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Abstract

Epilepsy is a chronic neurological disorder characterized by repeated 
seizures, i.e. periods of paroxysmal brain activity commonly attributed to an imbal-
ance between excitatory and inhibitory neuronal pathways. Understanding the cel-
lular and molecular mechanisms underlying brain hyperexcitability is of central im-
portance in epilepsy research.

Here, I report two separate studies based on experimental mouse models 
of epilepsy aimed at: 1) detecting and quantifying mechanisms of synaptic plastic-
ity in an epileptic encephalopathy syndrome; and 2) describing the pattern of ex-
pression of an ATP receptor associated with epileptogenesis in a model of temporal 
lobe epilepsy, as well as understanding its contribution to the disorder.

Study 1. An inbred mouse strain, the A/J JAX, has been shown to present 
repeated spike-wave discharges (SWD) during slow-wave sleep, resembling an in-
sidious, drug-resistant epileptic syndrome of childhood. We carried out, in both af-
fected and control (A/J OLA) mice, in-vivo electrophysiological recordings and 
histological analyses of brain tissue, aimed at detecting and quantifying both exci-
tatory and inhibitory synaptic contacts, with and without extended training in a mo-
tor learning task. Unlike OLA controls, all JAX mice examined at a young age were 
affected by spontaneously occurring SWDs and failed to improve in the perfor-
mance of the task after training. In older JAX mice, SWDs were instead absent, in 
line with the progressive disappearance of discharges described over the years in 
human patients. Compared to the OLA group, JAX mice showed higher numbers 
of glutamatergic synapses in the cerebral cortex as well as a lower number of 
GABAergic contacts, a pattern that was modified by motor training, with differen-
tial effects on the two strains.

Study 2. Temporal lobe epilepsy is the most frequent type of epilepsy in 
adult patients and the most common cause of drug-resistant seizures. The P2X7 re-
ceptor (P2X7R) is increasingly recognized to contribute to pathological neuroin-
flammation and brain hyperexcitability and has been postulated as a treatment tar-
get for epilepsy. Its inhibition can, however, produce both pro- and anti-seizure ef-
fects. To understand the basis for these opposing actions, we generated mice lack-
ing the P2rx7 gene in either microglia (P2rx7:Cx3cr1-Cre) or neurons (P2rx7:Thy-
1-Cre). Mice lacking P2rx7 in microglia displayed less severe acute seizures and 
developed a milder form of epilepsy and a molecular profile characteristic of an 
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anti-inflammatory phenotype in microglia. In contrast, mice lacking P2X7R in neu-
rons showed more severe evoked seizures and developed more frequent sponta-
neous seizures. Our results provide an explanation for the opposing actions of 
P2X7R in epilepsy and pave the way for investigating which neuronal subtypes are 
involved in this mechanism.
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1. Introduction

1.1. Human epilepsy
Epilepsy is a widespread, chronic neurological disorder affecting over 50 

million people worldwide (Beghi 2020). According to a recent International League 
Against Epilepsy (ILAE) definition, epilepsy is a “disorder of the brain character-
ized by an enduring predisposition to generate epileptic seizures and by [its] conse-
quences” (Fisher et al. 2017). In turn, an epileptic seizure is a “transient occurrence 
of signs and/or symptoms due to abnormal excessive or synchronous neuronal ac-
tivity in the brain” (Fisher et al. 2017).

Importantly, the terms seizure and epilepsy are not equivalent. Indeed, up to 5% of 
the world’s population may have a single seizure at some time in their lives, but a 
diagnosis of epilepsy is reserved to those who have at least two unprovoked recur-
ring seizures at least 24 hours apart (Huff and Murr 2023; Fisher et al. 2005; Fisher 
et al. 2014).

1.1.1. Classification

Rather than a specific disease, the term epilepsy encompasses a variety of 
different diseases and conditions (Fisher et al. 2014), whose classification has 
proven challenging. Based on decades of research and clinical experience, in 2017 
the ILAE drafted the most up-to-date operational classification of seizure types and 
epilepsies consisting of a multilevel classification (Scheffer et al. 2017, Figure 1). 

Figure 1. ILAE classification of epilepsies (adapted from Scheffer et al., 2017).
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According to this new classification, the first step to classify epilepsy is to define 
the seizure type, assuming that the clinician already made a definite diagnosis of an 
epileptic seizure. The second step is to define the epilepsy type, assuming the pa-
tient is diagnosed with epilepsy based on the 2014 definition (Fisher et al. 2014). In 
this regard, a proper diagnosis of epilepsy may present challenges (Benbadis 2009) 
related to the presence of confounding conditions leading to erroneous interpreta-
tion of the symptoms, such as non-epileptic events mimicking epileptic seizures or 
real seizures caused by a non-neurological condition (Blume 2003). Finally, the 
third level consists of the diagnosis of an epilepsy syndrome.

Step 1: Epileptic seizures can be classified into two principal categories: 
focal and generalized, but some seizures cannot be included in these two main 
groups and are classified as having unknown onset (Table 1) (Fisher et al. 2017). In 
focal seizures, the abnormal electrical discharges start in a localized brain area. 
These discharges may remain localized or spread to the whole brain and become 
generalized (secondary generalized seizures). Focal seizures can be classified as 
“aware” or “impaired-awareness seizures” according to the level of consciousness 
for the duration of the seizure. After considering the level of awareness for focal 

Table 1. ILAE Classification of seizure types, expanded version (modified from Fisher et 
al., 2017).
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seizures, the next step is to establish the onset as “motor” and “non-motor,” includ-
ing more detailed subdivisions, e.g., motor: automatism, atonic, clonic; non-motor: 
autonomic, cognitive, emotional. In generalized seizures, the abnormal discharges 
start from both sides of the brain simultaneously. In this classification, the step that 
defines the level of awareness is omitted since awareness is impaired in most gen-
eralized seizures. The distinction between “motor” and “non-motor (absence)” is 
used here as well. 

Step 2: Epilepsy can be classified into four categories: generalized epilepsies, fo-
cal epilepsies, combined generalized and focal epilepsies, and unknown epilepsies. 
In generalized epilepsy, the patient has a typical generalized spike-wave activity on 
electroencephalography (EEG). Focal epilepsies involve unifocal and multifocal 
disorders or seizures involving one hemisphere. Combined generalized and focal 
epilepsies refer to those patients who have both generalized and focal seizures. The 
term “unknown” is used when the patient has epilepsy, but the clinician is not able 
to determine if the epilepsy is focal or generalized because of a lack of information. 
The epilepsy type may also be the final step of classification when the clinician is 
not able to make an epilepsy syndrome diagnosis.

Step 3: The epilepsy syndrome diagnosis summarizes a cluster of features incor-
porating seizure types, EEG, and imaging features that tend to occur together. It 
may also have distinctive comorbidities and associated etiologic, prognostic, and 
treatment implications (Figure 1) (Scheffer et al. 2017).

1.1.2. Etiology

Epilepsy can be caused by a variety of factors and conditions, which can 
be subdivided into six etiological categories. 

Structural: Certain structural abnormalities in the brain, usually detectable with 
neuroimaging techniques, have a high risk of being associated with epilepsy. Such 
alterations may be due to strokes, trauma, tumors, infections, or congenital malfor-
mations such as cortical dysplasia (Ettinger 1994).

Genetic: This category encompasses conditions associated with a known or pre-
sumed genetic mutation, in which seizures are the main manifestations. The disor-
der may come from a single gene or a copy number variant with more severe ef-
fects. An example is Dravet syndrome, in which the majority of the patients have a 
mutation of the SCN1A gene (McTague et al. 2016), and the benign familial neona-



10 Valentina Salari

tal epilepsy syndrome, where most families carry a mutation of the potassium chan-
nel genes KCNQ2 or KCNQ3. It is important to emphasize that “genetic” does not 
necessarily mean inherited. Indeed, an ever-growing number of de-novo mutations 
are being identified in epilepsy. 

Infectious: These epilepsies are caused by a known infection, in which seizures 
are the main symptom, or they can develop at a later time as a postinfectious con-
sequence. Common infections that can lead to this kind of epilepsy include neuro-
cysticercosis, human immunodeficiency virus (HIV), cerebral malaria, and cerebral 
toxoplasmosis (Vezzani et al. 2016).

Metabolic: Epilepsies resulting from an inherited metabolic disorder such as ure-
mia, porphyria, and aminoacidopathies (Tumiene et al. 2022).

Immune: this group includes epilepsies directly linked to an auto-immune re-
sponse, i.e. when there is evidence of autoimmune-mediated central nervous sys-
tem (CNS) inflammation and patients are seropositive for neural-specific antibod-
ies, such as anti-NMDA (N-methyl-d-aspartate) receptor encephalitis and anti-
LGI1 encephalitis (Lancaster and Dalmau 2012).

Unknown: This category includes all the epilepsies whose causes are unknown.

The identification of a type of etiology may depend on the circumstances 
since a patient’s epilepsy may be classified into more than one etiologic group. For 
example, epilepsy in a patient with tuberous sclerosis can be attributed to both a 
genetic and a structural etiology (Scheffer et al. 2017).

1.1.3. Epidemiology

Epilepsy does not know geographical, ethnic, or social confines. It occurs 
in both women and men and can begin at any age, but is most frequently diagnosed 
in childhood, adolescence, and advanced age. (Wirrell et al. 2011; Sen et al. 2020)

It has been estimated that the mean worldwide prevalence of active 
epilepsy (i.e. in the presence of recurring seizures or ongoing treatment) is approx-
imately 8.2 per 1,000 of the general population. However, studies in developing 
countries suggest a prevalence in excess of 10 per 1,000.

In developed countries, the annual incidence of epilepsy is more or less 50 
per 100,000 of the overall population. In developing countries, however, studies 
suggest a nearly double figure, i.e. around 100 per 100,000. One of the leading rea-
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sons for the higher incidence of epilepsy in developing countries is the higher risk 
of experiencing conditions leading to permanent brain damage. These conditions 
include neurocysticercosis, meningitis, malaria, pre- and perinatal complications, 
and malnutrition (WHO | Epilepsy 2017). Furthermore, in developing countries, 
there is a more conspicuous number of patients who are refractory to treatment 
(“pharmacoresistant” epilepsy). Due to the above reasons and/or inadequate access 
to health care, the administration of appropriate antiseizure drugs (ASDs) can be 
delayed. In many cases, it may take several months or even years before an epileptic 
patient is eventually taken to consultation, by which time the treatment frequently 
turns out to be ineffective (Chakir et al. 2006).

1.1.4. Diagnostic evaluation 

As stated above, the first step in diagnosing epilepsy is that the patient has 
at least two unprovoked seizures at least 24 hours apart (Fisher et al. 2014). Then, 
where possible, all three diagnostic levels described above should be sought.

A correct diagnosis of epilepsy is the result of a combination of different 
evaluations, including physical examination followed by electroencephalography 
(EEG) recording, blood tests, and structural and functional neuroimaging (such as 
computed tomography (CT) scan or magnetic resonance imaging (MRI) scan) 
(Bandopadhyay et al. 2021).

EEG is considered the gold standard method for diagnosis, allowing the 
monitoring of brain activity by non-invasive electrodes placed on the scalp. EEG 
evaluates the spontaneous electrical activity in the brain, measuring voltage fluctu-
ations resulting from ionic currents (e.g., Na+, K+, Ca++, and Cl−). EEG signals result 
from the combined activity of a large number of cortical neurons in the vicinity of 
the electrode. 

1.1.5. Status epilepticus

Status epilepticus (SE) is an extreme form of seizure that can cause irre-
versible brain damage and even death. While a “normal” seizure is self-limiting in 
time, SE is characterized by seizures of prolonged duration. According to a tradi-
tional definition, SE can be diagnosed when a seizure lasts more than 30 minutes. 
More recently, the threshold has been substantially reduced. In the case of general-
ized tonic-clonic convulsions, a seizure lasting more than 5 minutes is considered 
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a medical emergency requiring immediate pharmacological intervention; a duration 
of 30 minutes or more is likely to cause severe brain damage (Trinka et al. 2015).

1.1.6. Treatment

At present, there are no effective treatments for epilepsy. All currently 
available drugs are used to prevent or control seizures without altering the underly-
ing disease. A good control of seizures with proper pharmacological treatment can 
be achieved in about 70% of patients (Fattorusso et al. 2021).

Antiseizure drugs (ASDs) act by reducing the tendency of the brain to be 
hyper-activated, both by increasing the inhibition or decreasing the excitation. Both 
the electrical activity (ion channels) and chemical neurotransmission can be tar-
geted by drugs. For example, inhibiting voltage-gated sodium channels decreases 
neuronal excitation by avoiding depolarization, while inhibiting voltage-gated cal-
cium channels prevents neurotransmitter release. Instead, drugs binding γ- 
aminobutyric acid (GABA) receptors can be used to enhance the inhibitory path-
way (Rogawski and Löscher 2004).

Depending on the type of epilepsy, the administration of the proper drug is 
the first line of treatment. If seizures persist, other strategies may be employed, 
from dietary changes to surgical resection of lesioned brain tissue (Riva et al. 
2021). In older epileptic patients, pharmacotherapy is more complex than in other 
age groups because of aging-related changes in pharmacokinetics and pharmacody-
namics. Additionally, the elderly population often takes multiple drugs because of 
other comorbidities, which requires careful consideration to avoid possible toxic 
drug-drug interactions (Sen et al. 2020).

Despite the development of a significant number of ASDs in the last two 
decades, at least 30% of patients suffer from drug-resistant epilepsy (DRE). This 
means they remain refractory to common pharmacological treatments (Picot et al. 
2008).

The ILAE defines DRE as “failure of adequate trials of two tolerated, ap-
propriately chosen and used ASDs schedules (whether as monotherapies or in com-
bination) to achieve sustained seizure freedom” (Kwan et al. 2010). Individuals ex-
periencing DRE face elevated risks of premature death, injuries, psychosocial dys-
function, and a diminished quality of life. Consequently, there is an urgent clinical 
demand for the development of more efficacious therapies. However, the diverse 
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forms of epilepsy, the varying types of seizures, and the intricate temporal patterns 
of refractoriness contribute to the complexity of this issue.

Two types of epilepsy frequently characterized by drug resistance are tem-
poral lobe epilepsy (TLE) and epileptic encephalopathies (EE), both relevant for 
the present project and described here in some detail.

1.1.7. Temporal Lobe Epilepsy

TLE is the most common form of focal (partial) epilepsy and, as stated 
above, the most common cause of drug-resistant seizures. While antiseizure drugs 
can often control or at least reduce seizure occurrence, approximately one-third of 
patients remain resistant to pharmacological treatment (Löscher & Potschka, 2005; 
“WHO | Epilepsy,” 2017). Surgical methods, such as anterior temporal lobectomy 
and amygdalo-hippocampectomy, reach control rates in 67-85% of patients, with 
low morbidity and mortality rates. Although the prognosis depends on several fac-
tors, surgical treatment can significantly improve the quality of life of these patients 
(Volcy, 2004).

