Review

Pro- and anti-epileptic roles of microglia

https://doi.org/10.4103/1673-5374.300976

Date of submission: June 30, 2020

Abstract
Date of decision: September 24, 2020

Date of acceptance: November 3, 2020

Date of web publication: December 12, 2020

Shinichi Kinoshita, Ryuta Koyama’

Microglia are brain-resident immune cells that contribute to the maintenance of brain
homeostasis. In the epileptic brain, microglia show various activation phenotypes
depending on the stage of epileptogenesis. Therefore, it remains unclear whether
microglial activation acts in a pro-epileptic or anti-epileptic manner. In mesial temporal

lobe epilepsy, one of the most common form of epilepsies, microglia exhibit at least two
distinct morphologies, amoeboid shape and ramified shape. Amoeboid microglia are often
found in sclerotic area, whereas ramified microglia are mainly found in non-sclerotic area;
however, it remains unclear whether these structurally distinct microglia share separate
roles in the epileptic brain. Here, we review the roles of the two distinct microglial
phenotypes, focusing on their pro- and anti-epileptic roles in terms of inflammatory
response, regulation of neurogenesis and microglia-neuron interaction.
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Introduction

Microglia are brain-resident immune cells with highly motile
processes that persistently survey surrounding environment.
Microglial roles as immune cells such as the removal of cell
debris as well as cytokine release are crucial to maintain
brain homeostasis (Sierra et al., 2010). However, released
proinflammatory cytokines from chronically activated microglia
(Qin et al., 2007) as well as acutely activated microglia (Vezzani
et al., 1999; Morin-Brureau et al. 2018) could also induce
brain diseases. In the epileptic brain, microglia are often
activated in the sclerotic areas. However, the role of ramified
microglia, i.e., morphologically non-activated microglia, in the
non-sclerotic or non-epileptic-focus regions in the epileptic
brain remains largely unclear. Here we will briefly review the
roles of two distinct microglial phenotypes, i.e., activated
and non-activated microglia, focusing on their pro- and anti-
epileptic roles (Figure 1).

Microglial Activation in the Hippocampal

Sclerotic Area

Epilepsy is a chronic neurological disorder with approximately
50 million patients in the world (WHO, 2019). Epilepsy is
characterized by epileptic seizures including involuntary
movement and loss of consciousness which result from
synchronized hyperactivity of neurons. Among temporal lobe
epilepsy, mesial temporal lobe epilepsy (MTLE), a syndrome
in which clinical seizures originate in the medial limbic
system of the hippocampus and amygdala and commonly
accompanied with cases of hippocampal sclerosis, have
been well-studied. The hippocampal sclerosis is primarily
characterized by neuronal cell loss and chronic gliosis in
hippocampal CA1 and CA3 areas. Morin-Brureau et al. (2018)
investigated the difference of microglial properties between
sclerotic and non-sclerotic areas in MTLE patients in terms of
morphology, molecular marker, function and transcriptomic

profiles, reporting that microglia were more activated with
amoeboid morphology with a few processes in the sclerotic
CA1 and CA3 areas than in non-sclerotic areas. The authors
further examined microglial morphology and transcriptomic
profile comparing between each brain region, but the relation
between morphological differences and transcriptomic
profile was not analyzed. Transcriptomic profile analysis
also suggested that the expression level of proinflammatory
cytokines were increased in microglia in the sclerotic areas,
suggesting that activated microglia in sclerotic areas produce
proinflammatory cytokines.

Properties of microglia in the epileptic brain have been
extensively studied using well-established rodent models of
MTLE which are developed by inducing status epilepticus (SE)
with administration of convulsive drugs such as the kainite-
class ionotropic glutamate receptor agonist kainic acid (KA).
In KA models, the production and secretion of inflammatory
cytokines and molecules including interleukin (IL)-1f3, CXCLS,
and TNF-a were elevated in microglia after seizures (Morin-
Brureau et al., 2018). Further, it is possible that IL-1B released
from microglia increased the excitability of neurons and
prolonged KA-induced seizures, because the pre-treatment of
IL-1B prolonged KA-induced seizures, a phenomenon blocked
by co-treatment of N-methyl-D-aspartate antagonists (Vezzani
et al., 1999).

Microglial Role in Epileptogenesis without

Inflammatory Activation

Above studies have suggested that microglia are activated and
play pro-epileptic roles in the brain of rodent MTLE models.
Thus, neuronal hyperactivation and neuronal loss result in
the activation of microglia in the epileptic brain, and then,
the secretion of proinflammatory cytokines from activated
microglia in turn induces neuronal hyperactivation and
neuronal loss. Whether neurons or microglia are activated
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Figure1 | A dual role of microglia in the epileptic brain.

