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ABSTRACT
For decades, research on the mechanisms underlying the development of epilepsy
has focused mainly on neurons, and more recently research activities have addressed the role
of non-neuronal cells, in particular microglia and astrocytes. Microgliosis is a common
phenomenon occurring in brain tissue exposed to epileptogenic insults as well as during
recurrent seizures in animal models. Microgliosis is also described in brain specimens from
human drug-resistant epilepsy foci. This evidence raised the hypothesis that microglia may
contribute to pathologic outcomes in epilepsy, such as seizures, neuronal cell loss and
neurological comorbidities.
We focused our studies on understanding the temporal pattern of microglia reactivity
and proliferation in a murine model of acquired epilepsy, in order to explore whether
microglia play a role in epilepsy outcomes. To this aim, CSF1R inhibitors (CSF1Ri), namely
PLX3397 and GW2580, were administered to mice undergoing epilepsy development to (1)
deplete microglia or (2) to block microglia proliferation, respectively. The results showed
that CSF1Ri did not modify synaptic transmission or neuronal excitability, neither prevented
epilepsy development. However, CSF1Ri prevented salient neuropathological features of
epilepsy, such as structural abnormalities (cortical thinning), neuronal cell loss and cognitive
impairment. Notably, blockade of microglial proliferation in mice with already established
chronic epilepsy reduced seizures frequency.
Our findings highlight that microglia play distinct roles in distinct disease stages and
suggest that timely interference with microglia may attenuate neuronal cell loss and seizures.
Our set of evidence separates cell loss from seizure development in epilepsy and
highlights microglia as a cellular target for early neuroprotective intervention. Moreover,
since microglial proliferation during the chronic disease stage contributes to seizures,
pharmacological interference with this microglia function may offer a potential target for
improving seizures control.
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1.1 Definition of Epilepsy
The International League against Epilepsy (ILAE) has defined epilepsy as “a disorder
of the brain characterized by an enduring predisposition to generate epileptic seizures and
by the neurobiological, cognitive, psychological, and social consequences of this condition”
(Fisher et al., 2014). Epilepsy is defined as a disorder or a family of disorders to emphasize
that it includes different diseases and clinical conditions. Since the term “disorder” is poorly
understood by lay people and may minimize the burden of epilepsy, ILAE recently agreed
that epilepsy should be considered a disease (Fisher et al., 2014).
The primary hallmark of epilepsy is the seizure, defined as “an episode of neurologic
dysfunction during which synchronized neuronal firing leads to clinical changes in motor
control, sensory perception, behaviour or autonomic function” (Stafstrom, 2006). A seizure
is a transient alteration of brain activity that may be an objective sign or a subjective
symptom and can be associated to loss of awareness, stiffening, jerking as well other
emotional and cognitive sequelae. The clinical manifestations of seizures depend on the
involved brain area(s) (Devinsky et al., 2018).
The epileptic seizures are caused by hyperexcitability of clusters of neurons and by
the hypersynchrony of neuronal networks in the brain. Hyperexcitability refers to a reduced
physiological threshold of neuronal excitability, which contributes to the generation of a
seizure event. Hypersynchrony refers to a population of neurons that fire at the same time at
a similar rate (Stafstrom, 2006).
1.1.1 Classification of Epilepsy
The ILAE classification framework, which was revised in 2017, is a guide for the
diagnosis of individuals presenting with seizures. Epilepsy classification begins with the
determination of whether seizure initiation, referred to as onset, is focal or generalized
(Fisher, 2017). Seizures are focal when they arise in one or more localized brain regions or
hemisphere, generalized when they begin with a widespread distribution over both
12

hemispheres. Seizures have unknown onset when the onset is not identified but other
manifestations are known (Fisher et al., 2014; Devinsky et al., 2018). A schematic
classification of seizures is reported in Figure 1.1.1: seizures are determined on clinical
grounds, according to behavioural manifestations, imaging and electroencephalografic
(EEG) findings.

Figure 1.1.1 - Seizures classification by ILAE 2017. a) Basic seizures classification. b) Expanded
seizures classification according to the presence of motor features; taken by Devinsky et al., 2018.

After determining the seizures type, the clinical diagnosis of epilepsy is defined by
any of the following conditions: (i) at least two unprovoked seizures occurring >24 h apart,
(ii) one unprovoked seizure and an increased probability of further seizures like the general
recurrence risk (at least 60%) after two unprovoked seizures occurring over the next 10 years
(Fisher et al., 2014). Evidence for increased probability of having additional seizures

13

includes patterns of epileptiform activity on EEG and abnormalities on brain imaging (FalcoWalter et al., 2018).
Clinically, the epilepsy type is diagnosed and classified as generalized epilepsy (i.e,
absence, myoclonic, atonic, tonic, tonic-clonic seizures) and focal epilepsy (i.e the level of
awareness can be impaired or not, motor or non-motor seizures). A “combined generalized
and focal epilepsy” and an “unknown” category have been included in the classification
since many epilepsies include multiple types of seizures (Scheffer et al., 2017) as depicted
in Figure 1.1.2 (Devinsky et al., 2018). Seizures type, EEG and imaging features that tend
to occur together are incorporated into a cluster of features and diagnosed as an epilepsy
syndrome (Scheffer et al., 2017; Falco-Walter et al., 2018).

Figure 1.1.2 - Framework for the classification of the epilepsies. Classification bases on the
diagnosis of an epileptic seizure type, which is determinant for the diagnosis of an epilepsy type and
potentially an epilepsy syndrome. If possible, aetiology and associated comorbidities should be
identified and considered. * Seizure onset. Taken by Devinsky et al., 2018.

Epilepsies are often classified according to their causes. The ILAE has defined six
etiologic categories: (1) structural, when structural abnormalities visible on neuroimaging
are likely the cause of the patients’ epilepsy. Abnormalities may be acquired after an acute
injury or due to malformations of cortical development; (2) genetic, from a known or
presumed pathogenic variant (mutation) of significant effect in causing the individual’s
epilepsy; (3) infectious, the commonest aetiology worldwide when seizures are a core
symptom of the disorder or epilepsy is developed after the acute infection, (4) metabolic, in
14

case of a well delineated metabolic defect with seizures depending on biochemical changes
throughout the body (such as porphyria, uremia etc); in many cases, metabolic disorders will
have a genetic defect; (5) Immune, when seizures are symptoms of an immune disorder (e.g,
autoimmune-mediated); (6) unknown aetiologic category, when a specific diagnosis is not
possible (Scheffer et al., 2017). During the diagnosis workflow, neurological comorbidities
such as cognitive impairment and psychiatric disorders should be considered (Devinsky et
al., 2018).
1.1.2 Temporal Lobe Epilepsy
Among acquired human epilepsies is temporal lobe epilepsy (TLE), which represents
a common form of epilepsy characterized by drug-resistant focal seizures originating from
temporal lobe structures (Engel et al., 2012). The ILAE does not recognize TLE as unique
syndrome, indeed many forms of TLE exist (Berg and Cross, 2010). Mesial (M) TLE is one
of the most prevalent form of TLE. The common pathological correlate of MTLE is
hippocampal sclerosis, but it remains undetermined whether it is the initial cause of MTLE
or its consequence (Engel et al., 2012). Hippocampal sclerosis is discussed in paragraph 1.6.
Potential causes of MTLE include mesial temporal sclerosis, perinatal injury,
prolonged febrile seizures and glial tumours (Blair, 2012; Engel et al., 2012). One potential
cause of TLE and other acquired epilepsies, most often mimicked in animal models, is status
epilepticus (SE), "a clinical situation in which a seizure is manifested continuously for more
than 5 minutes, or in which multiple seizures are repeated at very short intervals representing
a continuous condition of epileptic activity". It is a condition resulting either from the failure
of the mechanisms responsible for seizure termination or from the initiation of mechanisms
which lead to abnormally prolonged seizures, or both. This clinical condition often results
in long-term neurological consequences, including neuronal death and maladaptive
alterations of neuronal networks, which may contribute to spontaneous seizures and
neurological deficits (Trinka et al., 2015).
15

1.1.3 Unmet clinical needs
Epilepsy currently affects around 65 million people worldwide and is considered the
third leading contributor to the global burden of disease for neurological diseases (Devinsky
et al., 2018; Moshe et al., 2015).
People affected by epilepsy suffer the consequences of living with a chronic
unpredictable disease that implicates the decline of their autonomy in the daily activities
(Moshe et al., 2015). Epileptic seizures reduce the quality of life of patients by determining
strong socioeconomic and educational disadvantages and by increasing the risk of death and
injury (Ventola, 2014). Studies report a higher risk of premature mortality in individuals
with epilepsy (Devinsky et al., 2018). Mortality is due either to direct effects of seizures (for
example, sudden unexpected death) or indirect effects (for example, adverse effects of antiseizure drugs (ASDs) or other drugs, accidents; Devinsky et al., 2018).
The first-line treatments for epilepsy are ASDs that in most cases are successful but
mainly symptomatic treatments. However, despite the availability of various ASDs,
approximately one-third of newly diagnosed patients fails to achieve seizure control. This
condition, defined as drug-resistance, is referred to as the failure of at least two ASDs that
are appropriately chosen, adequately dosed, and used for an appropriate period (Kwan et al.,
2010). Clinically, drug-resistance can occur with distinct patterns: de novo, when patient
never experience a seizure-free time window from the onset of the epilepsy; delayed
resistance, when seizures freedom is initially achieved but then seizures become
uncontrollable; waxing-and-waning pattern, with fluctuations between seizures control and
drug-resistance; or forms of drug resistant epilepsy which becomes drug responsive
(Schmidt and Löscher, 2005). For drug-resistant patients, surgery has the highest probability
of attaining seizure freedom by removing the epileptic focus. However, patients may not be
eligible for surgery. Neuro-stimulation devices, dietary therapies or clinical trials with new
ASDs are the remaining options (Moshe et al 2015; Devinsky et al., 2018).
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Another major issue in epilepsy management is the lack of therapeutic options for
preventing epilepsy in those patients at high-risk of developing epileptic seizures after an
acute brain injury such as neurotrauma, stroke and SE (White and Löscher, 2014). In
addition, current pharmacotherapy does not arrest epileptogenesis or resolve the epilepsyassociated co-morbidities. Thus, the need for more effective therapies remains urgent.
1.2 Neuro-centric pharmacotherapy of epilepsy: towards non-neuronal targets
Historically, search for treatments of seizures in epilepsy has focused on drugs
targeting neuronal mechanisms of hyperexcitability and hypersynchrony, thus providing a
variety of cellular targets for modifying the intrinsic excitability properties of neurons and
modulating classical neurotransmission (Rogawski et al., 2016). As reported in Table 1.2.1,
ASDs can be classified into broader categories (1) the modulators of voltage-gated ion
channels, including sodium, calcium, and potassium channels. (2) The enhancers of GABAmediated inhibition by acting on GABAA receptors, the GABA transporter (GAT1), the
GABA-synthesizing enzyme glutamic acid decarboxylase or the GABA-metabolizing
enzyme GABA transaminase. (3) The direct modulators of synaptic release by targeting the
release machinery, including synaptic vesicle protein 2A (SV2A) and the α2δ subunit of
voltage-gated calcium channels. (4) The inhibitors of synaptic excitation mediated by
ionotropic glutamate receptors, including α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors (Rogawski et al., 2016).
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Table 1.2.1 - Mechanisms of action of ASDs (adapted from Rogawski et al., 2016)
Molecular target

ASDs

Voltage-gated ion channels
Voltage-gated sodium channels

Phenytoin, fosphenytoin, carbamazepine
oxcarbazepine, lamotrigine, lacosamide

Voltage-gated calcium channels
Voltage-gated potassium channels

Ethosuximide
Ezogabine

GABA inhibition
GABAA receptors
GABA transporter
GABA transaminase

Phenobarbital, primidone, benzodiazepines,
including diazepam, lorazepam, and clonazepam;
Tiagabine
Vigabatrin

Synaptic release machinery
SV2A

α2δ subunit Ca2+ channel

Levetiracetam and its analogues
Gabapentin, pregabalin

Ionotropic glutamate receptors
AMPA receptor
Mixed/unknown

Perampanel
Valproate, felbamate, topiramate, zonisamide,
rufinamide, adrenocorticotrophin

In order to overcome the seizure burden in patients with epilepsy, ASDs have been
administered either in monotherapy or in various combinations (Devinsky et al., 2018;
Löscher et al., 2020). However, when epilepsy displays drug-resistance, the chance of
therapeutic success with further drug combinations becomes progressively less likely (Chen
et al., 2018). This also suggested that the development of new ASDs based on the neurocentric principles may not provide substantial improvement in the pharmacotherapy of
epilepsy. Thus, the search for novel therapeutic targets outside classical ion channels and
chemical neurotransmission is currently an area of intensive investigation for developing
novel strategies for medically refractory epilepsy (Boison, 2010; Löscher et al., 2020).
In the last two decades, research has focused on the mechanisms underlying
epileptogenesis (the development of epilepsy), far beyond the mere processes underlying
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ictogenesis (the transition from interictal state to a seizure), thus leading to a new concept
for epilepsy therapy and for biomarkers discovery.
In particular, non-neuronal cells have been studied to address their potential role in
the pathogenesis of seizures and comorbidities, and as putative new targets to counteract the
cascade of events that lead to epileptic seizures generation and recurrence (i.e.,
epileptogenesis).
1.3 Epileptogenesis
Epileptogenesis is a complex and dynamic multifactorial process converting a
healthy brain network into a hyperexcitable one, thus having an enhanced probability to
generate spontaneous recurrent seizures (Pitkanen et al., 2015). It is characterized by the
development and extension of tissue capable of generating spontaneous seizures, thus
resulting in the development of an epilepsy condition and its progression after the condition
is established (Pitkanen and Engel, 2014). Both acquired injuries, such as neurotrauma,
stroke, infections, SE, as well as gene mutations trigger epileptogenesis, as observed in
patients and in animal models (Pitkanen et al., 2015). Epileptogenesis differentiates from the
term ictogenesis that is the propensity to generate epileptic seizures, including initiation and
evolution of the epileptic seizures, otherwise referred to as the transition from an interictal
to a seizure state (Blauwblomme et al., 2014; Pitkanen and Engel, 2014).
The epileptogenic cascade of events is envisaged to occur after an acute event or a
gene mutation, or both, that disturb brain homeostasis, followed by a clinically silent period
and then by the occurrence of spontaneous seizures (Thom, 2014). The term epileptogenesis
was initially referred to the period between the epileptogenic insult and diagnosis of epilepsy
(Figure 1.3.1 A). As revised by ILAE, it is now considered a continuum process (Figure
1.3.1 B) that starts at the time of the brain injury and extends beyond the first spontaneous
seizure (Dudek and Staley, 2012; Pitkanen et al., 2015). This concept is therapeutically
relevant since it suggests that epileptogenesis can be targeted also after the onset of the
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disease. Therefore, the anti-epileptogenic interventions could be designed either for
preventing epilepsy onset or for providing disease modification (i.e. less frequent seizures
or seizures with shorter duration or reduced generalization of seizures, change from drugresistant to drug-responsive seizures) and for improving the related neuropathology and
comorbidities. Indeed, it is well-known that comorbidities such as anxiety, depression and
cognitive decline often accompany epileptogenesis (Kanner et al., 2014). Thus, it is
clinically relevant to study cellular and molecular modifications occurring during
epileptogenesis to find new therapeutic strategies. These mechanistic insights may also help
to find prognostic biomarkers in individuals at high-risk of developing epilepsy after an
initial insult. Indeed, the study of epileptogenesis has important implications for both therapy
and biomarkers discovery (Pitkanen and Engel, 2014; Thom, 2014).

Figure 1.3.1 - Definitions of epileptogenesis. (A) Epileptogenesis was previously considered to
occur during the latent period between the brain insult and the first unprovoked seizure. (B)
Currently, epileptogenesis is considered to extend beyond the latent period and the first clinical
seizure (taken by Pitkanen et al., 2015).

1.3.1 Experimental models of epilepsy and epileptogenesis
The pathogenesis of seizures and the potential targets for therapy as well as
biomarker discovery can be studied in animal models that mimic the clinical condition, and
subsequently targets and biomarkers should be validated in eligible patient populations.
Spontaneous seizures in rodents are induced by different brain injuries (i.e., structural,
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infectious, SE) or by genetic interventions (Devinski et al., 2018). Also, non-rodent species
represent useful model organisms to study seizures and epilepsy, such as cats and dogs, or
non-mammalian species, such as zebrafish (Devinsky et al., 2018). Table 1.3.1 (taken by
(Raol and Brooks-Kayal, 2012) summarizes a few examples of commonly used models of
seizures and epilepsy that mirror the human condition.
Table 1.3.1 - Commonly used models of seizures and epilepsies
Animal model

Human
condition

Common use

Reference

Pilocarpine

Focal (temporal
lobe)

Mechanism of epileptogenesis, cognitive deficits
and epilepsy, therapy development

(Curia et
al., 2008)

Kainic acid

Focal (temporal
lobe)

Mechanism of epileptogenesis, cognitive deficits
and epilepsy, therapy development

(Williams
et al., 2009)

Pentylenetetrazol

Generalized
seizures

Seizure mechanism, drug screening

(Löscher,
2009)

Flurothyl

Multiple acute
seizures,
childhood
epilepsies

Seizure-induced cognitive deficits

(Velísek et
al., 1995)

Focal application of Focal
penicillin, picrotoxin (neocortical)
seizures

Mechanism of seizure generation and spread

(Fisher,
1989)

Tetanus toxin

Focal seizures

Mechanism of seizure generation and spread,
mechanism of epileptogenesis

(Fisher,
1989)

Tetrodotoxin

Infantile spasms

Mechanism of long-term consequences of seizures,
therapy development

(Stafstrom,
2009)

Doxorubicin + lipop
olysaccharides + pchlorophenylamine

Infantile spasms

Mechanism of long-term consequences of seizures,
therapies development

(Chudomel
ova et al.,
2010)

Electrical and
chemical kindling

Focal (temporal
lobe) epilepsy

Mechanism of epileptogenesis, anticonvulsant and
antiepileptogenic drug screening, cognitive deficits

(Morimoto
et al., 2004)

Maximal
electroshock (MES)

Generalized
seizures

Drug screening

(Löscher,
2011)

Trauma

Focal epilepsy

Mechanism of epileptogenesis, cognitive deficits
and cell death, therapy development

(Pitkänen et
al., 2009)

Hypoxia/ischemia

Hypoxic–
ischemic
encephalopathy

Mechanism of epileptogenesis, cognitive deficits
and cell death, therapy development

(Jensen and
Baram,
2000)

Temperature

Febrile seizures

Mechanism of long-term consequences of seizures,
therapy development

(Bender et
al., 2004)

Genetic models

Mutations-linked Mechanism of seizures and epilepsy
epilepsies

(Avanzini
et al., 2007)

In vitro models

Seizures

(Wahab et
al., 2010)

Mechanism of seizures, preliminary drug screening
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The choice of the appropriate rodent model, including the sex, age and strain,
provides an opportunity to investigate epilepsy development, since the epileptogenic process
including the onset time of spontaneous seizures, their frequency and severity and the
associated comorbidities, can be monitored prospectively in individual animals (Devinsky
et al., 2018; Pitkänen et al., 2017).
A wide range of experimental models of seizures and epilepsy are available. Models
of acute seizures are helpful to investigate ictogenesis and can be used to screen anti-seizures
drugs. These models are characterized by self-remitting seizures induced by single or
repetitive injections of chemo-convulsive agents (kainic acid, bicuculline, pentylentetrazol),
by electrical stimulation or short hyperthermia. Acute seizures models are not apt to study
epileptogenesis therefore they provide limited information on the potential therapeutic
effects of antiepileptogenic drugs (Simonato et al., 2014).
To best address epileptogenesis, chronic epilepsy models should be used to monitor
spontaneous seizures onset and recurrence in longitudinal studies. The use of animal models
allow to study the molecular, cellular and structural changes occurring in the brain during
epileptogenesis, and in particular before seizure onset, since human tissue is generally
unavailable to study early stages of disease development (Becker, 2018).
In vivo models of acquired epilepsy are induced by various types of lesions, including
SE, traumatic brain injury, hyperthermia, and viral infection mimicry (Becker, 2018;
Loscher, 2002). SE causes up to 10% of all acquired human epilepsies and can be induced
experimentally by electrical stimulation of specific seizure-prone brain areas or by
chemoconvulsants (e.g., paraoxon, kainic acid and pilocarpine), which administration can
be systemic, intraventricular or intracerebral (e.g., intra-cortical, intra-hippocampus or intraamygdala). Both electrical and chemical SE are followed by a latent period that lasts few
days to weeks depending on the model, then spontaneous seizures occur, and chronic
epilepsy develops. After SE, several hallmarks of epileptogenesis have been described
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including reactive gliosis, neuronal cell loss and synaptic reorganization thus replicating
salient features of the neuropathology described in patients with MTLE (Iori et al., 2013).
1.3.2 Temporal lobe epilepsy: the role of the limbic structures
Seizures in TLE mainly involve the limbic structures of the temporal lobe,
accordingly surgical resection of this region often provides seizures control (Clusmann and
Schramm, 2012). TLE seizures may originate in the hippocampus, in the amygdala or in the
entorhinal cortex as assessed by electroencephalogram recordings and shown by
electrophysiological characterizations (Bartolomei et al., 2005; Levesque et al., 2015; Turski
et al., 1989).
One of the brain areas mainly involved in neuronal hyperexcitability underlying
seizures in acquired epilepsies, as TLE or post-traumatic epilepsy, is the hippocampus. This
brain area is part of the temporal lobe and includes the dentate gyrus (DG), the hippocampal
formation or Cornu Ammonis (CA), subdivided into CA1, CA2, CA3 and CA4 sectors, and
the subiculum (Anand and Dhikav, 2012). Three layers characterize each region: the
molecular (I), the cellular (II) and the polymorphic (III) layers. The pyramidal neurons are
the principal excitatory cells of CA1-CA4 sectors, while granule cells (GC) form the main
cellular layer of the DG. These cells are interconnected forming an axonal circuitry defined
trisynaptic circuitry, as depicted in Figure 1.3.2. The GCs are the principal excitatory cell
type in the DG (granule cell layer) and their axons, named the mossy fibres, project to the
pyramidal cells of the CA3 region. GCs include the hilar region. A number of diverse
interneurons population occupies the hilar region, named the polymorphic layer
(Navidhamidi et al., 2017). Hilar interneurons comprise the glutamatergic mossy cells with
excitatory input to the GCs, (Buckmaster et al., 1996; Jackson and Scharfman, 1996; Wenzel
et al., 2000) and the GABAergic inhibitory interneurons (Acsády et al., 1998; Forti and
Michelson, 1998; Wenzel et al., 1997), such as pyramidal basket cells and diverse neuronal
subtypes, mostly immune-reactive for GABA-ergic and co-localizing with other neuroactive
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compounds such as parvalbumin, calretinin, somatostatin and neuropeptide Y (Ribak, 1992;
Sloviter, 1994).
One of the pathological features of hippocampal sclerosis in TLE, is neuronal cell
loss in the polymorphic layer of the dentate hilus (Jinde et al., 2013). Studies support that
selective loss of hilar interneurons contributes to the development of epileptogenesis in
animal models (Heinemann et al., 1992; Hsu, 2007; Huusko et al., 2015). For example, the
loss of GABA-ergic interneuron subtypes in human epileptic hippocampi, such as
parvalbumin-positive neurons, was proposed as a mechanism that promotes epileptogenesis
by reducing the inhibition on the excitatory GCs in the DG and pyramidal cells in the
hippocampus, thus promoting a hyperexcitable state (Arellano et al., 2004; Drexel et al.,
2017). Similarly, the loss of hilar glutamatergic mossy cells has been proposed as a
mechanisms that promotes hyperexcitability since inhibitory interneurons do not receive
their excitatory input and in turn fail to inhibit GCs (Jinde et al., 2013; Sloviter, 1991).
Moreover, the loss of mossy cells was described to trigger mossy fibres sprouting, which
generates aberrant innervation of post-synaptic targets such as granule cells (Sutula et al.,
1989) thus promoting hyperexcitability (Jiao and Nadler, 2007; Jinde et al., 2013; Nadler,
2003). Therefore, there is selective loss of mossy cells and GABAergic interneurons
subtypes in the DG in TLE, whereas GCs are less affected (Jinde et al., 2013). GCs can
undergo cell dispersion, i.e widening of GC layer (Houser, 1990; Thom et al., 2005).
However, the association between the vulnerability of neurons subclasses and the risk of
spontaneous seizures is not clear (Arellano et al., 2004; Buckmaster and Dudek, 1997), even
though an aetiology-specific link cannot be excluded (Huusko et al., 2015).
Anatomically, the hippocampus receives inputs from other structures of the temporal
lobe, such as perirhinal, parahippocampal and entorhinal cortices. A major input to the DG,
namely the perforant path, originates from the entorhinal cortex (Amaral et al., 2007). The
flux of information between the DG of the hippocampus and the entorhinal cortex (EC) is
coordinated by the trisynaptic circuitry, as depicted by Figure 1.3.2 (Deng et al., 2010). The
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EC represents an example of a cortico-cortical loop that can amplify and propagate seizure
discharges (Vismer et al., 2015). In TLE, the hippocampal-EC communication is critical for
generation and propagation of epileptic activity (Vismer et al., 2015). Moreover, the
hippocampus and the EC are both involved in cognitive functions that are often impaired in
TLE (Acsády and Káli, 2007; Andersen et al., 1971).
The EC afferent fibres project to the dendrites of the GCs in the molecular layer of
the DG (Amaral et al., 2007). The DG is a major route of information to the hippocampal
formation and due to its unique anatomical organization, the DG processes the cortical
sensory information that underlies episodic memories (Amaral et al., 2007) and modulates
the cortical excitation inputs into the hippocampal formation.

Figure 1.3.2 - The hippocampal circuitry. (a) Drawing of the hippocampal trisynaptic circuitry;
(b) the excitatory trisynaptic pathway EC–dentate gyrus–CA3– CA1–EC illustrated by solid arrows.
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Abbreviations: lateral performant pathway LPP, medial perforant pathway MPP, entorhinal cortex
EC, temporoammonic pathway TA (from Deng et al., 2010).

Evidence from animal models and TLE patients indicate that the DG acts as a filter
that limits the excitatory input from the entorhinal cortex into the hippocampus, and
disrupting this function may contribute to the epileptogenic process underlying TLE
(Heinemann et al., 1992; Hsu, 2007; Navidhamidi et al., 2017).
The typical hippocampal sclerosis in TLE is characterized by extensive loss of CA1,
CA3 and CA4 pyramidal neurons (Blümcke et al., 1999), and hilar interneurons, including
inhibitory interneurons and excitatory hilar mossy cells (Sloviter, 1987, 1991), whereas most
GCs and CA2 neurons are preserved (Blümcke et al., 2012).
The neuronal cell loss in the DG and the GCs dispersion (Aronica and Crino, 2011;
Blumcke, 2009) may contribute to the hyperexcitability of granule cells (Sloviter, 1987,
1991; Zappone and Sloviter, 2004), and together with molecular, synaptic and cellular
changes, including glia reactivity, may contribute to epilepsy development in experimental
models (Pitkanen and Lukasiuk, 2011).

1.3.3 Mechanisms underlying epileptogenesis
After an epileptogenic injury, a complex network of changes has been described in
the brain areas of seizure generation, best in the hippocampus although the epileptogenic
process involves also other limbic and extralimbic areas (Jutila et al., 2002).
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Figure 1.3.3 - Structural and functional alterations in epileptogenesis (Pitkanen and Lukasiuk,
2009).

Figure 1.3.3 summarizes the modifications that occur during epileptogenesis,
including neurodegeneration, aberrant neurogenesis, axonal sprouting, blood-brain barrier
(BBB) dysfunction, reactive gliosis with neuroinflammation, recruitment of inflammatory
cells into brain tissue, reorganisation of the extracellular matrix and of the molecular
signature of individual neuronal and non-neuronal cells (Pitkanen and Lukasiuk, 2009,
2011).
Neurodegeneration occurs at a very early stage after SE and it does not appear to be
associated with epilepsy development, although it may play a role in cognitive dysfunctions.
Indeed, even though neuronal cell death has been reported after prolonged seizures, it is not
yet understood whether neuronal cell death is one of the causes or a mere consequence of
epileptic activity (Dingledine et al., 2014). For example, seizure-induced neuronal death is
reported as the results of the excessive excitatory neurotransmission that provokes the entry
of Na+ and Ca2+ into the cell, thus leading to osmolytic stress, swelling and excitotoxicity
(Fujikawa, 2005). However, when a neuroprotective strategy is applied before or shortly
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after SE, it may ameliorate the behavioural deficits and the functional decline, but epilepsy
development is not prevented (Brandt et al., 2006; Pascente et al., 2016).
In addition to neuronal cell death, both axonal injury and axonal sprouting have been
described during epileptogenesis (Pitkänen et al., 2000). In particular, mossy fibres sprouting
has been proposed as one mechanism of increased network excitability, but this is still
controversial if its prevention arrests epilepsy development (Buckmaster, 2012; Pitkänen et
al., 2000). In particular, aberrant mossy fibres establish excitatory feedback circuitries with
both normal and ectopic GCs in the hippocampus, thus potentially increasing excitability,
but they also innervate inhibitory basket cells, thus reducing neuronal excitability
(Buckmaster, 2012; Devinsky et al., 2018; Sloviter et al., 2006).
Neurogenesis is affected by seizures (Gray and Sundstrom, 1998). An epileptogenic
event like SE transiently triggers adult neurogenesis, which then returns to baseline during
epilepsy development, and is reduced in chronic epilepsy (Chen et al., 2020). The aberrant
hippocampal neurogenesis triggered by seizures includes increased neural progenitors’
proliferation, impaired migration of newly born neurons leading to ectopic location of GCs
in the hilus, thus determining aberrant connectivity and enhanced excitability (Jiruska et al.,
2013; Parent et al., 1997; Pun et al., 2012; Scharfman, 2002; Scharfman and Gray, 2007;
Shtaya et al., 2018). There is evidence that altered neurogenesis also affects learning and
memory (Barkas et al., 2012; Westacott et al., 2021) and that strategies reducing this
phenomenon, such as genetic ablation of newly born neurons, attenuate both seizures
development and cognitive deficits in a murine pilocarpine model of chronic epilepsy (Cho
et al., 2015; Danzer, 2019).
Glial cells react and proliferate during the epileptogenic process, but their
contribution to epilepsy development is still poorly explored. A more detailed description of
this phenomenon referred to as reactive gliosis is given next (paragraphs 1.3.4 and 1.4-1.6).
After an epileptogenic insult, also BBB permeability functions are altered and result
in leakage of serum albumin into the brain parenchyma and its accumulation in astrocytes
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and neurons. It is reported that albumin activates TGFβ signalling in astrocytes by inducing
a reduced expression of inwardly rectifying potassium channels and AQP4 water channels,
and increased synthesis of inflammatory mediators. Gap junctions among astrocytes are also
altered as well as glutamine synthase cellular location and glutamate reuptake (Ivens et al.,
2007; Kim et al., 2012). Serum albumin also triggers aberrant neurogenesis and excitatory
synaptogenesis acting as a potent pro-synaptogenic signalling molecule, suggesting that
protection of BBB integrity may prevent these effects (Weissberg et al., 2015). In addition,
clinical and experimental evidence showed that peripheral immune cells including
monocytes, neutrophils and lymphocytes may enter the CNS in association with BBB
damage and may exert effects on neuronal cell survival which are still under assessment
(Prinz and Priller, 2017; Varvel et al., 2016; Zattoni et al., 2011). BBB impairment has also
potential consequences for drug distribution into the brain (Löscher and Friedman, 2020).
BBB opening has been also associated with induction of multidrug transporters (MDTs) such
as P-glicoprotein (P-gp) that increases the efflux of ASDs from the brain into blood, and
therefore has been proposed as one of the causes of drug resistance (Löscher et al., 2020;
Schinkel and Jonker, 2003; Sun et al., 2003). Accordingly, P-gp blockers have been
successfully applied to overcome drug-resistance in animal models of epilepsy (Brandt et
al., 2006; van Vliet et al., 2006).
Demyelination was recently reported to be a critical mechanism in the pathogenesis
of epilepsy, since findings have shown that CNS myelin sheaths are affected in epilepsy
patients (Concha et al., 2009; de Curtis et al., 2021; Nilsson et al., 2008; Scanlon et al.,
2013). Moreover, epileptic seizures also occur in patients affected by other demyelinating
diseases, such as multiple sclerosis (Anderson and Rodriguez, 2011). The presence of
demyelination associated with epileptogenesis was confirmed in animal models, with myelin
damage accompanied by mature oligodendrocytes loss in the hippocampus of epileptic rats,
in a lithium-pilocarpine model of epilepsy (Luo et al., 2015; Ye et al., 2013). The myelin
sheath is formed by mature oligodendrocytes that surround axons to regulate electrical
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impulse conduction and maintain neuronal communication. Despite only limited data on the
mechanisms of myelin dynamics are available, data report that after demyelination and
oligodendrocytes loss in the hippocampus of epileptic rats, transient changes in the reservoir
of oligodendrocytes precursors occurred to repair myelin damage, thus implicating a role of
myelin, oligodendrocytes and their precursors in epileptogenesis (Luo et al., 2015).
Gene expression studies in experimental models have revealed altered gene
transcription and changes in epigenetic mechanisms during epileptogenesis. Alterations in
expression of voltage-gated and receptor-operated ion channels, neuropeptides,
neurotrophins, and immune molecules are the result of these genomic and non-genomic
changes(Dingledine et al., 2017; Pitkanen et al., 2015). The epigenetic mechanisms
described in epileptogenesis include DNA methylation, histone modification and changes
microRNA biosynthesis (Henshall and Kobow, 2015; Henshall et al., 2016). The available
data show altered levels of microRNAs in the hippocampus of patients with TLE and in
animal models of epilepsy; in particular, up to nine novel miRNAs appear to influence
seizures or hippocampal pathology (Henshall et al., 2016). For example, silencing of brainspecific miR-134 exerted potent anti-seizure effects in experimental models (Henshall et al.,
2016) and transient application of a synthetic mimic of miRNA 146a reduced spontaneous
seizures in epileptic mice and prevented disease progression (Iori et al., 2017).
Severe brain insults such SE may alter the molecular composition and the function
of both voltage-gated and receptor-gated ion channels, thus resulting in acquired
channelopathies in dendritic, somatic and axonal channels. Importantly, acquired
channelopathies after the brain injury may contribute to lower seizure threshold (Bernard et
al., 2004; Chen et al., 2001; Su et al., 2002). For example, Hyperpolarization-activated
Cyclic Nucleotide-gated channels (HCN-) are voltage-gated ion channels, with the HCN1
subtype highly expressed in cortex and hippocampus, where it modulates the excitability of
pyramidal neurons (Jung et al., 2011). Dendritic HCN1 loss is described in several studies
as an acquired channelopathy in epilepsy (Jung et al., 2011; Marcelin et al., 2009; Shin et
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al., 2008). In particular, both in vitro and in vivo models of acquired epilepsy have shown
decreased HCN1 expression and function in CA1 pyramidal neurons and in the entorhinal
cortex neurons, in early epiletogenesis and in chronic epilepsy, due to channel internalization
and transcriptional downregulation (Jung et al., 2011). In a rat models of kainic acid-induced
SE, HCN1 changes are reflected by decreased currents (Ih) 24 h after SE, in association with
an enhanced excitability of EC pyramidal neurons (Shah et al., 2004).
Also T-type Ca2+ channels have a long association with epilepsy, due to their ability
to promote neuronal bursts (Poolos and Johnston, 2012). During epileptogenesis CA1
pyramidal neurons displayed bursting behaviour associated with an increased currents
mediated by T-type Ca2+ channels (Su et al., 2002; Yaari et al., 2007). Channels mediating
T-type currents were also found to be upregulated in a pilocarpine model before the onset of
spontaneous seizures (Becker et al., 2008; Poolos and Johnston, 2012).
1.3.4 Neuron-astroglia interaction during epileptogenesis
Glial cells cooperate to maintain brain homeostasis and experimental and human
epileptic foci are characterized by changes in astroglia and microglia morphology, induced
proliferation and changes in their molecular phenotype (Devinsky et al., 2018; Wetherington
et al., 2008). Reactive gliosis is an important hallmark of epileptogenesis which attracts
considerable interest for its potential role in epilepsy, and as a potential therapeutic target.
Although neurons remain the cardinal cells in the brain involved in the neurological
manifestations of epilepsy, in the last decade research has been focused on the role of nonneuronal cells, namely astrocytes and microglia, in hyperexcitability phenomena (Wong,
2019).
Astrocytes and neurons communicate in a bidirectional way at various levels
(Devinsky et al., 2013; Patel et al., 2019; Wong, 2019) being astrocytes the third element of
the tripartite synapse. For example, astrocytes are involved in neuronal cell migration during
brain development and contribute to neurotransmission and synaptic plasticity by regulating
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the extracellular ions and water and by the release of gliotransmitters with neuromodulatory
functions. Astrocytes contribute to maintain BBB permeability functions (Friedman et al.,
2009; de Lanerolle et al., 2010). They are essential for regulating brain homeostasis and
neuronal function (Dong and Benveniste, 2001). After acute brain injuries, astrocytic
homeostatic functions such as regulation of extracellular K+ and water and glutamate reuptake

are

disturbed

resulting

in

alterations

of

neurotransmission,

neuronal

hyperexcitability, and promoting seizures activity (Devinsky et al., 2013; Robel et al., 2015).
Failure of both glutamate uptake and reduced glutamine synthesis have been reported in
astrocytes in epilepsy models (Verhoog et al., 2020). In fact, glial glutamate transporters are
downregulated (Ueda et al., 2001) and glutamine synthetase levels are decreased (Eid et al.,
2019; Verhoog et al., 2020). Neuronal glutamate release determines the activation of the
metabotropic glutamate receptors (mGluR5 and mGluR3) in astrocytes, which release
gliotrasmitters and cytokines (Aronica et al., 2005a, 2005b). Specifically, increase in
intracellular Ca2+ oscillations resulting from altered neurotransmission, induces astrocytes
to release gliotransmitters such as glutamate, D-Serine, ATP, adenosine and GABA
(Navarrete et al., 2013). The release of glutamate by astrocytes leads to the activation of
(extra-synaptic) NMDA receptors that evoke slow inward currents in neurons (Navarrete et
al., 2013) that drive neuronal network synchronization, thus providing an example of the
modulatory activity of astrocytes on synapses that may promote excitotoxicity.
D-serine is a relevant gliotransmitter in epilepsy binding to the glycine site of the
NMDA receptor thereby promoting excitatory neurotransmission (Mothet et al., 2000).
Moreover, the inflammatory mediators released by reactive astrocytes activate their cognate
receptors on endothelial cells of the BBB, thus provoking tight junctions disruption that
result in the influx of albumin, normally absent in the brain parenchyma (Devinsky et al.,
2013; Heinemann et al., 2012). As demonstrated by studies on TLE patients and epilepsy
models (Seifert and Steinhäuser, 2013), astrocytes are implicated in the pathophysiology of
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epilepsy by influencing the synchronization of neuronal firing causing hyperexcitability, and
contributing to seizures and neurotoxicity.
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1.4 Microglia in the adult healthy brain
Microglia are the brain resident immune cells of the CNS and they provide
homeostatic and protective functions to neurons during CNS development and in adult life
under physiological conditions (Hammond et al., 2018). Microglia represent around 10% of
adult CNS cells, with variable cell density across distinct CNS regions (Lawson et al., 1990).
Recent fate-mapping studies have shown that microglia originate from early erythromyeloid
progenitors in the extraembryonic yolk sac (Ginhoux et al., 2010; Gomez Perdiguero et al.,
2015; Kierdorf et al., 2013; Schulz et al., 2012). Early embryonic microglia differentiate into
mature microglia (Matcovitch-Natan et al., 2016) but the process by which they migrate
from the yolk sac to the brain and achieve their unique cell identity is poorly understood
(Ginhoux et al., 2010; Hammond et al., 2018). Although microglia has been deeply studied
in the last few decades, their origin during development and in the adult brain has been often
debated (Ginhoux and Garel, 2018). In fact, due to the similarities with other myeloid cells,
such as macrophages, adult microglia was initially believed both to self-renew upon local
expansion and to derive from recruited peripheral blood monocytes (Ginhoux et al., 2013).
Previous evidence has shown that circulating monocytes recruited into the brain parenchyma
could differentiate into a microglial-like population (Ginhoux et al., 2013; Lawson et al.,
1992), but recent pioneer studies using parabiosis have provided new evidence of microglial
turnover, excluding the recruitment of blood monocytes to maintain microglia pool in the
brain (Ajami et al., 2007; Ginhoux et al., 2010). Indeed, it is now well documented that bonemarrow-derived monocytes do not appear to generate brain microglia(Bruttger et al., 2015)
and that microglial cells are maintained in brain through a self-renewing turnover,
throughout development, adulthood and aging (Askew et al., 2017; Tay et al., 2017). In
particular, the whole microglia population has a low-rate turnover and cells are self-renewed
several times throughout life in mice with 1% of microglia dying by apoptosis each day
(Askew et al., 2017; Tay et al., 2017). Despite species-specific differences in microglial
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biology exist, findings in humans have confirmed that more than 96% of microglia can be
slowly renew throughout life (Réu et al., 2017).
As depicted in Figure 1.4.1, microglia are highly adaptable cells of the CNS that play
a role of surveillance of the brain microenvironment. They can physically interact with
neurons, regulate neurogenesis and promote the phagocytosis of damaged neurons. They
also contribute to the synapse formation, dendritic shaping and the engulfment of
unnecessary synapses (Eyo et al., 2017; Hiragi et al., 2018). Microglia are key players for
maintaining CNS health and promote tissue repair, and alterations of their homeostatic
functions have been implicated in CNS diseases and pathological neuroinflammation
(Morris et al., 2013; Nayak et al., 2014; Ransohoff and Perry, 2009; Tremblay et al., 2011).
A more detailed insight of microglial functions is reported in the following paragraphs.

