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1. Introduction  
1.1 Hippocampus 

The hippocampus is a C-shaped brain structure located within the mesial temporal lobe 

(Schultz and Engelhardt, 2014). It plays a crucial role in various important brain functions, 

with memory formation being a primary one (Andersen et al., 2006). The hippocampus is 

also extensively studied in the context of pathophysiological conditions such as epilepsy 

(Engel, 2001; Prince, 1978; Stafstrom, 2005). Its highly organized (cyto-) architecture 

renders to the hippocampus a particularly interesting model structure to study basic 

principles of neurophysiology.  

The hippocampus in its narrow sense can be referred to synonymously as the 

‘hippocampus proprius’ or ‘Cornu Ammonis’ (CA) (Walther, 2002). The term "Cornu 

Ammonis" is derived from Latin, and it translates to ‘Ammon's Horn’. It refers to the curved 

shape of the hippocampus, which resembles the horns of the Egyptian god Amun. The 

hippocampus is further divided into layered subfields, namely, the CA1, CA2 and CA3 

region (Lorente De Nó, 1934) (Fig.1). It has a distinct layered organization, with the most 

prominent layer being the stratum (str.) pyramidale comprising the cell bodies of the 

excitatory pyramidal neurons. The basal dendrites of these cells are located in the deep 

layer called the str. oriens. Apical dendrites in turn are found just above the str. pyramidale 

and extend through the str. radiatum and the str. lacunosomoleculare along the apical axis 

of the str. pyramidale. While the hippocampus is densely packed with neurons it contains 

other cell types, including astrocytes, which play important roles in supporting and 

modulating neuronal function and maintaining the overall health of the hippocampal 

circuitry.  
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Fig. 1: Neuronal tri-synaptic circuit in the hippocampus 
The hippocampus receives input from the entorhinal cortex through the perforant path to the 
dentate gyrus. The dentate granule (DG) cells project to CA3 neurons, which transmit information 
via the Schaffer collaterals to CA1 pyramidal neurons. The axons of CA1 pyramidal neurons 
project back to the entorhinal cortex directly or indirectly through the subiculum. This circuit forms 
the tri-synaptic pathway in the hippocampus. 
 

The hippocampal formation consists of not only the hippocampus itself but also 

neighboring structures including the dentate gyrus (DG), the subiculum, presubiculum, 

parasubiculum, and the entorhinal cortex (EC) (Andersen et al., 2006). These structures 

are involved in a complex circuit known as tri-synaptic circuit, which plays a crucial role in 

memory processing (Andersen et al., 2006). 

The major input to the hippocampal formation originates from cells of the EC through a 

pathway called the perforant pathway. The axons from the EC cells project to the DG 

primarily, but some also terminate in the subiculum and the hippocampus itself. From the 

DG the granule cells give rise to axons called mossy fibers which form connections with 

the pyramidal cells in the CA3 region (Fig. 1). The CA3 pyramidal neurons then project 

via Schaffer collaterals to the CA1 region. CA1 pyramidal neurons in turn project directly 

back to the EC or indirectly through projections to the subiculum which is also connected 
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to the EC. These connections from the subiculum and the CA1 hippocampal field close 

the hippocampal processing loop (Deng et al., 2010; van Strien et al., 2009).  

Dysregulation of hippocampal function which can result from neuronal hyperexcitability is 

often associated with epilepsy (Schwartzkroin, 1986). Understanding the role of the 

hippocampus in epilepsy can provide insights into the mechanisms of seizure generation 

and potentially lead to new therapeutic approaches.  

 
1.2 Epilepsy 

Epilepsy is a serious, chronic noncommunicable neurological disease affecting about 65 

million people of all ages worldwide (Thurman et al., 2011). It is characterized as an 

“enduring predisposition of the brain to generate epileptic seizures, with neurobiological, 

cognitive, psychological, and social consequences” (Fisher et al., 2005). An epileptic 

seizure is defined by the International League Against Epilepsy as “a transient occurrence 

of signs and/or symptoms due to abnormal excessive or synchronous neuronal activity in 

the brain” (Fisher et al., 2005). Seizure types are classified into focal onset, generalized 

onset, and unknown onset based on the origin site (Scheffer et al., 2017).  

The diagnosis of epilepsy comprises clinical examination including information regarding 

seizure semiology obtained from individual and witness histories (National Clinical 

Guideline Centre (UK), 2012). In addition, electroencephalogram (EEG) and magnetic 

resonance imaging of the brain is commonly employed during epilepsy diagnosis. 

Specifically, epilepsy syndromes often show distinct EEG features or are accompanied by 

structural lesions which carries prognostic and treatment implications and, thus, provide 

important information for diagnostics (Wirrell et al., 2022). For example, brain/neuronal 

activity recorded by the EEG can be categorized as ictal (i.e., during a seizure), postictal 

(i.e., after a seizure) and interictal (i.e., between seizures) (Fisher and Engel, 2010) and 

thereby allows a further characterization of the type and/or status of the disease. The 

importance of a detailed characterization of the type of epilepsy becomes particularly 

relevant when searching for novel treatment options and/or finding the optimal treatment 

for the individual epilepsy patient.  

Epilepsy is primarily treated with antiepileptic drugs (AEDs). Generally, said AEDs act via 

a facilitation of neuronal inhibition, an attenuation of neuronal excitation, or a prevention 

of aberrant burst-firing of neurons. Examples of AEDs which enhance the inhibitory g-
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aminobutyric acid (GABA)-system are benzodiazepines, barbiturates, tiagabine and 

vigabatrin (Davies, 1995). Other AEDs reduce neuronal excitability/excitation via an use-

dependent block of sodium channels, e.g., carbamazepine, oxcarbazepine, lamotrigine, 

and phenytoin (Davies, 1995). Although many AEDs with different modes of actions are 

available, one third of patients suffering from epilepsy do not respond properly to AED 

treatment and continue to experience seizures (Kwan et al., 2010; Sultana et al., 2021). 

Drug resistance is a particular problem in patients suffering from focal epilepsies such as 

mesial temporal lobe epilepsy (MTLE) (Duncan et al., 2006; Pati and Alexopoulos, 2010), 

wherein seizures originate from the temporal lobe, the most epileptogenic region of the 

brain which includes the hippocampus (see above).  

 

1.2.1.1 Mesial temporal lobe epilepsy 

MTLE is the most common type of focal epilepsy characterized by recurrent focal seizures 

originating from the mesial temporal lobe, primarily involving the hippocampus and 

amygdala, and potentially neighboring cortical regions (King and Spencer, 1995).  

MTLE can develop after an initial event such as febrile seizures during childhood, trauma, 

hypoxia, brain infection, status epilepticus following a latent period (French et al., 1993). 

The most prevalent pathological substrate in MTLE is hippocampal sclerosis (Blumcke et 

al., 2017; Cavanagh and Meyer, 1956; Thom, 2014), a damage pattern that comprises 

segmental neuronal cell loss of the hippocampus and concomitant astrogliosis (Thom, 

2014).  

Although aberrant neuronal activity is the main pathophysiological feature of MTLE, it is 

recognized that severe changes of non-neuronal cells especially astrocytes, are strongly 

associated with epilepsy (Steinhäuser et al., 2016; Vezzani et al., 2011; Zhao et al., 2018). 

Astrocytes are known to be involved in many homeostatic functions in the central nervous 

system (CNS) (see section 1.3) and their malfunction has been implicated in the 

generation of epilepsy, especially MTLE (Bedner et al., 2015; Coulter and Steinhäuser, 

2015; de Lanerolle et al., 2010; Oberheim et al., 2008) (see section 1.3.2).  

Moreover, there is increasing evidence that epilepsy is highly associated with activation 

of microglial cells which are involved in inflammation and immune protection of the CNS 

(see section 1.4). Particularly, the release of cytokines by activated microglia has been 
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proposed to be a key driver of epileptogenic processes (Henning et al., 2023; Hiragi et al., 

2018; Li et al., 2011; Vezzani et al., 2011) (see section 1.4.1).  

Despite increasing knowledge about the involvement of non-neuronal cell types in 

epileptogenesis, the exact mechanisms are still poorly understood. Conventional 

antiepileptic drugs primarily target neurons, and their effectiveness may be limited, 

particularly in pharmacoresistant MTLE patients for whom surgical options are often the 

only remedy (Blumcke et al., 2017).  

Uncontrolled epileptic seizures can have devastating consequences, significantly 

reducing patients’ quality of life. Common side effects and comorbidities reported in 

refractory epilepsy patients include intolerable toxicity from AEDs, impaired memory 

function, and depressive symptoms (Juvale and Che Has, 2021; Luoni et al., 2011). 

Therefore, further research into the molecular mechanisms underlying epilepsy, especially 

the development of epilepsy (epileptogenesis) is crucial to identify additional targets for 

more effective pharmacological treatments. Especially astrocytes represent an interesting 

target for further research as there is increasing evidence that their strongly altered 

phenotype and function contributes to epileptogenesis.  

 

1.3 Astrocytes 

Astrocytes are a highly abundant type of glial cell, constituting approximately 20 – 40 % 

of the total number of brain cells (Verkhratsky and Nedergaard 2018). Within the CNS, 

astrocytes are characterized by the expression of glial fibrillary acidic protein (GFAP), 

which is widely used as a marker for astrocytes (Bignami et al., 1972; Kimelberg and 

Norenberg, 1989). Astrocytes derive their name from their star-like appearance, as “astro” 

means star in Greek. This characteristic morphology was first observed by pioneering 

neuroscientists Camillo Golgi and Ramon y Cajal through Golgi staining techniques in the 

early 20th century (Fig. 2 A). Despite their common stellate feature, astrocytes exhibit a 

remarkable diversity in their morphology (Zhang and Barres, 2010). 
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Fig. 2: Protoplasmic astrocytes 
A) Illustration by Cajal depicting an astrocyte with its major branches, derived from the pyramidal 
layer of the hippocampus in an adult human brain based on Golgi staining (adopted from Ramón 
y Cajal, 1909). Only major and midsized processes are visualized. B) Protoplasmic astrocytes 
from a rodent brain visualized by intracellular fluorescent dye fill (adopted from Bushong et al., 
2002). Fluorescent dye filling allows to visualize the finest peripheral processes (PAPs) revealing 
the actual bush-like astrocytic morphology. Even though astrocytes are extensively coupled in 
astroglial networks they are organized in barely overlapping territories, as indicated by the yellow 
line representing their discreet region of interaction. 
 
Based on their morphology they can be broadly classified into two main categories: fibrous 

astrocytes, primarily found in white matter, and protoplasmic astrocytes, more abundant 

in grey matter (Kettenmann and Verkhratsky, 2008).  

Advanced visualization techniques have revealed that astrocytes have a bush- or sponge-

like morphology, situated between endothelial cells and neurons (Fig. 2 B) (Bushong et 

al., 2002; Ogata and Kosaka, 2002). A typical protoplasmic astrocyte consists of 5 to 8 

major branches emanating from the soma, which further ramify into fine leaflet-like 

protrusions (Sofroniew and Vinters, 2010). Protoplasmic astrocytes typically have a 

diameter of 40 to 60 μm with about 80 % of the total membrane surface of each cell being 

formed by processes (Khakh and Sofroniew, 2015; Robertson, 2013; Zhou et al., 2019). 

Each astrocyte occupies a specific territory with minimal overlap (less than 5 %) with 

A B

20 µmmajor branch

PAPs
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neighboring astrocyte processes (Fig. 2 B) (Bushong et al., 2002; Ogata and Kosaka, 

2002).  

Astrocytes have specialized processes called perisynaptic astroglial processes (PAPs) 

that enwrap synapses (Ventura and Harris, 1999) while larger astrocytic endfeet surround 

vessels (Sofroniew and Vinters, 2010). In the hippocampus, approximately more than half 

of the synaptic clefts are in contact with astrocyte protrusions (Witcher et al., 2007) and 

coverage of synapses is regulated dynamically (Bernardinelli et al., 2014b; Henneberger 

et al., 2020).  

