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Microglial polarization and its effects on neuronal functions. Green and pink cells with different morphology
represent microglia with different phenotypes. Red cells denote neurons.
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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.

Citation: Tang, Y., Ferrer, |, eds. (2018). Microglial Polarization in the Pathogenesis
and Therapeutics of Neurodegenerative Diseases. Lausanne: Frontiers Media.
doi: 10.3389/978-2-88945-525-6
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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 of M1/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-kB (NF-kB)/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 AP 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-kB 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 PrPS¢. 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 MI1/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) on microglial 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 Af 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 UEpiscopo et al. the aging-induced
M1 pro-inflammatory responses disrupt the subventricular zone
(SVZ) plasticity via PI3K-Wnt/p-catenin dysregulation, thereby
impairing the neurogenic process.

The study by Walker 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
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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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Targeting Microglial Activation States
as a Therapeutic Avenue in
Parkinson’s Disease

Sudhakar R. Subramaniam and Howard J. Federoff*

Department of Neurology, University of California, Irvine, Irvine, CA, United States

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 a-synuclein among other proteins (Spillantini et al.,
1997). It is evident that the immune system is involved in PD risk by genome-wide association
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Cerebellum

Normal brain Parkinson’s disease brain

loss of dopaminergic neurons

Mesencephalon

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; Ransohoft
and Cardona, 2010). The maintenance of this inactive state is
regulated by several intrinsic factors like Runxl (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 IT) 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 Ransohoft,
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-1p (IL-1f), IL-6, IL-12, IL-17, IL-18, IL-
23, tumor necrosis factor-a (TNF-a), interferon-y (IFN-y) and
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Resting microglia

MAMPs (LPS)
IFN-y, GM-CSF

M1: proinflammatory microglia

IL-1B, IL-6, IL-12

neurotoxic function

classical
activation

SIRP1A
CX3CL1
CD200R

alternative \ |L-4, IL-10, IgG
activation

M2: anti-inflammatory microglia

TNF-a, CCL2, CXCL10, iNOS,
MHC II, CD86, CD16/32

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-y, 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 moitif) 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-vy, interferon-y; iINOS, inducible nitric oxide
synthase; LPS, lipopolysaccharide; MAMPs, microbe-associated molecular patterns; MHC-II, major histocompatibility complex II; SIRP1A, signal regulatory protein
CD172; SOCSS, suppressor of cytokine signaling-3; TNF-a, tumor necrosis factor-a; Ym1, chitinase-like protein.

\

IL-10, TGF-B, CD206,
SOCS3, Arg1l, Fizz1, Ym1

neuroprotective function
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TABLE 1 | Microglial polarization states and substances produced.

Activation type/function Source Substances produced Reference
M1 (classical activation): LPS, IFN-y Cytokines: IL-18, IL-6, IL-12, IL-17, Mahad and Ransohoff, 2003; Kawanokuchi et al., 2006
pro-inflammatory and pro-killing IL-18, IL-23, TNF-a Kawanokuchi et al., 2008; Loane and Byrnes, 2010;
Markers: CD86, MHC-II Benarroch, 2013; Chhor et al., 2013; Franco and
Chemokines: CCL2 Fernandez-Suarez, 2015; Nakagawa and Chiba, 2015
Metabolic enzyme/redox
molecules: INOS, COX-2, reactive
oxygen species and reactive nitrogen
species prostaglandin E2
M2a (alternative activation): IL-4, IL-13 Cytokines: IL-10 Mahad and Ransohoff, 2003; Loane and Byrnes, 2010,

tissue repair and phagocytosis
Ym1, Fizz1

Markers: CD206, SR-A1, SR-B1, Arg1,

Benarroch, 2013; Chhor et al., 2013; Franco and
Fernandez-Suarez, 2015; Nakagawa and Chiba, 2015

Others: extracellular matrix proteins,

PPAR

M2b (alternative activation):
recruitment of regulatory T cells

Fcy receptors, TLRs and
immune complexes (IgG)

Cytokines: IL-18, IL-6, IL-10, TNF-a
Markers: CD86, MHC-II

Others: SOCS3, COX-2, Sphk

M2c (alternative activation):
anti-inflammatory and healing

IL-10, TGF-p and
glucocorticoids

Cytokines: IL-10, TGF-B
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-v, interferon-y;
IL, interleukin; iINOS, inducible nitric oxide synthase; MHC-II, major histocompatibility complex Il; 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-a, tumor necrosis factor-a; 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-y (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-y utilizes the JAK/STAT (Janus kinase/signal transducer
and activator of transcription) signaling pathway to activate
the M1 phenotype. M1 activation by IFN-y occurs through
activation of IFN-y receptors 1 and 2 (IFN-yR1/2) 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-B),
and transcription factors such as NF-kB (nuclear factor
kappa B), STAT5, and IRFs (Takeda and Akira, 2004).
This causes transcriptional upregulation of M1-associated
cytokines, chemokines and other genes. Alternative MI
activation stimulation through granulocyte-macrophage colony-
stimulating factor (GM-CSF) has been demonstrated recently
(Lacey et al., 2012). However, unlike LPS and IFN-y, 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
Argl (arginase 1), Yml (chitinase-like protein), Fizzl (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-kB, STAT5, activator protein-1 (AP1), and interferon regulatory factors (IRFs) to the nucleus. M1 activation by IFN-y occurs through
IFN-y receptors 1 and 2 (IFN-yR1/2) 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-kB, 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-18, IL-6, IL-12, TNF-a) 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 JAKS 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 Fcy 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-Il). 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-B 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 (HMGBH1) inhibitors: HMGB1 is a pro-inflammatory cytokine released by microglia which is toxic to
neurons. HMGB1 inhibitors show neuroprotection by binding to HMIGB1 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 iINOS by reducing NF-kB 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 B (GSK3B) inhibitors: GSK3p regulate microglial migration, inflammation, and neurotoxicity through astrocytes. GSK3p inhibitors decrease inflammation by
reducing iINOS 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-B, 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.
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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 Fcy 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, PPARY 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-a
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;
lannaccone et al, 2013). TLR2 is increased in postmortem
PD brain tissue, which correlates with pathological a-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
a-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 a-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
a-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-1f 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-a, IL-6, and
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IL-1B. 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
a-synuclein pathology, loss of dopaminergic neurons and striatal
neurotransmitter  depletion, glial-associated inflammation,
and motor impairments. However, systemic administration of
pro-inflammatory cytokines, TNF-a and IL-18, 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, PARKS) 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-y,
a Ml-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 MIl-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 a-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 a-synuclein are a major component of the
Lewy bodies in both sporadic and familial PD. a-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 a-synuclein-positive Lewy neurites (Imamura
et al, 2003), and there is significant correlation between the
expression of M1 activation-associated marker MHC-II and
a-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 o-synuclein can modulate microglial activation
leading to neuroinflammation. Our previous work shows that
a-synuclein activates microglia in a dose-dependent manner in
cultured cells and an early microglial activation event occurs
in mice overexpressing wild type a-synuclein (Su et al., 2008).
Another study reveals that mutant a-synuclein can directly
interact with cultured microglia releasing pro-inflammatory
substances and mice overexpressing mutant a-synuclein exhibit
microglial activation at a very early age (Su et al, 2009).
In addition, we show that misfolded a-synuclein induces
microglial activation and the release of pro-inflammatory
cytokines in BV2 microglial cells (Beraud et al, 2013).
Overexpression of a-synuclein in BV2 microglial cells increase
pro-inflammatory mediators (TNF-a, 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
a-synuclein-induced microglial phagocytosis, upregulation of
pro-inflammatory cytokine expression and ROS generation in
primary microglial cultures (Fellner et al., 2013). In addition,
a-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-a, IL-1p, IEN-y) precedes a-synuclein-mediated neuronal
cell death in rats delivered with mutant A53T human a-synuclein
(Chung et al., 2009). There is a rich literature on the role of
a-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, PARK®6) and DJ-1 (PARK?) are strongly associated with
neuroinflammation. Deletion of PINK1 or DJ-1 causes aberrant
expression of genes involved in p38 MAP kinase/NF-kB 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 M 1-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 a-synuclein, Thyl-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-a, TLRs (TLR1, TLR2, TLR4, and
TLR8), MHC-II, CD4, and CD8 are observed in Thyl-aSyn
mice at different ages. This study also reveals that despite
expression of a-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 a-synuclein show glial mitochondria alterations (Schmidt
et al, 2011). In a PD mouse model that overexpresses
human a-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 a-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, MPPt (1-methyl-
4-phenylpyridinium) in the glial cells (Langston et al., 1984;
Markey et al., 1984). MPPT 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 M1l-associated pro-inflammatory cytokines
such as IL-6, IFN-y and TNF-a. 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-y or TNF-a
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 Teismann and Ferger, 2001
dopamine and locomotor activity
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 Shaunak et al., 1995; Bornebroek
improve PD risk et al., 2007; Samii et al., 2009; Becker
etal., 2011
Minocycline Mouse MPTP Mouse Anti-inflammatory Attenuate loss of nigral DA-neurons and Du et al., 2001; Wu et al., 2002; He

6-OHDA
Clinical trial

Anti-inflammatory
Anti-inflammatory

striatal dopamine Protect TH-positive cells
Does NOT improve PD symptoms

et al., 2001
Ninds Net-Pd Investigators, 2008

COX, cyclooxygenase; DA, dopamine; MPTF, 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 MI
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-y 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-a, IL-1p and IFN-y, 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
MIl-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 PPARy agonist,
rosiglitazone, arrests degeneration in both striatum and SNpc
by decreasing TNF-a production and modulating microglial
polarization in MPTPp (MPTP + probenecid) progressive
mouse model of PD (Carta et al.,, 2011; Pisanu et al., 2014).
Pioglitazone, a PPARy 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-y-activated neuronal and glial
cultures with a PPARy endogenous ligand, 15-deoxy-A!%14.
prostaglandin J,, 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-18 in BV2 cells
and primary astrocytes in a PPARa-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. CBl 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, P-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 MIl-pro-inflammatory mediators (nitric oxide, TNF-a,
IL-6 and IL-1B) and, inhibits G-CSF and NF-kB 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 la (GHS-Rla), 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-1B, TNF-a) 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-1 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-y and transforming growth factor-B (TGF-B). 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 PPARy 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-$ 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 Alzheimers 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-1B 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 Dehmer et al., 2004
striatal neurites
Clinical trial Inhibit M1 phenotype Does NOT modify progression in early PD Investigators, 2015