Figure 1.4.1 - Functional states of microglia in the healthy brain. (taken from Gomez-Nicola and
Perry, 2015).
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1.4.1 Microglial cells heterogeneity and their functional features
Historically, microglia have been phenotypically characterized based on their
morphology, density and the presence of a panel of immune membrane molecules (De Biase
et al., 2017; Lawson et al., 1990; Schmid et al., 2002). It is well-known that microglia
morphology and function are tightly coupled (Gomez-Nicola and Perry, 2015), although
microglia reactivity is a highly dynamic process which cannot be entirely described by their
morphology (Davis et al., 2017; Streit et al., 1999). Cutting-edge technologies such as singlecell RNA sequencing and single-cell mass spectrometry allowed to describe the spatial and
temporal diversity of microglia and to study the complex cell diversity based on different
surface markers. Therefore, the spatial, temporal, and functional heterogeneity of microglia
during CNS development, homeostasis, aging and disease have been described, as depicted
in Figure 1.4.2 (Masuda et al., 2020), showing that these cells are heterogeneous in CNS
regions and during the entire brain lifespan both in physiological and pathological conditions
(Davis et al., 2017; Masuda et al., 2020).
The heterogeneity of microglia is a direct reflection of the local microenvironment
that can induce reprogramming of microglia towards different functional states (Hammond
et al., 2019; Masuda et al., 2019; Prinz et al., 2019; Wright-Jin and Gutmann, 2019). For
example, in the injured adult brain, the neuronal expression or secretion of “find me” signals
such as fractalkine (Sokolowski et al., 2014) and “eat me” signals such as calreticulin
(Fricker et al., 2012), drive microglia towards a phagocytic phenotype for removing dying
or damaged cells.
Heterogeneity of microglia phenotypes during brain development and in adult brain
have been characterized (Masuda et al., 2019; Matcovitch-Natan et al., 2016), whereas
evidence for spatial heterogeneity still remains scarce (Silvin and Ginhoux, 2018). Earliest
evidence of microglia heterogeneity reported brain-region specific cell density which was
higher in the hippocampus and thalamus and lower in the cerebellum (Lawson et al., 1990),
and these findings were confirmed by advanced morphology analysis that highlighted
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clusters of microglia subpopulations showing specific morphologies and functions after a
neuroinflammatory challenge such as lipopolysaccharide (LPS) (Verdonk et al., 2016).
Furthermore, diversity in microglial cell density has been reported also between male and
female mice: cells were more abundant in cortex, hippocampus and amygdala in male vs
female mice (Benusa et al., 2020). In addition, evidence exists that male and female
microglia are functionally distinct and respond differently to noxious stimuli (Posillico et
al., 2015; Villa et al., 2018).
As the main brain resident immune cells, the heterogeneity of microglia influences
the brain milieu, since these cells continuously probe the brain microenvironment for
detecting signals of damage or cell distress. Upon disturbance of CNS homeostasis,
microglia reactively migrate to the sites of injury/infection/neurodegeneration and begin to
proliferate (Davis et al., 2017). Microglia reactivity is best described as “a complex
multistage activation process, which broadly encompasses their transformation from a
ramified to an amoeboid morphology by first retracting the microglia processes and then
extending dynamic protrusions, followed by cellular locomotion” (Davis et al., 2017).
Indeed, CNS injury triggers microglia that react by producing various inflammatory
mediators and nitric oxide and become phagocytic (Hanisch and Kettenmann, 2007). For
example, by releasing pro-inflammatory cytokines such as interleukins, tumour necrosis
factor (TNF) and complement component 1q (C1q), microglia induce astrocytes to display
a reactive phenotype, thus amplifying their response and contributing to a potentially
harmful neuroinflammatory action in the brain parenchyma (van Rossum and Hanisch,
2004). Indeed, administration of LPS as a pro-inflammatory challenge to mice genetically
ablated of microglia have shown that LPS alone does not induce astrocytes inflammatory
phenotype, which is indeed microglia dependent (Liddelow et al., 2017). Also, microglial
cytokines such as TNF can induce astrocytes to disrupt tight junctions, thus contributing to
the BBB leakage (Wachtel et al., 2001). According to these studies, reactive microglia in

37

part coordinate and direct CNS neuroinflammation, also by attracting surrounding microglial
cells to the site of activation (Garden and Möller, 2006).
As key players of synaptic connectivity in development, microglia also regulate
synaptic pruning to eliminate supernumerary synapses in the adult brain(Hong and Stevens,
2016) by phagocytosis, induced by the astrocytic-mediated activation of the classical
complement cascade (Schafer et al., 2012; Stevens et al., 2007). Synaptic stripping in the
adult healthy and diseased brain was described as a mechanism that disrupt synapses through
the engulfment of pre- or post-synaptic elements (Tremblay, 2011). Among the pathways
that have been proposed to regulate this mechanism, a possible candidate is the microglia
fractalkine receptor (CX3CR1) that plays an important role in the synapses maturation,
elimination and functional connectivity, even though the involvement of this signalling in
synaptic engulfment is not yet clear (Paolicelli et al., 2011; Zhan et al., 2014). ATP and
purinoceptors are other molecular candidates that attract microglial processes towards the
synapses (Kettenmann et al., 2013).
Microglia also regulate neurotransmission by expressing receptors for glutamate,
GABA, monoamines and cannabinoids (Kettenmann et al., 2011). In response to a
neurotransmitter stimulation in fact, microglia display a remarkable degree of phenotypic
plasticity, in terms of morphology and release of molecules, and may exhibit either
neurotoxic or neuroprotective functions (Davis et al., 2017). For example, it is reported that
activation of NMDA receptor subunits on amoeboid reactive microglia enhances the release
of inflammatory mediators such as TNF, IL-1β and nitric oxide (Murugan et al., 2011),
which all exert profound effects on neuron functions and survival. Also the stimulation of
metabotropic glutamatergic receptor II (mGluR2) triggers TNF-induced neurotoxicity
associated with Fas death receptor ligand, thus promoting neuronal death by activating
Caspase 3 in neurons (Taylor et al., 2005). However, the activation of mGluR3 in microglia
have been shown to prevent glutamate release by microglial cells, to reduce microglia
reactivity after LPS stimulation, thus preventing microglial toxicity towards neurons
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(McMullan et al., 2012). Also, GABA receptors are expressed by microglia and evidence
suggest that upon their activation they are able to modulate cytokines release from microglia.
For example, microglial expression of GABAB receptors increases in response to brain
injuries and the receptor activation attenuates LPS-induced release of cytokines such as IL6 (Kuhn et al., 2004). Both the inhibitory nature of GABA neurotransmitter and the
compensatory increase of its receptors in microglia after an injury, support the evidence that
GABA receptors promote a neuroprotective microglial phenotype, as also confirmed by
other studies (Mead et al., 2012). It is noteworthy that, in general, the modulation of
neurotransmitter receptors activity on microglia provides either neurotoxic or
neuroprotective effects, thus highlighting the importance of dissecting microglial functions
and phenotypes to evaluate the therapeutic potential of these cells in neurological disorders
(Liu et al., 2016).

Figure 1.4.2 - Microglial heterogeneity during development, aging, and disease. Microglia are
heterogeneous during embryonic life in mice, heterogeneity gradually decreases during development
and is limited during adulthood. Heterogeneity increases again during aging. In contrast, regional
heterogeneity is limited at early postnatal time points in the white matter and less is known during
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aging. During disease microglia display more heterogeneous sub-states in a context-dependent
manner. Highly diverse transcriptional microglial clusters are indicated by differentially coloured
cells (taken by Masuda et al., 2020).

1.4.2 Spectrum of microglia reactivity and phenotypes
Initial attempts to characterize microglial “states of activity” was based on limited
molecular expression profiles, and microglia were categorized as either “activated” or
“resting” but these terms do not properly define the broad range of existing microglial
phenotypes (Benusa et al., 2020). Indeed, as previously described in this chapter, microglia
are constantly extending and retracting their processes to survey their surroundings, thus
displaying high activity levels (Nimmerjahn et al., 2005; Sierra et al., 2014). According to
the current knowledge, the term “surveying”, is more appropriate than “resting”. Similarly,
a more appropriate term for “activated” is “reactive” (Benusa et al., 2020).
In an oversimplified way, reactive microglia have been further divided into two
extremely polarized functional states, namely “M1-like” and “M2-like” as illustrated in
Figure 1.4.3, referring to the pro- and anti-inflammatory phenotypes based on expression
profiles applied to macrophages (Martinez and Gordon, 2014). However, evidence show that
reactive microglia, display a variety of changes in their inflammatory profiles (Crotti and
Ransohoff, 2016).
After injuries or acute conditions, simultaneous triggering of Toll-Like Receptors
and Interferon-γ signalling pathways induces a pro-inflammatory and neurotoxic state of
microglia, which produce cytokines and chemokines (TNF, IL-6, IL-1β, IL-12, and CCL2)
and upregulates the nicotinamide adenine dinucleotide phosphate (NADPH) and the
inducible nitric oxidase. These enzymes produce reactive oxygen species (ROS) and nitric
oxide, which alter the function of Ca2+-permeable ion channels and potentiate NMDA
receptor–mediated excitotoxicity. This chain of events leads to neuronal injury and
hyperexcitability (Benusa et al., 2020; Chen et al., 2016; Colonna and Butovsky, 2017; Dong
et al., 2009).
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Besides a pro-inflammatory response, microglia display phenotypes to promote
clearance of debris, extracellular matrix deposition and angiogenesis in order to resolve brain
inflammation. Anti-inflammatory microglia can release cytokines such as IL-10 and TGFβ, growth factors (i.e CSF1), and neurotrophic factors (such as NGF, BDNF and GDNF)
(Colonna and Butovsky, 2017). Furthermore, microglia can be activated by specific
interleukins (IL-4, IL-13, IL-10, IL-1Ra) or by the activation of nuclear receptors (i.e.
estrogen receptors, ERs and Peroxisome Proliferator-Activated Receptors, PPARs) that act
as transcriptional factors and regulate the expression of genes that promote the restoration
of tissue homeostasis (Saijo et al., 2013). One of the best characterized markers of M2-like
cells is the enzyme argininase 1 (Arg1) that downregulates the production of nitric oxide,
thus promoting mechanisms underlying wound healing and matrix deposition (Cherry et al.,
2014; Munder, 2009; Munder et al., 1999).
However, it is now well-known that a wide range of “in-between” activity states
exists and a simple categorization into one or the other functional state is not sufficiently
informative, as microglia rarely display a net bias toward either the M1-like or M2-like
phenotype. Transcriptome studies showed that microglia activation vary in a contextdependent manner, and in CNS disorders the multiple phenotypes of microglia can be
associated with different neuropathological conditions and disease stages (Colonna and
Butovsky, 2017). For example, based on a specific pattern of surface markers (e.g Iba1,
cd11c, downregulated Cx3Cr1 and Tmem119; upregulated Trem2), Keren-Shaul and
colleagues described a subclass of reactive microglia, defined as Disease Associated
Microglia, that was identified in models of chronic neurodegeneration such as Alzheimer’s
disease, amyotrophic lateral sclerosis, and tauopathy, as well as in multiple sclerosis (Benusa
et al., 2020; Keren-Shaul et al., 2017).
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Figure 1.4.3 - Schematic diagram of microglial inflammatory response. After brain injury,
surveying microglia become “reactive” and adopt a wide spectrum of intermediate phenotypes with
two extreme poles: M1-like microglia with a pro-inflammatory profile that consists of decreased
expression of neurotrophic factors and increased levels of pro-inflammatory chemokines and
cytokines and reactive oxygen species, or M2-like microglia with anti-inflammatory phenotype
including the resolution of the inflammatory profile, neurogenesis and the clearance of debris
(amoeboid shape). Polarization between the two extreme phenotypes is represented by the spectrum
colour bar and double-pointed arrows. Image modified from Victor and Tsirka, 2020, using
Biorender.com

1.5 Clinical and experimental evidence of microgliosis in epilepsy
Extensive microglia reactivity, referred to as microgliosis, occurs in human and
experimental epilepsy foci (Beach et al., 1995; Borges et al., 2003; Drage et al., 2002; MorinBrureau et al., 2018). Interestingly, microglia reactivity and the extent of their activation are
strictly associated with seizure occurrence in terms of time after last seizure, duration of
seizures, brain region of seizure onset and generalization (Mirrione and Tsirka 2011). Both
in MTLE patients and in animal models, the hippocampal areas with neuronal death, such as
CA1 and CA3 sectors, or regions with cortical malformations in patients with cortical
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dysplasia, exhibit microgliosis (Beach et al., 1995; Borges et al., 2003; Taniwaki et al., 1996;
Tooyama et al., 2002). Moreover, in the sclerotic hippocampus of MTLE patients, microglia
exhibit reactive phenotype and an amoeboid shape (Morin-Brureau et al., 2018) and
increased expression of pro-inflammatory molecules (Crespel et al., 2002; Leal et al., 2017;
Ravizza et al., 2008).
Increased microglia density was observed also in rodent hippocampus within 48 h after
kainic acid-induced SE (Andersson et al., 1991) or pilocarpine-induced seizures (Borges et
al., 2003; Shapiro et al., 2008). A recent study in transgenic mice expressing GFP in
microglia reported that microglia exhibit increase in cell body size with shortening of their
processes within 24 h after seizures induced by systemic kainic acid administration
(Avignone et al., 2008). These studies describe microglia reactivity as secondary, namely
occurring after the neuronal injury following the initial seizures (Eyo et al., 2017). On the
other hand, data also suggest a rapid microglia reactivity within 3 and 8 hours following
kainic acid administration, even before neuronal death has occurred (Eyo et al., 2014;
Rappold et al., 2006; Taniwaki et al., 1996). Less is known about the phenotype and the
molecules expressed on their surface in their reactive state, during and after seizures, except
for induction of Iba1, CD68 or CD11b.
Overall, the available evidence shows that microglia reactivity is associated with
seizures and neuronal stress/injury (Eyo et al., 2017).
1.6 Microglia in epileptogenesis: their role in neuroinflammation
Neuroinflammation is a common process in epileptogenesis as shown in several
experimental models of epilepsy such as SE, stroke, trauma as well as in structural human
epilepsies (Vezzani et al., 2011a). Neuroinflammation is defined as a homeostatic
phenomenon induced by various tissue injuries and consists of the rapid production of
molecules with pro-inflammatory or anti-inflammatory properties by cells of the innate
immune system.
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Typically, this process is triggered to defend tissues against pathogen invasion during
infections, but it can be also activated by endogenous “danger signals” released by
threatened cells (Bianchi, 2007). Neuroinflammation occurs as a result of the reactivity of
brain resident parenchymal cells, such as microglia and astrocytes, but also neurons. As a
consequence, leukocytes may penetrate the brain through the BBB (including both
components of peripheral innate immunity such as macrophages and granulocytes as well as
lymphocytes as part of adaptive immunity).
Despite it is not known whether and how microglia contribute to seizures and/or are
involved in epileptogenesis, evidence exists that these cells release pro-inflammatory
mediators after epileptogenic insults or during seizures that, directly or indirectly, enhance
neuronal excitability thus contributing to seizures (Hiragi et al., 2018; Vezzani et al., 2019).
For example, the release of IL-1β that acts on its receptor IL-1R1 promotes seizures in
NMDAR-dependent manner, and the pharmacological blockade, or genetic strategies, for
the inactivation of this signalling provide anti-seizures effects (Devinsky et al., 2013;
Vezzani et al., 2011b).
Moreover, microglia express a variety of immune receptors on their cell membranes,
such as chemokines receptors, purinergic receptors, Toll-like receptors (TLRs) and danger
signals that allow microglia to communicate with the surrounding cells and to initiate the
immune response, for example, in response to danger signals released after cell injury or
stressful events (Garden and Möller, 2006; Younger et al., 2019). For example, TLRs are a
family of receptors that recognize either pathogen- or damage-associated molecular patterns
(PAMPs and DAMPs or danger signals) to elicit an immune response (Vezzani, 2006), as in
the case of TLR4 that can be activated either by LPS or by endogenous ligands (i.e high
mobility group box 1, HMGB1) resulting in pro-inflammatory effects that contribute to
epileptogenesis (Iori et al., 2013; Maroso et al., 2010).
The process of neuroinflammation also relies on neuron-microglia interaction and an
example of relevant mediator of neuron-microglia communication is fractalkine, CX3CL1
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(Paolicelli et al., 2014; Wolf et al., 2013). Fractalkine is expressed predominantly by neurons
and binds to its receptor, CX3CR1, which is selectively expressed by microglia (Ransohoff
and Perry, 2009). The activities of fractalkine signalling may vary in different CNS regions
and in different disease conditions (Cardona et al., 2006). Interestingly, increased levels of
both fractalkine and CX3CR1 have been observed in resected hippocampal tissue from
epileptic patients and in animal models of MTLE (Roseti et al., 2013; Xu et al., 2012; Yeo
et al., 2011), and fractalkine increased levels have also been reported in CSF of epileptic
patients (Ali et al., 2015; Cardona et al., 2006; Kettenmann et al., 2011). Recently, as
assessed in human MTLE tissue microtransplanted into Xenopus oocytes, fractalkine was
reported to modulate GABAA mediated current by promoting its stability (Roseti et al.,
2013). Moreover, experimental data report that neuronal fractalkine provides an inhibitory
effect on the activation of CX3CR1-expressing microglia and the genetic deletion of this
receptor increases microglia-mediated neurotoxicity (Cardona et al., 2006; Kettenman et al.,
2011). Blockade of the receptor signalling by an antibody anti-CX3CR1, in a rat model of
electrically induced SE, resulted in reduced microglia reactivity and neurodegeneration,
while infusion of fractalkine only provided minor effects, suggesting a complex role of this
chemokine and its receptors in microglia responses (Ali et al., 2015).
Purinergic signalling is also upregulated in microglia following kainic acid
administration in rodent models of epilepsy(Avignone et al., 2008; Ulmann et al., 2013).
Purinergic receptors such as P2X7 sense ATP concentrations released by cells after brain
injury (Garden and Möller, 2006; Kettenmann et al., 2011) and the activation of these
receptors by ATP promotes the release of reactive oxygen species and IL-1 β, thus leading
to neurotoxicity(Parvathenani et al., 2003). Studies report that seizures also upregulate the
microglia expression of purinergic receptors, such as P2X4, P2Y6 and P2Y12 in the
hippocampus (Avignone et al. 2008; Ulmann et al. 2013). Interestingly, a lack of P2Y12
receptors in transgenic P2Y12-KO mice resulted in the exacerbation of seizures after SE,
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thus suggesting that microglial P2Y12 receptors provide an anti-epileptogenic effect (Eyo et
al., 2014).
Purinergic receptors are also expressed by astrocytes, therefore they may play an
important role in the communication between these cell populations during the inflammatory
response (Matejuk and Ransohoff, 2020). For example, ATP or other soluble nucleotides
released from astrocytes acts on the purinergic receptors on microglia, thus promoting
microglial motility and phagocytosis, after systemic kainic acid in rats (Inoue et al., 2007;
Koizumi et al., 2007).
In support of the crosstalk between microglia and astrocytes in neuroinflammation,
recent data support a causal relationship of reactive microglia and astrogliosis during
epileptogenesis. Specifically, in a mouse model of pilocarpine induced-SE, microglia release
of proinflammatory cytokines was shown to induce reactive astrocytes, which subsequently
caused increased excitability in a CA2+-dependent manner, increasing seizures susceptibility
(Sano et al., 2021). Evidence that reactive microglial cells play a role in the induction of a
reactive phenotype in astrocytes was demonstrated also in mice systemically injected with
LPS (Liddelow et al., 2017).
A deeper knowledge is needed to uncover the wide range of soluble mediators
released by microglia and their receptors in epileptogenic brain tissue. Therefore, microglia
inflammatory profile during epileptogenesis and during ictal and interictal phases needs to
be investigated in more-depth (Eyo et al., 2017).
1.6.1 The role of microglia in seizures
Although microglia contribute to neuroinflammation, which is a phenomenon
involved in seizures, the direct role of these cells in neuronal hyperexcitability and ensuing
seizures is still controversial and poorly understood (Victor and Tsirka, 2020). After SE,
surveillant microglia sense the damage and migrate to the region of insult, where they remain
reactive for several weeks post-seizures (Borges et al., 2003). Depending on the model of
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epilepsy, microglia reactivity can vary in extent and duration (Alyu and Dikmen, 2017;
Benson et al., 2015).
Cytokines have been reported to be upregulated after seizures as measured by mRNA
and protein expression of IL-1β, IL-6, TNF, TGF-β, and vascular endothelial growth factor
(VEGF), among others. In particular, IL-1β is an ictogenic molecule since it promotes
seizures by enhancing NMDA receptor activity on post-synaptic cells (Viviani et al., 2003),
reduces HCN1-mediated Ih currents (Frigerio et al., 2018a) and decrease GABA-mediated
neurotransmission (Roseti et al., 2015). Thus, IL-1β may be a crucial target for controlling
seizures both in animal models and in human drug-resistant conditions, such as New-Onset
Refractory Status Epilepticus (NORSE) (Koh et al., 2021; Vezzani et al., 2019).
TNF is also involved in neuronal excitability and is released by microglia and
astrocytes to maintain neuronal excitation at physiological levels (Stellwagen and Malenka,
2006). In particular, TNF promotes release of glutamate and increases GABA receptor
endocytosis, thus reducing GABA inhibitory action and increasing neuronal excitability
(Stellwagen et al., 2005; Victor and Tsirka, 2020). A dual role of TNF in susceptibility to
seizures was reported depending on the receptor subtype activated. A pro-ictogenic role of
TNF is mediated by the TNF receptor type 1, while an anti-ictogenic effect is mediated by
the activation of TNF receptor 2 (Balosso et al., 2013).
According to these results, since reactive microglia express ictogenic inflammatory
molecules during epileptogenesis (Ravizza et al, 2008), it was hypothesized it may
contribute to seizure generation. However, the genetic ablation of microglia before
pilocarpine injection in rodent models of epilepsy exacerbated seizure severity, thus
suggesting that microglia may protect the CNS from exaggerated neuronal activity (Mirrione
et al., 2010; Victor and Tsirka, 2020). Additional studies reported that the administration of
minocycline, a non-selective microglia inhibitor, administered post-SE decreased the
ensuing spontaneous seizures, suggesting that microglia are involved in the generation of
seizures (Barker-Haliski et al., 2016; Wang et al., 2015; Wolf et al., 2020). By contrast, other
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studies showed that minocycline has partial or no efficacy on seizures in rodent models of
epileptogenesis (Dupuis et al., 2016; Russmann et al., 2016; Wang et al., 2012).
Thus, there is controversy on the role of microglia in seizures due to conflicting
results, thus highlighting the need of further investigations.
1.6.2 The role of microglia in neuronal death
Microglial cells are known to take part in developmental processes and in the adult
brain for their essential role on synaptic pruning and clearance of debris, but the engagement
of such functions in a pathological context may lead to an excessive synapses or neuronal
cell loss that also provokes cognitive decline (Song and Colonna, 2018). Evidence suggests
a strong link between microglia and neurodegeneration; indeed, microglia have been linked
to several neurodegenerative and neurological conditions such as Alzheimer’s, Parkinson’s
disease, dementia, prion diseases, multiple sclerosis, amyotrophic lateral sclerosis and also
TLE (Block and Hong, 2007; Block et al., 2007; Hanisch and Kettenmann, 2007; MarínTeva et al., 2011) but how microglia influence the neurodegenerative process during CNS
diseases has been debated for decades.
In particular, findings support that microglia is involved in neurodegenerative
phenomena associated with epilepsy (Beach et al., 1995). Studies in mice exposed to SE
have shown that reactive microglia persist in brain regions of neuronal cell loss, and its
reactivity may precede evidence of neurodegeneration (Borges et al., 2003; Somera-Molina
et al., 2007, 2009). In accord, minocycline reduced neuronal death associated with seizures
in rodents exposed to kainic acid (Heo et al., 2006). Minocycline was also found to reduce
SE-induced neuronal cell loss in lithium-pilocarpine injected rats, an effect associated with
inhibition of microglia reactivity and reduced IL-1β and TNF expression in the
hippocampus, while astrocytic reactivity was not affected (Wang et al., 2015). Also
macrophage inhibitory factor (MIF) reduced microglia reactivity and neurodegeneration in
an intrahippocampal kainic acid mouse model (Rogove and Tsirka, 1998), suggesting that
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microglia was involved in neuronal death subsequent to seizures. Moreover, the inhibition
of the microglia-specific fractalkine receptor using selective antibodies reduced seizureinduced neurodegeneration in the hippocampus (Ali et al., 2015).
Despite the evidence that microglial cells are involved in neurodegeneration and that
inhibiting microglial functions may promote neuron survival, the mechanisms that regulate
the overall phenomenon are still under consideration. As reviewed by Block and colleagues,
microglia express pattern-recognition receptors (PRRs) that in the presence of neurotoxic
stimuli induce microglia to produce free reactive oxygen species, in a NADPH-oxidase
dependent manner, that may cause neuronal damage as well as amplify the pro-inflammatory
cascade in microglia (Block and Hong, 2007). For example, TLRs family expressed in
microglia are essential in inducing neurotoxic factors release from microglial cells (Olson
and Miller, 2004), thus representing an interesting target for studying microglial-dependent
neurotoxicity.
1.6.3 The role of microglia in aberrant neurogenesis
Neurogenesis is a physiological lifelong phenomenon and studies in mice reported that
sustained adult neurogenesis reduces anxiety and depression-like behaviours (Hill et al.,
2015), improves the ability of discrimination between similar contexts (Sahay et al., 2011)
and regulates mood and cognitive functions (Christian et al., 2014; Scharfman and Gray,
2007). Neurogenesis primarily occurs in the subventricular zone (SVZ) of the lateral
ventricles and in the hippocampus within the subgranular zone (SGZ) of the dentate gyrus
(DG) (Eriksson et al., 1998; Kempermann et al., 2004).
Evidence shows that upon epileptogenic stimuli, adult neurogenesis is aberrantly
triggered and abnormal connections originate among newly-born and mature neurons, thus
participating in hyperexcitability phenomena and behavioural impairments (Cho et al., 2015;
Gray and Sundstrom, 1998; Jessberger and Parent, 2015; Parent et al., 2006; Scharfman and
Gray, 2007). Indeed, pilocarpine-induced SE provokes aberrant hippocampal neurogenesis
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and preventive ablation of adult neurogenesis results in reduction in chronic seizures and
rescue of epilepsy-associated cognitive deﬁcits (Cho et al., 2015).
Microglia regulate adult hippocampal neurogenesis by modulating cell survival and
migration and the proper incorporation of newly born granule cells into the hippocampal
circuitry (Eyo et al., 2017; Victor and Tsirka, 2020). Microglia also regulate the proliferation
and differentiation of newly generated cells into mature neurons both in physiological and
epileptic conditions (Luo et al., 2016a). For example, depletion of microglia in hippocampal
cultures reduced both survival and proliferation of neural stem/progenitor cells, thus
providing evidence of the trophic and proliferative role of microglia in the neurogenic
process (Nunan et al., 2014).
After SE, neurogenesis transiently increases and microglia may phagocyte newly
formed granule cells, thus regulating their number in the DG (Jessberger et al., 2005; Luo et
al., 2016b; Parent et al., 1997). By contrast, reactive microglia have been proposed to
facilitate aberrant migration of newly-born neurons in the hippocampal DG, thus
contributing to the generation of ectopic neuronal cells that promote a dysfunctional
excitatory circuitry (Yang et al., 2010). This latter study reports that stereotaxic injection of
LPS into the DG, to prime microglia reactivity, promotes the development of ectopic hilar
basal dendrites in the hippocampus. This phenomenon was prevented by minocycline (Yang
et al., 2010). In addition, fractalkine receptor knockout mice injected with kainic acid
showed a delay in the maturation of newly born neurons (Xiao et al., 2015), therefore
supporting the involvement of this specific microglia signalling in aberrant neurogenesis
associated with seizures (Eyo et al., 2017).
1.7 Strategies and tools to interfere with microglia
Recently, a variety of methods have been developed to interfere with microglia to
provide new insights into the role of these cells in pathophysiological conditions. These are
toxins-based methods or pharmacological and gene-based approaches designed to
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manipulate microglia in healthy and diseased contexts by depleting the whole cell population
or by targeting a specific cellular function (Jäkel and Dimou, 2017).
1.7.1 Toxin-based models of microglial depletion
Early studies have applied toxin-based tools such as clodronate-containing liposomes,
which are selectively engulfed by phagocytes such as monocytes/macrophages and
microglia. Once phagocytosed, liposomes release clodronate that depletes the cells by
causing apoptosis. Since liposomes do not readily cross the BBB, their intracerebral
application is necessary to deplete microglia and macrophages in the CNS (Han et al., 2019;
Van Rooijen and Sanders, 1994). Moreover, this procedure allows rapid but short-lasting
depletion and induces cytokine release, astrocytic reactivity and endothelial damage,
therefore it is not considered the best tool to deplete microglia (Han et al., 2019; Van Rooijen
and Sanders, 1994).
Another toxin-based approach to physically remove microglia is to generate Cd11BHSVTK transgenic mice (Gowing et al., 2006; Green et al., 2020). In this model, the Cd11b
promoter which is selectively expressed in myeloid cells including microglia (Heppner et
al., 2005) controls the expression of the HSVTK gene (herpes simplex virus-derived
thymidine kinase). This gene is constitutively expressed in myeloid cells and when
ganciclovir is administrated to mice, it activates HSVTK thus initiating the cascade of
biochemical reactions that convert ganciclovir into its active form, which induces apoptosis
in Cd11b-positive cells. Complete depletion of Cd11b+ cells results in defects of normal
hematopoiesis, thus leading to severe anemia in mice (Heppner et al., 2005), therefore this
method has been optimized by transferring wild-type bone marrow into treated mice or by
an intracerebroventricular administration of ganciclovir to more selectively kill microglia in
the CNS (Heppner et al., 2005; Green et al., 2020). Other toxin-based models to eliminate
myeloid cells exploit the Diphteria Toxin (DT) that inhibits protein synthesis in the target
cells, thus inducing programmed cell death (Waisman et al., 2015). Specifically this
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approach requires the selective expression of the DTA (Diphteria Subunit A) or its receptor
(DTR) under selective microglial promoters, such as Cx3cr1 or Tmem119, in CreLoxP
mouse lines with DTR/DTA expression inducible by tamoxifen administration (Bruttger et
al., 2015; De Luca et al., 2019; Kaiser and Feng, 2019). This DT-based model has important
advantages and has been optimized to obtain an inducible and more selective microglia
depletion, but it is not devoid of criticisms. In fact, this system only provides a short-lived
ablation of microglia, with variable efficiency and toxicity depending on the Cre
recombinase used and induces cognitive impairment (Green et al., 2020; Waisman et al.,
2015).
1.7.2 CSF1R and genetic models of microglial depletion
Research has identified the Colony Stimulating Factor 1 Receptor (CSF1R) as a major
regulator of the survival, proliferation and differentiation of myeloid cells, including
microglia. CSF1R is also expressed in hematopoietic stem cells, neural progenitor cells,
renal and colonic epithelial cells, oocytes and embryos thus playing critical roles in
development and physiology, immunity and inflammation as reviewed by Stanley and Chitu
(Stanley and Chitu, 2014).
The CSF1R is a tyrosine kinase receptor with three distinct domains (Figure 1.7.1):
the intracellular domain containing a juxtamembrane domain, eight tyrosine residues that
become phosphorylated during receptor activation and a kinase domain, a transmembrane
domain and an extracellular domain that binds to its specific ligands, CSF1 and IL-34
(Stanley and Chitu, 2014).
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Figure 1.7.1 - Signalling pathways regulated by CSF1R in myeloid cells. Ligand (CSF1) binding
stabilizes CSF-1R in its dimeric form and leads to activation of the CSF-1R kinase that promotes
multiple downstream cascades specific to each biological function (light yellow boxes): proliferation,
survival, differentiation, cell adhesion, motility and phagocytosis as reviewed by Pixley and Stanley
(Pixley and Stanley, 2004).

