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Abstract

Epilepsy has remained a significant social concern and financial burden globally. Current
therapeutic strategies are based primarily on neurocentric mechanisms that have not proven
successful in at least a third of patients, raising the need for novel alternative and complementary
approaches. Recent evidence implicates glial cells and neuroinflammation in pathogenesis of
epilepsy with the promise of targeting these cells to complement existing strategies. Specifically,
microglial involvement, as a major inflammatory cell in the epileptic brain, has been poorly
studied. In this review, we highlight microglial reaction to experimental seizures, discuss
microglial control of neuronal activities, and propose the functions of microglia during acute
epileptic phenotypes, delayed neurodegeneration and aberrant neurogenesis. Future research that
would help fill in the current gaps in our knowledge including epilepsy-induced alterations in
basic microglial functions, neuro-microglial interactions during chronic epilepsy, and microglial
contributions to developmental seizures. Studying the role of microglia in epilepsy could inform
therapies to better alleviate the disease.
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[1] Epilepsy: A Global Neurological Disorder

Epilepsy is a term used to describe a spectrum of neurological disorders in which there is
abnormal hypersynchrony of neuronal activity (Fisher et al. 2005). The disorder affects
between 50 - 65 million people globally (Thurman et al. 2011), including both children and
the elderly with a myriad of etiologies of known (such as genetic risk factors) and unknown
factors. Indeed epileptic seizures occur in other neurological conditions being comorbid with
stroke and traumatic brain injury (Temkin 2009). Moreover, because of the reorganization of
neural circuits and activities in the brain in response to seizures, patients frequently
experience cognitive, psychiatric and mood disorders (Jensen 2011). Furthermore, epilepsy
has been reported to exhibit increased mortality of 2-10 years earlier than the general
population (Gaitatzis et al. 2004). Thus, epilepsy is a significant health concern for the
human population. There is, therefore, a critical need for the development of appropriate
strategies to ameliorate the progression and / or limit the detrimental consequences of the
disease.

Regarding the mechanisms underlying epilepsy, it is generally assumed that because of the
resulting hyperactivity in neurons during the condition, there is an imbalance wherein
excitatory neurotransmission predominantly through glutamatergic signaling is increased
and inhibitory neurotransmission predominantly through GABA-ergic signaling is decreased
(Dalby and Mody 2001; Sharma et al. 2007). Despite the widespread acknowledgement of
these mechanisms, therapeutic antiepileptic strategies targeting these mechanisms have
proved insufficient in a significant proportion of patients (Kwan and Brodie 2006). In recent
years, however, a role for inflammation and inflammatory mediators has become
increasingly appreciated and is a focus of current research (Choi and Koh 2008; Vezzani et
al. 2013).

Our current understanding of epileptic mechanisms have been especially informed by
studies from human patients with epilepsy (including examinations of excised tissues) and
experimental epilepsy models developed primarily in rodents. Although several such
epilepsy models have been developed, the most ubiquitous models include chemically-
induced models using kainic acid or pilocarpine, which is sometimes coupled with a lithium
chloride pre-treatment (Kandratavicius et al. 2014; Leite et al. 2002). Both
chemoconvulsants induce hippocampal sclerosis, a feature that is prominent in clinical
epilepsy. These models are now recognized to mimic salient histopathological and clinical
features of human mesial temporal lobe epilepsy (MTLE), the most common form of
epilepsy in adults. Kainic acid is a glutamate analog that preferentially activates kainate
glutamate receptor subtypes (Ben-Ari and Cossart 2000) while pilocarpine is a muscarinic
receptor agonist (\ezzani 2009). Various kainic acid model of seizures are employed
including intraperitoneal or intracerebral (such as cerebroventricular, striatal, hippocampal
and amygdala) injections. Kainic acid in these different brain regions leads to
hypersychonized excitatory neuronal activity which may persist, if prolonged, to neuronal
death. Although a complex interplay of kainate and non-kainate glutamate receptors have
been implicated in the mechanism of kainic acid induced seizures, the CA3 region of the
hippocampus is recognized to be extremely susceptible due to a high density of specific
kainate receptors in this region (Levesque and Avoli 2013). The pilocarpine model is usually
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induced by intraperitoneal delivery though it is sometimes coupled with a lithium pre-
treatment so lower the threshold for seizure-induction. Because muscarinic acetylcholine
receptor receptor 1 (M4) knockout mice are deficient in pilocarpine-induced seizures, this
model of seizures must be triggered by the activation of this muscarinic receptor subtype
(Hamilton et al. 1997). Downstream of My receptor activation, the homeostatic balance of
neuronal excitation-inhibition is tipped towards increased excitability presumably at least in
part by an increase in glutamate release and sustained NMDA receptor activation (Priel and
Albuquerque 2002; Smolders et al. 1997). Although beyond the scope of this review, further
details of the mechanics and precise pathological features of these models can be found in
several excellent reviews of the kainic acid and pilocarpine models of experimental

seizures / epilepsy (Curia et al. 2008; Levesque and Avoli 2013; Levesque et al. 2016; Turski
et al. 1989).

In the following pages, we discuss the literatures highlighting (i) microglial response to
epilepsy at both morphological and molecular levels, (ii) microglial regulation of neuronal
activities during epilepsy, (iii) microglial contributions to acute seizure phenotypes and
seizure-induced neurodegeneration, and (iv) conclude with suggesting areas for future
research to understand the role of microglia in epilepsy.

