
reproducibility, transection of the spinal cord reduces the need
for a large number of animals to obtain biologically robust results.
The majority of studies using transection as SCI models have
focused on rats (Basso et al., 1996; Antri et al., 2005; Onifer
et al., 2007; M’Dahoma et al., 2014); however, transgenic mice
offer advantages to better understand the pathophysiological
mechanisms involved in SCI.

SCI pathophysiology includes damage to the blood-spinal
cord barrier, monocytes infiltration at the lesion site and elevated
immune response, all contributing to neuronal demise. In
addition, SCI triggers the pronounced activation of glial cells,
including microglia. Microglia, the resident immune cells of
the central nervous system (CNS) are the first activated glial
population observed after SCI (Tian et al., 2007) and contribute
to monocytes-derived macrophages recruitment to the lesion
site. Under physiological conditions, microglia display a ramified
morphology with small somata and long/thin cellular processes
that continuously scan their territorial domains (Kettenmann
et al., 2011). Following SCI, microglia migrate toward the lesion
site, where they acquire an amoeboid morphology with large
somata and short/thick processes (Tian et al., 2007; Noristani
et al., 2017). One means of studying microglia is to use
CX3CR1eGFP transgenic mice, which express enhanced green
fluorescent protein (eGFP) downstream of the Cx3cr1 promoter,
a chemokine receptor highly expressed in microglia, circulating
monocytes and resident macrophages (Jung et al., 2000; Gautier
et al., 2012; Wolf et al., 2013). Microglia and peripheral
monocytes of common myelomonocytic origin display similar
morphologies and express common surface receptors and
signaling molecules (Schmitz et al., 2009; Kettenmann et al.,
2011). Recent reports identified potential markers, including
Ly6C, to distinguish between microglia and monocytes (Chiu
et al., 2013; Butovsky et al., 2014; Gosselin et al., 2014; Bennett
et al., 2016); however, to our knowledge, no transgenic mice
expressing a fluorescent marker downstream of Ly6C have been
generated.

Although the activation of microglia/monocytes after SCI

have been acknowledged for almost a century, little is currently

known about their density after injury and their longitudinal

repartition along the spinal cord axis rostral and caudal to the

lesion site (Schnell et al., 1999; Kigerl et al., 2006; Stirling and
Yong, 2008). Earlier studies using semi-quantitative histology
reported a time-dependent increase in microglia/monocytes

density up to 7 days after dorsal spinal cord hemisection in

mice (Stirling and Yong, 2008). Other histological study revealed
a peak of microglia/monocyte reactivity in mice between 7
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and 14 days post-injury after contusion of the spinal cord
(Kigerl et al., 2006). More recent studies using quantitative flow
cytometry have shown that the increased microglia/monocytes
density observed within 2 days post-contusion injury in mice
is subsequently reduced starting from 4 days post-SCI (Stirling
and Yong, 2008). Contradictory findings have also been reported
in rats after contusion SCI with a peak in microglia/monocyte
density between 2 (Abdanipour et al., 2013) and 7 days post-
injury (Beck et al., 2010).

To develop efficient therapies that target the inflammatory
response after SCI, it is necessary to acquire precise knowledge
of microglia/monocytes density, not only at acute and chronic
stages post-injury but also at different distances from the lesion
epicenter. Previous studies on microglia/monocyte density after
SCI relied on histology combined with manual cell counting
(Schnell et al., 1999; Kigerl et al., 2009; Adamczak et al., 2010),
which provides only semi-quantitative data, at best. In addition,
standard histological analyses require tissue sectioning, making
3D analysis of microglia/monocytes throughout the whole tissue
virtually impossible. Clearing, a recent advancement in tissue
processing that renders intact organs transparent, allows fast 3D
analyses of the entire spinal cord (Erturk et al., 2012; Chung et al.,
2013; Renier et al., 2014; Tomer et al., 2014; Yang et al., 2014).

To date, only one study has reported changes in
microglia/monocytes density after spinal cord hemisection
in mice using the clearing approach (Erturk et al., 2012).
However, the authors analyzed only a single time-point (10 days
after lesion) with no indications of microglia/monocytes density
at either acute or more chronic stages post-injury. In addition,
Erturk et al. (2012) mainly focused on the lesion epicenter and
did not provide data regarding microglia/monocytes density at
more distal locations (Erturk et al., 2012). Given the dynamic
reactivity of microglia/monocytes, it is necessary to study their
alterations in acute and chronic stages after SCI and at different
distances both rostral and caudal to the lesion site. Finally, even if
numerous studies have reported microglia/monocytes activation
after SCI, none has quantified their morphological changes after
injury.

Our aim was to examine detailed SCI-induced tissues and
cellular alterations at different time-points and distances from the
lesion site using (a) high resolution ex vivo diffusion MRI and
(b) two-photon imaging of cleared spinal cords to evaluate 3D
changes in microglia/monocytes density and morphology. Our
specific objective was to identify a possible correlation between ex
vivo diffusion MRI signals, which reflect the structure of tissues,
and microglial/monocytes density/morphology. Since microglia
are involved in debris clearance, we hypothesized that lesion
size may be related, at least partially, to microglia reactivity.
We thus first compared modifications in microglia/monocytes
density and morphology to the extension of the lesion evaluated
by DWI. We then compared the density and the morphology
of microglia/monocytes at different distances on both sides
of the lesion. Finally, we tried to determine whether or not
axonal integrity, reflected by the lADC, correlates with microglia
density and morphology. We found that microglial/monocytes
density coincides with lesion extension; however, lADC does
not seems to correlate with microglia/monocyte density and

morphology. We also established that microglial/monocytes
somata morphology is different rostral and caudal to the
lesion epicenter. Our results constitute the first detailed 3D
analysis of a cell populations in the spinal cord after lesion
using a combination of ex vivo diffusion MRI and two-photon
microscopy.

MATERIALS AND METHODS

Ethic Approval
Experimental procedures followed the European legislative,
administrative and statutory measures for animal
experimentation (86/609/EEC). The study was approved by
the “Direction des Services Vétérinaires de l’Hérault” and
the “Ministère de l’Education Nationale, de l’Enseignement
Supérieur et de la Recherche, ethics committee N◦36,” France
(authorization number 34118).

Animals and Spinal Cord Injury
Transgenic mice expressing enhanced green fluorescent protein
(eGFP) in microglia/monocytes (CX3CR1+/eGFP) (Jung et al.,
2000) were obtained from Dr. Dan Littman, Howard Hughes
Medical Institute, Skirball Institute, NYU Medical Centre, New

York, USA and maintained on a C57BL/6 background (The
Jackson Laboratory, Bar Harbor, ME, USA). Heterozygous
eGFP−/+ mice were used in the current study. All mice were
housed in controlled conditions (hygrometry, temperature and
12-h light/dark cycle) with free access to food and water. Adult
male mice (12 weeks of age) were anesthetized by inhalation of
1.5% isoflurane (Aerane, Baxter, Deerfield, IL, USA). The skin
and muscles overlying the low thoracic segment of the rachis
were cut, followed by a dorsal laminectomy of the thoracic
9 (T9) vertebra. Meninges were incised and transection of
the spinal cord was carried out under a microscope using a
micro-scalpel (FST, Heidelberg, Germany). Lesions were made
at T9 level to obtain complete paraplegia whilst preserving full
respiratory function. Following lesion, muscles and skin were
sutured and animals were left to recover on a heated surface
(not exceeding 38◦C). Bladders were emptied manually twice
daily and bodyweight wasmeasured throughout the study period.
Three time-points were chosen to reveal microglia/monocytes
changes both at acute (72 hours) and chronic (4 and 6 weeks)
stages after severe spinal cord lesion. Non-injured group served
as control (n= 4 for each group).

Tissue Processing
Mice were deeply anesthetized via intraperitoneal injection of
tribromoethanol (500mg/kg) followed by transcardial perfusion
using cold 0.1 M phosphate buffer saline (PBS) at pH 7.2 and 4%
paraformaldehyde (PFA, Sigma Aldrich, Saint Louis, USA). The
entire spinal cords were then dissected and post-fixed in the 4%
PFA for an additional 2 h.

Ex vivo Diffusion Weighted Imaging
Spinal cords were positioned in a 5-mm-diameter glass tube
filled with 0.1M PBS surrounded by a custom-made ribbon
solenoid coil (40mm in length, 8mm outer diameter and
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4 turns, Supplementary Figure 1K) (Coillot et al., 2016) and
imaged using 9.4 Tesla apparatus (Agilent Varian 9.4/160/ASR,
Santa Clara, California, USA) associated with VnmrJ imaging
acquisition system (Agilent, Palo Alto, California, USA). The
use of the custom-made ribbon solenoid coil enhanced signal-
to-noise ratio (SNR) and, drastically reduced acquisition time.
Specifically, for this experiment, SNR was increased by 7
compared to a regular 43 mm quadrature volumic coil. We
first acquired high resolution T2 weighed 1H-MRI using a spin
echo sequence to obtain MR images without diffusion-weighting
(diffusion gradient: G = 0 G.cm−1). The following acquisition
parameters were used: delta= 6.88ms, G= 0G/cm−1, separation
= 15.05 ms, (TR) repetition time = 1,580 ms, (TE) echo time
= 30.55 ms, AVG = 30, FOV = 10 × 10mm, slices = 36,
thickness = 1mm without gap and acquisition matrix = 128 ×

128. Scanning time: approximately 90 min. Diffusion-weighted
MRI sequence was then used to acquire DWI and to calculate the
ADC. ADC is a quantitativemeasurement of local water diffusion
(mm2.s−1) on a given region and direction which is sensitive to
the local structure and anisotropy of tissues. ADC results from
the combination of acquisitions with (S at b = 500) and without
(S0 at b = 0) diffusion gradient. To acquire axial images, the
sensitivity of diffusion MRI was preliminary evaluated in three
directions including the longitudinal axis of the spinal cord.
Longitudinal DWI offered better signal-to-noise ratio and image
contrast to discriminate between the intact and the damaged
regions of the spinal cord. We thus acquired DWI only on
the longitudinal axis with the following parameters: magnetic
field gradient G = 20 G.cm−1 during 6.88 ms, separation =

15.05 ms; (TR) repetition time = 1,580 ms, (TE) echo time
= 30.55 ms, AVG = 30, FOV = 10 × 10 mm, slices = 36,
thickness = 1 mm without gap and acquisition matrix = 128
× 128. Scanning time: approximately 180 min. Diffusion data
were processed by using a MATLAB-based in-house toolbox. All
MRI visualization and segmentation were done using Myrian
software (Intrasense, Montpellier, France); intact (entire spinal
cord, white and graymatters) and damaged tissues weremanually
surrounded (Figures 1B–D and Supplementary Figures 1A–J).

Tissue Clearing and Two-Photon Image
Acquisition
After diffusion MRI acquisition, spinal cords were first rinsed
in 0.1M PBS and clarified using the 3-dimensional imaging
of solvent cleared organs (3DISCO) procedure, as previously
described (Erturk et al., 2012). Briefly, spinal cords were
incubated in 50, 70, and 80% tetrahydrofuran (THF, Sigma
Aldrich, Saint Louis, USA) followed by three incubations in
100% THF (30 min each). Spinal cords were then placed
in dichloromethane (Sigma Aldrich, Saint Louis, USA) for
30 min and finally in dibenzyl ether (DBE, Sigma Aldrich,
Saint Louis, USA) for 20–30 min, until the samples became
transparent (Figure 2). All incubation steps were done in the
dark; spinal cords were placed in glass vials on a rotator.
Samples were then mounted on a glass slide in DBE and
coversliped, then immediately imaged using a two-photon
scanning microscope (Zeiss LSM 7MP) equipped with a

femtosecond pulsed Ti:Sapphire laser (Ultra II, Coherent) at
950 nm.We scanned at a 1,024× 1,024 pixel resolution and 5µm
z steps; full 3D scan took 20–30min.

Microglial/Monocytes Quantification
To quantify microglia/monocytes density (numerical density
(Nv), number (#)/mm3) throughout the entire thickness of
spinal cord, we chose 3 different zones located at different
distances from the edge of the lesion site: 0–500 µm
immediately adjacent to the injury site as well as 500-1,000
and 4,000–4,500 µm away from the lesion epicenter, both
rostral and caudal to the injury site (Figure 3). For non-injured
controls, we analyzed equivalent anatomical levels of the spinal
cord. Tissue volumes and microglial/monocytes density were
calculated using the 3D image processing software Imaris x64
7.2.2. (Bitplane AG, Zürich, Switzerland). Microglia/monocytes
were converted into 3D objects for fully automated counting
(Supplementary Video 1). To ensure accuracy of the counts,
selected segments were rotated to different angles and assessed
visually. Only a sub-population of microglia/monocytes with no
overlapping processes were selected for morphological analysis
of their somata. Microglial/monocytes somata morphology was
measured in 190–300 cells per time-point and compared to those
of the un-injured control. The original scan was also converted
into 3D objects for automated morphological analysis. Given that
microglial/monocyte activation is characterized by pronounced
enlargement of their somata, morphological analysis was carried
out using Imaris to determine somata surface area (µm2) and
volume (µm3), as previously described (Rodriguez et al., 2015).

Statistical Analysis
Un-paired t-tests were used to compare differences between 2
groups. The Wilcoxon signed-rank test was used to compare
ADC values between groups along an 8mm segment centered on
the lesion site. A paired-t-test was used to compare ADC values
between groups in the rostral and caudal segments. Significance
was defined as p ≤ 0.05.

All data were analyzed using GraphPad Prism 4.0 (GraphPad
Software, Inc., CA, USA). Data are shown as themean± standard
error of the mean (SEM).

RESULTS

Ex vivo Diffusion MRI Allows Quantification
of Lesion Extension and Volume
We acquired 36 axial diffusion MR images (1mm thick)
over a 3.6 cm segment centered on the lesion epicenter
(Figure 1A). We then quantified the rostro-caudal extension
of the lesion. Lesion segmentation was carried out manually
by outlining the spared (Figures 1B,D, green: total; blue: gray
matter) and injured (Figures 1C,D, red) tissues on axial images.
The mean extension of the lesion at 72 hours was 4 ±

0.4mm centered on the epicenter and decreased to 2.75 ±

0.25 and 3 ± 0mm by 4 and 6 weeks, respectively, thus
revealing a significant decrease in rostro-caudal extension
of the lesion between 72 hours and 4 weeks post-injury,
followed by a stabilization (Figure 1E). The mean lesion
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FIGURE 1 | Ex vivo diffusion 1H-MRI assessments following SCI. 3D reconstruction of an injured spinal cord (A), the red area represents lesion extension. Images of

ex vivo diffusion MRI from mouse spinal cord rostral (B) within (C) and caudal (D) to the lesion epicenter. Note the excellent anatomical resolution of the spinal cord

that clearly distinguishes the entire spinal cord (outlined in green in B and D), damaged spinal cord tissues (outlined in red in C and D) as well as the intact gray matter

(outlined in blue in B and D). Bar graph displaying the evolution of the extension of the lesion at different stages after complete SCI (E). Bar graph showing changes in

the volume of the lesion at different time-points after injury (F). Line graph displaying changes in apparent diffusion coefficients along the spinal cord at different stages

after SCI (G). Statistics: *P < 0.05 and ***P < 0.001. (E), 4 weeks compared to 72 hours post-lesion, un-paired t-test. (G), All groups are compared to the non-injured

control, Wilcoxon signed-rank test.

volume amounted to 5.3 ± 0.9, 4.8 ± 0.7, and 5.9 ± 1mm3

at 72 hours, 4 and 6 weeks post-injury, respectively, and
quantitative assessment showed no significant changes over time
(Figure 1F).

Water Diffusion Modification Is
Time-Dependent
We then quantified the diffusion of the water in the tissues
using diffusion MRI and evaluated changes in ADC values. At
the lesion site, no clear distinction between the gray and white
matter was possible due to complete tissue damage (Figure 1C).
ADC was measured on an 8mm segment centered on the
lesion site. Overall, non-injured spinal cords showed an ADC
of 6.78 × 10−4 mm2/s (Figure 1G). The mean ADC value at
the lesion epicenter reached 8.73, 10.78, and 12.22 × 10−4

mm2/s at 72 hours, 4 and 6 weeks, respectively (Figures 1C,G).
Moreover, an overall increase in the ADC contiguous to the
lesion site, both rostral and caudal, was observed from 72 hours
up to 6 weeks post-injury (Figure 1G). For all post-injury
time points, the ADC was higher in the caudal than in the
rostral segments 4mm away from the lesion site. Moreover,

there was an increased ADC 6 weeks post-injury in the rostral
segment, whereas the ADC in the caudal segment remained
relatively stable after injury (Figure 1G). All injured groups
displayed a significant increase in ADC compared to non-
injured animals; however, no significant differences between
post-injury time points were observed (Figure 1G, Table 1).
A Wilcoxon signed-rank test showed a significant increase in
ADC between 72 hours and 6 weeks post-injury (Figure 1G,
Table 1) compared to non-injured animals. To provide a
more in-depth analysis, we analyzed separately the rostral and
caudal segments. A paired t-test revealed a significant increase
in ADC 72 hours and 6 weeks post-injury in the caudal
segment when compared to non-injured animals; conversely,
the injury did not modify the ADC in the rostral segment
(Table 1).

Together, these data show that, in contrast to the
quantification of the extension and the volume of the lesion, the
quantification of water diffusion allows identification of time-
dependent modifications. Moreover, we highlight differences in
water diffusion between segments located symmetrically rostral
and caudal to the lesion site.
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FIGURE 2 | Two-photon imaging of the spinal cord before and after clearing.

Photographs showing an injured spinal cord (arrows) before (A) and after (B)

clearing. Using two-photon microscopy, the spinal cord was imaged before

and after clearing. Two-photon micrographs displaying eGFP-expressing

microglia/monocytes before (C) and after (D) clearing. Note that, before

clearing, <100 µm of the spinal cord’s thickness could be imaged, while

clearing allowed imaging of the entire thickness of the spinal cord. X axis:

perpendicular to the sample; Y axis: longitudinal to the sample and Z axis

represent the depth of imaging. Scale bars (A,B): 5 mm.

Increased Microglia/Monocytes Density
after Complete SCI
We used tetrahydrofuran (THF)-based clearing to render the
adult spinal cord transparent while preserving eGFP signal in
microglia/monocytes (Figure 2). While un-cleared tissue can
only be imaged at a depth of <100 µm using two-photon
microscope (Figures 2A,C), clearing of the spinal cord permitted
imaging throughout its entire thickness (Figures 2B,D).

Using two-photon image analysis, we determined
microglia/monocytes density in samples that previously
underwent ex vivo diffusion MRI at acute (72 hours) and chronic
stages (4 and 6 weeks) after complete SCI and compared to that of
un-injured controls. Microglial/monocytes density was evaluated
in CX3CR1+/eGFP mice at distances of 0–500, 500–1,000, and
4,000–4,500 µm from the lesion site (Figure 3). The increase in
microglia/monocytes density was particularly evident at acute
compared to more chronic stages (Figure 3). In addition, as
expected, areas adjacent to the lesion site displayed a greater
increase in microglia/monocytes density thanmore distal regions
(Figure 3). Quantitative analysis revealed significant increases in
microglia/monocytes density at 72 hours and 4 weeks post-lesion
compared to non-injured controls (Figure 3A). By 6 weeks post-
injury, microglia/monocytes density decreased considerably,
retuning to non-injured control level at 4mm distal to the
lesion site (Figure 3A). Overall, microglia/monocytes density
was similarly elevated both rostral and caudal to the lesion site
(Figures 3B,C).

Together, these data show (1) there is a greater increase in
microglial/monocytes density contiguous to the lesion compared
to more distal regions, (2) the highest microglial/monocytes
density is observed at 72 hours post-injury, followed by a decrease

FIGURE 3 | Increased microglia/monocytes density early after SCI.

Schematic drawing of longitudinal spinal cord from non-injured control and

after transection illustrating the lesion site (red rectangle) and the different

zones (dashed lines) where microglia/monocytes densities were measured.

Bar graphs displaying SCI-induced changes in microglia/monocytes density at

different time-points and distances from the lesion epicenter. A strong increase

in microglia/monocytes density is observed at 72 hours post-lesion both

rostral and caudal to the lesion site (A–C). *P < 0.05, **P < 0.01, ***P < 0.001

compared to un-injured control, ¤P < 0.05, ¤¤¤P < 0.001 compared to 72 h

post-lesion, $P < 0.05 compared to 4 weeks post-lesion group, un-paired

t-test.

at chronic stages after SCI, and (3) there is generally a similar
increase in microglial/monocytes density after injury rostral and
caudal to the lesion site.

Changes in Microglial/Monocytes Somata
Morphology Are Different Rostral and
Caudal to the Lesion Site
Microglia/monocytes activation is characterized by a pronounced
modification of their morphology.We thus quantified the surface
area (µm2) and volume (µm3) of the somata of at least
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FIGURE 4 | Increased microglia/monocytes activation after SCI. Two-photon micrographs displaying representative eGFP-positive microglia used for morphological

analysis (A,B). A sub-population of microglia/monocytes somata with no overlapping was selected (pink objects in C,D) for morphological analysis from both

non-injured control (A,C) and injured animals (B,D). 3D reconstruction and Imaris-based quantification of microglia/monocytes somata morphology in

CX3CR1+/eGFP mice (C,D). Scale bars (A–D): 50 µm.

190 individual cells per time-point. Only microglia/monocytes
without overlapping somata with their neighboring cells were
selected for morphological analysis (Figure 4, pink objects).
Analyses were done at 500 µm rostral to the lesion site as
well as 4 mm both rostral and caudal to the lesion epicenter
(Figure 5). The increase in microglia/monocytes somata surface
area and volume was particularly evident in the 500 µm
segment rostral to the lesion than in more distant regions
on both the rostral and caudal sides (Figure 5). Quantitative
analysis of microglia/monocyte soma surface area and volume
in proximity to the lesion site revealed a significant increase
from 72 hours to 6 weeks post-injury (Figures 5B,E). Rostral to
the lesion site, the size of microglia/monocytes somata displayed
a time-dependent increase (Figures 5A,D), while caudal to the
lesion site there was a continuous decrease in somata surface
area and volume (Figures 5C,F). Thus, time course analysis
of microglia/monocytes somata morphology revealed opposite
responses rostral (Figures 5A,D) and caudal (Figures 5C,F) to
the lesion site.

Together, these findings demonstrated that (1)
microglia/monocytes display over a 5-fold increase in average

somata size adjacent to the lesion site that remains elevated up

to 6 weeks post-lesion, (2) microglia/monocytes rostral to the
lesion site display a time-dependent increase in somata size,
and (3) microglia/monocytes caudal to the lesion site display
a time-dependent decrease in somata size. We thus highlight
variation between segments located symmetrically rostral and
caudal to the lesion site.

Microglial/Monocytes Density Coincides
with Lesion Extension Following Complete
SCI
We then investigated the potential link between injury-induced
tissue re-organization and neuroinflammation in the injured
spinal cord by examining putative correlation between ex vivo
diffusion MRI and microglia/monocytes density. The increase
in lesion extension, which was greatest at 72 hours post-
injury amongst all the time points analyzed, coincided with the
upsurge of microglia/monocytes density (Figures 1E, 3A and
Supplementary Figure 2).

Lastly, we compared ADC values with the density and
morphology of microglia/monocytes somata (Supplementary
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FIGURE 5 | Morphological alterations of microglia/monocytes after SCI. Schematic drawing of longitudinal spinal cord after transection illustrating the lesion site (red

rectangle) and the different zones (dashed lines) where microglia/monocytes morphologies were measured. Bar graphs indicating SCI-induced alterations in

microglial/monocytes somata surface area (A–C) and volume (D–F) at different time-points after lesion. A pronounced increase in microglial/monocytes somata

surface area and volume was evident at 500 µm rostral to the lesion epicenter as early as 72 hours post-lesion that continued until 6 weeks post-lesion (B,E). At

4mm rostral to the lesion site, microglia/monocytes displayed a time-dependent increase starting at 4 weeks (A,D), whereas 4mm caudal to the lesion there was a

time-dependent decrease in microglia/monocytes somata surface area and volume starting at 72 hours (C,F). ***P < 0.001 compared to un-injured control, *P <

0.05, ***P < 0.001 compared to 72 hours post-lesion, $P < 0.05 and $$$P < 0.001 compared to 4 weeks post-lesion group, un-paired t-test.

TABLE 1 | Quantification of longitudinal ADC over time following SCI.

72 hours vs. NI 4 weeks vs. NI 6 weeks vs. NI 72 hours vs. 4 weeks 72 hours vs. 6 weeks 4 vs. 6 weeks

Total: −4 to 4 mm (Wilcoxon) ** ** ** ns ** **

Rostral: −4 to 0 (paired t-test) ns ns ns ns ns ns

Caudal: 0 to +4 mm (paired t-test) ** ns ** ns * ***

Comparison between injured animals at different time-points post-injury and non-injured animals. The Wilcoxon signed-rank test was used to compare ADC values between groups
along an 8 mm segment centered on the lesion site. “Total” represents the entire segment of the spinal cord (Figure 1G; −4 to +4mm). A paired-t-test was used to compare ADC
values between groups in the rostral and caudal segments. “Rostral” and “caudal” refer to quantifications on each side of the lesion (Figure 1G; rostral: −4 to lesion; caudal: +4mm
to lesion). Percentages represent the comparison with the value from un-injured control group. NI, non-injured, ns, non-significant. *P < 0.05 and **P < 0.01, un-paired t-test.

Figure 2). Rostral to the lesion site, the ADC at all time-
points post-injury was similar to that of the non-injured control
(Figure 1G). At the lesion site, ADC increased in a time-
dependent manner (Figure 1G). All injured groups, except at
4 weeks post-injury (Table 1), displayed a higher ADC caudal
to the lesion than the non-injured control. Unlike ADC,
microglia/monocytes somata showed changes in surface area and
volume both rostral and caudal to the epicenter (Figures 1G, 5
and Supplementary Figure 2). Thus, ADC does not seem to be
correlated with microglia/monocytes somata morphology.

DISCUSSION

In the current study we performed a transection of the spinal cord
in transgenic mice that express eGFP in microglia/monocytes
(CX3CR1+/eGFP). We then carried out ex vivo diffusion

MRI analyses of the spinal cord at acute (72 hours) and
chronic (4 and 6 weeks) stages after the lesion, followed by
tetrahydrofuran-based clearing and quantitative assessment of
microglia/monocytes density and somatamorphology using two-
photon microscopy. Diffusion MRI offers better contrast than

T2 weighted images allowing a more accurate identification

of damaged tissues. Our findings suggest an early increase in
the extension of the lesion that is significantly reduced by 4

weeks post-injury. Interestingly, the increase in lesion extension

positively coincides with an increase in microglia/monocytes

density. We also observe differences in microglia/monocytes
somata morphology rostral and caudal to the lesion site that
is compatible with cell debris and/or myelin clearance. This
is the first study that combines ex vivo diffusion MRI with
two-photon microscopy to document spatiotemporal changes in
microglia/monocytes after severe SCI.
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Microglia/Monocytes Density after Severe
SCI
Despite the established presence of neuroinflammation in SCI
pathophysiology, only a few studies have investigated post-
injury microglia/monocytes density in mice, and findings are
contradictory (Schnell et al., 1999; Kigerl et al., 2006; Stirling
and Yong, 2008). A peak increase inmicroglia/monocytes density
had been shown between 7 and 14 days post-injury (Schnell
et al., 1999; Kigerl et al., 2006) but has also been reported as
early as 2 days post-lesion (Stirling and Yong, 2008). In addition
to the different techniques used to quantify microglia/monocyte
density, differences in mouse strains may also account for these
discrepancies (Basso et al., 2006; Lapointe et al., 2006). Using
tissue clearing, Erturk and colleagues more recently reported
a pronounced increase in microglia/monocytes density 10 days
after spinal cord hemisection in mice (Erturk et al., 2012). Our
quantitative analysis in severely injured spinal cords expands
previous reports and provides a comprehensive analysis of
microglia/monocytes density not only at acute and chronic stages
after SCI but also at different distances from the lesion epicenter.
Specifically, we observed that microglia/monocytes density is
increased at 72 hours post-injury, then significantly reduced by 4
and 6 weeks with nomajor differences between the regions rostral
and caudal to the lesion site. Although the pronounced increase
in microglia/monocytes density at 72 hours post-injury may
be attributed to infiltrating monocytes, CNS resident microglia
can proliferate in the absence of peripheral monocytes (Elmore
et al., 2014). Recent molecular study from our laboratory also
confirmed that microglia are primarily involved in proliferation
at 72 hours post-lesion (Noristani et al., 2017). In fact, resident
microglia display greater proliferation compared to infiltrating
monocytes after SCI (Greenhalgh and David, 2014). The
increase in microglia/monocyte density at 72 hours occurred
concomitantly with the greatest lesion extension observed by
diffusion MRI. Modifications in diffusion MRI represent changes
in the displacement of water molecules within different tissue
compartments of the spinal cord. Thus, the positive association
between microglia/monocytes density and lesion extension most
likely corresponds to the early vasogenic edema resulting from
plasma leakage and concomitant monocyte infiltration/microglia
proliferation. Given that CX3CR1 is expressed both in infiltrating
monocytes and resident microglia, in the current study, we
cannot distinguish the exact proportion of these cells after SCI.

SCI Induces Pronounced Alterations in
Microglia/Monocytes Morphology
Although numerous studies have reported microglia/monocytes
activation after injury (David and Kroner, 2011), no study to
our knowledge has carried out quantitative analysis of injury-
induced alteration of microglia/monocytes morphology. The
most notable morphological alterations include a more than 3-
fold increase in somata surface area and a more than 6-fold
increase in somata volume that is most evident adjacent to the
lesion site. The increase in somata volume induced by SCI is
considerably higher than that reported in microglia following
physiological stimulation, such as voluntary wheel running

(Rodriguez et al., 2015). Interestingly, microglial/monocytes
somata morphology distal to the lesion epicenter showed a clear
difference in the regions rostral and caudal to the injury site
(see Figure 6). Rostral to the lesion site, microglia/monocytes
displayed a time-dependent increase in their reactivity that
continued up to 6 weeks post-injury. In contrast, the greatest
microglia/monocytes reactivity was observed caudal to the lesion
site at 72 hours and decreased progressively between 4 and 6
weeks post-lesion. Measurements of ADC rostral and caudal
to the lesion site also showed strong differences. Specifically,
the ADC rostral to the lesion remained similar to that of
un-injured controls throughout the 6 weeks following spinal
cord trauma. In contrast, the ADC caudal to the lesion was
significantly higher in all injured groups than the non-injured
control. In the spinal cord, water diffuses in the white matter
along the fibrous myelinated axons, which are orientated in
a rostro-caudal direction. Diffusion MRI parameters, such as
ADC are very sensitive to the changes in axonal integrity
that occur during demyelination and inflammation (Stroman
et al., 2014). Thus, an elevated ADC caudal to the lesion site
might reflect demyelination. Indeed, even though limited and/or
inadequate re-myelination may occur caudal to the lesion site
after incomplete SCI (Alizadeh et al., 2015), this does not
occur after a transection of the spinal cord. Microglia are
predominantly involved in phagocytosis of damaged myelin
sheaths and clearance of debris of axons caudal to the injury
site that undergo Wallerian degeneration. The time-dependent
decrease in microglia/monocytes reactivity caudal to the lesion
site might thus reflect reduced myelin/debris clearance that is
almost completed by 6 weeks post-injury. Rostral to the lesion
site, the time-dependent augmentation in microglia/monocytes

FIGURE 6 | Schematic cartoon illustrating the overall microglial/monocytes

response after SCI rostral and caudal to the lesion epicenter. Rostral to the

lesion site, microglia/monocytes undergo gradual activation that continues up

to 6 weeks post-lesion. Adjacent to the lesion site, there is a pronounced

increase in microglia/monocytes density and reactivity. Subsequently,

microglia/monocytes density is reduced adjacent to the lesion site; however,

their increased reactivity is sustained at more chronic stages after injury.

Caudal to the lesion site, pronounced microglia/monocytes reactivity is evident

early after lesion and is then reduced at more chronic stages.
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reactivity up to 6 weeks post-injury may correspond to a
dying-back phenomenon and/or abortive regeneration. Indeed,
while the distal segment of a cut axon undergoes Wallerian
degeneration, the proximal segment dies back over a period of
few days or weeks. At the tip of the axon rostral to the lesion
site, “retraction balls” form and are physically disconnected from
the axon. Moreover, the edge of the cut axon presents a structure
that resembles a growth cone but is “dystrophic” (Steward, 2014),
suggesting that there is a persistent regeneration attempt by the
injured axon. However, since injured axons do not regrow to
their targets, this regenerative process had been named “abortive
regeneration” by Ramón y Cajal (1907). We thus hypothesize
that the activatedmicroglia/monocytes we observed rostral to the
lesion site at 4 and 6 weeks post-lesion correspond to a delayed
clearance of debris resulting from dying back and/or abortive
regeneration. In addition, we cannot exclude the possibility that
there may also be a greater infiltration of monocytes from the
periphery caudal to the lesion site compared to rostral.

In this study we show that the greatest lesion extension
observed following spinal cord transection, quantified using
ex vivo diffusion MRI, occurs at 72 hours post-injury and
coincides with changes in microglia/monocytes density but
not with somata morphology. Using cleared spinal cords and
two-photon imaging we also observed differences over time
in microglia/monocytes somata morphology which, combined
with diffusion MRI results, is compatible with time-dependent
phagocytosis of debris bymicroglia/monocytes rostral and caudal
to the lesion site.

CONCLUSION

Our study confirms that the combination of ex vivo diffusionMRI
and two-photon microscopy may be used effectively to follow
structural tissue alterations and their putative relation to a given
cell population after CNS lesion. However, no direct correlation
was found between microglia/monocytes morphology and ADC
that may results from the different resolution scales of the two
methods. Analysis with the two-photon microscopy highlighted
that differential microglia/monocytes reactivity caudal and
rostral to the lesion may correspond to temporal differences in
clearing processes and/or remaining of non-damaged axons. Our
study points out the necessity of adjusting therapeutic strategies
targeting microglia/monocytes after SCI to time post-injury and
location of the lesion site.
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Supplementary Figure 1 | Ex vivo MRI assessments following SCI. Ex vivo T2

weighted images (B, D, F, H, and J) and diffusion MRI (A, C, E, G, and I) from the

same mouse spinal cord rostral (A–D) within (E,F) and caudal (G–J) to the lesion

epicenter (E–F). Panels (C,D) correspond to annotated images of (A,B); (I,J)

correspond to annotated images of (G,H). Entire spinal cord (surrounded in green

in C,D and I,J), damaged spinal cord tissues (surrounded in red in E, F, and I) and

intact gray matter (surrounded in blue in C, D and I, J). Note that the superior

contrast of DWI as compared to T2 weighted images allows better identification of

damaged tissues (G–J). Photograph of the custom-made ribbon solenoid coil

used for ex vivo diffusion MRI acquisition (F).

Supplementary Figure 2 | Bar graph representations of Tables 2A–D.

Supplementary Video 1 | A cleared spinal cord of an un-injured CX3CR1+/eGFP

mouse imaged with two-photon microscopy to assess microglia/monocytes

density. Clearing of the spinal cord substantially improves the depth of two-photon

imaging. For fully automated counting of microglia/monocytes, scans were

converted into 3D objects. The animation was created using Imaris.
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Over the last decade, microglia have been acknowledged to be key players in central
nervous system (CNS) under both physiological and pathological conditions. They
constantly survey the CNS environment and as immune cells, in pathological contexts,
they provide the first host defense and orchestrate the immune response. It is well
recognized that under pathological conditions microglia have both sequential and
simultaneous, beneficial and detrimental effects. Cell-specific transcriptomics recently
became popular in Neuroscience field allowing concurrent monitoring of the expression
of numerous genes in a given cell population. Moreover, by comparing two or more
conditions, these approaches permit to unbiasedly identify deregulated genes and
pathways. A growing number of studies have thus investigated microglial transcriptome
remodeling over the course of neuropathological conditions and highlighted the
molecular diversity of microglial response to different diseases. In the present work, we
restrict our review to microglia obtained directly from in vivo samples and not cell culture,
and to studies using whole-genome strategies. We first critically review the different
methods developed to decipher microglia transcriptome. In particular, we compare
advantages and drawbacks of flow cytometry and laser microdissection to isolate pure
microglia population as well as identification of deregulated microglial genes obtained
via RNA sequencing (RNA-Seq) vs. microarrays approaches. Second, we summarize
insights obtained from microglia transcriptomes in traumatic brain and spinal cord
injuries, pain and more chronic neurological conditions including Amyotrophic lateral
sclerosis (ALS), Alzheimer disease (AD) and Multiple sclerosis (MS). Transcriptomic
responses of microglia in other non-neurodegenerative CNS disorders such as gliomas
and sepsis are also addressed. Third, we present a comparison of the most activated

Abbreviations: AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; BCG, bacille Calmette Guérin; CNS,
central nervous system; EAE, experimental autoimmune encephalomyelitis; eGFP, enhanced green fluorescent protein;
FACS, fluorescence-activated cell sorting; GAM, glioma-associated microglia/macrophages; GO, gene ontology; NGS,
NextGen sequencing; LCM, laser capture microdissection; LPS, lipopolysaccharide; MS, multiple sclerosis; RNA-Seq,
RNA sequencing; SCI, spinal cord injury; TAM, Tumor-associated macrophages; TBI, traumatic brain injury; TMEM119,
Transmembrane Protein 119; WT, wild type.
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pathways in each neuropathological condition using Gene ontology (GO) classification
and highlight the diversity of microglia response to insults focusing on their pro- and
anti-inflammatory signatures. Finally, we discuss the potential of the latest technological
advances, in particular, single cell RNA-Seq to unravel the individual microglial response
diversity in neuropathological contexts.
Keywords: microglia, cell-specific transcriptomics, CNS traumatisms, neurodegenerative diseases, peripheral
immune challenges, glioma

INTRODUCTION

Initially described almost 100 years ago by Pio Del Rio Hortega
(Sierra et al., 2016), microglia are the resident immuno-
competent cells of the central nervous system (CNS). They are
in the first line for sensing and responding to any homeostatic
changes in the CNS parenchyma (Ransohoff and Perry, 2009;
Kettenmann et al., 2011, 2013). Compared to astrocytes and
oligodendrocytes, microglia indeed rapidly react and can be
considered as the chameleon within CNS glial populations.
In addition to their immune-related functions, microglia are
highly differentiated cells and actively participate in CNS
wiring and modulation of neuronal activities (Tremblay et al.,
2010; Schafer et al., 2012). Under physiological conditions,
microglia are generally found in ramified/homeostatic state
(previously referred as ‘‘resting’’) in which they uninterruptedly
screen their surrounding via their fine processes (Kettenmann
et al., 2011). Microglia respond to any perturbation in CNS
homeostasis ranging from acute trauma, normal aging and
multiple neurodegenerative diseases. Activation process in
microglia was traditionally defined by a gradual transformation
from ramified into amoeboid morphology. However, this view
has been recently challenged and it is now accepted that
morphological alteration/activation does not necessarily reflect
microglia function (or dysfunction; Perry, 2010; Ransohoff,
2016). In many neuropathological conditions, microglia are
thought to have both positive and detrimental influences on
disease progression (reviewed in Kabba et al., 2017).

Recent advances in cell-specific transcriptome profiling
have been instrumental in uncovering microglial role in both
physiological (Bédard et al., 2007; Gautier et al., 2012; Parakalan
et al., 2012; Beutner et al., 2013; Butovsky et al., 2014; Orre
et al., 2014a; Zhang et al., 2014; Solga et al., 2015; Bennett et al.,
2016; Grabert et al., 2016; Matcovitch-Natan et al., 2016) and
pathological conditions such as acute CNS traumatisms as well
as in numerous chronic neurodegenerative diseases (Olah et al.,
2012; Chiu et al., 2013; Hickman et al., 2013; Noristani et al.,
2015, 2017). Several approaches have been used to isolate pure
microglial population including flow cytometry (fluorescence-
activated cell sorting, FACS) and laser microdissection. In
addition, transcriptomic analyses have been carried out using
microarrays and RNA sequencing (RNA-Seq).

In the current review, we first highlight the advantages
and weaknesses of different approaches used to isolate
pure microglial populations and discuss differences in
transcriptome profiling using microarrays and RNA-Seq.
Subsequently, restricting our review to: (1) microglia obtained

directly from in vivo samples without further in vitro
steps; and to (2) studies using whole-genome strategies,
we summarize recent transcriptomic studies of microglia
after traumatic brain and spinal cord injuries, pain and
more chronic neurological conditions including amyotrophic
lateral sclerosis (ALS), Alzheimer disease (AD) and multiple
sclerosis (MS). Transcriptome profiling of microglia in other
non-neurodegenerative CNS disorders such as peripheral
immune challenges and gliomas are also presented. Finally,
using a gene ontology (GO)-based classification, we present
a comparison of the most activated pathways in each disease
and highlight the diversity of microglia response to insults
particularly focusing on their pro- and anti-inflammatory
signatures. Lastly, we discuss the potential of the latest
technological developments such as single cell RNA-Seq to
unravel the individual microglial response diversity within
different neuropathological contexts.

METHODS TO ASSESS THE SPECIFIC
MICROGLIAL TRANSCRIPTOME

The initial step towards cell-specific transcriptomic studies relies
on obtaining sufficient cells of interest with the highest purity.
As other immune cells of the CNS, microglia express a variety
of cell surface molecules that can be used for purification
through FACS. Until recently, no specific microglial cell surface
marker was known thus microglia identification relied on the
combination of different cell surfacemarkers. Therefore, inmany
experiments designed to study the repertoire of genes expressed
by microglia under physiological and/or pathological conditions,
these cells have been identified based on CD11b positive
and CD45 intermediate/low (CD11b+/CD45low) expression
(Table 1). Such gating strategy not only allows discriminating
microglia from other cells in the CNS, but also from infiltrating
monocytes, as the latest are identified as CD11b+/CD45high

cells. However, it should be noted that CD45 expression levels
can increase under pathological conditions, which may impair
reliable separation between these two cell populations (Noristani
et al., 2017). To overcome this issue additional cell surface
markers including LY6C, CCR2 and CD44 can be combined
with CD11b and/or CD45 to discriminate between microglia
and infiltrating monocytes. Indeed, those markers are highly
expressed by infiltrating monocytes but barely if not by microglia
(Lewis et al., 2014). Few studies relied on a single cell surface
marker, using either CD11b coated magnetic beads (Szulzewsky
et al., 2015, 2016; Grabert et al., 2016), CD11b antibody
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(Noristani et al., 2015) or CD45 immunopanning (Zhang
et al., 2014) to isolate microglia from CNS tissues. Although
contamination by monocytes/macrophages may be negligible
under physiological conditions, this is most likely not the case
under pathological conditions in which specific contribution of
microglia vs. infiltrating monocytes could not be resolved.

Interestingly Bennett et al. (2016) recently identified
Transmembrane Protein 119 (TMEM119) as a microglia-specific
cell surface marker and designed an antibody raised against
the extracellular part of the protein to isolate pure microglia
from brain tissue using FACS. The advantages of using this
marker are that: (1) it is highly specific to microglia compared
to other myeloid cells (including infiltrating monocytes); and
(2) its expression level is claimed to remain constant under
inflammatory conditions (however recent data suggest that
it may not always be the case, see Keren-Shaul et al., 2017).
However, TMEM119 expression is low in developing microglia
and does not identify all microglia population before postnatal
day 14 (P14; Bennett et al., 2016).

Several mouse lines with fluorescent markers of myeloid cells
have also been generated, the most popular being the chemokine
(C-X3-C motif) receptor 1 knock-in mice (CX3CR1+/eGFP; Jung
et al., 2000). Three studies have taken advantage of this mouse
line to study microglial transcriptome using either FACS (Solga
et al., 2015; Matcovitch-Natan et al., 2016; Noristani et al., 2017)
or laser capture microdissection (LCM) approaches (Solga et al.,
2015). The main advantage of using such mouse line is that cells
can be visualized or sorted without the need for antibody binding,
a process that is time consuming and might interfere with
microglia biology. Moreover, by restricting the gating to GFPhigh

cells, it is possible to almost exclusively select microglia and
do not isolate potentially infiltrating inflammatory monocytes
(Solga et al., 2015). However, the presence of contaminating
anti-inflammatory monocytes could not be excluded, especially
in case of traumatisms when the blood-brain-barrier and/or
blood-spinal-barrier are compromised (Noristani et al., 2017).
One potential drawback on this mouse line is that some studies
reported behavioral differences compared to wild type (WT)
littermate (Lee et al., 2010; Rogers et al., 2011). However, others
revealed no microglial phenotype in CX3CR1+/GFP compared
to Iba1-EGFP mice (Hirasawa et al., 2005; Wolf et al., 2013).
Additionally Solga et al. (2015) revealed that less than 0.5% of
the detected genes differed between FACS isolated microglia
from WT and CX3CR1+/GFP microglia. Finally, another study
combined lectin staining and LCM to isolate microglial cells from
WT rat brainstem (Parakalan et al., 2012).

Isolating microglia through FACS or immunological-based
procedures is a common approach that can lead to the isolation
of several thousand cells at once. However, it requires tissue
homogenization as a first step. This is generally achieved through
mechanical, combined or not with enzymatic dissociation, two
procedures that are likely to influence microglia biology. The
whole isolation procedure takes between 3 and 5 hours and may
involve the use of antibody binding (see above), which again
might have further impact on microglial transcriptome. This
being said, in their study (Bennett et al., 2016) have paid specific
attention to this latter point and have shown that using their

specific approach, the level of expression of genes known to
be up-regulated upon microglia activation, such as Il1β , Tnfα
and Nfkb2, was much lower in microglia isolated from naïve
mice compared to lipopolysaccharide (LPS)-treated mice. This
suggests that the transcriptome obtained from FACS isolated
microglia is close to that of homeostatic microglia. The great
advantage of LCM is that the procedure is likely to have lower
impact on the microglia biology as the structure of the tissue
is preserved until freezing of the CNS. Moreover, using LCM
a much higher spatial resolution can be achieved for isolation
of specific microglia subpopulations as it is feasible to isolate
microglia from very close CNS regions/sub-regions. However,
LCM suffers from two main disadvantages; first it is time
consuming and only few hundred cells can be harvested at a
time and second only partial enrichment in microglia cells can be
achieved (i.e., generally between 5 and 10 times) as contaminants
from surrounding cells cannot be excluded.

The second step in assessing microglial transcriptome is
to measure gene expression after RNA extraction. Initial
microglial transcriptome experiments were performed using
DNA microarrays covering the entire genome, but recent
development of NextGen sequencing (NGS) technology has
provided a new path for gene expression analysis. Describing
the intrinsic differences between the two techniques is beyond
the scope of the present review, however in the next few
lines we highlight the main differences of the two approaches.
Both methods had been proved to be highly reproducible,
though the main advantages of RNA-Seq over microarrays is
the higher dynamic range, which allows for the detection of
more differentially expressed genes with greater fold-change
(Wang et al., 2014). Importantly, RNA-Seq is more sensitive
and can therefore detect low abundance transcripts (Bottomly
et al., 2011). These features, i.e., increased sensitivity and high
dynamic range, are crucial when assessing differential gene
expression between physiological and pathological conditions,
especially in immune cells in which dramatic induction or
repression of gene expression is expected. In addition, because
RNA-Seq does not rely on pre-designed probes, it is devoid
of issues associated with probe redundancy and annotation.
Finally, RNA-Seq is superior in detecting different biologically
critical isoforms. However, although costs are dropping with
introduction of new sequencing systems, RNA-Seq is still more
costly than microarrays (Yandell, 2015). Additionally, while
methods for analyzing microarray data are fully mature and
straightforward, there is no consensus on which pipelines to use
when analyzing RNA-Seq data (Zhang et al., 2014; Huang et al.,
2015).

TRANSCRIPTOME PROFILING OF
MICROGLIA IN NEURODEGENERATIVE
CONDITIONS

As pointed in the previous section, depending on the strategy
employed for microglia isolation, other immune cells particularly
inflammatory monocytes, can contaminate the preparation.
In the following sections, we refer to microglia when the
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strategy employed is unlikely to give rise to contamination
by infiltrating monocytes, and to microglia/monocytes
or microglia/macrophages when peripheral immune cell
contamination cannot be excluded.

Traumatic Central Nervous System Injuries
CNS response to traumatism is a complex phenomenon
involving numerous structural, biochemical and transcriptomic
alterations. CNS traumatisms not only trigger reactivity
in resident microglia, they also disrupt the blood-brain-
barrier and/or blood-spinal-barrier, which lead to the
infiltration of peripheral monocytes. Altogether microglia
and infiltrating monocytes drive inflammation after CNS
injuries. In the following sections, we will discuss the role of
microglia/monocytes in traumatic brain injury (TBI) and spinal
cord injury (SCI).

Traumatic Brain Injury
TBI is an overwhelming health problem with annual incidents
of 295 per 100,000 inhabitants worldwide (Nguyen et al.,
2016). Given that majority of TBI sufferers ranges between
15–24 years of age, the social/economic cost associated with
TBI can reach over $4 million per case (Dash et al., 2004).
Clinical symptoms linked to TBI include impairments of
motor function, cognition, memory, attention and motivation
that depend on anatomical location and traumatism severity.
Currently, there is not effective treatment tominimize disabilities
due to TBI.

TBI triggers a marked inflammation driven by resident
microglia and infiltrating peripheral monocytes that play a
fundamental role in subsequent regeneration and plasticity
(Hernandez-Ontiveros et al., 2013). Microarray studies had
focused on genomic changes in different brain regions after TBI
(Kobori et al., 2002; Matzilevich et al., 2002) and subsequent
approaches, using both microarray and quantitative real time
PCR (qRT-PCR) of the whole brain at several time-points
following injury (1, 4, 12 and 24 h as well as 3 and 7 days), showed
upregulation of several inflammatory cytokines transcripts
including Ccl2, Cxcl2, Il6 and Tgf-βI (Wei et al., 2009).
More recently Cao et al. (2012), using qRT-PCR, demonstrated
predominant upregulations of inflammatory and neurotoxic
transcripts such as MhcI, MhcII, Tspo, Tnfα, Cd45, TgfβI and
TgfβRII at 7 and 28 days after TBI.

Although inflammation and up-regulation of inflammatory
cytokines is predominant in brain transcriptomic alterations
after traumatism (Redell et al., 2013; Samal et al., 2015), to
our knowledge, no cell-specific study has been carried out
so far to examine gene profile modifications specifically in
microglia/monocytes following TBI. There is thus a clear need
for such analysis. In addition, these studies should not only
focus on microglia/monocyte gene alterations at multiple stages
after different injury severities, but also need to take into
account their proximity to the lesion site and different brain
regions. These studies will be instrumental in deciphering the
respective roles of microglia and monocytes following TBI
and will uncover novel cell-specific therapeutic approaches for
minimizing TBI-associated disabilities.

Spinal Cord Injury
SCI is a traumatic event with dire consequences on the
physical and emotional welfare of affected individual. There are
between 8 and 246 annual cases of SCI per 100,000 individuals
worldwide, which induce high socio/economic costs to our
society (Furlan et al., 2013). Clinical symptoms linked to SCI
depend on the anatomical level and the severity of the injury
ranging from minor sensory/motor weakening to complete
quadriplegia.

Microglia, are not only the first responsive glial cells after SCI
(Tian et al., 2007), but they also participate in the recruitment
of peripheral monocytes to the injury site (David and Kroner,
2011). Reports have shown both pro- and anti-regenerative
roles of microglia and monocytes after SCI (David and Kroner,
2011). Phagocytosis of cellular debris (Perrin et al., 2005b) and
expression of neurotrophic factors (Lambertsen et al., 2009) are
examples of beneficial effects of microglia and monocytes after
SCI (Mukaino et al., 2010).