Both ligands are secreted by neurons, while CSF1 is also released by glial cells. The
inactive conformation of CSF1R shifts from the monomeric to its dimeric active state. Upon
binding to IL-34 or CSF1, CSF1R dimers stabilize thus promoting the autophosphorylation
of specific tyrosine residues and distinct intracellular signals according to the biological
function to be accomplished: survival, proliferation, differentiation, as shown in Figure
1.7.1 (Stanley and Chitu, 2014).
The CSF1R signalling has been extensively studied to design genetic models of
microglial depletion (Green et al., 2020). Generating CSF1R knock out mice provided
complete microglial depletion from CNS and reduced monocytes/macrophages populations
in the periphery (Elmore et al., 2014). As review by Green and colleagues, conditional
knockout mice, with Cre recombinase expressed under a specific microglial promoter and a
loxP-flanked Csf1r, provided spatial and temporal control of microglia resulting in transient
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elimination of microglia with tamoxifen (Buttgereit et al., 2016; Green et al., 2020). This
approach also allows the myeloid cells transplantation into the brain. However, notable
disadvantages need to be taken into account: mice show a shortened lifespan and
neurodevelopmental abnormalities (Cronk et al., 2018; Dai et al., 2002; Erblich et al., 2011).
Genetic defects in CSF1 and IL-34 ligands cause only a partial reduction of microglial cell
numbers (Colonna and Butovsky, 2017; Wiktor-Jedrzejczak et al., 1990; Yoshida et al.,
1990) and developmental defects are reported (Dai et al., 2002; Michaelson et al., 1996).
1.7.3 Pharmacological interventions to target microglia: CSF1R inhibitors
Small molecule CSF1R inhibitors are a class of orally bioavailable chemical
compounds that are selective for receptors with tyrosine kinase activity, penetrate the BBB
and provide sustained microglial blockade until their withdrawal. CSF1R inhibitors
(CSF1Ri) can be formulated in the rodent chow, thus affording a non-invasive strategy to
interfere with CSF1R signalling and transiently target microglial population.
The first identified CSF1Ri is Pexidartinib, with two screened compounds PLX3397
and PLX647 (Elmore et al., 2014). Pexidartinib has been approved by US FDA for the
clinical treatment of tenosynovial giant cell tumours, strongly encouraging its application to
other disorders involving myeloid dysfunctions (Tap et al., 2015). PLX3397 binds to CSF1R
in its juxtamembrane domain thus trapping the kinase in the autoinhibited state (Tap et al.,
2015). In a dose-dependent manner, these inhibitors provide robust reduction of microglial
numbers in brain parenchyma, thus reinforcing the evidence that microglia survival rely on
CSF1R signalling in adult mice (Elmore et al., 2014). In particular, PLX3397 at 290 ppm
provides a 50% depletion of microglia from brain parenchyma during 3 days of
administration and a 99% of depletion if the treatment is continuously administered for 3
weeks (Elmore et al., 2014). Upon drug withdrawal microglia repopulate the brain
parenchyma within 3 days with no contribution from peripheral myeloid cells (Elmore et al.,
2014).
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Using a CSF1Ri-based approach to eliminate microglia allows to modulate the extent
of microglial depletion using different concentration of inhibitor and duration of treatment,
thus providing a range of 20-99% depletion (Dagher et al., 2015; Elmore et al., 2014; Najafi
et al., 2018; Spangenberg et al., 2019). Indeed, several studies reported that using CSF1Ri
such a NJ-40346527 and GW2580 specific functions such as cell proliferation and selfrenewal can be targeted, without inducing cell loss (Gómez-Nicola et al., 2013; Mancuso et
al., 2019; Olmos-Alonso et al., 2016). In particular, GW2580 is a potent selective compound
that binds to CSF1R kinase by competing with ATP, thus inhibiting an ATP-dependent
tyrosine kinase-mediated transduction signal that ultimately directs myeloid cells
proliferation (Conway et al., 2005). These inhibitors attenuated neurodegeneration,
neuroinflammation, disease progression, cognitive and behavioural impairment in several
mouse models of CNS disorders as reviewed by Green et al., 2020.
CSF1Ri represent a valid tool to interfere with microglia not requiring invasive
surgery or genetic manipulation, and fast microglia repopulation occurs after inhibitor
discontinuation (Green et al., 2020).
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CHAPTER 2: AIMS OF THE
THESIS
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For decades, research on the mechanisms underlying the development of epilepsy
has focused mainly on neurons with the aim of finding means to counteract hyperexcitability
underlying the epileptic seizure. However, despite the availability of at least twenty antiseizures drugs, about one third of patients has drug refractory seizures, thus the identification
of new therapeutic targets is an urgent clinical need.
Based on this consideration, research activities have addressed the role of nonneuronal cells, such as microglia and astrocytes, in the mechanisms underlying epilepsy
development. In particular, reactive microglia have been described after epileptogenic
insults in animal models and in human drug-resistant brain specimens, begging for the
question whether these cells play a role in seizures, cell loss and neurological comorbidities
in epilepsy.
The scope of this research project was to characterize the role of microglia in
epileptogenesis using CSF1Ri inhibitors, as follows:
1. To study the pattern of microglia reactivity and proliferation in one representative murine
model of acquired epilepsy
2. To study the involvement of microglia in epileptogenesis, in particular in epilepsyassociated structural brain modifications such as cortical thinning and neuropathology
by depleting microglia with the CSF1R inhibitor PLX3397
3. To study the role of microglia proliferation in seizures, cell loss and cognitive deficits
using GW2580, a CSF1R inhibitor specifically blocking microglia proliferation.
These pharmacological approaches were applied to the animal model in order to
counteract microgliosis during specific disease phases. The interference with microglia was
measured on parameters of clinical relevance such as spontaneous recurrent seizures and
epilepsy-associated cognitive deficits and neuropathology.
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CHAPTER 3: GENERAL
MATERIALS AND METHODS
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3.1 Animals
C57BL6N male mice (8 weeks-old, 25-30 g; Charles River, Calco, Italy) were housed
(5/cage) in the SPF facility at a constant room temperature (23°C) and relative humidity (60
± 5%) with free access to food and water, and with a fixed 12 h light/dark cycle. After surgery
for EEG set up implantation, or sham surgery, mice were individually housed in the presence
of environmental enrichment (e.g., toilet paper, straw, nesting material) (Hutchinson et al.,
2005). All experimental procedures were conducted in conformity with institutional
guidelines, in compliance with national (D.L. n.26, G.U. March 4, 2014) and international
guidelines and laws (EEC Council Directive 86/609, OJ L 358, 1, December 12, 1987, Guide
for the Care and Use of Laboratory Animals, U.S. National Research Council, 1996).
Procedures involving animals were conducted at the Istituto di Ricerche Farmacologiche
Mario Negri IRCCS, which adheres to the principles set out in the above-mentioned laws,
regulations, and policies governing the care and use of laboratory animals.
3.2 Murine model of acquired epilepsy
We used a well-established mouse model of epilepsy induced by convulsive status
epilepticus (SE) provoked by intra-amygdala injection of kainic acid (Frigerio et al., 2018b;
Iori et al., 2017; Mouri et al., 2008).
Surgery. Briefly, mice were implanted under 1.5% isoflurane anaesthesia with a 23gauge cannula unilaterally positioned on top of the dura mater for the intra-amygdala
injection of kainic acid (from bregma, mm: nose bar 0; AP -1.0, L -3.1) (Franklin and
Paxinos, 2008). A bipolar Teﬂon-insulated stainless-steel depth electrode (60 µm O.D.) was
implanted in the dorsal hippocampus contralateral to the injected amygdala (from bregma,
mm: nose bar 0; AP –1.8; L +1.5; -2.0 below dura mater). Additionally, a cortical surface
electrode was implanted onto the ipsilateral somatosensory cortex (from bregma, mm: nose
bar 0; AP –1.8; L -1.5). Finally, two screw electrodes were positioned over the nasal sinus
and the cerebellum, as ground and reference electrodes, respectively. Electrodes were
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connected to a multipin socket and secured to the skull by acrylic dental cement (Iori et al.,
2017; Frigerio et al., 2018b). At the end of stereotaxic surgery, perioperative analgesia with
buprenorphine (Bupaq, 0.1 mg/kg, s.c; Alcyon Italia S.p.a., Cherasco, CN, Italy) was carried
out by treating mice once-a-day for 3 consecutive days (Di Sapia et al., 2021).
Status epilepticus. One week after surgery, freely moving mice were connected to the EEG
set up the day before beginning the experiment to record baseline EEG for about 24 hours.
In order to evoke SE, kainic acid (KA, 0.3 μg in 0.2 μl; Sigma-Aldrich, S. Louis, MO, USA,
#K0250) was dissolved in 0.1 M phosphate-buffered saline (PBS, pH 7.4) and injected
unilaterally into the basolateral amygdala using a needle protruding 4.0 mm below the
implanted cannula (Iori et al., 2017; Frigerio et al., 2018b). SE developed after around 10
min from injection and SE was defined by continuous spiking activity with a frequency
>1Hz, intermixed with high amplitude and frequency discharges lasting for at least 5 seconds
with a frequency of >8Hz. The spikes were defined as sharp waves with amplitude at least
2.5-fold higher than the standard deviation of baseline signal and duration <100 ms, or as a
spike-and-wave with duration <200 ms (Iori et al., 2017; Frigerio et al., 2018b). The total
number of spikes was measured during 24 h after KA administration (Clampfit 9.0, Axon
Instruments, Union City, CA, USA). Mice were injected with diazepam (10 mg/kg,
intraperitoneally, i.p.) 40 min after KA injection to inhibit motor seizures and improve
survival, although EEG-monitored SE was not interrupted. Figure 3.2.1 shows examples of
EEG tracings that illustrate SE generalization to both brain hemisphere.
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Figure 3.2.1 - Representative EEG tracings of baseline and SE. The examples report two traces
that represent the left (HP=hippocampus) and the right (S1=somatosensory cortex) hemispheres,
respectively. Image taken from Di Nunzio et al., 2021.

Epilepsy. Mice exposed to SE lasting for at least 3 h develop spontaneous seizures
(90% of mice) that recur for more than 2 months (Iori et al., 2017). Spontaneous seizures
consist of EEG paroxysmal events lasting 30-60 sec simultaneously occurring in amygdala,
hippocampus and somatosensory cortex, bilaterally, and are accompanied by generalized
motor convulsions (Iori et al., 2017). Epilepsy onset is defined by the appearance of
spontaneous seizures after at least 48 h from the end of SE (to exclude acute symptomatic
seizures). EEG activity was recorded using the Twin EEG Recording System (version
4.5.3.23) connected with a Comet AS-40 32/8 Amplifier (sampling rate 400 Hz, high-pass
filter 0.3 Hz, low-pass filter 70 Hz, sensitivity 2000 µV p-p; Grass-Telefactor, West
Warwick, R.I., USA). We reckoned the total number of EEG seizures during the recording
period; seizure frequency was estimated by dividing the total number of seizures by the
number of recording days. Digitized EEG data were processed using the Twin record and
review software. EEG analysis of seizures was done by two independent investigators
blinded to the treatment, who reviewed all the EEG tracings in the electronic files of each
mouse. Deviation of ≤5% from concordance was considered acceptable; otherwise, EEG
tracing was additionally analysed by a third person to look for consensus. EEG was
monitored (24/7) during different time windows representative of acute, subacute and
chronic disease development (see the Experimental protocols for details in the Results).
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Sham mice were implanted with electrodes and guide cannula but were not exposed to SE
and they served as controls for behavioural and post-mortem analyses.
3.3 Novel object recognition test
We have used a well-established behavioural test, the novel object recognition test
(NORT), which allows to evaluate non-spatial memory, i.e recognition memory in mice
(Denninger et al., 2018; d’Isa et al., 2014). The NORT relies on the natural tendency of
rodents to spontaneously approach and explore novel objects over familiar ones and it is
considered a non-stressful tool for the study of memory in animals, since punishments or
starvation/water restriction regimens are not employed (d’Isa et al., 2014).
Procedure. Before performing the test, all mice were temporarily disconnected from
EEG set up and habituated to their home cage for 48 h. The test was performed in the opensquare grey arena (40×40 cm) surrounded by 30-cm high wall. Mouse behaviour was
remotely monitored via video camera. All experiments were started between 9:00 and 10:00
am. Before starting the test, mice were acclimated to the testing room for 1 h in individual
home cages. As illustrated in Figure 3.3.1, NORT is performed during three days. On the
first day, mice were allowed to habituate in the arena for 5 min (habituation phase). After
24 h, namely the familiarization phase, mice were placed into the open field for 10 min in
the presence of two identical objects positioned in internal non-adjacent squares. Mice
belonging to different experimental groups were randomized to assign an object to each
mouse, thus avoiding selection bias. The following objects were used: black plastic cylinders
(4×5 cm); transparent scintillation vials with white cups (3×6 cm); metal cubes (3×5 cm).
Cumulative exploration time of both objects and of each object separately was recorded.
Exploration was defined as sniffing, touching, and stretching the head toward the object at a
distance of not more than 2 cm. After 24 h, during the recognition phase, mice were placed
for 10 min in the open field which contained one object presented during the familiarization
phase (familiar object, F) and a novel object (N). In this phase mice were tested for memory
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(d’Isa et al., 2014) and the following parameters were recorded: time spent exploring N vs
F, as well as cumulative exploration time (novel+familiar, N+F). Novel object recognition
was quantified using the discrimination index (N-F/N+F): the difference between the time
spent exploring the novel and the familiar objects (N-F) divided by the sum of total
exploration time (N+F). Mice displaying total exploration time <8 sec during the
familiarization phase were excluded from the test (Di Nunzio et al., 2021; Frigerio et al,
2018b).

Figure 3.3.1 - Novel object recognition test. The procedure starts with mice habituation to an empty
arena. After 24 h, mice freely explore two identical objects for 10 min (familiarization). After 24 h,
mice are exposed to a novel object and the familiar one to be tested in the non-spatial memory task
(10 min, test).

3.4 Barnes Maze test
The Barnes maze test is one of the available tools to measure spatial memory and
learning in mice and is based on the principle that the exposition to an adversive
environment, i.e an enlightened platform, stimulate mice to learn and remember the location
of an escape hole (Gawel et al. 2019).
Procedure. Before performing the test, mice were temporarily disconnected from
EEG set up and habituated to their home cage for at least 48 h. The test was performed as
previously described (Gawel et al., 2019; Van Den Herrewegen et al., 2019). Briefly, before
starting the experiment, mice were acclimatized to the testing room for 1 h in individual
home cage. The maze (Figure 3.4.1) was placed in the centre of an enlightened room. Mice
belonging to different experimental groups were randomized to assign an escape hole to each
mouse, thus avoiding selection bias. Behavioural testing included three phases: 1.
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Habituation phase, in which mice were introduced to the environment for 2 minutes and
gently accompanied to the escaped hole; 2. Learning phase lasting three consecutive days,
in which the animals learn to find the location of the escape hole (day 1-3; 3 trials/day; 2
minutes/trial); 3. One probe trial (day 4) carried out using a closed escape hole. During the
training phase, total latency time to enter the escape box was recorded. On the probe day,
the escape hole was closed, and each mouse was given 2 minutes to explore the maze,
therefore the primary latency time to identify the target hole was measured, then the mouse
was returned to its home cage. Mice were excluded from the probe trial if they remained
immobile in their home cage or did not perform properly due to immobility for >2 minutes
during the learning days or during the probe trial (Di Nunzio et al., 2021).

Figure 3.4.1 - Barnes Maze. Left, the platform maze. Right, on the first day mice were placed in the
maze and gently pushed towards the escape hole. After 24 h and for three subsequent days, mice start
the learning sessions and freely explore to identify the escape hole (day 1-3; 3 trials/day; 2

minutes/trial). After 24 h, the escape hole is closed, and mice are tested for spatial memory (Probeday 4).

3.5 Post-mortem brain MRI and image analysis
At the end of EEG recordings, mice were sacrificed for post-mortem MRI analysis
and subsequent histological analysis. Mice were deeply anaesthetized by injecting ketamine
(75 mg/kg, i.p.) and medetomidine (0.5 mg/kg, i.p.), then perfused via ascending aorta with
50 mM ice-cold PBS, pH 7.4 for 3 minutes followed by ice-cold 4% paraformaldehyde
(Merck, Darmstadt, Germany, #104005) in PBS for 5 minutes. After perfusion, the
electrodes were carefully removed from the brain, mice were decapitated and the head of the
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mouse was inserted in a plastic tube, fixed on the mouse-compatible MRI holder with tape,
then immediately scanned.
Neuroimaging was performed on a 7T small bore (12 cm wide) animal scanner
(Bruker Biospec, Ettlingen, Germany). Two actively decoupled radio frequency coils were
used: a volume coil of 7.2 cm diameter used as the transmitter and a surface coil as the
receiver. A 3D rapid acquisition with relaxation enhancement (RARE) T2-weighted
sequence was performed to assess anatomic changes. The morphologic images were
obtained with a voxel size of 100 x 100 x 100 µm (matrix size 300 x 100 x 120 and field of
view 3 x 1 x 1.2 cm); repetition time [TR] = 2500 ms, effective echo time [TE] = 50 ms, and
a RARE factor of 16, for 1 average (Acquisition time: 30 min). At the end of MRI
procedures, brains were post-fixed for 45 minutes at 4° C, then transferred to 20% sucrose
in PBS for 24 hours at 4° C. Then, the brains were immersed in -45°C isopentane for 3
minutes and stored at -80°C until immunohistochemistry was performed.
MRI images were analysed to measure the volume of selected brain regions and the
thickness of cortices involved affected by epilepsy. Measurements were undertaken in the
hemisphere ipsilateral to the injected amygdala.
Brain region volume was quantified using the multi-atlas segmentation approach
embedded in the ANTs software library (Advance Neuorimaging Tools)(Avants et al., 2011;
Wang et al., 2013).
Specifically, five reference brains had 39 brain regions manually identified on every
MRI section co-registered on the mouse brain histology atlas (Bai et al., 2012) by Franklin
and Paxinos (http://www.bioeng.nus.edu.sg/cfa/mouse_atlas.html#_ftnref1).
The thickness of the temporal cortices was assessed by measuring the distance
between the external capsule and the brain surface using atlas-based co-registered images
covering the full antero-posterior extension of the specific cortical region. In each mouse
brain, values obtained from each MRI image (n= 45 images/area/mouse) were averaged,
providing a single value for each area, and this value was used for statistical analysis.
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3.6 Immunohistochemistry and histological evaluation of neuronal cell loss
3.6.1 Brain tissue preparation for histological analysis
Mice were deeply anesthetized (10% ketamine+10% medetomidine+80% saline; 10
ml/kg, i.p.) and perfused via ascending aorta with ice-cold phosphate buffered saline (PBS,
pH 7.4) followed by 4% paraformaldehyde (PAF) in PBS. Brains were removed from the
skull and post-fixed for 90 min in 4% PAF in PBS at 4°C, transferred in 20% sucrose in PBS
for 24 h at 4°C, then frozen in n-pentane for 3 min at −50°C, and stored at −80°C until assay.
Serial coronal (-1.34 to -1.58 mm from bregma, 40 µm) and horizontal slices (-5.04
to -6.84 mm from bregma, 40 µm; Franklin and Paxinos, 2008) were cut on a cryostat
throughout the dorsal extension of the hippocampus and the entorhinal cortex, respectively.
For each anterio-posteriority level, 1 slice every 4 (or 8, see 3.6.3 Nissl staining) was
collected onto a gelatine-coated slide. The adjacent slices were collected in 1X PBS for
immunohistochemistry (IHC, in free-floating; see 3.6.2). Sampling strategy of slices was
designed to obtain at one slice for each level of antero-posteriority for quantitative analysis
of each marker/staining to provide an average value representative of the whole area of
interest. Quantitative analyses were performed in the dorsal hippocampus and in the
entorhinal cortex ipsilateral to the injected amygdala since the histopathology is mainly
restricted to the injected hemisphere (as described in Chapter 4 and by Mouri et al, 2008).
Slices at the same anteroposterior levels were matched for each control and experimental
mouse.
3.6.2 Immunohistochemistry
Markers of microglia (Iba1), astrocytes (S100β), and leukocytes (CD45) were
analysed using 3 coronal hippocampal slices/marker. Slices were incubated overnight at 4°C
with a primary anti-S100β antibody (1:3000, Abcam) in 3% fetal bovine serum (FBS) in
0.1% Triton X -100 in Tris buffered saline (TBS), or with a primary anti-Iba1 antibody
(1:1000, Wako) in 1% Normal Goat Serum (NGS) in 0.1% Triton X-100 in PBS, or with a
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primary anti-CD45 biotinylated antibody (1:500, BD Pharmingen) in 3% FBS in 0.1% Triton
X-100 in PBS. Immuno-reactivity was tested by avidin–biotin–peroxidase (Vector Labs,
USA). Sections were stained using diaminobenzidine. At the end of immunohistochemical
procedures, slices were mounted onto gelatine-coated slides, dehydrated in graded alcohols,
and cover slipped.
Images of the whole dorsal hippocampus were captured at 20X magnification using
a Virtual Slide scanning microscopy system (Olympus, Germany) and digitized. Iba1, S100β
and CD45 were quantified either by counting in each slice the number of positive cells, and
by measuring the cell body size (Iba1 and S100β only). The number of cells was expressed
either as total number/section or as cell density (number of cells/area µm2). An algorithm
was created to segment and analyse stained cells using Fiji software, as shown in Figure
3.6.1 as well as previously described (De Blasio et al., 2017; Zanier et al., 2015). Data
obtained in each of the 3 brain sections for each marker from each mouse were averaged,
thus providing a single mean value for each marker/mouse, and this value was used for the
statistical analysis.

Figure 3.6.1 - Quantification of glial cells. Representative microphotographs of the entorhinal
cortex of one representative sham control mouse. The original image (left panel) was scaled to
microns, binarized and segmented using Fiji (middle panel). Cells with >15 μm 2 area were selected
and counted (profiles of selected cells for analysis in the right panel). Scale bar = 50 μm. Image taken
from Altmann et al., 2021.

3.6.3 Nissl staining
One slice every 4 coronal (dorsal hippocampus) or 8 horizontal (entorhinal cortex)
sections were stained with cresyl-violet. Cell loss was quantified as previously described
using 3 slices for each area of interest (Frigerio et al, 2018b). Briefly, images of the dorsal
67

hippocampus and of the entorhinal cortex were captured at 20X magnification using a
Virtual Slide scanning microscopy system (Olympus, Germany) and images were digitized.
As far as the hippocampus is concern, neuronal cell loss was quantified by manually
reckoning the number of Nissl-stained neurons in CA1 and CA3 pyramidal cell layers, and
the hilar interneurons. For the entorhinal cortex, the image processing was done using Fiji
software (Schindelin et al., 2012). An algorithm was created to segment and analyse every
Nissl-stained cell over the entire manually selected region of interest (ROI), as previously
described (Pischiutta et al., 2018). Briefly, images were scaled into microns, and the
background subtracted. Then an optimised threshold selected in a pilot study was applied
across all the experimental groups to identify the Nissl-stained positive area, and the images
were binarized. In order to unequivocally distinguish Nissl-stained neurons from glial cells
and to count neuronal cells only, we excluded from the counting those cells with an area
below the cut off value of 25 µm2 by using Fiji software, as previously described (Pischiutta
et al., 2018; Zanier et al., 2015). Figure 3.6.2 illustrates a representative microphotograph
of the segmentation method. Once segmented, all cells positive for Nissl were automatically
quantified. The number of cells was expressed either as total number/section or as cell
density (number of cells/area µm2). Data obtained in each of the 3 slices from each area were
averaged, thus providing a single mean value for each brain area/mouse, and this value was
used for statistical analysis.
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Figure 3.6.2 - Quantification of neuronal cell loss. Representative microphotograph showing Nissl
staining in the entorhinal cortex of a sham control mouse. To distinguish neurons from glia, we
segmented every cell over the entire entorhinal cortex slice by excluding those cells with an area
below the cut-off value of 25 µm2, by using Fiji software. Using this procedure, only neurons were
counted (black profile), while glial cells (red arrows) were excluded from the quantitative analysis.
Image taken from Altmann et al., 2021.

3.7 Evaluation of hippocampal excitability and basal neurotransmission
3.7.1 Brain tissue preparation for acute brain slices
Naïve mice were sacrificed by cervical dislocation, the brains were quickly removed
and cut in ice-cold modified artificial cerebrospinal fluid (aCSF) containing the following
(in mM): 87 NaCl, 2.5 KCl, 1 NaH2PO4, 75 sucrose, 7 MgCl2, 24 NaHCO3, 11 D-glucose,
and 0.5 CaCl2. Coronal brain slices (350 um thick) at the level of the dorsal region (septal
pole) of the hippocampus were cut with vibrating-blade microtome VT1000s (Leica
Microsystems GmbH). Then, slices were transferred into an incubating chamber and
submerged in aCSF containing (in mM): 130 NaCl, 3.5 KCl, 1.2 NaH2PO4, 1.3 MgCl2, 25
NaHCO3, 11 D-glucose, 2 CaCl2 and constantly bubbled with 95% O2 and 5% CO2 at room
temperature. Slices were incubated for at least 1 h, then transferred in a submerged recording
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chamber and perfused with oxygenated aCSF at a rate of 2 ml/min and a constant
temperature of 28-30°C (Altmann et al., 2021).
3.7.2 Extracellular recordings
Extracellular recordings of population spikes (PS) were obtained in CA1 pyramidal
layer using glass micropipettes filled with 3 M NaCl. Stimulation of Schaffer collaterals was
delivered by a Constant Voltage Isolated Stimulator (Digitimer Ltd., Welwyn Garden City,
UK) through bipolar twisted Ni/Cr stimulating electrode. Population spike (PS) was
recorded in pyramidal layer, while field excitatory postsynaptic potentials (fEPSP) were
recorded in stratum radiatum. PS amplitude was measured as the amplitude of the first
negative deflection overriding the field EPSP waveform. The input-output curves were
plotted as the relationship of PS amplitude or fEPSP slope versus stimulus intensity (2V
steps). Five consecutive tracings were averaged for each stimulus intensity. To examine the
Paired-pulse facilitation the stimulation was set to approximately the half maximal fEPSP
response and the pairs of stimuli were delivered with 25, 50, 150, 200 and 250 ms inter pulse
interval (IPI). The first pulse and second pulse elicited by the first and second stimulus are
referred to as fEPSP1 and fEPSP2, respectively. The PPF value was calculated as the
fEPSP2/fEPSP1 ratio for any given IPI. Data were amplified and filtered (from 10 Hz to 3
kHz) by a DAM 80 AC Differential Amplifier (World Precision Instruments, Sarasota, FL,
USA), and digitized at 10 kHz by a Digidata 1322 (Molecular Devices, Foster City, CA,
USA).
3.8 Flow cytometry
Mice were anesthetized, briefly perfused with saline for blood displacement and
brain tissue removed. Hippocampi ipsilateral to injected amygdala (in SE-exposed groups)
or from both hemispheres (in sham mice) were rapidly dissected out on ice and mechanically
dissociated, then incubated with 0.4 mg/ml collagenase type IV (Sigma-Aldrich) for 30 min
at 37°C. Then, the homogeneous cell suspension was loaded on a isotonic 90% Percoll
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gradient and centrifuged for 30 min at 4°C at 10,800 rpm to enrich for inflammatory cells
and discard myelin debris, as previously described (De Feo et al., 2017). All harvested cells
were then immediately stained and thereafter acquired on the Canto II (Becton
Dickinson/BD Biosciences) flow cytometer and analysed with FlowJo software (Tree Star).
The following antibodies were employed: CD11b-PE-Cy7 (1:300, BD, clone M1/70),
CD45-PB (1:300, Biolegend, clone 30-F11), Ly6C-FITC (1:200, BD, clone AL-21), Ly6G–
PerCP-Cy5.5 (1:200, BD, clone 1A8). Live viability was assessed by the Zombie NIR™
Fixable Viability Kit (1:500, Biolegend). Prior to detailed analysis, cells were always gated
on single and live cells, by excluding dead cells with the live/dead Zombie NIR™ Fixable
Viability Kit (Biolegend). Immune cells were identified as live microglial cells
(CD45loCD11b+Ly6G-Ly6C-), monocytes (CD45hiCD11b+Ly6G-Ly6Chi), neutrophils
(CD45+CD11b+Ly6G+) and lymphocytes (CD45+CD11b-) as detailed in the gating
strategy in each figure legend (Altmann et al., 2021; Di Nunzio et al., 2021).
3.9 Statistical analysis of data
All efforts were made to minimize the number of animals used and their suffering
according to the principles of the 3 Rs (Replacement, Reduction and Refinement;
https://www.nc3rs.org.uk/the-3rs). Quantification of each experiment was done blindly. The
sample size was a priori determined based on previous experience with this animal model,
and statistical hypotheses, endpoints and statistical tests were prospectively defined.
Statistical analysis was performed by GraphPad Prism 8 (GraphPad Software, USA)
for Windows using absolute values. Data are presented as box-and-whisker plots depicting
median, interquartile interval, minimum and maximum (n = number of individual mice or
samples) or as mean ± standard error mean (SEM). Choice between parametric and nonparametric tests depended on passing D’Agostino and Pearson normality test.
The temporal distribution of spikes during SE, the treatment effect on number of
seizures and duration, the learning rate (measured as total latency during the daily trials of
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the Barnes Maze) were analysed by two-way ANOVA or mixed models (Goonewardene,
2004). Mann-Whitney test for two independent groups or one-way ANOVA followed by
Tukey’s post-hoc test for more than two independent groups were used for statistical analysis
of SE onset and duration, MRI data, microglial and neuronal cell count, for discrimination
index in the NORT and probe in the Barnes Maze. Statistical significance was considered
with p<0.05.
The statistical analysis performed were accurately revised by a biostatistician, Dr L.
Porcu.
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CHAPTER 4: THE
EXPERIMENTAL MODEL OF
ACQUIRED EPILEPSY

Part of the results presented in this chapter have been published in:
Di Nunzio, M, Di Sapia, R, Sorrentino, D, Kebede, V, Cerovic, M, Gullotta, GS, et
al. Microglia proliferation plays distinct roles in acquired epilepsy depending on disease
stages. Epilepsia. 2021; 00: 1– 15. https://doi.org/10.1111/epi.16956
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4.1 Description of the experimental model of epilepsy
The experimental mouse model of acquired epilepsy we used has been extensively
described previously (Frigerio et al., 2018b; Iori et al., 2017; Jimenez-Mateos et al., 2011;
Mouri et al., 2008). It is based on the induction of a primary brain injury, status epilepticus
(SE) provoked by the injection of KA in the basolateral nucleus of the amygdala. KA is an
agonist of ionotropic glutamate AMPA/Kainate receptor subtype and local or systemic
injection of convulsive doses of KA induce seizures associated with neuronal cell loss in
forebrain (Ben-Ari and Cossart, 2000).
After 10 minutes from KA injection, SE starts and is characterized by continuous
spiking activity evaluated with EEG analysis and by associated motor convulsions (Iori et
al., 2017). After 40 minutes from KA, an i.p injection of diazepam is administered in order
to reduce mortality by attenuating SE motor component but without altering EEG SE
(Jimenez-Mateos et al., 2011; Iori et al., 2017; Frigerio et al., 2018b). In this model, SE has
an average duration of 12.1±1.4 hours (Mean ± SEM; Iori et al., 2017).
SE triggers epileptogenesis and spontaneous seizures develop after the acute insult
(Mean ± SEM, onset, 6.2±0.5 days), and recur for months (Di Nunzio et al., 2021; Frigerio
et al., 2018b; Iori et al., 2017). Spontaneous convulsive seizures originate and spread in the
limbic system, and also involve the neocortex (Jimenez-Mateos et al., 2011; Iori et al., 2017;
Frigerio et al., 2018b). Mice develop cognitive deficits after SE (Di Nunzio et al., 2021;
Frigerio et al., 2018b; Liu et al., 2013).
As extensively described in Chapter 1 of this thesis, clinical and experimental
evidence showed that microgliosis is a major feature of the epileptogenic brain. Thus, in this
study we have characterized the temporal pattern of microglia reactivity and proliferation in
our murine model of acquired epilepsy by combining immunohistochemistry and flow
cytometry.
This model mimics features of temporal lobe epilepsy with hippocampal sclerosis.
In particular, neuronal cell loss is observed in the hippocampus ipsilateral to the injected
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amygdala (Mouri et al., 2008; Iori et al., 2017) and in extrahippocampal areas ipsilateral to
the injected hemisphere (Jimenez-Mateos et al., 2011; Iori et al., 2017). Less extensive cell
loss was reported in the contralateral hemisphere in our previous studies. We evaluated
therefore the extent of the neurodegeneration by quantifying the neuronal cell loss in crucial
epileptogenic areas in this model, such as the hippocampus and entorhinal cortex (Iori et al,
2017; Frigerio et al, 2018b) in both hemispheres.
4.2 Specific materials and methods
Experimental plan. In order to characterize the pattern of microgliosis during
epileptogenesis, a detailed time-course experiment was designed as follows: mice were
exposed to stereotaxic surgery as described in General Materials and Methods and after one
week of recovery in their home cage, they were connected to the EEG set up and exposed to
SE. Microglia was assessed 2 h, 24 h, 5 days, 7 days, 14 days and 3 months post-SE that
represent the crucial phases of disease development (n=5-6 mice/time-point). Iba1-positive
cells were analysed by quantitative immunohistochemistry in the hippocampus ipsilateral to
the KA-injected amygdala, a crucial epileptogenic area in this model (Iori et al, 2017;
Frigerio et al, 2018b).
4.3 Results
4.3.1 Microglia reactivity and proliferation
Iba1 immunoreactivity showed reactive microglia from 24 h to 3 months after SE:
Iba1 positive cells displayed hypertrophy with retraction of distal ramifications (Figure 4.3.1
C, D) as compared to cells with small cell bodies and extensive ramifications in sham
hippocampi (Figure 4.3.1 A). Quantitative analysis showed a significant increase of cell
body size in SE-exposed mice at all the time points analysed starting from 24 h post-SE after
SE (Figure 4.3.1, left), thus confirming the morphological changes of cell activation (Figure
4.3.1). Also, the number of Iba1 positive cells was significantly increased in SE-exposed vs
sham mice after 5 days until 3 months post-SE (Figure 4.3.1, right).
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Figure 4.3.1 - Analysis of microglia in the hippocampus of mice exposed to status epilepticus.
Panels A-D: Representative photomicrographs (2x; scale bar: 50 µm) showing Iba1-positive cells in
CA1 subfield in sham mice (A) and status epilepticus (SE)-exposed mice sacrificed 2 h (B), 24 h (C)
and 3 months (D) after SE onset. Inserts show a magnified microglial cell (60x; scale bar: 20 µm).
The graphs below depict the quantitative analysis (averaged from at least three sections): the average
cell body size/section (left) and number of Iba1-positive cells/section (right) in sham mice and SEexposed mice sacrificed at the various time points. Data are presented as box-and-whisker plots
depicting median, interquartile interval, minimum and maximum, and single values (sham n=5; SE
n=5-6 mice/group). *p<0.05, **p<0.01 vs sham by Kruskall-Wallis test followed by Dunn’s multiple
comparison test.
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Consistent with immunohistochemistry, a significant increase of microglial cells was
measured 7 days post-SE vs shams in dissociated hippocampal tissue (Figure 4.3.2, upper
left). A significant increase in the number of macrophages was also measured within the
same hippocampi (Figure 4.3.2, upper right).

Figure 4.3.2 - Flow cytometry quantification of microglia and macrophages. Above, absolute
cell counts of microglia (left) and macrophages (right) in the hippocampus of sham and SE-exposed
mice sacrificed 7 days after SE onset (n=4; each value results the total number of cells from pools of
hippocampi from 3 different mice). Data are presented as box-and-whisker plots depicting median,
interquartile interval, minimum and maximum, and single values. *p<0.05, Mann Whitney U test.
Below, representative plots depicting gating strategy in flow cytometry analysis for separation of
phenotypically identified microglia and macrophages in sham and SE-exposed mice.

4.3.2 Evaluation of neuronal cell loss in epileptic mice
We have first evaluated neuronal cell loss in the hippocampus and entorhinal cortex
of chronic epileptic mice compared with sham control mice by Nissl-staining. The analysis
confirmed a significant reduction of neurons in the dorsal ipsilateral hippocampus of
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epileptic mice compared with sham mice in CA1, CA3 and hilar region of DG (Figure 4.3.3
A). Differently, a significant reduction of CA1 neurons and CA3 but not in the hilar region
was observed in the contralateral hippocampus (Figure 4.3.3 A). In the ipsilateral entorhinal
cortex, a significant reduction of neurons was measured compared with sham mice, whereas
no neuronal damage was observed in the contralateral entorhinal cortex (Figure 4.3.3 B).
Next, we evaluated if the neuronal cell loss was present in the ipsilateral ventral
hippocampus. The results of the neuronal counts have shown no differences in the epileptic
mice compared with sham mice (Figure 4.3.3 C).

Continue below

78

Figure 4.3.3 - Quantification of neuronal cell loss by Nissl-staining. A) Representative
photomicrographs of dorsal hippocampus (CA1, CA3 and hilus) in the ipsilateral and contralateral
hemispheres to the injected amygdala (n=8-9 respectively), compared with sham control mice (N=714) and the relative quantification (number of neurons/section averaged from at least three sections).
B) Representative photomicrographs of horizontal sections of the entorhinal cortex in the ipsilateral
and contralateral hemispheres to the injected amygdala (n=21-15 respectively), compared with sham
control mice (n=20) and the relative quantification (number of neurons/area µm2, averaged from at
least three sections). C) Representative photomicrographs of horizontal sections of ventral ipsilateral
hippocampus (CA1, CA3 and hilus) in epileptic vs sham mice (n=8/group) and the relative
quantification (number of neurons/section averaged from at least three sections). Data are presented
as box-and-whisker plots depicting median, interquartile interval, minimum and maximum, and
single values. *p<0.05, **p<0.01, vs sham; °p<0.05, °°p<0.01 vs ipsi, ANOVA followed by Tukey’s
test. Ctx=cortex; I-V= neuronal cell layers.

