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Abstract

Glial cells were originally known as simply the “glue” of the central nervous
system but are now recognized to play a critical role in the development and
function of the brain in both health and disease. Neurons and glial cells commu-
nicate with each other in a bidirectional manner at the synapses to regulate
synaptic plasticity. Neuronal-glial interactions also initiate and maintain activa-
tion of membrane-bound proteins and subsequent intracellular downstream sig-
naling events. Since glia and microglia are equal (and not silent) partners in
creating neuroinflammatory milieu observed in diverse brain disorders, it is
important to understand how these cells respond to internal and external cues to
impact neuron functions under physiological and pathological conditions. Brain
injury has a highly heterogeneous and multifactorial pathology, and the initial
injury triggered by mechanical disruption often leads to the development of a
secondary cascade of cellular/molecular responses. Astrocytes and microglia
influence the local microenvironment of the injured tissue by their ability to
secrete cytokines, chemokines, and growth factors and by undergoing profound
morphological alterations to influence the extent of damage and repair following

injury.
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This chapter will cover the following aspects:

* Glia, neuroinflammation, and neuronal plasticity.
e Glia and microglia in brain injury.

1 Glia, Neuroinflammation, and Neuronal Plasticity

Growing evidence suggests that glia play an indispensable role in major aspects of
synapse development, function, and plasticity. The astrocytic and microglial pro-
cesses are known to be associated with pre- and postsynaptic elements and affect
synaptic functions, which have long been thought to be restricted to neurons. In a
healthy brain, glial cells secrete soluble factors that induce synapse formation and
modulate synaptic transmission and plasticity. Concurrently, synaptic signals influ-
ence glial cells by activating their cell surface receptors and modulating ion
channels. It has also been established that peri-synaptic astrocytes and microglia
are positioned to sense early disruptions in synaptic activity and potentially contrib-
ute to synaptic demise (Verkhratsky et al. 2015). It is well established that glia are
affected in the nervous system pathologies; however, loss/dysfunction of synapses
can occur long before the signs of neuropathology and cognitive impairment
associated with the disease appear (Chung et al. 2015).

1.1 Role of Astrocytes in Synaptic Plasticity

Astrocytes are the most abundant cell type in the CNS, which are essential for
regulating brain function. They are positioned in close physical association with
synapses to sense and modulate synaptic activity. They interact with various cellular
structures, including synapses and blood vessels, through their numerous processes.
This close association enables them to function as first responders to various changes
in synaptic activity during development and adulthood.

Astrocytes are known to participate actively in synaptic transmission and con-
tribute to synaptic plasticity. The most important functions of astrocytes elucidated
to date include uptake of the neurotransmitters, glutamate and gamma-aminobutyric
acid, and potassium buffering during neuronal activity (Thrane et al. 2013). These
functions are indispensable for maintaining synaptic activity. The dysregulation in
these processes may lead to neuropathological conditions, including neuronal dys-
function and seizures. It has also been reported that astrocyte-secreted glutamine is
critical for the sustained release of glutamate by neurons (Tani et al. 2014), which
suggests that astrocytes play an active role in the production of the neurotransmitters
used by the neurons. Recent research has led to the identification of several astro-
cytic factors that are capable of regulating synaptic plasticity. D-serine, secreted
from astrocytes, has been reported to be involved in synaptic plasticity and
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maintaining long-term potentiation by functioning as a co-agonist of NMDAR
(Henneberger et al. 2010). ATP and glutamate have also been reported to be secreted
by astrocytes through calcium-dependent vesicular exocytosis and contribute to
synaptic plasticity (Halassa and Haydon 2010). A study by Han et al. (2013)
suggests that human astrocytes may be better than rodent astrocytes in controlling
the synaptic plasticity events underlying learning.

Further, in in vitro studies, the addition of astrocytes and astrocyte-conditioned
media to purified culture of retinal ganglion cells has been shown to cause a
significant increase in the number of functional excitatory synapses (Ullian et al.
2001). Chung et al. (2015) have reported that besides their role in synapse formation
and function, astrocytes are also essential for synaptic maintenance. Synapses have
been shown to immediately disappear when astrocytes or astrocyte-secreted signals
are removed from cultured neurons (Chung et al. 2015). Thus, the formation of
mature functional synapses requires multiple astrocyte-secreted signals, implicating
the role of astrocytes in synapse formation and maintenance.

