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1. Introduction 

Epilepsy is a disorder of the central nervous system (CNS) characterized by the occurrence of 

unprovoked recurrent seizures (Fisher et al., 2014). More than 1 % of the world population 

suffer from epilepsy but despite intense research into the underlying mechanisms, still about 

one third of patients remains refractory to pharmacological treatment (Löscher et al., 2013; 

Patel et al., 2019). Most of the currently available antiepileptic drugs (AEDs) act as seizure 

suppressors but fail to modulate the underlying process of epileptogenesis (the process by which 

a previously healthy brain develops into an epileptic one) (Löscher et al., 2013). The 

development of most AEDs has been based on a neurocentric approach, which assumes that 

‘epileptic neurons’ (Janigro & Walker, 2014, p.254) are at the center of an imbalance between 

excitatory and inhibitory neurotransmission causing epilepsy (Janigro & Walker, 2014; Patel et 

al., 2019). However, the fact that the therapeutic efficacy of AEDs has not improved during the 

last decades (Perucca et al., 2020) indicates the need for novel strategies in anti-epileptic drug 

development (Löscher et al., 2013). Research over the last decades demonstrates that glial cells 

are crucial for CNS functioning, both indirectly supporting and actively modulating neuronal 

information processing (Santello et al., 2019; Sierra et al., 2019). Due to their ability to become 

rapidly reactive in response to injury, astrocytes and microglia are increasingly being 

recognized as key players in neurological diseases and disorders, including epilepsy (Devinsky 

et al., 2013; Eyo et al., 2017; Heneka et al., 2014). Moreover, a plethora of research indicates 

that neuroinflammatory processes could play a major role in epileptogenesis (Aronica et al., 

2017; Vezzani et al., 2011). The purpose of this work was to uncover the contribution of 

astrocyte dysfunction and microglia-mediated immunity to epileptogenesis in mesial temporal 

lobe epilepsy with hippocampal sclerosis (MTLE-HS). More specifically, this PhD thesis 

includes three publications that cover different aspects of glial and neuroinflammatory 

mechanisms and their contribution to the pathogenesis of epilepsy. 

The following section provides an introduction into various aspects relevant to the 

understanding of this work. 

1.1 Epilepsy 

According to the current report of the International League Against Epilepsy (ILAE) 

classification of the epilepsies is based on three levels, including seizure type (focal vs. 

generalized vs. unknown), epilepsy type (focal vs. generalized vs. combined generalized & 

focal vs. unknown) and epilepsy syndrome (a group of traits or symptoms that correlate and 
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occur together including, for example, the type of seizure and its triggers, 

electroencephalography (EEG) patterns as well as structural abnormalities) (Scheffer et al., 

2017). In addition, the classification of epilepsy should incorporate the identification of its 

etiology (idiopathic vs. structural/metabolic/genetic/infectious or immune). In focal epilepsy, 

seizures originate from a specific region in one hemisphere of the brain (Kanner & Bicchi, 

2022). Temporal lobe epilepsy (TLE) is the most common form of focal epilepsy (Tatum, 

2012). Although the etiology of TLE is often unknown, in about 40% of cases it can be linked 

to a precipitating injury such as febrile seizures, head trauma, infection, brain tumors or status 

epilepticus (SE) (Löscher & Brandt, 2010). These preceding brain lesions are followed by a 

‘latent period’ that varies in length from weeks to years before the first spontaneous recurrent 

seizures start to emerge (Becker, 2018). The most common types of seizures in TLE are focal 

awareness seizures (localized seizure onset in a specific area of the brain with no loss of 

consciousness; formerly known as simple partial) and focal impaired awareness seizures 

(localized seizure onset but propagation to other cortical and subcortical areas with loss of 

consciousness and the potential to progress into focal to bilateral tonic-clonic seizures; 

previously called complex partial) (Kanner & Bicchi, 2022; Tatum, 2012). In the majority of 

TLE cases, seizures originate in the hippocampus, in which case it is hence classified as mesial 

temporal lobe epilepsy (MTLE) (Tatum, 2012). Approximately 56 % of MTLE patients are 

characterized by a condition known as hippocampal sclerosis (HS), which refers to a number 

of structural abnormalities including hippocampal atrophy and astrogliosis (section 1.2.3) 

(Thom, 2014). 

1.1.1 MTLE-HS 

The ILAE developed a classification scheme, which distinguishes three types of HS: ILAE HS 

type I (‘classical HS’; about 60-80% of all MTLE cases): extensive neuronal cell loss and 

astrogliosis in cornu ammonis (CA) 1, CA4 and CA3, but not CA2; ILAE HS type II (atypical, 

5-10% of cases): neuronal cell loss and astrogliosis predominantly in the CA1 subfield; ILAE 

type III (atypical, 3-7.4% of cases): neuronal cell loss and astrogliosis primarily in the CA4 

subfield (Blümcke et al., 2013; Thom, 2014). Although the current classification scheme relies 

exclusively on neuronal loss and astrogliosis to classify HS, the pathology includes other 

frequently observed alterations such as granule cell dispersion (GCD), mossy fibre sprouting 

and interneuron loss (Thom, 2014). For example, GCD, which refers to a pathological widening 

of the granule cell layer either due to ectopic migration of dentate granule cells or aberrant 

seizure-induced neurogenesis, can be found in about 50% of ILAE HS Type I cases (Liu et al., 

2020). Various AEDs with differing modes of action are available for the treatment of MTLE-
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HS, with levetiracetam, lamotrigine and carbamazepine being among the group of the most 

widely prescribed AEDs (Androsova et al., 2017). However, AED resistance is common in 

MTLE-HS and surgical removal of the seizure onset zone is sometimes the only way to achieve 

seizure freedom in patients (Androsova et al., 2017). 

 

Figure 1. Different subtypes of MTLE-HS according to the ILAE consensus classification. Images 

depict a combined NeuN and hematoxylin staining in surgically resected human hippocampi of MTLE-

HS patients. Upper left: HS Type I is characterized by extensive neuronal cell loss particularly in CA1 

and 4 but less pronounced so in CA2 and 3. Upper right: In HS Type II cell loss occurs primarily in 

CA1 whereas in HS Type III (lower left) cell loss is restricted to CA4. Both HS Type II and III represent 

atypical cases of HS. All HS types are characterized by astrogliosis in the affected subfields. Lower 

right: Control tissue without HS. Scale bar = 1mm. Used with permission of John Wiley & Sons, Inc., 

from International consensus classification of hippocampal sclerosis in temporal lobe epilepsy: A Task 

Force report from the ILAE Commission on Diagnostic Methods, Blümcke et al., 54(7) ©2013; 

permission conveyed through Copyright Clearance Center, Inc. 

Epileptogenesis refers to “the development and extension of tissue capable of generating 

spontaneous seizures, resulting in a) development of an epileptic condition and/or b) 

progression of the epilepsy after it is established” (Pitkänen & Engel, 2014, p. 233). However, 

studying the mechanisms of epileptogenesis in human MTLE-HS specimens is difficult, as most 

biopsies are obtained from patients at late stages of the disorder and the availability of non-

HS Type I HS Type II 

HS Type III no HS 
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epileptic control tissue is low, rendering interpretation of the data difficult (Becker, 2018). 

Therefore, an understanding of the mechanisms of epileptogenesis in MTLE-HS critically relies 

on experimental models that mimic key aspects of the condition. Several animal models of 

MTLE-HS have been developed based on different types of epilepsy-induction, including 

models of chemoconvulsant-induced SE, traumatic brain injury (TBI), electrical kindling, or 

CNS infection (Becker, 2018). The administration of kainic acid (KA) either systemically or 

into different brain regions is one of the most commonly used models of MTLE (Rusina et al., 

2021). KA is an analog of glutamate, which binds to ionotropic KA (as well as to α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)) receptors expressed throughout the 

CNS, but which are particularly abundant in the hippocampus (Ben-Ari & Cossart, 2000; 

Rusina et al., 2021). The administration of KA leads to the development of SE, which is 

followed by a seizure-free latent period of variable length and the emergence of spontaneous 

generalized seizures (SGS) (Rusina et al., 2021). Previously, we have introduced the 

intracortical (sometimes also referred to as supprahippocampal (Rusina et al., 2021)) KA-

injection model (Bedner et al., 2015). In this model, KA is unilaterally injected into the cortical 

area just above the right dorsal hippocampus using a blunt injection cannula (Bedner et al., 

2015; Rusina et al., 2021). Compared to the intrahippocampal KA model (Bouilleret et al., 

1999), intracortical KA injection provides the advantage that it prevents mechanical damage 

to the hippocampus. Importantly, the intracortical KA model reliably induces SE and 

reproduces key features of MTLE-HS, including the development of SGS, loss of CA1 

pyramidal neurons, GCD and astrogliosis (Bedner et al., 2015; Jefferys et al., 2016; Pitsch et 

al., 2019). In addition, a recent transcriptomic analysis revealed substantial overlap between 

genes that are differentially regulated in KA-induced and human pharmacoresistant TLE, 

indicating successful replication of key molecular alterations in human TLE by KA injection 

(Conte et al., 2020). 

1.1.2 The role of inflammation and tumor necrosis factor alpha in epilepsy  

Despite intense research the precise mechanisms of epileptogenesis that culminate in the 

development of TLE remain largely unknown (Galanopoulou et al., 2021; Vezzani et al., 2011). 

Importantly, however, mounting clinical and experimental evidence suggests that 

neuroinflammatory processes causally contribute to the genesis of epilepsy (Aronica et al., 

2017; Devinsky et al., 2013; Löscher et al., 2020; Rana & Musto, 2018). For example, it has 

long been recognized that focal febrile seizures during early childhood carry an increased risk 

of developing TLE later in life (Dubé et al., 2007; French et al., 1993). Moreover, several 

studies provide evidence for immune activation, including increased cytokine production and 
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complement activation, in human MTLE-HS (Aronica et al., 2007; Aulická et al., 2022; Crespel 

et al., 2002; Gershen et al., 2015; van Gassen et al., 2008). For example, pro-inflammatory 

cytokines are upregulated in human MTLE-HS specimens with a history of a recent seizure, 

and induction of epileptiform activity in human MTLE-HS tissue leads to upregulation of 

several of these cytokines (Morin-Brureau et al., 2018). Moreover, seizure frequency correlates 

with the expression of several inflammatory markers in patients with pharmacoresistant MTLE 

(Pernhorst et al., 2013). Similarly, increased cytokine production and immune cell activation 

has been demonstrated in experimental models of TLE (Aronica et al., 2017; Avignone et al., 

2008; Benson et al., 2015; Broekaart et al., 2018; Sano et al., 2021; Vezzani et al., 2002). Pro-

inflammatory cytokines represent a promising target for the treatment of epilepsy as they do 

not only orchestrate inflammation but also directly influence neuronal excitability and modulate 

seizures (Prinz et al., 2019; Vezzani et al., 1999, 2011). Of particular interest for the study of 

epilepsy is the cytokine tumor necrosis factors alpha (TNFα), as it exerts various 

neuromodulatory functions in the CNS (McCoy & Tansey, 2008; Santello & Volterra, 2012). 

TNFα is a pleiotropic cytokine that exists as a transmembrane bound (tmTNF) and a soluble 

form (solTNF), both of which are biologically active and signal via two different receptors, 

TNF receptor 1 (TNFR1 or p55TNFR) and TNFR2 (p75TNFR) (Brenner et al., 2015; McCoy 

& Tansey, 2008; Santello & Volterra, 2012) (Figure 2). Cleavage of tmTNF by the enzyme 

matrix metalloprotease TNF alpha converting enzyme (TACE or ADAM17) generates the 51 

kDa homotrimer solTNF (Santello & Volterra, 2012). Although solTNF and tmTNF can bind 

to both TNFR1 and TNFR2, solTNF preferentially signals via TNFR1, while tmTNF exerts its 

biological effects primarily through binding to TNFR2 (Brambilla et al., 2011; McCoy & 

Tansey, 2008). TNFR1 is expressed on most cell types of the CNS, while TNFR2 expression is 

restricted to microglia and endothelial cells (Santello & Volterra, 2012). The latter is 

controversial, however, as TNFR2 expression has also been documented in hippocampal 

neurons (Balosso et al., 2005). TNFR1 contains an intracellular death domain (TRADD) which 

promotes the formation of a signaling complex that activates nuclear factor-κB (NF-κB)-

dependent transcription, which in turn stimulates pro-survival signaling, proliferation and 

inflammation (McCoy & Tansey, 2008; Santello & Volterra, 2012). Alternatively, TNFR1 

activation can trigger a cascade leading to apoptosis (Brenner et al., 2015; Faustman & Davis, 

2010). TNFR2 signaling similarly relies on NF-κB-mediated transcription but lacks a cytosolic 

death domain, which is why it is primarily associated with pro-survival and pro-inflammatory 

effects (Faustman & Davis, 2010; McCoy & Tansey, 2008; Santello & Volterra, 2012). 

However, it should be noted that TNF signaling is complex and depends to a great degree on 
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the context in which signaling occurs (Faustman & Davis, 2010). Moreover, anticipating the 

outcome of TNF-signaling is challenging, as considerable crosstalk between TNFR1 and 

TNFR2 pathways has been documented (Brenner et al., 2015; McCoy & Tansey, 2008). 

 

Figure 2. Overview of TNFR1 (p55) and TNFR2 (p75) signaling pathways. TNFR1 activation can 

induce different downstream signaling pathways depending on the context in which signaling occurs. 

Generally, binding of TNFα to TNFR1 activates TRADD. TRADD in turn interacts with various 

downstream adaptor proteins such as RIPK1, which leads to activation of NF-κB-dependent 

transcription to promote cell survival and inflammation. Alternatively, TRADD can recruit FADD to 

induce apoptosis. In contrast, TNFR2 lacks a cytosolic death domain but instead activates the adaptor 

protein TRAF1/2, which induces several downstream signaling cascades including NF-κB to initiate 

pro-survival effects. Arrows indicate possible interactions between TNFR1 and 2 signaling. Please note 

that the TNF signaling pathways depicted here refer to signaling in T cells. AP1: activator protein 1; 

cFLIP: cellular FLICE-like inhibitory protein; cIAP: cellular inhibitor of apoptosis protein; FADD: Fas-

associated death domain; IKK: inhibitor of κB kinase; JNK: Jun N-terminal kinase; MAPK: mitogen-

activated protein kinase; MEKK: mitogen-activated protein kinase kinase kinase; MKK3: dual 

specificity mitogen-activated protein kinase kinase 3; NEMO: nuclear factor-κB (NF-κB) essential 

modulator; RIP: receptor interacting protein (also known as RIPK1); TRADD: TNFR1-associated death 

domain; TRAF: TNF receptor-associated factor.  Reprinted by permission from Springer Nature, Nature 

Reviews Drug Discovery, TNF receptor 2 pathway: drug target for autoimmune diseases, Denise 

Faustman et al, ©2010. 

Several studies report elevated TNFα transcript and protein levels in both human and 

experimental MTLE-HS (Benson et al., 2015; Conte et al., 2020; De Simoni et al., 2000; Lachos 
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et al., 2011; Lehtimäki et al., 2003; Minami et al., 1991; Nikolic et al., 2018; Sano et al., 2021; 

Vezzani et al., 2002). For example, previous data from our lab demonstrates elevated ipsilateral 

hippocampal TNFα concentrations in mice 4 and 24 h post intracortical KA injection (Müller, 

2018). Moreover, evidence for increased TNFR1 signaling has been found in hippocampal 

tissue from human MTLE (Yamamoto et al., 2006). Importantly, TNFα signaling has been 

implicated in the development and progression of epilepsy (Balosso et al., 2005; Kirkman et 

al., 2010; Kramer et al., 2012; Patel et al., 2017; Probert et al., 1995; Rana & Musto, 2018; 

Weinberg et al., 2013). For example, TNFα knock-out has been shown to attenuate Theiler’s 

murine encephalomyelitis virus (TMEV)-induced acute seizures (Patel et al., 2017). 

Interestingly, in the same study knock-out of TNFR2 exacerbated seizure severity while 

combined TNFR1/TNFR2 knock-out had not effect on TMEV-induced seizures (Patel et al., 

2017). In line with this, mice deficient in TNFR1 were found to be less susceptible to develop 

seizures after TMEV infection (Kirkman et al., 2010). A similar observation was made in 

chemoconvulsant-induced epilepsy, showing that deletion of TNFR1 decreased, whereas lack 

of TNFR2 increased acute seizure severity after KA injection (Balosso et al., 2005). Finally, 

selective activation of TNFR1 using human TNFα exacerbated KA-induced acute seizures, 

while co-activation of both TNFR1 and TNFR2 using rat TNFα did not affect seizure 

susceptibility (Weinberg et al., 2013). Together, these data indicate antagonistic effects of 

TNFR1 vs. TNFR2 signaling in experimental MTLE. 

Conclusively, there is convincing evidence that neuroinflammation contributes to 

epileptogenesis. Pro-inflammatory cytokines, in particular TNFα, are upregulated in 

experimental and human MTLE and possess neuromodulatory functions, suggesting that they 

are potentially disease-modifying factors. Chronic activation of innate immune cells and glia in 

response to an epileptogenic brain insult could lead to sustained cytokine production and 

disturbed CNS homeostasis promoting the development of epilepsy. In the following 

paragraphs, the major immunocompetent CNS cells, astrocytes and microglia, and their 

contribution to epilepsy and neuroinflammation will be introduced. 

1.2 Astrocytes 

Astrocytes are a class of non-neuronal cell of ectodermal origin belonging to the family of glial 

cells in the CNS (Verkhratsky et al., 2019). Glial cells, also known as neuroglia, account for 

about half of the total volume of the human brain (Verkhratsky et al., 2019). However, estimates 

of astrocyte numbers vary widely and depend on the species, with previous reports in rodents 

suggesting an astrocyte to neuron ratio of about 0.3 to 0.4 (Nedergaard et al., 2003) and more 
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recent numbers showing that astrocytes account for 10 – 20 % of all cells in most regions of the 

rodent CNS (Sun et al., 2017). Initially, neuroglia, including astrocytes, were thought to merely 

form a connective tissue providing structural support to neurons (Virchow, 1856/2013, 

1858/2010). Nowadays, however, it is known that astrocytes have a plethora of functions, 

including the maintenance of ionic and metabolic homeostasis in the CNS as well as the direct 

modulation of neuronal activity as part of the ‘tripartite synapse’ (Araque et al., 1999; Perea et 

al., 2009; Verkhratsky & Nedergaard, 2018). Unlike neurons, astrocytes exhibit passive 

electrophysiological properties, incapable of generating action potentials and are characterized 

by a hyperpolarized membrane potential due to a high K+ permeability (Dallérac et al., 2018; 

Verkhratsky & Nedergaard, 2018). Moreover, astrocytes constitute a highly heterogeneous cell 

population with respect to both morphology and function (Khakh & Sofroniew, 2015; Zhang & 

Barres, 2010). Anatomical studies dating back more than a century (Andriezen, 1893; Kölliker, 

1889 as cited in Oberheim, Goldman & Nedergaard, 2012) already revealed the distinction 

between protoplasmic and fibrous astrocytes, which refers to the structural and functional 

differences of gray and white matter astrocytes, respectively (Khakh & Sofroniew, 2015). 

Additionally, astrocytes have a complex spongiform morphology, occupying non-overlapping 

territories, and their extensive ramifications are estimated to contact ~140 000 synapses in the 

hippocampal CA1 of rats (Bushong et al., 2002) (Figure 3). Together, these unique properties 

enable astrocytes to exert tight control over the extracellular milieu and neuronal activity. In 

the following paragraph, some of the physiological functions of astrocytes in the CNS will be 

discussed.  

 

Figure 3. Astrocytes are characterized by morphological heterogeneity and occupy distinct non-

overlapping territories. A) Golgi staining of astrocytes in the human cerebellum, indicating the various 

shapes of astrocyte morphology. Reprinted from Current Opinion in Neurobiology, 20(5), Zhang and 

Barres, Astrocyte heterogeneity: an underappreciated topic in neurobiology, 588-594, ©2010, with 

A B 
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permission from Elsevier. B) Dye-injected mouse hippocampal astrocytes characterized by a typical 

spongiform morphology and non-overlapping territories. Used with permission of Springer, from 

Handbook of neurochemistry and molecular neurobiology. Neuroactive proteins and peptides. GFAP 

and Astrocyte Intermediate Filaments. Chapter 14, Milos Pekny and Ulrike Wilhelmsson, ©2006; 

permission conveyed through Copyright Clearance Center, Inc. (Pekny & Wilhelmsson, 2006). 

1.2.1 Physiology of astrocytes 

Astrocytes control the extracellular milieu of the CNS as they play a major role in ion and water 

homeostasis, regulation of the extracellular space volume, neurotransmitter uptake and turnover 

as well as energy supply (Verkhratsky & Nedergaard, 2018). Under physiological conditions, 

glutamate uptake is primarily mediated by specialized astrocytic membrane transporters called 

excitatory amino acid transporter (EAAT) 1 and 2 (GLAST and GLT-1 in rodents) (Passlick et 

al., 2021). Glutamate uptake reduces the spread of glutamate from the synaptic cleft, ensuring 

the efficacy of synaptic transmission and prevention of excitotoxicity (Passlick et al., 2021). 

Moreover, astrocytes convert glutamate taken up from the synapse into glutamine and shuttle 

it back to neurons for the production of glutamate, a process known as the glutamate-glutamine 

cycle (Cheung et al., 2022; Verkhratsky & Nedergaard, 2018). Further, astrocytic endfeet 

enwrap blood vessels allowing uptake of glucose from the circulation, which is metabolized 

into lactate in the process of glycolysis and transported into neurons as an energy substrate 

(Philippot et al., 2021). In fact, glutamate uptake and lactate production are interlinked, as 

uptake of glutamate increases the intracellular Na+ concentration which drives aerobic 

glycolysis (Verkhratsky & Nedergaard, 2018). Together, this model is referred to as the 

astrocyte-neuron lactate shuttle (Pellerin & Magistretti, 1994). Additionally, astrocytes 

maintain water, ion and pH homeostasis of the extracellular space by a multitude of channels 

and transporters expressed on their membranes (Verkhratsky & Nedergaard, 2018). For 

example, astrocytes maintain K+ homeostasis via different uptake mechanisms including active 

transport by Na+/K+-ATPases (NKA), passive diffusion through inwardly-rectifying K+ 

channels or, during high extracellular K+ concentrations ([K+]o), secondarily active transport 

via N+/K+/Cl- (NKCC1) co-transporters (Hertz et al., 2013; Kofuji & Newman, 2004; 

Verkhratsky & Nedergaard, 2018). Astrocytic control of [K+]o
 has further been shown to depend 

on ‘spatial K+ buffering’ (Kofuji & Newman, 2004), a concept that will be described in more 

detail in the following section. Finally, astrocytes actively shape neuronal activity through Ca2+-

dependent release of various neuroactive substances, collectively known as ‘gliotransmitters’ 

(Araque et al., 2014). For example, the induction of long-term potentiation (LTP) at 

hippocampal synapses has been shown to depend on the release of the N-methyl-D-aspartate 

receptor (NMDAR) co-agonist D-serine from astrocytes (Henneberger et al., 2010). Moreover, 

glutamate released from astrocytes modulates basal synaptic transmission in hippocampal 
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granule cells, an effect that is both TNFα and P2Y1R-dependent (Nikolic et al., 2018; Santello 

et al., 2011). 

In sum, astrocytes are vital to CNS function. On the one hand, they sustain CNS homeostasis 

by controlling extracellular glutamate and K+ levels as well as by providing energy metabolites 

to neurons. On the other hand, they actively control synaptic transmission and plasticity through 

gliotransmitter release. A failure to fulfill these functions could promote hyperexcitability and 

might even culminate in the development of epilepsy. 

1.2.2 Astroglial networks and gap junctions 

Astrocytes are interconnected and form large functional syncytia via structures called gap 

junctions (GJs) (Giaume et al., 2021) (Figure 4). The formation of gap junction channels (GJCs) 

allows for the direct exchange of low-molecular-weight molecules (< 1.5 kDa) between the 

cytoplasm of neighboring astrocytes. GJCs are composed of a family of proteins called 

connexins (Cxs) which oligomerize into a hexameric protein structure, the connexon. The 

docking of two opposing connexons leads to the formation of a GJC. A connexon consisting of 

identical Cxs is called homomeric, whereas connexons composed of different Cxs are referred 

to as heteromeric. Similarly, a GJC can be composed of connexons of the same isotype 

(homotypic), or of different isotypes (heterotypic) (Giaume et al., 2021) (Figure 4). In 

astrocytes of the adult brain, Cx43 and Cx30 are the primary GJC-forming Cxs (Giaume et al., 

2010). Connexons that do not assemble to form a GJC are called hemichannels (HCs) and allow 

bidirectional exchange of small molecules between the cytoplasm and the extracellular space 

(Cheung et al., 2014; Giaume et al., 2021). Importantly, Cx43 function is partially regulated by 

phosphorylation of the cytosolic C-terminus (COOH) (Márquez-Rosado et al., 2012). The Cx43 

COOH-terminus contains more than a dozen known phosphorylation sites that can be modified 

by several kinases thereby regulating their assembly, stability and conductance (Solan & 

Lampe, 2020). Indeed, targeting Cx43 phosphorylation has been employed as a treatment 

strategy in CNS pathology, such as stroke (Freitas-Andrade et al., 2019) and altered 

phosphorylation of the Cx43 COOH-terminus was found in human and experimental MTLE-

HS (Deshpande et al., 2017). 



 

11 
 

 

Figure 4. Structural composition of gap junction channels. A) A single connexin (Cx) molecule 

consists of four transmembrane domains (M1 – 4), which are connected by two extracellular loops (EL1 

and 2) and one cytosolic loop (CL). Moreover, an N- (H2N) and C-terminal (COOH) side reside within 

the cytoplasm. Six connexins oligomerize to form a hemichannel (HC) or connexon. Two opposing HCs 

assemble to form a gap junction (GJ) channel, allowing diffusion of small molecular weight molecules 

through its pore (arrow). The image has been modified from Stephan et al., 2021. © 2021 Stephan, 

Eitelmann and Zhou. B) Connexin HCs can assemble as homo- or heteromeric structures. Similarly, two 

opposing HCs combine to form either a homo- or heterotypic GJCs. Image modified with permission 

from Giaume et al., 2021. © The American Physiological Society (APS). 

Various molecules can diffuse through astrocytic GJCs ranging from ions such as K+, Na+ and 

Ca2+, to second messengers including cyclic adenosine monophosphate (cAMP) and inositol 

triphosphate (IP3), as well as energy metabolites such as glucose and lactate (Pannasch & 

Rouach, 2013). In the mouse hippocampus, interastrocytic coupling primarily depends on Cx43 

and to a lesser extent on Cx30 (Gosejacob et al., 2011). Importantly, astrocytes spatially 

redistribute K+ through their GJ coupled network (Kofuji & Newman, 2004; Steinhäuser et al., 

2012). The theoretical concept of spatial K+ buffering has initially been proposed by Richard 

Orkand and colleagues (Orkand et al., 1966) and was first demonstrated experimentally in 

Müller cells, an astrocyte-like glial cell in the retina (Newman et al., 1984). In Orkand’s model, 

the difference between the local K+ equilibrium potential (EK) and the membrane potential (Vm) 

of an astrocyte exposed to an increased [K+]o creates a driving force for K+ influx into the cell 

(Breithausen, 2020). Importantly, due to electrical coupling within the astroglial network, the 

astrocytic Vm remains more hyperpolarized than EK at sites of high [K+]o, ensuring a constant 

flow of K+ into the cell (Ma et al., 2016). K+ is subsequently redistributed through the astrocytic 

network along the K+ concentration gradient from sites of elevated to sites with a lower [K+]o, 

where Vm is more depolarized than EK leading to K+ efflux (Steinhäuser et al., 2012) (Figure 
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5). Impairments in astrocytic GJ coupling are therefore expected to lead to ineffective clearance 

of locally increased extracellular K+
 (Breithausen et al., 2020). Indeed, experimental evidence 

from both genetic and pharmacological studies reveals the importance of astroglial GJ coupling 

for the maintenance of K+
 homeostasis (Bazzigaluppi et al., 2017; EbrahimAmini et al., 2021; 

Pannasch et al., 2011; Wallraff et al., 2006). Based on these findings, it has been hypothesized 

that loss of astrocyte GJ coupling promotes neuronal excitability, as increased [K+]o would shift 

the neuronal membrane potential closer to the threshold to generate action potentials (Kofuji & 

Newman, 2004) (section 1.2.3). Several techniques are available to investigate the extent of 

GJC in astrocytes (Stephan et al., 2021), but the most commonly used method makes use of 

small tracers (< 1 – 1.2 kDa) injected into individual astrocytes, which are capable to diffuse 

through the astrocytic GJ coupled network. For example, N-biotinyl-L-lysine (biocytin) can be 

injected into individual astrocytes and subsequently immunostained and visualized using 

streptavidin-conjugated fluorescent antibodies (Bedner et al., 2015; Wallraff et al., 2006). 

Alternatively, astrocytes can be filled with fluorescent dyes, allowing direct visualization of 

dye spread through the astrocytic network, for example using a two-photon microscope (Anders 

et al., 2014). 

 

Figure 5. Spatial K+ buffering in astroglial networks. At sites of high [K+]o, the difference between 

the local EK and the astrocytic Vm leads to K+ influx into the astrocyte. As a result of electrical coupling 

within the astrocytic network, depolarization of an astrocyte exposed to high [K+]o remains limited, 

maintaining a hyperpolarized Vm close to that of adjacent astrocytes and ensuring a constant driving 

force for K+ to enter the cell (Ma et al., 2016). At distant sites with a lower [K+]o, K+ is released into the 

extracellular space, effectively resulting in redistribution of K+  from sites of high to sites of lower [K+]o. 

The red intensity gradient in the top panel indicates the K+ concentration gradient. The image is taken 

from Breithausen, 2020. 
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1.2.3 Reactive astrocytes and epilepsy 

Astrocytes rapidly respond to various types of injury and noxious stimuli with alterations in 

their morphology, molecular signature, function and number (Escartin et al., 2019, 2021). 

Astrocytes that undergo such a transformational process in response to CNS injury are 

commonly referred to as ‘reactive astrocytes’ (while the process is also known as ‘astrogliosis’). 

Reactive astrocytes are found in a variety of CNS pathologies ranging from neurodegenerative 

and demyelinating diseases to ischemia, infection, traumatic head injury, and epilepsy (Escartin 

et al., 2019; Hol & Pekny, 2015). Although simplifying nomenclatures such as ‘neurotoxic’ and 

‘neuroprotective’ have been proposed to classify reactive astrocytes (Escartin et al., 2019; 

Liddelow et al., 2017), these cells are characterized by a high degree of heterogeneity whose 

phenotype likely depends on the specific disease in question (Escartin et al., 2019, 2021). The 

most commonly employed marker of reactive astrocytes is glial fibrillary acidic protein 

(GFAP), an intermediate filament protein that is typically upregulated in response to injury (Hol 

& Pekny, 2015; Liddelow & Barres, 2017) (Figure 6). It should be noted, however, that reactive 

astrocytes are characterized by a plethora of molecular and functional changes that go far 

beyond changes in GFAP expression (Escartin et al., 2019). 

 

Figure 6.  Reactive hippocampal astrocytes. GFAP staining of astrocytes in the molecular layer of the 

dentate gyrus (DG) four days after entorhinal cortex lesion, demonstrating a typical increase in GFAP 

immunoreactivity of reactive astrocytes. GFAP staining reveals a thickening of GFAP-positive astrocyte 

processes, indicative of cellular hypertrophy in reactive vs. non-reactive astrocytes. Image has been 

modified with permission from Wilhelmsson et al., 2006. Copyright (2006) National Academy of 

Sciences, U.S.A. 
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Reactive astrocytes are a well described phenomenon in both human and animal models of 

epilepsy (Bedner et al., 2015; Binder & Steinhäuser, 2006; Blümcke et al., 2013; Briellmann et 

al., 2002; Sano et al., 2021). Experimental evidence further suggests that reactive astrocytes are 

causally involved in epileptogenesis. For example, virally overexpressing enhanced green 

fluorescent protein (eGFP) in astrocytes induces astrogliosis and has been shown to promote 

hippocampal hyperexcitability, possibly due to downregulation of glutamine synthetase (GS) 

(Ortinski et al., 2010). Similarly, astrocyte-specific deletion of ß1-integrin induces a reactive 

phenotype in astrocytes that is sufficient for the development of epilepsy (Robel et al., 2015). 