The complex morphology of astrocytes reflects their diverse functions. In healthy brain 

tissue, astrocytes contribute to various homeostatic processes including potassium 

buffering, energy supply and neurotransmitter uptake and recycling (Kimelberg, 2010). 

Extensive gap junction coupling between astrocytes facilitates the rapid dissipation of 

small molecules like glutamate or potassium (Giaume et al., 2010). Astrocytes also play 

an active role in bidirectional signaling at synapses thereby shaping neuronal information 

processing (Araque et al., 2014). A single hippocampal astrocyte and its processes can 

contact approximately 100,000 synapses (Bushong et al., 2002), exerting modulatory 

effects on various neuronal processes through direct and indirect pathways at the 

molecular, synaptic, cellular, and network levels (Anderson et al., 2016; Santello and 

Volterra, 2012; Walz, 2000). Consequently, astrocytes play a significant role in modulating 

neuronal function.  

Although astrocytes do express voltage dependent and independent potassium and 

sodium channels, they are not able to propagate action potentials along their processes 

as neurons do (Nedergaard et al., 2003). However, they can respond biochemically to 

stimuli such as ions and neurotransmitters. Astrocytes can communicate through 

regulated elevations in intracellular calcium concentration, which propagate along 

astrocyte processes and even between neighboring astrocytes (Cornell-Bell et al., 1990; 

Dani et al., 1992; Jensen and Chiu, 1990). These calcium elevations can be triggered by 

neurotransmitters such as glutamate and purines released during neuronal activity 

(Bennett et al., 2006; Cornell-Bell et al., 1990; Porter and McCarthy, 1996). Notably, 

calcium release from intracellular stores also occurs without neuronal activity, indicating 

that astrocytes even serve as an independent modulator of neuronal excitability (Nett et 

al., 2002).  
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Variations in intracellular calcium levels in astrocytes can trigger the release of various 

active substances, known as gliotransmitters including ATP, and D-serine (Bezzi and 

Volterra, 2001). These gliotransmitters can signal to both other astrocytes and neurons, 

thereby influencing neuronal function in several ways, such as modulating synaptic 

transmission and affecting neuronal excitability (Araque et al., 2014). This bidirectional 

signaling between astrocytes and neurons has led to the concept of the “tripartite synapse” 

(Araque et al., 1999).  

While significant progress has been made in understanding the roles of astrocytes in both 

physiological and pathological brain function, there has been relatively little investigation 

of the signaling pathways to and within astrocytes, particularly those involved in altering 

astrocyte morphology.  

 

1.3.1 Morphological plasticity of astrocytes 

Astrocytes demonstrate two significant phenomena of structural plasticity: Motility, which 

involves highly dynamic movements, and changes in their coverage of synapses 

(Bernardinelli et al., 2014a; Haber et al., 2006; Hirrlinger et al., 2004).  

The extent of ensheathment of spines varies considerably across different brain regions, 

ranging from around 60% in the hippocampus (Ventura and Harris, 1999) to 100% in the 

Bergmann glia of the cerebellum (Lippman et al., 2008). Notably, the coverage of 

synapses by astrocytes can be modified in a neuronal activity-dependent manner. For 

instance, lactation or consolidation of short-term memory into long-term memory, leads to 

decreased coverage of synapses by PAPs in the supraoptic nucleus and the amygdala 

respectively (Oliet et al., 2001; Ostroff et al., 2014). 

The dynamics of synaptic ensheathment by astrocytes are believed to be closely related 

to the motility of PAPs (Bernardinelli et al., 2014a; Haber et al., 2006). Studies employing 

simultaneous imaging of dendritic spines and astrocytic processes have shown that 

astrocytic processes exhibit dynamic extension and retraction on the order of minutes in 

live cells (Hirrlinger et al., 2004). In fact, astrocyte motility is influenced by the organism’s 

physiological conditions, such as parturition, lactation, chronic dehydration, starvation or 

voluntary exercise (Procko et al., 2011; Tatsumi et al., 2016; Theodosis, 2002). A 

particularly prominent trigger of PAP motility appears to be the induction of synaptic 

plasticity both in vivo and in vitro (Bernardinelli et al., 2014b; Henneberger et al., 2020). 
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Moreover, two photon excitation imaging of astrocytes in acute hippocampal slices and in 

vivo astrocytes has revealed that long term potentiation (LTP) induces shrinkage of PAPs 

which ultimately boosts glutamate escape from the synaptic cleft, thus enhancing N-

Methyl-D-Aspartate-receptors (NMDAR) activation away from the release site, potentially 

at nearby synapses (Henneberger et al., 2020). Intriguingly, the withdrawal of PAPs alone 

can also boost glutamate escape (Henneberger et al., 2020), underscoring the functional 

significance of the precise spatial relationship between synapses and PAPs.  

The plasticity of perisynaptic astroglial processes (PAPs) is widely recognized to modulate 

synaptic efficacy, spine stability, and synaptic maturation under physiological conditions 

(Bernardinelli et al., 2014b; Nishida and Okabe, 2007). Consequently, it is conceivable 

that morphological alterations of astrocytes during pathophysiological conditions play a 

crucial role as well. Indeed, many neurological or psychiatric disease including 

Alzheimer’s disease, Huntington’s disease, Multiple sclerosis, and epilepsy are 

accompanied by severe changes of in astrocyte morphology and function (Booth et al., 

2017; Oberheim et al., 2008; Simpson et al., 2010; Williams et al., 2007). This observation 

has led to the hypothesis that not only neuronal dysfunction, but also glial dysfunction 

contributes to the development and the progression of these diseases.  

However, the mechanisms underlying the induction of alterations in astrocyte morphology 

and function remain poorly understood. It is crucial to further investigate these 

mechanisms to enhance our understanding of how astrocytes specifically contribute to 

conditions such as epilepsy. Exploring the function and dysfunction of astrocytes 

represents an intriguing approach to develop drugs that more precisely target the 

underlying pathomechanisms of epilepsy.  

 
1.3.2 Alterations of astrocyte morphology in epilepsy 

Under physiological conditions, astrocytes are organized in exclusive territories infiltrating 

distinct volumes of the neuropil (Bushong et al., 2002). However, in response to injury and 

other pathological conditions, astrocytes undergo a process called astrogliosis becoming 

reactive (Anderson et al., 2014; Sofroniew, 2015; Zhou et al., 2019). Astrogliosis involves 

alterations in gene and protein expression, as well as changes in their secretome 

(Anderson et al., 2014; Sofroniew, 2015). During this process, astrocytes undergo 

morphological changes and exhibit hypertrophy of the cell body and major processes as 
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well as modified branching and outgrowth of particularly long processes (Sofroniew, 

2015).  

Astrogliosis is a well-recognized defense mechanism that serves to regulate and maintain 

the integrity of the blood-brain barrier (BBB) (Heithoff et al., 2021). In addition to its role in 

BBB regulation, astrogliosis also plays a crucial role in isolating non-injured tissue from 

damaged areas and providing support for neuronal circuitry and tissue regeneration 

(Burda et al., 2016; Robel, 2017). As the distance from the injury increases, the 

characteristic features of astrogliosis, such as hypertrophy and elevated levels of GFAP, 

tend to decrease (Sofroniew, 2015). Compared to microglia, which rapidly respond to 

insults in the CNS within minutes, the development of astrogliosis is relatively slow. 

Hypertrophy of astrocytes and upregulation of GFAP typically occur around 2-3 days after 

the initial injury (Nimmerjahn et al., 2005). Astrogliosis has been observed in various 

pathological conditions including Alzheimer’s disease, Parkinson’s disease and epilepsy 

(Pekny et al., 2016). It is frequently found in surgical tissue from patients with 

pharmacoresistant MTLE and in various experimental epilepsy models (Binder and 

Steinhäuser, 2006; Witcher et al., 2010). Interestingly, experimental models have shown 

that the increase in cell volume is accompanied by the loss of fine processes and 

disruption of spatial domain organization (Oberheim et al., 2008). While it remains unclear 

whether astrocyte morphology is altered in the early stages of diseases such as 

Alzheimer's, recent findings have demonstrated that morphological alterations of 

astrocytes can be detected as early as 10-20 minutes after the induction of epileptiform 

activity in in vitro models as well as after induction of status epilepticus (SE) in in vivo 

models (Anders et al., 2024).  

To understand functional mechanisms underlying the acute phases of epileptogenesis, 

epileptiform activity often is induced by pharmacological treatment (Akdogan and Yonguc, 

2011). Although such simplified models do not fully replicate all features of epilepsy, they 

provide valuable insights into cellular alterations related to the condition. Common 

pharmacological epilepsy models involve targeting the inhibition of γ-aminobutyric acid 

(GABAA) receptors using substances like picrotoxin, bicuculline or penicillin, which shift 

the balance towards neuronal excitation (Akdogan and Yonguc, 2011). Additionally, low 

concentrations of extracellular magnesium ions (Mg2+) can be used to facilitate activation 
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of the ionotropic glutamate receptor NMDA, further promoting excitation (Akdogan and 

Yonguc, 2011).  

Recent studies have shown that epileptiform activity induced by different pharmacological 

agents can prompt rapid restructuring, particularly in the peripheral regions of astrocytes, 

with a high likelihood of occurring in PAPs (Anders et al., 2024). Intriguingly, these 

changes have been shown to persist and even exacerbate epileptiform activity, 

suggesting that astrocytes may contribute to abnormal neuronal activity at the earliest 

stage of epileptogenesis (Anders et al., 2024). Although some intracellular pathways 

involved in the rapid morphological changes of astrocytes have been identified (see 

1.3.2.1), the specific extracellular signal that triggers these changes remains unknown. 

Further research is needed to unravel the signaling mechanisms underlying these rapid 

morphological alterations in astrocytes and their role in epileptic activity.  

 

1.3.2.1 Molecular Basis of rapid astrocytic morphology changes induced by epileptiform 

activity 

Recent studies have demonstrated that astrocytes undergo rapid changes in morphology 

within minutes after onset of epileptiform activity (Anders et al., 2024). Changes of 

astrocyte morphology can be mediated by passive mechanisms like water flux across the 

astrocyte membrane facilitated by aquaporins (AQP, Fig. 3), but also by active remodeling 

of the actin cytoskeleton (Reichenbach et al., 2010).  

The cytoskeleton, composed of actin microfilaments, microtubules, and intermediate 

filaments, plays a critical role in maintaining cell shape and plasticity, as well as in 

facilitating various cellular functions including cell motility, signal transduction, 

phagocytosis, migration, and adhesion (Fletcher and Mullins, 2010; Zigmond, 1996). In 

the context of astrocytes, the actin cytoskeleton is particularly vital for mediating rapid 

morphological changes (Schiweck et al., 2018).  

Notably, morphology changes induced by epileptiform activity were prevented by inhibition 

of the RhoA associated coiled-coil kinase (ROCK) a key regulator of the actin cytoskeleton 

(Anders et al., 2024). ROCK is involved in regulating the myosin light chain (MLC) which 

is necessary for the formation and maintenance of stress fibers and focal adhesions 

(Amano et al., 2010). Additionally, ROCK can phosphorylate Lin-11, Isl-1, and Mec-3 

kinases (LIMK) 1 and 2 which in turn increase actin dynamics by regulating cofilin 
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phosphorylation (Midori et al., 1999; van Rheenen et al., 2009). Cofilin-1, a pH-dependent 

regulator of actin filament polymerization, controls the remodeling of thin cell protrusions 

(Kanellos and Frame, 2016).  

The activity state of ROCK is regulated by the small GTPase RhoA (Nakagawa et al., 

1996). RhoA is a member of the Rho GTPase family, which comprises approximately 20 

subtypes, with Rho, Rac, and Cdc42 being the most extensively studied. These small 

GTPases play crucial roles in regulating cytoskeletal reorganization in different cellular 

processes (Burridge and Doughman, 2006).  