4.4 Discussion
It was previously reported that microglia display reactive morphology and
proliferates after SE in rodents exposed to systemic KA (Avignone et al., 2008). Our results
support previous findings by showing microglia reactivity and proliferation in our intra79

amygdala KA model of acquired epilepsy. Data showed that microglia react and proliferate
during epileptogenesis and this effect persist in chronic epilepsy, specifically within the first
week and at 3 months after SE.
We also characterized the neurodegeneration in this model of acquired epilepsy
(Frigerio et al., 2018b). Previous studies described a progressive pattern of neuronal death
following electrically induced SE (Pitkanen and Sutula, 2002), and that pilocarpine-induced
SE causes progressive neuronal damage across brain regions (Fujikawa, 1996).
Our results showed that neuronal cell loss is prevalent in the dorsal ipsilateral
hippocampus and it does not extend to the ventral hippocampus. Neuronal cell loss was
observed in the entorhinal cortex but only ipsilaterally to the injected amygdala, since the
contralateral side was preserved. Note that post-mortem analyses in the following chapters
will mainly refer to the ipsilateral hemisphere, unless otherwise indicated, where damage
was prevalent.
The following chapters describe the pharmacological strategies used to interfere with
microglia and uncover its role in epileptogenesis: two different CSF1R inhibitors were
applied to mice, namely PLX3397 to deplete microglial cells and GW2580 to block their
proliferation.
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CHAPTER 5: MICROGLIA
DEPLETION PREVENTS
CORTICAL THINNING IN A
MURINE MODEL OF ACQUIRED
EPILEPSY

The results reported in this study have been published in:

Andre Altmann*, Mina Ryten *, Martina Di Nunzio* et al.
A systems-level analysis highlights microglial activation as a modifying factor in
Common epilepsies. Neuropathology and Applied Neurobiology, 2021;
doi: 10.1111/nan.12758
*First shared co-authorship
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5.1 Introduction
The ENIGMA-EPILEPSY consortium (EEC), who is running the largest
international neuroimaging study in epilepsy, has recently identified patterns of shared grey
matter reduction in cortical regions (cortical thinning) across epilepsy syndromes, including
idiopathic generalized epilepsies, TLE with/wo hippocampal sclerosis, other types of focal
epilepsies. These structural brain abnormalities represent a common feature across epilepsies
as shown by MRI brain scans of 2149 individuals with diverse epilepsy etiologies and
syndromes compared to 1727 matched healthy controls (Whelan et al., 2018). However,
mechanisms underlying these structural changes have not been described yet, thus it is
important to identify possible causes of cortical thinning in human epilepsies.
To identify the molecular basis of this regional vulnerability in the broad spectrum
of epilepsies, and the potential clinical consequences, the brain regions showing cortical
thinning have been aligned to a region-specific gene expression map available from the Allen
Institute for Brain Science: Healthy Human Brain Gene Expression Atlas. More than 2500
differently expressed genes have been identified by this analysis revealing an enrichment for
microglial genes in cortical thinning vulnerable regions vs non vulnerable regions, in
particular, for microglial reactive state. Indeed, it is well known that microglia display a
reactive morphology in epileptic foci and in the areas where seizures generalize both in
surgical specimens from epilepsy patients and in experimental models (Ravizza et al., 2008).
This evidence therefore has identified microglia as a cell population potentially involved in
the cortical thinning observed in the epilepsies.
The aim of this study was to interrogate microglia involvement in epilepsy
development, cortical thinning and neuropathology, and in potential functional
consequences such as cognitive decline, using an established murine model of TLE. We
targeted reactive and proliferating microglia by reversibly depleting this cell population from
the brain parenchyma with PLX3397, a blocker of the CSF1R involved in proliferation,
differentiation and survival of microglia. As previously described by Elmore and colleagues,
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PLX3397 in food pellet depletes microglia by ~95% after 3 weeks of treatment. After mice
are returned to a non-medicated diet, devoid of PLX3397, microglia re-populate the brain
parenchyma within one week (Elmore et al., 2014).
5.2 Specific Materials and Methods
5.2.1 Justification of the treatment schedule and experimental design
An orally available inhibitor of CSF1R (Tap et al., 2015), PLX3397 was formulated
290 mg/kg in a standard chow diet (AIN-76A, Research Diets, Inc New Brunswick, NJ,
USA), corresponding to a daily dosing of ≈ 52 mg/kg in mice and a placebo diet was used
as control (standard chow diet AIN-76A). Both research diets were stored at 4°C until use.
Microglia depletion in mice fed with a PLX3397-supplemented diet has been
extensively described before (Buttgereit et al., 2016; Elmore et al., 2014; Huang et al., 2018;
Waltl et al., 2018). Studies report that a treatment schedule of 21 days allows depletion of
99% of microglia from brain parenchyma and after drug withdrawal microglia re-populates
the brain by 50% within 3 days, and at completion by one week (Elmore et al., 2014).
In order to characterize an appropriate protocol of drug administration during
epileptogenesis, naïve mice were fed with PLX3397-supplemented diet for 21 days. Daily
food intake and body weight were measured to ensure mice were healthy and food intake
was not affected by the medicated diet. At the end of the treatment (21 days), mice were
killed and brains were processed for immunostaining of the microglial marker Iba1, flow
cytometry analysis (Figure 5.3.1) or for electrophysiological experiments (Figure 5.3.5).
Based on the results in naïve mice, we designed the experiment with mice to be
exposed to SE that were randomized as depicted in Figure 5.2.1.
Cross-sectional study. As depicted in Figure 5.2.1 A, mice were kept for two weeks
under either placebo or PLX3397-diet, then they were implanted with electrodes and one
injection cannula for kainate administration (see Materials and Methods in Chapter 3). One
week after surgery mice under the same placebo or PLX3397-diet regimen were exposed to
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SE. The PLX3397 diet was continued after SE until mice were sacrificed 14 days
(n=6/group) post-SE, in order to verify that microglia depletion was maintained after SE
induction (Figure 5.2.1 A). Sham mice were run in parallel serving as control (n=7).
Longitudinal study. As depicted in Figure 5.2.1 B, a group of mice was prepared for
a longitudinal study, in order to study the involvement of microglia in the development of
epilepsy and the related structural brain modifications, as follows. Mice were fed with either
PLX3397-supplemented diet or placebo diet (n=14/group) for 2 weeks, then mice were
implanted with electrodes and injection cannula, and after one week from surgery they were
exposed to SE (time 0) while keeping them under the same placebo or PLX3397-diet
regimen during the whole procedures (n=3 mice/group died after SE and n=1 mouse in the
placebo group died in the chronic phase; they were excluded from any subsequent analysis).
The PLX3397 diet was continued for one week after the onset of epilepsy. At this time, mice
under the PLX3397 diet were switched to the placebo diet until the sacrifice. Control mice
exposed to SE received a placebo diet throughout the whole experiment.
Mice were monitored (24/7) from SE induction until 3 weeks thereafter to encompass
the acute phase of epilepsy development. Animals were again EEG monitored in the chronic
disease phase, as indicated in Figure 5.2.1 B. At the end of the EEG recordings, mice were
behaviourally tested in NORT. Then, mice were sacrificed and their brains were exposed to
post-mortem MRI, then processed for histology (see Material and Methods for details). As
described in paragraph 5.3.4, for behavioural analysis we included additional sham mice
(n=13-16) and placebo-diet fed SE mice (n=8) that were run in parallel with PLX3397-fed
or placebo-diet fed mice of Figure 5.2.1 B. These placebo-diet fed mice (n=8) were EEG
monitored only during the chronic disease phase (55-90) and displayed seizures frequency
(1.65 ± 0.75, n=10; p=0.41 by Mann-Whitney test) similar to longitudinally monitored
placebo-diet fed mice of Figure 5.2.1 B. The same mice were also included in post-mortem
MRI and histopathological brain analyses.
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In addition to the longitudinal study, a group of mice that had experienced SE (n=10),
was monitored for 2 weeks during chronic epilepsy (55-69 days), then switched to PLX3397supplemented diet (70-84 days): EEG recordings were performed for 2 weeks to assess the
number of seizures of each mouse (baseline) and for 2 weeks during PLX3397 treatment (2
out of 10 mice were excluded because displaying no seizures at baseline). This treatment
schedule is depicted in Figure 5.2.1 C. These mice were tested during chronic epilepsy to
study the involvement of microglia in the generation of chronic seizures.

Figure 5.2.1 - Schematic representation of the experimental design. Mice were randomized in a
cross-sectional (A) and a longitudinal (B) experiment, where the time of onset of spontaneous seizure
(box onset) occurred approximately one week (7 d) after SE (mean ± SEM: 6.2±0.5 days; n=21). The
PLX3397-supplemented diet was given to mice for three weeks (21 days) before the induction of
status epilepticus (SE, time 0). One week before the induction of SE, mice underwent stereotactic
surgery for electrode implantation to allow EEG recordings (1 w before SE, black arrow). EEG was
monitored (24/7) at the time intervals indicated by dashed lines. After SE, the medicated diet was
protracted until the onset of spontaneous seizures and continued for 7 additional days (14 d) after
onset. Overall, the treatment schedule was continued for approximately 5 weeks. Panel A depicts the
protocol of the cross-sectional experiment where mice were sacrificed respectively 14 days for
immunohistochemistry (IHC). Mice in Panel B were switched to the placebo diet 7 days after the
onset of SRS, which means approximately 14 days after SE (14 d) and monitored for one additional
week (21 d), then removed from the EEG and returned to their home cage. Dashed black arrows
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indicate mice that were excluded from the study because of mortality after SE or in seizures. Mice
were monitored longitudinally, and EEG recordings were performed again during chronic epilepsy
(55-90 d). At the end of the EEG recordings, mice were exposed to a behavioural test (NORT), then
sacrificed. Brains were exposed to post-mortem MRI, then processed for histology (see Material and
Methods for details). An additional group of mice exposed to SE received a placebo diet throughout
the whole experiment, serving as control mice. Panel C depicts the chronic treatment protocol, where
PLX3397-supplemented diet was administered during chronic epilepsy (n=10). Mice were monitored
longitudinally, and EEG recordings were performed during two subsequent recording windows: 5569 days to assess seizures baseline (2 mice were seizure-free at the baseline, thus they were excluded)
and 70-84 days to evaluate the effect of PLX3397 on seizures number (as indicated in green
brackets).

5.3 Results
5.3.1 Effects of microglia depletion in naive mice
The mice fed with the PLX3397 diet grew in weight similarly to placebo diet fed
mice during three weeks of treatment (Mean ± SEM; g; Placebo, day 1, 25.1±0.2; day 21,
28.2±0.5; PLX3397, day 1, 24.7±0.5; day 21, 26.7±0.4; n=5-8). Also, daily food intake was
comparable in the two experimental groups (Mean ± SEM; g; Placebo: 3.7 ± 0.1; PLX3397:
3.3 ± 0.1; n=5-8). In accordance with what previously observed by Elmore and colleagues,
PLX3397-supplemented chow (290 mg/kg diet) provided >90% microglia depletion in
hippocampus and entorhinal cortex of naive mice vs mice fed with placebo diet (n=6-8), as
assessed by Iba1 quantitative immunohistochemistry (Figure 5.3.1 A). Accordingly, flow
cytometry analysis of microglia from forebrain of PLX3397-supplemented diet fed mice
showed a cell number reduction of ~94% compared to placebo diet fed mice (Figure 5.3.1
B). No effect of PLX3397 was found on the number of S100β positive astrocytes (Mean ±
SEM; average number of cells in three adjacent hippocampal slices; Placebo: 1343 ± 29.4;
PLX3397: 1357 ± 13.9; n=5-6), thus confirming the selectivity of PLX3397 for microglia.
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Figure 5.3.1 - PLX3397 depletes microglia in the brain of naive mice. Panel A: Representative
photomicrographs of Iba1 immunoreactivity in the hippocampus and entorhinal cortex of mice fed
with placebo non-medicated diet (n=6-8) or PLX3397-supplemented diet (n=5) for 21 days. Boxand-whisker plots show the quantification of the number of Iba1 positive cells/section averaged from
the cell count in three adjacent hippocampal slices, as depicted by median, minimum, maximum and
single values in the hippocampus and entorhinal cortex. **p<0.01 vs placebo by Mann Whitney test.
Scale bars: 200 µm. Ctx = cortex; GC = granule cell layers; CA1 = CA1 pyramidal cell layer; II-V
cortical neuronal layers. Panel B: Flow cytometry analysis on brain immune cells after 21 days
treatment with PLX3397-supplemented diet. The total cell number of live microglial cells (CD45 lo
CD11b+ Ly6G- Ly6C-) in the hippocampus (pooled hippocampi from the two hemispheres/mouse;
n=2-3 mice) is quantified in the graph and shown in representative plots. Data are shown as Mean ±
SEM, **p<0.01 vs placebo by Mann Whitney test.

Similarly, PLX3397 displayed no effects on neuron number in the hippocampus and
in the entorhinal cortex, as depicted in Figure 5.3.2.
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Figure 5.3.2 – Lack of effects of PLX3397 on neurons in naïve mice. Panel A. Photomicrographs
of Nissl-stained coronal hippocampal slices (CA1, CA3 and hilus subfields) from brains of naïve
mice fed with placebo diet (n=4) and PLX3397-supplemented diet (n=5) for 21 days. Relative
quantifications of the average number of Nissl-stained neurons/section in each hippocampal subfield
are reported in the graph (right). Panel B. Photomicrographs of Nissl-stained horizontal entorhinal
cortex slices in naïve mice fed with placebo diet (n=4) and PLX3397-supplemented diet (n=4) for 21
days. II-V cortical neuronal layers. Relative quantification of neuronal density is shown in the graph
(right).
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5.3.2 Microglia depletion in mice exposed to SE and developing epilepsy
As shown in Figure 5.2.1 A, mice fed for 21 days with the PLX3397-supplemented
diet in order to achieve microglial depletion (>95%), or placebo diet, were exposed to SE.
Then, mice were sacrificed 14 days post-SE during the same diet regimen for
immunohistochemistry analyses to verify the efficacy of PLX3397 in providing microglial
depletion after SE. As described previously (Chapter 4), SE induces glial cells reactivity and
proliferation within 24 h after KA injection and this effect persists until chronic epilepsy, as
previously shown in Figure 4.3.1 (Chapter 4). Figure 5.3.3 shows that the number of
microglia and their cell body size were increased after SE in placebo-fed mice compared to
sham (**p<0.01 vs sham by one-way ANOVA followed by Tukey’s multiple comparisons).
PLX3397-fed mice showed microglia depletion after SE, as shown by the quantification of
microglial cell number (°°p<0.01 vs placebo by one-way ANOVA followed by Tukey’s
multiple comparisons) (Figure 5.3.3 A). The microglia cell surviving PLX3397-induced
depletion after SE appeared morphological activated as shown by increased cell body size
(Figure 5.3.3 B). Astrocytes number and body size were increased similarly in SE group
under placebo or medicated diets compared with sham (**p<0.01 by one-way ANOVA
followed by Tukey’s multiple comparisons) (Figure 5.3.3 C, D), confirming PLX3397
selectivity for microglia.
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Figure 5.3.3 – PLX3397 depletes microglia without affecting astrocytes. Total cell
number/section and average cell body size/section of Iba1- (A, B) and S100β-positive cells (C, D)
were averaged from three slices of different anteroposteriority level, representative of the whole
dorsal hippocampus, ipsilateral to the injected amygdala. Sham and SE-exposed mice: placebo and
PLX3397-diet fed mice were sacrificed 14 days after SE (experimental protocol in Figure 5.2.1).
Box-and-whisker plots depicting median, minimum, maximum and single values. ** or °° p<0.01 vs
sham or placebo by ANOVA followed by Tukey’s post-hoc test.

5.3.3 Microglia depletion effects on SE and spontaneous seizures
SE developed similarly in PLX3397-supplemented and placebo diet fed mice:
microglial depletion did not modify the onset, duration and severity of SE as shown in
Figure 5.3.4. In agreement with these results, hippocampal neuronal excitability in naïve
mice fed with PLX3397 for 21 days was not modified by microglia depletion, as assessed in
acute hippocampal slices (Figure 5.3.5, n=5-6 mice/group; see Chapter 3, General Materials
and Methods for details).
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Figure 5.3.4 – Lack of effects of PLX3397 on acute SE outcomes. Panel A: box-and-whisker plots
depicting median, minimum, maximum, and single values of status epilepticus (SE) onset and total
duration in mice fed with placebo non-medicated diet (n=10) or PLX3397-supplemented diet (n=11)
for 3 weeks before SE induction. Panel B, the temporal spike distribution during SE: each data point
represents the mean cumulative number of spikes during progressive 1-hour intervals, for each
experimental group. The dotted line represents the threshold number of spikes/hour (3.600) below
which SE ends (inter-spike intervals longer than 1 second).
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Figure 5.3.5 – Lack of effects of PLX3397 on basal neuronal excitability and
neurotransmission. Extracellular recordings of population spikes (PS) evoked in CA1 pyramidal
neurons by electrical stimulation of the Schaffer collaterals. The relationship between stimulus
intensity, i.e. current input, and PS peak amplitude, i.e. neuronal output, is considered as an index of
neuronal excitability. Slices from microglia-depleted mice showed an input-output curve similar to
slices from control mice fed with placebo diet indicating no changes in neuronal excitability. PS
amplitudes are shown as percentage of maximal response (mean ± SEM; n=6 slices from 5-6
mice/each group). Representative traces of PS obtained in response to 24 V stimulation are shown.

Moreover, the onset (Mean ± SEM; days after SE; Placebo: 5.0±0.4; PLX3397:
6.8±0.8), frequency and duration of spontaneous seizures were not altered in mice transiently
fed with PLX3397-supplemented diet as compared to placebo-diet fed mice (Figure 5.3.6).
The mice fed with PLX3397, or placebo diet grew in weight similarly during the treatment
(Mean ± SEM; Placebo before SE: 24.0±1.2 g; after SE: 25.7±1.4 g; PLX3397 before SE:
23.3±1.7 g; after SE: 26.2±1.1 g (Figure 5.2.1 B).
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Figure 5.3.6 – Lack of effects of PLX3397 on epilepsy development. The PLX3397-diet was
initiated 21 days before exposing mice to SE and continued until each mouse experienced the first
spontaneous seizure (indicated as day 1 in this Figure) and for one additional week thereafter (as
described in the experimental design in Figure 5.2.1 B). Then, mice were switched to the placebo
diet until end of the experiments. Panel A shows box-and-whisker plots depicting median, minimum,
maximum and single values of the number of spontaneous seizures/day and their average duration
during days 1–7, 8-15 and 55-90 from epilepsy onset (day 1) in the placebo (n=10) and PLX3397supplemented diet (n=11) groups. Outliers were identified for the parameter Number of seizures/day
in the Placebo group (n=1 in days 1-7) and in the PLX3397 group (n=2 in days 8-15 and n=2 in days
55-90), their omission did not change the results of the primary statistical analysis (Mixed-effects
Model) therefore they were not removed from the corresponding data set. Panels B, C report the
daily seizure number (Mean ± SEM) occurring in mice fed with placebo diet (n=10) or with
PLX3397-supplemented diet (n=11).
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5.3.4 Microglia depletion effect on cognitive impairment associated with epilepsy
Considering the natural tendency of mice to explore novel objects for which they
have an innate preference over a familiar one, their ability to recognize a set of novel objects
in an otherwise familiar environment is considered a measure of recognition memory (d’Isa
et al., 2014). This cognitive parameter is impaired during epilepsy development and in
chronic epileptic mice (Iori et al., 2017; Frigerio et al., 2018b). Therefore, at the end of the
EEG monitoring, memory was tested in epileptic mice transiently fed with placebo or
PLX3397-supplemented diet, and sham control mice in the NORT (Figure 5.3.7) to assess
the effects of microglia depletion on the development of the memory deficit. Previous data
showed that a prolonged PLX3397 treatment did not affect behaviour in naïve mice tested
in the elevated plus maze, in the open field and in the Barnes maze (Elmore et al., 2014),
therefore we did not test the effect of PLX3397 in sham mice. In this experiment, some mice
(sham, n=3; placebo-diet, n=5; PLX3397-diet, n=3) were excluded from the behavioural test
due to scarce object exploration during the familiarization phase (a total time of exploration
< 8 seconds; see Materials and Methods for details). Therefore, additional control mice
(sham and placebo epileptic mice, depicted in grey) were used. These mice were run in
parallel with placebo- or PLX3397-treated mice (longitudinal study described in Figure
5.2.1) and they were EEG monitored in the terminal disease phase (day 55-90). Their seizure
frequency (0.91±0.26, n=8) was similar to mice depicted in Figure 5.3.6 (1.65±0.75, n=10;
p=0.41 by Mann Whitney test).
During the test, the time of exploration of both objects, novel and familiar, was
similar in all the experimental groups (Figure 5.3.7 A).
As expected, sham mice explored preferentially the novel object, with a
discrimination index (DI) of 0.29 ± 0.04 (mean ± SEM; n=13; Figure 5.3.7 B), whereas
chronic epileptic mice fed with placebo diet displayed similar exploration of the familiar and
the novel object resulting in reduced DI (-0.11 ± 0.09; n=13; p<0.01 vs sham by one-way
ANOVA followed by Tukey’s multiple comparisons), which indicates memory impairment.
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Chronic epileptic mice that were depleted of microglia at the time of SE induction
and during the initial phases of disease development (Figure 5.2.1 B), displayed an increased
DI vs placebo diet SE-mice (DI, 0.1 ± 0.07, n=8; p<0.05 by Mann-Whitney test),
approaching DI value of sham mice. Thus, microglia depletion in the early disease phase
prevented the deficit in NORT. Mice total travelled distance (cm) and speed (cm/s) during
the test were also evaluated to assess mice general motility and no differences were detected
for both parameters among the three groups (Figure 5.3.7 C, D).

Figure 5.3.7 - Microglia depletion with PLX3397 attenuates cognitive deficit in the NORT. The
novel object recognition test (NORT) was performed in epileptic mice fed with placebo- (n=13) or
PLX3397-supplemented diet (n=8), and sham controls (n=13) during early disease development.
Mice showing a total exploration time <6 sec during the familiarization phase were excluded from
the subsequent analyses (sham n=3; placebo n=5; PLX3397 n=3). Total time of exploration of the
two objects (A), travelled distance (C) and speed (D) were evaluated to assess mouse natural
explorative behaviour and motility. Memory (B) was evaluated by measuring the discrimination
index (DI), which was calculated as time spent (s) exploring the familiar (F) and the novel (N) object
as follows: (N - F)/(N + F). Data are shown by box-and-whisker plots depicting median, minimum,
maximum and single values, differences significant at **p<0.01 vs sham by ANOVA followed by
Tukey's test; °p<0.05 vs placebo by Mann-Whitney test.
95

5.3.5 Effects of microglia depletion on cortical thinning and neuron loss
First, the thickness and volume of selected cortical brain regions were studied in
chronic epileptic mice (n=18) compared to sham control mice (n=13-16), and we confirmed
the structural changes as predicted by the ENIGMA-Epilepsy findings in humans (Whelan
et al., 2018). The volume of the lateral ventricles was enlarged by 2-fold in epileptic mice
fed with placebo diet (n=10) vs sham mice (not exposed to SE, n=13-16; **p<0.01 by
ANOVA followed by Tukey's test; Figure 5.3.8 A). In accordance with the clinical evidence,
we measured a significant reduction in the volume of the entorhinal and perirhinal cortices
(*p<0.05 by ANOVA followed by Tukey's test; Figure 5.3.8 E, F). Notably, a significant
reduction in the thickness of entorhinal and perirhinal cortices was also measured in the same
mice (respectively: **p<0.01; *<0.05 by ANOVA followed by Tukey's test; Figure 5.3.9
A, B). No significant changes were observed in other brain areas such as the hippocampus,
caudato-putamen, and the thalamus, although their average volumes trended lower than the
corresponding values in sham mice (Figure 5.3.8 B-D).
Microglial depletion during the initial phases of epilepsy development prevented the
decrease in thickness of the entorhinal cortex (°p<0.05 vs placebo by ANOVA followed by
Tukey's test; Figure 5.3.9 A). Thus, microglia during the early disease phases may play a
role in the cortical thinning observed in the chronic disease phase. However, microglia
depletion did not affect the thinning of the perirhinal cortex (Figure 5.3.9 B) or the ventricle
volume changes occurring in epileptic mice (**p<0.01 vs sham by ANOVA followed by
Tukey’s multiple comparisons).
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Figure 5.3.8 – Lack of effects of PLX3397 on brain volumes in epileptic mice. Quantification of
the volumes of lateral ventricle (panel A, three sham mice values were discarded because of unusual
ventricle size), hippocampus (panel B), caudato-putamen (panel C), thalamus (panel D), entorhinal
(panel E) and perirhinal (panel F) cortices, as assessed by quantitative post-mortem MRI performed
at the end of the longitudinal experiment (placebo: n=18; PLX3397: n=7), and in sham mice (n=1316). Grey symbols represent additional sham (n=5-8) and epileptic mice fed with placebo diet (n=8)
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run in parallel with experimental mice (black) of the longitudinal experiment described in Figure
5.2.1 (and see p. 94 for details). Four mice in PLX3397 group did not undergo MRI analysis therefore
they were not included in the subsequent histological analyses. Each panel depicts also MRI images
showing representative ROIs traced to quantify the volumes of the various brain regions. Box-andwhisker plots depicting median, minimum, maximum and single values. Lateral ventricle, entorhinal
cortex **p<0.01; perirhinal cortex *p<0.05 vs sham by ANOVA followed by Tukey’s post-hoc test.
Scale bars: 1 cm.

Figure 5.3.9 - Microglia depletion with PLX3397 attenuates the thinning of the entorhinal
cortex. Quantitative post-mortem MRI analysis of entorhinal (panel A) and perirhinal (panel B)
cortices in epileptic mice at the end of EEG monitoring. Grey symbols represent sham and epileptic
mice fed with placebo diet (n=8/group) run in parallel with experimental mice (black) of the
longitudinal experiment described in Figure 5.2.1 (and see p.95 for details). Four mice in PLX3397
group did not undergo MRI analysis therefore they were not included in the subsequent histological
analyses. Data are reported in box-and-whisker plots depicting median, minimum, maximum and
single values, (placebo, n=18; PLX3397, n=7), and in sham mice (not exposed to status epilepticus;
n=16). *p<0.05 and **p<0.01 vs sham; °p<0.05 vs placebo by ANOVA followed by Tukey's test.
MRI images depict representative levels showing the ROIs used to quantify the cortical thickness.
The white line within the ROI was manually drawn to measure the cortical thickness. Scale bar: 1
cm.
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No correlation was found between seizure frequency and cortical thickness in chronic
epileptic mice (Spearman r: 0.3, p=0.3, in either placebo- or PLX3397-fed mice), in
accordance to what previously described by ENIGMA epilepsy study (Whelan et al., 2018).
Nissl-staining. Neuronal cell loss was evaluated in the hippocampus and in the
entorhinal cortex of chronic epileptic mice. Mice receiving placebo diet showed a significant
decrease in neuronal cell density (**p<0.01 vs sham by ANOVA followed by Tukey's test;
Figure 5.3.10) and in their average cell body size in the entorhinal cortex (*p<0.05 vs sham
by ANOVA followed by Tukey's test; Figure 5.3.10). The reduction in cell density, but not
of the average cell body size, in epileptic mice was prevented by microglia depletion in the
early disease phase in this brain area (°°p<0.01 vs placebo diet by ANOVA followed by
Tukey's test; Figure 5.3.10). A different outcome was observed when the hippocampal
neurodegeneration was quantified as depicted in Figure 5.3.11. In fact, chronic epileptic
mice displayed a reduced number of neurons in CA1, CA3 and hilus compared to sham mice
(**p<0.01 vs sham by ANOVA followed by Tukey's test; Figure 5.3.11). A similar neuronal
cell loss was measured in mice that received PLX3397-supplemented diet during the early
phases of epilepsy development (*p<0.05 or **p<0.01 vs sham by ANOVA followed by
Tukey's test; Figure 5.3.11).
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Figure 5.3.10 - Microglia depletion with PLX3397 attenuates the neuronal cell loss in the
entorhinal cortex. Representative Nissl-stained sections (top row) of the entorhinal cortex in the
experimental groups (sham, n=14; placebo, n=15; PLX3397, n=7), and the relative quantification of
the number and the average size of Nissl-stained neurons (bottom row). Each parameter results from
the average value of the quantification of at least three slices per group, sampled at different
horizontal levels to represent the entorhinal cortex. Grey symbols represent additional sham (n=7)
and epileptic mice fed with placebo diet (n=7) run in parallel with experimental mice (black) of the
longitudinal experiment described in Figure 5.2.1 (and see p. 95 for details). Two sham and three
placebo mice were excluded from the analysis due to poor quality of Nissl staining. Data are shown
by box-and-whisker plots depicting median, minimum, maximum and single values. **p<0.01 vs
sham; °°p<0.01 vs placebo diet by ANOVA followed by Tukey's test. Scale bar: 250 µm.
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Figure 5.3.11 – Lack of effects of PLX3397 on the neuronal cell loss in the hippocampus.
Representative photomicrographs and relative quantifications of Nissl-stained neurons/section
(averaged from at least three sections from different anteroposterior level representative of the dorsal
hippocampal area) in the CA1 (above line), CA3 (middle line) and hilus (bottom line) of the
hippocampus in chronic epileptic mice fed with placebo or with PLX3397-supplemented diet 21 days
before SE and for one week after SRS onset (protocol in Figure 5.2.1 A), and in sham mice. Data
are shown by box-and-whisker plots depicting median, minimum, maximum and single values.
**p<0.01 vs sham by ANOVA followed by Tukey's test. Scale bar: 250 µm.

5.3.6 Microglia density in forebrain areas of naive mice and in epilepsy
To shed light on the different behaviour of microglia in temporal cortex vs
hippocampus for neuroprotection outcomes, as well as differences in microglia role in
cortical thinning in enthorinal vs perirhinal cortices, we performed immunohistochemical
analysis of Iba1 positive cells to measure microglia density in the different brain areas. As
shown in naïve mice (Figure 5.3.12), microglia density was significantly higher in the
entorhinal and perirhinal cortices compared to the hippocampus (*p<0.05, **p<0.01 by
ANOVA followed by Tukey’s post-hoc test). In epileptic mice, microglia density was
significantly increased in the entorhinal cortex but not in perirhinal cortex compared with
sham mice (**p<0.05 vs respective sham by Mann-Whitney test).
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Figure 5.3.12 - Entorhinal cortex is enriched in microglial cell numbers compared to other
brain regions in sham and epileptic mice. Box-and-whisker plots depicting median, minimum,
maximum and single values in the hippocampus, entorhinal and perirhinal cortices in sham control
(panel A) and placebo diet-fed epileptic (panel B). Only 4 mice of the experimental group (see Figure
5.2.1 B) were analyzed for Iba1 staining based on slices availability. *p<0.05, **p<0.01 vs sham
hippocampus by ANOVA followed by Tukey’s post-hoc test; **p<0.01 vs respective sham (B) by
Mann Whitney test. Ent Ctx = entorhinal cortex; PRhin Ctx = perirhinal cortex.

We confirmed that after PLX3397 withdrawal (Figure 5.2.1 B), microglia
repopulated the brain parenchyma as described by previous evidence (Elmore et al., 2014).
Microglial cell number was significantly increased in the hippocampus of chronic epileptic
mice fed with placebo or with PLX3397 during early disease development, compared with
sham mice (Mean ± SEM; cells/µm2; Sham: 627.6 ± 13.1; Placebo: 953.6 ± 39.7; PLX3397:
1032 ± 50.4; p<0.01 by ANOVA followed by Tukey’s post-hoc test). Similarly, microglia
body size was significantly enlarged in both conditions compared with sham (Mean ± SEM,
µm2; Sham: 27.9 ± 0.4; Placebo: 32.3 ± 0.6; PLX3397: 32.17 ± 1.1; p<0.01 by ANOVA
followed by Tukey’s post-hoc test). In the entorhinal cortex, microglia density was
significantly increased in epileptic mice vs sham, as shown in Figure 5.3.12 B. Similarly,
microglia density in epileptic mice fed with PLX3397 during early disease was increased
compared with sham (Mean ± SEM, n=4-7; cells/µm2; PLX3397: 58 ± 2.7 vs sham: 40 ±
0.9; p<0.01 by Kruskal-Wallis test followed by Dunn’s multiple comparisons). Also, the
average cell body size was significantly increased in epileptic mice ± PLX3397-treated vs
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sham mice (Mean ± SEM, n=4-7; µm2, Sham: 28.5 ± 0.8; Placebo: 33.9 ± 1.0; PLX3397:
35.5 ± 0.9).
5.3.7 Microglia depletion in chronic epileptic mice
Similarly to what observed in the longitudinal study (Figure 5.2.1 B and Figure
5.3.6), when microglia was depleted in chronic epileptic mice for two weeks (as depicted in
Figure 5.2.1 C), no effects were observed on seizures frequency and duration (Mean ± SEM;
Baseline 55-69 days: number of seizures/day, 1.4 ± 0.5; seizures duration (s), 46.2 ± 3.9; 7084 days, during PLX3397-supplemented diet: number of seizures/day, 2.1 ± 0.9; seizures
duration (s), 41.5 ± 2.4; p=0.672 by Wilcoxon matched-pairs signed rank test).
Microglia depletion in PLX3397-treated mice was confirmed in the hippocampus by
immunohistochemical analysis of Iba1-positive cells compared with epileptic mice under
placebo diet (n. of cells, mean ± SEM; PLX3397-epileptic mice: 46.1 ± 17.8 vs placeboepileptic mice: 1163 ± 48.8; p<0.01 by Mann-Whitney U test, n=6-8). The surviving
microglial cells displayed reactive cell body size, similar to epileptic mice (hippocampus,
average cell size µm2, PLX3397-epileptic mice: 34.7 ± 0.6 vs placebo-epileptic mice: 33.8
± 0.9; n=6-8, p<0.01 vs by Mann-Whitney U test).