Moreover, reactive astrocytes in human and animal models of TLE are characterized by 

impaired homeostatic functions, including defective glutamate and K+ clearance (Bedner et al., 

2015; Clarkson et al., 2020; Hinterkeuser et al., 2000; Proper et al., 2002), but also dysregulated 

GS (Eid et al., 2004; Hammer et al., 2008; Swamy et al., 2011), adenosine-kinase (ADK) 

(Aronica et al., 2011; Gouder, 2004) and aquaporin-4 (AQP4) (Alvestad et al., 2013; Eid et al., 

2005) expression and function. Intriguingly, astrocytes completely lose their ability to form GJ 

coupled networks in human MTLE-HS and loss of functional coupling between astrocytes 

could be recapitulated in a mouse model of MTLE-HS where it was shown to be accompanied 

by impaired K+ clearance and to precede neuronal cell death (Bedner et al., 2015). Together, 

these data indicate a potentially causative role for loss of astrocytic GJ coupling in 

epileptogenesis. Interestingly, astrocyte uncoupling depends on subcellular reorganization and 

altered phosphorylation, rather than decreased expression of the GJ-forming Cx43 (Deshpande 

et al., 2017). More specifically, in the intracortical MTLE-HS model, the phosphorylation 

status of Cx43 is rapidly altered in the injected vs. non-injected hippocampus, most likely due 

to increased phosphorylation at the serine residue 262, which reduces the opening probability 

of the GJ channel (Deshpande, 2017; Thévenin et al., 2013). Further evidence for the 

importance of GJ coupling in epilepsy comes from a study showing that hippocampal slices 

from mice constitutively lacking both astroglial Cxs (DKO) are characterized by spontaneous 

epileptiform events and an increased sensitivity to epileptic stimuli (Wallraff et al., 2006). 

Moreover, genetic deletion of astroglial Cxs induces reactive astrocytes, impairs glutamate and 

K+ clearance and increases basal excitatory neurotransmission and synaptic release probability 

(Pannasch et al., 2011). However, the role of astrocyte coupling in epilepsy is still controversial, 

as astrocyte networks not only control K+ and glutamate homeostasis, but also maintain the 

activity-dependent supply of energy metabolites to neurons (Philippot et al., 2021; Rouach et 

al., 2008). Thus, in principle, changes in functional coupling between astrocytes could exert 

both pro- and anti-epileptic effects, making it difficult to predict their contribution to the 
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development of epilepsy (Deshpande et al., 2020). A study by Chever and colleagues (2016) 

illustrates the complex relationship between loss of astrocyte coupling and the development and 

maintenance of seizure activity. In this study it was shown that although DKO mice are 

characterized by an increased number of seizures in response to pentylenetetrazole (PTZ) 

injection, the duration and severity of these seizures was reduced (Chever et al., 2016). 

Moreover, experimental evidence examining the impact of astrocyte uncoupling in models of 

chronic epilepsy, such as the KA model of MTLE-HS, is lacking.  

Conclusively, more data is required to elucidate the precise role of astroglial networks in the 

pathogenesis of epilepsy. Moreover, the signaling pathways that contribute to loss of GJ 

coupling in astrocytes in MTLE remain ill-defined and require further investigations. 

1.3 Microglia 

Microglia are the resident immune cells of the CNS (Prinz et al., 2019). First described by Pío 

del Río-Hortega in 1919 and long considered as passive bystanders of the CNS, microglia today 

are recognized as multifunctional cells with important roles in immune regulation, brain 

development, homeostasis and synaptic plasticity (Prinz et al., 2019; Sierra et al., 2019; Wu et 

al., 2015). Microglia are mononuclear phagocytes that arise from erythro-myeloid progenitors 

(EMPs) in the yolk-sac during primitive hematopoiesis (Li & Barres, 2018). They are long-

lived cells characterized by low turnover and self-renewal, whose survival depends on colony-

stimulating factor 1 receptor (CSF1R) signaling (Green et al., 2020; Li & Barres, 2018). 

Already 100 years ago microglia have been recognized to acquire an ‘activated’ or ‘reactive’ 

phenotype in response to brain injury and disease, often recognized by their characteristic 

amoeboid morphology (Río-Hortega, 1919 as cited in Sierra et al., 2019). However, the 

classification of microglia transitioning from a ‘resting’ into an ‘activated’ state is nowadays 

considered to be too simplistic, since microglial responses vary widely depending on the 

specific pathological context (Hanisch & Kettenmann, 2007). Today, it is known that microglial 

processes constantly monitor their surrounding microenvironment allowing a rapid 

immunological response to pathological stimuli (Davalos et al., 2005; Nimmerjahn et al., 2005). 

It is therefore not surprising that a number of studies found evidence for microglia contributing 

to various CNS pathologies such as Alzheimer’s disease (AD) (Heneka et al., 2013; Zhang et 

al., 2013) and Parkinson’s disease (PD) (Harms et al., 2013; Rayaprolu et al., 2013) but also 

neurological disorders such as epilepsy (Broekaart et al., 2018; Morin-Brureau et al., 2018). 

During disease or injury, microglia coordinate the inflammatory response by proliferation, the 
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release of cytokines and chemokines as well as by phagocytosis of cellular debris (Prinz et al., 

2019). 

The following paragraph will provide an overview of some of the physiological functions of 

microglia in the CNS. Thereafter, the role of microglia in epilepsy will be discussed. 

1.3.1 Physiology of microglia 

In addition to their prominent role in immune modulation, microglia fulfill various functions in 

the healthy CNS (Prinz et al., 2019; Sierra et al., 2019). During CNS development, microglia 

contribute to synaptic pruning. For example, complement-mediated synaptic pruning by 

microglia has been demonstrated in the retinogeniculate system and is essential for its proper 

maturation (Schafer et al., 2012; Stevens et al., 2007). Impaired microglial synapse pruning has 

further been shown to lead to an excess of dendritic spines and immature synapses in the 

developing hippocampus, with concomitant increases in excitability and susceptibility to 

seizures (Paolicelli et al., 2011). Interestingly, astrocyte-derived soluble factors, such as 

interleukin (IL)-33 and members of the complement system, regulate microglial synapse 

pruning in the developing CNS (Stevens et al., 2007; Vainchtein et al., 2018). Besides their 

important contribution to brain development, microglia directly modulate information 

processing in the mature brain. For example, microglia actively remodel synapses in response 

to altered sensory experience and neuronal activity in the visual cortex of juvenile mice 

(Tremblay et al., 2010). Additionally, microglial brain-derived neurotrophic factor (BDNF) has 

been shown to affect synaptic plasticity as well as motor- and fear-learning (Parkhurst et al., 

2013) and microglia-depletion impairs glutamatergic transmission in the hippocampus leading 

to impaired object-recognition memory in adult mice (Basilico et al., 2022). Microglial control 

over CNS functioning largely depends on their ability to constantly survey their surroundings 

with their highly motile processes. The factors that guide motility of microglial processes are 

not fully understood, but some studies demonstrate a role for purinergic and ion signaling (Prinz 

et al., 2019). For example, adenosine triphosphate (ATP) released from neurons in response to 

repetitive NMDAR activation has been shown to trigger rapid microglial process outgrowth 

(Dissing-Olesen et al., 2014). Moreover, microglial process extension to local sites of injury 

has been shown to depend on ATP and P2Y12 signaling in vivo (Davalos et al., 2005; Haynes 

et al., 2006). Recently, however, it was shown that directed movement of microglial processes 

towards sites of injury depends on P2Y12 signaling, whereas basal microglial surveillance 

requires tonic activation of the two-pore K+ channel THIK-1 (Madry et al., 2018). 
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Conclusively, microglia are crucial regulators of CNS development and are increasingly being 

recognized to play an equally important role in information processing in the brain. Moreover, 

the expression of a variety of receptors on their membrane called the ‘microglial sensome’ 

(Hickman et al., 2013) together with their highly motile processes, enables microglia to rapidly 

sense and react to potentially dangerous stimuli, placing them at the forefront of CNS defense. 

1.3.2 Microglia in epilepsy 

Microglia are highly reactive to any type of brain insult, including TBI, infection, ischemia and 

neurodegeneration (Eyo et al., 2014; Hanisch & Kettenmann, 2007; Heneka et al., 2014; Qin et 

al., 2019; Rock et al., 2004; Therajaran et al., 2020). Microglia undergo a transformative 

process in response to injury or disease that includes morphological, transcriptomic and 

functional adaptations, which enables the now ‘reactive microglia’ to orchestrate an 

inflammatory response (Prinz et al., 2019). Similar to macrophages in other tissues, microglia 

can acquire different activation states or polarizations, known as M1 and M2 (Mantovani et al., 

2005; Therajaran et al., 2020). M1-like microglia are considered to promote inflammation, 

expressing several pro-inflammatory cytokines like TNFα and IL1ß, as well as phagocytic 

markers. M2-like microglia in turn have been suggested to release anti-inflammatory cytokines 

and to promote tissue recovery and repair (Benson et al., 2015; Therajaran et al., 2020). 

Typically, reactive microglia can be differentiated from their highly ramified non-pathological 

counterparts by their characteristic spherical, or amoeboid morphology (Boche et al., 2013). 

Indeed, multiple studies found evidence for reactive microglia in human and animal models of 

epilepsy (Broekaart et al., 2018; Feng et al., 2019; Morin-Brureau et al., 2018; Zattoni et al., 

2011) (Figure 7). Moreover, gene expression studies have identified genetic variants affecting 

microglial functions as potentially disease-modifying factors in epilepsy and predictive of 

structural changes in the epileptic brain (Altmann et al., 2022; Srivastava et al., 2018). In human 

MTLE-HS, Morin-Brureau et al. (2018) show that microglia acquire an amoeboid shape 

particularly in the sclerotic CA1 and CA3, and demonstrate that the frequency of amoeboid 

microglia correlates negatively with neuronal density. Reactive amoeboid-shaped microglia 

have also been reported in experimental models of MTLE (De Simoni et al., 2000; Wyatt-

Johnson et al., 2021). However, microglial morphology in epilepsy is heterogeneous, as hyper-

ramified microglia have also been described following SE-induction (Eyo et al., 2014; Rappold 

et al., 2006; Shapiro et al., 2008), and probably depends on the time point and brain area 

examined (Morin-Brureau et al., 2018). In addition to morphological changes, reactive 

microglia in experimental MTLE produce several M1-associated pro-inflammatory cytokines 

(Aronica et al., 2007; Benson et al., 2015; Sano et al., 2021; Varvel et al., 2016) and exhibit 
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increased proliferation and K+ conductance (Avignone et al., 2008; Feng et al., 2019). 

Experimental evidence further suggests that microglia play an active role in seizure generation. 

For example, microglial inhibition using CSF1R blockers has been shown to attenuate seizure 

activity (Di Nunzio et al., 2021; Sano et al., 2021; Srivastava et al., 2018) and to be 

neuroprotective in epileptic mice (Di Nunzio et al., 2021). Likewise, treatment with the 

tetracycline antibiotic minocycline, a potent suppressor of microglial M1 activation (Kobayashi 

et al., 2013), alleviates chronic seizures and neurodegeneration after pilocarpine-induced SE 

(Wang et al., 2015). Finally, genetic overactivation of mTOR signaling leads to a non-

inflammatory reactive state in microglia sufficient to induce epilepsy (Zhao et al., 2018). 

However, mechanistically the contribution of microglia to the pathophysiology of epilepsy is 

still not fully understood. As mentioned previously, microglia regulate neuroinflammation by 

releasing soluble mediators, such as the pro-inflammatory cytokines IL1ß, IL6 and TNFα (Prinz 

et al., 2019). Intriguingly, pro-inflammatory cytokines released from microglia, including 

TNFα, have been shown to induce reactive astrocytes (Liddelow et al., 2017). Importantly, 

increased microglial TNFα mRNA expression has been demonstrated during the acute/early 

latent phase following SE-induction (Benson et al., 2015; Sano et al., 2021). Moreover, 

inhibiting microglia activation attenuates SE-induced increases in TNFα protein levels (Wang 

et al., 2015). In line with this, TNFα incubation in vitro as well as co-culturing of astrocytes 

with activated microglia has been shown to impair astrocytic GJ coupling, an essential 

homeostatic function of these cells (Faustmann et al., 2003; Haghikia et al., 2008; Même et al., 

2006). Thus, microglia-derived soluble factors may contribute to epileptogenesis indirectly, by 

impairing astrocyte-dependent K+ and glutamate homeostasis (Henning et al., 2022). However, 

at present, the cellular source of TNFα in experimental TLE has not unequivocally been 

determined, as many immunocompetent CNS cells, like astrocytes and microglia but also 

infiltrating monocytes, have been shown to produce the cytokine (Beattie et al., 2002; 

Lieberman et al., 1989; Varvel et al., 2016). Moreover, inhibition or depletion of microglia 

using minocycline or CSF1R inhibitors is unspecific, as considerable overlap in surface marker 

expression between microglia and peripheral macrophages exists and these drugs have been 

shown to influence both cell populations (Garrido-Mesa et al., 2013; Jurga et al., 2020; Li & 

Barres, 2018; Merry et al., 2020). Indeed, infiltration of peripheral immune cells has been well 

described in human and experimental MTLE (Broekaart et al., 2018; Feng et al., 2019; Waltl, 

Käufer, Bröer, et al., 2018), and infiltrating monocytes contribute to neurodegeneration, seizure 

severity and inflammation in TLE models (Käufer et al., 2018; Varvel et al., 2016; Waltl, 

Käufer, Bröer, et al., 2018). 
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Figure 7. Morphological and molecular alterations of microglia in response to seizure activity. A 

number of molecular and morphological changes have been described in microglia following seizures 

including, upregulation of cytokines and altered marker expression as well as proliferation and changes 

in cell body size, process length and overall ramification. Used with permission of John Wiley & Sons, 

Inc., from Microglia–Neuron Communication in Epilepsy, Eyo, Murugan and Wu, 65(1) ©2017; 

permission conveyed through Copyright Clearance Center, Inc. 

To summarize, microglia are important immune-regulators of the CNS. Numerous reports have 

identified reactive microglia as orchestrators of inflammation in epilepsy and indicate the 

potential to target microglia for the treatment of epilepsy. However, the exact mechanisms by 

which microglia influence the pathophysiology of epilepsy remain elusive and require further 

investigations. 

1.4 The blood-brain barrier 

As an integral part of the neurovascular unit (NVU), the blood-brain barrier (BBB) is an  

anatomical barrier composed of endothelial cells (ECs) extending along the CNS 

microvasculature, which tightly controls the entry of ions, metabolites and macromolecules 

from the blood stream into the brain (Löscher & Friedman, 2020; Obermeier et al., 2013; 

Sweeney et al., 2019). Additionally, the BBB prevents infiltration of pathogens, blood cells and 

other potentially neurotoxic components into the brain parenchyma (Sweeney et al., 2019; Zhao 

et al., 2015). Overall, preserving the structural integrity of the BBB is therefore essential to 

maintain CNS homeostasis. Indeed, loss of BBB integrity has been associated with a number 

of CNS pathologies, including stroke, multiple sclerosis, epilepsy, TBI and neurodegenerative 

disorders (Daneman & Prat, 2015; Löscher & Friedman, 2020; Parker et al., 2022; Shlosberg 

et al., 2010). Importantly, several human and experimental studies report a compromised BBB 

in epilepsy (Deshpande et al., 2017; Frigerio et al., 2012; Greene et al., 2022; Ivens et al., 2007; 
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van Vliet et al., 2007). BBB breakdown leads to extravasation of blood-derived factors into the 

CNS, which have been shown to promote epileptiform activity (Bar-Klein et al., 2014; Ivens et 

al., 2007; Seiffert, 2004; Weissberg et al., 2015). Therefore, an understanding of the time course 

and mechanisms that lead to BBB disruption as well as the factors that are subsequently released 

into the CNS could help to improve epilepsy treatment.  

The following paragraphs will provide an overview about the structural and functional 

properties of the BBB as well as the role of BBB breakdown for the pathophysiology of 

epilepsy. 

1.4.1 Structural and functional properties of the BBB 

The NVU comprises various cellular components that contribute to BBB integrity including 

ECs, pericytes, smooth muscle cells, glial cells including astrocytes, oligodendrocytes and 

microglia, as well as neurons (Sweeney et al., 2019). The structural composition of the BBB 

varies depending on whether one examines the arteriole or capillary level of the cerebrovascular 

system (Sweeney et al., 2019) (Figure 8). Generally, the BBB is formed by ECs that form a 

layer surrounding blood vessels. ECs are connected by cellular junction proteins including tight 

junctions (TJs), which contribute to the physical barrier of the BBB by acting as a seal between 

adjacent endothelia (Greene et al., 2022; Sweeney et al., 2019). Moreover, several other 

endothelial connections including adherens junctions and other junctional adhesion molecules 

contribute to the tight structural composition of ECs at the BBB (Sweeney et al., 2019). At the 

capillary level, ECs are surrounded by the basement membrane, which is an extracellular matrix 

comprised of, for example, type IV collagens, laminin, nidogen, elastin, fibronectin and heparin 

sulfate proteoglycans (Löscher & Friedman, 2020; Sweeney et al., 2019). Additionally, the 

basement membrane harbors pericytes, which are contractile cells that control capillary 

diameter (Daneman & Prat, 2015; Hall et al., 2014). In contrast, smooth muscle cells surround 

larger arterioles but not capillaries, and regulate arteriole contraction (Iadecola, 2004). 

Astrocytic endfeet ensheath both capillary and arteriole vessels, forming the glia limitans 

(Sweeney et al., 2019). Importantly, astrocytes have been shown to contribute to neurovascular 

coupling, the process by which changes in neuronal activity alter cerebral blood flow to adjust 

energy supply to the brain (Zonta et al., 2003). However, more recent data indicates that 

astrocytic control of cerebral blood flow is restricted to capillaries and does not involve 

arterioles (Mishra et al., 2016). Membrane transporters, such as solute carrier transporters, in 

ECs allow for bidirectional transport of metabolites, amino acids, nucleotides and ions across 

the BBB (Zhao et al., 2015). Small lipophilic (< 400 Da) molecules, in turn, can passively 
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diffuse through the BBB (Zhao et al., 2015). In addition, endothelial efflux transporters actively 

shuttle potentially toxic compounds and drugs out of the brain into the blood (Löscher & 

Friedman, 2020; Sweeney et al., 2019). 

1.4.2 BBB dysfunction in epilepsy 

 

Figure 8. Structural components and epilepsy-associated alterations of the BBB. A) Structural 

composition of the BBB at the capillary and at the arteriole level. Note that smooth muscle cells cover 

intracerebral arterioles, whereas pericytes surround capillaries, each controlling the corresponding 

vessel diameter. Astrocytic end-feet cover both arterioles and capillaries, forming the glia limitans. 

Reprinted by permission from Springer Nature, Nature Reviews Neuroscience, Neurovascular 

regulation in the normal brain and in Alzheimer's disease, Costantino Iadecola, ©2004. B) In epilepsy, 

a dysfunctional BBB allows entry of serum-derived factors such as albumin into the brain parenchyma, 

which is supposed to be taken up via TGFß receptors on astrocytes and to perturb K+ and glutamate 

homeostasis. Additionally, plasma-derived K+ and glutamate permeate through a compromised BBB 

contributing to neuronal excitability. Reprinted by permission from Springer Nature, Nature Medicine, 

Development, maintenance and disruption of the blood-brain barrier, Birgit Obermeier et al., ©2013. 

The association between a compromised BBB and seizures has been known for decades 

(Löscher & Friedman, 2020). Indeed, already in the middle of the last century animal studies 

using the pro-convulsive agent PTZ and the macromolecular dye Evans Blue have provided 

evidence for seizure-induced BBB dysfunction (Bauer & Leonhardt, 1955, 1956). Later, a leaky 

BBB, as indicated by intracerebral serum albumin immunoreactivity, was demonstrated in the 

hippocampus of epilepsy patients and following experimentally-induced seizures (Mihály & 

Bozóky, 1984; Nitsch & Klatzo, 1983). Since then, several observations found evidence for 

BBB breakdown in human and experimental epilepsy, including MTLE-HS (Deshpande et al., 
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2017; Frigerio et al., 2012; Greene et al., 2022; Milikovsky et al., 2019; van Vliet et al., 2007). 

Moreover, BBB disruption is common among patients with drug-resistant epilepsy and 

experimental evidence indicates that it contributes to pharmacoresistance and seizure frequency 

(Al Rihani et al., 2021; Greene et al., 2022; Marchi et al., 2009; Salar et al., 2014; van Vliet et 

al., 2007, 2015). However, the precise mechanisms that lead to BBB breakdown in epilepsy are 

ill-defined (Löscher & Friedman, 2020). Combined imaging and biomarker expression data 

from human epilepsy patients demonstrates a temporal correlation between seizure activity and 

BBB opening, indicating that seizure activity per se is sufficient to cause BBB disruption 

(Rüber et al., 2018). Indeed, glutamate released during seizure activity has been shown to 

increase matrix metalloproteinase expression, leading to degradation of TJ proteins and 

increased BBB permeability (Rempe et al., 2018). In line with this, significant downregulation 

of the TJ protein claudin-5 has recently been reported in both human and experimental TLE 

(Greene et al., 2022). Finally, several other factors, including the pro-inflammatory cytokine 

TNFα, reactive oxygen species and pericyte dysfunction, also promote BBB breakdown (Huang 

et al., 2022; Löscher & Friedman, 2020; Nishioku et al., 2010; Prager et al., 2019). How a 

compromised BBB in turn contributes to the development and progression of epilepsy is not 

fully understood. A positive-feedback loop has been suggested in which seizures lead to BBB 

opening, in turn causing more seizures (Löscher & Friedman, 2020). Experimental opening of 

the BBB as well as chemoconvulsant-induced SE lead to extravasation of serum albumin into 

the brain parenchyma (Bankstahl et al., 2018; Deshpande et al., 2017; Frigerio et al., 2012; 

Ivens et al., 2007; Seiffert, 2004) (Figure 8). Similarly, albumin immunoreactivity was found 

in human TLE tissue and from patients that died after SE (van Vliet et al., 2007). Serum albumin 

is a protein abundantly present in blood plasma of all vertebrates and is important for 

maintaining osmotic pressure in blood vessels and for transporting various molecules including 

ions, fatty acids, and amino acids throughout the body (Merlot et al., 2014). In contrast to its 

homeostatic functions in the blood, albumin has been shown to induce epileptiform activity 

through activation of transforming growth factor beta (TGFß) signaling upon penetration into 

the brain (Bar-Klein et al., 2014; Cacheaux et al., 2009; Weissberg et al., 2015). Intriguingly, 

several studies demonstrate that extravasated albumin is taken up by astrocytes (Braganza et 

al., 2012; Mihály & Bozóky, 1984; Senatorov et al., 2019; van Vliet et al., 2007) via TGFß 

receptors (Bar-Klein et al., 2014; Cacheaux et al., 2009; Ivens et al., 2007). Albumin uptake 

induces functional adaptations in astrocytes that play a role in the pathophysiology of epilepsy, 

including excitatory synaptogenesis, impaired K+ buffering, and production of pro-

inflammatory cytokines (David et al., 2009; Frigerio et al., 2012; Ivens et al., 2007; Weissberg 
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et al., 2015). Of particular relevance for this thesis is a finding showing that intraventricularly 

injected albumin is taken up by hippocampal astrocytes decreasing coupling efficiency in these 

cells 24 h post injection (Braganza et al., 2012). Accordingly, TGFß signaling-dependent 

transcriptional downregulation of astrocytic Cxs and Kir4.1 has been demonstrated in the 

murine brain 24 h after albumin application (Cacheaux et al., 2009; David et al., 2009; Ivens et 

al., 2007). Together, these data suggest that albumin-induced TGFß signaling disrupts 

astrocytic spatial K+ buffering to promote hyperexcitability (Henning et al., 2021). So far, 

however, no study has examined this hypothesis in experimental TLE. Indirect evidence for 

this hypothesis comes from two studies showing that inhibition of TGFß1 signaling attenuates 

not only KA-induced acute seizures but also astrogliosis (Zhang et al., 2019, 2020). Similarly, 

in a recent study inhibition of the TGFßR1/activin-like kinase (ALK)-5 has been demonstrated 

to mitigate KA-induced acute seizures (Greene et al., 2022). 

In conclusion, accumulating evidence suggests a role of BBB dysfunction and albumin 

extravasation for the development of human and experimental epilepsy. Interestingly, the pro-

convulsive effects of albumin appear to be mediated by TGFß-signaling dependent impairments 

of essential astrocyte functions, particularly loss of GJ coupling. However, direct experimental 

evidence for this hypothesis is currently lacking. 
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2. Aims of this thesis 

As outlined in the previous introduction, ample evidence suggests a causal relationship between 

inflammation, glial reactivity and the pathophysiology of MTLE-HS (Aronica et al., 2017; 

Vezzani et al., 2011). In particular, loss of functional astrocyte GJ coupled networks constitutes 

a hallmark of MTLE-HS and could play a key role in epileptogenesis (Bedner et al., 2015; 

Pannasch et al., 2011; Wallraff et al., 2006). At present, however, little is known about the 

molecular mechanisms that lead to impaired astrocyte GJ coupling in epilepsy. Above all, the 

pathophysiological significance of a dysfunctional astrocyte network for the development and 

progression of epilepsy has not yet been adequately addressed. For this reason, the main 

objective of this PhD thesis is to identify the mechanisms and consequences of astrocyte GJ 

uncoupling in the pathology of MTLE-HS. To this end, this work is divided into three chapters, 

each represented by an individual publication, dealing with the following aspects: 

 (I) To define the contribution of reactive microglia to astrocyte dysfunction and epileptogenesis 

as well as to determine the cellular source of the pro-inflammatory cytokine TNFα in MTLE-

HS: Although neuroinflammation and microglial reactivity are well-described phenomena in 

both experimental and human epilepsy, the contribution of both factors to epileptogenesis is 

less well understood (Aronica et al., 2017; Vezzani et al., 2011). Hence, in chapter three the 

impact of microglia-mediated neuroinflammation on astrocyte dysfunction and epilepsy 

development in KA-induced MTLE-HS was examined. In particular, we sought to identify 

whether microglia constitute the primary source of the pro-inflammatory cytokine TNFα, which 

we have previously shown to be rapidly upregulated and to promote epileptogenesis in the 

intracortical KA model (Müller, 2018). We hypothesized that reactive microglia are major 

producers of pro-inflammatory TNFα and act as drivers of epileptogenesis following 

intracortical KA injection. 

(II) To examine the consequences of seizure-induced BBB dysfunction and albumin 

extravasation for astrocyte network functioning and epileptogenesis in MTLE-HS. Previous 

data demonstrate a correlation between BBB dysfunction and epilepsy development (Greene et 

al., 2022; Löscher & Friedman, 2020). A leaky BBB has been shown to lead to extravasation 

of serum albumin into the brain, which is thought to exert a pro-convulsive effect by impairing 

essential astrocyte functions in a TGFß-signaling dependent manner (David et al., 2009; 

Frigerio et al., 2012; Ivens et al., 2007; Weissberg et al., 2015). Therefore, chapter four of this 

doctoral thesis investigates the hypothesis that BBB impairments and concomitant albumin-
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induced TGFß-signaling in astrocytes are crucially involved in astrocyte dysfunction and 

epileptogenesis. 

(III) To evaluate the role of the astroglial gap junction-coupled network in the development and 

progression of MTLE-HS. The contribution of astroglial syncytia to the pathophysiology of 

epilepsy is controversially discussed, as these networks possess both anti- as well as pro-

epileptic properties (Deshpande et al., 2020). However, previously published data from this lab 

suggest that the pro-epileptic aspects of dysfunctional interastrocytic GJ coupling may 

predominate (Wallraff et al., 2006), but conclusive evidence regarding the impact of impaired 

GJ coupling on epilepsy development is lacking. To resolve this conflict, chapter five of this 

study examines the consequences of genetic deletion of Cx30 and Cx43 in mouse astrocytes on 

the susceptibility to KA-induced MTLE-HS. More specifically, we hypothesized that a 

dysfunctional astrocyte GJ-coupled network would aggravate epilepsy pathology in response 

to intracortical KA-injection. 

Taken together, the data of my PhD thesis will help to improve our understanding of the 

contribution of the astroglial GJ-coupled network to the development of epilepsy and will shed 

light on the mechanisms that lead to astrocyte uncoupling during early epileptogenesis. 
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3. Reactive microglia are the major source of tumor necrosis factor 

alpha and contribute to astrocyte dysfunction and acute seizures in 

experimental temporal lobe epilepsy 

Lukas Henning, Henrike Antony, Annika Breuer, Julia Müller, Gerald Seifert, Etienne 

Audinat, Parmveer Singh, Frederic Brosseron, Michael T. Heneka, Christian Steinhäuser, Peter 

Bedner 

The following chapter summarizes a research article that was published on September, 8th, 

2022 in the journal GLIA under the terms of the Creative Commons Attribution-

NonCommerical-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0; 

https://creativecommons.org/licenses/by-nc-nd/4.0/). No changes to the original publication 

provided here were made. © 2022 The Authors. GLIA published by Wiley Periodicals LLC. 

https://doi.org/10.1002/glia.24265 

3.1 Summary of the publication 

Neuroinflammation is nowadays considered a hallmark of epilepsy (Aronica et al., 2017; 

Vezzani et al., 2011). Microglia, the innate immune cells of the brain, are the key regulatory 

element responsible for a coordinated immunological response to injury and disease in the CNS 

(Prinz et al., 2019). This coordinated response requires the transformation of ‘resting’ or 

‘surveying’ microglia (Hanisch & Kettenmann, 2007) into immunologically activated or 

reactive microglia, characterized by a multitude of morphological, molecular and functional 

phenotypic adaptations (Prinz et al., 2019). Although reactive microglia have been well 

described in human and experimental epilepsy, their precise role in the pathology of MTLE-HS 

remains incompletely understood (Altmann et al., 2022; Avignone et al., 2008; Eyo et al., 2017; 

Morin-Brureau et al., 2018; Srivastava et al., 2018). Importantly, reactive microglia release 

several pro-inflammatory cytokines following epileptogenic brain insults that potentially 

influence the course of disease (Benson et al., 2015; Sano et al., 2021; Wang et al., 2015). In 

particular, the pro-inflammatory cytokine TNFα is thought to play a key role in the development 

of MTLE-HS, as it possesses various neuromodulatory and seizure-promoting properties (Patel 

et al., 2017; Santello & Volterra, 2012; Weinberg et al., 2013). However, the cellular source of 

TNFα in epilepsy is not well described, as several CNS-resident and infiltrating cells are 

capable to produce and release the cytokine (Beattie et al., 2002; Lieberman et al., 1989; Varvel 

et al., 2016). Moreover, the mechanism by which pro-inflammatory TNFα contributes to 

https://creativecommons.org/licenses/by-nc-nd/4.0/
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epileptogenesis has not been adequately investigated. Loss of astrocyte GJ coupling occurs 

rapidly in experimental MTLE-HS and can be induced in vitro by application of TNFα (Bedner 

et al., 2015; Haghikia et al., 2008), highlighting dysfunctional coupling and concomitant 

impairments in ion homeostasis as potential mediators of the pro-epileptic effects of TNFα. To 

shed light on these clinically relevant questions, we combined genetic and pharmacological 

manipulations of microglia to study their contribution to TNFα production, astrocyte GJ 

uncoupling and epileptogenesis in a mouse model of MTLE-HS (Henning et al., 2022). First, 

we utilized immunohistochemistry and confocal microscopy to delineate the time course of 

microglia activation and monocyte infiltration after KA-induced SE. Enzyme-linked 

immunosorbent assay (ELISA) and quantitative polymerase chain reaction (qPCR) further 

enabled us to examine TNFα production and TNF receptor expression during the early and 

latent stages of epilepsy. Finally, telemetric EEG recordings and immunohistochemistry were 

employed to assess the chronic seizure burden and epilepsy-induced morphological alterations 

in microglia-specific TNFα knock-out and microglia-depleted mice. 

Stereological analyses revealed profound and persistent morphological microglial reactivity 

developing rapidly (4 h) after intracortical KA injection. Reactive microglia further exhibited 

increased expression of the macrophage activation marker CD68 and were accompanied 

ipsilaterally by CD169-positive infiltrating monocytes during the latent and early chronic 

phases of epilepsy. Partial microglia depletion using the CSF1R inhibitor PLX5622 prevented 

seizure-induced astrocyte GJ uncoupling but only slightly affected astrocytic morphological 

changes in response to SE. Importantly, PLX treatment attenuated KA-induced acute seizures 

but simultaneously increased mortality in mice, indicating the need for more targeted microglial 

manipulation in epilepsy. Importantly, inducible microglia-specific TNFα knock-out almost 

completely prevented KA-induced elevations in hippocampal TNFα tissue concentrations as 

well as astrocyte GJ uncoupling. Combined gene expression analysis and 

immunohistochemistry further revealed upregulation of TNFR1 in astrocytes, indicating that 

microglia-derived TNFα acts via TNFR1 signaling to compromise astrocyte homeostatic 

functions during SE. However, microglia-specific TNFα knock-out did neither affect acute or 

chronic seizure burden nor neurodegeneration in experimental MTLE-HS. In contrast, astro- as 

well as microgliosis were significantly attenuated during the chronic phase of epileptogenesis 

in mice lacking microglial TNFα (Henning et al., 2022). 

