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1. ABSTRACT 

Temporal lobe epilepsy is a neurological condition characterized by erratically recurrent seizures. 

To date, anti-epileptic drug treatment is unsatisfactory, since more than one-third of patients 

remain drug resistant and require neurosurgical intervention. Thus, progress in the field demands 

investigation of basic underlying mechanisms to identify new therapeutic targets. Epilepsy is 

linked to the disruption of the excitation-inhibition balance in the brain. Therefore, astrocytes 

arise as key elements in this neurological disorder, due to their essential functions at the interface 

of excitation and inhibition. More specifically, astroglial γ-aminobutyric acid receptor type B 

(GABAB receptor)-signaling, involving intracellular calcium rises and subsequent gliotransmitter 

release, crucially modulates network excitability. Hence, we investigated the contribution of the 

astroglial GABAB receptor to pathological network function in an adapted mouse model of 

temporal lobe epilepsy. To this end, we performed EEG telemetry, in vivo two-photon calcium-

imaging and histopathological analysis in transgenic mice with astrocyte-specific GABAB 

receptor deletion and expression of the calcium sensor GCaMP3. 

Astroglial GABAB receptor loss had an overall anti-epileptic effect. During status epilepticus 

(acute phase), GABAB receptor-deficient mice experienced 70 % less seizures than controls and 

displayed a significant reduction in γ-band power, even before seizure induction. Concomitantly, 

astrocytes displayed large stereotypical Ca2+ waves during generalized epileptiform activity in the 

cortex. In GABAB receptor mutant mice, the calcium waves were delayed compared to controls. 

In addition, GABAB receptor deficient animals developed atypical epileptiform activity, lacking 

correlations between basic epileptiform event and calcium wave characteristics. These data 

suggest a promoting role for astroglial calcium signals during epileptiform events, restricted by 

GABAB receptor deletion. During the latent phase, astroglial calcium dynamics of mutant mice 

were resilient against the global depression observed in controls. Finally, in the early chronic 

phase (four weeks post kainate), GABAB receptor loss attenuated histopathological hallmarks. 

Specifically, GABAB receptor mutant mice displayed diminished astro-and microgliosis as well 

as reduced incidence of granule cell dispersion, without impacting its severity. 

In conclusion, astroglial GABAB receptor-dependent signaling endorses the development and 

maintenance of epileptic network function in vivo and thereby constitutes an attractive target for 

future research in the epilepsy field. 
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2. GRAPHICAL ABSTRACT 
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3. ZUSAMMENFASSUNG 

Temporallappenepilepsie ist eine neurologische Erkrankung, welche durch unbrechenbare, 

wiederkehrende Anfälle gekennzeichnet ist. Gegenwärtig ist die Behandlung mit Antiepileptika 

unbefriedigend, da mehr als ein Drittel der Patienten medikamentenresistent ist und einen 

neurochirurgischen Eingriff benötigt. Die Erforschung der grundlegenden Mechanismen ist daher 

elementar, um neue therapeutische Ziele zu identifizieren. Epilepsie basiert auf der Störung des 

Erregungs-Inhibitions-Gleichgewichts im Gehirn. In diesem Zusammenhang spielen Astrozyten 

aufgrund ihrer essentiellen Funktionen an der Schnittstelle von Erregung und Hemmung eine 

Schlüsselrolle bei dieser neurologischen Störung. Genauer wird die Erregbarkeit des neuronalen 

Netzwerks durch astrogliale γ-Aminobuttersäure-Rezeptor Typ B (GABAB-Rezeptor) -

Signalübertragung, über einen intrazellulären Calcium-Anstieg und die anschließende 

Freisetzung von Gliotransmittern, moduliert. In dieser Arbeit untersuchten wir den Beitrag des 

astroglialen GABAB-Rezeptors zur pathologischen Netzwerkfunktion in einem adaptierten 

Mausmodell der Temporallappenepilepsie. Dazu wurden EEG-Telemetrie, in vivo Zwei-

Photonen-Mikroskopie der Calcium-Signale und histopathologische Analysen in transgenen 

Mäusen mit Astrozyten-spezifischer GABAB- Rezeptor Deletion und Expression des Calcium-

Sensors GCaMP3 durchgeführt. 

Ein astroglialer GABAB-Rezeptor Verlust hatte einen globalen anti-epileptischen Effekt. 

Während des Status epilepticus (akute Phase) erlebten GABAB-Rezeptor-defiziente Mäuse 70 % 

weniger Anfälle als ihre Kontrollen und zeigten eine Reduktion der γ-Band-Leistung, sogar vor 

der Anfallsinduktion durch Kainat. Gleichzeitig zeigten Astrozyten große stereotype Calcium-

Wellen während generalisierter epileptiformer Aktivität im Cortex. In GABAB-Rezeptor-

defizienten Mäusen waren die Calcium-Wellen verzögert. Darüber hinaus entwickelten GABAB-

Rezeptor-defiziente Tiere atypische epileptiforme Aktivität, wobei Korrelationen zwischen 

epileptiformen Ereignissen und Calcium-Wellen Charakteristika entfielen. Diese Daten legen 

eine fördernde Rolle für astrogliale Calcium-Signale während epileptiformer Ereignisse nahe, 

welche durch die GABAB-Rezeptor Deletion gemindert wurde. In der latenten Phase hat sich die 

astrogliale Calcium-Dynamik von GABAB-Rezeptor-defizienten Mäusen als widerstandsfähig 

gegen die globale Depression erwiesen, welche in Kontrollen beobachtet wurde. 
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Schließlich führte der GABAB- Rezeptor Verlust in der frühen chronischen Phase (vier Wochen 

nach Kainat) zu signifikant abgeschwächten histopathologischen Merkmalen. GABAB-Rezeptor-

defiziente Mäuse zeigten eine verringerte Astro- und Mikrogliose sowie eine verringerte Inzidenz 

der Körnerzelldispersion, ohne sich auf deren Schweregrad auszuwirken. 

Zusammenfassend unterstützt die astrogliale GABAB-Rezeptor abhängige Signalübertragung die 

Entwicklung und Aufrechterhaltung der epileptischen Netzwerkfunktion in vivo und stellt somit 

ein attraktives Ziel für die zukünftige Forschung im Bereich der Epilepsie dar. 
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4. INTRODUCTION 

Astrocytes (Michael von Lenhossék, 1895) are classified as glial cells, a major cell type in the 

central nervous system (CNS), besides neurons. Glial cells further comprise microglia, acting as 

CNS resident immune cells (Río-Hortega, 1932; Kettenmann et al., 2013), myelinating 

oligodendrocytes (Río-Hortega, 1928), as well as NG2-glia (Dimou and Gallo, 2015) and 

ependymal cells (Del Bigio, 2010). In vertebrates, roughly half of the brain is constituted by glial 

cells, while around 20-40 % of total mammalian brain cells are astrocytes (Pelvig et al., 2008; 

Azevedo et al., 2009; Jahn et al., 2018). Although these numbers are subjected to inter-regional 

and inter-species variations (Herculano-Houzel, 2014), it is worth mentioning that all CNS areas 

are populated by astroglia (Sofroniew and Vinters, 2010). Given this wide distribution of 

astrocytes, it is readily conceivable that they form a highly heterogenous population - in 

morphology as well as in function (Matyash and Kettenmann, 2010; Zhang and Barres, 2010; 

Khakh and Sofroniew, 2015; Xin and Bonci, 2018; Pestana et al., 2020). 

4.1. Astrocytes: identity and housekeeping duties 

The long-established basic morphological distinction between protoplasmic and fibrous 

astrocytes (Andriezen, 1893) is still valid nowadays (Sofroniew and Vinters, 2010; Verkhratsky 

and Nedergaard, 2018). Protoplasmic astrocytes mainly reside in gray matter and are 

characterized by up to ten primary processes, diverging into sophisticated spongiform 

arborizations that do not essentially overlap with neighbouring astrocytes. This generic 

description can however be challenged even within the same anatomical structure, such as the 

hippocampal CA1 area, where protoplasmic astrocytes can also appear rather elongated (Bushong 

et al., 2002; Halassa et al., 2007b; Seifert and Steinhäuser, 2018) (Figure 1). Fibrous astrocytes, 

aligned with axon bundles in white matter, do not exhibit domain organization and have longer 

but less terminal processes, compared to protoplasmic astrocytes (Köhler et al., 2019). This non-

exhaustive classification can be complemented by specialized cells of the astroglial family: 

cerebellar Bergmann glia, retinal Müller cells, ventricular tanycytes and radial glia, the latter 

being particularly important due to their neurogenic potential (Doetsch, 2003; Malatesta et al., 

2003; Anthony et al., 2004; Denise et al., 2004). Thereby, the family of astroglia can be sub-

classified according to anatomo-morphological criteria, cellular markers and genetic profiling 

(Verkhratsky and Nedergaard, 2018).



 Introduction 

 

6 

 

Widely accepted, not necessarily overlapping, astroglial markers (Figure 1) include the glial 

fibrillary acidic protein (GFAP) (Bignami et al., 1972; Nolte et al., 2001), the glutamate 

transporter EAAT-1 (GLAST) (Shibata et al., 1997; Jungblut et al., 2012), the Ca2+ - binding 

protein S100B (Ogata and Kosaka, 2002), the milk fat globule epidermal growth factor 8 

(MFGE8) (Zeisel et al., 2015), connexin 43 (Dermietzel et al., 1991), glutamine synthetase (GS) 

(Derouiche and Frotscher, 1991), aldehyde dehydrogenase 1 (ALDH1L1) (Yang et al., 2011) and 

the water channel aquaporin-4 (Nielsen et al., 1997) (for review see (Verkhratsky and Nedergaard, 

2018). 

  

Figure 1 Astroglial populations in cortex and hippocampus 

A Cortical astrocytes labelled via td tomato (tdT) reporter expression in GFAP-CreERT2 x R26-tdTomato 

mice co-stained with milk fat globule-EGF factor 8 (MFGE-8). MFGE-8+/ tdT+ positive astrocytes are often 

found near blood vessels. Scale bar = 50 µm. B Transgenic expression of eGFP under the human GFAP 

promotor labels cortical protoplasmic astrocytes with spongiform appearance. Scale bar = 50 µm. C 

Expression of S100B is largely overlapping with GLAST expression, revealing the meshwork of fine 

processes (gliapil). GFP staining against GCaMP3 labels GLAST+ astrocytes in GLAST-CreERT2 x R26-

GCaMP3 mice. Scale bar = 20 µm. D Activated astrocytes (hGFAP-GFP) become hypertrophic and 

upregulate GFAP. In addition, GFAP mRNA is visualized by fluorescence in situ hybridization. Scale 

bar = 10 µm. E Hippocampal astrocytes express high GFAP (GFAP-CreERT2 x R26-tdTomato) levels in 

physiological conditions, co-labelled by MFGE-8. CA1 region, scale bar = 100 µm. F In contrast to 

transgenic expression of a fluorescent protein under the human GFAP promotor (E), GFAP immunostaining 

reveals fusiform protoplasmic astrocytes in the hippocampal CA1 region. Scale bar = 100 µm. 
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Along the same lines, great effort is dedicated to revealing molecular signatures of neural cell 

types throughout the CNS, applying transcriptomic approaches (Cahoy et al., 2008; Zhang et al., 

2014; Tasic et al., 2018). 

Pioneer gliologists of the 19th and early 20th century, such as S. Ramón y Cajal, C. Golgi, R. 

Virchow, M. von Lenhossék and C. L. Schleich identified glial cells as brain glue (attributed to 

R. Virchow, “γλία” (glia), glue; Oxford English Dictionary) and postulated homeostatic support 

functions. Indeed, presently, a plethora of essential homeostatic functions in the CNS are known 

to be assumed by astroglia (for review see (Allen and Barres, 2009; Mederos et al., 2018; 

Verkhratsky and Nedergaard, 2018). These functions comprise metabolic support (Rouach et al., 

2008; Bélanger et al., 2011; Oheim et al., 2017; Marina et al., 2018), regulation of blood-brain 

barrier as well as blood flow (Attwell et al., 2010; MacVicar and Newman, 2015), K+ buffering 

(Seifert et al., 2009; Beckner, 2020), regulation of extracellular volume (Simard and Nedergaard, 

2004; Nagelhus and Ottersen, 2013), neurotransmitter homeostasis (Walls et al., 2015; Boddum 

et al., 2016; Murphy-Royal et al., 2017; Mahmoud et al., 2019), as well as synaptogenesis and 

synaptic remodelling (Allen and Eroglu, 2017). Fulfilment of these functions is crucially 

determined by the astrocytes’ interlacement with synapses (Figure 2) (Ventura and Harris, 1999; 

Perea et al., 2009; Heller and Rusakov, 2017) and vasculature (Abbott et al., 2006), combined 

with the expression of a vast assortment of transmitter receptors, channels, transporters, and the 

ability to form interconnected networks through gap junction coupling (Figure 2 A) (Giaume et 

al., 2010). 

4.2. Multipartite synapse and gliotransmission 

The tight association and functional interaction of perisynaptic astroglial processes (PAPs), pre-

synaptic terminals, post-synaptic neurons, extracellular matrix (ECM) components and microglial 

processes is commonly termed multi-partite synapse (Araque et al., 1999; Halassa et al., 2007a; 

Dityatev and Rusakov, 2011; Arizono et al., 2020) or astroglial cradle (Verkhratsky and 

Nedergaard, 2014) (Figure 2 A, B).  
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Cortical astrocytes contact 4-8 neuronal somata and up to 600 dendrites (Halassa et al., 2007b) 

and hippocampal astroglia are associated to ~140.000 synapses, contacting several hundred 

dendrites (Bushong et al., 2002). Despite these multiple contact sites, their basically non-

overlapping distribution alludes to functional characteristics described as “astromeres” (Freeman 

and Rowitch, 2013) or “synaptic islands” (Halassa et al., 2007b). The essence of these terms 

implies that astrocytes are organized in regionally distinct, specialized domains, including a 

distinct subset of neuronal communication partners. On a higher level, those functional domains 

are interconnected via gap junctions, forming the astroglial syncytium (Figure 2 A). 

Embedded in this context, astrocytes arise as decisive elements in CNS function, beyond their 

homeostatic roles. Their sophisticated equipment with transmitter receptors and secretion 

mechanisms (Figure 2 C) (Parpura et al., 1994; Bezzi et al., 2004; Perea and Araque, 2007; 

Verkhratsky et al., 2016) enables astrocytes to sense and actively participate in synaptic 

transmission. 

  

Figure 2 Astroglial Ca2+ signaling and gliotransmission pathways 

A Individual astrocytes occupy essentially non-overlapping areas and form a syncytium via gap junction 

coupling (orange icons, scheme). A 1-3 Exemplary astroglial perisynaptic structures in the dentate gyrus, 

scale bar 1 = 20 µm (2P-LSM), 2 = 5 µm (2P-LSM), 3 = 500 nm (2P-STED). Modified from Arizono et 

al., 2020, reproduction permitted under the Creative Commons attribution 4.0 international license. B 

Multipartite synapse including perisynaptic astroglial processes (PAPs) and microglial processes as 

building block of neuron-glia interaction. C Astrocytes are equipped with a plethora of transporters, 

voltage-gated ion channels as well as ionotropic and metabotropic transmitter receptors mediating 

intracellular Ca2+ rises either originating from the extracellular space or released from internal stores. 

Ionotropic receptors include cationic NMDAR, AMPAR, P2XR1/5, P2XR7 and nAChR, mediating Ca2+, 

Na+ and K+ influx, as well as anionic GABAAR and GlyR inducing Cl- efflux. Metabotropic receptors are 

mainly coupled to Gi/o (mGluR2/3, GABABR, adenosine receptors, β-adrenergic, 5-HT7) and Gq-proteins 

(adenosine receptors, P2YR, mAChR, α-adrenergic, serotoninergic, dopaminergic, histaminergic 

receptors). Intracellular Ca2+ rises induce vesicular release of various gliotransmitters and neuroactive 

molecules. However, main gliotransmitters can also be released through partially Ca2+ sensitive transporters 

and channels. Modified from Caudal et al., 2020. 

2-AG, 2-arachidonoylglycerol; 5-HT, serotoninergic receptor family; AC, adenylate cyclase; ADP/ATP, 

adenosine di/tri-phosphate; AEA, anandamide; AMPAR, a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor; Best1, bestrophin-1 channel; cAMP, cyclic AMP; cys, cysteine; D-ser, 

D-serine; EAAT, excitatory amino acid transporter; eCB, endocannabinoids; GABA, γ-aminobutyric acid; 

GAT, GABA transporter; glu, glutamate; GlyR, glycine receptor; HC, hemichannel; IP3, inositol 

triphosphate; IP3R, inositol triphosphate receptor; mAChR, muscarinic acetylcholine receptor; mGluR, 

metabotropic glutamate receptor family; nAChR, nicotinic acetylcholine receptor; NCX, Na+- Ca2+ 

exchanger; NMDAR, N-methyl-D-aspartate receptor; P2XR, ionotropic purinoceptors; P2YR, 

metabotropic purinoceptors; PLC, phospholipase C; TRPA1, transient receptor potential A1; VGCC, 

voltage-gated Ca2+ channel; VRAC, volume-regulated anion channel; XC, cysteine-glutamate antiporter; 

ΔV, membrane potential. 
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This capacity is majorly based on the expression of iono- and metabotropic receptors to 

glutamate (Seifert and Steinhäuser, 1995; Lalo et al., 2006; Saab et al., 2012; Kirchhoff, 2017), 

GABA (MacVicar et al., 1989; Mariotti et al., 2016; Perea et al., 2016), ADP/ATP (Domercq et 

al., 2006; Verkhratsky et al., 2009; Orr et al., 2015), serotonin, (nor- ) adrenaline (Paukert et al., 

2014; Pankratov and Lalo, 2015), acetylcholine, dopamine, endocannabinoids (Navarrete and 

Araque, 2010; Scheller and Kirchhoff, 2016) and various neuromodulators. Stimulation of 

receptor subsets triggers intracellular signaling pathways leading to Ca2+ rises and subsequent 

gliotransmitter release, such as glutamate (Parpura et al., 1994; Kang et al., 1998; Angulo et al., 

2004), ATP (Pascual et al., 2005; Serrano et al., 2006; Lalo et al., 2014; Covelo and Araque, 

2018) and D-Serine (Henneberger et al., 2010). 

Through this process, referred to as gliotransmission, astrocytes exert complex effects on the 

neuronal network (Perea and Araque, 2007; Di Castro et al., 2011; De Pittà et al., 2016). Of 

note, gliotransmitter release can also occur in non-vesicular (SNARE-independent) modes 

(Figure 2 C). Two essential gliotransmitters, glutamate and GABA, can be released through 

bestrophin-1 anion channels (Park et al., 2009; Lee et al., 2010), reverse operation of membrane 

transporters (Rossi et al., 2000; Cavelier and Attwell, 2005; Héja et al., 2009) and volume-

regulated anion channels (VRAC) (Kimelberg et al., 1990; Le Meur et al., 2012). Glutamate 

release has also been shown to occur via TREK-1 two-pore domain potassium channels (Woo et 

al., 2012). Moreover, ATP and glutamate are released through connexin hemichannels or 

pannexons (Ye et al., 2003; Abudara et al., 2018). 

4.3. Astroglial Ca2+ signaling 

An essential part of the astrocytes’ integrative function revolves around intracellular Ca2+ 

dynamics, being a main activity indicator and mediator of gliotransmission in astrocytes 

(Cornell-Bell et al., 1990; Hirase et al., 2004; Zorec et al., 2012; Guerra-Gomes et al., 2017). Ca2+ 

is a widely used secondary messenger in cell biology and its functional versatility ranges from 

vital heart contractions to apoptosis (Carafoli, 2002). To serve as informative signal however, 

Ca2+ dynamics require rigorous regulation. Resting cytoplasmic concentration is kept as low as 

100-150 nM (presence of Ca2+ buffering proteins such as S100B), creating electrochemical 

concentration gradients with the extracellular space (~2mM Ca2+) and intracellular organelles, 

such as the endoplasmatic reticulum (ER) (0.6-0.8 mM) (Shigetomi et al., 2016). 
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Therefore, cytoplasmic Ca2+ elevations may originate from the extracellular space through ligand-

gated channels (e.g. P2XR, NMDAR), voltage-gated Ca2+ channels and TRP channels (Shigetomi 

et al., 2011), in addition to other sources such as GABA or glutamate transporter activity (Figure 

2 C). The GABA transporter GAT-3 for instance is involved in mediating Ca2+ signaling, 

eventually regulating neurotransmission via ATP/ ADP release (Boddum et al., 2016; Matos et 

al., 2018). Moreover, Ca2+ can originate from internal stores such as the ER after GPCR-

mediated signaling (Cornell-Bell et al., 1990; Porter and McCarthy, 1996; Zur Nieden and 

Deitmer, 2006) (amplified through Ca2+ -induced Ca2+  release (Golovina and Blaustein, 2000)) 

or mitochondria (Agarwal et al., 2017) (Figure 2 C). Finally, Ca2+ extrusion from the cytoplasm 

occurs towards the extracellular space via Na+- Ca2+ exchangers (NCX) and plasma membrane 

Ca2+ ATPase (PMCA), and into organelles through sarco-endoplasmic reticulum Ca2+ ATPases 

(SERCA) or mitochondrial uniporter (MCU) (Shigetomi et al., 2016; Verkhratsky and 

Nedergaard, 2018) (Figure 2 C). 

Astroglial Ca2+ signals are generally classified by the compartment in which they arise (soma 

vs gliapil), the spreading area of the signal (ultralocal microdomains vs multicellular events) and 

dynamic characteristics (propagating waves vs globally synchronized signals) (Fiacco and 

McCarthy, 2006; Araque et al., 2014; Khakh and Sofroniew, 2015; Semyanov, 2019). The most 

confined type of astroglial Ca2+ signals arises from highly localized microdomains 

(0.07 – 0.7 μm2) in the fine, terminal astrocyte processes (Figure 2 A) (Shigetomi et al., 2010; 

Bindocci et al., 2017; Arizono et al., 2020). These signals partially depend on the GPCR/IP3 

intracellular Ca2+ store release but also on ligand-gated ion channels and TRP channels (Malarkey 

et al., 2008; Shigetomi et al., 2011). 

Importantly, a subset of these spatially confined signals is independent of neuronal activity and 

therefore intrinsic to astrocytes (Parri et al., 2001; Nett et al., 2002; Takata and Hirase, 2008; 

Haustein et al., 2014). Local Ca2+ signals in astrocyte processes, driven by spontaneous synaptic 

transmitter release, cover an area of ~ 4 µm and their duration spans from milliseconds to a couple 

of seconds (Di Castro et al., 2011). Longer lasting (~70s), discrete Ca2+ twinkles have been 

visualized in cortical astrocyte processes in vivo (Kanemaru et al., 2014). Regional astroglial Ca2+ 

transients (“regional wave”), induced through action potential firing, are more robust (> 10µm, 

tens of seconds) and occur in primary branches, propagating to the somata (Di Castro et al., 2011; 

Haustein et al., 2014). Global Ca2+ waves include the entirety of several astrocytes. 
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They display a velocity of 20 μm/ s on average and encompass a terrain of roughly 200 µm2 

(Cornell-Bell et al., 1990; Fujii et al., 2017). Such global Ca2+ waves can either be propagating or 

synchronized between astrocytes (“standing wave”). 