1.2 Role of Microglia in Synaptic Plasticity

Microglia are the resident macrophages of the CNS. The processes of microglia are
known to interact with axonal boutons and dendritic spines. The direct contact
between synaptic elements and microglia has been confirmed by electron micros-
copy (Tremblay et al. 2010). Each microglial cell can impact many synapses in
response to external stimulus (Nimmerjahn et al. 2005). Microglia are also known to
regulate maturation of synapses in both juvenile and mature brain. Interleukin (IL)-
1B, a pro-inflammatory cytokine primarily expressed by microglia, has been
implicated in the regulation of long-term potentiation in the hippocampus region
(Williamson and Bilbo 2013; Zhang et al. 2014). Another pro-inflammatory cyto-
kine, tumor necrosis factor o (TNFa), released by glia is required for synaptic scaling
after a long-term reduction in activity (Stellwagen and Malenka 2006). It has been
established that the expression of TNFa is highly enriched in microglia as compared
to other brain cells; so, it may be inferred that microglia mediate the process of
synaptic scaling. Thus, the ability of microglia to affect synapses through microglia-
synapse interactions is crucial for proper CNS function.

13 Underlying Role of Glia in Synaptic Dysfunction
in Neuropsychiatric Disorders

Dysfunction of synapses is the hallmark feature of majority of the neurological
disorders. Synaptic dysfunction is often associated with the increased level of
inflammation, which may further lead to cognitive impairments. Reactive gliosis
and neuroinflammation are virtually prominent in every disorder of the central
nervous system. Glia are regarded as passive responders to the neuronal damage,
rather than the causal factor of synaptic dysfunction. Extensive research has led to
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the realization of active glial signaling with neurons, which further influences
synaptic transmission and plasticity through various contact-dependent and secreted
mediators. Chronic neuroinflammation often leads to targeted disruption of synaptic
plasticity, which further leads to compromised neuronal integrity. It is likely that
astrocyte dysfunction contributes to the initiation and progression of many neuro-
logical disorders.

Microglia have been implicated as strong regulators of neurological function and
cognition in physiological conditions (Singhal and Baune 2017). Although
microglia can directly modulate cognition, it is noteworthy that they can also
perform this role by secreting inflammatory mediators such as cytokines, whose
role has been well established in influencing learning and memory functions of the
brain. Disruption in the signaling pathways of pro-inflammatory cytokines, TNFa,
IL-1p, and IL-6 has been shown to cause learning and memory impairments (Goshen
et al. 2007; Hryniewicz et al. 2007; Baune et al. 2008; Camara et al. 2013), which
suggests that these cytokines play an indispensable role in the physiological regula-
tion of memory processes. The regulatory role of these cytokines has been reported
to be dose-dependent, since the overexpression of TNFa and IL-1f has been shown
to disrupt normal learning and memory functions in rodents (Fiore et al. 2000;
Barrientos et al. 2002). Recent studies have shown that disruption in microglia
activation may alter hippocampus-dependent neuronal plasticity affecting learning
and memory performance in adulthood (Maggi et al. 2011; Rogers et al. 2011).

Cytokines and microglia may also impact cognition indirectly by modulating
neurotrophic factors and the associated signaling pathways. Cytokines have been
shown to modulate the activity and levels of brain-derived neurotrophic factor
(BDNF) (Calabrese et al. 2014). Removal of BDNF from microglia has led to the
revelation that microglia regulate memory by promoting synapse formation through
BDNEF signaling (Parkhurst et al. 2013). Further, it has been reported that inflamma-
tory cytokines can influence the production of all the hormones produced along the
hypothalamic-pituitary-adrenal (HPA) axis and modulate the function of glucocorti-
coid receptors at multiple stages from expression to translocation and associated
signaling pathways (Pace and Miller 2009). Besides their effects on neurotrophic
factors and HPA axis, inflammatory processes can influence activation of
kynurenine pathway. Pro-inflammatory cytokines have been shown to induce hip-
pocampal activation of the kynurenine-producing enzyme, indoleamine
2,3-dioxygenase (O'Connor et al. 2009), which participates in the regulation of
memory and learning (Too et al. 2016). Thus, alterations in neurobiological pro-
cesses regulating cognition are similar across various disorders. Below, we review
the evidence which suggests that inflammatory processes in particular activated
microglia and inflammatory cytokines play a major role in contributing to impaired
cognitive performance associated with psychiatric disorders.