[2] Microglial Morphological and Molecular Activation in Response to

Seizures

Microglia are highly adaptable glial cells of the central nervous stem (CNS) that are now
recognized to play important roles in the healthy CNS as well as during various CNS
pathologies (Morris et al. 2013; Nayak et al. 2014; Ransohoff and Perry 2009; Tremblay et
al. 2011; Zhuo et al. 2011). Microglia constitutively scan the brain and spinal cord (Davalos
et al. 2005; Dibaj et al. 2010; Nimmerjahn et al. 2005) where they interact physically with
neurons (Baalman et al. 2015; Li et al. 2012; Tremblay et al. 2010; Wake et al. 2009) and
modulate neurotransmission (Hoshiko et al. 2012; Ji et al. 2013; Li et al. 2012; Paolicelli et
al. 2011; Pascual et al. 2012; Zhang et al. 2014a). During development, microglia prune
synapses (Paolicelli et al. 2011; Schafer et al. 2012), participate in the clearance of apoptotic
neurons (Ahlers et al. 2015; Marin-Teva et al. 2004; Sierra et al. 2010), regulate
neurogenesis as well as oligodendrogenesis (Shigemoto-Mogami et al. 2014), promote
neural precursor cell development (Arno et al. 2014; Cunningham et al. 2013), and enhance
neuronal survival (Ueno et al. 2013). They are thus critical in the early wiring of the central
nervous system (Squarzoni et al. 2014; Zhan et al. 2014). In the mature brain, although
microglia do not acutely respond to neuronal stimulations (Wu and Zhuo 2008), microglia
are important in the processes required for learning and memory (Parkhurst et al. 2013),
synaptic plasticity and general cognitive function (Rogers et al. 2011; Sipe et al. 2016).
During disease, they undergo activation where their functions are hotly debated as
neurotoxic or neuroprotective agents depending on the precise timing and disease context
(Block et al. 2007; Hanisch and Kettenmann 2007; Morris et al. 2013; Wu 2014; Wu et al.
2012). Thus, microglia are very relevant to both nervous system physiological function and
pathophysiological processes. However, microglial roles in epilepsy have been less studied.
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Therefore, in this section, we consider some of the evidence for microglial activation in
response to seizures or epilepsy at both morphological and molecular levels (Figure 1).

[2.1] Microglial Activation: Morphological Considerations

As with other neurological diseases, there are paramount observations with microglia
morphological activation in epilepsy. Autopsy analysis from control individuals and human
patients with intractable seizures revealed a 3- and 11-fold increase in microglial reactivity
to major histocompatibility antigen in the CA3 and CAL1 regions of the epileptic
hippocampus, respectively (Beach et al. 1995). Similarly, increased microglial
immunoreactivity was observed in patients with focal cortical dysplasia known to trigger
epilepsy. Moreover, a correlation was evident between the duration and frequency of
epilepsy and the degree of microglial activation as shown by the immunohistochemical
expression HLA-DR, an MHC class 11 cell surface receptor often used to identify activated
microglia (Boer et al. 2006). These observations indicate that persistent microglial reactivity
is a clinical feature of epilepsy.

Consistent with human studies, experimentally-induced seizures in rodents has revealed
marked morphological changes of microglia. For example, during kainic acid-induced
seizures elicited by intracerebral drug delivery, there is a delayed (up to 48 hours) increase in
hippocampal microglial numbers following drug delivery which was presumed to result
from ensuing kainic acid-induced neuronal excitotoxic injury in mice (Andersson et al.
1991). A more recent study conducted in transgenic mice that express GFP selectively in
microglia corroborated these findings and microglial morphological activation (including
shortening and thickening of their processes concomitant with an enlargement of their
somata) was confirmed at 24 - 48 hours following intraperitoneal delivery of kainic acid, a
time point when neuronal injury was detectable (Avignone et al. 2008). Together, these
studies indicated that microglial activation is delayed and may result as a secondary reaction
to neuronal injury following the initial seizures.

Despite these observations, there are studies suggested that microglial reactivity following
seizures occurs much earlier than 24-48 hours following kainic acid treatment. By 8 hours
(but not 4 hours), a time point at which overt neuronal injury is absent, microglial activation
as detected by lectin staining was reported and suggested to proceed along propagation
pathways of the hippocampal seizures (Taniwaki et al. 1996). These results indicate that
microglia may be activated, not merely by delayed neuronal degeneration, but by neuronal
hyperactivity that precedes neuronal demise. Another study in rats showed that cortical
microglia exhibited a “bushy” appearance with seemingly increased ramifications within 3
hours of intraperitoneal drug delivery of kainic acid introducing the concept of hyper-
ramified microglia during acute seizures (Rappold et al. 2006). In all these studies,
microglial reactivity was always reported only after the initiating seizures were completed.

In our recent study, we investigated the acute effects of kainic acid-induced seizures on
microglial morphologies in the CA1 region of the hippocampus (Eyo et al. 2014).
Interestingly, unlike the typical sequelae of microglial activation consisting of a reduction in
microglial process ramifications, the acute microglial response to seizures caused an
increase in microglial process numbers within 40 minutes of kainic acid treatment by both
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intraperitoneal and intracerebroventricular delivery at a time when seizure manifestations are
elaborate. Furthermore, we showed that this early microglial response is dependent on
neuronal NMDA receptor activation. In addition, these observations were recapitulated in
real time by bath application of glutamate / NMDA to acute brain slices in our study (Eyo et
al. 2014) and independently reported by MacVicar’s group (Dissing-Olesen et al. 2014).
These results therefore suggest that microglia respond rapidly (within 5-10 minutes) to acute
neuronal hyperactivity triggered by activation of NMDA glutamate receptors during seizures
in vivo. The mechanism involves the coupling of neuronal NMDA receptor activation to
neuronal ATP release via a pannexin 1-independent pathway that remains to be determined.
Released ATP stimulates microglial P2Y 12 receptors leading to process extension /
outgrowth (Dissing-Olesen et al. 2014; Eyo et al. 2014).