Propagation of Ca2+ waves through the astroglial syncytium can occur via two different, though 

not mutually exclusive mechanisms (Bennett et al., 2003; Fiacco and McCarthy, 2006). Firstly, 

the intracellular messenger IP3 can directly diffuse to neighbouring cells via gap junctions and 

induce Ca2+ release from interal stores. This propagation mode is characterized by comparatively 

higher velocity but relatively restrained, proximal spreading area (Kang and Othmer, 2009). The 

second propagation mode involves astroglial ATP release (Guthrie et al., 1999) through gap 

junction hemichannels, P2X receptors and volume-regulated anion channels (VRAC) (Fujii et al., 

2017). Astrocyte-derived ATP (ADP if metabolized by ectonucleotidases) subsequently acts on 

iono-and metabotropic purinoceptors of neighbouring astrocytes and leads to further ATP release. 

This process is termed ATP-induced ATP-release and constitutes the basis for regenerative ATP 

release by astrocytes (Bennett et al., 2003; Anderson et al., 2004). Considering this mechanism, 

propagation of Ca2+ waves carried by ATP is comparatively slow, with greater spatial extent 

(Kang and Othmer, 2009; Fujii et al., 2017). A special type of Ca2+ signal, characteristic during 

locomotion and startle responses in vivo, covers the majority of cells within a single imaging 

area and is controlled by volumetric neuromodulator release (Ding et al., 2013; Paukert et al., 

2014). Furthermore, a cerebellar Bergmann glia-specific classification of Ca2+ signals was 

proposed by Nimmerjahn and colleagues (Nimmerjahn et al., 2009). Overall, the observable 

variety of Ca2+ signals crucially depends on the experimental design (slices vs in vivo, 2D vs 3D) 

(Rusakov, 2015; Bindocci et al., 2017) and the use of anaesthetics (Nimmerjahn et al., 2009; 

Thrane et al., 2012). Recent data suggest that the localized Ca2+ signals originating in the gliapil 

(occupying ~75 % of the cell volume) are not only numerically dominant (vs somata) but also 

sensitive indicators of neuronal activity in vivo, due to their proximity to synapses (PAP) 

(Kanemaru et al., 2014; Bindocci et al., 2017). Concerning the impact of Ca2+ transients on the 

network activity, more localized signals are associated with homosynaptic modulation, while 

signals propagating to several branches and somata evoke the integrative vocation of astrocytes 

and mediate heterosynaptic or even larger, territorial synaptic modulation (Araque et al., 2014). 
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Decoding Ca2+ signals and their downstream effects is an ongoing task in glia research. 

Nevertheless, intracellular Ca2+ will presumably regulate gene expression, homeostatic functions, 

astrocyte morphology and the release of various molecules (signaling, synaptogenic, 

inflammatory), eventually impacting neuronal network activity (Delorenzo et al., 2005; Khakh 

and Sofroniew, 2015). These functionalities are not only the basis for physiological brain function 

but also confer a key role in neuropathologies, especially those with network dysfunction, such 

as epilepsy. 

4.4. The epilepsies 

Epilepsy, or more appropriately, the epilepsies form a highly diverse family of neurological 

syndromes with the common clinical symptom of erratically recurrent seizures, affecting about 

1-2 % of the world population or an estimated 50-65 million people (Hesdorffer et al., 2011; 

Collaborators, 2019). Most of the epileptic syndromes are of idiopathic origin, i.e. without 

known cause, however perinatal brain damage, brain infections, brain trauma, stroke, as well as 

rare genetic mutations have been identified among the etiologies of epilepsy (Pandolfo, 2011; 

Goldberg and Coulter, 2013; Scheffer et al., 2017). Commonly, the initial precipitating event 

and the chronic condition of recurrent seizures are chronologically separated by a period 

designated as latent phase. This phase can last several years in humans and reflects the process 

of epileptogenesis, in the context of which a physiologically operating neural network 

progressively becomes permissive to seizures. The classification of epileptic syndromes 

suggested by the International League Against Epilepsy (ILAE) is primarily based on the seizure 

and epilepsy type, considering the onset, EEG features and behavioral symptoms such as loss of 

consciousness or convulsions, additionally combined with the determination of etiology (Scheffer 

et al., 2017). 

Seizures can arise either from restricted areas of one hemisphere (focal), potentially spreading to 

other brain areas (secondarily generalizing) or starting in several brain areas of both hemispheres 

simultaneously (generalized) (Fisher et al., 2005; Scheffer et al., 2017). At the cellular level, 

seizures represent an aberrant hypersynchronous neuronal activity, promoted by a compromised 

excitation/ inhibition (E/I) balance in the brain. However, the anti-epileptic drugs (AED) 

designed to re-establish the E/I balance by aiming at neuronal targets have a merely symptomatic 

effect and fail in at least 30 % of patients. 
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Thus, it has become utterly clear, that the mechanisms underlying epilepsy are far from being 

understood and that there is an urgent need for new therapeutic targets, beyond primarily neuronal 

functions (Löscher and Schmidt, 2011; Crunelli et al., 2015). 

4.4.1. Temporal lobe epilepsy (TLE) 

Temporal lobe epilepsy is the most represented focal epileptic syndrome among adults, 

characterized by particular severity and drug-refractoriness. Up to 2/3 of patients experience 

pharmacologically intractable, potentially convulsive seizures, often leaving neurosurgical 

resection of epileptic foci as last resort (Asadi-Pooya et al., 2017). In TLE, focal seizures 

commonly arise from restricted areas of the hippocampus or neighbouring temporal structures 

and can secondarily generalize to other, even contralateral structures (Jobst et al., 2001; Trevelyan 

et al., 2006; Bedner et al., 2015). From a histopathological point of view, TLE displays a set of 

characteristic hallmarks observed in human tissue as well as experimental models, commonly 

termed hippocampal sclerosis (HS) (Figure 3). 

HS describes the histopathological manifestation of glial scarring (gliosis) and neuronal loss 

generally but not exclusively occuring in the hippocampal CA1, CA3 region and dentate gyrus 

(Thom, 2014; Walker, 2015) (Figure 3 A, a2). Reactive astrogliosis is characterized by the 

upregulation of intermediate filaments such as the glial fibrillary acidic protein (GFAP), 

accompanied by cellular hypertrophy and proliferation, and has become a common factor in a 

plethora of neurological diseases (Sofroniew, 2014; Pekny et al., 2016; Robel, 2017). It is further 

accompanied by the activation of microglia. The role and impact of astrogliosis in epilepsy is 

still a matter of debate. Human studies on neurosurgical specimens confirmed that severe gliosis 

correlates with seizure burden and the extent of neuronal loss (Johnson et al., 2016; Hattingen et 

al., 2018). It has been further postulated, that astrogliosis itself is potentially epileptogenic. 

Experimental procedures causing astrogliosis isolated from other pathological insults, for 

example via induced adenosine deficiency (Li et al., 2012b), genetic manipulation of astroglial 

GFAP (Messing et al., 2012) or β1-integrin (Robel et al., 2015), have induced spontaneous 

epileptiform activity.Vice versa, seizure activity does not necessarily entail astrogliosis, as seen 

in non-sclerotic contralateral hippocampi in guinea pig model of non-convulsive status 

epilepticus (Noè et al., 2019). 
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About 40-50 % of TLE patients exhibit granule cell dispersion (GCD) in the dentate gyrus 

(Thom et al., 2005; Blümcke et al., 2009) (Figure 3 B). The pathological widening of the granule 

cell layer from ≤120 µm to up to 400 µm (Houser, 1990) was thought to be caused either by 

aberrant motility of newborn granule cells, generated by seizure-induced neurogenesis, or seizure-

induced migration of mature granule cells. It is becoming increasingly clear, that GCD is 

independent of neurogenesis and rather caused by reelin deficiency, inducing migration of mature 

granule cells along a radially aligned glial scaffold (Fahrner et al., 2007; Haas and Frotscher, 

2010). Reelin, an extracellular matrix protein synthetized and released by Cajal-Retzius cells, is 

known as essential migration signal in the development of the cortical plate (Frotscher et al., 

2009). A further histopathological finding in the dentate gyrus is the sprouting of mossy fibres 

(granule cell axons), usually projecting through the polymorphic hippocampal layer to CA3 

pyramidal cells. In epilepsy, the mossy fibre connections to the CA3 region are lost and 

subsequently these axons branch out to form recurrent excitatory connections with granule cell 

dendrites in the molecular layer (Represa et al., 1993; Buckmaster et al., 2002).  

Figure 3 Hippocampal sclerosis with granule cell dispersion in the unilateral intracortical kainate 

model of TLE 

A One month post kainate injection, the ipsilateral hippocampus (a2) presents extensive gliosis mediated 

by activated astrocytes (GFAP) and microglia (Iba1), accompanied by granule cell dispersion in the dentate 

gyrus. The contralateral hippocampus (a1) can present activated glial cells but is generally less affected in 

contrast to ipsilateral. B Granule cell dispersion is characterized by a loss of compact, layered 

cytoarchitecture of the granule cell layer in the sclerotic, ipsilateral hippocampus but remains intact in the 

contralateral side. CA: cornu ammonis, DG: dentate gyrus, gcl: granule cell layer. Scale bar in A, 

B = 500 µm; in a1, a2 = 200 µm. 
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4.4.2. Experimental TLE models 

Owing to the complexity and heterogeneity of epileptic syndromes, different aspects of the 

condition may be investigated in different models. In general, experimental TLE is studied in 

rodent model organisms such as rat, mouse and guinea pig. Mechanisms underlying seizure 

generation (ictogenesis) in hyperexcitable networks are commonly studied in brain slice 

preparations, where epileptiform activity is evoked via application of low Ca2+ and Mg2+-free 

extracellular solutions (Trevelyan et al., 2006), pentylenetetrazole (PTZ) (Accardi et al., 2018) or 

other GABA receptor antagonists (e.g. penicillin, picrotoxin, bicuculline) (Khalilov et al., 2005; 

Pinto et al., 2005; Avoli and Jefferys, 2016). Other models induce hyperexcitability using the K+ 

channel blocker 4-aminopyridine, sometimes in combination with NMDA application and low 

extracellular Mg2+ (Uva et al., 2009; Losi et al., 2016). These preparations however do not 

recapitulate characteristics of human TLE and are not suitable to study epileptogenesis, the 

process by which an initial trigger will elicit progressive changes in the network leading to chronic 

spontaneously recurrent seizures (SRS). To this end, in vivo models of TLE were developed 

(Table 1). The ideal model firstly reflects the acute phase status epilepticus, characterized by 

electrographic non-convulsive and convulsive seizures originating from limbic structures, 

potentially secondarily propagating to the neocortex (generalization). On electrographic 

recordings, seizures manifest by high amplitude spiking (up to 60 Hz) lasting for 20-60 s and are 

followed by post ictal depression after generalized seizures (Bedner et al., 2015). Secondly, after 

a latent period without seizure activity, SRS mark the initiation of the chronic phase. In parallel 

to this time course, hippocampal sclerosis (HS) including astrogliosis, neuronal loss and granule 

cell dispersion should develop. Available TLE models are widely based on the systemic or 

intracerebral application of chemoconvulsants such as pilocarpine (cholinomimetic), kainate 

(glutamate analogue) and pentylenetetrazole (PTZ, GABAAR antagonist) or electrical 

stimulation (Table 1). Kainate and pilocarpine models have the highest homology with the 

human condition, although systemic administration routes should be carefully considered due to 

extratemporal lesions (Lévesque et al., 2016). The kindling approach, either chemical or 

electrical, is based on repetitive, intermittent sub-threshold stimulation, eventually eliciting 

seizures (Dürmüller and Porsolt, 2003; Dhir, 2012). The advantage of these models is the 

predictability of seizures since they are induced by the experimenter. Thus, kindling models and 

maximal electroshock models (not specifically TLE model, but generalized seizures) are 

commonly employed in drug discovery (Castel-Branco et al., 2009; Barker-Haliski and Steve 

White, 2020). Nonetheless, a critical disadvantage is that these models do not produce SRS and 

neither replicate histopathological hallmarks. 
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From a technical point of view, in vivo electrographic activity is recorded with intracerebral or 

epidural electrodes, preferentially connected to telemetric systems and synchronized video 

footage (Weiergräber et al., 2005; Bedner et al., 2015; Puttachary et al., 2015). Behavioural 

aspects of convulsive seizures are then classified according to the Racine scale (Racine, 1972). 

The application however is highly heterogenous, since this scale is commonly adapted to the 

different experimental procedures (Sharma et al., 2018). 

 

  

Trigger  Administratio

n route 

Charateristics SE 

duration 

Latency 

period 

Mortality Reference 

 
seizures histology 

 

pilocarpine  

systemic (i.p.) 
acute   

SRS 
HS 

terminated 

within 

30- 90 min* 

7-35 d 20-60 % 
(Hamilton et 

al., 1997; 

Borges et al., 

2003; Curia 

et al., 2008) 
intra-hippocampal 2–30 d 20-30 % 

kainate             

systemic (i.p.) 

acute   

SRS 
HS 1-7 h 

10-30 d 17 % (Lévesque 

and Avoli, 

2013; Bedner 

et al., 2015; 

Puttachary et 

al., 2015; 

Sharma et al., 

2018) 

intra-hippocampal 5-30 d 12 % 

intra-amygdaloid 10-40 d 55 % 

intra-cortical 2-8 d 6 % 

repetitive 

subthreshold 

electrical 

stimulation 

limbic structures, 

frequently 

intraamygdaloid 

acute    

rarely 

SRS 

- 

seizures 

elicited on 

demand 

      -        - 

(Löscher, 

2002; 

Dürmüller 

and Porsolt, 

2003; Chen et 

al., 2016) 

subconvulsive 

doses of PTZ             

systemic (i.p.,    

subcutaneous) 
acute -           - 20-30 % 

(da Silva et 

al., 1998; 

Hoeller et al., 

2017; 

Shimada and 

Yamagata, 

2018) 

Table 1 Most commonly used in vivo models of temporal lobe epilepsy 

d: days, h: hours, HS: hippocampal sclerosis, PTZ: pentylenetetrazole, SE: status epilepticus, SRS: 

spontaneously recurrent seizures. *administration of benzodiazepines, barbiturates and anti-convulsant drug 

cocktails. 
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4.5. An astroglial focus on epilepsy 

4.5.1. Astroglial network function in epileptogenesis 

The astroglial network, interconnected via gap junctions, enforces anti- as well as pro-epileptic 

functions. On one hand, neuronal excitability is decreased via K+ redistribution and glutamate 

clearance (Wallraff et al., 2006; Pannasch et al., 2011) while on the other hand, providing energy 

endorses high level synaptic activity (Rouach et al., 2008). In epileptic conditions, astrocytes 

become reactive and their properties change radically (Bedner et al., 2015), entailing extensive 

consequences for neuronal function and epileptogenesis (Steinhäuser et al., 2016). Glutamate 

homeostasis is severely impaired in epilepsy (Coulter and Eid, 2012). Human studies found up 

to 10-fold increased glutamate levels close to epileptic foci (During and Spencer, 1993; Cavus et 

al., 2005), while astroglial glutamine synthetase expression was drastically diminished (Eid et al., 

2004; van der Hel et al., 2005). The enzyme glutamine synthetase degrades glutamate to 

glutamine, an essential precursor in astroglial and neuronal GABA synthesis. Hence, failure of 

normal function leads to accumulation of extracellular glutamate and reduced neuronal GABA 

release (Ortinski et al., 2010), promoting hyperexcitability. The role of astroglial glutamate uptake 

through glutamate transporters (EAAT1, EAAT2) is controversially discussed in epilepsy. While 

some studies find reduced transporter expression by 20-40% (Sarac et al., 2009), others found 

physiological levels (Bjørnsen et al., 2007). Nonetheless, deletion of EAAT1 was shown to 

promote hyperexcitability (Jen et al., 2005). In addition, astroglial K+ buffering is compromised 

in epilepsy as documented by the disturbance of K+ uptake and changes in K+ conductance 

(inwardly rectifying K+ channels) in human sclerotic hippocampi (Hinterkeuser et al., 2000; Kivi 

et al., 2000; Bedner et al., 2015). In fact, hippocampal protein levels of Kir 4.1 have been shown 

to drop by approximately 50 % in human samples (Das et al., 2012). Moreover, astroglial 

aquaporin water channels influence neuronal excitability by modulation the extracellular space 

in terms of size and osmolarity (Binder et al., 2012).Together, these findings point to a 

dysfunctional astroglial network in epilepsy. Indeed, astrocytes of sclerotic hippocampi were 

shown to loose gap junction coupling at an early stage of epileptogenesis, before neuronal loss 

or spontaneous recurrent seizures appeared (Bedner et al., 2015). Therefore, astrocytes are 

considered to actively participate in the development and maintenance of epileptic network 

function. In support of the causative roles, Cx 43 deletion leading to coupling-deficient 

astrocytes promotes epileptiform activity in hippocampal slices (Wallraff et al., 2006; Pannasch 

et al., 2011) and exacerbate kainate-induced TLE in vivo (Deshpande et al., 2020). 
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4.5.2. The role of astroglial Ca2+ signaling and gliotransmission in epilepsy 

Ca2+-dependent astroglial glutamatergic gliotransmission crucially modulates neuronal 

excitability and synchronization (Carmignoto and Haydon, 2012). Glutamate release from 

astrocytes activates neuronal extrasynaptic NMDA receptors, inducing typical slow inward 

currents (SIC), thereby driving neuronal excitation and favouring synchronous firing episodes 

(Parpura et al., 1994; Parri et al., 2001; Angulo et al., 2004; Fellin et al., 2004; Sasaki et al., 2014). 

Epileptiform network function has been associated with “hyperexcitable” astrocytes in terms of 

frequent Ca2+ oscillations (Tian et al., 2005a; Fellin et al., 2006). In rat entorhinal and temporal 

cortex, astroglial Ca2+ signals engage into recurrent excitatory loops with neurons ex vivo. 

Hence, by recruitment of a critical mass of synchronously firing neurons, astrocytes trigger and 

promote maintenance of focal, seizure-like discharges (Gómez-Gonzalo et al., 2010; Losi et al., 

2016). Interestingly, the underlying mechanism not only depends on glutamatergic 

gliotransmission but is additionally regulated by (autocrine) astroglial purinergic signaling 

(Álvarez-Ferradas et al., 2015; Shen et al., 2017). Supporting the pro-epileptic role of astroglial 

Ca2+ signals, it was shown that substantial Ca2+ elevations in astrocytes precede neuronal 

epileptiform activity and promote kainate-induced hippocampal seizure spreading in vivo (Heuser 

et al., 2018). Thus, Ca2+ signals associated with epileptiform activity differ from the 

physiological state (Shigetomi et al., 2019) and may manifest in a stereotypical fashion. A 

prominent example is the large astroglial Ca2+ oscillations promoted by spreading depression (Wu 

et al., 2018). The fortuitous discovery of spreading depression, presently also termed spreading 

depolarization (Aristides A. P. Leão, 1944), exposed a propagating wave of flattened 

electrocorticographic activity in the seizing rabbit cortex (Teive et al., 2005). In fact, this 

propagating wave of exhaustive local depolarization reaches a velocity in the order of mm / min 

while shifting the extracellular potential by millivolts. During this episode, K+ and Ca2+ 

homeostasis is abruptly and critically corrupted by extracellular K+ levels rising up to 20-fold and 

massive Ca2+, Na+ as well as water influx into the cells. Intracellular Ca2+ rises in turn lead to the 

release of neuro-and gliotransmitters and together with excessive extracellular K+ levels, confer 

a regenerative character to the phenomenon. This integral membrane depolarization inhibits 

electrical activity until homeostasis is restored, hence the term spreading depression (Ayata and 

Lauritzen, 2015; Bernard, 2015; Seidel et al., 2016). 
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Spreading depolarization is not only associated with epilepsy (Fabricius et al., 2008; Bernard, 

2015; Loonen et al., 2019) but also other CNS disorders such as stroke (Somjen, 2001; Dreier, 

2011) and migraine (Charles and Baca, 2013). Moreover, in vivo studies of neuronal Ca2+ signals 

in the murine hippocampus after subcutaneous kainate administration identified epileptiform Ca2+ 

signals in CA1, CA3, dentate gyrus and entorhinal cortex. Two out of three stereotypical wave 

forms were shared by all hippocampal structures, suggesting an underlying cellular specificity 

rather than regional specificity (Zhang et al., 2019). 

4.5.3. Relevance of GABAergic signaling in epilepsy 

In the CNS, E/I balance is largely attached to excitatory versus inhibitory transmission and 

their representative neurotransmitters glutamate and GABA, respectively. Classically, it is 

assumed that in epilepsy, the E/I balance would tip in favour of excessive excitation and 

diminished inhibition, which is supported by the fact that a large proportion of anti-epileptic drugs 

(AED) next to blocking voltage-gated sodium channels, aims at decreasing excitatory 

transmission or increasing inhibition (Rogawski and Löscher, 2004). Moreover, the observations 

of up to 10-fold increased extracellular glutamate levels (During and Spencer, 1993) and special 

vulnerability of inhibitory hippocampal interneurons in epilepsy consolidate this point of view 

(Sanon et al., 2005; Huusko et al., 2015; Buckmaster et al., 2017; Upadhya et al., 2019). However, 

experimental evidence shows that seizures, of the absence type, can just as well be elicited by 

enhanced inhibitory transmission, e.g. through GABA transporter- 1 malfunction leading to 

enhanced GABAA receptor activity in thalamo-cortical neurons or application of the GABAB 

receptor agonist γ-hydroxybutyric acid (GHB) (Cope et al., 2005; Cossart et al., 2005; Pirttimaki 

et al., 2013; Gobbo et al., 2021). Along the same lines, despite pronounced loss of inhibitory 

interneurons in the hippocampus, tonic GABA-mediated inhibition is preserved in epilepsy, likely 

attributable to compensatory mechanisms involving astroglial GABA overproduction and release 

through bestrophin-1 channels (Pavlov and Walker, 2013; Müller et al., 2020; Pandit et al., 2020). 

