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Abstract

Microglia have been implicated as a key mediator of chronic inflammation following traumatic brain injury (TBI). The animal
models of TBI vary significantly based on the type of brain injury (focal versus diffuse). This has made it extremely difficult to
assess the role of microglia and the window of microglia activation. Hence, the focus of this review is to summarize the time course
of' microglia activation in various animal models of TBI. The review explores the repertoire of secondary injury mechanisms such as
aberrant neurotransmitter release, oxidative stress, blood-brain barrier disruption, and production of pro-inflammatory cytokines that
follow microglia activation. Since receptors act as sensors for activation, we highlight certain microglia receptors that have been
implicated in TBI pathology, including fractalkine receptor (CX3CR1), purinergic receptor (P2Y12R), Toll-like receptor (TLR4),
scavenger receptors, tumor necrosis factor receptor (TNF-1R), interleukin receptor (IL-1R), complement receptors, and peroxisome
proliferator-activated receptor (PPAR). In addition to describing their downstream signaling pathways in TBI, we describe the
functional consequences of their activation and the implication in behavioral outcomes. Taken together, this review will provide a

holistic view of the role of microglia and its receptors in TBI based on animal studies.
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Introduction

Traumatic brain injury (TBI) is one of the leading causes of
mortality and morbidity around the world. In 2013, in the
USA alone, there were about 2.8 million emergency room
visits, among which there were 282,000 hospitalizations,
and 56,000 deaths related to TBI. The three leading causes
of TBI related hospitalizations include falls (47%), impact by
striking objects (15%), and automobile accidents (14%) [1].
TBI accounts for approximately 30.5% of all injury-related
deaths in the US. Over the past decade, there has been a sharp
increase in incidents of TBI resulting from combat-related
injuries as well as insurgent activities on civilian population
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[2]. In 2010, the direct medical costs of TBI were 76.5 billion
dollars [3]. Although there has been a lot of effort focusing on
treatment modalities for TBI, there has not been much success
in developing a therapeutic strategy to treat TBI-associated
deficits. Accordingly, over 30 stage III clinical trials failed to
show significant improvement in TBI patients [4]. This is
probably due to lack of clear understanding of the secondary
mechanisms in the evolution of injury pathology and due to
highly heterogeneous nature of TBI phenotype [4]. This has
led scientists and researchers to look for novel methods to
delay and prevent TBI-induced pathology.

Microglia are the immune cells in the brain and have been
implicated in pathogenesis following TBI. In this review, we
highlight the response of microglia to injury, specifically, the
involvement in secondary injury mechanisms such as neuro-
transmitter release, oxidative stress, and blood-brain barrier
(BBB) breakdown after TBI. We then describe some of the
receptors that are known to be critical in microglia activation
and response following TBI.

Microglia Response to Brain Injury

Microglia constantly survey the central nervous system (CNS)
microenvironment for any changes in homeostasis using their
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highly motile processes. In their resting state, microglia pos-
sess a rod-shaped soma with processes extending out symmet-
rically in all directions [5]. Processes are motile with an aver-
age extension and retraction rate of 1.47 um per minute and
ranging from 0.4 and 3.8 um per minute, respectively. Upon
microglia activation a series of characteristic morphological
changes occur. Usually, the motility change of their processes
from undirected to targeted movement towards the injury site
[5]- The processes begin to retract and the soma enlarges and
become spherical in shape [6]. Finally, microglia begin to
migrate to the site of injury at a rate of 1-2 pwm per hour [5].

The classification of microglia activation has long been
debated. The classical method of macrophage classification
was borrowed and applied to microglia and categorizes acti-
vated states as either M1 (proinflammatory) state or M2 (anti-
inflammatory) state [7, 8]. The M1state is initiated by events
such as TBI, wherein, the microglia synthesize and release
excess superoxide, nitric oxide, proinflammatory cytokines,
and chemokines. Although the secretion of these compounds
by microglia is primarily for host defense, often an exagger-
ated response follows an insult resulting in by-stander injury
of the surrounding tissue [9]. When in M2 state, microglia
produce anti-inflammatory cytokines (IL-4, IL-10, IL-13, IL-
18) which promotes matrix remodeling, angiogenesis, tissue
repair, and regeneration among other functions [10].

The application of the nomenclature of macrophages to
microglia from the study of peripheral macrophages is often
considered to be irrelevant in classifying microglia [11]. First,
the M1/M2 definition was derived from exposing isolated
cells to purified stimuli in vitro. These conditions are rarely
found in vivo. Second, the cardinal regulators of macrophages
bias are never found in vivo in isolation. Third, M1 and M2
states fail to emerge as an isolated pure phenomena in vivo.
Fourth and possibly most important, macrophage polarization
was developed using monocyte or bone-marrow-derived mac-
rophages, that invade infected, traumatized or neoplastic tis-
sues. By contrast, microglia are resident tissue macrophages,
originating from extra-embryonic yolk sac [12], distinct from
the circulating hematopoietic system [13] and highly adapted
to their environment [14].

A recent study showed that activated microglia could exist
in both states simultaneously where individual cells produce
danger-associated molecular patterns (DAMPS) or pathogen-
associated molecular patterns (PAMPS) [15]. This implies that
activated microglia phenotypes fall along a spectrum as op-
posed to two binary states [16]. Depending on the stimulus
present in the local microenvironment, microglia will be po-
larized to either the M1 or M2-like states. Particularly in TBI,
the repertoire of microglia/macrophage activation is very di-
verse depending upon the type of mechanical impact, severity,
and location of impact (discussed in paragraph below). Hence,
it is suggested that a new classification be created based on but
not limited to transcriptomic and proteomic profiles, regional

heterogeneity, sexual dimorphism, function in healthy ner-
vous system, and pattern of response to changes caused by
trauma, infection, systemic inflammation, tumor, ischemia,
and neurodegeneration [11].