Similar to these observations with seizures induced by kainic acid, pilocarpine-induced
seizures have been reported to induce microglial morphological activation within between 3
hours to 3 days in several brain regions following intraperitoneal drug treatment (Borges et
al. 2003; Kang et al. 2006; Rosell et al. 2003). These studies also indicate that microglia are
hyper-ramified (thickened processes but increased branch points) as early as 3 hours after
pilocarpine treatment. At later time points following pilocarpine treatment, microglia
exhibited hypertrophic morphology denoted as typical activation (Jung et al. 2009; Shapiro
et al. 2008). As with the kainic acid model, microglial reactivity increased following
pilocarpine exposure by 24 hours. Taken together, both widely used experimental models of
epilepsy indicate that microglia respond rapidly to experimental seizures in a manner that
does not merely result from neuronal demise or injury since their activation represented by
early morphological hyper-ramification precedes such a demise. In addition, microglial
reaction to seizures persists for days to weeks, but with different morphological
characteristics.

Although microglial surveillance is known to be critical for microglial functions, the effect
of seizures on microglial surveillance have only been addressed by a few studies and both
were performed in excised brain slices. In the first study, microglial chemotactic abilities
were increased following kainic acid seizures presumably as a result of upregulation of
P2Y12 receptor expression (Avignone et al. 2008). A follow up study confirmed this initial
study but also showed that kainic acid-induced seizures did not alter their basal surveillance
ability (Avignone et al. 2015). In a recent study, we described a novel phenomenon by which
microglia and neurons interact during epileptiform activity induced by depletion of
extracellular calcium. We have referred to this phenomenon as “microglial process
convergence” and is characterized by spontaneous focal targeting of microglial processes
towards neuronal dendrites that seem to be independent of metabolic astrocytic activity (Eyo
et al. 2015). Although, we confirmed that the phenomena occurs both in excised and intact
brain tissue, whether the interaction occurs in the epileptic brain, as well as, the functional
consequence of these interactions will need to be determined by future studies.

Resident microglia and peripheral monocytes/macrophages share most common molecular
markers (Hickman et al. 2013). Therefore, the increase in microglial-macrophage numbers
following both kainic acid and pilocarpine treatment may result from one or a combination
of (i) migration / infiltration from other sites such as the blood [a phenomena that does not
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occur in healthy brain (Ajami et al. 2011; Ajami et al. 2007)], (ii) proliferation of the
resident pool, or (iii) de novo generation of microglia from neural progenitor cells. The de
novo generation of microglia from nestin-positive progenitors is a relatively new observation
that has so far only been described following widespread microglia depletion (EImore et al.
2014). Whether such a mechanism is relevant during seizures has yet to be evidenced.

Regarding the possibility of infiltration, most studies have failed to distinguish resident
microglia and infiltrating cells after seizures. Recent studies, however, suggest that
peripheral cells do enter the brain following both pilocarpine and kainic acid-induced
seizures in mice as well as in human epileptic brain tissues without permanently taking up
residence therein (Bellavance et al. 2015; Longo et al. 2010; Ravizza et al. 2008; Zattoni et
al. 2011). These results indicate that monocyte infiltration may at least in part account for
the increased microglia-macrophage numbers following epilepsy. Indeed, seizure studies
using chimeric PU.19™ donor marrow cells transplanted into wildtype mice revealed an
increase in engraftment of donor cells as early as 6 hours after kainic acid-induced seizures
suggesting infiltration of blood-derived monocytes (Bellavance et al. 2015). A similar
chimeric strategy has been employed with bone marrow transplants from generic GFP mice
and peripheral cells were identified as early as 2 hours after pilocarpine-induced seizures
(Longo et al. 2010). However, we have to caution that experimental artifacts of BBB
breakage from irradiation/bone-marrow transplantation may complicate the observation of
monocyte infiltration after epilepsy (Ajami et al. 2007). In addition to monocyte infiltration,
CD45* CD3™* T-cells, but not CD45* B220* B-cells, were detected in both the human and
kainic acid-induced mouse epileptic hippocampus that were not found in control tissues.
These cells were cytotoxic in nature being CD8*. Similarly, Gr-1* neutrophils, absent in the
naive brain, were found in the epileptic brain (Zattoni et al. 2011). Together, these data
suggest that resident microglia undergo robust morphological activation following seizures
as well as proliferation accompanied by infiltration of circulating cells including monocytes,
T cells and neutrophils.

[2.2] Microglial Activation: Molecular Considerations

Although it is widely accepted that microglial activation occurs following seizures, less is
known about the specific molecules of microglial activation other than classical activation
markers like Iba-1, CD68 or CD11b. Currently, data is available regarding the fractalkine
receptor, purinergic receptors, certain proteases and cytokine expression on microglia in this
experimental context. Investigation into the molecular signatures for microglia in epilepsy
will improve our understanding of not only microglial activation but also their potential
effector mechanisms in the pathogenesis of epilepsy.