Rosiglitazone Mouse MPTPp Inhibit M1 phenotype

Prevent loss of nigral DA-neurons and striatal Carta et al., 2011;

(MPTP + probenecid) and induce M2 neurites Pisanu et al., 2014
phenotype
Lentivirus-expressing dominant Rat 6-OHDA Inhibit M1-TNF Prevent nigral DA-neuron loss and behavior McCoy et al., 2008
negative TNF (DN-TNF) (concomitant model) deficits
Lentivirus-expressing DN-TNF Rat 6-OHDA (delayed Inhibit M1-TNF Prevent progressive nigral DA-neuron loss Harms et al., 2011
model)
AAV-expressing human IL-10 Mouse MPTP Induce M2 phenotype Prevent loss of striatal dopamine and TH Schwenkgrub et al.,
2013; Joniec-Maciejak
etal., 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

Fernandez-Suarez
etal., 2014

Prevent loss of striatal dopamine and TH

Tanshinone-I Mouse MPTP Inhibit M1 phenotype

Prevent nigral DA-neuron loss and motor
deficits

Wang et al., 2015

B-Caryophyllene Rat-rotenone Inhibit M1 phenotype

Prevent loss of nigral DA-neurons and striatal Javed et al., 2016

neurites
Atractylenolide-| Mouse MPTP Inhibit M1 phenotype Attenuate loss of nigral DA-neurons and More and Choi, 2017
behavior deficits
Loganin Mouse MPTP Inhibit M1 phenotype Prevent loss of striatal dopamine and TH Xu et al., 2017
a-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 Chung et al., 2017
dopamine, and behavioral deficits
Isobavachalcone Mouse MPTP Inhibit M1 phenotype Attenuate behavior deficits and neuronal Jing et al., 2017
necrosis
Vitamin-D Mouse MPTP Inhibit M1 phenotype Prevent loss of TH-positive neurons Calvello et al., 2017
and induce M2
phenotype
Mitoapocynin Mouse MPTP Inhibit M1 phenotype Attenuate loss of nigral DA-neurons, striatal Ghosh et al., 2016

dopamine and behavioral deficits

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;, MPTR, 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 (HMGBI1): an early released
pro-inflammatory cytokine, (3) glycogen synthase kinase-
3f (GSK3P): an enzyme that mediates microglial migration

and inflammation-induced neurotoxicity, and (4) histone
deacetylases (HDAC:s).

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

Frontiers in Aging Neuroscience | www.frontiersin.org 21

June 2017 | Volume 9 | Article 176


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

Subramaniam and Federoff

Targeting Microglial Activation in Parkinson’s Disease

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
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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-kB/c-Rel deficient mice (c-rel~/~) develop a
spontaneous late-onset PD-like phenotype encompassing L-DOPA-responsive motor
impairment, nigrostriatal neuron degeneration, a-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
(interfeukin 1 beta (Il1b), interleukin 6 (II6)) and microglial/macrophage activation
markers (Fc gamma receptor Il (Fcgr3), mannose receptor 1 (Mrci), chitinase-like 3
(Ym1), arginase 1 (Arg 1), triggering receptor expressed on myeloid cells 2 (Trem?2)),
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 Arg?) 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
b, but not /I6 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 Ibal-positive cells in the

Abbreviations: Argl, arginase 1; CNS, central nervous system; CSF, cerebrospinal fluid; DAT, dopamine transporter;
Fegr3, Fc gamma receptor III, also known as CD16; GFAP, glial fibrillary acidic protein; Ibal, ionized calcium binding
adapter molecule 1; 116, interleukin 6; Il1b, interleukin 1 beta; Mrcl, 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-lbal-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
a-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 of monocyte-
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-18), TNFa and
TGEF-B, in CSF from relatively small cohorts of PD patients (Mogi
et al., 1994b, 1995, 1996; Blum-Degen et al., 1995; Vawter et al.,
1996; Miiller 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 TNFa (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 (Cebrian 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-
kB 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 a-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 a-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
(GQRT-PCR)

Total RNA was purified from SN using the RNeasy Mini Kit for
total RNA extractions (Qiagen). Total RNA (1 pg) was reverse
transcribed using the Quantitect® Reverse Transcription
Kit (Qiagen) according to manufacture instructions.
Retrotranscribed cDNA (1-5 wL) was amplified using iQ™
SYBR Green Supermix (Bio-Rad) and 10 pM optimized forward
and reverse primers. PCR reaction was performed using the
standard program in ViiA7™ 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):

o arginase 1 (Argl): For GTGTACATTGGCTTGCGAGA; Rev
AATCGGCCTTTTCTTCCTTC

e 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 (Mrcl): For AAGGTTCGGGATTGTG
GAG; Rev AATCGGCCTTTTCTTCCTTC

triggering receptor expressed on myeloid cells 2 (Trem?2):
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 pm-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 (Ibal) 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-Ibal (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 Ibal, 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 for MRC1 and Ibal 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-Ibal, goat anti-rabbit Alexa
Fluor 488, and Hoechst 33342.

Double immunofluorescence staining for IL-1p and Ibal was
performed by incubating sections in goat anti-Ibal (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-1f (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 (qQRT-PCR) analysis of pro-inflammatory cytokines, interleukin 1 beta (//7b) and interleukin 6 (/I6; A,B), and microglial/macrophage
activation markers, Fc gamma receptor il (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 //7b 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
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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 Ml-polarized microglia/macrophages. Moreover, we
determined the expression of Mrcl, Yml, Argl 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 I11b and I16, 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 II1b 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 II6 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 II6,
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 Mrcl
and a trend to increase for Argl 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, Mrcl and Argl transcripts
resulted downregulated in c-rel/~ mice when compared to
4-month-old mice, while YmI 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 IIb
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 and motor phases
of PD-like pathology, we analyzed the immunoreactivity for Ibal,
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. Ibal 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 Mrcl
transcription in the SN of 4-month-old c-rel™/~ mice,
double immunofluorescence staining with MRCI and

Ibal was performed in brain sections of these animals.
MRCI1 immunoreactivity was not detected in Ibal-positive
parenchymal microglia, but instead in Ibal-positive cells located
at CNS interfaces (Figure 3). These non-ramified cells were
identified as non-parenchymal or CNS macrophages, namely

FIGURE 2 | lonized calcium binding adapter molecule 1 (Ibat)
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 lba1
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 pm for (A-F).
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FIGURE 3 | Non-parenchymal macrophages are immunoreactive to MRC1.
(A) MRC1 (red) and Ibat (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-lbai
double-labeled meningeal macrophages (open arrows), and lbai-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 wm; in (B) = 50 wm 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 I/116 mRNA in the SN
of c-rel /~ mice at 13 months of age, SN sections from these mice
were immunolabeled for IL-1f and Ibal. IL-1f expression was
mostly found in cells negative for Ibal in 13-month-old c-rel~/~
mice (Figure 4). Considering their morphology, we speculate
these IL-1B-positive Ibal-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

Ibal Hoechst

Blank

FIGURE 4 | IL-1B localization in the SN. (A) Representative image of IL-18
(red) and Iba1 (green) immunofluorescence with Hoechst (blue) staining in the
SN of 13-month-old c-rel~/~ mice. Closed arrows highlight IL-1p-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 um 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 (Cebridn 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 a-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 Mrcl and Argl with respect to wt mice. The
transcription of these factors was associated with a decreased
Yml 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 wm 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 a-synuclein in the SN of older c-rel ~/~ mice (Baiguera
etal., 2012).

The double labeling of MRC1 and Ibal in the SN of these
mice allowed us to identify the MRCI-Ibal-positive cells as
non-parenchymal or CNS macrophages, rather than microglia.
This is in agreement with recently published data demonstrating
that the marker MRCI 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 Mrcl 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 II6 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-1p is recognized to
be a feature of brain aging (Maher et al., 2004), the anticipation
of I11b 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-1f was mostly localized within
Ibal-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-1B 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 Ibal-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 Ibal 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 in monocytes and granulocytes (Korzhevskii and Kirik,
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, Ibal 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 Ibal 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 Ibal-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
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Alzheimer’s disease (AD) is the most common neurodegenerative disease mainly caused
by abnormal tau phosphorylation, amyloid f (AB) deposition and neuroinflammation.
As an important environmental factor, hypoxia has been reported to aggravate AD
via exacerbating AB 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 APP$V¢/PS19° transgenic (Tg)
mice and their wild type (W) 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-a (TNF-a), interleukin-6 (IL-6), C-C motif chemokine ligand
2 (CCL2) and CCLS3. 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-kB (NF-«B) 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-p (AB) polypeptides and neurofibrillary tangles
(NFTs) made by abnormally phosphorylated tau proteins
are pathological hallmarks of AD. In AD brain, A and
NFTs can directly cause neuronal damage and cell death.
Indirectly, AP 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-1p
(IL-1B), tumor necrosis factor-a (TNF-a), and activated
glial cells are believed to promote AP production (Azizi
et al., 2014; Calsolaro and Edison, 2016). Senile plaques
deposition is a result of imbalanced AP production and
removal. Clearance of AP 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
etal., 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-1p, TNF-o 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-f (TGE-B)
and alleviates acute inflammation (Orihuela et al, 2016;
Tang and Le, 2016). In AD, microglia surrounding and
infiltrating the AP plaques are generally activated as YM-1
positive M2 phenotype (Jimenez et al., 2008). Pro-inflammatory
cytokines, such as interferon-y (IFN-y), IL-1p and TNF-a, which
shift microglia to M1 activation, attenuate the phagocytosis
of AP (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 AP production (Li et al., 2009), decrease AP 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 APP**¢/PS19° 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%. The mice 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 c¢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 2744Ct
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-1B AAGGGGACATTAGGCAGCAC ATGAAAGACCTCAG
TGCGGG