There are currently 4 major animal models used to simulate
the heterogeneous pathology of human TBI. These include
weight drop injury (WD), controlled cortical impact injury,
(CCI), fluid percussion injury (FPI), and blast / diffuse brain
injury [17]. The WD model mimics closed head injuries fre-
quently associated with falls, dropping of heavy objects in
construction sites which lead to cerebral contusions found in
TBI. It is performed by dropping a weight from a
predetermined height onto the skull or exposed dura. In a
modified version of WD model, also known as the closed
head injury model, a metal plate is placed above the skull to
distribute weight over a larger area and prevent skull fracture.
WD model in mice showed signs of diffuse neuronal loss, neu-
roinflammation, markers of apoptosis, and short- and long-term
cognitive impairments [18]. Similar to the WD model, CCI
injury uses a solid impactor to damage exposed dura. To in-
crease the reproducibility of the injury a pneumatic or electro-
chemical device is used. This mechanism also reduces rebound
injury produced by gravity-driven devices [19]. By adjusting
location, shape of impactor, velocity, and the depth of brain
deformation, different types of injuries can be produced. CCI
injuries typically manifest as cortical tissue loss, axonal injury,
BBB dysfunction, and/ or subdural hematoma [20-23].

In FPI injury model, a craniotomy is performed to expose a
portion of the dura. The injury is inflicted by directing a fluid
pulse, produced by a pendulum striking a piston of fluid res-
ervoir, against the exposed dural surface [19]. The injury mod-
el is characterized by a locally diffuse injury producing vas-
cular and axonal damage and produces an amalgamation of
cortical contusion and diffuse subcortical neuronal injury [17].
Studies have varied the location of injury site, but most com-
monly, the injury is performed lateral to the sagittal suture
(LFPI) or medially (CFPI) [19]. The blast/ diffuse injury at-
tempts to replicate the shockwaves from explosive devices to
cause a diffuse brain injury. To recreate the Friedlander wave-
form produced in explosion from live explosives, gas driven
shock tubes are used. Blast/ diffuse injury is characterized by
diffuse cerebral brain edema, extreme hyperemia, a delayed
vasospasm, and diffuse axonal injury [2, 24].

Microglia activation follows a different temporal pattern
depending upon the type and severity of brain injury
(Fig. 1). CCI and FPI are the most studied among different
injury mechanisms, and therefore, microglia activity state has
been thoroughly investigated. Markers such arginase (Arg-1)
[61], CD206 [25, 62], and YM-1 [26, 62] are used to identify
M2 activated microglia versus CD16 [62], CD 86 [25, 62],
which are markers for M1 activated microglia. In TBI models,
such as blast and weight drop, only the time profile of microg-
lia activation has been studied. For instance, following CCI
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injury, M2-like microglia increase in the first week following
injury. The number of M2 microglia peak at 5 days post injury
but decreases rapidly in number immediately afterwards [25,
63]. M1 microglia begin to increase in the cortex, striatum and
corpus callosum at 1 week [63], peaking at 4 weeks following
injury [25]. M2 type microglia predominate in the acute phase
of injury while the M1 phase of microglia remain during the
chronic phase after focal injury produced by CCI. Similar to
focal injury, diffuse injury produced by FPI induced transient
activation of M2 type of microglia that resolved within 7 days
after injury, whereas, M1 type microglia remained in their acti-
vated amoeboid morphology for up to 30 days following injury
[63].
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It is interesting to note that microglia activation patterns
differ not only temporally but also spatially following brain
injury. The spatial variability in microglia response to injury
may depend upon regional differences in mechanical loading
and/ or the intrinsic property of the tissue. Despite the limited
studies on mechanical signaling in microglia, a recent study
showed cultured microglia cells were susceptible to mechanical
changes [64]. In line with this, another study showed that me-
chanical loading was capable of modulating microglia prolifer-
ation, activation, and chemotaxis [65]. The response of microg-
lia to injury may also depend on the intrinsic property of the
tissue such as microglia/ blood vessel distribution and neuronal
vulnerability within the region. There is a lower occurrence of
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microglia in gray matter areas compared to the white matter.
Regionally, the lowest of occurrence is the cerebellum (0.3%),
frontal (4.7%), parietal (3.6%) and occipital (2.9%) lobes of the
cerebrum with highest expression levels in the white matter
track of the medulla oblongata (16.9%) [66]. A recent study
showed that microglia activation paralleled the pattern of neu-
ronal loss in a mouse model of CCI injury [67] which is in line
with another study that observed prominent occurrence of acti-
vated microglia in regions of neuronal loss including the ipsi-
lateral cortex, hippocampus, and thalamus after injury [68]. In a
blast model of brain injury, microglia activation was found to be
closely associated around the blood vessels suggesting that the
difference in the distribution of microglia and blood vessels
may underlie some of the regional vulnerabilities to injury [6].

Delineating the Functions of Microglia
and Macrophages in Brain Injury

TBI causes a dramatic increase in microglia/macrophages in the
area of injury. This increased number is contributed in part by
local proliferation of resident microglia and infiltration of
bloodborne-macrophages [69—71]. Blood-borne macrophages
and microglia have distinct roles in TBI pathology and progres-
sion, however are difficult to distinguish since they share many
common characteristics. Recent identification of microglia-
specific markers, advent of transgenic animal models and tech-
niques such as flow cytometry has made the distinction feasible
[72, 73]. Using flow cytometry, Hsieh et al. distinguished mac-
rophages (CD45™#" CDI11b*, Ly6G") from microglia
(CD45'°%, CD11b*, Ly6G ) and found that the populations
contributed distinctly to inflammation after CCI injury [74].
Another study used CX3CR1SFP*CCR2R"™*  in which
CX3CRI-positive resident microglia were labeled with GFP
and CCR2-positive infiltrating monocytes are labeled with
RFP. Specifically targeting CCR2 macrophages with
CCX872, a novel Phase I CCR2 selective antagonist, signifi-
cantly reduced TBI-induced macrophage accumulation and in-
flammation [75]. Similarly, mice lacking CCR2 (CCR27")
with reduced macrophage infiltration after TBI, demonstrated
improved functional recovery and neuronal survival [76].
These investigations on delineating the functional role of mi-
croglia and macrophages are limited and have only been per-
formed in a few TBI models. Hence, further examination on
dissecting the temporal and spatial contribution of resident mi-
croglia and infiltrating monocytes to the neuro-inflammatory
profiles following TBI is much warranted.