An earlier report using microarray and qPCR analyses of
the whole spinal cord reported a predominant over-expression
of neurotoxic genes at 1, 3, 7, 14 and 28 days following SCI
(Kigerl et al., 2009). More recently Kroner et al. (2014), using
flow cytometry, also showed that microglia/macrophages
mostly over-express neurotoxic factors at 1, 4 and 15 days
after SCI. However, this latter report had focused on a
relatively small number of selected transcripts as opposed
to cell-specific genome-wide analyses. Using RNA-Seq on
the whole rat spinal cord at 1, 6 and 28 days following
contusive injury Shi et al. (2017) recently identified that the
most enriched pathways include ‘‘immune response’’, ‘‘MHC
protein complex’’, ‘‘antigen processing and presentation’’,
‘‘constituent of ribosome’’, ‘‘ion gated channel activity’’,
‘‘small GTPase-mediated signal transduction’’, ‘‘cytokine
and/or chemokine activity and signaling’’, ‘‘axon guidance’’
and synaptic (dopaminergic, glutamatergic and GABAergic)
transmission’’. In a recent study Zhu et al. (2017) combined
RiboTag method to isolate infiltrating macrophage-specific RNA
from the spinal cord of mice that underwent contusive injury
and RNA-Seq to obtain the transcriptomic profile at 3 and
7 days post-injury. The transcriptomic profile of macrophages
at 3 days post-injury revealed an enrichment of genes involved
in diverse processes including ‘‘migratory behavior’’, ‘‘cell
and biological adhesion’’, ‘‘taxis and chemotaxis’’, ‘‘cytokine-
cytokine receptor interaction’’ and ‘‘chemokine signaling
pathways’’. In contrast, at 7 days post-injury, enriched biological
processes related almost exclusively to ‘‘lipid catabolism’’
comprising glycolipid, glycosphingolipid and sphingolipid
catabolism. Five molecules associated with lipid catabolism
were identified as network hubs (Tnf being decreased and
Cd36, Lpl, Pparγ and Abca1 increased; Zhu et al., 2017).
Recently, we published an extensive SCI-induced transcriptomic
analyses of microglia/macrophages at multiple stages after
different lesion severities (Noristani et al., 2017). We used
the CX3CR1+/eGFP mice to isolate a microglia/macrophages
population by flow cytometry. Comparing lateral hemisection
and complete section of the spinal cord, as moderate and
severe injury models, we investigated microglia/macrophages
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transcriptomic responses at 3, 7 and 14 days post-injury
using RNA-Seq and pathway analyses. In contrast to astrocyte
(Noristani et al., 2016, 2017), microglia/macrophages responses
after injury are time- but not severity-dependent. Using
pathway analyses, we identified that at 3 days post-injury,
microglia/macrophages responses largely involve proliferation,
whilst at 7 and 14 days they regulate ‘‘inflammation,
defense response’’, ‘‘cytoskeleton’’ and ‘‘extracellular matrix
remodeling’’ (Supplementary Table S1). Moreover, after both
moderate and severe SCI, microglia/macrophages displayed
a dual transcriptomic phenotype with an earlier increase in
potentially neuroprotective genes followed by a concomitant
over-expression of possibly neurotoxic and neuroprotective
transcripts. Microglia/macrophages-specific transcriptomic
analysis also permitted to identify that SCI induces the
expression of astrocytic markers at mRNA and protein levels
such as glial fibrillary acidic protein (GFAP) and vimentin
(VIM) in microglia as early as 3 days post-injury that persisted
up to 6 weeks post-traumatism (Noristani et al., 2017). These
data raise awareness on the specificity of accepted glial markers
when studying pathological conditions. The potential role of
SCI-induction of astrocytic markers in microglia is currently
unknown but demonstrates novel insights into microglia
plasticity. Moreover, pathway analysis highlighted the putative
involvement of DNA damage and in particular Brca1 in
microglia/macrophages, thereby broadening our previous
findings in microglia/macrophages from ALS mouse model
and patients (Noristani et al., 2015). These findings suggest
the involvement of oncogenic proteins in microglia after CNS
insults. Future studies aimed at manipulating these oncogenic
proteins in microglia are necessary to uncover their roles in CNS
pathologies.

Chronic Neurodegenerative Conditions
Amyotrophic Lateral Sclerosis
ALS is a rare neurodegenerative disease with a prevalence
that ranges between 1 and 6 per 100,000 per year. ALS
is characterized by a selective and progressive degeneration
of upper and lower motoneurons that induces progressive
muscle atrophy and paralysis. Majority of patients die within
3–5 years mainly due to respiratory failure. Approximately 10%
of ALS cases are familial with identified genetic mutations
whilst 90% of ALS patients are sporadic cases (Leblond et al.,
2014). Growing evidences indicate that motoneuron death
results from a combination of cell autonomous dysfunctions
(intrinsic neuronal deregulation) and non-cell autonomous
contributions from neighboring cells (reviewed in Lee et al.,
2016). In particular, microglia actively participate in ALS
pathogenesis through their orchestration of the inflammatory
response (reviewed in Bowerman et al., 2013). Amongst animal
models of ALS, transgenic mice carrying a human mutated
form of the super oxide dismutase 1 (SOD1) gene were the
first engineered and are still the most widely used (reviewed
in Picher-Martel et al., 2016). Studies using postmortem tissues
and animal models enlighten microglia involvement in ALS
pathogenic cascade (Gerber et al., 2012), pinpointing to their
dual protective and detrimental roles over the course of the

disease (reviewed in Brites and Vaz, 2014; Philips and Rothstein,
2014).

Microglia/macrophages-specific gene profiling in SOD1G93A

had been carried out in two recent studies. In the first
study, using whole spinal cords of B6/SJL SOD1G93A transgenic
mice, Chiu et al. (2013) analyzed microglial transcriptome at
three time points corresponding to characteristic phases of
disease development: i.e., day 65 (pre-symptomatic phase), 100
(intermediate phase) and 130 (end stage). In fact, 65 days
of age better corresponds to an early symptomatic phase as
demonstrated in a previous study (Gerber et al., 2012). Microglia
were isolated using CD11b+ magnetic beads (see Table 1). First,
the authors demonstrated that SOD1G93A microglia were not
derived or contaminated by infiltrating monocytes, as there
were very few CD11b+, CD45+ and Ly6C+ cells in their
isolated population. Second, Olfml3, Tmem119 and Siglec-H
mRNA expressions were shown to increase in a progressive
age-dependent manner. Furthermore, an overall significant
increase of the 29microglia specific markers previously identified
in the study was observed in SOD1G93A microglia. Third,
SOD1G93A microglia displayed transcriptional profile presenting
a concomitant deregulation in genes that may play either
neuroprotective or neurotoxic effects. A significant upregulation
of osteopontin (Spp1) was observed; this secreted factor had been
shown to play a neurotoxic role in encephalomyelitis and AD;
whilst having a neuroprotective role after SCI (Hashimoto et al.,
2007). De-regulated genes thatmay play a neurotoxic role include
matrix metalloproteinase 12 (Mmp12), optineurin (Optn), tumor
necrosis factor α (Tnfα), Il1α, Il1β , receptors for type 1 IFNs
(Ifnar1 and Ifnar2) and IFN response genes (Ifit1, Ifit3, Ifitm3
and Igip30), receptor for IL-10 (Il-10ra) and Nox2 (Cybb).
Concomitantly, deregulation of potentially neuroprotective
genes such as Igf1, progranulin, triggering receptor expressed on
myeloid cells 2 (Trem2) and its downstream adaptor molecule
Dap12 (Tyrobp) were also observed in SOD1G93A microglia.
Furthermore, lysosomal pathways (including cathepsins and
genes related to AD such as Tau (Mapt), Presenilin 2 (Psen2)
and Apolipoprotein E (ApoE) were enriched in SOD1G93A

microglia. The authors hypothesized that these pathways may
have implication in protein clearance and neurodegeneration
(Chiu et al., 2013).

In the second study, using lumbar segment of B6/SJL
SOD1G93A spinal cords, Noristani et al. (2015) analyzed the
microglia/macrophages transcriptome of 90 days old mice
(symptomatic phase) and compared microglia/macrophages
molecular signature to that of motoneurons previously obtained
by the group using the same strain of mice (Perrin et al., 2005a).
Microglia/macrophages were isolated using CD11b+ antibody
and transcriptome profiling was obtained by microarrays (see
Table 1). GO analysis, allowed identifying deregulations in
‘‘chemotaxis’’, ‘‘angiogenesis’’, and ‘‘inflammation networks’’
(Supplementary Table S1). When analyzing cellular processes
in SOD1G93A microglia/macrophages, the immune response
process was the most modified, in particular through a
down-regulation of the gene coding for alpha-synuclein and an
up-regulation of Ccl5 and Cxcl13 transcripts. In contrast to the
previous study (Chiu et al., 2013), a concomitant continuum,
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rather than a sequential expression, of neuroprotective and
neurotoxic states was observed, presenting both neuroprotective
(up-regulation of Clec7a, Igf1, Mmp12, Spp1 and Lgals3 and
down-regulation of Retnla and F13a1) and a neurotoxic
phenotype (up-regulation of Cd86, Tnfα, Bcl2a1a and Cxcl10
and down-regulation of Gadd45gip1). In addition, we identified
the deregulation of genes involved in ‘‘blood coagulation’’
and ‘‘hypoxia’’. Interestingly, microglia/macrophages
transcriptomic profile highlighted the altered expression of
several genes pointing toward the tumor suppressor breast
cancer susceptibility gene 1 (Brca1). Comparison with our
previous data on microdissected motoneurons (Perrin et al.,
2005a) from the equivalent lumbar segment of B6SJL-Tg-
SOD1G93A spinal cords substantiated the putative contribution
of Brca1 in ALS, since both in microglia/macrophages and
motoneurons pathway analysis pointed toward Brca1. The
relevance of this finding was further enlightened by the finding
that BRCA1 protein is specifically expressed in human spinal
microglia and is up-regulated in ALS patients (Noristani et al.,
2015).

Interestingly, in silico comparison of the two studies (Chiu
et al., 2013; Noristani et al., 2015) revealed 45 commonly
de-regulated genes at all time points in both studies (Figure 1).
However, altered expression of genes such as Il1α, Ilβ , Il-10,
Ifnar1 and Ifnar2 as well as Nox2 observed in Chiu et al.
(2013) study were not confirmed in our study (Noristani et al.,
2015). These discrepancies, may result from the segment of the

FIGURE 1 | In silico comparison of gene dysregulation in super oxide
dismutase 1 (SOD1)G93A microglia. Data compared are from the original
publications of Chiu et al. (2013) and Noristani et al. (2015). Venn diagrams
showing that 45 genes are commonly dysregulated in SOD1G93A microglia at
all time points in both studies, corresponding to 0.9% of the dysregulated
genes. Brca1 is amongst these 45 genes. A total of 5117 genes were
identified as dysregulated, 621 genes are uniquely dysregulated in hSOD1G93A

microglia at P65, 408 at P90, 816 at P100, and 1072 at P130. 1.17% of the
identified genes are commonly dysregulated at P65 and P90; 4.4% are
commonly modified at P90 and P100 and, 15% are commonly dysregulated
at P100 and P130. In the study of Chiu et al. (2013) microglia were isolated by
FACS from the whole SOD1G93A spinal cord and RNA sequencing (RNA-Seq)
was used. In the study of Noristani et al. (2015) microglia were isolated by
FACS from the lumbar segment of the SOD1G93A spinal cord and microarrays
were used. P65 correspond to onset/early symptomatic phase, P90 early
symptomatic, P100 symptomatic and P130 the end stage of the disease.
Thresholds to select the genes were identical in the two studies with a fold
change >2 and p value (FDR) <0.05.

spinal cord that had been analyzed (whole vs. lumbar) or the
method used to assess the microglial transcriptome (RNA-Seq vs.
microarrays).

Alzheimer’s Disease
Dementia affects over 35 million people worldwide (Rizzi
et al., 2014), with Alzheimer’s disease (AD) representing about
60% of the total cases (Qiu et al., 2009). AD is a chronic
neurodegenerative disorder characterized by progressive and
irreversible memory loss, as well as impaired cognitive functions.
Histopathological hallmarks of the disease are the presence
of extracellular aggregated amyloid-β deposits (Aβ plaques)
and intra-neuronal aggregates of hyper-phosphorylated tau
(Selkoe, 2001). Plaques are surrounded by reactive microglia
and astrocytes (Itagaki et al., 1989). The initial thought was
that microglia aggregation around plaques and their transition
into an active/amoeboid phenotype was triggered by Aβ plaques
deposition (Kamphuis et al., 2012; Orre et al., 2013). However,
the role of microglia in the AD neuropathology still remains
unclear, and several studies have shown that some microglia
functions (i.e., phagocytosis and TGFβ secretion) may be
beneficial, whereas others may be deleterious (i.e., secretion of
pro-inflammatory cytokines), or may even lack major impact on
the pathology (reviewed in Morgan et al., 2005; Aguzzi et al.,
2013). Interestingly, genome wide association study (GWAS)
analyses of sporadic AD cases have shown that variants of
highly expressed microglial transcripts (including: membrane-
spanning 4-domains sub family A member 6A (Ms4a6a),
Cd33 and Trem2, are associated with an increased risk of
AD, thus suggesting that microglia play an important role
not only in the development but also in the onset of the
disease (Heneka et al., 2014; Karch and Goate, 2015). In
addition, a recent study suggests that AD-associated genetic
susceptibility mainly affects microglia (Skene and Grant,
2016).

So far, the involvement of microglia in Aβ pathology has
primarily been investigated through the use of in vitro culture
approaches and/or immunostainnings of mouse or human AD
tissues. Transcriptome studies in relation to AD have been
mainly based on the RNA extracted from whole tissue (Bossers
et al., 2010; Wirz et al., 2013; Zhang et al., 2013). However, three
recent studies reported specific microglia transcriptomic analyses
in different transgenic mouse models of AD, and at different
stages of the pathology (Orre et al., 2014b; Wang et al., 2015;
Srinivasan et al., 2016; see Table 1 for details). Two of them were
performed using microarrays (Orre et al., 2014b; Wang et al.,
2015) whereas Srinivasan et al. (2016) employed an RNA-Seq
approach.

The study of Wang et al. (2015) was not aimed at studying
in details the remodeling of the microglia transcriptome in
the context of AD. Although the authors reported a profound
transcriptomic remodeling inmicroglia isolated from 8.5 months
old 5xFAD transgenic mice, which represents a late stage of the
disease in this model, they mainly describe an increase in the
expression of transcripts associated with microglial activation
(Mhc-II, Cd11c), production of inflammatory cytokines (Tnfα,
Il12, Spp1) and neurotrophic factors (Igf1 and Vegfa).
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More recently (Srinivasan et al., 2016) performed
RNA-Seq analyses of the repertoire of genes expressed in
microglia/monocytes isolated from PS2APP transgenic mice at
7 and 13 months of age, as representatives of intermediate and
late stages of the disease, respectively. The authors identified
249 differentially expressed genes in microglia/monocytes
purified from PS2APP transgenic vs. non-transgenic mice at
13 months of age. An interesting finding, is that the deregulated
genes pointed towards an altered lipoprotein metabolism in
microglia from plaque-ridden tissue. They concluded that such
microglial dysfunction may contribute to the altered processing
of the amyloid precursor protein (APP) and Aβ deposition.

So far, the most detailed analyses of transcriptomic changes
observed in microglia in a model of AD arise from the
study of Orre et al. (2014a) performed in CD11b+/CD45int

sorted microglia from 15 to 18 months old APPswe/PS1dE9
(APP/PS1) transgenic mice (for details see Table 1). In this
late phase of the disease, they identified 1119 deregulated genes
in microglia from transgenic mice compared to age-matched
WT mice (fold change > 1.5, corrected p-value < 0.05),
about 25% of which are highly enriched in microglia. The top
GO classes associated to the upregulated genes are ‘‘cytokine
activity’’, ‘‘defense response’’, ‘‘T-cell activation’’, ‘‘cholesterol
metabolic processes’’ and ‘‘regulation of programmed cell death’’
(Supplementary Table S1), whereas those associated with the
down-regulated genes were ‘‘carbohydrate binding’’, ‘‘nucleoside
tri phosphatase regulator activity’’ and ‘‘endocytosis’’, but also
‘‘immune response’’ and ‘‘cytokine activity’’. By comparing, at
the same time, the transcriptomic remodeling in both microglia
and astrocytes, the authors revealed that microglia are most likely
the main contributors to the levels of pro-inflammatory genes
in AD whilst astrocytes may contribute to the maintenance of
microglia in an activated state.

Remarkably, Orre et al. (2014a) and Srinivasan et al.
(2016) identified significant deregulation in genes involved
in lipoprotein metabolism in microglia purified from late
stage brains of two independent transgenic mouse models
of AD. Specifically, ApoE and Ldlr genes have been shown
to be important for brain-to-blood Aβ clearance (Castellano
et al., 2012). ApoE and Ldlr are among the most deregulated
microglial genes in AD, which suggest that impaired lipoprotein
metabolism in microglia may play a key role in the late phase of
the disease.

In addition to their interesting findings, these studies revealed
the interest in studying cell-specific transcriptomic remodeling in
AD. Further studies are however needed to better understand the
role of microglia in this neuropathology. The cited studies mainly
focused on late stage of the disease, however, it is critical to
understand the role of these cells in the early, pre-symptomatic,
stages of the disease. Indeed, given their ability to respond to
trivial changes in CNS parenchyma, microglial transcriptomic
alterations at early stages of the disease may provide valuable
biomarkers for early AD detection.

So far, microglia specific transcriptomic studies have been
performed based on Aβ pathology in animal models of AD.
Whereas in humans, brain regions that are particularly relevant
to AD such as the hippocampus, present low plaque loads

and high levels of hyper-phosphorylated tau aggregates, in
animal models the presence of intra-neuronal aggregates is not
observed. Interestingly, a recent qPCR-based study reported a
degenerative profile for microglia in human AD hippocampi,
which may account for the cognitive deficits observed (Sanchez-
Mejias et al., 2016). The authors proposed that the toxic
effect may be mediated through phagocytosis of neurons
containing intracellular phospho-tau. This evidence suggests that
characterization of microglia responses should be performed in
different animal models of the pathology and that results should
be confronted to get a better knowledge of the involvement of
microglia in AD.

In addition, immunohistological studies in both animal
models and in humans have highlighted that there are
at least two distinct microglia sub-populations in AD: the
activated/amoeboid microglia that cluster around the amyloid
plaques and the resting/ramified microglia disseminated away
from the plaques (Ruan et al., 2009; Serrano-Pozo et al., 2016).
Determining the respective roles of these two populations
may help designing better targeted therapeutic strategies by
preventing the deleterious effects of microglia while boosting
their beneficial roles in AD neuropathology.

During the final review process of the present manuscript,
a remarkable and extensive study, which tackles some of the
questions raised above, was published (Keren-Shaul et al., 2017).
Indeed, using a single-cell RNA-Seq approach, these authors have
mapped all immune cell populations present in WT and 5xFAD
transgenic mice and have identified a new subtype of microglia,
which they refer to as disease associated microglia (DAM).
Interestingly, DAM are more abundant in regions that display
high levels of amyloid plaque burden. DAM activation occurs in
two sequential steps: the initial step is Trem2-independent and
is associated with the downregulation of microglia homeostatic
markers such as P2ry12. The second step is Trem2-dependent
and is characterized by over-expression of transcripts involved in
lipidmetabolism pathways and in phagocytosis related functions.
Thus, the authors proposed that DAM are needed to mitigate the
disease through phagocytosis but that this protective function
occurs only in the late phase of the disease. Importantly,
DAM were also identified in AD patient (Keren-Shaul et al.,
2017).

Multiple Sclerosis
MS is an autoimmune inflammatory demyelinating disorder
affecting the CNS characterized by inflammation, gliosis and
axonal injury. Onset of the disease is observed between
20–40 years of age and the progressive disease phase occurs
between 5–35 years following the disease onset. Symptoms that
are manifested episodically and partly reversible may ultimately
lead to loss of mobility (reviewed in Ransohoff et al., 2015).
Phagocytic microglia are observed when demyelination occurs in
the CNS and they actively participate in myelin debris clearance.
When clearance is blocked, proper remyelination is impaired
attesting to the positive role of microglia in demyelinating
disorders such as MS. However, microglia also play a detrimental
role in MS through production of inflammatory molecules
(see review in ElAli and Rivest, 2016). A recent study of the

Frontiers in Aging Neuroscience | www.frontiersin.org July 2017 | Volume 9 | Article 227233

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Hirbec et al. Microglia Transcriptomic Analyses in Neuropathologies

expression profile of genes involved in inflammation, show
that conversely to microglia, monocyte-derived macrophages
are highly phagocytic and inflammatory, whereas microglia
metabolism was robustly down-regulated (Yamasaki et al.,
2014).

Using a model of experimental autoimmune
encephalomyelitis (EAE) that recapitulates some aspects of
MS, Starossom et al. (2011) isolated microglia from the sub
ventricular zone at several phases of the disease including acute
EAE (around 13 days post-induction) and chronic EAE (after
the first relapse and corresponding to between 50 to 60 days
post-induction). A combination of FACS and microarray
analysis was used to reveal both common and distinct microglial
transcriptomic profiles in acute and chronic EAE. GO ranking
identified as enriched categories predominantly during the
acute phase ‘‘cellular growth and proliferation’’, ‘‘cellular
movement’’ and ‘‘cell-to-cell signaling’’. Genes related to
‘‘immunological disease’’, ‘‘connective tissue disease’’ and
‘‘inflammatory response’’ were enriched during both phases of
EAE (Supplementary Table S1). In contrast, during chronic EAE
genes associated with reelin signaling, ephrin receptor signaling
and phospholipase C signaling were enriched. Further functional
network analysis highlighted that the up-regulation of niche
supporting factors observed during the acute EAE phase may
reflect a dual beneficial and detrimental role of microglia on
neural stem cells (Starossom et al., 2011).

Subsequently, to better understand the role of microglia
in remyelination processes, gene expression profile of
microglia from the corpus callosum of mice presenting
primary cuprizone-induced demyelination was performed
(Olah et al., 2012). This mouse model mimics some aspects
of MS since following primary toxin-induced demyelination
a spontaneous remyelination is observed. Microglia were
obtained using CD11b+/CD45low flow cytometry selection and
genome-wide data were acquired by means of microarrays (see
Table 1 for details). Specific deregulated genes were identified
in microglia during demyelination (cuprizone diet for 5 weeks)
and remyelination (cuprizone diet for 5 weeks followed by
2 weeks without cuprizone). However, gene profiles highlighted
that the same microglia population underwent a gradual
phenotype modification (from demyelination to remyelination)
as opposed to distinct microglia populations associated with
either demyelination or remyelination. Demyelination was
characterized by deregulation of genes involved in phagocytosis
(including Lrp1, Calr, Cd14, Itgb2, Itgam and Lgals3).
Conversely, deregulation of genes involved in the recruitment
of oligodendrocyte precursor cells and support for tissue
remodeling (including Mmp12, Mmp14, Cxcl10, Cxcl13, Igf1,
Tgfb1, Pdgfa and Pdgfb) characterized the remyelination phase.

In another study, Lewis et al. (2014) uncover the respective
contribution of microglia and monocyte-derived macrophages
over the course of EAE. They combined the use of several surface
markers such as CD45, LY6C and CD44 to discriminate these
two cell populations by flow cytometry and RNA-Seq on days
7 and 14 post-immunization (See Table 1). In both microglia and
monocyte-derived macrophages activation markers such as Cd86
and Cd80 were up-regulated, however, many of these activation

markers showed a higher up-regulation in monocyte-derived
macrophage as compared to microglia. In particular, Sell, Cd69
and Cd40 were not up-regulated in microglia. Analysis at protein
level confirmed the highest expression level of activationmarkers
in monocyte-derived macrophages as compared to microglia.
Interestingly, microglia did not express MHCII and CD80 upon
activation. Also, the authors identified a lower proliferative
capacity of microglia when compared to monocyte-derived
macrophages as attested by the greater up-regulation of Ki67 in
the latest cell population. Another major difference between
the two cell populations, were the distinctive transcriptomic
profiles of chemokines, phagocytosis genes, complement genes
and transcription factor (reviewed by Crotti and Ransohoff,
2016). Genes involved in the process of phagocytosis and
phagoptosis such asMertk and its ligands Pros1, C1q component,
C1q receptors (Lrp1 and Calr) and Gas6 were up-regulated
in microglia over the course of EAE strongly suggesting the
important role of microglia in clearance of apoptotic cells in
myelin debris in MS (Lewis et al., 2014).

Pain
Pathological pain is one of the most important public
medical issues, which seriously undermines the quality of life.
Neuropathic pain is one of the most difficult forms of pain
to treat (Dworkin et al., 2003; Costigan et al., 2009). It is a
complex, chronic state usually accompanied by tissue injury
with dysfunctional or injured nerve fibers. Clinical symptoms
associated with neuropathic pain include abnormal sensations
such as dysesthesia or pain from normally non-painful stimuli
(allodynia). Between 3% and 8% of the population from
industrialized countries are affected, and in 5% of the affected
patients, it may be severe. The estimated community prevalence
of neuropathic pain from the clinical examination is 9.8%.
Neuropathic pain may result from disorders such as diabetes
and cancer or physical damage such as road accidents and
are challenging to treat due to the current lack of effective
therapies controlling pain in patients. Microglia are recognized as
important participants in mechanisms of sensory encoding and
the plasticity underlying the generation of spinal sensitization,
hyperalgesia and chronic pain (Tsuda, 2016). Indeed, in response
to peripheral nerve injury, spinal microglia become reactive
(Smith, 2010) and contribute to central sensitization, the key
mechanism for the development of neuropathic pain.

To better understand how changes in spinal microglia affect
neuron under developmental stage of neuropathic pain, Jeong
et al. (2016) performed transcriptomic analysis of individually
collected pools of low numbers of spinal microglia located
in laminae I and II of the dorsal horn. Neuropathic pain was
induced by transection of the L4 spinal nerve in CX3CR1+/eGFP

mice. Microglia were identified as GFP expressing cells and
collected with glass pipette from superficial laminae I/II at
L3–L5 spinal dorsal horn level. The transcriptomes of pools
of 10 cells were identified using microarrays. Early and late
microglial transcriptomic changes (compared to sham operated
controls) were investigated at 1 and 7 days post-injury,
respectively. A total of 559 deregulated genes were found
after peripheral injury, with only 27 transcripts commonly
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deregulated at the two time-points. Accordingly, functional
analysis of the deregulated genes revealed distinct transcriptomic
profiles for microglia in the early and late phases of neuropathic
pain development. This suggests that although early and late
microglia subtypes cannot be distinguished by morphology, their
functional phenotypes display considerable differences. In the
early phase, genes related to the sensing functions of microglia
dominate with ‘‘chemotaxis’’ and ‘‘complement signaling
pathways’’ being the most deregulated biological function. In
contrast, in the late phase, genes involved in signaling pathways
were more prevalent with an over-representation of the
‘‘IL6 production’’, ‘‘Chemokine biosynthetic process’’ and ‘‘JNK
cascade’’ genes sets (Supplementary Table S1). Interestingly, the
cellular component associated to the deregulated genes differs
between the early and late phase of the pain development. The
authors suggest that the expression profiles they unraveled may
be responsible for the transition from initiation to maintenance
of the neuropathic pain. Importantly, through temporal
variation analysis this study also point to miR-29c and Gria
as critical factors of microglia activation during mechanical
allodynia.

TRANSCRIPTOME PROFILING OF
MICROGLIAL IN
NON-NEURODEGENERATIVE
CONDITIONS

Peripheral Immune Challenges
Infection by pathogenic microorganisms triggers an acute
phase response that manifests itself with fever, neuro-endocrine
and behavioral changes. The so called ‘‘sickness behavior’’
characterized by non-specific symptoms such as malaise, fatigue,
anorexia, hypo- and hypersomnia, depression and lethargy
is accompanying severe infections (Hart et al., 1988). In
animal model of sepsis, administration of LPS, the active
fragment of gram-negative bacteria, either peripherally or
directly into the brain, induces cognitive impairments and
behavioral disturbances reminiscent of the sickness behavior
observed in humans (Reichenberg et al., 2001; Godbout et al.,
2005; Krabbe et al., 2005). In parallel to the behavioral
changes, sickness behavior has been also associated, in both
rodents and humans, with increased neuroinflammation and
more specifically increased microglia reactivity (Semmler et al.,
2005; Lemstra et al., 2007). The molecular mechanisms
connecting systemic inflammation, microglial reactivity and
sickness behavior remain unclear but recent studies suggest that
microglia reactivity play a pivotal role in the development of
sickness behavior (Xu et al., 2015).

Few studies have reported microglia transcriptome changes
after induction of systemic immune challenges (Table 2). Three
studies were based on the acute effects of LPS administrations
(Chiu et al., 2013; Bennett et al., 2016; Srinivasan et al., 2016),
whereas Gonzalez-Pena et al. (2016) investigated the effect
of Bacille Calmette Guérin (BCG) 7 days after the challenge.
The main purpose of the first three LPS based studies (Chiu
et al., 2013; Bennett et al., 2016; Srinivasan et al., 2016) was TA
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not to study the remodeling of the microglial transcriptome
after LPS/sepsis but rather to compare: (1) the transcriptome
of ‘‘classically’’ activated microglia (i.e., after LPS challenge)
vs. microglia isolated under specific pathological/physiological
conditions (i.e., in ALS context (Chiu et al., 2013) or; (2) during
brain development (Bennett et al., 2016); or (3) to compare
the transcriptomic changes observed in different brain cell
populations (Srinivasan et al., 2016). Consequently, these studies
did not report extensive characterization of the biological effects
of the LPS-mediated immune challenge. Yet, Bennett et al.
(2016) reported that 24 h after LPS administration, microglia
upregulated Toll-like receptor, Vitamin D3 receptor/RXR
activation and ‘‘acute phase signaling pathways’’, whereas by
48 h following LPS challenge, spinal-cord microglia/monocytes
were enriched in ‘‘DNA replication’’, ‘‘cell cycle’’ and ‘‘innate
immune signaling’’ through the RIG-I-like receptor and
NOD-like receptor KEEG pathways (Supplementary Table
S1; Chiu et al., 2013). Interestingly, both studies revealed
that although these different microglia subtypes up-regulated
several classes of genes associated with myeloid cell activation
and displayed activated phenotypes, LPS-activated microglia
displayed a distinct transcriptomic profiles as compared to
microglia isolated from SOD1G93A spinal cord (Chiu et al.,
2013) or from E17 mouse brain (Bennett et al., 2016). On the
other hand Srinivasan et al. (2016) revealed numerous additional
LPS-responsive microglial/monocytes genes and although these
authors did not perform any gene enrichment analysis they
showed that LPS produced a robust and specific RNA processing
response, including alteration of alternative splicing.

Looking at the impact of BCG immune challenge at a
more delayed time-point, Gonzalez-Pena et al. (2016) reported
that, whereas recovery from the sickness behavior was already
achieved 7 days after the inoculation, microglia/monocytes
transcriptome dysregulation was still not resumed. Indeed, at
this time-point, a large proportion of genes were still deregulated
and functional analysis highlighted the enrichment of categories
such as ‘‘immune response’’ and ‘‘chemotaxism’’. Interestingly,
their analysis also pointed to the deregulation of more specific
pathways such as tryptophan or inositol metabolism that have
been associated with depression-like behaviors (Dantzer et al.,
2008).

Gliomas
Gliomas include different types of glial tumors (astrocytoma,
oligodendroglioma and glioblastoma). Depending on the cell
type and aggressiveness, gliomas are graded from I (relatively
benign) to IV (or glioblastoma); glioblastoma being the
most common aggressive tumor of the CNS presenting a
median survival of only 15 months (Thakkar et al., 2014).
Microglia or macrophages constitute 30%–50% of the glioma
cells, indeed, gliomas are composed of both neoplastic and
non-neoplastic cells that form tumors and participate to cancer
progression (Hambardzumyan et al., 2016). Tumor-associated
macrophages (TAMs) either originate from CNS parenchyma
(i.e., microglia) or from the periphery and both compose
numerous non-neoplastic cells. TAMs not only release growth
factors and cytokines but also facilitate neoplastic cell expansion

and migration thus facilitating tumors proliferation and survival.
Alike their malignant counterparts, most astrocytomas contain
TAMs.

In a recent study, Szulzewsky et al. (2015) transplanted a
glioma cell line of murine origin in the brain of CX3CR1+/eGFP

Ccr2RFP/wt mice (to discriminate between microglia and
peripheral monocytes) and carried out transcriptomic analyses.
Twenty days post-injection, microglia/macrophages were
obtained by magnetic-activated CD11b+-mediated flow
cytometry and gene profile was obtained by microarray
(for details see Table 1). Setting a threshold of at least
2-fold, 783 and 198 genes were identified as up and down-
regulated, respectively in a heterogeneous population of glioma-
associated microglia/macrophages (GAMs) as compared to naive
microglial cells. GO enrichment analysis highlighted as most
enriched pathways, ‘‘regulation of immune response/activation’’,
‘‘programmed cell death’’, and ‘‘response to other organism/to
virus’’ (Supplementary Table S1). Comparison of GAMs
de-regulated genes to those of polarized macrophages (M1 or
M2a, b, and c phenotypes) showed only partial overlap. Indeed,
59.6% of the up-regulated genes in GAMs were not up-regulated
in the four macrophage groups.

The authors also demonstrated that Gpnmb and Spp1, as
in murine GAMs, were highly up-regulated in the human
samples from both glioblastoma and lower grade brain tumors
as compared to control (Szulzewsky et al., 2015). Moreover, high
expressions of these genes were associated with poor survival
outcomes.

Using RNA-Seq, the same group also compared expression
profiles of CD11b+ GAMs from human and CD11b+ microglia
from non-tumor human samples (Szulzewsky et al., 2016).
Three-hundred and thirty-four genes presented a 2-fold or
greater difference between conditions and GO analysis identified
genes associated with ‘‘mitotic cell cycle’’, ‘‘cell migration’’,
‘‘cell adhesion’’ and ‘‘extracellular matrix organization’’ as the
most enriched in the GAMs samples (Supplementary Table S1).
Comparison of mouse and human GAMs highlighted that
‘‘mitotic cell cycle’’ and ‘‘extracellular matrix organization’’
de-regulation was shared by both species. However, surprisingly,
and in contrast to murine GAMs, human GAMs did not display
an up-regulation of pathways related to immune activation such
as ‘‘immune system’’ and ‘‘cytokine signaling’’.

WHAT SPECIFIC MICROGLIA
TRANSCRIPTOMES ANALYSES TAUGHT
AND DID NOT TEACH US ON MICROGLIA
REACTIVITY?

In the whole tissues, gene expression analysis represents each
gene’s average expression among all cells and does not allow
the identification of the cell type(s) responsible for a gene’s
physiological expression or its altered expression in pathological
condition. Additionally, if changes in gene expression are
restricted to a specific cell type, modification may be too small to
be identified using the whole tissues. Alternatively, increase and
decrease in gene expression in the whole tissue may respectively
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results from cell proliferation and cell death, or changes in
gene expression at the cell level. Information relative to changes
in specific cell population is thus critical to understand their
roles in the CNS pathologies and to design targeted therapeutic
strategies. Cell-specific transcriptomic studies overcome this
limitation and allow a better understanding of the mechanisms
involved in the different CNS pathologies initiation and
progression.

Studies discussed in the present review clearly highlight that
microglia activation is a multiple and complex phenomenon
and that each pathological microglial state depends on the
type of stimulus, its duration and severity, as well as its local
brain environment. Time after the initial stimulus (i.e., acute
conditions) or stage of disease development (i.e., chronic
conditions) is also obviously a key factor in the remodeling of
the microglial transcriptomic profile. All the above-mentioned
parameters as well as environmental factors (including a
local breeding conditions) have significant impacts on the
microglia reactivity and may explain the variability observed.
In addition to the biological conditions, multiple aspects
can also influence microglia transcriptome determination
including: (1) the experimental design (especially the number
of replicates) which has direct influence on the number of
deregulated genes as well as the technical approaches used to;
(2) isolate microglia (from flow cytometry vs. microdissection,
to the markers used for purification in FACS-based studies);
(3) obtain transcriptomic data (microarrays vs. RNA-Seq); and
(4) bio-informatically analyze the data. Methodologies may
indeed also have significant impact on the final results. As a
result of this diversity and of the specificity of the technical
approaches used (especially for the less standardized RNA-Seq
approaches), it is difficult to directly compare data from different
studies.

Nevertheless, in silico comparisons of differentially expressed
genes in comparable datasets (i.e., in the same animal model)
lead to the identification of common genes and pathways among
the different datasets, thus highlighting the power of cell-specific
analysis to unbiasedly uncover relevant molecular pathways in
the development of a given pathology (Figure 1).

Comparing such lists of differentially expressed genes (DEGs)
is now possible through the Glia Open Access Database
(GOAD1), which contains a growing collection of transcriptomic
datasets of glial cells (including microglial cells) both in
homeostatic and pathological conditions (Holtman et al., 2015a).
Such tool may be useful to determine whether a core of microglial
genes deregulated in many if not all pathological conditions
could be identified. Such set of genes would represent useful
biomarkers to study the involvement of microglia in any CNS
pathological conditions and could be used to monitor the effects
of therapeutic strategies. Consistent with this hypothesis Keren-
Shaul et al. (2017) identified a similar microglia subpopulation
between mouse models of ALS and AD. This suggests that
DAMs are not specific to a particular disease etiology or
stage but rather are associated with the general program
involved in the clearance of misfolded and/or aggregated

1www.goad.education

proteins, a common feature to many different neurodegenerative
conditions.

Differences and similarities in microglia reactivity in several
pathological conditions can also be studied at the level of
the deregulated biological processes. To meet this goal, we
performed a GO-based analysis of available DEGs lists using the
freely available Panther software (Mi_20172; GO-slim biological
process) and reanalyzed 14 different datasets arising from
eight different studies (Chiu et al., 2013; Orre et al., 2014a;
Holtman et al., 2015b; Noristani et al., 2015, 2017; Szulzewsky
et al., 2015, 2016; Bennett et al., 2016). Using the same analysis
tool allows a more accurate comparison of the deregulated
biological processes and highlights commonly deregulated
processes in both neurodegenerative and non-neurodegenerative
pathological conditions (Supplementary Tables S1, S2).
Drawing conclusions from such comparisons is difficult
since not all pathological conditions were studied longitudinally.
Nevertheless, one common feature emerging from this analysis
is that cell proliferation seems to occur in the early phases of
microglial reactivity whereas inflammatory processes develop
later.

Although useful, GO-based categorization may provide an
over-simplistic view of the actual de-regulated pathways and of
the associated functions. Indeed, genes, and this is particularly
true for immune-related transcripts, may play different roles
depending on the context. As an example, TNFα, which is
primarily categorized as a pro-inflammatory molecule is also
known to play an important role in ‘‘synaptic scaling’’, a
form of synaptic plasticity (Stellwagen and Malenka, 2006).
These findings led to the recent challenging of the concept
of microglia as a component of innate immunity and propose
that dysfunction heterogeneity of microglia in diseases may be
better reflected by the contribution of multiple pathways called
‘‘system biology’’ rather than conventional proinflammatory
and/or anti-inflammatory models (Masgrau et al., 2017). It is
also important to keep in mind that the GO-based categorization
present limitations including the fact that many genes are not
annotated in ontological databases and may not reflect microglia
functions in physiological and pathological conditions.

Although not always straight-forward to use for a typical
biologist, other specific bioinformatics analyses, and in
particular co-variation studies, certainly represent efficient
tools to compare the transcriptomic alterations in various
pathological conditions. In this respect, Holtman et al.
(2015b) have recently used Weighted Gene co-expression
Network Analysis to compare transcriptomes of microglia in
aging, AD and ALS mouse models. In addition to disease-
specific microglial signatures, their analyses identified common
transcriptional profiles for up-regulated genes in the different
neurodegenerative conditions. Key features of this profile were
related to ‘‘phagosomes’’, ‘‘lysozyme’’, ‘‘antigen presentation’’
and ‘‘AD signaling’’. Interestingly, the analyses also revealed
that acute microglial activation induced by LPS led to a rather
different transcriptomic signature in which NK-κB signaling
played a central role. The development of such analyses

2http://pantherdb.org
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might help drawing the commonalities and singularities of
microglial activation in the different pathological conditions,
and may thus help designing better targeted therapeutic
strategies.

In regards to the published data, the remodeling of the
microglia transcriptome in a given pathology has been studied
in rather restricted numbers of animal models (Table 1).
In the objective of translation to the clinics, it would be
important to verify: (1) if deregulated genes in a given animal
model is also deregulated in another animal model of the
same disease from the same species; and (2) ultimately to
investigate the involvement of identified genes in human.
Importantly, microglia/macrophages-specific gene profiling
has shown that despite differences between animal models
and human diseases, candidate genes identified in rodent
models of a given pathology were also de-regulated in
human pathological samples. It thus attests that cell-specific
transcriptomic analysis is not only a powerful approach to
decipher molecular mechanisms but also to identify precise
therapeutic strategies.

FUTURES DIRECTIONS TO STUDY
MICROGLIA TRANSCRIPTOMIC CHANGES
UNDER PATHOLOGICAL CONDITIONS

So far, under each specific experimental condition (i.e., in a
given tissue and at a given stage of the disease progression),
pathological microglia have only been studied as a global cell
population. However recent transcriptomic studies have clearly
enlightened that homeostatic microglia are indeed diverse. First,
Hickman et al. (2013) and Orre et al. (2014a), using RNA-Seq
and microarray approaches respectively, have identified specific
microglial changes in gene expression during normal aging.
More recently, isolating microglia from four different brain
regions (cortex, striatum, hippocampus and cerebellum) at
different age (4, 12 and 22 months old mice) Grabert et al.
(2016) have shown that adult microglia display transcriptional
identities with different function depending on the brain region
and age. In a recently study, microglia were isolated from
different human brain regions via surgical resection to identify
a microglial gene signature including 881 transcripts. It also
highlighted that many genes enriched in microglia displayed
diverse modifications in expression upon neurodegenerative
contexts and upon transfer to an in vitro environment. Thus,
emphasizing other limitations of studying microglia (Gosselin
et al., 2017). These results are in agreement with the current
view that microglia are immune competent cells that are tightly
adapted to their local environment (Hanisch, 2013; Wolf et al.,
2017).

Interestingly, using a global and single cell RNA-Seq approach
(Matcovitch-Natan et al., 2016) revealed that during brain
development diverse microglial cell populations can co-exist in a
specific brain environment. Such diversity of the microglial cells
under pathological conditions has already been demonstrated.
For example, it has been shown that in AD brains microglia
associated with amyloid plaques display histological signs of

activation, including larger cell body and thicker and shorter
ramifications. Similar findings apply to microglia recruited
to CNS lesion sites. However, the specific transcriptomes of
microglia associated to plaques or lesions vs. those located
further away but within close proximity to the pathological
zone have, to our knowledge, never been studied. The recent
development of single cell RNA-Seq approaches now enable
to unbiasedly tackle those questions. Indeed, combining this
powerful approach with adequate bio statistical analyses will
allow to unbiasedly classify cells located in a specific pathological
CNS environment in various sub-populations and to determine
their potential role in disease progression. The presence of
distinct microglia subpopulations in a given pathological states
may well explain why microglial cells have been shown to play
indistinctly neutral, beneficial and deleterious effects in multiple
pathologies. Such characterization might also help developing
better targeted therapeutic strategies aimed at preventing the
deleterious effects of microglial activation while boosting their
beneficial ones. A remarkable example of such study has very
recently been published by the groups of I. Amit andM. Schwartz
(Keren-Shaul et al., 2017). As highlighted above, it led to the
identification of a specific microglia sub-type that may be
involved in restricting the disease progression in AD. Even
more ambitious, is the concomitant transcriptomic profiling
of several cell populations including neuronal and glial cells
within the same pathological condition. This would certainly
help to better understand the cellular cross talks between the
different cell types under both physiological and pathological
conditions.

AUTHOR CONTRIBUTIONS

HEH, HNN and FEP contributed to the writing of the
manuscript. HEH and FEP gave the final approval.

FUNDING

This work was supported by the French Government, ANR-FNS
grant, GliALS (N◦ ANR-14-CE36-0009-01) [to FEP], the
patient organizations ‘‘Demain Debout Aquitaine’’ [to HNN],
‘‘Verticale’’ [to FEP and HNN] and FRANCE-ALZHEIMER [to
HEH], Program Investissement d’Avenir ‘‘LabEx Ion Channel
Science and Therapeutics’’ [to HEH].

ACKNOWLEDGMENTS

We thank Dr. François Rassendren for useful comments on the
manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnagi.
2017.00227/full#supplementary-material

Frontiers in Aging Neuroscience | www.frontiersin.org July 2017 | Volume 9 | Article 227238

http://journal.frontiersin.org/article/10.3389/fnagi.2017.00227/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00227/full#supplementary-material
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Hirbec et al. Microglia Transcriptomic Analyses in Neuropathologies

REFERENCES

Aguzzi, A., Barres, B. A., and Bennett, M. L. (2013). Microglia: scapegoat, saboteur,
or something else? Science 339, 156–161. doi: 10.1126/science.1227901

Bédard, A., Tremblay, P., Chernomoretz, A., andValliéres, L. (2007). Identification
of genes preferentially expressed by microglia and upregulated during
cuprizone-induced inflammation. Glia 55, 777–789. doi: 10.1002/glia.20477

Bennett, M. L., Bennett, F. C., Liddelow, S. A., Ajami, B., Zamanian, J. L.,
Fernhoff, N. B., et al. (2016). New tools for studying microglia in the mouse and
human CNS. Proc. Natl. Acad. Sci. U S A 113, E1738–E1746. doi: 10.1073/pnas.
1525528113

Beutner, C., Linnartz-Gerlach, B., Schmidt, S. V., Beyer, M., Mallmann, M. R.,
Staratschek-Jox, A., et al. (2013). Unique transcriptome signature of mouse
microglia. Glia 61, 1429–1442. doi: 10.1002/glia.22524

Bossers, K., Wirz, K. T., Meerhoff, G. F., Essing, A. H., van Dongen, J. W.,
Houba, P., et al. (2010). Concerted changes in transcripts in the prefrontal
cortex precede neuropathology in Alzheimer’s disease. Brain 133, 3699–3723.
doi: 10.1093/brain/awq258

Bottomly, D., Walter, N. A., Hunter, J. E., Darakjian, P., Kawane, S.,
Buck, K. J., et al. (2011). Evaluating gene expression in C57BL/6J and
DBA/2J mouse striatum using RNA-Seq and microarrays. PLoS One 6:e17820.
doi: 10.1371/journal.pone.0017820

Bowerman, M., Vincent, T., Scamps, F., Perrin, F. E., Camu, W., and Raoul, C.
(2013). Neuroimmunity dynamics and the development of therapeutic
strategies for amyotrophic lateral sclerosis. Front. Cell. Neurosci. 7:214.
doi: 10.3389/fncel.2013.00214

Brites, D., and Vaz, A. R. (2014). Microglia centered pathogenesis in ALS: insights
in cell interconnectivity. Front. Cell. Neurosci. 8:117. doi: 10.3389/fncel.2014.
00117

Butovsky, O., Jedrychowski, M. P., Moore, C. S., Cialic, R., Lanser, A. J.,
Gabriely, G., et al. (2014). Identification of a unique TGF-β-dependent
molecular and functional signature in microglia. Nat. Neurosci. 17, 131–143.
doi: 10.1038/nn.3599

Cao, T., Thomas, T. C., Ziebell, J. M., Pauly, J. R., and Lifshitz, J. (2012).
Morphological and genetic activation of microglia after diffuse traumatic brain
injury in the rat. Neuroscience 225, 65–75. doi: 10.1016/j.neuroscience.2012.
08.058

Castellano, J. M., Deane, R., Gottesdiener, A. J., Verghese, P. B., Stewart, F. R.,
West, T., et al. (2012). Low-density lipoprotein receptor overexpression
enhances the rate of brain-to-blood Aβ clearance in a mouse model of
β-amyloidosis. Proc. Natl. Acad. Sci. U S A 109, 15502–15507. doi: 10.1073/
pnas.1206446109

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
isolatedmicroglia from an amyotrophic lateral sclerosis mouse model.Cell Rep.
4, 385–401. doi: 10.1016/j.celrep.2013.06.018

Costigan, M., Scholz, J., and Woolf, C. J. (2009). Neuropathic pain: a maladaptive
response of the nervous system to damage. Annu. Rev. Neurosci. 32, 1–32.
doi: 10.1146/annurev.neuro.051508.135531

Crotti, A., and Ransohoff, R. M. (2016). Microglial physiology and
pathophysiology: insights from genome-wide transcriptional profiling.
Immunity 44, 505–515. doi: 10.1016/j.immuni.2016.02.013

Dantzer, R., O’Connor, J. C., Freund, G. G., Johnson, R. W., and Kelley, K. W.
(2008). From inflammation to sickness and depression: when the immune
system subjugates the brain.Nat. Rev. Neurosci. 9, 46–56. doi: 10.1038/nrn2297

Dash, P. K., Kobori, N., and Moore, A. N. (2004). A molecular description
of brain trauma pathophysiology using microarray technology: an
overview. Neurochem. Res. 29, 1275–1286. doi: 10.1023/b:nere.0000023614.
30084.eb

David, S., and Kroner, A. (2011). Repertoire of microglial and macrophage
responses after spinal cord injury. Nat. Rev. Neurosci. 12, 388–399.
doi: 10.1038/nrn3053

Dworkin, R. H., Backonja, M., Rowbotham, M. C., Allen, R. R., Argoff, C. R.,
Bennett, G. J., et al. (2003). Advances in neuropathic pain: diagnosis,
mechanisms, and treatment recommendations. Arch. Neurol. 60, 1524–1534.
doi: 10.1001/archneur.60.11.1524

ElAli, A., and Rivest, S. (2016). Microglia ontology and signaling. Front. Cell Dev.
Biol. 4:72. doi: 10.3389/fcell.2016.00072

Furlan, J. C., Sakakibara, B. M., Miller, W. C., and Krassioukov, A. V. (2013).
Global incidence and prevalence of traumatic spinal cord injury. Can. J. Neurol.
Sci. 40, 456–464. doi: 10.1017/s0317167100014530

Gautier, E. L., Shay, T., Miller, J., Greter, M., Jakubzick, C., Ivanov, S., et al. (2012).
Gene-expression profiles and transcriptional regulatory pathways that underlie
the identity and diversity of mouse tissue macrophages. Nat. Immunol. 13,
1118–1128. doi: 10.1038/ni.2419

Gerber, Y. N., Sabourin, J. C., Rabano, M., Vivanco, M., and Perrin, F. E. (2012).
Early functional deficit and microglial disturbances in a mouse model of
amyotrophic lateral sclerosis. PLoS One 7:e36000. doi: 10.1371/journal.pone.
0036000

Godbout, J. P., Chen, J., Abraham, J., Richwine, A. F., Berg, B. M., Kelley, K. W.,
et al. (2005). Exaggerated neuroinflammation and sickness behavior in aged
mice following activation of the peripheral innate immune system. FASEB J.
19, 1329–1331. doi: 10.1096/fj.05-3776fje

Gonzalez-Pena, D., Nixon, S. E., O’Connor, J. C., Southey, B. R., Lawson, M. A.,
McCusker, R. H., et al. (2016). Microglia transcriptome changes in a model
of depressive behavior after immune challenge. PLoS One 11:e0150858.
doi: 10.1371/journal.pone.0150858

Gosselin, D., Skola, D., Coufal, N. G., Holtman, I. R., Schlachetzki, J. C. M.,
Sajti, E., et al. (2017). An environment-dependent transcriptional network
specifies human microglia identity. Science 356:eaal3222. doi: 10.1126/science.
aal3222

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

Hambardzumyan, D., Gutmann, D. H., and Kettenmann, H. (2016). The role
of microglia and macrophages in glioma maintenance and progression. Nat.
Neurosci. 19, 20–27. doi: 10.1038/nn.4185

Hanisch, U. K. (2013). Functional diversity of microglia—how heterogeneous
are they to begin with? Front. Cell. Neurosci. 7:65. doi: 10.3389/fncel.
2013.00065

Hart, P. H., Whitty, G. A., Piccoli, D. S., and Hamilton, J. A. (1988).
Synergistic activation of human monocytes by granulocyte-macrophage
colony-stimulating factor and IFN-γ. Increased TNF-α but not IL-1 activity.
J. Immunol. 141, 1516–1521.