Small GTPases act as binary molecular switches transitioning between an active GTP-

bound and an inactive GDP-bound state (Etienne-Manneville and Hall, 2002). They 

possess a conserved amino acid sequence necessary for GDP/GTP binding, enabling 

their characteristic GTPase activity, which involves the hydrolysis of GTP to GDP (Takai 

et al., 1992). The cycling between the two conformational states is tightly regulated by 

guanine nucleotide exchange factors (GEFs) that catalyze the exchange of GDP for GTP, 

leading to activation, and GTPase-activating proteins (GAPs) that enhance GTP 

hydrolysis, resulting in inactivation (Bos et al., 2007).  

In the GTP bound state RhoA is inserted in the plasma membrane where it can interact 

with and signal through its downstream effectors. The cycling between membrane and 

cytosol is controlled by guanine nucleotide dissociation inhibitors (GDIs), which can form 

stable complexes with both the GDP- and GTP-bound forms of RhoA (Mosaddeghzadeh 

and Ahmadian, 2021). 
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Fig. 3: Regulators of astrocyte morphology  
Astrocyte morphology changes can occur via passive mechanisms, such as AQP-facilitated water 
flux, or through active actin cytoskeleton remodeling. A key regulatory mechanism of the astroglial 
cytoskeleton is RhoA/ROCK signaling. RhoA is a small GTPase that shifts between an active 
GTP-bound and an inactive GDP-bound state. The shift between the two activity states is 
regulated by GEFs (guanine nucleotide exchange factors), GAPs (GTPase-activating proteins) 
and GDIs (guanine nucleotide dissociation factors). The GDP/GTP cycle of RhoA is further 
modulated by signals from various classes of surface receptors including G-protein-coupled 
receptors (GPCRs) and cytokine receptors. GTP-bound RhoA activates ROCK which in turn 
phosphorylates its substrates MLC (myosin light chain) and LIMK (Lim kinase 1 and 2). 
 

The GDP/GTP cycle of RhoA is regulated by signals originating from various classes of 

surface receptors including G-protein-coupled receptors (GPCRs), tyrosine kinase 

receptors (TKRs), cytokine receptors, and adhesion receptors (Kjøller and Hall, 1999). 

However, preliminary work suggested that common signaling pathways such as inducing 

astroglial calcium signals or activating endocannabinoid or metabotropic glutamate 

receptors alone is insufficient to reproduce the observed rapid morphology changes in 

astrocytes during epileptiform activity (Henneberger et al., 2020). This indicates that the 

signaling cascades previously proposed to regulate astrocyte morphology may not be 

mediating the rapid changes observed during epileptiform activity. This could suggest that 

a different signaling cascade induces these rapid astrocyte morphology changes. 
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Alternatively, it could also imply that more than one signaling cascade is involved in driving 

these rapid changes in astrocyte morphology. 

Interestingly, previous studies from cell cultures have shown that inflammatory cytokines 

such as Interleukin-1b (IL1b) or tumor necrosis factor alpha (TNFα) can modulate 

astrocyte morphology (Henning et al., 2023; John et al., 2004; Liddelow et al., 2017; Sano 

et al., 2021). Strong evidence from both animal and human studies demonstrates elevated 

expression of inflammatory mediators, particularly TNFα and IL1b, in epileptic brain tissue 

linking epilepsy to inflammation (Aronica and Crino, 2011; Devinsky et al., 2013; Vezzani 

et al., 2011). Inflammation in the CNS is characterized by an increase of cytokines 

including TNFα and IL1b released almost exclusively by microglia the resident immune 

cells in the CNS parenchyma (Perry and Gordon, 1988). Astrocytes express receptors for 

almost all cytokines released by microglia (Tada et al., 1994). Therefore, it is tempting to 

hypothesize that the release of inflammatory cytokines may link epileptiform activity to 

rapid astrocyte morphology changes.  

 

1.4 Inflammation in the central nervous system  

Neuroinflammation refers to the inflammatory response that occurs within the brain or 

spinal cord. This response involves the production of various molecules such as cytokines, 

chemokines, reactive oxygen species, and secondary messengers (Estes and McAllister, 

2014). These mediators are provided by both the innate and the adaptive immune system. 

The innate immune system is responsible for fast and non-specific immune responses. In 

the context of neuroinflammation, activation of the innate immune system leads to the 

recruitment an activation of cells from the adaptive immune system, including B-

lymphocytes and T-lymphocytes, which can target specific antigens (Waisman et al., 

2015). In pathological condition like epilepsy, there is evidence that components 

especially of the innate immune system are activated (Beach et al., 1995; Hiragi et al., 

2018; Shapiro et al., 2008).  

Within the CNS, the innate immune system is primarily represented by resident glial cells, 

namely microglia (Waisman et al., 2015). Microglia are the resident immune cells of the 

CNS and are considered the main mediators of the innate immune response in the brain 

(Kreutzberg, 1996; Perry and Gordon, 1988). They have the ability to secrete various 
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soluble factors, including chemokines, cytokines, and neurotrophic factors, which can 

modulate the immune response and contribute to tissue repair processes. 

Under normal physiological conditions, microglia remain in a “resting” or surveillance 

state, where they continuously monitor the microenvironment. In this state, microglia 

contribute to synaptogenesis and neurogenesis by releasing neurotrophic factors and 

maintaining cholesterol homeostasis (Miyamoto et al., 2016; Mosser et al., 2017). 

However, in response to injury, infection, or disrupted homeostasis, microglia undergo 

activation and transition into an activated phenotype (Streit and Kreutzberg, 1987). 

Microglial activation is characterized by various biological responses, including migration 

to the site of injury or inflammation, proliferation, phagocytosis, antigen presentation, and 

secretion of diffusible factors (Garden and Möller, 2006; Hanisch, 2002). These activated 

microglia can secrete various factors that serve as communication signals with 

surrounding cells, particularly astrocytes, to regulate the inflammatory response following 

insult or infection (Matejuk and Ransohoff, 2020).  

Astrocytes are also important players in neuroinflammation. They express receptors for 

cytokines released by microglia and can respond to these signals by producing their own 

inflammatory mediators (Sofroniew, 2014). This communication between microglia and 

astrocytes helps regulate and amplify the inflammatory response in the CNS. Thus, the 

interaction between microglia and astrocytes is crucial in coordinating the inflammatory 

response in the CNS (Garland et al., 2022; Linnerbauer et al., 2020). 

Importantly, inflammation and microglia activation have been implicated in various 

neurological and psychiatric diseases, including Alzheimer's disease, Parkinson's 

disease, depression, and epilepsy (Amor et al., 2010; DiSabato et al., 2016; Vezzani et 

al., 2011). The dysregulation of microglial activation and the subsequent inflammatory 

response are thought to contribute to the pathogenesis and progression of these disorders 

(Colonna and Butovsky, 2017). 

In summary, microglia, as resident immune cells in the CNS, play a critical role in the 

innate immune response and neuroinflammation. Their activation and secretion of 

diffusible factors influence the communication with surrounding cells, including astrocytes, 

to regulate the inflammatory response in various physiological and pathological conditions 

in the CNS. 
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1.4.1 Inflammation in the epileptic brain  

Over the last twenty years, extensive clinical and experimental evidence has strongly 

supported the hypothesis that inflammatory processes in the brain play a crucial role in 

the pathophysiology of seizures and epilepsy (Vezzani and Granata, 2005).  

Initial insights into the involvement of inflammation in epilepsy came from studies 

demonstrating the antiepileptic effects of anti-inflammatory drugs (Steinhauser and 

Hertting, 1981). Subsequent investigations have revealed increased markers of 

inflammation in the serum, cerebrospinal fluid (CSF) of patients with epilepsy (Aronica 

and Crino, 2011; Crespel et al., 2002; Peltola et al., 2000). Specifically, elevated 

expression of proinflammatory molecules such as TNFa, IL1b and IL6 has been observed 

in neurons and glial cells in brain tissue obtained from individuals with drug-resistant 

epilepsy (Aronica and Crino, 2011; Vezzani et al., 2011).  

These findings prompted further investigations into the role of inflammation in 

experimental models of epilepsy. In fact, experimentally induced seizures in rodents elicit 

a prominent inflammatory response in brain areas that are involved during the onset and 

propagation of epileptic activity (Eriksson et al., 1999; Plata-Salamán et al., 2000; Turrin 

and Rivest, 2004). Concomitant increase of inflammatory mediators is largely attributed 

to microglial activation as minocycline, a microglia-inhibitor, can block the seizure-induced 

rise in cytokine concentrations in the hippocampus (Wang et al., 2015). 

Notably, prominent examples of cytokines whose expression is often increased in the 

brains of epilepsy patients and in animal models include the inflammatory mediators IL1b 

and TNFα (Ashhab et al., 2013; De Simoni et al., 2000; Annamaria Vezzani et al., 1999). 

In addition to classical inflammatory cytokines, other molecules such as norepinephrine 

(NE) and brain-derived neurotrophic factor (BDNF) which are not primarily associated with 

neuroinflammation but also modulate the neuroimmune-axis, have also been found to be 

dysregulated in epileptic conditions (Hara et al., 1993; Isackson et al., 1991; Meierkord et 

al., 1994).  

It is well-established that these inflammatory cytokines as well as BDNF and NE, can 

directly influence neuronal excitability and contribute to epileptogenesis (Dubé et al., 2005; 

Michev et al., 2021; Vezzani et al., 2011). However, emerging evidence suggests that 

inflammatory cytokines also exert indirect effect on astrocytes and contribute to 

epileptogenesis through such mechanisms (Bedner et al., 2015). For instance, it has been 
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shown that changes in the coupling properties of astroglial networks, commonly observed 

in animal models of MTLE, can be replicated by the application of cytokines derived from 

microglia (Bedner et al., 2015; Henning et al., 2023). This has further strengthened the 

hypothesis that inflammatory cytokines contribute to epileptogenesis not only by signaling 

to neurons but also through their interactions with astrocytes. 

While the impact of these cytokines on the neuronal population in the context of epilepsy 

has been extensively studied in recent years, our understanding of how these cytokines 

affect the astroglial population is still limited. However, it is known that astrocytes express 

receptors for various soluble factors, including TNFα, IL1b, BDNF, and NE, making them 

critical targets for signaling by activated microglia (Holt et al., 2019; Sofroniew, 2014).  

In summary, epilepsy is strongly associated with immune system activation, and 

inflammatory cytokines are believed to play a significant role in epileptogenesis. TNFα, 

IL1b, BDNF and NE are among the most prominent inflammation related molecules 

implicated in this process (Iughetti et al., 2018; Vezzani et al., 2011).  

 

1.4.1.1 Tumor necrosis factor alpha 

TNFα was named for its ability to cause tumor cell death in vitro and induce hemorrhagic 

necrosis in solid tumors in vivo (Carswell et al., 1975). It is a highly pleiotropic cytokine 

that can affect various types of cells, engaging in a variety of cellular responses, including 

the induction of inflammatory gene expression programs, stimulation of cellular 

proliferation and differentiation, and activation of cell death pathways such as apoptosis 

and necroptosis (Baud and Karin, 2001).  

In the CNS, TNFα is expressed by neurons, astrocytes, and oligodendrocytes, but the 

main source is activated microglial cells (Renno et al., 1995). TNFα  exists in two forms: 

a transmembrane bound (tmTNF) form and a soluble form (solTNF) (Kriegler et al., 1988). 

The soluble form is released from the transmembrane form through proteolytic cleavage 

by the metalloprotease TNFα converting enzyme (TACE) (Black et al., 1997). Both forms 

of TNFα mediate their biological activities by interacting with the two structurally related 

receptors: TNFα receptor 1 (TNFR1) and TNFα receptor 2 (TNFR2), which belong to the 

TNF receptor superfamily (Locksley et al., 2001). This superfamily comprises two groups: 

one group that harbors a death domain in their cytoplasmic region and another group 
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without a death domain. TNFR1 belongs to the first group, while TNFR2 belongs to the 

second group (Song and Buchwald, 2015). 