TNF-a CCAGTGTGGGAAGCTGTCTT AAGCAAAAGAGGAG
GCAACA

TGF-B 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 12,000x 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-kB (NFkB; P105/P50; 13586S, 1:1000; Cell Signaling,
Chicago, IL, USA), Mouse Anti-NFkB (P65; 6956S, 1:1000; Cell
Signaling, Chicago, IL, USA), Rabbit Anti-inhibitor of NF-kB o
(IxBoy; 4814S, 1:1000; Cell Signaling, Chicago, IL, USA), Rabbit
Anti-P-IkBa (92468, 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 pm coronal sections with
Leica cryostat (CM-1950S, Leica, Germany). The slices were
used for immunofluorescent staining with Ionized Calcium
Binding Adapter Molecule 1 (Ibal) 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
(20334, 1:2000; Dako, Denmark) was used. The secondary
antibodies were Anti-Rabbit IgG (H + L), F(ab’), Fragment
(Alexa Fluor® 594/488 Conjugate; 88895/4412S, 1:2000; Cell
Signaling, Chicago, IL, USA); Cy3 Goat Anti-Rat IgG (H + L;
A0507, 1:2000; Beyotime, China); Alexa Fluor® 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 mm?
per slice were captured with the same reference position of
hippocampus. The integrated density of positive staining was
measured and recorded by Image] 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-Ibal antibody in
hippocampus of each group. As shown in Figure 1, Ibal 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 Ibal 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 (Ibal) antibody (A). Ibal positive staining was increased in H-Tg and H-Wt groups vs. N-Tg and N-Wt groups, respectively (B). Scale bar: 50 pm, 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"/Ibal™ (Figure 3) and the decreased
CD206%/Ibal™ (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 dlial fibrillary acidic protein (GFAP)
antibody (A). The GFAP immunostaining revealed no alteration in hippocampal astrocytes after acute hypoxia exposure (B). Scale bar: 50 wm, n = 3 in each group.
Data were the mean + SEM values.

MI1/M2 phenotype change. As shown in Figure 6, the in the mouse hippocampus of hypoxia groups. These
relative mRNA levels of pro-inflammatory cytokines IL-6  chemokines were critical for the accumulation of activated
and TNF-a were increased in H-Tg group. In contrast, the glial cells, monocytes and lymphocytes, which might
levels of two anti-inflammatory cytokines, IL-4 and IL-10, play important roles in neuroinflammation (Azizi et al,
were decreased in hypoxia groups, compared to normoxia  2014).

groups. These data implied that acute hypoxia induced an . . . .
imbalanced M1/M2 phenotype which resulted in increased Acute Hypoxia Activated NF-kB Signaling
level of pro-inflammatory cytokines and decreased level in Mouse Hippocampus

of anti-inflammatory cytokines. Consistently, chemokine NF-kB family of transcription factors plays a crucial role
C-C motif ligand 2 (CCL2) and CCL3 were also increased 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 um, n = 3 in each group. Data were the mean + SEM values. **p < 0.01, ***p < 0.0001 by one-way ANOVA.
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of NF-kB p50, p65 and IkBa were detected by western
blotting. Our data showed that both NF-kB p50 and
p65 levels were increased in H-Tg and H-Wt groups. In
addition, the phosphorylation of the inhibitor of NF-kB,
IkBa, increased significantly as evidenced by the increased

ratio of phosphorylated IkBa (p-IkBa)/IkBa in H-Tg
group, suggesting an activated NF-kB signaling pathway
after acute hypoxia (Figure 7). Moreover, the nuclear
NF-kB p65 was increased significantly in H-Tg group,
which implied a translocation of NF-kB p65 into nucleus.
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Since NF-kB 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 A 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.

AP production though epigenetic modifications of y-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 AP 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 (Bolds 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
facilitate M1 polarization and attenuate M2 activation (Hellstrom
Erkenstam et al., 2016). Consistently, in current study, we
found that acute hypoxia increased M1 marker CD86 and
reduced M2 markers, 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-a (TNF-a) (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.
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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 AP 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 AP deposition by
reducing the clearance (Yamamoto et al., 2005). CCL3 or
human macrophage inflammatory protein la (MIP-la)
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FIGURE 7 | Acute hypoxic treatment activated Nuclear factor-kB (NF-kB) pathway. Protein levels of key players in NF-kB pathway were tested with western blotting.
Protein levels of NF-kB p65, p50 and p-IkBa/IkBa increased significantly in hypoxia group indicating activation of NF-kB pathway (A,B,C,F,G). Nucleoprotein level of
NF-kB 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 P-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 inflaimmation, 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-kB family of transcription factors plays a crucial role in
inflammation, immunity and cell proliferation (Viatour et al,
2005). Activation of NF-kB pathway is triggered by a variety of
extracellular stimuli and recruited IkB-kinase (IKK) complex.
Once activated, the IKK complex phosphorylates IkB proteins,
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which leads to the proteasome-mediated degradation of IkB
proteins and allows the NF-kB 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-kB pathway and found that
both NF-kB p50 and p65 subunit and nucleoprotein level of
NE-kB p65 increased in hypoxia groups with a higher ratio
of p-IkBa/IkBa, indicating that the increased pro-inflammatory
cytokines and chemokines might be associated with activated
NF-kB pathway. TLR4 is a type-lI 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-1f, IL-6, TNF-a and iNOS (Smith et al., 2013).
NF-kB is one of the most important downstream transcription
factors in TLR signaling pathways. TLR4 signaling induces the
phosphorylation of IkB and the subsequent degradation, which
promotes the nuclear translocation of NF-kB, stimulating the
transcription of various target genes (Ha et al,, 2011). Previous
studies showed that chronic intermittent hypoxia activated
NF-kB 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-kB pathway through
TLR4 signaling.

In summary, here we investigated microglia activation
and cytokines levels in hippocampus of APP/PS1 mouse
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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 DAP72 or TREMZ 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-kB 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 DAPI2-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 DAPI12-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 DAPI2 or TREM?2 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 DAPI12 (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 DAPI2 may regulate common
signaling pathways in the disease pathogenesis. TREM2 and
DAPI2 are both preferentially expressed in microglia within the
CNS (Sessa et al, 2004). Together, they regulate functions
in microglia inhibition of pro-inflammatory
responses and stimulation of phagocytosis of apoptotic neurons

including

(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/DAPI12 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

Amaxa® Cell Line Nucleofector® Kit T and Amaxa® Glia
Cell Nucleofector® Kit T were purchased from LONZA.
Primers for quantitative RT-PCR were synthesized by Life
Technologies. SYBR Green for quantitative RT-PCR was
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FIGURE 1 | Knockdown of Dap12 exacerbates LPS- or AB42-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 mMRNA 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-1 (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 uM oligomeric-AB42 or vehicle control for 4 h. RNA was extracted and the relative mRNA levels of IL-1p and TNF-a shown as bar graph were determined by
quantitative RT-PCR (n = 3, two-way ANOVA). B-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, Bayl1-7082, SB203580,
U0126 and LPS were purchased from Sigma. Amyloid-p 42
(Ap42) peptide was purchased from AnaSpec. Oligomeric
AB42 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-IkBa,  anti-total-IkBa,  anti-phosho-NF-kB,
anti-total-NF-kB, anti-phospho-c-Jun, anti-total-c-Jun and
anti-B-actin were purchased from Cell Signaling Technology;
anti-tubulin (Millipore); anti-mouse IgG and anti-rabbit 1gG
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-
HCI, 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
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Trem2- knockout (KO) mice were transiently transfected with NT or Dap12-specific siRNAs for 48 h. The relative mMRNA 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-18 (B) IL-6 (C) TNF-a (D) shown as bar graph were determined by quantitative RT-PCR (n = 3, two-way ANOVA). g-actin
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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
Image].

Quantitative RT-PCR

Total RNAs were extracted using TRIzol reagent (Invitrogen).
One microgram RNA was reverse-transcribed into first-
strand c¢DNA 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
Dapl2, Trem2, IL-18, TNF-a, IL-6 and p-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 Amaxa® Cell Line Nucleofector® Kit T or
primary microglia cells using Amaxa® Glia Cell Nucleofector®
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
Dapl2 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 ¢-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 Dapl2
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 Dapl2-specific siRNAs
to knockdown the expression of Dapl2 in primary microglia
and examined its impacts on cytokine expression (Figure 1A).
Consistently, the knockdown of Dapl2 significantly increased
the mRNA levels of IL-1p and IL-6 in LPS-stimulated primary
microglia (Figures 1B,C). The production of IL-1f and
TNF-o were also elevated in response to treatment with
AB42 oligomers in Dapl2-knockdown primary microglia

>
=
|
=
o

=)
o
wn
=)
o
wn

1 2 LPS(hr)
p-JNK

N
S
I

Total-JNK

(Ratio to control)

4;
(=3
|
p-INK/Total-JINK 03

p-ERK 0

LPS(hr)0 05 1 2

'S
S
|

Total-ERK

p-p38

S
S
|

Total-p38

o
1y
|

p-NF-xB

o
Iy
|

Total-NF-xB
B-Actin

(o]
X
®S
mE
<~ 8
58
Ee
.2
%2
Qg
i

N
=
|

o

L5 ns IWT

=

p-NF-xB/Total-NF-kB M

p-p38/Total-p38
(Ratio to control)
(Ratio to control)

0

0
LPS(hr)0 05 1 2 LPS(hr) 0 05 1 2

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-kB. (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-kB/total
NF-kB (E), respectively. B-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 DAPI2 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 Dapl2 (Figure 2A). Although the deficiency
of Dap12 significantly enhanced the production of inflammatory
cytokines IL-18, IL-6 and TNF-a 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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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-kB 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-kB 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 Dapl2 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 IkBa, a
key regulator in the NF-kB 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 pM, SP600125 inhibits the phosphorylation
of c-Jun which is a downstream target of JNK pathway
(Figures 5A,B). The mRNA levels of pro-inflammatory cytokines
IL-18 and IL-6 were increased upon knockdown of Dapl2;
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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LPS-Induced Down-Regulation of Trem2 is
Rescued by JNK and NF-kB 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 pg/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-«kB 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-kB (Figures 6C,F).
Taken together, our data suggest that both JNK and NF-kB
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
Trem?2 via the activation of JNK and NF-kB 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
DAPI2 exerts its anti-inflammatory function by coupling with
TREM2 which is the highest expressed DAPI2-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;
TREM]1, for instance, might be needed for DAP12 to signal
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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-«kB signaling pathways.

in a pro-inflammatory manner. The activating and inhibitory
functions of DAPI12 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 Dapl2 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 Dapl2-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
etal., 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-kB 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-kB require further investigation. It
would be intriguing to examine whether the transcription factors
activated by JNK and NF-kB 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 a multifactorial 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 SODI mice
are so far the most widely used model to study ALS. Both
active (SOD19%34 SOD1%%R) and inactive (SOD1G8R)
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 SOD19%R 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
and microglia 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
etal., 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,
TBKI, not only has a central function in autophagy processes,
but is involved in innate immunity signaling pathways, regulating
the production of interferon o (IFN o) and IFN p (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
to modifications 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 SOD1%%# 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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improve the clinical outcome of the disease (see Table 1 for details).