Collectively, this study illustrates the important role of reactive microglia and microglia-

derived TNFα for astrocyte dysfunction and epileptogenesis. By combining microglia-specific 
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genetic manipulation with biochemical analyses we could identify microglia as the source of 

pro-inflammatory TNFα during early epileptogenesis. Both pharmacological depletion of 

microglia as well as genetic deletion of TNFα in microglia prevented early seizure-induced 

astrocyte GJ uncoupling, suggesting dysfunctional microglia-astrocyte communication as a 

potential disease-modifying factor in epilepsy. Moreover, the PLX-induced increase in 

mortality after KA injection underscores the need for highly specific microglia manipulation 

and reprogramming in epilepsy, as microglia also appear to exert protective effects in the 

pathology (Fumagalli et al., 2018; Wu et al., 2020). To our surprise, microglia-specific TNFα 

deletion did not affect acute or chronic seizure severity in our model. Previously, TNFα has 

been shown to exert primarily pro-epileptic effects via TNFR1, but to possess anti-epileptic 

properties when signaling through TNFR2 (Balosso et al., 2005; Weinberg et al., 2013). Hence, 

the lack of effect of TNFα deletion in microglia in our model could stem from the antithetical 

effects of TNFR1 vs TNFR2 signaling. The upregulation of TNFR1 in astrocytes further 

suggests that activation of the TNFα/TNFR1 axis plays a pivotal role in astrocyte dysfunction 

and underlies the pro-epileptic effects of aberrant TNFα signaling in experimental epilepsy, 

described previously (Müller, 2018). Therefore, future studies should investigate in more detail 

the role of astrocyte TNFR1 signaling for the genesis of epilepsy.  

3.2 Statement of contribution 

Christian Steinhäuser, Peter Bedner and Michael T. Heneka conceived the project. Lukas 

Henning, Julia Müller and Peter Bedner performed all surgical procedures necessary for the 

experimental induction of epilepsy and EEG transmitter transplantation. Lukas Henning and 

Julia Müller performed tracer diffusion experiments. Harvesting of cells for gene expression 

studies was done by Henrike Antony, Lukas Henning and Peter Bedner. Acquisition and 

analysis of gene expression data was performed by Henrike Antony, Annika Breuer and Gerald 

Seifert. Immunohistochemical staining and image acquisition were conducted by Lukas 

Henning, Henrike Antony and Annika Breuer. ELISA was performed by Lukas Henning under 

supervision of Frederic Brosseron. All statistical analyses and visualizations were conducted 

by Lukas Henning. Microglia-specific TNFα knock-out mice were kindly provided by Etienne 

Audinat. Gerald Seifert took care of the breeding and genotyping of the animals. Parmveer 

Singh kindly provided the PLX5622 compound as part of a material transfer agreement. Lukas 

Henning, Christian Steinhäuser and Peter Bedner wrote the manuscript. 
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Henning, L., Antony, H., Breuer, A., Müller, J., Seifert, G., Audinat, E., Singh, P., Brosseron, 

F., Heneka, M. T., Steinhäuser, C., & Bedner, P. (2022). Reactive microglia are the major 

source of tumor necrosis factor alpha and contribute to astrocyte dysfunction and acute seizures 

in experimental temporal lobe epilepsy. Glia. Advance online publication. 
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Abstract

Extensive microglia reactivity has been well described in human and experimental

temporal lobe epilepsy (TLE). To date, however, it is not clear whether and based on

which molecular mechanisms microglia contribute to the development and progres-

sion of focal epilepsy. Astroglial gap junction coupled networks play an important role

in regulating neuronal activity and loss of interastrocytic coupling causally contrib-

utes to TLE. Here, we show in the unilateral intracortical kainate (KA) mouse model

of TLE that reactive microglia are primary producers of tumor necrosis factor (TNF)α

and contribute to astrocyte dysfunction and severity of status epilepticus (SE). Immu-

nohistochemical analyses revealed pronounced and persistent microglia reactivity,

which already started 4 h after KA-induced SE. Partial depletion of microglia using a

colony stimulating factor 1 receptor inhibitor prevented early astrocyte uncoupling

and attenuated the severity of SE, but increased the mortality of epileptic mice fol-

lowing surgery. Using microglia-specific inducible TNFα knockout mice we identified

microglia as the major source of TNFα during early epileptogenesis. Importantly,

microglia-specific TNFα knockout prevented SE-induced gap junction uncoupling in

astrocytes. Continuous telemetric EEG recordings revealed that during the first

4 weeks after SE induction, microglial TNFα did not significantly contribute to spon-

taneous generalized seizure activity. Moreover, the absence of microglial TNFα did

not affect the development of hippocampal sclerosis but attenuated gliosis. Taken

together, these data implicate reactive microglia in astrocyte dysfunction and net-

work hyperexcitability after an epileptogenic insult.
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1 | INTRODUCTION

Accumulating clinical and experimental evidence indicates that neu-

roinflammation contributes to the pathophysiology of epilepsy (Aro-

nica et al., 2017; Devinsky et al., 2013; Gershen et al., 2015; Löscher

et al., 2020). Microglia are critical regulators of central nervous system

(CNS) immunity and are highly reactive to various types of brain

insults, including status epilepticus (SE), ischemia or infection (Eyo

et al., 2014; Hanisch & Kettenmann, 2007; Qin et al., 2019; Rock

et al., 2004). Importantly, there exist numerous reports of reactive

microglia in both human and animal models of epilepsy (Broekaart

et al., 2018; Feng et al., 2019; Hiragi et al., 2018; Morin-Brureau

et al., 2018; Zattoni et al., 2011). In experimental temporal lobe epi-

lepsy (TLE), microglia are characterized by an amoeboid morphology

(De Simoni et al., 2000; Wyatt-Johnson et al., 2017), production of

proinflammatory cytokines (Aronica et al., 2007; Benson et al., 2015;

Sano et al., 2021; Varvel et al., 2016) as well as increased proliferation

and enhanced K+ conductance (Avignone et al., 2008; Feng

et al., 2019). However, even though the link between reactive micro-

glia and epilepsy is well documented, mechanistically the contribution

of microglia to the pathophysiology of epilepsy is still incompletely

understood.

A number of studies show that tumor necrosis factor alpha

(TNFα) transcript and protein levels increase rapidly in brain paren-

chyma and microglia following SE (Benson et al., 2015; De Simoni

et al., 2000; Lehtimäki et al., 2003; Nikolic et al., 2018; Sano

et al., 2021; Vezzani et al., 2002). Moreover, TNFα signaling increases

seizure susceptibility (Patel et al., 2017; Probert et al., 1995; Rana &

Musto, 2018; Riazi et al., 2008; Weinberg et al., 2013). It remains

unclear, however, whether microglia constitute the primary source of

TNFα in experimental TLE, as other cells including astrocytes and infil-

trating monocytes, are also immunocompetent (Devinsky et al., 2013;

Vezzani et al., 2011). Previously, we have shown that disruption of

astrocytic gap junction (GJ) coupling and concomitant impairments in

extracellular K+ buffering temporally precede neuronal cell death and

spontaneous seizure development in a mouse model of kainate (KA)-

induced TLE, pointing to a causal involvement in the genesis of the

disease (Bedner et al., 2015). The seizure-induced decrease in cou-

pling could be mimicked in situ by incubation of acute hippocampal

slices with a combination of interleukin 1ß (IL1ß) and TNFα (Bedner

et al., 2015). Similarly, both treatment of cultured primary astrocytes

with TNFα as well as co-culturing of astrocytes with activated micro-

glia impair coupling efficiency (Haghikia et al., 2008; Même

et al., 2006). Together, these data suggest that microglial cytokines

indirectly promote epileptogenesis, by reducing coupling efficiency

and thus the K+ and glutamate buffering capacity of astrocytes. In the

present study, we therefore examined the contribution of reactive

microglia and microglial TNFα to astrocyte GJ uncoupling and epilep-

togenesis in a mouse model of TLE. Pharmacological depletion of

microglia using the colony-stimulating factor 1 receptor (CSF1R)

inhibitor PLX5622 combined with microglia-specific inducible knock-

out of TNFα were employed to assess the contribution of microglia to

early astrocyte dysfunction and TNFα production following KA-

induced SE. Additionally, continuous telemetric electroencephalogra-

phy (EEG) was combined with immunohistochemistry to investigate

effects of TNFα depletion in microglia on acute and chronic epilepti-

form activity as well as the development of hippocampal sclero-

sis (HS).

2 | MATERIALS AND METHODS

2.1 | Animals

Male C57B6/J, FVB (Charles River, Sulzfeld, Germany) or GFAP-eGFP

(Nolte et al., 2001) mice aged 90–120 days were used for the experi-

ments. To study the effects of microglia specific knock-out of TNFα

on epileptogenesis and astrocytic gap junction coupling, Cx3cr1CreERT2

knock-in mice (Yona et al., 2013) were crossed with TNFαloxp/loxp (Gri-

vennikov et al., 2005) mice to yield Cx3cr1CreERT2/+-TNFαloxp/loxp

mice. Both male and female Cx3cr1CreERT2/+-TNFαloxp/loxp and

Cx3cr1CreERT2/+-TNFα+/+ were used. Maintenance and handling of

animals were performed according to EU and local governmental reg-

ulations. Experiments were approved by the North Rhine–Westphalia

State Agency for Nature, Environment and Consumer Protection

(approval number 84-02.04.2015.A393 and 81-02.04.2020.A420). All

measures were taken to minimize the number of animals. Mice were

kept under standard housing conditions (12 h/12 h dark–light cycle)

with food and water provided ad libitum.

2.2 | Drugs

2.2.1 | Tamoxifen treatment

To induce site-specific recombination of loxP-flanked sequences,

Cx3cr1CreERT2/+-TNFαloxP/loxP and Cx3cr1CreERT2/+-TNFα+/+ mice

received intraperitoneal (i.p.) injections of tamoxifen (Sigma-Aldrich,

#T5648, Steinheim, Germany) dissolved in sunflower seed oil (Sigma-

Aldrich, #88921) and EtOH at a ratio of 1:10. Mice were injected daily

for 5 consecutive days receiving 2 mg per day of tamoxifen (100 μl

per mouse). A comparable treatment regimen has previously been

shown to induce high site-specific recombination in the CNS of this

Cre-mouse line (Goldmann et al., 2013). Mice were used for experi-

ments �30 days after tamoxifen administration in order to restrict

Cre-mediated recombination to microglia (Parkhurst et al., 2013).

Tamoxifen-injected Cx3cr1CreERT2/+-TNFα+/+ mice served as the con-

trol group (CTRL).

2.2.2 | PLX5622 treatment

PLX5622 was provided by Plexxikon Inc. (Berkeley, CA 94710, USA)

and formulated in AIN-76A standard chow by Research Diets Inc.

(New Brunswick, NJ 08901 USA) at 1200 ppm. Male FVB or C57B6J

mice were fed with either a PLX5622-containing or AIN-76A control
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diet for 7, 21, or 28 consecutive days before the start of the experi-

ments. Twenty-one days of oral PLX5622 application have previously

been shown to almost completely deplete IBA1+ microglia from the

brain (Dagher et al., 2015). The diet was provided ad libitum and food

intake was monitored by weighing the amount of diet consumed by

the animals.

2.3 | Unilateral intracortical kainate injection and
implantation of telemetric EEG transmitters

We employed the TLE-HS animal model as described previously (Bed-

ner et al., 2015; Deshpande et al., 2020; Henning et al., 2021). Briefly,

mice were anesthetized with a mixture of medetomidine (Cepetor,

CP-Pharma, Burgdorf, Germany, 0.3 mg/kg, i.p.) and ketamine (Keta-

midor, WDT, Garbsen, Germany, 40 mg/kg, i.p.) and placed into a ste-

reotaxic frame equipped with a manual microinjection unit (David

Kopf; Tujunga, CA, USA). A total volume of 70 nl of a 20 mM solution

of KA (Tocris, Bristol, UK) dissolved in 0.9% sterile NaCl was stereo-

taxically injected into the neocortex just above the right dorsal hippo-

campus. The stereotaxic coordinates were: 2 mm posterior to bregma,

1.5 mm from midline, and 1.7 mm from the skull surface. Sham control

mice received injections of 70 nl saline under the same conditions.

Immediately after KA injection, two drill holes were made at 1 mm

posterior to the injection site and 1.5 mm lateral from midline to insert

two monopolar leads required for electrographic seizure detection.

Telemetric transmitters (TA10EA-F20 or TA11ETA-F10; Data Sci-

ences International (DSI), St. Paul, MN, USA) were implanted subcuta-

neously into the right abdominal region and the two monopolar leads

were inserted �1 mm deep into the cortex. Attached leads were fixed

to the skull using superglue and covered with dental cement. The

scalp incision was subsequently sutured and anesthesia stopped with

atipamezol (Antisedan, Orion Pharma, Hamburg, Germany, 300 mg/

kg, i.p.). To reduce pain, mice were injected with carprofen for 3 days

(Rimadyl, Pfizer, Karlsruhe, Germany). Moreover, 0.25% Enrofloxacin

(Baytril, Bayer, Leverkusen, Germany) was administered via drinking

water to reduce the risk of infection. After surgery, mice were

returned to clean cages and placed on individual radio receiving plates

(RPC-1; Data Sciences International, New Brighton, MN, USA), which

capture data signals from the transmitter and send them to a com-

puter running Ponemah software (Version 5.2, Data Sciences Interna-

tional). EEG recordings (24 h/day, 7 days/week) were started directly

after transmitter implantation and continued for 28 days after SE

induction.

2.4 | EEG data analysis

EEG data was analyzed using NeuroScore (version 3.4.0) software

(Data Sciences International) as described previously (Henning

et al., 2021). Briefly, recordings were high pass filtered at 1 Hz and

the number of seizures, their duration and spike numbers were deter-

mined using the spike train analysis tool implemented in NeuroScore

based on the following criteria: threshold value = 7.5 � SD of the

baseline (i.e., activity during artifact- and epileptiform-free epochs

four weeks after SE) � 1000 μV, spike duration = 0.1–50 ms, spike

interval = 0.1–2.5 s, minimum train duration = 30 s, train join

interval = 1 s, minimum number of spikes = 50. The number of arti-

facts was minimized by repeating the spike train analysis with a

threshold ranging from the maximum amplitude of actual epileptiform

spikes (i.e., determined subjectively by manually scrolling through the

EEG recording) � 1000 μV and subsequently subtracting that value

from the value obtained during initial spike quantification (i.e.,

7.5 � SD of the baseline � 1000 μV). Fast Fourier transformation

(FFT) was conducted to derive absolute δ (0.5–4 Hz), θ (4–8 Hz), α (8–

13 Hz), β (13–30), and γ (30–50 Hz) power values, which were nor-

malized to baseline activity prior to conducting statistics. The number

of spontaneous generalized seizures during the chronic phase was

determined manually from the EEG recordings by two experienced

experimenters. Finally, to analyze EEG activity during SE in PLX5622

treated mice, spike number and EEG band power were normalized to

the activity during the postictal state. For that, activity during at least

five postictal periods lasting �10 s was quantified. The spike thresh-

old was set at 10 � SD of baseline activity during the postictal state.

All animals included in the study developed SE. Three animals (2 PLX

and 1 control mice) were excluded from the analysis because the EEG

signal was too noisy to allow accurate quantification of the baseline

EEG activity.

2.5 | Whole-cell patch clamp and biocytin-filling of
astrocytes

Mice were anesthetized with isoflurane (Piramal Healthcare, Morpeth,

UK) and decapitated. Brains were quickly removed and 200 μm-thick

coronal slices were cut on a vibratome (VT1000S, Leica Microsystems,

Wetzlar, Germany) in ice cold preparation solution containing (in mM):

87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 7 MgCl2, 0.5 CaCl2, 25

glucose, 75 sucrose, equilibrated with carbogen to stabilize pH (5%

CO2/95% O2, pH 7.4). After storage of slices (15 min, 35�C) in prepa-

ration solution, slices were transferred to a solution containing (in

mM): 126 NaCl, 3 KCl, 2 MgSO4, 2 CaCl2, 10 glucose, 1.25 NaH2PO4,

26 NaHCO3, gassed with carbogen (aCSF). To aid identification of

astrocytes in the tissue, aCSF was supplemented with SR101 (1 μM,

Sigma Aldrich, S7635, incubation 20 min, 35�C) (Kafitz et al., 2008).

After SR101 staining, slices were transferred to aCSF and kept at

room temperature (RT) for the duration of the experiments. For

recordings, slices were transferred to a recording chamber and con-

stantly perfused with aCSF. Patch pipettes fabricated from borosili-

cate capillaries with a resistance of 3–6 MΩ were filled with a

solution containing (in mM): 130 K-gluconate, 1 MgCl2, 3 Na2-ATP,

20 HEPES, 10 EGTA and biocytin (0.5%, Sigma Aldrich) (pH 7.2, 280–

285 mOsm). To analyze gap junction coupling, whole-cell patch clamp

recordings of SR101-positive astrocytes were performed during which

astrocytes were filled with biocytin (20 min, RT). In addition to SR101

staining, astrocytes were identified by their characteristic morphology,
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passive current–voltage relationship, low input resistance and a rest-

ing membrane potential close to the Nernst potential of K+. Current

signals were amplified (EPC 8, HEKA Electronic, Lambrecht, Germany),

filtered at 3 or 10 kHz, and sampled at 10 or 30 kHz (holding potential

�80 mV). Online analysis was performed with TIDA 5.25 acquisition

and analysis software for Windows (HEKA) and Igor Pro 6.37 soft-

ware (WaveMetrics, Lake Oswego, OR, USA). Voltages were cor-

rected for liquid junction potentials. Only recordings matching the

following criteria were included in the analysis: (i) resting potential

negative to �60 mV, (ii) membrane resistance ≤10 MΩ, and (iii) series

resistance ≤20 MΩ. After the recording, slices containing a biocytin-

filled astrocyte were stored in 4% paraformaldehyde (PFA)-containing

phosphate buffered saline (PBS) overnight at 4�C and subsequently

transferred into PBS and stored at 4�C until immunohistochemistry.

2.6 | Immunohistochemistry

2.6.1 | Tissue preparation

Animals were deeply anaesthetized by i.p. injection with 100–120 μl

of a solution containing 40 mg/kg ketamine (WDT) and 0.3 mg/kg,

medetomidine (CP-Pharma). After checking for hind paw reflexes,

transcardial perfusion was applied with ice-cold PBS (30 ml) followed

by 4% ice-cold PFA in PBS (30 ml). Brains were removed and stored

for 24–48 h in 4% PFA-containing solution and subsequently stored

in PBS at 4�C until slicing. Brains were cut into 40 μm thick coronal

slices using a Leica VT1200S vibratome (Leica Microsystems).

2.6.2 | Antibody staining

Immunohistochemistry was performed using free-floating slices kept

in 24-well plates. Slices from the dorsal hippocampus close to the KA

injection site were used. For membrane permeabilization and blocking

of unspecific epitopes, slices were incubated (1–2 h, RT) with 0.5%

Triton X-100 (or 2% for staining of biocytin-filled astrocytes) and 10%

normal goat or donkey serum (NGS, NDS) in PBS. Slices were subse-

quently incubated overnight with primary antibody solution contain-

ing PBS on a shaker at 4�C. The following primary antibodies were

applied: rat anti-CD68 (1:200, BioRad Laboratories, MCA1957,

Munich, Germany), rat anti-CD169 (1:400, BioRad Laboratories,

MCA884), rabbit anti-GFAP (1:500, DAKO, Z0334, Hamburg, Ger-

many), rabbit anti-IBA1 (1:400, Wako Chemicals, #019-19741, Neuss,

Germany), mouse anti-NeuN (1:200, Merck Millipore, MAB377,

Darmstadt, Germany), rabbit anti-Tmem119 (1:500, Abcam,

ab209064), rabbit anti-TNFR1 (1:100, Abcam, ab19139, Berlin, Ger-

many). On the following day, slices were washed three times with

PBS for 5–10 min each and subsequently incubated with secondary

antibodies conjugated with Alexa Fluor® 488, Alexa Fluor® 647,

streptavidin-conjugated Alexa Fluor® 647 (1:500, 1:600 respectively,

Invitrogen, Karlsruhe, Germany) or streptavidin-conjugated Cy3

antibody (1:300, Sigma Aldrich, S6402) in PBS (2% NGS, 1.5-2 h, RT).

For staining of NeuN, slices were incubated with goat anti-mouse bio-

tin (1:500, Dianova, AB_2338557, Hamburg, Germany) prior to incu-

bation with streptavidin-conjugated Cy3 antibody (1 h, RT). After

washing slices again three times with PBS (5–10 min), nuclear staining

with Hoechst (1:200, diluted in dH2O) was performed (10 min, RT). A

final washing step (3� PBS, 5 min each) was performed and slices

were mounted with Aquapolymount (Polysciences, Heidelberg, Ger-

many) on objective slides and covered with cover slips. Slides were

stored at 4�C before confocal imaging.

2.6.3 | Confocal microscopy

A confocal laser scanning microscope (SP8, Leica, Hamburg, Germany)

at 8 bit using 10� (numerical aperture (NA): 0.4) 20� (NA: 0.75), 40�
(NA: 1.1), and 63� (NA: 1.2) objectives was used. Image resolution

was set at 1024 � 1024 pixels recorded at a speed of 400 Hz, with a

pinhole size of 1 airy unit (AU). Standard photomultiplier tubes or

hybrid detectors were used for detection of fluorescent signals. Laser

and detector settings were applied equally to all images acquired. Z-

stacks were recorded at 0.36 μm (TNFR1), 0.42 μm (CD68), 1 μm

(IBA1 & GFAP morphology, CD169), or 2 μm (GJ coupling & Hippo-

campal sclerosis) intervals.

2.7 | Quantification of immunostainings

2.7.1 | Microglial/macrophage morphology

Microglia/macrophage morphology was quantified based on IBA1

staining using the publicly available (https://github.com/hansenjn/

MotiQ) plugin MotiQ for FIJI (Schindelin et al., 2012). Two to four

IBA1+ cells per image were cropped out of 30 μm z-stacks (40�/1.1

NA objective, region of interest (ROI): 242.42 � 242.42 � 30 μm3)

from each condition to create single-cell images. Next, single-cell

images were binarized by application of an automated intensity

threshold (Otsu for KA experiments and Moments for PLX5622

experiments) to 0.5 scaled maximum intensity projections (MIPs) of

the original image. Binary single-cell images were further filtered by

removing all particles smaller than 100 voxels from the image. Finally,

3D reconstructions and skeletons were generated from which cell vol-

ume, average and total process length, ramification and polarity index

were quantified and statistically compared between conditions. A

Gauss filter (sigma = 2) was applied prior to skeletonization. The rami-

fication index indicates the complexity of the cell's shape using the

following equation:

Ramification index¼ cell surface area

4π� 3�cell volume
4π

� �2
3

ð1Þ

The polarity index was defined as:
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Polarity index¼ convex hull center�cell center

2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3�convex hull volume

4π
3

q ð2Þ

and indicates the degree of unbalance in the distribution of processes

emanating from the cell's soma (Fülle et al., 2018). The density of

IBA1+ and CD169+ (ROI: 242.42 � 242.42 � 30–32 μm3) cells was

quantified using the spot detection algorithm implemented in IMARIS

8.0 (Bitplane, Zurich, Switzerland).

2.7.2 | Microglia and astrocyte morphology and
marker expression in PLX5622 experiments

The number of IBA1+ cells as well as the total volume occupied by

the microglia-specific marker Tmem119 in PLX5622-treated FVB

mice were determined in 3D images recorded using either a 10�/0.4

NA objective (IBA1; ROI: 969.70 � 969.70 � 15 μm3) or 40�/1.1 NA

objective (Tmem119; ROI: 242.42 � 242.42 � 15–17 μm3) using the

spot and surface detection algorithms implemented in IMARIS 8.0,

respectively. Moreover, astrocyte morphology was determined based

on GFAP staining in 3D images (63�/1.2 NA objective; ROI:

153.92 � 153.92 x 30 μm3) using the in-built Autopath algorithm

implemented in IMARIS 8.0. Reconstruction parameters were kept

identical across all images analyzed.

2.7.3 | Quantification of CD68 and IBA1 volumes

Custom-written macros in FIJI were used to determine the volume of

CD68 and IBA1 signals occupied in each image (40�/1.1 NA objec-

tive; ROI: 242.42 � 242.42 � 20–22 μm3). Images were background

subtracted (15 pixel rolling ball radius), median filtered (2 pixel radius)

and subsequently binarized (Triangle for CD68 and Moments thresh-

old for IBA1) after which the area occupied by the respective signal

within each focal plane was quantified using the analyze particles

function in FIJI. The obtained area values were subsequently summed

up across all focal planes in order to obtain the total volume occupied

by each signal.

2.7.4 | Colocalization of TNFR1 and GFAP

Colocalization analysis was performed with FIJI in TNFR1/GFAP

double-stained hippocampal sections of KA-injected or control

C57B6J mice. Images were recorded using a 63�/1.2 NA objective

(ROI: 92.35 � 92.35 � 12 μm3). GFAP+ images were median fil-

tered (3 pixel radius) and subsequently binarized (Triangle thresh-

old). Image values of 0 and 1 were obtained by subtraction of the

value 254 from the thresholded GFAP+ image. Next, the binary

GFAP+ images and the TNFR1+ images were multiplied to derive

the TNFR1 signal intensity in GFAP+ pixels. Signal intensities were

subsequently summed up across all focal planes to derive the total

TNFR1 content in astrocytes. Cumulative TNFR1 signal intensity

was divided by the total volume occupied by the GFAP signal to

account for differences in GFAP expression between experimental

conditions.

2.7.5 | Coupling efficiency of biocytin-filled
astrocytes

Coupling efficiency was determined by manual counting of

biocytin+ cells using the cell counter plugin implemented in FIJI and

compared between injected (ipsilateral) and non-injected (contra-

lateral) hemispheres. Another observer blinded to the experimental

conditions recounted images of biocytin-filled astrocytes, and cell

counts were subsequently averaged across both counts prior to

statistical analysis.

2.7.6 | Hippocampal sclerosis

The extent of hippocampal sclerosis was estimated based on the

quantification of four parameters: (i) the extent of granule cell disper-

sion (GCD) in the dentate gyrus (DG), (ii) the shrinkage of the CA1

stratum radiatum, (iii) the number of CA1 pyramidal neurons, and (iv)

the extent of astrogliosis in CA1 stratum radiatum. GCD, stratum

radiatum shrinkage and the number of CA1 pyramidal neurons were

estimated in maximum intensity projections (MIPs) (ROI:

1163.64 � 1163.64 � 30–32 μm3). The extent of astrogliosis was

measured in individually defined ROIs in CA1 stratum radiatum and

subsequently normalized to ROI size. GCD quantification was per-

formed as described previously (Deshpande et al., 2020; Henning

et al., 2021). Briefly, GCL width was measured at four positions indi-

cated as T1–T4. T1 and T2 were measured along a vertical line con-

necting the upper and lower cell layers of the DG, T3 and T4 at a

distance halfway between the vertical line and the tip of the hilus.

The average of the four values was used as an estimation of GCD.

Shrinkage of the stratum radiatum was determined by drawing a verti-

cal line connecting the pyramidal and molecular layer, above the high-

est point of the DG granule cell layer. The length of the vertical line

served as an indication of the remaining width of the stratum radia-

tum. The extent of astrogliosis was measured by quantifying the area

occupied by the GFAP signal in individual ROIs within all focal planes

of each image. The total volume occupied by the GFAP signal was

subsequently derived by summing up the area calculated across all

focal planes and was normalized to the volume of the ROI prior to sta-

tistical analysis. Both GCD, stratum radiatum width and astrogliosis

were quantified using FIJI software. The number of pyramidal neurons

in the CA1 region was measured using the automated spot detection

algorithm implemented in IMARIS8.0 within a 360 � 120 � 30 μm3

ROI placed within the CA1 pyramidal layer just above the highest

point of the DG granule cell layer.
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2.8 | Quantification of hippocampal TNFα
concentrations

2.8.1 | Tissue preparation and biochemical
extraction of hippocampal protein

Cx3cr1CreERT2/+-TNFαloxp/loxp and Cx3cr1CreERT2/+-TNFα+/+ mice

were transcardially perfused as described above. Dorsal hippocampi

were quickly removed, weighed and flash frozen in liquid nitrogen

before storage at �80�C until biochemical extraction. Frozen hippo-

campi were homogenized in homogenization buffer (1� PBS, 5 mM

NaF, 20 mM pyrophosphate, 1� protease/phosphatase inhibitor (Cell

Signaling, #5872, Frankfurt am Main, Germany)) using a Precellys®

device (Bertin Instruments, Darmstadt, Germany) for 2� 15 s at

5000 rpm. Next, an equal volume of 2� RIPA buffer (50 mM Tris,

150 mM NaCl, 2% NP-40, 1% NaDOC, 0.2% SDS) was added to the

sample, followed by sonication of the sample for 10 s and incubation

on ice for 30 min. The homogenate was centrifuged for 30 min at

100,000g and the supernatant was collected. The total protein con-

centration in the supernatants was determined using a bicinchoninic

acid (BCA) assay (Thermo Fisher Scientific, Bremen, Germany) accord-

ing to the manufacturer's instructions.

2.8.2 | ELISA

For quantification of hippocampal TNFα concentrations an electro-

chemiluminescence ELISA (V-PLEX Mouse TNF-α Kit, K152QWD,

MESO SCALE DIAGNOSTICS, LLC, Rockville, USA) was performed

with a 1:1 sample dilution using the reagents supplied by the manu-

facturer and according to the manufacturer's instructions. Each sam-

ple was measured in duplicate and the average was normalized to the

weight of hippocampal tissue and expressed as pg/mg tissue.

2.9 | Single-cell semiquantitative real time reverse
transcription PCR

Single-cell transcript analysis was performed on astrocytes harvested

from brain slices of the hippocampal CA1 region of KA-injected and

non-injected C57B6J mice (Seifert et al., 2009). Astrocytes were iden-

tified by labeling with the fluorescent dye SR101 and based on elec-

trophysiological characterization. Cells were aspirated into a patch

pipette and expelled into reaction tubes filled with 3 μl DEPC-treated

water, flash frozen in liquid nitrogen and stored at �20�C until the

start of the RT-PCR. A reverse transcription reaction was started by

adding 4.5 μl RT-mastermix containing RT-buffer (ThermoScientific),

dNTPs (4 � 250 μM, ThermoFisher), random hexamers (50 μM,

Roche) RNasin (20 U, Promega), and Maxima H Minus reverse tran-

scriptase (100 U, ThermoScientific) and incubated at 37�C for 1 h.

Next, 40 μl of the mastermix were added to the RT product and a pre-

amplification was performed for 20 cycles (denaturation at 94�C,

25 s; annealing at 51�C, 45 s; extension at 72�C, 25 s; final elongation

at 72�C, 7 min) with a thermocycler PTC-200 (MJ Research). The mas-

termix contained PCR buffer, MgCl2 (2.5 mM), dNTPs (4 � 50 μM),

primers (200 nM each, Eurogentec), and 5 U Taq polymerase (Invitro-

gen). Thereafter, an aliquot of 1 μl was used as template for the real-

time PCR using Takyon Mastermix (Eurogentec) or TaqMan universal

PCR Mastermix for amplification of TNFα (Applied Biosystems), in a

final volume of 12.5 μl. For detection and quantification of TNFR1,

TNFR2, TNFα, and the reference genes GFAP and HPRT1, a Taqman

primer/probe mix was used (Applied Biosystems). PCRs for the

respective target and housekeeping genes were run in parallel wells

for each sample as triplicates using a CFX384 Touch Real-Time PCR

Detection System (BioRad Laboratories). Samples were incubated for

2 min at 50�C and after denaturation (10 min, 95�C), 50 cycles (dena-

turation at 95�C, 15 s; primer annealing and extension at 60�C, 60 s)

were performed. The accumulation of the PCR product was detected

by consecutively measuring the fluorescence intensity of the Taqman

probe during each PCR cycle. The target gene/GFAP and target gene/

HPRT1 expression ratios were determined by comparing CT values of

the target gene with those of the respective reference genes. The rel-

ative quantification of different genes was determined according to

the following equation:

Xtarget=XGFAP=HPRT1 ¼ECT GFAP=HPRT1
GFAP=HPRT1 =ECTtargettarget ð3Þ

yielding the gene ratio with X being the input copy number, E is the

efficiency of amplification, and CT is the cycle number at threshold

detection. By quantification of target gene expression relative to

GFAP or HPRT1, CT was determined for each gene at the same fluo-

rescence emission, Rn. The amplification efficiency was determined

based on serial dilutions of mRNA and was 2.08 (HPRT1), 1.98

(GFAP), 2.03 (TNFR1), 2.02 (TNFR2), and 1.94 (TNFα). DEPC-water

added to the RT-reaction served as a negative control.