Major Depressive Disorder

In patients with major depressive disorder, elevated serum levels of TNFa, TNF
receptor-type 1 (TNFR1), and TNF receptor-type 2 (TNFR2) have been shown to be
negatively correlated with behavioral performance in learning, executive function,
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attention, working, and declarative memories (Bobiriska et al. 2017). Similarly,
elevated levels of IL-6 and C-reactive protein (CRP) have been shown to be
associated with impaired cognitive performance in the domains of verbal memory
and psychomotor speed and of attention and executive functions, respectively
(Chang et al. 2012; Goldsmith et al. 2016). It has also been shown that IL-6 and
CRP levels can predict the symptoms of major depressive disorder at 12 years from
the baseline detection. This suggests that inflammation contributes to the progression
of major depressive disorder rather than to the later stages of the disease (Gimeno
et al. 2009). This relationship may be unilateral since cognitive symptoms of
depression at baseline were not found to be predictive of inflammatory status at
12 years’ follow-up. Further, acute treatment with cyclooxygenase-2 inhibitor,
celecoxib, has been shown to improve cognitive functions in an elderly depressed
woman with recurrent major depressive disorder (Chen et al. 2010).

It has been suggested that kynurenine pathway may be involved in cognitive
function impairment in patients with major depressive disorder. It has been
implicated in influencing glutamatergic transmission in brain structures associated
with cognitive processes (Fourrier et al. 2019). Alterations in glutamatergic synaptic
plasticity have been linked to depression in animal models (Mahati et al. 2016).
Additionally, inhibition of microglia activation has been shown to prevent
impairment in both spatial memory and hippocampal long-term potentiation in a
rodent model of depression. This effect has been attributed to GluR1 phosphoryla-
tion (Liu et al. 2015). BDNF, a neurotrophic factor, is also significantly associated
with memory performance in rodents. The circulating levels of IL-6 are known to
represent serum BDNF levels (Jehn et al. 2015); and the inhibition of TNFa has been
shown to prevent stress-induced cognitive impairment and the associated reduction
of hippocampal BDNF expression (Sahin et al. 2015).

Schizophrenia

Inflammation has also been extensively reported to be a potential player in the
etiology and pathophysiology of schizophrenia. Cognitive impairment associated
with schizophrenia has been correlated with increase in peripheral inflammation. A
systemic review by Misiak et al. (2018) reported a positive association between
circulating CRP levels and worse cognitive performance. Similarly, cognitive
functions have been reported to be impaired in schizophrenic patients with elevated
levels of circulating IL-6, TNFR1, and IL-1 receptor antagonist (Hope et al. 2015).
The administration of an anti-inflammatory drug, risperidone, for 5 weeks has been
shown to improve cognition in schizophrenic patients (Miiller et al. 2005). Another
study showed that minocycline added to a typical antipsychotic treatment has a
beneficial effect on working memory and cognition. This suggests that inhibition of
microglia activation in schizophrenic patients can decrease cognitive impairments
(Levkovitz et al. 2010). This is in line with the microglia hypothesis of schizophre-
nia, which states that the neuropathology of this disease is closely associated with the
increased activation of microglia (Monji et al. 2009; Laskaris et al. 2016). In animal
models of schizophrenia, free radicals and inflammatory cytokines produced by
activated microglia have been shown to cause decrease in neurogenesis, white matter
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abnormalities, and neuronal degeneration, which may be the underlying factor in the
pathophysiology of schizophrenia. It has also been suggested that increase in
inflammation in schizophrenia may cause glutamatergic imbalance, leading to the
dysfunction of dopaminergic system, which may in turn exacerbate glutamatergic
transmission impairments, eventually leading to cognitive impairment (Miiller
2008).