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
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motor motor motor
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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
etal., 2014).

In particular, in in vitro settings, lipopolysaccharide (LPS)
or IFN-y stimulate “classically activated” M1 microglia,
which release pro-inflammatory mediators. They include
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pro-inflammatory cytokines (interleukin [IL]-1a, IL-1f, IL-6,
IL-12, IL-23, tumor necrosis factor-a [TNF-a]), 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-p (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 SOD16%34
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 SODI-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., Yml 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-a and IL-18 (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 SOD1%%*4 or SOD19%R 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 mSOD]1, 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 mSOD1 microglia 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 MI 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 from M2 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 SOD15%3A 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 SOD1%%*A microglia essentially confirmed these
observations. They also evidenced that the activation of genes
involved in anti-inflammatory pathways, including, Igfl,
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 SOD16%* activated microglia
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emerge: while LPS-activated microglia show enriched in
DNA replication-, cell cycle- and innate immune signaling-
genes, SODI1%%A 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, SOD1%%*-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 (Argl; M2 marker) has
been shown to parallel the generalized increase of activated
microglia in SOD1%%3A mice (Lewis et al., 2014). Consistently,
characteristics different from typical M1 or M2 phenotypes have
been reported in end-stage SOD19%A 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 SOD19%4 and SOD1%7R 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 SOD19¥R
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; Sperlagh 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 IL1f, 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 SOD19%34 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 Argl (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 SOD1%%*A 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-a, IL-1p
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/Slc7all (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 ILIB 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
Argl 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-kB 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-18, IL-6,
and TNF-a), anti-inflammatory cytokines, and growth factors (TGF-g, 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.
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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 Alzheimers 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 etal., 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 exonl 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 MI1
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-1p, IL-6, IL-8, and TNF-a 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-y 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-1p, IL-6, and TNF-a 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-1f and IL-8 were
secreted by microglia in HD transgenic porcine model (Valekova
et al., 2016). Furthermore, pro-inflammatory cytokines IL-1p,
IL-6, IL-8, and TNF-a 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-p, CD206, Argl, Ym1 (Chi3l3
in human) and Fizzl (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, Argl, and Yml
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-18 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)

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

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

Post-mortem brain of HD patient (Silvestroni et al., 2009)
Plasma of HD patient and mouse model (Chang et al., 2015)
(Di Pardo et al., 2013)

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

TNF-a

CCL2 Chemokine

MMP-9 Extracellular proteins

M2 Marker Description Reference
IL-10 Cytokine

VEGF Growth factor

TGF-B

IGF-1

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

IL, interleukin;, TNF-a, tumor necrosis factor alpha;, chemokine CCL2, C-C motif ligand 2; MMP-9, matrix metallopeptidase 9; VEGF, vascular endothelial growth factor;

TGF-B, 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-f} 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-y induced M1 microglia to
M2 microglia, which augments the anti-inflammatory effects
in the presence of IL-4 with increased levels of Argl (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-a, 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-1f
level (Facci et al., 2014). Experimental M1 microglia, obtained
by the treatment of LPS or LPS/IFN-y, 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-kB signaling cascade and thus upregulates the production
of proinflammatory cytokines (Takeda and Akira, 2004). NF-kB
is sequestered in the cytoplasm by I-kBs, a group of inhibitory
proteins (Ghosh et al., 1998). When I-kBs are phosphorylated by

I-kB kinase, NF-kB is dissociated from I-kBs and translocated
to the nucleus (IKK including subunits of IKKa, IKKf, and
IKKy) (Ghosh and Karin, 2002). Consequently, NF-kB regulates
downstream inflammatory cytokines gene expression. Soluble
mHTT was shown to activate IKK, which in turn upregulates
the NF-kB 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-kB signaling with increased levels of IL-1f, IL-6,
IL-8, and TNFa. Furthermore, lowering mHTT level by siRNA
was shown to ameliorate NF-«kB 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 Bnal [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 (CB;) receptors and
cannabinoid type 2 (CB,) receptors (Glass and Northup,
1999). In particular, CB; 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, CB; 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).
CB, 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 CB; 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 CB; receptors in microglia
was shown to influence the acquisition of M2 polarization,
and this effect was dampened by knocking out CB; receptors
(Mecha et al, 2015). As for HD, a study showed genetic
ablation of CB; 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
CB, receptors was recapitulated in BACHD mouse model as
well (Bouchard et al., 2012). Therefore, therapeutic approaches
targeting CB, 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 CB;/CB, 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 CB, receptor specific agonist,
SR144528, has also been used for treating mice, which reduced
the generation of proinflammatory molecules such as TNF-a
(Sagredo et al., 2009).
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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
etal, 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-B (AB) 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-y, IL-1a, IL-6, and TNEF-
o (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 infiltrating macrophages (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 (Table1), 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 uM.
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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
(CSFIR) 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 CSFIR 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 (Ransohoft, 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, FP], 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, Model, severity and  Time post injury Key markers Simplified key results of
sex injury details M1/M2-like marker analysis
Jinetal., 2012 Mouse CCl, moderate dpi: 1, 3,7 14, M1: CD86 M1: A 7 + 28 dpi
C57B6/J 3 mm and 28 M2: CD206 M2: A 1 dpi, Sham levels 28 dpi
Jd
Bedi et al., 2013 Mouse CCl, moderate dpi: M1: FoyRIl/IINHCD16a/b) M1/2 ratio: A at 24 hpi
C57B6 ns 1 M2: CD206
J
Walker et al., 2012 Mouse CCl, moderate hpi: M2/M1 ratio of CD206/CD86 M1: A 24-72 hpi
C57B6 ns 24,48, 72,120
J
Hsieh et al., 2013 Mouse CClI, moderate dpi: M1: IL-12p40 M1: A macrophages 1-14 dpi
C57BL/6 2 mm flat 1,4,7,14 M2: Arg-1 M2: A macrophages 1 dpi
d, Mixed M1/M2 expression
YARG/Yet40
knock-in
Tchantchou and Zhang, Mouse CCl, moderate dpi: M1: iINOS M1: A 3+ 7 dpi,
2013 C57B6 3 mm flat 3,7, 21 M2: Arg-1 M2: no Arg-1
J
Wang et al., 2013 Mouse CClI, moderate dpi: M1: CD16/32, INOS, CD11b, M1: A 5-14 dpi
C57B6 3 mm flat 1,35,7, 14 CD86 M2: A 3-5 dpi
J M2: CD206, IL-10, Ym1/2,
TGF-B,
Arg-1, CCL22
Wang et al., 2015 Mouse CCl, moderate dpi: M1: CD16, INOS M1: A 7 dpi
C57B6 3 mm flat 7,35 M2: CD206, IL-10 M2: A 7 dpi
d
Kumar et al., 2013 Mouse CCl, severe dpi: M1: IL-18, TNF-a, CD86, iNOS, Mixed M1/M2 expression
C57B6 3.5 mm flat 1,7 CCL2, CCL3 M1: aged > young
d, M2a: Arg-1, Ym1, CD206/MRC, M2a: marker specific A ¥
Fizz-1 M2c: young > aged
M2c: IL-4Ra, SOCSS, TGF-p Aged animals A Ym1 on highly
activated microglia/macrophages
Young animals AYm1 on
ramified cells
Loane et al., 2014a Mouse CCl, severe wpi: M1: MHC Il M1/MHC II: A 1-52 wpi
C57Bl/6 3.5 mm flat 1,5,12,52 M2: Ym-1 M2: A 1-5 wpi, absent 12-54
fed wpi
Loane et al., 2014b Mouse CCl, severe dpi: M1: iINOS M1: A iINOS/CD11b
C57Bl/6 3.5 mm flat 28 M2: Arg-1 M2: vArg-1/CD11b
Jd
Kumar et al., 2016a Mouse CCl, severe hpi: mRNA: Mixed expression of M1/M2
C57BI/6 3.5 mm flat 1, 6, 24 dpi: M1: IL-1B, IL-12, TNF-a, IL-6, mRNA and protein
d 7 iINOS M1/trans dominate contusion
M2a: Arg-1, Ym1, CD206, and peri-contusional tissue at 7
Fizz-1, dpi
IL-1rn
M2c: IL-4Ra, SOCSS, TGF-p
Flow cytometry:
M1:iNOS, IL-12
M2: TGF-B,
Ym1, CD206, Arg-1
Histology:
M1: CD16/32, INOS
Mtrans: CD16/32+TGF-8,
iINOS+, Arg-1
M2: TGF-B, Arg-1
(Continued)
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TABLE 1 | Continued