Fractalkine is a chemotactic cytokine predominantly expressed by neurons, whose receptor
is selectively expressed on microglia in the CNS (Cardona et al. 2006). Fractalkine is
upregulated in the serum and cerebrospinal fluid of epileptic patients as well as in a lithium-
pilocarpine rat model (Ali et al. 2015). Furthermore, a corresponding increase in fractalkine
receptor expression is detected between 1-6 hours and begins to decline by 3 days following
seizures (Ali et al. 2015; Yeo et al. 2011). However, following intrastriatal kainic acid
treatment, fractalkine receptor expression remained unchanged in microglia despite evident
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neuronal loss (Hughes et al. 2002). Thus, the regulation and expression of the microglial
fractalkine receptor needs to be further clarified in these experimental conditions.

In addition to fractalkine signaling, purinergic signaling is now known to be critical in
epileptogenesis. An upregulation of purinergic receptors have been confirmed on microglia
following experimental seizures. Rapold et. al., 2006 first reported an increased
immunohistochemical expression of the P2X7 receptor predominantly in microglia in rats
following kainic acid treatment. Similar results have been confirmed in mice by quantitative
PCR and functional electrophysiology (Avignone et al. 2008). Like the P2X7 receptor,
upregulated microglial P2X4 expression has been confirmed in the mouse hippocampus
following seizures (Avignone et al. 2008; Ulmann et al. 2013). In a similar manner, both
P2Y6 and P2Y 12 mediated responses and mRNA are increased in hippocampal microglia
following kainic-acid induced seizures (Avignone et al. 2008).

In addition to modulation of specific microglial cell surface receptors, seizures also
upregulate microglial cytokine expression including TGFp (Morgan et al. 1993), IL-1p
(Eriksson et al. 2000; Vezzani et al. 1999) and TNF-a (Turrin and Rivest 2004). Finally,
regarding microglial proteases, cathepsin B, D and S are increased following seizures
(Akahoshi et al. 2007; Banerjee et al. 2015). Together, these studies highlight the dramatic
upregulation of microglial receptors, cytokines and proteases following seizures.

Taking a cue from macrophage studies, microglial researchers have identified microglial
polarization during disease: the M1 (classical) and M2 (alternative) activation states (Boche
et al. 2013; Colton 2009; Perry et al. 2010). Although this M1/M2 microglia has been
studied in several brain diseases such as Alzheimer’s Disease (Tang and Le 2016; Varnum
and Ikezu 2012), ischemia (Frieler et al. 2011; Hu et al. 2012), multiple sclerosis (Mikita et
al. 2011; Peferoen et al. 2015; Vogel et al. 2013) and amyotrophic lateral sclerosis (Henkel
et al. 2009; Liao et al. 2012), less has been done to investigate this microglial polarization
during seizures / epilepsy. One recent study reported that M1 markers (IL-18, TNFa, CD16,
CD86,IL-6, IL-12, Fc receptors 16 and CD86) were upregulated in both the pilocarpine and
kainic acid models (Benson et al. 2015). Interestingly, there was a transition from M1 to M2
markers (Argl, Ym1, FI1ZZ-1, CD206, IL-4, and IL-10) after pilocarpine treatment by 3 days
of seizures (Benson et al. 2015). Here, the authors suggested that the underlying
mechanisms for this transition may result from peripheral inflammation since pilocarpine
was administered systemically by the intraperitoneal route while kainic acid was only
administered directly to the hippocampus. This peripheral inflammation in the pilocarpine
model may in turn alter the brain environment and thus microglial cells. Further work is
required to ascertain the precise contributions and roles of the differently polarized microglia
to the progression of epilepsy. However, although this M1/M2 polarization has been
suggested for microglial phenotypes, caution has to be employed with this type of simplistic
nomenclature as the validity characterizing microglia and macrophages in this polarized
manner has recently been questioned (Murray et al. 2014; Prinz et al. 2014).
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[3] Microglial Regulation of Neuronal Activities in Epilepsy

Since seizures and epileptic phenotypes are rooted in aberrations in neuronal function and
microglia are homeostatic regulators of the CNS (Hanisch and Kettenmann 2007; Tremblay
2011), microglial contributions to seizure phenotypes and consequences can be expected.
Indeed, several lines of evidence have shown that microglia might be able to regulate
neuronal activities in healthy and epileptic brain (Figure 2).

[3.1] Evidence for Microglial Regulation of Neuronal Activities

Mounting evidences suggest delicate interactions between microglia and neurons by which
microglia can modulate neuronal activities (Bechade et al. 2013; Eyo and Wu 2013).
Evidence for this comes primarily from two approaches: (i) genetic deletion of microglial-
specific proteins and (ii) mechanistic interrogation of neuronal activity by microglial
manipulations.