Bipolar Disorder

A few studies have reported association between inflammation and cognitive perfor-
mance in patients with bipolar disorder. Circulating CRP levels have been shown to
be negatively associated with memory and attention in patients with bipolar disorder
(Dickerson et al. 2013). Similarly, elevated levels of IL-1 receptor antagonist and
TNFa have been shown to be associated with worse memory performances (Hope
et al. 2015). Elevated levels of soluble TNFRI have also been found to be associated
with impaired declarative memory (Hoseth et al. 2016). A study evaluating the
association between cerebrospinal fluid inflammatory markers and cognition in
bipolar disorder patients reported a negative association between CSF concentration
of the inflammatory biomarker YLK-40 and executive function in these patients
(Rolstad et al. 2015). Besides increase in peripheral inflammation and cognitive
impairments in bipolar disorder patients, increased microglial activation has been
reported in the right hippocampus of bipolar disorder patients as compared to healthy
controls (Haarman et al. 2014). Various underlying mechanisms have been
suggested that participate in inflammation-associated cognitive impairments in bipo-
lar disorder. A study suggests that pro-inflammatory cytokines such as TNFo impair
white matter integrity in patients with bipolar disorder (Benedetti et al. 2016), which
can be mediated by alterations in neurogenesis (Czéh and Lucassen 2007). Further,
the activity of HPA axis may be influenced by cytokines, which may subsequently
lead to impaired neuroplasticity. Indeed, HPA axis alterations have been associated
with impaired cognition in patients with bipolar disorder. The insensitivity of
glucocorticoid receptors has been reported in bipolar disorder (Fries et al. 2015),
and mifepristone (glucocorticoid receptor antagonist) treatment for 1 week has been
shown to improve spatial working memory performance in bipolar disorder patients
(Watson et al. 2012). Additionally, it is noteworthy that peripheral BDNF level,
which is regulated by inflammation, is an indicator for cognitive function in bipolar
disorder patients. Moreover, the BDNF val66met polymorphism can be a risk factor
for cognitive impairment in this disease (Bauer et al. 2014), which further reinforces
the possible role of BDNF in mediating the effects of inflammation on cognition in
bipolar disorder.

1.4 Studies from our Lab Exploring the Link Between
Neuroinflammation and Synaptic Plasticity

Recently, our lab investigated the effect of pre-administration of water extract from
leaves of Withania somnifera (ASH-WEX) and 50% ethanolic extract of Tinospora
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cordifolia (TCE) on memory and cognitive impairment induced by acute sleep
deprivation (Mishra et al. 2016; Kaur et al. 2017; Manchanda et al. 2017). In another
study, the effect of administration of dry leaf powder of W. somnifera and stem
powder of T. cordifolia along with high-fat diet (30% fat by weight) for the period of
12 weeks was explored (Kaur and Kaur 2017; Manchanda and Kaur 2017; Singh
et al. 2021). The extracts of W. somnifera and T. cordifolia, well known for their
psychotropic effects, were found to:

* Significantly improve memory impairment.

 Significantly reduce anxiety-like behavior.

e Reduce the expression of inflammatory markers such as TNFa, IL-1p, IL-6,
GFAP, Ibal, OX-42, AP-1, and NF-xB.

* Reduce the stress-induced expression of PSA-NCAM and NCAM markers in the
hippocampus and piriform cortex regions of the brain.

1.5 Remarks

The vulnerable cognitive impairments across many psychiatric disorders necessitate
consideration since they affect not only the quality of life but also the treatment and
recovery of patients. However, the underlying mechanisms for these deficits are not
fully understood. These must be elucidated for better management of these disorders.
The cognitive impairments across psychiatric conditions suggest shared
mechanisms, potentially leading to their development. Neuroinflammation can be
a shared underlying mechanism for the development of cognitive impairments in
major depressive disorder, schizophrenia, and bipolar disorder. In fact, elevation in
inflammatory processes, marked by the activation of microglia and increased levels
of pro-inflammatory cytokines, can disrupt neurobiological mechanisms regulating
cognitive processes. Though many studies have reported associations between
inflammatory biomarkers, cognition-related biological mechanisms, and cognitive
performance, causal evidence is still lacking.

2 Glia and Microglia in Brain Injury

Brain injury, defined as any insult to the CNS, has a multifactorial pathology. The
initial injury triggered by mechanical disruption often leads to development of a
secondary cascade of cellular/molecular responses. The glial cells of the CNS,
astrocytes and microglia, are the key players involved in initiating the inflammatory
cascade following injury. By their ability to secrete cytokines, chemokines, and
growth factors and their ability to acquire new morphology, the astrocytes and
microglia influence the local microenvironment of the injured tissue. Thus, they
determine the extent of damage and repair following injury.