TNFRs do not possess intrinsic kinase activity and transduce signaling through binding to 

adaptor proteins (Cabal-Hierro and Lazo, 2012). Adaptor proteins can be classified into 

two groups: one group with a death domain such as TNFR1-associated death domain 

proteins (TRADDs) or Fas-associating proteins with death domain (FADDs), which are 

involved in death receptor signaling and can only bind to TNFR1, and a second group 

without death domain (Xie, 2013). The second group includes TNF receptor adaptor factor 

(TRAF) proteins which can interact with the receptors either directly through the TRAF 

interacting motif (TIM) domains present in the receptors or indirectly with other adaptor 

proteins acting as intermediates (Xie, 2013). The binding of these adaptor proteins to the 

TNFRs induces the activation of different pathways leading to the activation of NF-κB and 

various kinases, and the initiation of cell death processes such as apoptosis or necroptosis 

(Wajant et al., 2003).  

TNFR1 is constitutively expressed in most tissues of the body, whereas expression of 

TNFR2 is highly regulated and is typically found only in cells of the immune system 

(Wajant et al., 2003). Activated NF-κB in turn induces the expression of many other pro-

inflammatory factors (Liu et al., 2017).  

There is emerging evidence that TNFα plays a crucial role in epileptogenesis. First, TNFα 

levels increase quickly after seizure induction in animal models for epilepsy (Ashhab et 

al., 2013; Vezzani and Granata, 2005). Second, there is evidence that TNFα alters seizure 

susceptibility and severeness (Patel et al., 2017). This is most likely due to the ability of 

TNFα to activate glutamatergic neurons and promote  the formation of excitatory synapses 

(Pan et al., 1997; Santello and Volterra, 2012). Moreover, TNFα is a powerful inductor of 

apoptosis (Rath and Aggarwal, 1999). Both, overexcitation and apoptosis are believed to 

be crucial in epileptogenesis. However, there is increasing evidence that TNFα promotes 

epileptic activity not only by acting on neurons but also on astrocytes (Bedner et al., 2015; 

Henning et al., 2023; Sano et al., 2021). Specifically, it was shown that TNFα reduces the 

network coupling strength in the astroglial network (Bedner et al., 2015). Astrocytic 

uncoupling in turn is likely to be crucial for epileptogenesis (Steinhäuser et al., 2012).  
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1.4.1.2 Interleukin 1b  

IL1b is a key signaling molecule in the innate immune response and plays a crucial role 

in the regulation of innate immunity in both the central nervous system (CNS) and the 

periphery (Mantovani et al., 2019). IL1b, along with IL1a, was the first cytokine discovered 

in the IL1 family, named for their capacity to communicate between leukocytes, even 

though today it is evident that IL1 exert its effects on a much wider range of cells (Garlanda 

et al., 2013). IL1b induces the expression of inflammatory cytokines and chemokines, 

enhances phagocytic capacity and tissue trafficking of leukocytes, and activates the 

activity of the complement and adaptive immune systems (Dinarello, 2018).  

In the CNS, IL1b is primarily produced as a pro-protein form and is largely provided by 

microglia. In order to become biologically active, pro-IL1b must be cleaved by the cytosolic 

enzyme caspase-1 (Schumann et al., 1998), which is activated when assembled into an 

inflammasome complex (Sollberger et al., 2014).  

The primary receptor for IL1b is interleukin-1 receptor 1 (IL1R1) which is abundantly 

expressed in most cell types in the CNS including neurons, astrocytes, and endothelial 

cells (Liu et al., 2019). Upon binding of IL1b to IL1R1, a structural change occurs that 

allows for the recruitment of  the coreceptor IL1R3 which is required for signal transduction 

(Fields et al., 2019). This leads to the assembly of intracellular signaling proteins, such as 

myeloid differentiation primary response gene 88 (MYD88) and interleukin-1 receptor–

activated protein kinase (IRAK) (Brikos et al., 2007), followed by activation of tumor 

necrosis factor receptor-associated factor 6 (TRAF6). This activation ultimately results in 

the release and nuclear translocation of NF-κB, leading to enhanced transcription of NF-

kB-dependent genes, including various cytokines, complement factors, adhesion 

molecules, and interferons (Weber et al., 2010).  

IL1b has gained increasing attention in epilepsy research, due to its critical contribution to 

fever-induced neuronal hyperexcitability, which underlies febrile seizures and may 

promote development of MTLE (Dubé et al., 2005). Furthermore, enhanced expression of 

IL1b has been observed in experimental models of epilepsy, which correlates with 

increased electrographic (Vezzani et al., 1999).  

In summary, epilepsy is strongly associated with microglial activation and the release of 

inflammatory cytokines such as IL1b (Hiragi et al., 2018; Ravizza et al., 2008; Vezzani et 

al., 2011). However, not only are classical inflammatory molecules like TNFα and IL1b 
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increased under epileptic conditions, but molecules such as NE and BDNF have also been 

shown to be elevated in epileptic conditions (Hara et al., 1993; Isackson et al., 1991).  

 
1.4.1.3 Brain derived neurotrophic factor 

BDNF is a homodimeric protein synthesized and released by neurons, astrocytes, and 

microglia (Brigadski and Leßmann, 2020). It plays a critical role as a growth factor in the 

development, maturation, and maintenance of the CNS (Huang and Reichardt, 2001). 

Notably, during inflammation, BDNF can act as a neurotrophic factor for astrocytes, 

promoting their survival and supporting their functions in the CNS. Moreover, the release 

of BDNF is regulated by microglia and therefore, BNDF is closely related to the 

neuroimmune-axis (Gomes et al., 2013; Jin et al., 2019).  

BDNF signals through the tropomyosin-related kinase B (TrkB) receptor (Barbacid, 1994). 

In the CNS, TrkB exists in two main isoforms. The full-length receptor (TrkB.FL) and the 

two truncated receptor isoforms TrkB.T1 and TrkB.T2. The full-length receptor possesses 

a tyrosine kinase domain that becomes autophosphorylated upon binding of BDNF, while 

the truncated receptors lack this kinase domain (Barbacid, 1994). Neurons predominantly 

express the full-length receptor, whereas astrocytes solely express TrkB.T1 (Holt et al., 

2019; Ohira et al., 2007).  

Although pathways mediated by TrkB.T1 have been increasingly studied not all of these 

cascades have been fully characterized to date (Cao et al., 2020; Fenner, 2012). The 

intracellular domain of TrkB.T1 interacts with G-proteins that activate protein kinase C 

(PKC), which is crucial for cell maturation (Deinhardt and Chao, 2014; Fenner, 2012). 

BDNF may also control Ca2+ release in astrocytes through the stimulation of 

phospholipase C (PLC) (Deinhardt and Chao, 2014; Fenner, 2012). Additionally, TrkB.T1 

interacts with a GDI, thereby influencing astrocyte morphology (Ohira et al., 2005).  

Imbalances in BDNF levels have been linked to neurological and psychiatric disorders, 

such as schizophrenia, post-traumatic stress disorder, Alzheimer’s disease, Parkinson’s 

disease, and Huntington’s disease (Dou et al., 2022). Interestingly, both BDNF and its 

associated receptor have been found to be increased in animal models and humans with 

epilepsy (Nawa et al., 1995) (Ernfors et al., 1991; Isackson et al., 1991; Nibuya et al., 

1995; A. Vezzani et al., 1999). Multiple lines of evidence support the hypothesis that BDNF 

contributes to epileptogenesis by modulating the balance between synaptic inhibition and 
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excitation. Furthermore, BDNF may induce slower time-scale changes in dendritic or 

axonal sprouting, synaptic morphology, and synapse formation (Lu, 2003). However, most 

investigations into the role of BDNF in epilepsy have focused on neuronal mechanisms, 

and the potential epileptogenic effects of BDNF on astrocyte morphology remain relatively 

unexplored.   

 

1.4.2 The role of norepinephrine in the epileptic brain  

The immune system and the sympathetic nervous system are closely interconnected 

(Lorton and Bellinger, 2015). The sympathetic nervous system regulates various biological 

processes, and the neurotransmitters epinephrine and norepinephrine (NE) are well-

studied regulators of this system. NE plays a crucial role in regulation of arousal, attention, 

cognitive function, and stress reactions (McCormick et al., 1991). In response to infection, 

tissue injury and inflammation sympathetic nerves increase their firing rates leading to an 

increased release of NE (Molina, 2005; Pongratz and Straub, 2014). Within the CNS, NE 

is diffusely released by axons originating from neurons in the locus coeruleus (LC) in the 

brain stem.  

In humans, actions of NE are mediated by three major classes of adrenergic receptors 

(ARs): alpha1, alpha2, and beta receptors each having again three subtypes (Bylund, 

2013). ARs are G protein-coupled receptors (GPCRs) activated by binding of the 

endogenous ligands epinephrine and NE, which differ in their affinity (McPherson et al., 

1985). The receptor types differ mainly in their associated G-proteins. Alpha1 

adrenoceptors activate phospholipid metabolism through Gq/11 G-proteins, leading to the 

activation of phospholipase C (PLC) and, ultimately, serine-threonine protein kinase C 

(PKC) (Hein and Kobilka, 1995). In contrast, alpha2 adrenoceptors inhibit cyclic adenosine 

monophosphate (cAMP) production by binding to membrane-bound adenylyl cyclase (AC) 

via Gi proteins. Meanwhile, the three families of beta adrenoceptors promote an increase 

in cAMP levels by activating the stimulatory G-protein Gs (Hein and Kobilka, 1995).  

It is a consistent finding throughout the literature that adrenergic signaling regulates the 

morphology of cultured astrocytes via cAMP-dependent and -independent mechanisms 

(Kitano et al., 2021; Sherpa et al., 2016; Vardjan et al., 2014). 

Dysregulation of NE within the CNS has been implicated in neurodegenerative disorders 

such as Alzheimer's disease and Parkinson's disease (Peterson and Li, 2018). 
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Interestingly, the concentration of NE as well as epinephrine rapidly increase in serum of 

patients after seizures (Simon et al., 1984). Moreover, NE levels in the brains of 

spontaneously epileptic rats are reported to be higher than in control rats (Hara et al., 

1993). While the effect of increased levels of NE on the neuronal population has been 

extensively studied, less is known about how NE affects the astrocytic population during 

epileptogenesis.  

In summary, NE represents an interesting potential mediator of rapid astrocyte 

morphology changes upon epileptiform activity.  

 

1.5 Aim of the study 

Astrocytes within the hippocampal formation appear to detect and respond to epileptiform 

activity (Fig. 4). Yet, the precise signaling cascade triggering morphological changes in 

astrocytes shortly after the onset of epileptiform activity remains elusive. Intriguingly, 

expression of inflammatory cytokines such as TNFα and IL1b escalates acutely following 

the induction of epileptiform activity. Notably, both of these cytokines have been 

associated with morphological changes in astrocytes in different contexts in the past. 

However, the connection between inflammatory cytokines and early morphological 

changes in astrocytes after the onset of epileptiform activity remains unexplored. 

Furthermore, besides classical inflammatory mediators, modulators such as NE and 

BDNF also increase under epileptiform conditions. Interestingly, both NE and BDNF have 

been implicated in signaling cascades leading to morphological changes in astrocytes. 

This study aims to investigate the mechanisms underlying rapid changes in astrocyte 

morphology in response to epileptiform activity within the hippocampal formation.  
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Fig. 4: Signaling molecules that could potentially induce rapid astrocyte morphology changes 
during acute onset of epileptiform activity 
Epileptiform activity induces a decrease of the volume of the finest peripheral astrocyte processes. 
It remains unknown to date, how the astrocyte senses epileptiform activity and which signaling 
cascade upstream from RhoA/ROCK triggers these morphology changes. In the current study we 
will test if molecules released among others by activated microglia such as TNFα (red dots), IL1b 
(orange dots) or BDNF (purple dots) induces morphology changes in astrocytes of acute 
hippocampal slices. Furthermore, we will test whether NE which is released by neurons originating 
from the locus coeruleus alters the astrocyte morphology in acute hippocampal slices.  
 