The term TLE commonly refers to epilepsy presentations marked by focal 
seizures attributed to lesions within the temporal lobe or influenced by structures 
within the temporal lobe. There are two types of TLE. The primary and prevalent 
subtype is medial TLE, characterized by the involvement of the internal structures 
of the temporal lobe, while the second subtype, termed neocortical TLE, involves 
the outer cortical regions of the temporal lobe.

In clinical practice, TLE manifests seizures originating from the hip-
pocampus, entorhinal cortex, or amygdala, and the diagnosis is based mainly on 
electroencephalography and magnetic resonance imaging results.

TLE is more difficult to recognize in children than in adults. Ictal symp-
toms in children are less stereotyped and less noticeable, and the neuropathological 
substrate is more heterogeneous than in adults (Fontana et al., 2006).

1.1.8. Epileptic encephalopathies

Epileptic encephalopathies (EEs) are a group of developmental syndromes 
in which repeated seizure activity is considered responsible for brain damage, lead-
ing to the slowing of cognitive function and the evolution of severe behavioral dis-
orders. (Berg et al. 2010; Khan and Al Baradie 2012).
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These disorders vary in etiology, age of onset, developmental outcome, 
EEG patterns, neuropsychological deficits, type of seizures, and prognosis. In spite 
of this, all of them may have a devastating impact on children’s neurodevelopment 
(Kural and Ozer 2012) and are usually refractory to AED treatment (Donat 1992).

According to the most recent ILAE classification, as many as eight distinct 
conditions can be included in the EE spectrum. As this concept evolves, other syn-
dromes may be incorporated (Table 2).  All these pathologies are characterized by:

1. aggressive EEG paroxysmal activity; 
2. multiform and often intractable seizures; 
3. persistence of cognitive, behavioral, and neurological deficits; 
4. in the most serious cases, early death (Scheffer et al. 2017).

Different types of EE preferentially affect specific age ranges, spanning early in-
fancy to late childhood and early adolescence (Table 2). The diffuse epileptic activ-
ity through this expanded developmental period has a devastating impact on long-
term cognitive and behavioral outcomes (Zuberi et al. 2022).

An EE condition characterized by diffuse spike-and-wave discharges (SWD, Fig-
ure 2) concentrated during slow-wave sleep (SWS), has been termed “encephalopa-
thy related to electrical status epilepticus during slow sleep” (ESES) (Rubboli et al. 
2023; Tassinari et al. 2012). The syndrome onset is between 2 and 12 years of age 
(with a peak around 4-5 years), and the abnormal EEG activity can be almost con-

Table 2. Classification of Epileptic Encephalopathies.
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tinuous (up to 85% of the total SWS time) and can persist for months or years, a 
period during which various neurological and neuropsychological deficits can de-
velop. Although ESES syndromes are considered relatively uncommon, they are 
particularly insidious. Since SWDs are selectively concentrated during SWS and 
lack overt clinical signs, the electrical SE is subclinical. Thus, neurological distur-
bances are often misdiagnosed as autism spectrum disorders, and ESES cases are 
probably underestimated (Issa 2014). In addition, as already mentioned, ESES is a 
typically drug-resistant condition.

ESES syndromes affect a variety of cognitive and behavioral functions. A striking 
example is the subacute onset of aphasia, which is the hallmark of Landau-Kleffner 
syndrome (Nieuwenhuis and Nicolai 2006). Specifically, children between 2 and 8 
years old, with previously normal language development, present “verbal auditory 
agnosia,” a failure to give a semantic significance to sounds, thus causing the inabil-
ity to understand spoken words. The agnosia is followed by progressive loss of ar-
ticulation and reduction in the amount of speech.

More generally, all ESES conditions can lead to lower IQs, deterioration of lan-
guage, temporo-spatial disorientation, behavioral changes, reduced attention span 

Figure 2. Typical example of sleep EEG recording with continuous spike-and-wave 
discharges (SWD) in the right frontal lobe. Modified from Caraballo et al., 2015.
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and hyperactivity, aggressiveness, impaired social interaction, and communication 
(Tassinari et al. 2012). Motor impairments have also been reported, including dys-
tonia, dyspraxia, and ataxia. While the electrical abnormalities tend to reduce over 
the years and eventually disappear, the neuropsychological consequences of ESES 
can persist and may result in permanent deficits.   

1.2. Animal models of seizure and epilepsy
Epilepsy represents a significant disease burden worldwide, which under-

scores the need for more research into new approaches for the diagnosis, treatment, 
and prevention of epilepsy and its consequences. Experimental research carried out 
in human patients with epilepsy has obvious limitations (Engel et al. 1998). First 
and foremost, ethical considerations impose strict constraints on the procedures that 
can be applied, particularly those associated with the invasive techniques needed to 
pursue fundamental investigative questions. In addition, controlling clinical vari-
ables is inherently difficult, and control data may not be possible to obtain. Statisti-
cal analysis frequently requires large populations that cannot be obtained from most 
clinical practices. Finally, the cost of conducting research projects on patients can 
be prohibitive. Consequently, despite a tremendous increase in opportunities for 
non-invasive research on the human brain provided by modern neuroimaging, as 
well as access to direct investigations in the epilepsy surgery setting, animal models 
of epilepsy and epileptic seizures are and most likely will remain for the foreseeable 
future essential to epilepsy research.

In general, establishing and validating an epilepsy animal model requires 
one of two different approaches: the observation of clinical manifestations of 
epilepsy in animals carrying known or unknown genetic modifications, and induc-
ing epilepsy in an otherwise normal animal. With the advantage of techniques such 
as CRISPR/Cas9 gene editing, known mutations can be introduced in murine em-
bryonic stem cells. The mouse resulting from these mutated cells will develop 
spontaneous seizures.

Induced epilepsy consists of the electrical or chemical stimulation of the 
brain, precipitating seizure episodes. The electrical stimulation is characterized by 
the implantation of deep electrodes in the limbic regions or the topical stimulation 
of the corneas. Chemical stimulation instead involves the systemic or intracerebral 
injection of excitatory agents, leading to seizure onset (Figure 3) (Löscher 2011).
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Incidentally, in the present project, we utilized a genetic and an induced animal 
model of epilepsy to simulate, respectively, ESES and TLE.

1.2.1. Induced mouse models

A distinction has to be made between seizure models and epilepsy models. 
The former do not necessarily result in chronic epilepsy, and they are useful to test 
new anti-epileptic drugs. Compounds often used to trigger acute seizures are 
pentylenetetrazol (PTZ), strychnine, N-methyl-D,L-aspartate, tetanus toxin, and 
penicillin (Kandratavicius et al. 2014).

The induction of chronic epilepsy in rodents can also be obtained in sev-
eral ways. Over the past four decades, animal models mirroring features observed 
in patients with TLE have been established to comprehend its pathophysiology and, 
consequently, to develop novel pharmacological treatments. The primary chemo-
convulsant agents employed to induce TLE in rodents are pilocarpine and kainic 
acid (Leite et al. 2002; Cavalheiro 1995). 

The pilocarpine model of temporal lobe epilepsy: Pilocarpine is a mus-
carinic acetylcholine receptor agonist, and its intraperitoneal (i.p.) or intracerebral 

Figure 3. Schematic overview of models of epilepsy and epileptic seizures. Note that there 
are numerous models not shown in this figure, including chronic epilepsy models in which 
spontaneous recurrent seizures develop after traumatic brain injury, ischemic brain 
damage, or febrile seizures. Adapted from Loscher et al., 2011.



18 Valentina Salari

injection triggers a sequence of events, which eventually leads to structural brain 
damage and to the emergence of spontaneous recurrent seizures. These seizures 
closely resemble the characteristics of complex partial seizures in humans. Pilo-
carpine administration causes hippocampal lesions, but it also damages the neocor-
tex (Cavalheiro 1995; Sharma et al. 2007; Wang et al. 2022).

The kainic acid model of temporal lobe epilepsy: Kainic acid (KA) is a 
cyclic analog of L-glutamate that specifically binds ionotropic KA receptors 
(KARs). When administered systemically or intracerebrally, it causes an excitotox-
icity cascade characterized by neuronal hyperstimulation stemming from excessive 
depolarization (Sharma et al. 2007). Specifically, depolarization causes an exces-
sive calcium influx, which leads to i) activation of phospholipase, endonucleases, 
and proteases and ii) mitochondrial dysfunction. In turn, this leads to increased re-
active oxygen species (ROS) production, culminating in cell apoptosis (Beck et al. 
2003; Rusina et al. 2021). Rodents injected with KA exhibit recurrent seizures with 
variable frequency. The KA model usually causes hippocampal-restricted injuries 
and is associated with hippocampal sclerosis. Specifically, KA provokes neuronal 
loss in the hippocampal hilus and CA1/CA3 regions and aberrant sprouting of gran-
ule cell axons (mossy fibers) into the inner molecular layer of the dentate gyrus 
(Raedt et al. 2009; Buckmaster ; Lévesque and Avoli 2013; Wang et al. 2022). 

KA can be administered via different modalities. The most commonly 
used are systemic, intracerebral (intraventricular, intrahippocampal, supra-hip-
pocampal, intra-amygdaloid), and intranasal. KA administration triggers SE, char-
acterized by continuous seizure activity as described above. SE is usually followed 
by a latent period in which seizures are absent, culminating in the eventual onset of 
chronic epilepsy (Reddy and Kuruba 2013; Rusina et al. 2021).

1.2.2. Genetic mouse models

In both human epilepsy and animal models, mutations in ion channels are 
associated with one or multiple seizure activity patterns, with the majority exhibit-
ing dominant Mendelian inheritance patterns (Steinlein and Noebels 2000). The 
identification of spontaneous, genetic epilepsies in mice has proven invaluable for 
modeling human epilepsies (Noebels and Sidman 1979; Seyfried and Glaser 1985). 
Moreover, with advancements in gene editing techniques, transgenic mice now ex-
ist to mimic specific human epileptic conditions (Yu et al. 2006; Zeng et al. 2008). 
Here, we focus on models of ESES.
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A promising model of ESES is the mouse knockout for the Grin2a gene 
(Grin2a-/-). This gene encodes for the α2 subunit of N-methyl-D-aspartate (NMDA) 
glutamatergic receptor (GluN2A), and it has been shown that microdeletions, non-
sense, splice-site and missense mutations of GRIN2A gene are associated with hu-
man ESES, including Landau Kleffner’s (Lesca et al. 2013; Strehlow et al. 2022; 
Carvill et al. 2013).

Another interesting model is the A/J mouse from Jackson Laboratories. 
The A/J inbred mouse is widley used in immunology applications, cardiovascular 
research and developmental biology. Several years ago, the A/J mouse bred at the 
Jacksons Laboratories (A/J JAX or simply JAX, for short) has been shown to 
present spontaneous spike-wave discharges, mainly concentrated during non-rapid 
eye movement (REM) sleep, similar to those observed in human patients with 
ESES (Strohl et al. 2007; Letts et al. 2014). The presence of an epileptic phenotype 
in JAX mice but not in mice purchased from other vendors suggests the occurrence 
of an unknown mutation within the A/J line at Jacksons Laboratories. Like “ab-
sence” events observed in prior studies with mice and rats, the spike-and-wave ac-
tivity can be mitigated or eliminated by antiseizure medications. This suggests that 
the JAX strain exhibits an epilepsy phenotype, which may offer insights into the 
complex nature of human sleep-related epilepsy.

1.3. Hyperexcitability and synaptic dysfunction in epilepsy
The underlying mechanisms of epilepsy are complex and can involve var-

ious factors, including alterations in synaptic transmission (Casillas-Espinosa et al. 
2012). Generally speaking, such alterations can lead to an imbalance between exci-
tatory and inhibitory (E/I) neurotransmission, eventually culminating in abnormal 
synchronization of neuronal firing, which is the hallmark of epileptic seizures.

Two main theories, not mutually exclusive, have been proposed to explain 
the imbalance between excitatory and inhibitory neurotransmission: 

Hyperexcitation: This theory suggests an abnormal increase in excitatory neuro-
transmission, leading to excessive neuronal activity and seizures. For example, an 
excessive release of glutamate, the primary excitatory neurotransmitter in the brain, 
may contribute to hyperexcitation (Niemeyer et al. 2022; Elmér 1997).

Lower Inhibition: Another view is that decreased inhibitory neurotransmission 
removes a necessary control over excitatory activity. GABA is the primary in-
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hibitory neurotransmitter in the brain, and a deficiency in GABAergic inhibition 
might result in increased neuronal excitability (Sloviter 1987; Sloviter et al. 2012). 

Overall changes in neurotransmission can take place in many different 
ways, including the formation and removal of synaptic contacts, as well as changes 
in their strength. Synaptic plasticity is crucial for normal brain function, and dys-
regulation of the underlying mechanisms can contribute to neurological disorders, 
including epilepsy. 

1.3.1. Synaptic plasticity

Synaptic plasticity refers to the ability of synapses—the junctions between neuron-
s—to change in strength and number over time, allowing the neural circuitry of the 
brain to adapt and reorganize. These modifications span temporal domains ranging 
from milliseconds to hours or days, and presumably even longer, and are funda-
mental for learning, memory, and various other cognitive processes (Citri and 
Malenka 2008).

Short-term plasticity: All those forms of synaptic plasticity that last on the order 
of milliseconds to several minutes have been termed short-term synaptic plasticity 
and are thought to play important roles in short-term adaptations to sensory inputs, 
transient changes in behavioral states, and short-lasting forms of memory. Usually, 
these events are initiated by brief bursts of activity, leading to a transient accumula-
tion of calcium within the presynaptic terminals. This increase in presynaptic cal-
cium changes the probability of exocytosis of synaptic vesicles by directly influenc-
ing the release of neurotransmitters (Zucker and Regehr 2002).

Long-term plasticity: It is generally recognized that experiences can influence 
future behavior by inducing long-lasting modification of synaptic strength. This hy-
pothesis implies that the storage of new information (i.e., the formation of memo-
ries) occurs when activity in a neural circuit leads to a persistent change in the pat-
tern of synaptic weights. This idea originated in the late 1940s when Donald Hebb 
suggested that associative memories originated from synaptic modifications that 
enhance connections when there is a correlation between presynaptic activity and 
postsynaptic firing (Hebb 1949). This concept provided a cellular basis for phenom-
ena like Pavlovian classical conditioning (Pavlov 2010). However, experimental 
evidence supporting the theory of activity-dependent synaptic changes was not 
available until the early 1970s when Bliss and colleagues demonstrated that repeti-
tive stimulation of excitatory synapses in the hippocampus induced long-lasting po-
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tentiation of synaptic strength (Bliss and Gardner-Medwin 1973; Bliss and Lomo 
1973). This phenomenon was eventually termed long-term potentiation (LTP) and 
has been extensively studied over the last decades as a key mechanism for memory 
formation (Martin et al. 2000; Pastalkova et al. 2006). 