5.4 Discussion
The ENIGMA-Epilepsy Consortium has identified brain structural abnormalities,
consisting of shared patterns of grey matter reduction, across several epilepsy syndromes.
These abnormalities, referred to as cortical thinning, correlated with epilepsy duration but
not with the frequency of seizures (Whelan et al., 2018). Indeed, progressive cortical
thinning distinct from normal aging was detected in patients with focal epilepsy (Galovic et
al., 2019). The ENIGMA-Epilepsy Consortium has further investigated this phenomenon in
human specimens and found out that it spatially correlated with gene expression-predicted
microglia density and microglia reactive states. In particularly, microglia reactivity was
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identified as a potential contributor to the underlying cause of cortical thinning (Altmann et
al., 2021). Therefore, in our study, PLX3397 was used as a pharmacological tool to explore
the involvement of microglia in cortical thinning in the murine model of TLE (Iori et al.,
2017).
We have confirmed that >90% depletion of microglia was achieved with 21 days of
treatment with PLX3397 formulated in animal chow, without affecting survival or
morphological features of astrocytes and neurons (Elmore et al., 2014; Liu et al., 2020). This
method of microglia depletion was shown not to induce inflammation, or BBB damage.
Notably, the behavioural studies performed in naïve mice or non-human primates depleted
of microglia have shown that cognitive and motor functions were unaffected by microglia
depletion, thus suggesting that microglia are not required for cognition and neuronal survival
in physiological conditions (Elmore et al., 2014; Green et al., 2020). Accordingly, we
showed that microglial depletion did not affect the basal neuronal excitability in naïve mice,
as assessed by extracellular recordings in hippocampal slices. Moreover, our study has
shown that microglia do not contribute to seizures, since both the initial epileptogenic insult
(SE), the epilepsy onset and the chronic seizures were not modified by cell depletion. A
previous study showed that microglia depletion for 21 days with PLX3397 slightly but
significantly increased seizure generalization during the early phase of SE (first 2 hours) in
mice intraperitoneally injected with pilocarpine. In this study, SE severity was evaluated
using the Racine’s scale to assign mice a behavioural seizure score (Liu et al., 2020). In the
same study, an increase in seizure generalization was reported in microglia depleted mice
during 30 min after systemic pentylenetetrazol (Liu et al., 2020). Since seizure recording
was very short in both instances it is difficult to predict the net effect of microglia depletion
in the two models (for ex., SE after pilocarpine lasts for about 18-24 h). Moreover, the
induction of SE, using a systemic route, results in systemic inflammation, which in condition
of myeloid cells depletion may be altered, thus contributing to the observed effects. In fact,
pilocarpine-induced peripheral activation of proinflammatory mechanisms contributes to SE
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by altering BBB permeability and allowing convulsive concentrations of pilocarpine to reach
the brain (Marchi et al., 2007).
Another study applied toxin-based strategies of microglial ablation in rodents
intracerebroventricularly injected with kainic acid, then reporting exacerbation of SE based
on a Racine’s scale (Wu et al., 2020). Notably, the depletion strategy per se may affect
disease outcomes (Green et al., 2020). Indeed, toxin-based models provide short-lived
microglial depletion and induce a storm pro-inflammatory cytokines such as TNF and IL-1β
(Bruttger et al., 2015) that may contribute to ictogenesis, thus worsening epileptic seizures
(Vezzani, 2014). Moreover, these toxin-based strategies of microglial ablation require
repetitive administration of active biological compounds, such as tamoxifen, which plays
pleiotropic effects on cell types expressing its target, namely the oestrogens receptor (Green
et al., 2020).
In our study, the lack of effects of microglia depletion on both SE and on the onset
and generation of epileptic seizures reinforced the evidence that microglia unlikely
contribute to hyperexcitability and seizures during epileptogenesis. No effects on seizures
were observed even after PLX3397 withdrawal when microglia repopulated the brain.
Compensatory mechanisms mediated by repopulated microglia might have resulted in a null
effect on seizures. Since we did not characterize the repopulated microglia in our
experimental setting we cannot exclude this hypothesis. However, evidence from mRNA
gene expression in healthy adult mice demonstrated that after PLX3397 withdrawal, newly
repopulated microglia exhibit similar phenotype and reactivity to LPS as the original
microglia (Elmore et al., 2015; Huang et al., 2018), thus suggesting that repopulating
microglia do not substantially differ from resident microglia. In line with these results, a
recent study showed that repopulated microglia do not modify kainic acid induced SE in
mice (Wu et al., 2020).
Furthermore, our study has also addressed the role of microglia in seizures during
chronic epilepsy, when microgliosis is still abundant, as depicted in Chapter 4, Figure 4.3.1.
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We did not observe any effect of microglial depletion on seizures frequency and duration in
mice with an aleady established disease. Lower doses of PLX3397, that do not deplete
microglia but modulate their activation state, attenuated chronic seizures in pilocarpine and
kainic acid models of epilepsy (Srivastava et al., 2018), suggesting that reduction of
microglia reactivity without depleting the cells may attenuate seizures.
Despite no effect on seizures, microglial depletion in mice during early disease
development has prevented cortical thinning in the entorhinal cortex. This supports the
involvement of microglia in the structural changes occurring in brain areas involved in the
seizure circuitry. Notably, microglia expansion in epileptic mice occurs in the entorhinal but
not in perirhinal cortex, where no involvement of microglia in cortical thinning is observed.
Data showed that cortical thinning is due to reduced neuronal cell density and
reduction of neuronal size. While reduction of neuronal density was prevented by microglial
depletion, neuronal shrinkage persisted, which may explain why the entorhinal cortex
volume was still reduced in microglia-depleted mice. However, neurodegeneration was not
prevented in the hippocampus, thus supporting the heterogeneity of microglial functions
across distinct brain regions (Hammond et al., 2019; Masuda et al., 2019). Our data support
that microglia reactivity, and possibly the consequent production of pro-inflammatory
cytokines, are involved in neurodegeneration in epilepsy (Hiragi et al., 2018). Accordingly,
neuroprotective effects have been reported in animal models of epilepsy where non-selective
microglial inhibitors, such as minocycline, MIF or anti-fractalkine antibody, were applied
(Hiragi et al., 2018). Our data also dissociate neurodegeneration in the entorhinal cortex from
spontaneous seizures generation since seizures persist despite neuroprotection.
Notably, the neuroprotective effect of microglial depletion in the entorhinal cortex
was associated with improvement of cognitive deficit measured by one memory test that
depends on the entorhinal cortex integrity (Wilson et al., 2013). Since a limitation was
encountered during the test, it became necessary to pool additional mice to the original
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longitudinal ones (i.e sham and placebo), as described in the experimental design and results
of this Chapter. During the design, the extra mice were randomized and run in a parallel
cohort that displayed similar epilepsy severity to the original mice, with the intent to avoid
dishomogeneity and to control the risk of introducing a bias in the result. Indeed, we
promptly considered that adding extra mice could possibly introduce variability, whether the
groups of mice to be pooled do not show homogeneity: for example, the extra mice could
perform different from the original group, thus leading to extreme variability in the placebo
group and to uninterpretable results; also the extra mice could be much more compromised
vs the original longitudinal ones, thus increasing the difference with the treatment group and
leading to a biased effect of PLX3397. However, despite the additional placebo mice showed
a slightly better performance vs the original mice, the merged placebo group displayed a
significatively higher cognitive impairment compared to the treatment group. Therefore, the
the risk of dishomogeneity and misinterpretation was controlled and our results provide
evidence of the effect of microglia depletion on this cognitive parameter.
Altogether, our results highlight that microglia are heterogeneous and play different
functions during epilepsy development. Indeed, there is evidence for transcriptomic
heterogeneity of microglia in different cortical and subcortical regions (Masuda et al., 2019,
2020). Moreover, our data show that epileptic seizures and cortical thinning are independent
processes and that seizures are not the only contributor to morbidity in people with epilepsy
(Bell et al., 2016). Early intervention on microglia may prevent disease-related cortical
thinning, neuronal cell loss and cognitive deficits, opening up new areas for treatment in
common human epilepsies.
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CHAPTER 6: MICROGLIA
PROLIFERATION PLAYS
DISTINCT ROLES IN ACQUIRED
EPILEPSY DEPENDING ON THE
DISEASE STAGE

The results reported in this chapter have been published in:

Di Nunzio, M, Di Sapia, R, Sorrentino, D, Kebede, V, Cerovic, M, Gullotta, GS, et al.
Microglia proliferation plays distinct roles in acquired epilepsy depending on disease
stages. Epilepsia. 2021; 00: 1–15.
https://doi.org/10.1111/epi.16956
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6.1 Introduction
Clinical evidence from drug-resistant epilepsy patients and experimental models of
acquired epilepsy highlighted that microgliosis is one of the processes that commonly occur
during epileptogenesis and in drug-resistant human epilepsy (Borges et al., 2003; MorinBrureau et al., 2018; Ravizza et al., 2008). SE and other brain insults such as trauma,
infection or febrile seizures, induce reactive microglia in injured brain areas, as assessed by
morphological, functional and molecular analyses (Avignone et al., 2008; Hiragi et al., 2018;
Wyatt-Johnson and Brewster, 2020). Reactive microglial functions have been implicated in
epileptogenesis in animal models of acquired epilepsy (Eyo et al., 2017; Morin-Brureau et
al., 2018). In particular, reactive microglia release potential pathogenic molecules such as
pro-inflammatory mediators and reactive oxygen species (Devinsky et al., 2013), and
activation of CX3CR1 (Yeo et al., 2011) and purinergic receptors P2X7 and P2X4 (JimenezPacheco et al., 2013; Ulmann et al., 2013) signalling pathways contribute to neuronal cell
death and seizures in animal models of epilepsy. However, there are studies suggesting that
microglia may also display neuroprotective functions, since genetic deletions of purinergic
receptors P2Y12 resulted in seizures exacerbation (Yeo et al., 2011), and genetic ablation of
microglia increased the severity of SE and chronic seizures in mice (Mirrione et al., 2010;
Wu et al., 2020). Therefore, the heterogeneity of microglia roles supports evidence of the
wide spectrum of phenotypes that these cells acquire during epileptogenesis, as determined
by gene expression studies (Benson et al., 2015).
The contribution of microglia in disease development has been addressed by limited
studies in rodents, where minocycline administration during epileptogenesis may either
attenuate spontaneous seizures (Wang et al., 2015), or display no effects (Zhang et al., 2016).
These controversial results are likely due to lack of specificity of minocycline for microglia
and it is uncertain which phenotypes were inhibited by the drug.
Recently, a class of small molecule inhibitors of CSF1R has been developed to
address the signalling that regulates proliferation, differentiation and survival of microglia
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(Chitu et al., 2016). Specifically, GW2580 is an orally available highly selective inhibitor of
the

CSF1R,

which

blocks

CSF1R

tyrosine

kinase

activity,

thus

preventing

microglia/monocyte proliferation (Conway et al., 2005; Uitdehaag et al., 2011). As
previously described, microglia proliferate during epileptogenesis and an increased cell
density is reported in epileptic foci in human epilepsy (Eyo et al., 2017; Gershen et al., 2015;
Scott et al., 2017). Clinical relevance of microgliosis for human epilepsies is supported by
the evidence that microglial cells number is associated with seizure frequency in human
epilepsy (Boer et al., 2006) and that reactive microglia coexist with reduced neuronal density
in forebrain regions (Morin-Brureau et al., 2018). Interestingly, GW2580 has been
successfully applied to improve disease progression in several pathological conditions
displaying microgliosis, such as in models of multiple sclerosis, prion disease, Alzheimer’s
disease and amyotrophic lateral sclerosis (Crespo et al., 2011; Gómez-Nicola et al., 2013;
Martínez-Muriana et al., 2016; Olmos-Alonso et al., 2016).
As previously described in Chapter 4, microglia react and proliferate shortly after SE
and the increase in cell body size and number is maintained during chronic epilepsy. Thus,
as described in Part I of this chapter, pharmacological interference with microglia
proliferation was set out during the early phase of epilepsy development, to study whether it
affects seizures, neuronal cell loss and cognitive deficits, in a murine model of acquired
epilepsy. Additionally, microglial proliferation was targeted with GW2580 during chronic
disease to assess its role in established chronic seizures, as described in Part II.
6.2 Specific Materials and Methods
6.2.1 Justification of the treatment schedule with GW2580
GW2580 (LC Labs, Woburn, MA, USA) was formulated by TestDiet (London, UK,
Europe) in food pellet (LabDiet® 5V75 containing 1000ppm GW2580, corresponding to a
daily dose of 166 mg/kg body weight), and regular food pellet diet (LabDiet® 5V75) was
used as placebo diet. Both diets were stored under vacuum at 4°C until use. Previously
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published work reported that in-diet formulation of GW2580 provides efficacious blockade
of microglia proliferation in mice (Gerber et al., 2018; Martínez-Muriana et al., 2016;
Olmos-Alonso et al., 2016). CSF1R blockade results in reduced microglial cell number,
according to flow cytometry and immunofluorescence analysis, then confirmed by Iba1
staining (Gomez-Nicola et al., 2013; Olmos-Alonso et al., 2016; Martinez-Muriana et al.,
2016; Gerber et al., 2018). According to pharmacokinetics studies, a dose of 80 mg/kg of
GW2580 by oral gavage allowed to reach the blood therapeutic concentrations (0.8-1 µM)
for 12 hours and the administration of 160 mg/kg/day of GW2580 ensured the blockade of
CSF1 signal activation in vivo (Conway et al., 2005).
Treatment schedule was decided based on protocols previously established in models
of experimental autoimmune encephalomyelitis (EAE), where three days of pre-treatment
allowed to attain the steady-state drug concentration in the brain (Gomez-Nicola et al.,
2013). To design the optimal protocol of drug administration to effectively prevent microglia
proliferation during epileptogenesis, mice were fed with GW2580-supplemented diet for
three days before inducing SE. Daily food intake and body weight were measured to ensure
mice were healthy and food intake was not modified by the medicated diet. This would
assure that mice receive the daily dose of 166 mg/kg GW2580 that blocks microglial
proliferation within two days (Neal et al., 2020).
6.2.2 Experimental design
The experimental protocols are shown in Figure 6.2.1. GW2580 was administered
to mice during the early phase of epilepsy development or to chronic epileptic mice.
As depicted in Figure 6.2.1 A, mice were randomized into two experimental
conditions: a group of mice was assigned to a GW2580-supplemented diet regimen and
another group of mice was fed with a placebo diet. After three days under the assigned diet
regimen, all mice were exposed to SE. In SE-exposed mice fed with placebo diet, 2 mice
were lost at follow-up: 1 mouse died during SE (excluded from Figure 6.3.2) and 1 mouse
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died a few days post-SE (excluded from the subsequent studies). In the GW2580 group, 3
mice died a few days post-SE (excluded from the subsequent studies) and 1 mouse was
omitted from post-SE investigations because of developing infection around the EEG
implant. The remaining SE-exposed mice (n=13 placebo; n=16 GW2580) were randomized
into two experimental groups as follows:
1) Mice underwent a cross-sectional design (Figure 6.2.1 A, red arrow and pink box) where
treatment was carried out for 7 days. Then, mice were sacrificed and brain harvested to
determine the effects of GW2580 on glial cells by immunohistochemistry (n=5 placebo; n=7
GW2580). The results of this protocol are reported in Part I of this chapter.
2) Mice underwent a longitudinal experiment (Figure 6.2.1 A) to determine the effects of
GW2580 on epilepsy development. Mice were treated for 21 days after SE, then they were
switched to a placebo diet for the rest of the experiment (n=8 placebo; n=9 GW2580).
Primary outcomes were evaluated to assess epilepsy development: seizures onset, duration
and frequency of seizures were determined by EEG analysis; NORT and Barnes maze were
performed to test cognitive deficits; at day 91 post-SE, mice were sacrificed and brain
harvested for histological analysis. The results of this treatment schedule are described in
Part I of this chapter.
3) As depicted in Figure 6.2.1 B, 10 mice were exposed to SE and monitored until chronic
epilepsy: After a spontaneous seizure baseline was monitored during 14-days EEG recording
under placebo diet (from day 58 to day 71 post-SE), mice were fed with GW2580supplemented diet (from day 72 until day 85) in order to assess the effects of GW2580 on
spontaneous seizures (Figure 6.2.1 B). A group of 9 mice exposed to SE under placebo diet
was run in parallel and similarly monitored to serve as a control group (Figure 6.2.1 C). The
results of this experiment are reported in Part II of this chapter. An overall discussion of the
results is reported at the end of Chapter 6.
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Figure 6.2.1 - Schematic representation of the experimental design. Panel A depicts the
experimental protocol related to treatment with GW2580 (n=20) starting 3 days before SE (day 1).
A control group of mice fed with placebo diet and exposed to SE was run in parallel (n=15). In the
cross-sectional experiment, mice were sacrificed 7 days post-SE and brain processed for
immunohistochemistry (IHC; red arrow and pink box). In the longitudinal experiment, SE-exposed
mice were fed with GW2580-supplemented or placebo diet for 21 days, then switched to placebo
diet. NORT was performed during days 17-21 and Barnes maze during days 86-90 (in green). EEG
recording epochs are shown by dotted lines. On day 91 post-SE, mice were sacrificed and brains
collected. Dashed black arrows indicate mice that were excluded from the study because of mortality
during/after SE and seizures or infection aroung EEG implant. Panel B depicts the experimental
protocol applied in chronic epileptic mice (n=10) fed with placebo diet until day 71, then switched
to the GW2580-diet (day 72). EEG was recorded in two 14-day epochs (24/7) from day 58 to day 71
during placebo and from day 72 until day 85 during the treatment, then mice were sacrificed. Panel
C depicts the experimental protocol in epileptic mice fed with placebo diet and used as controls of
GW2580-treated mice. EEG was recorded during a time window overlapping with monitoring of
GW2580-treated mice.
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Part I: Effects of GW2580 on SE-induced glia reactivity and epilepsy development
6.3 Results of the cross-sectional study
As depicted in Figure 6.2.1 A, mice were fed with GW2580- or placebosupplemented diet starting 3 days before SE and for 7 days thereafter. Then, mice were
sacrificed and brain harvested to determine the effects of GW2580 on glial cells by
immunohistochemistry (n=5 placebo; n=7 GW2580).
Food intake was similar in mice fed with placebo diet and GW2580-supplemented
diet for three days before SE induction (Mean ± SEM; Placebo, n=15: 5.6 ± 0.3 g; GW2580,
n=20: 5.1 ± 0.2 g), thus providing the expected dose of 166 mg/kg GW2580 in mice under
medicated diet.
6.3.1 Blockade of SE-induced microglial proliferation
To assess the effects of GW2580 on microglia, the drug’s cell target, SE-exposed
mice were fed with placebo or GW2580-diet for three days (n=5-7; protocol in Figure 6.2.1
A), then sacrificed 7 days after SE. SE induced an increase of Iba1 immunoreactivity in mice
fed with placebo diet vs sham mice (not exposed to SE; n=6; Figure 6.3.1 B vs A) which
was prevented by GW2580 (Figure 6.3.1 C vs B; two GW2580-treated mice were excluded
due to poor staining quality, n=5). The number of Iba1-positive cells was increased in SEexposed mice under placebo diet vs sham mice, and GW2580 treatment prevented this
increase (Figure 6.3.1 D). Cell body was also enlarged in SE-mice fed with placebo, thus
indicating microglia reactivity, but this parameter was not affected by GW2580 (Figure
6.3.1 E). In naïve mice, GW2580 did not modify Iba1-positive cell number (mean ± SEM;
Placebo: 531 ± 12, n=5; GW2580: 549 ± 16, n=6) or their body size (µm2, Placebo: 25.7 ±
0.76; GW2580: 25.9 ± 0.7).
6.3.2 SE-induced gliosis and leukocytes extravasation
Astrocytes. To confirm the target specificity of GW2580 for microglia, the number
and cell body size of S100β-positive astrocytes were measured in hippocampal slices
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adjacent to the brain slices processed for Iba1. SE induced the increase of cell body size in
both placebo- or GW2580-treated mice vs sham mice (Figure 6.3.1 F-H and J). GW2580
did not modify cell number or the increase in cell body size in mice exposed to SE (Figure
6.3.1 F-J).
Leukocytes. Peripheral immune cells such as monocytes/macrophages expressing
CSF1R are known to migrate from the blood into the brain after SE (Ravizza et al, 2008;
Varvel et al., 2015). As described in Chapter 4, flow cytometry analysis detected
macrophages in the hippocampi within 7 days after SE. Immunoreactivity of CD45, a pan
leukocyte antigen, in the hippocampus of SE-exposed mice showed an increased cell number
in placebo diet-fed vs sham mice (Figure 6.3.1 L vs K; panel N), which was reduced in
GW2580-treated SE mice (Figure 6.3.1 M vs L; panel N).
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Figure 6.3.1 - Effect of GW2580 on SE-induced gliosis and leukocyte extravasation in the
hippocampus. Panels A-C: representative photomicrographs (20x; scale bar: 50 µm) showing Iba1positive cells in CA1 subfield of sham (A), SE mice fed with placebo (B) or with GW2580 diet (C).
Inserts in each panel show a magnified microglial cell (60x; Scale bar: 20 µm). Quantitative analysis
of number of Iba1-positive cells (D) and their average cell body size (E). Panels F-H: representative
photomicrographs (20x; scale bar: 50 µm) showing S100β-positive astrocytes in CA1 subfield of
sham (F), SE mice fed with placebo (G) or with GW2580 diet (H). Inserts in each panel show a
magnified astrocytic cell (60x; Scale bar: 20 µm). Quantitative analysis of the number of S100βpositive cells (I) and their average cell body size (J). Data (D, E, I, J) are presented as box-andwhisker plots depicting median, interquartile interval, minimum and maximum, and single values.
Sham n=6; SE n=5 mice/group. *p<0.05, **p<0.01 vs sham; #p<0.05 vs Placebo by Kruskall-Wallis
test followed by Dunn’s multiple comparison test. Panels K-M: representative photomicrographs
(20x; scale bar: 50 µm) showing CD45-positive cells in CA1 subfield of sham (K), SE mice fed with
placebo (L) or with GW2580 diet (M). Quantitative analysis of the number of cells in the various
experimental groups is reported in N. Data are presented as box-and-whisker plots depicting median,
interquartile interval, minimum and maximum, and single values *p<0.05 vs Placebo by MannWhitney U test. n.d, not detectable.

6.3.3 Lack of effects of GW2580 on status epilepticus
First, we have studied the development of SE in GW2580-fed mice vs placebo mice.
SE parameters were not significantly modified by the treatment as shown by measuring the
time to the onset of SE, the duration and the severity of SE, and the number of spikes/h
during EEG recording (Figure 6.3.2).
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Figure 6.3.2 – Lack of effects of GW2580 on status epilepticus. Panels A, B: SE onset (A) and
duration (B) in mice fed with GW2580-supplemented diet (n=20) or placebo diet (n=15). Data are
presented as box-and-whisker plots depicting median, interquartile interval, minimum and
maximum, and single values. Panel C shows the temporal spike distribution during SE in the two
experimental groups. Data are mean ± SEM; each point represents the cumulative number of spikes
during progressive 1 h intervals. The dotted line represents the threshold number of spikes/h (3.600)
below which SE ends (inter-spike intervals longer than 1 s).

In agreement with these results, hippocampal excitatory neurotransmission and
neuronal excitability in naïve mice were not modified by GW2580 administered with a
similar schedule as in SE-exposed mice. In order to match with the treatment schedule before
SE induction, naïve mice were fed with GW2580 or placebo for three days then they were
sacrificed and extracellular recordings were performed in the CA1 region of acute
hippocampal slices (see General Materials and Methods for details, in Chapter 3). GW2580
did not alter synaptic transmission as assessed by measuring input-output curve of fEPSPs
(field excitatory postsynaptic potential) recorded in stratum radiatum, (Figure 6.3.3 A) and
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the amplitude of action potentials (PS: population spikes; Figure 6.3.3 B). Also, presynaptic
short-term plasticity was evaluated by measuring paired-pulse facilitation of fEPSPs, which
was similar in GW2580- vs placebo-fed mice (Figure 6.3.3 C).

Figure 6.3.3 – Lack of effects of GW2580 on hippocampal basal transmission and excitability
in naïve mice. Extracellular recordings in acute hippocampal slices of naive mice fed with placebo
diet or with GW2580-supplemented diet (n=5-6 mice/group). A) input-output curve of field
excitatory postsynaptic potentials (fEPSP) evoked in CA1 pyramidal neurons by electrical
stimulation of the Schaffer collaterals (number of slices: Placebo n=13, GW2580 n=11). B) CA1
pyramidal neurons population spike (PS) amplitude in response to increasing stimulation intensities
of Schaffer collaterals (number of slices: Placebo n=15, GW2580 n=19). C) Paired Pulse Facilitation
(PPF) at distinct inter-pulse intervals (i.e., 25, 50, 100, 150, 200, 250 ms). PPF is expressed as the
ratio of the slope of responses to second and first stimuli (fEPSP2/fEPSP1). Data are presented as
mean ± SEM (number of slices: Placebo n=9, GW2580 n=10). Respective representative traces are
shown in insets.

As described in Figure 6.2.1 A, mice exposed to SE were randomized into two
different studies: a cross-sectional and a longitudinal study. As reported, the cross-sectional
study has shown that the protocol used blocked microglial proliferation induced by SE,
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without reducing morphological reactivity of microglia. Moreover, SE was not modified by
GW2580, suggesting that any effects on epileptogenesis could be reliably attributed to the
blockade of microglial proliferation rather than to modification of the epileptogenic insult.
Next, the results of the longitudinal study are reported. The effects of GW2580 were
assessed on primary epilepsy outcomes: seizures onset, duration, and frequency, and on
cognitive deficits and neurodegeneration.
6.4 Results of the longitudinal study: Effects of GW2580 on epilepsy outcomes
As described in the experimental design (Figure 6.2.1 A), mice were fed for 3 days
with GW2580- supplemented or placebo diet, then exposed to SE, and the diet regimen was
protracted for 21 days after SE to include the initial phase of epileptogenesis, then mice were
switched to the placebo diet until the end of the experiment.
Mice were EEG monitored (24/7) for three months after SE (until day 91) to
determine the time to onset of the first spontaneous seizure, and frequency and duration of
spontaneous seizures at predetermined post-SE epochs: 1-17 days (GW2580 treatment
period, no EEG monitoring was done during NORT at days 18-21); 22-38 days (GW2580
wash-out period after switching to placebo diet); 60-81 days (chronic epilepsy phase). At
the completion of the EEG analysis, mice were tested in the Barnes Maze (days 86-90), then
sacrificed and brain collected for post-mortem histopathology.
Animal’s weight was similar in the two experimental groups (mean ± SEM, before
SE, placebo: 27.1 ± 0.7 g; GW2580: 26.4 ± 0.6 g; 24 h post-SE, placebo: 26.0 ± 0.6 g;
GW2580: 24.4 ± 0.5 g; 90 days-post SE, placebo: 29.8 ± 0.9 g; GW2580: 29.8 ± 0.5 g),
suggesting that there are no adverse effects due to the medicated diet.
6.4.1 Lack of effect of GW2580 on epilepsy
The onset of spontaneous seizures in mice fed with placebo diet occurred 5.7 ± 0.9
days after SE (mean ± SEM, n=8), in accordance with previous evidence in this model of
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epilepsy (Iori et al, 2017; Frigerio et al, 2018b). No differences in this parameter was
measured in GW2580 treated mice (mean ± SEM: 5.0 ± 0.8 days, n=9).
EEG recordings were done in each mouse during three epochs: 1-17 days during
placebo or GW2580-diet administration; 22-38 days after drug withdrawal referred to as
drug wash out; 60-81 days during chronic epilepsy (Figure 6.2.1 A). Spontaneous seizures
were detected in each mouse and seizure frequency (Figure 6.4.1) was calculated as the
average number of seizures per day in each mouse during each recording epoch. Daily
seizure frequency distribution in placebo and GW2580 experimental groups is shown in
Figure 6.4.1 B. GW2580 did not modify seizure frequency (A, B) and their average duration
(B) compared to placebo during the entire the recording periods (Figure 6.4.1, one mouse
in the GW2580 group died at day 55 therefore seizures were reckoned only until day 38).
Representative traces of seizures for each experimental group are reported in Figure 6.4.1
C and the arrows indicate the average duration of each seizure. Motor components of
spontaneous seizures were not systematically analysed with video-monitoring, but previous
evidence showed that EEG seizures were associated with motor generalized seizures (Iori et
al., 2017). Mice experiencing generalized convulsions during EEG seizures were observed
in this study by the investigator in both groups.
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Figure 6.4.1 – Lack of effects of GW2580 on epilepsy development. A) The number of daily
seizures (top) and their average duration (bottom) in 3 subsequent phases of disease development:
days 1-17 (GW2580 treatment period); days 22-38 (GW2580 wash-out period after switching to
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placebo diet); days 60-81 (chronic epilepsy phase). Experimental protocol in Figure 6.2.1 A. Data
are presented as box-and-whisker plots depicting median, interquartile interval, minimum and
maximum, and single values. Mixed effects models’ statistics showed no significant differences in
seizures frequency and duration in the two groups during the disease development. Placebo n=8;
GW2580=9. One mouse in the GW2580 group died at day 55 therefore seizures were reckoned only
until day 38. Colour code identifies each mouse during the different recording periods. B) Average
daily number of seizures throughout the experiment both in placebo (above) and GW2580-treated
mice (below), same mice of panel A. Data are presented as mean ± SEM. C) Two representative EEG
tracings of spontaneous seizures in chronic epileptic mice from placebo or GW2580 group. Left
hippocampus, HP; right ipsilateral somatosensory cortex, S1). Black arrows delimit the duration of
each seizure event.

6.4.2 Effect of GW2580 on cognitive deficits
Literature data showed that a prolonged GW2580 treatment did not affect behaviour
in naïve mice tested in the open field and in the T maze (Olmos-Alonso et al., 2016),
therefore we did not test the effect of GW2580 in sham mice. As described in the
experimental protocol (Figure 6.2.1 A), during days 18-21 post-SE EEG recordings were
interrupted in mice to test animals in NORT (GW2580 (n=9), placebo (n=8) mice; sham
mice (n=10). NORT is a test for non-spatial memory involving both hippocampus and
entorhinal cortex (Wilson et al., 2013; Denninger et al., 2018). The novel object exploration
in sham mice was 70% of the total exploration time with a discrimination index (DI) of 0.3
± 0.05 (mean ± SEM; n=10; Figure 6.4.2 B). By contrast, mice that had experienced SE fed
with placebo diet displayed equal exploration time of the familiar and the novel object
resulting in reduced DI (0.11 ± 0.06; n=8; p<0.01 vs sham), which indicates memory
impairment. Mice that had experienced SE fed with GW2580 diet were similarly impaired
with a reduced DI comparable to placebo diet SE-mice (DI, 0.14 ± 0.03, n=9).
Results of total exploration time travelled distance and speed of mice in the open
field were not modified by SE or GW2580 treatment as shown in Figure 6.4.2.
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Figure 6.4.2 - Effects of GW2580 on cognitive deficits during epilepsy development. A) Total
time of exploration of the objects during the day of the test. B) Discrimination index (DI) in the Novel
Object Recognition Test (NORT). C) Travelled distance (cm) and D) speed (cm/s) of mice in the
arena during the NORT, day 3. Data are presented as box-and-whisker plots depicting median,
interquartile interval, minimum and maximum, and single values. Sham, n=10; Placebo, n=8;
GW2580, n=9. *p<0.05, **p<0.01 vs sham by Kruskall-Wallis test followed by Dunn’s multiple
comparison test. Results of the Barnes maze test are shown in E, F. The total latency (E) and primary
latency (F) to find the escape hole in the Barnes Maze during the training trials (E, days 1-3) and
during the probe trial (F, day 4) in chronic epileptic mice. Data in panel E are mean ± SEM of average
values reckoned for each mouse from 3 daily trials. *p<0.05 Placebo or GW2580 vs sham at the
same day of training; #p<0.05 vs sham at day 1 by 2-way ANOVA for repeated measures (p=0.003)
followed by Tukey’s multiple comparison test. Data in panel F are presented as box-and-whisker
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plots depicting median, interquartile interval, minimum and maximum, and single values. *p<0.05
vs sham by Kruskall-Wallis test followed by Dunn’s multiple comparison test. Sham n=10; Placebo
n=5; GW2580=7: same mice tested in NORT during epileptogenesis. Three placebo diet mice and
one GW2580 mouse did not perform the test because of either preceding death or displaying
immobility in their home cage.

During chronic epilepsy, after completion of EEG recordings, mice were tested in
the Barnes maze (protocol in Figure 6.2.1 A; see Materials and Methods for details) to assess
hippocampal-dependent spatial memory (Van Den Herrewegen et al., 2019). Mice showing
immobility in their home cage (three placebo diet mice and one GW2580-treated mouse)
were not considered eligible for the test. The remaining mice (n=10 sham; n=5 placebo; n=7
GW2580) were behaviourally tested and none of them showed motor seizures during the
entire test. As shown in Figure 6.4.2 E, the total latency to find the escape hole during the
daily training trials was significantly shorter at days 2 and 3 vs day 1 (p<0.05) in sham mice
(n=10), showing that mice were learning the task. By contrast, mice that had experienced SE
of the placebo (n=5) or GW2580 group (n=7) appeared to be impaired in learning the task,
since the total latency did not change over the daily trials (Figure 6.4.2 E) (p<0.05 vs sham).
Beside learning, the Barnes maze test allows to measure the memory retention of a
learnt task (Sadeghian et al., 2019). The concept of memory retention can be described as
the ability or not to consolidate spatial learning in a long-term memory as previously
assessed (Barkas et al., 2012; Sadeghian et al., 2019; Pascente et al., 2016) and evidence
suggests that spatial learning and memory retention can be uncoupled mechanisms (Barkas
et al., 2012).
During the probe trial (day 4; Figure 6.4.2 F), primary latency in mice that had
experienced SE of the placebo group was significantly increased compared to sham mice
therefore showing memory retention impairment. The primary latency measured in mice that
had experienced SE treated with GW2580 indicates a better performance than SE placebo
mice, suggesting a partial recovery of behavioural deficit, however these mice were not
statistically different from either placebo or sham mice (Figure 6.4.2 F). Therefore, to
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further assess the memory retention, per each group an index was calculated (Figure 6.4.3)
as follows: the latency time to find the target hole during the last trial of the training (day 3,
Figure 6.4.2 E) vs the probe trial (day 4, Figure 6.4.2 F). No differences were assessed in
placebo SE mice (mean ± SEM, latency day 3 vs day 4; 95.4 ± 7.3 vs 80.4 ± 20.2 s) denoting
memory impairment, while a significant reduction of 40% was found in GW2580-treated
mice (95.6 ± 13.8 vs 58.3 ± 15.4 s, p=0.03 by Wilcoxon matched-pairs signed rank test)
indicating improved memory retention. Sham mice displayed 46% reduction of the latency

Memory retention index

time during the probe trial (35.3 ± 6.7 vs 19.9 ± 6.2 s, p<0.001).
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Figure 6.4.3 - GW2580 ameliorate performance in memory retention. Memory retention index
was calculated by comparing for each mouse in each experimental group: the latency time to find the
target hole during the last trial of the Training (day 3, Figure 6.4.2 E) vs latency time to find the
target hole during the Probe (day 4, Figure 6.4.2 E). Data are reported in box-and-whisker plots
depicting median, interquartile interval, minimum and maximum, and single values. * or ** vs
respective trial (day 3) by Wilcoxon matched pairs signed rank test performed to assess the
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6.4.3 Effect of GW2580 on neurodegeneration and reactive gliosis
After completion of behavioural tests, epileptic and sham mice were sacrificed (91
days-post SE; protocol in Figure 6.2.1 A) for assessing neuropathology in the hippocampus
and the entorhinal cortex, two limbic areas pivotally involved in the epilepsy circuitry
126

(Vismer et al., 2015). As previously reported (Terrone et al., 2018), placebo mice that have
experienced SE (n=7, one mouse died at day 82 before perfusion) showed neurodegeneration
in CA1, CA3 pyramidal layers and loss of interneurons in the hilus of the dentate gyrus in
the hippocampus ipsilateral to the injected hemisphere as compared to sham mice (n=8; 2
mice were discarded because of poor staining quality) (Figure 6.4.4 B, E, H vs A, D, C).
Treatment with GW2580 during SE and the initial phases of epileptogenesis (until day 21
after SE) provided neuroprotective effects by preventing the loss of CA1 pyramidal neurons
(Figure 6.4.4 C vs A, B) and hilar interneurons (Figure 6.4.4 I vs G, H; n=8 mice). As
reported in Figure 6.4.4 J, neuronal cell counts confirmed CA1 and hilar interneurons
protection in GW2580 treated mice, while CA3 pyramidal cell loss (Figure 6.4.4 E vs D)
was not prevented by GW2580 (Figure 6.4.4 F vs E, bargram in J). A significant reduction
of neurons in layers II-III of the entorhinal cortex was observed in epileptic mice, either
placebo or GW2580 treated mice, compared to sham mice, showing that GW2580 had no
neuroprotective effects in this cortical area (Figure 6.4.4 K; quantification of cell number
in box and whiskers plot).
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Figure 6.4.4 - Effect of GW2580 on neurodegeneration in the hippocampus and entorhinal
cortex. Panels A-I depict representative photomicrographs of Nissl-stained CA1, CA3 pyramidal
neurons and hilar interneurons (h) in chronic epileptic mice fed with placebo diet (B, E, H) or with
GW2580-supplemented diet (G, F, I) during epileptogenesis and in sham mice (A, D, G). Scale bar:
50µm. Panel J shows quantitative analysis of neurodegeneration. Sham n=8; Placebo n=7;
GW2580=8: 2 sham mice were discarded because of poor staining; 1 Placebo mouse died at day 82
before perfusion. Panel K depicts representative photomicrographs of Nissl-stained neurons in the
entorhinal cortex in chronic epileptic mice compared to sham mice; scale bar: 50 µm. Quantitative
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analysis of neuronal density (neurons/µm2) is reported in plots. Data are presented as box-andwhisker plots depicting median, interquartile interval, minimum and maximum, and single values.
*p<0.05, **p<0.01 vs sham; #p<0.05 vs Placebo by Kruskall-Wallis test followed by Dunn’s multiple
comparison test.

Glial cells number and reactivity were assessed by Iba1 and S100β staining: the
number of cells and their average body size were similarly increased in placebo- and
GW2580-treated mice compared to sham mice (Figure 6.4.5). This result is compatible with
the treatment schedule since at the time of sacrifice mice were under placebo diet for several
weeks after treatment interruption (protocol in Figure 6.2.1 A).

Figure 6.4.5 - Effect of GW2580-treatment during epileptogenesis on chronic glial reactivity.
Quantitative analysis of the number of Iba1- (A) and S100β-positive cells (C) and their average cell
body size (B, D) in chronic epileptic mice fed with placebo diet or with GW2580-supplemented diet
during epileptogenesis. Data are presented as box-and-whisker plots depicting median, interquartile
interval, minimum and maximum, and single values (sham n=6; SE n=6-8 mice/group). *p<0.05,
**p<0.01 vs sham by Kruskall-Wallis test followed by Dunn’s multiple comparison test.
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The longitudinal study has shown that microglial proliferation did not contribute to
seizures onset and recurrence but plays a role in neurodegeneration in the hippocampus. Mild
improvement in memory retention was also observed. The lack of effects of GW2580 on
spontaneous seizures onset, duration and frequency assessed by EEG monitoring, are in
agreement with lack of effects on SE and on hippocampal excitability in naïve mice.
In Part II of this Chapter, the results related to the role of microglia proliferation in
chronic epilepsy are reported. The effects of GW2580 on cognitive deficits and
neurodegeneration were not assessed since these events already develop during the initial
phase of epileptogenesis and were therefore studied with the previous intervention protocol.
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Part II: Effect of GW2580 on established seizures in chronic epileptic mice
Experimental design. To assess the effects of blockade of microglial proliferation
with GW2580 on established spontaneous seizures in chronic epileptic mice, 10 epileptic
mice under placebo diet were exposed to SE (protocol in Figure 6.2.1) and EEG monitored
at day 58 post-SE for two weeks (14-days; 24/7) until day 71 post-SE, to establish the
baseline of spontaneous seizures in each mouse. Then, at day 72 mice were fed with
GW2580-supplemented diet for 2 weeks to determine the treatment effect in each mouse as
percent variation of seizure number compared to corresponding pre-injection baseline
(Figure 6.5.1). Based on food intake in GW2580-treated mice (mean ± SEM: 5.3 ± 0.2 g),
animals received the average daily dose of 166 mg/kg, which blocked microglia proliferation
in vivo within 2 days (Neal et al., 2020). In parallel, one group of 9 epileptic mice was fed
with the placebo diet and was similarly monitored between day 58 and day 85 (24/7) postSE (protocol in Figure 6.2.1 C). The EEG recording period was divided in two subsequent
14-day epochs, in order to reckon seizure baseline variation during a time window
overlapping with the time of EEG monitoring in GW2580-treated mice. Post-mortem brain
processing revealed the presence of cortical damage in 2 out of 10 GW2580-treated mice,
due to previous stereotaxic surgery; therefore, these mice were excluded from seizure
evaluation.

6.5 Results
The results of seizure evaluation are reported in Figure 6.5.1. GW2580 reduced
seizures in 6 out of 8 mice: 50% of mice (n=4) were seizure-free during GW2580 treatment
and 25% of mice (n=2) displayed 60% and 67% seizure reduction, respectively. Two mice
(25%) did not experience seizure reduction, one of which showed increased seizures (Figure
6.5.1 B).
Mice in the placebo control group displayed seizure variation between the two
subsequent recording epochs (14 days each) intrinsic to the model: over the whole recording
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time an average 36% seizure reduction occurred in 3 out of 9 mice, whereas 6 mice showed
increased seizure number (Figure 6.5.1 A).
GW2580 treatment resulted in significant seizure reduction compared to placebo, as
the % variation of seizure number vs baseline during GW2580 treatment was significantly
different from the corresponding variation in the placebo group (Figure 6.5.1 B vs A;
p=0.014 by exact two-tailed Wilcoxon rank-sum test). Moreover, the rate of responders,
calculated by setting the clinical criteria of 50% seizure reduction (Perucca, 2018) was
significantly higher in GW2580-treated mice (6 out of 8 mice) than in placebo mice (1 mouse
out of 9 mice) (p=0.0152 by Fisher's exact two-tailed test), reinforcing the evidence of an
effect of the treatment on established spontaneous seizures.
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Figure 6.5.1 - Effect of GW2580 on spontaneous seizures in epileptic mice. A) Waterfall plot
shows the percent variation in total number of seizures in each epileptic mouse (n=9; mice are
identified by progressive numbers) under placebo diet during two subsequent epochs (day 72-85 vs
day 58-71) of (24/7) EEG monitoring. B) Waterfall plot shows the percent variation in total number
of seizures in each epileptic mouse (n=8; mice are identified by progressive numbers) during
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GW2580 treatment (day 72-85) vs baseline (placebo diet, day 58-71). Number of seizures during the
corresponding recording periods for each individual mouse are shown in the inset tables (A, B).
Data in the two experimental groups were compared by taking into account the variability in the
number of seizures during the entire monitoring period (day 58-85) intrinsic to the natural history of
the disease. A-priori determined summary statistics was chosen for each mouse to take into account
that both treatment and natural history of the disease covariate. Summary statistics is the % variation
of seizure number during treatment or corresponding placebo (days 72 to 85) vs respective baseline
(days 58 to 71) calculated as follows: number of seizures in days 72 to 85 minus number of seizures
in days 58 to 71 (baseline) divided by number of seizures in days 58 to 71 (baseline) x 100. For each
mouse the summary statistic is shown in the waterfall plot of panels A and B. Summary statistics in
the two experimental groups were compared using the two-tailed Wilcoxon rank-sum exact test
(p=0.014). No statistical difference was measured when comparing the seizure number during
GW2580 treatment vs respective baseline (p=0.266 Wilcoxon signed-rank test) or when comparing
seizure number during day 72-85 in GW2580-treated mice vs seizure number in corresponding
monitoring days in placebo (day 72-85) (p=0.063 by Mann-Whitney U test).