2.10 | Statistical analysis

All statistical analyses were performed using R software (R Core

Team, 2021, version 4.0.5, Austria) (R Core Team, 2021). Data are dis-

played as mean + standard deviation (SD) or as box plots representing

median (line) and quartiles (25th and 75th percentile) with whiskers

extending to the highest and lowest values within 1.5 times the inter-

quartile range (IQR). Prior to statistical analysis, data were checked for

normality by inspection of histograms and Q–Q plots as well as by

applying a Shapiro–Wilk test. Levene's test was performed to check

for homogeneity of variance between groups. In case of a significant

deviation from normality, data were transformed according to Tukey's

ladder of powers (Tukey, 1977) prior to conduction of statistical tests

or by performing the appropriate non-parametric equivalent. For com-

parison of two independent groups, Student's t-test or Wilcoxon-rank

sum test were used. More than two groups were compared with one-

way analysis of variance (ANOVA) followed by post-hoc Tukey test or

using Kruskal–Wallis test with Dunn's post-hoc test. p-Value
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F IGURE 1 KA-induced TLE induces rapid microglia reactivity accompanied by delayed macrophage infiltration. (a) Representative images
depicting the morphology of individual IBA1-positive cells in the ipsilateral hippocampal CA1 stratum radiatum of FVB mice at 4 h, 1, 5, and
14 days post SE induction. 3D reconstructions and skeletons were derived from the images to quantify the morphology of individual microglia/
macrophages. Scale bar: 10 μm. (b–e) Quantitative analyses of density, volume, ramification index, and average process length of IBA1-positive
cells indicate rapid and persistent activation of microglia/macrophages following KA-induced SE. n = 15–20 cells/condition, N = 3 mice/
condition; two-way ANOVA; * versus contra, # versus sham. (f) Representative maximum intensity projection (MIPs) of CD169-positive

macrophages (cyan) at 4 h, 5 days, and 14 days post SE induction. Scale bar: 50 μm. Images are background subtracted and brightness adjusted.
(g) CD169 expression was increased in the hippocampal CA1 stratum radiatum during the latent and chronic periods, but not during SE. n = 2–3
slices/mouse, N = 3 mice/condition; two-way ANOVA; * versus contra, # versus sham. (h) Representative MIPs of a combined CD68 (magenta)
and IBA1 (green) staining in the ipsilateral hippocampal CA1 stratum radiatum of sham- and KA-injected mice. Scale bar: 20 μm. Images depict a
background subtracted and brightness adjusted region of interest (ROI) representative of the whole image. (i) CD68 expression was increased
during the latent phase after KA-induced SE. n = 3 slices/mouse, N = 3 mice/condition; two-way ANOVA; # versus sham, $ versus KA4h. Data
are displayed as box plots representing median and quartiles. Black dots represent individual data points. **p < 0.01, ***p < 0.001; #p < 0.05,
##p < 0.01, ###p < 0.001, $$$p < 0.001
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adjustment for more than two groups was based either on Tukey's or

the Benjamini–Hochberg method. For multifactorial data, two-way

ANOVA or two-way aligned rank transform ANOVA (Wobbrock

et al., 2011) were performed. Kaplan–Meier estimates were compared

using a log-rank test and Fisher's exact test was used to analyze con-

tingency tables. Differences between groups were considered statisti-

cally significant at p < 0.05. If not stated otherwise, “n” refers to the

number of cells or slices, and “N” refers to the number of ani-

mals used.

3 | RESULTS

3.1 | Activation of innate immune cells in
experimental TLE

Activation of microglial cells and invasion of neural tissue by blood-

derived immune cells has been described in the sclerotic hippocampus

of drug-resistant TLE patients and in various experimental epilepsy

models (Broekaart et al., 2018; Di Nunzio et al., 2021; Feng

et al., 2019; Morin-Brureau et al., 2018; Zattoni et al., 2011). In the

unilateral intracortical KA mouse model of TLE with HS, which closely

reproduces key features of the human condition, pronounced micro-

gliosis was found in the chronically epileptic hippocampus (Deshpande

et al., 2020). However, the time course of microglial activation during

the early phase of epileptogenesis has not been studied in our model,

and no information on immune cell infiltration is yet available. Here,

we performed morphometric analysis of IBA1-immunolabeled cells in

the hippocampal CA1 at different stages of KA-induced epileptogen-

esis to assess the temporal pattern of microglia activation. We

focused on four different time points, representing the acute phase (i.

e., before onset of neuronal death, 4 h post KA injection), the latent

period (1 and 5 days) and the chronic phase (14 days) (Bedner

et al., 2015). Microglial cell density, cell volume, branching index and

average length of cell processes were quantified using 3D reconstruc-

tions and cytoskeletal predictions extracted from high-resolution con-

focal images (Figure 1a) and statistically compared between sham-

and KA-injected mice as well as between the injected (ipsilateral) and

non-injected (contralateral) hemispheres. The density of IBA1-positive

cells remained unchanged 4 h and 1 day after KA injection, but

increased markedly on the fifth day in the hippocampi of both hemi-

spheres. While after two weeks innate immune cell density further

increased on the ipsilateral side, it returned to baseline contralaterally

(Figure 1b, see Table S2 for descriptive statistics of Figure 1). Hyper-

trophy of IBA1-positive cells was already detectable 4 h after KA

injection (Figure 1c). Similar to the alterations in cell density, these

changes, as well the reduction in process length (Figure 1e), were per-

sistent ipsilaterally but transient on the contralateral side. However,

ramification of IBA1-positive cells remained unchanged across all time

points investigated (Figure 1d).

As not only microglia but also peripheral monocytes express

IBA1, we next sought to determine to what extent the increased den-

sity of IBA1-positive cells resulted from microglial proliferation vs.

invasion of monocytes. For this purpose, we stained hippocampal

slices from epileptic mice with the peripheral myeloid marker CD169

(Butovsky et al., 2012; Gao et al., 2015; Rice et al., 2015). CD169-pos-

itive cells were virtually absent 4 h and 1 day after KA, but abundant

on both hemispheres after 5 days, and ipsilaterally after 14 days

(Figure 1f,g). In order to test that in our model CD169 specifically

labels peripheral monocytes, we performed double-staining of CD169

together with the microglia-specific marker Tmem119 (Bennett

et al., 2016) 5 days post KA injection (Figure S1). Surprisingly, the

staining revealed that a subset of CD169-positive cells also expressed

Tmem119. Ipsilaterally, however, some CD169-positive cells were

Tmem119-negative, which indicates monocyte infiltration.

To further characterize innate immune cell activation, we per-

formed immunohistochemical staining for CD68, which is typically

upregulated during inflammation by activated microglia/macrophages

(Broekaart et al., 2018; Jurga et al., 2020). The resulting diffuse stain-

ing pattern (Figure 1h) made identification of individual cells and thus

quantification of cell density difficult. Therefore, we determined the

volume occupied by CD68 immunoreactivity in the hippocampal CA1

of sham- and KA-injected animals. Here, we observed a strong

increase in immunoreactivity 5 days but not 4 h after KA injection,

confirming that microglia/macrophages acquire a reactive phenotype

after KA-induced SE (Figure 1I).

Taken together, these studies strongly suggest that hippocampal

microglia become rapidly reactive following SE induction, even before

the onset of neurodegeneration (Bedner et al., 2015). Ipsilaterally, the

extent of innate immune cell activation gradually increased during the

first two weeks of epileptogenesis. Transient microglial activation was

also seen in the contralateral hippocampus.

3.2 | Microglia depletion prevents SE-induced GJ
uncoupling

Loss of astrocytic GJ coupling is a characteristic feature of the scle-

rotic hippocampus in human and experimental TLE (Bedner

et al., 2015). Our previous data suggest that the disruption of astro-

cyte coupling is mediated by microglia activation and release of pro-

inflammatory cytokines (Bedner et al., 2015; Khan et al., 2016),

although evidence for a causal relationship is still lacking. Thus, we

employed the orally available CSF1R inhibitor PLX5622 (PLX) (Dagher

et al., 2015) to deplete microglia from the brain prior to KA injection.

Both non-injected and KA-injected (4 h post injection) FVB mice

showed a 50%–60% reduction in IBA1-positive microglia in the hippo-

campus following 21 days of PLX treatment (non-injected: control diet

16,108 ± 1660 (mean ± SD) vs. PLX 21 d 6586 ± 982 cells/mm3; KA-

injected after 4 h: control diet 15,792 ± 2168 vs. PLX21d 7573 ± 952

cells/mm3) (Figure 2a,b). Extending PLX administration to 28 days

slightly increased depletion efficacy, but was nonetheless not suffi-

cient to completely abolish microglia in the hippocampus (Figure S2a,

b). Moreover, the reduction in IBA1-positive microglia was similar

after 7 and 21 days of PLX treatment, indicating rapid clearance of

microglia from the brain (Figure S2b). Tmem119 immunostaining
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confirmed these findings, demonstrating high but incomplete micro-

glia depletion (�70%) in KA mice subjected to 21 days of PLX treat-

ment (Figure S2c,d). The extent of microglia depletion after PLX

treatment was similar in C57B6J and FVB mice (Figure S2e,f). Finally,

quantification of the morphology of surviving microglia after PLX

treatment revealed no significant cytoskeletal changes compared to

mice receiving a control diet (Figure S2g–k). To summarize, these find-

ings contrast previous reports demonstrating almost complete

removal of microglia from the brain after 3 weeks of continuous PLX

treatment (Dagher et al., 2015). Nevertheless, our data show that

CSF1R inhibition causes microglia depletion not only in the healthy

but also the epileptic brain, making it a suitable approach to study the

contribution of microglia to astrocyte dysfunction and epileptogen-

esis. Hence, in a next step we treated mice for 21 days with PLX prior

to KA application and assessed GJ coupling 4 h later by biocytin filling

of individual hippocampal CA1 stratum radiatum astrocytes. In the

F IGURE 2 Legend on next page.
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hippocampus of control mice, KA-induced SE led to a reduction of GJ

coupling efficiency by about 50% at this time point (Bedner

et al., 2015; Henning et al., 2021). Notably, PLX treatment and partial

depletion of microglia completely prevented SE-induced uncoupling

(KA 4 h: 54.14 ± 24.31% vs. PLX 21d + KA 4 h: 87.08 ± 23.03%; per-

centage of coupled astrocytes ipsi- vs. contralaterally) (Figure 2c,d).

Alterations in GFAP expression and morphology are considered

hallmarks of reactive astrocytes (Escartin et al., 2021). Moreover, pro-

inflammatory cytokines released from microglia have been shown to

induce astrogliosis (Liddelow et al., 2017). To further elucidate the

contribution of microglia to astrocyte reactivity during early KA-

induced epileptogenesis, we characterized morphological features of

GFAP-positive astrocytes in PLX-treated mice 4 h post KA injection in

the CA1 stratum radiatum. Cell volume, total process length and cell

density were quantified using 3D reconstructions derived from confo-

cal images and compared between sham, KA and PLX21d + KA-trea-

ted mice (Figure 2e–h). The volume of GFAP-positive astrocytes was

increased ipsilaterally and slightly decreased contralaterally, indepen-

dent of whether mice were treated with PLX or not (Sham: ipsi 197,

164–218 vs. contra 212, 198–215 μm3; KA 4 h: ipsi 291, 250–356 vs.

contra 145, 135–178 μm3; PLX 21 d + KA 4 h: ipsi 406, 345–501 vs.

contra 184, 139–197 μm3) (Figure 2f). The process lengths were

reduced on both sides, an effect that could be prevented by PLX

treatment (Sham: ipsi 508, 297–566 vs. contra 439, 356–508 μm; KA

4 h: ipsi 322, 290–373 vs. contra 320, 282–321 μm; PLX 21 d + KA

4 h: ipsi 538, 439–616 vs. contra 348, 216–532 μm) (Figure 2g). Con-

sistent with our previously published data (Wu et al., 2021), the den-

sity of GFAP-positive cells was ipsilaterally decreased 4 h post KA,

which was not prevented by PLX treatment (Figure 2h). A slight

decrease in astrocyte density was also observed in the ipsilateral hip-

pocampus of sham-injected mice (Sham: ipsi 13,352, 11,596–15,109

vs. contra 14,758, 14,055–16,515 cells/mm3; KA 4 h: ipsi 11,244,

9839–12,650 vs. contra 15,461, 14,055–19,677 cells/mm3; PLX 21

d + KA 4 h: ipsi 9136, 8082–10,541 vs. contra 14,055, 12,650–

15,461 cells/mm3) (Figure 2h). In conclusion, our data reveal that in

addition to microglia, astrocytes become rapidly reactive following SE

induction. However, partial microglia depletion only slightly affected

the morphological alterations these cells underwent 4 h after onset

of SE.

3.3 | Microglia depletion attenuates the severity of
KA-induced SE but increases mortality

The protective effect of PLX treatment on astrocyte coupling

prompted us to examine the consequences of microglia depletion on

epileptogenesis in our TLE-HS model. As astrocyte uncoupling is

thought to causally contribute to epileptogenesis (Bedner et al., 2015;

Deshpande et al., 2020; Onodera et al., 2021), we hypothesized that

PLX exerts antiepileptogenic effects in our model. A subset of mice

was treated with PLX for 21 days and subsequently subjected to

intracortical KA injection, which was immediately followed by implan-

tation of telemetric EEG transmitters. A control group received stan-

dard chow prior to KA injection and transmitter implantation. We

quantified the severity of SE, which in our model is manifested by a

series of convulsive seizures (Figure 2i) lasting up to several hours.

The number of seizures, their duration and the overall time spent in

ictal activity was quantified during the first h of SE. Additionally, we

counted the number of epileptic spikes during the first 6 h of record-

ing and compared the spectral power in the γ range after fast Fourier

transformation (FFT) of the EEG data. Baseline activity did not differ

between groups (p = 0.99, independent samples t-test; data not

shown). We detected significantly less seizures (KA: 17, 15–19 vs.

PLX 21 d + KA: 13, 12–16 seizures) and a reduced time spent in ictal

activity (KA: 47, 34–56 vs. PLX 21 d + KA: 30, 25%–36%) in PLX-

treated compared to control mice during the first hour of KA-induced

SE (Figure 2j,l) whereas seizure duration was not affected (KA: 89,

77–119 vs. PLX 21 d + KA: 71, 61–84 s) (Figure 2k). To further

F IGURE 2 Microglia depletion prevents astrocytic uncoupling and attenuates SE severity. (a) Representative MIPs of a combined IBA1 and
Hoechst staining in the hippocampus of non-injected mice fed a control diet (non-injected), PLX-treated (PLX 21 days), KA-injected (KA 4 h) and
PLX- + KA-treated (PLX 21 days + KA 4 h) FVB mice. Scale bar: 200 μm. (b) The number of IBA1-positive cells was reduced by 50%–60% in the
hippocampus of both, KA- and non-injected mice receiving PLX-diet (1200 mg/kg). n = 3 slices/mouse, N = 3 mice/condition; one-way ANOVA;
* versus control diet. (c) Representative MIPs depicting biocytin-filled astrocytes labeled with streptavidin-conjugated Alexa Fluor® 647 in the
ipsi- and contralateral hippocampal CA1 stratum radiatum region in KA-injected (KA 4 h) and PLX- + KA-treated (PLX 21 days + KA 4 h) FVB
mice 4 h post KA injection. Images depict a background subtracted and brightness adjusted ROI representative of the whole coupling cloud. Scale
bar: 50 μm. (d) Partial microglia depletion prevented GJ uncoupling of astrocytes during SE. n = 11 cells/condition, N = 4 mice; Independent
samples t-test. The dashed line indicates the value of the contralateral hemisphere; * versus KA4h. (e) Representative MIPs of combined GFAP
and Hoechst staining in the ipsi- and contralateral hippocampal CA1 stratum radiatum of mice with or without PLX pre-treatment, 4 h after KA
injection. Scale bar: 20 μm. (f–h) Analyses of volume, total process length and density of GFAP-positive astrocytes revealed that microglia
depletion only marginally affects astrogliosis. n = 3 slices/mouse, N = 3 mice/condition; two-way ANOVA; * versus contra, # versus sham. (I)
Representative EEG traces during KA-induced SE in PLX-untreated (top) and PLX-treated (bottom) mice. (j–l) Number of seizures, seizure

duration, and time spent in ictal activity during the first h of SE. PLX pre-treatment reduced number and time spent in seizures but not seizure
duration. N = 9 KA and 11 PLX21d + KA mice; independent samples t-test; * versus KA. (m, n) The number of spikes per min as well as high
frequency EEG activity (γ = 30–50 Hz) were reduced in PLX-treated mice during the first 6 h after KA injection. N = 9 KA and 11 PLX21d + KA
mice; Wilcoxon rank sum test; * versus KA. (o) Kaplan–Meier curve showing that the mortality was increased in PLX-treated compared to
untreated mice following KA injection. N = 17 KA and 13 PLX21d + KA mice; log-rank test. Data are displayed as box plots representing median
and quartiles, or as bar graphs with mean + SD. Black dots represent individual data points. SR, stratum radiatum; SP, stratum pyramidale.
*p < 0.05; **p < 0.05; ***p < 0.001; #p < 0.05; ##p < 0.01; ###p < 0.001
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characterize SE, spike and spectral analyses were performed during an

extended period of 6 h after SE induction. Both spike number (KA:

158, 124–251 vs. PLX 21 d + KA: 66, 43–119 spikes/min) and high-

frequency activity in the γ range (KA: 5, 3.97–7.13 vs. PLX 21 d + KA:

2.6, 1.38–2.93) were significantly reduced in PLX-treated versus con-

trol mice (Figure 2m,n). Unexpectedly, PLX treatment significantly

increased the mortality rate of KA injected mice (KA: 21.43% (3 of 14

mice) vs. PLX 21 d + KA: 69.23% (9 of 13 mice)) (Figure 2o), which

made long-term investigations of the chronic phase impossible.

Together, the data show that partial microglia depletion reduces the

severity of KA-induced SE, implicating microglia as modulators of epi-

leptiform activity.

3.4 | SE-induced uncoupling of astrocytes requires
TNFα released from microglia

So far, our data (Figure 2) support a role for activated microglia in

astrocyte uncoupling and ictogenesis following KA-induced SE, and

we hypothesized that microglia exert their detrimental effects via the

release of TNFα. To explore this hypothesis, we subjected microglia-

specific and inducible TNFα knockout (TNFKO) mice to our TLE model

and performed ELISA to quantify hippocampal TNFα concentrations

4 h post KA injection. TNFα levels were strongly increased in the ipsi-

lateral hippocampus of heterozygous Cre-expressing control (CTRL)

mice (ipsi 0.126, 0.074–0.13; contra 0.006, 0.005–0.009 pg/mg tis-

sue) (Figure 3a). Although in TNFKO versus CTRL mice the ipsilateral

TNFα level upon KA injection was markedly reduced, it was still higher

than on the contralateral side (TNFKO: ipsi 0.005, 0.003–0.006; con-

tra 0.001, 0.001–0.001 pg/mg tissue) (Figure 3a). Nevertheless, this

ipsilateral reduction of TNFα in TNFKO mice was sufficient to

completely prevent the 50% loss of astrocyte GJ coupling occurring in

CTRL mice 4 h post KA injection (CTRL: 44.75 ± 28.91% vs. TNFKO:

102 ± 27.07%; percentage of coupled astrocytes ipsi- vs. contralater-

ally) (Figure 3b,c). Although single-cell transcript analysis did not

detect significant changes in TNFR1 and TNFR2 mRNA expression

levels (Figure S3a,b), there was a significant increase in TNFR1 immu-

noreactivity in GFAP-positive astrocytes at both 4 h and 5 days post

KA injection (Figure S3g,h). Collectively, these data provide evidence

that during early epileptogenesis, microglia are a primary source of

pro-inflammatory TNFα, which impairs astrocytic GJ coupling, proba-

bly via TNFR1 signaling.

3.5 | Microglia-specific reduction of TNFα does
not affect KA-induced SE and subsequent generation
of spontaneous seizure activity

Next, we used continuous EEG monitoring to address the question

whether KA-induced SE and spontaneous seizure generation are

affected in TNFKO mice over the first 4 weeks after KA injection.

During the first hour of SE, neither the number of seizures (CTRL

12.5, 6–15 vs. TNFKO 8, 4.5–13 seizures) nor seizure duration (CTRL

125, 88–149 vs. TNFKO 94, 75–149 s) differed between genotypes

(Figure 3e,f). During the first 6 h after KA injection the number of

spikes (CTRL 11506, 7784–19,223 vs. TNFKO 7018, 2682–31,412

spikes/min) and high frequency EEG activity (CTRL 1.81, 1.44–2.35

vs. TNFKO 2.88, 2.3–3.97) were also similar (Figure 3g,h). Mortality

was not different between both genotypes (data not shown). During

the chronic phase (4 weeks post KA injection), the total number of

spontaneous generalized seizures (SGS) did not differ between the

genotypes (CTRL 10, 4.25–25 vs. TNFKO 18, 15–29.5 SGS)

(Figure 3j). Likewise, the length of the latent phase was not influenced

by the lack of microglial TNFα (CTRL 8.33 ± 8.77 vs. TNFKO 5.29

± 2.5 days until first SGS) (Figure 3k). Finally, neither the total number

of epileptic spikes per min (CTRL 6.25, 3.91–10.57 vs. TNFKO 3.78,

2.41–5.29 spikes/min) nor the total EEG band power (CTRL 1.75,

1.54–1.93 vs. TNFKO 1.75, 1.62–1.87) were different between

experimental groups (Figure 3l,m). Taken together, these results indi-

cate that the microglia-specific reduction of TNFα levels in TNFKO

mice was insufficient to attenuate KA-induced SE or chronic seizure

activity in our TLE model.

F IGURE 3 Reducing microglial TNFα prevented astrocytic uncoupling but did not attenuate seizure activity during SE and the chronic phase.
(a) Tissue concentration of TNFα determined by ELISA was significantly increased 4 h after KA injection in the ipsi- versus contralateral dorsal
hippocampus of both, Cx3cr1CreERT2/+-TNFα+/+ (CTRL) and Cx3cr1CreERT2/+-TNFαloxp/loxp (TNFKO) mice, but the increase in TNFKO mice was
significantly lower (N = 5 CTRL and 8 TNFKO mice; two-way ANOVA; * vs. ipsi, # vs. CTRL). (b) Representative MIPs depicting biocytin-positive
astrocytes 4 h post KA injection in the ipsi- and contralateral hippocampal CA1 stratum radiatum of CTRL and TNFKO mice. Scale bar: 50 μm.
Images depict a background subtracted and brightness adjusted ROI representative of the whole coupling cloud. (c) Microglia-specific knockout of
TNFα prevents uncoupling of astrocytes 4 h post KA injection. n = 12–15 cells/condition, N = 4–5 mice; Independent samples t-test. The dashed
line indicates the value on the contralateral hemisphere; * versus CTRL. (d) Representative EEG traces during SE in TNFKO and CTRL mice. (e, f)

No differences between groups regarding number and duration of seizures during the first h of SE were found. (g, h) Similarly, analyses of spike
frequency and normalized γ band EEG activity during the first 6 h of EEG recording revealed no difference between genotypes (inset displays the
median γ band activity over 6 h of SE). (i) Representative EEG traces (ictal activity, top; interictal, bottom) from TNFKO and CTRL mice during
week 4 after KA injection. (j, k) Total number of SGS and the length of the latent phase did not differ between genotypes. (l, m) Spike frequency
and normalized total EEG band power were similar in both groups. N = 7 TNFKO and 8 CTRL mice. Data are displayed as box plots representing
median and quartiles and were analysed using either an independent samples t-test, a Wilcoxon rank sum test or a log-rank test. Black dots
represent individual data points. SR, stratum radiatum; SP, stratum pyramidale. ***p < 0.001; ###p < 0.001
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3.6 | Reduced TNFα release from microglia did not
affect neurodegeneration but attenuated astro- and
microgliosis in KA-induced TLE

Approximately two-thirds of patients with pharmacoresistant TLE

exhibit HS, which is characterized by marked neurodegeneration,

reactive astro- and microgliosis, and GCD (Aronica et al., 2007;

Blümcke et al., 1999; Broekaart et al., 2018). These histopathological

changes are well reproduced in our mouse model of TLE (Bedner

et al., 2015; Deshpande et al., 2020). To determine whether reduction

of microglial TNFα influences HS development, we immunostained

hippocampal slices with antibodies against NeuN, GFAP, and Hoechst

4 weeks after epilepsy induction (Figure 4a). Hippocampal neurode-

generation, GCD and shrinkage of the CA1 stratum radiatum were

similar in the hippocampus of KA-injected CTRL and TNFKO mice

(number of CA1 neurons: CTRL: ipsi 19, 9.5–24 vs. contra 71.5, 60–

82.5; TNFKO: ipsi 25, 4–63 vs. contra 62, 53.5–74; stratum radiatum

width: CTRL: ipsi 134.38, 84.81–147.92 vs. contra 185.4, 159.6–

198.6 μm; TNFKO: ipsi 112.50, 72.15–152.65 vs. contra 179.8,

167.8–194.5 μm; GCD: CTRL: ipsi 78, 68.34–91-13 vs. contra 84.74,

71.33–99.85 μm; TNFKO: ipsi 86.83, 83.17–121.63 vs. contra 82.43,

70.86–89.03 μm) (Figure 4b–d). Next, the degree of astrogliosis in the

hippocampal CA1 stratum radiatum based on the total volume occu-

pied by the GFAP signal was quantified using a custom-written algo-

rithm in FIJI. GFAP immunoreactivity was increased ipsi- vs.

contralaterally in both genotypes, but this increase was less pro-

nounced in TNFKO mice (CTRL (mean ± SD): ipsi 4.5 ± 1.35 vs. contra

3 ± 1.21%; TNFKO: ipsi 3.87 ± 1.65 vs. contra 2.33 ± 0.91%)

(Figure 4e). Finally, we determined the magnitude of microglia/macro-

phage activation by quantifying the volume occupied by IBA1-positive

F IGURE 4 Microglia-specific reduction of TNFα attenuates astro- and microgliosis 4 weeks after KA-injection. (a) Representative MIPs of
combined NeuN (magenta), GFAP (green), and Hoechst (blue) staining in ipsi- and contralateral hippocampal slices from CTRL and TNFKO mice
obtained 4 weeks after KA injection. Scale bar: 200 μm. (b–e) KA-injected CTRL and TNFKO mice displayed similar pyramidal cell loss in the CA1

region, shrinkage of the stratum radiatum and GCD, while astrogliosis in the CA1 stratum radiatum was less pronounced both ipsi- and
contralaterally in TNFKO mice. n = 3 slices/mouse, N = 6 CTRL and 5 TNFKO mice; * versus contra, # versus CTRL. (f) Representative MIPs of
IBA1 staining in the ipsi- and contralateral hippocampal CA1 stratum radiatum from C57B6J, CTRL and TNFKO mice 4 weeks after KA injection.
Scale bar: 20 μm. (g) Microgliosis was present in all genotypes in the ipsilateral hippocampus, but overall reduced in KA-treated TNFKO compared
to C57B6J mice. n = 2–3 slices/mouse, N = 5 mice/condition; * versus ipsi; $ versus C57B6J. Data are displayed as box plots representing
median and quartiles or as bar graphs with mean + SD and were analysed using two-way ANOVA. Black dots represent individual data points.
CA, cornu ammonis; str. rad., stratum radiatum; GCL, granule cell layer. ***p < 0.001; *p < 0.05; #p < 0.05; $p < 0.05
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cells in the hippocampus of C57B6J, CTRL and TNFKO mice, 4 weeks

post KA-induced SE (Figure 4f,g). The data revealed a pronounced

increase in IBA1 immunoreactivity in ipsilateral hippocampi across all

genotypes. While no differences were found in CTRL versus C57B6J

and CTRL versus TNFKO mice, IBA1 immunoreactivity was signifi-

cantly attenuated both ipsi- and contralaterally, in TNFKO compared

to C57B6J mice (C57B6J: ipsi 9.60 ± 4.66 vs. contra 3.87 ± 1.83%;

CTRL: ipsi 8.11 ± 2.45 vs. contra 2.82 ± 0.71%; TNFKO: ipsi 4.95

± 2.24 vs. contra 2.41 ± 0.45%) (Figure 4f,g). Thus, during the first

4 weeks of epileptogenesis, microglia-derived TNFα specifically pro-

motes astrogliosis and innate immune cell activation while neurode-

generation and GCD are less sensitive.

4 | DISCUSSION

In the present study we show that microglia become rapidly and

chronically activated in a mouse model closely resembling key fea-

tures of human TLE (Bedner et al., 2015). By combining pharmacology

and cell-type-specific gene knockout we identified microglia as major

drivers of early TNFα production, severity of SE, reactive gliosis, and

uncoupling of hippocampal astrocytes following KA injection. Micro-

glia activation temporally preceded neuronal cell death and was also

transiently detectable in the contralateral hippocampus, indicating

that it was not a response to neurodegeneration, but rather a result of

seizure activity per se (Bedner et al., 2015). Indeed, microglia register

neuronal hyperactivity during KA-induced SE via a mechanism involv-

ing glutamate-dependent ATP release from neurons, which is sensed

by microglial P2Y12 receptors (Dissing-Olesen et al., 2014; Eyo

et al., 2014). Our stereological analyses revealed a dramatic increase

in the number of IBA1-positive cells during the latent and chronic

phases of epilepsy. Moreover, the extent of innate immune cell activa-

tion gradually increased over time, which was indicated by the appear-

ance of CD68, a marker of activated macrophages (Jurga et al., 2020).

Both microglia and infiltrated monocytes jointly contribute to the pool

of activated innate immune cells in experimental TLE (Feng

et al., 2019; Käufer et al., 2018; Waltl, Käufer, Bröer, et al., 2018), and

invasion of blood-borne monocytes exacerbates neurodegeneration,

blood–brain barrier (BBB) breakdown and inflammation following SE

(Varvel et al., 2016). Our data revealed the emergence of CD169-posi-

tive cells at later time points (i.e., 5 and 14 days post KA injection),

indicating monocyte infiltration after KA injection. However, co-stain-

ing of CD169 with the microglia-specific marker Tmem119 at 5 days

post KA injection questioned the specificity of CD169 as a marker of

infiltrating monocytes. In support of this, reactive microglia have been

shown to upregulate CD169 in other pathological conditions, such as

following lipopolysaccharide (LPS) exposure and in experimental auto-

immune encephalomyelitis (Bennett et al., 2016; Bogie et al., 2018).

Nevertheless, it is possible that the CD169-positive/Tmem119-nega-

tive cells detected in the ipsilateral hippocampus are monocytes that

have crossed the compromised BBB characteristic of our TLE model

(Deshpande et al., 2017; Henning et al., 2021). Notably, the density of

IBA1 and CD169 immunoreactive cells was also transiently increased

in the contralateral hippocampus. Whether contralateral innate

immune cell activation contributes to the pathology of epilepsy

remains to be established.

To study microglial contributions to epileptogenesis, we examined

consequences of microglia depletion by applying the CSF1R inhibitor

PLX5622 prior to KA injection. In contrast to previous observations

(Basilico et al., 2022; Dagher et al., 2015), in the present study PLX

only partially depleted microglia, regardless of the duration of applica-

tion, mouse genotype or microglial markers employed. The morphol-

ogy of PLX-resistant microglia remained unchanged. The reasons for

the incomplete depletion remain unclear, as our mice had ad libitum

access to the PLX-supplemented diet and readily consumed it (3–4 g/

mouse/day). Nevertheless, this incomplete depletion was sufficient to

completely prevent loss of astrocyte GJ coupling and to mitigate the

severity of KA-induced SE. Together, these findings are consistent

with our hypothesis that microglia indirectly promote epileptogenesis

by decreasing GJ-mediated K+ and glutamate buffering capacity of

astrocytes, and are in line with previous studies that have identified

microglia as drivers of neuronal hyperactivity and seizures (Pascual

et al., 2012; Riazi et al., 2008; Rodgers et al., 2009). It should be

noted, however, that other studies did not find evidence for a role of

microglia in modulating KA- or pilocarpine- induced seizures (Altmann

et al., 2022; Feng et al., 2019; Mirrione et al., 2010) or even reported

increased SE severity after microglia depletion (Liu et al., 2020; Wu

et al., 2020). Possible explanations underlying these discrepancies

include differences between animal models and efficiency of microglia

depletion.

Our stereological data revealed that astrocyte morphology

changes are rapidly induced and occur in parallel with microglia activa-

tion upon SE induction. In addition, partial microglia depletion had

only minor effects on astrocyte morphology changes during SE. This is

in contrast to a previous study, showing that microglia activation pre-

cedes astrocyte reactivity and that depletion of microglia is sufficient

to prevent morphological alterations of astrocytes after pilocarpine-

induced SE (Sano et al., 2021). The lack of effect in the present study

could be due to the incomplete depletion of microglia in our model.

Alternatively, as astrocytes sense neuronal activity via a variety of ion

channels and neurotransmitter receptors (Coulter & Steinhau-

ser, 2015), astrocyte morphology changes in response to hyperactivity

may be largely independent of inflammatory signaling by microglia.