Microglia-Mediated Secondary Mechanisms
in Brain Injury

Depending on the type of TBI, the secondary injury may in-
volve a wide array of mechanisms including oxidative stress,

production of pro-inflammatory cytokines, BBB disruption,
cell death, mitochondrial dysfunction and neurotransmitter re-
lease [77, 78]. Studies conducted thus far, have reported the
involvement of microglia receptor activation in not only alter-
ing microglia morphology and motility, but also in neurotrans-
mitter release, modulating neuron-glia synaptic transmission,
secretion of cytokines, generation of reactive oxygen species
and production of nitric oxide. Here, we summarize the
microglia-mediated secondary mechanisms following brain

injury.

Aberrant Neurotransmitter Release

Activated microglia contribute to neuronal excitotoxicity by
releasing neurotransmitters in response to several external
stimuli. The known neurotransmitters released by microglia
include glutamate and ATP. Glutamate release by microglia
can be triggered by activation through multiple receptor sys-
tems. For instance, microglia release of glutamate may be
induced by secreted amyloid precursor protein (APP) [79]
or amyloid {3 [80]. Similarly, TNF-« can induce the release
of glutamate by upregulating glutaminase. Microglia are ca-
pable of releasing sufficient amount of glutamate to contrib-
ute to neural degeneration [81]. Such excess release of glu-
tamate has been reported following ischemic brain injury
[82]. However, there has been no study investigating the
microglia release of glutamate in TBI models. The excess
glutamate may activate pre and post-synaptic glutamate re-
ceptors in neurons leading to excitotoxicity. Alternatively,
they can activate microglia glutamate receptors including
AMPA receptor [83—85], metabotropic glutamate receptors
[86—-89] and NMDAR [90-92], resulting in a cascade of
secondary events.

Adenosine triphosphate (ATP) is the other commonly re-
leased neurotransmitter by microglia. ATP release from mi-
croglia cells can be induced by bacterial endotoxin lipopoly-
saccharide (LPS) [93, 94]. Lysophosphatidic acid (LPA) in-
duces the release of ATP via activation of the LPA; receptor
[95]. High intracellular calcium levels have been shown to
induce ATP release in microglia [96]. Extracellular ATP was
shown to enhance radiation-induced brain injury through
microglial activation and paracrine signaling via P2X7 recep-
tor [97]. ATP release following brain injury triggers a microg-
lia response via purinergic signaling [98]. The purinergic re-
ceptors in microglia are abundant and are implicated in impor-
tant functions such as cytokine production (P2X receptors),
motility (P2Y12 receptor) and in phagocytosis (P2Y6 recep-
tors) [99—101]. The expression and function of these receptors
in neuronal/glial cells in neuropathologies have been reviewed
previously [102] and their role in TBI and is worthy of
investigation.
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Oxidative Stress

Under normal physiological conditions, there is a delicate bal-
ance between reactive oxygen/nitrogen species (ROS/RNS)
and their removal via antioxidants. Following TBI, the bal-
ance can be disrupted leading to an excess buildup of ROS
[103, 104]. Accumulation of ROS/RNS is known to mediate
cellular damage via lipid peroxidation, protein modification,
and/or DNA strand breaks [105]. Activated microglia produce
superoxide by the enzymatic activity of NADPH oxidase
(NOX), a multi-subunit enzyme that catalyzes the production
of superoxide from oxygen [106]. Microglia, like all phago-
cytic cells, express NOX2 [107]. NOX 2 generates superoxide
molecules which help in the neutralization of foreign patho-
gens [108]. It was shown that NOX2 mediated ROS produc-
tion was strongly upregulated in M1 but not M2 polarized
microglia in CCI injury. Inhibiting NOX2, by using selective
peptide inhibitor gp91ds-tat or NOX2 knockout mice, reduced
markers for M1 activated microglia, limited tissue loss, and
improved motor recovery. Inhibition of NOX2 also promoted
M2-like activation in microglia [109]. In FPI injury, inhibition
of NOX with apocyanin had no effect on neuromotor function
but reduced the release the proinflammatory cytokines IL-1(3,
and TNF-o at 3 and 24 h after injury [110]. Recently, it was
shown that NOX2 expression was increased at 24 h after
moderate blast injury (180 kPa) and this directly correlated
with elevated ROS production [111]. Activation of cytokine
receptors such as IL-2R [112, 113], IL-15R [114], TNFR1
[115], INF-yR and thrombin receptor [116] in microglia have
also been implicated in ROS production. ROS production by
microglia may also be mediated by Notch-1 receptor [117,
118], dopamine receptor D;, D, [45, 119], and Angiotensin
II receptor [120].

BBB Disruption

The CNS vasculature differs from the rest of the vasculature in
that it has intricate connections and innervations with neural
cells particularly astrocytes (astrocyte end feet), pericytes and
microglia to form the functional BBB, a specialized structure
that selectively separates the brain parenchyma from the pe-
ripheral blood. Studies on the interaction between microglia
and BBB in both physiological and pathological conditions
are limited and have recently gained more attention [121,
122]. The perivascular microglia communicate with the endo-
thelial cells and survey the influx of blood-borne components
into the CNS. Hence, any disruption of the BBB as reported
following brain injury, can prime, and attract microglia [6].
Microglia activation dependent alterations to BBB after
TBI is thought to be predominantly mediated by neuroinflam-
mation and oxidative stress [123—125]. Therefore, most TBI
studies that investigate both microglia activation and BBB
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disruption focus on shifting microglia from their proinflam-
matory M1state to their anti-inflammatory M2 state. For in-
stance, following CCI injury binding of 2 arachidonylglycerol
(2-AG) (agonist) to the cannabinoid receptor in microglia
shifted microglia at 3 and 7 days from M1 to M2 activated
phenotypes. This shift in activation was coupled with the re-
duction of BBB permeability at the same time point [126].
Reduction in the release of pro-inflammatory cytokines and
reduction of inducible ROS production prevented further deg-
radation of BBB [126]. Pretreatment with apocynin (NOX
inhibitor) prevented BBB disruption following WD injury
[127], as well as in blast injury model [128]. Microglia as
the major source of NOX mediated ROS production are im-
plicated as the cause for the increase in permeability of the
BBB following injury [127]. In a mouse model of mild blast
injury, microglia activation was restricted to regions close to
the blood vessel microdomains, as evidenced by rapid
microglial process retraction and increased amoeboid mor-
phology [6]. Taken together, these TBI studies confirm that
there is a close association between microglia activation and
BBB disruption and vice-versa following injury.