References

Species, strain,

Model, severity and

Time post injury

Key markers

Simplified key results of

sex injury details M1/M2-like marker analysis
Kumar et al., 2016b Mouse CCl, severe dpi: M1: IL-1B, NOS2, TNF-q, IL-6, Mixed expression of M1/2 up to
C57Bl/6 3.5 mm flat 1,3,5,7,21,28 IL-12b 7 dpi
J M2: Arg-1, Ym1, SOCS3, Fizz-1,
NOX2 —/— IL1rn, IL-4Ra
M2c: IL-4Ra, SOCSS, TGF-B
Morganti et al., 2015 Mouse CCl, moderate hpi: M1: CD68, CD45, MHC I, Mixed expression of M1 and
Dbl-Het 3 mm convex 3,6,12 MARCO, M2a/c marker mRNA in
C57BI/6 dpi: NOS2, TNF-a, CCL2, IL-1B, IL-6,  leucocytes
/9 1,2,7,14,28 INF-y M1: A 3 hpi- 14 dpi
M2a: Arg-1, Ym1, Fizz1, CD206, = M2a: Ao12 hpi - 7dpi
IL-4, IL-13 M2c: A 6 hpi - 7dpi
M2c: CD36, CD163, TGF-B,
IL-10, IL-4Ra, IL-1Ra
Morganti et al., 2016 Mouse CCl, moderate dpi: M1: CCL2, CCL3, CCL4, CCLs, Mixed expression of M1 and M2
C57BI6/J 3 mm convex 1,2,7 CCL7, CCL9, CCL12, CCL19, marker mMRNA
d CCL25, CD14, CXCL1, CXCL2, M1: A 3-7 dpi
CXCLS, CXCL9, CXCL10, M2: A 3-7 dpi
CXCL16, DUSP1, IL-18, IL-15, Lower fold changes in M2
IL-16, PTX3, TLR2, TNF-a expression compared to M1
M2: Arg-1, CD36, CX3CL1,
IL4R, IL25, TGF-Bm TGM2,
TLR1, TLR8
Zanier et al., 2014 Mouse CCl, moderate dpi: 3,7 M1: CD11b, TNF-a, CD68, Mixed expression of M1 and M2
C57BI/6 3 mm CcD8e, IL-18 marker mRNA
d M2a/c: Ym1, Arg-1, CD206, M1: A at 3+ 7 dpi
SOCS3, IL-10 M2: A Ym1, Arg-1, SOCS3 at 3
dpi
Febinger et al., 2015 Mouse CCl, mild dpi: M1: IL-18, CD86, INOS, MARCO M2a: A Ym1, CD206 in
CX3CR1—/— 3 mm 7,15,30 M2: TGF-B, Arg-1, CD206 CX3CR1—/— only at 7 dpi
CX3CR1+/+ A TGF-B in CX3CR1—/— mRNA
J M1: v iNOS, IL-1B
30 dpi:
A M1: Marco, CD68
Zanier et al., 2016 Mouse CCl, Moderate dpi: M1: CD11b, CD88, iNOS, CX3CR1—/—, 4 dpi:
CX3CR1—/— 3 mm 1,2,4,7 IL-18, TNF-a A sensorimotor performance
CX3CR1+/+ wpi: 5 M2: Ym1 VYTUNEL positive cells
J v M1, CD868, iINOS
CX3CR1—/— 5 wpi:
¥ sensorimotor performance
ATUNEL positive cells
A M1iINOS
Desai et al., 2016 Mouse CCl, moderate hpi: 4 M1: CD16, CD32 M1: A CD16, CD32 at 1-4 dpi
C57BL6/N 3 mm flat dpi: M2: CD-206, Arg-1, Ym1 M2: A CD206, Arg-1, Ym1 at
J 1,4 1-4 dpi
Braun et al., 2017 Mouse CCl, severe hpi: M1: TNF-q, IL-12 M1/M2 ratio: A 24 + 72 hpi, 3
C57BL/6 3 mm convex 24,72 M2: TGF-B, IL-10 wpi
CD-1 wpi: 3
C3H/OuJ
C3H/Hed
CX3CR1
d

(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
J

CCl, severe
5 mm flat

hpi:
2,4,6,10, 24

M1: TNF-a, IL-1B, IL-6, IFN-y
M2: IL-4, IL-10, IL-13, Arg-1,
Ym1, Fizz1, MRC-1

Mixed response

M1: A TNF-q, IL-18, IL-6
mMRNA/protein at 2-10 hpi

M2: A Arg-1: 6-24 hpi; Ym1: 6 hpi,
Fizz1: 4-24 hpi

Turtzo et al., 2014

Rat
Wistar

CCl, severe
5 mm flat

dpi:
1,8,5,7,14,30
wpi:

8

M1: CD40, CD68, TNF-a, CD86,
CD80, NOS2
M2: CD163, CD206

Mixed expression of M1 and M2
protein expression and mRNA

M1: ACD86 at 5, 7 dpi, TNF-a 1, 3
dpi

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

Barrett et al., 2017

Mouse
C57BI/6

d

NOX2 —/—

CCl, severe
3.5 mm flat

dpi:
72

M2: |L-4Ra, SOCS3, TGF-B,
SHIP1, Arg-1, Ym1, IL-10

NOX2 —/— mice show a robust
increase in M2 markers

A IL-4Ra, SOCS3, TGF-B, SHIP1,
Arg-1, Ym1, IL-10 at 72 hpi vs WT

Cao et al., 2012

Rat
Sprague-Dawley
d

mFPI, moderate
2 atm

4.8 mm craniotomy

dpi:
7,28

M1: TNF-a, CD45
M2a: Arg-1
M2c: TGF-l, TGF-BRII

M1 and M2c marker expression
Cortex:

M1 and M2c: A nonsignificant CD45,
TGF-Bl, TGF-BRIl at 7 dpi, no change
in M2a (Arg-1)

Thalamus:

M1 and M2c: n CD45, TGF-Bl,
TGF-BRIl at 7 and 28 dpi, no change
in M2a (Arg-1)

Bachstetter et al., 2013

Mouse
p38a MAPK
/-
C57BL/6J
J/Q

mFPI, moderate
1.2 atm
3 mm craniotomy

hpi:
3,924
dpi

M1: IL-1B, IL-6, TNF-a, CCL2,
CCL5, CXCL1, CD45, CDe8,
MHC

M2: Arg-1, Ym1

Mixed expression of M1 and M2
markers mRNA and
cytokines/chemokines

M1: A IL-6, TNF-a, CCL3 3, 9 hpi,
elevated at 7 dpi

M2: A Arg-1, Ym1 9 hpi, ¥ below
sham levels at 7 dpi, Rod-like
microglia

p38a MAPK —/—:

A M1 and M2 response
(mRNA/protein) at 6 hpi

A motor performance

¥ Synaptic loss, microglia activation

Fenn et al., 2014

Mouse
BALB/c
J

mFPI, moderate
1.2 -1.5atm
3 mm craniotomy

hpi:
4,72

M1: IL-1B, CD14, TNF-a, iINOS,
IFN-y, CCL2

M2: Arg-1, IL-4Ra, IGF-1, IL-10,
IL4

Mixed mRNA expression in ipsilateral
cortex and hippocampus, M2
markers less expressed at 72 hpi
Cortex, 4 hpi:

M1: A IL-1B, CD14, TNF-a, CCL2;
M2: A Arg-1, IGF-1

72 hpi: M1: A IFN-y, CCL2, INOS;
M2: A IL4

Hippocampus, 4 hpi: M1: A IL-18,
CD14, TNF-a, CCL2; M2: A IL-4,
IL-10

72 hpi: M1: A IL-18, CD14, TNF-q,
iNOS; M2

A IL-10

A Primed microglia

Fenn et al., 2015

Mouse
BALB/c
J

mFPI, moderate
1.2-1.6atm
3 mm craniotomy

dpi: 1

M1: IL-1B, CD14, TNF-a, INOS
M2: Arg-1, IL-10

Mixed expression at 1 dpi
Hippocampus:

M1: A IL-18, CD14, TNF-a, CCL2;
M2: A Arg-1
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TABLE 1 | Continued

References Species, strain, Model, severity and

Time post injury

Key markers

Simplified key results of

sex injury details M1/M2-like marker analysis
Whole brain CD11b positive cells:
M1: A IL-18, CD14, TNF-a,
CCL2, iNCS;
M2: A Arg-1
Truettner et al., Rat mFPI, moderate hpi: M1:iNOS, IL-18, IL-1a, TNF-a, Mixed expression of M1 and M2
2016 Sprague-Dawley 1.8-2.2 atm 4,24 IL-6. IL-12, CCL2 mRNA at 4 and 24 hpi, M1 more
J 4.8 mm craniotomy M2: Arg-1, CD163, CD206, pronounced
IL-10, A M1 ratio at 4 h, similar M1/M2
Ym1, TGF- 8 ratio at 24 h in microglia
M1/M2: iINOS/Arg-1 ratio mRNA 4 h:
M1: 4 all; M2: A (lower relative
expression)
MRNA 24 h:
M1: A TNF-a A CD206, TGF-B
Chhor et al., Mouse WD, closed hpi: M1 (Cytotoxic): Moderate mixed increase in M1
2016 OF-1 2 mm footplate 2,6,14,24 IL-1 o, IL-1B, IL-3, IL-6, IL-9, and M2a/c mRNA
Postnatal day 7 10 g weight dropped dpi: IL-12p40, IL-12p70, IL-17, Ipsilateral hemisphere:
3/ 10cm 5 INF-y, M1: A all markers except TNF-a
TNF-a, CXCL1, CCL3, CCL4, and IL-12(p70) between 6, 14
CCL5, Cox-2, INOS, CD32, and 24 hpi
CD86 M2a/c: a all markers except
M2a (Reparative/regenerative): TNF-o and IL-
IL4, IL-13, G-CSF, CCL2, Arg-1, 12(p70) between 6, 14 and 24 hpi
CD20g, IGF-1, Gal-3 CD11b+ isolated microglia/macrophages:
M2c (Immunomodulatory): IL-5, M1: ACD32/CD86 up to 1 dpi
IL-10, SphK1, IL-1rn, SOCS3, M2a/c: aArg-1, CD206,
IL-4ra SOCS3, IL-1rn, Gal3 up to 1 dpi,
IGF-1 at 5 dpi
Pronounced contralateral effects
Semple et al., Mouse WD, closed 333 g hpi: 2, 4,12, 24 M1: IL-1a, IL-18, IL-6, IL-12p40, Primarily M1 driven response
2010 CCL2 —/— weight dropped 2 dpi: 4, 7,14, 28 IL-12p70, CCL3, CXCLA1, M1: A IL-1q, IL-6, IL-12p40,
C57BI/6 cm, silicone tip CXCL2, CCL5, TNF-a, INF-y, CCL5 at 12 hpi
J M2a: G-CSF, IL-10 M2: A G-CSF1, IL-10 only at 12

hpiin CCL2 —/—

CCL2 —/—:

Vlesion volume, macrophage
accumulation and astrocyte
activation at 14, 28 dpi

Levels of severity for CCl: Mild: 0.5 mm, Moderate: 0.95-1.5 mm; Severe: >2.0 mm.
CCl, 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
MIl-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 and macrophages 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 Pioglitazone, CCl Pioglitazone:
C57BL6/CrIN rosiglitazone, PPARy 'V Lesion volume at 24 hpi
d agonists M1 V¥ iNOS, TNF-a, IL-1p mRNA at
24 hpi No beneficial effect of
rosiglitazone
Besson et al., 2005 Rat Fenofibrate, PPARa FPI 24 hpi:
Sprague-Dawley agonist 'V Neurologic deficits
g ¥V Oedema
7 dpi:
'V Neurologic deficits
Bye et al., 2007 Mouse Minocycline Closed-head WD 4 hpi:
C57BL6 ViLip
d 1 dpi:
V¥ Lesion volume
V¥ Activated microglia accumulation
(F4/80)
A 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 Minocycline Closed-head WD 1 dpi:
Swiss V¥ Lesion volume
g ¥ Microglia/macrophages (CD11b)
2 dpi -12 wpi:
'V Hyper-locomotor activity
A Body weight
Kovesdi et al., 2012 Rat Minocycline Blast injury, mild 'V Serum biomarkers of inflammation,
Sprague-Dawley vascular and neuronal injury at 51 dpi
d 'V Brain biomarkers in multiple brain
regions at 51 dpi
A |ocomotor activity, spatial memory
V¥V Anxiety
Hanlon et al., 2016 Rat Minocycline Closed-head CCl, repeated 'V Microglia/macrophages (ED1)
PD 11 Sprague-Dawley accumulation at 3 dpi, Effect lost at 7
J/Q dpi, trend toward increase at 21 dpi
'V Spatial memory vs vehicle
No effect: Ibal cells, axonal injury,
white matter loss and
neurodegeneration
Hanlon et al., 2017 Rat Minocycline Closed-head CCl Short-term treatment (3 days):

PD 11 Sprague-Dawley
J/Q

'V Microglia reactivity in cortex,
hippocampus and white matter at 3
but not 7 dpi

A Neurodegeneration at 3 but not 7
dpi

Long-term treatment (9 days):

A Microglial reactivity and
neurodegeneration up to 15 dpiin
cortex and hippocampus

'V 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 Minocycline Closed-head WD 24 hpi:
OF-1 M1: V IL-1B, IL-6
Postnatal day 7 M2a/c: A IGF-1, IL-1m
3/ 'V Ventricular volume
'V Cleaved caspase 3 positive cells in
cortex, hippocampus and striatum
V¥ Ibat positive cells in cortex but not
hippocampus/striatum
No beneficial effects at 5 dpi
Lloyd et al., 2008 Mouse Minozac Closed-head CCI 12 hpi:
CD-1 M1 V' cytokines levels, IL-18, IL-6,
fed TNF-a, CCL2 in hippocampus and
cortex
28 dpi:
V¥ Astrogliosis
'V Exploratory deficits
Tchantchou and Zhang, Mouse WWL70, alpha/beta CCl V iNOS
2013 C57B6 hydrolase domain 6 inhibitor A ARG-1 staining
g 'V BBB disruption, lesion size,
neurodegeneration
A Motor/working memory
performance
Loane et al., 2014b Mouse VU0360172, mGlub CCl M1: ¥iNOS/CD11b
C57Bl/6 positive M2: A Arg-1/CD11b
fed allosteric modulator A motor performance
'V lesion size, neurodegeneration
Wang et al., 2015 Mouse Scriptaid, class I/Il histone CCl M1: ¥V CD16 cells
C57B6 deacetylase inhibitor ¥V CD16+iINOS mRNA
d M2: A CD206 cells A CD206 mRNA
A Sensorimotor performance
A White matter integrity
Morganti et al., 2015 Mouse CCX872, CCl Acute phase:
Dbl-Het CCR2 selective antagonist M1 V: CD68, CD45, CCL2, IL-18,
C57BI/6 IL-6 M2a v: Arg-1, Fizz1
J/Q M2c v: TGF-B and IL-10
Chronic phase:
M1 V¥ CD68, CD45, CCL2, IL-18,
TNF-a
M2a v: Fizz1
A Spatial learning/memory
'V Macrophage invasion
Kumar et al., 2016a,b Mouse gp91ds-tat, CCl M1: ¥CD16/32
C57BI/6 selective NOX2 inhibitor M2: A TGF-p
NOX —/— M1: ¥ Nox2
g M2: A Ym1, Arg-1
'V lesion size, neurodegeneration
A motor/spatial memory
performance
Menzel et al., 2017 Mouse Recombinant progranulin, CCl V¥ M1 cytokines mRNA at 5 dpi in

Progranulin —/— and WT
J

pre-injury

progranulin —/— mice

'V Neurological severity score
'V Lesion size and white matter
damage

V¥ Astrogliosis

(Continued)
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TABLE 2 | Continued

References Species, Strain, sex Treatment Injury Simplified treatment outcomes
Cao et al., 2012 Rat Ibuprofen FPI V TGF-pl
Sprague-Dawley nonsignificant ¥ in TSPO, CD45 at 7
J dpi in the thalamus
Chio et al., 2013; Cheong Rat Etanercept (TNF-a FPI 3/7 dpi:
et al., 2013 Sprague-Dawley antagonist) 'V Neurological severity score
g V¥ Iba1/TNF-a positive cells in

multiple brain regions
¥V TNF-a protein levels
V Oedema

A Neurogenesis

CCl, 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, ['!C]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.. (Donat et al,
2016). Additionally, we previously observed a small increase
of [PH]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 ['! C][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
[®F]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 ['8F]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 [*H]PK11195 binding between 3 and 14 days after
injury (Raghavendra Rao et al, 2000). In the FPI model,
increased uptake of ['®F]-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 [1231]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, [''C]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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108

TBI subjects

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).

Control

multiple sclerosis (Banati et al., 2000), and stroke (Gerhard et al.,
2005). In the normal human brain, ['!C]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 for microglia still remains controversial. In an
early study, we used ['!C]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).
[''C]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 ['!C]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 [M!C]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 ['!C]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
[''C]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 injury might be playing a causative
role in increasing chronic microglial 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 NF«kB 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-o

Pharmacological inhibition of TNF-a using etanercept has been
shown to reduce the expression of microglial TNF-a 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 (mGIuR5) on microglia is a novel
mechanism to attenuate MIl-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 PPARa 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 PPARY 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/Il HDACs, was found to facilitate and enhance
recovery of motor functions after CCI and protected white matter
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 (GSK3f), 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 GSK3p 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 ['!C]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
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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 (AMCAQ) 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 dAMCAOQ.
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 dMCAOQO. Immunofluorescent staining further showed that curcumin treatment
significantly increased the number of CD206"Ibal™ 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-y (IFN-y)-induced M1 polarization. Curcumin treatment concentration-
dependently reduced the expression of pro-inflammatory cytokines, including TNF-a,
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.

Keywords: curcumin, microglial polarization, ischemic stroke, inflammation, neuroprotection
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INTRODUCTION

Stroke remains one of the leading causes of death and disability
worldwide (Huuskonen et al,, 2017; Mijajlovi¢ 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
MI1 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 cuarcumin 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 c¢m 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, Jarfalla, 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 HCI, 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 Image] 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 mm?) 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 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 pm-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 Image]. Cell numbers were calculated from three

were

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% CO, and the medium was changed
every 2 days. For M1 stimulation, lipopolysaccharide (LPS,
100 ng/mL) and IFN-y (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 RNeasy® Lipid Tissue Mini Kit (Cat No.: 74804,
QIAGEN) according to manufacturer’s instructions. Three
microgram RNA were reverse-transcribed into cDNA using the
SuperScript™ III First-Strand Synthesis SuperMix for qRT-PCR
(Cat No.: 11752-250, Invitrogen). RT-PCR was performed
using quantitative PCR systems (Applied Biosystems®
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-a 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

Ym1i/2 Forward CAGGGTAATGAGTGGGTTGG
Reverse CACGGCACCTCCTAAATTGT
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FIGURE 1 | Curcumin treatment reduces infarct volume 3 days after distal middle cerebral artery occlusion (dAMCAQ). (A) Timeline for in vivo experiments. Stroke
was induced in mice with permanent occlusion of the dMCAQO. 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 dMCAOQ. (C) Infarct volume in vehicle (red) and
curcumin-treated (blue) dMCAQO 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-dMCAQO 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

Invitrogen) and a fluorescent dye (RT2 SYBR® 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-1B, IL-2, IL-12p70, IL-13 and TNF-a)
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 (¢ = 0.05 and B = 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 dIMCAO 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 dMCAQ. 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 dAMCAQ 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 AMCAO, 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-a, 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 dAMCAO.
Curcumin treatment significantly inhibited this increase of
M1 markers and enhanced the expression of M2 markers 3 days
after AIMCAO (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
CDI16 (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
dMCAOQ. Curcumin (150 mg/kg) or the same volume of vehicle was intraperitoneally injected into mice at Oh and 24 h after dMCAO. Brain samples were collected 3
days after dAMCAO. mRNA expression of M1 microglia/macrophage signature genes (TNF-a (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.
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vehicle-treated mice compared to curcumin-treated stroke mice.
Moreover, curcumin administration significantly increased
the percentage of CD206%Iba-1" M2 microglia/macrophages
after dAMCAO (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 pmmol/L curcumin showed no significant effects on
microglial survival. Treatment with 35 pmmol/L curcumin
exerted a significantly cytotoxic effect on BV2 microglia cells.
Therefore, the 12.5 and 25 pmol/L concentrations were selected
for further experiments.