Nevertheless, it has become evident that LTP represents just one variant of 
long-term synaptic plasticity in the mammalian brain. In this regard, many synapses 
capable of LTP can also decrease the strength of synaptic connections through an 
opposite phenomenon called long-term depression. 

Recent research has identified additional forms of synaptic plasticity, in-
cluding homeostatic plasticity and metaplasticity (Turrigiano and Nelson 2004; 
Abraham and Bear 1996). Homeostatic plasticity is a phenomenon known as 
“synaptic scaling” that involves global adjustments in synaptic strength across neu-
rons in response to sustained changes in network activity. In contrast, metaplasticity 
refers to activity-dependent modifications in the synaptic ability to undergo long-
term plasticity to modulate the threshold for subsequent synaptic modifications. To-
gether, these findings highlight the complexity and diversity of synaptic plasticity 
mechanisms that contribute to the dynamic regulation of neural circuits, which is 
crucial for learning, memory, and normal brain functions.

Dynamic changes in the number of synaptic contacts: The above mecha-
nisms refer to the ability of preexisting synapses to change in strength and structure 
over time. However, the number and distribution of synaptic contacts change con-
tinuously within the mature brain at an astonishing high rate (Attardo et al. 2015; 
Südhof 2021). As demonstrated in several studies, the dynamic turnover in the 
number of synapses aligns with the continued expression of proteins implicated in 
synapse formation throughout life (Saunders et al. 2018; Chen et al. 2020; Tabula 
Muris Consortium et al. 2018). We relied on the notion of rapid formation and re-
moval of synapses in the design of Study 1.

1.3.2. Long-term synaptic plasticity in epilepsy

The process of remodeling brain circuits can occur in any life period in 
response to a variety of stimuli, including brain damage (Wall and Egger 1971). 
While plastic changes can compensate for brain damage, in some cases they may 
contribute to the development of chronic neurological disorders or neurodegenera-
tive conditions (Ismail et al. 2017). 
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In a healthy brain, neuronal excitability and synaptic strength are homeo-
statically regulated to keep neuronal network activity within physiological bound-
aries. On the other hand, epileptogenesis is a complex and poorly understood 
process, in which neuroplastic changes are believed to predispose the brain to de-
velop seizures (Pitkänen and Sutula 2002). A wide range of cellular and molecular 
changes have been hypothesized to contribute to neuronal loss, inflammation, com-
promised blood-brain barrier permeability, angiogenesis, neurogenesis, axonal 
sprouting, and synaptogenesis, eventually leading to the reorganization of neuronal 
networks (Patel et al. 2019; Bertini et al. 2013; Fabene et al. 2013).

Several studies have shown alterations in short- and long-term synaptic 
plasticity responses in the hippocampus and cerebral cortex following epileptic 
seizures (Reid and Stewart 1997; Zhou et al. 2007; Abegg et al. 2004), which may 
explain the cognitive deficits observed in patients with uncontrolled epilepsy. 
Therefore, epilepsy and neuroplasticity seem to be closely related, as the two pro-
cesses can reciprocally affect each other. However, it is currently unclear whether 
it is a disturbance in physiological synaptic plasticity that leads to epilepsy or vice 
versa.

1.3.3. Role of sleep in normal brain plasticity

Despite the existing massive body of scientific knowledge and rapidly ac-
cumulating new evidence, sleep remains one of the most elusive brain functions. 
Sleep is extraordinarily preserved in phylogeny, and prolonged sleep deprivation 
has been shown to lead to severe illness and even death. Still, a convincing, unify-
ing explanation for why we spend a substantial proportion of our lives in a state of 
behavioral inactivity and limited consciousness is not yet available.

Among other fields of investigation, a crucial role for sleep in synaptic 
plasticity has long been hypothesized, with a specific emphasis on the facilitating 
effect of sleep in consolidating recently acquired memories, both declarative and 
procedural. There is abundant evidence, for example, that retention and recall of 
previous experience are enhanced by an intervening period of undisturbed sleep, 
compared to a comparable length of time spent in wakefulness (Diekelmann and 
Born 2010).

Different mechanisms have been proposed as a neurobiological basis for 
sleep-dependent neural plasticity. A notable hypothesis posits that synaptogenesis 
is generally high during waking hours, with a tendency to form synapses in excess 



Brain excitability and synaptic plasticity in experimental epilepsy 23

and/or to strengthen existing ones. As a homeostatic control mechanism, synchro-
nized sleep is accompanied by generalized synaptic “downscaling,” leading to im-
proved signal-to-noise ratio for salient, behaviorally relevant connections (Tononi 
and Cirelli 2003). On the other hand, there is evidence that normal sleep may pro-
mote synapse formation (Yang et al. 2014), so a complete picture of how different 
vigilance states contribute to brain plasticity has yet to be obtained.

In any case, disruption or deprivation of physiological sleep has been repeatedly 
shown, both in the clinical setting and in the laboratory, to cause transient cognitive 
impairments (Colavito et al. 2013), including reduced attention, reduced ability to 
recall information, and reduced improvements in procedural skills, which would be 
expected following a period of training. Such deficits are likely due to alterations in 
the neural plasticity mechanisms that normally occur during sleep. For example, 
mice trained in the Rotarod apparatus progressively develop the ability to hang on 
to a suspended, rotating rod and a period of such motor learning has been shown to 
promote dendritic spine formation and remodeling in the mouse cortex (Yang et al. 
2009). In addition, it has been reported that several hours of sleep deprivation fol-
lowing a training session significantly interferes with the phenomenon (Yang et al. 
2014).

1.4. Role of purinergic signaling in central nervous system
Purinergic receptors, or purinoceptors, are plasma membrane proteins lo-

cated on the cell surfaces of nearly all mammalian tissues, including the central ner-
vous system (CNS) (Tozaki-Saitoh, Tsuda, and Inoue 2011). Based on their endoge-
nous ligands, they are classified into P1 and P2 categories (Geoffrey Burnstock 
2008). P1 or adenosine receptors (ARs) are a family of G protein-coupled receptors 
(GPCRs) that include four subtypes: A1, A2A, A2B, and A3. P2 receptors are di-
vided into two categories: the ligand-gated ion channel receptors P2X, with seven 
subtypes (P2X1, P2X2, P2X3, P2X4, P2X5, P2X6, and P2X7), and the G protein-
coupled metabotropic receptors P2Y, which have eight subtypes (P2Y1, P2Y2, 
P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14) (Geoff Burnstock 2018). Most 
of these receptors are expressed in the nervous system, including neurons and glial 
cells in central and peripheral nervous system (CNS and PNS), and they are gener-
ally considered to be involved in bi-directional neuronal–astroglial communication, 
exerting long-term effects on proliferation, differentiation, migration, and apoptosis 
(Neary and Zimmermann 2009). In the CNS, adenosine 5′-triphosphate (ATP), 

https://paperpile.com/c/hPq2ht/ZTR3
https://paperpile.com/c/hPq2ht/kLlH
https://paperpile.com/c/hPq2ht/kLlH
https://paperpile.com/c/hPq2ht/D2Nh
https://paperpile.com/c/hPq2ht/ceQw


24 Valentina Salari

known as an energy source for neurons and glial cells, also functions as an extracel-
lular purinergic signaling molecule, regulating communication between brain cells 
(Geoffrey Burnstock 2006). The cytosolic ATP concentration remains high, typi-
cally ranging between 5 and 10 mM, while in the extracellular space, it is very low 
in the nanomolar (nM) range (Bhattacharya and Biber 2016). However, under 
pathological conditions and CNS insults such as trauma, ischemic stroke, epilepto-
genic seizures, cellular stress, neuroinflammation, and neurodegenerative disor-
ders, there is a release of high concentrations of ATP into the extracellular region as 
a danger signal. This initiates a cascade of events that ultimately leads to neuronal 
damage (Roszek and Czarnecka 2015). 

For all these reasons, in the last decades, purinergic signaling, via extracel-
lularly released ATP, has emerged as a promising therapeutic approach in the field 
of neurological disorders. This is bolstered by evidence from both experimental 
models and clinical studies, with a particular focus on the ionotropic P2X7 receptor.

1.4.1. The P2X7 Receptor

The P2X7 receptor (P2X7R) is a ligand-gated ion channel belonging to the 
purinergic type 2 receptor family (P2) (Abbracchio et al. 2006). Among the P2 re-
ceptor family, the P2X7R is one of the most studied and, when activated by a high 
concentration of ATP, forms a channel for the passage of cations including K+, Na+, 
and Ca2+ (Jimenez-Mateos et al. 2019; Kopp et al. 2019). The lower affinity of the 
receptor for ATP when compared to the remaining P2XRs (Surprenant et al. 1996) 
suggests the receptor serves as a damage-activated initiator of inflammation. In-
deed, a key consequence of P2X7R activation is the release of the pro-inflammatory 
cytokine interleukin-1β (IL-1 β) (Giuliani et al. 2017). Other effects of P2X7R ac-
tivation have been reported, including promoting aberrant synaptic plasticity and 
neurogenesis, changes in blood-brain barrier (BBB) permeability, and cell death 
(Giuliani et al. 2017).

1.4.2. P2X7 Receptor and Epilepsy

The purinergic P2X7 receptor plays a crucial role in brain disorders. It has been 
postulated as a treatment target for epilepsy, where it has been shown to contribute 
to neuroinflammation and the generation of hyperexcitable neuronal networks (En-
gel et al. 2021; Engel 2023) (Figure 4). Several studies have reported the anticon-
vulsive effects of blocking or deleting the P2X7R during SE (Engel et al. 2012; 

https://paperpile.com/c/hPq2ht/9wus
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Jimenez-Pacheco et al. 2013; Nieoczym et al. 2017). Other reports, however, have 
detected either no effect of a P2X7R block on SE (Fischer et al. 2016; Doǧan et al. 
2020) or even an exacerbation of seizures (Kim and Kang 2011; Rozmer et al. 
2017). 

There has also been some inconsistency in the effects of pharmacological targeting 
of the P2X7R in experimental epilepsy, with studies reporting either reduced 
seizure duration (Amhaoul et al. 2016) or frequency (Jimenez-Pacheco et al. 2013). 
The cause of such variability in seizure outcomes may be the cell type-specific ex-
pression of the P2X7R and how these changes during brain hyperexcitability. 

While there is widespread agreement for its presence on glial cells including mi-
croglia and oligodendrocytes, it remains debated whether P2X7Rs are expressed 
and functional on neurons (Teresa Miras-Portugal et al. 2017; Illes et al. 2017). 
Both cellular locations have been detected using immunohistochemical-based 
methods in experimental and human epilepsy (Engel et al. 2012; Jimenez-Pacheco 
et al. 2013; Doná et al. 2009; Beamer et al. 2022). It is uncertain which, if any, 
neuronal subtypes express P2X7Rs and their specific roles during seizures, and 
whether similar expression patterns are observed in human TLE.

Figure 4. The ATP-P2X7 
receptor axis as a major 
convergence pathway linking 

hyperexcitability in epilepsy. Seizures and epilepsy lead to high extracellular 
concentrations of ATP in the brain, activating P2X7Rs. P2X7R activation, in turn, 
promotes several pathological mechanisms such as inflammation, cell death, aberrant 
synaptic plasticity, and changes in the release and uptake of neurotransmitters, driving 
epileptogenesis. Created with BioRender.com
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2. Aim of the project

The general goal of my doctoral research program was to gain insights into 
synaptic mechanisms in epilepsy. To achieve this goal, we set out to perform two 
distinct sets of experiments in rodent models of drug-resistant epilepsy. Resistance 
to pharmacological treatment poses significant challenges in the management of 
epilepsy and is a high priority in epilepsy research. Both epileptic encephalopathies 
(EE) and temporal lobe epilepsy (TLE) are characterized by drug resistance and a 
high impact on the patients’ well-being. 

In Study 1, we focused on the role of synaptic plasticity in a subclass of 
epilepsies, the epileptic encephalopathies with status epilepticus during sleep (ES-
ESs), using a putative rodent model of the human condition, the A/J JAX mouse.

In Study 2, centered on the kainic acid model of temporal lobe epilepsy, 
we aimed to unveil the cell-specific role of the purinergic P2X7 receptor, thought 
to contribute to neuroinflammation and neuronal hyperexcitability, and postulated 
as a treatment target for epilepsy.
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3. Study 1: Role of synaptic plasticity in the 
pathogenesis of neurological disorders in 
epileptic encephalopathies during slow-wave 
sleep

3.1. Rationale
The present experiment addresses the general question of whether the 

electrical status epilepticus that characterizes ESESs affects synaptic plasticity and, 
in turn, if alterations of plasticity may justify the deficits observed in human pa-
tients.

We planned to study such patterns by combining in-vivo electrophysiol-
ogy, training in a procedural memory task, and ex-vivo histological examination of 
synapse density in target brain areas in a putative mouse model of ESESs (JAX).

3.2. Materials and Methods

3.2.1. Ethics statements

All the experiments were performed at the Department of Neuroscience, 
Biomedicine and Movement Science (section of Anatomy and Histology) of the 
University of Verona, Italy.

Animal care and experimental procedures were conducted in accordance 
with the European Union directive 2010/63/EU and all protocols were approved by 
the local ethical committee (Centro Interdipartimentale di Servizi per la Ricerca che 
utilizza Animali da Laboratorio – C.I.R.S.A.L., University of Verona) and the Ital-
ian Ministry of Health (Authorisation 239/2016-PR).

3.2.2. Animals

In this study, 4-week-old (w.o.) A/J mice, both males and females, were 
purchased from Jackson Laboratory (JAX; ♀=10, ♂=11). A similar cohort of A/J 
mice was acquired from a different vendor (Envigo, A/J OLA1; ♀=9, ♂=10). Upon 
arrival, animals were quarantined in the animal facilities for 2 weeks, with food and 
water ad libitum, under veterinarian care. Mice were then transferred to the labora-

1  From the original source of the same mouse strain (Harlan Olac LTD.)
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tory, in individual cages kept in a sound-attenuated room at a constant temperature 
(23 ± 1.0 °C) and humidity (60% ± 5%), for an additional 2-week period, during 
which the room was kept on a 12/12-hour inverted light/dark cycle. Zeitgeber time 
(ZT) 0, corresponding to lights-on time was set at 7:00 p.m. All mice used in this 
study entered the experimental protocol at 8 weeks of age, with a weight ranging 
between 25 and 30 g.

3.2.3. Experimental Design

All 21 JAX animals were used in this study as the experimental group, 
expected to show epileptic discharges. The 19 OLA mice, with presumably normal 
EEG, represented the control group (Figure 5).