Release of Cytokines

Neuroinflammation is one of the key mediators of secondary
injuries following brain injury. The acute response includes
secretion of pro-inflammatory cytokines within minutes fol-
lowing injury. The activation of resident microglial cells,
alongside the infiltration of peripheral macrophages, is key
mediator of neuroinflammatory responses after TBI. Several
studies have attempted to discriminate the differential roles of
resident microglia and infiltrated monocytes after brain/ spinal
cord injury [69, 129, 130]. In this review, we highlight the
contribution of microglia to the release of pro-inflammatory
cytokines, however, the role of infiltrating monocytes/ macro-
phages in secreting cytokines and overall TBI pathology can-
not be overlooked.

Upon the detection of foreign macromolecules such as
DAMPS/PAMPS, microglia can release a wide range of cyto-
kines and chemokines. These molecules guide the expression
of adhesion molecules, signal peripheral immune cells to in-
filtrate the injury site, and further release pro-inflammatory
mediators and growth factors that regulate neuronal death or
regeneration [131]. Many studies have investigated cytokines
and chemokines expression following TBI. These studies
have focused on levels of cytokines found in homogenized
tissue section or CSF. These studies attribute the increased
expression of cytokine to the activity of activated microglia.
This assertion may be correct, but microglia’s contribution to
the inflammatory environment is unlikely to be exclusive
[132].
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Following CCI injury, levels of IL-1{3 and IL-18 in-
creased in brain homogenates surrounding the contusion
site. Levels of IL-13 peaked at 6 h post injury and de-
creased to control level by 7 days. IL-18 levels gradually
increased over the 7 d observation period. Microglia-
specific release was confirmed by colocalization of
NLRP-3 inflammasome and its associated components
(ASC and caspasel) in microglia cells but not with astro-
cytes or neurons [133]. Chio et al. found that administra-
tion of Etanercept, a TNF-« receptor antagonist, attenuated
the release of TNF-« following FPI leading to reduced
motor and neurological deficits as compared to the control
and saline-treated groups. At 72 h after injury, TNF-« se-
creted by microglia increased in ischemic cortex, white
matter, hippocampus, and hypothalamus. Double immuno-
staining confirmed that neuronal and astrocytic TNF-«
levels were not significantly different between control,
saline- and etanercept-treated groups leading to the conclu-
sion that microglia was the prominent source of TNF-«
production following diffuse TBI [134].

Bachstetter et al. showed that p38x (MAPK14) protein
kinase plays a role in the production of TNF-« and IL-1§3
by cultured microglia cells [44]. Using midline FPI model
they investigated whether myeloid-specific deletion of p38a
influenced microglia cytokine production following injury.
Unexpectedly they found that during the acute phase (0—
12 h), release of IL-1[3, IL-6, and TNFx was greater in the
p38a knockout (KO) compared to the wild-type injured ani-
mal. This increase could not be accounted for by the increase
in infiltrating immune cells (macrophages and neutrophils) or
by astrogliosis, as cell numbers were decreased in the KO
animals relative to the WT. In the chronic phase (7 days),
levels of IL-1 were significantly reduced in the p38x KO
animals as compared to the WT injured animals. These find-
ings suggest that microglia may not contribute significantly to
inflammation in the acute phase but is responsible for the pro-
inflammatory environment found in the chronic phase of in-
jury [27].

Microglia release proinflammatory cytokines such as IL-
13 upon ligand binding to the NMDAR [90], angiotensin II
receptor [120], and IFN-yR [131]. Release of TNF-o has been
reported upon activation of AMPA receptor [83, 84],
NMDAR [90], kainate receptor [85, 91], metabotropic gluta-
mate receptor [87, 89, 135, 136] &4, 024, 1 adrenergic re-
ceptor [137], IFN-yR [131], TLR2 [138], TLR3 [139], TLR9
[140], CD-14 [141] and thrombin receptors [141]. Release of
IL-6 upon GABAR [142] &,, %, (3;adrenergic receptor
[137], TNFR1 [143], [FN-y [131], IL-1R1 [144], TLR2
[138], TLR3 [139], TLRS [140], TLRY [140], CD-14 [141],
Thrombin receptor [116] activation. Release of IL-12 was
noted upon activation of GABAR [142], IFNyR [145],
TLR3 [139], TLRY [140], CD-14 [141], and thrombin recep-
tors [116].

Microglia are also capable of releasing chemokines such as
release of CCL2 upon IFN-yR [145] TLR2 [138] activation.
Release of CCL3 upon IL-13R [146, 147] CD-14 activation.
Release of CCLS upon IL-3R [146, 147] activation. Release
of CXCL-10 upon TLR3 [139] and TLR4 [139] activation.
Release of CXCL2 upon CD-14 [141] activation. Once re-
leased, these factors affect adjacent cells such as astrocytes
and/or neurons in a paracrine manner since these cells possess
receptors for these factors. Additionally, these factors could
also affect microglia in an autocrine manner. In both scenarios,
the net effect exerted by these factors includes lipid peroxida-
tion, immune cell recruitment, BBB disruption, and the devel-
opment of cerebral edema [148—150].

Microglial Receptors in Brain Injury

The microglia express a repertoire of receptors which act as
sensors for specific ligands in the neuronal parenchyma. A com-
prehensive list of receptors expressed in microglia, the known
receptor agonists/ antagonists, their physiological function and
the functional relevance of receptor activation is provided in
Supplementary Table 1. Although many receptors have been
indicated to be part of microglia sensor system (Supplementary
Table 1) only a fraction of them are activated during TBI
(Table 1). In the following section, we summarize some of the
microglia receptors most investigated in TBI, their downstream
signaling pathway (Fig. 2), the functional consequences of their
activation and the implication in behavioral outcomes.