Evidence from the genetic approach has mainly been provided for by fractalkine signaling.
The fractalkine receptor is exclusively expressed on microglial cells in the CNS parenchyma
(Cardona et al. 2006). Since neurons express fractalkine, it provides an interesting signaling
axis for communication between microglia and neurons that has been extensively
investigated (Lauro et al. 2015; Limatola and Ransohoff 2014; Paolicelli et al. 2014).
Interestingly, in mice lacking this microglial receptor, there is a delayed functional
maturation of neuronal synapses and consequently synaptic plasticity is perturbed.
Deficiency of fractalkine signaling was mechanistically linked to impairment in microglial
colonization of the CNS, the subsequent lack of developmental pruning, as well as,
perturbation of the developmental switch from GIuN2B to GIuUN2A NMDA subunits at the
synapse (Hoshiko et al. 2012; Paolicelli et al. 2011). Furthermore, fractalkine receptor
deficiency has also been linked to disruptions in neurogenesis, neural connectivity, and long
term potentiation (LTP, the cellular basis for learning and memory), with corresponding
defects in fear and motor learning (Rogers et al. 2011) as well as social behaviors (Zhan et
al. 2014). Similar to the fractalkine receptor, DAP12 is a microglia-specific protein whose
genetic disruption results in enhanced LTP and thus synaptic plasticity. The basis for these
changes were suggested to occur as a result of alterations in glutamate receptor content at
synapses as well as through microglial brain-derived neurotrophic factor (BDNF) (Roumier
et al. 2004). Indeed, microglial BDNF has also been otherwise shown to be relevant for
learning behaviors (Parkhurst et al. 2013) and development of pathological pain (Coull et al.
2005; Trang et al. 2009).

A second more widely used approach to revealing microglial control of neuronal activities
has involved probing neurotransmission with microglial-specific manipulations. This has
especially been shown in both dissociated cultures as well as in in tissue contexts. Microglial
conditioned media enhanced excitatory postsynaptic potentials and currents in cultured
neurons and in acute hippocampal slices through released proteins and / or glycine from
microglia (Hayashi et al. 2006; Moriguchi et al. 2003). In contrast, by combining microglial
depletion strategies in organotypic cultures with exogenous microglial addition to neuronal
cultures, a recent study showed that microglia regulate synaptic transmission by decreasing
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miniature excitatory postsynaptic currents which are due to microglial pruning synapses
containing GIuA1 receptors (Ji et al. 2013).

[3.2] Microglial Regulation of Neuronal Activities in Inflammation and Epilepsy

Further evidence of microglial control of neuronal activities has been obtained from studies
using lipopolysaccharide (LPS), a component of the outer layer of the cell membrane of
gram negative bacteria. Detection of LPS in the brain is predominantly carried out by Toll-
like receptor 4 (TLR4) which are mostly expressed by microglia in the parenchyma of the
healthy brain (Zhang et al. 2014b). This expression pattern suggests that microglia are the
direct target of LPS signaling. Of relevance here, LPS application induced increases in
spontaneous excitatory postsynaptic currents (EPSCs) in hippocampal neurons from brain
slices in a microglial-dependent manner (Pascual et al. 2012). The mechanism required
microglial TLR4 activation inducing ATP release and astrocytes P2Y1 receptor activation,
which in turn regulated neuronal EPSC frequency by glutamate release to activate
presynaptic neuronal mGIuR5. Consistently, /77 vivo application of LPS also increases
neuronal excitability and seizures through TLR4 activation and subsequent IL-1f signaling
primarily through microglia (Rodgers et al. 2009). Interestingly, LPS-induced microglial
activation was recently shown to dampen synaptic transmission in a hypoxic context where
coupling LPS treatment with hypoxic treatment induced long term depression (LTD) (Zhang
et al. 2014a). The mechanism required microglial complement receptor function but [unlike
the previous study (Pascual et al. 2012)] did not involve TLR4 activation. Downstream of
complement activation, superoxide production was induced through activation of NADPH
oxidase that subsequently led to AMPA receptor internalization underlying observed LTD
(Zhang et al. 20143).

In the mammalian brain, neuronal NMDA receptor activation elicited robust microglial
process outgrowth / extension in a microglial P2Y12-dependent manner which increased
microglial contact of neuronal elements (Dissing-Olesen et al. 2014; Eyo et al. 2014).
Although the precise function of this contact was not definitively determined (as discussed
in more detail below), an abrogation of the microglial response by genetic depletion of the
P2Y 12 receptor correlated with a worsened seizure phenotype (Eyo et al. 2014). These
results suggest a neuroprotective action of P2Y12-dependent microglial contact of neurons
that may happen in epilepsy. This neuroprotective hypothesis for microglial contact of
neurons is supported by evidence from the developing zebrafish brain where, during
physiological activity, microglial processes made increasing contact with hyperactive
neurons and such contact served to downregulate neuronal activity (Li et al. 2012). Together,
these studies show that in multiple paradigms and in multiple ways, microglia are capable of
regulating neuronal activities including during epilepsy (Figure 2).

[4] Microglial Function in Acute Seizures, Neurodegeneration, and

Neurogenesis in Epilepsy

Microglia possess both neurotoxic and neuroprotective potential in the context of CNS
diseases (Ransohoff and Perry 2009). As discussed above, microglial reactivity during
seizures occurs prior to overt neurodegeneration raising questions as to the functional
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significance of microglial activation in response to the initial events precipitating the
seizures. Microglial roles in two aspects of epilepsy can be distinguished: the initial intensity
of acute seizures and the subsequent delayed neurodegeneration that occurs. Interestingly,
recent studies have also found that microglia also play an important role in epilepsy-induced
aberrant neurogenesis (Figure 3).