Hashimoto, M., Sun, D., Rittling, S. R., Denhardt, D. T., and Young, W.
(2007). Osteopontin-deficient mice exhibit less inflammation, greater tissue
damage, and impaired locomotor recovery from spinal cord injury compared
with wild-type controls. J. Neurosci. 27, 3603–3611. doi: 10.1523/jneurosci.
4805-06.2007

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

Hernandez-Ontiveros, D. G., Tajiri, N., Acosta, S., Giunta, B., Tan, J., and
Borlongan, C. V. (2013). Microglia activation as a biomarker for traumatic
brain injury. Front. Neurol. 4:30. doi: 10.3389/fneur.2013.00030

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

Hirasawa, T., Ohsawa, K., Imai, Y., Ondo, Y., Akazawa, C., Uchino, S., et al. (2005).
Visualization of microglia in living tissues using Iba1-EGFP transgenic mice.
J. Neurosci. Res. 81, 357–362. doi: 10.1002/jnr.20480

Holtman, I. R., Noback, M., Bijlsma, M., Duong, K. N., van der Geest, M. A.,
Ketelaars, P. T., et al. (2015a). Glia open access database (GOAD): a
comprehensive gene expression encyclopedia of glia cells in health and disease.
Glia 63, 1495–1506. doi: 10.1002/glia.22810

Holtman, I. R., Raj, D. D., Miller, J. A., Schaafsma, W., Yin, Z., Brouwer, N., et al.
(2015b). Induction of a common microglia gene expression signature
by aging and neurodegenerative conditions: a co-expression meta-
analysis. Acta Neuropathol. Commun. 3:31. doi: 10.1186/s40478-015-
0203-5

Huang, H. C., Niu, Y., and Qin, L. X. (2015). Differential expression analysis
for RNA-Seq: an overview of statistical methods and computational software.
Cancer Inform. 14, 57–67. doi: 10.4137/CIN.S21631

Itagaki, S., McGeer, P. L., Akiyama, H., Zhu, S., and Selkoe, D. (1989).
Relationship of microglia and astrocytes to amyloid deposits of Alzheimer

Frontiers in Aging Neuroscience | www.frontiersin.org July 2017 | Volume 9 | Article 227239

https://doi.org/10.1126/science.1227901
https://doi.org/10.1002/glia.20477
https://doi.org/10.1073/pnas.1525528113
https://doi.org/10.1073/pnas.1525528113
https://doi.org/10.1002/glia.22524
https://doi.org/10.1093/brain/awq258
https://doi.org/10.1371/journal.pone.0017820
https://doi.org/10.3389/fncel.2013.00214
https://doi.org/10.3389/fncel.2014.00117
https://doi.org/10.3389/fncel.2014.00117
https://doi.org/10.1038/nn.3599
https://doi.org/10.1016/j.neuroscience.2012.08.058
https://doi.org/10.1016/j.neuroscience.2012.08.058
https://doi.org/10.1073/pnas.1206446109
https://doi.org/10.1073/pnas.1206446109
https://doi.org/10.1016/j.celrep.2013.06.018
https://doi.org/10.1146/annurev.neuro.051508.135531
https://doi.org/10.1016/j.immuni.2016.02.013
https://doi.org/10.1038/nrn2297
https://doi.org/10.1023/b:nere.0000023614.30084.eb
https://doi.org/10.1023/b:nere.0000023614.30084.eb
https://doi.org/10.1038/nrn3053
https://doi.org/10.1001/archneur.60.11.1524
https://doi.org/10.3389/fcell.2016.00072
https://doi.org/10.1017/s0317167100014530
https://doi.org/10.1038/ni.2419
https://doi.org/10.1371/journal.pone.0036000
https://doi.org/10.1371/journal.pone.0036000
https://doi.org/10.1096/fj.05-3776fje
https://doi.org/10.1371/journal.pone.0150858
https://doi.org/10.1126/science.aal3222
https://doi.org/10.1126/science.aal3222
https://doi.org/10.1038/nn.4222
https://doi.org/10.1038/nn.4222
https://doi.org/10.1038/nn.4185
https://doi.org/10.3389/fncel.2013.00065
https://doi.org/10.3389/fncel.2013.00065
https://doi.org/10.1523/jneurosci.4805-06.2007
https://doi.org/10.1523/jneurosci.4805-06.2007
https://doi.org/10.1038/nri3705
https://doi.org/10.3389/fneur.2013.00030
https://doi.org/10.1038/nn.3554
https://doi.org/10.1002/jnr.20480
https://doi.org/10.1002/glia.22810
https://doi.org/10.1186/s40478-015-0203-5
https://doi.org/10.1186/s40478-015-0203-5
https://doi.org/10.4137/CIN.S21631
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Hirbec et al. Microglia Transcriptomic Analyses in Neuropathologies

disease. J. Neuroimmunol. 24, 173–182. doi: 10.1016/0165-5728(89)
90115-x

Jeong, H., Na, Y. J., Lee, K., Kim, Y. H., Lee, Y., Kang, M., et al. (2016). High-
resolution transcriptome analysis reveals neuropathic pain gene-expression
signatures in spinal microglia after nerve injury. Pain 157, 964–976.
doi: 10.1097/j.pain.0000000000000470

Jung, S., Aliberti, J., Graemmel, P., Sunshine, M. J., Kreutzberg, G. W., Sher, A.,
et al. (2000). Analysis of fractalkine receptor CX3CR1 function by targeted
deletion and green fluorescent protein reporter gene insertion. Mol. Cell. Biol.
20, 4106–4114. doi: 10.1128/mcb.20.11.4106-4114.2000

Kabba, J. A., Xu, Y., Christian, H., Ruan, W., Chenai, K., Xiang, Y., et al. (2017).
Microglia: housekeeper of the central nervous system. Cell. Mol. Neurobiol.
doi: 10.1007/s10571-017-0504-2 [Epub ahead of print].

Kamphuis, W., Orre, M., Kooijman, L., Dahmen, M., and Hol, E. M. (2012).
Differential cell proliferation in the cortex of the APPswePS1dE9 Alzheimer’s
disease mouse model. Glia 60, 615–629. doi: 10.1002/glia.22295

Karch, C. M., and Goate, A. M. (2015). Alzheimer’s disease risk genes and
mechanisms of disease pathogenesis. Biol. Psychiatry 77, 43–51. doi: 10.1016/j.
biopsych.2014.05.006

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.e17–1290.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

Kettenmann, H., Kirchhoff, F., and Verkhratsky, A. (2013). Microglia: new
roles for the synaptic stripper. Neuron 77, 10–18. doi: 10.1016/j.neuron.2012.
12.023

Kigerl, K. A., Gensel, J. C., Ankeny, D. P., Alexander, J. K., Donnelly, D. J., and
Popovich, P. G. (2009). Identification of two distinct macrophage subsets with
divergent effects causing either neurotoxicity or regeneration in the injured
mouse spinal cord. J. Neurosci. 29, 13435–13444. doi: 10.1523/JNEUROSCI.
3257-09.2009

Kobori, N., Clifton, G. L., and Dash, P. K. (2002). Altered expression of novel genes
in the cerebral cortex following experimental brain injury.Mol. Brain Res. 104,
148–158. doi: 10.1016/s0169-328x(02)00331-5

Krabbe, K. S., Reichenberg, A., Yirmiya, R., Smed, A., Pedersen, B. K.,
and Bruunsgaard, H. (2005). Low-dose endotoxemia and human
neuropsychological functions. Brain Behav. Immun. 19, 453–460.
doi: 10.1016/j.bbi.2005.04.010

Kroner, A., Greenhalgh, A. D., Zarruk, J. G., Passos Dos Santos, R., Gaestel, M.,
and David, S. (2014). TNF and increased intracellular iron alter macrophage
polarization to a detrimental M1 phenotype in the injured spinal cord. Neuron
83, 1098–1116. doi: 10.1016/j.neuron.2014.07.027

Lambertsen, K. L., Clausen, B. H., Babcock, A. A., Gregersen, R., Fenger, C.,
Nielsen, H. H., et al. (2009). Microglia protect neurons against ischemia
by synthesis of tumor necrosis factor. J. Neurosci. 29, 1319–1330.
doi: 10.1523/JNEUROSCI.5505-08.2009

Leblond, C. S., Kaneb, H. M., Dion, P. A., and Rouleau, G. A. (2014). Dissection of
genetic factors associated with amyotrophic lateral sclerosis. Exp. Neurol. 262,
91–101. doi: 10.1016/j.expneurol.2014.04.013

Lee, J., Hyeon, S. J., Im, H., Ryu, H., Kim, Y., and Ryu, H. (2016). Astrocytes
and microglia as non-cell autonomous players in the pathogenesis of ALS. Exp.
Neurobiol. 25, 233–240. doi: 10.5607/en.2016.25.5.233

Lee, J. K., Geoffroy, C. G., Chan, A. F., Tolentino, K. E., Crawford,M. J., Leal,M. A.,
et al. (2010). Assessing spinal axon regeneration and sprouting in Nogo-,
MAG-, and OMgp-deficient mice. Neuron 66, 663–670. doi: 10.1016/j.neuron.
2010.05.002

Lemstra, A. W., Groen in’t Woud, J. C., Hoozemans, J. J., van Haastert, E. S.,
Rozemuller, A. J., Eikelenboom, P., et al. (2007). Microglia activation in
sepsis: a case-control study. J. Neuroinflammation 4:4. doi: 10.1186/1742-
2094-4-4

Lewis, N. D., Hill, J. D., Juchem, K. W., Stefanopoulos, D. E., and Modis, L. K.
(2014). RNA sequencing of microglia and monocyte-derived macrophages
from mice with experimental autoimmune encephalomyelitis illustrates a
changing phenotype with disease course. J. Neuroimmunol. 277, 26–38.
doi: 10.1016/j.jneuroim.2014.09.014

Masgrau, R., Guaza, C., Ransohoff, R. M., and Galea, E. (2017). Should we
stop saying ‘glia’ and ‘neuroinflammation’? Trends Mol. Med. 23, 486–500.
doi: 10.1016/j.molmed.2017.04.005

Matcovitch-Natan, O., Winter, D. R., Giladi, A., Vargas Aguilar, S., Spinrad, A.,
Sarrazin, S., et al. (2016). Microglia development follows a stepwise program
to regulate brain homeostasis. Science 353:aad8670. doi: 10.1126/science.
aad8670

Matzilevich, D. A., Rall, J. M., Moore, A. N., Grill, R. J., and Dash, P. K. (2002).
High-density microarray analysis of hippocampal gene expression following
experimental brain injury. J. Neurosci. Res. 67, 646–663. doi: 10.1002/jnr.
10157

Morgan, D., Gordon, M. N., Tan, J., Wilcock, D., and Rojiani, A. M. (2005).
Dynamic complexity of the microglial activation response in transgenic
models of amyloid deposition: implications for Alzheimer therapeutics.
J. Neuropathol. Exp. Neurol. 64, 743–753. doi: 10.1097/01.jnen.0000178444.
33972.e0

Mukaino, M., Nakamura, M., Yamada, O., Okada, S., Morikawa, S., Renault-
Mihara, F., et al. (2010). Anti-IL-6-receptor antibody promotes repair of spinal
cord injury by inducing microglia-dominant inflammation. Exp. Neurol. 224,
403–414. doi: 10.1016/j.expneurol.2010.04.020

Nguyen, R., Fiest, K. M., McChesney, J., Kwon, C. S., Jette, N., Frolkis, A. D.,
et al. (2016). The international incidence of traumatic brain injury: a systematic
review and meta-analysis. Can. J. Neurol. Sci. 43, 774–785. doi: 10.1017/cjn.
2016.290

Noristani, H. N., Gerber, Y. N., Sabourin, J.-C., Le Corre, M., Lonjon, N.,
Mestre-Frances, N., et al. (2017). RNA-seq analysis of microglia reveals
time-dependent activation of specific genetic programs following spinal
cord injury. Front. Mol. Neurosci. 10:90. doi: 10.3389/fnmol.2017.
00090

Noristani, H. N., Sabourin, J. C., Boukhaddaoui, H., Chan-Seng, E., Gerber, Y. N.,
and Perrin, F. E. (2016). Spinal cord injury induces astroglial conversion
towards neuronal lineage.Mol. Neurodegener. 11:68. doi: 10.1186/s13024-016-
0133-0

Noristani, H. N., Sabourin, J. C., Gerber, Y. N., Teigell, M., Sommacal, A.,
Vivanco, M., et al. (2015). Brca1 is expressed in human microglia and is
dysregulated in human and animal model of ALS. Mol. Neurodegener. 10:34.
doi: 10.1186/s13024-015-0023-x

Olah, M., Amor, S., Brouwer, N., Vinet, J., Eggen, B., Biber, K., et al. (2012).
Identification of a microglia phenotype supportive of remyelination. Glia 60,
306–321. doi: 10.1002/glia.21266

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

Orre, M., Kamphuis, W., Osborn, L. M., Jansen, A. H., Kooijman, L., Bossers, K.,
et al. (2014a). Isolation of glia from Alzheimer’s mice reveals inflammation and
dysfunction. Neurobiol. Aging 35, 2746–2760. doi: 10.1016/j.neurobiolaging.
2014.06.004

Orre, M., Kamphuis, W., Osborn, L. M., Melief, J., Kooijman, L., Huitinga, I.,
et al. (2014b). Acute isolation and transcriptome characterization of cortical
astrocytes and microglia from young and aged mice.Neurobiol. Aging 35, 1–14.
doi: 10.1016/j.neurobiolaging.2013.07.008

Parakalan, R., Jiang, B., Nimmi, B., Janani, M., Jayapal, M., Lu, J., et al. (2012).
Transcriptome analysis of amoeboid and ramified microglia isolated from
the corpus callosum of rat brain. BMC Neurosci. 13:64. doi: 10.1186/1471-
2202-13-64

Perrin, F. E., Boisset, G., Docquier, M., Schaad, O., Descombes, P., and
Kato, A. C. (2005a). No widespread induction of cell death genes occurs in
puremotoneurons in an amyotrophic lateral sclerosis mousemodel.Hum.Mol.
Genet. 14, 3309–3320. doi: 10.1093/hmg/ddi357

Perrin, F. E., Lacroix, S., Avilés-Trigueros, M., and David, S. (2005b). Involvement
of monocyte chemoattractant protein-1, macrophage inflammatory protein-
1α and interleukin-1β in Wallerian degeneration. Brain 128, 854–866.
doi: 10.1093/brain/awh407

Perry, V. H. (2010). Contribution of systemic inflammation to chronic
neurodegeneration. Acta Neuropathol. 120, 277–286. doi: 10.1007/s00401-010-
0722-x

Philips, T., and Rothstein, J. D. (2014). Glial cells in amyotrophic lateral sclerosis.
Exp. Neurol. 262, 111–120. doi: 10.1016/j.expneurol.2014.05.015

Frontiers in Aging Neuroscience | www.frontiersin.org July 2017 | Volume 9 | Article 227240

https://doi.org/10.1016/0165-5728(89)90115-x
https://doi.org/10.1016/0165-5728(89)90115-x
https://doi.org/10.1097/j.pain.0000000000000470
https://doi.org/10.1128/mcb.20.11.4106-4114.2000
https://doi.org/10.1007/s10571-017-0504-2
https://doi.org/10.1002/glia.22295
https://doi.org/10.1016/j.biopsych.2014.05.006
https://doi.org/10.1016/j.biopsych.2014.05.006
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1016/j.neuron.2012.12.023
https://doi.org/10.1016/j.neuron.2012.12.023
https://doi.org/10.1523/JNEUROSCI.3257-09.2009
https://doi.org/10.1523/JNEUROSCI.3257-09.2009
https://doi.org/10.1016/s0169-328x(02)00331-5
https://doi.org/10.1016/j.bbi.2005.04.010
https://doi.org/10.1016/j.neuron.2014.07.027
https://doi.org/10.1523/JNEUROSCI.5505-08.2009
https://doi.org/10.1016/j.expneurol.2014.04.013
https://doi.org/10.5607/en.2016.25.5.233
https://doi.org/10.1016/j.neuron.2010.05.002
https://doi.org/10.1016/j.neuron.2010.05.002
https://doi.org/10.1186/1742-2094-4-4
https://doi.org/10.1186/1742-2094-4-4
https://doi.org/10.1016/j.jneuroim.2014.09.014
https://doi.org/10.1016/j.molmed.2017.04.005
https://doi.org/10.1126/science.aad8670
https://doi.org/10.1126/science.aad8670
https://doi.org/10.1002/jnr.10157
https://doi.org/10.1002/jnr.10157
https://doi.org/10.1097/01.jnen.0000178444.33972.e0
https://doi.org/10.1097/01.jnen.0000178444.33972.e0
https://doi.org/10.1016/j.expneurol.2010.04.020
https://doi.org/10.1017/cjn.2016.290
https://doi.org/10.1017/cjn.2016.290
https://doi.org/10.3389/fnmol.2017.00090
https://doi.org/10.3389/fnmol.2017.00090
https://doi.org/10.1186/s13024-016-0133-0
https://doi.org/10.1186/s13024-016-0133-0
https://doi.org/10.1186/s13024-015-0023-x
https://doi.org/10.1002/glia.21266
https://doi.org/10.1093/brain/awt083
https://doi.org/10.1016/j.neurobiolaging.2014.06.004
https://doi.org/10.1016/j.neurobiolaging.2014.06.004
https://doi.org/10.1016/j.neurobiolaging.2013.07.008
https://doi.org/10.1186/1471-2202-13-64
https://doi.org/10.1186/1471-2202-13-64
https://doi.org/10.1093/hmg/ddi357
https://doi.org/10.1093/brain/awh407
https://doi.org/10.1007/s00401-010-0722-x
https://doi.org/10.1007/s00401-010-0722-x
https://doi.org/10.1016/j.expneurol.2014.05.015
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Hirbec et al. Microglia Transcriptomic Analyses in Neuropathologies

Picher-Martel, V., Valdmanis, P. N., Gould, P. V., Julien, J. P., and Dupré, N.
(2016). From animal models to human disease: a genetic approach
for personalized medicine in ALS. Acta Neuropathol. Commun. 4:70.
doi: 10.1186/s40478-016-0340-5

Qiu, C., Kivipelto, M., and von Strauss, E. (2009). Epidemiology of Alzheimer’s
disease: occurrence, determinants, and strategies toward intervention.
Dialogues Clin. Neurosci. 11, 111–128.

Ransohoff, R. M. (2016). How neuroinflammation contributes to
neurodegeneration. Science 353, 777–783. doi: 10.1126/science.aag2590

Ransohoff, R. M., Hafler, D. A., and Lucchinetti, C. F. (2015). Multiple sclerosis-a
quiet revolution. Nat. Rev. Neurol. 11, 134–142. doi: 10.1038/nrneurol.
2015.14

Ransohoff, R. M., and Perry, V. H. (2009). Microglial physiology: unique stimuli,
specialized responses.Annu. Rev. Immunol. 27, 119–145. doi: 10.1146/annurev.
immunol.021908.132528

Redell, J. B., Moore, A. N., Grill, R. J., Johnson, D., Zhao, J., Liu, Y., et al. (2013).
Analysis of functional pathways altered after mild traumatic brain injury.
J. Neurotrauma 30, 752–764. doi: 10.1089/neu.2012.2437

Reichenberg, A., Yirmiya, R., Schuld, A., Kraus, T., Haack, M., Morag, A.,
et al. (2001). Cytokine-associated emotional and cognitive disturbances
in humans. Arch. Gen. Psychiatry 58, 445–452. doi: 10.1001/archpsyc.58.
5.445

Rizzi, L., Rosset, I., and Roriz-Cruz, M. (2014). Global epidemiology of
dementia: Alzheimer’s and vascular types. Biomed Res. Int. 2014:908915.
doi: 10.1155/2014/908915

Rogers, J. T., Morganti, J. M., Bachstetter, A. D., Hudson, C. E., Peters, M. M.,
Grimmig, B. A., et al. (2011). CX3CR1 deficiency leads to impairment
of hippocampal cognitive function and synaptic plasticity. J. Neurosci. 31,
16241–16250. doi: 10.1523/JNEUROSCI.3667-11.2011

Ruan, L., Kang, Z., Pei, G., and Le, Y. (2009). Amyloid deposition and
inflammation in APPswe/PS1dE9 mouse model of Alzheimer’s disease. Curr.
Alzheimer Res. 6, 531–540. doi: 10.2174/156720509790147070

Samal, B. B., Waites, C. K., Almeida-Suhett, C., Li, Z., Marini, A. M., Samal, N. R.,
et al. (2015). Acute response of the hippocampal transcriptome following
mild traumatic brain injury after controlled cortical impact in the rat. J. Mol.
Neurosci. 57, 282–303. doi: 10.1007/s12031-015-0626-2

Sanchez-Mejias, E., Navarro, V., Jimenez, S., Sanchez-Mico, M., Sanchez-Varo, R.,
Nunez-Diaz, C., et al. (2016). Soluble phospho-tau from Alzheimer’s disease
hippocampus drives microglial degeneration. Acta Neuropathol. 132, 897–916.
doi: 10.1007/s00401-016-1630-5

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R.,
Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits
in an activity and complement-dependent manner. Neuron 74, 691–705.
doi: 10.1016/j.neuron.2012.03.026

Selkoe, D. J. (2001). Alzheimer’s disease results from the cerebral accumulation
and cytotoxicity of amyloid β-protein. J. Alzheimers Dis. 3, 75–80.
doi: 10.3233/jad-2001-3111

Semmler, A., Okulla, T., Sastre, M., Dumitrescu-Ozimek, L., and Heneka, M. T.
(2005). Systemic inflammation induces apoptosis with variable vulnerability
of different brain regions. J. Chem. Neuroanat. 30, 144–157. doi: 10.1016/j.
jchemneu.2005.07.003

Serrano-Pozo, A., Betensky, R. A., Frosch, M. P., and Hyman, B. T. (2016). Plaque-
associated local toxicity increases over the clinical course of alzheimer disease.
Am. J. Pathol. 186, 375–384. doi: 10.1016/j.ajpath.2015.10.010

Shi, L. L., Zhang, N., Xie, X. M., Chen, Y. J., Wang, R., Shen, L., et al.
(2017). Transcriptome profile of rat genes in injured spinal cord at different
stages by RNA-sequencing. BMC Genomics 18:173. doi: 10.1186/s12864-017-
3532-x

Sierra, A., de Castro, F., Del Río-Hortega, J., Rafael Iglesias-Rozas, J., Garrosa, M.,
and Kettenmann, H. (2016). The ‘‘Big-Bang’’ for modern glial biology:
translation and comments on Pío del Río-Hortega 1919 series of papers on
microglia. Glia 64, 1801–1840. doi: 10.1002/glia.23046

Skene, N. G., and Grant, S. G. (2016). Identification of vulnerable cell types
in major brain disorders using single cell transcriptomes and expression
weighted cell type enrichment. Front. Neurosci. 10:16. doi: 10.3389/fnins.2016.
00016

Smith, H. S. (2010). Activated microglia in nociception. Pain Physician 13,
295–304.

Solga, A. C., Pong, W. W., Walker, J., Wylie, T., Magrini, V., Apicelli, A. J., et al.
(2015). RNA-sequencing reveals oligodendrocyte and neuronal transcripts
in microglia relevant to central nervous system disease. Glia 63, 531–548.
doi: 10.1002/glia.22754

Srinivasan, K., Friedman, B. A., Larson, J. L., Lauffer, B. E., Goldstein, L. D.,
Appling, L. L., et al. (2016). Untangling the brain’s neuroinflammatory
and neurodegenerative transcriptional responses. Nat. Commun. 7:11295.
doi: 10.1038/ncomms11295

Starossom, S. C., Imitola, J., Wang, Y., Cao, L., and Khoury, S. J. (2011).
Subventricular zone microglia transcriptional networks. Brain Behav. Immun.
25, 991–999. doi: 10.1016/j.bbi.2010.11.002

Stellwagen, D., andMalenka, R. C. (2006). Synaptic scaling mediated by glial TNF-
α. Nature 440, 1054–1059. doi: 10.1038/nature04671

Szulzewsky, F., Arora, S., de Witte, L., Ulas, T., Markovic, D., Schultze, J. L.,
et al. (2016). Human glioblastoma-associated microglia/monocytes express a
distinct RNA profile compared to human control and murine samples. Glia 64,
1416–1436. doi: 10.1002/glia.23014

Szulzewsky, F., Pelz, A., Feng, X., Synowitz, M., Markovic, D., Langmann, T.,
et al. (2015). Glioma-associated microglia/macrophages display an expression
profile different from M1 and M2 polarization and highly express
Gpnmb and Spp1. PLoS One 10:e0116644. doi: 10.1371/journal.pone.
0116644

Thakkar, J. P., Dolecek, T. A., Horbinski, C., Ostrom, Q. T., Lightner, D. D.,
Barnholtz-Sloan, J. S., et al. (2014). Epidemiologic and molecular prognostic
review of glioblastoma. Cancer Epidemiol. Biomarkers Prev. 23, 1985–1996.
doi: 10.1158/1055-9965.EPI-14-0275

Tian, D. S., Dong, Q., Pan, D. J., He, Y., Yu, Z. Y., Xie, M. J., et al. (2007).
Attenuation of astrogliosis by suppressing of microglial proliferation with the
cell cycle inhibitor olomoucine in rat spinal cord injury model. Brain Res. 1154,
206–214. doi: 10.1016/j.brainres.2007.04.005

Tremblay,M. È., Lowery, R. L., andMajewska, A. K. (2010).Microglial interactions
with synapses are modulated by visual experience. PLoS Biol. 8:e1000527.
doi: 10.1371/journal.pbio.1000527

Tsuda, M. (2016). Microglia in the spinal cord and neuropathic pain. J. Diabetes
Investig. 7, 17–26. doi: 10.1111/jdi.12379

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

Wang, C., Gong, B., Bushel, P. R., Thierry-Mieg, J., Thierry-Mieg, D., Xu, J., et al.
(2014). The concordance between RNA-seq and microarray data depends on
chemical treatment and transcript abundance. Nat. Biotechnol. 32, 926–932.
doi: 10.1038/nbt.3001

Wei, H. H., Lu, X. C. M., Shear, D. A., Waghray, A., Yao, C. P., Tortella, F. C.,
et al. (2009). NNZ-2566 treatment inhibits neuroinflammation and
pro-inflammatory cytokine expression induced by experimental penetrating
ballistic-like brain injury in rats. J. Neuroinflammation 6:19. doi: 10.1186/1742-
2094-6-19

Wirz, K. T., Bossers, K., Stargardt, A., Kamphuis, W., Swaab, D. F., Hol, E. M.,
et al. (2013). Cortical β amyloid protein triggers an immune response,
but no synaptic changes in the APPswe/PS1dE9 Alzheimer’s disease mouse
model. Neurobiol. Aging 34, 1328–1342. doi: 10.1016/j.neurobiolaging.2012.
11.008

Wolf, S. A., Boddeke, H. W., and Kettenmann, H. (2017). Microglia in physiology
and disease. Annu. Rev. Physiol. 79, 619–643. doi: 10.1146/annurev-physiol-
022516-034406

Wolf, Y., Yona, S., Kim, K. W., and Jung, S. (2013). Microglia, seen from the
CX3CR1 angle. Front. Cell. Neurosci. 7:26. doi: 10.3389/fncel.2013.00026

Xu, Y., Wang, Y., He, L., Jiang, Z., Huang, Z., Liao, H., et al. (2015). Telmisartan
prevention of LPS-induced microglia activation involves M2 microglia
polarization via CaMKKβ-dependent AMPK activation. Brain Behav. Immun.
50, 298–313. doi: 10.1016/j.bbi.2015.07.015

Yamasaki, R., Lu, H., Butovsky, O., Ohno, N., Rietsch, A. M., Cialic, R., et al.
(2014). Differential roles of microglia and monocytes in the inflamed central
nervous system. J. Exp. Med. 211, 1533–1549. doi: 10.1084/jem.20132477

Yandell, K. (2015). An array of options. The Scientist.
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,

Frontiers in Aging Neuroscience | www.frontiersin.org July 2017 | Volume 9 | Article 227241

https://doi.org/10.1186/s40478-016-0340-5
https://doi.org/10.1126/science.aag2590
https://doi.org/10.1038/nrneurol.2015.14
https://doi.org/10.1038/nrneurol.2015.14
https://doi.org/10.1146/annurev.immunol.021908.132528
https://doi.org/10.1146/annurev.immunol.021908.132528
https://doi.org/10.1089/neu.2012.2437
https://doi.org/10.1001/archpsyc.58.5.445
https://doi.org/10.1001/archpsyc.58.5.445
https://doi.org/10.1155/2014/908915
https://doi.org/10.1523/JNEUROSCI.3667-11.2011
https://doi.org/10.2174/156720509790147070
https://doi.org/10.1007/s12031-015-0626-2
https://doi.org/10.1007/s00401-016-1630-5
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.3233/jad-2001-3111
https://doi.org/10.1016/j.jchemneu.2005.07.003
https://doi.org/10.1016/j.jchemneu.2005.07.003
https://doi.org/10.1016/j.ajpath.2015.10.010
https://doi.org/10.1186/s12864-017-3532-x
https://doi.org/10.1186/s12864-017-3532-x
https://doi.org/10.1002/glia.23046
https://doi.org/10.3389/fnins.2016.00016
https://doi.org/10.3389/fnins.2016.00016
https://doi.org/10.1002/glia.22754
https://doi.org/10.1038/ncomms11295
https://doi.org/10.1016/j.bbi.2010.11.002
https://doi.org/10.1038/nature04671
https://doi.org/10.1002/glia.23014
https://doi.org/10.1371/journal.pone.0116644
https://doi.org/10.1371/journal.pone.0116644
https://doi.org/10.1158/1055-9965.EPI-14-0275
https://doi.org/10.1016/j.brainres.2007.04.005
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.1111/jdi.12379
https://doi.org/10.1016/j.cell.2015.01.049
https://doi.org/10.1016/j.cell.2015.01.049
https://doi.org/10.1038/nbt.3001
https://doi.org/10.1186/1742-2094-6-19
https://doi.org/10.1186/1742-2094-6-19
https://doi.org/10.1016/j.neurobiolaging.2012.11.008
https://doi.org/10.1016/j.neurobiolaging.2012.11.008
https://doi.org/10.1146/annurev-physiol-022516-034406
https://doi.org/10.1146/annurev-physiol-022516-034406
https://doi.org/10.3389/fncel.2013.00026
https://doi.org/10.1016/j.bbi.2015.07.015
https://doi.org/10.1084/jem.20132477
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Hirbec et al. Microglia Transcriptomic Analyses in Neuropathologies

neurons, and vascular cells of the cerebral cortex. J. Neurosci. 34, 11929–11947.
doi: 10.1523/JNEUROSCI.1860-14.2014

Zhang, B., Gaiteri, C., Bodea, L. G., Wang, Z., McElwee, J., Podtelezhnikov, A. A.,
et al. (2013). Integrated systems approach identifies genetic nodes and networks
in late-onset Alzheimer’s disease. Cell 153, 707–720. doi: 10.1016/j.cell.2013.
03.030

Zhu, Y., Lyapichev, K., Lee, D. H.,Motti, D., Ferraro, N.M., Zhang, Y., et al. (2017).
Macrophage transcriptional profile identifies lipid catabolic pathways that can
be therapeutically targeted after spinal cord injury. J. Neurosci. 37, 2362–2376.
doi: 10.1523/JNEUROSCI.2751-16.2017

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 © 2017 Hirbec, Noristani and Perrin. 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) or licensor 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 Aging Neuroscience | www.frontiersin.org July 2017 | Volume 9 | Article 227242

https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1016/j.cell.2013.03.030
https://doi.org/10.1016/j.cell.2013.03.030
https://doi.org/10.1523/JNEUROSCI.2751-16.2017
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


REVIEW
published: 14 June 2017

doi: 10.3389/fnagi.2017.00194

Aging Microglia—Phenotypes,
Functions and Implications for
Age-Related Neurodegenerative
Diseases
Björn Spittau 1,2*

1Department of Molecular Embryology, Faculty of Medicine, Institute for Anatomy and Cell Biology, University of Freiburg,
Freiburg, Germany, 2Institute of Anatomy, University of Rostock, Rostock, Germany

Edited by:
Yu Tang,

University of Texas Southwestern
Medical Center, United States

Reviewed by:
Wai T. Wong,

National Eye Institute (NIH),
United States

Claudia Perez-Cruz,
Centro de Investigaciones y Estudios

Avanzados CINVESTAV, Mexico

*Correspondence:
Björn Spittau

bjoern.spittau@anat.uni-freiburg.de

Received: 20 March 2017
Accepted: 30 May 2017
Published: 14 June 2017

Citation:
Spittau B (2017) Aging

Microglia—Phenotypes, Functions
and Implications for Age-Related

Neurodegenerative Diseases.
Front. Aging Neurosci. 9:194.

doi: 10.3389/fnagi.2017.00194

Aging of the central nervous system (CNS) is one of the major risk factors for
the development of neurodegenerative pathologies such as Parkinson’s disease
(PD) and Alzheimer’s disease (AD). The molecular mechanisms underlying the onset
of AD and especially PD are not well understood. However, neuroinflammatory
responses mediated by microglia as the resident immune cells of the CNS have
been reported for both diseases. The unique nature and developmental origin of
microglia causing microglial self-renewal and telomere shortening led to the hypothesis
that these CNS-specific innate immune cells become senescent. Age-dependent
and senescence-driven impairments of microglia functions and responses have been
suggested to play essential roles during onset and progression of neurodegenerative
diseases. This review article summarizes the current knowledge of microglia phenotypes
and functions in the aging CNS and further discusses the implications of these
age-dependent microglia changes for the development and progression of AD and PD
as the most common neurodegenerative diseases.

Keywords: aging, microglia, neurodegeneration, Alzheimer’s disease (AD), Parkinson’s disease (PD)

INTRODUCTION

Microglia are the resident immune cells of the central nervous system (CNS) and are involved
in a multifaceted range of physiological as well as pathophysiological functions (Prinz and
Priller, 2014). Recent scientific efforts have resulted in the elucidation of the developmental
origin, the molecular signature and the versatile functions of these macrophage-like glia cells
and gained insight into their nature. Especially, the developmental origin of microglia and
the associated phenomenon that these CNS-specific immune cells underlie a self-propelling
regeneration causing telomere shortening has resulted in the hypothesis that microglia age,
develop age-dependent cellular dystrophy and become senescent (Streit, 2006). Microglial
senescence has been linked to functional changes that are high likely to contribute to an
age-dependent increase of microglia-mediated neuroinflammatory responses, which are believed
to further threaten aged neurons and, thus, drive the progression of age-related neurodegenerative
pathologies, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD). This review article
summarizes the current knowledge of functional and phenotypic properties of aged microglia
and highlights the contribution of aged microglia to the development and progression of
AD and PD.
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MICROGLIA ORIGIN

The origin of microglia has long been debated and initial studies
suggested that microglia differ substantially from perivascular
and meningeal macrophages, which were described to derive
from blood-borne monocytes and are constantly replenished
(Hickey and Kimura, 1988; Bechmann et al., 2001). Recent
reports have demonstrated that both, CNS-specific macrophages
and microglia do not develop from circulating monocytes.
CNS macrophages including perivascular macrophages,
meningeal macrophages and to a lesser extent choroid plexus
macrophages arise from hematopoietic precursors during
embryonic development in a PU.1-dependent manner and
further establish stable cell populations that do not experience
turnover and replacement from bone-marrow-derived cells
(Goldmann et al., 2016). The developmental origin of microglia
has been revealed by elegant fate-mapping experiments, which
clearly demonstrated that PU.1 and Irf8-dependent pathways are
crucial for microglial embryonic development (Kierdorf et al.,
2013). Moreover, this development from yolk sac progenitors
is independent of IL-34. However, microglia migration towards
and population of the CNS parenchyma relies on neuronal
expression and secretion of IL-34, which serves as the most
potent homing factor for microglia precursors (Greter et al.,
2012). In order to sense IL-34, the microglial expression of
colony stimulating factor-1 receptor (CSF1R) is required.
Interestingly, the presence of CSF1 itself is not necessary for
proper microglia development and colonization of the CNS
(Ginhoux et al., 2010). The development of sophisticated
methods to immediately isolate microglia and to further
analyze their respective gene expression patterns have resulted
in the observation that microglia display a unique microglia
transcriptome demonstrating that microglia are distinct from
other macrophage populations (Beutner et al., 2013). The
establishment of this microglia-specific gene expression profile
in mice is restricted to the first postnatal weeks and includes
distinct microglia genes such as Olfml3, Tmem119, Hexb and
Fcrls, which indicate microglia maturation (Bennett et al.,
2016). Butovsky et al. (2014) have demonstrated that this
maturation is dependent on the presence of Transforming
growth factor beta 1 (TGFβ1). Using an elegant transgenic
mice approach to overcome the lethal inflammatory phenotype
of TGFβ1 mutant mice, this seminal study demonstrated
that lack of TGFβ1 in the CNS results in decreased microglia
numbers and loss of the microglia-specific gene expression
signature. However, the molecular mechanisms of microglia
maturation are likely to be more complicated and may
not entirely rely on CNS-specific mediators. Recently, the
contribution of gut microbiota has been demonstrated to
regulate microglia maturation and functions in the CNS (Erny
et al., 2015).

Upon establishment of the blood-brain-barrier (BBB),
microglia undergo a constant self-renewal in order to maintain
their population and it has been shown that no progenitor
recruitment from blood circulation is contributing to this
maintenance of microglia numbers throughout the lifetime
(Ajami et al., 2007). Next to proliferation, microglial apoptosis

contributes to maintaining the turnover of microglia in the adult
CNS (Askew et al., 2017). A challenging central question is
whether microglial self-renewal is the result of asymmetric cell
division of microglial precursors in the CNS. Using selective
CSF1R inhibitors, Elmore et al. (2014) were able to show that
microglia could be effectively depleted (90% depletion) from
the CNS. Surprisingly, a complete repopulation was observed
and was mediated through a proliferation of nestin-positive
precursors, which finally differentiated into microglia (Elmore
et al., 2014). These results suggest that the microglia turnover
in the adult CNS is mediated from a yet unknown precursor
cell population or even from a not yet located stem cell
niche. It will be of utmost interest to further characterize
the endogenous microglia replenishment in the healthy and
diseased CNS.

MICROGLIA ACTIVATION

The paradigm that microglia retain a resting state under
non-pathological conditions and only react to endogenous and
exogenous inflammatory stimuli has been critically evaluated
by Nimmerjahn et al. (2005). Using 2-photon imaging, the
authors have shown that microglia are constantly surveying
their microenvironment in order to rapidly react and migrate
towards impairments such as neuron death, BBB leakage or
extracellular ATP accumulation (Nimmerjahn et al., 2005).
This observation led to the conclusion that microglia might
have important functions under physiological conditions. Recent
reports have contributed to broaden our understanding that
microglia capacities in the CNS include several essential features
such as synaptic pruning (Stevens et al., 2007; Paolicelli et al.,
2011; Hoshiko et al., 2012; Schafer et al., 2012), influencing
functions of activated and/or over-activated neurons (Panatier
and Robitaille, 2012), supporting cortical neuron survival (Ueno
et al., 2013), shaping axonal projections (Pont-Lezica et al., 2014;
Squarzoni et al., 2014), synapse formation during learning in
the adult CNS (Parkhurst et al., 2013) as well as maintenance
of synaptic functions in the mature retina (Wang et al.,
2016). Although many of the abovementioned functions are
mediated during the embryonic and postnatal development
of the CNS, microglia support neuronal circuits and, thus,
important neurological CNS functions throughout adulthood
and aging.

Under pathological conditions microglia rapidly change their
morphology and adopt activation states in order to adequately
react to the activation-causing stimuli. Microglia proliferation
has been reported after traumatic CNS injuries (Streit et al., 1999)
and degenerative pathologies including optic nerve lesion (Wohl
et al., 2010), AD (Kamphuis et al., 2012), prion disease (Gómez-
Nicola et al., 2013), PD (Machado et al., 2016) or ischemia (Li
et al., 2013).

Based on the nature of distinct microglia stimuli, pathogen-
associated molecular patterns (PAMPs) and danger-associated
molecular patterns (DAMPs) have been categorized and are
detected by microglial receptors including Toll-like receptors
(TLRs), NOD-like receptors (NLRs), RIG-like receptors
(RLRs), AIM2-like receptors (ALRs) as well as C-type lectins
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(Kigerl et al., 2014). In analogy to macrophages, which display
remarkable plasticities in response to distinct environmental
triggers (Mosser and Edwards, 2008), microglia activation has
been subdivided into M1-like and M2-like activation states
(Prinz and Priller, 2014). Although M1- and M2-like microglia
polarization can be sufficiently induced in vitro by using
Th1 cytokines such as IFNγ (Zhou et al., 2015) and Th2 cytokines
such as IL4 (Zhou et al., 2012), these distinct activation patterns
do not seem to be applicable in vivo (Ransohoff, 2016).
Moreover, macrophage activation patterns classified as M1 and
M2 further needs thorough revision due to increasing knowledge
about distinct macrophage stimuli (Martinez and Gordon,
2014). With regard to their unique molecular signatures,
resident microglia have to be distinguished from infiltrating
monocytes/macrophages in terms of gene expression patterns,
surface receptors and functions, respectively. Especially under
pathological conditions microglia and macrophages display
distinct functional properties. Infiltrating monocytes are
able to contribute to the resident microglia pool during
experimental autoimmune encephalomyelitis (EAE) and have
been demonstrated to trigger EAE progression in this context
(Ajami et al., 2011). Moreover, T-cell mediated macrophage
activation seems to be essential for inflammatory demyelination
processes observed during EAE (Yamasaki et al., 2014).
Similar observations for monocyte/macrophage contribution to
neuroinflammation and subsequent neurodegeneration has been
reported for generalized seizures an animal model for epilepsy
(Varvel et al., 2016). Of note, inflammatory M1 macrophages
entering the aged brain due to BBB impairments have been
demonstrated to negatively regulate synaptic functions and LTP
formation in the hippocampus (Costello et al., 2016).

Recently identified microglia-specific genes such as Tmem119
(Bennett et al., 2016) or Fcrls (Butovsky et al., 2014)
and/or sophisticated microglia isolation protocols (de Haas
et al., 2007) can be used in order to identify region-specific
microglial differences. Differences in microglial surface receptor
expressions (de Haas et al., 2008) and gene expression patterns
(Doorn et al., 2015) have been reported and suggest the existence
of different functional distinct microglia subpopulations in
the CNS. This microglial diversity may be responsible for
regionally localized homeostatic functions and might further
underlie region-specific sensitivities to microglial dysregulation
and involvement in age-related neurodegenerative processes
(Grabert et al., 2016).

AGING MICROGLIA: PRIMING,
FUNCTIONS AND PHENOTYPES

In healthy rodents, microglia make up 5%–12% of all
CNS-specific cells. However, the distribution is diverse and
some brain areas display higher densities of microglia (Lawson
et al., 1990). Interestingly, the nigrostriatal system including
substantia nigra (SN) and the caudate putamen (CPu) show
significantly higher microglia densities than adjacent brain
regions (Sharaf et al., 2013). Similar observations have been
made in humans where microglia represent 0.5%–16.6% of
all cells in the brain parenchyma. Moreover, the numbers of

microglia in the white matter are higher compared to gray
matter (Mittelbronn et al., 2001). Several studies have tried
to address the age-related changes in microglia numbers in
different species with diverse results. Whereas no obvious
changes in Iba1+ microglia numbers have been observed in
the aged rat hippocampus (VanGuilder et al., 2011), reductions
in microglia numbers were detected in the aged nigrostriatal
system and cerebral cortex (Sharaf et al., 2013). However, in
aged rhesus monkeys (25–35 years) the numbers of microglia
increased and the cells displayed heterogeneous intracellular
inclusions indicative of increased phagocytosis and reduced
capacity to digest engulfed particles (Peters et al., 1991).
Dystrophic changes in microglia have been detected in aged
individuals and were much more prevalent in older subjects
(68-year-old) than in the younger ones (38-year-old; Streit et al.,
2004). Interestingly, it has been described that dystrophic or
senescent microglia might undergo age-dependent degeneration
and are believed to lose their neuroprotective functions, thereby,
contributing to the age-dependent onset of sporadic AD (sAD;
Streit et al., 2009). Altered microglia morphology and reduced
arborization have been reported in the human brain during
aging and in AD patients (Davies et al., 2016). It remains
unclear whether the observed morphological changes are signs
of microglia degeneration and a recent study suggests that
the reported microglia dystrophy might reflect age-related
cytoskeleton alterations (Tischer et al., 2016). Interestingly,
direct Tau uptake by microglia has been reported (Bolós
et al., 2016) and is enhanced by anti-tau antibodies in an
Fc-receptor-dependent manner (Luo et al., 2015). Moreover,
hyperphosphorylated Tau was detectable in aged common
marmoset brains and was present in dystrophic microglia
suggesting that clearance of pathological protein aggregates
might foster microglia dystrophy (Rodriguez-Callejas et al.,
2016).

Due to the unique nature of microglia and especially
due to their self-renewal capacity, a telomere shortening was
hypothesized during aging of microglia. Whereas cells with
high proliferative potential, such as stem cells or cancer
cells have increased telomerase activity in order to maintain
telomere length, somatic cells with limited replication potential
possess less telomerase activity (Satyanarayana et al., 2004;
Blasco, 2007). Indeed, telomere shortening has been reported
in cultured microglia (Flanary and Streit, 2004) and was
associated with dementia in human AD brain samples (Flanary
et al., 2007). However, it seems that mouse microglia do
not develop dystrophy and telomere shortening under normal
conditions due to the limited lifespan of mice. Transgenic
approaches, such as the Ercc1 mutant mice, a DNA repair-
deficient mouse model that displays features of accelerated
aging in multiple tissues including the CNS have contributed
to the understanding how aging might affect microglia
functions. In Ercc1 mutant mice, microglia display hallmark
features of priming and increased responses to systemic
lipopolysaccharide (LPS) exposure as reflected by cytokine
expression and phagocytosis (Raj et al., 2014). Mice lacking
the telomerase RNA component (TERC) are characterized
by an accelerated aging phenotype associated with enhanced
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microglia activation in response to LPS and a subsequent
immune cell infiltration upon BBB dysregulation (Raj et al.,
2015). These results indicate that microglial aging result in
functional impairments and increased microglia activation,
which is probably involved in the onset and/or progression of
neurodegeneration.

Age-dependent microglia activation has been described in
aged rodents (Perry et al., 1993), rats (Ogura et al., 1994),
humans (Streit and Sparks, 1997) as well as non-human primates
(Sheffield and Berman, 1998). Hallmarks of age-dependent
microglia activation are increased expression of MHCII (Henry
et al., 2009; VanGuilder et al., 2011), CD68 (Wong et al.,
2005; Griffin et al., 2006) as well as increased levels of TLRs
(Letiembre et al., 2007). Aged microglia have been characterized
by the presence of lipofuscin inclusions, reduced processes
complexity and increased expression pro-inflammatory (TNFα,
IL1β, IL6) and anti-inflammatory (IL10, TGFβ1) cytokines. After
LPS challenge aged microglia exhibit increased expression of
TNFα, IL1β, IL6 and IL10 (Sierra et al., 2007). Furthermore,
increased expression of macrophage inflammatory protein
(MIP)1α, MIP1β and RANTES in different brain regions of
aged mice have been detected (Felzien et al., 2001). In general,
the reactivity of microglia upon stimulation seems to be
increased during aging, which is further reflected by enhanced
microglia activation in aged mice after injection of activating
cytokines IL1β and IL12 to the hippocampus (Lee et al., 2013).
This phenomenon has been described as microglia priming
and TLR2, TLR3 and TLR4 seem to be essential to prime
microglia but not astrocytes for ATP-dependent interleukin-1β

release (Facci et al., 2014). Microglia priming induces a highly
conserved transcriptional signature with aging- and disease-
specific aspects (Holtman et al., 2015), which is dependent on
High mobility group box 1 (HMGB1). HMGB1 mediates the
neuroinflammatory priming in the aged CNS and inhibition of
HMGB1 functions appears to desensitize aged microglia to an
immune challenge, thus preventing exaggerated behavioral and
neuroinflammatory responses following microglia stimulation
(Fonken et al., 2016).

Expression levels of the complement genes, C3 and
complement factor B (CFB), both of which being previously
associated with age-related macular degeneration (AMD),
increased during aging suggesting that senescent retinal
microglia may contribute to complement dysregulation during
disease pathogenesis and progression (Ma et al., 2013). Although
these studies suggest an inflammatory microglia phenotype in
aged mice, RNA sequencing revealed that aged microglia display
decreased expression of genes associated with endogenous
ligand recognition and upregulated genes associated with
microbe recognition and host defense. Most interestingly,
aged microglia presented increased expression of genes related
to neuroprotection and neurorestoration (Hickman et al.,
2013).

Among the functional impairments of aged microglia,
a reduced capacity to engulf amyloid-β fibrils (Floden and
Combs, 2011) and reduced chemotaxis, process motility and
migration towards laser-induced injury and extracellular
ATP (Damani et al., 2011) have been described. Moreover,

cultured microglia from aged mice show a stronger reaction
upon ATP-triggered activation, which is characterized by
increased nitric oxide (NO) and TNFα release (Lai et al., 2013).
Recently, it has been reported that myelin pieces are gradually
released from aging myelin sheaths and are subsequently
cleared by microglia. This myelin fragmentation increased
with age and led to the formation of insoluble, lipofuscin-like
lysosomal inclusions in microglia contributing to microglial
senescence and immune dysfunctions in aging mice (Safaiyan
et al., 2016). Age-dependent microglia dysfunctions might be
further enhanced by loss of endogenous regulation of microglia
functions and activation states. TGFβ1 has been demonstrated
to promote quiescence of microglia in vitro (Spittau et al., 2013)
and in vivo (Butovsky et al., 2014) and is a promising candidate
to regulate microglia activation states. Moreover, TGFβ1 inhibits
IFNγ-induced microglia activation and degeneration of
midbrain dopaminergic (mDA) neurons (Zhou et al., 2015)
and induces microglia-mediated engulfment of apoptotic
cells via induction of microglial Mfge8 expression (Spittau
et al., 2015). Age-dependent impairment of TGFβ1 signaling
was lately described to reduce the protective functions of
microglia promoting cytotoxic activation and potentiating
microglia-mediated neurodegeneration (Tichauer et al.,
2014).

Although most of the abovementioned studies have
been performed in rodents, recent studies indicate that
microglia priming and age-dependent microglia activation
is also detectable in the human CNS. In vivo imaging using
(R)-[(11)C]PK11195 and positron emission tomography
revealed that activated microglia appear in several cortical
and subcortical areas during healthy aging (Schuitemaker
et al., 2012). Further, glial-specific genes shift their regional
expression patterns during aging and especially microglia-
specific genes globally display increased expression during aging
(Soreq et al., 2017). Taken together, priming of microglia and
age-related changes in microglia functions and activations are
likely to be involved in the development and progression of
neurodegenerative diseases such as AD and PD.