Specifically, the study aims to: 

 1. Determine whether inflammation, particularly the proinflammatory cytokine 

TNFα, can induce immediate changes in astrocyte morphology.  

 2. Examine the influence of extended TNFα exposure on astrocyte morphology 

changes  

 3. Examine the impact of TNFα on astrocyte morphology in an epilepsy model using 

a TNFR1-deficient mouse line, which lacks the TNFα receptor 1. 

 4. Explore the involvement of other factors, such as BDNF and NE, in mediating 

acute astrocyte morphology changes 

epileptiform
activity

microglia
activation

locus
coeruleus
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By conducting these investigations, the study aims to provide new insights into the 

signaling cascades and mechanisms underlying rapid astrocyte morphology changes in 

response to epileptiform activity. The findings have the potential to enhance our 

understanding of the role of astrocytes in epileptogenesis and may contribute to the 

development of new therapeutic strategies for epilepsy. 
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2. Materials and methods 
2.1 Animal models 

Mice from either gender were used throughout the study. Their age ranged from 28 to 40 

days. Animals were housed under 12 h light/dark conditions with food and water ad 

libitum. All animal procedures were conducted in accordance with the regulations of the 

European Commission and all relevant national and institutional guidelines and 

requirements. All procedures have been approved by the Landesamt für Natur, Umwelt 

und Verbraucherschutz Nordrhein-Westfalen (LANUV, Germany) where required. 

 
2.1.1 hGFAP-EGFP mice 

To visualize astrocytes, we took advantage of transgenic mice with FVB-background 

(Friend leukemia virus B). This mouse line has an enhanced green fluorescence protein 

(EGFP) which is expressed under the control of the human glial fibrillary acidic protein 

(hGFAP) (Nolte et al., 2001). In the CNS, GFAP is almost exclusively expressed by 

astrocytes and therefore serves as a label for astrocytes. EGFP-expressing, fluorescent 

cells of the transgenic mouse line are abundant in all regions of the brain, e.g., the cortex, 

cerebellum, hippocampus, retina, and the spinal cord (Nolte et al., 2001). With a molecular 

weight of 26.9 kDa, EGFP freely diffuses into all cytoplasmic compartments (Nolte et al., 

2001).  

 
2.1.2 EGFP-TNFR1-/-- mice 

To study the astrocyte morphology in absence of the TNFα receptor 1 (TNFR1), the 

hGFAP-EGFP mouse line was crossbred with a TNFR1 deficient mouse line. The TNFR1 

knockout line derived from the C57BL/6 strain. In the knockout line (TNFR1-/-), a 

phosphoglycerate kinase-neomycin resistance cassette replaced exons 2–5 of the TNFR1 

gene via homologous recombination, preventing the expression of functional TNFR1 on 

the surface of all cell types (Peschon et al., 1998). Simultaneous EGFP expression and 

complete TNFR1 deficiency was achieved by crossbreeding TNFR-/- mice with hGFAP-

EGFP mice (see section 2.1.1). The F1 generation expressed EGFP under the GFAP 

promotor and showed heterozygous expression of the TNFR1 gene (EGFP-TNFR1+/-). 

Animals from the F1 generation were mated with each other, resulting in an offspring of 

EGFP-expressing mice with either heterozygous (EGFP-TNFR1+/-), homozygous (EGFP-
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TNFR1+/+), or no expression (EGFP-TNFR1-/-) of functional TNFR1. The different 

genotypes were identified by PCR. EGFP-TNFR1-/- mice were used in order to study the 

role of TNFR1 on astrocyte morphology upon epileptiform activity. Littermates with the 

TNFR1 wildtype gene (EGFP-TNFR1+/+) served as control.  

 
2.2 Materials 

2.2.1 Chemicals 
Tab. 1: Chemicals 

Compound Supplier 
Ascorbic acid AppliChem GmbH, Darmstadt, Germany 
BDNF Abcam, Cambridge, UK                                 
Glucose AppliChem GmbH, Darmstadt, Germany 
Isofluran (Forene®) AbbVie, Mainz, Germany 
KCl AppliChem GmbH, Darmstadt, Germany 
MgCl2 (6 x H2O) AppliChem GmbH, Darmstadt, Germany 
MgSO4 (7 x H2O) AppliChem GmbH, Darmstadt, Germany 
NaCl AppliChem GmbH, Darmstadt, Germany 
NaH2PO4 AppliChem GmbH, Darmstadt, Germany      
Norepinephrine Tocris, Bristol, UK 
Penicillin G (sodium salt) Sigma, Aldrich, St. Louis, US 
Sodium pyruvate AppliChem GmbH, Darmstadt, Germany 
Sucrose AppliChem GmbH, Darmstadt, Germany 
TNFα Tocris, Bristol, UK 

 
2.2.2 Solutions 
Tab. 2: Artificial cerebrospinal fluid (ACSF) 
 Concentration 

(mM) 
Osmolarity 
(mOsm/kg) 

MW  
(g/mol) 

NaCl 131.00 262.00 58.44 
KCl* 3.00 (4.00) 6.00 (8.00) 74.56 
MgSO4 7H2O 1.30 2.60 246.48 
NaH2PO4 1.25 2.50 119.98 
NaHCO3 21.00 42.00 84.01 
Glucose 10.00 10.00 180.16 
+ 2 mM CaCl2 (1 M stock solution), osmolarity 297-303 mOsm/kg, pH 7.4 
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Tab. 3: Hyposmolar ACSF 
 Concentration 

(mM) 
Osmolarity 
(mOsm/kg) 

MW  
(g/mol) 

NaCl 61.44 122.88 58.44 
KCl* 3.00 (4.00) 6.00 (8.00) 74.56 
MgSO4 7H2O 1.30 2.60 246.48 
NaH2PO4 1.25 2.50 119.98 
NaHCO3 21.00 42.00 84.01 
Glucose 10.00 10.00 180.16 
+ 2 mM CaCl2 (1 M stock solution), osmolarity 200 mOsm/kg, pH 7.4 

 
Tab. 4: Hyperosmolar ACSF 
 Concentration 

(mM) 
Osmolarity 
(mOsm/kg) 

MW  
(g/mol) 

NaCl 131.00 262.00 58.44 
KCl* 3.00 (4.00) 6.00 (8.00) 74.56 
MgSO4 7 x H2O 1.30 2.60 246.48 
NaH2PO4 1.25 2.50 119.98 
NaHCO3 21.00 42.00 84.01 
Glucose 10.00 10.00 180.16 
Sucrose  100.00 100.0 17.115 
+ 2 mM CaCl2 (1 M stock solution), osmolarity 400 mOsm/kg, pH 7.4 

 
Tab. 5: Slicing solution 
 Concentration 

(mM) 
Osmolarity 
(mOSm/kg) 

MW  
(g/mol) 

Sucrose 105.00 105.00 342.30 
NaCl 60.00 120.00 58.44 

KCl 2.50 50.00 74.56 
MgCl2 6 x H2O 7.00 21.00 203.30 
NaH2PO4 1.25 2.50 119.98 
Ascorbic acid 1.30 1.30 176.12 
Sodium pyruvate 3.00 6.00 110.00 
NaHCO3 26.00 52.00 84.01 
Glucose 10.00 10.00 180.16 
+ 0.5 mM CaCl2 (1 M stock solution), osmolarity 300-310 mOsm/kg, pH 7.4  
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2.3 Electrophysiology 

2.3.1 Preparation of acute hippocampal slices 

1 ml of Isoflurane was dropped on a tissue inside a 10 l glass cylinder. After the isoflurane 

vaporized, the animals were transferred into the cylinder for anesthesia. To verify the 

depth of anesthesia, reflexes were tested by pinching the hind paw. When no more motor 

reaction could be observed, the mice were decapitated with a pair of scissors. In order to 

expose the skull, the skin of the head was cut coronary with a pair of scissors. Next, the 

head was put into ice-cold slicing solution, which was supplied with carbogen (95% O2/5% 

CO2) for 15 minutes before use. The brain was extracted on a petri dish filled with ice-cold 

slicing solution by cutting through the skull with small scissors along the coronary line. As 

soon as the brain was removed from the skull, the forebrain and the cerebellum were cut 

off using a steel blade. Afterwards, the two hemispheres were separated from each other. 

On each hemisphere, a ventral and a dorsal cut was performed respectively creating 

thereby even planes. The dorsal plane was glued to a metal platform. The glued 

hemispheres were inserted into the slicing chamber which was filled with carbogen-

bubbled ice-cold slicing solution. Once the brain was positioned, horizontal slices of 300 

µm were cut starting from the ventral hippocampus and moving towards the dorsal 

hippocampus using a vibratome (Campden Instruments, UK) equipped with a ceramic 

blade. After slicing was completed, all slices were transferred into a beaker containing 

slicing solution in a water bath (Grant Instruments, UK) at 34°C for 15 minutes on a net in 

a custom-made holder. Finally, the slices were transferred into a beaker filled with 

carbogen-bubbled artificial cerebrospinal fluid (ACSF) and stored at room temperature for 

at least one hour before being used for experiments.  

 
2.3.2 Electrophysiological setup 

The electrophysiological setup was placed on a vibration isolated table in a Faraday cage 

in order to minimize mechanical disturbance and to keep the electrical noise levels as low 

as possible. The submerged chamber was constantly perfused with carbogen-bubbled 

ACSF via a perfusion system consisting of an ACSF reservoir connected to the chamber 

by a silicon tube. With help of an in-line heater (Warner Instruments, US) ACSF was 

heated up to 34°C. The temperature was monitored by a sensor in the chamber. The 

ACSF was removed from the chamber by a peristaltic pump and returned through a tube 
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back to the reservoir. To prevent the slice from moving, a ‘harp’ (nylon-twines between a 

U-shaped platinum wire) was placed on top of the slice (Fig. 5). The two-photon excitation 

laser scanning microscope (see section 2.4.1) was equipped with a camera (Watec 

Incorporated, US) to display the light microscopy view on a monitor (Dell, US). A grounding 

pellet (WPI, US) was fixed in the bath and connected to a grounding point, with which also 

the headstages (Molecular Devices, US) were connected. The headstage including 

pipette holder controlled by an electrically-driven micromanipulator was placed on one 

side of the recording chamber. On the other side, a concentric bipolar stimulation 

electrode (FHC, US) was placed. The stimulation electrode was controlled by a stimulus 

isolator (Digitimer, US), which was triggered by the Clampex software (pClamp version 

10, Molecular Devices, US). Electrical signals were recorded with a teflon-coated silver 

wire (WPI, US) with a chloride tip which was inserted into a glass pipette, i.e., a field pipette 

(Science Products, Germany), filled with 5 μl ACSF. The field pipette was mounted onto 

the pipette holder (G23 Instruments, UK) of the headstage (Multiclamp 700b, Molecular 

Devices, US). The headstage was connected to an amplifier and the incoming signals 

were cleared from 50 Hz electrical interferences (HumBug, Quest Scientific Instruments, 

CA). Incoming signals were digitalized by an analogue digital (AD) converter (Digidata 

1440A, Molecular Devices, US). The AD converter was connected to the computer (Dell, 

US). Recordings and stimulations were controlled by the software Clampex (Molecular 

Devices, San Jose, USA) and stored on the computer for further analysis.  
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Fig. 5: Electrophysiological setup  
The hippocampal slice in the submerged chamber was fixed with a “harp”. The supplied ACSF 
was heated to 34ºC and removed by a peristaltic pump on the other side of the chamber. Electrical 
signals from a population of neurons were recorded via the field pipette.  
 