Although AEDs target GABAergic transmission in the context of TLE or convulsive seizures in 

general, glutamatergic and purinergic signaling has received more scientific interest (Treiman, 

2001; Crunelli and Carmignoto, 2013; Rassendren and Audinat, 2016; Steinhäuser et al., 2016; 

Nikolic et al., 2020). Especially GABABR-mediated signaling has been scarcely studied. While 

neuronal GABABR subunit 1 knock-out mice develop epileptic phenotypes ranging from 

spontaneous absence and tonic-clonic seizures (Schuler et al., 2001) to generalized epilepsy 

(Prosser et al., 2001), the function of astroglial GABABR signaling in epilepsy is unknown. 
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4.5.4. Astroglial GABAergic signaling at the interface of excitation and inhibition 

Astrocytes are metabolically and functionally associated to the interface of excitation and 

inhibition in the CNS (Caudal et al., 2020). Metabolically, astrocytes are exclusive providers of 

glutamine, the only precursor of both major neurotransmitters governing excitation and inhibition, 

glutamate and GABA, respectively. Neurons are not capable of glutamine biosynthesis, due to a 

lack of the astrocyte-specific enzyme glutamine synthetase (GS). Moreover, astrocytes synthetize 

both glutamate and GABA (Angulo et al., 2008). In addition, extracellular GABA can be taken 

up by astrocytes through GABA-transporters (GAT-1, GAT-3). Astroglial GABA (taken up or 

endogenously produced) can then be released as gliotransmitter, together with the endogenously 

synthetized supplies. Aside from being GABAergic cells, astrocytes are also GABAceptive 

(Vélez-Fort et al., 2012; Yoon et al., 2012; Ishibashi et al., 2019) which is particularly interesting 

with respect to their functional association to multipartite synapses including GABAergic 

interneurons and glutamatergic circuits in cortical and hippocampal structures (Losi et al., 2014; 

Mariotti et al., 2016; Perea et al., 2016; Mederos and Perea, 2019). Astrocytes integrate 

interneuron activity (Mariotti et al., 2018) and can transform inhibitory into excitatory signals, 

thereby orchestrating fine-tuning of neuronal network activity (Perea et al., 2016; Covelo and 

Araque, 2018). 

The GABAceptive nature of astrocytes manifests via the expression of ionotropic GABAA  and 

metabotropic GABAB receptors (GABAAR, GABABR) (Figure 4) (Zhang et al., 2014). 

Ionotropic GABAARs mediate Cl- efflux-driven depolarization of the astroglial membrane 

(MacVicar et al., 1989; Fraser et al., 1994; Bernstein et al., 1996; Meier et al., 2008). Supposedly, 

astrocyte networks thereby buffer extracellular Cl- to maintain GABAergic neurotransmission 

during excessive network activity (Kettenmann et al., 1987; Isomura et al., 2003; Egawa et al., 

2013). Metabotropic GABABRs are G-protein-coupled, seven-transmembrane domain receptors 

(GPCR). Functional receptors are essentially composed of heterodimers with one GABAB1a or 

GABAB1b and one GABAB2 subunit (Marshall et al., 1999), while different auxiliary subunits 

have been described in neurons (Figure 4 B). Ligand binding and signal transduction are 

segregated between the B1 and B2 subunits. The GABAB1 subunit accommodates the GABA 

binding site within its Venus fly trap domain, whereas the GABAB2 subunit is linked to the 

heterotrimeric G-protein (Pin and Bettler, 2016). The exact intracellular cascade of the astroglial 

GABABR is still elusive.  
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However, it is postulated that these receptors are Gi/o protein-coupled, whose activation induce 

intracellular Ca2+ rises (Nagai et al., 2019) in an, at least partially, IP3-dependent manner 

(Mariotti et al., 2016) resulting in gliotransmitter release (Serrano et al., 2006; Perea et al., 2016; 

Durkee et al., 2019) (Figure 4 B). Possible explanations for this peculiar link between Gi/o Proteins 

and IP3 might be a collateral stimulation of the PLC pathway (Pierce et al., 2002) or direct action 

on IP3 receptors (Zeng et al., 2003). Of note, Gq-coupled receptor activation does not inevitably 

lead to gliotransmitter release, whereas this causality has been shown for Ca2+ uncaging and IP3 

application (Wang et al., 2013). The activating feature of astroglial Gi/o proteins is highly 

distinctive from neurons, since neuronal GABABR coupled to Gi/o proteins have an inhibitory 

effect through negative regulation of the adenylate cyclase. 

Activation of the astroglial GABABR has been linked to a variety of network modulations 

(Figure 4 B) including potentiation (Kang et al., 1998; Perea et al., 2016) as well as depression 

(Serrano et al., 2006) of synaptic transmission (Covelo and Araque, 2018) and release of 

synaptogenic molecules enhancing excitatory transmission (Nagai et al., 2019). ATP/ ADP 

release mediates depression of synaptic transmission, while glutamate release potentiates 

excitatory and inhibitory transmission. 

Figure 4 GABAceptive astrocytes at the interface of excitation and inhibition 

A According to gabbr1 RNAseq data, the GABABR is mainly expressed in astrocytes and neurons in mice 

and humans. In mice, oligodendrocyte precursor cells (OPCs) and oligodendrocytes express GABABRs to 

a comparatively lesser extent (Zhang et al., 2014). B The astroglial GABABR is intracellularly coupled to 

G-proteins. Receptor activation leads to intracellular Ca2+ elevations, in an at least partially IP3 dependent 

manner. Current research supports the hypothesis of Gi/o-coupling and crosstalk with IP3 pathways 

downstream of receptor activation. GABA-induced intracellular Ca2+ signaling drives glutamate and ATP 

release, affecting the neural network.  
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Covelo and colleagues demonstrated that co-release of ATP/ADP and glutamate and associated 

synaptic plasticity can even occur from one and the same astrocyte (Covelo and Araque, 2018). 

Importantly, astrocyte-derived glutamate promotes hyperexcitability and neuronal synchrony 

(see section 4.5.2). Furthermore, GABAergic astroglial signaling has been shown to support 

hippocampal theta and gamma oscillations, that were reduced in astroglial GABABR cKO mice 

(Perea et al., 2016).  

Concluding, astroglial GABABR signaling at the interface of inhibition and excitation constitutes 

a hitherto undervalued factor in epileptic network function, which we sought to investigate in the 

following study. 
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5. AIMS OF THE STUDY 

Previous studies have highlighted the central role of astrocytes in epileptic network function. 

However, the role of GABAergic signaling to astrocytes, in particular GABABR-mediated 

gliotransmission and its consequences for network excitability in temporal lobe epilepsy (TLE) 

are not understood. 

Therefore, the central aim of this study is to investigate the contribution of astroglial 

GABABRs to pathological network function in TLE. 

 

To address this question, we devised the following work packages: 

• Adapt the intracortical kainate injection model of TLE 

The model will be optimized for minimal mechanical damage associated to the injection 

procedure and genuine baseline recordings will be implemented into the experimental paradigm. 

Furthermore, cortical surface electrodes (ECoG) will be integrated under the cranial window. This 

will enable us to conduct longitudinal studies via EEG telemetry or in vivo 2P Ca2+ 

imaging/ ECoG and ulterior immunohistochemical analysis. 

• Identify the contribution of astroglial GABABR function to seizure activity and 

histopathological features of TLE 

GABABR function will be investigated by means of transgenic mice with astrocyte-specific, 

inducible GABABR deletion (GABABR cKO) and expression of the genetically encoded Ca2+ 

sensor GCaMP3. To assess the overall epileptic phenotype, status epilepticus will be induced by 

intracortical kainate injection and seizure activity will be continuously evaluated via telemetric 

EEG recordings with synchronized video monitoring until the early chronic phase. 

• Characterize cortical astroglial Ca2+ signals of control and GABABR cKO mice in 

status epilepticus and latent phase 

We will examine the role of cortical GABABR-dependent astroglial Ca2+ signals during baseline, 

generalizing seizures (SE) and latent phase, via in vivo two-photon Ca2+ imaging combined with 

ECoG recording. 

• Evaluate impact of GABABR deletion on histopathological hallmarks of TLE 

Four weeks post kainate, during the early chronic phase, we will assess the extent of hippocampal 

astro-and microgliosis as well as granule cell dispersion on immune-stained brain slices.
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6. MATERIALS AND METHODS 

6.2. Materials 

6.2.1. Reagents 

Standard chemicals were purchased from customary companies including Sigma Aldrich, 

Eppendorf, Merck, BioRad, Invitrogen, Roche, Carl Roth, Amersham Biosciences, Serva, 

Thermo Fisher Scientific and BD Falcon. 

6.2.2. Consumables and kits 

Pipette tips, Sarstedt; glas pipettes, VWR International; Falcon-tubes, Greiner Bio-One; 

Eppendorf reaction tubes, Eppendorf; Venomix canulas, Braun; 96-well-PCR-reaction-tubes, 

4titude; 48-well-culture-plates, Sarstedt; object slides and cover slips, Menzel-Gläser; 

REDExtract-N-AmpTM Tissue PCR Kit, Sigma-Aldrich. 

6.2.3. Devices 

Table 2 List of devices 

Device Manufacturer 

AxioScan.Z1 Zeiss 

Centrifuges Eppendorf 

Telemetric EEG recording equipment Data Sciences International (DSI) 

Head holder 
Custom-made                                                  

(G. Stopper, Molecular Physiology) 

peqSTAR Thermo Cycler peqlab Biotechnologie GMBH 

Pipettes Brand 

Preparations- and perfusion instruments F.S.T. 

Quantum gel documentation system peqlab Biotechnologie GMBH 

Scales (CPA 8201/CPA 2245) Sartorius 
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Shaker DRS-12 neoLab 

Robot stereotaxic Neurostar 

Vacuum pump Integra Biosciences 

Vibratom VT1000S Leica 

Water facility Milli-Q Merck 

10 µl Nanofil syringe with 34 GA blunt needle World Precision Instruments 

Biosignal amplifier (g.USBamp) gTec 

Pre-amplifier g.(HEADstage) gTec 

Bead sterilisator F.S.T. 

 

6.2.4. LCP surface electrodes for ECoG recording 

Surface electrodes consisted of triple LCP layers (Dyconex AG, Switzerland) allowing for 

flexibility, yet maintaining stability, while the electric structure was made of a double gold layer. 

The gold electrode sites were coated with galvanized gold and at the end of the manufacturing 

process, electroplated with nanoporous platinum. To improve the mechanical stability and to 

preclude short circuits during the animal studies, epoxy resin (TC-EP05-24, TOOLCRAFT) was 

used to cover the connector and pads. Surface electrodes were electroplated and assembled by M. 

Schweigmann (Trier University of Applied Sciences/ Dpt. of Molecular Physiology, CIPMM, 

University of Saarland) (Schweigmann, Caudal et al., in press, Frontiers in Cellular 

Neuroscience). 



 Materials and Methods 

 

29 

 

6.2.5. Buffers and aqueous solutions 

PBS (Phosphate-buffered saline, 10x; pH 7.4) 

NaCl  1,.37 M 

KCl  27 mM 

Na2HPO4  100 mM 

KH2PO4  18 mM 

 

4 % Formaldehyde in 0.1 M PB (pH 7.4) 

Paraformaldehyde (PFA)  4 % (v/v) 

NaH2PO4  0,.2 M 

Na2HPO4  0,.2 M 

NaOH  10 M 

(a few drops to dissolve PFA) 

 

Tris-Acetate-EDTA-buffer (TAE, 50x) 

Tris-Base  1 M  

Acetic acid (100%)1mM 

EDTA  1 mM 

(Ethylendiamintetraacetate 0.5 M, pH 8)   
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DNA extraction solution (pH 9.5) 

KCl  0,.25 M 

EDTA  0,.01 M 

Tris-HCl  0,.1 M 

 

Neutralisation solution  

Bovine serum albumin  3 % 

Kathon   10 ppm 

(Methylchloroisothiazolinone, Methylisothiazolinone)   

 

Cortex buffer (cranial window; pH 7.4) 

NaCl  125 mM 

KCl  5 mM 

Glucose  10 mM 

HEPES  10 mM 

CaCl2  2 mM 

MgSO4  2 mM 

 

EEG implant cleaning solution in ddH2O 

Tergazyme  1 % (w/v) 

 

Syringe cleaning solution in ddH2O 

Hamilton cleaning solution 25 % (v/v) 

Immunohistochemistry 

Permeabilization-/blocking buffer and buffer for antibodies 5 % horse serum (HS), 0.3 % Triton-X-100 in 

1x PBS. 
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6.2.6. Enzymes 

REDTaq™DNA Polymerase (Sigma-Aldrich Co.) 

DreamTaqTM Hot Start Green DNA Polymerase (ThermoFischer) 

6.2.7. Drugs 

Tamoxifen (Caesar & Loretz) in Miglyol 10 mg/ml 

Kainate (Tocris) in 0.9 % NaCl 20 mM 

Ketaminhydrochlorid (Serumwerk Bernburg AG) 100 mg / ml 

Xylazinhydrochlorid (WDT) 20 mg / ml 

6.2.8. Antibodies 

6.2.8.1. Primary antibodies 

Table 3 Primary antibodies for immunohistochemistry 

Antigen Clonality Host Dilution Manufacturer 

Cx43 pc rabbit 1:1000 Sigma 

DCX pc guinea pig 1:500 Milipore 

GFAP mc mouse 1:500 Novocastra 

GFAP pc goat 1:1000 Abcam 

GFP pc goat 1:1000 Rockland 

GFP pc chicken 1:1000 Invitrogen 

Iba1 pc rabbit 1:500 Wako 

MFGE8 pc goat 1:1000 R&D Systems 

NeuN mc mouse 1:500 Milipore 
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6.2.8.2. Secondary antibodies 

 

Table 4 Secondary antibodies for immunohistochemistry 

 

6.2.9. Dyes 

 

Table 5 Dyes 

Component Working solution Manufacturer 

4′,6-Diamidin-2-phenylindol  

(DAPI) 

0.025 μg/ml Sigma, Taufkirchen 

Ethidium bromide 0.015 % Carl Roth, Karlsruhe 

Easy ladder - Bioline, Neunkirchen 

 

  

Host α-target Conjugated fluorophore Dilution Manufacturer 

Donkey α-goat 

Donkey α-chicken 
Alexa Fluor® 488 

1:1000 Invitrogen 

Donkey α-mouse Alexa Fluor® 546 1:1000 Invitrogen 

Donkey α-guinea pig Alexa Fluor® 633 1:1000 Invitrogen 

Donkey α-rabbit Alexa Fluor® 647 1:1000 Invitrogen 

Donkey α-goat Alexa Fluor® 750 1:1000 Invitrogen 

Donkey α-guinea pig Cy5 1:500 Abcam 



 Materials and Methods 

 

33 

 

6.2.10. Primers 

Table 6 Genotyping primers 

 

 

 

 

 

 

 

Name Serial 

number 

Sequence Amplicon 

GABAB 

forward 

24391 5'-TGGGGTGTGTCCTACATGCAGCGGACGG-3' 

KI 742 bp 

WT 

526 bp 
GABAB 

reverse 

24392 5'GCTCTTCACCTTTCAACCCAGCCTCAGGCAGGC-3' 

GCaMP3 KI 

forward 

27632 5'-CACGTGATGACAAACCTTGG-3' 

KI 245 bp 

WT 

327 bp 

GCaMP3 KI 

reverse 

27496 5'-GGCATTAAAGCAGCGTATCC-3' 

GCaMP3 WT 

forward 

14025 5'-CTCTGCTGCCTCCTGGCTTCT-3' 

GCaMP3 WT 

reverse 

14026 5'-CGAGGCGGATCACAAGCAATA-3' 

GLAST 

forward 

11984 5'-GAGGCACTTGGCTAGGCTCTGAGGA-3' 

KI 400 bp 

WT 

700 bp 

GLAST 

reverse 

11985 5'-GAGGAGATCCTGACCGATCAGTTGG-3' 

CreERT2 

reverse 

11986 5'-GGTGTACGGTCAGTAAATTGGACAT-3' 
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6.2.11. Genetically modified mouse lines 

6.2.11.1. Tamoxifen-inducible DNA recombination 

We took advantage of the CreERT2 – loxP system to conditionally delete target genes and express 

fluorescent reporter proteins, indicating DNA recombination (Feil et al., 2009) (Table 7). The 

CreERT2 fusion protein of Cre DNA recombinase and mutant ligand-binding domain of the human 

estrogen receptor is retained in the cytosol by heat shock proteins (HSP). The CreERT2 / HSP 

complex being sensitive to the bioactive tamoxifen metabolite 4-OH-tamoxifen, CreERT2 can 

dissociate from HSP upon tamoxifen administration and translocate to the nucleus (Feil et al., 

1997). Subsequently, CreERT2 mediates DNA recombination of target sequences flanked by loxP 

sites (floxed) (Sternberg and Hamilton, 1981; Hamilton and Abremski, 1984; Jahn et al., 2018). 

The particular assets of the CreERT2 – loxP system are cell-type specificity and temporal control 

of gene recombination. Notably, cell type-specificity is determined by the promotor chosen for 

CreERT2 expression (CreERT2 – driver line). 

 

Table 7 Single transgenic mouse lines 

 

CAG: cytomegalovirus immediate early enhancer / chicken beta-actin / rabbit beta-globin hybrid promoter; 

CreERT2: inducible Cre DNA recombinase fused to mutant ligand-binding domain of the human estrogen 

receptor; fl: flanked by loxP sites (floxed); GABABR1: GABAB receptor subunit 1; GLAST: glutamate 

aspartate transporter; MGI: Mouse Genome Informatics database; TgH: transgenic mouse line generated 

via homologous recombination; lsl: floxed stop cassette. *After tamoxifen administration. 

  

Transgenic mouse line Brief MGI ID Reference 

TgH (GLAST-CreERT2) 
astrocyte-specific              

CreERT2-driver line 
3830051 (Mori et al., 2006) 

TgH (GABABR1fl/fl) 
GABAB receptor 

deletion* 
3512743 (Haller et al., 2004) 

TgH (Rosa 26-CAG-lsl-GCAMP3) 
GCaMP3 reporter 

expression* 
5659933 (Paukert et al., 2014) 
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6.2.11.2. Astrocyte-specific GABAB receptor deletion and GCaMP3 reporter expression 

In this study, we focussed on astrocyte-specific manipulation of genes of interest and therefore 

employed the GLAST-CreERT2 driver line (Mori et al., 2006). The central interest was the 

conditional GABAB receptor (GABABR) deletion in astrocytes. Hence, the GLAST-CreERT2 line 

was crossbred to the GABABR1 fl/fl line , in which the floxed target gene is the GABABR subunit 1 

(gabbr1), more specifically exons 7 and 8, containing the GABA-binding region (Haller et al., 

2004). In addition, the GLAST-CreERT2 drives expression of the genetically encoded 

Ca2+- indicator GCaMP3 in astrocytes (Table 7, Figure 5 A). The GLAST- CreERT2 x GABABR1 

fl/fl x GCaMP3 line was employed for in vivo 2P-Ca2+- imaging combined with ECoG recording, 

telemetric EEG recording and immunohistochemical analysis. All mice were heterozygous for 

GLAST- CreERT2 and homozygous floxed for the GCaMP3 reporter stop cassette. GABAB cKO 

animals were homozygous floxed (gabbr1 fl/fl). Control animals were non-floxed (gabbr1 wt) or 

originated from the GLAST-CreERT2 x GCaMP3 line. All animals were treated with tamoxifen. 

6.2.12. Software 

Adobe Illustrator, Adobe InDesign, Adobe Photoshop, FIJI, Zen, Neuroscore (DSI), Ponemah 

6.51, Noldus MediaRecorder 4.0, MSparkles (Stopper et al., in preparation), 

MATLAB2019a/b - 2020a/b, Simulink (MATLAB), ScanImage, GraphPad Prism 8, Microsoft 

Office, NCBI; http://www.ncbi.nlm.nih.gov/pubmed, EndNote (Clarivate). 

6.2.13. Graphical elements 

Individual elements (e.g. receptors and channels) included in Figures 2, 4 and 19 were designed 

by Jens Grosche (Effigos AG, Leipzig). The graphical abstract, the brain model in Figure 9 A and 

the syringe icon (e.g. Figure 17 A) were generated with Biorender (https://biorender.com/). 
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6.3. Methods 

6.3.1. General 

6.3.1.1. Genotyping 

Genomic DNA extraction was performed on tail biopsy or ear punch samples by incubation with 

62.5 μl of extraction solution for 10 min. Subsequently, the solution was incubated at 95ºC for 20 

min and finally 50 μl of neutralisation solution was added. For genotyping, DNA samples were 

incubated with the prepared sample buffer from REDextract-N-Amp PCR KIT (Sigma Aldrich) 

or DreamTaqTM Hot Start Green DNA Polymerase (ThermoFischer) and different oligonucleotide 

primers (Table 6). The reactions were run in 96-well PCR plates in peQ ThermoCyclers (PeqLab 

Biotechnologie GMBH, Erlangen). Gel electrophoresis was run on 1-2 % agarose gels with 

ethidium bromide (0.015 %), subsequently exposed and documented with the Quantum Gel 

documentation system (peQlab Biotechnologie GMBH, Erlangen). 

6.3.1.2. Tamoxifen treatment 

In accordance with previously published data, tamoxifen treatment (TAM) consisted of five 

consecutive i.p. injections (100 mg/kg), once per day, to achieve maximal recombination level 

(Jahn et al., 2018). Animals were either treated at 4 or 8 weeks of age, resulting in 8 or 4 week 

intervals before experiment start, respectively. In the following, animal cohorts will be 

distinguished according to the time period between TAM treatment and analysis (cKO 4w, 

cKO 8w, Figure 5 B). 

6.3.1.3. Whole body perfusion fixation 

Animals were anesthetized with ketamine / xylazine (250 mg / kg and 50 mg / kg bodyweight in 

0.9 % NaCl) and dissected by performing a bilateral axillary thoracotomy to expose the heart. A 

butterfly needle was inserted into the left ventricle and the perfusion with 1x PBS was started by 

a peristaltic pump. Simultaneously, an incision of the superior vena cava allowed the blood to 

drain off. After perfusion with 15-20 ml 1x PBS, the animal was perfused with 4 % formaldehyde 

(FA) in PB. Fixation was considered complete after perfusion of 20-25 ml FA. Subsequently, the 

brain was dissected and post fixed in 4 % FA overnight (4°C). 
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6.3.2. Immunohistochemistry 

Fixed brains were sliced into coronal sections of 40 μm thickness, in PBS, at a Leica VT1000S 

vibratome and collected in 48-well culture plates containing 1x PBS. Vibratome sections were 

incubated for 1 h in blocking buffer (5 % HS, 0.3 % Triton X in 1x PBS) at room temperature. 

Sections were incubated with primary antibodies, diluted in the blocking solution overnight at 

4°C. The next day, sections were washed 3 times (10 min, 1x PBS) and incubated for 2 h at room 

temperature in the dark, with secondary antibodies and DAPI diluted in blocking buffer. 

Subsequently, the sections were washed and mounted in Shandon ImmuMount (Thermo 

Scientific). 