AGING AND AD AND PD

The most frequent neurodegenerative diseases are AD and PD,
both of which sharing a common risk factor namely aging.
AD is characterized by progressive cognitive impairments and
behavioral disturbances. Neuropathological hallmarks such as
neuron death, dystrophic neurites, synapse loss, amyloid plaques
and neurofibrillary tangles are accompanied by reactive gliosis
(Serrano-Pozo et al., 2011). Basically, AD can be categorized
into two distinct subtypes: sAD and familial AD (fAD). Whereas
sAD represent a polygenic disorder, fAD is linked to mutations
and polymorphisms in genes such as Amyloid precursor protein
(APP), Presenilin 1 (PSEN1) or Presenilin 2 (PSEN2) and
account for 5%–10% of all AD cases (Bagyinszky et al., 2014). PD
is characterized by the progressive loss of mDA neurons in the
SN pars compacta and the subsequent reduction in dopamine
levels in the basal ganglia, which results in classical movement
disturbances such as akinesia, rigidity and tremor. Similar to

Frontiers in Aging Neuroscience | www.frontiersin.org June 2017 | Volume 9 | Article 194246

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Spittau Aging Microglia

AD, PD cases can be divided into sporadic PD (sPD) and
familial PD (fPD), the latter of which represents approximately
20%–25% of all PD cases. A common hallmark of sPD and fPD
is the presence of intracellular inclusions termed Lewy bodies
(Goedert, 2001; Jellinger, 2001). α-Synuclein (αSyn) has been
identified as a major component of Lewy bodies in sporadic
and familial cases and is believed to be the central player in
PD etiology (Spillantini et al., 1998). Activated microglia have
been described in both pathologies (McGeer et al., 1988) and
microglia-mediated neuroinflammatory responses are believed
to contribute to disease onset, severity and progression of AD
(Heneka et al., 2015) and PD (Block et al., 2007).

In AD mouse models, microglia seem to build up a barrier
that prevents neurotoxic effects of proto fibrillar Amyloid-β
(Aβ) hotspots around amyloid plaques (Condello et al., 2015).
Furthermore, microglia phagocytose Aβ in order to promote
clearance of Aβ plaques. Aged microglia display reduced Aβ

phagocytosis (Floden and Combs, 2011) and recently it has
been demonstrated that Aβ engulfment by aged microglia results
in Aβ redistribution rather than in a biophysical degradation
of the protein aggregates (Njie et al., 2012). Interestingly,
young microglia have been recently demonstrated to restore
the amyloid clearance of aged microglia in an elegant ex vivo
organotypic brain slice co-culturing approach (Daria et al., 2017).
In transgenic APP23 mice, exacerbated age-dependent microglia
activation and disturbances in microglial cytoskeletal regulations
have been described which are high likely to contribute to further
neurodegeneration (Janssen et al., 2016). Next to the deteriorated
response of aged and primed microglia, complement factor

C3 secreted from reactive astrocytes has been reported to interact
with the microglial C3a receptor (C3aR) thereby mediating
Aβ pathology and neuroinflammation in AD mouse models
(Lian et al., 2016). However, lack of C3aR in APP transgenic
mice results in decreased, rather than increased, Aβ deposition
and C3aR-deficient microglia are more effective in degrading
extracellular Aβ (Czirr et al., 2017). Although increased
microglia responses as well as impairments of microglia-
mediated clearance of Aβ seem to promote the progression of
AD, the role of microglia contribution to AD pathology remains
unclear. Interestingly, the ablation of microglia in APP transgenic
mouse strains crossed with CD11b-HSVTK mice, in which nearly
complete depletion of microglia was achieved after ganciclovir
application, neither Aβ plaque formation nor amyloid-associated
neuron dystrophy was depended on the presence of microglia
(Grathwohl et al., 2009). Further studies will be essential in order
to broaden our understanding of how microglia contribute to
disease onset and progression and a special focus should be given
on the role of aged microglia to elucidate the impact of aging on
microglial functions in AD.

In PD, marked microglia reactions in the human SN
have been observed, which are associated with extraneuronal
neuromelanin deposits (Beach et al., 2007). Furthermore,
human neuromelanin is able to induce microglia-mediated
neuroinflammation and neurodegeneration in rats (Zecca
et al., 2008) indicating that the release of neuromelanin
from degenerating mDA neurons is a potent trigger for
microglia activation. In rodents, toxin-based models, such
as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) are

FIGURE 1 | Microglia life cycle. Schematic summary of microglial development, maturation as well as aging and the functional changes influencing onset, severity
and progression of neurodegeneration in Alzheimer’s disease (AD) and Parkinson’s disease (PD).
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employed to understand the contribution of microglia to
onset and progression of mDA neuron degeneration (Machado
et al., 2016). Although the contribution of microglia-mediated
neuroinflammation has been clearly demonstrated (Block
et al., 2007; Machado et al., 2016), the impact of aging
is often ignored in these studies. Interestingly, microglia
priming increases the response to the herbicide paraquat
and, thus resulting in increased mDA neurodegeneration
(Purisai et al., 2007) and aged monkeys display stronger and
persistent microglia reactivity after MPTP application indicating
microglial involvement in age-dependent degeneration of
mDA neurons (Kanaan et al., 2008). It is high likely
that age-dependent microglia priming involves epigenetic
modifications as reported by Tang et al. (2014). The authors
demonstrated that histone H3K27me3 demethylase Jumonji
domain containing 3 (Jmjd3) is essential for M2-like microglia
activation. Inhibition of Jmjd3 resulted in exacerbation of
MPTP-induced mDA degeneration and aged mice displayed
reduced Jmjd3 expression and increased H3K27me3 suggesting
an age-dependent switch in microglia activation phenotypes
(Tang et al., 2014). The effect of aging on the severity of
MPTP-induced neurodegeneration is further supported by a
study using Senescence-accelerated mouse prone 8 (SAMP8), a
mouse line with early onset of senility which presents increased
microglia activation and increased neurodegeneration after
MPTP intoxication (Liu et al., 2010). Next to toxin-based models
for PD, αSyn transgenic mice are often used to understand
how αSyn aggregates contribute to neuroinflammation and
neurodegeneration in PD. Non-aggregated αSyn is able to trigger
TLR-mediated immune responses of microglia, a phenomenon
that might contribute to the onset of sporadic and/or familial
αSyn-related PD forms (Roodveldt et al., 2013). Notably,
telomere shortening has been shown to accelerate αSyn
pathology, which is linked to limited microglia function in the
brainstem (Scheffold et al., 2016). This observation might be
explained by age-dependent microglia deficits. Indeed, isolated
microglia from adult mice display phagocytosis impairment of
free and exosome-associated αSyn oligomers associated with

enhanced TNFα secretion (Bliederhaeuser et al., 2016). Taken
together, the contribution of aged microglia to the progressive
nature of PD is most likely and the fact that the nigrostriatal
system displays a high density of microglia (Sharaf et al., 2013)
further supports the hypothesis that microglia are involved
in PD pathogenesis. However, the molecular and functional
changes of aged microglia are only partially understood and their
contribution to neurodegeneration and neuroinflammation in
aged individuals need to be further addressed in future studies.

CONCLUSION

Aging has been clearly demonstrated to affect microglia
functions and activation states in vitro and in vivo and it
further appears that the unique nature of microglia contributes
to their age-dependent functional impairment. Moreover, the
onset, severity and progression of neurodegenerative diseases
such as AD and PD are influenced by aging and aging-associated
changes in microglia functions (Figure 1). However, it is not clear
whether aged microglia are responsible for the exacerbation of
neurodegeneration in aged individuals or whether aged neurons
itself are more prone to degenerative cues. Furthermore, the
contribution of systemic age-dependent changes, such as obesity
and metabolic diseases like diabetes, are likely to affect microglia
and neuroinflammatory responses. Overall, the effect of aging
on microglia needs to be further analyzed in order to better
understand the molecular mechanisms underlying age-related
changes in microglia phenotypes and functions.
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Alzheimer’s disease (AD) is characterized by a progressive cognitive decline and believed
to be driven by the self-aggregation of amyloid-β (Aβ) peptide into oligomers and
fibrils that accumulate as senile plaques. It is widely accepted that microglia-mediated
inflammation is a significant contributor to disease pathogenesis; however, different
microglia phenotypes were identified along AD progression and excessive Aβ production
was shown to dysregulate cell function. As so, the contribution of microglia to AD
pathogenesis remains to be elucidated. In this study, we wondered if isolated microglia
cultured for 16 days in vitro (DIV) would react differentially from the 2 DIV cells upon
treatment with 1000 nM Aβ1–42 for 24 h. No changes in cell viability were observed and
morphometric alterations associated to microglia activation, such as volume increase
and process shortening, were obvious in 2 DIV microglia, but less evident in 16 DIV
cells. These cells showed lower phagocytic, migration and autophagic properties after
Aβ treatment than the 2 DIV cultured microglia. Reduced phagocytosis may derive from
increased CD33 expression, reduced triggering receptor expressed on myeloid cells 2
(TREM2) and milk fat globule-EGF factor 8 protein (MFG-E8) levels, which were mainly
observed in 16 DIV cells. Activation of inflammatory mediators, such as high mobility
group box 1 (HMGB1) and pro-inflammatory cytokines, as well as increased expression
of Toll-like receptor 2 (TLR2), TLR4 and fractalkine/CX3C chemokine receptor 1
(CX3CR1) cell surface receptors were prominent in 2 DIV microglia, while elevation of
matrix metalloproteinase 9 (MMP9) was marked in 16 DIV cells. Increased senescence-
associated β-galactosidase (SA-β-gal) and upregulated miR-146a expression that were
observed in 16 DIV cells showed to increase by Aβ in 2 DIV microglia. Additionally, Aβ

downregulated miR-155 and miR-124, and reduced the CD11b+ subpopulation in 2 DIV
microglia, while increased the number of CD86+ cells in 16 DIV microglia. Simultaneous
M1 and M2 markers were found after Aβ treatment, but at lower expression in the
in vitro aged microglia. Data show key-aging associated responses by microglia when
incubated with Aβ, with a loss of reactivity from the 2 DIV to the 16 DIV cells, which
course with a reduced phagocytosis, migration and lower expression of inflammatory
miRNAs. These findings help to improve our understanding on the heterogeneous
responses that microglia can have along the progression of AD disease and imply that
therapeutic approaches may differ from early to late stages.

Keywords: Alzheimer’s disease, amyloid-β peptide, neuroinflammation, aged-cultured microglia, inflammatory-
microRNAs, M1/M2 microglia subtypes, CD11b, CD86
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INTRODUCTION

Alzheimer’s disease (AD) is the most common dementing
disorder in the elderly affecting around 35.6 million people
worldwide and is expected to duplicate in the years to come
(Prince et al., 2013). Amyloid precursor protein (APP) expression
is elevated in AD, and increased amyloidogenic cleavage has been
considered to cause the deposition of extracellular β-amyloid
(Aβ) plaques (Rubio-Perez and Morillas-Ruiz, 2012). Deposition
of Aβ was shown to trigger the activation of both astrocytes
and microglia leading to the production of pro-inflammatory
cytokines, such as interleukin (IL)-1β and tumor necrosis factor
(TNF)-α, among other inflammatory mediators (Wyss-Coray,
2006), thus generating neuroinflammation and contributing to
AD progression and severity (Heneka et al., 2015). Nevertheless,
treatment with nonsteroidal anti-inflammatory drugs (NSAIDs)
has consistently failed in efficacy in AD patients (von
Bernhardi, 2010), unless administered early in the disease (Varvel
et al., 2009). Lately, it was shown that fenamate NSAIDs
decreased microglia activation and IL-1β processing in rodent
models, which led the authors to suggest that they may be
repurposed as inhibitors of the NOD-like receptor family pyrin
domain containing 3 (NLRP3) inflammasome (Daniels et al.,
2016). Microglial malfunction has been associated with AD
pathogenesis. It has been indicated to contribute to changes
in cell microenvironment and to precede or facilitate AD
onset (Regen et al., 2017). However, the underlying molecular
mechanisms of microglia failure in AD pathogenesis remain to
be identified.

Microglia are the first line and the main immune defense
against disease and injury in the central nervous system (CNS).
When activated by stress stimuli the cells migrate and restrict the
damage by surrounding the site lesion and by clearing cellular
debris by phagocytosis. Microglia are activated by oligomeric
and fibrillar species of Aβ, as well as by molecules derived
from degenerating neurons (Mizuno, 2012), and have been
described to play a key role in removal of Aβ from the brain
(Morgan, 2009). However, microglia is differently polarized
depending on the stimuli and the time of exposure, reason
why in some circumstances the phagocytic and inflammatory
phenotypes may alternate (Silva et al., 2010). It is well recognized
that microglia may comprise a family of cells with diverse
phenotypes exerting beneficial or destructive effects (Schwartz
et al., 2006). Other studies also propose that age-dependent
neuroinflammatory changes trigger decreased neurogenesis and
cognitive impairments in AD (Lynch et al., 2010; Varnum and
Ikezu, 2012). In addition, it has been claimed that these cells lose
their ability to phagocytose Aβ with age and disease progression,
and that in late disease stages inflammation no longer exists
(Floden and Combs, 2011; Wojtera et al., 2012). As so, there is an
urgent need to understand age-dependent changes in microglia
function and associated differences in responding to stimuli
to better recognize the diverse roles that these cells may have
in early and late-stages of AD. Recent evidences showed that
endogenous microRNAs (miRNAs), a subset of small noncoding
RNA molecules that play an important role in the regulation of
gene expression at the posttranscriptional level, are associated to

microglia activation (Guedes et al., 2013) and that miRNA(miR)-
155 can contribute to neuroinflammation in AD (Guedes et al.,
2014). Interestingly, upregulated miR-155 and miR-146a plus
downregulated miR-124 were recently observed in microglia
upon stimulation with lipopolysaccharide (LPS) (Cunha et al.,
2016). Actually, these miRNAs are considered to modulate the
inflammatory status (Olivieri et al., 2013b) and to be associated
to microglia activation and polarization (Ponomarev et al.,
2013).

Over the years several studies attempted the identification
of microglia activation subtypes in several in vitro and in vivo
models, as well as in AD brain autopsy specimens, trying
to fit them into the described polarization schemes (Walker
and Lue, 2015). Although the priming of microglia and the
polarization into the M1 phenotype have been suggested by
most of the works in AD (Heneka et al., 2015; Hoeijmakers
et al., 2016), others also indicate increased expression of
Arginase 1 (Colton et al., 2006) and co-expression of M1, M2a,
M2b and M2c markers (Wilcock, 2012; Sudduth et al., 2013).
Lately, five microglia morphological phenotypes (i.e., ramified,
hypertrophic, dystrophic, rod-shaped and amoeboid) were
identified in AD patient autopsied samples, together with an
increased prevalence of dystrophicmicroglia in cases of dementia
with Lewy bodies (Bachstetter et al., 2015). Contrasting results
obtained so far derive from the diversity of the experimental
models that are tentatively used to recapitulate the in vivo AD
condition.

Relatively to microglia, in vitro cell models, either microglial
cell lines, or primary microglia isolated from embryonic
(Gingras et al., 2007) or neonatal animals (Floden and Combs,
2007), though largely used (Moussaud and Draheim, 2010),
fail in mimicking adult behavior cells (Sierra et al., 2007).
Furthermore, primary cultures of microglia were shown to
change their activation profile according with the time in culture
(Cristóvão et al., 2010). All of these features contribute to data
inconsistency.

Since AD is considered an age-related disease, the use of
aged animal models have been proposed (Bachstetter et al.,
2015). However, a lot of problems must be considered. Actually,
the need to wait for 2–3 years for animals aging to assess
differences in cell function, and only in the survival population,
together with a high result variability (Birch et al., 2014), have
contributed to misunderstand many of the elderly processes and
to failure in obtaining successful innovative strategic approaches
to AD. Therefore, we hypothesized that our experimental model
of in vitro aging microglia (Caldeira et al., 2014) would add
additional information on the microglia phenotypes occurring
in AD onset and later along the disease progression, while
also allowing the work with aged microglia, once there are no
processes to isolate degenerating microglia for experimentation
(Njie et al., 2012).

In the present study we assumed that the recently isolated
microglia maintained for 2 days in vitro (DIV) and the 16 DIV
aged cultured microglia represent distinct cell populations
that should react differently to the Aβ stressful stimulus.
These subtypes may underlie diverse vulnerabilities along AD
progression, from onset to late stages, and serve as models to

Frontiers in Aging Neuroscience | www.frontiersin.org August 2017 | Volume 9 | Article 277253

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Caldeira et al. Microglia Phenotype Governs Reactivity to Aβ

better understand changes associated to cell malfunction by
Aβ accumulation and by aging, not completely clarified so far.
We considered that the 2 DIV young microglia phenotype of
our previous study (Caldeira et al., 2014) mostly resemble the
activation of the cell in the subacute inflammation state, while the
16 DIV aged cells recapitulate cells unable to mount an efficient
response against a stressor stimulus. Hence, we aimed to examine
the behavior of these two in vitro cultured microglia phenotypes,
young/reactive (2 DIV) and aged/desensitized (16 DIV) cells,
when facing a non-toxic mixture of Aβ1–42 oligomeric and
fibrillar species at a concentration of 1000 nM. For that, we
decided to assess cell morphology, phagocytic ability, migration
capacity, autophagy and senescence markers, as well as a set
of inflammatory-associated miRNAs, inflammatory cytokines,
the alarmin high mobility group box 1 (HMGB1) protein,
key regulatory receptors and inflammasome complex, together
with matrix metalloproteinase 2 (MMP2) and MMP9 activation.
Further, we evaluated gene expression of microglia phenotype
M1 and M2 biomarkers and explored their subtype distribution.

Our results indicate that Aβ1–42, although prompting an
acute inflammatory reaction, promote the switch of the activated
microglia towards a miscellaneous polarized population, while
eliciting microglia senescence and impairing phagocytosis in the
2 DIV in vitro microglia. Data also highlight the presence of an
increased population of CD86+ microglia in the 16 DIV cells,
whose expression is associated to cell plasticity and multipolar
morphology. The number of CD86+ cells that increased in
the presence of Aβ1–42, further suggests the simultaneous
existence of pro- and anti-inflammatory phenotypes and a lower
ability to mount immune and neuroprotective responses by
the aged microglia. We believe that a better understanding
on the significance of these two activated/dysfunctional cell
states on AD pathogenesis will contribute to dissect microglial
mechanisms in AD. If microglial diversity is confirmed in
subsequent studies, different therapeutic approaches may be
required to ensure effectiveness in a disease where personalized
medicine and patient stratification are considered critical issues.

MATERIALS AND METHODS

Animals
Animal care followed the recommendations of the European
Convention for the Protection of Vertebrate Animals Used for
Experimental and Other Scientific Purposes (Council Directive
86/609/EEC) and National Law 1005/92 (rules for protection of
experimental animals). All animal procedures were approved by
the Institutional animal care and use committee. Every effort
was made to minimize the number of animals used and their
suffering.

Primary Culture of Microglia
Mixed glial cultures were prepared from 1 to 2 day-old CD1mice,
as previously described (McCarthy and de Vellis, 1980), with
minor modifications (Gordo et al., 2006). Cells (4 × 105

cells/cm2) were plated on uncoated 12-well tissue culture plates
(with 18 mm coverslips) or 75-cm2 culture flasks in culture
medium (DMEM-Ham’s F12 medium supplemented with 2 mM

L-glutamine, 1 mM sodium pyruvate, 1% nonessential amino
acids, 10% fetal bovine serum (FBS), and 1% antibiotic-
antimycotic solution), and maintained at 37◦C in a humidified
atmosphere of 5% CO2.

Microglia were isolated as previously described (Saura et al.,
2003). Briefly, after 21 days in culture, microglia were obtained
by mild trypsinization with a trypsin-EDTA solution diluted
1:3 in DMEM-Ham’s F12 for 45–60 min. The trypsinization
resulted in detachment of an upper layer of cells containing
astrocytes, whereas microglia remained attached to the bottom
of the well. The medium containing detached cells was removed
and the initial mixed glial-conditioned medium was added. The
use of this isolation procedure of mixed astrocyte-microglia
cultures for 21 DIV cells allows a maximal yield and purity of
microglia after trypsinization. In fact, astrocyte contamination
was less than 2%, as assessed by immunocytochemical staining
using a primary antibody against glial fibrillary acidic protein
(GFAP) and a species-specific fluorescent-labeled secondary
antibody. Neuronal contamination was 0%, as assessed by
immunocytochemical staining with a primary antibody against
microtubule-associated protein 2 (MAP2) followed by a species-
specific fluorescent-labeled secondary antibody (Silva et al.,
2010).

Treatment of Microglia with a Mixture of
Aβ1–42 Oligomers and Fibrils
Aβ1–42 peptide was diluted in DMEM-Ham’s F12 culture
medium to a stock concentration of 111 µM and allowed to
incubate for 24 h at 37◦C to preaggregate the peptides, as
formerly indicated (Hjorth et al., 2013). Cells were incubated
with 50 nM and 1000 nM Aβ1–42, during 24 h, at 37◦C, although
the lower concentration was later abandoned in favor of the
more consistent results obtained with the higher one. Cells
incubated in the absence of Aβ1–42 were used as controls. We
have previously observed that such Aβ1–42 solution was mainly
constituted by large oligomers and fibrils with a small proportion
ofmonomers and dimers, after a 24 h period of time (Falcão et al.,
2017).

Isolated microglia were differentially aged in culture for 2 and
16 DIV in order to obtain two diverse microglia phenotypes, in
accordance with our prior publication (Caldeira et al., 2014), and
to assess whether they differentially respond to the Aβ stimulus.
Actually, the 2 DIV cells represent an activated microglia subtype
determined by the acute process of isolation, and the 16 DIV a
more unresponsive/dormant subclass.

Determination of Cell Death
To evaluate microglia cell death, we used phycoerythrin-
conjugated annexin V (V-PE) and 7-amino-actinomycin D
(7-AAD; Guava Nexinr Reagent, #4500-0450, Merck Millipore,
Billerica, MA, USA) to determine the percentage of viable, early-
apoptotic and late-apoptotic/necrotic cells by flow cytometry.
After incubation, plated microglia were trypsinized and added
to cells in the incubation media, which were then stained
with annexin V-PE and 7-AAD, following manufacturer’s
instructions, and analyzed on a Guava easyCyte 5HT flow
cytometer (Guava Nexinr Software module, Millipore),
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as previously described (Barateiro et al., 2012). The three
populations of cells that can be distinguished by this assay are
the viable cells (annexin V-PE and 7-AAD negative), the early
apoptotic cells (annexin V-PE positive and 7-AAD negative),
and the cells in late stages of apoptosis or dead cells (annexin
V-PE and 7-AAD positive).

Cell Morphological Analysis
For morphological analysis, cells were fixed for 20 min with
freshly prepared 4% (w/v) paraformaldehyde in phosphate buffer
saline (PBS), and stained with a primary antibody against
Ionized calcium binding adaptor molecule 1 (Iba1) (rabbit, 1:250;
#019-19741, Wako Pure Chemical Industries Ltd, Osaka, Japan),
and a secondary antibody Alexa Fluor 594 goat anti-rabbit
(1:1000; #R37117, Invitrogen Corporation, Carlsbad, CA, USA).
To identify the total number of cells, microglial nuclei were
stained with Hoechst 33258 dye (Sigma Chemical Co., St. Louis,
MO, USA). Fluorescence was visualized using an AxioCam
HRm camera adapted to an AxioSkoper microscope (Zeiss,
Germany). Pairs of U.V. and red-fluorescence images of 10
random microscopic fields (original magnification: 400×) were
acquired per sample. To characterize microglia morphology we
used the particle measurement feature in ImageJ (1.47v, USA)
to automatically obtain the 2D area, perimeter, circularity, and
Feret’s diameter of single microglia. Circularity of microglia was
obtained by the formula: Circularity = 4π (area/perimeter2).
A circularity value of 1.0 indicates a perfectly circular cell,
and values near zero indicate elongated and ramified microglia.
Feret’s (maximum) diameter, a measure of cell length, is the
highest distance between any two points along the cell perimeter.

Evaluation of MMP2 and MMP9 Activities
Assessment of MMP2 and MMP9 activities in the extracellular
medium was based on their ability to degrade gelatin. For
that, 20 µl of incubation medium was resolved using a
SDS-PAGE zymography of 0.1% gelatin—10% acrylamide gel.
After electrophoresis, gels were washed for 1 h with 2.5%
TritonX-100 (in 50 nM CaCl2; 1 µM ZnCl2) to remove SDS and
renature MMP species in the gel. To allow gelatin degradation
by MMPs, gels were incubated overnight, at 37◦C, in the
developing buffer (50 mM Tris pH 7.4; 5 mM CaCl2; 1 µM
ZnCl2). For enzyme activity analysis, the gels were stained
with 0.5% Coomassie Brilliant Blue R-250 and distained in
30% ethanol/10% acetic acid/H2O. Gelatinase activity, detected
as a white band on a blue background, was measured by
computerized image analysis (Image LabTM Software 3.0,
Bio-Rad Laboratories Inc., Grand Junction, CO, USA) and
normalized to cellular protein content (Silva et al., 2010).
Activities of MMP2 and MMP9 were distinguished thanks to
their different relative molecular weight, i.e., MMP2 of 72 kDa
and MMP9 of 92 kDa (Frankowski et al., 2012).

Assessment of Microglia Autophagy
Autophagy was determined by immunocytochemistry based
on the punctate pattern of the microtubule-associated-protein-
light-chain-3 (LC3) and Western Blot detection of Beclin-1
bands, as previously described (Caldeira et al., 2014). For

immunocytochemistry, cells were fixed as above, and we
used rabbit anti-LC3 protein (1:500; #2775S, Cell Signaling
Technology Inc., Danvers, MA, USA) as a primary antibody,
and Alexa Fluor 488 goat anti-rabbit (1:1000; #A-11034,
Invitrogen Corporation) as the secondary one. Nuclei
were stained with Hoechst 33258 dye. Fluorescence was
visualized and images acquired as above mentioned. Increased
LC3 autophagosome puncta indicates induced autophagy. For
Western Blot, cell extracts were separated in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to
a nitrocellulose membrane. Immunoblots were performed
as usual in our lab using as primary antibodies mouse anti-
Beclin-1 (1:500; #MABC34, MerckMillipore) and mouse
anti-β-actin (1:5000; #A5441, Sigma), followed by respective
secondary horseradish peroxidase-labeled antibodies. Results
were normalized to β-actin expression and expressed as fold vs.
2 DIV non-treated (control) cells.

Determination of Microglia Senescence
Microglial senescence was determined using the Cellular
senescence assay kit (Millipore) that evaluates the activity of
senescence-associated β-galactosidase (SA-β-gal), according
to manufacturer instructions. Microglial nuclei were
counterstained with hematoxylin. Light microscopy images
of 10 random microscopic fields (original magnification: 400×)
were acquired per sample using a Leica DC 100 camera (Leica,
Wetzlar, Germany) adapted to an Axioskop microscope (Zeiss).
Turquoise blue stained microglia were considered as senescent
cells and their percentage calculated relatively to the total
number of cells. Protein expression of ferritin was performed
by Western Blot as above, using the primary antibody rabbit
anti-FHT1 (1:500, #4393, Cell Signaling Technology Inc.,
Danvers, MA, USA).

Microglia Migration Assessment
Cell migration is often assessed with the classic Boyden Chamber
assay, where cells loaded in the upper well are allowed to migrate
through filter pores to the lower compartment of the chamber.
Assays were performed in a 48-well microchemotaxis Boyden
chamber (Neuro Probe, Gaithersburg, MD, USA), as previously
described (Miller and Stella, 2009), with minor modifications.
The bottom wells were filled with control medium (DMEM-
Ham’s F12) and Aβ (1000 nM) to evaluate the ability of microglia
to move towards Aβ. ATP (10 µM) applied in the lower well was
also used as a positive control for microglia migration, since it
is a known chemoattractant for microglia. The 8 µm diameter
polycarbonate membranes with polyvinylpyrrolidone (PVP)
surface treatment was equilibrated in control medium and after
chamber set up, 50 µl of cell suspension containing 2 × 104 was
added to each top well. After 6 h incubation in a CO2 incubator
at 37◦C to allow microglia migration, membrane was fixed with
ice-cold methanol and cells stained with 10% Giemsa (Sigma)
in PBS. Non-migrated cells on the upper side of the membrane
were wiped off with a filter wiper. The rate of migration was
determined by counting the cells on the lowermembrane surface,
using 10 microscopic fields (original magnification: 100×).
Images were acquired with a Leica DFC490 camera adapted to an
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AxioSkope HBO50 microscope. For each experiment, data from
at least three wells per condition were acquired.

Evaluation of Microglia Phagocytic Ability
The efficiency of the microglial phagocytosis was assessed by
counting the number of ingested beads per cell, considering the
total number of cells, to obtain the average amount of ingested
beads per cell, as well as by the percentage of cells phagocytosing
less than 5, 5–10, or more than 10 beads. The method consists
in incubating the primary microglial cultures, differentially aged
in culture with 0.0025% (w/w) of 1 µm fluorescent latex beads
(Sigma) for 75 min at 37◦C. Thereafter, cells were fixed with
freshly prepared 4% (w/v) paraformaldehyde in PBS. Microglia
were stained for Iba1 and nuclei counterstained with Hoechst
33258 dye. Fluorescence was visualized and acquired as above
mentioned.

Determination of Aβ in Cells and Lysates
Aβ in cell lysates was determined by Western Blot using
anti-Aβ clone W0-2 (1:500, #MABN10, MerkMillipore) as the
primary antibody. Extracellular deposition of Aβ was observed
by immunocytochemistry using antibodies against Iba1 to detect
microglia cell body and Aβ clone W0-2 for amyloid deposits.
Nuclei were counterstained with Hoechst 33258 dye.

Detection of Specific miRNA Expression
Changes
To evaluate changes in miRNAs with a crucial role in
microglia function/dysfunction and polarization, we assessed the
expression of miR-124, miR-155 and miR-146a by quantitative
realtime PCR (qRT-PCR). Total RNA was extracted from
primary microglia cultures using the miRCURYTM Isolation
Kit-Cells (Exiqon, Denmark), according to the manufacturer’s
recommendations for cultured cells. Briefly, after cell lysis, the
total RNA was adsorbed to a silica matrix, washed with the
recommended buffers and eluted with 35 µl RNase-free water by
centrifugation. After RNA quantification, conversion to cDNA
was performed using the universal cDNA Synthesis Kit (Exiqon)
and 20 ng total RNA according to the following protocol:
60 min at 42◦C followed by heat-inactivation of the reverse
transcriptase for 5 min at 95◦C. qRT-PCR was performed in an
7300 Real time PCR System (Applied Biosystems, Madrid, Spain)
using 96-well plates. For miRNA quantification the miRCURY
LNATM Universal RT microRNA PCR system (Exiqon) was
used in combination with pre-designed primers (Exiqon), which
are represented in Supplementary Table S1 (Supplementary
Material), using SNORD110 as reference gene. The reaction
conditions consisted of polymerase activation/denaturation and
well-factor determination at 95◦C for 10 min, followed by
50 amplification cycles at 95◦C for 10 s and 60◦C for 1 min
(ramp-rate 1.6◦/s). The miRNA fold increase/decrease with
respect to control samples was determined by the Pfaffl method,
taking into consideration different amplification efficiencies of
miRNAs in all experiments. The amplification efficiency for each
target was determined according to the formula: E = 10(−1/S)

− 1,
where S is the slope of the obtained standard curve.

Gene Expression Profiling
qRT-PCR was performed for mRNA expression, as usual in our
laboratory (Barateiro et al., 2013). Total RNA was extracted from
microglia using TRIzolr (Life Technologies, Inc., Grand Islands,
USA), according to manufacturer’s instructions. Total RNA
was quantified using Nanodrop ND-100 Spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). Aliquots of
0.5 µg of total RNA were treated with DNase I and then
reverse transcribed to produce cDNAusing oligo-dT primers and
SuperScript II Reverse Transcriptase under the recommended
conditions. qRT-PCR was performed on a 7300 Real time
PCR System (Applied Biosystems) using a SYBR Green qPCR
Master Mix (Fermentas, Ontario, Canada), and β-actin as an
endogenous control to normalize the expression level of the
different genes. Primer sequences that were used are indicated
in Supplementary Table S2 (Supplementary Material). PCR
was performed in 96 well plates and triplicate analysis was
accomplished for each sample. No-template control was included
for each amplificate. Cycling conditions were 94◦C for 3 min
followed by 40 cycles at 94◦C for 0.15 min, 62◦C for 0.2 min
and 72◦C for 0.15 min. A melt-curve analysis was used to
verify the specificity of the amplification, immediately after
the amplification protocol. Non-specific products of PCR were
not found in any case. Relative mRNA concentrations were
calculated using the Pfaffl modification of the ∆∆CT equation
(CT, cycle number at which fluorescence passes the threshold
level of detection), considering the efficiencies of individual
genes. The results were normalized to β-actin in the same sample,
and the initial amount of the template of each sample determined
as relative expression by the formula 2-∆∆CT. ∆CT in each
sample derives from the difference between the mean CT value
of each gene and the mean CT value of β-actin. ∆∆CT of
one sample is the difference between its ∆CT value and ∆CT
of the selected reference, in our case the 2 DIV non-treated
(control) cells.

Identification of CD11b and CD86 Microglia
Populations by Flow Cytometry
Cells were resuspended in PBS and kept in the flow buffer (PBS
plus 2% FBS and 0.02% sodium azide). To prevent non-specific
binding, cells were incubated for 20 min with CD16/CD32
(1:100) to block Fc receptors, at 4◦C. Afterwards, cell suspension
was incubated with the fluorescent labeled antibodies (CD11b
PerCp-Cy5, CD45 PE and CD86 Bio-SAV PE) for 30 min,
at 4◦C (1:100). Following the incubation, cells were washed
with the flow buffer, incubated with streptavidin (1:100) for
the CD86 Bio-SAV PE antibody during 30 min, and then
resuspended in the flow buffer. Expression of surface antigens
was evaluated using the BD FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA, USA) and data analyzed using the
FlowJo software.

Statistical Analysis
Results of at least four different experiments are expressed as
mean ± SEM. Significant differences between control and Aβ

treated groups were determined by t-test. To compare the effects
of Aβ treatment and microglia differentially aged in culture,
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two-way analysis of variance (ANOVA) was performed using
GraphPad Prismr 5.0 (GraphPad Software, San Diego, CA,
USA). Statistical significance was considered for p< 0.05.

RESULTS

Microglia Treated with Aβ do Not Show
Age-Dependent Changes in Cell Viability
In the present work we used our established model of reactive
and aged-like microglia phenotypes, in which the microglial
cells are separated from mixed cultures with astrocytes and
maintained for 2 DIV and 16 DIV in culture, respectively
(Caldeira et al., 2014). Our main interest was to see whether
activated/young cells would respond differently from the aged
cells to Aβ. For that, we decided to incubate the cells with
a mixture of Aβ oligomers and fibrils, as previously used in
the N9 microglial cell line (Falcão et al., 2017), to recapitulate
the neuropathology of AD associated to the different activation
processes of microglia by such species (Sondag et al., 2009).
Although we have tested 50 nM and 1000 nMAβ concentrations,
as in our earlier study (Falcão et al., 2017), the effects obtained
were more reliable for the highest level, reason why we decided
to only proceed with Aβ 1000 nM for a 24 h treatment
period.

As a first step, and in order to guarantee that the viability of
the aged-cultured microglia (16 DIV) was equivalent to that of
the acutely (2 DIV) isolated cells, we assessed the percentage of
viable, early-apoptotic and late-apoptotic/necrotic cells by flow
cytometry in both adherent and detached cells, as described
in ‘‘Materials and Methods’’ Section. As depicted in Table 1,
although a slight increase was observed in the number of cells
showing late-apoptosis/necrosis upon treatment with Aβ, namely
in the 16 DIV microglia, the lack of significance of such effects
point out no direct influence of cell viability differences on the
events presented in the following sections.

Young and Aged Cultured Microglia Show
Soma Enlargement by Aβ treatment
Characterization of microglia morphometric features has been
associated to cell polarization and activation state (Torres-Platas
et al., 2014). While the ramified morphology relates with the
surveilling cell, the amoeboid microglia are associated with
activation and believed to favor phagocytosis and mobility (Lull
and Block, 2010).

The cells cultured for 2 DIV (young/reactive) showed a
predominant amoeboid morphology, resulting from the acutely
isolation protocol that causes the activation of microglia
(Figure 1A), as previously demonstrated (Caldeira et al.,
2014). When aged in culture for 16 DIV, the cells exhibited
polarized and ramified populations, including rod-like and
bipolar morphologies, determining increased cell perimeter and
Feret’s maximum diameter (1.6-fold, p < 0.05; Figures 1B,C).
Curiously, while Aβ treatment of 2 DIV microglia promoted
a prevalent ovoid shape with an enlarged cell area (1.9-fold,
p < 0.05; Figure 1D), that of 16 DIV led to heterogeneous
morphologies, with polarized microglia bearing one and two
large processes, or determined a large lamellipodia with a
thin process. In this case the cells showed a reduction in
cell perimeter (0.7-fold, p < 0.05) and in Feret’s maximum
diameter (interaction between DIV and Aβ treatment of F(4.74)
and F(5.27), respectively, p < 0.05), as well as an increased
circularity (1.2-fold, p < 0.05; interaction between DIV and Aβ

treatment of F(5.14), p < 0.05; Figure 1E). These morphometric
alterations suggest that both young and aged cells suffer an
increase in soma volume, although the process shortening after
Aβ treatment was less notorious in aged cells. To what extent
these changes represent an equally activated microglia or a
different functional state will be examined in the following
sections.

Aβ Diversely Activates MMP2 and MMP9 in
Reactive and Aged Cultured Microglia
MMPs were shown to be important for Aβ degradation (Qiu
et al., 1997), and MMP3, MMP12 and MMP13 to be activated
by Aβ (Ito et al., 2007). Intriguingly, MMP2 and MMP9 revealed
to be differently activated in diverse experimental and animal
models, as well as in AD patients, and to be related with the
aggravation of AD disease (Brkic et al., 2015). We observed
that Aβ triggered an increased activation of both MMP2 and
MMP9 in the aged cells (2.4- and 1.5-fold, p< 0.01 and p< 0.05,
respectively; interaction between DIV and Aβ treatment for
MMP2 F(4.39), p < 0.05), while only stimulated MMP9 in the
young reactive microglia (1.7-fold, p < 0.05; Figure 2). Data
suggest that aged microglia may use these MMPs to degrade Aβ

and inhibit its accumulation. However, the dual roles of MMPs
complicate the understanding of the significance of such results
relatively to their potential beneficial or harmful effects in AD
(Wang et al., 2014).

TABLE 1 | Microglia viability is not altered by amyloid-β (Aβ) treatment.

2 DIV 16 DIV

Control Aβ Control Aβ

Viable 73.6 (± 9.1) 65.6 (± 6.7) 70.7 (± 7.1) 66.5 (± 5.7)
Early-apoptosis 18.8 (± 8.6) 17.8 (± 4.8) 21.7 (± 8.1) 21.6 (± 5.3)
Late-apoptosis/necrosis 2.9 (± 1.4) 3.7 (± 1.4) 5.8 (± 1.0) 9.1 (± 2.4)

Results are expressed as percentage of total number of cells. Values are mean ± SEM from at least four independent experiments. Microglial cells were kept in culture

for 2 days in vitro (DIV) and 16 DIV and treated with Aβ at 1000 nM for 24 h. The percentage of viable microglia and microglia in early- and late-apoptosis/necrosis was

determined by flow cytometer with phycoerythrin-conjugated annexin V (annexin V-PE) and 7-amino-actinomycin D (7-AAD). The three populations were distinguished

as follows: viable cells (annexin V-PE and 7-AAD negative), early apoptotic cells (annexin V-PE positive and 7-AAD negative), and late stages of apoptosis or dead cells

(annexin V-PE and 7-AAD positive).
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FIGURE 1 | Reactive and aged cultured microglia display soma enlargement and amoeboid morphology after treatment with amyloid-β (Aβ) peptide. Microglia that
were kept in culture for 2 and 16 days in vitro (DIV) were treated with 1000 nM Aβ for 24 h. Cells were immunostained for Iba1 and characterized for their
morphometric features. (A) Representative images show increased ramification by age, which was counteracted by Aβ exposure. Microglia perimeter (B), Feret’s
diameter (C), area (D) and circularity values (E) were measured using ImageJ software and expressed in graph bars as mean ± SEM. Cultures, n = 4 per group.
Two-way analysis of variance (ANOVA; Post hoc Bonferroni test): ∗p < 0.05 and ∗∗p < 0.01 vs. respective non-treated Control; †p < 0.05 vs. 2 DIV cells; (B)
DIV × Aβ interaction F(4.74), p < 0.05; (C) DIV × Aβ interaction F(5.27), p < 0.05; (E) DIV × Aβ interaction F(5.14), p < 0.05. Scale bar equals 50 µm.

Aβ Induces Age-Dependent Changes in
Autophagy-Related Beclin-l Gene and
LC3 Puncta
Autophagy, or cellular self-digestion, is a highly regulated
and evolutionarily conserved process that was shown to be

impaired in AD (Zare-Shahabadi et al., 2015). We first evaluated
microglia autophagic capacity by assessing the expression of
Beclin-1, a protein known to be recruited to phagosomal
membranes, and to participate in the early stages of autophagy
and LC3-associated phagocytosis (Chifenti et al., 2013). We
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FIGURE 2 | Release of matrix metalloproteinase 2 (MMP2) and MMP9 is
differently induced by amyloid-β (Aβ) peptide in reactive and aged cultured
microglia. Microglia that were kept in culture for 2 and 16 days in vitro (DIV)
were treated with 1000 nM Aβ for 24 h. Activities of MMP2 and MMP9 were
evaluated by gelatin zymography. (A) Representative images of zymography
gels. (B) Results are expressed in graph bars as mean ± SEM. Cultures,
n = 4 per group. Two-way ANOVA (Post hoc Bonferroni test): ∗p < 0.05 and
∗∗p < 0.01 vs. respective non-treated Control; ††p < 0.01 vs. 2 DIV;
(B) DIV × Aβ interaction F(4.39), p < 0.05.

observed that Beclin-1 was upregulated by Aβ in young/activated
2 DIV cells (1.6-fold, p < 0.05, Figures 3A,B), while was
downregulated in aged 16 DIV cells and only suffered a
slight and not significant increase upon Aβ stimulation. Based
on the importance of LC3 processing for autophagosome
formation, we next determined LC3-positive puncta indicative
of such formation/accumulation (Klionsky et al., 2016). As
shown Figures 3C,D, Aβ only slightly increased the number
of 2 DIV cells presenting LC3-positive puncta. Conversely,
reduced autophagy in aged cells was upregulated under Aβ

treatment to values closely resembling those of 2 DIV cells.
Together, these results suggest that Aβ promotes the formation
of autophagosomes, which turnover may be impaired in aged
microglia and contribute to Aβ accumulation within the cells.
In addition, Aβ switches the reactive 2 DIV microglia towards

a senescent-like cell phenotype, perhaps compromising the
response to stressors.

Aβ Upregulates Senescence-Associated
Biomarkers in 2 DIV Microglia Towards
Values of 16 DIV Cells
Since Beclin-1 levels were shown to decline by aging (Shibata
et al., 2006), we next assessed the cells that positively stained for
SA-β-gal, a biomarker of cellular senescence (Sikora et al., 2011).
As shown in Figures 4A,B, treatment of young/reactivemicroglia
with Aβ increased the number of SA-β-gal positive cells (2.1-fold,
p< 0.05) to values near to those of 16 DIV aged cells (interaction
between DIV and Aβ treatment F(28.1), p < 0.01), independently
of being treated or not with Aβ.

Ferritin was found most related with proliferative microglia
in AD hippocampus from patients (Grundke-Iqbal et al., 1990).
However, a subpopulation of dystrophic microglia were also
shown to be positive for ferritin (Lopes et al., 2008). Indeed,
we have observed that both 2 DIV and 16 DIV Aβ-treated
microglia showed increased levels of ferritin, although the
expression was less predominant in the aged cells (data not
shown). Other studies also observed a decrease in ferritin
accumulation with age in substantia nigra (Walker et al., 2016),
which was referred to compromise cell resistance to reactive
oxygen species (ROS) (Yang et al., 2013). To further assess
if Aβ induces a senescent-like response in 2 DIV microglial
cells, we decided to evaluate miR-146a expression in the
differently in vitro aged microglial cells. Actually, besides its
numerous described functions and targets (Cardoso et al., 2016),
miR-146a was reported to contribute to age-related dysfunction
of macrophages (Jiang et al., 2012), and to loss of mitochondrial
integrity and function in aged cells (Rippo et al., 2014). As
anticipated, miR-146a increased expression was observed in
the 2 DIV microglia treated with Aβ, although not reaching
the values of 16 DIV cells (Figure 4C). Overall, Aβ switches
the reactive 2 DIV microglia towards a senescent-like cell
phenotype with potential negative consequences to a stress
response.

Aβ Impairs Microglia Migration Ability in
the Aged Cultured Cells
Microglia important functions in the CNS include migration
dynamics, synaptic pruning and phagocytosis of neuronal cells
and their debris (Xavier et al., 2014; Zhang et al., 2016).
Cell migration can be triggered by several chemoattractants,
including ATP that when released by damaged neurons acts
on P2Y12 and P2X4 receptors in microglia stimulating their
migration (Miller and Stella, 2009). Our data showed that
young microglia exhibited higher migration ability than the
older cells (Figure 5) and that, in contrast with those, positively
respond to Aβ (1.7-fold, p < 0.01) and ATP chemotactic
signals (2.0-fold, p < 0.01). These findings besides indicating
that aged cells are in a dormancy-like state relatively to their
capacity of migration, when compared with the 2 DIV cells,
also demonstrate their unresponsiveness to chemoattractants,
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FIGURE 3 | Autophagy is differently promoted by amyloid-β (Aβ) peptide in
reactive and aged cultured microglia. Microglia that were kept in culture for
2 and 16 days in vitro (DIV) were treated with 1000 nM Aβ for 24 h. Total cell
lysates were analyzed for the presence of Beclin 1. (A) Representative images
of Beclin 1 protein expression. (B) Results of densitometric analysis of Beclin
1 blots are expressed in graph bars as mean ± SEM. Microtubule-associated-
protein-light-chain-3 (LC3)-positive puncta cells were detected by
immunostaining for LC3. (C) Representative images of immunocytochemistry
for LC3 (green) and nuclei staining (blue). Scale bar equals 50 µm.
(D) Percentage of cells showing LC3-positive puncta are expressed in graph
bars as mean ± SEM. Cultures, n = 4 per group. Two-way ANOVA (Post hoc
Bonferroni test): ∗p < 0.05 vs. respective non-treated Control; †p < 0.05 and
††p < 0.01 vs. 2 DIV.

including Aβ, that may further compromise the phagocytic
activity of 16 DIV microglia.

Aβ Impairs Microglia Phagocytic Ability
Mainly in the Reactive Cultured Microglia
Microglia phagocytosis is an important protective role for the
efficient elimination of apoptotic cells and for neuronal circuitry
reshape (Xavier et al., 2014). Our results corroborate previous
data demonstrating a reduced phagocytosis by in vitro aged
microglia (Caldeira et al., 2014). Here, we showed that 24 h
incubation of reactive microglia with Aβ led to 2-fold reduction
(p < 0.01) in the number of phagocytosed beads per cell,
approaching the values obtained for 16 DIV cells, treated or
not with Aβ, as depicted in Figures 6A,B. In addition, the
number of 2 DIV cells able to engulf more than 10 beads was
dramatically decreased upon Aβ interaction (10-fold reduction,
p < 0.01, Figure 6C). Interestingly, the diminished number of
16 DIV cells phagocytosing 5–10 beads decreased even more
upon Aβ treatment. These results suggest that Aβ reduces 2 DIV
microglia phagocytosis towards the levels of aged/unresponsive
microglia. We may conclude that despite the ability to migrate
to sites of Aβ deposition the young/activated microglia lose
their phagocytic capacity when facing Aβ, at least in primary
cultures.

Phagocytosis may be mediated by several pathways. We next
decided to explore milk fat globule factor-EGF factor 8 protein
(MFG-E8) expression, a key factor involved in the phagocytosis
of apoptotic cells, such as neurons (Fuller and Van Eldik, 2008;
Liu et al., 2013). Following the same protocol as above, we
tested whether Aβ interfered with the expression of MFG-E8 by
2 DIV and 16 DIV microglia. Interestingly, we observed that
the levels of MFG-E8 suffered more than a 2-fold reduction
(p< 0.01) in the 2DIVmicroglia (Figure 6D). As before, the aged
cells showed downregulated expression of this phagocytic-related
protein, which was sustained in the presence of Aβ (significant
interaction between DIV and Aβ treatment F(13.92), p < 0.01),
thus reinforcing their unresponsive nature. To next assess the
expression of cell membrane surface receptors associated to
phagocytosis, we evaluated the triggering receptor expressed
on myeloid cells 2 (TREM2) and the type 1 transmembrane
protein CD33. Both are members of the sialic acid-binding
immunoglobulin-like lectins (Siglecs) and are expressed by
immune cells. TREM2 is involved in the phagocytosis of
damaged cells and showed to reduce the inflammatory response
(Walter, 2016). Most attractively, heterozygous rare variants
in TREM2 have been associated with a significant increase
in the risk of AD emergence (Guerreiro et al., 2013), while
TREM2 deficiency in an AD animal model, the 5xFAD, increased
cerebral Aβ accumulation (Wang Y. et al., 2015). Expression
of TREM2 mRNA was markedly increased in 2 DIV microglia
upon Aβ exposure (5.2-fold, p< 0.05), as depicted in Figure 6D.
However, unchanged values upon Aβ treatment were observed in
16 DIV microglia.

CD33 gene is considered a risk factor for AD and increased
number of CD33-immunoreactive microglia were shown to
correlate with insoluble Aβ42 levels and plaque burden in
AD brain (Griciuc et al., 2013). Actually, increased expression
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FIGURE 4 | Amyloid-β (Aβ) peptide promotes cell senescence in reactive
cultured microglia. Microglia that were kept in culture for 2 and 16 days in vitro
(DIV) were treated with 1000 nM Aβ for 24 h. Activity of
senescence-associated β-galactosidase (SA-β-gal) was determined using a
commercial kit, and SA-β-gal-positive cells were counted. (A) Representative
images of cells showing blue turquoise SA-β-gal staining. Scale bar equals
20 µm. (B) Percentage of cells showing SA-β-gal-positive staining are
expressed in graph bars as mean ± SEM. (C) MicroRNA (miR)-146a
expression was evaluated by Real-Time PCR. Results are expressed in graph
bars as mean ± SEM. Cultures, n = 4 per group. Two-way ANOVA (Post hoc
Bonferroni test): ∗p < 0.05 and ∗∗p < 0.01 vs. respective non-treated Control;
††p < 0.01 vs. 2 DIV cells; (B) DIV × Aβ interaction F(28.1), p < 0.01.

of CD33 determines an impairment in microglia-mediated
clearance of Aβ (Jiang et al., 2014). Our data revealed an

increased expression of CD33 in 2 DIV microglia (1.7-fold,
p<0.05), which was intensified in 16 DIV cells (2.8-fold,
p<0.01; Figure 6D), thus reinforcing previous results showing
a decreased microglial phagocytic ability towards Aβ species.

To further explore differences in Aβ phagocytosis
between young/reactive and aged/unresponsive microglia,
we evaluated Aβ species in cell lysates. As depicted in
Supplementary Figure S1A, the 2 DIV microglia revealed a
higher content of Aβ, namely of dimers and monomers, as
compared to 16 DIV microglia that seem to contain increased
oligomers. Aβ-immunostaining (Supplementary Figure S1B)
confirmed the increased uptake of this peptide by young
microglia. Although also detected in 16 DIV/aged microglia,
the majority of deposits revealed to be localized outside
the cells. Overall, our results indicate that young/reactive
microglia attempt to phagocytose Aβ, based on the elevation of
TREM2 expression, but that increased CD33 expression may
counteract this feature. Deposits of Aβ surrounding the 16 DIV
cells and marked expression of CD33 in 16 DIV microglia
confirm the low ability of these cells to phagocytose Aβ.