2.3.3 Extracellular field recordings 

A slice was transferred into the submerged recording chamber in order to perform 

electrophysiological recordings. The recording chamber was constantly perfused with 

ACSF that was carbogen-bubbled and heated to 34°C. Evoked and spontaneous field 

potentials were recorded with a field pipette that was placed in CA1 stratum radiatum or 

pyramidale. The field pipette was mounted on the pipette holder equipped with a Teflon 

coated sliver wire with sliver-chloride coated tip. This wire connected the ACSF with the 

headstage. Glass pipettes were produced using a micropipette puller (Model P-1000, 

Sutter Instruments, US). To record evoked field potentials (Fig. 6) a bipolar stimulation 

electrode was placed in the CA2/3 stratum radiatum and Schaffer collaterals projecting to 

CA1 were stimulated. In order to estimate the stimulation intensity required to evoke the 

half maximal electrical response, before each experiment a series of stimuli from 25 to 

300 µA was applied to the Schaffer collaterals and the corresponding response of the 

neuronal population was recorded in CA1 stratum radiatum or pyramidale. During the 

experiments Schaffer collaterals were stimulated every 30 seconds with the half maximal 
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intensity established beforehand. The corresponding neuronal responses were recorded 

either in CA1 stratum radiatum or pyramidale.  

 

2.3.4 Analysis of evoked field recordings 

For quantification of evoked neuronal activity, characteristic properties of evoked field 

potentials, such as the extracellularly recorded fiber volley (FV) and the field excitatory 

postsynaptic potential (fEPSP) were used (Fig. 6). The FV is a sum potential of the axonal 

(presynaptic) action potential arriving at the recording side. The amplitude of the FV was 

used as a readout for the number of axons activated by stimulation and is defined by the 

most negative potential deflection relative to baseline. The FV is followed by the fEPSP 

which is a manifestation of the synaptic depolarization of the CA1 pyramidal neurons and 

thus reflects the synaptic transmission following the axonal activation. The slope of the 

fEPSP was used as readout for the strength of synaptic transmission, as it reflects 

postsynaptic currents indirectly. The fEPSP slope was measured during the linear rising 

(recorded in str. oriens close to str. pyramidale) or falling phase (recorded in str. radiatum) 

of the evoked fEPSP as illustrated by the following equation (see also Fig. 6): 

 

𝑓𝐸𝑃𝑆𝑃 =
𝑦! − 𝑦"	(𝑚𝑉)
𝑥! − 𝑥"	(𝑚𝑠)
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Fig. 6: Properties of evoked fEPSPs in CA1 stratum radiatum and pyramidale  
Examples of evoked field potentials by Schaffer collateral (SC) stimulation recorded in the CA1 
str. radiatum (A) and str. pyramidale (B) (Stimulation artifacts were removed. In the str. radiatum, 
a fiber volley (FV), representing the axonal activation, and a fEPSP of negative polarity were 
recorded upon SC stimulation. In the str. pyramidale, axonal stimulation evoked field excitatory 
postsynaptic potentials (fEPSP) consisting of a positive voltage deflection and a population spike 
of negative polarity. The slopes (dashed lines) were determined in the linear rising or falling phase 
(between the two black dots) of the fEPSPs. The amplitude of the FV (A) was determined from 
baseline level to the most negative voltage deflection before the onset of the fEPSP. 
 
2.3.5 Induction of epileptiform activity 

Evoked and spontaneous epileptiform discharges were recorded as described above in 

the CA1 stratum pyramidale. In all experiments comprising the induction of epileptiform 

activity, hippocampal slices were placed on a self-made nylon grid to improve perfusion 

of the hippocampal slice with ACSF and, in turn, to facilitate the induction of epileptiform 

activity. Experiments in which epileptiform activity was induced consisted of a 10-minute-

long baseline period followed by pharmacological induction of epileptiform activity by bath-

application of penicillin. In similar experiments conducted by our laboratory, the penicillin 

model has proven to be reliable and to induce epileptiform discharges (Anders, 2017). 

Since this project is based on these previous experiments, we also relied on this model to 

keep the conditions as comparable as possible. 4 mM penicillin G sodium salt was bath-

applied for 30 minutes after the baseline period. In control recordings, no penicillin was 

applied after baseline recordings. It was shown in previous experiments that for stable 

induction of epileptiform activity it is necessary to slightly increase the extracellular K+ 
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concentration (to 4 mM) (Anders, 2017). K+ concentration was adapted also in control- 

and baseline recordings to rule out an effect of K+ on the astrocyte morphology. The 

frequency of epileptiform discharges was calculated by counting the number of discharges 

per minute.  

 
2.4 Imaging 

2.4.1 Two-photon excitation fluorescence microscopy  

The electrophysiological setup for field recordings was integrated in a Scientifica two-

photon system (Scientifica, UK) optically linked to a femtosecond Ti:sapphire pulse laser 

Vision S (Coherent, US; 73 fs pulse width). EGFP was excited using a wavelength of 800 

nm. The setup was equipped with a 40x (NA 0.8) objective (Olympus, Tokyo, Japan). The 

emissions of the fluorescent signal were separated by a dichroic mirror which reflected 

wavelengths smaller then 565 to a green filter (band-pass 500 to 550 nm, ”green 

channel“). Subsequently the fluorescence signals were detected and amplified by 

photomultiplier tubes (PMTs). The system was controlled with help of the Matlab-based 

(MathWork, Natick, USA) software Scanimage (Scientifica, UK). For light microscopy of 

the brain slice, the microscope was equipped with an infrared light source and Dodt optics, 

so that the slices could be displayed on a monitor via a camera (Watec Incorporated, Pine 

Bush, USA). 

 

2.4.2 Monitoring astrocyte morphology 

Astrocyte morphology was monitored in parallel to electrophysiological recordings. In all 

experiments addressing astrocyte morphology, transgenic mice were used that express 

EGFP under the GFAP promotor (see 2.2.1). EGFP freely diffuses through the cytoplasm. 

With a size of 26.9 kDa EGFP reaches also the smallest branches in the periphery but 

cannot diffuse into adjacent astrocytes via gap junctions which are only permeable for 

molecules smaller than 1 kDa. Therefore, EGFP can be used to visualize single astrocytes 

morphology (Nolte et al., 2001). Astrocytes with moderate fluorescence intensity in the 

soma, located at a depth of 50 to 100 µm, were chosen for imaging to ensure consistency 

and avoid astrocytes with very low or very high EGFP expression. This selection criteria 

aimed to maintain an astrocyte in the same z-plane throughout the experiment. The 

deeper the imaged astrocytes are in the tissue, the less is the excitation laser power that 
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reaches the cell due to attenuation within the tissue. To secure constant laser power at 

the imaged cells independent of their depth in the tissue, the laser power was adjusted so 

that the fluorescence intensity was comparable to the intensity measured with 2 mW at 

the slice surface in order to achieve a sufficient EGFP fluorescence while reducing the 

risk of photo damage due to a too high laser power. The depth (i.e., the z-position) of the 

imaged cell was adjusted so that the soma, but also thick and fine branches were visible 

in a single optical plane. It was adjusted carefully each time before taking a picture to 

ensure that the z-position was stable throughout the whole experiment. The cells were 

imaged at a nominal resolution of 0.1 µm/pixel. 

 
2.4.3 Analysis of astrocyte volume fraction  

The astrocyte morphology was monitored to capture changes primarily occurring in the 

periphery of the astrocyte. With a size, smaller than 1 µm3 peripheral branches are smaller 

than the diffraction limit of two-photon microscopy (Heller and Rusakov, 2017). To capture 

morphology changes occurring at this spatial range, an indirect read-out of the 

morphology was used (Medvedev et al., 2014; Minge et al., 2021). A statistical measure 

to describe astrocyte morphology is the volume fraction (VF). It reflects the fraction of 

tissue volume that is occupied by an astrocyte in a distinct region of interest (ROI, Fig.7). 

This concept has been extensively validated as a reliable indicator of local astrocyte 

structure, providing valuable insights into the spatial organization and morphological 

characteristics of astrocytes (King et al., 2020; Medvedev et al., 2014; Minge et al., 2021). 

The assumption for the calculation of the astrocyte volume fraction is that the fluorescence 

intensity F at defined pixel coordinates (i, j) in the x – y plane is proportional to the local 

volume of the fluorescent astrocyte branches. The averaged fluorescence F (i, j) of a 

region of interest containing all the thick and fine branches is determined (Fig.7). To 

calculate the volume fraction, F (i, j) is normalized to a second ROI placed on the soma 

where fluorescence intensity corresponds to a volume fraction of 100% (Fsoma). Both, the 

averaged fluorescence of the ROI and the soma fluorescence are corrected for 

background fluorescence (F0) which is determined in a region without any labeled 

structure.  

 

𝐴#$ =
𝐹%&' − 𝐹(
𝐹)*+, − 𝐹(
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AVF= astrocyte volume fraction; i,j = pixel coordinates in the x – y plane; F = fluorescence 

intensity; F0 = background fluorescence; Fsoma = fluorescence inside the soma  

 

  
 

Fig. 7: Example of a fluorescent astrocyte in CA1 
Astrocytes could be visualized due to EGFP expression under the GFAP promotor. The ROI 
(region of interest) includes the fine and thick branches of the astrocyte. Fluorescence intensity 
was normalized to the soma fluorescence (Fsoma, black circle), where 100% of the tissue is 
occupied by the astrocyte. 
 

2.4.4 Monitoring dynamic astrocyte morphology changes  

To assess astrocyte morphology changes in response to different triggers, individual 

astrocytes expressing EGFP were tracked over a 40-minute period, including a 10-minute 

baseline. After the initial 10 minutes, various pharmacological agents were applied 

through bath application for 30 minutes. The pharmacological agents used were penicillin 

(4 mM), TNFα (10 ng/ml), or NE (100 µM). For the TNFα experiments, baseline and control 

recordings were conducted in the presence of bovine serum albumin (BSA), which was 

necessary for TNFα dilution. Throughout the experimental duration, an image of an 

astrocyte was captured every five minutes.  

The volume fraction of the astrocyte was then calculated for each time point, using the 

same region of interest (ROI) for consistency. The astrocyte volume fraction was 

20µm
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F0
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normalized as a percentage of the average volume fraction during the baseline period. In 

experiments focusing on astrocyte morphology during epileptiform activity, only slices that 

exhibited epileptiform activity induced by penicillin were included for morphological 

analysis.  

 

2.4.5 Astrocyte volume fraction in incubated acute slices  

For the incubation with TNFα (10 ng/ml) alone or in combination with Interleukin 1b (IL1b, 

10 ng/ml), the acute brain slices were transferred to a beaker filled with carbogen-bubbled 

ACSF. The control condition consisted of ACSF containing 1% bovine serum albumin 

(BSA), which was used to dilute TNFα for treatment conditions. The slices were incubated 

in the respective solutions for a minimum of 2 hours prior to conducting the experiments. 

For incubation with BDNF (100 ng/ml), the acute hippocampal slices were transferred into 

chambers of an 8-well plate immediately after preparation. All chambers were supplied 

with carbogen-bubbled ACSF. The control slices were incubated in regular ACSF. The 

slices were incubated for at least 1 hour in the well plates since the maximal storage time 

to maintain slice viability was shorter in well plates compared to beakers. 

To characterize astrocyte morphology, images of approximately three different astrocytes 

per slice were captured, and the volume fraction was calculated. The astrocyte volume 

fraction of the treated slices was compared to the astrocyte volume fraction of astrocytes 

from the corresponding control condition to assess any morphological changes.  

 

2.5 Osmotic stress 

To monitor astrocyte volume fraction and neuronal network properties simultaneously, a 

combination of two-photon excitation microscopy and electrophysiological recordings was 

employed. 

During the initial 10-minute baseline period, acute hippocampal slices were perfused with 

isosmotic ACSF with an osmolarity of 300 mOsm/kg. After this baseline period, the 

isosmotic ACSF was replaced with either hyperosmolar (400 mOsm/kg) or hyposmolar 

(200 mOsm/kg) ACSF, as indicated in table 3 and 4. The alterations in osmolarity were 

achieved by either reducing the concentration of NaCl (to decrease osmolarity) or adding 

sucrose (to increase osmolarity). It should be noted that neither sucrose nor NaCl can 
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passively cross the cell membrane, so changes in their concentrations result in effective 

osmotic pressure. 

Since changes in Na+ concentration alone can affect neuronal excitability, Na+ 

concentration was also reduced during the baseline condition for the hyposmolar 

recordings to avoid potential effects on synaptic transmission (Huang et al., 1997). To 

compensate for the lower osmolarity during the baseline period, sucrose was added. 