Histological assessment of microglia in post-mortem brain specimens showed a
significant increase in the number (mean ± SEM: Sham, 641 ± 27, n=6; Placebo-epileptic,
1141 ± 67, n=6; p<0.01) and cell body size (µm2, mean ± SEM: Sham, 27.7 ± 0.5; Placeboepileptic, 30.8 ± 0.8; p<0.05) of Iba1-positive cells in chronic epileptic mice under placebo
diet compared to sham mice, therefore showing microglial proliferation in the chronic
disease phase (as previously described in Chapter 4, Figure 4.3.1). Epileptic mice under
GW2580-supplemented diet showed both number (mean ± SEM: 701 ± 16, n=8; p<0.01,
Kruskall Wallis test) and cell body size (µm2, mean ± SEM: 27.4 ± 0.9; p<0.05, Kruskall
Wallis test) of Iba1-positive cells similar to sham mice, thus denoting that GW2580 blocked
microglial proliferation and reactivity.
The number of seizures did not correlate with the number of Iba1-positive cells in
GW2580-treated mice (p=0.4, Spearman correlation test) and the therapeutic effect of
GW2580 on seizures, expressed as % variation vs baseline (Figure 6.5.1 B), was not
significantly correlated with the reduction of Iba1 cell body size, (r=0.731; p=0.061,
Spearman correlation test). Similarly, the total number of seizures in each mouse during
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GW2580 treatment was not significantly correlated with the body size of Iba1-positive cells
(r=0.704; p=0.077), as summarized in Table 6.5.1.
Table 6.5.1 - Correlation between chronic epileptic seizures and cell body size

#
Mouse

Seizure
(% change vs
baseline)

Iba1 cell body size
(difference with
sham)

Total number
of seizures

Iba1 cell body
size
(µm2)

10

+492.9

+2.94

83

30.62

11

0

+1.87

9

29.54

12

-60.0

+0.29

2

27.97

13

-66.7

-2.52

1

25.16

14

-100.0

-1.67

0

26.02

15

-100.0

-3.41

0

24.27

17

-100.0

-0.53

0

27.15

Also, adjacent hippocampal slices were processed for immunostaining of astrocytes
and macrophages. GW2580 treatment did not modify the number of S100β-positive
astrocytes (mean ± SEM, Sham, 1131 ± 24.1; Placebo, 1519 ± 59.8**; GW2580, 1581 ±
69.4**; **p<0.01 vs sham by Kruskall-Wallis followed by Dunn’s multiple comparison
test) or their average body size (µm2, mean ± SEM: Sham, 30.2 ± 0.7; Placebo, 34.2 ± 1.2*;
GW2580, 34.6 ± 1.1*; *p<0.05 vs sham), nor the number of macrophages (mean ± SEM:
Sham, not detectable; Placebo, 16.3 ± 2.9; GW2580, 19.6 ± 4.2; n.s. by Mann-Whitney U
test).
These results implicate microglial proliferation in chronic seizures reinforcing the
hypothesis that pharmacological intervention targeting microglia can exert diverse effects in
different disease stages.
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6.6 Discussion
Chapter 6 reports the results of a study that explored the role of microglia
proliferation during disease development and in chronic epilepsy, using an established
murine model of acquired epilepsy (Iori et al., 2017; Frigerio et al., 2018b). Specifically,
microglia proliferation was pharmacologically blocked with the CSF1R inhibitor GW2580
to shed light on the pathophysiological role of this cellular function. This study provided
novel evidence for the different role of microglia proliferation in two distinct disease phases.
As shown in Part I of this Chapter, both SE and epilepsy development were not
affected by blockade of microglia proliferation while interference with this cell function
mediated neuroprotection in the hippocampus. In accordance, previous studies reported that
blockade of microglia proliferation in mice mediates neuroprotection, without inducing SE
modifications (Feng et al., 2019). Moreover, in murine models of chronic
neurodegeneration, blockade of microglia proliferation in the initial disease phase, reduced
the release of neurotoxic molecules implicated in neuronal cell loss, like inflammatory
mediators (Gómez-Nicola et al., 2013; Mancuso et al., 2019; Olmos-Alonso et al., 2016).
Our results reinforce the link between microglia and neurodegeneration, previously
suggested by studies that applied less selective interventions such as minocycline, MIF, or
the inhibition of fractalkine signalling in SE models (Eyo et al., 2017; Ali et al., 2015). This
link between microglia and neurodegeneration is mainly restricted to the proliferative
activity of microglia during the acute disease phases, rather than to newly proliferating
microglia after GW2580 withdrawal. In fact, in our epilepsy model neurodegeneration
develops at completion within 7 days post-SE (Frigerio et al., 2018b), thus when mice are
still under GW2580 treatment.
Macrophages also contribute to neuronal damage after SE since preventing the
infiltration of these peripheral immune cells into the CNS after SE (Feng et al., 2019) reduces
neuronal cell loss (Varvel et al., 2021). We found that GW2580 reduced leukocyte
extravasation into the hippocampus, a phenomenon that may contribute to neuroprotection.
136

GW2580 also reduces monocytes proliferation (Conway et al., 2005) but a recent study
demonstrated that only resident microglia proliferate in the hippocampus after SE, whereas
the infiltrating monocytes do not (Feng et al., 2019). In particular, monocyte/macrophage
cells account for the majority of infiltrating cells in our model, as shown by flow cytometry
and immunohistochemistry (not shown). Previous results showed that treatment with
GW2580 reduced monocytes infiltration in murine models of SE (Feng et al., 2019) and
multiple sclerosis (Crespo et al., 2011; Martinez-Muriana et al., 2016), without affecting the
number of circulating monocytes (Leblond et al., 2015; Priceman et al., 2010), thus
suggesting that GW2580 reduced extravasation of tissue macrophages in our SE-exposed
mice.
We also assessed whether neuroprotection observed when microglial proliferation
was prevented was associated with rescue of cognitive deficits. However, mice that had
experienced SE under either placebo or GW2580 diet were similarly impaired in both
recognition and spatial memory compared with sham mice, although there was an
improvement in memory retention of GW2580-treated mice in Barnes Maze. The persistence
of cognitive deficits in GW2580-exposed mice may be due to the incomplete
neuroprotection in the hippocampus and to the damage in the entorhinal cortex, two areas
specifically involved in NORT. Our data also showed that the interference with microglia
proliferation has diverse effects in the hippocampus (partial neuroprotection) vs the
entorhinal cortex (lack of neuroprotection), thus supporting the brain region heterogeneity
of microglia and different sensitivity of brain regions to microglia dysregulation (Grabert et
al., 2016; Hammond et al., 2019; Masuda et al., 2020; Prinz et al., 2019).
GW2580 did not modify SE onset, severity and duration or the development of
spontaneous

seizures

during

epileptogenesis.

Accordingly,

basal

excitatory

neurotransmission and neuronal excitability were not modified by GW2580. These results
indicate that microglia proliferation during the early post-injury phase is not crucial for the
induction of neuronal network hyperexcitability underlying seizure generation. Specifically,
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the lack of effects on the spontaneous seizures is unlikely to be due to newly proliferating
microglia after GW2580 withdrawal since chronic spontaneous seizures were also not
modified during GW2580 treatment. Interestingly, as shown in the cross-sectional study in
Chapter 6, despite blockade of cell proliferation, microglia may retain reactive morphology
during epileptogenesis, in accordance with previous observation in a model of prion disease
(Gomez-Nicola et al., 2013). It is therefore possible that reactive microglia promote seizures
even in the absence of cell proliferation by prmoting cellular processes mobility and contacts
onto neuronal soma (Merlini et al., 2021).
In Part II, the effect of GW2580 was evaluated also on established spontaneous
seizures in chronic epileptic mice, through an unbiased summary statistic that took into
account seizure number variation intrinsic to the disease itself. Blockade of microglial
proliferation during chronic epilepsy has provided a significant reduction in spontaneous
seizures number compared with a parallel group of epileptic mice fed with the placebo diet.
Indeed, previous evidence has shown that targeting CSF1R by PLX3397 with a treatment
protocol affecting only a set of microglia genes reduced seizures in epileptic mice
(Srivastava et al., 2018). Moreover, in organotypic hippocampal cultures spontaneous
seizure-like activity was reduced by GW2580 (Liu et al., 2019).
Altogether the results suggest that microglia function and involvement in epilepsy
depend on the disease phase. Therefore further studies are necessary to characterize the
molecular signatures of microglia during epilepsy development, and after the disease is
established (Bosco et al., 2018).
Interestingly, our results show that GW2580 did not provide seizures reduction in
two out of eight epileptic mice, despite reduction of microglia proliferation was achieved
similarly in all mice. Notably, microglia cell body size was increased over sham mice only
in non-responder mice, while it was reduced by GW2580 in responder mice, thus suggesting
that the therapeutic effect of GW2580 on seizures is associated with both blockade of cell
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proliferation and reduction of microglia reactivity. In support, the cross-sectional study (Part
I) showed that GW2580 treatment did not affect seizures in the early disease phase when
cell body size was not reduced, despite microglial proliferation was prevented. However,
microglia cell body size may be simply affected by seizure number rather than contributing
to seizures.
This study highlighted different roles of microglia proliferation in the early disease
phase compared with chronic epilepsy. While during early disease development microglia
proliferation, possibly in concert with extravasated macrophages, contributes to neuronal
cell loss in the hippocampus, at a late disease stage it affects chronic seizures. Thus, timely
pharmacological interference with microglia proliferation may offer a potential target for
improving disease outcomes. Furthermore, both our results and previous evidence suggest
that seizures and neurodegeneration in epilepsy are two distinct phenomena. Molecular
analysis of microglia phenotype at different disease phases, and after specific cell functions
are occluded, may shed light on novel druggable targets for disease modification.
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CHAPTER 7: CONCLUSION
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The main goal of this PhD project was to provide insights into the role of microglia
during epileptogenesis by interfering with its survival, reactivity, and proliferation during
critical times of disease development, in a well-established mouse model of acquired
epilepsy. Previous studies reported that shortly after kainic acid-provoked SE, a proinflammatory microglia profile dominates the milieu (Benson et al., 2015), and others
demonstrated that also non-inflammatory changes in microglia may exert pro-epileptic
effects (Zhao et al., 2018). Thus, at first, the identification of a proper time window of
intervention may be challenging, since microglial phenotypes are very dynamic (Benson et
al., 2015). Then, the next step will be to study the phenotype of microglia in those critical
time points with highthroughput technologies, by RNA sequencing, an endeavour that goes
beyond the aim of this thesis but was already initiated in our laboratory.
As a first important achievement, we have identified the time points at which
microglia react and proliferate after SE, thus highlighting two time-windows of intervention:
during early epileptogenesis and during the chronic disease phase.
When applying CSF1R inhibitors during epileptogenesis, we found that microglial
depletion or inhibition of cell proliferation both prevented neuropathological outcomes in
the entorhinal cortex or in the hippocampus with improvement of cognitive deficits, without
modifying seizures. Our data provide new evidence in support of microglia heterogeneity in
CNS (Masuda et al., 2020; Prinz et al., 2019) by detecting an enrichment of microglia density
in the entorhinal cortex compared with the hippocampus in healthy conditions. The
heterogeneity across brain regions may explain why depletion of microglia prevented
neurodegeneration in the entorhinal cortex, where cell density is higher, but not in the
hippocampus. Also, human evidence reports an enrichment for genes associated with
microglial reactive states in the entorhinal cortex (Altmann et al., 2021) that may explain
why blockade of microglia proliferation, but retention of activated morphologic features,
was not sufficient to prevent the neuronal cell loss in this brain region. Our findings also
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show that microglial depletion did not prevent the neurodegeneration in the hippocampus,
whereas blockade of microglial proliferation has induced neuroprotective effects in this area.
Also, leukocytes extravasation occurs after SE and monocyte/macrophage cells
account for most infiltrating cells. Previous studies have demonstrated that preventing the
infiltration of these peripheral immune cells reduces neuronal cell loss, thus providing the
evidence that extravasated monocytes/macrophages also contribute to neurodegeneration
(Feng et al., 2019; Varvel et al., 2021). Moreover, when applying CSF1R inhibitors, also
monocytes and macrophages are affected, since this receptor also regulate the survival and
proliferation of all myeloid cells other than microglia. In line with this, previous evidence
and our own findings have shown that PLX3397 depletes also circulating monocytes and
macrophages, thus reducing the infiltration of other immune cells into the brain (data not
shown;

Elmore

et

al.,

2014),

and

GW2580

reduces

extravasation

of

monocytes/macrophages. For GW2580, the mechanisms underlying the reduced
extravasation are not yet clear, since this drug affects proliferating cells and as previously
reported, only microglia proliferate after SE while macrophages do not (Feng et al., 2019).
A possible explanation of this reduction could be that blockade of proliferation reduced the
chemoattractant power of microglia in recruiting monocytes/macrophages, but experimental
evidence cannot be provided yet. Our data suggest that CSF1R inhibitors, may promote
neuroprotection by suppressing microgliosis and limiting monocytes/macrophages
extravasation, for example GW2580 could be used to explore this hypothesis further.
When applying CSF1R inhibitors, also neuronal progenitors deserve consideration,
since it was shown that they also express CSF1R (Stanley and Chitu, 2014). Moreover,
microglia play important roles in neurogenesis, as described in Paragraph 1.6.3 of this thesis
and previously (Eyo et al., 2017; Victor and Tsirka, 2020), by guiding migration of newly
born neurons and by providing trophic support to neuronal progenitors. Therefore, the
application of CSF1R inhibitors may affect neurogenesis either directly, by the interference
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with neuronal progenitors, or indirectly, by the interference with neuron-microglia
interactions. Notably, aberrant neurogenesis is one of the mechanisms triggered by an
epileptogenic insult and may contribute to epileptogenesis itself, by the integration of newly
born neurons that form ectopic and abnormal neuronal connections, thus increasing
hyperexcitability phenomena and behavioural impairments (Cho et al., 2015; Gray and
Sundstrom, 1998; Jessberger and Parent, 2015; Parent et al., 2006; Scharfman and Gray,
2007). Indeed, evidence exists that selective ablation of adult neurogenesis reduces chronic
seizures and epilepsy-associated cognitive deﬁcits (Cho et al., 2015).
However, all these aspects go far beyond the aims of this thesis project and were not
investigated here, therefore the possible implications of these inhibitors in neurogenesis
remain unexplored and their future investigation should be considered to add a piece in the
puzzle.
Our study highlighted that targeting microglia during epileptogenesis may exert
neuroprotective effects in different brain regions, despite does not prevent epilepsy
development. However, blockade of cell proliferation in the chronic disease phase was
sufficient to reduce seizures. Therefore, microglia play different roles in different disease
phases and our data suggest that timely targeting of microgliosis may exert therapeutic
effects, for example by ameliorating neurological symptoms and providing seizures control.
These effects may either depend directly on modification of microglia functions or be
indirectly mediated by compensatory changes in parenchymal cells such as neurons and
astrocytes.
Altogether these findings may open new areas of studies and therapeutic
interventions that could reduce comorbidities in epilepsy by ameliorating the quality of life
of patients, and attenuate seizures. For example, CSF1R inhibitors could be tested as
coadjuvant therapy with already approved ASDs to provide disease-modification in drugresistant patients. Despite appropriate protocols of intervention cannot be directly deduced
by our results, the clinical translation of these findings can be potentially explored, since
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CSF1R inhibitors are well tolerated in humans and are currently tested in clinical trials. For
example, PLX3397 has been approved for the treatment of the tenosynovial giant cell tumour
(Monestime and Lazaridis, 2020) and is under investigation in monotherapy or as coadjutant
for several solid tumours such as glioblastoma (see at ClinicalTrials.gov - Study Identifier:
NCT01790503; full link to clinical studies with PLX3397, accession date: 17.11.2021,
https://clinicaltrials.gov/ct2/results?cond=&term=PLX3397&cntry=&state=&city=&dist=)
Near perspectives. Further investigations are needed to better understand the
mechanisms underlying the reduction of chronic seizures when microglial proliferation was
inhibited. For example, blockade of cell proliferation may switch microglia towards an antiinflammatory phenotype thus reducing the release of ictogenic cytokines such as IL-1β,
TNF, IL-8.
An additional aspect that should be further explored is the consequence of microglia
depletion or proliferation blockade, on the transcriptional and translational phenotype of
neurons and astrocytes. This analysis may reveal compensatory changes in these cells
therefore highlighting potential targets for therapeutic interventions. In line with that, a
deeper study of monocytes and macrophages contribution to epilepsy pathogenesis should
be further investigated in the presence of CSF1R inhibitors and complementary approaches,
to dissect the roles of these cells from microglia. Moreover, the effect of CSF1R inhibitors
on neurogenesis should be addressed to avoid misinterpretations.
Finally, our data should prompt additional investigations in other models of acquired
epilepsy such as post-traumatic epilepsy, a condition also associated with microgliosis.

In conclusion, a deeper understanding of microglia functions in epilepsy remains
instrumental for envisaging clinical translation of experimental findings.

144

BIBLIOGRAPHY
Acsády, L., and Káli, S. (2007). Models, structure, function: the transformation of cortical
signals in the dentate gyrus. Prog Brain Res 163, 577–599.
Acsády, L., Kamondi, A., Sík, A., Freund, T., and Buzsáki, G. (1998). GABAergic cells are
the major postsynaptic targets of mossy fibers in the rat hippocampus. J Neurosci 18, 3386–
3403.
Ajami, B., Bennett, J.L., Krieger, C., Tetzlaff, W., and Rossi, F.M.V. (2007). Local selfrenewal can sustain CNS microglia maintenance and function throughout adult life. Nat
Neurosci 10, 1538–1543.
Ali, I., Chugh, D., and Ekdahl, C.T. (2015). Role of fractalkine-CX3CR1 pathway in seizureinduced microglial activation, neurodegeneration, and neuroblast production in the adult rat
brain. Neurobiol Dis 74, 194–203.
Altmann, A., Ryten, M., Di Nunzio, M., Ravizza, T., Tolomeo, D., Reynolds, R.H., Somani,
A., Bacigaluppi, M., Iori, V., Micotti, E., et al. (2021). A systems-level analysis highlights
microglial activation as a modifying factor in common epilepsies. Neuropathol Appl
Neurobiol.
Alyu, F., and Dikmen, M. (2017). Inflammatory aspects of epileptogenesis: contribution of
molecular inflammatory mechanisms. Acta Neuropsychiatrica 29, 1–16.
Amaral, D.G., Scharfman, H.E., and Lavenex, P. (2007). The dentate gyrus: fundamental
neuroanatomical organization (dentate gyrus for dummies). Prog Brain Res 163, 3–22.
Anand, K.S., and Dhikav, V. (2012). Hippocampus in health and disease: An overview. Ann
Indian Acad Neurol 15, 239–246.
Andersen, P., Bliss, T.V., and Skrede, K.K. (1971). Lamellar organization of hippocampal
pathways. Exp Brain Res 13, 222–238.
Anderson, G., and Rodriguez, M. (2011). Multiple sclerosis, seizures, and antiepileptics: role
of IL-18, IDO, and melatonin. Eur J Neurol 18, 680–685.
Andersson, P.B., Perry, V.H., and Gordon, S. (1991). The kinetics and morphological
characteristics of the macrophage-microglial response to kainic acid-induced neuronal
degeneration. Neuroscience 42, 201–214.
Arellano, J.I., Muñoz, A., Ballesteros-Yáñez, I., Sola, R.G., and DeFelipe, J. (2004).
Histopathology and reorganization of chandelier cells in the human epileptic sclerotic
hippocampus. Brain 127, 45–64.
Aronica, E., and Crino, P.B. (2011). Inflammation in epilepsy: clinical observations.
Epilepsia 52 Suppl 3, 26–32.
Aronica, E., Gorter, J.A., Rozemuller, A.J., Yankaya, B., and Troost, D. (2005a). Activation
of metabotropic glutamate receptor 3 enhances interleukin (IL)-1beta-stimulated release of
IL-6 in cultured human astrocytes. Neuroscience 130, 927–933.
145

Aronica, E., Gorter, J.A., Rozemuller, A.J., Yankaya, B., and Troost, D. (2005b).
Interleukin-1 beta down-regulates the expression of metabotropic glutamate receptor 5 in
cultured human astrocytes. J Neuroimmunol 160, 188–194.
Askew, K., Li, K., Olmos-Alonso, A., Garcia-Moreno, F., Liang, Y., Richardson, P., Tipton,
T., Chapman, M.A., Riecken, K., Beccari, S., et al. (2017). Coupled Proliferation and
Apoptosis Maintain the Rapid Turnover of Microglia in the Adult Brain. Cell Rep 18, 391–
405.
Avants, B.B., Tustison, N.J., Song, G., Cook, P.A., Klein, A., and Gee, J.C. (2011). A
reproducible evaluation of ANTs similarity metric performance in brain image registration.
Neuroimage 54, 2033–2044.
Avanzini, G., Franceschetti, S., and Mantegazza, M. (2007). Epileptogenic channelopathies:
experimental models of human pathologies. Epilepsia 48 Suppl 2, 51–64.
Avignone, E., Ulmann, L., Levavasseur, F., Rassendren, F., and Audinat, E. (2008). Status
epilepticus induces a particular microglial activation state characterized by enhanced
purinergic signaling. J Neurosci 28, 9133–9144.
Bai, J., Trinh, T.L.H., Chuang, K.-H., and Qiu, A. (2012). Atlas-based automatic mouse
brain image segmentation revisited: model complexity vs. image registration. Magn Reson
Imaging 30, 789–798.
Balosso, S., Ravizza, T., Aronica, E., and Vezzani, A. (2013). The dual role of TNF-alpha
and its receptors in seizures. Exp Neurol 247C, 267–271.
Barkas, L., Redhead, E., Taylor, M., Shtaya, A., Hamilton, D.A., and Gray, W.P. (2012).
Fluoxetine restores spatial learning but not accelerated forgetting in mesial temporal lobe
epilepsy. Brain 135, 2358–2374.
Barker-Haliski, M.L., Heck, T.D., Dahle, E.J., Vanegas, F., Pruess, T.H., Wilcox, K.S., and
White, H.S. (2016). Acute treatment with minocycline, but not valproic acid, improves longterm behavioral outcomes in the Theiler’s virus model of temporal lobe epilepsy. Epilepsia
57, 1958–1967.
Bartolomei, F., Khalil, M., Wendling, F., Sontheimer, A., Régis, J., Ranjeva, J.-P., Guye,
M., and Chauvel, P. (2005). Entorhinal cortex involvement in human mesial temporal lobe
epilepsy: an electrophysiologic and volumetric study. Epilepsia 46, 677–687.
Beach, T.G., Woodhurst, W.B., MacDonald, D.B., and Jones, M.W. (1995). Reactive
microglia in hippocampal sclerosis associated with human temporal lobe epilepsy. Neurosci
Lett 191, 27–30.
Becker, A.J. (2018). Review: Animal models of acquired epilepsy: insights into mechanisms
of human epileptogenesis. Neuropathol. Appl. Neurobiol. 44, 112–129.
Becker, A.J., Pitsch, J., Sochivko, D., Opitz, T., Staniek, M., Chen, C.-C., Campbell, K.P.,
Schoch, S., Yaari, Y., and Beck, H. (2008). Transcriptional upregulation of Cav3.2 mediates
epileptogenesis in the pilocarpine model of epilepsy. J. Neurosci. 28, 13341–13353.
146

Bell, G.S., Neligan, A., Giavasi, C., Keezer, M.R., Novy, J., Peacock, J.L., Johnson, A.L.,
Goodridge, D.M.G., Shorvon, S.D., and Sander, J.W. (2016). Outcome of seizures in the
general population after 25 years: a prospective follow-up, observational cohort study. J
Neurol Neurosurg Psychiatry 87, 843–850.
Ben-Ari, Y., and Cossart, R. (2000). Kainate, a double agent that generates seizures: two
decades of progress. Trends Neurosci. 23, 580–587.
Bender, R.A., Dubé, C., and Baram, T.Z. (2004). Febrile seizures and mechanisms of
epileptogenesis: insights from an animal model. Adv Exp Med Biol 548, 213–225.
Benson, M.J., Manzanero, S., and Borges, K. (2015). Complex alterations in microglial
M1/M2 markers during the development of epilepsy in two mouse models. Epilepsia 56,
895–905.
Benusa, S.D., George, N.M., and Dupree, J.L. (2020). Microglial heterogeneity: distinct cell
types or differential functional adaptation? Neuroimmunology and Neuroinflammation 7,
248–263.
Berg, A.T., and Cross, J.H. (2010). Towards a modern classification of the epilepsies?
Lancet Neurol 9, 459–461.
Bernard, C., Anderson, A., Becker, A., Poolos, N.P., Beck, H., and Johnston, D. (2004).
Acquired dendritic channelopathy in temporal lobe epilepsy. Science 305, 532–535.
Bianchi, M.E. (2007). DAMPs, PAMPs and alarmins: all we need to know about danger. J
Leukoc Biol 81, 1–5.
Blair, R.D.G. (2012). Temporal lobe epilepsy semiology. Epilepsy Res Treat 2012, 751510.
Blauwblomme, T., Jiruska, P., and Huberfeld, G. (2014). Mechanisms of ictogenesis. Int
Rev Neurobiol 114, 155–185.
Block, M.L., and Hong, J.-S. (2007). Chronic microglial activation and progressive
dopaminergic neurotoxicity. Biochem Soc Trans 35, 1127–1132.
Block, M.L., Zecca, L., and Hong, J.-S. (2007). Microglia-mediated neurotoxicity:
uncovering the molecular mechanisms. Nat Rev Neurosci 8, 57–69.
Blumcke, I. (2009). Neuropathology of focal epilepsies: a critical review. Epilepsy &
Behavior 15, 34–39.
Blümcke, I., Beck, H., Lie, A.A., and Wiestler, O.D. (1999). Molecular neuropathology of
human mesial temporal lobe epilepsy. Epilepsy Res 36, 205–223.
Blümcke, I., Coras, R., Miyata, H., and Özkara, C. (2012). Defining Clinico‐
Neuropathological Subtypes of Mesial Temporal Lobe Epilepsy with Hippocampal
Sclerosis. Brain Pathol 22, 402–411.
Boer, K., Spliet, W.G., van Rijen, P.C., Redeker, S., Troost, D., and Aronica, E. (2006).
Evidence of activated microglia in focal cortical dysplasia. J Neuroimmunol 173, 188–195.
147

Boison, D. (2010). Inhibitory RNA in epilepsy: research tools and therapeutic perspectives.
Epilepsia 51, 1659–1668.
Borges, K., Gearing, M., McDermott, D.L., Smith, A.B., Almonte, A.G., Wainer, B.H., and
Dingledine, R. (2003). Neuronal and glial pathological changes during epileptogenesis in
the mouse pilocarpine model. Exp Neurol 182, 21–34.
Bosco, D.B., Zheng, J., Xu, Z., Peng, J., Eyo, U.B., Tang, K., Yan, C., Huang, J., Feng, L.,
Wu, G., et al. (2018). RNAseq analysis of hippocampal microglia after kainic acid-induced
seizures. Mol Brain 11, 34.
Brandt, C., Gastens, A.M., Sun, M. zhen, Hausknecht, M., and Löscher, W. (2006).
Treatment with valproate after status epilepticus: effect on neuronal damage,
epileptogenesis, and behavioral alterations in rats. Neuropharmacology 51, 789–804.
Bruttger, J., Karram, K., Wörtge, S., Regen, T., Marini, F., Hoppmann, N., Klein, M., Blank,
T., Yona, S., Wolf, Y., et al. (2015). Genetic Cell Ablation Reveals Clusters of Local SelfRenewing Microglia in the Mammalian Central Nervous System. Immunity 43, 92–106.
Buckmaster, P.S. (2012). Mossy Fiber Sprouting in the Dentate Gyrus. In Jasper’s Basic
Mechanisms of the Epilepsies, J.L. Noebels, M. Avoli, M.A. Rogawski, R.W. Olsen, and
A.V. Delgado-Escueta, eds. (Bethesda (MD): National Center for Biotechnology
Information (US)), p.
Buckmaster, P.S., and Dudek, F.E. (1997). Neuron loss, granule cell axon reorganization,
and functional changes in the dentate gyrus of epileptic kainate-treated rats. J Comp Neurol
385, 385–404.
Buckmaster, P.S., Wenzel, H.J., Kunkel, D.D., and Schwartzkroin, P.A. (1996). Axon arbors
and synaptic connections of hippocampal mossy cells in the rat in vivo. J Comp Neurol 366,
271–292.
Buttgereit, A., Lelios, I., Yu, X., Vrohlings, M., Krakoski, N.R., Gautier, E.L.,
Nishinakamura, R., Becher, B., and Greter, M. (2016). Sall1 is a transcriptional regulator
defining microglia identity and function. Nat Immunol 17, 1397–1406.
Cardona, A.E., Pioro, E.P., Sasse, M.E., Kostenko, V., Cardona, S.M., Dijkstra, I.M., Huang,
D., Kidd, G., Dombrowski, S., Dutta, R., et al. (2006). Control of microglial neurotoxicity
by the fractalkine receptor. Nat Neurosci 9, 917–924.
Chen, K., Aradi, I., Thon, N., Eghbal-Ahmadi, M., Baram, T.Z., and Soltesz, I. (2001).
Persistently modified h-channels after complex febrile seizures convert the seizure-induced
enhancement of inhibition to hyperexcitability. Nat. Med. 7, 331–337.
Chen, L., Wang, Y., and Chen, Z. (2020). Adult Neurogenesis in Epileptogenesis: An Update
for Preclinical Finding and Potential Clinical Translation. Curr Neuropharmacol 18, 464–
484.
Chen, S.-H., Oyarzabal, E.A., and Hong, J.-S. (2016). Critical role of the Mac1/NOX2
pathway in mediating reactive microgliosis-generated chronic neuroinflammation and
progressive neurodegeneration. Curr Opin Pharmacol 26, 54–60.
148

Chen, Z., Brodie, M.J., Liew, D., and Kwan, P. (2018). Treatment Outcomes in Patients
With Newly Diagnosed Epilepsy Treated With Established and New Antiepileptic Drugs: A
30-Year Longitudinal Cohort Study. JAMA Neurol 75, 279–286.
Cherry, J.D., Olschowka, J.A., and O’Banion, M.K. (2014). Neuroinflammation and M2
microglia: the good, the bad, and the inflamed. J Neuroinflammation 11, 98.
Chitu, V., Gokhan, Ş., Nandi, S., Mehler, M.F., and Stanley, E.R. (2016). Emerging Roles
for CSF-1 Receptor and its Ligands in the Nervous System. Trends Neurosci 39, 378–393.
Cho, K.-O., Lybrand, Z.R., Ito, N., Brulet, R., Tafacory, F., Zhang, L., Good, L., Ure, K.,
Kernie, S.G., Birnbaum, S.G., et al. (2015). Aberrant hippocampal neurogenesis contributes
to epilepsy and associated cognitive decline. Nat Commun 6, 6606.
Christian, K.M., Song, H., and Ming, G. (2014). Functions and dysfunctions of adult
hippocampal neurogenesis. Annu Rev Neurosci 37, 243–262.
Chudomelova, L., Scantlebury, M.H., Raffo, E., Coppola, A., Betancourth, D., and
Galanopoulou, A.S. (2010). Modeling new therapies for infantile spasms. Epilepsia 51, 27–
33.
Clusmann, H., and Schramm, J. (2012). Chapter 53 - Surgery in adults: temporal resections.
In Handbook of Clinical Neurology, H. Stefan, and W.H. Theodore, eds. (Elsevier), pp. 897–
913.
Colonna, M., and Butovsky, O. (2017). Microglia Function in the Central Nervous System
During Health and Neurodegeneration. Annu Rev Immunol 35, 441–468.
Concha, L., Beaulieu, C., Collins, D.L., and Gross, D.W. (2009). White-matter diffusion
abnormalities in temporal-lobe epilepsy with and without mesial temporal sclerosis. J Neurol
Neurosurg Psychiatry 80, 312–319.
Conway, J.G., McDonald, B., Parham, J., Keith, B., Rusnak, D.W., Shaw, E., Jansen, M.,
Lin, P., Payne, A., Crosby, R.M., et al. (2005). Inhibition of colony-stimulating-factor-1
signaling in vivo with the orally bioavailable cFMS kinase inhibitor GW2580. Proc Natl
Acad Sci U S A 102, 16078–16083.
Crespel, A., Coubes, P., Rousset, M.C., Brana, C., Rougier, A., Rondouin, G., Bockaert, J.,
Baldy-Moulinier, M., and Lerner-Natoli, M. (2002). Inflammatory reactions in human
medial temporal lobe epilepsy with hippocampal sclerosis. Brain Res 952, 159–169.
Crespo, O., Kang, S.C., Daneman, R., Lindstrom, T.M., Ho, P.P., Sobel, R.A., Steinman, L.,
and Robinson, W.H. (2011). Tyrosine kinase inhibitors ameliorate autoimmune
encephalomyelitis in a mouse model of multiple sclerosis. J Clin Immunol 31, 1010–1020.
Cronk, J.C., Filiano, A.J., Louveau, A., Marin, I., Marsh, R., Ji, E., Goldman, D.H., Smirnov,
I., Geraci, N., Acton, S., et al. (2018). Peripherally derived macrophages can engraft the
brain independent of irradiation and maintain an identity distinct from microglia. J Exp Med
215, 1627–1647.