To our surprise, microglia-depleted mice exhibited high mortality

following KA-injection, a phenomenon that was also observed in other

studies of SE- and infection-induced epilepsy (Sanchez et al., 2019;

Waltl, Käufer, Gerhauser, et al., 2018; Wu et al., 2020). These studies

showed that microglia depletion exacerbates neurodegeneration fol-

lowing an epileptogenic insult, indicating that microglia serve neuro-

protective functions in epilepsy (Sanchez et al., 2019; Waltl et al.,

2018; Wu et al., 2020). However, CSF1R is expressed in all myeloid

cells of the body and CSF1R inhibition has been shown to reduce

peripheral macrophage numbers (Green et al., 2020; Merry

et al., 2020). Since macrophages play an important role in wound heal-

ing (Kim & Nair, 2019), reduced macrophage numbers following PLX

treatment could have increased mortality due to impaired
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regeneration after surgical EEG implantation. Thus, whether the

increased mortality after microglia depletion in our model reflects a

protective role of microglia in epilepsy or merely the peripheral side

effects of blocking CSF1R, remains to be clarified. The observed

increase in mortality after PLX treatment in our model nevertheless

implies that microglia depletion does not represent a compelling strat-

egy for the treatment of epilepsy and emphasizes the need for more

targeted microglial manipulations in TLE.

The opposing effects of microglia depletion in our model

prompted us to manipulate these cells in such a way that the antiepi-

leptic aspects of PLX treatment are retained while simultaneously pre-

serving essential functions of microglia for survival of the animals. We

hypothesized that preventing the release of the pro-inflammatory

cytokine TNFα from microglia could be a promising strategy, as the

cytokine has previously been associated with both astrocyte reactivity

and epilepsy (Liddelow et al., 2017; Patel et al., 2017). Using micro-

glia-specific inducible TNFα knockout mice, we identified microglia as

the primary source of TNFα 4 h after KA injection. This finding is in

line with studies demonstrating that microglia are major producers of

TNFα following pilocarpine-induced SE (Sano et al., 2021; Wang

et al., 2015). Importantly, reduction of TNFα in microglia prevented

early astrocyte uncoupling, confirming that the loss of coupling in wild

type mice after KA-induced SE (Bedner et al., 2015) depends on TNFα

signaling. Our immunohistochemical analyses further revealed

increased TNFR1 expression in astrocytes at 4 h and 5 days post KA

injection, suggesting that microglial TNFα acts via TNFR1 to impair GJ

coupling in astrocytes.

In contrast to our expectations, microglia-specific TNFα knock-

out had no effects on SE or chronic epileptiform activity in our

model. There are several possible explanations for this finding.

First, it cannot be excluded that residual release of the cytokine still

occurs in tamoxifen-treated TNFKO mice upon KA-induced SE and

contributes to the ipsilateral increase we have observed, which

might be sufficient to generate hyperactivity. Moreover, experi-

mental data from various pathological conditions show that TNFα

has antithetical effects depending on whether it signals via TNFR1

or TNFR2 (Balosso et al., 2005; Brambilla et al., 2011; Dong

et al., 2016; Karamita et al., 2017; Patel et al., 2017; Weinberg

et al., 2013). In the context of epilepsy, Balosso et al. (2005) dem-

onstrated that the susceptibility to KA-induced acute seizures was

reduced in mice lacking TNFR1 but increased in mice lacking

TNFR2. Similarly, in a study by Patel et al. (2017) it was shown that

combined knockout of TNFR1/TNFR2 decreased acute infection-

induced seizures, while selective TNFR2 deletion led to exacerba-

tion of seizures. Thus, it is possible that reduction of TNFα in

microglia has no consequence on seizure activity in our model

because deleterious and beneficial effects of TNFα signaling via

TNFR1 and TNFR2 cancel out each other. While our data show that

microglia are the primary source of TNFα released during SE, other

immunocompetent cells might contribute to TNFα release at later

stages of epileptogenesis, e.g. peripheral monocytes upon infiltra-

tion into the CNS. In the present study, TNFα reduction was

restricted to microglia by maintaining a sufficiently long interval

between tamoxifen and KA injection, thus exploiting the much fas-

ter turnover rates of peripheral monocytes compared to microglia

(Goldmann et al., 2013; Parkhurst et al., 2013). Conversely, short-

ening the interval between tamoxifen and KA injections would

allow to investigate whether combined reduction of TNFα in micro-

glia and peripheral monocytes attenuates seizure activity in our

TLE model. The discrepancy between the data from our PLX and

TNFKO experiments in terms of affecting SE severity might indi-

cate that factors other than microglia-derived TNFα contribute to

the susceptibility to KA-induced seizures. Indeed, microglia release

several pro-inflammatory cytokines that modulate seizures, includ-

ing interleukin (IL)-1ß (Vezzani et al., 1999, 2011). Additionally, a

non-inflammatory reactive microglial state caused by genetic over-

activation of mTOR and characterized by increased phagocytic

activity has been shown to be sufficient to cause epileptic activity

(Zhao et al., 2018). Thus, partial microglia depletion using PLX may

have prevented phenotypic changes of microglia other than TNFα

release, which might explain its seizure suppressing effects during

KA-induced SE. The identification of microglia-derived factors

underlying the beneficial effect of PLX on KA-induced seizures as

seen in the present study requires further investigations.

In the present study microglia-specific TNFα knockout attenu-

ated astrogliosis and immune cell activation, but did not attenuate

neurodegeneration, GCD and stratum radiatum shrinkage during

the chronic phase of epilepsy. Limited recombination efficiency or

simultaneous modulation of TNFR1 and TNFR2 signaling may be

responsible for the latter, as discussed above. For example, inhibi-

tion of TNFR1 was shown to ameliorate hippocampal cell death in

KA-induced epilepsy (Weinberg et al., 2013), whereas increased

neuronal loss occurred in mice lacking both TNFRs (Bruce

et al., 1996). Thus, specifically targeting the TNFα-TNFR1 axis

might represent a promising strategy to attenuate SE-induced

neurodegeneration.

5 | CONCLUSION

The present study provides novel insights into the role of microglia

reactivity and TNFα release in astrocyte dysfunction and epileptogen-

esis. During KA-induced SE, microglia become rapidly reactive and

constitute a primary source of TNFα, which targets astrocytes, impairs

GJ coupling and contributes to the development of TLE. The observa-

tions of the present study reveal additional mechanisms underlying

inflammation-induced epileptogenesis and emphasize the importance

of targeted anti-inflammatory treatments in TLE.
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Supplementary Figure 1. CD169-positive cells partially co-express Tmem119 5 d post KA-

induced SE. Representative images of a single focal plane of a combined Hoechst (blue), 

Tmem119 (green) and CD169 (magenta) staining in the hippocampal CA1 region of FVB mice. 

Scale bar: 50 µm (Inset: 15 µm). Images are background subtracted and brightness adjusted. 
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Supplementary Figure 2. CSF1R inhibition with PLX partially depletes microglia but has no 

influence on the morphology of surviving microglia. (A) Representative MIPs of combined 

IBA1 (cyan) and Hoechst (magenta) staining in the hippocampus of KA-injected FVB mice 

treated with PLX for 7, 21 or 28 d before SE induction. Scale bar: 200 µm. (B) IBA1 staining 

indicates partial microglia depletion regardless of the duration of PLX treatment at 4 h post KA 

injection, although 28 d was more effective than 7 d of PLX treatment (KA 4 h 13816 ± 1413 

vs. PLX 7 d + KA 4 h 7326 ± 437 vs. PLX 21 d + KA 4 h 6696 ± 602 vs. PLX 28 d + KA 4 h 

6063 ± 250 cells/mm³). n = 2-3 slices/mouse, N = 3 mice/condition; Kruskal-Wallis rank sum 

test followed by Dunn‘s post-hoc test; * vs. KA 4 h, # vs. PLX 7 d + KA 4 h. (C) Representative 

MIPs of combined Tmem119 (cyan) and Hoechst (magenta) staining in the CA1 stratum 

radiatum, 4 h after KA-injection of mice with or without 21 d of PLX pre-treatment. Scale bar: 

50 µm. (D) 21 days of PLX pre-treatment reduced Tmem119 immunoreactivity by about 70% 

4 h post KA injection (KA 4 h (mean + SD) 23017 + 3787 vs. PLX 21 d + KA 4 h 6562 ± 1658 

µm³). n = 2 – 3 slices/mouse, N = 3 mice/condition; one-way ANOVA; * vs. KA 4 h. (E) 

Representative MIPs of combined IBA1 (cyan) and Hoechst (magenta) staining in the 

hippocampus of C57B6J and FVB mice receiving PLX for 21 d. Scale bar: 200 µm. (F) PLX-

dependent microglia depletion was incomplete in both C57Bl6J and FVB mice. The density of 
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IBA1-positive cells was slightly lower in FVB vs. C57B6J mice fed a control diet (C57B6J: 

control diet 19060 ± 2265 vs. PLX 21 d 6209 ± 1289; FVB: control diet 16141 ± 1664 vs. 

PLX21d 6599 ± 984 cells/mm³). n = 3 slices/mouse, N = 3 mice/condition; two-way ANOVA; 

* vs. control diet, # vs. C57B6J. (G) 3D reconstruction and skeleton of IBA1-positive cells in 

the hippocampal CA1 stratum radiatum of mice treated either with control or PLX-containing 

diet for 21 d. Scale bar: 20 µm. (H-K) Analyses of polarity, volume, ramification index and 

total process length of IBA1-positive cells revealed no differences between both groups 

(polarity (median, quartiles): control diet 0.159, 0.082-0.225 vs. PLX 21 d 0.104, 0.067-0.152; 

cell volume: control diet 444, 351-580 vs. PLX 21 d 406, 339-485 µm³; ramification index: 

control diet 8.65, 7.56-9.73 vs. PLX 21 d 8.88, 8.13-9.88; process length: control diet 248, 183-

350 vs. PLX 21 d 283, 183-368 µm). n = 37 (control diet) and 36 (PLX 21 d) cells, N = 4 

(control diet) and 3 (PLX 21 d) mice; Wilcoxon rank sum test or independent samples t-test. 

Data are displayed as mean + SD or as boxplots with median and quartiles. Black dots represent 

individual values. ** p < 0.01; *** p < 0.001; ### p < 0.001. 
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Supplementary Figure 3. Astrocytes upregulate TNFR1 in experimental TLE. (A, B) 

Normalized mRNA expression of TNFR1 and TNFR2 in astrocytes harvested from the 

hippocampal CA1 region was not different between non-injected and KA-injected C57B6J 

mice 4 h post KA injection (TNFR1/GFAP ratio: C57B6J 0.087, 0.006-0.18 vs. KA 4 h ipsi 

0.161, 0.04-0.46 vs. KA 4 h contra 0.059, 0.009-0.14; TNFR2/GFAP ratio: C57B6J 0.0006, 0-

0.13 vs. KA 4 h ipsi 0.0002, 0-0.0005 vs. KA 4 h contra 0.034, 0.004-0.194). TNFR1: n = 24 

(C57B6J), 10 (KA 4 h ipsi), 8 (KA 4 h contra) cells; TNFR2: n = 10 (C57B6J), 6 (KA 4 h ipsi), 

4 (KA 4 h contra) cells; Kruskal-Wallis rank sum test followed by Dunn‘s post-hoc test. (C) 

Percentage of cells that were positive for the gene of interest (GOI) in each experimental 

condition. Fisher‘s exact test with Benjamini-Hochberg adjusted multiple comparisons. (D, E) 

Normalized mRNA expression of TNFR1 and TNFR2 in astrocytes harvested from non-

injected or KA-injected mice 5 d post injection. TNFR1 expression was significantly increased 

in astrocytes from the contralateral hippocampus while no difference was found for TNFR2 
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(TNFR1/HPRT1 ratio: C57B6J 1.1, 0.15-4.87 vs. KA 5 d ipsi 3.64, 1.23-6.86 vs. KA 5 d contra 

7.65, 2.98-16.48; TNFR2/HPRT1 ratio: C57B6J 0.003, 0-2.57 vs. KA 5 d ipsi 11.38, 2.69-37.96 

vs. KA 5 d contra 6.29, 0.02-33.76). TNFR1: n = 15 (C57B6J), 22 (KA 5 d ipsi), 21 (KA 5 d 

contra) cells; TNFR2: n = 10 (C57B6J), 10 (KA 5 d ipsi), 15 (KA 5 d contra) cells; Kruskal-

Wallis rank sum test followed by Dunn‘s post-hoc test. * vs. C57B6J. (F) Percentage of cells 

that were positive for the GOI in each experimental condition. Fisher‘s exact test with 

Benjamini-Hochberg adjusted multiple comparisons. (G) Representative MIPs of combined 

TNFR1 (magenta) and GFAP (green) staining in the hippocampal CA1 region of C57B6J mice 

4 h and 5 d post KA injection. Scale bar: 20 µm. (H) TNFR1 expression was increased in 

astrocytes at 4 h and 5 d post KA injection (C57B6J 430, 341.28-532.67 vs. KA 4 h 606.4, 539-

783.3 vs. KA 5 d 629.9, 511.9-730.7 a.u.). n = 3 slices/mouse, N = 3 mice/condition; Kruskal-

Wallis rank sum test followed by Dunn‘s post-hoc test; * vs. C57B6J). Data are displayed as 

bar graphs or boxplots with median and quartiles. Black dots represent individual data points. 

* p < 0.05, ** p < 0.01. 
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4. Initiation of experimental temporal lobe epilepsy by early 

astrocyte uncoupling is independent of TGFβR1/ALK5 signaling 

Lukas Henning, Christian Steinhäuser and Peter Bedner 

The following chapter summarizes a research article that was published on 7th of May, 2021 in 

the journal Frontiers in Neurology (Volume 12) under the terms of the Creative Commons 

Attribution 4.0 International License (CC BY 4.0; 

https://creativecommons.org/licenses/by/4.0/). No changes to the original publication provided 

here were made. Copyright © 2021 Henning, Steinhäuser and Bedner. 

https://doi.org/10.3389/fneur.2021.660591 

4.1 Summary of the publication 

TLE and the brain insults that precede its development are closely related to BBB dysfunction 

(Greene et al., 2022; Milikovsky et al., 2019; van Vliet et al., 2007). Currently, however, it is 

not completely understood whether and how a compromised BBB contributes to the 

development and progression of epilepsy. Injection of the serum protein albumin into the brain 

is sufficient to cause epilepsy, suggesting that albumin mediates the pro-epileptic effects of a 

compromised BBB (Bar-Klein et al., 2014; Weissberg et al., 2015). Experimentally applied 

albumin is taken up by astrocytes via TGFß receptors, resulting in an abnormal molecular 

signature and impaired functionality of these cells (Bar-Klein et al., 2014; Braganza et al., 2012; 

Cacheaux et al., 2009; David et al., 2009; Ivens et al., 2007). In addition, observations from 

models of chemoconvulsant-induced epilepsy support the hypothesis that aberrant TGFß-

signaling contributes to hyperexcitability and epilepsy (Greene et al., 2022; Tchekalarova et al., 

2014; Zhang et al., 2019, 2020). Mechanistic insight for the link between albumin-induced 

TGFß signaling and seizures can be derived from a study demonstrating reduced astrocyte 

coupling efficiency following intraventricular albumin injection (Braganza et al., 2012), an 

important astrocyte homeostatic function assumed to causally contribute to epileptogenesis 

(Bedner et al., 2015; Wallraff et al., 2006). Based on these findings, here we employed the 

TGFβR1/ALK5 inhibitor IPW-5371 (Rabender et al., 2016) to examine whether aberrant 

albumin-induced TGFβR1/ALK5 signaling in astrocytes contributes to GJ uncoupling and 

epileptogenesis in a mouse model of MTLE-HS (Henning et al., 2021). Several experimental 

techniques including immunohistochemistry, intercellular tracer diffusion, and continuous 

telemetric EEG were combined to examine the consequences of inhibiting TGFβR1/ALK5 

https://creativecommons.org/licenses/by/4.0/
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signaling during the acute/subacute phase of epileptogenesis on astrocyte uncoupling, seizure 

severity, and hippocampal degeneration in KA-induced epilepsy. 

In line with previous findings (Greene et al., 2022; Munji et al., 2019; Zhang et al., 2019), KA-

induced SE caused BBB disruption and albumin extravasation into the hippocampus. More 

specifically, albumin immunoreactivity was readily detectable in the injected vs. non-injected 

hippocampal CA1 region at 4 and 24 h post SE-induction, indicating rapid BBB opening in 

response to seizures. In contrast to our expectations, co-localization analysis of the astrocyte-

specific cytoskeletal marker GFAP and albumin revealed only marginal albumin uptake into 

astrocytes during early epileptogenesis. Accordingly, application of the TGFβR1/ALK5 

inhibitor IPW-5371 prior to SE induction did not prevent seizure-induced astrocyte uncoupling 

at the acute time point. Moreover, IPW-5371 pre-treatment slightly reduced epileptiform 

activity during the acute and chronic phases after KA administration, but did not affect the 

development of spontaneous recurrent seizures and HS (Henning et al., 2021). 

Several important conclusions can be derived from the results of this study. First, we confirmed 

that BBB disruption and concomitant albumin leakage occur rapidly following KA-induced SE, 

indicating that albumin has the potential to contribute to the initiation of epilepsy. Second, in 

contrast to previous studies, we could not detect biologically relevant astrocytic albumin uptake, 

suggesting that albumin probably does not account for astrocyte uncoupling during KA-induced 

SE. This was confirmed by our finding that TGFβR1/ALK5 inhibition did not prevent astrocyte 

uncoupling, excluding aberrant TGFß signaling as the prime mediator of seizure-induced 

astrocyte uncoupling. Finally, the fact that early TGFβR1/ALK5 inhibition did only marginally 

affect epileptogenesis indicates that albumin-induced TGFß signaling during the early phase of 

epileptogenesis is not significantly involved in the development and progression of KA-induced 

epilepsy. Several considerations should be taken into account when interpreting the results of 

this study. First of all, we restricted our analyses to early time points after KA administration. 

It is possible that albumin uptake into astrocytes requires significantly more time, as the 

extracellular albumin concentration needs to achieve a certain threshold level to trigger uptake 

into astrocytes. Additionally, albumin could indirectly influence astrocytes, without the need 

for uptake and independently of TGFβ signaling (Henning et al., 2021). Second, we did not 

examine whether downstream TGFβR1 signaling, such as Smad2 phosphorylation, occurred in 

astrocytes or any other CNS-resident cell population. Finally, prolonged TGFβR1/ALK5 

inhibition may have been necessary to significantly alter the disease process, particularly in 

light of the fact that IPW-5371 remains only shortly active in the brain (Senatorov et al., 2019). 
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In conclusion, this study indicates that albumin-induced TGFβ-signaling does not significantly 

contribute to dysfunctional astrocyte coupling and the consequential initiation of TLE. 

4.2 Statement of contribution 

Christian Steinhäuser and Peter Bedner conceived the project. Lukas Henning performed all 

immunohistochemical and tracer diffusion experiments, including preparation of necessary 

solutions and drug formulations. Surgical procedures to induce epilepsy including EEG 

transmitter transplantation were performed by Lukas Henning and Peter Bedner. Lukas 

Henning analyzed all imaging and electrophysiological data and established all necessary 

scripts and analysis pipelines. Similarly, all statistical analyses and visualizations were 

performed by Lukas Henning. All authors contributed to writing of the manuscript. 

4.3 Publication 

Henning, L., Steinhäuser, C., & Bedner, P. (2021). Initiation of Experimental Temporal Lobe 

Epilepsy by Early Astrocyte Uncoupling Is Independent of TGFβR1/ALK5 Signaling. 

Frontiers in Neurology, 12, 660591. https://doi.org/10.3389/fneur.2021.660591 
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Initiation of Experimental Temporal
Lobe Epilepsy by Early Astrocyte
Uncoupling Is Independent of
TGFβR1/ALK5 Signaling
Lukas Henning, Christian Steinhäuser* and Peter Bedner*

Institute of Cellular Neurosciences, Medical Faculty, University of Bonn, Bonn, Germany

Blood–brain barrier (BBB) dysfunction following brain insults has been associated with

the development and progression of focal epilepsy, although the underlying molecular

mechanisms are not fully elucidated yet. Activation of transforming growth factor beta

(TGFβ) signaling in astrocytes by extravasated albumin impairs the ability of astrocytes

to properly interact with neurons, eventually leading to epileptiform activity. We used

the unilateral intracortical kainate mouse model of temporal lobe epilepsy (TLE) with

hippocampal sclerosis (HS) to gain further insights into the role of BBB leakage in status

epilepticus (SE)-induced epileptogenesis. Immunohistochemical examination revealed

pronounced albumin extravasation already 4 h after SE induction. Astrocytes were

virtually devoid of albumin immunoreactivity (IR), indicating the lack of uptake by this

time point. Inhibition of the TGFβ pathway by the specific TGFβ receptor 1 (TGFβR1)

kinase inhibitor IPW-5371 did not prevent seizure-induced reduction of astrocytic gap

junction coupling. Thus, loss of coupling, which is thought to play a causative role in

triggering TLE-HS, is most likely not mediated by extravasated albumin. Continuous

telemetric EEG recordings and video monitoring performed over a period of 4 weeks

after epilepsy induction revealed that inhibition of the TGFβ pathway during the initial

phase of epileptogenesis slightly attenuated acute and chronic epileptiform activity, but

did not reduce the extent of HS. Together, these data indicate that albumin extravasation

due to increased BBB permeability and TGFβ pathway activation during the first hours

after SE induction are not significantly involved in initiating TLE.

Keywords: blood–brain barrier dysfunction, albumin extravasation, temporal lobe epilepsy, gap junctional

coupling, astrocyte, transforming growth factor beta

KEY POINTS

• Strong albumin extravasation, but no astrocytic uptake, was detected 4 h after epilepsy induction.
• Seizure-induced reduction of astrocytic gap junction coupling was independent of

TGFβR1/ALK5 signaling.
• Inhibition of TGFβR1/ALK5 signaling during early epileptogenesis slightly attenuated

epileptiform activity but did not prevent the development of hippocampal sclerosis in
experimental temporal lobe epilepsy.
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INTRODUCTION

Epilepsy is often preceded by epileptogenic brain insults
including traumatic brain injury, febrile seizures, or stroke (1–
3). Impairment in blood–brain barrier (BBB) integrity is often
associated with these insults and also occurs in the sclerotic
hippocampus of patients with temporal lobe epilepsy (TLE) and
corresponding animal models (4–7). Blood–brain barrier leakage
leads to extravasation of the serum protein albumin into the brain
parenchyma, which promotes epileptiform activity both in situ
and in vivo (6, 8–10). Interestingly, serum albumin was proposed
to be endocytosed into astrocytes via binding to transforming
growth factor beta (TGFβ) receptors and to activate TGFβ
signaling pathways (5, 6, 8). Albumin-induced TGFβ signaling
in astrocytes in turn provokes several physiological changes
in these cells associated with the development of epilepsy,
including excitatory synaptogenesis, impaired K+ and glutamate
buffering, and production of pro-inflammatory cytokines (6,
11–13). Previously, we could demonstrate that disruption of
astrocytic gap junction coupling and concomitant impairment of
extracellular K+ buffering precede neuronal cell death in kainate-
induced TLE, pointing toward a causative role in epileptogenesis
(14). However, the underlying signaling pathway remains ill-
defined. Interestingly, our previous work showed that albumin
injected into the lateral ventricle is transported into hippocampal
astrocytes leading to impaired astrocytic gap junction coupling
24 h after albumin injection (15). This was further supported
by other findings demonstrating significant downregulation of
transcripts for both astroglial gap junction-forming connexins,
24 h after albumin treatment in the rat brain (5, 11, 16).
This suggests that albumin uptake into astrocytes promotes
gap junction uncoupling via activation of TGFβ signaling,
leading to impaired spatial buffering of extracellular K+ and
thereby promoting epileptic activity. To test this hypothesis,
here we assessed in a mouse model of TLE whether aberrant
albumin-mediated TGFβR1/ALK5 signaling upon kainate-
induced status epilepticus (SE) induces astrocyte uncoupling and
epileptogenesis. We took advantage of a novel TGFβR1 kinase
inhibitor, IPW-5371, which effectively reduced TGFβ signaling
in the hippocampus of mice receiving intraventricular infusion
of albumin (17). Immunohistochemistry, tracer diffusion studies,
and continuous telemetric electroencephalography (EEG) were
combined to assess the consequences of early inhibition of
TGFβR1/ALK5 signaling on astrocytic coupling, seizure activity,
and the development of HS.

MATERIALS AND METHODS

Animals
Male C57B6/J (Charles River, Sulzfeld, Germany, or bred in-
house) mice aged 90–120 days were used for the experiments.
Maintenance and handling of animals was performed according
to local governmental regulations. Experiments were approved
by the North Rhine–Westphalia State Agency for Nature,
Environment and Consumer Protection (approval number 84-
02.04.2015.A393). All measures were taken to minimize the
number of animals used. Mice were kept under standard housing

conditions (12 h/12 h dark–light cycle) with food and water
provided ad libitum.

Unilateral Intracortical Kainate Injection
and Implantation of Telemetric
Electroencephalography Transmitters
We employed the TLE-HS animal model as described previously
(13, 18). Briefly, mice were anesthetized with a mixture of
medetomidine (Cepetor, CP-Pharma, Burgdorf, Germany, 0.3
mg/kg, i.p.) and ketamine (Ketamidor,WDT, Garbsen, Germany,
40 mg/kg, i.p.) and placed into a stereotaxic frame equipped
with a manual microinjection unit (TSE Systems GmbH, Bad
Homburg, Germany). A total volume of 70 nl of a 20-mM
solution of kainate (Tocris, Bristol, UK) in 0.9% sterile NaCl
was stereotactically injected into the neocortex just above the
right dorsal hippocampus. The stereotactic coordinates were
2mm posterior to bregma, 1.5mm from midline, and 1.7mm
from the skull surface. Sham control mice received injections of
70 nl saline under the same conditions. Directly after kainate
injection, two drill holes were made at 1mm posterior to the
injection site and 1.5mm lateral from midline for insertion
of two monopolar leads required for electrographic seizure
detection. Telemetric transmitters [TA10EA-F20 or TA11ETA-
F10; Data Sciences International (DSI), St. Paul, MN, USA]
were implanted subcutaneously into the right abdominal region,
and both monopolar leads were inserted ∼1mm into the
cortex. Attached leads were fixed to the skull using superglue
and then covered with dental cement. Subsequently, the scalp
incision was sutured and anesthesia stopped with atipamezol
(Antisedan, Orion Pharma, Hamburg, Germany, 300 mg/kg,
i.p.). To reduce pain, mice were injected for 3 days with
carprofen (Rimadyl, Pfizer, Karlsruhe, Germany). Moreover,
0.25% enrofloxacin (Baytril, Bayer, Leverkusen, Germany) was
administered via drinking water to reduce risk of infection.
After surgery, mice were returned to clean cages and placed
on individual radio receiving plates (RPC-1; Data Sciences
International, New Brighton, MN, USA), which capture data
signals from the transmitter and send them to a computer using
the Ponemah software (Version 5.2, Data Sciences International)
to convert the digital output of the receiver into a calibrated
analog output. A video surveillance system (Bascom, Düsseldorf,
Germany) was used to monitor behavioral seizure activity.
Electroencephalography recordings (24 h/day, 7 days/week)
were started immediately after transmitter implantation and
continued for 28 days following the induction of SE.

Electroencephalography Analysis
Electroencephalography data were analyzed using NeuroScore
(version 3.3.1) software (Data Sciences International) as
described previously (19). Briefly, seizure frequency and duration
as well as spike numbers was determined using the spike train
analysis tool implemented in NeuroScore with the following
criteria: threshold value = 7.5 × SD of the baseline (i.e., activity
during artifact- and epileptiform-free epochs) – 1,000 µV, spike
duration = 0.1–50ms, spike interval = 0.1–2.5 s, minimum
train duration = 30 s, train join interval = 1 s, and minimum
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number of spikes = 50. Prior to spike analysis, recordings were
high pass filtered at 1Hz. Electroencephalography recordings
were additionally verified by manual screening. Fast Fourier
transformation (FFT) was performed to derive absolute δ (0.5–
4Hz), θ (4–8Hz), α (8–13Hz), β (13–30Hz), and γ (30–50Hz)
power values during SE and the chronic phase, which were
subsequently normalized to baseline activity prior to conducting
statistics. The number of spontaneously generalized seizures
during the chronic phase was determined manually by two
experienced experimenters.

IPW-5371 Treatment
IPW-5371 was prepared as a suspension formulation (2 mg/ml
IPW-5371 in 0.5% methylcellulose dissolved in 0.9% NaCl and
Tween R© 80) and applied once per 16–24 h and again ∼15min
prior to kainate application (i.p. injection, 20 mg/kg). Daily
i.p. injections of IPW-5371 at 20 mg/kg for 2 days effectively
reduce TGFβ signaling in the hippocampus of mice receiving
intraventricular infusion of albumin (17). As a control, mice
received vehicle (saline) injections under the same conditions.

Electrophysiology and Biocytin Loading of
Astrocytes
Mice were anesthetized with isoflurane (Piramal Healthcare,
Morpeth, UK) and decapitated. Next, brains were quickly
removed and 200-µm-thick coronal slices were cut on a
vibratome (VT1000S, Leica, Wetzlar, Germany) in an ice-cold
preparation solution containing the following (in mM): 87 NaCl,
2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 7 MgCl2, 0.5 CaCl2,
25 glucose, and 75 sucrose, equilibrated with carbogen (5%
CO2/95% O2, pH 7.4). After storage of slices (15min, 35◦C) in
preparation solution, the slices were transferred to a solution
containing the following (in mM): 126 NaCl, 3 KCl, 2 MgSO4,
2 CaCl2, 10 glucose, 1.25 NaH2PO4, and 26 NaHCO3 and gassed
with carbogen to stabilize pH at 7.4 [artificial cerebrospinal fluid
(aCSF)]. To aid in the identification of astrocytes in the tissue,
aCSF was supplemented with SR101 (1µM, Sigma Aldrich,
S7635, Steinheim, Germany; incubation 20min, 35◦C) (20). After
SR101 staining, slices were transferred to aCSF and kept at
room temperature (RT) for the duration of the experiments.
For recordings, slices were transferred to a recording chamber
and constantly perfused with aCSF. Patch pipettes fabricated
from borosilicate capillaries with a resistance of 3–6 MΩ were
filled with a solution containing the following (in mM): 130
K-gluconate, 1 MgCl2, 3 Na2-ATP, 20 HEPES, 10 EGTA, and
biocytin (0.5%, Sigma Aldrich) (pH 7.2, 280–285 mOsm). For
the analysis of gap junction coupling, whole-cell patch clamp
recordings of SR101-positive astrocytes were performed during
which astrocytes were filled with biocytin (20min, RT). In
addition to SR101 staining, astrocytes were identified by their
characteristic morphology, small soma size, passive current–
voltage relationship, and a resting membrane potential close
to the Nernst potential for K+. Current signals were amplified
(EPC 8, HEKA Electronic, Lambrecht, Germany), filtered at 3 or
10 kHz, and sampled at 10 or 30 kHz (holding potential−70mV).
Online analysis was performed with TIDA 5.25 acquisition
and analysis software for Windows (HEKA) and Igor Pro

6.37 software (WaveMetrics, Lake Oswego, OR, USA). Voltages
were corrected for liquid junction potentials. Only recordings
matching the following criteria were included in the analysis: (i)
resting potential negative to −60mV, (ii) membrane resistance
≤10 MΩ , and (iii) series resistance ≤20 MΩ .

Immunohistochemistry
Tissue Preparation
Animals were deeply anesthetized by i.p. injection with
100–120 µl of a solution containing 80 mg/kg ketamine
(Ketamidor, WDT, Garbsen, Germany) and 1.2 mg/kg xylazine
hydrochloride (Sigma-Aldrich). After checking for hind paw
reflexes, transcardial perfusion was applied with ice-cold PBS
(30ml) followed by 4% ice-cold PFA in PBS (30ml). Brains were
removed and stored overnight in 4% PFA-containing solution
and subsequently stored in PBS at 4◦C until slicing. Brains
were cut into 40-µm-thick coronal slices using a Leica VT1200S
vibratome (Leica Microsystems).

Staining
Immunohistochemistry was performed using free-floating slices
kept in 24-well plates. Only slices from the dorsal hippocampus
close to the injection site were used for staining. For membrane
permeabilization and blocking of unspecific epitopes, slices
were incubated (2 h, RT) with 0.5% Triton X-100 (or 2% for
staining of biocytin-filled astrocytes) and 10% normal goat
serum (NGS) in PBS. For immunostaining of albumin, no
serum was applied during blocking and permeabilization steps.
Slices were subsequently incubated overnight with primary
antibody solution containing PBS on a shaker at 4◦C. The
following primary antibodies were applied: rabbit anti-GFAP
(1:500, DAKO, Z0334, Hamburg, Germany), goat anti-albumin
(1:200, Abcam, ab19194, Berlin, Germany), and mouse anti-
NeuN (1:200, Merck Millipore, MAB377, Darmstadt, Germany).
On the following day, slices were washed three times with PBS for
10min each, followed by incubation with secondary antibodies
conjugated with Alexa Fluor R© 488, Alexa Fluor R© 647, or
streptavidin-conjugated Alexa Fluor R© 647 (1:500 or 1:600,
respectively, Invitrogen, Karlsruhe, Germany) in PBS (2% NGS,
1.5–2 h, RT). For staining of NeuN, slices were incubated with
goat anti-mouse biotin (1:500, Dianova, AB_2338557, Hamburg,
Germany) prior to incubation with streptavidin-conjugated Cy3
antibody (1:300, Sigma Aldrich, S6402; 1 h, RT). After washing
the slices again three times with PBS (10min), nuclear staining
with Hoechst (1:200, diluted in dH2O) was performed (10min,
RT). A final washing step (3× PBS, 5min each) was performed
and slices were mounted with Aqua-Poly/Mount (Polysciences,
Heidelberg, Germany) on objective slides and covered with
coverslips. Slides were stored at 4◦C before confocal imaging.