The role of glial cells in terms of damage versus repair has been considered
ambiguous in the past (Pekny et al. 2014; Rust and Kaiser 2017). On one hand,
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several authors have reported the pro-inflammatory and the detrimental aspects of
the astrocytes and microglia toward axonal growth (Kitayama et al. 2011; Qian et al.
2019) following injury; on the other hand, studies have also shown the astrocytic and
microglial response to injury to be beneficial for restricting damage and improving
functional outcome (White et al. 2008; Mukaino et al. 2010). Over the years with the
development in cellular and molecular techniques, it has become evident that the
astrocytes and microglia are highly heterogeneous and their distinct subtypes are
implicated in distinct cellular/molecular processes following injury (Anderson et al.
2014; Karve et al. 2016). However, very little is known about how and which
subtypes are involved in the different functions. It is not established whether they
are present in a continuum at the injury site or they have distinct topographical
locations, which subtypes are involved in a particular type of injury such as spinal
cord injury (SCI) or traumatic brain injury (TBI), or whether they get activated at
different time points following injury. At this time, there are more questions than
answers regarding the precise role of astrocytic and microglial subtypes following
CNS injury. The following section has been designed to develop a comprehensive
understanding of the astrocytic and microglial subtypes instrumental in the course of
brain injury and the existing gaps in knowledge.

2.1 Astrocytes Following CNS Injury

Following trauma to the CNS, astrocytes undergo a series of structural, functional,
cellular, molecular, as well as genetic changes collectively known as astrogliosis or
reactive astrocytosis (Sofroniew and Vinters 2010). Astrogliosis occurs in all types
of CNS injuries and involves complex interactions between astrocytes, neurons,
other glial cells such as microglia, and the peripheral cells that enter the CNS through
the bloodstream. This response is dependent on the severity of injury and is regulated
specifically in different contexts via inter- and intracellular signaling molecules.
Astrogliosis significantly alters astrocytic activities and plays an important role in
determining the functional outcome in the long term following the insult. Three
categories of astrogliosis have been reported in literature (Sofroniew and Vinters
2010) based on the severity of injury as well as the structural and molecular changes
in the astrocytes: (a) mild/moderate, (b) severe diffuse, and (c) severe astrogliosis
with glial scar formation (summarized in Table 22.1).

2.2 Astrocytic Subtypes in the Injury Response

Reactive astrocytosis was originally characterized by morphological changes in
astrocytes such as hypertrophy and process remodeling as well as pronounced
change in the expression of the intermediate filament, glial fibrillary acidic protein
(GFAP) (Eng and Ghirnikar 1994). However, accumulating evidence from genetic
studies over the course of years revealed that astrocytes have an ability to acquire
several different types of morphologies and express several activation markers
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Table 22.1 Categories of astrogliosis (adapted from Sofroniew and Vinters 2010)

Mild/moderate

Severe diffuse

Severe astrogliosis with

astrogliosis astrogliosis glial scar formation
Insult type Mild injury, Chronic Inflammation following
contusive injury, neurodegeneration, injury, stroke, infection,
innate immune diffuse injury and autoimmune diseases,
activation (diffuse) ischemia, infection neurodegenerative diseases
Astrocyte No proliferation Dispersed Pronounced proliferation
proliferation proliferation
Astrocyte Distant to the injury | Occur diffusely over | Astrocytic processes form
topography site substantial area compact scar borders that
surround the injury site
Change in the Pronounced change Pronounced change Pronounced change in gene
gene in gene expression in gene expression expression
expression of
astrocytes
Morphological | Hypertrophy of cell Pronounced Elongated cell bodies and
changes in body as well as the hypertrophy of cell processes
astrocytes processes body as well as the
processes
Change in No change Some loss of the Astrocytic processes
individual individual astrocytic | intertwine extensively
astrocytic domains
domain

following the insult (Sofroniew 2014). Reactive astrocytes can upregulate GFAP to a
similar extent following different stimuli and still can show different cell functions.
Thus, a simple measure such as GFAP upregulation is not a good marker for
astrocyte reactivity (Sofroniew 2014).