Microglia could play both anti-epileptic and pro-epileptic roles in mesial
temporal lobe epilepsy. Microglia engulf excessively increased newborn cells
and modulate neural activity and maintain brain homeostasis, which could act
as antiepileptic. On the other hand, proinflammatory cytokines from activated
microglia induce neuronal hyperactivation and death, which in turn activates
microglia. Activated microglia also cause astrocytic activation through
inflammatory and non-inflammatory mechanisms, and then, activated
astrocyte in turn could induce microglial activation.

first in the epileptic brain is an open question. The question of
what causes the first seizure is one of the remaining questions
in epilepsy research. For example, traumatic brain injury (TBI),
which is thought to be one of the causes of epilepsy, could
cause glial activation first, triggering neuronal excitation.
In contrast, in case of epilepsy with a genetic cause that is
related to neuronal hyperexcitation, neuronal hyperactivation
may precede glial activation.

Zhao et al. (2018) showed that microglia could contribute
to eE)iIeptogenesis without inflammatory activation, using
Tsc1™°“" conditional knock out (CKO) mice, in which mTOR,
serine/threonine kinase, signaling was selectively elevated
in microglia. In Tsc19%“" CKO mice, microglia exhibited
reactive-like morphologies and increased proliferation.
While proinflammatory cytokines were highly expressed
in the hippocampus of Tsc1“°“* CKO mice, the expression
of proinflammatory cytokines in purified microglia was
decreased. This suggests that in Tsc1“*“" CKO mice,
microglia did not contribute to inflammatory response and
other cell types, such as neurons and astrocytes, produced
proinflammatory cytokines. Moreover, noninflammatory
changes in microglia induced the increase of reactive-like
(GFAP and complement 3-positive) astrocytes. Although the
detailed mechanisms remain unknown, Tsc1<°“" CKO mice
developed spontaneous recurrent seizures by 5 weeks of age.
These results suggest that the activation of microglial mTOR
signaling may contribute to the induction of spontaneous
seizures independent of microglia-derived proinflammatory
cytokines.

Anti-Epileptic Role of Microglia

Although most studies have focused on pro-epileptic roles of
microglia, microglia may play anti-epileptic roles in MTLE. In
rodent models of MTLE, SE acutely and transiently enhances
neurogenesis in the subgranular zone of the dentate gyrus.
Increased newborn granule cells after SE display abnormal
outgrowth of dendrites and axons as well as ectopic
positioning of soma, leading to formation of hyperexcitable
aberrant neural circuits (Zhou et al., 2019). Luo et al. (2016)
reported that microglia increased the expression of lysosomal
marker CD68 after SE induction by intraperitoneal KA-
injection. The CD68-positive activated microglia engulfed
excess newborn cells in the dentate gyrus shortly after
SE. Pharmacological inhibition of microglial activation by
minocycline reduced microglial engulfment of newborn cells
and survived newborn cells frequently located in the ectopic
position. Furthermore, Matsuda et al. (2015) reported that
activation of microglial Toll-like receptor 9 (TLR9) after KA-

induced seizures attenuated aberrant neurogenesis. They
reported that self-DNA from degenerated neurons stimulates
microglial TLR9, inducing microglial activation and TNF-a
release, which alleviate aberrant neurogenesis. In addition to
TLR9, microglia express various types of TLRs and downstream
signaling of TLRs, such as IL-1B and IL-6, could affect
neurogenesis. Thus, further studies on the roles of microglial
TLRs in the neurogenesis after epileptic seizures should be
conducted. These results suggest that microglia maintain
dentate circuitry homeostasis in the epileptic brain. Because
one of the most important functions of microglia is synaptic
maintenance in the non-epileptic brain (Schafer et al., 2012),
it is possible that microglia maintain circuitry homeostasis
in the epileptic brain via regulation of synaptic pruning and
formation.

Araki et al. (2019) also showed that KA application to mouse
hippocampal slice cultures reproduced neuronal cell loss and
microglial activation in CA3 areas, similar to the situation
in in vivo KA-injected mice. Pharmacological depletion of
microglia with either clodronate or CSF1 receptor inhibitor
PLX3397 significantly promoted neuronal cell loss in KA-
treated hippocampal slice cultures. These results suggest
that microglia play a neuroprotective role against KA-induced
neuronal death, and supports microglial antiepileptic role.