Aβ Reduces the Expression of
Inflammatory-Related miR-155 and
miR-124 in 2 DIV Microglia
Recent studies indicate that miR-155 and miR-124a regulate
T-cell functions during inflammation (Heyn et al., 2016). Both
miRNAs are directly involved in microglia polarization,
where miR-124 is considered to be associated with an
anti-inflammatory M2 phenotype, and miR-155 as having
a determinant role in microglia activation toward the
M1 phenotype (Ponomarev et al., 2013). To gain insight
into the Aβ-induced alterations in microglia polarization we
assessed the expression of these inflammation-related miRNAs
in the 2 DIV and 16 DIV microglia (Figure 7). Interestingly,
while we obtained a downregulated expression of both miR-155
and miR-124 by Aβ treatment in the 2 DIV microglial cells
(0.7-fold and 0.6-fold, respectively, p < 0.05), no changes were
observed in the aged cultured microglia, which basal levels were
already inferior to the 2 DIV control cells (∼0.5-fold, p < 0.01)
attesting a dormancy-like behavior of such cells. These results
suggest that Aβ counteracts either M2 (low miR-124) or M1
(low miR-155) polarization in the 2 DIV microglia already
activated by the isolation procedure. Thus, presence of mixed
subpopulations and less responsive microglia subtypes following
Aβ interaction should be envisaged as a consequence of this
noxious stimulus.

16 DIV Cells Only React to Aβ Stimulus by
Increasing the Expression of TNF-α and
IL-1β, while the 2 DIV Microglia Show a
Larger and More Intense Spectrum of
Activation
To determine whether 2 DIV and 16 DIV microglia, despite the
downregulation of miR-155 and miR-124 expression, were still
able to mount an inflammatory response upon Aβ insult, we
assessed common biomarkers of microglia activation. We started
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FIGURE 5 | Reactive cultured microglia show increased ability to migrate towards amyloid-β (Aβ) peptide and ATP, while aged microglia are immotile and
unresponsive to such chemoattractants. Microglia were kept in culture for 2 and 16 days in vitro (DIV) and cellular chemotactic migration to 1000 nM Aβ and 10 µM
ATP (positive chemotactic control) was evaluated after 6 h incubation using the Boyden chamber method. (A) Representative images of cells that have migrated to
Aβ and ATP. Scale bar equals 50 µm. (B) Number of migrated cells was counted and results are expressed in graph bars as mean ± SEM. Cultures, n = 4 per group.
Two-way ANOVA (Post hoc Bonferroni test): ∗∗p < 0.01 vs. respective non-treated Control; ††p < 0.01 vs. 2 DIV cells; (B) DIV × Aβ interaction F(4.36), p < 0.05.

by evaluating the gene expression of the first line cytokines
TNF-α, IL-1β and IL-6. We obtained a clear upregulation of all
these pro-inflammatory cytokines in the young cultured 2 DIV
cells (Figure 8A). The 16 DIV cells showed a 10-fold reduction
in the mRNA expression of TNF-α, IL-1β and IL-6, as compared
with the 2 DIV control cells (p < 0.01). These cells, although
less markedly than the 2 DIV cells, reacted to Aβ exposure
by significantly increasing TNF-α and IL-1β gene expression,
but not that of IL-6. Since we and others previously showed
that HMGB1 is released by LPS-treated N9 microglia (Cunha
et al., 2016) and promote the synthesis of pro-IL-1β and pro-
IL-18 (Jiang et al., 2012), as well as the activation of NLRP3-
inflammasome (Chi et al., 2015), we additionally explored these
signaling pathways in our differentially aged microglia model

treated with Aβ. In accordance with the previous results on
cytokines, we observed a net elevation of HMGB1 and IL-18 gene
expression (1.6- and 2.1-fold, respectively, p < 0.05) in 2 DIV
microglia exposed to Aβ. However, no changes on NLRP3 were
observed. Again, significantly decreased levels were obtained for
all biomarkers in 16 DIV microglia (p< 0.01), as compared with
2 DIV cells, which revealed to be almost unreactive to the Aβ

stimulus (Figure 8B).
Surface Toll-like receptors (TLRs) are abundantly expressed

in microglia and recruitment of TLR2 and TLR4 by HMGB1 and
IL-1β was shown to amplify inflammation (Park et al., 2004;
Facci et al., 2014). In agreement with previous results, Aβ

enhanced the expression of both TLR2 and TLR4 in 2 DIV cells
(2.4- and 2.0-fold, p < 0.05, respectively), but not in 16 DIV
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FIGURE 6 | Ability of microglia to phagocytose is reduced by amyloid-β (Aβ) peptide mainly in the reactive cultured cells. Microglia that were kept in culture for 2 and
16 days in vitro (DIV) were treated with 1000 nM Aβ for 24 h. Phagocytic capacity was assessed after 75 min incubation with fluorescent latex beads.
(A) Representative images of microglia immunostained for Iba1 (red) and stained with Hoechst for nuclei staining (blue) containing phagocytosed fluorescent latex
beads (green). Scale bar equals 50 µm. (B) Number of phagocytosed beads per cell and (C) number of microglial cells phagocytosing less than 5, 5–10 and more
than 10 beads was counted. (D) Expression of milk fat globule-EGF factor 8 protein (MFG-E8), triggering receptor expressed on myeloid cells 2 (TREM2) and CD33,
associated to microglial phagocytosis, was evaluated by Real-Time PCR. Results are expressed in graph bars as mean ± SEM. Cultures, n = 4 per group. Two-way
ANOVA (Post hoc Bonferroni test): ∗p < 0.05 and ∗∗p < 0.01 vs. respective non-treated Control; †p < 0.05 and ††p < 0.01 vs. 2 DIV; (D) MFG-E8: DIV × Aβ

interaction F(13.9), p < 0.01.

microglia (interaction between DIV and Aβ treatment for
TLR2 F(5.29), p < 0.05, Figures 9A,B), which again revealed
an already suppressed basal expression of these receptors. The
fractalkine/CX3C chemokine receptor 1 (CX3CR1) signaling
pathway was also previously demonstrated to modulate
microglial activation (Limatola and Ransohoff, 2014). As

documented for TLR2 and TLR4, a similar profile was
obtained for the CX3XR1 expression in 2 DIV (2.6-fold,
p < 0.05) and 16 DIV aged microglia (Figure 9C). Data
reinforce the ability of 2 DIV cells to develop an effective
inflammatory response upon Aβ exposure, and confirm the low
responsiveness of 16 DIV microglia in conformity with more
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FIGURE 7 | Amyloid-β (Aβ) peptide decreases the expression of miRNA
(miR)-155 and miR-124 in the reactive cultured microglia toward that of
16 days in vitro (DIV) cells. Microglia that were kept in culture for 2 and 16 DIV
were treated with 1000 nM Aβ for 24 h. (A) Expression of
M1/pro-inflammatory-related miR-155 and of (B) M2/anti-inflammatory-related
miR-124 was evaluated by Real-Time PCR. Results are expressed in graph
bars as mean ± SEM. Cultures, n = 4 per group. Two-way ANOVA (Post hoc
Bonferroni test); ∗p < 0.05 vs. respective non-treated Control; †p < 0.05 and
††p < 0.01 vs. 2 DIV cells.

unresponsive/dormant and senescent-like phenotype of these
cells.

Imbalance of M1 and M2 Phenotypes in
Aβ-Treated 2 DIV and 16 DIV Microglia
Suggests the Formation of Different Cell
Subsets
From previous data, the elevation of IL-1β expression,
mainly in 2 DIV microglia, indicates that the cell assumes
preferentially the M1 phenotype upon Aβ exposure. However,
the CX3CR1 increased expression also suggests microglia
subclasses with the M2a polarization (Chhor et al., 2013).

Therefore, we decided to further characterize the microglia
phenotypes in 2 DIV and 16 DIV cells exposed to Aβ by
evaluating additional M1 and M2 markers. For that we evaluated
the gene expression of inducible nitric oxide synthase (iNOS) and
of major histocompatibility (MHC) class II, which are considered
M1/pro-inflammatorymicroglia markers, althoughMHC class II
has also been attributed to M2b polarized macrophages (Roszer,
2015). As shown in Figure 10A, while iNOS was highly induced
by Aβ in both young and aged microglia (4.7- and 5.4-fold for
2 and 16 DIV, p< 0.05 and p< 0.01, respectively), MHC class II
was particularly high in young cultured cells (11.4-fold, p< 0.01,
interaction between DIV and Aβ F(4.53), p < 0.05), indicating
a preferential M1 polarization in 2 DIV cells and a mixture
of phenotypes in 16 DIV microglia. Then, we characterized
M2/anti-inflammatory microglia markers, such as Arginase 1
(prevalent in M2a activation state) and transforming growth
factor β (TGFβ) (suggested to be increased in the M2a/M2c/M2d
subtypes (Roszer, 2015)). As observed in Figure 10B, Arginase
1, considered to be a repair/regenerative gene (Chhor et al.,
2013), was only increased by Aβ in young cultured cells (2.6-fold,
p < 0.05), with levels that, although slightly elevated upon Aβ,
represented in the 16 DIV cells less than 40% (p < 0.01) of
those in 2 DIV cells. In what concerns TGFβ expression, with
neuroprotective and pro-survival properties (Dobolyi et al., 2012;
Ryu et al., 2012), both young and aged Aβ-treated cells showed an
increased expression (2.4- and 2.3-fold, respectively, p < 0.05).
Overall, these results suggest that M1 and M2 subpopulations
are present upon Aβ treatment. However, while 2 DIV cells
mainly express M1 markers, a phenotypic dysregulation with
overlapping of microglial M1 and M2 markers is present in aged
microglia. These cells additionally showed a decreased ability
to mount an adequate inflammatory response when stressed
with Aβ.

Proportion of CD11b and CD86 Positive
Microglia Differs between 2 DIV and 16 DIV
Cells after Incubation with Aβ
To further understand whether the lower reactivity of 16 DIV
microglia towards Aβ was associated with an increased
expression of CD86, which was previously indicated to be
age-related (Kohman et al., 2013), we evaluated changes in
the proportion of the M1 markers CD11b+ (co-stimulatory
ligand) and CD86+ (integrin αM) cells, in our microglia aged
model of 2 DIV and 16 DIV after Aβ stimulus, by flow
cytometry. As depicted in Figure 11A, the naïve aged microglia
showed a decreased number of CD11b+ cells when compared
to young/activated 2 DIV cells. In addition, these aged cells
had a more elevated number of CD11b−/CD86− cells (∼50%),
together with elevated proportions of mixed CD11b−/CD86+
and CD11b+/CD86+ populations, than those showed by 2 DIV
microglia, corroborating the aging-like profile status of 16 DIV
cells (Figures 11B,C, Supplementary Table S3). When treated
with Aβ both 2 DIV and 16 DIV cells showed a decreased
population of CD11b+ cells. While 2 DIV microglia shifted from
medium to high density in terms of CD11b−/CD86− cells,
the number of CD11b−/CD86+ in 16 DIV microglia increased
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FIGURE 8 | Increased expression of inflammatory mediators in microglia treated with amyloid-β (Aβ) peptide is more evident in the reactive cultured cells. Microglia
that were kept in culture for 2 and 16 days in vitro (DIV) were treated with 1000 nM Aβ for 24 h. (A) Expression of inflammatory cytokines [e.g., tumor necrosis
factor-α (TNF-α), interleukin (IL)-1β and IL-6] and of (B) inflammasome-related proteins [e.g., high-mobility group protein B1 (HMGB1), IL-18 and NOD-like receptor
family pyrin domain containing 3 (NLRP3)] were evaluated by Real-Time PCR. Results are expressed in graph bars as mean ± SEM. Cultures, n = 4 per group.
Two-way ANOVA (Post hoc Bonferroni test): ∗p < 0.05 vs. respective non-treated Control; ††p < 0.01 vs. 2 DIV cells.

4-fold (∼25%) upon Aβ treatment and represented a 24-fold
increase relatively to their 2 DIV counterparts (p < 0.01). No
relevant changes were noticed when we assessed the expression
of CD45 (data not shown). These results highlight that in vitro
aging reduces CD11b+ microglia reactivity to Aβ. Increased
CD86 signaling, namely in the presence of Aβ, further suggests
the existence of M2b microglia with pro- and anti-inflammatory
functions and a gain of function for co-stimulating other immune
cells.

DISCUSSION

In the present manuscript we assessed whether in vitro
aged microglia (Caldeira et al., 2014) and 2 DIV activated
microglia differently reacted to Aβ stimulation, to better realize
the complexity of microglia activation and cell dysfunctional
processes in AD, as well as the relevance of immunosenescence

to AD emergence. Actually, since AD pathophysiology is overlaid
by the aging effects on the CNS, and microglia were shown to be
dysfunctional in aging and AD (Mosher and Wyss-Coray, 2014;
Cykowski et al., 2016), we aimed to recognize the relevance that
microglia diverse phenotypes may have along the progression of
the disease, and the role of subacute neuroinflammation in AD
pathogenesis.

We observed that several neuroprotective functions, namely
phagocytosis and migration abilities, as well as autophagy, were
impaired by in vitro aging, contributing to Aβ deposition. Aged
16 DIV cells showed lower ability to mount an Aβ-induced
inflammatory response with compromised expression of
inflammation-related miRNAs and CD11b marker, but
enhanced expression of the co-stimulatory CD86 molecule.
In addition, our data pointed toward Aβ as a stressor-inducer
molecule of microglia senescence. This is not without precedent
since senescent astrocytes were shown to increase in human
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FIGURE 9 | Amyloid-β (Aβ) peptide upregulates the expression of Toll-like
receptor 2 (TLR2), TLR4 and fractalkine/CX3C chemokine receptor 1
(CX3CR1) in the reactive cultured microglia, but not in aged cells. Microglia
that were kept in culture for 2 and 16 days in vitro (DIV) were treated with
1000 nM Aβ for 24 h. Expression of TLR2 (A), TLR4 (B) and CX3CR1 (C) was
evaluated by Real-Time PCR. Results are expressed in graph bars as
mean ± SEM. Cultures, n = 4 per group. Two-way ANOVA (Post hoc
Bonferroni test): ∗p < 0.05 vs. respective non-treated Control; ††p < 0.01 vs.
2 DIV cells; (A) DIV × Aβ interaction F(5.29), p < 0.05.

brain during aging and AD (Bhat et al., 2012), and dystrophic
microglia was found in AD brain specimens (Streit et al.,
2009). Findings support that aged microglia have compromised
function and that Aβ reduces microglia ability to fully develop
neuroprotective and inflammatory reaction against this noxious
stimulus.

We have previously shown that impaired cell function by
in vitro aging is not associated with loss of cell viability (Caldeira
et al., 2014). Similarly, we did not observe age-dependent changes
in cell death, either in the absence or in the presence of Aβ

treatment. These results further validate our in vitro differently
aged microglia model to evaluate perturbing effects by aging
and Aβ. Changes in microglia morphology are associated with
different functional states, where activation relates with larger
somata, shorter processes and amoeboid morphology (Harry,
2013). Aged microglia also revealed to be smaller, less branched
and less effective in mounting a normal response to injury.
These cells with dystrophic appearance and less capacity to
phagocytose and migrate, probably due to intracellular oxidative
stress, were reported to be senescent (Streit et al., 2008), and to
show increased ferritin immunoreactivity (Lopes et al., 2008).
We previously demonstrated that cells acutely isolated and
maintained for 2 DIV in culture behave as activated microglia,
while if maintained in culture for 16 DIV exhibit a more bipolar
shape and shorter large processes (Caldeira et al., 2014). Here,
aged cells showed a thin and elongated shape with altered nuclei
morphology. This type of cells, commonly called as rod cells, have
been associated to chronically inflamed cerebral cortex (Hof and
Mobbs, 2009) and acutely dementing processes (Graeber, 2010).
As expected, when microglia were exposed to Aβ, in particular
the 2 DIV cells, they acquired an amoeboid morphology, which
is a morphometric characteristic of reactive microglia (Nakajima
and Kohsaka, 2004). To note, however, that aged 16 DIV cells
additionally showed distinct microglia morphological subclasses,
as recently observed in the hippocampus of AD patients
(Bachstetter et al., 2015). The elevated ferritin levels we observed
in 2 DIV microglia reinforce activation by Aβ and suggest a
putative defense mechanism against oxidative stress (Grundke-
Iqbal et al., 1990; Yang et al., 2013). We also identified moderated
accumulation of ferritin in aged cells, which is in accordance with
dystrophic (senescent) microglia (Lopes et al., 2008) and may
determine low resistance to ROS (Yang et al., 2013).

MMPs are important inflammatory components and their
activation was shown to be implicated in AD pathogenesis
(Wang et al., 2014). Besides their multiple roles in AD they are
considered important for Aβ degradation (Miners et al., 2011).
While 2 DIV cells secrete MMP9, but not MMP2, upon Aβ

treatment, aged cells release both. MMP2 is considered the major
protective gelatinase in AD and is overexpressed by astrocytes
surrounding senile plaques, whereas MMP9 expression has a
potential neurotoxic side and is described as a characteristic
feature of AD (Wang et al., 2014). Indeed, activation of MMP9,
but not of MMP2, was reported in serum and brain samples
of patients with mild cognitive impairment and with AD
(Lorenzl et al., 2008; Bruno et al., 2009). Increased release of
MMP2 by 16 DIV cells may imply enhanced ability to cleave
Aβ (Konnecke and Bechmann, 2013). Activation of MMP9 in
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FIGURE 10 | Mixed representation of M1/pro-inflammatory and M2/anti-inflammatory polarization markers in 2 and 16 days in vitro (DIV) microglia treated with
amyloid-β (Aβ) peptide suggests the presence of different cell subsets. Microglia that were kept in culture for 2 and 16 DIV were treated with 1000 nM Aβ for 24 h.
(A) Expression of M1/pro-inflammatory [e.g., inducible nitric oxide synthase (iNOS) and major histocompatibility (MHC) class II] and of (B) M2/anti-inflammatory [e.g.,
Arginase and transforming growth factor β (TGFβ)] was evaluated by Real-Time PCR. Results are expressed in graph bars as mean ± SEM. Cultures, n = 4 per
group. Two-way ANOVA (Post hoc Bonferroni test): ∗p < 0.05 and ∗∗p < 0.01 vs. respective non-treated Control; †p < 0.05 and ††p < 0.01 vs. 2 DIV cells; (A) MHC
class II: DIV × Aβ interaction F(4.53), p < 0.05.

both differentially aged cells may also disturb blood-brain barrier
dynamic properties (Turner and Sharp, 2016), critically affecting
brain Aβ homeostasis and its trans-endothelial transport and
clearance (Provias and Jeynes, 2014).

Microglia migration is essential for many pathophysiological
processes and a feature of the activated cell (Kettenmann et al.,
2011). As in our previous study (Caldeira et al., 2014), aged
microglia was unresponsive to ATP-induced chemotactic signals.
In ex vivo retinal explants from aged mice (18–24 months
of age), microglia process motility was reduced relatively to
young adult animal cells (2–3 months of age; Damani et al.,
2011). Interestingly, intranasally and intravenously administered
microglia to mice migrate to brain in young and aged
recipients, if derived from young, but not from aged donors

(Leovsky et al., 2015). Such findings sustain microglia migration
impairment with age. Again, young microglia, but not aged
cells, were shown to migrate towards Aβ, following stimulation
of ATP release by fibrillar and oligomeric Aβ1–42 species (Kim
et al., 2012). Actually, microglial-mediated clearance of tissue
debris was demonstrated to decay with aging (Neumann et al.,
2009), to be compromised in older AD animal models (Njie
et al., 2012), and to be associated with immunosenescence
(Li, 2013). Functional impairment of microglia leading to
phagocytic capacity decline was shown to coincide with Aβ

deposition in a mice model of AD (Krabbe et al., 2013).
In our in vitro aging microglia model the phagocytic ability
of 2 DIV cells was decreased by Aβ, either in the number
of beads per cell or maximum amount in each cell. Values

Frontiers in Aging Neuroscience | www.frontiersin.org August 2017 | Volume 9 | Article 277267

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Caldeira et al. Microglia Phenotype Governs Reactivity to Aβ

FIGURE 11 | Cell aging and treatment with amyloid-β (Aβ) peptide decrease the population of microglia CD11b+ cells, while increase the number of CD86+ cells.
Microglia that were kept in culture for 2 and 16 days in vitro (DIV) were treated with 1000 nM Aβ for 24 h. The population of CD11b+ and CD86+ cells was detected
by flow cytometry. (A) Analysis of microglia expressing CD11b. Results are expressed in graph bars as mean ± SEM. Cultures, n = 4 per group. Two-way ANOVA
(Post hoc Bonferroni test): ∗p < 0.05 and ∗∗p < 0.01 vs. respective non-treated Control; †p < 0.05 vs. 2 DIV cells. (B) Representative flow cytogram of CD11b+ and
CD86+ cells in reactive (2 DIV) and aged (16 DIV) cultured microglia. (C) Results are expressed in 2D pie graphs as mean. Cultures, n = 4 per group. Two-way
ANOVA (Post hoc Bonferroni test): ∗p < 0.05 and ∗∗p < 0.01 vs. respective non-treated Control; †p < 0.05 and ††p < 0.01 vs. 2 DIV cells.

obtained were at the same level of those presented by 16 DIV
cells, whose phagocytic dysfunction was not modified by Aβ.
Microglia phagocytosis is also related with the recognition of
phosphatidylserine receptors following docking of the MFG-E8
molecule (Li, 2012). Neuroprotective effects of MFG-E8 against
oligomeric Aβ toxicity were previously shown (Li et al., 2012),
although phagocytosis of viable neurons may also occur,
which is a disadvantage (Fricker et al., 2012). We were the
first demonstrating MFG-E8 downregulation due to age and
Aβ in primary cultures of microglia, though others have
detected a reduced expression in AD patients (Boddaert et al.,
2007).

AD risk is modulated by genetic factors that influence
microglial activation. Most attractively, mutations in the Siglecs
TREM2 and CD33 have been distinctly associated with the
development of AD, and shown to act in opposing directions
relatively to microglial activation and AD risk; alleles that
inhibit TREM2 function increase AD risk, whereas alleles that
inhibit CD33 function reduce such risk (Malik et al., 2013).
TREM2 was indicated to support microgliosis (Zheng et al.,
2017) and its deficiency to attenuatemicroglia phagocytic activity
(Kawabori et al., 2015). Therefore, our results indicating an
elevated expression of TREM2 in Aβ-treated 2 DIV microglia,
but not in 16 DIV microglia, again point to a gain-of-function of
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the young cell relatively to the aged one. Furthermore, elevated
expression of CD33 was observed in microglia treated with
Aβ, mostly if aged. CD33 expression was reported to inhibit
uptake and clearance of Aβ1–42 in microglial cell cultures and
microglia immunoreactive for CD33 were shown to correlate
with insoluble Aβ levels and plaque burden in the AD brain
(Griciuc et al., 2013). In this sense, we observed that young cells
expressing elevated TREM2 had enhanced internalization of Aβ,
while aged cells with low TREM2 and upregulated CD33 showed
reduced intracellular Aβ and increased number of extracellular
deposits, further corroborating their inability to clear Aβ.

Upregulation of TLR2, TLR4 and CX3CR1 in 2 DIV cells
upon treatment with Aβ, but not in 16 DIV cells, are in
line with higher neuroprotection by young cells than by older
ones. Increased expression of TLR2 and TLR4 was found in
AD human brains and suggested to require stimulation by Aβ

fibrils (Reed-Geaghan et al., 2009). Interestingly, TLR-signaling
was shown to link the autophagy pathway to phagocytosis
(Sanjuan et al., 2007) and to be involved in the clearance of
Aβ deposits (Trudler et al., 2010). Role of CX3CR1 signaling
in AD is still controversial. The ablation of CX3CR1 gene in a
rodent AD model increased cytokine levels and Tau pathology,
while also increased protofibrillar Aβ phagocytosis (Merino
et al., 2016). However, CX3CR1 deficiency was associated
with aberrant microglial activation and AD-related cognitive
deficits (Cho et al., 2011). In another study, a protracted
reduction of CX3CR1 expression in aged microglia was observed
after lipopolysaccharide injection, together with incomplete
resolution of inflammation and delayed recovery from sickness
behavior (Wynne et al., 2010). Thus, the importance of CX3CR1
in AD is controversial and needs further clarification.

Altered TLRs/ligands interaction may derive from key
signaling modulator miRNAs, particularly the trio miR-155,
miR-21 ad miR-146a, during age-related changes of immune
system functions (Olivieri et al., 2013a). Studies support the
pivotal role of miRNAs in the regulation of microglial phenotype
by promoting microglial quiescence (miR-124), or by driving
microglial inflammatory and immune responses (miR-155 and
miR-146a) (Ponomarev et al., 2013). While miR-124 was shown
to be downregulated in hippocampal brain samples of AD
patients from early to severe disease stages (Lukiw, 2007),
miR-155 was reported to be overexpressed in circulating fluids
and cells of AD individuals (Alexandrov et al., 2012; Guedes
et al., 2016), as well as in 3xTg-AD mice brain (Guedes
et al., 2014). However, in other works, miR-155 expression
was found significantly reduced in old individuals (Noren
Hooten et al., 2010). Our results indicate that both miR-124
and miR-155 are decreased in 16 DIV cells, and that their
downregulation in 2 DIV microglia comes from Aβ interaction.
Such reduction may have important consequences in AD
progression since miR-155 and miR-124 were recognized as
critical modulators of immunological responses and to possibly
act as anti-inflammatory factors (Li et al., 2016; Qin et al., 2016).

TNF-α, IL-1β, IL-6, HMGB1 and IL-18, but not NLRP3, were
increased in 2 DIV cells upon Aβ treatment, while only the first
two were enhanced in the 16 DIV cells. A better understanding
of the pro-inflammatory signaling pathways associated to AD

is crucial to define their beneficial or harmful consequences,
and if their targeting by NSAIDs is advantageous. Based on our
data, we postulate that NSAIDs therapy should be envisaged as a
stage-dependent disease strategy with potential benefits in early
inflammatory states of AD disease, as suggested by others (Cole
and Frautschy, 2010; Imbimbo et al., 2010; Wang J. et al., 2015).
TNF-α and IL-1β increase is consensual in AD pathogenesis
(Wang W. Y. et al., 2015) and was here observed in 2 DIV and
16 DIV microglia, which may then be considered as targets for
selective tuning. We observed that Aβ was unable to stimulate
the production of other inflammatory mediators in aged cells.
Relationship between IL-6 concentration and aging is not clearly
established, and although suggested to increase, implicated cell
is not recognized and conflicting results have been published
(Maggio et al., 2006). We have established that Aβ and LPS
trigger the release of HMGB1 from microglia (Cunha et al.,
2016; Falcão et al., 2017), and we observed its upregulation in
the 2 DIV Aβ-treated microglia. HMGB1 is a nuclear protein
acting as a co-factor for gene transcription. However, when in the
extracellular fluid, it acts as an alarmin and a pro-inflammatory
cytokine that signals through TLR2/TLR4 (Park et al., 2004),
which were increased in the reactive microglia. HMGB1 is
involved in AD pathology by inducing neurite degeneration
(Fujita et al., 2016). Our results do not sustain NLRP3 activation,
although clearly show upregulated IL-18, again more notoriously
in 2 DIV than in 16 DIV cells. Although IL-18 has been
indicated to be produced downstream of NLRP3 (Zaki et al.,
2010), it was recently associated to NLRP1 inflammasome, as
well (Murphy et al., 2016). In a recent article both inflammasome
components were indicated to be activated in AD, but their direct
association with microglia was not investigated (Saresella et al.,
2016). Most interesting, increased expression of pro-IL-18 with
defective NLRP3 activation was observed in dendritic cells from
elderly mice during influenza infection, highlighting that IL-18
upregulation may occur in the absence of NLRP3 activation
(Stout-Delgado et al., 2012).

The increase in pro-inflammatory cytokines, as well as
in iNOS and MHC class II, indicates that Aβ triggers the
polarization of microglia into the M1 phenotype (Wang W. Y.
et al., 2015; Cunha et al., 2016), namely in the 2 DIV
cultured microglia. Nevertheless, increased expression of TGFβ
and Arginase 1, and in some cases also of MHC class II,
suggests the presence of M2 subclasses in both differentially
aged cells (Chhor et al., 2013; Roszer, 2015). Increased
microglial iNOS and TGFβ signaling by aging and AD was
observed in experimental models and patients (Dheen et al.,
2005; Doyle et al., 2010; Mosher and Wyss-Coray, 2014; von
Bernhardi et al., 2015). Actually, M1 and M2 phenotypes
are the extreme subtypes of microglia polarization, and
the existence of different heterogeneous activation states
reflect the plastic nature of microglia (Bachstetter et al.,
2015; Grabert et al., 2016). Heterogeneous populations of
microglia in our model result from the co-existence of four
separated CD11b−/CD86−, CD11b−/CD86+, CD11b+/CD86−
and CD11b+/CD86+ subtypes in 2 DIV microglia, but more
extensively in 16 DIV microglia. These distinct subsets may
derive from differentiation dissimilarities, contributing to
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morphological and functional diversities. Major differences
induced by Aβ included a decrease in the number of CD11b+
cells in 2 DIV cells and an increase in CD86+ cells in 16 DIV
microglia. This aging-associated diversity is in line with previous
studies showing that aged mice (22 months) have a greater
proportion of CD86+ microglia in hippocampus than adult
animals (4 months) (Kohman et al., 2013). CD86 was shown
to have co-stimulatory effects on T cells activation (Tambuyzer
et al., 2009) and Monsonego et al. (2003) demonstrated that
Aβ-reactive T cell activation was CD86 microglia-dependent.
Therefore, we hypothesize that aging and Aβ may potentiate
interactions between microglia and infiltrating T cells, thus
concurring for immune dysfunction. M2b polarized microglia
with high MHC class II and CD86 expression, pro-/anti-
inflammatory properties, and enhanced T cell recruitment
capacity may be a subset of Aβ-treated 16 DIV cells. Loss of
CD11b+ cells, containing the αMβ2 integrin receptor, in the Aβ-
treated 2 DIV microglia can account to reduced phagocytic and
migration abilities, since αMβ2 was reported to be implicated
in phagocytosis, cell-mediated killing, chemotaxis and cellular
activation (Cougoule et al., 2004; Chen et al., 2008).

In this study we used highly enriched primary cultures of
microglia isolated from the cortex of mice pups, as described
(Saura et al., 2003). A mild state of microglia activation was
observed at 2 DIV cultures after the isolation procedure (Caldeira
et al., 2014). Indeed, the calming state requires time in culture
(Cristóvão et al., 2010). We used 2 DIV cells and treatment
with 1000 nM Aβ to mimic activation of mild microglia-
associated neuroinflammation, a risk factor for developing AD
(Eikelenboom et al., 2012; Wang W. Y. et al., 2015). Considering
that cellular senescence is interconnected with AD pathogenesis
(Boccardi et al., 2015), and that microglial degeneration and loss
of neuroprotection by the dystrophic/senescent microglia, rather
than activated microglia, contributes to AD (Streit et al., 2009;
Mosher and Wyss-Coray, 2014), we used in vitro 16 DIV aged
microglia (Caldeira et al., 2014) and incubation with Aβ to also
test this alternative hypothesis.

Data show that microglia activation by Aβ depends on the
polarization state of the cell. If already activated, microglia
react with increased migration and expression of all major
inflammatory biomarkers (except NLRP3), but also showing
dysfunctional consequences as low phagocytic ability, increased
senescence-like behavior, decreased CD11b immunoreactivity
and reduced inflammatory miR-155 and miR-124 expression.
Changes are much less notorious in the mature/aged microglia
that only respond by activation of MMP2 and MMP9, increased
LC3-punta and CD86 immunostaining, together with elevated
iNOS, TGFβ and TNF-α gene expression. Distribution of
M1 and M2 polarized markers indicates that 2 DIV cells
assume a predominant M1 phenotype in the presence of Aβ,
while 16 DIV cells comprise diverse microglia subtypes that
include M2 subclasses. Altogether, we hypothesize that diverse
microglia polarized cells distinctly contribute to AD initiation
and progression. However, given the complexity of AD and
the involvement of multiple cell types, our results should be
interpreted with caution and their translation to humans will
require further studies.

New insights may be obtained with microglia isolated from
human post-mortem brain tissue (Mizee et al., 2017), or
derived from induced pluripotent stem cells generated from
AD patients (Abud et al., 2017). Moreover, because neuron-
astrocyte-microglia communication plays a crucial role in
AD pathogenesis, and microglia activation triggers astrocyte
neurotoxicity (Liddelow et al., 2017), additional studies using
3D culture models that allow cell-to-cell interplay and best
recapitulate AD (Kim et al., 2015; Choi et al., 2016; Lee
et al., 2016) should be used to corroborate or complement our
findings.
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FIGURE S1 | Reactive cultured microglia phagocytose higher amount of
monomeric and dimeric species than the aged cells, which otherwise exhibit
increased number of extracellular amyloid-β (Aβ) deposits. Microglia that were
kept in culture for 2 and 16 days in vitro (DIV) were treated with 1000 nM Aβ

for 24 h. (A) Representative images of Aβ immunoblots in cell lysates using the
anti-Aβ clone W0–2 antibody. (B) Representative images of microglia
immunostained for Iba1 (red) and Aβ (green) with nuclei staining (blue). Scale
bar equals 50 µm.
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Neuroinflammatory processes are recognized key contributory factors in Parkinson’s

disease (PD) physiopathology. While the causes responsible for the progressive loss

of midbrain dopaminergic (mDA) neuronal cell bodies in the subtantia nigra pars

compacta are poorly understood, aging, genetics, environmental toxicity, and particularly

inflammation, represent prominent etiological factors in PD development. Especially,

reactive astrocytes, microglial cells, and infiltrating monocyte-derived macrophages

play dual beneficial/harmful effects, via a panel of pro- or anti-inflammatory cytokines,

chemokines, neurotrophic and neurogenic transcription factors. Notably, with age,

microglia may adopt a potent neurotoxic, pro-inflammatory “primed” (M1) phenotype

when challenged with inflammatory or neurotoxic stimuli that hamper brain’s own

restorative potential and inhibit endogenous neurorepair mechanisms. In the last decade

we have provided evidence for a major role of microglial crosstalk with astrocytes,

mDA neurons and neural stem progenitor cells (NSCs) in the MPTP- (1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine-) mouse model of PD, and identified Wnt/β-catenin

signaling, a pivotal morphogen for mDA neurodevelopment, neuroprotection, and

neuroinflammatory modulation, as a critical actor in glia-neuron and glia-NSCs crosstalk.

With age however, Wnt signaling and glia-NSC-neuron crosstalk become dysfunctional

with harmful consequences for mDA neuron plasticity and repair. These findings are

of importance given the deregulation of Wnt signaling in PD and the emerging link

between most PD related genes, Wnt signaling and inflammation. Especially, in light of

the expanding field of microRNAs and inflammatory PD-related genes as modulators

of microglial-proinflammatory status, uncovering the complex molecular circuitry linking
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PD and neuroinflammation will permit the identification of new druggable targets for

the cure of the disease. Here we summarize recent findings unveiling major microglial

inflammatory and oxidative stress pathways converging in the regulation ofWnt/β-catenin

signaling, and reciprocally, the ability of Wnt signaling pathways to modulate microglial

activation in PD. Unraveling the key factors and conditons promoting the switch of

the proinflammatory M1 microglia status into a neuroprotective and regenerative M2

phenotype will have important consequences for neuroimmune interactions and neuronal

outcome under inflammatory and/or neurodegenerative conditions.

Keywords: Parkinson’s disease, neuroinflammation, Wnt/β-catenin signaling, aging, dopaminergic neurons,

neurogenesis, neurodegeneration, neuroprotection

INTRODUCTION

Aging is the leading risk factor for the development Parkinson’s
disease (PD), a most prevalent central nervous system (CNS)
movement disorder characterized by the progressive and
selective degeneration of midbrain dopaminergic neurons
(mDA) of the substantia nigra pars compacta (SNpc) and
their terminals in the striatum, the presence of intracellular
aggregated inclusions containing α-synuclein (α-Syn),
called Lewy bodies (LB), and an abnormal activation of
the astroglial cell compartment (Hornykiewicz, 1993; Di
Monte and Langston, 1995; Langston et al., 1998, 1999;
Table 1).

The chronic decrease of dopamine storage in the striatum
is responsible for the gradual impairment of motor function
leading to the classical motor features of PD, which include
bradykinesia, rest tremor, rigidity and postural instability. These
motor signs are often preceded by nonmotor manifestations
such as olfactory dysfunction, autonomic, cognitive and mood
function impairments (Langston, 2006).

The causes and mechanisms leading to the progressive
and selective mDA neuron death are ill-defined, and so far,
there is no cure for PD. Current treatments are centered on
dopamine replacement therapy, using the metabolic precursor
of dopamine, L-DOPA, or dopamine receptor agonists,
albeit they only temporally alleviate the motor symptoms
without stopping the ongoing neurodegeneration (Olanow
and Schapira, 2013; Obeso et al., 2017, for a comprehensive
review). Thus, the ideal therapeutic regimen for PD should
combine both symptomatic treatment and neurorestorative
interventions aimed at protecting or enhancing the function of
DA neurons.

The disease can be divided into sporadic and early-onset
familial PD with most (90%) PD cases being sporadic (Ferreira
and Massano, 2016) and current evidence indicates that
a complex interplay between genetic susceptibility and
a panel of environmental factors strongly contribute to
PD pathophysiology (Di Monte et al., 2002; Gao and
Hong, 2008, 2011; Gao et al., 2011, 2012; Marchetti et al.,
2011; Cannon and Greenamyre, 2013; Hirsch et al., 2013;
Table 1). Indeed, several genes and many environmental
factors impact in the regulation of crucial pathways involved
in inflammatory glial activation, mitochondrial function,

endoplasmic reticulum stress, autophagic catabolism,
protein misfolding and aggregation, that can variously
impact in the progressive demise of mDA neurons (Olanow
et al., 2003; Abou-Sleiman et al., 2006; Marchetti et al.,
2011).

Aging represents the chief risk factor for PD development.
With advancing age the function of the nigrostriatal DA system
progressively declines leading to neurochemical, morphological
and behavioral changes (Boger et al., 2010; Hindle, 2010;
de la Fuente-Fernández et al., 2011). Additionally, while
nigrostriatal DA neurons are endowed with an extraordinary
compensatory/neurorepair capacity, the aging process sharply
impair DA neuron plasticity and its ability to recover upon injury
(Collier et al., 2007).

Notably, oxidative stress and low-grade inflammation are
the hallmarks of aging, and both processes are even further
up-regulated upon injury, neurotoxin exposure, male gender
and PD genetic mutations (Table 1). With age, microglial cells
become “primed,” i.e., capable to produce exacerbated levels
of a set of pro-inflammatory mediators when challenged with
immune or neurotoxic stimuli. This microglial cell shift to the
harmful, M1 phenotype, promotes the release of an array of
factors that are detrimental for the vulnerable mDA neurons.
Nuclear factor κB (NF-κB), is a key actor and the first signal
for inflammasome induction (Codolo et al., 2013), together with
major pro-inflammatory cytokines, such as tumor necrosis factor
α (TNF-α), interleukin 1β (IL-1β) and IL-6. This inflammatory
microenvironment is also associated to oxidative stress mediators
such as reactive oxygen (ROS) and nitrogen species (RNS), that
in turn amplify microglial activation, which results in increased
mDA neuron vulnerability, and/or neuronal death (Olanow
et al., 2003; Abou-Sleiman et al., 2006; Hirsch and Hunot,
2009).

Notably, a number of genetic mutations interact with certain
risk factors, such as exposure to neurotoxins or endotoxins, then
resulting in a further exacerbation of glial activation. In this
condition, gene-environment interactions may drive a vicious
cycle of oxidative stress and inflammation, contributing to the
chronic PD progression (Di Monte et al., 2002; Marchetti and
Abbracchio, 2005; Zhang et al., 2005; Whitton, 2007, 2010;
Gao and Hong, 2008, 2011; Przedborski, 2010; Tansey and
Goldberg, 2010; Gao et al., 2011, 2012; Lastres-Becker et al., 2012;
Table 1).
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TABLE 1 | Parkinson’s disease: from hallmarks to therapy.

Hallmarks Genetic factors Environmental factors Protective factors Therapy

• Selective mDA

neurodegeneration in the

SNpc with concurrent loss of

mDA neuronal afferents to

striatum and putamen

• α-SYN aggregation (Lewy

bodies and Lewy neurites

formation) indicative of

ongoing degeneration

• Astro and microgliosis

(astrocyte hypertrophy,

M1-microglial morphological

and functional shift)

• PARK Genes (α-SYN/PARK1,

LRRK2/PARK8§◦,

PRKN/PARK2§◦,

VPS35/PARK17§,

UCH-L1/PARK5, GBA§

• MAPTau§◦

• Dopaminergic related

genes (DA-receptors,

DA-transporter, TH, COMT,

MAO)

• GSK-3β§◦

• Xenobiotic

Metabolism/Detox-related

genes (P450IID1, CYP1A1,

NAT1, HMOX1§◦, GST, NQO2)

• APOE

• Neurotrophic genes

(NURR1§, NGF, BDNF)

• Inflammatory related genes

(iNOS, TNF-α, IL-1β, IL-6,

ER-β)§◦

• Aging§◦

• Rural living herbicides and

pesticides exposure (paraquat,

rotenone, organochlorines,

carbamates)§◦, metal

exposure◦

• Head injuries

• Estrogen deficiency

(women)§◦

• Infectious diseases during

childhood§◦

• Maternal factors/ early-life

events (virus, drugs,

endotoxins, hormonal

deficits)◦

• Drug-induced

parkinsonism (drug abuse,

neuroleptics, calcium-channel

blockers)◦

• miRNAs (miR-155,

miR-7116-5p)◦

• Chronic use of NSAIDS

(reduces PD risk)§*; **

• Estrogen replacement

therapy

(post-menopausal

women, OVX animals)*

• Dietary factors/life

style (tea, polyphenols,

wine components,

curcumin, coffee,

tobacco)*

• Environment (Exercise,

social interactions)§**

• miRNA (miR-7)*

• Symptomatic: L-DOPA or DAergic

agents administration (relieve motor

symptoms, do not prevent disease

progression)

• Neuroprotective/

symptomatic (selegiline, rasagiline)

• Cell based therapies (re-

introducing DA-producing cells,

embryonic, NSCs, treated iPSCs,

to replenish DA stores and

alleviate/cure PD

• Combined therapies

(anti-oxidants, anti-inflammatories,

GSK-3β-inhibitors, protective

factors to boost endogenous

neurogenesis and mDA

neuro-restoration)

§Wnt/β-CAT dysregulation in the reported conditions.
◦Activation of microglia and pro-inflammatory mediators in animal models of PD under the reported treatments.
*Mitigation/inhibition of microglial activation in animal models of PD under the reported treatments.
**Enhanced neurogenesis/synaptic plasticity and glial proliferation.

Furthermore, crosstalks between central and peripheral
inflammation together with changes in hormonal background
with age, may well have further important roles in
shaping the final glial response with consequences for
neuroprotection/degeneration upon injury (Baba et al., 2005;
Marchetti and Abbracchio, 2005; Brochard et al., 2009; Marchetti
et al., 2011; Collins et al., 2012; Kannarkat et al., 2013; Chen et al.,
2015).

We recently provided evidence that the Wnt/β-catenin
signaling pathway, a chief player in neurodevelopmental
processes (Ciani and Salinas, 2005; Clevers, 2006; Prakash and
Wurst, 2006; Salinas, 2012; Joksimovic and Awatramani, 2014;
Wurst and Prakash, 2014; Zhang et al., 2015), is crucially
involved in the physiopathology of nigrostriatal DA neurons
(L’Episcopo et al., 2011a,b; Marchetti et al., 2013; Harvey and
Marchetti, 2014). Furthermore, growing evidence indicates the
contribution ofWnt signaling in themodulation of inflammation
via bidirectional glia-neuron crosstalk in PD (L’Episcopo et al.,
2011a,b, 2014a,b; Marchetti and Pluchino, 2013; Marchetti et al.,
2013; Figure 1). Then, astrocytes and macrophage/microglial
cells in the brain, and immune cells in the periphery express
Wnts and harbor a panel of Wnt’s receptors thereby modulating
in an autocrine/paracrine fashion immune responses both at
central and peripheral levels (Staal et al., 2008; Pereira et al.,
2009; Neumann et al., 2010; Halleskog et al., 2011, 2012;
Kilander et al., 2011; L’Episcopo et al., 2011a, 2012, 2013, 2014a;
Halleskog and Schulte, 2013a,b; Marchetti and Pluchino, 2013).
In turn, Wnt receptors are present in mDA neurons and Wnt/β-
catenin signaling activation exert robust neuroprotective effects
(L’Episcopo et al., 2011a,b, 2012, 2013, 2014a,b; Harvey and
Marchetti, 2014; Figures 1, 2).

Microglia and astrocyte-microglia crosstalk also modulate the
brain’own regenerative/neurorestorative potential, regulating
adult neural stem/progenitor cell (NSC) plasticity in neurogenic
niches (Pluchino et al., 2005; Jakubs et al., 2008; Ekdahl
et al., 2009; Schwartz et al., 2009; Ehninger et al., 2011;
Ekdhal, 2012; Kokaia et al., 2012; L’Episcopo et al., 2012,
2013; Marchetti and Pluchino, 2013). However, aging,
inflammation and PD, exacerbating microglia M1 phenotype
impair NSCs proliferation and neuronal differentiation
and inhibit Wnt/β-catenin signaling (Freundlieb et al.,
2006; Okamoto et al., 2011; L’Episcopo et al., 2012, 2013),
with harmful consequences for mDA neuron recovery
and repair upon injury (L’Episcopo et al., 2013, 2014a,b;
Figure 3).

Recently, in several neurodegenerative diseases, including
PD, a dysregulation of non-coding RNAs (ncRNAs)
levels has been reported (Sonntag, 2010). MicroRNAs
(miRNAs) are the most studied class of ncRNAs, which
play key roles in normal cellular physiology as well
as in pathogenesis, including PD pathogenesis (Bartel,
2004; Soifer et al., 2007; Bian and Sun, 2011). Of special
importance for the present work, different miRNAs are
increasingly being appreciated for their ability to modulate
the microglial inflammatory response in PD, with novel
potential therapeutic implications for regulating the
inflammatory response during PD progression (Thome et al.,
2016).

In this work we will first introduce the role of
neuroinflammation in PD, with a specific focus on
microglia-astrocyte-neuron crosstalk. Particularly, the role
of gene-environment interactions such as aging, neurotoxins
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and inflammogen exposure and their influence in microglial
polarization and Wnt signaling together with the interplay
between mRNAs and miRNA modulatory effects will be next
addressed.

NEUROINFLAMMATION AND PD: THE KEY

ROLE OF

MICROGLIAL-ASTROCYTE-NEURON

TRIPARTITE CROSSTALK

A body of evidence from epidemiological and post-mortem
studies in human PD brains, coupled to accumulating data in
experimental models of PD in either non-human primates and
rodent PD models, clearly indicates that neuroinflammatory
glial-mediated mechanisms are chiefly involved in PD
pathophysiology, playing a dual benefical/harmful role
(Marchetti and Abbracchio, 2005; Marchetti et al., 2005a,b,c;
McGeer and McGeer, 2008).

Although the “primum movens” initiating the inflammatory
response and the causal relationship between the two phenomena
remain to be fully clarified, it is recognized that neuronal
degeneration itself, particularly aggregated α-Syn (a core feature
of both sporadic and familial forms of PD) (Bendor et al.,
2013), released early in the disease process by the injured
DA neurons, may act as an endogenous disease-related signal,
activating glial cells to release a variety of pro-inflammatory
molecules, promoting microglia exacerbation and neuronal cell
death (Zhang et al., 2005; Whitton, 2007; Gao et al., 2011;
Codolo et al., 2013; Sanchez-Guajardo et al., 2013). In turn,
neuroinflammatory glial activation has been suggested also
to contribute via the promotion of a prion-like behavior of
misfolded α-Syn propagation (Lema Tomé et al., 2012).

The possibility that an early dysregulated microglial pro-
inflammatory phenotype contributes to progressive nigrostriatal
degeneration in PD has received increasing attention in the light
of the implications for preventive and therapeutic strategies
for PD (Marchetti and Abbracchio, 2005; Zhang et al., 2005;
Whitton, 2007, 2010; Gao and Hong, 2008; Koprich et al., 2008;
Hirsch and Hunot, 2009; Deleidi et al., 2010; L’Episcopo et al.,
2010a,b, 2011c). Hence, positron emission tomography imaging
studies employing microglia-specific markers support an early
involvement and cerebral propagation of neuroinflammation
in PD (Gerhard et al., 2006; Ouchi et al., 2009; Pradhan
and Andreasson, 2013). Prospective studies suggest that
inflammatory processes can modulate PD risk in humans, as
higher plasma concentrations of the pro-inflammatory cytokine
interleukin-6 (IL-6) increased the risk of developing PD whereas
chronic nonsteroidal anti-inflammatory drug (NSAID) regimens
reduced the incidence of PD by 46% (Chen et al., 2003, 2005;
Schiess, 2003). Importantly, the association of late-onset sporadic
PD with certain genetic variants in the region of chromosome
6 that specifies the human leukocyte antigens (HLAs), which
are crucial for immune function in humans (Hamza et al.,
2010), have been further strengthened using Genome-wide
association studies (GWAS) (Latourelle et al., 2012). Especially,
meta-analyses by the International Parkinson Disease Genomics

FIGURE 1 | Schematic illustration of gene-environment interactions impacting

in mDA neuron survival/protection in the adult midbrain via Wnt1/β-catenin

signaling. Major environmental factors including aging, inflammation,

neurotoxin exposure including PD neurotoxins (MPTP/MPP+, 6-OHDA),

pesticides (rotenone), increased oxidative load as a result of gowth factors

(GFs) deprivation in synergy with genetic mutations (see Table 1), may

antagonize Wnt/β-catenin signaling (“Wnt off”) in mDA neurons. Up-regulation

of active GSK-3β, then lead to β-catenin degradation and increased DA neuron

vulnerability/degeneration/apoptosis. By contrast, in the intact midbrain

canonical Wnt agonists, such as Wnt1, Rspo or Norrin, and activation of Fzd-1

receptors also via exogenous Wnt/β-catenin activation such as GSK-3β

antagonist, NO-NSAIDs treatments tors (“Wnt on”), contribute to maintain the

integrity of mDA neurons via blockade of GSK-3β-induced phosphorylation (P)

and proteosomal degradation of the neuronal pool of β-catenin. Stabilized

β-catenin can translocate into the nucleus and associate with a family of

transcription factors and regulate the expression of Wnt target genes involved

in DA neuron survival/plasticity, neuroprotection and repair. β-catenin may also

function as a pivotal defense molecule against oxidative stress, and can act as

a coactivator for several nuclear receptors involved in the

maintenance/protection of DA neurons. The hypothetical contribution of

various endogenous Wnt agonists (Respondin, Rspo, Norrin) or antagonists

(Dkkopf, Dkk1, Wif, frizzled-related proteins, SFRp) are also indicated.

Consortium et al. (2011), supported the evidence for association
of five previously reported risk loci near the genes for alpha-
synuclein (SNCA), microtubule associated protein tau (MAPT),
cyclin G-associated kinase (GAK), beta-glucocerebrosidase
(GBA), and HLA locus (HLA).