[4.1] Microglial Function in Acute Seizures

One approach recently used to determine general microglial roles in experimental epilepsy
has involved the ablation of resident microglia followed by the subsequent exposure of
animals to a seizure-inducing stimulus. At present, several microglial ablation strategies
have been developed: (1) pharmaco-genetically inducible models using either CD11b-
HSVTK or CD11b-DTR mice (Duffield et al. 2005; Heppner et al. 2005); (2) exclusively
genetic models such as PU.1 and colony stimulating factor 1 receptor (CSF1R) knockout
mice (Erblich et al. 2011; McKercher et al. 1996; Scott et al. 1994); and (3) purely
pharmacological models with the use of drugs like clodronate (Cunningham et al. 2013;
Faustino et al. 2011; Marin-Teva et al. 2004) or PLX3397, a CSFRL1 inhibitor (EImore et al.
2014), to selectively eliminate brain resident microglia. Despite the availability of these
ablation techniques, only one study has attempted to investigate microglial roles in
pilocarpine-induced epilepsy using an ablation strategy (Mirrione et al. 2010). Although
selective microglial ablation in the dorsal hippocampus using CD11b-HSVTK mice tended
towards a slightly worsened acute seizure phenotype, this was not significant and led to the
suggestion that resting microglia may not play significant roles during acute seizures
(Mirrione et al. 2010). However, using this strategy, microglia were found to be
neuroprotective following a 24 hour LPS-preconditioning paradigm in the pilocarpine
seizure model (Mirrione et al. 2010).

In our recent study, we approached the question of acute microglial roles during epilepsy
using a genetic approach wherein a specific microglial receptor, the P2Y 12 receptor, known
to be selectively expressed in the brain by microglia (Gu et al. 2015; Haynes et al. 2006) is
deleted. This receptor is critical for acute microglial chemotactic responses to ATP in the
brain (Haynes et al. 2006; Swiatkowski et al. 2016; Wu et al. 2007). Since ATP is also
released during experimental seizures (Santiago et al. 2011) and the P2Y12 receptor
mediates microglial process extension in epilepsy (Eyo et al. 2014), we investigated whether
microglial chemotactic responses to ATP (released presumably from hyperactive neurons)
are functionally significant during acute seizures. Interestingly, using both intraperitoneal
and intracerebroventricular models of kainic acid-induced seizures, we found a dramatic
exacerbation of seizure behaviors in P2Y12 deficient mice. Consistent with a role for ATP in
seizure-induced changes in microglial morphology, P2Y12 deficient microglia exhibited
reduced primary process numbers in response to kainic acid treatment as compared with
wildtype microglia (Eyo et al. 2014). These results are the first to show (i) such an early
(within an hour) morphological response of microglial changes during seizures and (ii) a
direct involvement of microglia in the progression of the seizure phenotype, presumably at
least in part through their morphological dynamics. This latter point, therefore, suggest
neuroprotective roles for microglia through this receptor in acute seizure phenotypes.
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Increased seizures in P2Y12 knockout mice may be thought to be in conflict with the other
study that failed to observe significant effects of microglial depletion on acute seizure
phenotypes (Mirrione et al. 2010). Although the reasons for the seeming discrepancy
between both studies are not clear, it is possible that (i) the differences might be a result of
the different chemoconvulsants (pilocarpine v. kainic acid) used and can be resolved by
investigating differences between wildtype and P2Y12 knockout seizure behaviors in
response to pilocarpine treatment; (ii) microglia may possess equally detrimental / beneficial
roles during acute seizures that may be masked by whole cell ablation but evident through
selective genetic ablation of a single receptor (in this case P2Y12) whose function when
present, limits the effect of seizures; (iii) the lack of P2Y 12 receptor function in the
knockouts through development may cause a developmental deficiency in which the neural
environment is compromised and thus more susceptible to seizures. This explanation could
be addressed with a temporally controlled depletion or pharmacological inhibition of the
receptor’s function; and (iv) it is possible that there are some limitations to the method of
microglial elimination which could be addressed by employing other methods of microglial
depletion (mentioned above) during epilepsy. Also, local inflammation and astrogliosis are
concerns for microglia ablation approaches. Evidently, these results suggest that further
studies are required to adequately understand microglial roles during acute seizures.

Although we have identified microglial P2Y12 receptors as modulators of epileptic seizure
phenotypes, whether other microglial purinergic receptors are also involved is not known. A
recent study failed to detect a significant difference between wildtype and P2X4 deficient
animals during acute seizures (Ulmann et al. 2013) suggesting that microglial P2X4
receptors do not modulate acute seizure behaviors. Finally, although P2X7 receptor function
is proposed to be neurotoxic during epilepsy (Jimenez-Pacheco et al. 2013), the evidence for
the selective contribution of microglial specific P2X7 receptors is currently debated.

Regarding roles for other microglial proteins in acute seizures, at least one study in rats
suggest that pharmacological manipulation of the CX3CL1-CX3CR1 signaling axis between
neurons and microglia may be neurotoxic in pilocarpine-induced seizures (Yeo et al. 2011),
an idea that is consistent with other evidence that indicates reduced seizures in young
pentylene tetrazole (PTZ)-treated fractalkine receptor knockout mice (Paolicelli et al. 2011).
Nevertheless, future studies would have to appropriately ascertain the role of fractalkine
signaling in kainic acid- and or pilocarpine-induced acute seizures.