Confocal Microscopy
Slides were imaged using a confocal laser scanning microscope
(SP8, Leica, Hamburg, Germany) at 8 bit using 20× [numerical
aperture (NA): 0.75], 40× (NA: 1.1), and 63× (NA: 1.2)
objectives. Image resolution was set at 1,024 × 1,024 pixels
recorded at a speed of 400Hz, with a pinhole size of 1 airy
unit (AU) and a digital zoom of 1 (albumin extravasation), 1.2
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(GJ coupling), or 2 (colocalization). Standard photomultiplier
tubes were used for the detection of fluorescent signals. Laser
and detector settings were applied equally to all images acquired.
Z-stacks were taken at 2µm (albumin extravasation and GJ
coupling) or 0.3µm (colocalization) intervals.

Quantification of Immunostainings
Immunohistochemical stainings were quantified either
using Fiji/ImageJ (21) or Imaris 8.0 software (Bitplane,
Zürich, Switzerland).

Albumin Extravasation
Albumin extravasation in the parenchyma was estimated by
measuring the fluorescent intensity in the albumin channel
in maximum intensity projections (MIP) using the image
processing package Fiji. Initially, images were background
subtracted using the rolling ball algorithm implemented in Fiji,
with a radius set at 50 pixels (22). Albumin immunoreactivity
(IR) was subsequently determined by quantifying the average
pixel intensity in the albumin channel within the imaged field of
view (290× 290× 20 µm).

Colocalization of Albumin and GFAP
Albumin content was quantified in albumin/GFAP double-
stained hippocampal sections of C57B6J mice injected with
kainate 4 h prior to brain perfusion. Images were analyzed equally
applying a custom-written macro in Fiji software. Fluorescent
intensity analysis was performed in regions of interest (ROIs)
of 92 × 92 × 10 µm3. In a first step, the GFAP+ image was
median filtered (5 pixel radius) and subsequently converted
into a binary image applying the Triangle threshold algorithm
implemented in Fiji (23). Next, the binary GFAP+ images and
the albumin+ images were multiplied to derive albumin signal
intensity in GFAP+ pixels. Within this multiplied image, the
average pixel intensity value of albumin in GFAP+ pixels was
measured and subsequently summed up across all focal plains to
obtain albumin contents in GFAP+ cells. To determine albumin
content in GFAP− pixels, the GFAP image was preprocessed
applying filtering and thresholding steps as described above.
Next, the binarized GFAP+ image was subtracted from the
albumin+ image to obtain albumin signal intensity in GFAP−

pixels. Average signal intensities were subsequently summed up
across all focal plains for statistical comparison.

Coupling Efficiency in Biocytin-Filled Astrocytes
Coupling efficiency was determined by manual counting
of biocytin+ cells using the cell counter plugin for Fiji
and compared between injected (ipsilateral) and non-injected
(contralateral) hemispheres. Another observer blinded to the
experimental conditions recounted images of biocytin-filled
astrocytes, and cell counts were subsequently averaged across
both counts prior to statistical analysis.

Hippocampal Sclerosis
The extent of hippocampal sclerosis (HS) was estimated based
on the quantification of three parameters: (i) extent of granule
cell dispersion (GCD) in the dentate gyrus (DG), (ii) shrinkage
of the CA1 stratum radiatum, and (iii) number of pyramidal

neurons in CA1 stratum radiatum. All three parameters were
estimated in MIPs (1,163 × 1,163 × 40 µm3). Granule cell
dispersion quantification was performed as described previously
(19). Briefly, GCLwidth wasmeasured at four positions indicated
as T1–T4. T1 and T2 were measured along a vertical line
connecting the upper and lower cell layers of the DG, T3, and T4
at a distance halfway between the vertical line and the tip of the
hilus. The average of the four values was used as an estimation
of GCD. Shrinkage of the stratum radiatum was determined by
drawing a vertical line connecting the pyramidal and molecular
layer, above the peak of the DG granule cell layer. The length
of the vertical line served as an indication of the remaining
width of the stratum radiatum. Both GCL and stratum radiatum
width were quantified using Fiji software. Finally, the number
of pyramidal neurons in the CA1 region was quantified using
the automated spot detection algorithm implemented in Imaris
8.0 within a 360 × 120 × 40-µm3 ROI placed within the CA1
pyramidal layer just above the peak of the DG granule cell layer.

Statistical Analysis
Statistical analyses were performed using R software (R Core
Team 2020, version 4.0.2, Austria) (24). Data are displayed as
mean ± SD or as box plots representing median (line) and
quartiles (25th and 75th percentile) with whiskers extending to
the highest and lowest values within 1.5 times the interquartile
range (IQR). Prior to statistical analysis, data were checked
for normality by inspection of histograms as well as by
statistically testing for normality using a Shapiro–Wilk test.
Levene’s test was performed to check for homogeneity of
variance between groups. In case of a significant deviation
from normality, data were transformed according to Tukey’s
ladder of powers (25) prior to conduction of statistical tests
or by performing the appropriate non-parametric test. For
comparison of two groups, Student’s t-test or Wilcoxon-rank
sum test was used. More than two groups were compared
with one-way analysis of variance (ANOVA) followed by post-
hoc Tukey test or using Kruskal–Wallis test with Dunn’s
post-hoc test. For multifactorial data, two-way ANOVA was
conducted. Kaplan–Meier estimates were compared using a log-
rank test. Differences between means were considered significant
at p < 0.05.

RESULTS

Strong Albumin Extravasation but
Negligible Astrocytic Uptake 4h After
status epilepticus Induction
Disruption of the BBB accompanied by albumin extravasation
occurs in human and experimental epilepsy, and there is
growing evidence that this represents not only a pathological
consequence but also a causative factor in epileptogenesis (26,
27). To shed further light on this important topic, we used
an experimental mouse model, unilateral intracortical kainate
injection, that closely mimics human TLE-HS in terms of seizure
types, neuropathological changes, and pattern of epileptogenesis
(14). In this model, we first examined the extent of albumin
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FIGURE 1 | Ipsilateral albumin extravasation 4 h after status epilepticus (SE) induction. (A) Representative maximum intensity projections depicting albumin (magenta),

GFAP (green), and Hoechst (blue) labeling in ipsi- and contralateral hippocampal slices of sham- and kainate-injected mice. Scale bar: 50µm. (B) Quantification of the

staining revealed substantially higher ipsilateral vs. contralateral albumin extravasation after injection of both kainate and saline. Box plots represent median and

quartiles. ***p < 0.001 vs. contralateral (two-way ANOVA). N = 9 slices from three mice/group. KA, kainate; au, arbitrary unit.

extravasation 4 h after kainate injection, a time point preceding
neuronal cell death and the onset of spontaneous seizure
activity (14). Immunohistochemical staining revealed strong
extravascular albumin IR in the hippocampal CA1 region of
the dorsal ipsilateral hippocampus (Figure 1, p < 0.001, two-
way ANOVA). On the contralateral side, albumin was largely
confined to blood vessels, indicating that BBB breakdown was
restricted to the ipsilateral hippocampus. Surprisingly, we also
detected a significant increase of albumin IR in the hippocampus
of sham-injected mice. However, whereas albumin extravasation
in epileptic mice persisted for months (26), it was a transient
event in sham-injected mice and disappeared within 5 days after
injection (data not shown).

Previous works demonstrated that TGFβ receptor-mediated
uptake of extravasated serum albumin into astrocytes is
involved in epileptogenesis (6, 16). We therefore examined
astrocytic albumin contents in albumin/GFAP double-
stained hippocampal sections injected with kainate 4 h before
(Figure 2A). Quantification revealed only faint albumin IR
(<1%) in GFAP-positive compared with GFAP-negative
pixels in the hippocampal CA1 region of both hemispheres
(Figure 2B), indicating negligible astrocytic albumin uptake
even in regions of high extravasation. Albumin IR was slightly
higher in ipsilateral compared with contralateral astrocytes
(Figure 2B, p = 0.016, two-way ANOVA), but because this
effect was extremely small, its biological relevance is unclear.
In conclusion, these results show that 4 h after epilepsy

induction, uptake of extravasated albumin by astrocytes
is negligible.

Seizure-Induced Disruption of Astrocytic
Coupling Is Independent of TGFßR1
Signaling
Disruption of astrocytic gap junctional communication is a
characteristic feature of the sclerotic hippocampus of TLE
patients and animal models. This astrocytic dysfunction
and the consequential accumulation of extracellular K+ was
detected already 4 h after intracortical kainate injection, leading
to the suggestion that it plays a causative role in the
pathogenesis of TLE (14). In another study, we demonstrated
that intracerebroventricularly injected albumin is taken up
by astrocytes and reduces their gap junctional coupling (15).
Therefore, despite negligible astrocytic albumin uptake, the
question arose whether activation of TGFβR1 by extravasated
albumin mediates astrocyte uncoupling at this early stage of
epileptogenesis. To address this question, we used a specific
TGFβR1/ALK5 kinase inhibitor, IPW-5371, which has been
shown to cross the BBB and to effectively reduce TGFβ signaling
(17). IPW-5371 was injected i.p. (20 mg/kg) 1 day and 15min
prior to kainate application, and gap junction coupling was
assessed 4 h later by biocytin filling of individual hippocampal
astrocytes. The results show that IPW-5371 pretreatment did
not prevent seizure-induced astrocyte uncoupling (Figure 3).
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FIGURE 2 | Tiny astrocytic albumin uptake 4 h after KA injection. (A) Representative images depicting one focal plane of combined albumin (magenta), GFAP (green),

and Hoechst (blue) staining in the hippocampal CA1 stratum radiatum of ipsi- and contralateral slices, 4 h after kainate injection. For the purpose of illustration, images

are background subtracted and adjusted for brightness. Scale bar: 10µm. (B) Albumin immunoreactivity increases in both GFAP-positive and GFAP-negative pixels

on the ipsi- vs. contralateral hemisphere, although the increase in astrocytes is orders of magnitude lower than outside the cells. Box plots represent median and

quartiles. *p < 0.05, ***p < 0.001 vs. contralateral, ###p < 0.001 vs. astrocytic (two-way ANOVA). N = 9 slices from three mice. au, arbitrary unit.

Indeed, the number of biocytin-positive cells was reduced by 45%
in the hippocampus of the injected hemisphere (ipsi 70 ± 26
vs. contra 128 ± 34 cells, mean ± SD, p = 0.0015, independent
samples t-test), which corresponds to data from epileptic mice
with undisturbed TGFβR1 signaling (14). Thus, TGFβ signaling
appears not to be responsible for, or involved in, astrocyte
uncoupling in experimental TLE.

IPW-5371 Pretreatment Slightly Attenuates
Acute and Chronic Epileptiform Activity but
Has no Effect on the Development of HS in
Experimental TLE
Blood–brain barrier breakdown is implicated in the development
of epilepsy through a mechanism involving astrocytic

TGFβR1/ALK5 signaling (6, 9, 16, 28). To gain a deeper
insight into this relationship, we investigated consequences
of TGFβR1 kinase inhibition during the initial phase of
epileptogenesis on acute and chronic electrographic epileptiform
activity and histopathological changes in our TLE model. Mice
were injected with IPW-5371 as described above and implanted
with telemetric transmitters directly after kainate injection.
Electroencephalography recording and video monitoring
were subsequently performed continuously (24 h/day) over a
period of 4 weeks. Quantification of SE, which in our model
is manifested by a series of convulsive seizures lasting up to
6 h, was performed in three different ways: (a) by examining
the number and duration of seizures and time spent in ictal
activity during the first hour of recording, (b) by counting
the number of EEG spikes with amplitudes exceeding baseline
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FIGURE 3 | Seizure-induced loss of astrocytic gap junctional communication is not mediated by TGFßR1 signaling. (A) Injection scheme for the biocytin diffusion

studies. IPW-5371 was injected intraperitoneally (i.p.) once per day at 20 mg/kg for two consecutive days prior to SE induction via intracortical kainate injection. Four

hours after kainate injection, animals were sacrificed and gap junctional coupling between hippocampal astrocytes was visualized by the intercellular spread of

biocytin, which was included in the patch pipette solution during whole-cell patch clamp recordings (20min). (B) Representative maximum intensity projections

depicting biocytin-filled astrocytes labeled with streptavidin-conjugated AlexaFluor® (AF) 647 in hippocampal CA1 stratum radiatum of the ipsi- and contralateral

hemispheres (left). Scale bar: 50µm. The number of biocytin-positive astrocytes was significantly reduced on the ipsi- vs. contralateral hippocampus of

IPW-5371-pretreated mice (right). Data represent mean ± SD. **p < 0.01 (independent samples t-test). N = 9 slices/condition from three mice. KA, kainate; SR,

stratum radiatum; SP, stratum pyramidale; SO, stratum oriens.

activity at least 7.5-fold during the first 6 h of recording, and (c)
by comparison of the spectral power in the γ range after FFT of
the EEG data. Notably, activity during epileptiform-free periods
did not differ between experimental groups (γ power baseline:
kainate 2.72 ± 1.36 nV² vs. IPW + kainate 3.38 ± 0.97 nV², p =
0.29, independent samples t-test; 7.5 × SD of baseline: kainate
196.61 ± 37.65 vs. IPW + kainate 222.75 ± 31.6, p = 0.136,
independent samples t-test). We found no differences between
kainate mice treated with IPW-5371 or vehicle regarding the
number of seizures or seizure duration within the first hour of SE
(Figure 4A, p= 0.67 and p= 0.076, respectively, Mann–Whitney
U-test). As mentioned earlier (19), this type of analysis is only

possible within the initial period of SE. For quantification of
the entire SE, spike, and spectral analyses were extended to
6 h. While there was no difference in the number of spikes per
minute during this period (p = 0.11, Mann–Whitney U-test),
the normalized γ band power was significantly reduced in IPW-
5371- vs. vehicle-treated kainate mice (Figures 4B,C, p = 0.037,
Mann–Whitney U-test). These data indicated that TGFßR1
kinase inhibition interferes with acute seizure activity following
kainate administration, specifically attenuating high-frequency
activity in the γ range. The duration of the subsequent seizure-
free (latent) phase was not influenced by IPW-5371 treatment
(Figure 4A, right graph). Spontaneous generalized seizures
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FIGURE 4 | Kainate-induced acute and chronic epileptiform activity in IPW-5371-pretreated mice. (A) Number and duration of seizures during the first hour of

kainate-induced SE did not differ between IPW-5371- and vehicle-treated kainate mice. (B) Severity of SE determined by counting the number of EEG spikes

exceeding 7.5-fold baseline activity during the first 6 h after kainate injection. Spike activity was not affected by IPW-5371. (C) Spectral analysis yielded significantly

lower γ band power in IPW-5371- vs. vehicle-treated kainate mice. (D) Representative EEG traces depicting spontaneous generalized seizures (ictal) and interictal

spiking activity (interictal) in IPW-5371-treated and control mice. (E) Total number and length of spontaneous generalized seizures (SGS) in IPW-5371- and

vehicle-treated kainate mice. Neither the number nor the length of SGS was significantly different between the experimental groups (left graph). The length of the latent

phase was also similar in both groups (right graph). (F) The number of spikes/hour during the entire 4 weeks of recording was slightly but significantly reduced in

IPW-5371- vs. vehicle-treated kainate mice. Box plots represent median and quartiles. *p < 0.05 (independent samples t-test). N = 7 (kainate + IPW-5371) and 13

(kainate) mice. KA, kainate.

(Figure 4D) were seen in 92.3% (12 of 13) of vehicle-treated
and 85.7% (6 of 7) of IPW-5371-treated kainate mice (p = 0.73,
log-rank test). As shown in Figure 4E (left graph), the total
number of spontaneous generalized seizures during the 4 weeks
of recording hardly differed between the conditions (p = 0.32,
Mann–Whitney U-test). Likewise, the duration of individual

generalized seizures was not different between the experimental
groups (Figure 4E, right graph, p = 0.6, independent samples
t-test). Importantly, during the entire recording period, the
number of epileptic spikes per hour was significantly lower in the
IPW-5371 group, indicating reduced total (e.g., ictal+ interictal)
activity (Figure 4F, p = 0.023, Mann–Whitney U-test). This

Frontiers in Neurology | www.frontiersin.org 8 May 2021 | Volume 12 | Article 660591

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://www.frontiersin.org/journals/neurology#articles


Henning et al. Role of Albumin Extravasation in TLE

FIGURE 5 | IPW-5371 treatment has no effect on the development of HS in experimental TLE. (A) Representative maximum intensity projections of combined NeuN

(magenta), GFAP (green), and Hoechst (blue) staining in ipsi- and contralateral hippocampal slices from IPW-5371- and vehicle-treated kainate mice 1 month after

kainate injection. Scale bar: 200µm. Hippocampi of both IPW-5371- and vehicle-treated kainate mice displayed similar (B) pyramidal cell loss in the CA1 region, (C)

GCD in dentate gyrus, and (D) shrinkage of the CA1 stratum radiatum. Data display box plots representing median and quartiles. ***p < 0.001 vs. contralateral, **p <

0.01, #p < 0.05 vs. control (two-way ANOVA). N = 29–31 slices from six animals/condition. CA, cornu ammonis; GCL, granule cell layer; str. rad., stratum radiatum.

finding was, however, not reflected by spectral analysis, since no
difference was found in any of the frequency bands (data not
shown). To assess a potential influence of the surgical procedure
itself on seizure activity, brain activity was continuously EEG
monitored for 9 days in a group of control mice that had received
intracortical injection of 70 nl sterile NaCl (0.9%) instead of
kainate. No seizures could be detected under these conditions (n
= 6, data not shown).

We next explored the effect of IPW-5371 treatment on
the development of HS. Hippocampal slices were stained
with antibodies directed against NeuN, GFAP, and Hoechst 4
weeks after epilepsy induction (Figure 5A). Three hallmarks

of HS—degeneration of CA1 pyramidal neurons, shrinkage of
the CA1 region, and GCD—were evaluated. The extent of
neurodegeneration was determined by counting the number of
NeuN-positive cells in an area of 360 × 120 × 40 µm3 within
the CA1 stratum pyramidale underneath the injection side and
at the same position on the contralateral side. The data show
that the ipsilateral loss of NeuN-positive cells was similar in
IPW-5371- vs. vehicle-treated kainate mice (19.69 ± 92.42 vs.
8.76 ± 23.35% of contralateral; p < 0.001, two-way ANOVA,
Figure 5B). Likewise, neither GCD (148.69 ± 61.71 vs. 114.49 ±
73.69% of contralateral, p = 0.0013, two-way ANOVA) nor CA1
shrinkage (56.49± 25.41 vs. 56.86± 32.17% of contralateral, p <
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0.001, two-way ANOVA) was attenuated by IPW-5371 treatment
(Figures 5C,D). Unexpectedly, kainate mice pretreated with
IPW-5371 displayed increased GCD compared with vehicle-
treated kainate mice both ipsi- and contralaterally (p = 0.014,
two-way ANOVA). Taken together, these data reveal that
inhibition of the TGFβR1/ALK5 pathway with IPW-5371 slightly
reduces acute and chronic kainate-induced epileptiform activity
but does not prevent the development of HS.

DISCUSSION

Our data confirm that leakage of albumin through a
compromised BBB represents an early event and possibly one
of the causative factors in epileptogenesis. Indeed, prominent
albumin IR is observed in the brain parenchyma as early as 4 h
after SE induction, preceding most of the epilepsy-associated
histopathological alterations in our experimental model (14).
This result is not surprising, as it is known from various animal
models of seizures and epilepsy that BBB opening occurs
within a few minutes after seizure induction [for review, see
(27, 29)]. Although previous work concluded that BBB leakage
in epileptogenesis is transient and lasts only a few days, more
recent studies observed the dysfunction also in chronic human
and experimental epilepsy, indicating that it may also contribute
to the progression of the disorder (5, 26, 29–33). In agreement
with this view, we detected albumin extravasation also 5 days and
3 months after SE, triggered by intracortical kainate injection
(26). A surprising finding of the present study was the relatively
high hippocampal albumin extravasation in sham-injected mice.
Apparently, in this model, initial BBB leakage is not solely
evoked by kainate-induced seizure activity but may also be
caused by the injection itself. Because in this model damage
to the hippocampus is avoided by intracortical injections, the
phenomenon may arise from local tissue pressure changes
and/or inflammatory processes evoked by the injected saline.
The fact that extravasated albumin was only transiently seen
in sham controls indicates that seizure activity is a prerequisite
for long-lasting BBB opening. On the other hand, these
control experiments provide evidence that transient albumin
extravasation is not sufficient to cause neuronal hyperactivity
or neuronal damage, since we have never observed seizures or
histopathological changes in sham-injected mice.

A number of reports have proposed that extravasated
albumin exerts its epileptogenic effects by altering essential
astrocytic functions, such as their ability to buffer K+ and
glutamate (11, 27, 34). Mechanistically, TGFβ receptor-mediated
albumin uptake into astrocytes was proposed to mediate
changes in gene expression responsible for these functional
alterations (6, 8, 9, 15). However, some studies reported
proepileptic effects of extravasated or injected albumin in
the absence of astrocytic albumin IR, raising the question
of whether uptake is really required for the albumin effects
(13, 35). Interestingly, despite the lack of astrocytic albumin,
Bankstahl and colleagues observed reduced GFAP and AQP4
IR in albumin-positive hippocampal regions during the early
phase of pilocarpine-triggered epileptogenesis, showing that

extravasated albumin can indeed influence astrocyte function
without being taken up (35). Therefore, the lack of astrocytic
albumin uptake found in our model does not exclude
the possibility that albumin influences epileptogenesis via
these cells.

Brain exposure to serum albumin impedes extracellular
K+ ([K+]o) buffering by reducing the expression of astrocytic
inward rectifying K+ channels (Kir 4.1) and gap junction
proteins (6, 11, 15). According to the spatial K+ buffering
concept, excessive extracellular [K+]o released during neuronal
activity is passively taken up by astrocytes through Kir4.1
channels, and then redistributed through the gap junction-
coupled astrocytic network to be released at regions of lower
[K+]o (36). Consequently, loss of Kir4.1 expression or astrocytic
coupling would result in accumulation of [K+]o, neuronal
depolarization, and a lowered threshold for seizure generation.
We have previously demonstrated Kir4.1 downregulation in
chronic human TLE (37, 38) as well as reduced astrocytic
coupling and impaired K+ clearance 4 h after SE induction
in the intracortical kainate injection model of TLE (14). Since
strong albumin extravasation was also found at this time
point, it was reasonable to assume that albumin mediated the
uncoupling. Our experiments with IPW-5371 do not support
this hypothesis, although there is still the possibility that
albumin affects coupling via a TGFβ-independent pathway.
Moreover, because we did not examine Kir4.1 expression in
this study, we cannot rule out that impaired K+ buffering in
this model is mediated, at least in part, by albumin-induced
downregulation of Kir4.1. Indeed, reduction of Kir4.1 expression
may occur already 2 h after intracerebroventricular albumin
injection (13), while downregulation of gap junction proteins
and reduced interastrocytic coupling were demonstrated 24 h
following exposure to albumin (11, 15). Disruption of astrocytic
coupling in epileptogenesis is likely determined by different
mechanisms at different time points during and after SE, and
extravasated albumin may be involved at later time points
of epileptogenesis.

Several studies provided convincing evidence that BBB
leakiness contributes to epileptogenesis through albumin
extravasation and activation of the TGFβ pathway (6, 8, 9).
This work revealed that albumin and TGFβR1 possess similar
proepileptic effects that are prevented by TGFβ pathway
inhibition (9, 16). Our results show that early TGFβR1 inhibition
only marginally affects the development of TLE, implying
that BBB disruption and albumin extravasation over longer
periods are required to crucially influence the process. Indeed,
experimental opening of the BBB or albumin infusion over
days was necessary to induce spontaneous seizures (6, 9, 10),
while transient (short-term) hippocampal exposure to albumin,
evoked by a single intracerebroventricular injection, was not
sufficient to trigger seizures (13). According to its published
pharmacokinetics, IPW-5371 effectively inhibits TGFβR1/ALK5
signaling for about 24 h (17). Future experiments are needed
to reveal whether long-term inhibition (e.g., over the entire
latency period, which lasts on average 5 days in this model)
would completely suppress epileptogenesis. It must be stressed,
however, that our data do not provide information about
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whether TGFβ signaling is activated by extravasated albumin
and whether its proepileptic action is caused by changes in
astrocytic function. Not only astrocytes but virtually all cell
types in the brain, including neurons, microglia, and endothelial
cells, produce TGFβ and possess TGFβ receptors (39). Our
immunostaining indicated neuronal albumin uptake (at 24 h,
but not yet 4 h post kainate, Supplementary Figure 1), an
observation that matches several other studies (5, 13, 15, 40).
Therefore, it would also be possible that albumin directly
affects neuronal activity via TGFβ signaling. Independent
of this, extravasated albumin seems to affect neuronal
excitability without influencing the strong histopathological
alterations characteristic of HS. This result is consistent
with previous research that found no evidence for albumin-
induced neurodegeneration (10, 13, 34, 35). Unexpectedly, we
observed even more pronounced GCD in IPW-5371-pretreated
mice, both ipsi- and contralaterally. How TGFβR1 signaling
regulates seizure-induced GCD remains to be elucidated in
future experiments.

CONCLUSION

We show, in a mouse model closely resembling human TLE with
HS, that albumin extravasation into the brain parenchyma arises
very soon after SE induction. At this early stage, albumin is not
yet taken up by astrocytes and uncoupling is not the result of
albumin-stimulated TGFβR1/ALK5 signaling. Whether the latter
is involved in the complete loss of coupling seen in chronic
experimental and human epilepsy remains to be investigated.
Inhibition of TGFβ signaling during the first hours of kainate-
induced SE only slightly affected epileptogenesis in our TLE
model, suggesting that longer-lasting albumin extravasation is
necessary to critically alter the pathological process. Our results
provide new insights into the role of BBB dysfunction and the
development of TLE, which may help in identifying new targets
for antiepileptogenic strategies.
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Supplementary Figure S1: Albumin is largely absent in astrocytes at 4 and 24 h post kainate, but 
appears to be taken up into ipsilateral CA1 pyramidal neurons, 24 h post kainate injection (left 
panel, bottom right). Scale bar: 100 µm (insets: 10 µm). * P < 0.05, *** P < 0.001 vs contralateral, 
### P < 0.001 vs astrocytic (Two-way ANOVA). 



 

70 
 

5. Constitutive deletion of astrocytic connexins aggravates kainate-

induced epilepsy 

Tushar Deshpande, Tingsong Li, Lukas Henning, Zhou Wu, Julia Müller, Gerald Seifert, 

Christian Steinhäuser, Peter Bedner 

The following chapter summarizes a research article that was published on 2nd of April, 2020 

in the journal GLIA (Volume 68, Issue 10) under the terms of the Creative Commons 

Attribution 4.0 International License (CC BY 4.0; 

https://creativecommons.org/licenses/by/4.0/). No changes to the original publication provided 

here were made. © 2020 The Authors. GLIA published by Wiley Periodicals, Inc. 

https://doi.org/10.1002/glia.23832 

5.1 Summary of the publication  

The formation of large functional networks via pore-forming GJs allows for extensive 

intercellular communication between neighboring astrocytes (Giaume et al., 2021), which in 

turn has an important function in modulating the extracellular milieu and the synchronization 

of neuronal activity (Chever et al., 2016; Giaume et al., 2010). In contrast, the role of astroglial 

networks in the pathophysiology of epilepsy is less well understood. Our previous data 

demonstrate that a reduced astrocyte coupling efficiency and impaired K+ clearance precede 

neuronal death in experimental MTLE-HS, suggesting that dysfunctional GJ coupling causally 

contributes to the disease process (Bedner et al., 2015). Furthermore, slices from mice lacking 

the astroglial GJ-forming proteins Cx30 and C43 are characterized by spontaneous epileptiform 

events and a heightened sensitivity to epileptic stimuli (Wallraff et al., 2006), pointing towards 

a primarily pro-epileptic effect when interastrocytic coupling is impaired. However, data 

examining how the absence of astrocyte Cxs affects the development of chronic epilepsy is 

currently not available. To better understand the role of astroglial networks in the pathology of 

epilepsy, we took advantage of Cx DKO mice and subjected them to the KA model of MTLE-

HS (Deshpande et al., 2020). We combined telemetric EEG to continuously monitor seizure 

activity following intracortical KA injection with immunohistochemical and microscopy 

techniques to examine the extent of HS, neuroinflammation and seizure-induced angio- and 

neurogenesis in DKO vs wild-type (WT) mice. 

Our data revealed that DKO and WT mice were similarly susceptible to KA-induced SE, with 

somewhat more frequent but less durable acute seizures after KA-injection in DKO mice. Most 

https://creativecommons.org/licenses/by/4.0/
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importantly, DKO mice displayed an increased number of spontaneous recurrent seizures as 

well as elevated spike frequency and spectral EEG power in the delta range (0.5 – 4 Hz) during 

the chronic phase of epilepsy. Although the extent of neuron loss in the CA1 pyramidal layer 

was similar between both genotypes, DKO exhibited less pronounced ipsilateral astrocyte 

reactivity in the hippocampal CA1 region and GCD in the DG one month post KA 

administration. Similarly, microglia reactivity and proliferation were attenuated in the 

ipsilateral CA1 region but not DG in DKO vs. WT mice. Finally, whereas seizure-induced 

neurogenesis was not affected by genetic deletion of astroglial Cxs, seizure-induced 

angiogenesis was significantly reduced in both the CA1 and DG of DKO vs. WT mice 

(Deshpande et al., 2020). 

The results of this study show that loss of astroglial coupling exacerbates MTLE-HS pathology, 

largely confirming our hypothesis that the functional astroglial network primarily exerts 

antiepileptic functions. Indeed, chronic seizure activity was significantly increased in DKO 

mice demonstrating that the pro-convulsive effects of an impaired ionic buffering capacity of 

astrocytes outweigh the anticonvulsant potential of reduced metabolic supply to neurons, 

ultimately enhancing epileptiform activity. In contrast to our expectations, hippocampal 

neurodegeneration was not different between DKO and WT mice, suggesting that the increased 

seizure burden in DKO mice was a direct consequence of the loss of Cx channel functions and 

not mediated by more extensive neuronal loss. Moreover, the fact that the chronic seizure 

burden was increased in DKO mice although the extent of astro- and microgliosis as well as 

angiogenesis, phenomena suggested to be primarily pro-epileptic (Morin-Brureau et al., 2012; 

Robel et al., 2015; Sano et al., 2021), were less pronounced in DKO mice, further highlights 

the important role of dysfunctional astrocyte coupling in epileptogenesis. Of note, our data do 

not allow to derive definitive conclusions about the mechanisms underlying increased seizure 

activity in Cx-deficient mice. This is due to the fact that loss of functional GJ coupling between 

astrocytes not only impairs spatial K+ buffering but also the redistribution of Na+ and Ca2+ ions 

through the astrocytic network (Henneberger, 2017; Langer et al., 2012; Scemes & Giaume, 

2006). Finally, several developmental side effects, such as white matter pathology (Lutz et al., 

2009) and impaired glutamate uptake (Pannasch et al., 2011), have been identified in DKO 

mice, indicating the need for inducible Cx knock-out models. 

Conclusively, this study provides evidence for an anti-epileptic role of the astrocyte GJ-coupled 

network, suggesting that treatments aiming to enhance GJ coupling in astrocytes might prove 

effective to mitigate the development and progression of epilepsy. 
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5.2 Statement of contribution 

Christian Steinhäuser and Peter Bedner conceived the project. Tushar Deshpande, Tingsong Li 

and Zhou Wu performed immunohistochemical stainings, microscopy recordings and image 

analyses. Lukas Henning, Julia Müller and Peter Bedner performed all surgical procedures 

necessary for the experimental induction of epilepsy and EEG transmitter implantation. The 

analysis procedure for the EEG data was developed and conducted by Lukas Henning and Peter 

Bedner. Gerald Seifert took care of the breeding and genotyping of the animals. Statistical 

analyses were performed by Tushar Deshpande, Lukas Henning, Peter Bedner, Tingsong Li 
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Abstract

The astroglial gap junctional network formed by connexin (Cx) channels plays a central

role in regulating neuronal activity and network synchronization. However, its involve-

ment in the development and progression of epilepsy is not yet understood. Loss of

interastrocytic gap junction (GJ) coupling has been observed in the sclerotic hippocam-

pus of patients with mesial temporal lobe epilepsy (MTLE) and in mouse models of

MTLE, leading to the suggestion that it plays a causative role in the pathogenesis. To fur-

ther elucidate this clinically relevant question, we investigated consequences of astrocyte

disconnection on the time course and severity of kainate-induced MTLE with hippocam-

pal sclerosis (HS) by comparing mice deficient for astrocytic Cx proteins with wild-type

mice (WT). Continuous telemetric EEG recordings and video monitoring performed over

a period of 4 weeks after epilepsy induction revealed substantially higher seizure and

interictal spike activity during the chronic phase in Cx deficient versus WT mice, while

the severity of status epilepticus was not different. Immunohistochemical analysis

showed that, despite the elevated chronic seizure activity, astrocyte disconnection did

not aggravate the severity of HS. Indeed, the extent of CA1 pyramidal cell loss was simi-

lar between the experimental groups, while astrogliosis, granule cell dispersion, angiogen-

esis, and microglia activation were even reduced in Cx deficient as compared to WT

mice. Interestingly, seizure-induced neurogenesis in the adult dentate gyrus was also

independent of astrocytic Cxs. Together, our data indicate that constitutive loss of GJ

coupling between astrocytes promotes neuronal hyperexcitability and attenuates

seizure-induced histopathological outcomes.