Consistent with the inflammation hypothesis, experimental
evidences in different PD rodent models indicate significant
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FIGURE 2 | Wnt/β-catenin signaling-induced switch in proinflammatory microglial M1 phenotype in concert with gene-environment interactions in PD. Upon activation

by neurotoxins, endotoxins or brain injury and aging, macrophage/microglia produce a panel of pro-inflammatory cytokines (TNF-α and IL-1β) and chemokines (CCL3,

CXCl10 and CXCL11), of which Wnt5a constitutes one part of a self-perpetrating cycle, via autocrine Wnt5A/CamKII activation and paracrine stimulation of Th-1-

cytokines, iNOS and COX2 (Pereira et al., 2009; Neumann et al., 2010; Halleskog et al., 2012). Up-regulation of microglial PHOX-derived ROS, iNOS-derived NO, and

GSK-3β, a known regulator of NF-kB-dependent gene transcription, further exacerbate microglia reaction (Beurel et al., 2010; L’Episcopo et al., 2012, 2013). In

addition, astrocyte-derived growth/neurotrophic and anti-oxidant factors including Wnt1, can mitigate the inflammatory milieu and favor a progressive neurorescue

program for mDA neurons (Marchetti et al., 2013). However, an exaggerated M1 microglial pro-inflammatory status as observed with age, MPTP exposure, and

synergy with different gene and environmental risk factors can impair astrocyte anti-inflammatory and neuroprotective functions also via inhibition of Wnt1 expression

and downregulation of anti-oxidant/anti-inflammatory cytoprotective proteins in astrocytes (L’Episcopo et al., 2013). Modified from Marchetti and Pluchino (2013), with

permission.

neuroprotective effects exerted by different immunomodulatory
drugs including non steroidal anti-inflammatory drugs
(NSAIDs). However, there are some conflicting results in
the ability of the different NSAIDs to effectively protect
mDA neurons against neurotoxic insults, likely due to the
dual (beneficial/harmful) effects of inflammation, the timing
of the NSAID treatment (i.e., before or after mDA neuron
injury), and the specific properties of the different NSAIDs
(reviewed by Marchetti and Abbracchio, 2005; Fiorucci and
Antonelli, 2006; Esposito et al., 2007; Whitton, 2007, 2010;
L’Episcopo et al., 2010a,b, 2011c; Pradhan and Andreasson,
2013).

Within this scenario the major players are the microglial cells,
the reactive astrocytes, and the infiltrating monocyte-derived
macrophages (Depboylu et al., 2012). Notably, microglia are
highly pleiotropic cells and dynamically shift between a quiescent
(termedM2)-to moderate or highly activated (termedM1) states,
depending on the triggering mechanisms and the duration of
the insult (Kreutzberg, 1996; Streit, 2002; Perry and Teeling,
2013). In the basal M2 state, microglia have anti-inflammatory
and neuron-reparative roles, protecting neighboring cells by
removing cell debris and releasing trophic factors for brain
repair. Upon injury or immune challenges, activated M1
microglia proliferate and participate in clearing cell debris at
early stages, but may exacerbate brain injury by producing

neurotoxic substances, especially when overactivated for
prolonged times (Perry and Teeling, 2013). In these conditions,
microglia release a variety of pro-inflammatory mediators that
can become detrimental to neuronal survival. Major players are
the transcription factor NF-κB and activator protein-1 (AP-1)
chiefly involved in the induction of multiple inflammatory genes
involved in the inflammatory response. Particularly, among glial
cytotoxic molecules, inducible NO synthase (iNOS)-derived
NO, superoxide from the plasma membrane NADPH oxidase,
cyclooxygenase 2 (COX2)-derived prostaglandin E2, associated
with a number of potent inflammatory cytokines, including
TNF-α, IL-1β, IL-6, and IFN-γ shown to exert detrimental effects
in mDA neurons (Sriram et al., 2002, 2006; Teismann et al., 2003;
Whitton, 2007, 2010; Gao and Hong, 2008; Hirsch and Hunot,
2009).

As astrocytes are concerned, they are prominent players
both in health and disease (Sofroniew and Vinters, 2010). They
contribute to a panel of key functions in the CNS, including the
provision of trophic support to neurons, clearance of debris, as
well as themodulation of synapse formation and function, energy
metabolism, and in particular the defense against oxidative stress
(see Bélanger and Magistretti, 2009). For example, efflux of GSH
from astrocytes mediated by the ATP-dependent transporter,
multidrug-resistance associated protein (Mrp1) is involved in
the dynamic response to the changing redox mileu (Gennuso
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FIGURE 3 | Aging-induced M1 proinflammatory phenotype promotes Nrf2-ARE pathway disruption in the subventricular zone (SVZ) driving neurogenic impairment in

parkinsonian mice via PI3K-Wnt/β-catenin dysregulation. In young mice a regulatory circuit linking microglial activation and pro-inflammatory cytokine to Nrf2-ARE

protective pathway in SVZ, provides an efficient self-adaptive mechanism against inflammatory/neurotoxin-induced oxidative stress. In addition to govern the redox

balance within the SVZ niche, Nrf2-induced Hmox target gene may simultaneously protect astrocytes, thereby up-regulating the expression of vital Wnt signaling

elements switching-on key components required for maintaining SVZ cells in a proliferative state, promote differentiation and/or for exerting neuroprotective effects.

Crosstalk between two pivotal pathways, the PI3-K/Akt/GSK-3β and Wnt/β-catenin signaling cascades appear to cooperate to finely control the transcriptional

activator, β-catenin, in turn representing a point of convergence to direct proliferation/differentiation/survival in SVZ stem niche. Importantly, SVZ “rejuvenation” may

have beneficial consequences for DAergic neuroprotection, and viceversa. Astrocytes (blue), neuroblasts (red), transit-aplifying cells (yellow) and ependymal (purple)

cells in SVZ niche are schematically illustrated (modified from L’Episcopo et al., 2013, with permission).

et al., 2004). The expression and activation of anti-oxidant
response element (ARE) represent a key feature of astrocyte
neuroprotective effects. Oxidative stress can up-regulate enhance
expression and binding of astrocytic NF-E2-related factor 2
(Nrf2), which translocates to the nucleus and binds to ARE.
Importantly, binding to ARE up-regulates a cluster of anti-
oxidant genes, including those for GSH, as well as anti-oxidant,

anti-inflammatory and cytoprotective genes, such as Heme
oxygenase1 (Hmox) (Chen et al., 2009).

Astrocytes’ modulation of the local microenvironment is
complemented by the expression and release of a variety of
growth and neurotrophic factors and a number of pro/anti-
inflammatory mediators and anti-oxidant molecules (see
Marchetti et al., 2013). Furthermore, astrocytes can contribute to
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cell genesis both as stem cells and as important cellular elements
of the neurogenic microenvironment, with implications for
self-recovery/neurorepair (Alvarez-Buylla et al., 2001). Upon
injury, astrocytes can transform into “reactive” astrocytes (Ras),
that can fulfill both neuroprotective or neurotoxic functions.
Ras are characterized by up-regulation of several molecules
including GFAP and S100, they express receptors involved in
innate immunity (e.g., Toll-like receptors), participating in
the regulation of astrocyte response to injury. In addition, Ras
express receptors for growth factors, chemokines, hormones,
and produce a wide array of chemokines and cytokines that act
as immune mediators in cooperation with those produced by
microglia (Marchetti et al., 2005a,b).

Thanks to the shared receptors for neurotransmitters,
hormones, neuromodulators, neuropeptides and immune
regulatory molecules, neurons, astrocyte and microglial cells can
talk with each other and sense the changing microenvironment.
Then, glial-neuron crosstalk is essential for maintaining CNS
homeostasis during physiological, and particularly under
neurodegenerative and inflammatory conditions. Especially,
astrocyte-microglia crosstalk plays a pivotal role, aimed at
reducing or inhibiting any exacerbated inflammatory/oxidative
response in the brain (Bélanger and Magistretti, 2009; Marchetti
and Pluchino, 2013). This appears of particular importance
given that microglial cells in the SNpc are more abundant
(about 4.5-fold) as compared to any other brain region, while
SNpc-DA neurons have reduced anti-oxidant potential, and the
redox chemistry of dopamine present in the cytoplasm could
be enhanced by an exacerbation of ROS production, leading
to the formation of toxic dopamine metabolites. All together
these conditions predispose mDA neurons to vulnerability to
inflammatory/oxidative attacks (Abou-Sleiman et al., 2006;
Whitton, 2007, 2010; McGeer and McGeer, 2008; Tansey and
Goldberg, 2010; Taylor et al., 2013).

Consequently, the microglial M1 proinflammatory status is
tightly linked to astrocyte-microglia and neuron-glia interactions
through a number of mechanisms and a panel of inhibitory
receptors that restrain microglial activation. For example,
CD200, a transmembrane glycoprotein expressed on neurons,
can survey glial activation status via its binding to CD200R
(Wang et al., 2011; Zhang S. et al., 2011). When CD200-CD200R
engagement is disrupted, this can lead to an abnormal activation
of microglia and consequent pathological changes. Importantly,
microglia harbor hormonal receptors (i.e., for glucocorticoid
hormones, GRs, and for estrogens, ERs) contributing to
limit microglial overactivation via the blockade of principal
inflammatory pathways, particularly NFκB signaling and the
iNOS-NO pathway generating elevated concentrations of
proinflammatory cytokines and RNS (Marchetti et al., 2002,
2005a,b, 2011; Vegeto et al., 2003; Morale et al., 2004, 2006, 2008;
L’Episcopo et al., 2010a).

Upon exposure to the PD neurotoxins including 6-OHDA-
or MPTP, glia-neuron and astrocyte-microglia crosstalk play
decisive roles in dicating the severity of the nigrostriatal lesion
and the repair capacity of the dysfunctional mDA neurons,
according to the SNpc microenviroment, the age and sex of the
host. In humans and non-human primates exposed to MPTP,

the presence of Ras in the SN lasts for 1–16 years following
the initial insult, but the biological significance of Ras is not
completely understood (Collier et al., 2007; Barcia et al., 2013).
Of note, however, in the presence of chronic microglia over-
activation, Ras can loose both neuroprotective and neurorepair
properties with harmfull consequences for the dysfunctional
mDA neurons. Hence, a prolonged dysfunction of astrocytes and
activation of microglia can accelerate the degeneration of SNpc
DA neurons, blocking the compensatory mechanisms of mDA
neuron repair during early dysfunction induced by 6-OHDA
lesion in rats, thus underlying the important role of astrocytes
in early degeneration of mDA neurons (Kuter et al., 2017).
Importantly enough, in analogy to the M1/M2 macrophage
nomenclature, neuroinflammation and brain injury were shown
to promote two different types of Ras termed A1 and A2, with
the A1-Ras phenotype promoting destructive effects, and the
A2 state exerting neuroprotective roles (Liddelow et al., 2017).
Then, when stimulated by LPS, activated M1 microglia secreting
proinflammatory cytokines, such as IL-1β and TNF- α, contribute
to the promotion of the Ras A1 phenotype leading to the
inhibition of astrocyte’s ability to promote neuronal survival,
outgrowth, synaptogenesis and phagocytosis, and to induce the
death of neurons and oligodendrocytes (Liddelow et al., 2017).

As far as the cytotoxic mechanism(s) involved in mDA
neuron death, of specific mention, when iNOS and NADPH
oxidase are present together, then a potent toxin, peroxynitrite
(ONOO-), is produced which promotes the nitration of proteins,
like tyrosine, with further production of hydroxyl radicals.
For example, the production of the free radical NO together
peroxynitrite are sought to be involved in mDA neuron demise
(Gao and Hong, 2008; Hirsch and Hunot, 2009; Taylor et al.,
2013). Regarding the cytokines, TNF-α can directly activate TNF
receptors (TNF-Rs) present on mDA neurons and trigger a
pro-apoptotic cell death pathway. Also, the TNF-α-dependent
proinflammatory microenvironment within the SN is further
amplified by increased oxidative stress through activation of
PHOX, the expression of COX-2 and the stimulation of iNOS.
The resulting production of ROS, RNS, excitotoxic mediators,
such as glutamate and a panel of reactive molecules, further
amplify the inflammatory reaction engendering a vicious cycle,
resulting in the exacerbation of the neurodegenerative process
(Whitton, 2007; More et al., 2013).

Importantly enough, both microglia and astrocytes are
dysfunctional with advancing age. Hence both cell types
show region-specific changes in morphology such as
structural deterioration or dystrophy, decreased expression
of growth/neurotrophic factors and an impaired phagocytic
activity in face of increased marker expression and up-regulation
of pro-inflammatory molecules, all of which are associated
to a gradual loss of astrocyte and microglia neuroprotective
capacity (Mouton et al., 2002; Streit et al., 2004; Morale
et al., 2006; Damani et al., 2010; L’Episcopo et al., 2011c;
Njie et al., 2012). Reportedly, microglial switch to a so-called
“primed” status, endowed with a strong neurotoxic, pro-
inflammatory M1 phenotype (Streit, 2010; Njie et al., 2012) with
cytotoxic influences for mDA neuron health (L’Episcopo et al.,
2011c).
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Especially, work from our laboratory indicates that age-
dependent changes in the glial compartment results in a
dysregulation of glia-neuron crosstalk and play key roles in
the impairment of nigrostriatal DA plasticity (L’Episcopo et al.,
2011a,b,c). In fact, increased vulnerability and mDA neuron
death are observed after exposure of aging mice to neurotoxin or
inflammatory triggers, supporting that glia dysfunction with age
represents a primary risk factor and a common final pathway for
neurodegenerative disorders in general and for PD in particular
(L’Episcopo et al., 2010a,b). Notably, mDA neuron numbers and
striatal innervation as well as DA release and motor deficits
show a remarkable ability to recover after acute or chronic
administration of MPTP or 6-OHDA in young rodents and
non-human primates, but this adaptive capacity is lost with age
(Collier et al., 2007; Boger et al., 2010; Hindle, 2010; de la Fuente-
Fernández et al., 2011; L’Episcopo et al., 2011a,b; Blandini and
Armentero, 2012; Bové and Perier, 2012).

In addition to glial cells, other cells may also participate in
the neuroinflammatory processes in PD, as increasing evidence
demonstrates the involvement of both innate and adaptive
immune responses in the pathophysiology of PD (Baba et al.,
2005; Orr et al., 2005; Brochard et al., 2009; Collins et al., 2012;
Kannarkat et al., 2013; Chen et al., 2015). The infiltration of
CD4/CD8 T-cells has been reported both in the SN of PD patients
and in animal models of PD, together with alterations in the
peripheral T-cell pool is altered in PD, with potential interactions
with the local SN microglial environment promoting further
exacerbation ofM1 phenotype (Brochard et al., 2009; Barcia et al.,
2013; reviewed by Sanchez-Guajardo et al., 2013). Cytokine and
chemokine expression are also upregulated in peripheral blood
mononuclear cells (PBMCs) in PD patients.

Of specific mention, with age, there is an up-regulation
of several inflammatory markers in the periphery associated
to a dysfunctional blood-brain barrier (BBB), resulting in
increased crosstalk between the CNS and peripheral immune
system (Cunningham et al., 2005). This increased sytemic
proinflammatory status may then trigger inflammatory glial
responses, associated to an exaggerated production of various
inflammatory molecules such as TNF-α, IL-1β, coupled to
production of high levels of ROS and RNS, promoting a
vicious cycle of oxidative stress and inflammation leading to
neuronal death (Streit et al., 2004; Cunningham et al., 2005;
Flanary, 2005; Godbout et al., 2005; Flanary et al., 2007; Hu
et al., 2008; Pott Godoy et al., 2008; Henry et al., 2009;
Damani et al., 2010; L’Episcopo et al., 2010a,b, 2011c; Streit,
2010; Njie et al., 2012). Hence, young adult and aging mice
respond in a strikingly different way when an acute subthreshold
dose of LPS was systemically administrated, as a single LPS
injection in old mice resulted in exacerbated production of
pro-inflammatory markers both at central and peripheral levels.
This general proinflammatory status then triggered a slow but
progressive mDA neuron loss during the entire lifespan of the
mice (L’Episcopo et al., 2011c). By contrast, the concomitant
treatment with the NO-releasing NSAID, Flurbiprofen (NO-
Flurbi) (Fiorucci and Antonelli, 2006) was capable to mitigate the
exacerbated M1 microglia pro-inflammatory phenotype induced
by the systemic neurotoxic challenge, resulting in a lifelong

protection of SNpc DA neurons (L’Episcopo et al., 2011c;
Figure 2).

All together these findings support the contention that
glia-neuron crosstalk in the brain, complemented by a
proinflammatory status at peripheral levels, may represent
a major risk factor and final common pathway for mDA
neuron vulnerability to PD degeneration. Additionally, they
provide a mechanistic link between microglial M1 pro-
inflammatory status of aging mice, microglia-DA neuron
crosstalk and DA cell demise, and offer a therapeutical window
of opportunity to rescue mDA neurons from inflammation-
mediated neurodegeneration of old mice by targeting the
microglial pro-inflammatory phenotype (Figures 1, 2). Within
this frame, the role of astrocytes clearly appear decisive, since
they can either cooperate with microglia to exacerbate M1
phenotype and the consequent neurotoxicity, or in the contrary,
they can downregulate microglia activation, to support the
imperiled/dysfunctional mDA neurons and activate intrinsic
cues for DA neuroprepair/neurorestoration (Marchetti et al.,
2013; L’Episcopo et al., 2014a,b).

THE WNT/β-CATENIN SIGNALING

PATHWAY: A “NEW ENTRY” IN

GLIA-NEURON DIALOGUE

Emerging evidence of the last decades points to Wingless-type
MMTV integration site (Wnt) signaling, a highly conserved
pathway across species, as a crucial regulator of a multitude
of CNS functions both during development and in the adult
brain. Here we will first introduce briefly Wnt signaling and
the pathways operating at the mDA neurons, astrocytes and
microglial levels.

Wnts are secreted lipid-modified glycoproteins that
regulate stem cell self-renewal, differentiation, and cell-to-
cell communication during embryonic development and in adult
tissues. The activation of Wnt signaling is a complex and well
regulated process that relies on the expression of a specific Wnt
ligand, the concomitant presence of endogenous/exogenous Wnt
signaling regulators, the expression of a particular subtype of
Frizzled (Fzd) family receptors, the coreceptors, and the specific
cellular context (Gordon and Nusse, 2006; Angers and Moon,
2009; Salinas, 2012; van Amerongen, 2012; Willert and Nusse,
2012; and Wnt homepage: http://www.stanford.edu/~rnusse/
wntwindow.html). There are 19 mammalian Wnt genes and
15 receptors and co-receptors distributed over seven protein
families inmammals (Niehrs, 2012).Wnt proteins are recognized
to activate two major branches of Wnt signaling pathways, the
so called “canonical” Wnt/β-catenin (activated by the Wnt1
class of ligands, Wnt2, Wnt3, Wnt3a, Wnt8, and Wnt8a) and
the “non-canonical” that includes the Wnt/PCP and Wnt/Ca2+

pathways (activated by Wnt5a class, that includes Wnt4, Wnt5a,
Wnt5b, Wnt6, Wnt7a, and Wnt11) (Willert and Nusse, 2012).
However, such description appears an oversimplification, since
in some instances a same Wnt ligand can activate different
pathways depending on the presence of the receptors and
coreceptors, the endogenous activators or inhibitors, as well as
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the specific cellular context. While a detailed discussion of Wnt
signaling components is beyond the scope of this work (see
Marchetti and Pluchino, 2013), we will summarize the principal
actors of Wnt/β-catenin pathway, the most well-characterized
Wnt pathway that plays a vital role in mDA neurodevelopment,
mDA neuroprotection and regeneration (Harvey and Marchetti,
2014; Figure 1).

Notably, in the canonical Wnt pathway, β-catenin and GSK3β
(glycogen synthase kinase 3β) are the key players (Clevers and
Nusse, 2012). When specific Wnt1-like ligands are absent (i.e.,
in the “Wnt off” state), the concentration of cytoplasmic β-
catenin is maintained at low levels via the constant targeting by
a multiprotein destruction complex, composed of two scaffold
proteins, Axin and APC (adenomatous polyposis coli), which
support the phosphorylation of β-catenin by CK1α (casein kinase
1 α) and GSK3β. As a next step, the phosphorylation of β-catenin
results in its recognition and ubiquitination by the E3 ubiquitin
ligase β-TrCP (β-transducin repeats containing protein), leading
to β-catenin proteasomal degradation. Under such conditions,
the nuclear transcription factor lymphoid enhancer-binding
factor/T cell-specific (LEF/TCF) is associated with Groucho and
represses target gene expression (Roose et al., 1998). In the “Wnt
off ” state, the phosphorylation of β-catenin in mDA neurons
negatively impact both in the survival and protection against a
variety of noxious insults (L’Episcopo et al., 2011a,b; Figure 1,
and next section).

By contrast, binding of Wnt1-like ligands to Fzd receptor
and its co-receptor to the low-density LRP (lipoprotein receptor-
related protein)5/6 (i.e., in the “Wnt on” state), this results in
the formation of large multiprotein aggregates (Bilic et al., 2007),
called signalosomes, that are involved in the prevention of β-
catenin proteasomal degradation (Zeng et al., 2008). Hence, the
kinase activity of GSK3-β is inhibited, leading to the stabilization
of cytosolic β-catenin, which then accumulates and translocates
to the nucleus to regulate transcription via transcription factor
then the TCF/LEF family (Clevers, 2006). Nuclear β-catenin
then displaces Groucho and forms a complex with tissue-
specific transcriptional activators, and converts LEF/TCF from
a transcriptional repressor to an activator that turns on Wnt-
dependent gene expression in a very cell-type-specific manner
(Mosimann et al., 2009; Cadigan and Waterman, 2012). In mDA
neurons, nuclear β-catenin activates Wnt1-dependent genes
involved in mDA neuron specification, survival and protection
(L’Episcopo et al., 2011a,b, 2012, 2013, 2014a,b; Wei et al., 2012;
Figure 1).

Notably, GSK-3β is a serine/threonine protein kinase,
that besides its central role in the Wnt/β-catenin pathway, is
recognized to play key roles in a variety of cellular processes via
a panel of signaling pathways that are crucial for inflammation
and oxidative stress, cell proliferation, stem cell renewal and
apoptosis/neuronal survival, amongst others (Grimes and Jope,
2001; Jope et al., 2007; Kim et al., 2009; Beurel et al., 2010; Phukan
et al., 2010; Beurel, 2011; Kim and Snider, 2011; King et al.,
2013). Especially, in the “Wnt off” state, activation of GSK-3β
in mDA neurons represents a critical step in SNpc neuron
demise upon MPTP-induced neuronal cell death both in vitro
and in vivo (Chen et al., 2004; Duka et al., 2009; Petit-Paitel
et al., 2009; L’Episcopo et al., 2011a,b). Additionally, in glial

cells, Wn/β-catenin antagonism results in GSK-3β activation
and exacerbation of glia activation associated to the production
of proinflammatory mediators with consequent glial-dependent
neurotoxicity (L’Episcopo et al., 2016 and discussed in next
sections).

The β-catenin independent, so called “non canonical” Wnts
ligands, signal through Fzd receptors as well as members of
the receptor tyrosine kinase-like orphan receptor (Ror) family
and the Wnt modifier, receptor-like tyrosine kinase (Ryk). This
pathway leads to changes in cell polarity and migration and
is mediated by Ca2+influx as well as activation of the small
GTPases, RhoA, Cdc42 and Rac (van Amerongen et al., 2008;
Angers and Moon, 2009; van Amerongen, 2012). However, such
classifications are not rigid since these pathways can overlap or
influence/crosstalk or antagonize β-catenin-dependent signaling,
thereby constituting a further regulatory step in the control of
Wnt signaling (Angers and Moon, 2009; Glinka et al., 2011).

Remarkably, approximately 400 genes involved in cell growth,
differentiation, apoptosis, survival and immune functions are
regulated by the Wnt/β-catenin signaling, and in view of its
multifunctional roles, this pathway is counter-modulated by
different endogenous regulators which include the Dickkopf
(Dkk) family (Dkk-1, -2, -3, and -4 and soggy), and secreted
frizzled-related proteins (Sfrps) considered as both negative and
positive Wnt signaling regulators (Bovolenta et al., 2008; van
Amerongen et al., 2008; Angers and Moon, 2009).

All together, potential interactions between Wnt ligands,
their receptors and downstream effectors, coupled to crosstalks
between the canonical and non-canonical branches of Wnt
signaling anticipates the level complexity of the Wnt signaling
machinery. Furthermore, given the in involvement of Wnt
signaling in a multitude of developmental processes and the
maintenance of adult tissue homeostasis, not surprisingly,
an aberrant regulation of this pathway has been linked
with a variety of diseases, including cancer, inflammatory,
metabolic, or neurodegenerative diseases (Clevers and Nusse,
2012).

THE WNT1/β-CATENIN-INFLAMMATORY

CONNECTION FOR mDA

NEUROPROTECTION, NEUROREPAIR AND

NEURORESTORATION

Wnt1 is a unique critical morphogen for mDA
neurodevelopment and activation of the Wnt1/β-catenin
signaling is required for mDA neuron specification (Arenas,
2014; Joksimovic and Awatramani, 2014; Wurst and Prakash,
2014; Toledo et al., 2017). This chief role of Wnt1 is maintained
throught life in the adult midbrain, where Wnt1 contributes
to the maintenance of SNpc DA neuron survival, neuronal
function and synaptic integrity, in promoting the activation
of Nurr1+ post-mitotic mDA neuroprecursors, in favoring
neuroprotection and neurorestoration in the injured PD
midbrain and up-regulating adult neurogenesis in neurogenic
niches, via glia-neuron and glia-NSCs crosstalk (Inestrosa and
Arenas, 2010; L’Episcopo et al., 2011a,b, 2012, 2013, 2014a; Galli
et al., 2014; Harvey and Marchetti, 2014; Zhang et al., 2015).

Frontiers in Aging Neuroscience | www.frontiersin.org February 2018 | Volume 10 | Article 12283

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


L’Episcopo et al. Glia-Neuron-NSC Crosstalk via Wnt in PD

Indeed, astroglial cells are a major source of Wnts and harbor
a panel Fzd receptors, that play roles in bidirectional astrocyte-
neuron and astrocyte-microglia crosstalk. Work from our
laboratory obtained in vivo in rodent models of PD, as well as in
vitro, in primary mesencephalic neuron-astrocyte and astrocyte-
microglia coculture systems, indicates that during MPTP injury,
in the inflammed midbrain, microglial-derived chemokines
induceWnt1 in astrocytes, and this Wnt1 up-regulation activates
canonical Wnt/β-catenin signaling in mDA neurons (L’Episcopo
et al., 2011a; Figure 1), as an intrinsic neurorescue response, in
turn responsible for mDA neuroprotection against a variety of
insults, such as oxidative stress and PD neuroxins (i.e., MPP+
or 6-OHDA) (L’Episcopo et al., 2011a,b; Marchetti et al., 2013).
Astrocyte-derived Wnt1 ability to promote neuroprotection
is mimicked by specific GSK-3β antagonists and efficiently
counteracted by down-regulating Wnt1 expression in astrocytes
or inhibitingWnt/β-catenin pathway activation in mDA neurons
with either molecular (short hairpin RNA silencing Wnt1 in
astrocytes, Fzd1-knock down with antisense-RNAs, β-catenin
silencing in mDA neurons) or pharmacological approaches
(inhibiton ofWnt/β-catenin signaling withDkk1, Sfrps, orWnt1-
Abs, L’Episcopo et al., 2011a,b; Marchetti et al., 2013).

However with the aging process, Wnt signaling declines,
leading to dysfunctional neuron-astrocyte and astrocyte-
microglia crosstalk (L’Episcopo et al., 2011a,b,c, 2013, 2014a;
Okamoto et al., 2011; Marchetti et al., 2013; Seib et al., 2013).
Hence, the aged microglia proinflammatory status coupled to the
exposure to PD neurotoxins markedly inhibit Wnt1 expression
in midbrain astrocytes, with a concomitant downregulation
of β-catenin and Fzd-1 receptors in mDA neurons, thereby
counteracting both the neurotrophic and proneurogenic
potential of astrocytes (L’Episcopo et al., 2011a,b,c, 2012, 2013,
2014a,b).

Of special importance, activation of Wnt signaling also
impact in glia functionality, given that Wnt signaling may
both promote or down-modulate macrophage/microglial
activation and the production of proinflammatory mediators.
For example, the “canonical” Wnt-3a ligand, and the “non
canonical” Wnt-5a, can both induce a pro-inflammatory
response in primary mouse microglia, in vitro (Halleskog
et al., 2012; Halleskog and Schulte, 2013a). On the other
hand, after LPS- induced proinflammatory transformation of
microglia, both Wnt-3a and Wnt-5a exerted a dose-dependent
decrease in the pro-inflammatory marker, COX2 (Halleskog
and Schulte, 2013a), thereby suggesting that the inflammatory
microenvironment plays an important role in dictating the
outcome of microglial response to Wnts (Marchetti and
Pluchino, 2013).

Likewise, in peripheral macrophages, both Wnt-3a and
Wnt-5a can drive a pro-inflammatory transformation with
increased production of pro-inflammatory cytokines, such as
TNF-α (Pereira et al., 2009). Of special interest, however, in
mycobacterium- infected macrophages, Wnt-3a can reduce the
exacerbated TNF-α levels through an autoregulatory feedback
mechanism involving increased Fzd-1 receptors and activation
of the Wnt/β-catenin pathway (Pereira et al., 2009; Neumann
et al., 2010; Schaale et al., 2011). Additionally, Wnt-3a also

promotes the expression of Arginase 1 in M. tuberculosis-
infected macrophages, which has been associated with the anti-
inflammatory M2 phenotype (Neumann et al., 2010).

Especially, crosstalk with inflammatory and oxidative stress
pathways for the modulation of immune responses now
highlights Wnt signaling as a critical modulator of M1/M2
pro/anti-inflammatory glial phenotype via both autocrine and
paracrine effects (Chong and Maiese, 2007; Chong et al., 2010)
(Figure 2). Work from our laboratory showed that during the
acute mDA degeneration phase resulting from exposure to
MPTP, microglia switches to M1 activated phenotype associated
with up-regulated expression of NFκB and release of TNF-α
and IL-1β cytokines, the up-regulation of PHOX-derived ROS
and iNOS-derived NO and RNS, alltogether contributing to
the acute loss of mDA cell bodies (L’Episcopo et al., 2011a;
Figure 2). Another actor in glial activation cycle is represented by
activation of the proinflammatory GSK-3β, leading to a vicious
cycle of microglial activation (Jope et al., 2007; Beurel et al.,
2010; Beurel, 2011; L’Episcopo et al., 2011a,b, 2016; Marchetti
et al., 2013). Hence, NFκB and the Wnt/β-catenin pathway
interact to differentially regulate inflammation: in a “Wnt off”
condition, the activation GSK-3β positively regulates NFκB by
targeting IkB (i.e., the major inhibitor of NFκB) to proteasomal
degradation, which results in NFκB nuclear translocation and
the induction of a proinflammatory genetic cascade, finally
exacerbating microglia M1 phenotype (see Beurel et al., 2010;
Neumann et al., 2010; Beurel, 2011). By contrast, in the “Wnt On”
condition, cytosolic β-catenin accumulation can form a complex
with the p50 subunit of NFκB, resulting in the prevention
NF-kB transcriptional activity with consequent switch to the
M2 microglia phenotype and downregulation of inflammation
(Figure 2).

It seems important to note that the harmful M1 phenotype
can itself promote an intrinsic Wnt/β-catenin rescue program
both in neurons and glia. Hence, through glial expression of
specific chemokines, such as CCL3, CXCl10, and CXCL11,
astrocyte-derived Wnt1 is significantly up-modulated, both a
mRNA and protein levels, and a progressive time-dependent
neurorepair of nigrostriatal DA neurons and downregulation
ofinflammation is observed (L’Episcopo et al., 2011a). Then,
via astrocyte-microglia crosstalk and the release of Wnt1-like
proteins in astrocytes, the resulting Wnt/β-catenin activation
in microglial cells can inhibit GSK-3β activation, resulting
in a downregulation of proinflammatory mediators (Chong
and Maiese, 2007; Maiese et al., 2008; L’Episcopo et al.,
2011a,b, 2013, 2014b; Schaale et al., 2011; Wang et al.,
2012; Marchetti and Pluchino, 2013; Figure 2). In fact, the
pharmacologic antagonism of GSK-3β restrain inflammatory
microglial activation via the inhibition of proinflammatory
cytokines through interactions at the level of NFκB (Beurel et al.,
2010; Beurel, 2011; L’Episcopo et al., 2011a,b; Marchetti et al.,
2013; Figure 2).

All together, an exaggerated microglial pro-inflammatory
M1 status as observed with age and MPTP exposure,
can impair astrocyte anti-inflammatory functions and
mDA neurorescue (L’Episcopo et al., 2011a,b,c), via
inhibition of Wnt1 expression and downregulation of
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anti-oxidant/anti-inflammatory cytoprotective proteins in
astrocytes (L’Episcopo et al., 2013; Marchetti et al., 2013;
Figures 1, 2).

ASTROCYTE-MICROGLIA CROSSTALK

AND NEURAL/STEM PROGENITOR CELL

(NSC) PLASTICITY: WNT SIGNALING AND

INFLAMMATORY PATHWAYS SHAPE THE

SVZ RESPONSE TO ADVANCING

AGE AND PD

With age, the brain homeostatic and regenerative capacities
progressively decline, at least in part as a result of a reduced
tissue-specific self-adaptive potential and an impairment and/or a
dysregulation of stem cell activity. Hence, a common hallmark in
a number of age-dependent neurodegenerative diseases appears
to be an alteration of adult neurogenesis (Curtis et al., 2007; He
and Shen, 2009; Winner and Winkler, 2015). In mammals, one
area where neuroblasts that give rise to adult-born neurons are
generated is the subventricular zone (SVZ) (Lim and Alvarez-
Buylla, 1999; Alvarez-Buylla et al., 2001; Kazanis, 2009; Ernst
et al., 2014). In PD, a number of studies reported an impairment
of the SVZ, where loss of the neurotransmitter dopamine, from
mDA cell bodies innervating Type C cells in the SVZ, was causally
related to the decreased neurogenic potential (Baker et al., 2004;
Höglinger et al., 2004, 2012; Freundlieb et al., 2006; Borta and
Höglinger, 2007; O’Keeffe et al., 2009a; Lennington et al., 2011).
In addition, certain dopamine agonist therapies were reported to
rescue NSC proliferation in PD (O’Keeffe et al., 2009a,b; Winner
et al., 2009).

Notably, within the SVZ microenvironment (i.e., the
“stem cell niche”), NSCs are in close contact with astroglial
cells that modulate stem cell proliferation, migration and/or
neuron differentiation, through the release of a panel of factors
including morphogens, growth/neurotrophic factors and
immunoregulatory molecules, thus implicating their active
participation in NSC homeostatic regulation (Lim and Alvarez-
Buylla, 1999; Alvarez-Buylla et al., 2001). Amongst others,
Wnts are important modulators of adult neurogenesis, and
Wnt/β-catenin is a vital pathway regulating self-renewal and
differentiation of neural stem progenitor cells, NSCs (Adachi
et al., 2007; Kalani et al., 2008; Kuwabara et al., 2009; Zhang
L. et al., 2011; Shruster et al., 2012). Of special importance,
inflammatory mechanisms both at the CNS and peripheral levels
play an important role in the modulation of neurogenesis in the
adult, aged and injured brain (Ekdahl et al., 2003, 2009; Jakubs
et al., 2008; Pluchino et al., 2008; Thored et al., 2009; Martino
et al., 2011; Tepavcević et al., 2011; Villeda et al., 2011; Cusimano
et al., 2012; Ekdhal, 2012; Kokaia et al., 2012; L’Episcopo et al.,
2012; Wallenquist et al., 2012; Wadhwa et al., 2017).

Hence, work in our laboratory focused on the potential for
inflammation and astrocyte-microglia crosstalk to modulate the
SVZ neurogenic niche, which is bordered by the corpus striatum.
Here, NSC proliferative and neuron differentiation potential
were monitored, both in vivo and ex vivo, as a function of aging
and PD-induced morphological and functional changes of the

striatal astroglial cell compartment. Additionally, we addressed
the potential role of Wnt signaling in the neuroinflammatory
regulation of SVZ neurogenesis. We thus uncovered that the
Wnt/β-catenin signaling pathway is involved in the regulation
of adult neurogenesis with advancing age and inflammation,
and suggested crosstalk between inflammatory and Wnt/β-
catenin signaling components (L’Episcopo et al., 2012). In
vivo experiments showed an inverse correlation between the
SVZ-neurogenic impairment of MPTP mice with the M1 glial
activation status in striatum, with a maximal NSC inhibition
corresponding to greatest microglia activation, as evidenced by
increased of striatal iNOS, TNF-α, and IL-1β expression both at
a mRNA and protein levels (L’Episcopo et al., 2012, 2013). These
effects were associated to a marked β-catenin downregulation
in the SVZ, in face of up-regulated levels of active pGSK-
3β, reduced NSC proliferation and neuron differentiation
(L’Episcopo et al., 2012, 2013). The observed up-regulation of
active pGSK-3β in the face of β-catenin depletion in SVZ after
MPTP exposure shown in vivo, was further supported both in
ex vivo and in vitro experiments, further implicating disruption
of β-catenin signaling in SVZ-NSC of MPTP mice (L’Episcopo
et al., 2012, 2013).

In vitro studies using different coculture systems between
young/aged glia with young/aged NSCs, and in the absence or
the presence of MPTP/MPP+, next indicated that young M2-
microglia increased NSC neurogenic potential, but upon MPP+

exposure, microglia shifted to the activated M1 phenotype
and released high levels of pro-inflammatory mediators,
inhibiting NSC proliferation, neuron differentiation and
β-catenin expression, thus underscoring crosstalk between
inflammatory and Wnt/β-catenin signaling components
(L’Episcopo et al., 2011a, 2012, 2013). Importantly, astrocyte-
microglia crosstalk was also shown to determine a further
level of glial regulation of NSC neurogenic potential, as young
astrocytes exposed to aged microglia fail to express Wnt1
and were no longer capable to promote NSC proliferation
(L’Episcopo et al., 2013), suggesting that M1 phenotype sharply
inhibits astrocyte proneurogenic capacities also via Wnt1
inhibition.

Interestingly, treatment with NO-flurbi of aged MPTP mice
had the potential to rescue aging-induced SVZ impairment
by a switch of the M1 harmful phenotype. This NO-flurbi-
induced mitigation of the inflammatory SVZ microenvironment
protected NSCs against mitochondrial impairment and cell
death, and promoted proliferation and neurogenesis in the SVZ,
which associated to a substantial striatal DA reinnervation both
in young and agedmiceMPTPmice, possibly resulting fromNO-
flurbi induced rescue of mDA neuronal cell bodies in the SN
(L’Episcopo et al., 2013).

We then looked at one key factor involved in the mechanism
by which cells combat oxidative stress and inflammation,
the Nrf2-pathway, recognized to participate to nigrostriatal
neuroprotection (Chen et al., 2009). Interestingly, we found that
the Nrf2-antioxidant system was markedly impaired in SVZ
astrocytes of aging mice, as a result of disrupted microglia-
astrocyte crosstalk. This impairment, in turn, resulted in
a failure of SVZ to adapt to the changing oxidative and
inflammatory milieu of the aged SVZ niche (“the first hit”).

Frontiers in Aging Neuroscience | www.frontiersin.org February 2018 | Volume 10 | Article 12285

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


L’Episcopo et al. Glia-Neuron-NSC Crosstalk via Wnt in PD

Next, exposure to the PD neurotoxin (“the second hit”)
in aging mice, further inhibited SVZ neurogenic potential
(Figure 3). Interestingly, aged microglial inhibitory effects on
NSCs proliferation and neuron formation was shown to rely
on the PI3K (phosphatidylinositol3-kinase)/Akt -pathway, and
with the intermediacy of the Wnt/β-catenin signaling cascade
(L’Episcopo et al., 2013). Hence modulating PI3K/Akt and the
Wnt/Fzd/β-catenin signaling cascades, was capable to switch
on or off the activation of GSK-3β in SVZ-NSCs. Notably,
NO-flurbi induced reversal of aging-induced SVZ impairment
also associated to normalization of these age-related changes in
Nrf2 and Wnt/β-catenin pathways (Figure 3), and significantly
counteracted MPTP neurotoxic effects at striatal and SN levels.

Together, reactive astrocytes and microglia play a prominent
role in the remodeling of the SVZ niche of PD rodents.
Interestingly, glia-NSC interactions are in part regulated by
crosstalk between inflammatory and Wnt/β-catenin signaling
cascades. While further studies are clearly needed to address the
causal relationship between the reversal of SVZ impairment and
nigrostriatal neurorepair in aged-MPTPmice, such inflammatory
modulation of SVZ neurogenesis herein described appears of
special interest in light of accumulating evidence documenting
that mitigating the inflammatory status, improving the neuronal
microenvironment, and promoting mitochondrial function all
together may represent a window of opportunity for therapeutic
strategies aimed at upregulating endogenous neurogenesis, to
favor the integration or survival of new neurons, to incite
neurorepair, and/or to ameliorate some cognitive functions
(Ehninger et al., 2011; L’Episcopo et al., 2012, 2014b; Rueger et al.,
2012; Sakata et al., 2012; Vukovic et al., 2012; Wallenquist et al.,
2012; Marchetti and Pluchino, 2013; Radad et al., 2017; Wadhwa
et al., 2017; Yang et al., 2017).

GENETIC MUTATIONS, INFLAMMATION

AND MDA NEURODEGENERATION:

mRNAs/miRNAs AND WNT SIGNALING

INTERPLAY

Finally, the crucial link between inflammation and PD is
further exemplified by the fact that key PD-associated genes,
such as α-Syn (SNCA), PARK2, deglycase (DJ-1), leucine-rich
repeat kinase 2 (LRRK2), and glucocerebrosidase (GBA) are all
expressed in immune cells, suggesting their potential to modulate
inflammation (Dzamko et al., 2015). Reciprocally, an increasing
number of PD-related genes including LRRK2, VPS35, PINK1,
UCHL-1, Parkin, ATP6AP2, and GBA modulate the canonical
Wnt pathway (Berwick et al., 2017 and Refs. therein), further
underlinying a critical Wnt/inflammatory connection in PD
(Marchetti and Pluchino, 2013).

In addition a synergy between the genetic background and
exposure to various neurotoxic or inflammatory challenges
is recognized to promote a self-perpetuating cycle of
microglial-mediated mDA neurotoxicity (Zhang et al., 2005; Gao
and Hong, 2008, 2011; Marchetti et al., 2011; Gao et al., 2012;
Lastres-Becker et al., 2012; Table 1). Notably, such feedforward
cycle of chronic activation of microglia and chronic damage of

mDA neurons are likely to play a decisive role for the severity
of nigrostriatal DA lesion and the overall detrimental effects of
SNpc neurons and consequently, their capacity for neurorepair.

A number of laboratories showed the harmful consequences
of dysfunctional α-Syn coupled to the M1 pro-inflammatory
phenotype, capable to potentiate each other and promote the
progression of mDA neuron death (Gao et al., 2011; Harms
et al., 2013; Sanchez-Guajardo et al., 2013). Notably, Lastres-
Becker et al. (2012) reported that a dysfunctional anti-oxidant
system in NRf2-deficient mice coupled to α-syn dysfunction in
early-stage of PD can synergize together resulting in exacerbated
inflammation, up-regulated protein aggregation, all together
promoting increased neuronal death. Additionally, as reported
by Frank-Cannon et al. (2008), Parkin (the product of the PARK2
gene) deficiency, increases the vulnerability of mDA neurons
to various risk factors including inflammation-dependent
degeneration. Another important connection is the one between
LRRK2 mutation and the activation of M1 proinflammatory
phenotype (Gillardon et al., 2012), acting in synergy to amplify
mDAneurotoxicity. By contrast, when LRRK2 is inhibited, this in
turn reduces the production of microglial harmful mediators and
reverses mDA neurotoxicity (Kim et al., 2012; Moehle et al., 2012;
Lee et al., 2017). Notably, a robust LRRK2 expression is present in
immune cells, including peripheral monocytes andmacrophages,
and in primary microglia (Dzamko et al., 2015). Of interest,
peripheral inflammation appears greater in a percentage of
subjects carrying LRRK2-G2019Smutation, with the cytokine IL-
1β discriminating asymptomatic LRRK2-G2019S carriers from
controls (Dzamko et al., 2017). Furthermore, the expression of
LRRK2 is modulated by immune cell-specific signals, like IFNγ

and toll-like receptor (TLR) agonists (see Moehle et al., 2012)
thereby reinforcing the LRRK2/immunological link.

Notably, LRRK2 binds three central Wnt signaling
components (Sancho et al., 2009; Berwick and Harvey,
2012a), while loss of LRRK2 and mutations of LRRK2 are
linked to Wnt signaling (Sancho et al., 2009; Berwick and
Harvey, 2012a,b, 2014; Berwick et al., 2017). Hence, pathogenic
PARK8 mutations impact upon the activity of the canonical
Wnt pathway (Berwick and Harvey, 2012a). Recent evidence
indicates that in the context of canonical Wnt signaling,
pathological LRRK2 mutations are gain-of function, enhancing
the repression of β-catenin mediated by LRRK2, thus inhibitng
canonical Wnt/β-catenin signaling (Berwick et al., 2017). Such
connection between LRRK2 and Wnt cascades in PD support
the growing body of studies highlighting dysregulated Wnt
signaling in PD (see Harvey and Marchetti, 2014 and chapters
therein).

PARK17 encodes the vacuolar protein sortin 35 homolog gene,
VPS3, and its mutation is linked to autosomal dominant late-
onset PD, with an involvement in iron up-take and Wnt/β-
catenin signaling (Deng et al., 2013). Of note iron together with
other risk factors, such as exposure to paraquat, may interact to
aggravate neuroinflammation and age-dependent mDA neuron
death (Peng et al., 2007).

Further compelling evidences from the last few years implicate
certain miRNAs in the counter-regulation of microglia M1
phenotype associated to robust activation (Table 2). For example
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TABLE 2 | M1 pro-inflammatory phenotype and miRNA dysregulation in PD.

miRNAs Expression levels Outcomes References

let-7b, let-7g, miR-103, miR-155,

miR-16-5p, miR-17, miR-204,

miR-27, miR-98

↑ Upregulation following TNF-α treatment

in SH-SY5Y cells

Prajapati et al., 2015

let-7a, miR-128, miR-145, miR-181a,

miR23a, miR-23b, miR-320◦
↓ Downregulation following TNF-α

treatment in SH-SY5Y cells

miR-155, miR-27 ↑ Upregulation following TNF-α treatment

in SH-SY5Y cells

ATP5G3 (F1-ATP synthase subunit)

downregulation in mitochondria of

SH-SY5Y cells

miR-155 ↓ Downregulation following

antago-miR-155 administration in

TNF-α-treated SH-SY5Y cells

Increased SH-SY5Y cells survival following

TNF-α treatment

miR-155 ↑ Upregulation following LPS, IFN-γ or

TNF-α treatments in THP-1 cells

Downregulation of FADD, SOC1, IKK,

IL13Rα1 and SMAD2

Louafi et al., 2010; Liu and

Abraham, 2013; Ponomarev

et al., 2013; Yang et al., 2015

↓ Downregulation following

antago-miR-155 administration in

atherosclerosis mouse model

Downregulation of TNF-α, IL-1β, CCL2,

CCL4, and CCL7 secretion in serum and

vascular tissues

Yang et al., 2015

↑ Upregulation in PD mice overexpressing

α-SYN

Inflammatory response to α-SYN fibrils

and reactive microgliosis

Thome et al., 2016

miR-7 ↓ Downregulation in neurons of

MPTP-treated mice

α-SYN upregulation Junn et al., 2009; Zhou et al.,

2016

↑ Upregulation following miR-7 mimic

injection in MPTP-treated mice

Downregulation of α-SYN and

downregulation of NRLP3 in DA neurons

with suppression of

inflammasome-mediated

neuroinflammation and attenuated DA

neurodegeneration

↓ Downregulation following antago-miR-7

administration in MSU or ATP treated BV2

cells

Upregulation of NLRP3 expression and

aggravated inflammasome activation

in vitro

miR-135b ↓ Downregulation in MPP+-treated

SH-SY5Y cells

GSK3β upregulation§ Wang et al., 2007; L’Episcopo

et al., 2011a,b; Zhang et al.,

2017

↑ Upregulation following miR-135b mimic

administration in SH-SY5Y cells

GSK3β downregulation, TNF-α and IL-1β

reduction, MPP+-induced apoptosis

rescue§

miR-7116-5p ↓ Downregulation in microglia of

MPTP-treated mice

miR-7116-5p directly targets and inhibits

TNF-α expression. In MPTP mice

miR-7116-5p is downregulated,

consequently TNF-α production is boosted

He et al., 2017

↑ Upregulation following lentiviral-mediated

miR-7116-5b overexpression in microglia

of MPTP-treated mice

Downregulation of TNF-α, reduction of

TNF-α-mediated inflammatory activation

and prevention of DAergic neuronal loss

§ Wnt/β-Catenin dysregulation in the reported conditions.

the group of Prajapati in 2015 found that TNF-α was able to
both trigger cell death and sensitize to apoptosis the DA cell
line SH-SY5Y, in the presence of different PD neurotoxins—such
as MPP+, 6-OHDA and Rotenone—via miRNA deregulation
(Prajapati et al., 2015). Following the treatment with TNF-
α, 9 miRNAs were found upregulated (let-7b, let-7g, miR-
103, miR-155, miR-16-5p, miR-17, miR-204, miR-27, and miR-
98) and 7 downregulated (let-7a, miR-128, miR-145, miR-
181a, miR23a, miR-23b, and miR-320a). Interestingly, the
upregulated miRNAs were predicted to target mRNAs involved

in both neuronal-specific pathways (i.e., neuronal differentiation,
axonal guidance and nerve projection development) and
mitochondrial respiratory subunits. In particular, the authors
demonstrated that, in the presence of TNF-α, both miR-
155 and miR-27 were able to downregulate ATP5G3, a
subunit of F1-ATP synthase. This study strongly supports the
role of TNF-α as a critical regulator of miRNAs targeting
mitochondrial functions, which in turn may cause DA neuronal
loss (L’Episcopo et al., 2010a,b, 2011c; Prajapati et al.,
2015).
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Notably, miR-155 was previously shown to be involved in
the regulation of inflammatory processes. The induction of miR-
155 (via LPS, IFN-γ, and TNF-α) is able to target key regulators
of inflammation, such as FADD, SOC1, IKK, IL13Rα1, and
SMAD2, while miR-155 inhibition results in the upregulation of
the proinflammatory molecules IL-1β, IL-6, TNF-α, and iNOS
(Louafi et al., 2010; Liu and Abraham, 2013; Ponomarev et al.,
2013; Yang et al., 2015).

The relevance of miR-155 in PD was confirmed in 2016 by
Thome and colleagues that observed miR-155 upregulation in a
PDmousemodel overexpressing α-SYN. They demonstrated that
miR-155 is crucial to mediate the inflammatory response to α-
SYN fibrils, responsible of reactive microgliosis and accounting
for the loss of DA neurons, triggered by the overexpression of
α-SYN (Thome et al., 2016).

Other miRNAs are recently emerging as important regulators
of M1 microglial pro-inflammatory phenotype, such as miR-
7, previously reported to target α-SYN in DA neurons (Junn
et al., 2009). In 2016 miR-7 was demonstrated to directly
target microglial nod-like receptor protein 3 gene (NRLP3),
suppressing inflammasome-mediated neuroinflammation and
thus suggesting a potential therapeutic role of this miRNAs in the
context of PD (Zhou et al., 2016).