Astrocyte morphology was monitored by capturing an image of an EGFP-expressing 

astrocyte in the CA1 region every 5 minutes. The volume fraction of the astrocyte was 

then calculated for each time point. After induction of osmotic stress, the astrocyte volume 

fraction was normalized as a percentage of the baseline volume fraction for each 

individual astrocyte. This normalization allows for the comparison of changes in astrocyte 

morphology across different time points and experimental conditions. 

 
2.6 Statistics 

All statistical analysis were performed with Origin (OriginLab, 2017, US). The data sets 

were tested for normal distribution with the Shapiro-Wilk test. The data is presented as 

mean ± standard error of the mean (SEM) followed by n as the number of samples. To 

test the statistical difference between normally distributed samples Student’s t-tests were 

used. When samples were not normally distributed, the Mann-Whitney U test was used. 

Statistical significance is indicated in figures with asterisks (* p < 0.05; ** p < 0.01; *** p < 

0.001) and the exact values are given in the figure legend and text.  
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3. Results 
3.1 Dynamic morphology changes of astrocytes and synaptic transmission in response 

to osmotic stress 

3.1.1 Astrocyte morphology 

In recent years, evidence has emerged that astrocytes are capable of morphological 

plasticity (Bernardinelli et al., 2014a; Minge et al., 2021; Oliet et al., 2001; Theodosis et 

al., 2004). Especially the finest perisynaptic astroglial processes (PAPs) undergo 

structural remodeling in an activity-dependent manner (Bernardinelli et al., 2014b). 

However, capturing dynamic changes in PAPs has been challenging due their nanoscopic 

size. A tool that is well established to determine morphology changes in PAPs is the 

volume fraction (Henneberger et al., 2020; Medvedev et al., 2014; Minge et al., 2021).  

The astrocyte volume fraction corresponds to how much of the imaged volume is occupied 

by the astrocyte (Henneberger et al., 2020; Medvedev et al., 2014). This measurement 

has been used to monitor rapid morphology changes in astrocytes (Anders, 2017; 

Henneberger et al., 2020). To demonstrate the effectiveness of volume fraction 

measurements in capturing such changes, astrocytes were exposed to hypotonic (200 

mOsm) and hypertonic (400 mOsm) conditions. These results were published in Minge et 

al., 2021. 

The osmolarity of fluids is determined by the solutes within the fluid. Physiologically, the 

intra- and extracellular fluids equally have an osmolarity of approximately 300 mOsm/kg 

(Zidek, 2020). Altering the osmolarity of the extracellular or intracellular compartment by 

adding (sucrose) or withdrawing (NaCl) solutes that cannot cross the cell membrane, 

generates osmotic pressure. In response to osmotic pressure, water moves into the 

compartment with higher osmolarity or out of the compartment with lower osmolarity to 

establish a new ionic equilibrium. For instance, when cells are exposed to a hypotonic 

extracellular solution, water moves into the intracellular department, resulting in increased 

cell volume and a decrease in the volume of the extracellular space (ECS). Conversely, 

under hypertonic conditions, water flows out of the cells, leading to cell shrinkage and 

expansion of the ECS. Water-flux across the cell membrane is facilitated by aquaporins 

(AQP) (Verkman, 2013). Astrocytes show high expression for AQP4, particularly in their 

processes (Papadopoulos and Verkman, 2013). Therefore, astrocytes are expected to 

respond to osmotic stress by changing their volume especially in the periphery.  
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To reconfirm that volume fraction measurements can capture dynamic morphology 

changes in response to hypo- or hyperosmotic conditions, single EGFP-expressing 

astrocytes were visualized using two-photon-excitation microscopy (Fig. 8). Baseline 

recordings were obtained for 10 minutes in isoosmolar ACSF (300 mOsm). Following the 

baseline period, the ACSF was replaced by either a hypo- or hyperosmolar ACSF for a 

duration of 30 minutes. During this period, the astrocyte volume fraction was measured at 

regular intervals, typically every 5 minutes, using two-photon-excitation microscopy, and 

the volume fraction was calculated for each time point. 
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Fig. 8: Exemplary EGFP-expressing astrocytes exposed to osmotic stress  
EGFP-expressing astrocytes before (top) and after osmotic stress (bottom). The ROI (dashed 
lines) which is required to calculate astrocyte volume fraction was determined before osmotic 
stress and kept the same during the experiment. In response to hyperosmotic stress (A), the 
volume of the astroglial soma as well as of the major branches decreased. In turn, in response to 
hypoosmotic condition (B) the volume of the soma and major branches increased.  
 

Fig. 9 A depicts the astrocyte volume fraction normalized to baseline over time. The 

average baseline volume fraction of both conditions was 4.52 ± 0.27 % (n = 13). In the 

case of hyperosmolar ACSF exposure, the astrocyte volume fraction decreased 
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significantly to 82.73 ± 2.69 % after 20 minutes (Fig. 9 B, n = 7, one-sample t-test, p = 

0.00067). This indicates a reduction in astrocyte volume in response to increased 

osmolarity. Conversely, when exposed to hyposmolar ACSF, the average volume fraction 

increased significantly to 136.57 ± 8.11 %. (n = 6, one-sample t-test, p = 0.0064) after 20 

minutes (Fig. 9 B). This suggests an expansion in astrocyte volume under decreased 

osmolarity conditions. The statistical analysis showed a significant overall difference of 

53.84 ± 8.01 % between the two conditions (two sample t-test, p=0.000033) between the 

cells of the two conditions.  

 

 
Fig. 9: Astrocyte volume fraction changes upon osmotic stress in acute hippocampal slices  
(A) Time course of normalized astrocyte volume fraction. After 10 minutes of baseline (300 
mOsm/kg) osmotic stress was induced by replacing the ACSF with hyperosmotic (400 mOsm/kg, 
purple) or hypoosmotic (200 mOsm/kg, green) ACSF. The normalized astrocyte volume fraction 
decreased upon hyperosmotic stress and increased upon hypoosomotic stress. (B) 20 minutes 
after application of hyperosmolar solution the average normalized volume fraction was 82.73 ± 
2.69 % (n = 7 one-sample t-test, p = 0.00067). When hyposmolar solution (green) was applied, 
the average normalized volume fraction was 136.57 ± 8.11 % (n = 6, one-sample t-test, p = 
0.0064). The overall difference between both conditions was 53.84 ± 8.01 % (two sample t-test, 
p=0.000033). Data are expressed and displayed as mean ± s.e.m. 
 

In summary, these findings demonstrate that volume fraction measurements are a suitable 

tool to detect dynamic morphology changes of astrocytes in response to changes in 

osmolarity (Minge et al., 2021). Hyperosmolar conditions cause astrocytes to shrink, while 

hyposmolar conditions cause them to expand, as indicated by the changes in the astrocyte 
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volume fraction. These findings are consistent with previous reports in the literature 

(Chvátal et al., 2007; Dudek et al., 1990; Risher et al., 2009).  

Accordingly, the use of volume fraction analysis in combination with the experimental 

settings employed in the study allows for the monitoring of dynamic astrocyte morphology 

changes. Based on these results, the same approach was used in subsequent 

experiments to investigate astrocyte morphology in response to other stimuli, such as the 

administration of cytokines. This methodology provides a valuable tool for studying 

astrocyte plasticity and its modulation by different factors. 

 
3.1.2 Synaptic transmission 

In addition to investigating the sensitivity of astrocyte morphology to changes in 

extracellular osmolarity, the current study also aimed to assess whether the chosen 

experimental setting could detect changes in synaptic transmission concurrent with the 

osmolarity manipulations. 

Synaptic transmission was measured by stimulating Schaffer collaterals (SCs) in the CA3 

stratum radiatum (interstimulus interval of 30 seconds) and recording the corresponding 

neuronal responses in the CA1 stratum radiatum (Fig. 10 A). After a 10-minute baseline 

period in isoosmolar ACSF, the hippocampal slices were exposed to either hyperosmolar 

or hyposmolar ACSF.  

As illustrated in Fig. 10 A, stimulation of SCs evoked a fiber volley (representing the sum 

potential of the axonal action potentials) followed by a fEPSP (representing the sum 

potential of the synaptic activation). It is further illustrated in Fig. 10 A that the fEPSP 

amplitude is reduced and increased in response to hyperosmolar and hypoosmolar 

conditions, respectively. To quantify the synaptic activity in response to stimulation, the 

slope of the fEPSP was analyzed. The slope is commonly used as read-out for synaptic 

transmission as it is proportional to the postsynaptic currents. 

The results indicated that changes in extracellular osmolarity had an impact on synaptic 

transmission. In response to hyperosmolar ACSF, the fEPSP slope, which reflects 

synaptic activation, decreased significantly to 19.00 ± 2.91 % compared to baseline (n = 

9, one-sample t-test, p = 0.0092). Conversely, the application of hypoosmolar solution led 

to a significant increase in the fEPSP slope to 244.80 ± 52.41% compared to the initial 

response (n = 6, one-sample t-test, p = 0.040) (see Fig. 10 B). 
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Fig. 10: Altered extracellular osmolarity modulates synaptic transmission in CA1 neuron 
populations 
(A) Example trace of evoked fEPSPs in response to Schaffer collateral stimulation recorded in the 
CA1 stratum radiatum in hGFAP-EGFP mice before (black) and after wash-in of hyperosmolar 
solution (purple) or hyposmolar solution (green). (B) The graph shows the mean slope of the 
evoked fEPSPs in CA1 stratum radiatum over time normalized to the baseline. The mean slope 
after hypoosmolar treatment (green) was increased to 244.80 ± 52.41 % (n = 6, one sample t-test, 
p=0.040). The mean normalized slope after hyperosmolar treatment (purple) was decreased 19.00 
± 2.91 % (n = 9, one-sample t-test, p= 0.0092). Data are expressed and displayed as 
mean ± s.e.m. 
 
In conclusion, these results successfully demonstrated that osmotic stress can modulate 

synaptic transmission, consistent with previous literature findings (Huang et al., 1997). 

This suggests that the chosen experimental setting is capable of detecting changes in 

synaptic transmission induced by osmotic alterations. Furthermore, these findings 

highlighted the effectiveness of combining two-photon excitation microscopy with 

electrophysiological recordings. This integrated approach allowed for the simultaneous 

assessment of astrocyte morphology changes and changes in synaptic transmission, and 

it will be particularly useful in further experiments involving the induction of epileptiform 

activity.  

 
3.2 Astrocyte morphology changes occur acutely after onset of epileptiform activity  

We demonstrated that our indirect approach to calculate the astrocyte volume fraction can 

be used to monitor astrocyte morphology changes in response to osmotic stress (see 
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section 3.1.1). In addition, previous work from our laboratory has found that astrocytes 

also change their morphology in response to epileptiform activity (Anders et al., 2024). 

Although these morphology changes were of much smaller scale, they had important 

proepileptiform consequences. However, the exact mechanism underlying said 

proepileptiform astrocyte morphology changes remains elusive.  

We hypothesized that cytokines may be involved in the induction of astrocyte morphology 

changes during epileptiform activity. In order to test this hypothesis, we first reproduced 

the previous findings in our experimental settings. 

Anders et al. found that astrocyte morphology changes occurred during epileptiform 

activity induced by different models of epilepsy. In this work, we relied on induction of 

epileptiform activity by bath-application of penicillin. Besides its antimicrobial properties, 

penicillin has a proconvulsive effect due to inhibition of GABAA receptor-mediated chloride 

influx (Tsuda et al., 1994). The application of penicillin to acute hippocampal slices is 

known to elicit interictal epileptiform activity (Akdogan and Yonguc, 2011). The astrocyte 

morphology was monitored simultaneously with the induction of epileptiform activity using 

the penicillin model in order to examine how astrocytes respond to epileptiform activity.  