The main experimental steps, described in detail below, were as follows:

1) All mice underwent surgery to implant chronic electrodes for long-term 
EEG and EMG recordings (see below).

2) Following post-surgical recovery, a baseline electrophysiological profile 
was recorded for one week.

3) During this time, baseline behavioral tests were conducted.
4) Next, OLA and JAX mice were further divided into two subgroups 

“trained” and “untrained”.
5) Training consisted in repeated sessions of the Rotarod test over two days, in 

order to trigger motor learning, while “untrained” animals were kept 
undisturbed in their home cages.

Figure 5. Experimental Design.
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6) After training, animals were perfused and brain sections were processed for 
immunofluorescence studies at the confocal microscope.

7) Glutamatergic and GABAergic synaptic contacts were labeled and 
quantified in the motor cortex (MC), and in the somatosensory cortex 
(SSC).

Due to logistical and technical limitations (number of available amplifier 
channels, number of Rotarod lanes), the above experimental steps were conducted 
in batches of 6-8 mice each. JAX, OLA, trained, and untrained mice were balanced 
in each batch.

Two additional cohorts of mice were employed in this study: Six-month-
old (m.o.) A/J OLA mice (n=10) were used in a pilot study to assess motor learning 
in the Rotarod apparatus and define the protocol for subsequent evaluations. Eight 
m.o. A/J mice (5 JAX and 5 OLA) were used to assess the presence of SWDs in 
older adult mice.

3.2.4. Chronic electrode surgical implant

In all A/J mice, surgery was performed under deep gas anesthesia (isoflu-
rane: 4% for induction and 2% for maintenance) using an isoflurane vaporizer (Ugo 
Basile S.R.L (VA). The anesthetized mice were placed in a stereotaxic apparatus 
under a stereomicroscope frame (Stoelting Co., Wood Dale, IL). After exposing the 
animal’s skull, 4 narrow craniotomies were drilled through the right frontal, right 
parietal, left parietal, and interparietal bones at commonly adopted (Jakubcakova et 
al. 2012) stereotaxic coordinates (Franklin and Paxinos 2013) (Figure 6). A stain-
less-steel screw was inserted into each craniotomy and served as epidural EEG 
electrode. Short stainless-steel wires were soldered to each screw head and to a 
plastic connector fixed to the skull with acrylic cement.

Two additional EMG recording electrodes, represented by stainless steel 
wires, were inserted into the left nuchal muscle and stitched in place. EEG EMG in 
freely behaving mice is a critical step to correlate behavior and physiology with 
sleep and wakefulness. In particular, the combination between EEG and EMG en-
ables discrimination between REM sleep and non-REM sleep. At the end of the 
surgery, the animals were treated subcutaneously (sc) with an analgesic (carprofen, 
Rimadyl®, 1 mL/kg, 1:10) and a wide-spectrum antibiotic (enrofloxacin, Baytril®, 
10 mL/kg, 1:50), and returned to their home cages. Analgesic and antibiotic admin-
istrations were repeated daily for the following 2 and 3 days, respectively.
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Mice were allowed to recover from surgery for 14 days. At the end of the 
recovery period, all animals appeared in good health and did not display overt be-
havioral anomalies.

3.2.5. Video-EEG and EMG recording

Two weeks after surgery, video-EEG-EMG recordings were carried out 
continuously for 1 week. Briefly, animals were housed in 30 x 30 x 55 (height) cm 
plexiglass cages (PhenoTyper® apparatus, Noldus®, Wageningen, The Netherlands), 
equipped with a video camera embedded in the top lid. Water and food were always 
available ad libitum. A custom-made cable was plugged into the head implant at 
one end and to the signal amplifier (Grass Comet-Plus, Grass Technologies) at the 
other (Figure 7). The cable was made weightless by a spring suspension, and ani-
mals were therefore free to move in the apparatus.

EEG and EMG signals were amplified, filtered (EEG: high-pass at 0.3 Hz; 
low-pass at 70 Hz; EMG: high-pass at 10 Hz; 50-Hz notch filtering for both sig-

Figure 6. Chronic electrode surgical implant. A) Picture capturing an example electrode 
location on a mouse skull. B) EEG and EMG electrode locations: one frontal (1.7 mm 
anterior and 1.5 mm to the right of bregma), two parietal (2.5 mm posterior and 2.0 mm on 
either side of bregma), and one over the cerebellum (5.8 mm posterior to bregma, on the 
midline). A bipolar montage was used (frontal vs right parietal). The cerebellar electrode 
(red) was used as a reference, and the left parietal (orange) was used as ground. EMG 
electrodes were sutured in the left neck muscle, and a bipolar montage was used.
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nals), and digitized at 400 Hz. While data were collected during the entire 
week, the analyses reported here refer to the first (D1) and the seventh (D7) 

day of EEG/EMG recording.

3.2.6. Detection and analysis of epileptiform events

We define spike-wave discharges (SWDs, Figure 8) as a high-voltage (at 
least 1.5-fold increase over background signal), sharp discharge pattern of at least 
4 cycles (Salmi et al. 2018; Salmi et al. 2019). SWDs were detected in the fronto-
parietal EEG derivation with an overly permissive automated detection algorithm 
written in MATLAB® (Mathworks, Natick MA, USA) followed by visual inspec-
tion to remove false-positive events. The beginning and end of each SWD episode 
were marked (Figure 8) so that EEG segments 
limited to the duration of the discharge could be 
extracted. EMG traces and video recordings were 
checked alongside the EEG traces to assign each 
SWD to a specific vigilance state (wakefulness, 
non-REM, and REM sleep). Movement artifacts 
or electrical noises in the recordings were tagged 
and the corresponding epochs were excluded from 
subsequent analyses.  

Figure 7. Recording set-up. A) Head implant with female connectors fixed on the skull; 
B) Custom-made cable connecting the head stage to the amplifier.

Figure 8. Typical example of a 
single spike and wave discharge 
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3.2.7. Rotarod tests

Fine-tuning the motor-learning protocol: The Rotarod apparatus (Ugo 
Basile s.r.l.) has long been used to evaluate motor coordination in rodents, espe-
cially in models of neurological disorders (Hamm et al. 1994). Briefly, the Rotarod 
consists of a horizontal rotating cylinder suspended at about 30 cm from the ground. 
The animal placed on the cylinder tends to spontaneously hang on to it by walking 
in the opposite direction of the rod’s rotation. In our setup, the rod is divided in 5 
parallel lanes, separated by large plastic discs (Figure 9), which allows to test 5 
mice at once.

We adopted a modified version of the standard protocol (Yang et al. 2014) 
in order to emphasize the learning aspect, i.e. the progressive acquisition of a 
skilled behavior that takes place during training. Briefly, the standard protocol often 
consists of a single trial, where the rod rotates at increasing speeds, and the time 
spent by the animal before falling from the apparatus is taken as a measure of per-
formance. In our “training” protocol, the test was instead administered multiple 
times a day, in order to assess performance improvements. All tests were adminis-
tered in parallel to blocks of 5 animals.

To establish the optimal number of training days, sufficient to induce sig-
nificant learning while minimizing stress, we conducted preliminary tests on a sep-
arate cohort of mice. Each mouse underwent training sessions for five consecutive 
days. Each session consisted of 40 repetitions of the test. Before each session, mice 
were weighed to account for any weight-related influences on the performance and 
were allowed a 30-minute habituation period in the Rotarod environment. Before 
the first actual trial, each mouse was placed for one minute on the suspended rod, 
at a speed of 5 rotations per minute (rpm). At such low speed, the test poses no real 
challenge, and is used to familiarize the animal with the apparatus.

Figure 9. Schematic illustration of the rotarod setup and test principle. Created with 
BioRender.com.
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Familiarization was immediately followed by the test trials, where the rod 
accelerated from 5 rpm to a maximum of 80 rpm over 135 seconds. The trial ended 
when the mouse fell off the Rotarod or after 135 seconds. After 10 consecutive tri-
als, a 5-minute break was given to the mice to reduce fatigue and improve perfor-
mance consistency.

Based on these preliminary tests (see Results section) we chose to induce and assess 
motor learning by administering two training sessions to the experimental cohorts.

Triggering and assessing motor skill learning: At the end of the video-
EEG/EMG monitoring period, both JAX and OLA mice were unplugged from the 
recording setup and randomly assigned to one of two groups: “trained” and “un-
trained”. The former entered the motor learning protocol established as described 
above, while mice in the latter group were left undisturbed in their home cage for 
the duration of the training sessions. All tests were conducted at the end of the “ac-
tive” circadian phase (the lights-off period).

At the end of each training day, animals were returned to their home cages 
and left undisturbed for the 12 following hours, corresponding to a full lights-on 
phase.

3.2.8. Immunohistochemistry

About 12 hours after the end of the Rotarod protocol, all trained mice, to-
gether with the untrained group, were deeply anesthetized by intraperitoneal (i.p.) 
injection of 250 mg/kg tribromoethanol (Fluka) and transcardially perfused with 
ice-cold 0.01 M phosphate-buffered saline (PBS) pH 7.4, followed by 4% 
paraformaldehyde (PFA) in PBS. 

Brains were removed from the skull and placed in 4% PFA at 4ºC for a 24 
h post-fixation period, then transferred to 30% sucrose in PBS for 48 h for cryop-
reservation. Coronal sections, 20-µm-thick, were cut using the cryostat (Leica 
Biosystems, Wetzlar, Germany) and stored in PBS with sodium azide at 4ºC.

Eight sections that included both the motor and the somatosensory cortex 
were selected for each mouse, evenly spaced from approximately 2 mm anterior to 
-0.1 mm posterior to bregma. Sections were mounted on glass slides (4 sections 
each). Slides were immersed in an antigen unmasking solution (Vector Laborato-
ries, Burlingame, USA) and processed in a microwave oven at 600 W (3 x 5 min-
utes).
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After washes and a 1h pre-incubation step with blocking solution (2% of 
normal donkey serum and 0.3% triton in PBS), sections were incubated overnight 
with primary antibodies. For glutamatergic pre-synaptic endings, we used an anti-
vesicular glutamate transporter type 2 (VGLUT2) antibody (guinea pig anti-mouse 
VGLUT2, 1:500, Synaptic Systems). For the GABAergic pre-synaptic terminals, 
we employed anti vesicular inhibitory amino acid transporter (VGAT) antibody 
(VGAT; guinea pig anti-mouse VGAT, 1:500, Synaptic Systems). After washing in 
PBS, sections were incubated for 90 minutes with fluorescent secondary antibodies 
(anti-guinea pig, Alexa Fluor 647-conjugated, 1:1000, InVitrogen Corporation) fol-
lowed by a short incubation with DAPI (1:1000; Sigma-Aldrich, Italy) and cover-
slipping with fluorescence mounting medium (Dako, Hamburg, Germany). 

3.2.9. Confocal acquisitions

Images from the motor and somatosensory cortex were acquired at the 
confocal laser scanning microscope (Leica TCS-SP5, Leica Microsystems 
Mannheim, Germany) with 63X oil immersion objectives (HCX PL APO with 1.25 
and 1.4 NA, respectively), 200 Hz acquisition rate, and a 3.5x digital zoom. The 
acquired “stacks” were 70.31 × 70.31 μm wide, and 5.035 μm thick. Acquired im-
ages had a 1024 × 1024 pixel resolution. In total, 16 image stacks were acquired per 
mouse, 8 for the GABAergic contacts (4 in the motor cortex and 4 in the somatosen-
sory cortex) and 8 for the glutamatergic contacts (4 MC + 4 SSC).

3.2.10. Image processing

Images were deconvolved with the Huygen Professional software (18.10 
version, Scientific Volume Imaging B.V.) using the CMLE (Classic Maximum 
Likelihood Estimation) algorithm. Deconvolved images were then quantitatively 
analyzed to detect and count the average number of GABAergic and glutamatergic 
presynaptic contacts using IMARIS (Oxford Instruments, version 9.6). Briefly, the 
algorithm searched for clusters of nearby voxels with fluorescent signal exceeding 
a threshold set by the operator to exclude background noise. In order to be identified 
as a putative presynaptic terminal, the cluster had to be at least 0.6 µm wide, when 
measured on the XY plane, or 1.2 µm along the Z axis. 
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3.2.11. Statistical analysis

Statistical analyses were carried out with Prism v.8 (GraphPad Software 
Inc., CA, USA). Data are reported as mean ± SEM values. An alpha level of p < 
0.05 * was used to detect statistically significant differences.

Between-group comparisons were performed by two-way analysis of vari-
ance (ANOVA) followed by the Tuke's multiple comparison test. Pearson correla-
tion analysis was used to assess the linear association between two continuous vari-
ables. The Pearson correlation coefficient (r) was employed as a quantitative mea-
sure of the strength and direction of the linear relationship between the variables.

3.3. Results

3.3.1. All young JAX mice displayed SWD during SWS.

Results from the continuous recordings confirm the early reports of spon-
taneous SWD episodes in young JAX mice (Figure 10). Notably, the disorder was 
consistently observed in all young JAX mice and in none of the OLA mice (Fig-
ure 10A). While the frequency of discharges was fairly variable between subjects 
(SD = 171.1) it was stable over time, in that no significant within-subject differ-
ences were observed when comparing the number of discharges detected during the 
first 24 hours (D1) vs the second 24-hour recording epoch (D7) (Figure 10B). Be-
cause of this, all subsequent analyses on electrical abnormalities were performed 
after concatenating data from D1 and D2 into a single 48 h recording window. 

Aside from SWDs, the cortical activity of JAX mice was indistinguishable 
from that of OLA controls (Figure 10D).

On average, a higher frequency of discharges was accompanied by slightly 
longer episodes (Figure 10C). The correlation, however, was rather weak (r =0.428 
P = 0.086).

Interestingly, in contrast to what was observed in young JAX mice (2 
m.o.), no discharges were detected in the older JAX cohort (8 m.o.) (Figure 10A). 
As expected, older OLA mice were also SWD-free.

A systematic inspection of the continuous video, EEG, and EMG record-
ings revealed an overall normal alternation of wakefulness and sleep, with no overt 
signs of sleep interruption following episodes of epileptiform activity. Furthermore, 
virtually all discharges occurred during periods of SWS.
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3.3.2. Preliminary motor learning test

In the preliminary round of motor learning sessions, aimed at validating 
the test and establishing the protocol for subsequent experiments, all OLA mice in 
the cohort were able to correctly perform the Rotarod task in each of the 5 training 
sessions.

Performance in the Rotarod improved over time. On average, the rotation 
speed at which mice fell from the rod was 17.66 rpm at D1 and increased to 23.02 
rpm by D5. The gains were statistically significant (one-way RM-ANOVA, F = 
6.040, P = 0.0032) and mostly took place between D1 and D2 (Tukey’s post hoc 
test, P = 0.0057), while the following daily sessions resulted in only modest average 
improvements (Figure 11A).