6.3.3. Surgeries and downstream in vivo procedures 

During any surgical intervention, animals were kept on a heating pad and the eyes were covered 

with Bepanthen eye ointment (Bayer, Germany). Instruments were sterilized in a hot bead 

sterilizer (FST). Antisepsis was ensured by applying a povidone iodine solution (Betaisodona, 

Mundipharma GmbH). In general, anaesthesia consisted of a volatile component (isoflurane - 5% 

for induction and 2% for maintenance - with O2 (0.6 l/ min) and N2O (0.4 l/ min)) as well as an 

analgetic component (buprenorphine (0.1 mg/kg, s.c.). Analgetic treatment was accompanied by 

anti-inflammatory drug administration (dexamethasone (0.2 mg/kg, i.p.)), except for kainate 

injections. Post-surgical care consisted of buprenorphine and dexamethasone administration and 

addition of tramadol hydrochloride (Grünenthal GmbH) to the drinking water (100 mg/ 200 ml) 

for three days, including the surgery day. 

6.3.3.1. Intracortical kainate injection 

Mice were placed in the stereotaxic frame (Robot stereotaxic, Neurostar) and injected with 70 nl 

of a 20 mM kainate solution (Tocris) in 0.9 % NaCl, above the right dorsal hippocampus (1.9 mm 

posterior to bregma, 1.5 mm from sagittal suture at a depth of 1.3 mm from the skull surface). 

Kainate was injected at a rate of 70 nl/ min with a 10 µl Nanofil syringe (34 GA blunt needle, 

World Precision Instruments, Sarasota, FL, USA). 

The syringe was kept in place for 2 min after the injection was completed, to avoid liquid reflux. 

The skin was closed by simple interrupted sutures (non-absorbable, F.S.T.). Control injections 

were performed with 0.9 % NaCl (saline). Animals were perfused for immunohistochemical 

analysis 4 or 28 days post injection. 
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6.3.3.2. EEG-transmitter implant and recording 

Using a stereotaxic frame (Robot stereotaxic, Neurostar, Tübingen, Germany), depth electrodes 

(extremities (≈ 0.5 cm) of insulation-deprived ETA-F10 transmitter wires) were implanted at 

3.4 mm posterior to bregma and bilaterally 1.6 mm from the sagittal suture and fixed to the skull 

with cyanoacrylate and dental cement. The ETA-F10 transmitter (DSI PhysioTel® ETA-F10, 

Harvard Bioscences, Inc. Holliston, Massachusetts, USA) itself was placed in a subcutaneous 

pouch in the flank, allowing for the wires to run subcutaneously to the implantation site. The skin 

was closed with a simple interrupted suture (absorbable suture thread, EickFil, Eickemeyer) and 

secured by Michel suture clips (F.S.T.). Cages were placed on individual radio-receiving plates 

(DSI PhysioTel® RPC-1, Data Sciences International, St. Paul, USA) and recorded EEG signals 

were transmitted, together with synchronized video recordings (MediaRecorder Software, Noldus 

Information Technology, Wageningen, Netherlands), to an input exchange matrix (DSI 

PhysioTel® Matrix 2.0 (MX2), Ponemah software, DSI, Data Sciences International, St. Paul, 

USA). The animals were monitored at least 30 min before the kainate injection (baseline) and for 

24 h (SE) - 14 days post kainate injection (early chronic phase). At the end of the respective 

recording period, animals were perfused and brains were processed for immunohistochemical 

analysis (Figure 5 C, E). 

6.3.3.3. ECoG electrode implant for combined in vivo 2P-LSM 

After exposing the skull, a custom-made holder for head restraining was applied and fixed with 

dental cement (RelyX®, 3M ESPE). Then, a standard craniotomy (3-4 mm in diameter) (Cupido 

et al., 2014; Kislin et al., 2014) was performed over the somatosensory cortex (3.4 mm posterior 

to bregma and mediolateral 1.5 mm) and the surface electrode was placed on the dura mater before 

applying the glass coverslip (Glaswarenfabrik Karl Hecht, #1.5 thickness code). The ground 

electrode (platinum wire) was placed centred on the cerebellum. Finally, and all components were 

fixed with dental cement. Three days post electrode implant (dpE), the first imaging session 

(baseline) took place. Within the following 2 days, animals were injected with either kainate or 

saline and imaged for about 2 h post injection (SE). 

Depending on the quality and visibility of the cranial window, animals were imaged on day(s) 4, 

8, 9, 10, 13 and/ or 18 post injection. Perfusion for immunohistochemical analysis was performed 

28 days post injection (Figure 5 D, E). 
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6.3.3.4. Awake imaging 

Prior to Ca2+ imaging sessions, animals were habituated according to adapted protocols without 

water restriction (Guo et al., 2014; Kislin et al., 2014). During imaging sessions, animals remained 

head-fixed. Isoflurane anesthesia was used to headfix mice and in between recording sessions. 

Individual recordings ranged from 5-15 min, depending on the animals’ condition. 

6.3.4. Microscopy and ECoG recordings 

6.3.4.1. In vivo two photon laser-scanning microscopy setup 

Images were acquired on a custom-made two photon laser-scanning microscope (2P-LSM) setup 

with a mode-locked Ti:sapphire laser (Vision II, Coherent) using ScanImage software (Pologruto 

et al., 2003). Additionally, the setup was equipped with XY-galvanometer-based scanning mirrors 

(Cambridge Technology). The excitation wavelength of the laser was tuned to 890 nm and a 

20x / 1.0 water-immersion objective (W Plan-Apochromat, Carl Zeiss) was used. Signals were 

detected by photomultiplier tubes (PMT) H10770PB-40 (Hamamatsu). Images were acquired 

with a frame rate of 3.3Hz at a laser power of 30-50 mW (under the objective). Field of views 

(FOV) consisted of a single focal plane for Ca2+-imaging and were chosen 256 µm x 192 µm 

(512 x 384 px), at a depth of 50-100 µm (from the dura mater). 

6.3.4.2. ECoG recording synchronized with in vivo 2P-LSM 

The ECoG recording system consisted of a 16-channel biosignal amplifier (g.USBamp, gTec) and 

a custom-made recording software (MATLAB / Simulink, MathWorks, M. Schweigmann). The 

ECoG signals were acquired with a sampling rate of 1.2 kHz. Raw signals (with exception of the 

synchronization signals) were filtered with a band pass filter of 0.5-250 Hz and a notch filter 

(50 Hz). An additional preamplifier (g.HEADstage, gTec) was used to avoid input saturation of 

the biosignal amplifier. In combined experiments with in vivo 2P-LSM, the driving voltage of the 

scanning mirrors was used to acquire synchronization signals per frame. 

6.3.4.3. Automated epifluorescence microscopy on fixed brain slices 

Immunostained brain slices were scanned with the automated slide scanner AxioScan.Z1 (Zeiss 

Jena, Germany). The slide scanner is an epifluorescence microscope equipped with a LED light 

source (Colibri 7; Zeiss Jena, Germany) as well as Plan-Apochromat 10x / 0.45 and 20x / 0.8 

objectives. Images were acquired with appropriate filter sets (Table 8) in 7 μm thick stacks, 

applying variance projection settings. 
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Figure 5 Experimental design 

A The tamoxifen-inducible GLAST-CreERT2 x GABABR1 fl/fl x GCaMP3 mouse line was employed for 

deletion of the astroglial GABAB receptor and expression of the Ca2+ sensor GCaMP3 in astrocytes. B Two 

different cKO induction protocols were designed to study the effects of GABAB receptor deletion after a 

short and a prolonged waiting period between tamoxifen injection and experiment start. C Animals were 

implanted with telemetric EEG transmitters possessing two electrode wires that were implanted 

intracerebrally. The recording started minimum 30 min before the kainate injection (baseline) and lasted 

for at least 24 h (SE) and up to 14 days (early chronic phase) post kainate injection. D After cranial window 

surgery and ECoG electrode application, Ca2+ imaging sessions took place before kainate injection 

(baseline), during SE and at various time points post injection. E At the end of the respective experiments 

(kainate injection alone or in combination with telemetric EEG / 2P-imaging and ECoG), animals were 

generally perfused 28 days post kainate / saline injections for immunohistochemical analysis. 

 

Table 8 AxioScan.Z1 filter sets 

Dye Excitation [nm] Beam splitter [nm] Emission [nm] 

DAPI 353 405 410 - 440 

Alexa Fluor 488 475 495 503 - 537 

Alexa Fluor 546/ 555 567 573 580 - 611 

Alexa Fluor 633/ 647/ Cy5 630 652 661 - 703 

Alexa Fluor 750 735 762 770 - 800 
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6.3.5. Data analysis 

6.3.5.1. Telemetric EEG data 

EEG data were analyzed with the Neuroscore software (Version 3.3.1., Data Sciences 

International). EEG signals were filtered with a 2-200 Hz band pass and 50 Hz band stop (Notch) 

filter. Absolute spectral powers of the lower γ range (30-50 Hz) were computed by fast Fourier 

transform (FFT) in 10 s episodes. Baseline recordings were averaged over 5 min and status 

epilepticus (SE) recordings over 10 min. Electrographic recordings were analyzed using a 

customized detection protocol adapted from (Deshpande et al., 2020) ( Table 9). Subsequently, 

the detected signals were manually screened and verified based on the synchronized video 

monitoring. 

 Table 9  Seizure detection parameters in Neuroscore 

 

Seizures were characterized by high frequency spiking and ceased with a post-ictal depression 

(flattening of the EEG). Furthermore, seizures were categorized as non-convulsive (nc, stages 1-

2) or convulsive (cs, ≥ stage 3) according to the following modified Racine scale described by 

Sharma and colleagues: “stage 1, absence-like immobility; stage 2, hunching with facial 

automatism and/or abducted forelimb/s; stage 3, rearing with facial automatism and forelimb 

clonus; stage 4, repeated rearing with continuous forelimb clonus and falling (loss of righting 

reflex); and stage 5, generalized tonic–clonic convulsions with lateral recumbence or jumping 

and wild running followed by generalized convulsions” (Racine, 1972; Sharma et al., 2018). The 

total duration of SE was defined from the first recorded seizure to the first seizure-free period 

lasting at least 1 h. The latent phase duration was considered as the time interval from 36 h post 

SE until the first spontaneous seizure (= beginning of chronic phase). 

6.3.5.2. Analysis of Ca2+ imaging and ECoG with MSparkles 

Ca2+ imaging data and simultaneously acquired ECoG recordings were analyzed with the custom-

made MATLAB tool MSparkles version 1.8.19 (Stopper et al., in preparation). Ca2+ imaging data 

were pre-processed and subsequently analyzed with the activity-dependent method (Table 10). 

Absolute threshold [µV] 10 x standard deviation of the baseline 

Maximum spike interval  0.1-2.5 s 

Minimum train duration 10 s 

Minimum number of spikes 50 
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Analyzed Ca2+ signal properties (amplitude, duration, integrated fluorescence, ROI area) were 

averaged per recorded field of view (FOV). ECoG data were processed with an extension of 

MSparkles’ Ca2+ analysis module (G.Stopper, unpublished). Pre-processing and analysis 

parameters are summarized in Table 11. 

Table 10 Ca2+ signal analysis parameters in MSparkles 

Activity-dependent Ca2+ signal analysis 

Pre-processing 

Digital gain (offset) 50 brightness level [A.U.] 

PURE-LET denoise  

Temporal median filter Kernel half-size = 2 samples 

Stack registration Reference = frame 1 

F0 configuration 

Smoothing: gauss filter Kernel half-size = 5 px; σ = 2 

Outlier removal: mean SD Iterations = 3; σ = 2 

Guidance signal Order = 6; optimizer = min. error 

F0 fit Polynomial order = 5 

ROI detection & analysis 

Detrending (F-F0) / F0 

Segmentation method: correlation Threshold = 0.6 

Range image smoothing σ = 1; median filter size = 3 

Guided threshold Detector sensitivity = 95 % 

Minimum ROI area 20 px 

Signal filtering Iterations = 3; kernel half-size = 7 

Minimum peak prominence 0.15 

Signal duration reference 
Full width at half maximum (50 %); 

sub-signals excluded 

Maximum signal duration 50 s 

Signal classification thresholds (amplitude) 0.3, 0.5, 1, 1.5 

Synchronicity analysis 

Synchronicity duration reference 25 %; sub-signals excluded 

Synchronicity threshold for analysis 0.5 (=50 % of simultaneously active ROIs) 
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Table 11 ECoG analysis parameters in MSparkles  

 

Out of eight recording channels, a single channel with the best signal-to-noise-ratio was chosen 

for analysis. Detected epileptiform events were manually sub-classified in seizures (clear post 

ictal depression) and spike trains (Figure 6 B). Synchronous Ca2+ events involving the 

simultaneous activation of ≥ 50 % of detected ROIs (Figure 6) were analyzed in terms of general 

properties (e.g. duration, peak value) and occurrence with respect to the type of epileptiform 

event. 

Ca2+ waves originating during strong animal movement or appearing as spreading depression-like 

waves at the end of epileptiform events were excluded from further analysis. To assess the timing 

(offset) between the ECoG and Ca2+ elevations, the cross-correlation between the average epoch 

power over all eight ECoG channels (10 s epochs) and synchronicity index was computed. For 

analysis, only events with correlation coefficients ≥0.7 were considered and events with double 

synchronicity peaks were excluded (Figure 6 C). Positive offset indicates that the EEG epoch 

power is led by the synchronous Ca2+ event and vice versa for negative offset values. 

ECoG analysis 

Pre-processing 

Notch filter 50 Hz 

Band pass filter 2-200 Hz 

Spike train detection 

Threshold 200 % of baseline  

Maximum spike interval 2.5 s 

Minimum train duration 10 s 

ECoG and mean Ca2+ fluorescence correlation analysis  

Gauss filter (ECoG) Width = 0.025 s; σ = 10 
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Figure 6 Analysis of epileptiform and synchronous Ca2+ events 

A Heatmap illustrating synchronous rises in fluorescence ((F-F0)/F0)). B ECoG signal with detected 

epileptiform events (blue = spike train; green = seizure). C Synchronicity index reporting the proportion of 

simultaneously active ROIs. Red asterisk marks an exclusion criterium for correlation analysis due to 

double synchronicity peaks. 
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6.3.5.3. Immunohistochemical data 

Immunostainings were analyzed via measurement of fluorescence intensity in cortex and 

hippocampus of ipsi- and contralateral sides (Figure 7). On average the cortical ROIs measured 

3.2 ± 0.6 mm2, the hippocampal ROIs measured 2.8 ± 0.5 mm2 and hypothalamic areas for 

normalization measured 0.9 ± 0.3 mm2. To asses the extent of granule cell dispersion, the granule 

cell layer width was measured at four positions (T1-T4) on the upper and lower blades of the 

dentate gyrus (Deshpande et al., 2020) (Figure 7). The positions were determined by drawing a 

line from the hilus to the bend of the upper blade (continuous line, Figure 7). At the lateral 

extremity, another vertical line was drawn (D, Figure 7). T1 / T2 were measured at the lateral 

extremity of line D and T3 / T4 were measured medially, at halfway from the tip of the hilus. T1-

T4 were then averaged per slice. 

Figure 7 Fluorescence intensity measurement and granule cell dispersion (GCD) assessment 

ROIs for fluorescence intensity measurements in cortex and hippocampus (yellow) and measurements of 

the dentate gyrus granule cell layer width (right panel modified from (Deshpande et al., 2020). 

6.3.5.4. Statistics 

Statistical analysis was conducted with GraphPad Prism 8. Datasets were tested for normality and 

handled according to parametric and non-parametric statistical procedures. Outlier detection was 

performed with GraphPad Prisms Rout method (Q = 1 %). Data are presented as mean ± SEM or 

median with interquartile range (IQR), test details are given in the corresponding figure legends. 

6.3.6. Mouse administration and veterinary licenses 

Mice administration was performed with PyRAT (Python based Relational Animal Tracking, 

Scionics Computer Innovation GmbH). Animals were kept and bred in the animal facility of the 

Center for Integrative Physiology and Molecular Medicine (CIPMM, Homburg) in strict 

accordance with the European and German guidelines for the welfare of experimental animals. 

Animal experiments were approved by the Saarland state’s “Landesamt für Gesundheit und 

Verbraucherschutz" in Saarbrücken/ Germany (license number: 71/2013, 36/2016, 08/2021). 
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7. RESULTS 

7.2. Adaptation of the unilateral intracortical kainate injection model 

of temporal lobe epilepsy 

7.2.1. Optimized injection procedure 

To apply the unilateral intracortical kainate injection model of human temporal lobe epilepsy 

(TLE) (Bedner et al., 2015) for in vivo 2P-imaging, we adapted it with the primary objective to 

further reduce mechanical tissue damage. Essential modifications included the use of a thinner 

injection needle (34 G vs 28 G) and reduction of injection depth (DV:1.3 mm vs 1.5 mm). In 

addition, we temporally separated the procedures of EEG transmitter implantation and kainate 

injection to record a genuine baseline pre kainate administration. The first step in confirming the 

model validity, was to record telemetric EEG data and perform immunohistochemical analysis 

after saline injection (Figure 8 A). As expected, saline injection did not induce seizures and only 

occasionally isolated spikes could be observed (Figure 8 B). We assessed glial cell reaction 

caused by the cortical lesion in the acute state four days post injection and 28 days post injection, 

since in the chosen TLE model, histopathological hallmarks manifest three to four weeks post 

kainate injection (Bedner et al., 2015; Deshpande et al., 2020). We stained for GFAP and Iba1 to 

visualize the glial scar formed by reactive astrocytes and activated microglia, respectively. Four 

days post injection, we observed strong glial activation at the injection site that extended beyond 

the non-acutely lesioned tissue (Figure 8 C). At this time point, microglial reaction is already well 

advanced, since microglia respond within minutes to hours after CNS injury. The peak of 

astroglial reactivity however is expected four to seven days later (Burda and Sofroniew, 2014). 

In the early chronic phase, 28 days post injection, the large inflammatory reaction had subsided 

and activated astrocytes and microglia were restricted to the lesion core (Figure 8 C). Importantly, 

no considerable mechanical damage was inflicted on the hippocampus and no prolonged cortical 

or hippocampal inflammation could be observed outside the lesion core. 
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Figure 8 Unilateral intracortical saline injection induces an acute lesion but neither electrographic 

seizures nor histopathological hallmarks of TLE 

A Animals were implanted with EEG transmitters and received a unilateral intracortical saline injection. 

Immunohistochemical analysis (IHC) was performed 4 or 28 days post injection to assess acute and chronic 

effects. B Saline injection does not induce electrographic seizures; example trace displays the first 12 h 

post injection. C The unilateral intracortical injection provokes an acute cortical lesion, marked by 

microglial (Iba1) and astroglial (GFAP) activation four days post injection. 28 days post injection, the 

global inflammatory reaction declined leaving a glial scar restricted to the injection site. The hippocampus 

was not subjected to mechanical damage and did not exhibit any macroscopic pathological changes. Scale 

bar = 500 µm. dbi: days before injection, dpi: days post injection. 
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7.2.2. Generalizing seizures spread to contralateral cortical areas and evoke 

stereotypical astroglial Ca2+ waves 

The intracortical kainate injection model of TLE (Bedner et al., 2015) was further adapted for in 

vivo 2P-imaging synchronized with ECoG recording. In this context, we faced two major 

concerns. Firstly, we intended to avoid performing the injection inside or in close proximity to 

the cranial window, since the acute lesion and direct kainate application may additionally modify 

Ca2+ signals. Secondly, we aimed at performing baseline recordings prior to kainate injection in 

order to obtain individual internal controls. Thus, we exploited the characteristic feature of 

secondarily generalizing seizures to propagate to other brain areas, including contralateral 

structures. We temporally and spatially dissociated the cranial window including cortical surface 

electrode implantation (ECoG, right hemisphere) and kainate injection site (left hemisphere) 

(Figure 9 A). The eight-channel liquid crystal polymer (LCP) ECoG electrode allowed for 

simultaneous Ca2+ imaging via a central optical window and showed excellent long-term 

biocompatibility in vivo (Figure 9 A, Suppl. figure 7, Schweigmann, Caudal et. al, in press, 

Frontiers in Cellular Neuroscience). Combined in vivo 2P-imaging and ECoG recording in SE 

revealed the manifestation of large, stereotypical astroglial Ca2+ waves during generalized 

seizures (Figure 9). The described waves occupied the entire field of view (FOV) and could be 

observed in control and astroglial GABABR cKO animals (Figure 9 B). 
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Figure 9 Synchronized ECoG recording and in vivo 2P Ca2+ imaging revealed the generation of 

stereotypical astroglial Ca2+ waves in the cortex during seizures 

A The eight-channel liquid crystal polymer surface micro-electrode was implanted underneath the cranial 

window, contralateral to the kainate injection site. The central spare square of the LCP electrodes allowed 

for simultaneous in vivo 2P-Ca2+ imaging and ECoG recording (blue traces). The eight electrode contacts 

are arranged in a square manner around the imaging field. In status epilepticus, large astroglial Ca2+ waves 

were observed during seizure episodes. B These larges Ca2+ waves encompassed the entire field of view 

and occurred in controls and GABABR cKOs. Single frames of in vivo 2P-recordings of one field of view 

(FOV), scale bars = 50 µm. 
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7.2.3. Cortical astroglial Ca2+ signaling is enhanced during kainate-evoked 

epileptiform activity in vivo 

The second aspect in the validation of our TLE model for in vivo 2P Ca2+ imaging was to verify 

the specificity and reliability of intracortical kainate injection in the modulation of basic Ca2+ 

signal properties in the contralateral hemisphere. In contrast, saline injection gives insight into 

potential changes of Ca2+ signal properties originating from the simple mechanical damage in the 

contralateral hemisphere. Thus, we considered GABABRwt x GLAST-CreERT2 x GCaMP3 

(ctrl 8w) and GABABRfl/fl x GLAST-CreERT2 x GCaMP3 (cKO 8w) mice separately in the 

analysis of general Ca2+ signal properties in baseline, status epilepticus (SE) and four days post 

(4 dpi) kainate (KA) or saline (sal) injection (Figure 10 A). 