Microglia-Neuron Interaction in the Epileptic

Brain

It is now well-confirmed that microglia continuously interact
with neurons and monitor neural activity (Pdsfai et al., 2019).
However, it remains unknown whether and how microglia
respond to neuronal hyperactivity in the epileptic brain.
Neuronal activity is altered in the epileptic brain, but the
changes in microglial-neuron interactions induced by the
altered neuronal activity remain largely unclear. The studies
presented below may help us to understand neuronal activity-
induced changes in microglia-neuron interactions in the
epileptic brain. Liu et al. (2012) have been reported that
neural activity attracts microglial processes and induces the
formation of microglial bulbous endings, which are crucial
structures for microglia to interact with neuronal soma
and synapses. Recently, a new form of neuron-microglia
interaction was reported. Cserép et al. (2020) found that
microglial processes directly interacted with neuronal
somatic membrane, and the authors named this specialized
nanoarchitecture as ‘somatic microglial junction’. Although
most studies have focused on the neuronal axons and
dendrites in microglia-neuron interactions, Cserép et al. (2020)
showed that microglial processes contacted with soma more
stably than with dendrites, and that microglia monitored
neuronal activity through somatic microglial junction. Almost
all microglia contacted neuronal somatic membranes at sites
where the clusters of potassium channels Kv2.1 and Kv2.2
existed. Kv2.1 and Kv2.2 are associated with the formation of
endoplasmic reticulum-plasma membrane junctions, therefore
it is possible that microglia scan the neuronal state through
signals released by exocytosis. Moreover, the formation of
somatic microglial junction was dependent on the microglial
purinergic receptors, P2Y12 receptors. Neuronal activity-
dependent release of ATP stimulates P2Y12 receptors in
microglia and promotes the outgrowth of microglial processes.
Somatic coverage by microglial processes were rapidly
increased when neuronal activity was enhanced by using
the chemogenetic technique designer receptors exclusively
activated by designer drugs (DREADD). These results suggest
that microglia survey neuronal activity through somatic
microglial junction. But it is also possible that microglia survey
neuronal activity via other ways such as direct contact wish
synapses.

Eyo et al. (2014) reported that ATP, released from neuron
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after SE, increased interaction between neurons and
microglia through P2Y12 signals and that P2Y12 knock out
mice displayed increase of seizure score and early onset
of seizures after intraperitoneally KA injection. Avignone
et al. (2008) reported that after KA-induced SE, microglial
processes exhibited higher motility and microglial responses
for P2Y12 receptor agonist were increased. Moreover, Li et
al. (2012) reported that microglia more frequently contacted
neuronal soma with higher spontaneous activity and that
microglial contacts inhibited visually-evoked neuronal activity
in zebrafish. It remains unclear whether this observation
is the same somatic junction reported by Cserép et al.
(2020) in which Kv2.1 protein clustering and mitochondrial
accumulation were observed in neurons.

Perspectives on Glial Communication in the
Epileptic Brain

Microglia may play both anti-epileptic and pro-epileptic
roles in the epileptic brain. The role of microglia could
change depending on the steps or stages of pathogenesis.
Temporal activation of microglia after SE may exert anti-
epileptic effects by inhibiting the formation of aberrant neural
circuits, neuronal death and hyperactivation of neurons (Eyo
et al., 2014; Luo et al., 2016). On the other hand, microglial
chronic activation may exert pro-epileptic effects by inducing
neuronal hyperactivity and neuronal cell loss through
inflammatory responses (Vezzani et al., 1999). Most of the
studies highlighted in the current perspective mainly utilized
KA-induced rodent MTLE models and it should be carefully
considered that microglial activation state is very likely
affected by the methods to induce epileptic seizures. Although
the origin of epileptic pathogenesis could be different
between animal models and epilepsy patients, the common
pathologies, such as gliosis and neuronal loss, are found
in animal models. Moreover, changes of gene expression
are partially similar. Common gene expression patterns of
microglia between animal models and human samples have
been reported; for example, the expression levels of IL-1f and
TNF-a are commonly increased (Ravizza et al., 2008; Morin-
Brureru et al., 2018). Investigation of epileptogenesis with
human samples is difficult. Thus, proper combination of the
data from animal models and human samples is important.

In addition to microglia-neuron interactions, it is also
important to study the role of astrocytes and their interactions
with neurons and microglia in epilepsy. Astrocytes are the
major glial cells, and play critical roles in brain homeostasis
through release of neurotrophic and inflammatory factors. For
example, astrocytic thrombospondins mediate synaptogenesis
and ephrin-B mediate neurogenesis. Although microglia
acutely respond to SE, microglial activation is usually transient.
Microglial activation could subsequently trigger astrocytic
activation, and activated astrocytes release proinflammatory
cytokines and increase neuronal excitability. For example, first,
LPS-stimulated microglia activated astrocytes via P2Y1R by
releasing ATP. Then, the release of glutamate from activated
astrocytes enhanced neuronal excitability (Pascual et al.,
2012). In various neuropathological conditions, microglia are
often activated at an earlier stage than astrocytes during the
process of disease development. Proinflammatory cytokines
from activated microglia induce activation of astrocytes, and
activated astrocytes further promote microglial activation
(Alibhai et al., 2018). Therefore, activated astrocytes may
induce chronic microglial activation in MTLE. It is also possible
that glial communication between microglia and astrocytes
is involved in microglial dual functions in epilepsy. We can
only obtain a limited information when observing one brain
cell type alone in the epileptic brain. To better understand
the role of microglia in the epileptic brain, it is important to
take a broader perspective that includes the surrounding
environment of microglia, rather than focusing on microglia

alone. Microglia regulate their own functions in response to
the activation of other brain cells such as neurons, astrocytes,
and oligodendrocytes in the surrounding environment. It
is also possible that microglia form microglial network to
transmit information each other to share the inflammatory
state of remote brain regions. The removal and formation
of synapses by microglia in the epileptic brain is an area of
particular interest because the overexcitement of neuronal
circuits, which is the cause of epilepsy, is caused by a
disruption of the excitatory-inhibitory balance at the synapses.
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