Chemokine Receptor (CX3CR1)

Microglia in the CNS are characterized by the prominent ex-
pression of the chemokine receptor 1 (CX3CR1). The sole
ligand for the receptor is fractalkine (CX3CL1) which is pro-
duced by neurons. CX3CL1 is known to induce microglia
activation and release of proinflammatory factors [177].
Following brain injury, affected neurons release CX3CL1
allowing for microglia activation [178]. The schematic in
Fig. 2 summarizes the known intracellular signaling pathways
associated with CX3CRI1 receptor activation in microglia. It
has been shown that CX3CL1 induces chemotaxis of microg-
lia cells via chemokine macrophage inflammatory protein-1c
(MIP-1«) to the site of neuronal damage [179]. CX3CLI1 is
also known to induce microglia activation through intracellu-
lar phosphorylation of microglial p38 mitogen-activated pro-
tein kinase (MAPK) [180, 181]. Further, treatment of cultured
microglia with CX3CL1 promoted cell survival and inhibited
Fas ligand-induced cell death via the Akt signaling pathway
[182].

In a mouse model of CCI, they found that CX3CR1 KO
mice had reduced cellular damage in the cortex and fewer
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sensorimotor deficits at 4 days post injury. In contrast, at
5 weeks, the CX3CR1 KO mice showed greater sensory mo-
tor deficits than that of control mice [156]. These results sug-
gest that microglia-mediated fractalkine receptor signaling is
associated with early toxicity but subsequent protection
against TBI-induced pathology [156]. Drawing from this
study, microglia seem to exacerbate injury outcome at the
acute phase, however, it plays a more neuroprotective role at
the chronic phase after injury. This was supported by another
report that demonstrated a time-dependent role for CX3CL1/
CX3CRI1 signaling after TBI[132]. They showed that microg-
lia exhibited M2 phenotypic markers (Ym1, CD206, and
TGFf) in the acute phase and predominantly exhibited M1
phenotypic markers CD68 in the chronic phase, owing to the
differential outcomes to CX3CRI1 deletion after TBI [132].
Moreover, CX3CRI1 signaling has been implicated in the in-
filtration of peripheral immune cells and the resultant neuro-
degeneration [155]. Taken together, CX3CL1/CX3CRI1 sig-
naling modulates microglia activation, and depending upon
the type and time of injury, either protects or exacerbates the
injury response following TBI.

Purinergic Receptor (P2Y12R)

Microglia respond to extracellular changes in ATP concentra-
tion via numerous purinergic receptors. Microglia express
both P2Y receptors coupled to G-proteins, as well as, P2X
receptors coupled to ligand gated cation channels [183]. In
this review, we focus on purinergic receptor P2Y12R, a
microglia-specific receptor [184] that mediates microglial che-
motaxis towards site of injury [185]. Activation of P2Y12R
results in the opening of K+ channel and increased cAMP
levels that is implicated in microglia surveillance and chemo-
taxis towards injury site [186, 187] (Fig. 2). A recent study
identified a two-pore domain channel, namely, THIK-1 as the
potassium channel involved in microglia ramification and sur-
veillance [186]. However, THIK-1 did not account for site-
directed chemotaxis of microglia processes suggesting that
another K+ channel may be coupled with P2Y12R and war-
rants further investigation [186, 187].

In addition to promoting microglia dynamic properties,
ATP strongly activates microglia P2Y 12R and stimulates the
production of cytokines (IL-4, IL-6, IL13, and TNF-«) and
chemokines (CCL3) by elevating the intracellular calcium
levels [188, 189]. P2Y12R expression in activated microglia
is controversial. A number of studies report increased expres-
sion of P2Y12R in activated microglia [190—192]. However,
there are equally compelling studies that claim that P2Y12R is
expressed exclusively in non-activated microglia [50] or alter-
natively activated microglia [188]. This discrepancy can be
explained by the direct correlation between P2Y 12R expres-
sion and ramified state of microglia [193]. Hence, although

these studies claim microglia activation, the expression levels
of P2Y 12R is a good indication of level and direction of trans-
formation that occurs to the microglia morphological and dy-
namic state (hyperramified with chemotactic processes versus
hyporamified microglia with amoeboid soma).

Microglia P2Y12R is well known for its role as facilitator
of process extension and migration following focal injury
[193, 194]. In a pig model of diffuse central FPI, microglia
processes converged on axonal swellings and exacerbated dif-
fuse axonal injury [195]. Microglia process convergence to-
wards swollen axons and dendrites are mediated by P2Y12R
[196, 197]. Recently, P2Y 12R-dependant microglial closure
of injured blood-brain barrier was shown [98]. Given the cel-
lular specificity of P2Y 12R in microglia, it would be the ideal
target for targeting microglia activation after TBIL.

Toll-like Receptor 4 (TLR4)

Toll-like receptors (TLRs) are first-line molecules for initiat-
ing immune responses. Microglia being the only innate im-
mune cells in the CNS, they highly express TLRs, particularly
TLR4. Some of the known ligands of TLR4 include lipopoly-
saccharide (LPS) [198], fibrinogen, heat shock proteins
(HSP), high mobility group box protein 1 (HMGB-1) and
monosodium urate [199]. TLR signaling initiates acute in-
flammatory response by promoting the release of proinflam-
matory cytokines. Ligand binding to TLR4 activates either a
MyD88-dependent NF-«kB activation or MyD88-independent
activation of interferon regulatory factor—3 (IRF-3) activation
and the subsequent expression of IFN{ [200] (Fig. 2). In
MyD88 deficient mice, Esen and Kielian found that the mi-
croglia was only partially inhibited, implying that both
MyDS88 dependent and independent pathways are functional
in microglia [198].