In SE, Ca2+ signal amplitude was increased two-fold compared to baseline 

(SE ctrl KA = 1.2 ΔF/F0 vs base ctrl KA = 0.6 ΔF/F0; p = 0.0005; medians) and 1.7-fold 

compared to SE after saline injection in controls (SE ctrl KA = 1.2 ΔF/F0 vs 

SE ctrl sal = 0.7 ΔF/F0; p = 0.049; medians) (Figure 10 B). GABABR cKOs showed similar 

increases of Ca2+ signal amplitude of 1.4 times compared to baseline (SE cKO KA = 0.7 ΔF/F0 

vs base cKO KA = 0.5 ΔF/F0; p = 0.007; medians) and SE post saline (SE cKO KA = 0.7 ΔF/F0 

vs SE cKO sal = 0.5 ΔF/F0; p = 0.03; medians) (Figure 10 C). Moreover, kainate injection 

prolonged Ca2+ signal duration in both groups during SE. In comparison to baseline, kainate-

treated control animals exhibited a prolongation of 5.6 s (SE ctrl KA = 12.6 s vs 

base ctrl KA = 7.0 s; p = 0.001; medians) (Figure 10 D). Meanwhile, direct comparison of 

kainate- and saline-induced SE showed a non-significant prolongation in controls 

(SE ctrl KA = 12.6 s vs SE ctrl sal = 7.8 s; p = 0.08; medians) (Figure 10 D). Likewise, kainate-

treated cKOs displayed prolongation of Ca2+ signals by 5.0 s relative to baseline 

(SE cKO KA = 12.7 s vs base cKO KA = 7.7 s; p < 0.0001; medians) and 6.1 s relative to saline 

injection (SE cKO KA = 12.7 s vs SE cKO sal = 6.6 s; p < 0.0001; medians) (Figure 10 E). In 

line with signal amplitudes and durations, integrated fluorescence was elevated in both controls 

and cKO during SE. Controls exhibited a 2.6-fold rise in integrated fluorescence compared to 

baseline (SE ctrl KA = 32.0 ΔF/F0*s vs base ctrl KA = 12.2 ΔF/F0*s; p = 0.0003; medians) and 

SE post saline (SE ctrl KA = 32.0 ΔF/F0*s vs SE ctrl sal = 12.4 ΔF/F0*s; p = 0.03; medians) 

(Figure 10 F). In the same order of magnitude, cKOs showed 2.4 and 2.7-fold integrated 

fluorescence elevations in SE compared to baseline (SE cKO KA = 23.8 ΔF/F0*s vs 

base cKO KA = 9.9 ΔF/F0*s; p < 0.0001; medians) and saline injection 

(SE cKO KA = 23.8 ΔF/F0*s vs SE cKO sal = 8.6 ΔF/F0*s; p < 0.0001; medians), respectively 

(Figure 10 G). 
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ROI area was unaffected by kainate injection in controls, while an expansion from 85 µm post 

saline to 141 µm post kainate (medians, p = 0.004) was observed in cKO (Figure 10 H, I). 

Four days post kainate injection (4 dpi, latent phase), GABABR cKO Ca2+ signal dimensions 

return to baseline levels (Figure 10 C, E, G, I) while control animals present reduced signal 

amplitude (4 dpi ctrl KA = 0.45 ΔF/F0 vs base ctrl KA = 0.6 ΔF/F0; p = 0.02; medians) (Figure 

10 B), integrated fluorescence (4 dpi ctrl KA = 4.1 ΔF/F0*s vs base ctrl KA = 12.2 ΔF/F0*s; 

p = 0.007; medians) (Figure 10 F) and ROI area (4 dpi ctrl KA = 87 µm vs 

base ctrl KA = 137 µm; p = 0.03; medians) (Figure 10 H). 

Recapitulating, kainate specifically induced robust increases of Ca2+ signal amplitude, signal 

duration and integrated fluorescence in SE, across groups. Modulation of ROI area was less 

notorious in SE. In the latent phase, cKO Ca2+ signal dimensions return to baseline levels while 

controls experience lasting reductions. Saline injection had no effects on contralateral Ca2+ signal 

amplitude, signal duration, integrated fluorescence or ROI area at any investigated time point, in 

any group (Figure 10 B - I). 

Thus, in vivo 2P Ca2+ imaging contralateral to the kainate injection site (Figure 9) is unaffected 

by the injection procedure in terms of general Ca2+ signal dimensions and constitutes a valid 

model to study astroglial Ca2+ signaling in epileptic network function. 

  

Figure 10 Kainate but not saline injection acutely enhanced general Ca2+ signal characteristics 

A GABABR cKO and GCaMP3 expression in astrocytes was induced eight weeks prior to the experiment 

start. In vivo 2P Ca2+ imaging was performed during baseline, status epilepticus (acute) and four days post 

saline or kainate injection (4 dpi, latent phase). B Ca2+ signal amplitude was increased post kainate injection 

compared to baseline and saline injection in control. Four days post kainate injection (4 dpi),  

signal amplitudes fell below baseline levels. C In cKO, Ca2+ signal amplitude was enhanced in kainate-

induced SE with respect to baseline and saline injection. D-E Ca2+ signals are prolonged post kainate 

injection in control and cKO. F Integrated fluorescence was increased in controls during kainate-induced 

SE and reduced four days post kainate. G Kainate raised integrated fluorescence levels during SE in cKOs. 

H In controls, ROI area was unaffected by kainate-induced SE but reduced four days post kainate injection 

(4 dpi). I ROI area was transiently increased during kainate-induced SE in cKOs. 

Stats: large data points represent averages of field of views (n), colour-coded per animal (N). Baseline ctrl 

saline n = 11 FOV, N = 3 animals; baseline ctrl kainate n = 21 FOV, N = 5 animals; Baseline cKO saline 

n = 16 FOV, N = 3 animals; baseline cKO kainate n = 21 FOV, N = 5 animals; SE ctrl saline n = 12 FOV, 

N = 3 animals; SE ctrl kainate n = 19 FOV, N = 5 animals; SE cKO saline n = 14 FOV, N = 3 animals; SE 

cKO kainate n = 19 FOV, N = 5 animals; 4 dpi ctrl saline n = 4 FOV, N = 1 animals; 4 dpi ctrl kainate 

n = 9 FOV, N = 3 animals; 4 dpi cKO saline n = 9 FOV, N = 2 animals; 4 dpi cKO kainate n = 8 FOV, 

N = 2 animals. Kruskal-Wallis test followed by Dunn’s post hoc test. Grey data points in the background 

display single Ca2+ signals. 
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7.3. Astroglial GABABR loss induces anti-epileptic phenotype 

The selected TLE model recapitulates the chronology of events seen in the human condition, 

namely the initiation by a precipitating event (acute phase) followed by an electrographically 

silent phase (latent phase) and finally the spontaneous recurrence of seizures (chronic phase) 

(Bedner et al., 2015). To investigate the global role of astroglial GABABR cKO in TLE, we 

implanted telemetric EEG transmitters in GABABRfl/fl x GLAST-CreERT2 x GCaMP3 mice and 

monitored seizure activity together with synchronized video recording from 30 min pre kainate 

injection (baseline) until 14 days post kainate (early chronic phase). GABABR cKO was induced 

at two different time points to investigate whether the longevity of pre-existing GABABRs after 

excision of floxed DNA sequences would affect the outcome. The first cohort, cKO 4w, has a 

four week waiting period between cKO induction and experiment start, while the second cohort 

cKO 8w is induced earlier and therefore has a prolonged receptor deletion period of eight weeks 

(Figure 11 A). 

Experimental status epilepticus (SE) elicited by kainate injection, corresponding to the acute 

phase, is characterized by high seizure frequency (Figure 11 B). In our paradigm, SE lasted in 

median for 2.83 h (IQR = 1.86) in control animals. The cKO 4w group exhibited a similar median 

SE duration of 2.91 h (IQR = 0.63), while the cKO 8w group displayed a slight, yet not 

significant, reduction to 1.96 h of median SE duration (IQR = 2.58) (Figure 11 C). Similarly, the 

average duration of individual seizures in SE did not vary significantly among control and 

GABABR cKO animals. In median, seizures had a duration of 47.5 – 54.6 s (ctrl: median = 53, 

IQR = 20.1; cKO 4w: median = 54.6, IQR = 19.1; cKO 8w: median = 47.5, IQR = 50.3) (Figure 

11 B, D). The total number of seizures during SE was unchanged in GABABR cKO 4w but 

significantly reduced by 70 % in the cKO 8w group (ctrl: median = 24, IQR = 18; cKO 4w: 

median = 21, IQR = 13; cKO 8w: median = 7, IQR = 16; p = 0.02) (Figure 11 B, E). Further sub-

classification of seizures into non-convulsive (nc) and convulsive (cs) (see section 6.3.5.2) 

uncovered that control animals tend to have more non-convulsive than convulsive seizures, while 

this trend is gradually reversed after GABABR cKO induction (Figure 11 F). Moreover, this 

classification revealed that the astroglial GABABR cKO specifically reduces the number of non-

convulsive seizures from 11 (ctrl) to 2 (cKO 8w) in median, after a prolonged waiting period post 

cKO induction (ctrlnc: IQR = 8.5; cKO 8wnc: IQR = 8; p = 0.03) (Figure 11 F). 
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In addition, we calculated the total time spent in ictal activity by summing up the individual 

seizure durations. Despite similar average seizure durations in all groups (Figure 11 D), GABABR 

cKO 8w animals spent significantly less time in ictal activity compared to controls (Figure 11 G), 

due to the reduced seizure number in general (Figure 11 E). While controls spent 22.5 min in ictal 

activity during SE, cKO 8w animals experienced a 3.6-fold reduction, corresponding to 6.2 min 

total time in ictal activity in median (Figure 11 G). 

The severity of SE is commonly assessed by quantifying (lower) γ-band power (30-50 Hz), since 

it has been associated with hypersynchronous network activity, seizure onset and seizure 

propagation in the temporal lobe (Sato et al.; Lévesque et al., 2009; Deshpande et al., 2020). 

Firstly, we quantified the relative increase of γ-band power during SE over baseline. In general, 

γ-band power was increased at least 2.7 times over baseline level during SE (Figure 11 H, I). 

Notably, control animals displayed a higher increase in γ-band power than GABABR cKO animals 

(medians, 3.6 x vs. 2.7-2.8 x, p = 0.03). To further clarify the origin of this reduction, we 

quantified absolute γ-band powers separately in baseline (Figure 11 J) and SE (Figure 11 K). 

During baseline conditions, GABABR cKO 8w animals had significantly reduced γ-band power 

compared to controls and cKO 4w (median 1.8-fold reduction, p = 0.0001) (Figure 11 H, J). In 

SE, cKO 4w show a slight, non-significant 1.3-fold median decrease in γ-band power, while 

cKO 8w show a significant, 2.5-fold median reduction compared to controls and a median 

reduction by 50 % compared to cKO 4w (Figure 11 H, K). Consequently, the lowest γ-band 

powers in baseline and SE were observed in GABABR cKO 8w, after a prolonged receptor 

deletion period. The intermediate cKO 4w time point did only slightly reduce γ-band power 

during SE, but not in baseline conditions. 

As previously mentioned, the acute phase is followed by a latent phase characterized by the 

absence of electrographic seizures until the spontaneous recurrence of a seizure, marking the 

beginning of the chronic phase. Control and cKO 8w animals had similar latent phases of 6.3 and 

6.5 days in median, while cKO 4w animals had a longer latency of 8 days in median (ctrl: 

IQR = 2.3; cKO 4w: IQR = 5.5; cKO 8w: IQR = 8.5; p = 0.02) (Figure 11 L).  
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Disease progression and severity is represented by the number of spontaneous seizures during the 

chronic phase (Deshpande et al., 2020). We quantified the cumulative seizure burden, by 

summing up individual seizures, until day 14 post kainate injection. In this early chronic phase, 

both GABABR cKO cohorts show a similar reduction in chronic cumulative seizure number 

compared to controls (Figure 11 M). Until two weeks after kainate injection, control animals had 

8 seizures while GABABR cKOs had 4 seizures on cumulated average. Due to the high inter-

individual variability inherent to in vivo disease models, no statistical differences were detected. 

However, the already apparent differences are likely to become more obvious later in disease 

progression. 

Summarizing, the astroglial GABABR deletion potently reduced the acute seizure burden in SE, 

which was accompanied by reduced power in the lower γ-band in baseline conditions as well as 

in SE. These effects were dependent on a longer receptor deletion period (cKO 8w). Our data 

further suggest a reduction in early chronic seizure burden in GABABR cKO, irrespective of cKO 

induction protocol. 

Figure 11 Astroglial GABABR loss reduces seizure burden and γ band power 

A Two different protocols to study the GABABR cKO effect after a short (cKO 4w) or long (cKO 8w) 

period post tamoxifen injection. Telemetric EEG recording was performed from 30 min pre (baseline) until 

14 days post kainate injection. Brains were further processed for immunohistochemical analysis 28 days 

post kainate. B Representative EEG traces during status epilepticus (SE). Individual seizures highlighted 

by stars are magnified in the right panel. C SE duration was not significantly different between control and 

astroglial GABABR cKO animals, irrespective of cKO induction time point. D Average seizure duration 

was comparable between all cohorts. E The median number of seizures during SE was reduced by 70% in 

cKO 8w compared to control animals. F Behaviour-based classification of seizures into convulsive (cs) and 

non-convulsive (nc) revealed specific reduction of nc seizures in the GABABR cKO 8w group. G The 

prolonged cKO induction period (cKO 8w) reduced the total time spent in ictal activity during SE to 30% 

relative to controls and cKO 4w animals. H Power spectra of the lower γ range (30-50 Hz) during baseline 

(base) and SE illustrate the increase of lower γ power in SE as well as the reduction of baseline lower γ 

power in astroglial GABABR cKOs. I Normalized lower γ power (SE/base) reflects an up to 3.6-fold 

increase of lower γ power in SE over baseline levels in control animals but was reduced in GABABR cKOs. 

Spectral powers were calculated via fast Fourier transform (FFT) in 10s episodes, averaged over 10min 

during SE and normalized to the baseline average. J Prolonged GABABR cKOs (8w) had significantly 

reduced baseline absolute lower γ power compared to cKO 4w and controls. Spectral powers were 

calculated via FFT in 10 s episodes and averaged over 5 min. K In SE, absolute lower γ power was 

significantly reduced in GABABR cKOs with cKO 8w induction compared to controls and cKO 4w. 

Spectral powers were calculated by FFT in 10 s episodes and averaged over 10 min. L The latent period 

lasted for 6.3 days in median (ctrl and cKO 8w), but up to 8 days in cKO 4w animals. M The cumulative 

seizure burden post SE up to the early chronic phase suggests sustained anti-epileptic effect of astroglial 

GABABR cKO. Data are displayed as mean ± SEM. Stats: Data points indicate individual animals. Control 

N = 9, cKO 4w N = 7, cKO 8w N = 3. Kruskal-Wallis test followed by uncorrected Dunn’s test. * p <0.05, 

**** p >0.0001. 
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7.4. The role of GABABR-dependent astroglial Ca2+ signaling in 

generalized epileptic network function 

Based on the previous finding of reduced seizure burden after astroglial GABABR deletion, we 

hypothesized a role for GABABR-signaling in the maintenance and promotion of secondarily 

generalizing seizures. More specifically, we focused astroglial Ca2+ signaling in the cortex during 

generalized epileptiform activity, since it was previously shown to promote the spread of 

epileptiform activity within the hippocampus (Heuser et al., 2018). To gain a comprehensive 

insight into the modulation of cortical astroglial Ca2+ signaling in TLE, we explored general Ca2+ 

signal properties in baseline, status epilepticus and latent phase (4 days post kainate) by 

combining in vivo 2P Ca2+ imaging and electrocorticography (ECoG). These experiments were 

conducted in control and GABABR mutant mice with GCaMP3 expression, 8 weeks post 

tamoxifen administration (cKO 8w). 

7.4.1. Basic Ca2+ signal properties are not affected by astroglial GABABR deletion 

prior to kainate or saline injection 

To investigate the role of astroglial GABABRs in physiological conditions, we compared basic 

Ca2+ signal properties before kainate or saline injection (baseline) of control and GABABR 

cKO 8w mice (Figure 12 A). Ca2+ signals were analyzed using the custom-made MATLAB tool 

MSparkles (Stopper et al., in preparation). Specifically, regions of interest (ROI) were 

automatically generated via the activity-dependent analysis mode (see section 6.3.5.2). To 

evaluate the recorded Ca2+ signals, we focused on basic properties such as peak amplitude (ΔF/F0), 

signal duration (s), integrated fluorescence (integral of fluorescence amplitude during the lifetime 

of the signal, ΔF/F0*s) and ROI area (µm2). 

Ca2+ signal amplitudes were similar between all groups, ranging from 0.51 – 0.60 ΔF/F0 in median 

(Figure 12 B). Similarly, Ca2+ signals had median durations of 6.6 – 7.6 s and did not significantly 

differ between groups (Figure 12 C). Along the same lines, no significant difference in integrated 

fluorescence was detected among the different cohorts (9.6-12.2 ΔF/F0*s in median) (Figure 

12 D). Control and GABABR cKOs also exhibited comparable ROI areas extending from 

109 – 144 µm2 in median (Figure 12 E). 
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Figure 12 General Ca2+ signal properties do not differ between control and GABABR cKO during 

baseline 

A GABABR cKO and GCaMP3 expression in astrocytes was induced eight weeks prior to the experiment 

start. In vivo 2P Ca2+ imaging was performed before saline or kainate injection to establish baseline 

conditions. B Baseline Ca2+ signal amplitude was comparable between control and cKO. C In median, 

baseline Ca2+ signals had a duration of 6.6 – 7.6 s across cohorts. D Integrated fluorescence levels were 

similar in all groups during baseline imaging. E ROI area ranged from 109 – 144 µm2 and did not 

significantly differ between controls and cKOs. Stats: large data points represent averages of field of views 

(n), colour-coded per animal (N). Baseline ctrl saline n = 11 FOV, N = 3 animals; baseline ctrl kainate 

n = 21 FOV, N = 5 animals; Baseline cKO saline n = 16 FOV, N = 3 animals; baseline cKO kainate 

n = 21 FOV, N = 5 animals. Kruskal-Wallis test followed by Dunn’s post hoc test. Grey data points in the 

background display single Ca2+ signals. 
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When comparing control and GABABR cKO baseline recordings of the two different tamoxifen 

protocols (4w vs 8w), no differences in Ca2+ signal amplitude, duration or ROI area were detected 

(Suppl. figure 1). Only the integrated fluorescence was increased in controls from 5.9 ΔF/F0*s in 

cKO 4w to 12.2 ΔF/F0*s in cKO 8w. GABABR cKOs displayed a non-significant increase in 

integrated fluorescence between 4w and 8w protocols (5.7 ΔF/F0*s in 4w versus 10.0 ΔF/F0*s in 

8w) (Suppl. figure 1 D). Summarizing, the deletion of the astroglial GABABR did not change 

basic Ca2+ signal properties in physiological conditions, compared to controls. In comparison, 4w 

control and cKO groups showed an increase in integrated fluorescence of comparable magnitude 

versus 8w groups, potentially reflecting the prolonged GCaMP3 expression due to an earlier 

tamoxifen injection time point. Of note, baseline values of cohorts that later received saline or 

kainate injection did not differ within control or cKO groups, establishing equal starting 

conditions. 

7.4.2. Astroglial Ca2+ signal properties are amplified in GABABR cKOs during 

status epilepticus and depressed in controls during the latent period 

To elucidate the impact of astroglial GABABRs on Ca2+ signaling during status epilepticus and 

latent phase, we profited from our experimental design and normalized the investigated Ca2+ 

dimensions to the individual baselines. Hence, we compared relative changes of Ca2+ signal 

amplitude, signal duration, integrated fluorescence and ROI area between GABABRwt x GLAST-

CreERT2 x GCaMP3 and GABABRfl/fl x GLAST-CreERT2 x GCaMP3 animals, eight weeks post 

tamoxifen injection (cKO 8w) (Figure 13 A).  

Figure 13 Ca2+ signal dimensions are acutely enhanced in GABABR cKOs and reduced in controls 

during the latent phase 

A Astroglial GABABR cKO and GCaMP3 expression was induced eight weeks prior to experiment start. 

In vivo 2P Ca2+ imaging was performed during baseline, status epilepticus (acute) and latent phase (four 

days post saline or kainate injection). B Normalized Ca2+ signal amplitude was significantly increased in 

kainate-induced SE compared to saline in cKOs. In the latent phase, kainate-treated controls had reduced 

Ca2+ signal amplitudes compared to SE as well as compared to kainate-treated cKO in the latent phase. C 

Kainate-injected cKOs displayed acutely prolonged Ca2+ signal durations in SE compared to saline, which 

returned to baseline levels in the latent phase. Controls displayed a non-significant prolongation of Ca2+ 

signal duration in kainate vs saline-induced SE, but a significantly shorter duration in the latent phase 

compared to SE. D Integrated fluorescence was increased in controls and cKOs in kainate-induced SE, 

compared to saline. During the latent phase, controls showed a decrease in integrated fluorescence with 

respect to SE. E Normalized ROI area remained unchanged in SE but was reduced in controls during the 

latent period, compared to SE control and cKOs in the latent period. Stats: large data points represent 

averages of field of views normalized to their respective baselines (n), colour-coded per animal (N). SE ctrl 

saline n = 12 FOV, N = 3 animals; SE ctrl kainate n = 19 FOV, N = 5 animals; SE cKO saline n = 14 FOV, 

N = 3 animals; SE cKO kainate n = 19 FOV, N = 5 animals; 4 dpi ctrl saline n = 4 FOV, N = 1 animals; 

4 dpi ctrl kainate n = 7 FOV, N = 3 animals; 4 dpi cKO saline n = 8 FOV, N = 2 animals; 4 dpi cKO 

kainate n = 8 FOV, N = 2 animals. Kruskal-Wallis test followed by Dunn’s post hoc test. 
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During status epilepticus (SE), normalized Ca2+ signal amplitude reached comparable levels post 

kainate in control and GABABR cKOs (1.6 and 1.4 in median) (Figure 13 B). However, when 

compared to saline injection, the relative increase in amplitude was more consistent in cKO than 

control animals (p = 0.002) (Figure 13 B). Likewise, Ca2+ signal duration was extended 1.8 and 

1.9 times over baseline in control and cKO, respectively, while this prolongation was significant 

in cKOs but not controls, in comparison to saline injection (p = 0.0004) (Figure 13 C). Integrated 

fluorescence was amplified 3.2-fold in control and 2.7-fold over baseline in cKO, constituting 

major rises compared to saline (control p = 0.055, cKO p < 0.0001) (Figure 13 D). 
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In contrast to the previously mentioned Ca2+ signal properties, ROI area was only raised in cKOs 

during SE (0.7 vs 1.1 in median, p = 0.05), as previously described (Figure 13 E; Figure 10 H, I). 

Moreover, no differences in the above mentioned Ca2+ signal properties were encountered among 

controls and GABABR cKOs irrespective of tamoxifen induction protocols during SE (4w vs 8w) 

(Suppl. figure 2). 

In the latent phase, Ca2+ signal dimensions tended to decrease and approach baseline levels 

(normalized value ≈ 1), supported by the absence of significant differences to saline injections. 

Control Ca2+ signal amplitude was significantly diminished versus SE (median of 0.7 vs 1.6, 

p < 0.0001) and cKO in the latent phase (median of 0.7 vs 1.2, p = 0.03) (Figure 13 B). Ca2+ signal 

duration was significantly reduced in cKO compared to SE (median of 1.0 vs 1.9, p = 0.04), but 

did not differ among groups within the latent phase (Figure 13 C). In control animals, integrated 

fluorescence fell below baseline levels in the latent phase versus SE (median of 0.2 vs 3.2, 

p < 0.0001), however no direct differences among groups surfaced at this time point (Figure 

13 D). Finally, normalized ROI area was exclusively affected in control animals during the latent 

phase, displaying a reduction by 40 % compared to control in SE (median of 0.6 vs 1.0, p = 0.003) 

and a 50 % reduction compared to cKO in the latent period (median of 0.6 vs 1.2, p = 0.003) 

(Figure 13 E). 