149

Crotti, A., and Ransohoff, R.M. (2016). Microglial Physiology and Pathophysiology:
Insights from Genome-wide Transcriptional Profiling. Immunity 44, 505–515.
Curia, G., Longo, D., Biagini, G., Jones, R.S.G., and Avoli, M. (2008). The pilocarpine
model of temporal lobe epilepsy. J Neurosci Methods 172, 143–157.
de Curtis, M., Garbelli, R., and Uva, L. (2021). A hypothesis for the role of axon
demyelination in seizure generation. Epilepsia 62, 583–595.
Dagher, N.N., Najafi, A.R., Kayala, K.M.N., Elmore, M.R.P., White, T.E., Medeiros, R.,
West, B.L., and Green, K.N. (2015). Colony-stimulating factor 1 receptor inhibition prevents
microglial plaque association and improves cognition in 3xTg-AD mice. J
Neuroinflammation 12, 139.
Dai, X.-M., Ryan, G.R., Hapel, A.J., Dominguez, M.G., Russell, R.G., Kapp, S., Sylvestre,
V., and Stanley, E.R. (2002). Targeted disruption of the mouse colony-stimulating factor 1
receptor gene results in osteopetrosis, mononuclear phagocyte deficiency, increased
primitive progenitor cell frequencies, and reproductive defects. Blood 99, 111–120.
Danzer, S.C. (2019). Adult Neurogenesis in the Development of Epilepsy. Epilepsy Curr 19,
316–320.
Davis, B.M., Salinas-Navarro, M., Cordeiro, M.F., Moons, L., and De Groef, L. (2017).
Characterizing microglia activation: a spatial statistics approach to maximize information
extraction. Sci Rep 7, 1576.
De Biase, L.M., Schuebel, K.E., Fusfeld, Z.H., Jair, K., Hawes, I.A., Cimbro, R., Zhang, H.Y., Liu, Q.-R., Shen, H., Xi, Z.-X., et al. (2017). Local Cues Establish and Maintain RegionSpecific Phenotypes of Basal Ganglia Microglia. Neuron 95, 341-356.e6.
De Blasio, D., Fumagalli, S., Longhi, L., Orsini, F., Palmioli, A., Stravalaci, M., Vegliante,
G., Zanier, E.R., Bernardi, A., Gobbi, M., et al. (2017). Pharmacological inhibition of
mannose-binding lectin ameliorates neurobehavioral dysfunction following experimental
traumatic brain injury. J Cereb Blood Flow Metab 37, 938–950.
De Luca, S.N., Sominsky, L., Soch, A., Wang, H., Ziko, I., Rank, M.M., and Spencer, S.J.
(2019). Conditional microglial depletion in rats leads to reversible anorexia and weight loss
by disrupting gustatory circuitry. Brain Behav Immun 77, 77–91.
Deng, P.-Y., Xiao, Z., and Lei, S. (2010). Distinct modes of modulation of GABAergic
transmission by Group I metabotropic glutamate receptors in rat entorhinal cortex.
Hippocampus 20, 980–993.
Denninger, J.K., Smith, B.M., and Kirby, E.D. (2018). Novel Object Recognition and Object
Location Behavioral Testing in Mice on a Budget. J Vis Exp.
Devinsky, O., Vezzani, A., Najjar, S., De Lanerolle, N.C., and Rogawski, M.A. (2013). Glia
and epilepsy: excitability and inflammation. Trends Neurosci 36, 174–184.
Devinsky, O., Vezzani, A., O’Brien, T.J., Jette, N., Scheffer, I.E., de Curtis, M., and Perucca,
P. (2018). Epilepsy. Nat Rev Dis Primers 4, 18024.
150

Di Nunzio, M., Di Sapia, R., Sorrentino, D., Kebede, V., Cerovic, M., Gullotta, G.S.,
Bacigaluppi, M., Audinat, E., Marchi, N., Ravizza, T., et al. (2021). Microglia proliferation
plays distinct roles in acquired epilepsy depending on disease stages. Epilepsia 62, 1931–
1945.
Di Sapia, R., Zimmer, T.S., Kebede, V., Balosso, S., Ravizza, T., Sorrentino, D., Castillo,
M.A.M., Porcu, L., Cattani, F., Ruocco, A., et al. (2021). CXCL1-CXCR1/2 signaling is
induced in human temporal lobe epilepsy and contributes to seizures in a murine model of
acquired epilepsy. Neurobiology of Disease 158, 105468.
Dingledine, R., Varvel, N.H., and Dudek, F.E. (2014). When and how do seizures kill
neurons, and is cell death relevant to epileptogenesis? Adv Exp Med Biol 813, 109–122.
Dingledine, R., Coulter, D.A., Fritsch, B., Gorter, J.A., Lelutiu, N., McNamara, J., Nadler,
J.V., Pitkänen, A., Rogawski, M.A., Skene, P., et al. (2017). Transcriptional profile of
hippocampal dentate granule cells in four rat epilepsy models. Sci Data 4, 170061.
Dong, Y., and Benveniste, E.N. (2001). Immune function of astrocytes. Glia 36, 180–190.
Dong, X., Wang, Y., and Qin, Z. (2009). Molecular mechanisms of excitotoxicity and their
relevance to pathogenesis of neurodegenerative diseases. Acta Pharmacologica Sinica 30,
379–387.
Drage, M.G., Holmes, G.L., and Seyfried, T.N. (2002). Hippocampal neurons and glia in
epileptic EL mice. J Neurocytol 31, 681–692.
Drexel, M., Romanov, R.A., Wood, J., Weger, S., Heilbronn, R., Wulff, P., Tasan, R.O.,
Harkany, T., and Sperk, G. (2017). Selective Silencing of Hippocampal Parvalbumin
Interneurons Induces Development of Recurrent Spontaneous Limbic Seizures in Mice. J
Neurosci 37, 8166–8179.
Dudek, F.E., and Staley, K.J. (2012). The Time Course and Circuit Mechanisms of Acquired
Epileptogenesis.
Dupuis, N., Mazarati, A., Desnous, B., Chhor, V., Fleiss, B., Le Charpentier, T., lebon, S.,
Csaba, Z., Gressens, P., Dournaud, P., et al. (2016). Pro-ictogenic effects of viral-like
inflammation in both mature and immature brains. J Neuroinflammation 13, 307.
Eid, T., Lee, T.-S.W., Patrylo, P., and Zaveri, H.P. (2019). Astrocytes and Glutamine
Synthetase in Epileptogenesis. J Neurosci Res 97, 1345–1362.
Elmore, M.R.P., Najafi, A.R., Koike, M.A., Dagher, N.N., Spangenberg, E.E., Rice, R.A.,
Kitazawa, M., Matusow, B., Nguyen, H., West, B.L., et al. (2014). Colony-stimulating factor
1 receptor signaling is necessary for microglia viability, unmasking a microglia progenitor
cell in the adult brain. Neuron 82, 380–397.
Elmore, M.R.P., Lee, R.J., West, B.L., and Green, K.N. (2015). Characterizing newly
repopulated microglia in the adult mouse: impacts on animal behavior, cell morphology, and
neuroinflammation. PLoS One 10, e0122912.

151

Engel, J., McDermott, M.P., Wiebe, S., Langfitt, J.T., Stern, J.M., Dewar, S., Sperling, M.R.,
Gardiner, I., Erba, G., Fried, I., et al. (2012). Early surgical therapy for drug-resistant
temporal lobe epilepsy: a randomized trial. JAMA 307, 922–930.
Erblich, B., Zhu, L., Etgen, A.M., Dobrenis, K., and Pollard, J.W. (2011). Absence of colony
stimulation factor-1 receptor results in loss of microglia, disrupted brain development and
olfactory deficits. PLoS One 6, e26317.
Eriksson, P.S., Perfilieva, E., Björk-Eriksson, T., Alborn, A.M., Nordborg, C., Peterson,
D.A., and Gage, F.H. (1998). Neurogenesis in the adult human hippocampus. Nat Med 4,
1313–1317.
Eyo, U.B., Peng, J., Swiatkowski, P., Mukherjee, A., Bispo, A., and Wu, L.-J. (2014).
Neuronal hyperactivity recruits microglial processes via neuronal NMDA receptors and
microglial P2Y12 receptors after status epilepticus. J Neurosci 34, 10528–10540.
Eyo, U.B., Murugan, M., and Wu, L.-J. (2017). Microglia-Neuron Communication in
Epilepsy. Glia 65, 5–18.
Falco-Walter, J.J., Scheffer, I.E., and Fisher, R.S. (2018). The new definition and
classification of seizures and epilepsy. Epilepsy Res 139, 73–79.
Feng, L., Murugan, M., Bosco, D.B., Liu, Y., Peng, J., Worrell, G.A., Wang, H.-L., Ta, L.E.,
Richardson, J.R., Shen, Y., et al. (2019). Microglial proliferation and monocyte infiltration
contribute to microgliosis following status epilepticus. Glia 67, 1434–1448.
Fisher, R.S. (1989). Animal models of the epilepsies. Brain Res Brain Res Rev 14, 245–278.
Fisher, R.S. (2017). The New Classification of Seizures by the International League Against
Epilepsy 2017. Curr Neurol Neurosci Rep 17, 48.
Fisher, R.S., Acevedo, C., Arzimanoglou, A., Bogacz, A., Cross, J.H., Elger, C.E., Engel, J.,
Forsgren, L., French, J.A., Glynn, M., et al. (2014). ILAE official report: a practical clinical
definition of epilepsy. Epilepsia 55, 475–482.
Forti, M., and Michelson, H.B. (1998). Synaptic connectivity of distinct hilar interneuron
subpopulations. J Neurophysiol 79, 3229–3237.
Franklin, K.B.J., and Paxinos, G. (2008). The mouse brain in stereotaxic coordinates.
Academic Press, San Diego.
Fricker, M., Oliva-Martín, M.J., and Brown, G.C. (2012). Primary phagocytosis of viable
neurons by microglia activated with LPS or Aβ is dependent on calreticulin/LRP phagocytic
signalling. J Neuroinflammation 9, 196.
Friedman, A., Kaufer, D., and Heinemann, U. (2009). Blood-brain barrier breakdowninducing astrocytic transformation: novel targets for the prevention of epilepsy. Epilepsy
Res 85, 142–149.

152

Frigerio, F., Flynn, C., Han, Y., Lyman, K., Lugo, J.N., Ravizza, T., Ghestem, A., Pitsch, J.,
Becker, A., Anderson, A.E., et al. (2018a). Neuroinflammation Alters Integrative Properties
of Rat Hippocampal Pyramidal Cells. Mol. Neurobiol. 55, 7500–7511.
Frigerio, F., Pasqualini, G., Caprarotta, I., Marchini, S., Van Vliet, E.A., Foerch, P.,
Vandenplas, C., Leclercq, K., Aronica, E., Porcu, L., et al. (2018b). n-3 docosapentaenoic
acid-derived protectin D1 promotes resolution of neuroinflammation and arrests
epileptogenesis. Brain in press.
Fujikawa, D.G. (1996). The temporal evolution of neuronal damage from pilocarpineinduced status epilepticus. Brain Res 725, 11–22.
Fujikawa, D.G. (2005). Prolonged seizures and cellular injury: Understanding the
connection. Epilepsy & Behavior 7, 3–11.
Fumagalli, S., Perego, C., Ortolano, F., and De Simoni, M.G. (2013). CX3CR1 deficiency
induces an early protective inflammatory environment in ischemic mice. Glia 61, 827–842.
Galovic, M., van Dooren, V.Q.H., Postma, T.S., Vos, S.B., Caciagli, L., Borzì, G., Cueva
Rosillo, J., Vuong, K.A., de Tisi, J., Nachev, P., et al. (2019). Progressive Cortical Thinning
in Patients With Focal Epilepsy. JAMA Neurol 76, 1230–1239.
Garden, G.A., and Möller, T. (2006). Microglia biology in health and disease. J
Neuroimmune Pharmacol 1, 127–137.
Gawel, K., Gibula, E., Marszalek-Grabska, M., Filarowska, J., and Kotlinska, J.H. (2019).
Assessment of spatial learning and memory in the Barnes maze task in rodentsmethodological consideration. Naunyn Schmiedebergs Arch Pharmacol 392, 1–18.
Gerber, Y.N., Saint-Martin, G.P., Bringuier, C.M., Bartolami, S., Goze-Bac, C., Noristani,
H.N., and Perrin, F.E. (2018). CSF1R Inhibition Reduces Microglia Proliferation, Promotes
Tissue Preservation and Improves Motor Recovery After Spinal Cord Injury. Front Cell
Neurosci 12, 368.
Gershen, L.D., Zanotti-Fregonara, P., Dustin, I.H., Liow, J.S., Hirvonen, J., Kreisl, W.C.,
Jenko, K.J., Inati, S.K., Fujita, M., Morse, C.L., et al. (2015). Neuroinflammation in
Temporal Lobe Epilepsy Measured Using Positron Emission Tomographic Imaging of
Translocator Protein. JAMA Neurol 72, 882–888.
Ginhoux, F., and Garel, S. (2018). The mysterious origins of microglia. Nat Neurosci 21,
897–899.
Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., Mehler, M.F., Conway,
S.J., Ng, L.G., Stanley, E.R., et al. (2010). Fate mapping analysis reveals that adult microglia
derive from primitive macrophages. Science 330, 841–845.
Ginhoux, F., Lim, S., Hoeffel, G., Low, D., and Huber, T. (2013). Origin and differentiation
of microglia. Front Cell Neurosci 7, 45.

153

Gomez Perdiguero, E., Klapproth, K., Schulz, C., Busch, K., Azzoni, E., Crozet, L., Garner,
H., Trouillet, C., de Bruijn, M.F., Geissmann, F., et al. (2015). Tissue-resident macrophages
originate from yolk-sac-derived erythro-myeloid progenitors. Nature 518, 547–551.
Gomez-Nicola, D., and Perry, V.H. (2015). Microglial dynamics and role in the healthy and
diseased brain: a paradigm of functional plasticity. Neuroscientist 21, 169–184.
Gómez-Nicola, D., Fransen, N.L., Suzzi, S., and Perry, V.H. (2013). Regulation of
microglial proliferation during chronic neurodegeneration. J Neurosci 33, 2481–2493.
Goonewardene, Z. (2004). Wang Z, Goonewardene LA. The use of MIXED models in the
analysis of animal experiments with repeated measures data. Canadian Journal of Animal
Science. Canadian Journal of Animal Science 84, 1–11.
Gowing, G., Vallières, L., and Julien, J.-P. (2006). Mouse model for ablation of proliferating
microglia in acute CNS injuries. Glia 53, 331–337.
Grabert, K., Michoel, T., Karavolos, M.H., Clohisey, S., Baillie, J.K., Stevens, M.P.,
Freeman, T.C., Summers, K.M., and McColl, B.W. (2016). Microglial brain regiondependent diversity and selective regional sensitivities to aging. Nat Neurosci 19, 504–516.
Gray, W.P., and Sundstrom, L.E. (1998). Kainic acid increases the proliferation of granule
cell progenitors in the dentate gyrus of the adult rat. Brain Res 790, 52–59.
Green, K.N., Crapser, J.D., and Hohsfield, L.A. (2020). To Kill a Microglia: A Case for
CSF1R Inhibitors. Trends Immunol 41, 771–784.
Hammond, T.R., Robinton, D., and Stevens, B. (2018). Microglia and the Brain:
Complementary Partners in Development and Disease. Annu Rev Cell Dev Biol 34, 523–
544.
Hammond, T.R., Dufort, C., Dissing-Olesen, L., Giera, S., Young, A., Wysoker, A., Walker,
A.J., Gergits, F., Segel, M., Nemesh, J., et al. (2019). Single-Cell RNA Sequencing of
Microglia throughout the Mouse Lifespan and in the Injured Brain Reveals Complex CellState Changes. Immunity 50, 253-271.e6.
Han, X., Li, Q., Lan, X., El-Mufti, L., Ren, H., and Wang, J. (2019). Microglial Depletion
with Clodronate Liposomes Increases Proinflammatory Cytokine Levels, Induces Astrocyte
Activation, and Damages Blood Vessel Integrity. Mol Neurobiol 56, 6184–6196.
Hanisch, U.K., and Kettenmann, H. (2007). Microglia: active sensor and versatile effector
cells in the normal and pathologic brain. Nat Neurosci 10, 1387–1394.
Heinemann, U., Beck, H., Dreier, J.P., Ficker, E., Stabel, J., and Zhang, C.L. (1992). The
dentate gyrus as a regulated gate for the propagation of epileptiform activity. Epilepsy Res
Suppl 7, 273–280.
Heinemann, U., Kaufer, D., and Friedman, A. (2012). Blood-brain barrier dysfunction,
TGFbeta signaling, and astrocyte dysfunction in epilepsy. Glia 60, 1251–1257.

154

Henshall, D.C., and Kobow, K. (2015). Epigenetics and Epilepsy. Cold Spring Harb Perspect
Med 5.
Henshall, D.C., Hamer, H.M., Pasterkamp, R.J., Goldstein, D.B., Kjems, J., Prehn, J.H.,
Schorge, S., Lamottke, K., and Rosenow, F. (2016). MicroRNAs in epilepsy:
pathophysiology and clinical utility. Lancet Neurol 15, 1368–1376.
Heo, K., Cho, Y.-J., Cho, K.-J., Kim, H.-W., Kim, H.-J., Shin, H.Y., Lee, B.I., and Kim,
G.W. (2006). Minocycline inhibits caspase-dependent and -independent cell death pathways
and is neuroprotective against hippocampal damage after treatment with kainic acid in mice.
Neurosci Lett 398, 195–200.
Heppner, F.L., Greter, M., Marino, D., Falsig, J., Raivich, G., Hövelmeyer, N., Waisman,
A., Rülicke, T., Prinz, M., Priller, J., et al. (2005). Experimental autoimmune
encephalomyelitis repressed by microglial paralysis. Nat Med 11, 146–152.
Hill, A.S., Sahay, A., and Hen, R. (2015). Increasing Adult Hippocampal Neurogenesis is
Sufficient to Reduce Anxiety and Depression-Like Behaviors. Neuropsychopharmacology
40, 2368–2378.
Hiragi, T., Ikegaya, Y., and Koyama, R. (2018). Microglia after Seizures and in Epilepsy.
Cells 7.
Hong, S., and Stevens, B. (2016). Microglia: Phagocytosing to Clear, Sculpt, and Eliminate.
Dev Cell 38, 126–128.
Houser, C.R. (1990). Granule cell dispersion in the dentate gyrus of humans with temporal
lobe epilepsy. Brain Res 535, 195–204.
Hsu, D. (2007). The dentate gyrus as a filter or gate: a look back and a look ahead. Prog
Brain Res 163, 601–613.
Huang, Y., Xu, Z., Xiong, S., Sun, F., Qin, G., Hu, G., Wang, J., Zhao, L., Liang, Y.-X.,
Wu, T., et al. (2018). Repopulated microglia are solely derived from the proliferation of
residual microglia after acute depletion. Nat Neurosci 21, 530–540.
Hutchinson, E., Avery, A., and Vandewoude, S. (2005). Environmental enrichment for
laboratory rodents. ILAR J 46, 148–161.
Huusko, N., Römer, C., Ndode-Ekane, X.E., Lukasiuk, K., and Pitkänen, A. (2015). Loss of
hippocampal interneurons and epileptogenesis: a comparison of two animal models of
acquired epilepsy. Brain Struct Funct 220, 153–191.
Inoue, K., Koizumi, S., and Tsuda, M. (2007). The role of nucleotides in the neuron--glia
communication responsible for the brain functions. J Neurochem 102, 1447–1458.
Iori, V., Maroso, M., Rizzi, M., Iyer, A.M., Vertemara, R., Carli, M., Agresti, A., Antonelli,
A., Bianchi, M.E., Aronica, E., et al. (2013). Receptor for Advanced Glycation Endproducts
is upregulated in temporal lobe epilepsy and contributes to experimental seizures. Neurobiol
Dis 58, 102–114.
155

Iori, V., Iyer, A.M., Ravizza, T., Beltrame, L., Paracchini, L., Marchini, S., Cerovic, M.,
Hill, C., Ferrari, M., Zucchetti, M., et al. (2017). Blockade of the IL-1R1/TLR4 pathway
mediates disease-modification therapeutic effects in a model of acquired epilepsy. Neurobiol
Dis 99, 12–23.
d’Isa, R., Brambilla, R., and Fasano, S. (2014). Behavioral methods for the study of the RasERK pathway in memory formation and consolidation: passive avoidance and novel object
recognition tests. Methods Mol Biol 1120, 131–156.
Ivens, S., Kaufer, D., Flores, L.P., Bechmann, I., Zumsteg, D., Tomkins, O., Seiffert, E.,
Heinemann, U., and Friedman, A. (2007). TGF-beta receptor-mediated albumin uptake into
astrocytes is involved in neocortical epileptogenesis. Brain 130, 535–547.
Jackson, M.B., and Scharfman, H.E. (1996). Positive feedback from hilar mossy cells to
granule cells in the dentate gyrus revealed by voltage-sensitive dye and microelectrode
recording. J Neurophysiol 76, 601–616.
Jäkel, S., and Dimou, L. (2017). Glial Cells and Their Function in the Adult Brain: A Journey
through the History of Their Ablation. Front Cell Neurosci 11, 24.
Jensen, F.E., and Baram, T.Z. (2000). Developmental seizures induced by common earlylife insults: short- and long-term effects on seizure susceptibility. Ment Retard Dev Disabil
Res Rev 6, 253–257.
Jessberger, S., and Parent, J.M. (2015). Epilepsy and Adult Neurogenesis. Cold Spring Harb
Perspect Biol 7.
Jessberger, S., Römer, B., Babu, H., and Kempermann, G. (2005). Seizures induce
proliferation and dispersion of doublecortin-positive hippocampal progenitor cells. Exp
Neurol 196, 342–351.
Jiao, Y., and Nadler, J.V. (2007). Stereological analysis of GluR2-immunoreactive hilar
neurons in the pilocarpine model of temporal lobe epilepsy: correlation of cell loss with
mossy fiber sprouting. Exp Neurol 205, 569–582.
Jimenez-Mateos, E.M., Bray, I., Sanz-Rodriguez, A., Engel, T., McKiernan, R.C., Mouri,
G., Tanaka, K., Sano, T., Saugstad, J.A., Simon, R.P., et al. (2011). miRNA Expression
profile after status epilepticus and hippocampal neuroprotection by targeting miR-132. Am.
J. Pathol. 179, 2519–2532.
Jimenez-Pacheco, A., Mesuret, G., Sanz-Rodriguez, A., Tanaka, K., Mooney, C., Conroy,
R.M., Miras-Portugal, M.T., Diaz-Hernandez, M., Henshall, D.C., and Engel, T. (2013).
Increased neocortical expression of the P2X7 receptor after status epilepticus and
anticonvulsant effect of P2X7 receptor antagonist A-438079. Epilepsia 54, 1551–1561.
Jinde, S., Zsiros, V., and Nakazawa, K. (2013). Hilar mossy cell circuitry controlling dentate
granule cell excitability. Front Neural Circuits 7, 14.
Jiruska, P., Shtaya, A.B.Y., Bodansky, D.M.S., Chang, W.-C., Gray, W.P., and Jefferys,
J.G.R. (2013). Dentate gyrus progenitor cell proliferation after the onset of spontaneous
seizures in the tetanus toxin model of temporal lobe epilepsy. Neurobiol Dis 54, 492–498.
156

Jung, S., Warner, L.N., Pitsch, J., Becker, A.J., and Poolos, N.P. (2011). Rapid loss of
dendritic HCN channel expression in hippocampal pyramidal neurons following status
epilepticus. J. Neurosci. 31, 14291–14295.
Jutila, L., Immonen, A., Partanen, K., Partanen, J., Mervaala, E., Ylinen, A., Alafuzoff, I.,
Paljärvi, L., Karkola, K., Vapalahti, M., et al. (2002). Neurobiology of epileptogenesis in the
temporal lobe. Adv Tech Stand Neurosurg 27, 5–22.
Kaiser, T., and Feng, G. (2019). Tmem119-EGFP and Tmem119-CreERT2 Transgenic Mice
for Labeling and Manipulating Microglia. ENeuro 6.
Kanner, A.M., Mazarati, A., and Koepp, M. (2014). Biomarkers of epileptogenesis:
psychiatric comorbidities (?). Neurotherapeutics 11, 358–372.
Kempermann, G., Jessberger, S., Steiner, B., and Kronenberg, G. (2004). Milestones of
neuronal development in the adult hippocampus. Trends Neurosci 27, 447–452.
Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-Szternfeld, R.,
Ulland, T.K., David, E., Baruch, K., Lara-Astaiso, D., Toth, B., et al. (2017). A Unique
Microglia Type Associated with Restricting Development of Alzheimer’s Disease. Cell 169,
1276-1290.e17.
Kettenmann, H., Hanisch, U.-K., Noda, M., and Verkhratsky, A. (2011). Physiology of
microglia. Physiol Rev 91, 461–553.
Kettenmann, H., Kirchhoff, F., and Verkhratsky, A. (2013). Microglia: new roles for the
synaptic stripper. Neuron 77, 10–18.
Kierdorf, K., Erny, D., Goldmann, T., Sander, V., Schulz, C., Perdiguero, E.G., Wieghofer,
P., Heinrich, A., Riemke, P., Hölscher, C., et al. (2013). Microglia emerge from
erythromyeloid precursors via Pu.1- and Irf8-dependent pathways. Nat Neurosci 16, 273–
280.
Kim, S.Y., Buckwalter, M., Soreq, H., Vezzani, A., and Kaufer, D. (2012). Blood-brain
barrier dysfunction-induced inflammatory signaling in brain pathology and epileptogenesis.
Epilepsia 53 Suppl 6, 37–44.
Koh, S., Wirrell, E., Vezzani, A., Nabbout, R., Muscal, E., Kaliakatsos, M., Wickström, R.,
Riviello, J.J., Brunklaus, A., Payne, E., et al. (2021). Proposal to optimize evaluation and
treatment of Febrile infection‐related epilepsy syndrome (FIRES): A Report from FIRES
workshop. Epilepsia Open 6, 62–72.
Koizumi, S., Shigemoto-Mogami, Y., Nasu-Tada, K., Shinozaki, Y., Ohsawa, K., Tsuda, M.,
Joshi, B.V., Jacobson, K.A., Kohsaka, S., and Inoue, K. (2007). UDP acting at P2Y6
receptors is a mediator of microglial phagocytosis. Nature 446, 1091–1095.
Kuhn, S.A., van Landeghem, F.K.H., Zacharias, R., Färber, K., Rappert, A., Pavlovic, S.,
Hoffmann, A., Nolte, C., and Kettenmann, H. (2004). Microglia express GABA(B) receptors
to modulate interleukin release. Mol Cell Neurosci 25, 312–322.

157

Kwan, P., Arzimanoglou, A., Berg, A.T., Brodie, M.J., Allen Hauser, W., Mathern, G.,
Moshe, S.L., Perucca, E., Wiebe, S., and French, J. (2010). Definition of drug resistant
epilepsy: consensus proposal by the ad hoc Task Force of the ILAE Commission on
Therapeutic Strategies. Epilepsia 51, 1069–1077.
de Lanerolle, N.C., Lee, T.-S., and Spencer, D.D. (2010). Astrocytes and epilepsy.
Neurotherapeutics 7, 424–438.
Lawson, L.J., Perry, V.H., Dri, P., and Gordon, S. (1990). Heterogeneity in the distribution
and morphology of microglia in the normal adult mouse brain. Neuroscience 39, 151–170.
Lawson, L.J., Perry, V.H., and Gordon, S. (1992). Turnover of resident microglia in the
normal adult mouse brain. Neuroscience 48, 405–415.
Leal, B., Chaves, J., Carvalho, C., Rangel, R., Santos, A., Bettencourt, A., Lopes, J.,
Ramalheira, J., Silva, B.M., da Silva, A.M., et al. (2017). Brain expression of inflammatory
mediators in Mesial Temporal Lobe Epilepsy patients. J Neuroimmunol 313, 82–88.
Leblond, A.-L., Klinkert, K., Martin, K., Turner, E.C., Kumar, A.H., Browne, T., and
Caplice, N.M. (2015). Systemic and Cardiac Depletion of M2 Macrophage through CSF-1R
Signaling Inhibition Alters Cardiac Function Post Myocardial Infarction. PLoS One 10,
e0137515.
Levesque, M., Avoli, M., and Bernard, C. (2015). Animal models of temporal lobe epilepsy
following systemic chemoconvulsant administration. J Neurosci Methods.
Liddelow, S.A., Guttenplan, K.A., Clarke, L.E., Bennett, F.C., Bohlen, C.J., Schirmer, L.,
Bennett, M.L., Münch, A.E., Chung, W.-S., Peterson, T.C., et al. (2017). Neurotoxic reactive
astrocytes are induced by activated microglia. Nature 541, 481–487.
Liu, G., Gu, B., He, X.P., Joshi, R.B., Wackerle, H.D., Rodriguiz, R.M., Wetsel, W.C., and
McNamara, J.O. (2013). Transient inhibition of TrkB kinase after status epilepticus prevents
development of temporal lobe epilepsy. Neuron 79, 31–38.
Liu, H., Leak, R.K., and Hu, X. (2016). Neurotransmitter receptors on microglia. Stroke
Vasc Neurol 1, 52–58.
Liu, J., Schenker, M., Ghiasvand, S., and Berdichevsky, Y. (2019). Kinase Inhibitors with
Antiepileptic Properties Identified with a Novel in Vitro Screening Platform. Int J Mol Sci
20.
Liu, M., Jiang, L., Wen, M., Ke, Y., Tong, X., Huang, W., and Chen, R. (2020). Microglia
depletion exacerbates acute seizures and hippocampal neuronal degeneration in mouse
models of epilepsy. Am J Physiol Cell Physiol 319, C605–C610.
Loscher, W. (2002). Animal models of epilepsy for the development of antiepileptogenic
and disease-modifying drugs. A comparison of the pharmacology of kindling and post-status
epilepticus models of temporal lobe epilepsy. Epilepsy Res 50, 105–123.
Löscher, W. (2009). Preclinical assessment of proconvulsant drug activity and its relevance
for predicting adverse events in humans. Eur J Pharmacol 610, 1–11.
158

Löscher, W. (2011). Critical review of current animal models of seizures and epilepsy used
in the discovery and development of new antiepileptic drugs. Seizure 20, 359–368.
Löscher, W., and Friedman, A. (2020). Structural, Molecular, and Functional Alterations of
the Blood-Brain Barrier during Epileptogenesis and Epilepsy: A Cause, Consequence, or
Both? Int J Mol Sci 21.
Löscher, W., Potschka, H., Sisodiya, S.M., and Vezzani, A. (2020). Drug Resistance in
Epilepsy: Clinical Impact, Potential Mechanisms, and New Innovative Treatment Options.
Pharmacol Rev 72, 606–638.
Luo, C., Ikegaya, Y., and Koyama, R. (2016a). Microglia and neurogenesis in the epileptic
dentate gyrus. Neurogenesis (Austin) 3.
Luo, C., Koyama, R., and Ikegaya, Y. (2016b). Microglia engulf viable newborn cells in the
epileptic dentate gyrus. Glia 64, 1508–1517.
Luo, Y., Hu, Q., Zhang, Q., Hong, S., Tang, X., Cheng, L., and Jiang, L. (2015). Alterations
in hippocampal myelin and oligodendrocyte precursor cells during epileptogenesis. Brain
Res 1627, 154–164.
Mancuso, R., Fryatt, G., Cleal, M., Obst, J., Pipi, E., Monzón-Sandoval, J., Ribe, E.,
Winchester, L., Webber, C., Nevado, A., et al. (2019). CSF1R inhibitor JNJ-40346527
attenuates microglial proliferation and neurodegeneration in P301S mice. Brain 142, 3243–
3264.
Marcelin, B., Chauvière, L., Becker, A., Migliore, M., Esclapez, M., and Bernard, C. (2009).
h channel-dependent deficit of theta oscillation resonance and phase shift in temporal lobe
epilepsy. Neurobiol. Dis. 33, 436–447.
Marchi, N., Oby, E., Batra, A., Uva, L., De Curtis, M., Hernandez, N., Van Boxel-Dezaire,
A., Najm, I., and Janigro, D. (2007). In vivo and in vitro effects of pilocarpine: relevance to
ictogenesis. Epilepsia 48, 1934–1946.
Marín-Teva, J.L., Cuadros, M.A., Martín-Oliva, D., and Navascués, J. (2011). Microglia and
neuronal cell death. Neuron Glia Biol 7, 25–40.
Maroso, M., Balosso, S., Ravizza, T., Liu, J., Aronica, E., Iyer, A.M., Rossetti, C., Molteni,
M., Casalgrandi, M., Manfredi, A.A., et al. (2010). Toll-like receptor 4 and high-mobility
group box-1 are involved in ictogenesis and can be targeted to reduce seizures. Nat Med 16,
413–419.
Martinez, F.O., and Gordon, S. (2014). The M1 and M2 paradigm of macrophage activation:
time for reassessment. F1000Prime Rep 6.
Martínez-Muriana, A., Mancuso, R., Francos-Quijorna, I., Olmos-Alonso, A., Osta, R.,
Perry, V.H., Navarro, X., Gomez-Nicola, D., and López-Vales, R. (2016). CSF1R blockade
slows the progression of amyotrophic lateral sclerosis by reducing microgliosis and invasion
of macrophages into peripheral nerves. Sci Rep 6, 25663.

159

Masuda, T., Sankowski, R., Staszewski, O., Böttcher, C., Amann, L., Sagar, null, Scheiwe,
C., Nessler, S., Kunz, P., van Loo, G., et al. (2019). Spatial and temporal heterogeneity of
mouse and human microglia at single-cell resolution. Nature 566, 388–392.
Masuda, T., Sankowski, R., Staszewski, O., and Prinz, M. (2020). Microglia Heterogeneity
in the Single-Cell Era. Cell Rep 30, 1271–1281.
Matcovitch-Natan, O., Winter, D.R., Giladi, A., Vargas Aguilar, S., Spinrad, A., Sarrazin,
S., Ben-Yehuda, H., David, E., Zelada González, F., Perrin, P., et al. (2016). Microglia
development follows a stepwise program to regulate brain homeostasis. Science 353,
aad8670.
Matejuk, A., and Ransohoff, R.M. (2020). Crosstalk Between Astrocytes and Microglia: An
Overview. Front Immunol 11, 1416.
McMullan, S.M., Phanavanh, B., Li, G.G., and Barger, S.W. (2012). Metabotropic glutamate
receptors inhibit microglial glutamate release. ASN Neuro 4.
Mead, E.L., Mosley, A., Eaton, S., Dobson, L., Heales, S.J., and Pocock, J.M. (2012).
Microglial neurotransmitter receptors trigger superoxide production in microglia;
consequences for microglial-neuronal interactions. J Neurochem 121, 287–301.
Merlini, M., Rafalski, V.A., Ma, K., Kim, K.-Y., Bushong, E.A., Rios Coronado, P.E., Yan,
Z., Mendiola, A.S., Sozmen, E.G., Ryu, J.K., et al. (2021). Microglial Gi-dependent
dynamics regulate brain network hyperexcitability. Nat Neurosci 24, 19–23.
Michaelson, M.D., Bieri, P.L., Mehler, M.F., Xu, H., Arezzo, J.C., Pollard, J.W., and
Kessler, J.A. (1996). CSF-1 deficiency in mice results in abnormal brain development.
Development 122, 2661–2672.
Mirrione, M.M., Konomos, D.K., Gravanis, I., Dewey, S.L., Aguzzi, A., Heppner, F.L., and
Tsirka, S.E. (2010). Microglial ablation and lipopolysaccharide preconditioning affects
pilocarpine-induced seizures in mice. Neurobiol Dis 39, 85–97.
Monestime, S., and Lazaridis, D. (2020). Pexidartinib (TURALIOTM): The First FDAIndicated Systemic Treatment for Tenosynovial Giant Cell Tumor. Drugs R D 20, 189–195.
Morimoto, K., Fahnestock, M., and Racine, R.J. (2004). Kindling and status epilepticus
models of epilepsy: rewiring the brain. Prog Neurobiol 73, 1–60.
Morin-Brureau, M., Milior, G., Royer, J., Chali, F., Le Duigou, C., Savary, E., Blugeon, C.,
Jourdren, L., Akbar, D., Dupont, S., et al. (2018). Microglial phenotypes in the human
epileptic temporal lobe. Brain 141, 3343–3360.
Morris, G.P., Clark, I.A., Zinn, R., and Vissel, B. (2013). Microglia: a new frontier for
synaptic plasticity, learning and memory, and neurodegenerative disease research. Neurobiol
Learn Mem 105, 40–53.
Moshe, S.L., Perucca, E., Ryvlin, P., and Tomson, T. (2015). Epilepsy: new advances.
Lancet 385, 884–898.
160

Mothet, J.P., Parent, A.T., Wolosker, H., Brady, R.O., Linden, D.J., Ferris, C.D., Rogawski,
M.A., and Snyder, S.H. (2000). D-serine is an endogenous ligand for the glycine site of the
N-methyl-D-aspartate receptor. Proc Natl Acad Sci U S A 97, 4926–4931.
Mouri, G., Jimenez-Mateos, E., Engel, T., Dunleavy, M., Hatazaki, S., Paucard, A.,
Matsushima, S., Taki, W., and Henshall, D.C. (2008). Unilateral hippocampal CA3predominant damage and short latency epileptogenesis after intra-amygdala microinjection
of kainic acid in mice. Brain Res 1213, 140–151.
Munder, M. (2009). Arginase: an emerging key player in the mammalian immune system.
Br J Pharmacol 158, 638–651.
Munder, M., Eichmann, K., Morán, J.M., Centeno, F., Soler, G., and Modolell, M. (1999).
Th1/Th2-regulated expression of arginase isoforms in murine macrophages and dendritic
cells. J Immunol 163, 3771–3777.
Murugan, M., Sivakumar, V., Lu, J., Ling, E.-A., and Kaur, C. (2011). Expression of Nmethyl D-aspartate receptor subunits in amoeboid microglia mediates production of nitric
oxide via NF-κB signaling pathway and oligodendrocyte cell death in hypoxic postnatal rats.
Glia 59, 521–539.
Nadler, J.V. (2003). The recurrent mossy fiber pathway of the epileptic brain. Neurochem
Res 28, 1649–1658.
Najafi, A.R., Crapser, J., Jiang, S., Ng, W., Mortazavi, A., West, B.L., and Green, K.N.
(2018). A limited capacity for microglial repopulation in the adult brain. Glia 66, 2385–
2396.
Navarrete, M., Perea, G., Maglio, L., Pastor, J., García de Sola, R., and Araque, A. (2013).
Astrocyte Calcium Signal and Gliotransmission in Human Brain Tissue. Cerebral Cortex 23,
1240–1246.
Navidhamidi, M., Ghasemi, M., and Mehranfard, N. (2017). Epilepsy-associated alterations
in hippocampal excitability. Rev Neurosci 28, 307–334.
Nayak, D., Roth, T.L., and McGavern, D.B. (2014). Microglia development and function.
Annu Rev Immunol 32, 367–402.
Neal, M.L., Fleming, S.M., Budge, K.M., Boyle, A.M., Kim, C., Alam, G., Beier, E.E., Wu,
L.-J., and Richardson, J.R. (2020). Pharmacological inhibition of CSF1R by GW2580
reduces microglial proliferation and is protective against neuroinflammation and
dopaminergic neurodegeneration. FASEB J 34, 1679–1694.
Nilsson, D., Go, C., Rutka, J.T., Rydenhag, B., Mabbott, D.J., Snead, O.C., Raybaud, C.R.,
and Widjaja, E. (2008). Bilateral diffusion tensor abnormalities of temporal lobe and
cingulate gyrus white matter in children with temporal lobe epilepsy. Epilepsy Res 81, 128–
135.
Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells are highly
dynamic surveillants of brain parenchyma in vivo. Science 308, 1314–1318.
161

Nunan, R., Sivasathiaseelan, H., Khan, D., Zaben, M., and Gray, W. (2014). Microglial
VPAC1R mediates a novel mechanism of neuroimmune-modulation of hippocampal
precursor cells via IL-4 release. Glia 62, 1313–1327.
Olmos-Alonso, A., Schetters, S.T.T., Sri, S., Askew, K., Mancuso, R., Vargas-Caballero,
M., Holscher, C., Perry, V.H., and Gomez-Nicola, D. (2016). Pharmacological targeting of
CSF1R inhibits microglial proliferation and prevents the progression of Alzheimer’s-like
pathology. Brain 139, 891–907.
Olson, J.K., and Miller, S.D. (2004). Microglia initiate central nervous system innate and
adaptive immune responses through multiple TLRs. J Immunol 173, 3916–3924.
Paolicelli, R.C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., Giustetto,
M., Ferreira, T.A., Guiducci, E., Dumas, L., et al. (2011). Synaptic pruning by microglia is
necessary for normal brain development. Science 333, 1456–1458.
Paolicelli, R.C., Bisht, K., and Tremblay, M.-È. (2014). Fractalkine regulation of microglial
physiology and consequences on the brain and behavior. Front Cell Neurosci 8, 129.
Parent, J.M., Yu, T.W., Leibowitz, R.T., Geschwind, D.H., Sloviter, R.S., and Lowenstein,
D.H. (1997). Dentate granule cell neurogenesis is increased by seizures and contributes to
aberrant network reorganization in the adult rat hippocampus. J Neurosci 17, 3727–3738.
Parent, J.M., Elliott, R.C., Pleasure, S.J., Barbaro, N.M., and Lowenstein, D.H. (2006).
Aberrant seizure-induced neurogenesis in experimental temporal lobe epilepsy. Ann Neurol
59, 81–91.
Parvathenani, L.K., Tertyshnikova, S., Greco, C.R., Roberts, S.B., Robertson, B., and
Posmantur, R. (2003). P2X7 mediates superoxide production in primary microglia and is upregulated in a transgenic mouse model of Alzheimer’s disease. J Biol Chem 278, 13309–
13317.
Pascente, R., Frigerio, F., Rizzi, M., Porcu, L., Boido, M., Davids, J., Zaben, M., Tolomeo,
D., Filibian, M., Gray, W.P., et al. (2016). Cognitive deficits and brain myo-Inositol are early
biomarkers of epileptogenesis in a rat model of epilepsy. Neurobiol Dis 93, 146–155.
Patel, D.C., Tewari, B.P., Chaunsali, L., and Sontheimer, H. (2019). Neuron-glia interactions
in the pathophysiology of epilepsy. Nat. Rev. Neurosci. 20, 282–297.
Perucca, E. (2018). From clinical trials of antiepileptic drugs to treatment. Epilepsia Open
3, 220–230.
Pischiutta, F., Micotti, E., Hay, J.R., Marongiu, I., Sammali, E., Tolomeo, D., Vegliante, G.,
Stocchetti, N., Forloni, G., De Simoni, M.-G., et al. (2018). Single severe traumatic brain
injury produces progressive pathology with ongoing contralateral white matter damage one
year after injury. Exp Neurol 300, 167–178.
Pitkanen, A., and Engel, J. (2014). Past and present definitions of epileptogenesis and its
biomarkers. Neurotherapeutics 11, 231–241.