There are also interesting clues linking Wnt/β-catenin
pathway to miRNA-modulation of DA neuronal survival
and inflammation (Table 2). In fact, the role of miR-135b
as GSK3β regulator was recently investigated in MPP+-
treated SH-SY5Y cells (Zhang et al., 2017). The specific
pharmacological inhibition of GSK3β reversed MPTP-
induced neuron injury and also improves MPTP-induced
behavioral impairment (Wang et al., 2007; L’Episcopo et al.,
2011a,b). Interestingly, miR-135b was reduced in face of
GSK3β upregulation in MPP+-treated cells, in a dose- and a
time-dependent manner. Importantly, the overexpression of
miR-135b was able to directly target GSK3β, and to reduce
the levels of pro-inflammatory cytokines TNF-α and IL-1β,
thus rescuing the MPP+-induced apoptosis (Zhang et al.,
2017).

The same year, also miR-7116-5p was suggested to be
a key player in neuroinflammation. Specifically in microglia
of an MPTP mouse model, miR-7116-5p was found to be
downregulated, while TNF-α increased. This miRNA was
demonstrated to directly target TNF-α transcript, thus reducing
TNF-α-mediated inflammatory activation and finally preventing
DAergic neuronal loss in MPTP mice (He et al., 2017).

Together, gene-environment interactions crucially impact
in switching microglia status to the M1 neuron destructive
phenotype, with the contribution of both mRNAs and miRNAs,
and Wnt/β-catenin signaling interplay.

CONCLUDING REMARKS AND FUTURE

PERSPECTIVES

In this work we have highlighted the evidences documenting
a major role of gene-environment interactions directing the
polarization of microglia toward an harmful M1 phenotype,

that may predispose the brain to reach a critical threshold
of inflammation, triggering a self-perpetuating cycle of
inflammation and neuronal death. Especially, we pinpointed the
role of Wnt signaling in each of the steps involved in both the
neuroprotective/destructive glial-mediated neuronal outcome
in PD.

Aging is a critical period for the vulnerability to PD.
Importantly, aging reduces the degree of DAergic neuron
plasticity, diminishesmDAneuron adaptive capacity, exacerbates
inflammation and impair neurogenesis, at least in part via
a dysfunction Wnt/β-catenin signaling and the crosstalk with
inflammatory pathways. The inflammatory involvement in
the regulation of adult neurogenesis suggest that harnessing
inflammatory responses through targeted modulation of innate
immunity during the pre-motor phase of PD may have potential
therapeutic implications to incite endogenous neurogenesis and
neurorepair in PD. Finally, aging, inflammation and major
genetic mutations, together with a set of recently uncovered
inflammation-dependent miRNA, all together impact on Wnt/β-
catenin signaling pathway, with potential consequences for PD
degeneration.

All together, unraveling the complex molecular circuity
linking key molecular genetic and environmental drivers in PD
with microglia polarization will permit to identify new drugable
targets for the cure of PD.
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Microglia are dependent on signaling through the colony stimulating factor-1 receptor

(CSF-1R/CD115) for growth and survival. Activation of CSF-1R can lead to cell division,

while blocking CSF-1R can lead to rapid microglia cell death. CSF-1R has two

ligands, the growth factors colony stimulating factor-1 (CSF-1) and the more recently

identified interleukin-34 (IL-34). Studies of IL-34 activation of rodent microglia and

human macrophages have suggested it has different properties to CSF-1, resulting in

an anti-inflammatory reparative phenotype. The goal of this study was to identify if the

responses of human postmortem brain microglia to IL-34 differed from their responses

to CSF-1 with the aim of identifying different phenotypes of microglia as a result of their

responses. To approach this question, we also sought to identify differences between

IL-34, CSF-1, and CSF-1R expression in human brain samples to establish whether

there was an imbalance in Alzheimer’s disease (AD). Using human brain samples [inferior

temporal gyrus (ITG) and middle temporal gyrus (MTG)] from distinct cohorts of AD,

control and high pathology, or mild cognitive impairment cases, we showed that there

was increased expression of CSF-1R and CSF-1 mRNAs in both series of AD cases,

and reduced expression of IL-34 mRNA in AD ITG samples. There was no change in

expression of these genes in RNA from cerebellum of AD, Parkinson’s disease (PD), or

control cases. The results suggested an imbalance in CSF-1R signaling in AD. Using

RNA sequencing to compare gene expression responses of CSF-1 and IL-34 stimulated

human microglia, a profile of responses to CSF-1 and IL-34 was identified. Contrary to

earlier work with rodent microglia, IL-34 induced primarily a classical activation response

similar to that of CSF-1. It was not possible to identify any genes expressed significantly

different by IL-34-stimulatedmicroglia compared to CSF-1-stimulatedmicroglia, but both

cytokines did induce certain alternative activation-associated genes. These profiles also

showed that a number of genes associated with lysosomal function and Aβ removal were

downregulated by IL-34 and CSF-1 stimulation. Compared to earlier results our data

indicate that CSF-1R stimulation by IL-34 or CSF-1 produced similar types of responses

by elderly postmortem brain-derived microglia.

Keywords: neuroinflammation, human microglia, neuropathology, quantitative polymerase chain reaction,

RNA-sequencing, activation phenotype
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INTRODUCTION

In the search for causes and treatments for neurodegenerative
diseases such as Alzheimer’s disease (AD), inflammation has been
amajor target. Although the identification of increasedmicroglial
activation associated with AD disease pathology was made more
than 25 years ago, there are many aspects of neuroinflammation
that still require investigations. The initial hypotheses that
activated microglia in AD brains will be causing neurotoxicity
by producing increased levels of damaging cytokines, reactive
oxygen species, complement factors, and other potentially
neurotoxic factors has not translated to effective therapies
(Dickson et al., 1993; McGeer et al., 1993; Akiyama et al., 2000).
Despite promise from epidemiological and experimental studies,
many clinical trials of anti-inflammatory agents on patients at
various stages of AD have not shown clinical efficacy (Aisen
et al., 2003; Lyketsos et al., 2007; Meinert and Breitner, 2008).
Many investigations of microglia in relation to disease have
revealed essential functions needed to ensure brain homeostasis.
The potential for manipulation of microglia to enhance amyloid
beta (Aβ) phagocytosis through antibody or immunization as
a therapeutic strategy has highlighted the other functions of
microglia that need to be maintained (Zotova et al., 2011; Krabbe
et al., 2013). Further support for key roles for inflammation
and microglia came from genome wide association studies
(GWAS) that identified single nucleotide polymorphisms (SNP)
in microglial or inflammation-associated genes such as CD33,
triggering receptor expressed by monocytic cells (TREM)-2,
clusterin, and complement receptor-1 affecting the overall risk
of AD (Kok et al., 2011; Chan et al., 2015; Hayden et al.,
2015; Wang et al., 2017). In addition, apolipoprotein E (e4
variant), which can be expressed by microglia and is the strongest
identified risk factor for sporadic AD, is also associated with
enhanced inflammation. To understand the involvement of
microglia in AD pathology relies on being able to identify
activation phenotypes, but most studies have relied on the use
of a restricted number of antigenic markers (e.g., HLA-DR,
IBA-1, CD64, MSR-A, and CD68) combined with observations
on microglial morphologies (Walker and Lue, 2015; Minett
et al., 2016). Classification schemes for phenotypingmacrophages

developed to identify antigenic markers expressed in response to
different classes of stimuli have been applied to studies of human
brain microglia, but their applicability for human tissue studies
has been questioned (Ransohoff, 2016).

A number of recent studies have considered the essential

role of colony stimulating factor-1 receptor (CSF-1R) signaling

in microglial maintenance and proliferation in normal and
pathological conditions. CSF-1 was shown to be upregulated in
AD and AD-like transgenic mice and was considered essential
for the proliferation of microglia that occurs as a result of
pathological activation in disease (Murphy et al., 2000; Vincent
et al., 2002). Understanding the role of CSF-1R signaling changed
with the identification of interleukin-34 (IL-34) as a CSF-1R
ligand (Lin et al., 2008).

Human IL-34 is a 39 kDa protein in its native form and
binds to the same receptor (CSF-1R) as CSF-1 (Lin et al., 2008;
Chihara et al., 2010). Key findings have shown that there can

be differences in microglia or macrophage responses to IL-34
compared to CSF-1 possibly due to the degree of phosphorylation
of key signaling tyrosine residues on CSF-1R (Chihara et al.,
2010; Mouchemore and Pixley, 2012). The main reason that this
cytokine is of potential significance is that previous studies have
indicated that IL-34 induces an anti-inflammatory phenotype
in human monocytes/macrophages, where there was stronger
induction of the anti-inflammatory cytokine IL-10 (Foucher
et al., 2013). RNA sequencing analysis of IL-34 and CSF-1
responses by human blood identified that IL-34-treated cells
had significantly less suppression of CCR2, the receptor for
monocyte chemoattractant protein-1 (MCP-1) (Barve et al.,
2013). Central to the premise of this study were findings that
used cultured rodent microglia and animal models relevant to
AD (Mizuno et al., 2011). IL-34 promoted microglial uptake and
metabolism of Aβ, and as a consequence IL-34-treated microglia
that had been stimulated with Aβ showed significantly lower
neurotoxicity. The mechanism of action in this system appeared
to be through transforming growth factor beta-1 (TGFβ-1) (Ma
et al., 2012). IL-34 treated microglia showed increased levels of
cell division and increased levels of TGFβ-1. Blocking TGFβ-
1 receptor prevented IL-34 induced microglia cell division and
prevented the reduction in neurotoxicity (Ma et al., 2012).

Key studies have shown how significant IL-34 is for
development and maintenance of microglia in brain (Greter
et al., 2012; Wang et al., 2012; Wang and Colonna, 2014). IL-34
appeared to be required for maintenance of microglia in adult
brain, while CSF-1 was primarily involved in replacement of
microglia after inflammation had occurred (Greter et al., 2012;
Wang et al., 2012).

As a special role of IL-34 in brain has been suggested, we
investigated IL-34 expression in human brains, and its effects on
elderly brain-derived microglia compared to CSF-1. Our findings
showed altered patterns of expression of IL-34 mRNA compared
to CSF-1 and CSF-1R in AD-affected brains. Using human
microglia stimulated with IL-34 or CSF-1, we could not detect
any differential patterns of gene expression, but could define
IL-34 and CSF-1 activation of human microglia as inducing
a primarily proinflammatory phenotype. CSF-1R activation of
human microglia by these ligands also appeared to result in
downregulation of genes associated with amyloid removal. These
results could be of significance for considering how inflammation
could be manipulated in AD to reduce pathology.

MATERIALS AND METHODS

Human Brain Tissue Resources
All brain samples were from participants in the Arizona
Study of Aging and Neurodegenerative Disorders and were
autopsied by the Brain and Body Donation Program (BBDP)
(www.brainandbodydonationprogram.org) of the Banner Sun
Health Research Institute, Sun City, Arizona. Details of this
program can be found in these reviews (Beach et al., 2008, 2015).
This longitudinal clinicopathological study has been running
for 27 years with continuous Institutional Review Board (IRB)
approval. Samples used in this study had been collected over a
period of 18 years. During that time, the IRBwas run internally by
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TABLE 1 | Demographic details of human brain cases used.

Disease state (n) Age Sex PMI (hrs) ApoE4 (%) Plaques Tangles

A: INFERIOR TEMPORAL GYRUS (RNA EXPRESSION)

ND (n = 12) 85.2 ± 7.8 9M/3F 2.8 ± 1.0 4 2.7 ± 3.8 3.5 ± 1.6

MCI (n = 13) 88.5 ± 6.7 10M/3F 2.8 ± 0.8 23 9.8 ± 3.1 5.9 + 2.6

AD (n = 12) 79.6 + 8.4 5M/7F 3.3 ± 1.0 21 13.8 ± 1.7 14.2 ± 1.7

B: MIDDLE TEMPORAL GYRUS (RNA EXPRESSION)

LPND (n = 14) 85.4 ± 9.0 7M/7F 3.1 ± 1.0 4 1.1 ± 1.8 5.3 ± 2.4

HPND (n = 13) 87.3 + 7.1 6M/7F 2.7 ± 0.3 11.5 11.4 ± 1.9 5.1 ± 2.0

AD (n = 15) 79.7 + 4.6 10M/5F 3.5 ± 0.6* 30 14.3 ± 0.8 13.4 ± 2.4

C: INFERIOR TEMPORAL GYRUS (WESTERN BLOT)

ND (n = 25) 84.0 ± 6.3 16M/9F 2.9 ± 0.9 12 3.1 ± 4.3 3.8 ± 2.4

AD (n = 16) 77.8 + 11.6 8M/8F 3.1 ± 1.3 44 13.0 ± 1.3 12.9 ± 2.4

D: CEREBELLUM (RNA EXPRESSION)

ND (n = 10) 88.8 ± 9.25 7M/3F 3.84 ± 2.1 0 1.9 ± 3.0 5.5 ± 2.4

AD (n = 14) 82.9 ± 11.9 7M/7F 3.35 ± 0.9 32 13.9 ± 1.0 13.3 ± 2.2

PD (n = 13) 77.1 ± 6.9 10M/3F 3.66 ± 1.4 11.5 0.4 ± 0.8 5.8 ± 3.5

E: FRONTAL CORTEX (MICROGLIA CULTURE)

2ND/6AD (n = 8) 84.4 + 5.9 4M/4F 3.4 ± 0.8 37.5

*Significant difference (P < 0.05) between HPND and AD groups. Abbreviations: PMI, post mortem interval; ND, non demented; MCI, Mild Cognitive Impaired; AD, Alzheimer’s Disease;

LPND, low plaque non-demented; HPND, high plaque non-demented.

Sun Health Corporation (up to 2008), then internally by Banner
Health Corporation (2008–2011), and then on contract by
external agency Western IRB (Olympia, WA). Use of the human
pathological samples from the BBDP were provided to internal
and external researchers with no identifiable information, and as
such is not considered human subject research under exemption
4 of regulations 45 CFR 46.101(b). All cases were diagnosed
according to National Institutes on Aging/Reagan criteria for AD
(Newell et al., 1999). A summary of the demographics of all of
the cases used in this study are shown in Tables 1A-D. A series of
samples derived from inferior temporal gyrus (ITG) from non-
demented controls (ND), mild cognitive impaired (MCI), and
AD were used initially (Table 1A); a second series of samples
included for validation were derived frommiddle temporal gyrus
(MTG) of ND (low-plaque cases), ND (high-plaque cases), and
AD subjects (Table 1B). A series of cerebellum samples were
also analyzed as a control region that generally has minimal AD
pathology (Table 1C). The cerebellum samples were from ND,
AD, and Parkinson’s disease (PD) cases. These series of samples
were used for gene expression experiments. A separate series of
ITG samples from ND and AD cases were used for western blot
analyses (Table 1D).

As part of the diagnostic process, each brain was assessed
for plaque and tangle load using histological procedures. This
ranking method gives a score (0–3) for each of five brain regions
(entorhinal cortex, hippocampus, temporal cortex, parietal
cortex, and frontal cortex) for a potential summary score (0–
15) and is based on the histological assessment of frequency of
plaques and tangles in Thioflavin S-stained tissue sections (Beach
et al., 2012).

For isolation of human microglia, samples of frontal cortex
from eight separate cases were used. These were provided
within 3 h of death by the BBDP. Tissue was provided at

time of autopsy from donors consented to participate in the
BBDP autopsy program. The BBDP program consent form
provides approval for supplying tissue to approved researchers
both internally and externally for different projects. The tissue
was provided to researchers for microglia culture without
any personal identifiable information, and as such meets the
requirements for exemption 4 for human subject research. The
demographic details of the cases used for microglia culture are
listed in Table 1E.

RNA Isolation and Quantitative Real Time
Polymerase Chain Reaction
RNA was prepared from human brain tissue samples, and
cultured humanmicroglia using RNAeasy PlusMini kits (Qiagen,
Valencia, CA) according to the manufacturer’s directions with
integrity assessed with an Agilent Bioanalyzer and RNA 6000
Nano kits (Agilent, Santa Clara, CA). Samples used for qPCR had
RIN > 7.0, and those used for RNA-seq had RIN > 8.0. Samples
which did not meet this criteria were excluded from the study.
RNA from brain samples (0.5µg) and cultured cell samples
(0.2µg) were reverse transcribed using the Quantitect reverse
transcription kit (Qiagen). Appropriate numbers of no reverse
transcriptase controls were prepared in parallel for each batch of
samples. For qPCR, cDNA samples were amplified using Perfecta
Fast Mix 2x reaction mixture (Quanta Biosciences, Gaithersburg,
MD) supplemented with 1.25 µM of EvaGreen. The primers
used to detect CSF-1R (CD115), CSF-1, IL-34, Transcription
factor EB (TFEB), CD68, IL-1β, and β actin are listed in
Table 2. QPCR was carried out using a Stratagene Mx3000p
machine and abundance of gene expression quantified relative
to a standard curve. All PCR-values were normalized against
values for β-actin mRNA expression as described previously
(Walker et al., 2009, 2015). QPCR analyses followed most
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TABLE 2 | PCR primer sequences.

Sequence Amplicon

(bp)

Ref. Seq.

CSF-1R sense GCACCAACAACGCTACCT 147 NM_005211.3

CSF-1R antisense CGAACACGACCACCTCCT

CSF-1 sense ACCCCTCCACCCTCTCTG 133 NM_000757.5

CSF-1 antisense CTGCCCCTTCACTTGCTG

IL-34 sense TTGACGCAGAATGAGGAGTG 100 NM_005211.3

IL34 antisense GTTGATGGGGAAGTAGTGTTTG

IL-1β sense CTGTCCTGCGTGTTGAAAGA 180 NM_00576.2

IL-1β antisense TTCTGCTTGAGAGGTGCTGA

TFEB sense AGCAGGTGGTGAAGCAGGAG 154 NM_007162.2

TFEB antisense AGGTGATGGAATGGGGATG

CD68 sense GCTACTTTGCTGCCATCCTT 103 NM_001251.2

CD68 antisense TCCTGTGAGTGGTGGTTTTG

β actin sense TCCTATGTGGGCGACGAG 242 NM_001101.3

β actin antisense ATGGCTGGGGTGTTGAAG

recommended criteria for minimal information for publication
of quantitative real time PCR experiments (MIQE) (Bustin et al.,
2009).

Western Blot Analysis
Protein extracts from temporal cortex or microglia were analyzed
by western blot methodology for levels of IL-34 protein using
our published protocols (Walker et al., 2015, 2009) Samples were
dissolved at a concentration of 1 µg/µl protein in western blot
sample buffer (NUPAGE LDS—Life Technologies, Carlsbad,
CA) containing 0.1 M DTT and heated at 70◦C for 10 min.
Samples were separated on 4–12% NuPAGE Bis–Tris Mini
gels using MOPS or MES running buffer (Life Technologies).
Proteins were transferred to nitrocellulose membranes at 30
V for 90min, which were blocked in 5% skim milk solution
dissolved in Tris-buffered saline [TBST—50 mM Tris–HCl (pH
8.0), 250 mMNaCl, 0.05% (w/v) Tween 20], and then reacted for
18 h in appropriate dilutions of antibodies in TBST containing
2% milk. Bound antibodies were detected by reaction for 2
h with the appropriate horseradish peroxidase (HRP) labeled
anti-immunoglobulin (Thermo-Fisher—1:10,000 dilution)
followed by reaction of membranes with HRP chemiluminescent
substrate (Advansta Western blot Bright chemiluminescent
substrate, Advansta, Menlo Park, CA) with direct imaging using
a FluorochemQ imaging system (Protein Simple, San Jose, CA).
Intensities of chemiluminescent bands were quantified using
Fluorochem Q SA software (Protein Simple). Three different
antibodies were used for detection of IL-34; a IL-34 sheep
polyclonal (R&D Systems, Cat. No. AF5265), a rabbit polyclonal
(Abcam, Cambridge, MA, Cat. No. ab75723), and a mouse
monoclonal antibody (Abcam, Cat. No. ab101443). Western
blots were reprobed to detect β-actin for normalization purposes
(mouse monoclonal: 1:5,000, Sigma (St. Louis, MO). Validation
of antibodies used HEK cells transfected with plasmids either
to green fluorescent protein (Genecopoeia—Catalog number
EX-EGFP-Lv105) or IL-34 (Genecopoeia—Catalog number

EX-H9354-Lv105 in pReceiver-Lv105 plasmid) http://www.
genecopoeia.com/product/search/detail.php?prt=1&cid=&key=
H9354) (Figure 2). This figure illustrates results for the rabbit
polyclonal to IL-34 (Abcam), but similar results were obtained
for each IL-34 antibody.

RNA-Seq Protocol
RNA samples analyzed were from four separate humanmicroglia
cases and one sample of human blood-derived macrophages that
were either unstimulated (peptide diluent), or stimulated with
IL-34 (100 ng/ml, Cat. No. 5265-IL-010, R&D Systems, MN) or
CSF-1 (100 ng/ml, Cat. No. 216-MC-005, R&D Systems, MN) for
24 h. All of these microglia cases were isolated from subjects that
had clinical and neuropathological diagnoses of AD or probable
AD. For these experiments, 2 × 105 microglia per well were
plated out and stimulated with the indicated doses. All RNA
samples used for RNA seq analyses had RIN > 8.0. RNA-seq
analyses were carried out at the Translational Genomics Research
Institute, Phoenix, AZ. Next Gen RNA sequencing was carried
out using Illumina Hiseq 2000 platform. The mRNA libraries
were prepared from each sample using Illumina RNA sample
prep kits following previously described protocols (Henderson-
Smith et al., 2016). Clusters were generated on Paired End v3
flowcells in the Illumina cBot using Illumina’s TruSeq PE Cluster
Kit v3, which were sequenced by synthesis on the Illumina
HiSeq 2000 for paired 100-bp reads. Due to the small number
of samples, data analysis was restricted to estimation of FPKM
(fragments per kilobase of exon per million fragments mapped),
a digital count of each transcript adjusted for its overall size using
TopHat/Cufflinks/Cuffdiff software. The FPKM results were used
to evaluate differential expression of genes between treatments.
The mean FPKM-values for each of the four separate microglia
samples were selected for genes of interest.

Human Brain Cultures and Experimental
Treatments
Human autopsy brain microglia were isolated from frontal
cortex according to our standard protocols (Walker et al., 2006,
2009, 2015). After isolation, microglia were cultured for 10–14
days prior to use in experiments. Microglia isolated from eight
separate cases were used in this study including the four cases
used for RNA seq. We also isolated human brain endothelial cells
from digested brain material by selection with Ulex Europaeus
(UEA)-conjugated magnetic beads (Life Technologies).

Statistical Analysis
All statistical analyses were performed using Graphpad Prism
version 7 (Graphpad software, San Diego, CA). One-way
ANOVA followed by the Fisher LSD-test for post-hoc comparison
between groups was used to demonstrate treatment or disease
group differences. Correlation analyses used the Spearman
method for non-parametric measures was carried out to
determine relation between plaque and tangle scores and gene
expression measurements. The significance level was defined as
P < 0.05.
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FIGURE 1 | Scatter plots for qPCR analyses of IL-34, CSF-1, and CSF-1R expression levels in inferior temporal gyrus (ITG), middle temporal gyrus (MTG), and

cerebellum (CBM) brain RNA samples. Results on left side of figure show relative expression of IL-34 (A), CSF-1 (D), and CSF-1R (G) in ITG RNA samples from

non-demented (ND), mild cognitive impairment (MCI), and Alzheimer’s disease (AD) cases. Results on figures show expression of IL-34 (B), CSF-1 (E), and CSF-1R (H)

in MTG RNA samples from low plaque non-demented (LPND), high plaque non-demented (HPND), and Alzheimer’s disease (AD) cases. Results on right side of figure

show relative expression of IL-34 (C), CSF-1 (F), and CSF-1R (I) in cerebellum RNA samples from ND, AD, and Parkinson’s disease (PD) cases. Data were analyzed

by one-way ANOVA with Fisher LSD post-hoc test for between group significance. Bars on figures indicate mean ± standard error of mean (SEM) for each analyses.

RESULTS

Altered mRNA Expression of CSF-1R,
CSF-1, and IL-34 in Human AD Brain
Samples
Two series of human brain tissue samples were used to assess
the relative changes in expression of mRNA of CSF-1R and its
ligands CSF-1 and IL-34 with progression of disease. The first
series from ITG (Table 1A) contained samples separated into
groups depending on cognitive diagnosis, namely non-demented
(ND), mild cognitive impairment (MCI), and AD dementia.
The MCI group had intermediate levels of neuropathology
between ND and AD. The second series from MTG (Table 1B)
contained samples separated into groups depending on amount
of plaque pathology, namely low plaque-non-demented (LPND),
high plaque-non-demented (HPND), and AD. There was a
progressive increase in AD-type plaque and tangle pathology
between the groups. In the ITG group, there was a significant
increase in mRNA levels of CSF-1R and CSF-1 in the AD samples
compared to ND or MCI samples (Figure 1), but a significant

decrease in IL-34 mRNA levels. The increased expression of CSF-
1 and CSF-1R in AD was replicated in MTG samples, but there
was not the decrease in IL-34 expression in this group of samples
(Figure 1). For comparison, a group of cerebellum samples from
ND, PD, and AD cases were used (Figure 1, Table 1C); this is a
brain region not normally affected by neuropathology. There was
no changes in expression of any of these genes in cerebellum.

Non-parametric (Spearman) correlation analyses were carried
out with both series of data from cortical samples to determine
if there was association between expression levels and degree of
plaque or tangle pathology (Table 3). Data show no correlation
between IL-34 mRNA expression and degree of AD pathology,
while there were significant correlations for CSF-1R mRNA
expression with plaque and tangle scores for both brain regions.
Similarly, significant correlation was seen for CSF-1 mRNA
expression and tangles in both brain regions, and significant
correlation with plaque scores in MTG. The correlation between
CSF-1 and plaque for ITG was close to significance (P = 0.064)
(Table 3). Overall, these data suggest that CSF-1 and CSF-1R
genes are regulated in different manners compared to IL-34.
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TABLE 3 | Correlations of IL-34, CSF-1, and CSF-1R mRNA expression with

plaque and tangle pathology.

Plaques Tangles

INFERIOR TEMPORAL GYRUS

IL-34 r = −0.07 r = −0.02

P = 0.69 P = 0.91

CSF-1 r = 0.33 r = 0.35

P = 0.064 *P = 0.042

CSF-1R r = 0.39 r = 0.44

*P = 0.02 **P = 0.009

MIDDLE TEMPORAL GYRUS

IL-34 r = 0.14 r = 0.18

P = 0.43 P = 0.28

CSF-1 r = 0.44 r = 0.35

**P = 0.007 *P = 0.036

CSF-1R r = 0.37 r = 0.34

*P = 0.02 *P = 0.04

Bold type represents statistically significant results; *P < 0.05; **P < 0.01.

Reduced Levels of IL-34 Protein in AD
Brains
Using protein extracts from ITG tissue from a series of ND
(n= 25) and AD cases (n = 16), western blot analyses using the
rabbit polyclonal antibody to IL-34 were carried out (validation
of this antibody is shown in Figure 2). The molecular weight of
IL-34 in human brain (45 kDa) differed from that of recombinant
plasmid expressed IL-34 (approximately 39 kDa) possibly due to
different degrees of glycosylation of IL-34 expressed in HEK cells.
In human brain samples, a weaker band of approximately 60 kDa
was also present. Our results showed a significant decrease in
IL-34 levels (45 kDa band) in the AD ITG samples (P < 0.05;
Figure 3).

Effect of IL34 and CSF-1 on Microglial
Phenotypes: Gene Expression Analysis
Human brain-derived microglia isolated from four different
human cases were used to investigate the effects of CSF-
1R ligands on microglial gene expression. Each microglia
isolate was processed under identical conditions of culture,
stimulation, and RNA-seq analyses. The main aims of these
experiments were to identify any genes differentially expressed
by IL-34 compared to CSF-1 treatment, and also to define
the phenotype of human microglia exposed to the CSF-1R
ligands. Data analyses of gene expression of all genes showed no
genes were differentially expressed in IL-34 compared to CSF-
1 stimulated microglia. The following strategies were adopted
to define the phenotype of CSF-1R activation. Using panels of
proinflammatory and anti-inflammatorymarkers taken from two
key papers on phenotyping of activated, we extracted data of
the relative changes between control and CSF-1R ligand-treated
microglia for 31 proinflammatory and 33 anti-inflammatory
(alternative activation) markers to assess the number of genes
that were upregulated, unchanged or downregulated (Martinez

FIGURE 2 | IL-34 antibody validation. Results shown employed a rabbit

polyclonal to IL-34 (Abcam no. AB74548). Similar results were obtained using

mouse monoclonal to IL-34 (AB101443) and sheep polyclonal to IL-34 (R and

D Systems, AF5265). (A–C) Immunocytochemistry staining of HEK cells

transfected with control plasmid (GFP) (A) or plasmid coding IL-34 (B,C).

Specific immunostaining (green) was only detected with IL-34 plasmid. Cells

were counterstained with DAPI (blue). Low magnification (B) and higher

magnification (C). (D) Western blot showing detected bands using AB74548

antibody on recombinant IL-34 (lane 1), and different IL-34 transfected HEK

cell samples (lanes 2–4), and different GFP plasmid transfected HEK cell

samples (lanes 5–7). The cell expressed IL-34 had molecular weight of

approximately 39 kDa. (E) Western blot showing a single band (45 kDa)

detected in human brain samples (Br) but not in microglia (MG) or endothelial

cell (EC) samples.

et al., 2006; Murray et al., 2014). Of the selected anti-
inflammatory genes, five were found not to be expressed by
human microglia (ALOX15, CCL17, CD200R, TG, P2RY14).
These result are shown in Table 4. The data showed that 18
of 31 proinflammatory-associated genes were upregulated, 8
were unchanged and 5 were downregulated. By comparison,
10 of the anti-inflammatory genes were upregulated, 5 were
unchanged, and 13 downregulated. As we considered that
the downregulated expression of anti-inflammatory genes were
an indication of proinflammatory activation, combining these
results showed 31 of the gene expression changes were indicative
of CSF-1R ligands inducing a proinflammatory phenotype, while
15 of the gene expression changes were associated with an
anti-inflammatory phenotype. Table 4 shows the separate data
of stimulation indices for IL-34 and CSF-1 along with the
mean of the combined data. These data for this restricted
gene set confirmed that there was no difference between IL-
34 and CSF-1 in cellular gene responses as was shown for the
complete dataset. The predominant increase in expression of
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FIGURE 3 | Decreased levels of IL-34 protein in ITG samples of AD cases compared to ND cases. (A) Scatter plot showing relative levels of IL-34 protein, detected

with AB74548 rabbit polyclonal antibody. Significant decrease (P < 0.05) in IL-34 protein levels in AD cases. (B) Representative western blot of IL-34 protein detected

in a range of brain samples analyzed in (A). A major band of 45 kDa was detected but an additional band of approximately 60 kDa was detectable with longer

exposure.

the classical proinflammatory cytokines IL1B, TNF, IL6, IL8,
and IL1A and downregulation of SEPP1 and TLR5 strongly
support the conclusion of IL-34 and CSF-1 produce primarily a
proinflammatory response in microglia.

Data for selected key genes of interest involved in CSF-
1R signaling, inflammation, cell division and Aβ metabolism
are also presented in graphical form in Figures 4, 5. The data
for these figures are presented as corrected FPKM rather than
relative expression levels to highlight the variability in expression
between the different microglial isolates, and to demonstrate the
expression levels of these different genes of interest. Due to the
small numbers of cases, statistical significance was not reached
for a number of the selected genes, but these genes are presented
to reflect trends in changes in genes associated with activation
phenotypes.

There was a trend for increased expression of CD14, the
LPS receptor, a classical activation marker, but no significant
change in MRC1 or CD163, considered alternative activation
markers, or for CD40 an established proinflammatory activation
marker. There were significant increases in TLR-2 and CCL2,
activation-associated markers, but decreased expression of HLA-
DR and TLR5 (data shown in Figure 4). Considering the
genes associated with CSF-1R signaling (Figure 5), there were
no changes in expression of CSF-1R, CSF-1, or the alternate
IL-34 receptor PTPRZ1 with IL-34 or CSF-1 treatments. It

was noticeable PTPRZ1 was expressed at very low levels in
microglia compared to CSF-1R. This would suggest it has a
minor role in IL-34 signaling in these types of cells. Expression
of IL-34 mRNA was not detectable in any of the microglial
samples. This is consistent with findings for rodent microglia
(Mizuno et al., 2011). Both cytokines significantly downregulated
expression of SYK, an essential signaling intermediate for
many inflammatory pathways. The genes coding microglial
proliferation markers PU.1 (SLI1) and Ki67 (MKI67) showed
only small amounts of upregulation or downregulation. ICAM-
1, an activation marker, showed a small degree of upregulation,
while TREM-2 showed a degree of downregulation. This is
consistent with recent data showing TREM-2 expression by
human microglia being upregulated by alternative activation
cytokines and downregulated by proinflammatory cytokines
(Owens et al., 2017). One of the key issues for this study was
how does CSF-1R activation affect genes associated with Aβ

phagocytosis and degradation. The lysosomal-associated proteins
TFEB, LAMP-1, and CD68 were all significantly downregulated
by IL-34 and CSF-1 stimulation, as was expression of the Aβ

degradative enzyme neprilysin (gene MME) (Figure 5). A slight
increase in expression of IDE mRNA was detected. There was
a significant increase in expression of the anti-inflammatory
cytokine transforming growth factor (TGF) β1 with IL-34 and
CSF-1 treatment (Figure 5).
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TABLE 4 | Relative Levels of expression of genes designated to correlate with

proinflammatory or anti-inflammatory phenotype in microglia groups following

treatment with interleukin-34 (IL34) or colony stimulating factor-1 (CSF-1).

IL-34 CSF-1 Mean

PROINFLAMMATORY PHENOTYPIC MARKERS

Upregulated (18)

IL1B 19.3 14.3 16.8

TNF 3.1 3.1 3.1

MARCO 2.5 3.2 2.9

IL6 3.3 2.0 2.6

IL8 2.9 1.7 2.3

CXCL10 2.6 1.7 2.1

IL1A 2.0 1.7 1.9

TLR2 1.8 1.7 1.6

CXCL11 1.8 1.4 1.6

SPHK1 1.5 1.6 1.6

PSME2 1.6 1.5 1.5

IDO1 2.1 0.9 1.5

IL23A 1.5 1.3 1.4

CXCL9 1.7 1.1 1.4

IRF7 1.4 1.3 1.4

BCL2AI 1.4 1.3 1.3

IL27 1.6 1.0 1.3

STAT1 1.4 1.2 1.3

Unchanged (8)

IL15 1.0 1.1 1.1

IRF1 1.1 1.0 1.0

CCL5 1.1 1.0 1.0

APOL2 1.1 1.0 1.0

CD40 1.1 1.0 1.0

PTX3 1.0 1.0 1.0

KYN 1.0 0.9 1.0

IL15RA 1.0 0.9 1.0

Downregulated (5)

IGFBP4 0.9 0.9 0.9

CCL18 0.8 0.8 0.8

IL12A 0.8 0.8 0.8

IRF5 0.8 0.8 0.8

CCR7 0.5 0.6 0.5

ANTI-INFLAMMATORY PHENOTYPIC MARKERS

Upregulated (10)

MMP12 1.7 1.6 1.7

CCL4 1.9 1.4 1.7

CD209 1.5 1.5 1.5

SOCS3 1.5 1.2 1.4

TGFB1 1.4 1.3 1.3

MRC1 1.1 1.5 1.3

TGM2 1.4 1.2 1.3

MSR1 1.2 1.2 1.2

IL1RN 1.1 1.2 1.1

ADORA3 1.1 1.1 1.1

Unchanged (5)

IL4R 1.1 1.0 1.0

CD163 1.0 1.0 1.0

(Continued)

TABLE 4 | Continued

IL-34 CSF-1 Mean

IL17RB 0.9 1.0 1.0

CTSC 1.0 0.9 1.0

SOCS1 1.1 0.8 1.0

Downregulated (13)

CA2 0.9 0.9 0.9

FN1 0.9 0.9 0.9

MMP1 0.8 0.9 0.8

LIPA 0.8 0.9 0.8

CCL18 0.8 0.8 0.8

ID3 0.8 0.7 0.8

HEXB 0.7 0.8 0.7

CCL13 0.9 0.6 0.7

CD36 0.6 0.8 0.7

IRF4 0.7 0.6 0.7

SEPP1 0.6 0.6 0.6

RGS1 0.6 0.6 0.6

TLR5 0.4 0.4 0.4

Real time PCR was used to validate expression of key genes in
separate microglial samples. We focused on IL-1β, an established
proinflammatory cytokine, and compared the results with TFEB
and CD68, two lysosomal-associated proteins whose function
are involved in Aβ phagocytosis and degradation. Our results
show that the expression of these genes followed the patterns
of upregulation and downregulation observed for RNA-seq
(Figure 6).

Effect of IL-34 on Microglial Activation, Aβ

Metabolism, and Cell Proliferation
Functional assays were carried out using IL-34-stimulated
microglia to determine the effects on activation, Aβ metabolism
or cell proliferation (Figure 7). Using CCL-2 as a marker
of inflammation, increased secretion of this chemokine was
detected by ELISA with IL-34 treatments (Figure 7A). To
determine whether IL-34 treatment affected Aβ uptake and
degradation, a western blot method was used. Cells were
pretreated with IL-34 for 2 h before addition of 1 µM
of aggregated (fibril and oligomeric) Aβ42. This method
would reflect steady-state intracellular levels of Aβ and
values reflective of phagocytosis and degradation over the
24 h time period of analysis. The analysis showed that
total levels of immunoreactive Aβ were actually increased
in the IL-34 treated cultures (Figures 7B,C). This finding
is consistent with our observations that expression for key
lysosomal and Aβ enzymes are downregulated following IL-34
treatment.

To determine how effective IL-34 alone was at inducing cell
division of human postmortem microglia, we treated cultures
with IL34 at two doses (10 and 100 ng/ml) for 4 days. In
preliminary experiments, we showed that this dose was effective
at inducing cell division provided there was 0.5–1% fetal bovine
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FIGURE 4 | Scatter plots showing levels of expression of transcripts (FPKM) of key markers of activation and function expressed in control, IL-34, and

CSF-1-stimulated human brain microglia (n = 4) for each treatment. Results were obtained by RNA sequencing. Due to the small number of cases, there was not

statistically significant difference between groups in all cases, but many of the selected genes show trends for upregulation or downregulation of expression consistent

with an altered phenotype of microglia. Data were analyzed by one-way ANOVA with Fisher LSD post-hoc test for between group significance. Bars on figures indicate

mean ± standard error of mean (SEM) for each analyses. Significant changes were shown for expression of HLA-DRB5, CCL2, TLR2, and TLR5.

serum (FBS) in the medium. In the absence of FBS, cell division
was not apparent with IL-34 treatments. Significant cell division
could be visible after 4 days of treatment (Figure 7D compared
to Figure 7E). This was confirmed by measuring total yield
of RNA from treated cultures at 4 days (Figure 7F). In our
experiments, we had not observed significant effect of CSF-1
alone on microglial proliferation, but a mixture of CSF-1 and
IL-34 had a synergistic effect resulting in significant cell division
(unpublished data).

DISCUSSION

This study contained two separate components with the overall
goal of assessing the expression and function of IL-34 in AD

brains, and its effects on human aged brain-derived microglia.
The studies using human brain samples reported in this paper
showed a different pattern of expression of IL-34 compared to
CSF-1 in AD. In one series of samples, there were decreased
IL-34 mRNA expression and protein levels of IL-34 in AD
brains, while there were increased expression of CSF-1 and CSF-
1R mRNA in AD. In the second series of samples, there was
not a significant change in IL-34 mRNA in the AD samples,
while increased expression of CSF-1 and CSF-1R mRNA was
confirmed. Using histological data that describes the severity
of AD plaque and tangle pathology in each case, we showed
significant correlations in expression of CSF-1 and CSF-1R with
amounts of AD pathology, but no correlation between these
measures and IL-34 mRNA expression. During the course of
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FIGURE 5 | Scatter plots showing levels of expression of transcripts (FPKM) of key markers of activation and function expressed in control, IL-34, and

CSF-1-stimulated human brain microglia (n = 4) for each treatment. Results were obtained by RNA sequencing. Due to the small number of cases, there was not

statistically significant difference between groups in all cases, but many of the selected genes show trends for upregulation or downregulation of expression consistent

with an altered phenotype of microglia. Data were analyzed by one-way ANOVA with Fisher LSD post-hoc test for between group significance. Bars on figures indicate

mean ± standard error of mean (SEM) for each analyses. Significant changes were shown for expression of SYK, LAMP-1, CD68, MME, and TGFB1.

these studies, it was reported similarly that CSF-1R and CSF-
1 mRNA levels were increased in AD temporal cortex, but
no change in IL-34 mRNA levels (Olmos-Alonso et al., 2016).
By contrast, they detected increased CSF-1, CSF-1R, and IL-34
mRNA expression in APP/PS1 plaque developingmice compared
to wild type controls. Treatment of these APP/PS1 mice with
the CSF-1R inhibitor GW2580 resulted in decreased expression
of CSF-1 and CSF-1R mRNA but not IL-34. We showed no
IL-34 mRNA expression in the RNA-seq dataset of microglial
expressed genes, while CSF-1 and CSF-1R were expressed at
high levels. The increased expression of CSF-1R, a microglial
specific gene, and CSF-1 in conditions of inflammation in AD
provide a mechanism for increased numbers of microglia to

drive the inflammation (Akiyama et al., 1994). By contrast, the
downregulation or no change of IL-34 expression indicates a
potentially different function or mechanism of regulation. As IL-
34 has only been localized to neurons in human brains, and not
to glial cells, this might indicate a response to neurotoxicity or
neuronal loss (Nandi et al., 2012; Wang et al., 2012). The samples
used for this study were derived from cortical gray matter regions
and the results indicate expression of both cytokines within this
region.

Our findings have demonstrated the possibility of different
types of responses by human elderly brain-derived microglia
compared to other microglia types, particularly those derived
from rodent. The gene expression studies by RNA-seq identified
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FIGURE 6 | Real time PCR validation of key genes showing similar patterns of

upregulation or downregulation as revealed by RNA sequencing data.

Transcription factor EB (TFEB) and CD68 are both lysosomal-associated

genes involved in Aβ phagocytosis and metabolism. IL-1β is a classical

proinflammatory cytokine. Results represent mean ± SEM of triplicate

determinations for each indicated treatment. Statistically significant differences

with treatments were as indicated.

a stronger upregulation of proinflammatory genes than of anti-
inflammatory genes, and also a significant downregulation of
genes associated with Aβ phagocytosis and removal. We also
attempted to define the phenotype of IL-34 and CSF-1 stimulated
microglia by reference to the stimulation index of defined genes.
Although there has been a lot of controversy about defining
markers for proinflammatory or anti-inflammatory/alternative
activation, especially for microglia, the panel of markers used
showed a more proinflammatory activation rather than anti-
inflammatory activation though the overlap between the groups
is suggestive of a distinct phenotype between these groups
(Murray et al., 2014). Of note was the strong induction of IL1B
and related classical cytokines, though there was also increased
expression of TGFB1, CCL4, CD209, and MRC1, considered
alternative activation markers.

A central question also examined in this project was the
proliferation of human postmortem brain microglia. These
cells can be isolated from postmortem tissue samples, but the
numbers obtainable are always limited. Attempts to obtained
increased numbers of cells has proven difficult but is a desirable
outcome as it permits more extensive experimentation. It was
originally shown that CSF-1 produce some cell replication, but
addition of granulocyte macrophage-CSF (GM-CSF) resulted
in much greater proliferation (Lee et al., 1994). A recent
paper showed significant induction of microglial proliferation
with CSF-1 alone, but these studies employed microglial
cultures with significant numbers of astrocytes, which could be
producing additional growth factors such as GM-CSF (Smith
et al., 2013). Our methods for isolating human microglia from
postmortem brains can produce microglial cultures with purities
of >99% (Walker et al., 2006); these cultures are generally
not responsive to CSF-1 alone. Expression of the gene for
GM-CSF (CSF-2) was present at very low or undetectable
levels in the control and stimulated microglia cultures used
in this study. A recent paper observed a high degree of
proliferation of postmortem microglia treated with GM-CSF
combined with a commercial preparation of microglial-media
supplement, which likely included significant amounts of IL-
34 (Guo et al., 2016). Our experiments focused on IL-
34 as a human postmortem microglial growth factor and
showed IL-34 alone induced significant amounts of cell division
(example Figures 7D–F). High doses of IL-34 (100 ng/ml) were
needed to obtain significant cell division. We found that IL-
34 effects on microglia were not revealed in the absence of
FBS in the culture media. We have confirmed that combining
GM-CSF and IL-34 resulted in enhanced cell division of
postmortem microglial cultures, though GM-CSF has a much
stronger proinflammatory activation effect than CSF-1 and IL-34
(unpublished data).

The significance of altered CSF-1R signaling to microglial
survival and activation has been highlighted by a series of
studies involving administration of CSF-1R inhibitor agents to
experimental rodents. Studies by one group used two related
CSF-1R inhibitors, PLX3397, or PLX5622 administered in the
animal feed, produced almost complete ablation of microglia
from the animal brain at the highest dose (Elmore et al.,
2014, 2015; Rice et al., 2015, 2017; Spangenberg et al., 2016).
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FIGURE 7 | Effect of IL-34 on microglial functional properties. (A) ELISA measurements of CCL-2 from control, IL-34, and CSF-1 stimulated microglia. (B,C). Effect of

IL-34 on levels of Aβ (42) (1 µM) in treated microglia. (B) Representative western blot showing pattern of immunoreactivity for aggregated Aβ in treated microglia for 24

h. (C) Quantification of Aβ present in microglia after 24 h. Lane 1. Control untreated microglia: Lane 2. IL-34-treated microglia: Lane 3. Aβ (1 µM) treated microglia:

lane 4 IL-34, and Aβ-treated microglia. (D–F) IL-34 effective at inducing significant cell division in human postmortem microglia. (D) Microglia treated without IL-34 for

4 days (representative field). (E) Microglia treated with IL-34 (100 ng/ml) showed significant increase in numbers. (F) Effect of IL-34 on total RNA yield of microglia

treated for 4 days.

PLX5622 was used in subsequent experiments as it was more
selective to CSF-1R tyrosine kinase inhibition. Ablation of
microglia appeared to have beneficial consequences in AD
rodent models. 5x FAD mice treated with PLX3397 prevented
neuronal and dendritic spine loss even though there was no
significant changes in the amounts of amyloid plaque pathology
(Spangenberg et al., 2016). It was observed using 3xTgAD mice

that treatments with CSF-1R inhibitor prevented accumulation
of microglia around plaques (Dagher et al., 2015). Similar
findings were reported by another group using the CSF-1R
inhibitor GW2580 (Olmos-Alonso et al., 2016), where treated
APP/PS1 animals showed significant improvement in the T-
maze cognition test even though there were no significant
differences in Aβ levels. The removal of microglia appeared
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to have beneficial effects on other neurodegenerative disease
models, including stroke, cranial irradiation, toxin induced
neurotoxicity, and amyotrophic lateral sclerosis (Rice et al., 2015,
2017; Acharya et al., 2016; Martinez-Muriana et al., 2016). Most
studies using CSF-1R inhibitors have demonstrated therapeutic
benefits of removal of microglia from rodent brains. This is
surprising as other findings have shown that proinflammatory-
activated microglia were needed for the efficient phagocytosis
and removal of amyloid, which many believe is essential for
effective AD treatment (Herber et al., 2007; Chakrabarty et al.,
2010).

There are still many unanswered questions about the role
of microglia in propagating AD pathology in human subjects.
If removal of microglia from brain does not lead to enhanced
pathology due to the increased accumulation of Aβ plaques, but
does lead to reduced neurotoxicity, synaptic damage, and tau
pathology due to decreased neuroinflammation, a reassessment
of Aβ reduction as the primary therapeutic targets for AD might
be needed. One unexplored area that we have tried to address and
may be key to understanding the interrelationship of microglia to
AD could be the effects of aging on microglial function. A recent
paper showed that media from microglial cultures of young mice
could supplement the phagocytosis ability for Aβ of microglia
from old animals (Daria et al., 2017). Their finding suggest GM-
CSF was the required agent to bring about this property. Our
findings appear to differ from those using rodent microglia. Is
this due to species difference or age difference? Further studies
on the role of microglial age, particularly using human microglia
from aged brains, in relation to their functional phenotypes could

be informative for understanding of neuroinflammation in the
aging brain.
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Microglia are the resident immune cells of the central nervous system (CNS) and they
contribute to primary inflammatory responses following CNS injuries. The morphology
of microglia is closely associated with their functional activities. Most previous research
efforts have attempted to delineate the role of ramified and amoeboid microglia in the
pathogenesis of neurodegenerative diseases. In addition to ramified and amoeboid
microglia, bipolar/rod-shaped microglia were first described by Franz Nissl in 1899 and
their presence in the brain was closely associated with the pathology of infectious
diseases and sleeping disorders. However, studies relating to bipolar/rod-shaped
microglia are very limited, largely due to the lack of appropriate in vitro and in vivo
experimental models. Recent studies have reported the formation of bipolar/rod-shaped
microglia trains in in vivo models of CNS injury, including diffuse brain injury, focal
transient ischemia, optic nerve transection and laser-induced ocular hypertension (OHT).
These bipolar/rod-shaped microglia formed end-to-end alignments in close proximity
to the adjacent injured axons, but they showed no interactions with blood vessels or
other types of glial cell. Recent studies have also reported on a highly reproducible
in vitro culture model system to enrich bipolar/rod-shaped microglia that acts as a
powerful tool with which to characterize this form of microglia. The molecular aspects of
bipolar/rod-shaped microglia are of great interest in the field of CNS repair. This review
article focuses on studies relating to the morphology and transformation of microglia
into the bipolar/rod-shaped form, along with the differential gene expression and spatial
distribution of bipolar/rod-shaped microglia in normal and pathological CNSs. The
spatial arrangement of bipolar/rod-shaped microglia is crucial in the reorganization and
remodeling of neuronal and synaptic circuitry following CNS injuries. Finally, we discuss
the potential neuroprotective roles of bipolar/rod-shaped microglia, and the possibility
of transforming ramified/amoeboid microglia into bipolar/rod-shaped microglia. This will
be of considerable clinical benefit in the development of novel therapeutic strategies for
treating various neurodegenerative diseases and promoting CNS repair after injury.