In the first training session, the variability of performance between animals 
was relatively low (SD: 2.067) but increased substantially at D2 and remained high 
until the end of the series (SD from D2 to D5: 3.862, 5.891, 4.370, 5.580). The 
likely explanation for this result is that 3 of the 10 subjects showed no learning at 

Figure 10. SWD activity in JAX mice. A) Mean number of SWD episodes/48 h. B) Mean 
number of SWD at recording days 1 and 7 in 24 h. C) Correlation of SWD mean duration 
and SWD number in the JAX group. Dashed line indicates the 95% confidential interval. 
D) Normal slow-wave sleep EEG/EMG sample epochs in a single OLA mouse and a 
single, 4-second-long SWD in a sample trace of a JAX mouse. Aside from SWD, the 
cortical activity of the JAX mouse is equal to that of OLA. C Pearson correlation analysis.
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all, while the others raised their threshold rpm, thereby increasing the spread (Fig-
ure 11B).

To exclude the influence of body weight on performance, we performed a 
correlation test between these two variables, but no effect was found in this cohort 
of mice (r = -0.183, Figure 11C).

3.3.3. JAX mice show an impairment in motor learning

As stated in the Methods section, results of the preliminary motor learning 
tests were used to fine-tune the Rotarod protocol for the main experiment. Thus, 
given that most of the performance gains were observed between D1 and D2, we 
shortened the training routine to only 2 sessions, in order to reduce animal stress.

Similarly to what observed during the preliminary tests, all mice, both 
OLA and JAX, were able to successfully complete both Rotarod sessions.

Results in the OLA group were comparable to what already observed in 
the preliminary tests: on average, performance increased from 34.9 to 43.5 rpm, a 
25% gain. On the other hand, JAX mice were unable to improve their performance 
from the first session (34.2 rpm) to the second (32.9 rpm) (Figure 12A, B). A 2-way, 
mixed-model ANOVA confirmed that the difference in training outcome between 
the 2 groups was statistically significant (strain × day interaction, F (1, 16) = 9.57, 
P = 0.007). 

We explored the possibility of a link between severity of the EEG anom-
alies and learning proficiency at an individual level. Correlating performance gains 
with the number of discharges observed in each JAX mouse (r = -0.63, P = 0.09) 

Figure 11. Motor skill learning in OLA mice (n=10) on modified rotarod test. A) 
Performance mean from day 1 to day 5 B) Individual performance from day 1 to day 5. C) 
Correlation between weight and performance. Dashed line indicates the 95% confidential 
interval. A One-way ANOVA with Tukey’s multiple comparison test. C Pearson correlation 
analysis. Data are shown as mean ± SEM. **P < 0.01.
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(Figure 12C). Finally, we repeated in these cohorts the control for the possible in-
fluence of body weight on performance, but found no correlation between the two 
variables, as shown in Figure 12D.

3.3.4. Confocal imaging of synaptic contacts in immunofluorescent 
brain sections

DAPI staining, applied to all sections, allowed the identification of neu-
ronal nuclei (Figure 13A, B), which served as visual references to frame and focus 
on the regions of interest.

Figure 12. Motor skill learning between day one and day 2. A) Performance mean of day 
one and day two. B) Performance of each single trial on day one (right) and day two (left). 
C) Correlation between SWD number and performance improvement in JAX mice. D) 
Correlation between weight and performance. Dashed lines indicate the 95% confidential 
interval. A Two-way ANOVA with Tukey’s multiple comparison test. C, D Pearson 
correlation analysis. Data are shown as mean ± SEM. **P < 0.01.
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Immunofluorescent staining against both presynaptic markers, VGLUT2 
and VGAT, provided clear microscopic images of glutamatergic and GABAergic 
puncta, respectively, in the cerebral cortex of both mouse strains (Figure 13).

A small number of brain sections displayed less-than-optimal staining and 
were therefore excluded from the analyses. In order to keep constant the total num-
ber of analyzed images per subject, we acquired extra stacks from nearby sections. 
Synaptic terminals, both glutamatergic and GABAergic, were detected in all stud-
ied animals, independent of strain and training.

The results of the quantitative analysis of synaptic terminals in the neocor-
tex of A/J mice are presented here in terms of total number of putative contacts de-
tected per image stack.

We observed a fairly complex pattern of results, with several statistically 
significant effects of training depending on mouse strain, revealed by 2-way 
ANOVAs computed for each cortical area and for each synaptic marker (full results 
shown in Table 3). 

In order to provide a clearer description of the results, we first summarize 
the results for the untrained animals, and then we will add the data collected after 

Figure 13. Representative VGAT and VGLUT2 staining (red) in the motor cortex. A) 
Single slice, i.e. focal plane. Nuclei are stained in blue with DAPI. B) Confocal stack in 
3D view. White squares correspond to the details magnified in C. C) Examples of VGAT 
and VGLUT2 positive terminals as detected by Imaris software. 63X lens plus 3.5 digital 
zoom. Scale bar A,B 10 μm; C 1 μm.
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training, to complete the picture. The P values reported in the following paragraphs 
refer to the results of Tukey’s post-hoc pairwise comparisons.

3.3.5. Higher number of glutamatergic and fewer GABAergic 
synapses in untrained JAX mice compared OLA counterparts

In mice that did not experience the Rotarod test, two opposing patterns of 
synapse counts were observed between SWD-affected and control A/J mice, de-
pending on synapse type.

In particular, JAX mice had a higher number of glutamatergic presynaptic 
terminals than OLA mice in both MC (798.3 ± 49.19 vs 637.1 ± 41.79, P = 0.047) 
and SSC (873,7 ± 78.6 vs 683.7 ± 23.66, P = 0.028; Figure 14A). In contrast, the 
number of GABAergic contacts was lower in untrained JAX mice compared to 

Figure 14. VGLUT2 and VGAT presynaptic terminals in the motor and somatosensory 
cortex in untrained mice. A) Average number of VGLUT2 spots in MC and SSC. B) 
Average number of VGAT spots in MC and SSC. The total number of spots per mouse is 
represented as the average of four different stacks from the same area of the cortex. The 
acquired stacks were 70.31 × 70.31 μm wide, and 5.035 μm thick. Two-way ANOVA with 
Tukey’s multiple comparison test. Data are shown as mean ± SEM. *P < 0.05.
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Table 3. Full 2-way ANOVA tables of the comparisons between synaptic terminal counts.

OLA (MC: 176.07 ± 25.74 vs 325.2 ± 46.26, P = 0.0077; SSC: 210.7 ± 46.06 vs 
257.4 ± 32.85, P = 0.68; Figure 14B).

3.3.6. Fewer glutamatergic synapses in trained JAX mice

In order to evaluate training-dependent synaptic plasticity, as well as the 
impact of SWD activity on it, we compared the above results with those obtained 
in both OLA and JAX mice after Rotarod training. 

Analysis of glutamatergic synapses showed that OLA mice had a higher 
number of VGLUT2 presynaptic terminals in MC (637.1 ± 41.79 vs 754.1 ± 29.03, 
P = 0.209) after training, in line with the hypothesis that training promotes synapto-
genesis in brain areas recruited during the prolonged execution of a task (Fig-
ure 15). In contrast, the number of VGLUT2 presynaptic terminals in JAX mice 
decreased significantly in both MC (754.1 ± 29.03 vs 640.8 ± 34.4, P = 0,033) and 
SSC (873,7 ± 78.6 vs 605.5 ± 20.65, P = 0,0009) after training (Figure 15).

Figure 15. VGLUT2 presynaptic terminals in motor and somatosensory cortex in untrained 
versus trained mice. The total number of spots per mouse is represented as the average of 
four different stacks from the same area of the cortex. The acquired stacks were 70.31 × 
70.31 μm wide, and 5.035 μm thick. Two-way ANOVA with Tukey’s multiple comparison 
test. Data are shown as mean ± SEM. *P < 0.05; ***P < 0.001.



42 Valentina Salari

3.3.7. Increased GABAergic synapses in both OLA and JAX mice 
after training

The analysis of GABAergic synapses after the Rotarod sessions showed a 
general increase in the number of VGAT presynaptic terminals in OLA mice in both 
MC (325.2 ± 46.26 vs 373.4 ± 17.42, P = 0.63) and SSC (257.4 ± 32.85 vs 397.4 ± 
12.19, P = 0.0097), suggesting a dynamic change in GABAergic synapses after 
training (Figure 16).

Finally, training was associated with an increase in the number of GABAergic 
synapses in JAX mice as well, both in MC (176.07 ± 25.74 vs 319.6 ± 21.5 P = 
0.0082) and inSSC (210.7 ± 46.06 vs 395.4 ± 17.3 P = 0.0006) (Figure 16). This 
increase in GABA levels might result from an adaptive homeostatic mechanism 
acting to counterbalance excessive excitatory activity in these mice.

3.4. Discussion
By definition, epileptic encephalopathies are brain disorders caused by re-

peated seizures. Compared to most other epilepsies, when studying EEs, there is a 
partial shift of focus from what causes a seizure to how seizures themselves can 
damage the brain.

The ultimate goal of investigating animal models of EEs is to unravel the 
mechanisms by which the abnormal electrical activity leads to behavioral and cog-
nitive disorders in human patients.

Figure 16. VGAT presynaptic terminals in the motor and somatosensory cortex in 
untrained versus trained mice. The total number of spots per mouse is represented as the 
average of four different stacks from the same area of the cortex. The acquired stacks were 
70.31 × 70.31 μm wide, and 5.035 μm thick. Two-way ANOVA with Tukey’s multiple 
comparison test. Data are shown as mean ± SEM. **P < 0.01; ***P < 0.001.



Brain excitability and synaptic plasticity in experimental epilepsy 43

The core hypothesis of this study was that abnormal electrical activity may 
interfere with the synaptic plasticity mechanisms underlying normal brain function. 
Specifically, we investigated the association between: 1) repeated spike-wave dis-
charges (SWD) during slow-wave sleep (SWS); 2) the ability to acquire a novel 
motor skill; and 3) the number of excitatory and inhibitory synapses detectable in 
the cerebral cortex with and without training.

We previously characterized the A/J JAX mouse as a putative model for 
the epileptic encephalopathy with status epilepticus during slow-wave sleep 
(ESES). 

3.4.1. SWDs during SWS in JAX mice

Here, we confirmed that all young mice from this strain are affected by 
spontaneous SWDs, almost entirely occurring during phases of SWS, as originally 
reported (Strohl et al. 2007) and as previously observed in our laboratory (Del Gallo 
et al, in preparation). None of the OLA mice displayed the anomalous activity. Im-
portantly, aside from the discharges, no other EEG or behavioral alterations could 
be observed between JAX and OLA mice.

The observed variability in the number and mean duration of SWD 
episodes between individual mice suggests individual differences in susceptibility 
or other contributing factors, as previously reported in patients with ESES (Sánchez 
Fernández et al. 2012; Patry et al. 1971; Van Hirtum-Das et al. 2006)

In spite of the variability in discharge frequency between subjects, how-
ever, the number of SWDs detected within each JAX mouse was remarkably con-
sistent over the 7-day observation epoch. This result supports the view that each 
subject was characterized by a relatively stable clinical profile, at least at this stage 
(Sánchez Fernández et al. 2012; Patry et al. 1971; Van Hirtum-Das et al. 2006). It 
is important to note, however, that the overall frequency of epileptiform episodes in 
JAX mice was relatively modest, compared to the massive presence of discharges 
observed in many human patients. Ideally, to reproduce the human pathology, an 
animal model of ESES should show EEG patterns of similar severity, and to such 
aim there are at least two experimental strategies to pursue.

First, inducing in the JAX mouse a higher discharge frequency, for exam-
ple by treating subjects with agents capable of lowering seizure thresholds. It is well 
known that the administration of (lipopolysaccharide) LPS significantly increases 



44 Valentina Salari

seizure susceptibility, as reported for several other animal models of epilepsy (Eun 
et al. 2015; Sayyah et al. 2003). We are currently investigating the possibility that 
systemic administration of LPS in JAX mice increases the number of SWDs while, 
presumably, having no detectable effects in OLA mice.

A second possibility is to resort to a different animal model altogether. In 
this respect, a promising mouse strain is the Grin2a-/- mouse, a knockout for the 
Grin2a gene. It is known that microdeletions, nonsense, splice-site, and missense 
mutations of the GRIN2A gene are associated with human ESES (Carvill et al. 
2013; Strehlow et al. 2022; Lesca et al. 2013). In a collaborative study on the 
Grin2a mouse, we reported a pattern of SWDs during SWS similar to that observed 
in JAX mice (Salmi et al. 2019). Overall, the number of discharges was signifi-
cantly higher in the former, compared to the latter, making the Grin2a-/- a promising 
candidate for further investigations. On the other hand, this strain is costly and la-
borious to maintain.

The EEG recordings reported here were carried out in mice at 2-3 months 
of age, which in human terms correspond to young adults. The choice of age for our 
study could be considered less than ideal, since the pathological discharges in hu-
man ESES affect children and tend to reduce and eventually disappear in adulthood. 
Indeed, in a separate study, we carried out recordings during the 3rd postnatal week, 
with data collected acutely, with intracortical electrodes (Salmi et al. 2019). On the 
other hand, our focus was to carry out long-term epidural recordings in freely mov-
ing animals, which is not possible to accomplish in animals of young age, due to 
the size of the skull and of the brain itself. Nevertheless, epileptiform activity and 
behavioral phenotype at earlier developmental stages (P2-P30) in JAX mice re-
mains an open question.

Another relevant finding was the absence of SWD episodes in 8-month-
old JAX animals, an age roughly corresponding to full adulthood in humans. The 
result is in agreement with the typical evolution of the human pathology (Sánchez 
Fernández et al. 2012; Scholtes et al. 2005; Fernández et al. 2012) and it prompts a 
further question. At more advanced ages, would the pattern of behavioral and struc-
tural changes be different from what we observed at 2-3 months? Further studies 
are needed to address this issue.
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3.4.2. Motor learning

In a translational study of ESES, it would be natural to assess, first and 
foremost, the animals’ cognitive function, instead of motor learning, which is pro-
cedural in nature. Several different behavioral tests have long been available to 
measure different types of declarative memory and working memory. Indeed, in 
previous studies we tested JAX mice with the Morris water maze, the novel object 
recognition, and the fear conditioning tasks with often disappointing results, due to 
the propensity of these animals to shy away from the spontaneous behaviors ex-
pected to be elicited by the above tasks. This trait was confirmed in a series of tests 
carried out in the elevated “plus” maze, where JAX mice spent significantly more 
time in the protected arms of the apparatus compared to the exploratory mode of 
normal controls (Del Gallo et al, in preparation). Thus, for the present study, we 
opted for a design that might circumvent this behavioral limitation while triggering 
robust learning-related plasticity (Chen et al. 2019).