K E YWORD S

astrocyte, gap junction channels, hippocampal sclerosis, neurogenesis, status epilepticus,

temporal lobe epilepsy

1 | INTRODUCTION

The general ability of astrocytes to modulate neuronal function is well

establishedwhile its specific involvement in the pathogenesis of neurolog-

ical disorders is a matter of intense research. A striking feature of

astrocytes is their abundant intercellular connection via gap junction

(GJ) channels, leading to the formation of large syncytium-like functional

networks. Due to this network organization, astrocytes are in a position to

effectively control and synchronize large neuronal assemblies, and it

appears evident that impaired coupling has deleterious consequences on
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brain functioning (Giaume, Koulakoff, Roux, Holcman, &

Rouach, 2010). GJ channels are composed of a family of proteins

called connexins (Cxs). Six Cxs oligomerize into a hemichannel (con-

nexon) and two connexons from adjacent cell membranes dock to

form an intercellular GJ channel. In the hippocampus, the communi-

cation between astrocytes is mainly accomplished by Cx43 channels

and only to a small extent by channels composed of Cx30

(Gosejacob et al., 2011). GJ channels are permeable to ions and small

molecules up to 1 kDa, including second messengers, nucleotides,

neurotransmitters, and energy metabolites (Giaume et al., 2010).

The role of astroglial networks in the pathophysiology of epilepsy

is still debated (Boison & Steinhäuser, 2018; Steinhäuser, Seifert, &

Bedner, 2012). On the one hand, astrocyte coupling limits neuronal

excitability by clearance and redistribution of extracellular ions and

neurotransmitters (Pannasch et al., 2011; Wallraff et al., 2006), while

on the other hand astrocyte–astrocyte connections are required to

maintain synaptic transmission by activity-dependent supply of energy

metabolites from blood vessels to the firing neurons (Rouach,

Koulakoff, Abudara, Willecke, & Giaume, 2008). Hence, in principle,

the astroglial network exerts both proepileptic and antiepileptic

effects. We have previously shown that the sclerotic hippocampus of

patients with medically refractory mesial temporal lobe epilepsy

(MTLE) is completely devoid of classical astrocytes and GJ coupling.

The functional properties of human and murine astrocytes are strik-

ingly similar (Bedner, Jabs, & Steinhäuser, 2019). In a mouse model of

MTLE, we could demonstrate that astrocyte uncoupling and the conse-

quential impairment of K+ clearance temporally precede neuronal death

and the onset of spontaneous seizure activity, pointing to a causative role

of uncoupling in the genesis of MTLE (Bedner et al., 2015). In favor of a

causative role is also the finding that transgenic mice with coupling-

deficient astrocytes (Cx30−/−; Cx43fl/flhGFAP-Cre mice; termed DKO

mice) display disturbed K+ and glutamate clearance aswell as spontaneous

epileptiform field potentials and a decreased threshold for evoking epilep-

tiform activity in acute hippocampal slices (Pannasch et al., 2011; Wallraff

et al., 2006). A recent study reported that DKO mice are less prone to

pentylenetetrazole (PTZ)-induced hyperexcitability, leading to the specula-

tion that specific blockade of astrocytic GJs could be of therapeutic bene-

fit also in chronic seizures (Chever, Dossi, Pannasch, Derangeon, &

Rouach, 2016). Hence, the data obtained from DKO mice so far are con-

flicting and do not allow firm conclusions on the role of the astroglial net-

work in epilepsy. To shed more light on this issue, in the present study we

examined the effects of Cx30 and Cx43 deletion in astrocytes on acute

and chronic electrographic seizure activity as well as on the consequential

morphological changes in amouse model ofMTLEwith hippocampal scle-

rosis (HS).

2 | METHODS

2.1 | Animals

Maintenance and handling of animals was according to the local gov-

ernment regulations. Experiments were approved by the North

Rhine–Westphalia State Agency for Nature, Environment and Con-

sumer Protection (approval numbers 84-02.04.2012.A212 and

84-02.04.2015.A393). All measures were taken to minimize the num-

ber of animals used. Mice were kept under standard housing condi-

tions (12 hr/12 hr dark–light cycle, food, and water ad libitum). Male

C57Bl6/J mice (Charles River, Sulzfeld, Germany) and transgenic

mice lacking Cx30 and Cx43 in GFAP-positive cells (Cx30−/−;

Cx43fl/flhGFAP-Cre mice, Wallraff et al., 2006) aged 90–120 days

were used for the experiments.

2.2 | Kainate injection and EEG recordings

We used the MTLE animal model previously established (Bedner

et al., 2015). Briefly, mice were anesthetized with a mixture of

medetomidine (Cepetor, CP-Pharma, Burgdorf, Germany, 0.3 mg/kg,

i.p.) and ketamine (Ketamidor, WDT, Garbsen, Germany, 40 mg/kg,

i.p.) and placed in a stereotaxic frame equipped with a manual

microinjection unit (TSE Systems GmbH, Bad Homburg, Germany).

A total volume of 70 ml of a 20 mM solution of kainate (Tocris,

Bristol, UK) in 0.9% sterile NaCl were stereotactically injected into

the neocortex just above the right dorsal hippocampus. The stereo-

tactic coordinates were 2 mm posterior to bregma, 1.5 mm from

midline and 1.7 mm from the skull surface. Electrographic seizures

were detected via skull surface electrodes implanted directly after

kainate injection. Telemetric transmitters (TA10EA-F20, TA11ETA-

F10; Data Sciences International, St. Paul, MN) were placed subcu-

taneously into the right abdominal region and the two monopolar

leads were connected to stainless steel screws (length 2 mm;

thread diameter 0.8 mm) positioned bilaterally 1.5 mm from the

sagittal suture and 2 mm posterior to bregma. The attached leads

were covered with dental cement, skin incisions sutured, and anes-

thesia stopped with atipamezole (Antisedan, Orion Pharma, Ham-

burg, Germany, 300 mg/kg, i.p.). To reduce pain, mice were

subsequently injected for 3 days with carprofen (Rimadyl, Pfizer,

Karlsruhe, Germany). Furthermore, 0.25% Enrofloxacin (Baytril,

Bayer, Leverkusen, Germany) was administered via drinking water

to reduce the risk of infection. Mice were then returned to clean

cages and placed on individual radio receiving plates (RPC-1; Data

Sciences International), which capture data signals from the trans-

mitter and send them to a computer running Dataquest A.R.T. 4.00

Gold/Platinum software (Data Sciences International), which con-

verts the digital output of the receiver into a calibrated analog

output. A network-based video surveillance system (SeeTec, Phil-

ippsburg, Germany) was used to monitor behavioral seizure

activity.

NeuroScore 3.2 software (Data Sciences International) was

used for EEG analysis. Seizure frequency and duration were deter-

mined using the NeuroScore seizure detection module with

the following parameters: threshold value = 10 × SD of the

baseline—1,000 μV, spike duration = 0.05–50 ms, spike

interval = 0.1–2.5 s, minimum train duration = 10 s, and minimum

number of spikes per event = 50. All EEG recordings were
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additionally verified by manual screening. Automated and manual

EEG screening was always performed by two independent inves-

tigators, one of which was blinded to the experimental condi-

tions. For spectral analysis, EEG data were subjected to fast

Fourier transform (FFT) and the absolute power (i.e., the integral

of the power values over the different frequency ranges

expressed in μV2) of the frequency bands δ (0.5–4 Hz),

θ (4–8 Hz), α (8–13 Hz), β (13–30 Hz), and γ (30–50 Hz) were cal-

culated in 10 s epochs for the entire 4 weeks of continuous EEG

recording. The γ-band power during the first 6 hr of EEG record-

ing was used for status epilepticus (SE) quantification, as the

power in this frequency range is the most reliable and least

artifact-prone indicator for SE severity (Lehmkuhle et al., 2009).

In contrast, the interictal activity during the chronic phase is best

reflected by the δ band power (Cohen, Navarro, Clemenceau,

Baulac, & Miles, 2002; Putra et al., 2020), which was therefore

determined in the third and fourth weeks. The calculated values

were normalized to baseline activity, which was defined as the

frequency power during several artifact- and epileptiform

activity-free epochs (at least 10 min) within the last week of EEG

recording. For spike analysis, EEG recordings were first high pass

filtered at 1 Hz and then the number of EEG spikes exceeding

10-fold the SD of baseline activity was assessed using an auto-

mated spike detection protocol (NeuroScore). SD of baseline

activity was calculated for every second of EEG recording during

the above-mentioned epileptiform activity-free epochs.

2.3 | BrdU administration

Mice were given BrdU (1 mg/ml) through drinking water containing

1% sucrose for 14 days after kainate injection. BrdU administration

was started 24 hr after kainate injection. From Day 16 after kainate

injection, mice were given normal drinking water. On Day

30, anaesthetized mice were perfused with PBS followed by 4%

PFA. Brains from these mice were subsequently fixed in 4% PFA

for 12–16 hr. The next day, brains were transferred in vials con-

taining PBS and stored until further use. Brains were cut into

40 μm thick coronal sections with a vibratome. The sections were

stored in PBS containing 0.01% sodium azide.

2.4 | Immunofluorescence staining

Sections were incubated with 2 N HCl for 30 min. After washing

with PBS, remaining HCl in the sections was neutralized by incubat-

ing the sections in 0.1 M borate buffer for 10 min. After

permeabilization and blocking (2 hr, room temperature) with 0.5%

Triton X-100 and 10% normal goat serum (NGS) (or 10% normal

donkey serum [NDS]) in PBS, the sections were incubated over-

night (4�C) in 5% NGS (or NDS) in PBS containing 0.1% Triton X-

100 and the following primary antibodies: rat anti-BrdU (AbD

Serotec, 1:500); goat anti-CD31 (R & D systems, 1:200); goat anti-

GFAP (Abcam, 1:500); mouse anti-NeuN (Merck, 1:500); goat anti-

doublecortin (DCX) (Santacruz Biotech, 1:100); rabbit anti-Iba1

(Dako, 1:1,000); rabbit anti-Prox1 (Chemicon, 1:2,500). After wash-

ing three times with PBS (5 min each), the sections were incubated

with secondary antibodies conjugated with Alexa Fluor 488, Alexa

Fluor 594 or Alexa Fluor 647 (Invitrogen, dilution 1:500 each) in

PBS with 2% NGS (or 2% NDS) and 0.1% Triton X-100 for 1.5 hr at

room temperature.

2.5 | Imaging and cell counting

A confocal laser-scanning microscope (Leica TCS SP8, Wetzlar,

Germany) was used for image acquisition. For cell counting, images

were taken at ×40 magnification (stacks of eight image planes with

optical thickness of 1 μm each) while for assessing granule cell dis-

persion (GCD), ×10 magnification (stacks of three image planes

with optical thickness of 8 μm) was used. Image resolution was

1,024 × 1,024 pixels. Cell counting in the dentate gyrus (DG) and

CA1 regions was performed in 290 × 290 × 4 μm3 counting boxes.

The first counting box in the DG was positioned 250 μm away from

the tip of the granule cell layer (GCL) while the other two boxes

were positioned over the two blades of the GCL, adjacent to the

first box. In the CA1 region, the three boxes were placed one after

another in a row. Cell numbers were averaged across boxes within

the same region.

2.6 | Quantification of GCD, astrogliosis, microglial
activation, and vascular density

For GCD quantification, a continuous line was drawn from the tip of

the hilus till the bend of the upper blade (Figure 3a). Another, vertical

line (dotted, d) was drawn at the end of the continuous line, con-

necting the upper and lower blades of the DG. GCL width was mea-

sured at four positions named T1–T4. T1 and T2 were measured

along Line D, T3, and T4 at a distance halfway between Line D and

the tip of the hilus. The average of the four values was used as an

indicator of the extent of GCD. For assessing microglial activation,

numbers of BrdU positive microglia and areas occupied by Iba1

staining were determined. The extent of astrogliosis was estimated by

calculating the area occupied by GFAP immunoreactivity. A point cou-

nting method was used to quantify the vascular density (Rigau

et al., 2007). The resulting parameter called “point count” is influenced

not only by the number of vessels present in a given area but also by

the size and tortuosity of the vessels. Briefly, a 5 × 5 squares grid

(edge length of one square 116.25 μm) was superposed onto the digi-

tized image. The numbers of intersections made by blood vessels with

this grid were counted. At least three sections were used per mouse.

The point counts were first averaged across sections and then

across mice.
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2.7 | Statistics

Data are given asmean ± SD. Differences between groupswere tested for

significance using Student's t test or analysis of variance followed by

Tukey's post hoc analysis. The level of significance was set at p < .05. Box

plot data (Figure 1) are presented as Tukey boxes showing median (line),

mean (filled square), and quartiles (25 and 75%; box). The whiskers extend

to the highest and lowest valueswithin 1.5 times interquartile range.

3 | RESULTS

3.1 | DKO mice exposed to the intracortical
kainate model of MTLE-HS display unchanged overall
SE severity but enhanced chronic seizure activity

To shed light on the role of astrocyte coupling in the development

and progression of epilepsy, mice devoid of astrocytic GJ proteins

F IGURE 1 Kainate-induced seizure activity during status epilepticus (SE) and the chronic phase of epileptogenesis in DKO and wild-type
(WT) mice. Kainate was stereotaxically injected into the deep layers of the neocortex above the right dorsal hippocampus. Electrographic
seizures were continuously detected via cortical electrodes and telemetric transmitters. (a) Representative EEG traces recorded during SE in
DKO and WT mice. (b) Quantification of number and duration of seizures, and total time spent in EEG seizures during the first hour after
kainate injection. Seizures in DKO mice were of longer duration but less frequent. Total time spent in ictal activity was not different
between DKO and WT mice. (c) The severity of SE was quantified by counting the number of EEG spikes exceeding at least tenfold baseline
activity during the first 6 hr after kainate. No significant differences were observed between both genotypes. (d) Quantitative analysis of γ
band EEG activity during SE in DKO and WT mice. γ band power was not influenced by the astrocytic uncoupling (inset, right).
(e) Representative EEG traces recorded during spontaneous generalized seizures in DKO and WT mice. (f ) Number and duration of
spontaneous generalized seizures during the chronic phase (third and fourth weeks after kainate). Seizure frequency was significantly higher
in DKO than in WT mice, while seizure duration was not different. (g) Averaged cumulative seizure burden in DKO and WT mice during the
first 4 weeks after kainate injection. All values after Day 14 were significantly different between DKO and WT mice. (h) Spike frequency
analysis detected significantly more spontaneous EEG spikes (exceeding at least tenfold baseline activity) during the third and fourth week
post-SE, in DKO versus WT mice. Likewise, spectral analysis of spontaneous EEG activity during the same time period revealed higher δ
band power in DKO mice. *p < .05 (t test). Boxes in box plots indicate interquartile range (IQR) with median (line) and mean (filled square);
whiskers indicate 1.5× the IQR. n = 9 (DKO) and 8 (WT) animals [Color figure can be viewed at wileyonlinelibrary.com]
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(DKO mice) were subjected to the unilateral intracortical kainate

model of MTLE-HS. We have previously shown that this model reli-

ably reproduces key morphological and functional features of chronic

human MTLE with HS (Bedner et al., 2015). Continuous telemetric

EEG recordings (24 hr/day for 4 weeks) and video monitoring were

used to determine seizure activity during SE and the chronic phase.

Kainate-induced SE was characterized by a series of generalized sei-

zures lasting several hours (Figure 1a). For EEG quantification during

SE, we examined the number and duration of seizures as well as the

time spent in ictal activity during the first hour of recording. During

this time window, an accurate determination of the duration of indi-

vidual seizures was possible. The analysis revealed that in kainate-

injected DKO mice, seizures during SE lasted significantly longer than

in wild-type (WT) mice (91.8 ± 37.6 s vs. 47.4 ± 18.1 s, p = .007), but

were less frequent (26.7 ± 15.5 seizures/hr vs. 53.7 ± 25.4 seizures/

hr, p = .01). The total time spent in seizures was not different between

genotypes (DKO: 57 ± 17.7%; WT: 61.2 ± 10.8% of time, p = .8,

Figure 1b).

Previous work has shown that SE in this MTLE model lasts about

4–5 hr (Bedner et al., 2015). To quantify total duration of SE, we counted

during the first 6 hr of recording the number of EEG spikes with ampli-

tudes exceeding baseline activity at least 7.5-fold. This analysis yielded

no significant difference between kainate-injected DKO and WT mice

(135.4 ± 86.6 spikes/min vs. 91.6 ± 69.8 spikes/min, p = .3, Figure 1c).

Next, the same EEG data were subjected to spectral analysis using FFT

and the power in the γ frequency range was compared. In accordance

with spike frequency analysis, γ band power was not different between

DKO and WT mice (10.8 ± 6.2 in DKO and 6.7 ± 5.2 in WT mice, p = .2,

Figure 1d). Together, these findings indicate that astrocyte uncoupling

affects the pattern of seizure activity during the initial phase of SE, but

has no influence on overall SE severity.

All mice developed spontaneous generalized seizures after a

latent period, the duration of which was not different between

kainate-injected DKO and WT mice (3.75 ± 2.5 days vs. 3.62 ± 2 days,

p = .91). Importantly, the frequency of spontaneous chronic seizures

measured during the third and fourth week after epilepsy induction

was more than twice as high in DKOs than in WT mice (1.9 ± 1.1

vs. 0.8 ± 0.3 seizures/day, p = .02, Figure 1e). Likewise, the cumulative

number of chronic seizures over total recording time (44.1 ± 25.2

vs. 22.37 ± 9.8 seizures, p = .03, Figure 1g) was significantly higher in

kainate-injected DKO mice. There was, however, no difference in the

duration of spontaneous seizures between both genotypes (DKO:

47.4 ± 6.9 s vs. WT: 44.2 ± 7.4 s, p = .4, Figure 1g). Spike frequencies

were assessed during the third and fourth weeks of recording. Consid-

ering amplitudes exceeding baseline activity at least tenfold revealed

a significantly higher frequency of spontaneous EEG spikes in DKO

mice (317.1 ± 185.6 spikes/hr vs. 127.6 ± 48.4 spikes/hr, p = .01).

Likewise, spectral EEG analysis demonstrated higher δ band power

(2.7 ± 0.9 vs. 1.8 ± 0.4, p = .02, Figure 1h) in DKO than in WT mice,

indicating increased interictal activity in the former. The power in the

other frequency bands was not elevated in DKO mice. Irrespective of

genotype, all seizures observed by video monitoring were severe con-

vulsions with rearing and falling (Stage V seizures according to

Racine's classification, Racine, 1972), indicating that the severity of

spontaneous chronic seizures was not influenced by the lack of GJ

proteins. Together the data suggest that deletion of astrocytic Cxs

exacerbates chronic seizure burden without affecting SE severity.

3.2 | Kainate-injected DKO mice show unaltered
neurodegeneration but less pronounced astrogliosis
and GCD

About two thirds of patients with pharmacoresistant MTLE display

HS, characterized by prominent neuronal loss in the CA1 and CA4

regions, reactive astrogliosis and GCD (Blümcke, Beck, Lie, &

Wiestler, 1999). These histopathological changes are well reproduced

in our animal model (Bedner et al., 2015). To explore whether the lack

of astrocytic Cxs influences the development of HS, we performed

immunohistochemical analyses of hippocampal slices from DKO and

WT animals, 1 month after kainate injection. First, we assessed the

extent of neurodegeneration and astrogliosis by NeuN/GFAP/

Hoechst triple staining (Figure 2a). For quantification, the number of

NeuN-positive cells was counted in an area of 260 × 260 × 15 μm3

within the CA1 stratum pyramidale underneath the injection side (ipsi-

lateral side) and at the same position on the contralateral side. Ipsilat-

erally, NeuN-positive cells were reduced by almost 90% in both

kainate-injected DKO and WT mice (DKO: by 83.2 ± 22.4%; WT: by

86 ± 16.4% p = .86, Figure 2b). No neurodegeneration could be

detected in the CA3 stratum pyramidale, neither in DKO nor in WT

mice (WT: 413 ± 45.1 vs. 358.3 ± 58.2 NeuN+ cells, p = .14; DKO:

358.3 ± 42.7 vs. 393 ± 49.1 NeuN+ cells, p = .1, n = 3 slices from three

animals for each group; analyzed area 581.3 × 581.3 × 8 μm3, data

not shown). In contrast, the area occupied by GFAP immunoreactivity,

which reflects the extent of reactive astrogliosis, was significantly

smaller in the ipsilateral CA1 stratum radiatum of DKO versus WT

mice (DKO: 144.6 ± 33%; WT: 196.7 ± 31.6%, p = .03, Figure 2b).

Next we quantified seizure-induced GCD in DKO and WT mice,

1 month after SE, by determining the width of the GCL blades visualized

by Prox1 staining (Figure 3a). Ipsilaterally, the width (average of T1–T4)

was significantly increased, both in DKO and WT mice, when compared

with the corresponding contralateral hippocampi. Notably, in DKO mice,

the increase was less pronounced than in the WT (157.90 ± 29.63 μm

vs. 219.47 ± 7.66 μm, p = .03) (Figure 3b). These data indicate that astro-

cytic Cxs influence seizure-induced GCD. However, earlier studies have

demonstrated that the number of Prox1-positive cells in Cx-deficient

mice (DKO and Cx43 KO mice) is reduced compared to WT mice, due to

impaired adult neurogenesis in the subgranular zone (Kunze et al., 2009;

Zhang et al., 2018). To investigate whether this phenomenon accounts

for the differences in GCD upon kainate injection, we compared the

width of the GCL blades in untreated (nonepileptic) DKO and WT mice.

The results revealed thinner blades in DKO than in WT mice

(54.5 ± 5.4 μm vs. 69.4 ± 2.9 μm, p = .01, Suppl. Figure S1). Thus, the

lower GCD found ipsilaterally in kainate-injected DKO mice might simply

be a consequence of the reduced number of Prox1-positive cells in this

genotype.
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Taken together, immunohistochemical analyses indicated that,

despite enhanced chronic seizure burden, deletion of astrocytic Cxs

protects against the development of HS.

3.3 | Lower microglia activation in DKO mice
1 month after kainate injection

Activation of microglia is a primary inflammatory response to seizures

(Eyo, Murugan, & Wu, 2017), which involves hypertrophy and process

elongation of microglia and stimulation of proliferation (Avignone,

Lepleux, Angibaud, & Nägerl, 2015; Avignone, Ulmann, Levavasseur,

Rassendren, & Audinat, 2008). Using Iba1/BrdU double immunostaining,

we assessed whether spontaneous chronic seizures differently affect

microglia in DKO versus WT mice. One month after kainate injection,

irrespective of genotype, the area occupied by microglia was increased

ipsilaterally, both in the CA1 region and in the DG (Figure 4a,b,e, f). In the

CA1 region, but not the DG, this increase was accompanied by a rise in

the number of BrdU-positive Iba1 cells, indicating increased microglial

proliferation (Figure 4a–d). Interestingly, microglial proliferation/activation

in the ipsilateral CA1 region of DKO mice was lower than in WT mice, as

indicated by the density of Iba1/BrdU-double-positive cells (76.8 ± 6.7

vs. 100 ± 11.1 per counting box, p = .03) and the area occupied by Iba1

immunoreactivity (11,201.5 ± 1,348 μm2 vs. 7,521.7 ± 650.6 μm2,

p = .01, Figure 4d,f). Together, these data indicate that astrocytic Cxs

increase chronic seizure-induced microglial activation in the hippocampus.

3.4 | DKO mice have reduced seizure-induced
angiogenesis

Angiogenesis is enhanced in epilepsy and it starts before the onset of

spontaneous seizures (Newton, Girgenti, Collier, & Duman, 2006; Rigau

et al., 2007). Endothelial cell proliferation is the hallmark of angiogenesis

(Hellsten, Wennström, Bengzon, Mohapel, & Tingström, 2004). We used

coimmunostaining of CD31 and BrdU to visualize newly generated endo-

thelial cells. One month after kainate injection, the ipsilateral hippocam-

pus displayed enhanced endothelial proliferation when compared with

the corresponding contralateral side (Figure 5). In WT mice, the ipsilateral

density of CD31/BrdU double-positive cells was more than threefold

higher than contralaterally, both in the DG (14.66 ± 0.6 vs.4.55 ± 2.7

cells per counting box, p = .003) and the CA1 region (19.1 ± 1.7 vs. 5.33

± 2 cells per counting box, p = .0008, Figure 5). In DKO mice, the

increase was less pronounced (DG, 8.3 ± 2.6 vs. 3.1 ± 0.8 cells per cou-

nting box, p = .03; CA1, 12.66 ± 2.6 vs. 5.33 ± 3.2 cells per counting box,

p = .04, Figure 5). Importantly, the ipsilateral hippocampus of DKO mice

showed a significantly lower density of CD31/BrdU double-positive cells

compared to WT mice (Figure 5c,d). These data indicate that chronic

seizure-induced endothelial cell proliferation is modulated by astrocytic

Cxs. Next, we assessed vascular density using CD31 immunostaining. A

point counting method was employed as reported previously (Rigau

et al., 2007). In WT mice, a higher density of CD31-positive details was

found on the ipsilateral versus contralateral side (ipsilateral: 81.55 ± 8.94;

contralateral: 57.55 ± 6.40, p = .02) while DKO mice were not affected

(ipsilateral: 60.33 ± 1.76; contralateral: 50.55 ± 14.41, p = .3, Figure 5e,f).

This finding further supports an important role of astrocytic GJ proteins

in chronic seizure-induced angiogenesis.

3.5 | Chronic seizure-induced neurogenesis is
independent of astrocytic Cxs

While it is well established that seizures enhance adult hippocampal neu-

rogenesis (e.g., Hüttmann et al., 2003), Kunze et al. (2009) showed that

F IGURE 2 Loss of CA1 pyramidal neurons and reactive
astrogliosis in DKO and wild-type (WT) mice in chronic mesial

temporal lobe epilepsy. (a) NeuN (red)/GFAP (green)/Hoechst (blue)
triple labeling in slices obtained from WT and DKO mice, 1 month
after kainate injection. SP, stratum pyramidale; SR, stratum radiatum.
Scale bar, 50 μm. (b) Quantification of the number of pyramidal
neurons and GFAP immunoreactivity in an area of
260 × 260 × 15 μm3 within the CA1 subfield. The extent of
astrogliosis, but not neurodegeneration, was reduced in DKO mice
compared to WT mice. *p < .05 (analysis of variance [ANOVA]
followed by post hoc Tukey's test). n = 9 slices from three animals per
group [Color figure can be viewed at wileyonlinelibrary.com]
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under control (nonseizure) conditions, Cxs are essential for adult

neurogenesis. However, it is not known whether seizure-induced

neurogenesis is also influenced by Cxs. This question was addressed

in DKO and WT mice, using triple labeling for Prox1, BrdU, and DCX

(Figure 6a,b). Prox1 was used as a marker for mature granule cells,

DCX to detect immature/newly born neurons and BrdU to label pro-

liferating and newly generated cells. In agreement with previous find-

ings, under control conditions (i.e., no kainate injection) neurogenesis

was significantly impaired in DKO mice (DCX + BrdU, DKO:

1.3 ± 0.3 vs. WT: 2.6 ± 0.3 cells per counting box, p = .008; Prox1+

BrdU, DKO: 1.9 ± 0.4 vs. WT: 3.8 ± 0.4 cells per counting box,

p = .003; Suppl. Figure S2). Next, kainate injections were performed

and 1 month later, the sclerotic hippocampi located underneath the

injection side were analyzed in DKO and WT mice. No DCX-positive

or Prox1/BrdU-double-positive cells could be detected in that area,

neither in DKO nor in WT mice (Figure 6a), showing that neuro-

genesis is completely absent in the dorsal ipsilateral DG. This finding

is in agreement with earlier observations from the intrahippocampal

kainate injection model of MTLE with HS (Häussler, Bielefeld,

Froriep, Wolfart, & Haas, 2012). Similar to the latter study, we found

strongly increased neurogenesis in the contralateral hippocampus.

Although the number of DCX/BrdU- and Prox1/BrdU-positive cells

was contralaterally higher in WT versus DKO mice (Figure 6c), the

relative increase in seizure-induced neurogenesis was similar in both

lines (DCX + BrdU, DKO: 612.7 ± 243.6% vs. WT: 582.9 ± 124.8%,

p = .9; Prox1 + BrdU, DKO: 634.6 ± 335.7% vs. WT:

684.9 ± 139.9%, p = .8, Figure 6d). This implies that astrocytic Cxs

are not involved in the seizure-induced increase of adult

neurogenesis.

4 | DISCUSSION

We have previously shown that hippocampal astrocytes in human and

experimental MTLE-HS lose coupling via GJ channels and that this

uncoupling starts already before the onset of neurodegeneration and

chronic seizure activity, hinting at a causative role in the initiation of

MTLE (Bedner et al., 2015). The assumption that the astroglial net-

work possesses antiepileptic properties is mainly based on the spatial

K+ buffering concept, according to which excessive extracellular K+

released during neuronal activity is taken up by astrocytes,

redistributed through the astrocytic network and released at regions

of lower extracellular K+ concentrations (Orkand, Nicholls, &

Kuffler, 1966). According to this concept, loss of GJ-mediated cou-

pling would result in accumulation of extracellular K+, neuronal depo-

larization and a lowered threshold for seizure generation. It would

also depolarize astrocytes and reduce their glutamate uptake capacity,

which again would promote seizure activity due to prolonged activa-

tion of excitatory synapses. Indeed, enhanced extracellular glutamate

concentrations have been found in the cerebral fluid of MTLE patients

(Cavus et al., 2005). However, the astroglial network has also been

proposed to have proepileptic effects (Chever et al., 2016; Rouach

et al., 2008). To elucidate consequences of astrocyte uncoupling on

the development of chronic MTLE, we used transgenic mice lacking

Cx30 and Cx43 in astrocytes. These mice are hyperexcitable in situ

(Wallraff et al., 2006) but no spontaneous seizures or abnormal EEG

activity was detected in vivo (Chever et al., 2016). We subjected DKO

mice to our MTLE model and continuously assessed seizure activity

over a period of 1 month. Despite a similar strength of kainate-

induced SE in WT and DKO mice, on a long term, we observed a

F IGURE 3 Seizure-induced granule cell dispersion (GCD) is attenuated in DKO mice. (a) Prox1 immunostaining, 1 month after kainate
injection. Ipsilaterally, granule cells are dispersed in contrast to the compact cellular architecture in the contralateral hippocampus. T1–T4 indicate
the positions of width evaluation of the granule cell layer (GCL), which were averaged to determine GCD. T1 and T2 are taken along Lines D, T3,
and T4 at a distance halfway between Line D and the tip of the hilus. Scale bar, 100 μm. (b) Quantification of GCD 1 month after kainate using
the average width of the GCL (μm). The ipsilateral width of the GCL significantly exceeded the contralateral side. GCD was less pronounced in
DKO mice. *p < .05 (analysis of variance [ANOVA] followed by post hoc Tukey's test). n = 9 slices from three animals per group [Color figure can
be viewed at wileyonlinelibrary.com]

2142 DESHPANDE ET AL.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


higher frequency of spontaneous generalized chronic seizures in mice

lacking astrocytic Cxs, indicating an antiepileptic function of astrocyte

coupling. One has of course to consider that astrocyte uncoupling in

DKO mice differs from the acquired loss of coupling upon kainate

injection or in human MTLE-HS. First, as Cx43 deletion in DKO mice

occurs early in development (at around embryonic Day 13; Theis

et al., 2003) and Cx30 is constitutively lacking, compensatory devel-

opmental changes are likely to occur. Indeed, astrocytic glutamate

uptake, excitatory synaptic transmission and plasticity as well as adult

neurogenesis in the DG are altered in these mice (Kunze et al., 2009;

Pannasch et al., 2011; Pannasch et al., 2014). Second, DKO mice not

only lack intercellular coupling but also the GJ proteins while in the

sclerotic hippocampus of human and experimental MTLE even

increased Cx43 levels have been observed (Deshpande et al., 2017).