[4.2] Microglial Function in Delayed Neurodegeneration

In addition to acute seizure phenotypes, microglia play important roles in seizure-induced
neurodegeneration. Both pilocarpine and kainic acid models of epilepsy result in delayed
neurodegeneration beginning at about 24 hours after drug treatment (Curia et al. 2008;
Levesque and Avoli 2013). So far, microglial function in chronic neurodegeneration in
seizures have largely employed a pharmacological approach. Several studies have indicated
that minocycline, a tetracycline-derivative and microglial inhibitor, is protective in several
models of rodent (Abraham et al. 2012; Heo et al. 2006; Wang et al. 2012; Wang et al. 2015)
and human epilepsy (Nowak et al. 2012). Minocycline’s neuroprotective effects include a
reduction in the degree of neurodegeneration that result from the initial insult, mitigation of
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pro-inflammatory cytokines presumable released from tissue microglia, as well as the
subsequent development of spontaneous recurring seizures (SRS) (Wang et al. 2015). An
alternative pharmacological approach that has been employed involved the use of
macrophage inhibitory factor (MIF) to reduce microglial activation. This approach revealed
that under such conditions, intrahippocampal kainic acid-induced neurodegeneration is
dramatically reduced (Rogove and Tsirka 1998). The emerging data, therefore, suggest that
subsequent to the initial seizures, microglia may play detrimental pro-convulsive roles in
epileptogenesis because minocycline (Yrjanheikki et al. 1999) and MIF (Thanos et al. 1993)
inhibit microglial activation. However, caution needs to be taken in interpreting the
neuroprotective effects of these drugs (especially minocycline) as the precise mechanisms of
their action are not clear and may occur directly on neurons independent of microglial
effects due to its lack of specificity of cellular action (Domercq and Matute 2004; Huang et
al. 2010). Alternative pharmacological and complementary genetic approaches are thus
required to adequately ascertain microglial roles in seizure-induced neurodegeneration.

Microglia have also been implicated in seizure-induced neurodegeneration e.g. through the
microglial-specific fractalkine receptor. Inhibiting fractalkine signaling through fractalkine
receptor antibodies reduced seizure-induced neurodegeneration in the hippocampus (Ali et
al. 2015). Interestingly, a recent report also showed that functional maturity of newborn
neurons following kainic acid induced seizures was delayed in fractalkine receptor
knockouts (Xiao et al. 2015). Although roles for fractalkine signaling have been suggested in
epilepsy, other molecular mechanisms, yet to be identified are sure to be involved and should
be a focus of future studies. Together, these studies suggest that microglial roles in delayed
neurodegeneration following acute seizures may be complex and more stringent approaches
to resolve the current disparities in results.

[4.3] Microglial Function in Aberrant Neurogenesis

Neurogenesis is a phenomenon that occurs throughout life in the adult brain and in most
cases is thought to be helpful. For example, promoting adult neurogenesis reduces anxiety-
and depression-like behaviors in mice (Hill et al. 2015). Moreover expanding the pool of
adult-born neurons has been shown to improve the ability to differentiate between similar
contexts in mice (Sahay et al. 2011). Thus, the importance of lifelong neurogenesis has been
recognized in both regulating mood and cognitive functions (Christian et al. 2014). Recent
studies also highlighted the roles for microglia in adult neurogenesis including providing
trophic support for neuronal survival, proliferation and differentiation as well as phagocytic
clearance of apoptotic neurons as new cells are birthed (Gemma and Bachstetter 2013;
Ribeiro Xavier et al. 2015; Sierra et al. 2014; Sierra et al. 2010).

In addition to this ongoing adult neurogenesis, seizures induce aberrant neurogenesis where
it is thought to be dysfunctional (Cho et al. 2015). Whether microglia are involved in this
seizure-induced aberrant neurogenesis has only begun to be investigated in recent years.
Inhibiting microglial activation with minocycline reduced the pilocarpine-induced aberrant
neurogenesis while activating microglia with LPS further exacerbated this neurogenesis
(YYang et al. 2010). More recently, mechanisms involved in microglial regulation of seizure-
induced aberrant neurogenesis have been determined by microglial TLR9 activation
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following kainic acid seizures (Matsuda et al. 2015). TLR9 senses nucleic acids including
DNA released from damaged cells and was demonstrated to reduce aberrant seizure-induced
neurogenesis (Matsuda et al. 2015). Together, these results indicate that microglia are
critically involved in the modulation of acute seizure phenotypes as well as the delayed
consequences of such seizures on neuronal survival and subsequent proliferation (Figure 3).

[5] Future Direction and Conclusions

Current results as discussed above show that microglia are both activated during / following
seizures at both morphological and molecular levels and capable of attenuating or
exacerbating seizure intensity during and neuronal dysfunction following seizures. Yet,
research into microglial function during seizures / epilepsy has not been extensive. In this
section, we highlight three poorly studied areas of microglia roles in seizures / epilepsy that
warrant future investigation.

Microglia are widely recognized to be highly morphologically dynamic cells but real time /in
vivo or ex vivo descriptions of microglial dynamics during seizures and subsequent epilepsy
are lacking. More importantly, detailed descriptions and the underlying mechanisms
governing their cellular interactions with neurons under these conditions are not known.
Despite the evidence of increased P2Y 12-dependent chemotactic responses following kainic
acid-induced seizures (Avignone et al. 2008), the consequence of this increased dynamics on
neuronal function remains elusive. Thus, we still do not actually know (i) the real-time
dynamics of microglial activities during acute seizures since no high resolution imaging
studies exist on this and (ii) the dynamics of the physical interaction between microglia and
neuronal elements and (iii) the functional consequence of such cellular interactions of
epileptic phenotypes. Future research should be directed towards understanding these
questions.