Reactive astrocytes depict heterogeneity at multiple levels (Sofroniew and
Vinters 2010), and the astrocytic response to injury depends on their location with
respect to the injury site, the activation state of astrocytes, and the signals they
receive from their immediate environment as well as the maturation state of
astrocytes (Sofroniew 2014). Several classifications of astrocytes following injury
have recently been established. The following are the different types of astrocytes
described in the literature that are implicated in the CNS injury response:

e Al versus A2 astrocytes: Microarray profiling studies have classified reactive
astrocytes into two types, namely, Al and A2 astrocytes, depending on their
mode of activation (Lin et al. 2004; Liddelow et al. 2017). According to this
classification, Al astrocytes are generated following inflammation or through the
induction of inflammatory mediators such as TNFa, Clq, IL1, etc. Al astrocytes
have been demonstrated to be of pro-inflammatory nature and have been
characterized to be neurotoxic to the growth of axons following injury (Liddelow
et al. 2017). On the other hand, activation of astrocytes by ischemia results in A2
astrocytes (Lin et al. 2004). A2 astrocytes have been demonstrated to upregulate
neurotrophic factors and thrombospondins which likely promote the survival and
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growth of neurons and synapse repair, respectively. Hence, these astrocytes are
considered as beneficial for axonal growth following injury (Liddelow and Barres
2017).

¢ Scar forming versus hypertrophic stellate reactive astrocytes: In another
classification, reactive astrocytes are classified as scar forming and hypertrophic
stellate astrocytes (Wanner et al. 2013). These astrocytes differ in their proximity
to the injury site, morphology, and proliferative ability and are demonstrated to
have a different source of origin. Scar forming astrocytes are proliferative
astrocytes that are present in close proximity to the injury site. They mostly
arise from the proliferation of the local astrocytes. These have an elongated
morphology and have overlapping cell processes. These astrocytes have been
demonstrated to have high expression of STAT3 (Wanner et al. 2013). Preventing
astrocyte proliferation or STAT3 activation has been shown to promote tissue
damage indicating that scar forming astrocytes are necessary for repair following
CNS injury. Hypertrophic reactive astrocytes are stellate and non-proliferative.
They are present distal to the injury site and derive directly from mature local
astroglia whose processes overlap far less extensively or remain within the
original territories (Wanner et al. 2013).

¢ Spatial heterogeneity according to the embryonic sites or origin: Cell-lincage
fate mapping studies have shown that astrocytes are present in the mouse spinal
cord in specific spatial domains or locations (Tsai et al. 2012). These localizations
are in accordance with the embryonic sites of origin of the astrocytes.

23 Gaps in the Knowledge

In the literature, astrogliosis has been depicted to have a dual role (Sofroniew and
Vinters 2010; Pekny et al. 2014; Sofroniew 2014). Reactive astrocytes have been
shown to interact with both immune and inflammatory cells (Liddelow et al. 2017).
Common changes that occur in astrocytes following injury include remodeling of
molecular/cellular networks associated with cell morphology, growth, proliferation,
and regulation of the cytokine production (Liddelow et al. 2017). Such changes are
likely to derive astrocyte functions toward detrimental pro-inflammatory and bene-
ficial trophic interactions with other cells. Whether there is a distinct spatial as well
as temporal specialization among reactive astrocytes in this context is still unknown.
Which astrocyte subtypes are expressed following specific CNS injuries such as SCI
or TBI and where remain to be examined. It is unclear how the A1, A2, scar forming,
or hypertrophic astrocytes interact with growing axons and impact their growth. This
information is needed to appropriately target the astrocytic response following CNS
injuries.

Further, it is still unclear if these astrocytic subtypes have clear distinctions or
whether they share overlapping characteristics. Are the hypertrophic reactive
astrocytes the same as A1 astrocytes, different astrocytic states, or different gradients
of astrocytic activation is not known. Very little is known about the characteristics of
astrocytes having different sources of origin. Not much is known about whether
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reactive astrocytes derived from different precursor lineages might exhibit different
characteristics or not. Such observations raise important questions about
characterizing the signaling mechanisms or the gradients of cellular changes that
create such heterogeneity.