The expression of TLR4 has been shown to be upregulated
in various animal models of TBI [171]. Administration of
pituitary adenylate cyclase-activating polypeptide
(PACAP30), a known TLR4 antagonist, reduced the cognitive
and motor decline, neural apoptosis and reduced brain edema
in a WD model of TBI [171]. The effects of PACAP30 were
strongly associated with microglia-mediated release of IL-13,
and TNF-«, implicating TLR4 in microglia activation and
inflammation [171]. Release of excess €tHMGB19, a ligand
for TLR4 was reported in TBI patients, as well as in CCI
animal model [158]. Genetic or pharmacological (VGX-
1027) inhibition of TLR4 attenuated the microglial
neuroinflammatory response (IL-6) and limited post-
traumatic edema [158]. In line with this, another study dem-
onstrated that deletion of TLR4 (TLR4 KO) resulted in lower
M1 phenotypic genes and higher expression of M2 phenotyp-
ic markers in microglia [47]. Consequently, the TLR4 KO
mice exhibited decreased infarct volumes and improved
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outcomes in behavioral tests after TBI [47]. Taken together,
TLR4 deficiency contributes to regulating microglia to switch
to the M2 phenotype, which ameliorates neurological impair-
ment after TBL

Scavenger Receptors

Scavenger receptors are a group of evolutionally conserved
proteins expressed on the surface of microglia/macrophages
and are implicated in initiating phagocytosis, cell adhesion
and uptake of ligands [201, 202]. The scavenger receptors
known to be expressed in microglia include scavenger
receptor-A (SR-A), SR-BI, CD36, and RAGE [201].
Although little is known about the role and function of mi-
croglia scavenger receptors in TBI, in this section, we discuss
CD36 and RAGE which have been reasonably investigated in
animal models of brain injury.

CD36 Receptor

The CD36 receptor, abundantly expressed on microglia/
macrophages [203], is used as a marker for microglia activa-
tion (M2 state) in TBI [32, 75].

CD36 receptors are activated by the ligand
thrombospondin-1 (TSP-1) [204]. Sometimes, the presence
of a co-receptor such as TLRs is required for activation, in
which case, ligands such as DAMP and oxLDL can also acti-
vate CD36 receptors [205, 206]. The activation of CD36 ac-
tivates different intracellular signaling pathways depending on
the ligand, co-receptor, and cell type (Fig. 2). In microglia,
CD36 with CD47 activates specific Src family kinases (Lyn,
Fyn or Syk) [207], and phosphorylates Vav [208] leading to

NADPH oxidase-mediated generation of ROS and promoting
phagocytosis [208, 209]. Whereas, co-assembly of CD36 with
TLR4/6 is implicated in an inflammatory response through the
activation of NLRP3 inflammasome [210].

Although much is known about microglia CD36 in phago-
cytosis and inflammation, much of this information comes
from studies on ischemic injury or AD. The investigation of
CD36 in TBI is important because M2-like microglia/macro-
phages, enriched with CD36, may present a stronger phago-
cytic ability to remove dead neurons than the M1-like pheno-
type [211]. Hence, promoting the expression of CD36 may be
an ideal therapeutic intervention for attenuating tissue damage
and improved recovery following TBI.

RAGE Receptor

The receptor for advanced glycation end products (RAGE) is
a multiligand receptor that propagates inflammatory response
in various CNS disorders. RAGE expression has been found
in microglia, in addition to neurons, astrocytes and endothelial
cells in the normal brain [212]. The expression of RAGE and
one of its ligands high-mobility group box 1 (HMGB1) was
found to be increased in rat and human brains after TBI [213].
They showed that RAGE expression increased mainly in the
cytoplasm of phagocytic microglia in the regions surrounding
the contused area following TBI [213]. In addition to RAGE,
HMGBI also activates TLR receptors [199]. The intracellular
signaling pathway of RAGE involves the key adaptor pro-
teins, MyD88 and TIRAP, which it shares in common with
TLR4 signaling [214] (Fig. 2). Activation of these cascades is
implicated in the production and release of proinflammatory
cytokines, TNF«, IL-1, IL-6, and IL-8, and several
chemokines [215, 216].

Microglial Receptor Signaling Pathways
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Fig.2 A schematic depicting various molecular signaling pathway of microglial receptors including CX3CR1, P2Y12R, TLR4, IL1R1, RAGE, TNFR1,

CD36, CR1/2, C3aR, C5aR and PPAR

@ Springer



Mol Neurobiol (2019) 56:5202-5228

5217

To investigate the role of HMGBI1 and RAGE in TBI,
Weber et al. used mice deficient in RAGE (RAGE ) in a
CCI model of brain injury [217]. They showed that systemic
hypoxia, acute lung injury and pulmonary neutrophilia were
attenuated in RAGE —/— mice, suggesting that HMGB1-
RAGE axis plays a role in TBI-induced lung dysfunction. In
a hemorrhage-induced brain injury model, the expression of
HMGBI1 and all of its receptors (RAGE and TLR2/4) was
upregulated. However, treatment with the RAGE antagonist
(FPS-ZM1) significantly reduced the infiltration of inflamma-
tory cells and the expression of IL-13 and MMP-9 after injury.
Moreover, the mRNA level of RAGE was also decreased by
treatment with anti-HMGB1 mAb after hemorrhagic injury
[218]. These studies suggest that RAGE, expressed in microg-
lia or other cells, may be the predominant receptor for
HMGBI in the pathogenesis of inflammation in brain injury.

It is important to note that scavenger receptors have been
proposed as targets for therapy in a variety of CNS disorders,
including Alzheimer’s disease (AD). Hence, understanding
the role of scavenger receptors in brain injury may have a
major impact on the development of novel therapeutic inter-
ventions for the treatment of TBI.

Interleukin-1 Receptor1 (IL-1R1)

Microglia are the prominent source of cytokine interleukin-1
(IL-1) production, yet little is known about the expression of
the receptor IL-1R1 in them. Highest expression of IL-1R1 is
found on endothelial cells with low expression in microglia
and astrocytes [219]. The ligands of the IL-1R1 include IL-1x
and IL-13. The activation of IL-1R1 is transduced through
both the NF-kB and the mitogen-activated protein kinase
(MAPK) pathways [220]. Upon ligand binding IL-1R acces-
sory protein (IL-1RAP) is recruited. Similar to TLR4 signal-
ing, the formation of the IL11R1 and IL-1RAP heterodimer
initiated signal transduction by allowing for recruitment of
MyD88 and IL-1R associated kinase 4 (IRAK4), TNFR-
associated factor 6 (TRAF6) [220] (Fig. 2).