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

12.5 or 25 pmmol/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-y-Stimulated BV2 Cells

Next, we performed ELISAs to measure the release of
pro-inflammatory cytokines in LPS + IFN-y-stimulated
BV2 cells. LPS and IFN-y dramatically increased the
production of pro-inflammatory cytokines from BV2 cells,
including TNF-a, IL-12p70, IL-6, IL-2 and IL-18 (Figure 6).
Curcumin treatment significantly reduced the production
of pro-inflammatory cytokines including TNF-a, IL-12p70
and IL-6. However, the secretion of IL-18 and IL-2 was
not dramatically attenuated with curcumin administration
at 12.5 or 25 pmmol/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 dAMCAO.
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 dAMCAQ, or from sham-operated mice. Scale bar: 50 um. 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 lba-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-17 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.

A B C D
4 -~ 25
400 = ) 5
% 3 s xn % %2'0 *xk *
i3 00 S kel S 15
= 2 2 =) e
2 200 £ o €10
k] 5 S ©
= 100 Z < Q 05
= ) o
0 0.0
0 LPSHFNyY - - - - + + + LPSHFNy - - - - + + + LPSHFNy - - - -
‘-\\c}?’ Q;f" ,\'1/?" '1(9 Ed Vehicle - + + + + + + Vehicle - + + + + + + Vehicle - + + +
© K 125umolll - - + - - + - 12.5pmolll - - + - - + - 125pmolll - - + - -+ -
Curcumin (umol/L)
25pmolll - - - o+ - -+ 25pmollL - - - o+ - -+ 25pmolll - - -+ - -+
E F G H
20 700 ~ 15 15
P PN ) .
o 9 500 *kx 24, o
s 1.5 S 300 @ =
e B % E 1.0
& G 100 5 09 G
e] k] =
s 10 S 20 S0.10 2
N os @ 15 § = 05
a 2 1.0 0 0.05 o
O = 1015 (@] <
0.0 0.0 0.00: 0.0
LPSHFNy - - - - + + + LPSHIFNy - - - - + + + LPSHFNy - - - - + + + LPSH+IFNy - - - - + +
Vehicle - + + + + + + Vehicle - + o+ o+ o+ Vehicle - + + + + + + Vehicle - + + + + + +
12.5umolll - - + - - + - 12.5umollL - - + - + - 125umollL - - + - = 12.5pmolll - - + - -+ -
25pmoll - - -+ - -+ 25umolll - - - o+ - -+ 25umolll - - -+ - -+ 25umollL - - - o+ - -+

FIGURE 5 | Curcumin inhibits M1 polarization and promotes M2 polarization in lipopolysaccharide (LPS) and interferon-y (IFN-y)-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 pmmol/L curcumin. (B=H) BV2 microglia were
stimulated with LPS (100 ng/mL) and IFN-y (20 ng/mL), and then treated with vehicle or 12.5 and 25 pmmol/L curcumin. The mRNA expression of M1 markers
(TNF-a (A), IL-12p70 (B), CD16 (C), CD32 (D) and iINOS (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 Pandaetal,2017). A growing number of reports suggest
curcumin has been reported in many diseases, including that curcumin can protect against stroke-induced brain
cancer and neurodegenerative disorders (Pluta et al, 2015; damage (Thiyagarajan and Sharma, 2004; Lin et al., 2016;
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FIGURE 6 | Curcumin suppresses inflammatory cytokines in LPS and
IFN-y-treated BV2 microglia. BV2 microglia were stimulated with LPS

(100 ng/mL) and IFN-y (20 ng/mL), and then treated with vehicle or 12.5 and
25 pmmol/L curcumin. The concentrations of inflammatory cytokines (TNF-a
(A), IL-12p70 (B), IL-6 (C), IL-2 (D), and IL-18 (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 MIl-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).
MI1 microglia are known to release inflammatory cytokines
(TNF-a, IL-18, 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 STATI and STAT3
(Qin et al, 2012)—known to be important for microglial
M1 polarization—in gangliosides, LPS, or IFN-y 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 (AB) 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 a-synuclein (a-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 AB, 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 B-amyloid (AB) 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 Af
precursor protein peptide, mutations in the presenilins genes
(Calabrese et al., 2001) and the presence of the APOE ¢4 allele
(Martinez-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 o-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 (Hernandez-Montiel, 2006).
Genetic factors include mutations in a-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-a (TNF-a) 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), aroutinely 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 in macrophages and
monocytes (Ransohoff and Cardona, 2010). Microglia express
CD11b/c, D45°", 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 Al 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-TLRY) 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-a), 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-1p (IL-1p), IL-
12, TNF-a 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-a, IL-1a, IL-1B, 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-B 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-CSE,
and IL-6), which activate microglia and recruit peripheral
immune cells to the CNS. By contrast, a recent report has
described an astrocyte subtype Al that is abundant in AD
and PD and other human neurodegenerative diseases. Activated
microglia can induce Al astrocytes by secreting IL-1a,, TNFE, and
Clgq, 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
etal,, 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 TREM?2 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 Clq 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 of microglial 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 AP 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 AP 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 AP 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 AP 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 AP deposition, but is also capable of generating,
via feedback mechanisms, more AP while weakening the
mechanisms responsible for its elimination (Parpura et al.,
2012).

The Soluble AP oligomers and AP fibrils can react to
various receptors expressed by microglia, including CD14, CD36,
CD47, a6Pl 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 Af 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
AP with RAGE causes oxidative stress in neurons, enhances
inflammatory responses in microglia, and is involved in
reversed transport of AP across the BBB in endothelial cells
(Deane et al, 2012). The binding of AR 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 AP 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-1p 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 AB by microglial cells, thus increasing
the AP 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, Clq 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 Af can
bind and regulate the expression and localization of complement
proteins in the AD brain. An upregulation has been observed in
the complement proteins (Clq, 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) in microglial 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 Ap
for degradation (Pihlaja et al., 2011). In AD patients, astrocytes
in the entorhinal cortex accumulate AB, this accumulation being
positively correlated with the extent of AD (Nagele et al., 2003).
Moreover, astrocytes can also induce microglia to perform AP
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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 A 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, AP 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 AB— deposits have become incapable of removing the
amyloid (Calsolaro and Edison, 2016). The sustained exposure
to cytokines, chemokines and AP, could be responsible for the
functional impairment of microglial cells located around Ap—
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 in microglia (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 AP 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-1p, proteases, and MHC-II)
which modulate the activity of neuronal and non-neuronal cells
(Antonuccietal., 2012). In AD patients, the production of MVs 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 Af,
increasing their propensity to aggregate (Kummer et al., 2011;
Heneka et al., 2015).

In late-onset Alzheimer’s disease (LOAD), accumulating Ap
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 AP. The activation of these
channels in microglia and astrocytes leads to Ca?* overload and
subsequent inflammation and oxidative stress. All of this causes
mitochondrial dysfunction, [Ca?T]; increase, AR 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 a-synuclein (a-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 a-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
a-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 o-
syn can produce the protein aggregation in familial PD (Conway
et al., 1998).

Reportedly, a-syn can induce microglial activation, which
in turn can promote a-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
a-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 a-syn.
Deficiencies in this receptor can prompt poor a-syn clearance
and neurodegeneration (Fellner et al., 2013).

The clearance of a-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
a-syn, exacerbating a-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
PINKI1 (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 TNEF-
a and interleukin 1B by microglial cells (Mogi et al., 1996;
McLaughlin et al., 2006). In addition, proinflammatory mediators
such as TNF-a, IL-1f, and IFN-y 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 CX3CRI1 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 -
syn can induce the MHC-II expression by microglia. The MHC-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 o-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 a-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-Garcia et al., 2016¢) (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 AP 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 AB plaques has been demonstrated. Ap 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 AB42 is increased (Alexandrov etal., 2011).
This alloform presents higher cellular toxicity, more aggregation
capacity, and a more direct relation with AD pathology (Qiu
et al, 2015). AP42 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, AB, TDP-43,
ubiquitin or a-syn in any part of the eyeball (Williams E. A. et al.,
2017).

AP plaques have also been detected in the retina of transgenic
mouse models of AD (APPgye / PS1agy, 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, AB 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 APPgy. / PS1ag9 transgenic
mice, AR 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 AP 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 AP plaques. This finding provides
the basis for the development of a high-resolution noninvasive
optical-imaging technique for detecting A 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
AP aggregation and decrease in neuroinflammation (Maiti and
Dunbar, 2016; Lakey-Beitia et al., 2017).

In addition to AP 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 BIII-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 AP plaques (Parnell et al.,
2012). Ning et al. (2008) observed an age-dependent increment
in AP in the retina of the double transgenic mice model APPgy.
/ PS1ag9. 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 AP 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 Ap deposition. In
addition, activated microglia could trigger a neuroinflammatory
response, which may contribute to a disorganization of the retina,
as demonstrated by electroretinogram functional alterations
(Krasodomska et al., 2010; Table 1). This neuroinflammatory
response associated with Af plaques and pTau, has also
been observed in Tg2576AD mice. In these animals, there
was a significant increase in Ibal cells (a microglial marker)
and an increase in the glial fibrillary acidic protein (GFAP)
immunoreactivity (a marker of astrocytes) (Figure 1A). The
vaccination with AP oligomer antigen reduced AP retinal
deposits in these transgenic mice. However, the microvascular A
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 AB42 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 AB 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 a-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.,
20086; 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-Garcia et al.,
2016¢

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
etal, 2011

Protein deposits in AB
retina
pTau
a-syn
y-syn

Hsiao et al., 1996; Holcomb

et al., 1998; Takeuchi et al.,
2000; Lukiw et al., 2001; Hardy
and Selkoe, 2002; Oddo et al.,
20083; 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

Liu et al., 2009; Gasparini et al.,
2011; Lim J. K. et al., 2016

Surguchov et al., 2001; Maurage
et al., 2003; Bodis-Wollner et al.,
2014

McKinnon et al., 2002; McKinnon, 2003; Goldblum
et al., 2007

Gupta et al., 2008; Ning et al., 2008; Bolos et al.,
2017

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 lkezu, 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.etal., 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
etal., 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 Mdller, 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

Krasodomska et al., 2010; Tsai
etal., 2014

Visual impairment

Djamgoz et al., 1997

AD, Alzheimer’s Disease; PD, Parkinson’s Disease; AB, beta-amyloid; pTau, hyperphosphorylated tau protein; a-syn, a-synuclein; y-syn, y-synuclein.

i s Blood-retinal barrier
R breakdown

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; AB, 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, a-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, a-syn aggregates
are related to neurodegenerative disorders, including PD. In
postmortem PD eyes, a-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 a-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
a-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 o-syn, an accumulation
of a-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 (Miiller
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+ Miiller 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). Miiller cells constitute the main glial cell type in
the retina where it interacts with virtually all cells displaying
functions relevant to retinal physiology. Miiller cells are able to
synthesize and release DA to the extracellular medium. Thus,
the dopaminergic Miiller 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; Ransohoft 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
etal,, 2010; Bosco etal., 2011). In experimental glaucoma models,
ithas been observed that after treatment with minocycline (Bosco
etal., 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-2] mice 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 HMGBI1, 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 y-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 Ap 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 AR accumulation in the retina is involved
in the pathogenesis of glaucoma, this A 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
etal, 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-y) 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-a, IL-1B, 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
Moller, 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 (BDNE, NT-3) and several
cytokines (macrophage colony-stimulating factors, granulocyte

macrophage CSE IL-1B, IL-4, and IFN-y) (Garden and Méller,
2006).