Overall, in the acute phase (SE) no direct differences in normalized Ca2+ signal amplitude, signal 

duration, integrated fluorescence or ROI area were detected between control and GABABR cKO 

mice. However, the described increases in amplitude, duration and integrated fluorescence versus 

saline injection were more robust in cKO. During the latent phase, Ca2+ signal dimensions showed 

a general downward trend, leading to recuperation of baseline levels in cKO. Meanwhile, kainate-

treated controls fell below baseline levels, thereby exposing significant differences between 

control and cKO. 
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7.4.3. Ca2+ signal architecture is differentially modulated in control and GABABR 

cKO during the latent phase 

Hypothesizing that Ca2+ signal architecture might be founded on the liaison of two basic signal 

characteristics, we investigated the correlation between signal amplitude and duration in baseline, 

status epilepticus (SE) and latent period (4 days post injection) of kainate-injected mice (Figure 

14 A, B). 

In baseline conditions, neither control nor astroglial GABABR cKO mice displayed a positive or 

negative correlation between Ca2+ signal amplitude and duration (Figure 14 B, C). Subsequent 

kainate administration induced overall positive correlations in control as well as cKO during SE, 

implying increasing signal amplitude with increasing signal duration (Figure 14 B, C). This 

positive correlation between Ca2+ signal amplitude and duration remained transient. In the latent 

phase, the positive correlation is reverted in cKOs, returning to baseline levels, while controls 

tend towards an overall negative correlation (Figure 14 B, C). Thus, in control animals, longer 

lasting signals exhibit lower amplitudes. 

In general, this temporal course parallels the previous Ca2+ imaging results. Control and cKO Ca2+ 

signals were similarly modulated in the acute phase, followed by a rebound of cKOs towards 

baseline conditions. In contrast, controls experienced a lasting reduction in Ca2+ signal dimensions 

(Figure 13, Figure 14). 
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Figure 14 Ca2+ signal architecture is altered during epileptogenesis 

A GABABR cKO and GCaMP3 expression in astrocytes was induced eight weeks prior to the experiment 

start. In vivo 2P Ca2+ imaging was performed during baseline, kainate-induced status epilepticus (acute) 

and four days post kainate injection (latent phase). B Correlation of Ca2+ signal amplitude and duration 

were modulated in control and cKO across different phases of epileptogenesis (individual Ca2+ signals 

shown). C In baseline conditions, Ca2+ signal amplitude and duration did not correlate in control or cKOs. 

Kainate-induced SE generated positive correlations between Ca2+ signal amplitude and duration in both 

groups. During the latent phase (4 days post kainate), cKOs loose the kainate-induced correlation while 

controls pivot towards a negative correlation between Ca2+ signal amplitude and duration. Stats: One-

sample Wilcoxon test of spearman correlations (R) per field of view (FOV); baseline n = 20 FOVs, SE 

n = 19 FOVs, 4dpKA n = 9 FOVs. 
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7.4.4. Stereotypical Ca2+ waves during epileptiform activity are delayed in 

GABABR cKO 

After investigation of general Ca2+ properties, we focussed on the large stereotypical astroglial 

Ca2+ waves, emerging during seizure activity in the cortex (Figure 9). More specifically, we 

characterized epileptiform events and Ca2+ waves, investigated how consistenly these events 

coincided and how the offset between synchronous astroglial Ca2+ rises and ECoG power varied 

in controls and GABABR cKOs. To this end, in vivo 2P Ca2+ imaging with synchronized ECoG 

was performed in GABABRwt x GLAST-CreERT2 x GCaMP3 and GABABRfl/fl x GLAST-

CreERT2 x GCaMP3 mice, eight weeks post tamoxifen application (cKO 8w) in baseline and 

kainate-induced SE (Figure 15 A). By analogy with seizure classification in telemetric EEG data 

(Figure 11), we distingushed between seizures (Figure 15 C, D; green bars on ECoG trace) and 

spike trains (Figure 15 C; blue bar on ECoG trace), based on the presence or absence of post ictal 

depression, respectively. Detection and quantification of stereotypical astroglial Ca2+ waves was 

achieved via computation of the synchronicity index, describing the proportion of simultaneously 

active ROIs inside the field of view (FOV). In the following, we considered Ca2+ sync events 

displaying a synchronicity threshold ≥ 0.5, meaning at least 50 % of detected ROIs were 

simultaneously active (Figure 15 C, D; orange dotted line). 

Overall, not every recorded FOV comprised an epileptiform event. In fact, the probability of 

recording at least one seizure or one spike train per FOV equaled 64 % in controls and between 

36 % (spike train) and 43 % (seizure) in cKOs (Figure 15 B). When considering the total number 

of epileptiform events, controls had an almost equal amount of seizures (55 %) and spike trains 

(45 %), whereas in cKO about two-thirds of events were seizures (63 %) and one-third were spike 

trains (37 %) (Figure 15 E). Analysing the coincidence of epileptiform events and synchronous 

Ca2+ events (sync), we found that in controls, seizures are more often accompanied by sync events 

(58 % of seizures) than in cKOs (40 % of seizures) (Figure 15 C, D, F). Conversely, 67 % of cKO 

spike trains coincided with Ca2+ sync events, which amounted to only 30 % of spike trains in 

control (Figure 15 G). 
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Next, we characterized the two types of epileptiform events in terms of duration and spiking 

frequency. In control animals, seizures could be distinguished from spike trains based on a 40 s 

longer event duration (seizure = 74 s vs spike train = 33 s; p = 0.04; medians) (Figure 15 H, I) 

and a 40 % higher spiking frequency (seizure = 16.5 Hz vs spike train = 11.6 Hz; p = 0.01; 

medians) (Figure 15 H, I). Contrarily, these parameters were not distinctive in cKOs. Seizures 

and spike trains had comparable durations (seizure = 48.9 s vs spike train = 52.3 s; medians) and 

spiking frequencies (seizure = 15.6 Hz vs spike train = 13.8 Hz; medians) (Figure 15 H, I). In 

addition, no difference in epileptiform event duration or spiking frequency was found between 

controls and GABABR cKOs (Figure 15 H, I). 

  

Figure 15 Stereotypical Ca2+ waves associated with epileptiform activity in the cortex are delayed in 

GABABR cKOs 

A Astroglial GABABR cKO mice with GCaMP3 expression in astrocytes were implanted with ECoG 

electrodes underneath a cranial window eight weeks post tamoxifen administration. Subsequently, we 

performed in vivo 2P-Ca2+ imaging with synchronized ECoG recording in baseline and SE conditions. B 

Histogram of number of epileptiform events per field of view (FOV). In general, GABABR cKO animals 

tended to display more FOVs with zero epileptiform events and equal or less FOVs with one to four 

epileptiform events. C Representative heatmap of fluorescence amplitude (ΔF/F0) synchronized with ECoG 

(blue trace) and detected synchronicity peaks (> 0.5 sync index) in control animals. Green bars indicate 

seizures, blue bar indicates spike train and orange asterisk indicates excluded events. D Representative 

heatmap of fluorescence amplitude (ΔF/F0) synchronized with ECoG (blue trace) and detected 

synchronicity peaks (> 0.5) in GABABR cKO animals. Green bars indicate seizures, blue bar indicates spike 

train and orange asterisk indicates excluded events. E Controls experienced almost equal numbers of 

seizures and spike trains, while in GABABR cKOs two-thirds of epileptiform events were seizures and one-

third were spike trains. F In controls, 60 % of seizures were accompanied by a synchronous Ca2+ event, 

whereas cKO seizures coincided with sync events in 40 % of the cases. G Spike trains were associated with 

synchronous Ca2+ events in one-third of control cases but two-third of cKO events. H-I Seizures can be 

distinguished from spike trains due to longer event duration (H) and higher spiking frequency (I) in control 

but not in cKO animals. J Synchronous Ca2+ events involving at least 50% of ROIs occur in baseline and 

SE. K Seizure-associated synchronous event duration was increased four times in SE compared to baseline 

in control and cKO. L Synchronicity peak values of detected events were comparable among groups in 

baseline and SE. M Offset between epileptiform event and synchronous Ca2+ event calculated via cross-

correlation of average EEG epoch power and synchronicity index of Ca2+ events. In controls, synchronous 

Ca2+ rises lead EEG epoch power by 4.3 s in median, while cKO synchronous Ca2+ rises trail EEG epoch 

power by 6.6 s in median. Stats: individual data points represent single events, colour code indicates events 

from the same animal. (H-L) Kruskal-Wallis test followed by Dunn’s post hoc test. (M) Mann-Whitney 

test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Subsequently, we studied the occurrence and properties of synchronous Ca2+ events. In both 

controls and cKOs, simultaneous Ca2+ activity of least 50 % of ROIs could not only be detected 

during SE, but also in baseline conditions. In SE, we observed one sync event per FOV in median 

in controls and cKOs (Figure 15 J). Baseline recordings revealed a median of one sync event per 

FOV in controls but a median of zero in cKO (Figure 15 J). However, baseline and SE sync events 

differed significantly in their duration. In control and cKO sync events associated to seizures 

lasted 4.2 -4.3 times longer than in baseline (ctrl base = 10 s vs ctrl seizure = 43 s, p = 0.0005; 

cKO base = 9 s vs cKO seizure = 38.5 s, p = 0.04; medians) (Figure 15 K). Nevertheless, 

GABABR deletion did not affect the sync event duration (Figure 15 K). Furthermore, the detected 

synchronicity peak values were conserved among baseline and SE as well as control and cKO, 

ranging from 0.62 to 0.93 in median (Figure 15 L). 

Finally, we calculated the cross-correlation between average ECoG power and synchronicity 

index to obtain the offset between epileptiform events and stereotypical, astroglial Ca2+ waves. A 

positive offset indicates that the Ca2+ sync event leads ECoG power, whereas a negative offset 

implies that the Ca2+ sync event trails ECoG power (see section 6.3.5.2). Median offset values 

revealed a significantly different timing of ECoG power and synchronicity index in control versus 

GABABR cKO. In controls, the Ca2+ sync events led by 4.3 s in median while the opposite was 

true in cKO, where Ca2+ sync events trailed ECoG power by 6.6 s in median (p = 0.02) (Figure 

15 M). 

In summary, cortical epileptiform activity was associated with stereotypical, synchronous Ca2+ 

events which preceded elevation of ECoG power in controls. In GABABR cKO, synchronous Ca2+ 

events were delayed and trailed ECoG power elevations. In addition, synchronous Ca2+ events in 

controls were more often associated with seizures, while we observed a stronger association of 

synchronous Ca2+ events with spike trains in cKOs. Taken together, this suggests a promoting 

effect of stereotypical astroglial Ca2+ waves on epileptiform activity, that was reduced by delayed 

synchronous Ca2+ events after GABABR deletion. 
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7.4.5. Development of regular epileptiform activity is disturbed in GABABR cKO 

After establishing the crucial importance of stereotypical astroglial Ca2+ wave timing, we sought 

to investigate how epileptiform event properties (spiking frequency, duration) and Ca2+ sync 

properties (sync peak value, duration) correlate during status epilepticus (SE). Thus, synchronized 

in vivo 2P Ca2+ imaging and ECoG data of control and GABABR cKO animals with GCaMP3 

expression, eight weeks post tamoxifen injection (cKO 8w) were tested for Pearson’s correlation 

(Figure 16 A-C). 

In control animals, properties of epileptiform events and synchronous Ca2+ events were tightly 

linked. Duration of epileptiform event positively correlated with spiking frequency (r = 0.84, 

p = 0.004) (Figure 16 B/1) and duration of synchronous Ca2+ events (r = 0.87, p = 0.003) (Figure 

16 B/3) but negatively correlated with synchronicity peak value (r = -0.67, p = 0.050) (Figure 

16 B/2). Complementarily, spiking frequency showed a positive correlation with the duration of 

synchronous Ca2+ events (r = 0.68, p = 0.046) (Figure 16 B/5) and a trend for negative correlation 

with synchronicity peak value (r = -0.61, p = 0.08) (Figure 16 B/4). Hence, during SE in controls, 

longer epileptiform events exhibit higher spiking frequencies and are associated with longer 

lasting synchronous Ca2+ events of reduced synchronicity peak values. 

After astroglial GABABR deletion however, properties of epileptiform events and Ca2+ sync 

events displayed a complete lack of correlation (Figure 16 B, C). No association of epileptiform 

event duration with spiking frequency (r = 0.05, p = 0.91) (Figure 16 C/1), synchronicity peak 

value (r = -0.12, p = 0.8) (Figure 16 C/2) or duration of synchronous Ca2+ events (r = 0.02, 

p = 0.96) (Figure 16 C/3) was observed in cKOs. Likewise, spiking frequency did not correlate 

with duration of synchronous Ca2+ events (r = -0.41, p = 0.36) (Figure 16 C/5). The only parallel 

to control animals was a trend for negative correlation of spiking frequency and synchronicity 

peak value (r = -0.72, p = 0.069) (Figure 16 C/4). 

Concluding, astroglial GABABR cKO lead to formation of atypical epileptiform activity during 

SE, infringing on the fundamental interdependence of epileptiform event duration, spiking 

frequency and synchronous Ca2+ event duration, as well as associated synchronicity peak value. 

These findings further support a promoting role of Ca2+ wave for epileptiform activity. 
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Figure 16 GABABR cKOs develop atypical epileptiform activity 

A Astroglial GABABR cKO mice with GCaMP3 expression in astrocytes were implanted with ECoG 

electrodes underneath a cranial window eight weeks post tamoxifen administration. Subsequently, we 

performed in vivo 2P-Ca2+ imaging with synchronized ECoG recording in baseline and SE conditions. B-

C Overview of Pearson correlation coefficients (r) in control (B) and cKO (C). Blue colour indicates 

positive correlation and red colour negative correlation. In controls, epileptiform event duration positively 

correlated with spiking frequency (B1) and synchronous event duration (B3). In contrast, epileptiform event 

duration negatively correlated with synchronicity peak value (B2). Spiking frequency showed a trend for 

negative correlation with synchronicity peak value (B4) while it was positively correlated with synchronous 

event duration (B5). In cKOs, none of the observed parameters showed a significant correlation with each 

other (C1-5). The only similarity with controls was the trend for negative correlation between spiking 

frequency synchronicity peak value (B4, C4). Stats: Pearson’s correlation coefficient (r). 
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7.5. GABABR loss attentuates histopathological hallmarks of TLE 

Lastly, we examined how the anti-epileptic effect of astroglial GABABR deletion translates to 

histopathological outcomes of TLE. In animal models of TLE, histopathological hallmarks such 

as hippocampal sclerosis and associated granule cell dispersion develop in the chronic phase, 

three to four weeks post kainate injection. Therefore, we conducted longitudinal histopathological 

analysis on brains from the different experimental procedures (simple injection, telemetric EEG 

recording and in vivo 2P imaging), four weeks post kainate injection (Figure 17 A, Figure 18 A). 

7.5.1. Chronic hippocampal astro-and microgliosis is diminished in           

GABABR cKO mice 

Assessment of hippocampal sclerosis was executed via fluorescence intensity measurements (FI) 

of GFAP, as a classic marker for reactive astrocytes, and complemented by Iba1 staining to 

visualize foci of microglia reactivity (Figure 17 B, C). For quantification purposes, all values 

were normalized to the hypothalamic area (ht) of the respective stainings on the same slices 

(Figure 17 D, E). 

Confirming previous results, simple saline injection did not generate characteristic 

histopathological features of TLE and chronic reactivity of astrocytes and microglia was confined 

to the glial scar at the injection site between cortex and marginal dorsal CA1 (Figure 8, Figure 

17 B, D, E, Suppl. figure 3). In contrast, kainate injection elicited prominent clusters of reactive 

astrocytes (GFAP) and microglia (Iba1) in hippocampal CA1, CA3 and dentate gyrus (Figure 

17 B, C). 

Saline injection did not induce changes in ipsilateral fluorescence intensity of GFAP 

(saline ipsi = 0.99 vs saline contra = 1.2; medians; p = 0.60) (Figure 17 D) or Iba1 

(saline ipsi = 0.94 vs saline contra = 0.90; medians; p = 0.95) (Figure 17 E). In general, ipsilateral 

sides were always more affected by kainate injection than contralateral sides (Figure 17 B, C). 

GFAP fluorescence intensity however, showed a significant 13 % ipsilateral increase compared 

to contra exclusively in cKO 4w (ipsi = 2.3 vs contra = 2.0; medians; p = 0.02) (Figure 17 D). 

Meanwhile, Iba1 reactivity was 1.4 times higher in ipsilateral versus contralateral sides of control 

(ipsi = 2.2 vs contra = 1.6; medians; p = 0.004) and cKO 4w (ipsi = 1.8 vs contra = 1.3; medians; 

p = 0.0002), but not cKO 8w (ipsi = 1.3 vs contra = 1.2; medians; p = 0.2) (Figure 17 E). 
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Comparing ipsilateral reactivity of astrocytes and microglia among groups, all kainate-treated 

groups displayed significantly enhanced GFAP and Iba1 fluorescence intensity, compared to 

saline, in hippocampus (Figure 17 D, E) as well as cortex (Suppl. figure 3). Among kainate-

injected animals, controls showed a 1.5 - fold increased GFAP fluorescence compared to cKO 8w 

(control ipsi = 2.3 vs cKO 8w ipsi = 1.5; medians; p = 0.002) (Figure 17 D). Iba1 reactivity 

exposed a similar pattern of decreasing fluorescence intensity from ipsilateral sides of controls to 

cKO 8w (control ipsi = 2.2 vs cKO 8w ipsi = 1.3; medians; p = 0.002) and also from cKO 4w to 

cKO 8w (cKO 4w ipsi = 1.8 vs cKO 8w ipsi = 1.3; medians; p = 0.002) (Figure 17 E). 

Summarizing, the adapted unilateral intracortical kainate injection model of TLE could be 

validated for histopathological investigation of astroglial and microglial reactivity in the chronic 

phase. In addition, prolonged astroglial GABABR cKO (cKO 8w) attenuated the manifestation of 

hippocampal sclerosis in form of reactive, GFAP+ astrocytes and concomitant microglial 

activation in ipsi - and contralateral sides. 

 

Figure 17 Chronic activation of hippocampal astrocytes and microglia is attenuated in GABABR cKO 

A Astroglial GABABR cKOs and controls of two different tamoxifen protocols (4w and 8w) were processed 

for immunohistochemical analysis (IHC) four weeks post kainate or saline injection (chronic phase). For 

this analysis, kainate or saline-injected animals of the different parallel experimental schedules (EEG 

telemetry [□], injection only [∇] and 2P-imaging with ECoG [o]), as well as controls of both tamoxifen 

protocols were pooled. B-C Representative coronal hippocampal slices stained for reactive astrocytes 

(GFAP) and microglia (Iba1). While saline injections induced a reduced, punctual activation of astrocytes 

and microglia at the dorsal extremity of CA1, kainate induced an extended glial activation encompassing 

CA1 as well as occasionally dentate gyrus and CA3, in all cohorts. In general, activation was more 

pronounced to the ipsilateral side, however control animals displayed also prominent contralateral glial 

activation post kainate injection (B, bottom panels). Scale bars = 250 µm. D Kainate injection induced 

significant ipsilateral increases in hippocampal GFAP fluorescence intensity (FI) in all cohorts, compared 

to saline. While controls and cKO 4w display a similar level of ipsilateral GFAP FI, astroglial activation 

was reduced in cKO 8w compared to control and cKO 4w. Kainate induced enhanced contralateral GFAP 

immunoreactivity compared to saline with strongest effect in control and weakest in cKO 8w. E Ipsilateral 

hippocampal Iba1 FI was significantly increased in all cohorts four weeks post kainate, compared to saline. 

Similar to GFAP, Iba1 reactivity was reduced in cKO 8w compared to controls and cKO 4w. Compared to 

saline, kainate induced heightened contralateral Iba1 immunoreactivity across groups but again, cKO 8w 

were the least affected.  

Stats: individual data points correspond to brain slices (n) and slices from the same animal (N) are colour 

coded. Saline ctrl N = 4, n = 12; ctrl N = 14, n = 42; cKO 4w N = 10, n = 29; cKO 8w N = 7, n = 19. 

Family-wise comparisons with Kruskal-Wallis test (* ipsilateral sides, # contralateral sides, § ipsi- vs 

contralateral) followed by uncorrected Dunn’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001. 
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7.5.2. Granule cell dispersion incidence is reduced in GABABR cKO 

In the context of hippocampal sclerosis, granule cell dispersion (GCD) constitutes a notorious 

histopathological feature of TLE. This phenomenon describes the dentate gyrus’ granule cell layer 

widening, due to aberrant migration of mature granule cells. To evaluate the impact of astroglial 

GABABR deletion on GCD, we quantified the incidence and extent of granule cell layer 

broadening. Characteristically, only ipsilateral sides were affected by GCD, in all groups (Figure 

18 B, C). Importantly, saline never induced GCD. Indepent of tamoxifen administration schedule 

(4 w vs 8 w, Figure 18 A), control animals displayed comparable frequencies of GCD ranging 

from 36 % (4w) to 43 % (8w) (Figure 18 D, E). In contrast, GABABR cKO 4w animals exhibited 

a ~ 20 % increased incidence, compared to control (control 4w = 36 % vs cKO 4w = 55 %) 

(Figure 18 D). A prolonged receptor deletion (cKO 8w) however, drastically reduced GCD 

occurrence by ~ 30 % in comparison to controls (control 8w = 43 % vs cKO 8w = 14 %) and by 

~ 40 % compared to cKO 4w (cKO 4w = 55 % vs cKO 8w = 14 %) (Figure 18 D, E). Concerning 

the extent of GCD, no GABABR-dependent effect could be observed (Figure 18 F, G). Across 

groups, ipsilateral granule cell layer width was at least doubled, compared to contralateral. 

Controls experienced a 2.2 – fold expansion four weeks post tamoxifen (ctrl 4w: ipsi= 199.9 µm 

vs contra = 89.3 µm; medians; p = 0.0003) and a 2.7 -fold widening eight weeks post tamoxifen 

(ctrl 8w: ipsi= 259.6 µm vs contra = 95.5 µm; medians; p < 0.0001). GABABR cKOs exhibited a 

2.6 – times enlarged ipsilateral granule cell layer four weeks post cKO induction (cKO 4w: 

ipsi= 217.8 µm vs contra = 82.3 µm; medians; p < 0.0001) and 2.2 – times broader ipsilateral 

granule cell layer eight weeks post cKO induction (cKO 8w: ipsi= 233.9 µm vs 

contra = 105.4 µm; medians). Concluding, prolonged astroglial GABABR cKO reduced the 

incidence but not the severity of GCD. 