162

Pitkanen, A., and Lukasiuk, K. (2009). Molecular and cellular basis of epileptogenesis in
symptomatic epilepsy. Epilepsy Behav 14 Suppl 1, 16–25.
Pitkanen, A., and Lukasiuk, K. (2011). Molecular biomarkers of epileptogenesis. Biomark
Med 5, 629–633.
Pitkanen, A., and Sutula, T.P. (2002). Is epilepsy a progressive disorder? Prospects for new
therapeutic approaches in temporal-lobe epilepsy. Lancet Neurol 1, 173–181.
Pitkänen, A., Nissinen, J., Lukasiuk, K., Jutila, L., Paljärvi, L., Salmenperä, T., Karkola, K.,
Vapalahti, M., and Ylinen, A. (2000). Association between the density of mossy fiber
sprouting and seizure frequency in experimental and human temporal lobe epilepsy.
Epilepsia 41 Suppl 6, S24-29.
Pitkänen, A., Immonen, R.J., Gröhn, O.H.J., and Kharatishvili, I. (2009). From traumatic
brain injury to posttraumatic epilepsy: what animal models tell us about the process and
treatment options. Epilepsia 50 Suppl 2, 21–29.
Pitkanen, A., Lukasiuk, K., Dudek, F.E., and Staley, K.J. (2015). Epileptogenesis. Cold
Spring Harb Perspect Med 5.
Pitkänen, A., Galanopoulou, A.S., Moshé, S.L., and Buckmaster, P.S. (2017). Chapter 1 What Can We Model? In Models of Seizures and Epilepsy (Second Edition), A. Pitkänen,
P.S. Buckmaster, A.S. Galanopoulou, and S.L. Moshé, eds. (Academic Press), pp. 1–3.
Pixley, F.J., and Stanley, E.R. (2004). CSF-1 regulation of the wandering macrophage:
complexity in action. Trends Cell Biol 14, 628–638.
Poolos, N.P., and Johnston, D. (2012). Dendritic ion channelopathy in acquired epilepsy.
Epilepsia 53, 32–40.
Posillico, C.K., Terasaki, L.S., Bilbo, S.D., and Schwarz, J.M. (2015). Examination of sex
and minocycline treatment on acute morphine-induced analgesia and inflammatory gene
expression along the pain pathway in Sprague-Dawley rats. Biol Sex Differ 6, 33.
Priceman, S.J., Sung, J.L., Shaposhnik, Z., Burton, J.B., Torres-Collado, A.X., Moughon,
D.L., Johnson, M., Lusis, A.J., Cohen, D.A., Iruela-Arispe, M.L., et al. (2010). Targeting
distinct tumor-infiltrating myeloid cells by inhibiting CSF-1 receptor: combating tumor
evasion of antiangiogenic therapy. Blood 115, 1461–1471.
Prinz, M., and Priller, J. (2017). The role of peripheral immune cells in the CNS in steady
state and disease. Nat Neurosci 20, 136–144.
Prinz, M., Jung, S., and Priller, J. (2019). Microglia Biology: One Century of Evolving
Concepts. Cell 179, 292–311.
Pun, R.Y.K., Rolle, I.J., LaSarge, C.L., Hosford, B.E., Rosen, J.M., Uhl, J.D., Schmeltzer,
S.N., Faulkner, C., Bronson, S.L., Murphy, B.L., et al. (2012). Excessive activation of
mTOR in postnatally-generated granule cells is sufficient to cause epilepsy. Neuron 75,
1022–1034.
163

Ransohoff, R.M., and Perry, V.H. (2009). Microglial physiology: unique stimuli, specialized
responses. Annu Rev Immunol 27, 119–145.
Raol, Y.H., and Brooks-Kayal, A.R. (2012). Experimental models of seizures and epilepsies.
Prog Mol Biol Transl Sci 105, 57–82.
Rappold, P.M., Lynd-Balta, E., and Joseph, S.A. (2006). P2X7 receptor immunoreactive
profile confined to resting and activated microglia in the epileptic brain. Brain Research
1089, 171–178.
Ravizza, T., Gagliardi, B., Noe, F., Boer, K., Aronica, E., and Vezzani, A. (2008). Innate
and adaptive immunity during epileptogenesis and spontaneous seizures: evidence from
experimental models and human temporal lobe epilepsy. Neurobiol Dis 29, 142–160.
Réu, P., Khosravi, A., Bernard, S., Mold, J.E., Salehpour, M., Alkass, K., Perl, S., Tisdale,
J., Possnert, G., Druid, H., et al. (2017). The Lifespan and Turnover of Microglia in the
Human Brain. Cell Rep 20, 779–784.
Ribak, C.E. (1992). Local circuitry of GABAergic basket cells in the dentate gyrus. Epilepsy
Res Suppl 7, 29–47.
Robel, S., Buckingham, S.C., Boni, J.L., Campbell, S.L., Danbolt, N.C., Riedemann, T.,
Sutor, B., and Sontheimer, H. (2015). Reactive astrogliosis causes the development of
spontaneous seizures. J Neurosci 35, 3330–3345.
Rogawski, M.A., Löscher, W., and Rho, J.M. (2016). Mechanisms of Action of Antiseizure
Drugs and the Ketogenic Diet. Cold Spring Harb Perspect Med 6.
Rogove, A.D., and Tsirka, S.E. (1998). Neurotoxic responses by microglia elicited by
excitotoxic injury in the mouse hippocampus. Curr Biol 8, 19–25.
Roseti, C., Fucile, S., Lauro, C., Martinello, K., Bertollini, C., Esposito, V., Mascia, A.,
Catalano, M., Aronica, E., Limatola, C., et al. (2013). Fractalkine/CX3CL1 modulates
GABAA currents in human temporal lobe epilepsy. Epilepsia 54, 1834–1844.
Roseti, C., van Vliet, E.A., Cifelli, P., Ruffolo, G., Baayen, J.C., Di Castro, M.A., Bertollini,
C., Limatola, C., Aronica, E., Vezzani, A., et al. (2015). GABAA currents are decreased by
IL-1β in epileptogenic tissue of patients with temporal lobe epilepsy: implications for
ictogenesis. Neurobiol Dis 82, 311–320.
van Rossum, D., and Hanisch, U.-K. (2004). Microglia. Metab Brain Dis 19, 393–411.
Russmann, V., Goc, J., Boes, K., Ongerth, T., Salvamoser, J.D., Siegl, C., and Potschka, H.
(2016). Minocycline fails to exert antiepileptogenic effects in a rat status epilepticus model.
Eur J Pharmacol 771, 29–39.
Sadeghian A., Fathollahi Y., Javan M., Shojaei A., Kosarmadar N., Rezaei M., MirnajafiZadeh J. (2019). Spatial Learning and Memory in Barnes Maze Test and Synaptic
Potentiation in Schaffer Collateral-CA1 Synapses of Dorsal Hippocampus in Freely Moving
Rats. Basic Clin Neurosci 10, 461–468.
164

Sahay, A., Scobie, K.N., Hill, A.S., O’Carroll, C.M., Kheirbek, M.A., Burghardt, N.S.,
Fenton, A.A., Dranovsky, A., and Hen, R. (2011). Increasing adult hippocampal
neurogenesis is sufficient to improve pattern separation. Nature 472, 466–470.
Saijo, K., Crotti, A., and Glass, C.K. (2013). Regulation of microglia activation and
deactivation by nuclear receptors. Glia 61, 104–111.
Sano, F., Shigetomi, E., Shinozaki, Y., Tsuzukiyama, H., Saito, K., Mikoshiba, K., Horiuchi,
H., Cheung, D.L., Nabekura, J., Sugita, K., et al. (2021). Reactive astrocyte-driven
epileptogenesis is induced by microglia initially activated following status epilepticus. JCI
Insight 6.
Scanlon, C., Mueller, S.G., Cheong, I., Hartig, M., Weiner, M.W., and Laxer, K.D. (2013).
Grey and white matter abnormalities in temporal lobe epilepsy with and without mesial
temporal sclerosis. J Neurol 260, 2320–2329.
Schafer, D.P., Lehrman, E.K., Kautzman, A.G., Koyama, R., Mardinly, A.R., Yamasaki, R.,
Ransohoff, R.M., Greenberg, M.E., Barres, B.A., and Stevens, B. (2012). Microglia sculpt
postnatal neural circuits in an activity and complement-dependent manner. Neuron 74, 691–
705.
Scharfman, H.E. (2002). Epilepsy as an Example of Neural Plasticity. Neuroscientist 8, 154–
173.
Scharfman, H.E., and Gray, W.P. (2007). Relevance of seizure-induced neurogenesis in
animal models of epilepsy to the etiology of temporal lobe epilepsy. Epilepsia 48 Suppl 2,
33–41.
Scheffer, I.E., Berkovic, S., Capovilla, G., Connolly, M.B., French, J., Guilhoto, L., Hirsch,
E., Jain, S., Mathern, G.W., Moshé, S.L., et al. (2017). ILAE classification of the epilepsies:
Position paper of the ILAE Commission for Classification and Terminology. Epilepsia 58,
512–521.
Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an open-source
platform for biological-image analysis. Nat Methods 9, 676–682.
Schinkel, A.H., and Jonker, J.W. (2003). Mammalian drug efflux transporters of the ATP
binding cassette (ABC) family: an overview. Adv Drug Deliv Rev 55, 3–29.
Schmid, C.D., Sautkulis, L.N., Danielson, P.E., Cooper, J., Hasel, K.W., Hilbush, B.S.,
Sutcliffe, J.G., and Carson, M.J. (2002). Heterogeneous expression of the triggering receptor
expressed on myeloid cells-2 on adult murine microglia. J Neurochem 83, 1309–1320.
Schmidt, D., and Löscher, W. (2005). Drug resistance in epilepsy: putative neurobiologic
and clinical mechanisms. Epilepsia 46, 858–877.
Schulz, C., Gomez Perdiguero, E., Chorro, L., Szabo-Rogers, H., Cagnard, N., Kierdorf, K.,
Prinz, M., Wu, B., Jacobsen, S.E.W., Pollard, J.W., et al. (2012). A lineage of myeloid cells
independent of Myb and hematopoietic stem cells. Science 336, 86–90.
165

Scott, G., Mahmud, M., Owen, D.R., and Johnson, M.R. (2017). Microglial positron
emission tomography (PET) imaging in epilepsy: Applications, opportunities and pitfalls.
Seizure 44, 42–47.
Seifert, G., and Steinhäuser, C. (2013). Neuron-astrocyte signaling and epilepsy. Exp Neurol
244, 4–10.
Shah, M.M., Anderson, A.E., Leung, V., Lin, X., and Johnston, D. (2004). Seizure-induced
plasticity of h channels in entorhinal cortical layer III pyramidal neurons. Neuron 44, 495–
508.
Shapiro, L.A., Wang, L., and Ribak, C.E. (2008). Rapid astrocyte and microglial activation
following pilocarpine-induced seizures in rats. Epilepsia 49 Suppl 2, 33–41.
Shin, M., Brager, D., Jaramillo, T.C., Johnston, D., and Chetkovich, D.M. (2008).
Mislocalization of h channel subunits underlies h channelopathy in temporal lobe epilepsy.
Neurobiol. Dis. 32, 26–36.
Shtaya, A., Sadek, A.-R., Zaben, M., Seifert, G., Pringle, A., Steinhäuser, C., and Gray, W.P.
(2018). AMPA receptors and seizures mediate hippocampal radial glia-like stem cell
proliferation. Glia 66, 2397–2413.
Sierra, A., Beccari, S., Diaz-Aparicio, I., Encinas, J.M., Comeau, S., and Tremblay, M.-È.
(2014). Surveillance, phagocytosis, and inflammation: how never-resting microglia
influence adult hippocampal neurogenesis. Neural Plast 2014, 610343.
Silvin, A., and Ginhoux, F. (2018). Microglia heterogeneity along a spatio-temporal axis:
More questions than answers. Glia 66, 2045–2057.
Simonato, M., Brooks-Kayal, A.R., Engel, J., Galanopoulou, A.S., Jensen, F.E., Moshe,
S.L., O’Brien, T.J., Pitkanen, A., Wilcox, K.S., and French, J.A. (2014). The challenge and
promise of anti-epileptic therapy development in animal models. Lancet Neurol 13, 949–
960.
Sloviter, R.S. (1987). Decreased hippocampal inhibition and a selective loss of interneurons
in experimental epilepsy. Science 235, 73–76.
Sloviter, R.S. (1991). Permanently altered hippocampal structure, excitability, and inhibition
after experimental status epilepticus in the rat: the “dormant basket cell” hypothesis and its
possible relevance to temporal lobe epilepsy. Hippocampus 1, 41–66.
Sloviter, R.S. (1994). The functional organization of the hippocampal dentate gyrus and its
relevance to the pathogenesis of temporal lobe epilepsy. Ann Neurol 35, 640–654.
Sloviter, R.S., Zappone, C.A., Harvey, B.D., and Frotscher, M. (2006). Kainic acid-induced
recurrent mossy fiber innervation of dentate gyrus inhibitory interneurons: possible
anatomical substrate of granule cell hyper-inhibition in chronically epileptic rats. J. Comp.
Neurol. 494, 944–960.

166

Sokolowski, J.D., Chabanon-Hicks, C.N., Han, C.Z., Heffron, D.S., and Mandell, J.W.
(2014). Fractalkine is a “find-me” signal released by neurons undergoing ethanol-induced
apoptosis. Front Cell Neurosci 8, 360.
Somera-Molina, K.C., Robin, B., Somera, C.A., Anderson, C., Stine, C., Koh, S., Behanna,
H.A., Van Eldik, L.J., Watterson, D.M., and Wainwright, M.S. (2007). Glial activation links
early-life seizures and long-term neurologic dysfunction: evidence using a small molecule
inhibitor of proinflammatory cytokine upregulation. Epilepsia 48, 1785–1800.
Somera-Molina, K.C., Nair, S., Van Eldik, L.J., Watterson, D.M., and Wainwright, M.S.
(2009). Enhanced microglial activation and proinflammatory cytokine upregulation are
linked to increased susceptibility to seizures and neurologic injury in a “two-hit” seizure
model. Brain Res 1282, 162–172.
Song, W.M., and Colonna, M. (2018). The identity and function of microglia in
neurodegeneration. Nat Immunol 19, 1048–1058.
Spangenberg, E., Severson, P.L., Hohsfield, L.A., Crapser, J., Zhang, J., Burton, E.A.,
Zhang, Y., Spevak, W., Lin, J., Phan, N.Y., et al. (2019). Sustained microglial depletion with
CSF1R inhibitor impairs parenchymal plaque development in an Alzheimer’s disease model.
Nature Communications 10, 3758.
Srivastava, P.K., van Eyll, J., Godard, P., Mazzuferi, M., Delahaye-Duriez, A., Van
Steenwinckel, J., Gressens, P., Danis, B., Vandenplas, C., Foerch, P., et al. (2018). A
systems-level framework for drug discovery identifies Csf1R as an anti-epileptic drug target.
Nat Commun 9, 3561.
Stafstrom, C.E. (2006). Epilepsy: a review of selected clinical syndromes and advances in
basic science. J. Cereb. Blood Flow Metab. 26, 983–1004.
Stafstrom, C.E. (2009). Infantile spasms: a critical review of emerging animal models.
Epilepsy Curr 9, 75–81.
Stanley, E.R., and Chitu, V. (2014). CSF-1 receptor signaling in myeloid cells. Cold Spring
Harb Perspect Biol 6.
Stellwagen, D., and Malenka, R.C. (2006). Synaptic scaling mediated by glial TNF-alpha.
Nature 440, 1054–1059.
Stellwagen, D., Beattie, E.C., Seo, J.Y., and Malenka, R.C. (2005). Differential regulation
of AMPA receptor and GABA receptor trafficking by tumor necrosis factor-alpha. J
Neurosci 25, 3219–3228.
Stevens, B., Allen, N.J., Vazquez, L.E., Howell, G.R., Christopherson, K.S., Nouri, N.,
Micheva, K.D., Mehalow, A.K., Huberman, A.D., Stafford, B., et al. (2007). The classical
complement cascade mediates CNS synapse elimination. Cell 131, 1164–1178.
Streit, W.J., Walter, S.A., and Pennell, N.A. (1999). Reactive microgliosis. Prog Neurobiol
57, 563–581.

167

Su, H., Sochivko, D., Becker, A., Chen, J., Jiang, Y., Yaari, Y., and Beck, H. (2002).
Upregulation of a T-type Ca2+ channel causes a long-lasting modification of neuronal firing
mode after status epilepticus. J Neurosci 22, 3645–3655.
Sun, H., Dai, H., Shaik, N., and Elmquist, W.F. (2003). Drug efflux transporters in the CNS.
Adv Drug Deliv Rev 55, 83–105.
Sutula, T., Cascino, G., Cavazos, J., Parada, I., and Ramirez, L. (1989). Mossy fiber synaptic
reorganization in the epileptic human temporal lobe. Ann Neurol 26, 321–330.
Taniwaki, Y., Kato, M., Araki, T., and Kobayashi, T. (1996). Microglial activation by
epileptic activities through the propagation pathway of kainic acid-induced hippocampal
seizures in the rat. Neurosci Lett 217, 29–32.
Tap, W.D., Wainberg, Z.A., Anthony, S.P., Ibrahim, P.N., Zhang, C., Healey, J.H.,
Chmielowski, B., Staddon, A.P., Cohn, A.L., Shapiro, G.I., et al. (2015). Structure-Guided
Blockade of CSF1R Kinase in Tenosynovial Giant-Cell Tumor. N Engl J Med 373, 428–
437.
Tay, T.L., Mai, D., Dautzenberg, J., Fernández-Klett, F., Lin, G., Sagar, null, Datta, M.,
Drougard, A., Stempfl, T., Ardura-Fabregat, A., et al. (2017). A new fate mapping system
reveals context-dependent random or clonal expansion of microglia. Nat Neurosci 20, 793–
803.
Taylor, D.L., Jones, F., Kubota, E.S.F.C.S., and Pocock, J.M. (2005). Stimulation of
microglial metabotropic glutamate receptor mGlu2 triggers tumor necrosis factor alphainduced neurotoxicity in concert with microglial-derived Fas ligand. J Neurosci 25, 2952–
2964.
Terrone, G., Pauletti, A., Salamone, A., Rizzi, M., Villa, B.R., Porcu, L., Sheehan, M.J.,
Guilmette, E., Butler, C.R., Piro, J.R., et al. (2018). Inhibition of monoacylglycerol lipase
terminates diazepam-resistant status epilepticus in mice and its effects are potentiated by a
ketogenic diet. Epilepsia 59, 79–91.
Thom, M. (2014). Review: Hippocampal sclerosis in epilepsy: a neuropathology review.
Neuropathol Appl Neurobiol 40, 520–543.
Thom, M., Martinian, L., Williams, G., Stoeber, K., and Sisodiya, S.M. (2005). Cell
Proliferation and Granule Cell Dispersion in Human Hippocampal Sclerosis. Journal of
Neuropathology & Experimental Neurology 64, 194–201.
Tooyama, I., Bellier, J.-P., Park, M., Minnasch, P., Uemura, S., Hisano, T., Iwami, M., Aimi,
Y., Yasuhara, O., and Kimura, H. (2002). Morphologic study of neuronal death, glial
activation, and progenitor cell division in the hippocampus of rat models of epilepsy.
Epilepsia 43 Suppl 9, 39–43.
Tremblay, M.-È. (2011). The role of microglia at synapses in the healthy CNS: novel insights
from recent imaging studies. Neuron Glia Biol 7, 67–76.
Tremblay, M.-È., Stevens, B., Sierra, A., Wake, H., Bessis, A., and Nimmerjahn, A. (2011).
The Role of Microglia in the Healthy Brain. J Neurosci 31, 16064–16069.
168

Trinka, E., Cock, H., Hesdorffer, D., Rossetti, A.O., Scheffer, I.E., Shinnar, S., Shorvon, S.,
and Lowenstein, D.H. (2015). A definition and classification of status epilepticus--Report of
the ILAE Task Force on Classification of Status Epilepticus. Epilepsia 56, 1515–1523.
Turski, L., Ikonomidou, C., Turski, W.A., Bortolotto, Z.A., and Cavalheiro, E.A. (1989).
Review: cholinergic mechanisms and epileptogenesis. The seizures induced by pilocarpine:
a novel experimental model of intractable epilepsy. Synapse 3, 154–171.
Ueda, Y., Doi, T., Tokumaru, J., Yokoyama, H., Nakajima, A., Mitsuyama, Y., OhyaNishiguchi, H., Kamada, H., and Willmore, L.J. (2001). Collapse of extracellular glutamate
regulation during epileptogenesis: down-regulation and functional failure of glutamate
transporter function in rats with chronic seizures induced by kainic acid. J Neurochem 76,
892–900.
Uitdehaag, J.C.M., Sünnen, C.M., van Doornmalen, A.M., de Rouw, N., Oubrie, A.,
Azevedo, R., Ziebell, M., Nickbarg, E., Karstens, W.-J., and Ruygrok, S. (2011).
Multidimensional profiling of CSF1R screening hits and inhibitors: assessing cellular
activity, target residence time, and selectivity in a higher throughput way. J Biomol Screen
16, 1007–1017.
Ulmann, L., Levavasseur, F., Avignone, E., Peyroutou, R., Hirbec, H., Audinat, E., and
Rassendren, F. (2013). Involvement of P2X4 receptors in hippocampal microglial activation
after status epilepticus. Glia 61, 1306–1319.
Van Den Herrewegen, Y., Denewet, L., Buckinx, A., Albertini, G., Van Eeckhaut, A.,
Smolders, I., and De Bundel, D. (2019). The Barnes Maze Task Reveals Specific Impairment
of Spatial Learning Strategy in the Intrahippocampal Kainic Acid Model for Temporal Lobe
Epilepsy. Neurochem Res 44, 600–608.
Van Rooijen, N., and Sanders, A. (1994). Liposome mediated depletion of macrophages:
mechanism of action, preparation of liposomes and applications. J Immunol Methods 174,
83–93.
Varvel, N.H., Neher, J.J., Bosch, A., Wang, W., Ransohoff, R.M., Miller, R.J., and
Dingledine, R. (2016). Infiltrating monocytes promote brain inflammation and exacerbate
neuronal damage after status epilepticus. Proc Natl Acad Sci USA 113, E5665-74.
Varvel, N.H., Espinosa-Garcia, C., Hunter-Chang, S., Chen, D., Biegel, A., Hsieh, A.,
Blackmer-Raynolds, L., Ganesh, T., and Dingledine, R. (2021). Peripheral Myeloid Cell EP2
Activation Contributes to the Deleterious Consequences of Status Epilepticus. J Neurosci
41, 1105–1117.
Velísek, L., Velísková, J., and Moshé, S.L. (1995). Developmental seizure models. Ital J
Neurol Sci 16, 127–133.
Ventola, C.L. (2014). Epilepsy Management: Newer Agents, Unmet Needs, and Future
Treatment Strategies. P T 39, 776–792.

169

Verdonk, F., Roux, P., Flamant, P., Fiette, L., Bozza, F.A., Simard, S., Lemaire, M., Plaud,
B., Shorte, S.L., Sharshar, T., et al. (2016). Phenotypic clustering: a novel method for
microglial morphology analysis. J Neuroinflammation 13, 153.
Verhoog, Q.P., Holtman, L., Aronica, E., and van Vliet, E.A. (2020). Astrocytes as
Guardians of Neuronal Excitability: Mechanisms Underlying Epileptogenesis. Front Neurol
11, 591690.
Vezzani, A. (2006). The toll receptor family: from microbial recognition to seizures.
Epilepsy Curr 6, 11–13.
Vezzani, A. (2014). Epilepsy and inflammation in the brain: overview and pathophysiology.
Epilepsy Curr 14, 3–7.
Vezzani, A., French, J., Bartfai, T., and Baram, T.Z. (2011a). The role of inflammation in
epilepsy. Nat Rev Neurol 7, 31–40.
Vezzani, A., Maroso, M., Balosso, S., Sanchez, M.A., and Bartfai, T. (2011b). IL-1
receptor/Toll-like receptor signaling in infection, inflammation, stress and
neurodegeneration couples hyperexcitability and seizures. Brain Behav Immun 25, 1281–
1289.
Vezzani, A., Balosso, S., and Ravizza, T. (2019). Neuroinflammatory pathways as treatment
targets and biomarkers in epilepsy. Nat Rev Neurol 15, 459–472.
Victor, T.R., and Tsirka, S.E. (2020). Microglial contributions to aberrant neurogenesis and
pathophysiology of epilepsy. Neuroimmunol Neuroinflamm 7, 234–247.
Villa, A., Gelosa, P., Castiglioni, L., Cimino, M., Rizzi, N., Pepe, G., Lolli, F., Marcello, E.,
Sironi, L., Vegeto, E., et al. (2018). Sex-Specific Features of Microglia from Adult Mice.
Cell Rep 23, 3501–3511.
Vismer, M.S., Forcelli, P.A., Skopin, M.D., Gale, K., and Koubeissi, M.Z. (2015). The
piriform, perirhinal, and entorhinal cortex in seizure generation. Front Neural Circuits 9, 27.
Viviani, B., Bartesaghi, S., Gardoni, F., Vezzani, A., Behrens, M.M., Bartfai, T., Binaglia,
M., Corsini, E., Di Luca, M., Galli, C.L., et al. (2003). Interleukin-1beta enhances NMDA
receptor-mediated intracellular calcium increase through activation of the Src family of
kinases. J Neurosci 23, 8692–8700.
van Vliet, E.A., van Schaik, R., Edelbroek, P.M., Redeker, S., Aronica, E., Wadman, W.J.,
Marchi, N., Vezzani, A., and Gorter, J.A. (2006). Inhibition of the multidrug transporter Pglycoprotein improves seizure control in phenytoin-treated chronic epileptic rats. Epilepsia
47, 672–680.
Wachtel, M., Bolliger, M.F., Ishihara, H., Frei, K., Bluethmann, H., and Gloor, S.M. (2001).
Down-regulation of occludin expression in astrocytes by tumour necrosis factor (TNF) is
mediated via TNF type-1 receptor and nuclear factor-kappaB activation. J Neurochem 78,
155–162.

170

Wahab, A., Albus, K., Gabriel, S., and Heinemann, U. (2010). In search of models of
pharmacoresistant epilepsy. Epilepsia 51, 154–159.
Waisman, A., Ginhoux, F., Greter, M., and Bruttger, J. (2015). Homeostasis of Microglia in
the Adult Brain: Review of Novel Microglia Depletion Systems. Trends in Immunology 36,
625–636.
Waltl, I., Käufer, C., Gerhauser, I., Chhatbar, C., Ghita, L., Kalinke, U., and Löscher, W.
(2018). Microglia have a protective role in viral encephalitis-induced seizure development
and hippocampal damage. Brain Behav Immun 74, 186–204.
Wang, D.D., Englot, D.J., Garcia, P.A., Lawton, M.T., and Young, W.L. (2012).
Minocycline- and tetracycline-class antibiotics are protective against partial seizures in vivo.
Epilepsy Behav 24, 314–318.
Wang, H., Suh, J.W., Das, S.R., Pluta, J.B., Craige, C., and Yushkevich, P.A. (2013). MultiAtlas Segmentation with Joint Label Fusion. IEEE Trans Pattern Anal Mach Intell 35, 611–
623.
Wang, N., Mi, X., Gao, B., Gu, J., Wang, W., Zhang, Y., and Wang, X. (2015). Minocycline
inhibits brain inflammation and attenuates spontaneous recurrent seizures following
pilocarpine-induced status epilepticus. Neuroscience 287, 144–156.
Weissberg, I., Wood, L., Kamintsky, L., Vazquez, O., Milikovsky, D.Z., Alexander, A.,
Oppenheim, H., Ardizzone, C., Becker, A., Frigerio, F., et al. (2015). Albumin induces
excitatory synaptogenesis through astrocytic TGF-beta/ALK5 signaling in a model of
acquired epilepsy following blood-brain barrier dysfunction. Neurobiol Dis 78, 115–125.
Wenzel, H.J., Buckmaster, P.S., Anderson, N.L., Wenzel, M.E., and Schwartzkroin, P.A.
(1997). Ultrastructural localization of neurotransmitter immunoreactivity in mossy cell
axons and their synaptic targets in the rat dentate gyrus. Hippocampus 7, 559–570.
Wenzel, H.J., Woolley, C.S., Robbins, C.A., and Schwartzkroin, P.A. (2000). Kainic acidinduced mossy fiber sprouting and synapse formation in the dentate gyrus of rats.
Hippocampus 10, 244–260.
Westacott, L.J., Haan, N., Evison, C., Marei, O., Hall, J., Hughes, T.R., Zaben, M., Morgan,
B.P., Humby, T., Wilkinson, L.S., et al. (2021). Dissociable effects of complement C3 and
C3aR on survival and morphology of adult born hippocampal neurons, pattern separation,
and cognitive flexibility in male mice. Brain, Behavior, and Immunity 98, 136–150.
Wetherington, J., Serrano, G., and Dingledine, R. (2008). Astrocytes in the epileptic brain.
Neuron 58, 168–178.
Whelan, C.D., Altmann, A., Botía, J.A., Jahanshad, N., Hibar, D.P., Absil, J., Alhusaini, S.,
Alvim, M.K.M., Auvinen, P., Bartolini, E., et al. (2018). Structural brain abnormalities in
the common epilepsies assessed in a worldwide ENIGMA study. Brain 141, 391–408.
White, H.S., and Löscher, W. (2014). Searching for the ideal antiepileptogenic agent in
experimental models: single treatment versus combinatorial treatment strategies.
Neurotherapeutics 11, 373–384.
171

Wiktor-Jedrzejczak, W., Bartocci, A., Ferrante, A.W., Ahmed-Ansari, A., Sell, K.W.,
Pollard, J.W., and Stanley, E.R. (1990). Total absence of colony-stimulating factor 1 in the
macrophage-deficient osteopetrotic (op/op) mouse. Proc Natl Acad Sci U S A 87, 4828–
4832.
Williams, P.A., White, A.M., Clark, S., Ferraro, D.J., Swiercz, W., Staley, K.J., and Dudek,
F.E. (2009). Development of spontaneous recurrent seizures after kainate-induced status
epilepticus. J Neurosci 29, 2103–2112.
Wilson, D.I.G., Langston, R.F., Schlesiger, M.I., Wagner, M., Watanabe, S., and Ainge, J.A.
(2013). Lateral entorhinal cortex is critical for novel object-context recognition.
Hippocampus 23, 352–366.
Wolf, B.J., Brackhan, M., Bascuñana, P., Leiter, I., Langer, B.L.N., Ross, T.L., Bankstahl,
J.P., and Bankstahl, M. (2020). TSPO PET Identifies Different Anti-inflammatory
Minocycline Treatment Response in Two Rodent Models of Epileptogenesis.
Neurotherapeutics 17, 1228–1238.
Wolf, Y., Yona, S., Kim, K.-W., and Jung, S. (2013). Microglia, seen from the CX3CR1
angle. Front Cell Neurosci 7, 26.
Wong, M. (2019). The role of glia in epilepsy, intellectual disability, and other
neurodevelopmental disorders in tuberous sclerosis complex. J Neurodev Disord 11, 30.
Wright-Jin, E.C., and Gutmann, D.H. (2019). Microglia as Dynamic Cellular Mediators of
Brain Function. Trends Mol Med 25, 967–979.
Wu, W., Li, Y., Wei, Y., Bosco, D.B., Xie, M., Zhao, M.-G., Richardson, J.R., and Wu, L.J. (2020). Microglial depletion aggravates the severity of acute and chronic seizures in mice.
Brain Behav Immun 89, 245–255.
Wyatt-Johnson, S.K., and Brewster, A.L. (2020). Emerging Roles for Microglial Phagocytic
Signaling in Epilepsy. Epilepsy Curr 20, 33–38.
Xiao, F., Xu, J.-M., and Jiang, X.-H. (2015). CX3 chemokine receptor 1 deficiency leads to
reduced dendritic complexity and delayed maturation of newborn neurons in the adult mouse
hippocampus. Neural Regen Res 10, 772–777.
Xu, Y., Zeng, K., Han, Y., Wang, L., Chen, D., Xi, Z., Wang, H., Wang, X., and Chen, G.
(2012). Altered expression of CX3CL1 in patients with epilepsy and in a rat model. Am J
Pathol 180, 1950–1962.
Yaari, Y., Yue, C., and Su, H. (2007). Recruitment of apical dendritic T-type Ca2+ channels
by backpropagating spikes underlies de novo intrinsic bursting in hippocampal
epileptogenesis. J Physiol 580, 435–450.
Yang, F., Liu, Z.-R., Chen, J., Zhang, S.-J., Quan, Q.-Y., Huang, Y.-G., and Jiang, W.
(2010). Roles of astrocytes and microglia in seizure-induced aberrant neurogenesis in the
hippocampus of adult rats. J Neurosci Res 88, 519–529.

172

Ye, Y., Xiong, J., Hu, J., Kong, M., Cheng, L., Chen, H., Li, T., and Jiang, L. (2013). Altered
hippocampal myelinated fiber integrity in a lithium-pilocarpine model of temporal lobe
epilepsy: a histopathological and stereological investigation. Brain Res 1522, 76–87.
Yeo, S.-I., Kim, J.-E., Ryu, H.J., Seo, C.H., Lee, B.C., Choi, I.-G., Kim, D.-S., and Kang,
T.-C. (2011). The roles of fractalkine/CX3CR1 system in neuronal death following
pilocarpine-induced status epilepticus. J Neuroimmunol 234, 93–102.
Yoshida, H., Hayashi, S.-I., Kunisada, T., Ogawa, M., Nishikawa, S., Okamura, H., Sudo,
T., Shultz, L.D., and Nishikawa, S.-I. (1990). The murine mutation osteopetrosis is in the
coding region of the macrophage colony stimulating factor gene. Nature 345, 442–444.
Younger, D., Murugan, M., Rama Rao, K.V., Wu, L.-J., and Chandra, N. (2019). Microglia
Receptors in Animal Models of Traumatic Brain Injury. Mol Neurobiol 56, 5202–5228.
Zanier, E.R., Fumagalli, S., Perego, C., Pischiutta, F., and De Simoni, M.-G. (2015). Shape
descriptors of the “never resting” microglia in three different acute brain injury models in
mice. Intensive Care Med Exp 3, 39.
Zappone, C.A., and Sloviter, R.S. (2004). Translamellar disinhibition in the rat hippocampal
dentate gyrus after seizure-induced degeneration of vulnerable hilar neurons. J Neurosci 24,
853–864.
Zattoni, M., Mura, M.L., Deprez, F., Schwendener, R.A., Engelhardt, B., Frei, K., and
Fritschy, J.M. (2011). Brain infiltration of leukocytes contributes to the pathophysiology of
temporal lobe epilepsy. J Neurosci 31, 4037–4050.
Zhan, Y., Paolicelli, R.C., Sforazzini, F., Weinhard, L., Bolasco, G., Pagani, F., Vyssotski,
A.L., Bifone, A., Gozzi, A., Ragozzino, D., et al. (2014). Deficient neuron-microglia
signaling results in impaired functional brain connectivity and social behavior. Nat Neurosci
17, 400–406.
Zhang, B., Zou, J., Han, L., Rensing, N., and Wong, M. (2016). Microglial activation during
epileptogenesis in a mouse model of tuberous sclerosis complex. Epilepsia 57, 1317–1325.
Zhao, X., Liao, Y., Morgan, S., Mathur, R., Feustel, P., Mazurkiewicz, J., Qian, J., Chang,
J., Mathern, G.W., Adamo, M.A., et al. (2018). Noninflammatory Changes of Microglia Are
Sufficient to Cause Epilepsy. Cell Rep 22, 2080–2093.

173