A second line of research that deserves further attention is with regards to microglial
function in spontaneous epilepsy. Although chemical convulsants such as kainic acid and
pilocarpine are well known to induce seizures acutely, seizures, in themselves, are
technically not considered epilepsy. Rather, epilepsy disorders subsequently develop some
time following a latent period in these models from days to weeks after the initial insult in
the form of spontaneous recurrent seizures [SRS; (Curia et al. 2008; Dudek et al. 2002)].
Microglial roles in these delayed phenotypes that are more reminiscent of clinical epilepsy
and results from the underlying re-organization of neuronal networks have not been
extensively studied. Following experimental seizures and during SRS, do (and if so how do)
microglia modulate neuronal networks? Could these mechanisms, once understood, be
targeted in the clinic to ameliorate the consequences of seizures and epilepsy in general?
These questions will need to be addressed.

Thirdly, seizures are a relatively common phenomenon in the developing brain and can
occur as typically benign “febrile” seizures or more malignant seizure disorders in which
some of the underlying mechanisms including inflammatory mechanisms are known (Glass
2014; Nardou et al. 2013; Patterson et al. 2013; Patterson et al. 2014). However, specific
microglial involvement has not been determined. For example, the pro-inflammatory
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cytokine IL-1p promotes febrile seizures (Heida et al. 2009; Yu et al. 2012) and humans
with polymorphisms in the IL-1f gene have increased susceptibility to febrile seizures (Kira
et al. 2010; Virta et al. 2002). Although microglia are known to release IL-1p, it is not clear
that its release under these conditions require or stem from microglia. Therefore, the effect
of developmental seizures on microglial functions and the consequence of microglial activity
on seizure behaviors need further investigation. Because emerging data suggest that
microglia as the brain resident immune cells play crucial roles in neural development (Eyo
and Dailey 2013; Hoshiko et al. 2012; Paolicelli et al. 2011; Paolicelli and Gross 2011; Pont-
Lezica et al. 2011; Schafer et al. 2012; Schlegelmilch et al. 2011; Squarzoni et al. 2014),
microglial roles in developmental seizures should hold promise in advancing new
approaches in the treatment of such disorders.

In summary, we have reviewed some of the relevant literature with regards to the role
microglia in human and experimental seizure / epilepsy disorders. Microglia show
morphological/molecular alterations in response to seizures and in turn regulate neuronal
activities under these conditions. This microglia-neuron communications play a critical role
in acute seizures, delayed neurodegeneration, and aberrant neurogenesis in experimental
models. Finally we highlight three areas that demand further research in the context of
microglial roles in epilepsy including: (i) microglial dynamics and physical interactions with
neurons at the cellular level, (ii) microglial roles in the pathogenesis of chronic epilepsy at
the circuit level, and (iii) microglial responses and contributions to the pathogenesis of
developmental epilepsy. In light of the current established experimental epilepsy models and
given the availability of genetic tools (knockout mice), replacement (e.g. cell
transplantation) and pharmaco-genetic abilities to eliminate, inhibit or otherwise manipulate
microglial functions, these questions can now and should begin to be addressed.
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Main points
Microglia undergo morphological and molecular activation in epilepsy.
Microglia regulate neuronal activities in healthy and epileptic brain.

Microglia contribute to seizure-induced neurodegeneration and
neurogenesis.
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}, Increased expression of microglial activation markers
Y Classical microgliamarkers (Iba-1, CD68 or CD11b)
YPurinergic receptors (P2X4, P2X7, P2Y6, P2Y12)
Y Fractalkine receptors (CX3CR1)
Cytokines ( TGFB, IL-1B ,TNF-a.)

Molecular consequences

Morphological consequences

A Increased microglial numbers
Increased cell body size

Lesser processes

LC

. . . Decreased process length
resting microglia

Decreased process branching

Figure 1. Schematic diagram depicting molecular and morphological changes of microglial
activation following seizures

The molecular consequences of seizures on microglial activation (above) include changes in
the expression pattern of an array of microglial molecules such as classical microglial
markers, purinergic receptors, fractalkine receptor and cytokines. The morphological
consequences of seizures on microglial activation (below) include changes in microglial cell
body size, process length, process numbers and complexity of branching. Please refer to “[2]
Microglial Morphological and Molecular Activation in Response to Seizures” for references.
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Mechanistic interrogation of neuronal
activity by microglial manipulations
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Figure 2. Microglial influence on neuronal activity
This schematic summarizes the current literature on the effects of microglia on neuronal

activity. The studies were broadly classified into two categories based on the experimental
approach: (1) genetic deletion of microglial-specific proteins (lower left, pink) and (2)
mechanistic interrogation of neuronal activity by microglial manipulations (upper right,
blue). Arrowheads indicate an enhancing effect, while rounded head indicate an inhibitory
effect. Proven pathways and proposed pathways are represented by solid and dashed lines,
respectively. Please refer to “[3] Microglial Regulation of Neuronal Activities in Epilepsy”
for references.
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Figure 3. Microglia at different stages after seizures

This figure highlights three keynote studies that investigated microglial activation at
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different time points following seizures. In the acute phase (1-3 hours), microglial P2Y12
receptor-mediated process extension attenuated seizure outcome, playing a neuroprotective
role. In the sub-acute phase (48-72 hours), fractalkine signaling is one signaling axis that has

been identified that mediates microglial activation resulting in neuronal degeneration.
Finally, in the chronic phase (several weeks), microglia was shown to be capable of

recognizing DNA from degenerating neurons via TLR9 and TLR9 signaling prevented
aberrant neurogenesis following seizures. Please refer to “[4] Microglial Function in Acute

Seizures, Neurodegeneration, and Neurogenesis in Epilepsy” for references.
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