In the classical M1 activation, the MHC II, CD86, and Fcy
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, some microglial cells express very low levels of MHC-
11, although certain pro-inflammatory cytokines (e.g., TNF-a or
IFN-y) 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, CXCLI1, 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/2]) 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-a, INF-y, 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 Clq 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 (Af3, a-syn, pTau etc.), peripheral
immune cells infiltrate CNS and prompt more activation on
resident microglia, favoring neuroinflammatory processes.
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The Role of Microglia in Prion
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Biological Sciences, University of Southampton, Southampton General Hospital, Southampton, United Kingdom

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 PrPS¢, 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: Af, amyloid-B; 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/EBPa, 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
protein of 12-kDa; EAE, Experimental autoimmune encephalomyelitis; EMP, Erythroid-myeloid progenitors; Ibal, Ionized
calcium-binding adaptor molecule 1; IL-1p, Interleukin 1f; IL-34, Interleukin 34; IRFS8, Interferon regulatory factor
8; LPS, lipopolysaccharide; MFGES, Milk fpt globule-EGF factor 8 protein; MHC, Major histocompatibility complex;
miR, microRNA; NFkB, Nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3, Nod-like receptor family
pyrin domain containing 3; NSAID, Nonsteroidal anti-inflammatory drug; NO, nitric oxide; NOX2, Nicotinamide
adenine dinucleotide phosphate-oxidase (NADPH) oxidase 2; PD, Parkinson’s disease; PGE2, prostaglandin E2; pMac,
pre-macrophage; poly I:C, Polyinosinic-polycytidylic acid; MM1, PRNP codon 129 Met/Met type 1; PrPC, cellular prion
protein; PrP%¢, misfolded prion protein (scrapie); ROS, Reactive oxygen species; Runtl, Runt-related transcription factor
1; Salll/3, Sal-like 1/3; SIRPa, Signal regulatory protein a; SODI, superoxide dismutase 1; STAT1/3, Signal transducer and
activator of transcription 1/3; Tie2, TEK receptor tyrosine kinase; TGFB, Transforming growth factor B; TK, thymidine
kinase; TIMD4, T-cell immunoglobulin and mucin domain containing 4; TNFa, Tumor nerosis factor o; 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 Rio-Hortega, 1920, 1932; del Rio-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 (CsfIr; 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* CD45'° Csflrt
AA4.1%) differentiate into pre-macrophage (pMag; kit~ CD45"
F4/807) 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)I 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 CSFIR, Runt-related transcription factor (Runxl),
ionized calcium-binding adaptor molecule 1 (Ibal), C-X3-C
Motif Chemokine Receptor (CX3CR1), Tie2, the cluster of
differentiation 45 (CD45) or C-kit (Kierdorf et al., 2013; Mass
etal., 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 *H 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 CSFIR 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 *H 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 Ibal™ 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 x 10° 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; SIRPa, Signal
regulatory protein a; CSF1R, Colony stimulating factor 1 receptor; CSF1, Colony stimulating factor; IL-34, Interleukin 34; MFGES8, Milk fat globule-EGF factor

8 protein; ROS, Reactive oxygen species; NOX2, Nicotinamide adenine dinucleotide phosphate-oxidase (NADPH) oxidase 2; NFkB, Nuclear factor
kappa-light-chain-enhancer of activated B cells; STAT1/3, Signal transducer and activator of transcription 1/3; TNFa, Tumor nerosis factor a; IL-18, Interleukin 18;
CCL2, C-C motif chemokine ligand 2; TGFB, Transforming growth factor p; PrPSe 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 pm/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 SIRPa 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 CX3CRI-
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 CX3CRI-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. CSFIR plays a major
role in microglial development and survival. Expressed by
microglia (Akiyama et al., 1994; Raivich et al, 1998), CSFIR
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 CSFI 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 CSFIR 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 Csflr 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 Csflr-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) (PrP*‘) 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 PrP5, PrPS¢ can aggregate, recruit and convert
benign cellular prion protein (PrP¢) 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 (Gomez-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 (Gomez-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 (Gomez-Nicola et al., 2014).

The proliferation of microglia in prion disease is regulated by
the activation of CSFIR and the transcription factors PU.1 and
CCAAT/enhancer-binding protein alpha (C/EBPa, being this
system also active in human variant CJD and Alzheimer’s disease
(AD; Gomez-Nicola et al., 2013; Olmos-Alonso et al., 2016). The
inhibition of CSFIR blocks the proliferation of microglia, leading
to a decrease in neuronal death in the hippocampus (Gomez-
Nicola et al., 2013). A recent study showed that prolonged
inhibition of CSFIR 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 (Martinez-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 CSFIR 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;
Goémez-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 CDI11b-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 (Goémez-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 PrP*® 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 PrPS 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 B (TGFp, C-C Motif Chemokine Ligand 2 (CCL2)
and prostaglandin E2 (PGE2) with a limited pro-inflammatory
response characterized by IL-18 and tumor necrosis factor o
(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-1f,
TNFa and CSF1, but not IL-6, IL-10 or TGFf, 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 STATI1 and
STATS3 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 PrP%
accumulation, they showed a similar up-regulation mainly of
pro-inflammatory genes and chemokines which correlated with
the deposition of PrP5 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 TGFf enhanced neurodegeneration,
indicating that this immune mediator is critically involved in
regulation of the innate immune response in prion disease
(Boche et al., 2006). TNFa 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 (Tamgiiney 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-18
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-
Bratkovit 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-1f 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
(MFGES). Ablation of mfge8 resulted in accelerated prion
pathology, with reduced clearance of apoptotic bodies and
increased prion protein accumulation, indicating that microglia
phagocytosis via MFGES 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 PrP* is not a
sufficient trigger to induce phagocytosis, a similar concept to
that proposed for phagocytosis of amyloid § (Ap 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 (Cadyetal., 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 (Gomez-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 inflaimmation 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-naive microglia—to
a second inflaimmatory 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-1B 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 TNFa (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-18 TNFa and CCL2. Interestingly, the
increased inflammation triggered by LPS in ME7 prion brain
is independent on circulating IL-18 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-1p
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 AP pathology
in APP/PS1/Coll-ILIBXAT 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 PrP% deposits (Miyazono et al., 1991;
Guiroy et al, 1994; Mubhleisen et al, 1995). However the
degree of microglial reactivity seems to depend on the subtype
of prion disease and the type of biochemical PrP% (Puoti
et al., 2005; Shi et al., 2013). Increased levels of inflammatory
cytokines such as IL-8, CCL2, TGFf, TNFa and IL-1p 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/EBPa involved in microglial proliferation
are increased in variant CJD (Goémez-Nicola et al.,, 2013).
The increased inflammatory response observed in the two
subtypes of CJD was further associated with an activation
of NFkB and STATI1, 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)-1p, and tumor necrosis factor-alpha (TNF-a) (Hanisch, 2002; Block
etal., 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)-y 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, p-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 a-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-1B, IL-6 TNF-a, chemokines, matrix
metalloproteinase 2 (MMP2), nitric oxide, and nuclear
factor kappa-B (NF-«kB), 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-a, 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 f-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 -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
B-amyloid deposition both in vitro and in an animal model.
Similarly, M1 polarization of microglia induced by expression
of IFN-y has been shown to increase the amyloid burden in
an amyloid precursor protein/presenilinl (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 a-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
SODY3A 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 Ml
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 SOD%%*A 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., 20105
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-y, M1 microglia express high
levels of inducible nitric oxide synthase (iNOS) and pro-
inflammatory cytokines/chemokines such as TNF-a, IL-1p,
and CC chemokine ligand (CCL)2. IL-4- or IL-13-stimulated
microglia express Argl, Ym-1, CD200R, IL-10, transforming
growth factor (TGF)-p 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, Argl, 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-f and Argl). In
their study, up to 42% of Argl (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 (Ransohoft, 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, P-amyloid depositions, and/or pro-
inflammatory mediators such as TNF-a, IL-1B, 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)y, PPARSY, retinoid X receptor (RXR)],
redox signaling molecules [NOX2, hypoxia-inducible factor
(HIF)-1a], NF-kB 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
TGEF-B, Etanercept (a TNF-a-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-p plaques, and is neuroprotective in an AD mouse
model (Mandrekar-Colucci et al., 2012; Yamanaka et al., 2012).
Accordingly, treatment with the PPARy 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
B-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 PPARy 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-kB activation in a dose-dependent manner (Lecca
et al.,, 2015). Finally, an N-carbamolylated urethane compound
(SNU-BP) has been identified as a novel PPARy 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 P-amyloid from the brain. The RXR
agonist bexarotene (Targretin) has been shown to enhance
B-amyloid clearance by activating PPARy/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 PPARy-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 enhance