As stated above, the Rotarod task is commonly employed to assess motor 
function in animal models of neurological diseases (Hamm et al. 1994; Mizoguchi 
et al. 2002). We have adopted a modified protocol that emphasizes task repetition, 
which is assumed to promote motor learning and, subsequently, improved perfor-
mance. More specifically, we carried out training sessions according to a previously 
published study (Yang et al. 2014) which demonstrated that Rotarod training pro-
motes synapse formation in brain areas recruited during the execution of the task.

It is generally assumed that learning-related plastic changes in synaptic 
contacts are a function of the amount and effectiveness of the training. In this view, 
it was important to ensure that all animals would be subjected to the same number 
of training sessions, while striking a balance between a sufficiently long training 
and an excessive duration of the protocol, which might increase stress and possibly 
introduce confounds.

Following the preliminary Rotarod sessions and the decision to limit sub-
sequent training to only two sessions, we reported significant overnight perfor-
mance improvements in OLA but not in JAX mice, which indicates a differential 
response to the execution of the motor task.

The difference is in line with the hypothesis that the epileptiform activity 
in JAX mice may play a role in motor skill acquisition deficits. The finding is also 
consistent with studies indicating that children with ESES display impairment of 
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cognitive functions, including learning and memory (Rubboli et al. 2023; Caraballo 
et al. 2015; Tassinari et al. 2000). 

It is reasonable to assume that, when a pathology is associated with a func-
tional deficit, the severity of the symptom is proportional to the severity of the dis-
ease. This type of correlation has been reported in pediatric epilepsy, where previ-
ous research suggests that the severity of cognitive deficits may be related to the 
frequency and duration of epileptiform discharges (Ramantani et al. 2013; Her-
mann et al. 2008). 

Indeed, we detected within the JAX cohort a modest inverse correlation 
between SWD frequency and improvements in the Rotarod. While in the present 
study the effect was not statistically significant, it would be interesting to revisit this 
question based on a larger sample size. 

3.4.3. Spots

It is well established that, at the synaptic level, brain connectivity is highly 
dynamic. It can be influenced by a variety of internal and external factors, some of 
which have slow and long-lasting effects, while others can trigger synaptic plastic-
ity quite rapidly (Laperchia et al. 2017). Either way, the initiation and maintenance 
of synaptic changes involve intricate cellular and molecular mechanisms that take 
place over a time window of a few hours (Caroni et al. 2012). This temporal dimen-
sion requires careful consideration in the experimental design; in a behavioral, elec-
trophysiological, and histological protocol, the choice of timing for each step is al-
ways the result of a cost/benefit analysis. In this study, we chose to avoid interrup-
tions of the light and dark phases, and intervene only in close proximity to a light 
switch: training took place at the very end of the active (lights-off) phase, the rest-
ing circadian phase (lights-on) was left undisturbed, in order to maximize the im-
pact of sleep on synaptic plasticity, and animal sacrifice and perfusion took place at 
the beginning of the next active period.

The comparisons between mouse strains in the number of detected synap-
tic contacts offer a relatively complex picture, with opposing results depending on 
synaptic marker and training regimen.

First, we consider untrained animals as a reference baseline. JAX mice had 
a higher number of glutamatergic presynaptic terminals and a lower number of 
GABAergic contacts, compared to OLA untrained mice, in both examined cortical 
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areas. The excess glutamatergic (excitatory) and reduced GABAergic (inhibitory) 
transmission suggests the possibility of an overall increased neuronal excitability in 
the JAX mouse brain.

Imbalances between excitatory and inhibitory neurotransmission have 
been frequently reported in various forms of epilepsy (Bozzi et al. 2018; Avoli et al. 
2016). In particular, the equilibrium between excitation and inhibition, often re-
ferred to as the excitation/inhibition (E/I) balance, tends to shift towards hyperexci-
tation, resulting in the uncontrolled paroxysmal activity that constitutes a seizure. 
The conditions responsible for such shift may include an increase in glutamatergic 
synaptic activity, such as seizure-induced sprouting or enhanced connectivity 
among excitatory pyramidal neurons, or changes in ion currents responsible for 
membrane depolarization, such as inward Na+ or Ca2+ flux (Raol et al. 2001; 
Barker-Haliski and White 2015). Conversely, an E/I imbalance can also occur when 
GABAergic inhibitory synaptic activity is reduced, e.g. when ion currents facilitat-
ing membrane hyperpolarization are strongly activated, for instance, through out-
ward K+ or inward Cl− flux (Feng et al. 2022).

The finding of significant differences in the numbers of synaptic contacts 
between SWD-affected animals and normal mice, in baseline (“untrained”) condi-
tions, suggests a long-lasting state of the brain, not specifically related to a behav-
ioral contingency. By training groups of animals, we instead aimed to investigate 
the impact of abnormal discharges on plastic changes triggered by a recent, novel 
experience requiring the rapid development of proprioceptive and motor control 
strategies.

The increase of VGLUT2 presynaptic terminals observed in the motor cor-
tex of OLA mice after training is in line with the established notion that training-
induced synaptogenesis and increased glutamatergic synapses are associated with 
learning and memory processes (Xu et al. 2009; Ulloa Severino et al. 2023).

The interpretation of the results in JAX mice is more challenging. In con-
trast to the increase detected in OLA mice, JAX mice showed a decrease in the 
number of VGLUT2 presynaptic terminals in both MC and SSC after training. 
What type of mechanism could be responsible for this effect? In designing the 
study, the training protocol was intended as a diagnostic tool, i.e. to help unveil 
behavioral and synaptic deficits in SWD-affected mice. However, what if training 
per se has the ability to affect the underlying epileptic pathology? It has been pro-
posed that, aside from general psychophysical benefits, physical exercise may re-
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duce seizure frequency (Pimentel et al. 2015). The effect has also been reported in 
an animal model of epilepsy, where long-term exercise was found to reduce seizure 
frequency (Peixinho-Pena et al. 2012).

The reduction of VGLUT2 terminals in JAX mice might hint at a benefi-
cial effect of training accompanied by a moderation of excitatory activity in the cor-
tex. Such a speculative hypothesis could be supported by a finding of reduced SDW 
activity in the hours following training sessions. To address this question, further 
experiments would be required, as additional EEG data collection in the present 
study would have been unfeasible.

The analysis of GABAergic synapses in both OLA and JAX mice revealed 
a general increase in the number of VGAT presynaptic terminals after training. In 
OLA mice, this result indicates that inhibitory neurotransmission may play a crucial 
role in the changes associated with learning or training, as previously demonstrated 
in different brain regions (Kida et al. 2016; Holmgren and Zilberter 2001; Komatsu 
and Yoshimura 2000). As mentioned above, it is known that excitatory synaptic 
transmission is enhanced by learning, and strengthening also inhibitory signaling 
restores the overall balance in the network. The increase in GABAergic contacts 
appeared to be stronger in JAX than in OLA mice, which could point to an adaptive 
response aimed at limiting overall brain excitability, not unlike the previously de-
scribed training-dependent reduction in glutamatergic contacts.

Taken together, these results suggest that SWDs have a significant impact 
on synaptogenesis, especially in view of the fact that brain samples were analyzed 
at the end of a 12-hour rest period, during which physiological sleep has been 
shown to promote the formation of dendritic spines in the mouse motor cortex after 
Rotarod training (Yang et al. 2014). Moreover, the structural data are in alignment 
with the Rotarod test results, in which performance improvement was observed in 
OLA but not in JAX mice.
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4. Study 2: Cell type-specific effects of the 
P2X7 receptor in epilepsy

4.1. Rationale
The P2X7 receptor (P2X7R) is increasingly recognized to contribute to 

neuroinflammation and brain hyperexcitability. Its inhibition can, however, produce 
both pro- and anti-seizure effects. 

Therefore, the objective of the present study was to gain clarity on which 
cell types express P2X7Rs during epilepsy, what are their contributions to the dis-
ease and whether this can be used to develop new treatment strategies for better and 
more effective seizure control.

To understand the basis for these opposing actions, we generated mice 
lacking the P2rx7 gene in either microglia (P2rx7:Cx3cr1-Cre) or neurons (P2rx7:
Thy-1-Cre) to test whether a cell type-specific loss of the P2X7R impacts the sever-
ity of seizures in both a mouse model of TLE and acute evoked seizures.

4.2. Materials and Methods

4.2.1. Ethic statement

All animal experiments were performed in accordance with the principles 
of the European Communities Council Directive (2010/63/EU). Procedures were 
reviewed and approved by the Research Ethics Committee of the Royal College of 
Surgeons in Ireland (RCSI) (REC 1322) and Health Products Regulatory Authority 
(HPRA) (AE19127/P038; AE19127/P013). The animals were treated according to 
European standards/regulations for animal experiments and all efforts were made 
to minimize animal suffering and reduce the numbers of animals under experi-
ments.

4.2.2. Animals 

Our study included 8-10 weeks old male C57/Bl6  OlaHsd  mice, P2X7R 
knock-out (KO) (P2rx7-/-) mice (6NTac; B6N-P2rx7tm1d(EUCOMM)Wtsi/Ieg) 
which lack exon 2 of the P2rx7 gene, tamoxifen-inducible Cre B6.129P2(Cg)-
Cx3cr1tm2.1 (cre/ERT2) Litt/WganJ (Cx3cr) (JAX stock #021160) and Tg (Thy1-
cre/ERT2,-EYFP) HGfng/PyngJ (Thy-1) (JAX stock #012708) lines, crossed to 
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mice where the murine exon 2 of the P2rx7 gene is flanked with loxP sites generated 
by the European Conditional Mouse Mutagenesis (EUCOMM) Program [P2rx7t-
m1a(EUCOMM)Wtsi] to obtain conditional mice with a P2X7R KO in microglia 
(P2X7-/--M) and neurons (P2X7-/--N). Animals were housed in a controlled biomed-
ical facility on a 12-hour light/dark cycle at 22±1 ºC and humidity of 40-60% with 
food and water provided ad libitum.

4.2.3. Experimental Design

We first generated mice lacking the P2rx7 in either microglia or neurons. 
Using the conditional Cre-LoxP system, we targeted the P2X7R in microglia by 
crossing P2rx7-/- mice with the Cx3cr1-Cre line, generating offspring, P2rx7-/--M. 
We generated mice lacking the P2X7R in neurons by crossing P2rx7-/- mice with the 
Thy-1-Cre line, generating the offspring P2rx7-/--N (Sahasrabuddhe and Ghosh 
2022; Young et al. 2008) (Figure 17A). Both lines used a tamoxifen-inducible Cre-
LoxP system, thereby avoiding the effects of P2X7R deficiency during develop-
ment and allowing analysis of the loss of the P2X7R initiated after SE to track ef-
fects on epilepsy development without interfering with the initial insult. 

To test whether a cell type-specific loss of the P2X7R impacts the severity 
of seizures, mice lacking the P2X7R in microglia (P2rx7-/--M) and neurons (P2rx7-/-

-N), along with wt mice (P2rx7+/+) were subjected to intra-amygdala microinjection 
of kainic acid (IAKA) (Figure 17B). 

Then, to confirm the effects of cell type-specific deletion on seizures, we 
tested additional mice using the PTZ mouse model, a frequently used model to as-
sess anti-or proconvulsant effects (Figure 17C). 

To determine if disruption to P2X7R signaling in microglia or neurons af-
fects the development of epilepsy, additional mice of each genotype were treated 
with tamoxifen beginning 24 h after IAKA-induced SE. Using this approach, the 
deletion of P2X7R occurred after SE, and the effect of its loss in either cell type was 
followed by continuous seizure monitoring as epilepsy developed (Figure 17D).

Finally, we wanted to explore how cell type-specific deletion of P2X7R contributes 
to brain hyperexcitability, analyzing gene expression in hippocampal samples from 
P2rx7-/--M compared to wt mice.
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4.2.4. Tamoxifen treatment

Tamoxifen was used to induce the expression of Cre (Cx3cr1 and Thy-1) to delete 
the P2X7R in both microglia (P2X7-/--M) and neurons (P2X7-/--N). This treatment 
was applied for a period of 7 consecutive days by an intraperitoneal (i.p.) injection 
of tamoxifen once daily (40 mg/kg; prepared in 10% of 100% ethanol and 90% of 

Figure 17. Experimental design. A) Cell type-specific approach. B) Experimental approach 
to study the impact of P2X7R knockdown on IAKA-induced SE. C) Experimental 
approach to study the impact of P2X7R knockdown on PTZ-induced seizures. D) Design 
to study the impact of P2X7R knockdown on epileptogenesis.
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peanut oil; volume injection = 100 µl). For cell type-specific KO mice experiments, 
animals negative for Cre but homozygous for loxP were used as controls (P2X7+/+). 
Tamoxifen was applied to mice expressing Cre and loxP (P2X7-/--M, P2X7-/--N), 
and loxP wt mice (P2X7+/+).

4.2.5. Seizure models

Status epilepticus (SE) was induced in mice via IAKA or via intraperi-
toneal (i.p.) KA (Morgan et al. 2020). During stereotaxic procedures, mice were 
anesthetized using isoflurane (5% induction, 1-2% maintenance) and maintained 
normothermic by means of a feedback-controlled heat blanket (Harved Apparatus 
Ltd, Kent, UK). Once fully anesthetized, mice were placed in a stereotaxic frame 
and a midline scalp incision was performed to expose the skull. A guide cannula for 
IAKA injection (coordinates from Bregma; AP = -0.94 mm, L = -2.85 mm) and 
three cortical electrodes (IAKA and i.p. KA), one on top of each hippocampus and 
the reference electrode on top of the frontal cortex, were fixed in place with dental 
cement. For IAKA-induced SE, approximately 1 h post-surgery, SE was induced in 
awake, hand-restrained mice by a microinjection of 0.3 µg KA in 0.2 µl phosphate-
buffered saline (PBS) (Sigma-Aldrich, Dublin, Ireland) into the right basolateral 
amygdala. All vehicle-injected control animals received 0.2 µl of PBS (pH = 7.4) 
solution. The anticonvulsant lorazepam (6 mg/kg) (Wyetch, Taplow, UK) was de-
livered intraperitoneal (i.p.) 40 min following IAKA or vehicle to curtail seizures 
and reduce morbidity and mortality. For i.p. KA-induced SE, mice were injected 
with 10 mg/kg KA. Electroencephalogram (EEG) was recorded using a Xltek 
recording system (Optima Medical Ltd, Guildford, UK) starting 10 min before ad-
ministration of IAKA or i.p. KA. For the induction of generalized tonic-clonic 
seizures, mice were equipped with three cortical EEG electrodes as described above 
and treated i.p. with 60 mg/kg Pentylenetetrazol (PTZ). Mice were observed for 30 
minutes post-PTZ administration.