Figure 18 Astroglial GABABR cKO reduces occurrence but not severity of granule cell dispersion 

A Astroglial GABABR cKOs and controls (4w and 8w) were processed for immunohistochemical analysis 

(IHC) four weeks post kainate injection (chronic phase). For this analysis, kainate-injected animals of the 

different parallel experimental schedules (EEG telemetry [□], injection only [∇] and 2P-imaging with 

ECoG [o]) were pooled. B-C Representative coronal hippocampal slices stained with DAPI revealed the 

typical ipsilateral widening of the granule cell layer (granule cell dispersion, GCD) in control as well as 

cKOs of both tamoxifen protocols Scale bars = 250 µm. D In 4w control and cKO animals, the GCD 

incidence ranges between 36 – 55 %, matching the expected results based on literature and patient data. E 

In both 4w control and cKO, the ipsilateral granule cell layer was more than doubled in width compared to 

contralateral. F In accordance with the 4w groups, 8w controls had a 43% incidence of GCD, while the 8w 

cKOs’ GCD incidence was reduced to 14 %. G Ipsilateral widening of the granule cell layer was 

comparable in 8w control and cKO. Stats: individual data points correspond to brain slices (n) and slices 

from the same animal (N) are colour-coded. Ctrl 4w N = 4, n = 12; ctrl 8w N = 3, n = 9; cKO 4w N = 6, 

n = 18; cKO 8w N = 1, n = 3. Kruskal-Wallis test followed by uncorrected Dunn’s post hoc test. * p < 0.05, 

** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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8. DISCUSSION 

Linked to their Ca2+ signaling competence and subsequent gliotransmitter release, astrocytes 

modulate neuronal excitability in health and disease. The particular astroglial feature of Ca2+-

dependent glutamate release upon GABAergic stimulation of metabotropic GABAB receptors 

adds further complexity to neuron-glia interactions and places astrocytes at the interface of 

excitation and inhibition (Caudal et al., 2020). Investigation of astroglial GABABR contribution 

to epileptic network function by means of telemetric EEG recording, in vivo two-photon Ca2+ 

imaging synchronized with ECoG recording and immunohistochemical analysis yielded the 

following key results: 

 

• Astroglial GABABR loss reduces γ-band power and acute seizure burden. 

 

• Stereotypical cortical astroglial Ca2+ waves coinciding with epileptiform activity during 

status epilepticus are delayed in the absence of astroglial GABABRs. 

 

• Depression of astroglial cortical Ca2+ signaling during the latent face is prevented in 

astroglial GABABR deficient mice. 

 

• GABABR deletion in astrocytes attenuates hippocampal astro-and microgliosis and 

reduces the incidence of granule cell dispersion in the chronic phase. 

 

• Adaptation of the intracortical kainate injection model for TLE offers genuine baseline 

recordings, leads to milder seizure activity and is compatible for in vivo 2P Ca2+ imaging. 
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8.1. Anti-epileptic effect of astroglial GABABR deletion during                                                                                                 

progression of TLE 

8.1.1. GABABR mutant mice display reduced γ-power but unchanged global 

astroglial Ca2+ dynamics during baseline 

In cortex and hippocampus, astrocytes are functionally associated with GABAergic interneurons 

which crucially shape network synchronization and underly the generation of γ-oscillations (Lee 

et al., 2014; Mederos and Perea, 2019; Mederos et al., 2021). By performing telemetric EEG 

recordings before kainate administration (baseline), we detected reduced lower γ-power (30-

50 Hz) in astroglial GABABR cKO mice. These results are in line with previous in vivo reports 

after astroglial GABABR ablation, demonstrating cognitive impairments linked to decision-

making and working memory (Perea et al., 2016; Mederos et al., 2021). Thus, GABABR-

dependent astroglial modulation of neural circuits is critical for physiological network function 

and depends on the appropriate interplay of excitation and inhibition (Buzsáki and Wang, 2012). 

Moreover, GABAergic stimulation of astrocytes elicits GABABR-dependent Ca2+ transients in 

various brain regions such as somatosensory cortex, hippocampus and striatum (Mariotti et al., 

2016; Covelo and Araque, 2018; Nagai et al., 2019). We did not detect differences in cortical Ca2+ 

signal amplitude, duration, integrated fluorescence or ROI area between control and mutant mice 

in baseline conditions. This might be primarily due to our epilepsy-directed focus on Ca2+ signals 

at the network level, comprising the gliapil in general but omitting microdomains of fine 

(perisynaptic) astroglial processes, where GABABR are localized (Charles et al., 2003; Mariotti 

et al., 2018; Lia et al., 2021). In addition, three-dimensional 2P imaging might give more insight 

into astroglial GABABR-dependent Ca2+ signaling (Bindocci et al., 2017). Moreover, astroglial 

Ca2+ dynamics are governed by a multitude of receptors and transporters, other than GABABRs 

(Shigetomi et al., 2016). Notably, GABA-evoked astroglial Ca2+ oscillations can be elicited via 

GAT-3 dependent Na+ rises and subsequent activity of Na+/ Ca2+ exchangers (Boddum et al., 

2016; Matos et al., 2018). Furthermore, the recruitment of astrocytes and associated Ca2+-

dependent gliotransmission has been shown to vary with interneuronal subtypes (Mariotti et al., 

2018; Matos et al., 2018) and/ or intensity of interneuron activity (Covelo and Araque, 2018). 

Thus, heterogeneity of functional astrocyte-interneuron interactions may lead to varying 

thresholds for astroglial Ca2+ responses across brain regions and activity states (Losi et al., 2014; 

Mederos and Perea, 2019). 
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8.1.2. Loss of astroglial GABABRs reduces acute seizure burden and delays 

stereotypical astroglial Ca2+ waves during status epilepticus 

Our experiments demonstrated that astroglial GABABR deletion reduced the number of seizures 

during SE by ~ 70 %, which was also reflected in a reduced lower γ-power during that period. 

Oscillations in the γ-range do not only contribute to fine tuning of neural networks in 

physiological conditions but actually constitute a measure for the severity of SE (Deshpande et 

al., 2020). Moreover, we found that the number of non-convulsive seizures was targeted by the 

general reduction, rather than convulsive seizures, suggesting a heightened threshold for seizure 

development. Interestingly, control animals displayed a positive correlation between epileptiform 

event duration and spiking frequency. This correlation was absent in GABABR mutant mice, 

hinting at aberrant epileptiform activity. 

GABABR-mediated signaling involves activation of Gi/o-proteins and crosstalk with Gq-pathways 

leading to intracellular Ca2+ rises and subsequent gliotransmitter release (Mariotti et al., 2016; 

Nagai et al., 2019). As an essential underlying mechanism for the reduced SE severity in 

GABABR-deficient mice, we propose reduced astroglial glutamate release following sustained 

GABAergic stimulation and therefore abolished potentiation of excitatory transmission (Perea et 

al., 2016; Covelo and Araque, 2018; Durkee et al., 2019) (Figure 19). In support of this model, a 

reduction in γ-power has been associated to a reduced vesicular astroglial glutamate release after 

astrocyte-specific expression of tetanus toxin in vivo (Lee et al., 2014). Astroglial glutamate 

release is mediated by several pathways. For instance, synaptobrevin 2, participating in the 

SNARE-protein complex, is associated to glutamate release from astrocytes (Schwarz et al., 

2017). Unpublished observations of our group suggest a downregulation of synaptobrevin 2 

(VAMP2) in GABABR cKO astrocytes on RNA level, in physiological conditions (Stopper, 2018) 

(Figure 19). Besides the vesicular release of astroglial glutamate, Gi/o-β/γ subunits can stimulate 

glutamate release through the two-pore domain potassium channel TREK-1 and intracellular Ca2+ 

rises mediate opening of glutamate permeable anion channel Best1 (Woo et al., 2012). In addition, 

glutamate release can be mediated via reverse operation of glutamate transporters in pathological 

settings (Anderson and Swanson, 2000). 

Network excitability further depends on astroglial K+ buffering capacities, especially under 

enhanced neuronal activity (Butt and Kalsi, 2006). GABABR cKOs displayed upregulation of the 

inwardly-rectifying K+ channel Kir 2.1 on astrocytes in physiological conditions (unpublished 

RNA-sequencing data, (Stopper, 2018)). Therefore, K+ uptake might be more efficient in mutant 

mice and thereby increase seizure threshold (Figure 19).  
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However, K+ buffering is also dependent on astroglial gap junction coupling which has yet to be 

evaluated in GABABR-deficient astrocytes. Furthermore, network excitability may also be 

affected by astrocyte-derived neurotrophic factors, such as BDNF. Increased BDNF protein levels 

in hippocampal astrocytes were found after astroglial GABABR deletion in vivo (Liu et al., 2020). 

While intracerebral BDNF injections trigger seizures, BDNF overexpression has controversial 

effects on epileptogenesis in mice and rats. Nevertheless, chronic BDNF delivery via engineered 

human cells in rat hippocampi reduced spontaneous seizure burden by 80 % and attenuated 

histopathological alterations in a pilocarpine model of TLE (Scharfman et al., 2002; Bovolenta et 

al., 2010; Heinrich et al., 2011; Falcicchia et al., 2018). 

GABABR function is additionally determined by a panoply of interaction partners discovered in 

neurons. Through these interactions, GABABR complexes form a so-called signalosome, 

resulting in pronounced diversity of downstream effects (Fritzius and Bettler, 2020). For example, 

they can directly interact with glutamate receptors (NMDAR, AMPAR, mGluR1/ 4) and mediate 

sensitization of mGluR1 (Hirono et al., 2001; Couve et al., 2004; Tabata et al., 2004; Kantamneni, 

2015). Similar amplification of metabotropic glutamatergic receptor function could be linked to 

astroglial GABABR-dependent Ca2+ signaling. However, the magnitude of physiological impact 

requires further investigation (Meier et al., 2008). Nevertheless, crosstalk of astroglial mGluRs 

and GABABRs might gain influence in epilepsy due to upregulation of mGluRs in astrocytes and 

the capacity to release glutamate in response to glutamatergic stimulation (Umpierre et al., 2019; 

Caudal et al., 2020). 
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Figure 19 Putative mechanisms contributing to anti-epileptic effects of astroglial GABABR deletion 

In GABABR-deficient astrocytes (1), Ca2+- dependent (2) glutamatergic gliotransmission is likely reduced 

(3). Furthermore, downregulated expression of synaptobrevin 2 (SNARE protein on glutamatergic vesicles) 

may contribute to reduced glutamate release and subsequent potentiation of excitatory transmission (3). 

Network excitability might be reduced in GABABR cKO due to upregulation of Kir2.1 and improved K+ 

buffering (uptake 4a, release 4b), as well as the chronically increased release of brain-derived neurotrophic 

factor (BDNF). The delay in stereotypical Ca2+ waves could be linked to a dominance of paracrine, ATP-

dependent propagation of Ca2+ signals (5b) rather than intercellular IP3 diffusion through gap-junctions (5a). 

The paracrine signaling mode includes ATP release through hemichannels and volume-regulated anion 

channels. Increased extracellular ATP/ADP levels can in turn reduce excitatory transmission via 

presynaptic A1 receptors (6). 
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In neuropathological models, acute phases are generally characterized by astroglial Ca2+ signal 

hyperactivity (Kuchibhotla et al., 2009; Jiang et al., 2016; Shigetomi et al., 2019), as we observed 

in control and mutant mice during SE. Cortical Ca2+ signal amplitude, duration and integrated 

fluorescence were acutely enhanced and kainate application induced a positive correlation 

between signal amplitude and duration. Moreover, we identified large stereotypical Ca2+ waves 

in cortical astrocytes during generalizing epileptiform activity. Stereotypy was reflected by the 

conserved duration (~ 40 s) and maximally attained synchronicity index across groups, 

independent of the associated type of epileptiform event (seizure or spike-train). These waves 

were distinct from spreading depression-like events in terms of reduced apparent propagation 

velocity and lack of directionality (Ayata and Lauritzen, 2015). Stereotypical Ca2+ signals during 

epileptiform activity have been previously observed in hippocampal neurons and astrocytes in 

vivo (Heuser et al., 2018; Zhang et al., 2019). Globally, astroglial Ca2+ signals are suspected to 

promote and sustain epileptiform activity, supported by reduced astroglial Ca2+ signaling after 

anti-epileptic drug application in vivo (Tian et al., 2005b). In brain slices, Ca2+ oscillations in 

astrocytes were shown to promote focal epileptiform activity (Gómez-Gonzalo et al., 2010). In 

vivo, synchronous astroglial Ca2+ elevations preceded neuronal activation in a Zebrafish PTZ 

model and in a mouse model of kainate-induced seizures (Heuser et al., 2018; Diaz Verdugo et 

al., 2019). Strikingly, kainate-induced epileptiform activity was drastically reduced when 

intracellular Ca2+ elevations in astrocytes were blocked by deletion of the IP3 receptor type 2 

(Heuser et al., 2018). 

In line with these discoveries, we found that stereotypical astroglial Ca2+ waves led ECoG power 

rises by ~ 4 s in the cortex of control animals during epileptiform activity. Moreover, the duration 

of Ca2+ waves displayed a positive correlation with epileptiform event duration and spiking 

frequency in control animals. In contrast, GABABR mutant mice with reduced seizure burden had 

lost these interdependences and displayed delayed Ca2+ waves, trailing ECoG power by ~ 6 s. 

Thus, we concluded that stereotypical Ca2+ waves promote epileptiform activity in the cortex. 

Mechanistically, the delay of Ca2+ waves in GABABR cKOs can be explained by different modes 

of astroglial Ca2+ signal propagation (Figure 19). Principally, astroglial Ca2+ signals can propagate 

via IP3 diffusion through gap junctions or in a paracrine fashion via vesicular ATP release or 

release through hemichannels and volume-regulated anion channels (Scemes and Giaume, 2006; 

Fujii et al., 2017). 
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Since ATP release mechanisms and receptor-mediated regeneration of the intracellular Ca2+ 

transient requires more time, we suspect that the delay of Ca2+ waves in GABABR-deficient mice 

is due to a shift towards the ATP-pathway (Leybaert and Sanderson, 2012). In support of this 

hypothesis, RNA expression of connexin 43 was downregulated in GABABR cKO astrocytes in 

physiological conditions (unpublished data, (Stopper, 2018)). However, the functional correlate 

of this downregulation has yet to be determined via astrocyte coupling assays, since the formation 

of functional gap junctions does not only depend on connexin protein levels but also on their 

subcellular localization and phosphorylation status (Deshpande et al., 2017). 

Increased extracellular ATP/ADP availability can in turn induce depression of excitatory 

transmission via presynaptic A1 receptors (Serrano et al., 2006). This could complement the 

reduction of excitatory transmission due to reduced glutamate release by astrocytes and 

compensate for reduced GABABR-dependent ATP release in mutant mice (Covelo and Araque, 

2018) (Figure 19). 

Concluding, our results demonstrate a critical role for astroglial GABABR-signaling in seizure 

generation and timing of stereotypical Ca2+ waves with respect to ECoG power elevations during 

generalized epileptiform events. Therefore, we hypothesize that astroglial GABABR-signaling 

endorses epileptiform activity and facilitates its propagation during status epilepticus by 

sustaining stereotypical Ca2+ dynamics and potentiating excitatory neurotransmission, for 

example via glutamate release. However, it remains to be determined which mechanisms 

dominate at which step of seizure generation (epileptic focus, hippocampus) and/ or secondary 

spreading (hippocampus and cortex). 

8.1.3. Astroglial GABABR deletion confers resilience against Ca2+ signal 

depression during the latent phase 

The latent phase, starting after SE and ending with the first spontaneously recurrent seizure, is 

presumed to be a crucial time window for epileptogenesis. During this phase, a plethora of 

molecular and anatomical changes lead to modulation of network excitability, predisposing the 

brain to abnormal electrical activity (Goldberg and Coulter, 2013; Pitkänen et al., 2015). In this 

context, astrocyte (dys- ) functions have been highlighted as key players in terms of 

gliotransmission, extracellular ion homeostasis and energy metabolism (Verhoog et al., 2020). 

After acute pathological insults in general, astroglial Ca2+ dynamics are highly heterogenous 

(Shigetomi et al., 2019). Four days post kainate injection, we observed a depression in cortical 

Ca2+ signal amplitude, duration, integrated fluorescence and ROI area in control animals.  
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A similar reduction in Ca2+ signal activity was found in rat hippocampal slice preparations in a 

pilocarpine model, two weeks post SE. This condition was accompanied by atrophy of distal 

astroglial processes, correlating with a decreased size of Ca2+ events (Plata et al., 2018). In 

contrast, GABABR cKO Ca2+ dynamics demonstrated resilience against the general depression 

observed in controls. We attributed this resilience of GABABR cKOs to their reduced seizure 

burden during SE, leading to diminished excitotoxic cell death and reactivity of astrocytes (Ding 

et al., 2007). Moreover, we saw a prolongation of the latent phase four weeks after receptor 

deletion, which remains to be confirmed eight weeks post receptor deletion. 

Furthermore, network alterations which enhance excitatory transmission can occur in the latent 

phase. Astroglial GABABR-dependent upregulation of the synaptogenic cue thrombospondin-1 

has been linked to increased excitatory synapse formation and enhanced cortico-striatal synaptic 

transmission (Nagai et al., 2019). Temporally, this mechanism could be initiated during SE and 

affect epileptogenesis during the latent and chronic phase, since excitatory synapse formation 

requires at least a couple of hours (Friedman et al., 2000). 

Summarizing, GABABR cKO animals were less impacted during the latent phase, reflected by 

the resilience of Ca2+ dynamics. We presume that this effect is predominantely due to the reduced 

seizure burden in SE. 

8.1.4. Chronic histopathological features of TLE are attenuated in GABABR 

deficient mice 

In the early chronic phase, four weeks post kainate injection, we quantified the extent of 

hippocampal astro-and microgliosis and assessed the incidence as well as severity of granule cell 

dispersion (GCD). Prolonged astroglial GABABR deletion (cKO 8w) had a consistent attenuating 

effect on astro-and microgliosis, compared to shorter GABABR deletion (cKO 4w) and controls. 

While mild, initial astrogliosis can be beneficial in restoring homeostasis, prolonged and 

exacerbated astrogliosis is generally regarded as detrimental for CNS repair (Sofroniew, 2014; 

Verhoog et al., 2020). The establishment of correlations between seizure burden and different 

aspects of hippocampal sclerosis (mainly gliosis and neuronal cell loss) has been inconsistent. 
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However, in the intrahippocampal kainate mouse model of TLE, the magnitude of early neuronal 

cell loss and structural changes in the hippocampus had a predictive value for hippocampal 

sclerosis and chronic seizure burden (Janz et al., 2017). Thus, it is conceivable that the reduced 

seizure burden in GABABR cKO animals had an attenuating effect on the development of 

histopathological hallmarks. 

In line with this, astroglial GABABR ablation also reduced GCD incidence but did not impact its 

severity. GCD is characterized by the migration of mature neurons of the dentate gyrus granule 

cell layer along radial-glia like scaffolds in response to reelin deficiency (Heinrich et al., 2006). 

Therefore, besides reduced seizure burden, the protective effect of GABABR cKO could originate 

from a crosstalk between GABABRs and reelin signaling observed in neurons (Hamad et al., 

2021). To confirm the unchanged extent of granule cell layer widening, measurements must be 

repeated on stainings with the granule cell marker Prox 1, yielding a more accurate representation 

(see section 8.2.). 

Besides the reduction of acute seizure burden in SE after prolonged receptor deletion, we observed 

a similar trend of reduced cumulative seizure burden in the early chronic phase (until day 14 post 

kainate) independent of receptor deletion protocols. Nonetheless, attenuation of histopathological 

hallmarks four weeks post kainate was more pronounced after prolonged receptor deletion. At 

this stage, this suggests a higher impact of SE severity over early chronic seizure burden on the 

histopathological outcomes. The reduced cumulative seizure burden after short receptor deletion 

might be due to the progressive degradation of pre-existing GABABRs during these two weeks 

(see section 8.3.1). Moreover, epilepsy is a highly progressive disorder and epileptogenesis 

therefore continues throughout the chronic phase, reflected by increasing seizure frequency for 

example (Pitkänen et al., 2015). Thus, the anti-epileptic effect of astroglial GABABR cKO might 

be more pronounced at later time points. 

In conclusion, these observations suggest a pivotal role of astroglial GABABR-signaling in the 

progression of epileptogenesis. GABABR deletion had a protective effect starting with reduced 

seizure burden in SE and extending to the chronic phase with attenuated histopathological 

hallmarks. 
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8.1.5. Potential roles of inflammation and microglia-astrocyte cooperation in TLE 

The pathophysiology of epilepsy is linked to inflammatory processes governed by microglia, 

astrocytes and their interaction (Aronica and Gorter, 2007; Vezzani et al., 2011; Devinsky et al., 

2013; Sano et al., 2021). The immediate reaction consists in the release of pro-inflammatory 

cytokines such as interleukin 1β (IL-1β), interleukin 6 (IL-6), tumor necrosis factor alpha (TNFα), 

complement component subunit 1q (C1q) as well as ATP (De Simoni et al., 2000; Vezzani et al., 

2008; Liddelow et al., 2017). Importantly, treatment with anti-inflammatory drugs reduces seizure 

activity (Vezzani et al., 2000; Li et al., 2012a) and prevents astrocyte uncoupling (Müller, 2018). 

Another crucial link in the inflammatory reaction related to epilepsy is the cooperation of 

microglia and astrocytes (Devinsky et al., 2013). 

More specifically, astrocytes and microglia collaborate on the release of TNFα (Bezzi et al., 

2001). Notably, TNFα was shown to drastically enhance astroglial P2Y1 receptor‐dependent 

glutamate release (Santello et al., 2011) and interference with the TNFα-gated P2Y1 receptor‐

dependent glutamate release from astrocytes has been proven a promising strategy to counteract 

aberrant synaptic activity in epilepsy (Nikolic et al., 2018). Considering the numerous interaction 

partners of the GABABR “signalosome”, similar interactions involving cytokines and/ or 

glutamate release are plausible contributing factors to the anti-epileptic effect of astroglial 

GABABR deletion. 

  

https://www.sciencedirect.com/topics/immunology-and-microbiology/interleukin-6
https://www.sciencedirect.com/topics/medicine-and-dentistry/tumor-necrosis-factor
https://www.sciencedirect.com/topics/medicine-and-dentistry/complement
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8.2. The adapted intracortical kainate model of TLE displays reduced 

acute seizure burden and provides genuine baseline recordings 

This study was based on a modified version of the intracortical kainate injection model for human 

mesial temporal lobe epilepsy with hippocampal sclerosis (hMTLE-HS) developed by Bedner 

and colleagues (Bedner et al., 2015; Deshpande et al., 2020; Henning et al., 2021). We chose this 

model because of its extensive homology with the human condition, recapitulating the key phases 

(status epilepticus (SE), latent phase and chronically spontaneously recurrent seizures) as well as 

histopathological hallmarks of TLE. However, the intracortical administration route, inevitably 

leads to an acute lesion, due to the injection procedure. We aimed to use this model, among other 

techniques, for in vivo 2P Ca2+ imaging, knowing that astroglial Ca2+ signals are sensitive to brain 

insults (Burda and Sofroniew, 2014; Shigetomi et al., 2019). Therefore, we adapted the model in 

terms of injection procedure and uncoupling of injection site and imaging area to further minimize 

mechanical damage and kainate toxicity. 