It has been shown that proliferating microglia express
high amounts of IL-1R1 [221]. IL-13 exacerbated, whereas
IL-1R agonist attenuated neuronal injury and microglial
activation after excitotoxic damage in organotypic hippo-
campal slice cultures [222]. In a CCI model, neutralization
of IL-1{3 prevented the activation of IL-1R and reduced the
activation of microglia at 3 and 7 days post injury [152].
Subsequently, a reduction in lesion volume attenuated cog-
nitive deficits and decreased hemispheric tissue loss [152].
In mice lacking IL-1R1, fewer amoeboid microglia/
macrophages appeared adjacent to the injured brain tissue
and those microglia present at early post-injury intervals
retained their resting morphology in a penetrating brain
injury model [223]. This was followed by a significant

reduction in inflammatory response such as Cox-2, IL-1,
and IL-6 release [223]. These results implicate IL-1R1 in
microglial activation after TBI. Since microglia are not the
sole expressers of IL-1R1, the recently developed
ILIR1'9*P10*F transgenic mouseline [224] can be used to
study the microglia-specific role of IL-1R1 in TBI
pathology.

NLRP3 inflammasome is a major mediator of IL-1{ pro-
duction via activation of caspase-1. Studies have reported the
activation of NLRP3 inflammasome in blunt models of TBI,
whereas very few studies were performed in blast TBI [225,
226]. Our interest focus on the NLRP3 inflammasome is due
to its known expression in microglia cells [227-229] and that
microglial activation is well known in various forms of TBIL
NLRP3 the most studied inflammasome is typically found in
innate immune cells and is found to be activated by a wide
range of stimuli such as viral, bacterial, and fungal compo-
nents [230, 231], endogenous danger signals such as extra-
cellular ATP [232-234], amyloid-f3 [227], uric acid crystals
[227, 234, 235], and environmental micro particles such as
silica crystals [236]. Originally thought to be expressed ex-
clusively in microglia NLRP3 is now found to be expressed
in neurons. The time course for expression following TBI
differs among the two cell types. Whereas, early (acute) ex-
pression is found in neurons and later (subacute) expression
to be found in microglia [237]. Weight drop model measured
colocalization at 3 days post injury. Liu et found that the
mRNA levels of NLRP3 increased at 6 h, 3 days, and 7 days
post injury but were at control levels at 24 h after injury. In
line with mRNA levels, protein levels increased at all time
points except the 6 h time point. NLRP3 was coexpressed in
neurons, astrocytes and microglia at the 3 day time point. IL-
13 peaked at 6 h and decreased to sham levels by day 7
[238].

Quian et al. found that IL-1beta levels peaked at 6 h
and decreased steadily to control levels by day 7 in a
mouse model of CCI. IL-18 levels were at control con-
centration at 6 h but increased at all time points peaking
at 7 days. mRNA levels for NLRP3, ASC, and caspase-1
levels increased at 6 h and maximal at 7 days. Although
both astrocytes and microglia were activated following in-
jury only microglia were accompanied by strong NLRP3
expression [133].

Tumor Necrosis Factor Receptor (TNFR1)

Microglia express both tumor necrosis factor-oc (TNFov), as
well as its receptors, TNFR1 (p55) and TNFR2 (p75) [239].
The two native receptors have differential intracellular signal-
ing pathways. In this section, we focus on TNFR1, which
contains a death domain. Activation of TNFR 1 normally leads
to cellular apoptosis; however, under specific conditions,
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receptor activation can also lead to the activation of NFkB and
contribute to cell survival. These divergent outcomes have
been linked to receptor localization with receptor internaliza-
tion leading to cell death and membrane localization
supporting cell survival [240]. Upon ligand binding with
TNFRI1, the signal is transduced via transcription factors such
as NF-kB and c-Jun which in turn are involved in immune,
stress and inflammatory responses [241] (Fig. 2).

The expression levels of TNF- « and its associated recep-
tors have been correlated with trauma severity in patients ad-
mitted with TBI [242]. Genetic deletion of TNFR1 (TNFR1
KO) showed attenuation of motor deficits at 4-weeks follow-
ing CCI [161]. In contrast, absence of TNFR2 (TNFR2 KO)
resulted in worsening of motor deficits as compared to the
control [161]. The study showed that TNF-«-TNFR1 signal-
ing was proinflammatory in nature whereas, TNF-o-TNFR2
signaling was anti-inflammatory in nature [161]. Surprisingly,
an independent study observed no differences in motor or
cognitive outcome in either TNFR1, TNFR2 KO, or
TNFR1/TNFR2/Fas mice, versus wild-type mice following
CCI [243]. These conflicting data may be attributable to dif-
ferences in the severity of the CCI models used, as well as
anesthetic agent, differences in background strain genetics in
TNFR KO mice, and other model-specific factors in the stud-
ies [244].

As mentioned earlier, the downstream signaling of
TNFR1 may be neuroprotective or neurotoxic depending
upon the sub-cellular localization of the receptor. In the
normal rat cortex, a portion of TNFR1 is located in lipid
raft microdomains, where it is associated with the adaptor
proteins TRADD (TNF receptor-associated death domain),
TNF receptor-associated factor-2 (TRAF-2), the Ser/Thr
kinase RIP (receptor-interacting protein), TRAF1, and
cIAP-1 (cellular inhibitor of apoptosis protein-1), forming
a survival signaling complex. Moderate TBI resulted in
rapid recruitment of TNFR1, but not TNFR2 or Fas, to lipid
rafts and induced alterations in the composition of signaling
intermediates. Activation of TNFR1 after TBI induced the
expression of caspase-8, thus initiating apoptosis and tran-
sient activation of NF-kB [245]. In CCI model, studies have
identified co-expression of TNFR1 and TNFR2 in both mi-
croglia and endothelial cells, thereby implicating TNFR
signaling in the pathogenesis of TBI [246, 247]. In brain
injury models such as FPI and CClI, elevated TNF-«x levels
are found in the injured brain and inhibition of TNF- « and
its receptors has been beneficial to postinjury cell death and
functional outcome [163, 248]. However, in WD/
concussive brain injury model, inhibition of TNF- o and
Fas receptor resulted in cognitive decline independent of
neuronal loss [174]. Hence, a better understanding of
TNF-« -TNF1R signaling in the various injury models is
needed to develop therapies targeting TNF1R for treatment
of TBI.