24 Microglia Following CNS Injury

Microglia are dynamic cells that constantly survey the CNS environment for poten-
tial injury or insult (Kraft and Harry 2011). They are implicated in mounting an
immune response after CNS injury. Similar to astrocytes, microglia also undergo
several morphological and gene expression changes following injury which influ-
ence the damage versus repair effect (Loane and Byrnes 2010). The acute function of
microglia following CNS injury is the removal of cellular/molecular debris
(Kawabori and Yenari 2015). Generally, in the uninjured tissue, the resting or
quiescent microglia have a ramified morphology (Glenn et al. 1992). Microglia at
this stage have been shown to express receptors that recognize factors associated
with tissue damage such as ATP, glutamate, growth factors, and cytokines (Jin and
Yamashita 2016). Following CNS injury, the microglia acquire a hypertrophic or
bushy morphology and upregulate the expression of the ionized calcium binding
adaptor molecule 1 (Iba-1) and cluster of differentiation 68 (CD68) which promote
active phagocytosis of the cellular debris (Jin and Yamashita 2016). This removal of
damaged cells by microglia is very important for the restoration of the normal CNS
functions as the factors released from the injured cells such as the Danger-associated
molecular patterns (DAMPs) can promote considerable inflammation in the tissue
(Roh and Sohn 2018). However, activated microglia, especially after chronic activa-
tion, have been shown to express noxious substances such as reactive oxygen
species, reactive nitrogen species, excitatory neurotransmitters such as glutamate,
as well as the pro-inflammatory cytokines which can lead to direct neurotoxic effects
on growing axons (Kreutzberg 1996). The pro-inflammatory cytokines as well as the
glutamate released by microglia also interfere with the normal functioning of the
astrocytes (Takaki et al. 2012). Further, the microglial response following CNS
injury has been shown to be context specific, i.e., dependent upon both the timing
and the nature of the injury (Davalos et al. 2005).

25 Microglial Subtypes in the Injury Response

Similar to the astrocytes, microglial activation following CNS injury results in
different phenotypes (Jin and Yamashita 2016). These phenotypes have been
shown to correspond to both neurotoxic and neuroprotective priming states
depending on the stage of the disease and the chronicity (Loane and Byrnes 2010;
Kawabori and Yenari 2015; Jin and Yamashita 2016; Rust and Kaiser 2017). The
following are the two types of microglia that have been shown to be implicated in the
CNS injury response:
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1. Classically activated, M1 microglia: M1 microglia are activated in situ by the
pro-inflammatory cytokines such as IFN-y, IL-1a, IL-6, and TNF-a. The M1
phenotype is implicated in secondary damage and scar formation following CNS
injury (Hu et al. 2015). These microglia produce pro-inflammatory cytokines that
are destructive to the growth of axons following injury. M1 microglia have been
shown to be attracted more by the astrocyte enriched medium suggesting them to
be more involved with the astrocytic interactions (Kirkley et al. 2017).

2. Alternatively activated, M2 microglia: The M2 phenotype of microglia is
shown to be produced by activation with IL-4 and IL-13 (Jin and Yamashita
2016). M2 microglia are implicated in the phagocytosis after CNS injury. M2
microglia have been shown to produce scavenger receptors, growth factors such
as TGF-f, and the anti-inflammatory cytokine IL-10 that are beneficial for axonal
growth and repair following injury (Michelucci et al. 2009). M2 microglia are less
inflammatory and more mobile than M1 microglia. These microglia have been
shown to be attracted more by the neuron enriched medium (Matsui and Mori
2018).

2.6 Gaps in the Knowledge

The polarization of microglia following CNS injury is a highly dynamic process.
Transcriptomic studies have revealed that microglia display a much broader tran-
scriptional repertoire than M1 and M2 (Hickman et al. 2013; Xue et al. 2014). The
polarization state can be dynamically altered depending on the severity of the insult,
time following the injury, as well as the microenvironment. Many animal studies
following TBI have shown a mixed expression of different markers associated with
both M1 and M2 phenotypes (Kumar et al. 2016). Furthermore, several reports have
suggested the microglial polarization to be a spectrum (Butovsky et al. 2005;
Schwartz et al. 2006) rather than into two distinct groups (M1 or M2). Collectively,
this suggests the need to further characterize the polarization properties of
microglia specifically.

2.7 Remarks

The microenvironment following CNS injury implicates astrocytes and microglia in
states that cannot be understood in the terms of typical immunological reactions.
Whether astrocytes and microglia adopt a neurotoxic or neuroprotective role follow-
ing injury depends on a number of factors such as the injury cause, severity and time
course of injury, and the chemical signals present in the environment. The response
depends on the heterogeneous subtypes involved as well as the bidirectional conver-
sation between these subtypes. The languages of microglia and astrocytic subtypes
will be the key to understand this complex system composed of cells of prodigious
diversity as well as plasticity.
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