As described before in the intrahippocampal kainate injection model, we could confirm that saline 

injection does not produce seizures and does not lead to the development of histopathological 

hallmarks of TLE (Heinrich et al., 2006; Twele et al., 2017). Most importantly, saline injection 

did not significantly alter contralateral cortical astroglial Ca2+ signals during the acute (SE) or 

latent phase. In addition to the spatial segregation of injection site and imaging field, our 

adaptations included the temporal separation of EEG transmitter or ECoG electrode implantation 

and kainate injection. Thus, we were able to record genuine baselines in EEG/ECoG and Ca2+ 

imaging, which are generally rarely performed due to surgical procedures associated with 

intracerebral kainate administration. 

In this study, astroglial Ca2+activity was recorded before intracortical injections, during SE and 

four days post injection, corresponding to the latent phase. Furthermore, few animals could be 

repeatedly imaged up to 18 days post kainate or saline injection (chronic phase) (Suppl. figure 

4, Suppl. figure 5, Suppl. figure 6). Chronic in vivo 2P imaging is a well-established and widely 

used technique to study CNS function, over several weeks and sometimes up to four months 

(Holtmaat et al., 2009; Cupido et al., 2014; Lee et al., 2018; Augustinaite and Kuhn, 2020). 

However, the actual success rates for such stable windows are rarely reported. When combined 

with contralateral intracortical injections, we experienced success rates of ≈ 50-70 % for cranial 

window stability until at least four days post injection and gradually declining visibility after one 

week post injection.  
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Some groups suggest waiting periods of several weeks post surgery before the first imaging 

session (Lee et al., 2018). Despite excellent long-term biocompatibility (Suppl. figure 7), this was 

not applicable in our study since the contact of ECoG electrodes and brain surface is ideal during 

the first three to four weeks post implantation for the majority of preparations. To specifically 

study the chronic phase, two alternative approaches could be used. Avoiding intracerebral 

injections by using systemic kainate administration could improve cranial window stability, 

however this model has an increased mortality rate and presents extra-temporal lesions (Lévesque 

et al., 2016). Alternatively, the cranial window with ECoG electrode implantation could be 

performed several weeks post kainate injection. 

In comparison with the model developed by Bedner and colleagues, our control animals had 

comparable, SE durations (3.1 ± 0.3 h vs. 4.4 ± 2.4 h, mean ± SEM; (Bedner et al., 2015), average 

individual seizure durations (50 ± 4 s vs. 62 ± 20 s, mean ± SEM; (Bedner et al., 2015)), latent 

phase duration (6.4 ± 0.4 days vs. 5 ± 2.9 days, mean ± SEM; (Bedner et al., 2015) cumulative 

early chronic seizure burden (8 seizures at day 14 vs. 10-12 seizures at day 15, mean; (Deshpande 

et al., 2020)) and mortality rates (5-7%). 

When considering the number of seizures during the total SE duration, we detected 

27 ± 4 seizures (mean ± SEM), whereas Bedner and colleagues reported 3.5-fold higher numbers 

of 95 ± 36 seizures (mean ± SEM). In subsequent publications, the number of seizures was 

assessed during the first hour of SE. Here, 53 ± 25.4 seizures/ h (mean ± SEM) (Deshpande et al., 

2020) and a median of 12 seizures/ h (Henning et al., 2021) were detected, revealing the 

variability associated with in vivo disease models. Moreover, our control animals spent in median 

23 min in ictal activity during total SE, whereas Deshpande and colleagues reported ≈ 36 min 

during the first hour of SE. 

Common histopathological findings in animal models of TLE and surgically resected human 

tissue are grouped under the umbrella term “hippocampal sclerosis” (Thom, 2014). We focussed 

on the extent of astro- and microgliosis, quantified via GFAP and Iba1 immunostaining, 

respectively, as well as incidence and severity of granule cell dispersion to evaluate the 

contribution of astroglial GABABRs to the development of histopathological hallmarks in TLE. 

In our hands, control animals developed marked ipsilateral astro- and microgliosis, four weeks 

post kainate injection, mainly extending between CA1 and CA3 as described previously in the 

intracortical as well as intrahippocampal model (Bedner et al., 2015). 
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In general, several groups reported the absence of major contralateral morphological alterations, 

even though contralateral hippocampi were shown to exhibit seizure activity in intracortical as 

well as intrahippocampal mouse models (Marx et al., 2013; Bedner et al., 2015) and a 

intrahippocampal guinea pig model of non-convulsive SE (Noè et al., 2019). Thus, it is argued 

that epileptiform activity per se might transiently induce glial activation, documented for example 

by a great overlap in gene expression between ipsi-and contralateral hippocampi 24 does not 

induce long-term neuronal loss or gliosis (Marx et al., 2013; Bedner et al., 2015; Noè et al., 2019). 

In contrast, our control animals exhibited GFAP and Iba1 immunoreactive clusters in the 

contralateral dorsal hippocampus, declining in intensity along the septo-temporal axis, four weeks 

post kainate. This discrepancy can be partially resolved by taking into consideration the employed 

model. The absence of contralateral gliosis was explicitly addressed in the intrahippocampal 

guinea pig model, three days as well as two months post kainate (Noè et al., 2019). However, this 

model induces non-convulsive SE, thereby being less severe than the generalizing convulsive 

seizures observed in our study. In addition, neuroimaging studies and post-mortem analyses have 

found bilateral hippocampal damage in humans (Cendes et al., 2014). The fact that we did not 

observe marked contralateral activation in GABABR cKO animals, which exhibited a generally 

reduced seizure number during SE, led us to hypothesize that the contralateral gliosis is linked to 

the propagation of seizure activity. In contrast to the intracortical and intrahippocampal models, 

we employed a thinner injection needle and reduced injection depth (DV = 1.3 mm vs. 

DV = 1.7 mm and DV = 1.8-2.0 mm, respectively (Heinrich et al., 2006; Marx et al., 2013; 

Bedner et al., 2015)). Therefore, reduced injection depth could preserve communication via the 

hippocampal commissural pathway to a greater extent and support more sustained contralateral 

seizure propagation (Wang et al., 2014). 

Furthermore, we assessed granule cell dispersion (GCD) by quantifying the incidence of this 

phenomenon and measuring the granule cell layer width in the dentate gyrus. In agreement with 

published data, GCD exclusively developed ipsilaterally (Heinrich et al., 2006; Bedner et al., 

2015). We constated ipsilateral granule cell layer widths of 200-250 µm compared to 110-220 µm 

reported at the same time point (four weeks post kainate) (Deshpande et al., 2020; Henning et al., 

2021). It is possible that we introduced a general overestimation of granule cell layer width by 

measuring with DAPI staining instead of the granule cell marker Prox1, as seen in the discrepancy 

of contralateral granule cell layer width (90-100 µm vs. 75-80 µm (Deshpande et al., 2020)).  
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However, GCD is a highly variable condition. It does not only present an elevated inter-individual 

but also an intra-individual anatomical variability along the rostro-caudal axis. Moreover, we 

obtained GCD incidences of 36-43 %, which is comparable to the incidence in epilepsy patients 

(Thom et al., 2005; Blümcke et al., 2009). Higher incidences observed by others might be due to 

a certain progressive character of GCD at later time points of the chronic phase, reflected by a 

~ 2-fold ipsilateral expansion relative to contra at three months post kainate, which was increased 

to ~ 4-fold nine months post kainate (Bedner et al., 2015). Another likely explanation is the 

reduced seizure number in our model. Similarly, the comparatively lower seizure number was 

accompanied by a higher variability in GCD in the study by Henning and colleagues (Henning et 

al., 2021). 

In summary, the adapted intracortical kainate injection model of TLE is a powerful and reliable 

tool to study different cell populations and their signaling with in vivo 2P-imaging most 

adequately during baseline, status epilepticus and latent phase. In comparison to the model from 

Bedner and colleagues, the adapted intracortical TLE model is generally milder, especially in 

terms of acute seizure burden and time spent in ictal activity. Nonetheless, it reliably recapitulates 

similar latency periods as well as early chronic seizure burden and typical histopathological 

findings. 
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8.3. Technical aspects of employing genetically modified mice 

Transgenic mouse lines allowing for cell-type specific, optionally inducible, manipulation of 

neural cells, in terms of target gene deletion and/ or expression of fluorescent reporters, are 

valuable tools to study neuron-glia interactions (Hirrlinger et al., 2005; Nimmerjahn et al., 2005; 

Pascual et al., 2005; Hirrlinger et al., 2006; Livet et al., 2007; Saab et al., 2012; Jahn et al., 2015; 

Saab et al., 2016). However, as for any model system, one must carefully consider advantages 

and inconveniences with respect to the experimental paradigm. 

8.3.1. Emergence of anti-epileptic effect requires prolonged receptor deletion 

period 

In the present study, the protective effect of astroglial GABABR cKO was dependent on a 

prolonged receptor deletion period of eight weeks between tamoxifen administration and 

experiment start. After only four weeks post tamoxifen, tendencies of reduced acute seizure 

burden and astro-as well as microgliosis in the chronic phase surfaced, but became obvious only 

after eight weeks. Since cortical astroglial GABABR RNA expression could be reduced by 70 % 

three weeks post tamoxifen treatment (Stopper, 2018), these data suggest successful DNA 

recombination and milder phenotypes may be attributed to a particular membrane stability of 

remaining astroglial GABABRs. In support of this hypothesis, neuronal GABABRs displayed 

reduced basal endocytosis and have been shown to be largely resistant to classic agonist-induced 

internalization and degradation in hippocampal and cortical cultures (Fairfax et al., 2004). Next 

to post-translational modifications, GABABR plasma membrane stability in neurons was linked 

to the interaction of the GABABR2 subunit’s carboxyl-terminal domain with PDZ (PSD-

95/Dlg/ZO-1 homology) scaffold proteins (Balasubramanian et al., 2007). Another aspect is the 

recycling of internalized GABABRs to the cell membrane, which could contribute to the apparent 

resistance to agonist-induced internalization. In fact, the GABABR agonist baclofen was shown 

to enhance receptor recycling in cortical neurons in vitro (Grampp et al., 2008). 

On the other hand, a prolonged waiting period between tamoxifen administration and experiment 

start increases the potential for development of compensatory mechanisms (El-Brolosy and 

Stainier, 2017). Nevertheless, the gradual development of the anti-epileptic phenotype with 

increasing receptor deletion period in line with known GABABR function, e.g. glutamate release 

enhancing excitatory neuronal transmission, points towards a dominance of effects directly 

associated to GABABR-signaling. 
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8.3.2. Glutamate transporter activity and radial glia recombination in the 

GLAST-CreERT2 driver line 

Astrocyte-specificity of GABABR deletion and GCaMP3 reporter expression was achieved by 

selecting the GLAST-CreERT2 driver line, in which the tamoxifen-sensitive Cre DNA recombinase 

is targeted to the glutamate-aspartate transporter (GLAST/ EAAT1) locus (Mori et al., 2006). 

This mouse line is excellent for cortical 2P Ca2+ imaging and immunohistological studies in the 

hippocampus, due to superior recombination efficiencies in the forebrain, compared to the GFAP-

CreERT2 line for example (Hirrlinger et al., 2006; Jahn et al., 2015). 

However, two potential inconveniences must be considered. First, use of heterozygous GLAST-

CreERT2 animals could imply a dysfunctional astroglial glutamate uptake. This is a sensitive issue 

in the context of epilepsy, since this condition is associated with enhanced extracellular glutamate 

levels and deletion of GLAST can induce hyperexcitability and seizures (During and Spencer, 

1993; Cavus et al., 2005; Jen et al., 2005). Despite reduced GLAST mRNA levels, however, no 

alterations in transporter currents were detected in a previous study (Saab et al., 2012). 

The second inconvenience concerns recombination in radial glia cells, especially in the 

neurogenic nice of the hippocampal dentate gyrus (Mori et al., 2006; DeCarolis et al., 2013). 

Thus, we verified the possibility that mature neurons differentiated from radial glia were affected 

by GABABR deletion and contributed to the anti-epileptic phenotype. Quantification of 

recombined neurons in the GABABRwt / GABABRfl/fl x GLAST-CreERT2 x GCaMP3 line, eight 

weeks post tamoxifen treatment, revealed negligible numbers of recombined NeuN+ neurons in 

the dorsal cortex, hippocampal CA1 and dentate gyrus (Suppl. figure 8). Hence, we attribute the 

anti-epileptic properties to astroglial GABABR deletion. 
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8.3.3. GCaMP3 is adequate to study astroglial Ca2+ dynamics on a global scale 

Finally, the use of the genetically encoded Ca2+ sensor GCaMP3 allows for non-invasive, 

chronically stable Ca2+ imaging across large field of views. Despite slower kinetics and reduced 

Ca2+ affinity compared to GCaMP6f or GCaMP7, we chose GCaMP3 for its higher baseline 

fluorescence and greater adequacy to study network-level astrocyte Ca2+ dynamics as opposed to 

Ca2+ microdomain dynamics (Podor et al., 2015; Ye et al., 2017). It is further worth mentioning 

that side effects of Ca2+ buffering due to chronic GCaMP sensor expression have been reported, 

especially in neurons. Altered neuronal physiology was reflected by distortion of Ca2+ signals, 

nuclear GCaMP accumulation, apoptosis, modified gene expression, and rare observation of 

interictal spike-like events (Tian et al., 2009; Steinmetz et al., 2017; Yang et al., 2018). In baseline 

conditions, we observed an increased integrated fluorescence especially in controls eight weeks 

post tamoxifen, compared to four weeks (Suppl. figure 1). Ca2+ signal amplitude, duration and 

ROI area however remained unaffected by prolonged GCaMP3 expression eight weeks post 

tamoxifen, in baseline as well as SE (Suppl. figure 1, Suppl. figure 2). Other than this, we did not 

observe overt impacts of GCaMP3 expression on astrocytes in the context of this study. To assure 

overall technical coherence among experiments and exclude a bias due to transgene expression, 

control as well as mutant mice were all heterozygous for GLAST-CreERT2, homozygous for 

GCaMP3 and received tamoxifen. 



  

94 

 

  



  

 

95 

 

9. CONCLUSION AND OUTLOOK 

In the present study, we identified an anti-epileptic effect of astroglial GABABR deletion in a 

mouse model of temporal lobe epilepsy (TLE). Mutant mice displayed a reduced number of 

seizures during status epilepticus (SE), associated with delayed stereotypical Ca2+ waves. In the 

latent phase, astroglial Ca2+ signals in GABABR deficient mice were resistant to the depression 

discovered in controls. GABABR deletion further led to attenuated histopathological hallmarks 

during the early chronic phase. 

The molecular mechanisms underlying the anti-epileptic properties of astroglial GABABR 

ablation remain to be evaluated. First, analysis of additional time points during the latency period 

and later chronic phase (≥ 3months), complemented by a time course of GABABR protein levels 

on sorted astrocytes, will contribute to the hypothesis refinement. A key experiment will be to 

determine whether astroglial vesicular glutamate release is reduced in GABABR-deficient mice, 

via in vitro assays using a genetically encoded glutamate sensor (Schwarz et al., 2017). To verify 

enhanced paracrine Ca2+-wave propagation, extracellular ATP levels during SE can be assessed 

with a genetically encoded, membrane-targeted ATP sensor in vivo (Conley et al., 2017). In 

addition, functional astroglial gap junction coupling status could be determined using a biocytin 

based assay. Moreover, whether upregulation of Kir 2.1 indeed enhances K+-buffering capacities 

of astrocytes could be evaluated in extracellular K+-clearance measurements with K+-sensitive 

microelectrodes. To evaluate the contribution of inflammatory processes, cytokine levels at 

different stages of our TLE model will be assessed via enzyme-linked immunosorbent assay 

(ELISA) (protein level) or quantitative real-time PCR (RNA expression). 

In a larger perspective, our adapted intracortical kainate model for TLE can be employed to study 

any (glio-) transmission system linked to or independent of Ca2+ signaling, in different cell 

populations of the CNS. Highly relevant targets in epilepsy would be purinergic signaling in 

general as well as interaction of neurons, microglia and astrocytes.
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10. APPENDIX: SUPPLEMENTARY FIGURES 

Suppl. figure 1 Controls and GABABR cKOs display similar Ca2+ dynamics in baseline conditions. 

A GABABR cKO and GCaMP3 expression in astrocytes was induced four or eight weeks before the 

experiment start. In vivo 2P Ca2+ imaging was performed in baseline conditions. B Baseline Ca2+ signal 

amplitude was comparable between control and cKO. C Baseline Ca2+ signals had a median duration of 

7.1 – 9.1 s across groups. D Integrated fluorescence levels were increased in controls of the 8w protocol, 

compared to 4w. E ROI area ranged from 124 – 157 µm2 and did not significantly differ between controls 

and cKOs. Stats: large data points represent field of views (n), colour-coded per animal (N). Ctrl 4w 

n = 7 FOV, N = 3 animals; cKO 4w n = 7 FOV, N = 3 animals; ctrl 8w n = 21 FOV, N = 5 animals; cKO 

8w n = 21 FOV, N = 5 animals. Kruskal-Wallis test followed by Dunn’s post hoc test. Grey data points in 

the background display single Ca2+ signals.
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Suppl. figure 2 Basic Ca2+ signal properties during SE do not differ between controls and GABABR 

cKOs, irrespective of tamoxifen protocol. 

A GABABR cKO and GCaMP3 expression in astrocytes was induced four or eight weeks prior to 

experiment start. In vivo 2P Ca2+ imaging was performed in baseline conditions and SE. Data are presented 

as normalized values of SE over baseline. B Normalized Ca2+ signal amplitude was comparable between 

controls and cKOs of both tamoxifen protocols. C Ca2+ signals during SE lasted 1.1 – 2.1 times longer in 

median, relative to baseline. D Integrated fluorescence levels were increased by 1.9 – 3.4 times in median, 

during SE versus baseline. E ROI area was enlarged 1.1 -1.4 times in SE. Stats: large data points represent 

field of views (n), colour-coded per animal (N). Ctrl 4w n = 9 FOV, N = 3 animals; cKO 4w n = 7 FOV, 

N = 3 animals; ctrl 8w n = 19 FOV, N = 5 animals; cKO 8w n = 19 FOV, N = 5 animals. Kruskal-Wallis 

test followed by Dunn’s post hoc test. 
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Suppl. figure 3 Chronic ipsilateral activation of cortical astrocytes is reduced in GABABR cKO. 

A Astroglial GABABR cKOs and controls of two different tamoxifen protocols (4w and 8w) were processed 

for immunohistochemical analysis (IHC) four weeks post kainate or saline injection (chronic phase). For 

this analysis, kainate or saline-injected animals of the different parallel experimental schedules (EEG 

telemetry [□], injection only [∇] and 2P-imaging with ECoG [o]), as well as controls of both tamoxifen 

protocols were pooled. B-C Representative coronal slices stained for reactive astrocytes (GFAP) and 

microglia (Iba1). While saline injections induced a reduced, punctual activation of astrocytes and microglia 

at the injection site, kainate induced an extended ipsilateral glial activation in all cohorts. Occasionally, 

contralateral cortical activation of astrocytes and microglia could be observed in animals that had received 

a cranial window (see cKO 8w). Scale bars = 250 µm. D Kainate injection induced significant ipsilateral 

increases in GFAP fluorescence intensity (FI) in all cohorts, compared to saline. While controls and 

cKO 4w display a similar level of ipsilateral GFAP FI, astroglial activation was reduced in cKO 8w 

compared to control and cKO 4w. E Iba1 FI was significantly increased in all cohorts four weeks post 

kainate, compared to saline. No difference was detected in ipsilateral Iba1 reactivity among control and 

cKO cohorts. 

Stats: individual data points correspond to brain slices (n) and slices from the same animal (N) are colour 

coded. Saline ctrl N = 4, n = 12; ctrl N = 14, n = 41; cKO 4w N = 10, n = 29; cKO 8w N = 7, n = 19. 

Kruskal-Wallis test followed by uncorrected Dunn’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001. 
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Suppl. figure 4 Overview of individual Ca2+ signals during baseline and kainate-induced SE four 

weeks post tamoxifen. 
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Suppl. figure 5 Overview of individual Ca2+ signals at various time points post saline injection in the 

prolonged receptor deletion protocol. 
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Suppl. figure 6 Overview of individual Ca2+ signals at various time points post kainate injection in 

the prolonged receptor deletion protocol. 
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Suppl. figure 7 LCP cortical surface electrodes are long-term biocompatible in vivo. 

A The biocompatibility study was carried out on transgenic mice with tamoxifen induced, astrocyte-specific 

GCaMP3 expression. B 8-week-old animals were administered five consecutive i.p. injections of tamoxifen 

to induce GCaMP3 expression in astrocytes. At 12 weeks of age, animals underwent cranial window 

surgery with or without (sham) surface electrode implantation and immunohistochemical analysis was 

carried out 3 or 28 days post surgery. C Activation of microglia (Iba1) and astrocytes (GFAP) was assessed 

by immunohistochemical staining of coronal slices. GCaMP3 expression was revealed with GFP staining. 

Ipsilateral: surgery side, contralateral: control side. Scale bars indicate 500 µm. D Astroglial GFAP 

reactivity was increased in sham groups compared to electrode implanted groups both 3 and 28 days post 

surgery, while the electrode implanted groups itself were only minimally increased, indicating high 

biocompatibility and an additional stabilizing effect of the LCP cortical surface electrode. Ipsilateral 

fluorescence intensity values were normalized to the contralateral side. Statistics: Kruskal-Wallis test 

followed by Dunn’s multiples comparisons test * p < 0.05. Data are displayed as median with IQR. Larger 

data points correspond to the average of slices from the same animal, smaller data points indicate individual 

slices. 3 d sham N(animal)=3, n(slice)=9; 3 d electrode N=3, n=9; 28 d sham N=3, n=9; 28 d electrode 

N=4, n=12. Modified from Schweigmann, Caudal et al., in press, Frontiers in Cellular Neuroscience. 
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Suppl. figure 8 Unspecific recombination of mature neurons in the GLAST-CreERT2 line is negligible 

in cortex and hippocampus four weeks post kainate. 

A GABABR control and mutant mice were injected with tamoxifen at four weeks. Intracortical kainate 

injection followed eight weeks later and immunohistochemical analysis was performed four weeks post 

kainate. B-C Quantification of NeuN+/GFP (GCaMP3)+ cells in cortex (B, 2 mm2), hippocampal CA1 (C, 

0.5 mm2) and dentate gyrus (D) revealed insignificant numbers of recombined, mature neurons in the 

GLAST-CreERT2 mouse line. Scale bar = 200 µm. 
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