Keywords: bipolar/rod-shaped microglia, amoeboid microglia, ramified microglia, neurodegenerative diseases,
synapse

Frontiers in Aging Neuroscience | www.frontiersin.org May 2017 | Volume 9 | Article 128310

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org/Aging_Neuroscience/editorialboard
http://www.frontiersin.org/Aging_Neuroscience/editorialboard
https://doi.org/10.3389/fnagi.2017.00128
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2017.00128&domain=pdf&date_stamp=2017-05-04
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00128/abstract
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00128/abstract
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00128/abstract
http://loop.frontiersin.org/people/367325/overview
http://loop.frontiersin.org/people/404251/overview
https://creativecommons.org/licenses/by/4.0/
mailto:eddiema@cityu.edu.hk
https://doi.org/10.3389/fnagi.2017.00128
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Au and Ma Bipolar/Rod-Shaped Microglia in Neurodegeneration

INTRODUCTION

Microglia are generally considered as phenotypically diverse
immune cells which reside in the central nervous system
(CNS). The morphological changes of microglia are closely
associated with their function and the microenvironment in
which they reside (Chamak and Mallat, 1991; Suzumura et al.,
1991; Szabo and Gulya, 2013; Tam and Ma, 2014; Tam et al.,
2016). Under normal physiological conditions, microglia adopt
a ‘‘surveying’’ phenotype, referred to as ‘‘ramified microglia’’
with compact cell bodies and elongated branching processes
(Hanisch and Kettenmann, 2007). Ramified microglia frequently
extend and retract their highly motile processes so that they
can actively sense and survey their microenvironment to detect
subtle changes, but without disrupting the existing neuronal
circuitry (Nimmerjahn et al., 2005). Ramified microglia in the
immediate vicinity of micro-lesions respond rapidly and quickly
transform into an active state, thus allowing them to migrate
towards the site of injury (Davalos et al., 2005; Nimmerjahn
et al., 2005). Ramified microglia first thicken, withdraw
their processes, enlarge their cell bodies, and subsequently
transform into an amoeboid morphology. Amoeboid microglia
are regarded as ‘‘activated’’ microglia since they are responsible
for antigen presentation, the production of an exhaustive list of
inflammatory cytokines, chemokines and neurotrophic factors
and are responsible for the removal of cellular debris by
phagocytosis (Wyss-Coray and Mucke, 2002; Glass et al., 2010).
Recent studies have also shown that amoeboid microglia are
closely associated with neurological disorders such as brain
injuries, Alzheimer’s disease (AD), Parkinson’s disease (PD) and
Huntington’s disease (HD) in which chronic neuroinflammation
is usually observed (Glass et al., 2010; Krause and Müller,
2010; Smith et al., 2012). Amoeboid microglia are also detected
in early and late stages of the onset of neurodegenerative
diseases (Lynch, 2009). Studying the association ofmicroglia with
disease progression is therefore very attractive to neuroscientists,
particularly in terms of neurodegeneration and neuroprotection.

Over the past few decades, most studies have focused upon
the well-characterized ramified and amoeboid microglia, and
studies of bipolar/rod-shaped microglia remain scarce due to
the lack of a well-established in vitro culture system and
a highly reproducible in vivo animal model with which to
study this form of microglia. There is compelling evidence
to suggest that bipolar/rod-shaped microglia play a pivotal
role in CNS repair since they align end-to-end along with
the damaged axons following traumatic brain injury (Ziebell
et al., 2012; Taylor et al., 2014). Bipolar/rod-shaped microglia
are also highly phagocytic and proliferative in nature (Ziebell
et al., 2012; Tam and Ma, 2014), and are involved in the
internalization of degenerating neurons following CNS injury
(Yuan et al., 2015). Bipolar/rod-shaped microglia express a
distinctive transcriptional profile in response to immunological
stimuli such as lipopolysaccharides (LPS), and quickly transform
into amoeboid microglia (Tam and Ma, 2014; Tam et al., 2016).
This suggests that bipolar/rod-shaped microglia might be a
transitional stage between the ramified and amoeboid microglia
(Suzumura et al., 1990; Bohatschek et al., 2001; Jonas et al., 2012).

A recent case study involving autopsy of over 160 patients
showed that the presence of bipolar/rod-shaped microglia in the
hippocampus and cerebral cortex was directly related to an AD
cohort with aging and AD-related pathology such as dementia,
and the formation of senile plaques and neurofibrillary tangles
(NFTs; Bachstetter et al., 2015, 2017).

In this review article, we summarize our current
understanding of bipolar/rod-shaped microglia based upon
recent studies which have defined the role of this form of
microglia in neurological diseases. We also discuss the potential
neuroprotective role of bipolar/rod-shaped microglia in
neurodegenerative diseases. Accumulating evidence suggests
that the formation of bipolar/rod-shaped microglia might be
potentially beneficial, not only in protecting the CNS neurons
against progressive neuronal degeneration induced by chronic
neuroinflammation, but also in helping with the reorganization
of neuronal circuitry. This review aims to provide a more
in-depth understanding of bipolar/rod-shaped microglia in
order to provide new focus in the development of therapeutic
strategies for neurodegenerative diseases.

THE DISCOVERY AND IDENTIFICATION OF
BIPOLAR/ROD-SHAPED MICROGLIA

Bipolar/rod-shaped microglia were first identified as an activated
form ofmicroglia by Nissl (1899) more than a century ago. In this
original study, Nissl examined glia cell morphology in cerebral
cortices from patients who suffered from paralytic dementia, and
he described this form of microglia as ‘‘strung-out, extremely
slim with infinitely long processes’’. These bipolar/rod-shaped
microglia extend their processes into pyramidal neuronal layers
and are aligned with the growing tips of dendrites from nearby
neurons (Nissl, 1899). Further studies showed that bipolar/rod-
shaped microglia were also present in cerebral cortices in
neurological disorders associated with typhus infections and
syphilis, as well as sleeping disorders (Spielmeyer, 1922). The
incidence of these neurological disorders was dramatically
reduced, largely due to the discovery of penicillin. Thus, studies
on this microglia subtype gradually reduced and researchers
became unfamiliar with this form of microglia due to their
rare occurrence in pathological brains (Graeber, 2010). This
might account for our limited knowledge of bipolar/rod-shaped
microglia, even though they were discovered more than a
century ago.

Over the past two decades, bipolar/rod-shaped microglia
were observed in several chronic neuropathological disorders,
including viral encephalitis, lead encephalopathy and
subacute sclerosing panencephalitis (SSPE). Patients with
viral encephalitis exhibit microglial nodule formation in
the brain which represents a hallmark pathological feature,
regardless of the type and origin of the virus. This microglial
nodule consists of a bundle of activated bipolar/rod-shaped
microglia, reactive astrocytes, infiltrated macrophage and
degenerating axons (Nelson et al., 2002). In a rat model of
chronic lead (a heavy metal) intoxication, microglia were
transformed into bipolar/rod-shaped with enlarged endoplasmic
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reticuli and a large quantity of cytoplasmic lipid inclusions after
9 months of continuous exposure to lead (Markov and Dimova,
1974). Autopsy of brains from SSPE patients further revealed
that bipolar/rod-shaped microglia were the predominant
form of microglia in the cortical area, as well as in the white
matter (Wierzba-Bobrowicz et al., 2002; Boche et al., 2013).
These studies collectively suggest that bipolar/rod-shaped
microglia are often observed in various neuropathological
disorders.

MORPHOLOGICAL DYNAMICS OF
RAMIFIED, BIPOLAR/ROD-SHAPED AND
AMOEBOID MICROGLIA

Bipolar/rod-shaped microglia are seldom observed in cultures
owing to the small number of this microglia subtype in the
overall microglia population (Suzumura et al., 1990; Bohatschek
et al., 2001; Hoffmann et al., 2003; Szabo and Gulya, 2013).
Primary microglia usually adopt an amoeboid morphology
when cultured on non-coated surface (Suzumura et al., 1990;
Kann et al., 2004). After treating with granulocyte-macrophage
colony stimulating factor (GM-CSF), amoeboid microglia
transformed into bipolar/rod-shaped microglia with elongated
cell bodies and highly polarized processes following 5 days
of incubation. The bipolar/rod-shaped microglia were highly
proliferative compared to the amoeboid microglia (Suzumura
et al., 1990).

Further study showed that the majority of microglia
adopted ramified morphology when co-culturing on an astrocyte
monolayer. The ramified microglia quickly transformed into
bipolar/rod-shaped microglia within 3 h following the addition
of rat brain lysate to the co-cultures, and these bipolar/rod-
shaped microglia were gradually transformed into amoeboid
microglia after 12 h of incubation. Interestingly, removal of brain
lysate by washing off the culture medium induced a reverse
transformation of amoeboid into bipolar/rod-shaped microglia
within 24 h, and gradually transformed back into ramified
microglia following 96 h of incubation without the brain lysate
(Bohatschek et al., 2001).

One study showed that in rat hippocampal slice cultures,
microglia adopted mixed and diverse morphological forms
ranging from ramified, bipolar/rod-shaped to amoeboid 72 h
following LPS challenge (Papageorgiou et al., 2016). Unlike other
studies, the number of amoeboid microglia in hippocampal slice
cultures remained unchanged after LPS stimulation (Gao et al.,
2002; Qin L. et al., 2007). Also, the levels of pro-inflammatory
cytokines such as interleukin 1 beta (IL-1β) and tumor necrosis
factor α (TNFα) were significantly elevated, and the neuronal
architecture remained largely intact without any detectable
neuronal loss. In contrast, the number of amoeboid microglia
was markedly increased when exposed to both LPS and
interferon gamma (IFNγ), which demonstrated a significant
neuronal loss (Papageorgiou et al., 2016). Transformation of
bipolar/rod-shaped microglia into amoeboid microglia, and
the induced neurotoxicity might involve the crosstalk between
microglia and infiltrated leukocytes since IFNγ is mainly

secreted by leukocytes but not by microglia (Papageorgiou et al.,
2016).

Accumulating evidence suggests that morphological
transformation of microglia involves the change in
electrophysiological properties and intracellular calcium
concentration ([Ca2+]i) of the microglial cells. Astrocytes
are known to produce macrophage colony stimulating factor
(M-CSF), which induces the transformation of amoeboid
microglia into a mix of ramified (vast majority) and bipolar/rod-
shaped microglia (small number) within few hours along with
voltage-gated sodium (Na+) and outward potassium (K+)
current increase in the transformed microglia (Frei et al., 1992;
Korotzer and Cotman, 1992; Liu et al., 1994; Sievers et al., 1994;
Eder et al., 1998; Kann et al., 2004). Ramified and bipolar/rod-
shaped microglia returned to amoeboid morphology after
washing out the astrocyte-conditioned medium (ACM; Eder
et al., 1998). Further experiments showed the involvement of
chloride (Cl−) channel in ramification of microglia. Cl− channel
blockers added to the ACM inhibited the transformation
of microglia; however, blocking Na+ and K+ channels
did not affect the ramification process (Eder et al., 1998).
Ramification of microglia involves in membrane stretching
(i.e., extension of processes) and cytoskeletal reorganization
that might activate Cl− channel. Stretching of microglial cell
membrane under experimental condition was induced by
a fine movement of recording patch pipette resulting in a
current activation mediated mainly by Cl− ions (Eder et al.,
1998).

The change in [Ca2+]i serves as a signal transduction
pathway to control various cellular events such as cell
migration, proliferation, release of cytokines and morphological
transformation of microglia (Möller, 2002; Farber and
Kettenmann, 2006). Microglia express purinergic receptors
and G protein-coupled receptor CD88 to regulate the [Ca2+]i
of microglia (Farber and Kettenmann, 2006). Microglia
irrespective of their morphology, including ramified and
bipolar/rod-shaped microglia in ACM-treated microglia
cultures, or amoeboid microglia on non-coated surface,
showed a transient increase in [Ca2+]i in response to the
agonists of purinergic receptor (i.e., ATP and UTP) and
CD88 (i.e., Complement factor 5a, C5a), respectively (Möller
et al., 2000; Kann et al., 2004). In contrast, LPS-induced
activation of microglia resulted in a chronic increase in the basal
[Ca2+]i, and suppression of UTP- and C5a-evoked transient
increase in [Ca2+]i (Hoffmann et al., 2003). The UTP- and
C5a-evoked transient increase in [Ca2+]i was successfully
restored with the suppression of LPS-induced elevation of
[Ca2+]i by BAPTA and AG126 (Hoffmann et al., 2003; Kann
et al., 2004). The LPS-induced production of pro-inflammatory
cytokines TNFα and IL-6, and nitric oxide (NO) by activated
microglia requires the elevation of [Ca2+]i. The release of
cytokine and NO were significantly reduced by the blockade
of intracellular calcium release in LPS-treated microglia using
BAPTA (Hoffmann et al., 2003). ACM-induced ramified and
bipolar/rod-shaped microglia did not differ functionally from
amoeboid microglia grown on non-coated surface. However,
the LPS-stimulated microglia behave differently in regulating
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[Ca2+] (Möller et al., 2000; Hoffmann et al., 2003; Kann et al.,
2004).

CELL CULTURE MODEL SYSTEMS FOR
STUDYING BIPOLAR/ROD-SHAPED
MICROGLIA

The study of bipolar/rod-shaped microglia has been limited
by the lack of in vitro and in vivo model systems with
which to study this form of microglia. Unlike the case for
bipolar/rod-shaped microglia, there are many well-defined cell
culture systems available to purify ramified and amoeboid
microglia, which provide us with a better understanding of the
molecular and cellular properties of these microglia subtypes.
In general, primary microglia cultured on a fibronectin-coated
surface enrich ramified microglia, while microglia cultured on
a laminin-coated surface enrich amoeboid microglia (Chamak
and Mallat, 1991). Many studies have already taken advantage
of this relatively simple culture system to examine how
microglia respond to various factors such as ATP (Hide
et al., 2000; Honda et al., 2001), LPS (Nakamura et al., 1999;
Qin H. et al., 2007; Pannell et al., 2014), and cytokines
(Merrill, 1991). Moreover, cell culture systems allow researchers
to examine gene expression profiling (Duke et al., 2004;
Horvath et al., 2008), along with cellular properties such
as cell migration (Honda et al., 2001; Haynes et al., 2006),
phagocytic activity (Townsend et al., 2005; Koizumi et al.,
2007), electrophysiological properties (Eder et al., 1998) and
intracellular calcium activity (Hoffmann et al., 2003; Kann
et al., 2004) in different forms of microglia. In few studies,
in which ramified and partially bipolar/rod-shaped microglia
were induced within the same culture in vitro, the functional
differences of these two distinct microglia phenotypes were not
explored in detail (Eder et al., 1998;Möller et al., 2000; Kann et al.,
2004).

Recently, we established a cost-effective and highly
reproducible method with which to enrich bipolar/rod-
shaped microglia in vitro (Tam and Ma, 2014; Tam et al.,
2016) and thus study gene expression profiles and characterize
morphological changes systemically. Primary microglia were
isolated from postnatal mice and grown on a poly-D-lysine
and laminin-coated surface with multiple scratches (Figure 1).
Microglia actively migrated towards the scratched surface (Tam
and Ma, 2014) where the laminin coating was scratched off
(Tam et al., 2016) during the initial hours after cell seeding, and
microglia colonized upon the laminin-free scratched surface
developed elongated and bipolar processes, beginning from
the first day in vitro (DIV; Tam and Ma, 2014; Tam et al.,
2016). Bipolar/rod-shaped microglia with elongated processes
quickly formed end-to-end alignments on the scratched poly-
D-lysine and laminin-coated surface after 1 DIV (Tam and
Ma, 2014). In contrast, although trains of bipolar/rod-shaped
microglia could be formed on scratched surface pre-coated
with poly-D-lysine only, these trains of bipolar/rod-shaped
microglia failed to maintain and the microglia alignments
disappeared after 3 DIV. This suggests that laminin is crucial

in stabilizing the formation of microglia alignments since the
trains of bipolar/rod-shaped microglia could be maintained
for at least 6 DIV on the scratched poly-D-lysine and laminin-
coated surface (Tam et al., 2016). In rats, bipolar/rod-shaped
microglia aligned end-to-end at the injury site within 1 day of
diffuse brain injury in vivo (Ziebell et al., 2012). In line with an
in vivo study on human pathological brains (Wierzba-Bobrowicz
et al., 2002), bipolar/rod-shaped microglia in culture showed
high immunoreactivity to proliferating cell nuclear antigen
(PCNA, a cell proliferation marker), indicating that they were
highly proliferative. The gene expression of both M1 (i.e., Tnf,
Il-1b, Cd32 and Cd86) and M2 (i.e., Il-10 and Tgf-β) markers
was markedly reduced in bipolar/rod-shaped microglia at the
time when trains of microglia were formed (i.e., 2 DIV). In
contrast, amoeboid microglia are known to produce significantly
higher levels of pro-inflammatory cytokines compared to
bipolar/rod-shaped microglia (Tam and Ma, 2014). Amoeboid
microglia colonized in the non-scratched area (i.e., laminin-
coated surface), thus demonstrating their ability to digest the
laminin coating (Stolzing et al., 2002; Tam et al., 2016) with the
up-regulation of laminin-cleaving proteins, Adam9 and Ctss,
compared to bipolar/rod-shaped microglia which colonized in
the laminin-free scratched surface (Tam et al., 2016). In addition,
bipolar/rod-shaped microglia were morphologically dynamic
and could rapidly transform into amoeboid microglia within
30 min in response to LPS (i.e., a M1 stimulus). This involved
the up-regulation of pro-inflammatory cytokines (Il-1b and
Tnf ) and activation of the Jak/Stat3 signaling pathway (Tam
and Ma, 2014). Amoeboid microglia which had transformed
from bipolar/rod-shaped microglia regained the ability to cleave
laminin via the up-regulation of the laminin-cleaving proteins,
Adam9 and Ctss, while their gene expression in LPS-treated
amoeboid microglia-enriched cultures remained unchanged
(Tam et al., 2016). Taken together, our recently established
cell culture system successfully enriched bipolar/rod-shaped
microglia forming end-to-end alignments in vitro (Tam and Ma,
2014; Tam et al., 2016) that resemble the spatial arrangement
of trains of bipolar/rod-shaped microglia after CNS injury
in vivo (Ziebell et al., 2012; Taylor et al., 2014; Yuan et al.,
2015). However, bipolar/rod-shaped microglia formed after
GM-CSF and brain lysate stimulation did not form end-to-end
alignments (Suzumura et al., 1990; Bohatschek et al., 2001),
which indicate that a physical scratched surface (perhaps
mimicking the site of injury) is required for the end-to-end
alignment formation.

BIPOLAR/ROD-SHAPED MICROGLIA IN
BRAIN INJURY

Colonization and trains of bipolar/rod-shaped microglia are
not normally observed in the naïve rat brain (Taylor et al.,
2014), and are only occasionally found in the cerebral cortex
and thalamus of rodent brain (Lawson et al., 1990; Taylor
et al., 2014). Following midline fluid percussion injury (mFPI),
an animal model of traumatic brain injury, ramified microglia
which used to be evenly distributed throughout the cortical
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FIGURE 1 | Schematic diagram illustrating the cell culture model systems to enrich amoeboid and bipolar/rod-shaped microglia. Cerebral cortices
dissected from postnatal mice were trypsinized and dissociated mechanically, and the cell suspension was plated onto a poly-D-lysine-coated culture flask. The
microglia were then isolated from the mixed primary cortical cultures after 10–12 days by gently shaking. The purity of the microglia cultures prepared by this method
was >99% (Tam and Ma, 2014; Tam et al., 2016). (A) The vast majority of primary microglia maintained an amoeboid-like morphology after culturing on a
poly-D-lysine/laminin-coated surface without any physical scratches. (B) Multiple physical scratches generated by a P200 pipette tip removed the laminin coating,
which created laminin-free zones between the non-scratched areas. The primary microglia actively migrated to the scratched area and formed trains of
bipolar/rod-shaped microglia (red) in parallel with the direction of the scratches (dotted lines). By contrast, the microglia colonized in the non-scratched surfaces
maintained amoeboid morphology (green) while the laminin coating was still intact.

area were activated and adopted a ‘‘rod-like’’ morphology.
The cell bodies of these ‘‘rod-like’’ microglia were elongated
and their primary processes projected toward the two ends,
and formed trains of bipolar/rod-shaped microglia (Taylor
et al., 2014). These bipolar/rod-shaped microglia appeared to
be highly polarized in response to brain injury. In rats, the
vast majority of bipolar/rod-shaped microglia started colonizing
the primary somatosensory barrel field (S1BF) region in the
cerebral cortex to form end-to-end alignments perpendicular
to the dural surface across the cortical layers as early as
1-day post injury (dpi). An increased number of bipolar/rod-
shaped microglia, with significant microglia alignments, were
observed at 2 dpi, which became more prominent by 7 dpi

(Ziebell et al., 2012). More importantly, these bipolar/rod-shaped
microglia were phenotypically distinct from other forms of
microglia (i.e., ramified and amoeboidmicroglia) with significant
increase in cell length to width ratio, and reduced number
and length of side branches (Taylor et al., 2014). Most of the
bipolar/rod-shaped microglia exhibited high immunoreactivity
to ED1 (a phagocytic marker), but only a few showed
immunoreactivity to OX6 (a major histocompatibility complex
(MHC) class II marker; Ziebell et al., 2012). This indicated
that bipolar/rod-shaped microglia are highly phagocytic (Bauer
et al., 1994; Cho et al., 2006). Interestingly, bipolar/rod-shaped
microglia with high phagocytic activity were not involved in
the clearance of myelin debris since no internalized myelin was
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observed within the bipolar/rod-shaped microglia. Furthermore,
the aligned bipolar/rod-shaped microglia showed no direct
contact with other glia cells such as oligodendrocytes and
astrocytes after brain injury (Ziebell et al., 2012). The trains
of bipolar/rod-shaped microglia aligned end-to-end along the
injured axons, which was consistent with other studies (Nissl,
1899; Spielmeyer, 1922; Cho et al., 2006). Nevertheless, how
these trains of bipolar/rod-shaped microglia are formed has yet
to be elucidated, as does their functional role, particularly their
association with neuronal processes.

BIPOLAR/ROD-SHAPED MICROGLIA IN
ALZHEIMER’S DISEASE

AD is one of the most common neurodegenerative diseases and
affects approximately 48 million people worldwide. Aberrant
beta amyloid precursor protein (βAPP) metabolism and the
subsequent increased deposition of β-amyloid peptides in senile
plaques is the major pathological hallmark of AD (Selkoe,
2000). In the early stages of AD pathology, microglia recruited
to the senile plaques show strong phagocytic activity and
are able to internalize β-amyloid peptides via the class A
scavenger receptor (Shaffer et al., 1995; Paresce et al., 1996,
1997). Microglia secrete proteolytic enzymes such as neprilysin,
matrix metalloproteinase 9 (MMP-9), plasminogen and insulin-
degrading enzyme (IDE), which are capable of degrading
β-amyloid peptides (Leissring et al., 2003; Yan et al., 2006).
Activated microglia are always detected in the senile plaque
core of AD patients (Wegiel and Wisniewski, 1990; Dickson
et al., 1993). In a mouse model of AD, the massive infiltration
of bone marrow-derived microglia into the senile plaque core
significantly disrupted β-amyloid aggregation and reduced the
formation of senile plaques in the AD brain (Simard et al., 2006).
Genetically modified mice with limited microglia recruitment
to the senile plaques during the early onset of AD markedly
elevated β-amyloid peptide levels and increased mortality in
a transgenic mouse model of AD (El Khoury et al., 2007).
These studies further demonstrate the neuroprotective roles
of microglia within the early stages of AD pathogenesis.
Nevertheless, microglia are known to secrete neurotoxic factors
such as IL-1β, NO and TNFα following prolonged exposure to
accumulated β-amyloid peptides (Dickson et al., 1993; Barger
and Harmon, 1997; Hickman et al., 2008). These activated
microglia also exert strong neurotoxicity to hippocampal
neurons both in vitro (Giulian et al., 1996; Barger and Harmon,
1997) and in vivo (Giulian et al., 1995). In another study,
the expression of β-amyloid-binding receptors and β-amyloid-
degrading enzymes in the microglia of 14-month-old AD mice
were markedly reduced as compared to age-matched wild type
littermates; meanwhile, expression of the pro-inflammatory
cytokines, IL-1β and TNFα, were elevated inmicroglia (Hickman
et al., 2008). This suggests that the phagocytic activity of
microglia is significantly impaired upon prolonged exposure to
β-amyloid. Studies have also shown that β-amyloid peptides
also stimulate astrocytes which greatly reduces the secretion
of pro-inflammatory cytokines and NO from β-amyloid-

treated microglia (von Bernhardi and Eugenín, 2004). The
phagocytic capability of microglia to clear senile plaques was
inhibited during co-culture with astrocytes (DeWitt et al.,
1998). These findings account for the progressive deposition
of β-amyloid peptides even though abundant microglia are
present in senile plaques. The accumulation of β-amyloid plaques
cause massive neuronal loss, resulting in subsequent cognitive
impairments, as demonstrated in AD patients and animal models
of AD (West et al., 1994; Casas et al., 2004; Oakley et al.,
2006).

Another major pathological hallmark of AD is the deposition
of NFTs, which are aggregates of a hyper-phosphorylated form
of tau (Ballatore et al., 2007; Ittner and Götz, 2011). Under
normal physiological conditions, the expression of tau appeared
to be most abundant in axons with some expression in the
dendrites (Ittner et al., 2010; Ittner and Götz, 2011). Tau
binds to the axons to stabilize the microtubules and promote
microtubule assembly (Weingarten et al., 1975; Kadavath et al.,
2015), and regulate microtubule-dependent axonal transport via
the modulation of motor proteins including dynein and kinesin
(Dixit et al., 2008; Scholz and Mandelkow, 2014). Under the
pathological condition of AD, however, tau becomes increasingly
phosphorylated which causes tau to become detached from the
microtubules (Ballatore et al., 2007). The increased level of
unbound tau in the cytoplasm increases the likelihood of tau
misfolding, resulting in the aggregation and fibril formation of
tau (Ross and Poirier, 2004; Kuret et al., 2005a,b). In transgenic
mice expressing humanmutant tau (P301L), profoundmicroglial
activation was observed in the dentate gyrus with extensive
degeneration of the axonal terminals. The degenerating axonal
terminals, and their synapses, were wrapped by activated
microglia. In parallel, a significant reduction of synapsin-I (a
synaptic vesicle marker) and postsynaptic density protein 95
(PSD-95, a postsynaptic marker) immunoreactivity indicated a
massive loss of synapses during disease progression (de Calignon
et al., 2012).

Similar tau pathology was also observed in a transgenic mouse
model expressing a different mutant form of human tau (P301S).
Tau pathology began at 6-months of age in the P301S tau mutant
mice and widespread neuronal loss was detected in these mutants
by 8-months of age; microglial activation was detected as early as
in the 4-month-old mice. The hippocampal neurons of 4-month-
old mutant mice exhibited high levels of immunoreactivity
to pro-inflammatory cytokine IL-1β. Administration of the
immunosuppressant FK506 to these mutant mice markedly
attenuated the inflammatory responses resulting in a significant
reduction of activated microglia, tau pathology and neuronal
loss (Yoshiyama et al., 2007). Microglia activation has also
been commonly observed in transgenic animal models of AD
expressing other forms of mutant tau (Ikeda et al., 2005; Zilka
et al., 2009; Bhaskar et al., 2010).

Several lines of evidence suggest that chronic inflammation
in the brain is likely to exacerbate the formation of NFT
and disease-related pathology (Kitazawa et al., 2004; Maccioni
et al., 2010). Following exposure to soluble βAPP, the
levels of pro-inflammatory cytokine IL-1β was elevated in
cultured primary microglia. Co-culturing the primary cortical
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neurons with βAPP-treated microglia resulted in a substantial
increase in tau phosphorylation. However, co-culturing primary
neurons with activated microglia pre-treated with an IL-1
receptor (IL-1R)-blocking antibody significantly reduced the
phosphorylation of tau in neurons, suggesting that the elevated
IL-1β level in activated microglia plays a pivotal role in
augmenting tau phosphorylation (Li et al., 2003). In a transgenic
mouse model of AD, the in vivo administration of LPS
induced significant levels of inflammation throughout the
cerebral cortex and hippocampus, as well as microglial activation
and an increased level of IL-1β, thus resulting in increased
tau phosphorylation while the level of β-amyloid remained
unchanged (Kitazawa et al., 2005). The activity of Cdk5, a potent
mediator of tau phosphorylation (Town et al., 2002), was also
significantly elevated following LPS treatment (Kitazawa et al.,
2005). In other studies, the selective blockade of IL-1β-mediated
signaling pathways using IL-1R blocking antibodies (Kitazawa
et al., 2011) or the Cdk5 inhibitor roscovitine (Kitazawa et al.,
2005) markedly reduced tau phosphorylation via suppression of
the tau kinase p25 activity.

Ablation of Cx3cr1 in mice results in increased microglial
activation which exaggerates LPS-induced tau phosphorylation
and tau pathology-related behavioral abnormalities including
the loss of motor coordination, motor deficits and memory
loss (Bhaskar et al., 2010). In contrast, the overexpression
of Cx3cr1 in mice suppresses microglial activation and tau
phosphorylation. Subsequent neuronal loss in the hippocampus
was greatly reduced in mice overexpressing Cx3cr1 (Nash
et al., 2013). Pre-treating primary cortical neurons with
an IL-1R antagonist could also prevent neurons from
the hyper-phosphorylation of tau following exposure to a
conditioned medium derived from Cx3cr1-deficient microglia
(Bhaskar et al., 2010). Collectively, these studies suggested
that microglial activation contributes to the augmentation of
tau phosphorylation and its subsequent pathogenesis and that
IL-1β is one of the most important pro-inflammatory cytokines
responsible for the induction of tau phosphorylation following
microglial activation.

In AD patients, infiltrated microglia typically adopt amoeboid
morphology (McGeer et al., 1988; Haga et al., 1989; Itagaki
et al., 1989); similar findings have been demonstrated in mouse
models of AD (Wegiel et al., 2003, 2004; Simard et al., 2006).
Amoeboid microglia are mainly localized in the hippocampus
and cerebral cortex, where β-amyloid aggregates are formed
(Simard et al., 2006), and are responsible for the clearance of
β-amyloid aggregates (Shaffer et al., 1995; Paresce et al., 1996).
Interestingly, some of the activated microglia adopt an elongated,
and highly polarized rod-like morphology, within or in close
proximity to senile plaques in patients (Wierzba-Bobrowicz
et al., 2002). Trains of bipolar/rod-shaped microglia were
predominantly aligned end-to-end in the CA1 andCA2/3 regions
of AD hippocampus (Bachstetter et al., 2015). The presence
of a characteristic train of bipolar/rod-shaped microglia in an
animal model of experimental diffuse traumatic brain injury
demonstrated the potential key roles of bipolar/rod-shaped
microglia in neuronal survival (Ziebell et al., 2012). Microglial
were aligned parallel to damaged neuronal fibers but without

physical contact (Bachstetter et al., 2015). In the cerebral
cortex of patients with AD, a subset of microglia showed
strong immunoreactivity to tau; this subset showed a rod-like
morphology with elongated processes (Odawara et al., 1995). The
presence of tau-positive bipolar/rod-shaped microglia remained
unexplained but may have been due to the internalization of
tau-positive degenerated axonal terminals, as significant synaptic
loss was observed in the progression of tau pathology (de
Calignon et al., 2012). Following the administration of LPS in
mice, bipolar/rod-shapedmicroglia were observed in the cerebral
cortex and hippocampus where the levels of phosphorylated tau
remained high (Lee et al., 2010). Our early studies also showed
that bipolar/rod-shaped microglia expressed a significantly
lower level of IL-1β compared with amoeboid microglia (Tam
and Ma, 2014). The presence of bipolar/rod-shaped microglia
might attenuate the substantial increase in tau phosphorylation
induced by microglial activation, and subsequent neuronal loss
and functional abnormalities during the progression of AD.
Taken together, these findings suggest that bipolar/rod-shaped
microglia might be involved in the pathogenesis of AD, or
even in the repair process during disease progression (Wierzba-
Bobrowicz et al., 2002).

BIPOLAR/ROD-SHAPED MICROGLIA IN
PARKINSON’S DISEASE

PD is the second most common neurodegenerative disorder
after AD and affects approximately 10 million people worldwide
(Dorsey et al., 2007; Delenclos et al., 2016). The cause of PD
remains largely unknown since only about 5%–10% of PD
patients are related to genetic mutations (Toulouse and Sullivan,
2008), and more than 90% of PD patients remain idiopathic.
The pathological features of PD include the widespread loss of
dopaminergic neurons in the substantia nigra, resulting in the
loss of ascending axonal projections to the striatum. In fact,
approximate 50% of dopaminergic neurons are lost and 80% of
striatal dopamine is depleted by the time patients are diagnosed
with PD (Toulouse and Sullivan, 2008; Long-Smith et al., 2009).

Accumulating evidence suggests that chronic inflammation
plays an indispensable role in the degeneration of dopaminergic
neurons. Activated microglia accumulate in the substantia nigra
of PD patients, where significant neuronal death has been
observed (McGeer et al., 1988; Hirsch et al., 1998; Ouchi
et al., 2005, 2009; Gerhard et al., 2006). The accumulated
microglia are mainly localized in the degenerating neurons.
Many pro-inflammatory cytokines, including TNFα, IL-1β, IFNγ

and IL-6, have been detected in the brain, as well as in the
cerebrospinal fluid and blood plasma, of PD patients (Mogi et al.,
1994a,b; Müller et al., 1998; Mount et al., 2007). The combined
effects of pro-inflammatory cytokines, including TNFα, IL-1β
and IFNγ, have been demonstrated to stimulate the production
of NO in a microglia cell line BV-2 (Sheng et al., 2011). NO
produced by microglia after treated with LPS and IFNγ induced
significant neuronal loss as demonstrated in primary neuron-glia
co-culture (Dawson et al., 1994) and in rat hippocampal slice
cultures (Papageorgiou et al., 2016). In PD patients, accumulated

Frontiers in Aging Neuroscience | www.frontiersin.org May 2017 | Volume 9 | Article 128316

http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Au and Ma Bipolar/Rod-Shaped Microglia in Neurodegeneration

microglia showed strong inducible NO synthase (iNOS), and
cyclooxygenase-2 (Cox-2) immunoreactivity (Hunot et al., 1996;
Knott et al., 2000). The elevated level of iNOS and NO
production in microglia was associated with the progressive
loss of dopaminergic neurons in culture (Le et al., 2001) and
in an animal model of PD (Liberatore et al., 1999; Dehmer
et al., 2000; Kokovay and Cunningham, 2005; Aquilano et al.,
2008). Cox-2 mediates microglial activation and the subsequent
secondary neuronal death of dopaminergic neurons since the
inhibition of Cox-2 significantly reduced microglial activation
and dopaminergic neuronal loss in an animal model of PD
(Vijitruth et al., 2006). These studies demonstrated the causal
relationship between the prolonged activation of microglia
and the subsequent loss of dopaminergic neurons during the
pathogenesis of PD.

The major cause for the activation of microglia resulting in
prolonged inflammation in PD patients has remained elusive,
but evidence suggests that factors released by dying neurons
might be responsible (Long-Smith et al., 2009). Several factors
released by injured neurons can trigger microglial activation,
including α-synuclein aggregates (Zhang et al., 2005; Daniele
et al., 2015; Kim et al., 2016), MMP-3 (Kim et al., 2005, 2007) and
neuromelanin (Wilms et al., 2003). The presence of such factors
in the microglial microenvironment not only induces activation
of microglia, but also the secretion of neurotoxic factors which
leads to further neuronal cell death during the progression of PD
(Kim and Joh, 2006).

In the later stages of PD, bipolar/rod-shaped microglia have
been found in close proximity to degenerating dopaminergic
neurons in the substantia nigra of patient (McGeer et al.,
1988). In a rat model of PD, 3 days after LPS infusion (an
animal model to induce neuroinflammation and substantial loss
of dopaminergic neurons in the substantia nigra), profound
activation of microglia was found in the substantia nigra
ipsilateral to the LPS infusion. At this early time point,
most microglia adopted bipolar/rod-shaped morphology with
enlarged cell bodies and elongated processes. One week after
LPS infusion, bipolar/rod-shaped microglia were transformed
into amoeboid microglia, and such activation of microglia
persisted up to 8 weeks after LPS infusion. The transformation
of bipolar/rod-shaped microglia into amoeboid microglia was
correlated with significant neuronal loss during the later stages
(i.e., 4–6 weeks after LPS infusion; Gao et al., 2002). Amoeboid
microglia are known to secrete neurotoxic factors to induce
neuronal cell death (Gao et al., 2003; Qin et al., 2004).
Interestingly, bipolar/rod-shaped microglia were observed in
the activated microglial population (CD11b-positive) 24 h after
treatment with aggregated α-synuclein (a pathological hallmark
of PD; Zhang et al., 2005). However, whether the existence of
bipolar/rod-shaped microglia in PD brains is neuroprotective
remains elusive.

BIPOLAR/ROD-SHAPED MICROGLIA IN
HUNTINGTON’S DISEASE

HD refers to an inherited genetic disorder characterized by
the substantial loss of neurons in medium-sized spiny neurons

within the corpus striatum and cerebral cortex (Vonsattel
et al., 1985; Vonsattel and DiFiglia, 1998). The classic hallmark
of neuropathology in HD is neuronal loss with nuclear
and cytoplasmic inclusion of mutant Huntingtin protein and
polyglutamine in degenerating neurons (Davies et al., 1997).
Several studies suggest that microglia activation shows strong
correlation with the pathogenesis of HD (Singhrao et al., 1999;
Sapp et al., 2001; Pavese et al., 2006; Björkqvist et al., 2008; Politis
et al., 2011; Crotti et al., 2014). Amoeboid microglia were mostly
observed throughout the whole corpus striatum as well as the
frontal and parietal lobe of the cerebral cortex in HD patients
(Sapp et al., 2001; Pavese et al., 2006). The number of microglia
was increased within the area where substantial neuronal loss was
also detected (Sapp et al., 2001). A recent inflammatory profiling
study provided further support for the association between the
number of microglia and HD progression. Elevated levels of
pro-inflammatory cytokines (IL-1β and TNFα) were detected in
the corpus striatum. The level of other inflammatory mediators,
such as IL-6, IL-8 and MMP-9, was altered in HD patients with
chronic inflammation (Silvestroni et al., 2009). This indicated
that the overproduction of pro-inflammatory factors by activated
microglia induced neurotoxicity in neurons, thus resulting in
neuronal cell death.

In the corpus straitum of HD patients, where the majority
of microglia adopted amoeboid morphology, bipolar/rod-shaped
microglia have been found aligned along the dendrites of
pyramidal neurons in less affected regions of the cerebral
cortex as well as in the cerebellum where the dendrites of
Purkinje cells and the axonal projections of granule cells were
mainly found. The elongated processes of bipolar/rod-shaped
microglia were in close contact with the neuronal soma and their
adjacent axons (Sapp et al., 2001). Bipolar/rod-shaped microglia
showed high immunoreactivity to thymosin β4 and CR3/43,
which are both specific for reactive microglia (Graeber et al.,
1994).

BIPOLAR/ROD-SHAPED MICROGLIA IN
OTHER NEURODEGENERATIVE DISEASES

Glaucoma is a neurodegenerative disease characterized by the
loss of retinal ganglion cells and subsequent axonal degeneration
in the optic nerve (Quigley et al., 1981, 1988, 1989). As with
AD and PD, the prolonged activation of microglia contributes,
at least in part, to the pathology of glaucoma (Neufeld, 1999;
Yuan and Neufeld, 2001; Bosco et al., 2008). In a mouse
ocular hypertension (OHT) model of glaucoma, bipolar/rod-
shaped microglia were observed in the OHT eyes, but not
in the contralateral side which appeared to adopt a ramified
morphology. The processes of bipolar/rod-shaped microglia
were in close proximity to each other and aligned end-
to-end in the retinal nerve fiber layer (NFL). Bipolar/rod-
shaped microglia expressed high levels of phagocytic markers
(CD68/ED-1 andMHC-II) but relatively low levels ofM1 (CD86)
and M2 (Ym1) markers (Ziebell et al., 2012; de Hoz et al.,
2013). In contrast, low levels of MHC-II immunoreactivity
were detected in ramified microglia in the non-injured eyes
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(de Hoz et al., 2013). This indicates that bipolar/rod-shaped
microglia are immunophenotypically distinct from other forms
of microglia.

In a rat model of optic nerve transection, bipolar/rod-shaped
microglia aligned end-to-end almost exclusively in the ganglion
cell layer (GCL) and NFL 7 days after injury. This phenomenon
became more pronounced at day 14 and 21 after injury, and the
bipolar/rod-shaped microglial alignments disappeared 6 weeks
after injury. The bipolar/rod-shaped microglia aligned along
the βIII-tubulin-positive neuronal fibers and exhibited strong
phagocytic activity to actively internalize degenerating axons
(Yuan et al., 2015). Following 10-min focal middle cerebral
artery (MCA) ischemia in rats, bipolar/rod-shaped microglial
alignments were mainly found in the cerebral cortex around
the infarct after 48 and 72 h of reperfusion. However, a more
severe injury caused by 120-min focal MCA ischemia induced
the microglia to adopt an amoeboid-like phenotype (Zhan et al.,
2008). Bipolar/rod-shaped microglia are in a close association
with injured neuronal processes, suggesting that they might
be involved in the maintenance of neuronal circuitry in the
development of neurodegenerative diseases.

POSSIBLE INVOLVEMENT OF
BIPOLAR/ROD-SHAPED MICROGLIA IN
“SYNAPTIC STRIPPING”

There is a growing body of evidence regarding the bipolar/rod-
shaped microglia aligned end-to-end in close proximity along
injured axons at an early stage after CNS injury (Zhan
et al., 2008; Ziebell et al., 2012; de Hoz et al., 2013; Taylor
et al., 2014; Yuan et al., 2015). The trains of bipolar/rod-
shaped microglia have prompted researchers to consider their
involvement in the reorganization of neuronal circuitry following
CNS injury.

The active removal of synaptic terminals by microglia was
first observed in the facial nerve injury model by Blinzinger
and Kreutzberg (1968), and is now referred to as ‘‘synaptic
stripping’’. Following facial nerve transection in rats, microglia
underwent rapid proliferation at the lesion site and migrated
to the cell bodies of damaged motor neurons (Graeber et al.,
1988) to remove the synaptic boutons from injured neurons
(Blinzinger and Kreutzberg, 1968). Synaptic stripping usually
takes place within the first few days after injury by interposing
the finemicroglial processes to the junction between pre-synaptic
elements and the post-synaptic cell soma (Moran and Graeber,
2004). Synaptic stripping in the cortical region has also been
observed during inflammation induced by heat-killed bacteria
in rats. Upon microglial activation, the microglial processes
wrap around the cell bodies of cortical neurons, and extend
their processes to the axons. Electron microscopy imaging
revealed that the synaptic terminals were lost while the microglial
processes were in direct contact with the neuronal soma, further
suggesting the potential role of microglia in the removal of
dysfunctional synapses (Trapp et al., 2007).

Over the last decade, advances in in vivo two-photon
imaging have enabled the direct visualization of interactions

between fluorescently-labeled neurons and microglia in the
living brain of genetically modified mice. The processes of
ramified microglia made very brief, but direct, contact with
the synaptic terminal once per hour. However, the interactions
between microglial processes and pre-synaptic boutons were
dramatically increased following transient cerebral ischemia.
Such a prolonged microglia-synapse interaction usually resulted
in the disappearance of pre-synaptic terminals. This suggests that
microglia actively detect synaptic conditions, and are involved in
synaptic stripping and the subsequent remodeling of neuronal
circuitry (Wake et al., 2009).

The specific spatial arrangement of bipolar/rod-shaped
microglia after injury indicates their strong association with
damaged axons; however, whether this form of microglia is
involved in synaptic stripping remains uncertain. Nevertheless,
it is noteworthy to mention that microglia morphology varies
significantly across different brain regions. In normal adult
mouse brain, bipolar/rod-shaped microglia with elongated cell
bodies and extremely long primary processes are mainly
localized in axon-rich white matter regions including the
corpus callosum (i.e., the largest white matter structure in
the brain), the molecular layer of the cerebellum (which
only consists of axonal projections from Purkinje cells) and
the fimbria area in the hippocampus. Bipolar/rod-shaped
microglia align in parallel to the adjacent axons (Lawson
et al., 1990). The molecular determinants which direct the
microglia to adopt a bipolar/rod-shaped phenotype in these
brain regions remain poorly understood. However, it is plausible
to reason that bipolar/rod-shaped microglia might participate
in experience-dependent remodeling and the elimination of
synapses, given that they are in such a close spatial association
with axonal terminals and the dominance of bipolar/rod-shaped
microglia within the axon-rich white matter region (Tremblay
et al., 2010). More importantly, the structural removal of
impaired synapses from injured axons might be essential to
the entire neuronal circuitry in order to make room for the
establishment of new connections. This might facilitate the
injured nervous system to restore original function after damage
(Hanisch and Kettenmann, 2007), but this will require further
research.

FUTURE PERSPECTIVE:
NEUROPROTECTIVE ROLES OF
BIPOLAR/ROD-SHAPED MICROGLIA

Inflammation-mediated neurodegenerative diseases usually
share convergent mechanisms to amplify the inflammatory
responses which result in neurotoxicity and subsequent neuronal
cell death. Sustained microglia activation is the pathological
hallmark of many neurodegenerative diseases which involve the
secretion of neurotoxic factors from microglia thus resulting
in neuronal loss during the early stages of disease onset (Glass
et al., 2010). Interestingly, the presence of bipolar/rod-shaped
microglia in the affected region usually takes place at the initial
phase of microglial activation before the disease advances
from early to later stages. During the end stage of disease,
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bipolar/rod-shaped microglia can be found in the less affected
regions while amoeboid microglia are predominantly seen in the
affected regions. This implies that bipolar/rod-shaped microglia
might induce neuroprotection and slow down the progression of
disease.

Despite the fact that persistent microglial activation is
harmful to neurons, as demonstrated in many neurodegenerative
diseases, the transient activation of bipolar/rod-shaped microglia
might be beneficial in CNS damage to facilitate post-injury
neuronal repair mechanisms. Brain injury is known to induce
the transient formation of trains of bipolar/rod-shaped microglia
at the injury site during the initial phase of injury (Zhan
et al., 2008; Ziebell et al., 2012; Taylor et al., 2014). Previous
studies by ourselves, and others, have shown that this
form of microglia is highly proliferative (Suzumura et al.,
1991; Wierzba-Bobrowicz et al., 2002; Tam and Ma, 2014).
Inhibition of microglia proliferation at the site of injury
showed augmentation of brain damage in the cerebral cortex
following ischemic insult in mice (Denes et al., 2007; Lalancette-
Hébert et al., 2007). These studies collectively suggest that the
initial activation of microglia, and the transient formation of
highly proliferative bipolar/rod-shaped microglial alignments,
might be essential for expanding the microglial milieu at the
site of injury, and exert potential neuroprotection to limit
secondary damage to the CNS. Further studies on inhibiting such
proliferation and formation of bipolar/rod-shaped microglia
alignments in response to diffuse brain injury (Ziebell et al.,
2012; Taylor et al., 2014) will be required to elucidate the
neuroprotective roles of bipolar/rod-shaped microglia in brain
injury.

Bipolar/rod-shapedmicroglia expressed relatively lower levels
of pro-inflammatory cytokines (TNFα and IL1-β) compared
to amoeboid microglia (Tam and Ma, 2014). However, upon
LPS stimulation, bipolar/rod-shaped microglia were quickly
transformed into amoeboid microglia expressing high levels of
pro-inflammatory cytokines within a very short period of time
(Tam and Ma, 2014; Tam et al., 2016). These ‘‘transformed’’
amoeboid microglia also regained proteolytic properties to
degrade laminin (Tam et al., 2016), an extracellular matrix
protein which promotes axonal regeneration. Earlier, we stated
that bipolar/rod-shaped microglia are usually present during the
early phase of neurodegenerative diseases when inflammation
is not prominent, while almost exclusively amoeboid microglia
have been found in pathological brain at the very late stage
of disease onset when neuroinflammation persisted. Further
studies should focus on the possibility of bipolar/rod-shaped
microglia being transformed into amoeboid microglia during
disease progression in animalmodels.We strongly believe that by
transforming the amoeboid microglia into more neuroprotective
bipolar/rod-shaped microglia might offer a promising new
therapeutic strategy for neurodegenerative diseases and disorders
involving chronic neuroinflammation. Our previous study
demonstrated that bipolar/rod-shaped microglia expressed high
levels of anti-inflammatory cytokines such as IL-10 and TGF-β
(Tam and Ma, 2014). IL-10 is known to inhibit the production of
pro-inflammatory cytokines (Sawada et al., 1999). Transforming
amoeboid microglia back into bipolar/rod-shaped microglia

might be a possible strategy to reduce further damage to
CNS neurons by minimizing the production of neurotoxic
cytokines.

Accumulating evidence also suggests that the removal of
dysfunctional synaptic terminals by microglia is of great
importance for subsequent neuronal repair. Followed by facial
nerve injury, the loss of synapses appeared to be one of
the earliest responses brought about by microglial activation
(Blinzinger and Kreutzberg, 1968; Moran and Graeber, 2004).
This may be considered as a neuroprotective response since the
removal of dysfunctional synapses prevented injured neurons
from excitotoxicity leading to better neuronal survival (Wake
et al., 2009; Kato et al., 2016). The preserved motor neurons
then reactivate their intrinsic growth program to regrow
injured axons, and to reconnect with the original target muscle
for functional synapse formation (Wake et al., 2009; Perry
and O’Connor, 2010). Recent investigations on microglia-
neuron interactions using in vivo two-photon imaging and
patch clamp methods further support the neuroprotective
roles of microglia. Microglia actively migrate towards and
enwrap the swollen axons induced by neuronal hyperactivity.
Pharmacological blockade of microglial migration prevented
microglia from physically contacting the swollen axons. The
neurons eventually underwent apoptotic cell death due to
excitotoxicity (Kato et al., 2016). After optic nerve transection,
bipolar/rod-shaped microglia internalized the injured optic
nerve fibers and the degenerating retinal ganglion cells (Yuan
et al., 2015). The close association between bipolar/rod-shaped
microglia and injured axonal fibers might be linked to the
reorganization of neuronal circuitry, and subsequent neuronal
regenerative processes. Chronic neuroinflammation usually
results in significant neuronal loss. Therefore, by switching
microglial morphology from amoeboid form to bipolar/rod-
shaped microglia might help to actively remove the impaired
synaptic clefts and injured axons, thus creating more favorable
conditions for axonal regrowth and the re-establishment of new
synaptic connections.

Collectively, an in-depth understanding of the spatial and
temporal activation of bipolar/rod-shaped microglia, and their
association with degenerating axons, would render them
excellent candidates with which to devise new strategies for
treating neurodegenerative diseases. The recent establishment
of a cost-effective and highly reproducible in vitro cell culture
system to enrich bipolar/rod-shaped microglia allows more
comprehensive studies on their gene and secretory protein
expression profiles (Tam and Ma, 2014; Tam et al., 2016).
It would be of great interest to explore if bipolar/rod-shaped
microglia could also secrete neurotrophic factors such as brain-
derived neurotrophic factor (BDNF), nerve growth factor (NGF)
and neurotrophin-3 (NT-3; Nakajima et al., 2001), which
contribute to the promotion of neuronal survival following
injury and neurodegeneration (Hanisch and Kettenmann, 2007).
Further research is now required to elucidate the mechanisms
underlying the regulation of transformation from bipolar/rod-
shaped microglia into amoeboid microglia and how this
morphological change can be reversed to the bipolar/rod-
shaped or ramified microglia (Figure 2). More importantly,
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FIGURE 2 | Microglia are phenotypically dynamic. (A) The functional roles of microglia in normal or pathological central nervous system (CNS) are tightly
associated with their morphological changes. Ramified microglia actively sense the subtle changes in CNS microenvironment. Bipolar/rod-shaped microglia form
end-to-end alignments in close proximity to damaged neuronal fibers, suggesting that their functions are related to synaptic reorganization. Amoeboid microglia are
extremely motile which actively migrate towards the injury site. They are highly phagocytic to internalize cellular debris and secrete neurotoxic factors which induce
neuronal cell death. However, there are microglia subtypes that have yet not been fully characterized (i.e., hyper-ramified, bushy-like and spider-like microglia;
Karperien et al., 2013; Ziebell et al., 2015). (B) In normal healthy CNS, most of the microglia are displayed as ramified microglia. In response to the change in the
microenvironment, the ramified microglia undergo rapid transformation into bipolar/rod-shaped microglia or amoeboid microglia depending on the types of stimulus.
Bipolar/rod-shaped microglia can quickly transform into amoeboid microglia in response to lipopolysaccharide (LPS) activation. The amoeboid microglia transformed
from bipolar/rod-shaped microglia secrete pro-inflammatory cytokines and degrade extracellular laminin.
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the development of new therapeutic interventions by switching
the microglial phenotype from amoeboid to bipolar/rod-shaped
microglia might shed new light on pathogenesis and identify
targets for treating neurodegenerative diseases.
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