Indeed, in our previous study, we found strong evidence that subcel-

lular reorganization and augmented Cx43 phosphorylation (at Serine

255 and 368) account for the loss of coupling in human and experi-

mental epilepsy (Deshpande et al., 2017). It is known that phosphory-

lation of Cx43 at these residues reduces intercellular coupling without

compromising (GJ) or Cx hemichannel formation (Lampe et al., 2000;

Thévenin et al., 2013; Warn-Cramer, Cottrell, Burt, & Lau, 1998).

Thus, channel-independent effects of Cx proteins may influence syn-

aptic transmission and seizure activity in WT but not in DKO mice

(Pannasch et al., 2014; Pannasch, Dossi, Ezan, & Rouach, 2019).

F IGURE 4 Reduced microglial
activation in DKO mice in chronic mesial
temporal lobe epilepsy. (a,b) Iba1 (white)
and BrdU (red) double immunostaining in
the DG and CA1 region of wild-type
(WT) and DKO mice, 1 month after
kainate injection. Colocalization of BrdU
with Iba1 indicates newly generated or
proliferating microglia (examples indicated

by arrows). Dashed-line demarcates the
subgranular zone (SGZ) from the GCL. ML,
molecular layer; SR, stratum radiatum.
Scale bar, 50 μm. (c–d) Quantification of
microglial activation 1 month after kainate
by counting newly generated microglia and
estimating the area occupied by Iba1
immunoreactivity in counting boxes
(290 × 290 × 8 μm3). (c,d) In both
genotypes, ipsilaterally the density of
BrdU-positive microglia was increased in
the CA1 region, but not in the DG. This
increase was significantly less in DKO
versus WT mice. (e,f) The area occupied
by Iba1 immunoreactivity was increased in
the ipsilateral DG and CA1 region of both,
DKO and WT mice. This increase was
significantly less pronounced in the CA1
region of DKO mice. *p < .05 (analysis of
variance [ANOVA] followed by post hoc
Tukey's test). n = 9 slices from three
animals per group [Color figure can be
viewed at wileyonlinelibrary.com]
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Finally, one has to consider that astrocyte uncoupling in human and

experimental MTLE is spatially restricted to the sclerotic area and the

epileptic foci, while Cx deletion in DKO mice concerns the entire

brain. Thus, lack of GJ proteins and hemichannels in DKO mice might

partially counteract the proepileptic effect of uncoupling, which offers

an explanation for the lack of seizures in untreated mice and the rela-

tively moderate hyperexcitablity found in acute brain slices obtained

from these mice (Wallraff et al., 2006).

Applying our MTLE-HS model (Bedner et al., 2015), quantification

of epileptic activity (time spent in ictal activity) during SE, that is, the

first hours after kainate injection, revealed no significant difference

between DKO and WT mice. Thus, it is unlikely that the higher num-

ber of subsequently developing spontaneous chronic seizures in DKO

mice was simply a consequence of a more severe SE. In a recent

study, i.p. injection of PTZ was used to investigate the role of astro-

cyte coupling in acute hyperexcitability (up to 30 min after injection).

F IGURE 5 Reduced endothelial
proliferation and vascular density in DKO
mice in chronic mesial temporal lobe
epilepsy. (a,b) CD31 (green) and BrdU
(red) double immunostaining in the DG
and CA1 region of wild-type (WT) and
DKO mice 1 month after kainate
injection. Colocalization of BrdU with
CD31 indicates newly generated or

proliferating endothelial cells (examples
indicated by arrows). Dotted line
demarcates the subgranular zone (SGZ) of
the DG. ML, molecular layer; SR, stratum
radiatum. Scale bar, 50 μm. (c,d) Number
of BrdU-positive CD31 cells per counting
box (290 × 290 × 8 μm3) in the DG
(c) and CA1 region (d) 1 month after
kainate. In both regions, the ipsilateral
side showed more endothelial cell
proliferation than the corresponding
contralateral side. However, DKO mice
showed less proliferation than WT mice,
indicating a modulatory role of astrocytic
Cxs on angiogenesis. (e) CD31
immunostaining in hippocampal slices,
1 month after kainate injection. CD31
delineates blood vessels. Scale bar,
100 μm. (f) For quantification of vascular
density 1 month after kainate, the “point
counting method” was applied to confocal
images from the CA1 region. The bar
graphs show point counts normalized to
the contralateral side. In WT mice,
ipsilaterally the vascular density was
141.7% of the contralateral hippocampus.
In DKO mice, this difference disappeared.
*p < .05 (analysis of variance [ANOVA]
followed by post hoc Tukey's test). n = 9
slices from three animals per group and
staining condition [Color figure can be
viewed at wileyonlinelibrary.com]
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In this model, more but shorter seizures were observed in DKO mice

(Chever et al., 2016). The present study did not intend to analyze the

mechanisms of SE generation, but addressed the consequences of

astrocyte Cx deficiency on epileptogenesis post-SE, that is, develop-

ment and progression of spontaneous chronic seizures. By exerting a

similar acute seizure burden in DKO and WT mice, we consider our

model well suited to investigate the role of the astroglial coupling net-

work on the pathogenesis of MTLE.

Despite the higher frequency of spontaneous chronic seizures,

the extent of neurodegeneration was not significantly different

between Cx-deficient and WT mice. Given the important role of the

astroglial network in glutamate and K+ buffering as well as in the

F IGURE 6 Neurogenesis does not
require astrocytic Cxs in chronic mesial
temporal lobe epilepsy. (a,b) Prox1 (white),
BrdU (red), and DCX (green) triple
immunostaining in slices from wild-type
(WT) and DKO mice, 1 month after kainate
injection. BrdU was administered through
drinking water till Day 14. (a) No DCX-
positive cells were detected in the

ipsilateral DG, irrespective of the genotype.
Furthermore, no colocalization of Prox1
and BrdU was observed, confirming lack of
newly born granule cells. Scale bar, 50 μm.
(b) Contralaterally, abundant DCX/BrdU
and Prox1/BrdU colocalization was seen in
both, DKO and WT mice. Arrows indicate
newly born neurons, colabeled with all
three markers. Scale bar, 50 μm. (c,d)
Quantification of Prox1/BrdU- and
DCX/BrdU-double-positive cells 1 month
after kainate, using counting boxes
(290 × 290 × 4 μm3) positioned 250 μm
away from the outermost margin of the
GCL flexure, oriented perpendicularly to
the longitudinal axis of the GCL. Although
the density of Prox1/BrdU- and
DCX/BrdU-positive cells was significantly
lower in DKO mice, the relative increase of
these values in the epileptic versus
nonepileptic condition was similar in both
genotypes. *p < .05 (t test). n.s., not
significant. n = 9 slices from three animals
per group [Color figure can be viewed at
wileyonlinelibrary.com]
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efficient supply of energetic metabolites one would expect exacer-

bated neurodegeneration in DKO mice. In line with this assumption,

Cx43 KO mice exhibited larger infarct volumes after induced ischemia

(Nakase, Fushiki, & Naus, 2003; Siushansian, Bechberger, Cechetto,

Hachinski, & Naus, 2001). On the other hand, several studies indicated

that astrocyte GJ channels mediate propagation and amplification of

cell injury by allowing intercellular diffusion of toxic/stress molecules

(Frantseva, Kokarovtseva, & Perez Velazquez, 2002; Lin et al., 1998).

Possibly, these two opposite effects of astrocyte uncoupling compen-

sate each other in our experimental approach. The immunohistochem-

ical analyses further revealed attenuated astrogliosis, microglial

activation, and angiogenesis in Cx-deficient mice. These phenomena

might be attributed to the lack of Cx hemichannels, which were

thought be involved in the regulation of microglial chemotaxis and

process elongation via release of ATP (Davalos et al., 2005). Further-

more, elevated ATP levels amplify inflammation through NALP3

inflammasome activation not only in microglia but also in other brain

cell types (Bours, Dagnelie, Giuliani, Wesselius, & Di Virgilio, 2011;

Zhou, Green, Bennet, Gunn, & Davidson, 2019). The limited inflamma-

tory responses in DKO mice in turn could be responsible for the atten-

uated astrogliosis and angiogenesis, as the mutual influence of these

processes is well-documented (Jackson, Seed, Kircher, Willoughby, &

Winkler, 1997; Sofroniew & Vinters, 2010).

Another point to consider is that the cortical electrodes used in

this study are not appropriate for detection of focal seizure activity

within the hippocampus. The frequency of such seizures may differ

from those recorded in the cortex and may correlate with the extent

of histopathological alterations. Further studies, for instance using

hippocampal depth electrodes, are required to elucidate this question.

Previous work of our group demonstrated that GJ channel-

dependent functions of Cx43 (but not of Cx30) are involved in the

regulation of adult neurogenesis in the DG. Indeed, in DKO as well as

in Cx43 KO mice proliferation and the number of radial glia-like cells

were substantially reduced (Kunze et al., 2009; Zhang et al., 2018),

indicating that intercellular transfer of molecules through Cx43 GJ

channels is necessary for proper neurogenesis. In the present study,

we found that chronic seizures similarly potentiate adult neurogenesis

in WT and DKO mice, suggesting that physiological and chronic

seizure-induced neurogenesis are differentially regulated.

Collectively, the present data provide new insights as to how

astrocyte GJ proteins and channels may contribute to the develop-

ment of chronic epilepsy. The finding that DKO mice display a higher

frequency of spontaneous generalized chronic seizures supports the

view that loss of astrocyte coupling as observed in human and experi-

mental MTLE-HS represents a crucial event in the pathogenesis of the

disease. Molecules specifically acting as GJ activators and restoring

astrocyte coupling in the epileptic brain might therefore allow for the

development of new therapeutic approaches.
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Supplemental Figure 1: Reduced GCL width in non-epileptic DKO mice. A) Prox1 

immunostaining of granule cells in the DG of WT and DKO mice. The width of the GCL was 

determined as described in Fig. 3. Scale bar, 100 μm. B) Data were averaged and compared between 

WT and DKO mice. The bar graphs reveal slimmer GCL blades in DKO mice. * p < 0.01, n = 3. 
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Supplemental Figure 2: Basal adult neurogenesis is substantially reduced in DKO mice. (A) Prox1 

(white), BrdU (red) and DCX (green) immunostaining in the DG of WT and DKO mice. BrdU was administered 

through the drinking water for 14 days and mice were sacrificed 28 days after onset of BrdU administration. 

Asterisks indicate cells co-localizing BrdU and DCX. Almost all of the BrdU- or DCX-positive cells were also 

Prox1-positive. (B) Quantification of the number of Prox1/BrdU- and DCX/BrdU double-positive cells in counting 

boxes (290 x290 x 4 μm3) positioned 250 μm away from the outermost margin of the GCL flexure, 

perpendicularly to the longitudinal axis of the GCL. The density of Prox1/BrdU- and DCX/BrdU-positive cells 

was significantly lower in DKO mice, indicating reduced basal neurogenesis. n = 3, *p < 0.01 
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6. Discussion 

The present study examined the role of astrocyte and BBB dysfunction as well as microglia-

mediated immunity in experimental MTLE-HS. More specifically, this thesis comprises three 

publications dealing with separate but interlinked questions: I) what is the contribution of 

reactive microglia to the production of TNFα, astrocyte dysfunction and epileptogenesis in 

MTLE-HS; II) does albumin-induced TGFß signaling account for astrocyte GJ uncoupling and 

thereby contribute to epileptogenesis and III) what are the consequences of a dysfunctional 

astroglial GJ-coupled network for the development and progression of MTLE-HS. 

In the following section, the major findings of this study and their implications for our 

understanding of epilepsy will be discussed. 

A major aim of this PhD thesis was to decipher the upstream molecular mechanisms that 

promote astrocytic GJ uncoupling in KA-induced MTLE-HS. Previously, we could show that 

TNFα, which impairs astrocyte GJ coupling  in vitro (Haghikia et al., 2008), increases rapidly 

in the injected hippocampus in response to intracortical KA-induced SE (Müller, 2018). 

However, a dysfunctional BBB and extravasation of serum albumin into the brain parenchyma 

have also been implicated in astrocyte GJ uncoupling and epileptogenesis (Braganza et al., 

2012; Cacheaux et al., 2009; David et al., 2009; Ivens et al., 2007; Weissberg et al., 2015). 

Which of these two target mechanisms is actually responsible for the loss of astrocyte GJ 

coupling in the intracortical KA model of MTLE-HS has not yet been fully established. The 

results presented here help to clarify this question in several ways: In chapter 3 we could 

identify microglia as the major source of the pro-inflammatory cytokine TNFα during the acute 

phase of KA-induced MTLE-HS. This result corroborates previous findings demonstrating that 

microglia contribute to TNFα production in experimental epilepsy (Benson et al., 2015; Sano 

et al., 2021; Wang et al., 2015). Most importantly, we could show that microglia-derived TNFα 

is primarily responsible for astrocyte GJ uncoupling during early epileptogenesis. In fact, both 

partial microglia depletion as well as microglia-specific knock-out of TNFα prevented seizure-

induced uncoupling after KA-injection. At the same time, the data presented in chapter 4 reveal 

that albumin-induced TGFßR1/ALK5 signaling is not involved in astrocyte uncoupling 

following KA-induced SE. First, we did not find evidence for biologically relevant albumin 

uptake into astrocytes at 4 and 24 h after KA administration. Second, pre-treatment with the 

TGFßR1/ALK5 inhibitor IPW5371, which has previously been shown to pass the BBB 

(Senatorov et al., 2019), did not prevent astrocyte uncoupling. Taken together, these data 
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convincingly demonstrate that microglia-derived TNFα, but not albumin-induced TGFß 

signaling is primarily responsible for loss of functional coupling between astrocytes during the 

early stages of experimental MTLE-HS. 

Some considerations should be taken into account when interpreting the results of chapter 3 and 

4. First, BBB dysfunction and pro-inflammatory cytokine release are not necessarily 

independent phenomena. For example, pro-inflammatory TNFα has been shown to impair BBB 

integrity (Chen et al., 2019; Cheng et al., 2018; Huang et al., 2022; Librizzi et al., 2012; 

Nishioku et al., 2010; Weinberg et al., 2013). However, disruption of the sTNFα/TNFR1 

signaling pathway using a dominant-negative sTNFα inhibitor did not affect the extent of 

albumin extravasation 4 h post KA injection (unpublished data). Moreover, as direct inhibition 

of TGFßR1/ALK5 activation, which is supposed to occur as a consequence of albumin 

extravasation, did not prevent seizure-induced GJ uncoupling, it is unlikely that the detrimental 

effect of microglial TNFα on astrocytic GJ coupling is mediated by a compromised BBB. 

Alternatively, serum-derived proteins could induce microglial reactivity and TNFα release. 

Indeed, experimental BBB disruption and albumin application have been shown to cause 

neuroinflammation and glial reactivity (Cacheaux et al., 2009; David et al., 2009; Frigerio et 

al., 2012; Ralay Ranaivo & Wainwright, 2010). However, several mechanisms potentially 

contribute to microglia reactivity in epilepsy. For example, microglia can directly sense 

neuronal hyperactivity during SE through a mechanism involving glutamate-dependent ATP 

release from neurons, which activates microglial P2Y12 receptors (Eyo et al., 2014). Thus, 

future studies will need to investigate the potential interplay between BBB breakdown and 

microglia reactivity in epilepsy. 

Second, we have not assessed whether microglia contribute to TNFα production also at later 

stages of epileptogenesis. Indeed, our previous data show that ipsilateral TNFα levels remain 

significantly elevated at 24 h post KA-induced SE (Müller, 2018). Single-cell gene expression 

data further revealed increased TNFα mRNA expression in astrocytes 5 d post KA injection 

(unpublished data). This suggests that cytokine release occurs in waves, possibly due to the 

emergence of spontaneous seizures at later time points, and that other immunocompetent cells 

contribute to TNFα production during the latent phase of epilepsy. Moreover, the infiltration of 

peripheral macrophages could lead to another peak in TNFα tissue concentrations (Varvel et 

al., 2016). Finally, we cannot rule out a contribution of aberrant albumin-induced 

TGFßR1/ALK5 signaling to astrocyte dysfunction and epileptogenesis at later stages of the 

disease, especially because extravasated albumin persists in the brain until the chronic phase of 
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epilepsy (Deshpande et al., 2017). For example, losartan, an angiotensin II type 1 receptor 

inhibitor that also interferes with TGFß signaling in the brain (Bar-Klein et al., 2014), has been 

shown to decrease chronic seizure burden as well as hippocampal neurodegeneration and 

behavioral impairments when administered chronically after the induction of KA-induced SE 

(Tchekalarova et al., 2014). Indeed, TGFßR1/ALK5 inhibition mildly affected chronic 

epileptiform activity in our model, an effect that could potentially be enhanced with prolonged 

pharmacological treatment. 

To our surprise, although genetic deletion of  microglial TNFα completely prevented seizure-

induced GJ uncoupling, it did neither affect acute nor chronic seizure burden in our model. The 

lack of effect could be explained by the previously reported antagonistic effects of TNFR1 vs 

TNFR2 signaling in experimental epilepsy (Balosso et al., 2005; Patel et al., 2017; Weinberg 

et al., 2013). Further support for this hypothesis derives from previous data demonstrating that 

blocking sTNFα/TNFR1 signaling using the dominant-negative sTNFα inhibitor XPro1595 

(Steed et al., 2003) prior to intracortical KA application completely abrogates epileptogenesis 

(Müller, 2018). Moreover, gene expression and immunohistochemistry data further revealed 

upregulation of TNFR1 in astrocytes, indicating that aberrant sTNFα/TNFR1 signaling 

underlies compromised astrocyte GJ coupling and epileptogenesis in our MTLE-HS model 

(Henning et al., 2022). Collectively, these data suggest that pharmacotherapies specifically 

targeting TNFR1 signaling to restore essential astrocyte functions could prove valuable for the 

treatment of MTLE-HS. 

The need for highly specific microglial manipulation in epilepsy is further supported by our 

finding that although partial pharmacological microglial depletion resulted in reduced acute 

seizure activity it also increased mortality after KA-induced SE. These data suggest that 

microglia also serve protective roles in epilepsy. Indeed, microglia depletion has been shown 

to increase mortality, seizure severity and neurodegeneration in other studies of SE- and 

infection-induced epilepsy (Sanchez et al., 2019; Waltl, Käufer, Gerhauser, et al., 2018; Wu et 

al., 2020). Moreover, microglia have been suggested to confine neuronal hyperactivity. For 

example, microglia suppress excessive neuronal excitation by a negative feedback mechanism 

involving microglial ATP-to-adenosine conversion and neuronal A1R activation (Badimon et 

al., 2020). Additionally, knock-out of Gi-protein-coupled receptors in microglia leads to the 

development of spontaneous seizures and increases the susceptibility to pilocarpine-induced 

seizures (Merlini et al., 2021). Taken together, targeted manipulations that reprogram microglia 
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towards an anti-epileptic phenotype are necessary to prevent loss of essential microglial 

functions important for brain homeostasis and survival in epilepsy (Fumagalli et al., 2018). 

Chapter 3 and 4 of this work uncovered the molecular mechanisms underlying astrocyte 

dysfunction in experimental MTLE-HS, identifying TNFα derived from reactive microglia as 

the key mediator of seizure-induced astrocyte GJ uncoupling. However, due to its involvement 

in both ion buffering and metabolic supply to neurons, the astroglial network exhibits both anti- 

as well as pro-epileptic potential (Chever et al., 2016; Pannasch et al., 2011; Rouach et al., 

2008; Wallraff et al., 2006). Therefore, another aim of this work was to better understand the 

consequences of dysfunctional astrocyte GJ coupling for the development and progression of 

experimental epilepsy. The data provided in chapter 5 demonstrate that constitutive deletion of 

astroglial Cxs exacerbates MTLE-HS pathology, suggesting that the pro-convulsive effects of 

a dysfunctional astroglial network override its anti-convulsant potential. This result is in line 

with other findings demonstrating that loss of functional astrocyte coupling promotes epileptic 

activity. For example, hippocampal slices from mice lacking both astroglial Cxs have been 

shown to be hyperexcitable (Pannasch et al., 2011; Wallraff et al., 2006). Moreover, a recent 

study demonstrates that preventing alkalization-induced impairments in astrocyte GJ coupling 

mitigates kindling-induced epileptiform activity (Onodera et al., 2021). Interestingly, 

pharmacological blockade of astrocyte GJs was found to be insufficient to cause epileptiform 

activity (Bazzigaluppi et al., 2017). Furthermore, in a recent study altered excitability but no 

spontaneous seizures were observed in mice with inducible deletion of astroglial Cx30 and 

Cx43 (Hösli et al., 2022). Similarly, we did not observe spontaneous seizures in our Cx DKO 

mice, in the absence of KA (Deshpande et al., 2020). However, these studies have several 

limitations, as pharmacological GJ blockers possess a number of side effects and conditional 

knock-out of astroglial Cxs in Hösli et al. (2022) was incomplete. Collectively, these data 

suggest that loss of functional astrocyte coupling exacerbates epileptogenesis in response to an 

epileptogenic stimulus, but is probably not per se sufficient to cause epilepsy. 

The data presented here do not allow to derive definitive conclusions about the mechanism by 

which a perturbed astroglial network aggravates epilepsy. Nevertheless, some potential 

mechanisms should be discussed. Most importantly, loss of functional astrocyte coupling has 

been proposed to impair spatial K+ buffering, leading to net accumulation of extracellular K+ 

(Kofuji & Newman, 2004; Steinhäuser et al., 2012). According to the ‘K+ accumulation 

hypothesis’ (Fertziger & Ranck, 1970), an increased [K+]o promotes neuronal excitability due 

to a depolarizing shift in the equilibrium potential for K+, which further enhances neuronal 
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activity and may eventually culminate in the development of seizures (Bazzigaluppi et al., 

2017). Spatial K+ buffering by astroglial networks in turn has been proposed to prevent 

excessive neuronal depolarization due to redistribution of extracellular K+ to distant sites 

(Steinhäuser et al., 2012). Whether astroglial networks contribute to spatial K+ buffering is 

controversially discussed, however. Pharmacological blockade of astrocyte GJs in vivo has been 

shown to cause elevated K+ concentrations in the somatosensory cortex of mice (Bazzigaluppi 

et al., 2017). Moreover, impaired K+ clearance was detected in hippocampal slices of mice 

lacking astroglial Cxs (Pannasch et al., 2011; Wallraff et al., 2006). However, in Wallraff et al. 

(2006) maximal stimulation intensities were required to detect differences in extracellular K+ 

concentrations between DKO and WT mice. Similarly, recent studies suggest that the 

contribution of astrocyte GJ coupling to K+ buffering is restricted to pathologically large K+ 

elevations in the CNS (Breithausen et al., 2020; EbrahimAmini et al., 2021). For example, 

pharmacological blockade of the GJ coupled network modulates the amplitude and spread of 

extracellular K+ transients in response to high concentrations of focally applied KCl in the 

neocortex in vivo (EbrahimAmini et al., 2021). Similarly, Breithausen et al. (2020) reported 

that GJ blockade increased the amplitude of extracellular K+ transients only if the K+ 

concentration was experimentally increased to > 10 mM in situ. Importantly, however, K+ 

concentrations have been shown to exceed 10 mM during epileptiform activity (Bazzigaluppi 

et al., 2017; Heinemann et al., 1977; Sypert & Ward, 1974) and seizure activity disrupts the 

astrocyte GJ coupled network (Onodera et al., 2021; Wang et al., 2020). Therefore, these results 

suggest that a dysfunctional GJ-coupled network could exacerbate seizures due to impaired 

spatial buffering of extracellular K+. Of note, loss of astrocyte GJ coupling could exert pro-

epileptic effects independent of dysfunctional K+ buffering. As mentioned in chapter 5, 

astrocyte GJ-coupled networks are involved in the redistribution of Na+ and Ca2+ ions 

(Henneberger, 2017; Langer et al., 2012; Scemes & Giaume, 2006). For example, impaired GJ 

coupling could promote accumulation of intracellular Na+ in astrocytes, leading to a reduced 

driving force for uptake of extracellular glutamate and thus increased excitatory 

neurotransmission (Rose et al., 2018). Likewise, increased intracellular Na+ causes reversal of 

the Na+/Ca2+ exchanger (NCX), leading to Ca2+ entry into astrocytes which could lead to 

aberrant gliotransmission (Henneberger, 2017). Moreover, channel-independent effects of 

astrocyte Cxs have been described. For example, Cx30 controls the intrusion of astroglial 

processes into the synaptic cleft, thereby indirectly modulating glutamate transport and 

excitatory synaptic transmission (Pannasch et al., 2014). Thus, loss of astroglial Cxs in DKO 

mice could affect epileptic activity in several ways, independently of impaired K+ homeostasis. 
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7. Conclusions 

The present doctoral thesis addressed the molecular pathways underlying an impaired astroglial 

GJ-coupled network in MTLE-HS and its contribution to the initiation of the disorder. 

Interastrocytic GJ-coupling enables spatial redistribution of extracellular K+, which is 

particularly relevant during pathological conditions characterized by large and localized 

extracellular K+ increases (Breithausen et al., 2020; EbrahimAmini et al., 2021). However, the 

contribution of this particular astrocyte dysfunction to the development and progression of 

epilepsy was not yet fully understood, as astrocyte networks possess both pro- as well as anti-

epileptic potential (Chever et al., 2016; Rouach et al., 2008; Wallraff et al., 2006). Based on 

genetic deletion of astroglial Cx30 and Cx43 this work demonstrates an overall anti-epileptic 

role of the astrocyte network, as loss of astroglial Cxs led to exacerbation of epilepsy in a well-

established mouse model of MTLE-HS. This finding therefore extends our previous work 

showing that astrocytes in human and experimental MTLE rapidly lose their ability to form GJ 

coupled networks (Bedner et al., 2015), and provides direct evidence that dysfunctional 

interastrocytic GJ-coupling aggravates the pathology of epilepsy. 

In addition, chapter 3 and 4 of this thesis aimed to identify more precisely the molecular 

pathways underlying dysfunctional GJ coupling in hippocampal astrocytes during 

epileptogenesis. Both microglia-derived TNFα as well as albumin-induced TGFß signaling in 

astrocytes were equally plausible candidates to account for the impaired astrocytic coupling 

efficiency in epileptic tissue (Bedner et al., 2015; Braganza et al., 2012; Cacheaux et al., 2009; 

Haghikia et al., 2008). Therefore, we directly compared the evidence for TGFß- vs. TNFα-

induced astrocyte uncoupling in a mouse model of MTLE-HS. The results show that microglia-

derived TNFα but not albumin-induced TGFß signaling is the major factor responsible for 

astrocyte GJ uncoupling during early epileptogenesis. More specifically, we identified reactive 

microglia as the major initiators of a detrimental neuroinflammatory cascade, in which aberrant 

release of pro-inflammatory TNFα leads to astrocyte network dysfunction and impaired ion 

homeostasis, thereby promoting neuronal hyperexcitability (Figure 9). In conclusion, this work 

highlights glial dysfunction and neuroinflammation as important targets for the development of 

novel anti-epileptogenic drugs. 
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Figure 9. Reactive microglia-derived TNFα impairs astrocyte GJ coupling and K+ homeostasis, 

exacerbating the pathology of epilepsy. In this model, epileptogenic brain insults, including SE, lead 

to rapid astro- and microglial reactivity. Reactive microglia release high amounts of the pro-

inflammatory cytokine TNFα, which acts via TNFR1 on astrocytes to impair interastrocytic GJ coupling 

and spatial K+ buffering. As a consequence, extracellular K+ accumulates locally and increases neuronal 

excitability, ultimately promoting the development of spontaneous seizures. 

8. Perspective 

The results presented here suggest that targeted manipulation of TNFα/TNFR1 signaling, 

instead of global TNFα inhibition, is necessary to achieve an antiepileptogenic treatment effect. 

Indeed, our previous work already identified the promising treatment potential of XPro1595, a 

dominant-negative and BBB-permeable sTNFα inhibitor, in the intracortical KA model of 

MTLE-HS (Müller, 2018). Future studies should extend on that by investigating the 

antiepileptogenic potential of XPro1595 also in other epilepsy models, such as the pilocarpine 

model of MTLE-HS. If successful, clinical trials could be initiated to examine the efficacy and 

tolerability of XPro1595 in the context of human epilepsy. Moreover, co-administration of a 

TNFR2-specific agonist, such as EHD2–scTNFR2 (Dong et al., 2016), together with 

XPro1595, would allow to investigate whether concomitant stimulation of TNFR2 signaling 

amplifies the antiepileptogenic effects of TNFR1 antagonism in epilepsy (Müller, 2018). 

According to our current understanding, TNFα exerts a pro-convulsive role by impairing 

essential astrocyte functions through TNFR1 signaling (Müller, 2018). However, TNFα has 

several neuromodulatory effects (McCoy & Tansey, 2008; Santello & Volterra, 2012). Future 

studies should therefore more closely investigate the role of astroglial TNFR1-signaling in 
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epileptogenesis. To this end, mice with astrocyte-specific and inducible TNFR1 deletion will 

help to substantiate our hypothesis that astroglial TNFR1 activation is primarily responsible for 

the pro-epileptogenic effects of aberrant TNFα signaling in epilepsy. Finally, more data 

regarding the dynamics and origin of TNFα at various stages of epileptogenesis is required. For 

example, our microglia-specific TNFα knock-out mice could help to clarify whether microglia 

contribute to TNFα production also at later stages of epilepsy. 

Alternatively, pharmacological preservation of a high astroglial coupling efficiency may 

represent a novel and effective treatment option in epilepsy. Indeed, BBB-permeable Cx43-

specific GJ-enhancers have already been developed (Butera et al., 2009; Wang et al., 2018). 

However, Cx43 activators could exert undesirable side effects, as Cx43 is strongly expressed 

in cardiomyocytes in the heart (De Vuyst et al., 2011). Therefore, Cx43 modulators need to be 

modified to ensure specificity towards astrocytic Cxs (Müller, 2018). Recently developed 

cellular assays will be helpful to identify novel Cx GJ modulators (Danish et al., 2021). In 

experimental epilepsy, astrocyte-specific overexpression of Cx43 represents another possibility 

to examine the anti-epileptic potential of enhancing GJ-mediated interastrocytic 

communication. Stable Cre-inducible overexpression of Cx43 has already been demonstrated 

in embryonic stem cells, allowing to generate transgenic mice for astrocyte-specific 

overexpression of Cx43 (Niemann et al., 2022). Conversely, subjecting inducible astrocyte-

specific Cx30 and 43 knock-out mice (Hösli et al., 2022) to intracortical KA injection would 

allow to overcome some of the limitations associated with the use of our constitutive DKO mice 

and to provide further insight into the role of astrocyte networks in epileptogenesis. 
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Summary of the thesis 

The major aim of the present cumulative doctoral thesis was to examine the contribution of 

astrocyte network dysfunction and microglia-mediated neuroinflammation to the development 

and progression of temporal lobe epilepsy. More specifically, this thesis is divided into three 

chapters that address separate but interconnected objectives: I) to define the contribution of 

reactive microglia to the production of neuroinflammatory TNFα, astrocyte dysfunction and 

epileptogenesis; II) to examine the consequences of seizure-induced BBB dysfunction and 

albumin-induced TGFß signaling for astroglial network function and epilepsy development and 

III) to evaluate the role of a dysfunctional astroglial network in epileptogenesis. In order to 

tackle these research questions, we employed a mouse model of MTLE-HS, which has 

previously been shown to recapitulate key features of the pathology (Bedner et al., 2015). 

First, the results summarized in chapter 3 of this thesis demonstrate that microglia-derived 

TNFα is rapidly released following an epileptogenic brain insult in mice and is the major factor 

responsible for astrocyte uncoupling during early epileptogenesis in our model. In contrast to 

our expectations, however, microglia-specific TNFα knock-out did not affect seizure burden 

and histopathological changes in mice, which could be explained by the previously reported 

opposing effects of TNFR1 vs. TNFR2 signaling (Patel et al., 2017; Weinberg et al., 2013). 

Second, the publication presented in chapter 4 of this thesis shows that pharmacological 

inhibition of TGFβR1/ALK5 signaling does not prevent astrocyte uncoupling and only 

marginally affects epileptogenesis in our MTLE-HS model. Together, the data presented in both 

chapters strongly indicate that pro-inflammatory TNFα, but not albumin-induced TGFß 

signaling is primarily responsible for dysfunctional astrocyte communication during early 

epileptogenesis. Therefore, targeted manipulation of TNFα/TNFR1 signaling could represent a 

novel antiepileptogenic treatment strategy, as already indicated by our previous findings 

(Müller, 2018). Finally, chapter 5 of this thesis addressed the long-standing question whether a 

dysfunctional astrocyte network exerts primarily pro- or anti-epileptic effects. Based on genetic 

deletion of the astroglial GJ-forming proteins Cx30 and Cx43, the data in chapter 5 demonstrate 

an overall pro-epileptic effect of a dysfunctional astrocyte network, identifying it as a driver of 

epileptogenesis. Collectively, the data of this doctoral thesis indicate astrocyte network 

dysfunction and impaired ion homeostasis due to aberrant TNFα signaling as a major 

contributing factor to epileptogenesis and as a promising target for the development of 

antiepileptogenic drugs. 
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