@ Springer

Compliment Receptor

The complement receptors, part of the innate immune system,
are expressed by astrocytes and microglia in the brain. The
complement receptors expressed by microglia include CR1,
CR2 C3aR, and C5aR [249-252]. The CR1 and CR2 are
activated by C3b ligand, whereas, C3aR and C5sR are acti-
vated by C3a and C5a, respectively. The intracellular signal-
ing following complement receptor activation involves
ERK1/2 and PI3K that in turn suppresses transcription factors
such as IRF-1 and IFR-8, reducing the expression of 1L-12,
1L23 and 11-27 [253, 254] (Fig. 2). A detailed review on com-
plement systems and their role in various CNS disorders such
as TBI have been described previously [255-257].

In the normal brain, the endogenous levels of complement
ligands such as C3 and C5a are low. However, TBI is often
accompanied by breakdown of the BBB which introduces a
massive influx of complement components to the low endog-
enous levels, as well as, infiltration of adaptive immune cells
capable of producing complement components [258]. In ad-
dition, TBI can also elevate the endogenous levels of C3, as
noted in rat models of TBI and in head-injured patients
[259-261].

The role of complement receptors in TBI was first shown
by Kaczorowski et al., using soluble complement receptor 1
(sCR1) [262]. They showed that rats treated with sSCR1 result-
ed in reduced brain neutrophil infiltration compared to
vehicle-treated rats, suggesting that complement plays a piv-
otal role in the neuroinflammatory response induced by TBI
[262]. This was further confirmed in mice lacking C3 (C37"),
in which there was reduced leukocyte infiltration, microglial
activation, and edema following intracerebral hemorrhage-
induced brain injury [263]. Similarly, in a CCI model of
TBI, C3™" mice showed reduced leukocyte infiltration com-
pared to the wild-type mice; however, there was no difference
in lesion size or behavioral deficits [264]. In a closed head
injury model, mice lacking CR1/CR2 receptors demonstrated
decreased astrocytosis, reduced microglial activation, and at-
tenuated immunoglobulin M deposition in injured brains com-
pared to wild-type mice [265].

Studies have also investigated the role of C5aR and its
ligand C5a in TBI-induced secondary injury. To this end, mice
lacking C5 (C57") or administration of C5aR antagonist re-
sulted in reduced secondary damage in a cryoinjury model of
TBI [266]. In an intracerebral hemorrhage-induced brain inju-
ry model, application of hexapeptide-derived macrocycle AcF
(OPdChaWR), a C5aR antagonist, improved the spatial mem-
ory as well as general neurological outcomes [267]. This im-
provement correlated with a reduction in infiltrated leukocytes
and edema formation [267]. In addition, a combination of
C5aR and a C3aR antagonist compounded the observed neu-
roprotective effect [267]. Taken together, these studies suggest
that targeting the complement system (receptors and/or their
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ligands) may represent a promising future approach for thera-
peutic immunomodulation after TBIL.

Peroxisome Proliferator-Activated Receptor
(PPAR)

The peroxisome proliferator-activated receptors (PPAR) are
a member of nuclear membrane receptor family and have
been shown to be important for inflammatory signaling in
microglia [149]. There are three isoforms of the receptor
PPAR«, PPAR &/f3, and PPARYy [268]. Of the three iso-
forms, only PPAR« and PPARYy are implicated in inflamma-
tion. The numerous agonists and antagonists of PPARs are
listed in Supplementary Table 1. Upon activation, the PPARs
regulate inflammation via trans-reexpression of multiple in-
flammatory signaling systems such as nuclear factor-kappa
B (NFkB), activator protein-1 (AP-1), signal transducer and
activator of transcription (STAT) [269]. Although the endog-
enous ligand may not achieve critical concentration to acti-
vate the receptor a lot of research has gone into its role in TBI
treatment.

Following CCI, mRNA levels of PPARYy have been re-
ported to be elevated surrounding the injury site [49].
Agonists for both PPARx and PPARy have been studied
due to their ability to affect multiple signaling pathways and
reduce TBI-induced neuropathology. Fenofibrate, a PPARx
agonist, has been shown to reduce oxidative stress and in-
flammation after TBI [270, 271]. Similarly, Pioglitazone
and Rosiglitazone, both PPARYy agonists, have been shown
to reduce oxidative stress [49], inflammation [272-274],
mitochondrial dysfunction [164, 275] and cell death [163,
272, 276] following CNS injury. Using rosiglitazone, a
known PPAR-y agonist, Liu et al. observed a decrease in
expression of TNF-«, decreased microglia activation, in-
creased neuronal survival and improved performance in
motor function tasks at 24 h after CCI [163]. Pioglitazone
also reduced lesion volume by 55% and prevented
microglial activation in the tissue surrounding lesion after
TBI [164]. In FPI injury model, a single dose of
Pioglitazone administration reduced oxidative damage, de-
creased microglia activation, decreased neural degenera-
tion, and reduced edema formation [167]. However,
Pioglitazone administration was not found to have an influ-
ence on reactive astrogliosis [167]. It is important to note
that PPAR expression in the brain in not exclusive to mi-
croglia [277]. Hence, whether the effect of the PPAR
agonist/antagonists is due to the direct/ indirect action on
microglia PPAR remains unclear. However, the pharmaco-
logical studies consistently show the involvement of PPAR
signaling in microglial activation after TBI, making it a
worthy therapeutic target.

Conclusion

In the various models of TBI, microglia activation varies
based on the type and severity of injury. Microglia receptors
act as sensors for identifying these subtle changes in the
neuronal parenchyma and lead to various modes of microg-
lia activation. Hence, the expression pattern of microglia
receptors can be used as a signature to identify the injury
severity/ mechanism following TBI. In the light of the
above, it is evident that microglia receptor activation plays
an important role in post-injury pathology and may be a
sensitive diagnostic tool. Moreover, pharmacologically
targeting microglia-specific receptors will prevent alter-
ations in neuronal physiology, and thereby reduce unwant-
ed side-effects. Hence, microglia receptors may be a potent
therapeutic target for the treatment of brain injury. An ideal
therapeutic strategy would be to potentiate the protective
properties of microglia and attenuate its neurotoxic behav-
ior by activating and inhibiting the appropriate anti-
inflammatory and pro-inflammatory receptors,
respectively.
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