4.2.6. Analysis of seizure severity and epilepsy

Behavioral seizures during IAKA and i.p. KA-induced SE were scored ac-
cording to a modified Racine Scale as reported previously (Jimenez-Mateos et al. 
2012). Score 1, immobility and freezing; score 2, forelimb and or tail extension, 
rigid posture; score 3, repetitive movements, head bobbing; score 4, rearing and 
falling; score 5, continuous rearing and falling; score 6, severe tonic–clonic 
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seizures. The highest score attained during each 5-minute period was recorded by 
an observer blinded to treatment. In the PTZ model, behavioral seizures were clas-
sified as: Score 0, Normal behavior; score 0.5, abnormal behavior; score 1, isolated 
myoclonic jerk; score 2, atypical clonic seizure; score 3, bilateral forelimb clonus; 
score 3.5, bilateral forelimb clonus with body twist; score 4, tonic-clonic seizure 
with suppressed tonic phase; score 5, fully developed tonic-clonic seizure; score 6, 
tonic-clonic seizure followed by death.  To analyze EEG frequency and amplitude 
signal (power spectral density and EEG spectrogram of the EEG data), EEG data 
were uploaded into Labchart7 software (AD instruments Ltd, Oxford, UK) and an-
alyzed as before (Morgan et al. 2020). EEG total power (μV2) is a function of EEG 
amplitude over time and was analyzed by integrating frequency bands from 0 - 
100 Hz and the amplitude domain filtered from 0 - 50 mV (Beamer et al. 2022). 
Epilepsy analysis was carried out via continuous video monitoring. Animals were 
housed in pairs (mice were distinguished by different headset colors) in clear Per-
spex cages. Webcam-style cameras connected to laptop computers were placed in 
front of each cage in a room with safe lights for night-time recordings. Images were 
captured using VirtualDub 1.9.11 (SourceForge.net) with a sampling rate of 10 
frames per second and data transfer rate of 140 kb s-1. Videos were reviewed by an 
observer unaware of experimental treatment.

4.2.7. RNA extraction and qPCR 

RNA extraction was performed using the Trizol method (Alves et al. 
2019). The quantity and quality of RNA were measured using a nanodrop spec-
trometer (Thermo Scientific, Rockford, IL, U.S.A). Samples with a 260/280 ratio 
between 1.8 - 2.0 were considered acceptable. 500 ng of total RNA was used to 
produce complementary DNA (cDNA) by reverse transcription using SuperScript 
III reverse transcriptase enzyme (Invitrogen, CA, U.S.A) primed with 50 pmol of 
random hexamers (Sigma, Dublin, Ireland). Quantitative real-time polymerase 
chain reaction (qPCR) was performed using the QuantiTech SYBR Green kit (Qia-
gen Ltd, Hilden, Germany) and the LightCycler 1.5 (Roche Diagnostics, GmbH, 
Mannheim, Germany). Each reaction tube contained 2 μl cDNA sample, 10 μl 
SyBR green Quantitect Reagent (Qiagen Ltd, Hilden, Germany), 1.25 μM primer 
pair (Sigma, Dublin, Ireland) and RNAse free water (Invitrogen, CA, U.S.A) to a 
final volume of 20 μl. Using LightCycler 1.5 software, data were analyzed and nor-
malized to the expression of β-actin. Primers used (Sigma, Dublin, Ireland) are 
listed in Table 4.
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4.2.8. Western blotting

Western blot analysis was performed as described (Jimenez-Pacheco et al. 
2013). Lysis buffer (100 mM NaCl, 50 mM NaF, 1% Tx-100, 5 mM EDTA pH 8.0, 
20 mM HEPES pH 7.4) containing phosphatase and protease inhibitors were used 
to homogenize brain tissue and extract proteins, which was quantified using a Tecan 
plate reader at 560 nm. 30-50 µg of protein per sample was loaded onto an acryl-
amide gel and separated by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). Following electrophoresis, proteins were transferred to a 
nitrocellulose membrane (GE Health Care) and immunoblotted with primary anti-
bodies (Table 5). Membranes were incubated with horseradish peroxidase-conju-
gated goat anti-rabbit or anti-mouse secondary antibodies (1:5000; Sigma-Aldrich, 
Dublin, Ireland). Protein bands were visualized using Fujifilm LAS-4000 system 
with chemiluminescence (Imombilon western HRP substrate, Merck Millipore, 
Cork, Ireland) and analyzed using Alpha-EaseFC4.0 software. Spot dense option 
was used to evaluate the optical density of each protein band. Protein quantity was 
normalized to the loading control β-Actin (1:1000; anti-mouse; Sigma-Aldrich, 
Wicklow, Ireland) or GAPDH (1:1000; anti-rabbit; Cell-signaling, Massachusetts, 
USA).

4.2.9. Immunofluorescence

Mice were transcardially perfused with PBS followed by 4% 
paraformaldehyde (PFA) and brains were removed. Following 24 h of post-fixation 
in 4% PFA at 4ºC, brains were transferred to PBS and immersed into 4% agarose. 
50 µm sagittal sections were cut using the VT1000S vibratome (Leica Biosystems, 
Wetzlar, Germany), and sections were stored at -20ºC in glycol. Tissue sections 
were incubated with 0.1% triton/PBS, followed by 1 M glycine and with 1% BSA-
PBS. Sections were then incubated with primary antibodies overnight (Table 5). Af-

Table 4. Primer sequences used for qPCRs (Sigma-Aldrich).
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ter washing in PBS, tissue was incubated with fluorescent secondary antibodies, 
AlexaFluor 568 (Cat #: A-11011) or 488 (Cat #: A11008) (1/400 prepared in 1% 
BSA-PBS; anti-rabbit-IgG; BioSciences, Dublin, Ireland), followed by a short in-
cubation with DAPI (1:500; Sigma-Aldrich, Dublin, Ireland). FluorSave™ (Milli-
pore, Dublin, Ireland) was used to mount tissue. Confocal images were taken with 
a Zeiss 710 LSM NLO confocal microscope equipped with four laser lines (405, 
488, 561, and 653 nm) using a 40X immersion oil objective and ZEN 2010B SP1 
software. For immunofluorescence using P2X7R nanobodies {Kaczmarek-Hajek, 
2018 #16}, tissue sections were washed with PBS, then washed in 0.1% Triton-
X100 for 7 min and blocked with 0.05% saponin/3% BSA/15 mM NH4Cl/PBS 
(blocking buffer) for 20 min. Primary antibodies against P2X7R (1:200; anti-rabbit 
nanobody; Nolte group, Hamburg, Germany) and GFP (1:400; anti-chicken, Invit-
rogen, Waltham, Massachusetts, USA) were incubated overnight at 4°C in blocking 
buffer without saponin. After 3 washes with PBS, sections were incubated for 2 h 
at room temperature (RT) with secondary antibodies, AlexaFluor-488 and Alex-
aFluor-647 (1:400; Life Technologies, Eugene, Oregon, USA), washed 3 times with 
PBS, shortly stained with DAPI (1 mg/L, Carl Roth, Karlsruhe, Germany), washed 
with water and mounted (PermaFluor, Thermo Fisher, Dreieich, Germany) for con-

Table 5. Antibodies used for Western blotting and Immunostaining. Abbreviations: WB, 
Western blot; IF, Immunofluorescence.
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focal microscopy on a Zeiss LSM880 equipped with four laser lines (405, 488, 561 
and 633 nm) using a 40X immersion oil objective and ZEN 2.3 SP1 FP1 (black) 
software.

4.2.10. 3D morphological analysis of microglia

To analyze morphological changes of microglia, we performed an im-
munofluorescence staining, as described in the previous section. Microglia cells 
were identified via Iba-1 (1:400; anti-goat; Abcam, Cambridge, UK). Z-stacks of ≈ 
450 slices (~15 μm thickness) were taken with a Zeiss 710 LSM NLO confocal 
microscope using a 40x immersion oil objective and ZEN 2010B SP1 software. Z-
stacks were taken from each hippocampal subfield (i.e. CA1, CA3 and DG), 
amounting to 3 images per slice, N = 3 per group (Control) and N = 3 per group 
(SE) for both wt and P2X7 KO mice in microglia. Images were subsequently ren-
dered in 3D using FluoRender Version 2.25.0. Three cells from each subfield were 
randomly selected by a reviewer blind to groups and isolated from the z-stack. Once 
isolated, the background signal was removed using the ‘threshold slider’. Cell 
process length was then measured on the same software, using the multipoint mea-
surement tool, beginning from the border of the soma (located using DAPI) to the 
most extremity of the cell process. Only primary processes were analyzed, meaning 
processes that extended directly from the soma, as opposed to secondary or tertiary 
processes branching of the primary cell process. The average process length was 
calculated as the mean length of all primary processes extending from the cell body 
of each individual cell.

4.2.11. Fluoro-Jade B staining

Coronal sections 12 μm thick at the medial level of the hippocampus 
(Bregma AP = -1.94 mm) were cut on a cryostat. Tissue was fixed in formalin, re-
hydrated in ethanol, and then transferred to a 0.006% potassium permanganate so-
lution followed by incubation with 0.001% FjB (Chemicon Europe Ltd, Chandlers 
Ford, UK). Sections were mounted in DPX mounting solution. Then, using an epi-
fluorescence microscope, cells including all hippocampal subfields (dentate gyrus 
(DG), CA1, and CA3 regions) were counted by a person unaware of treatment un-
der a 40x lens in two adjacent sections, and the average determined for each animal.
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4.2.12. Cytokine measurement in brain tissue

IL-1β, TNF-α and IL-10 levels were measured using the DuoSet ELISA 
kits from R&D Systems following the manufacturer’s instructions (mouse IL-1β/
IL-1F2, Cat #: DY401-05, mouse TNF-α, catalog #DY410-05, mouse IL-10 catalog 
#DY417-05). First, detection antibody was incubated overnight in a 96-well ELISA 
plate at RT. Then, 100 µl of samples (50 ng) and standard curve (IL-1β: from 15.6 
- 1000 pg/ml; TNF-α and IL-10: 31.2–2000 pg/ml) were added to wells and incu-
bated for 2 h at RT, followed by incubation with 100 µl of streptavidin-HRP com-
plex. A color reaction, caused by the addition of a substrate solution (100 µL) and 
terminated via stopping solution (50 µL), was quantified at 450 and 570 nm using 
a microplate reader. Cytokine concentration was obtained following the manufac-
turer’s recommendations; 570 nm values were subtracted from the 450 nm values. 
The log10 of the standard curve values were plotted, and a line of best fit was gen-
erated. The amount of cytokines was extrapolated using standard curve and average 
of calculated triplicate. Cytokine concentration was then normalized to milligrams 
of total protein concentration in tissue. Data is presented as n-fold of control sam-
ples.

4.2.13. Statistical analysis

Statistical analysis was carried out using GraphPad Prism 8 and 
STATVIEW software (SAS Institute, Cary, NC, U.S.A). Data are presented as 
means ± standard error of the mean (SEM). One-way ANOVA parametric statistics 
with post hoc Fisher’s protected least significant difference test was used to deter-
mine statistical differences between three or more groups. Unpaired Student’s t-test 
was used for a two-group comparison. Two-way ANOVA was used for repeated 
measures between groups where a series of measurements have been taken from the 
same mouse at different time-points. Significance was accepted at * P < 0.05.

4.3. Results

4.3.1. Efficacy of tamoxifen treatment

Analysis confirmed that P2rx7 messenger RNA and protein levels were 
reduced by ~20-40% post-tamoxifen treatment in the hippocampus of P2rx7-/--M 
and P2rx7-/--N mice under baseline conditions and following SE (8 and 24 h) (Fig-
ure 18A, B). Co-immunostaining using a highly specific P2X7R nanobody (Kacz-
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marek-Hajek et al. 2018) and the microglia marker Iba-1 confirmed the absence of 
P2X7R on microglia in P2rx7-/--M mice post-tamoxifen treatment (Figure 18C). 
P2X7R deficiency in microglia post-tamoxifen was further confirmed via fluores-
cent activated cell sorting (FACS) followed by qPCR, showing no P2rx7 mRNA 
amplification in microglia (CD11+/CD45-) or macrophages (CD11-/CD45+) (Fig-
ure 18D). 

4.3.2. Cell type-specific effects of the P2X7R on acute seizures 
(IAKA model)

Compared to wt mice, P2rx7-/--M mice experienced reduced seizure sever-
ity as measured by surface EEG recordings during the 40 min following IAKA until 
the administration of the anticonvulsant lorazepam (Figure 19A, B). In contrast, 
mice lacking the P2X7R in neurons (P2rx7-/--N), developed more severe seizures 
during IAKA-induced SE compared to wt animals (Figure 19A, B). 

Figure 18. Analysis post-tamoxifen treatment. A) Hippocampal P2X7R mRNA and protein 
levels post-tamoxifen treatment (mRNA: n = 7 (wt), 7 (P2rx7-/--N), 4 (P2rx7-/--M); 
protein: n = 5 (wt), 4 (P2rx7-/--N), 4 (P2rx7-/--M)) in naïve conditions and (B) 8 h post-
IAKA (mRNA: n = 4 (wt), 4 (P2rx7-/--N), 4 (P2rx7-/--M)); protein: n = 3 (wt), 5 (P2rx7-/
--N), 5 (P2rx7-/--M)). (C) Co-localization (arrows) of P2X7R (green) with Iba-1 (red) in 
the hippocampus post-tamoxifen treatment. D) P2X7R mRNA levels in FACS-separated 
hippocampal microglia and macrophages (n = 3/group). A, B One-way ANOVA followed 
by Fischer’s multiple-comparison test. D Unpaired Student’s t-test. Data are shown as 
mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001
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Analysis of brain samples 72 h post-SE revealed that P2rx7-/--N mice lack-
ing neuronal P2X7R displayed increased neurodegeneration and astrocytosis com-
pared to wt mice. In contrast, mice lacking the P2X7R in microglia displayed sim-
ilar levels of seizure-induced neuronal death and GFAP-positive cells in the hip-
pocampus. No difference was observed in the number of Iba-1-positive cells across 
genotypes (Figure 20 A-C).

4.3.3. Cell type-specific effects of the P2X7R on acute seizures 
(PTZ model)

Consistent with the earlier findings in the IAKA model, P2rx7-/--N mice 
developed more severe behavioral seizures when compared to wt mice and P2rx7-/-

-M mice, whereas P2rx7-/--M mice displayed a delay to the first myoclonic tonic-
clonic seizure (Figure 21A-C). Moreover, all P2rx7-/--M survived the first 30 min 
post-PTZ injection compared to only ~70% of wt mice and approximately 50% of 
P2rx7-/--N (Figure 21D). These findings suggest the cell type-specific effects of 

Figure 19. Cell type-specific effects of the P2X7R after IAKA injection A) Representative 
EEG heat maps during IAKA-induced SE. B) EEG total power and amplitude from IAKA 
until lorazepam (n = 18 (P2rx7+/+), 14 (P2rx7-/--N), 13 (P2rx7-/--M). Two-way ANOVA 
with Tukey’s multiple comparisons test. Data are shown as mean ± SEM. *P < 0.05, **P < 
0.01
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deleting the P2X7 receptor from neurons or microglia are independent of the 
method of seizure induction.

4.3.4. Cell type-specific effects of the P2X7R on epilepsy develop-
ment

Deletion of the P2X7R in microglia reduced the number of spontaneous 
seizures in mice during a 14-day recording period, starting at 3 days post-SE. In 
contrast, the loss of P2X7R from neurons resulted in a slightly more severe epilepsy 
phenotype when compared to wt mice (Figure 22). 

Together, these data demonstrate a cell-type-specific contribution of the 
P2X7R to the generation of seizures and epilepsy. Neuronally-expressed P2X7R 
may confer modest anti-seizure effects in this context, whereas the P2X7R in mi-
croglia enhances brain hyperexcitability.

Figure 20. Lack of P2X7R in neurons increases neurodegeneration and astrogliosis 
following IAKA-induced SE. A) Representative FjB images (5x lens) and corresponding 
graph showing more FjB-positive cells in the ipsilateral hippocampus of P2X7-/--N mice 
when compared to wt or P2X7-/--M 24 h post-IAKA-induced SE. Scale bar = 500mm. B) 
Photomicrograph (40x lens) showing a significant increase in the number of GFAP-positive 
cells in the ipsilateral hippocampus of P2X7-/--N mice when compared to wt mice 24 h 
following IAKA-induced SE. Scale bar = 50mm. C) Photomicrograph (40x lens) showing 
no difference in the number of Iba-1 positive-cells in the ipsilateral hippocampus between 
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Figure 21. Cell type-specific effects of the P2X7R after PTZ injection A) Behavior 
seizures of tamoxifen-treated mice post-PTZ (n = 9/group). B) Threshold to first myoclonic 
and C) tonic-clonic seizure in tamoxifen-treated mice post-PTZ (n = 9/group). D) Survival 
analysis of tamoxifen-treated mice 30 min post-PTZ (n = 9/group). A, B, C One-way 
ANOVA with Fischer’s multiple-comparison test. D Log-rank (Mantel-Cox) Test. Data are 
shown as mean ± SEM. *P < 0.05, *P < 0.01, ***P < 0.001.

Figure 22. Daily seizure counts in tamoxifen-treated mice post-IAKA. (n = 9 (P2rx7+/+), 
5 (P2rx7-/--N), 6 (P2rx7-/--M). Two-way ANOVA with Tukey’s multiple comparisons test. 
Data are shown as mean ± SEM. *P < 0.05; **P < 0.01.
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Figure 23. P2X7R deficiency in microglia promotes an anti-inflammatory microglia 
phenotype post-SE. A) Hippocampal mRNA levels of the anti-inflammatory markers 
Cd206 and Arg1 and pro-inflammatory markers Cd86 or Il-6 of tamoxifen-treated mice (n 
= 4/group). B) Hippocampal (ipsilateral) mRNA levels of the anti-inflammatory marker 
Cd206, and pro-inflammatory markers Cd86, Il-6 and Iba-1 in tamoxifen-treated P2rx7+/+ 
and P2rx7-/--M mice 40 min post-IAKA (n = 5/group). C)  Degree of co-localization of 
CD206 (red) or CD16 (red) with microglia marker Iba-1 (green) in the ipsilateral 
hippocampus of tamoxifen-treated P2X7+/+ and P2rx7-/--M mice 40 min post-IAKA. 
White arrows indicate co-localization (n = 6/group). D) IL-10, IL-1β and TNF-α levels in 
the ipsilateral hippocampus of tamoxifen-treated P2rx7+/+ and P2rx7-/--M mice 40 min 
post-IAKA (n = 6/group). B, One-way ANOVA with Fischer’s multiple-comparison test. C 
(right graphs), D, Unpaired Student’s t-test. Data are shown as mean ± SEM. *P < 0.05; 
**P < 0.01; ***P < 0.001.



Brain excitability and synaptic plasticity in experimental epilepsy 63

4.3.5. P2X7R deficiency on microglia promotes an anti-inflamma-
tory microglia phenotype following SE

Analysis of gene expression in hippocampal samples from P2rx7-/--M 
compared to wt mice revealed no baseline differences in microglia activation mark-
ers. In contrast, there was enhanced expression of anti-inflammatory genes (Mrc1 
(Cd206), Arg1, p2ry12) and lower expression of pro-inflammatory genes (Cd86, 
Il-6, Iba-1) in P2rx7-/--M mice when compared to IAKA-injected wt mice (Fig-
ure 23A,B). This shows that the P2X7R on microglia contributes to pro-inflamma-
tory responses to SE. No changes in microglial genes were observed when compar-
ing gene profiles from Cre mice with wt mice, confirming these changes are due to 
deletion of P2X7Rs on microglia and not a non-specific effect of the expression of 
Cre (Figure 24). To extend these findings, we performed double staining for the 
microglia marker Iba-1 and the anti-inflammatory microglia marker CD206. This 
showed an elevated number of CD206-positive cells in the hippocampus of P2rx7-/-

-M mice post-IAKA (Figure 23C). In contrast, there was a reduced number of 
CD16-positive cells, a pro-inflammatory marker, in the hippocampus of P2rx7-/--M 
mice after SE. 

Figure 24. No impact of Cre on microglial gene expression. Graphs showing no difference 
in mRNA levels of P2rx7, anti-inflammatory markers CD206, Arg, pro-inflammatory 
markers CD86, IL-6 and Iba-1, and astrocyte marker Gfap between Thy-1, Cx3cr1 and wt 
mice pre-treated with tamoxifen mice during 40 min of SE (n = 3 (wt) 3 (Thy-1) and 4 
(Cx3cr1). One-way ANOVA followed by Fischer’s multiple-comparison test. Data are 
shown as mean ± SEM.
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While no obvious changes in microglia morphology between genotypes 
could be observed post-SE, microglia in P2rx7-/--M mice showed slightly longer 
primary processes, suggesting a more anti-inflammatory phenotype (Figure 25) 
(Leyh et al. 2021). ELISA analysis of hippocampal tissue obtained 40 min post-
IAKA showed higher levels of the anti-inflammatory cytokine IL-10 and lower lev-
els of the pro-inflammatory cytokine IL-1β in P2rx7-/--M mice when compared to 
wt mice. No change in TNF-α levels was observed between genotypes (Fig-
ure 23D).

4.4. Discussion
Here, we break down the cell type-specific functions of the P2X7R and 

show divergent effects in regulating brain hyperexcitability in epilepsy. We show 
that loss of the P2X7R from microglia has anti-convulsive and anti-epileptogenic 
effects whereas its deletion from neurons increases excitability and leads to a more 
severe epileptic phenotype. Together, the findings may explain previous conflicting 
findings on the seizure-modifying actions of the P2X7R and indicate P2X7R-based 

Figure 25. No obvious change in microglial morphology after SE in mice with a microglial 
P2X7R knock-out. Photomicrographs of IBA1+ve cells from the hippocampus and isolated 
IBA1 +ve cells (outlined by white square) taken 40 mins post status epilepticus induction 
in both mice lacking P2X7R expression in microglia and controls. Graphs showing average 
number of 1° processes and average 1° process length (µm) of isolated microglia. From 
controls (n = 21 cells from 3 mice,) and mice lacking microglia P2X7R (n = 25 cells from 
3 mice). Unpaired Student’s t-test. Data are shown as mean ± SEM. Scale bar = 50 µm
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precision and gene therapy approaches to enhance inhibitory neuron function to 
treat epilepsies.

Although it is well-established that the P2X7R is an important initiator of 
neuroinflammation, and neuroinflammation is a well-known contributor to brain 
hyperexcitability (Vezzani et al. 2019), there have been conflicting reports on the 
efficacy of targeting the receptor during seizures and epilepsy (Beamer et al. 2021). 
This is most likely, at least in part, due to the cell types that express P2X7R and how 
its expression profile changes during disease progression. The complexity of how 
P2X7Rs impact seizures and epilepsy may derive from the bi-directional effects of 
microglia on inflammation and brain excitability, with both proconvulsant and anti-
convulsant functions being reported (Kinoshita and Koyama 2021), and the poten-
tially counter-acting effects of any presence of neurons which could lead to in-
creased or decreased network excitability according to whether the effect is to boost 
inhibitory or excitatory drive. Therefore, the objective of the present study was to 
gain clarity on which cell types express P2X7Rs during epilepsy, what are their 
contributions to the disease, and whether this can be used to develop new treatment 
strategies for better and more effective seizure control.

A key finding of the present study was that microglial P2X7R drives in-
flammatory signaling and contributes to hyperexcitability. This is based on the find-
ing that mice lacking the receptor in microglia show less severe seizures during 
IAKA-induced SE and following PTZ treatment and develop a milder epileptic 
phenotype. These results align with inflammation contributing to brain hyperex-
citability and drugs blocking neuroinflammation increasing the seizure threshold 
(Vezzani et al. 2019). The P2X7R has been described as a key driver of inflamma-
tion, contributing to the activation of the NLRP3 inflammasome and the prolifera-
tion and activation of microglia (Campagno and Mitchell 2021; Monif et al. 2009; 
Pelegrin 2021). Previous studies have shown P2X7R antagonism to reduce IL-1β 
levels in the hippocampus post-SE (Engel et al. 2012) and to reduce microgliosis 
and astrogliosis during epilepsy (Jimenez-Pacheco et al. 2016). More recently, it 
has been shown that increased P2X7R activation post-SE leads to a pro-inflamma-
tory phenotype in microglia (Beamer et al. 2022), and, conversely, that blocking of 
the P2X7R leads to an anti-inflammatory microglial phenotype following seizures 
in a mouse model of neonatal hypoxia induced-seizures (Smith et al. 2023). Of 
note, our study shows a strong up-regulation of the cytokine IL-10 and reduction of 
IL-1β in the hippocampus of mice with a microglia P2X7R deletion. The pro-con-
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vulsant function of IL-1β is well-established (Maroso et al. 2010) and IL-10 is a 
known anti-epileptic cytokine. Interestingly, recent data show that IL-10 enhances 
GABAergic signaling which is antagonized by IL-1β (Maroso et al. 2010). IL-10 
has also been shown to reduce IL-1β levels (Maroso et al. 2010). While our results 
suggest that the proconvulsant effects of P2X7R on microglia are mediated via al-
tering inflammatory signaling, we cannot exclude other effects contributing to 
seizures and epilepsy. The P2X7R has been shown to regulate numerous pathways 
in microglia (e.g., clearance of extracellular and intracellular debris) (Campagno 
and Mitchell 2021), which contribute to seizures and epilepsy (Kinoshita and 
Koyama 2021). Of note, while microglia had previously been ascribed a mainly 
pro-convulsant role, data also suggests a protective function of microglia with the 
depletion of microglia leading to a more severe seizure phenotype (Badimon et al. 
2020). This suggests that targeting specific pathways (e.g., P2X7R) is most likely 
more effective than blocking microglia function as a whole. 

It is important to remember that while representing an invaluable tool to 
examine cell-type-specific contributions of target genes to diseases, both Cx3cr1
and Thy-1 have been shown to target additional cell types such as macrophages and 
T-cells (Bradley et al. 2009; Zhao et al. 2019). While we have shown an almost 
complete knock-down of P2X7R in microglia (Cx3cr1) and neurons (Thy-1), we 
can, therefore, not rule out that other cell types that show high P2X7R expression 
(e.g., oligodendrocytes (Kaczmarek-Hajek et al. 2018)), contribute to the observed 
phenotypes and a possible contribution of these cells should be evaluated in future 
studies. For our study, we have used male mice; possible gender effects on the de-
scribed P2X7R function need to be addressed. It has been previously shown, how-
ever, that both male and female mice with an altered P2X7R expression respond 
similarly to IAKA (Beamer et al. 2022).
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5. Conclusion

While distinct in methodology and scope, the two studies reported here 
reinforce the importance of a multidisciplinary approach in the field of translational 
research in animal models of disease, with data obtained from behavioral assess-
ments, electrophysiological recordings, molecular and pharmacological assays, and 
quantitative histological analyses.

In conclusion, in the first study, we demonstrated that the spike-wave 
epileptic discharges observed in JAX mice present important similarities with clin-
ical ESES, including a strong association with non-REM sleep and their disappear-
ance in adulthood. We also demonstrated that the electrical status epilepticus that 
characterizes ESES syndromes affects both learning and synaptic plasticity in JAX 
mice. The observed changes suggest an imbalance in the excitation/inhibition ratio, 
possibly contributing to learning deficits and emphasizing the impact of SWD on 
synaptic function. 

In the second study, we demonstrated for the first time a cell type-specific 
contribution of the P2X7R to seizures and epilepsy. We showed that loss of the 
P2X7R from microglia has anti-convulsive and anti-epileptogenic effects, whereas 
its deletion from neurons increases excitability and leads to a more severe epileptic 
phenotype.  These findings suggest that P2X7R in neurons may act as an innate 
defense mechanism against pathological brain hyperexcitability. 
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7. List of abbreviations

ASDs Antiseizure Drugs

ATP Adenosine Triphosphate

BBB Blood-Brain Barrier

CA1/3 Cornu Ammonis1/3

CD Cluster of Differentiation

CNS Central Nervous System

CT Computed Tomography

DG Dentate Gyrus

EEG Electroencephalography

EEs Epileptic Encephalopathies

EMG Electromyography

ESES Encephalopathies with Status 
Epilepticus during low Sleep

GABA γ- aminobutyric acid

GFAP Glial fibrillary acidic protein

IAKA Intra-amygdala kainic acid

IL Interleukin

ILAE International League Against 
Epilepsy

KA Kainic Acid

KAR Kainic Acid receptors

KO Knock-out

LTD Long-Term Depression

LTP Long-Term Potentiation

MC Motor Cortex

MRI Magnetic Resonance Imaging

NMDA N-methyl-D-aspartate

PBS Phosphate-buffered saline

PFA Paraformaldehyde

PTZ Pentylenetetrazol

REM Rapid Eye Movement

RPM Rotations Per Minute

SE Status Epilepticus

SSC Somatosensory Cortex

SWD Spike-and-Wave Discharge

SWS Slow-Wave Sleep

TLE Temporal Lobe Epilepsy

TNF-α Tumor necrosis Factor-α

VGAT Vesicular GABA Transporter

VGLUT2 Vesicular Glutamate 
Transporter type 2

ZT Zeitgeber time
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