EGFP-labeled astrocytes were visualized using two-photon excitation microscopy, while 

simultaneous electrophysiological recordings were performed. Specifically, evoked and 

spontaneous fEPSPs were recorded in CA1 stratum pyramidale using a field pipette while 

astrocytes in CA1 were imaged.  

After a 10-minute baseline recording period, penicillin (4 mM) was bath-applied to induce 

epileptiform activity, and the morphology of a single astrocyte per slice was imaged over 

a period of 30 minutes. In the control condition, single astrocytes were also imaged without 

exposure to penicillin, to serve as a comparison.  

In the control and baseline conditions, no spontaneous discharges were observed (Fig. 

11 B). However, typical spontaneous discharges (Fig. 11 A) occurred in 85% of slices 

after application of penicillin (11 out of 13 slices). Epileptiform activity started generally 5 

to 10 minutes after application of penicillin (Fig. 11 B, left) with a mean frequency of 2.10 

± 0.74 min-1 (Fig. 11 B, right) 10 minutes after penicillin application.  
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Fig. 11: Application of penicillin induces epileptiform activity in acute hippocampal slices 
(A) Example trace of penicillin recordings. Application of 4 mM penicillin reliably led to epileptiform 
activity with typical spontaneous discharges. (B) Discharge frequency per minute reached a stable 
level 5 to 10 minutes after application of penicillin (left) with a mean frequency of 2.10 ± 0.74 min- 1 
(right). Data are expressed and displayed as mean ± s.e.m. 
 
During the entire time-course of the experiment (40 minutes), single astrocytes were 

imaged every five minutes alongside electrophysiological recordings. The average 

baseline volume fraction of all imaged astrocytes was 4.53 ± 0.36 % (n = 13 cells). To 

compare changes in astrocyte volume fraction over time, the volume fractions at each 

time point were normalized to the respective average volume fractions during baseline 

conditions (Fig. 12 A). After induction of epileptiform activity using bath application of 

penicillin the normalized astrocyte volume fraction decreased significantly by 13.6 ± 1.94% 
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compared to baseline (n= 7, one sample t-test, p= 0.00043) and 11.10 ± 2.24 % compared 

to control conditions (control n= 6, penicillin n=7, two sample t-test, p=0.00041) (Fig. 12 

B). Under control conditions (no penicillin application), the volume fraction of astrocytes 

decreased by only 2.41 ± 0.74 % compared to baseline (n=6, one sample t-test, p= 0.030). 

This indicates that the decrease of the astrocyte volume fraction is specifically mediated 

by the induction of epileptiform activity via penicillin application and not due to a general 

decrease of the astrocyte volume fraction over the experimental time course.  

 
Fig. 12: Epileptiform activity induces rapid astrocyte morphology changes 
(A) Time course of the normalized astrocyte volume fraction over 40 minutes, induction of 
epileptiform activity (purple) led to a decrease of astrocyte volume fraction compared to control 
(grey) (B) Bar graph of the average astrocyte volume fraction (normalized to baseline) during the 
last 10 minutes. In control conditions the average volume fraction was 97.60 ± 0.80 % (grey, n = 
6, one sample t-test, p= 0.030) and in penicillin recordings the average volume fraction was 86.45 
± 1.94 % (purple, n = 7, one sample t-test, p= 0.00043) compared to baseline. The overall 
difference between both conditions is 11 ± 2.24 % (two sample t-test, p=0.00041). Data are 
expressed and displayed as mean ± s.e.m. 
 

In summary, this study successfully replicated the previous findings from our laboratory, 

demonstrating that astrocyte volume fraction remains stable over the entire experimental 

duration under control conditions, while the induction of epileptiform activity leads to a 

significant decrease in astrocyte volume fraction. Building upon these findings, we further 

investigated the underlying mechanisms of astrocyte morphology changes. Specifically, 

we explored the involvement of various cytokines using different experimental approaches 

to examine their impact on astrocyte morphology changes in acute murine brain slices.  
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3.3 The role of TNFα in astrocyte morphological plasticity  

Previous work showed that onset of epileptiform activity in acute hippocampal slices is 
accompanied by rapid astrocyte morphology changes (see section 3.2). Furthermore, 

epilepsy is highly associated with increase of inflammatory cytokines such as TNFα 
(Ravizza et al., 2008; Vezzani et al., 2011). Intriguingly, it has been shown repeatedly that 

the pleiotropic cytokine engages signaling pathways that lead down to RhoA/ROCK 

signaling and concomitant morphology changes in different cell types (Hunter and Nixon, 

2006; Kant et al., 2011a; Wójciak-Stothard et al., 1998). Previous experiments suggested 

that rapid astrocyte morphology changes upon epileptiform activity depend on 

RhoA/ROCK signaling. It has not been shown specifically whether TNFα modulates 

RhoA/ROCK signaling in astrocytes of acute hippocampal slices. However, TNFα is a 

promising candidate that could link the onset of epileptiform activity to rapid astrocyte 

morphology changes. Part of these findings has been previously published in Anders et 

al., 2024. 

In this experiment, the goal was to investigate whether TNFα modulates astrocyte 

morphology and whether these potential changes could be observed within a short time 

frame. Acute hippocampal slices were treated with TNFα at a concentration of 10 ng/ml, 

a concentration known to induce TNFα signaling in astrocytes based on previous research 

(Bedner et al., 2015).  

To monitor changes in astrocyte morphology, EGFP-expressing astrocytes (Fig. 13) were 

visualized using two-photon excitation microscopy, as described earlier (see 3.1.1). The 

imaging allowed for the visualization and analysis of astrocyte morphology over a 40-

minute period. 
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Fig. 13: Representative EGFP-expressing astrocyte in CA1 
 

After a 10-minute baseline, 10 ng/ml TNFα was bath-applied. The baseline volume fraction 

of all recordings was 7.00 ± 0.49 % (n = 26 cells). In the control group, where no TNFα 

was applied, the volume fraction remained stable over the 40-minute recording period 

(Fig. 14, left grey), with a final volume fraction of 96.80 ± 2.03% of the baseline (n = 12, 

one sample t-test, p= 0.14, Fig. 14). Interestingly, the volume fraction of astrocytes treated 

with TNFα was not significantly different from the control condition. The final volume 

fraction after TNFα application was 99.95 ± 2.18 % of the baseline (n = 14, one sample t-

test, p= 0.98). Statistical analysis indicated that there was no significant difference 

between the TNFα-treated group and the control group (two-sample t-test, p = 0.31). 

These findings suggest that the acute application of TNFα did not have an effect on 

astrocyte volume fraction under the experimental conditions used in this study (Anders et 

al., 2024). 

20 µm
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Fig. 14: The acute effect of 10 ng/ml TNFα on astrocyte morphology 
(A) Time course of the normalized astrocyte volume fraction over 40 minutes, after 10 minutes of 
baseline 10 ng/ml TNFα was applied (blue), the average astrocyte volume fraction (normalized to 
baseline) of slices treated with TNFα (blue) and control slices (grey) stayed stable over 40 minutes. 
(B) Bar graph of the average astrocyte volume fraction (normalized to baseline) during the last 10 
minutes. In control conditions the average astrocyte volume fraction was 96.80 ± 2.03 % (n = 12 
one sample t-test, p= 0.14) and 99.95 ± 2.18 % (n = 14, one sample t-test, p= 0.98) in TNFα 
condition compared to baseline. There was no significant difference between the final astrocyte 
volume fraction of control and TNFα condition (two sample t-test, p = 0.31). Data are expressed 
and displayed as mean ± s.e.m. 
 

This is in contrast with findings from other cell types indicating that TNFα alters cell 

morphology by inducing RhoA/ROCK signaling (Hunter and Nixon, 2006; Kant et al., 

2011). However, we hypothesized that several factors could determine whether TNFα has 

an influence on astrocyte morphology. First, we used a concentration of 10 ng/ml in the 

above-described experiments which may not be sufficient to induce astrocyte morphology 

changes within the employed application phase of 30 minutes. Second, TNFα is a cytokine 

that is known to be present for long periods during epilepsy and therefore may exhibit its 

effects over a longer time scale (Ashhab et al., 2013). Accordingly, it cannot be ruled out 

that the presently used incubation phase of 30 minutes may not be long enough to observe 

the potential morphology changes. Third, cytokines such as TNFα generally act within 

large cytokine networks. Accordingly, further co-stimuli may be required to promote the 

TNFα effects in astrocyte morphology.  
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The role of these factors for potential TNFα-induced astrocyte morphology changes was 

then tested in the following experiments. 

3.3.1 Incubation of slices with TNFα alone or in combination with Interleukin 1b  

In our subsequent experiment, we aimed to investigate the effects of prolonged exposure 

to TNFα on astrocyte morphology compared to the acute application used in the previous 

experiment. Previous studies have reported astrocytic network decoupling after 4 hours 

of incubation with TNFα (Bedner et al., 2015). However, the morphology of astrocytes was 

not examined in periods longer than 30 minutes (see section 3.3), and shorter than four 

hours. Therefore, it is intriguing to investigate whether TNFα would induce astrocyte 

morphology changes after a latent period. Additionally, we examined the impact of TNFα 

in combination with IL1b on astrocyte morphology. IL1b is known to modulate astrocyte 

morphology in cultures and has been shown to be a strong modulator of inflammation 

(John et al., 2004). Interestingly, previous studies indicated that the decoupling of 

astrocyte networks induced by TNFα depended on IL1b co-signaling (Bedner et al., 2015). 

Rapid astrocyte morphology changes were suggested to be correlated with astrocyte 

network coupling (Anders, 2017). 

To investigate this, hippocampal slices were incubated with TNFα alone or in combination 

with IL1b. Following the methodology of Bedner et al. (2015), acute hippocampal slices 

were treated with TNFα (10 ng/ml) or TNFα and IL1b (10 ng/ml each). For the control 

condition, slices were incubated with ACSF containing 1% bovine serum albumin (BSA), 

which served as the diluent for TNFα. After a two-hour incubation period, astrocytes in the 

CA1 region were imaged (Fig. 15 A), and the astrocyte volume fraction was calculated. 
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Fig. 15: Astrocyte morphology in slices incubated with TNFα or TNFα and IL1b 
(A) Representative EGFP-expressing astrocytes that were incubated for two hours with TNFα (10 
ng/ml) alone (left) or with TNFα and IL1b (10 ng/ml each) (right) (B) Comparison between the 
astrocyte volume fraction of astrocytes under control condition, TNFα and TNFα and IL1b. The 
average astrocyte volume fraction under control condition was 6.24 ± 0.83 % (n=42). The average 
volume fraction of astrocytes treated with TNFα (5.88 ± 0.40 %, n = 35,) was not significantly 
different from control astrocytes (Mann-Whitney-test, p = 0.39). The average astrocyte volume 
fraction of astrocytes treated with TNFα and IL1b (5.83 ± 0.39 %, n = 25) was also not different 
from control astrocytes (Mann-Whitney-test, p = 0.47). Data are expressed and displayed as 
mean ± s.e.m. 
 
The average volume fraction of astrocytes under control conditions was 6.24 ± 0.83 % (n 

= 42, Fig. 15 B). The average astrocyte volume fraction in slices treated with TNFα (5.88 

± 0.40 %, n = 35, Fig. 15 B) did not show a significant difference compared to the control 
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condition (Mann-Whitney-Test, p = 0.39). Similarly, the mean volume fraction of astrocytes 

treated with TNFα and IL1b was 5.83 ± 0.39 % (n = 25). Thus, combined application of 

TNFα and IL1b did not affect the volume fraction of astrocytes compared to the control 

condition (Mann-Whitney-Test, p = 0.47).  

In conclusion, our results demonstrate that neither the acute application of TNFα nor the 

prolonged incubation with TNFα, alone or in combination with IL1b, induced detectable 

astrocyte morphology changes as measured by volume fraction analysis in acute 

hippocampal slices.  

 
3.3.2 The effect of epileptiform activity on astrocyte morphology in a TNFR1-deficient 

mouse line 

The previous experiments showed that neither acute application of TNFα nor incubation 

with TNFα induces astrocyte morphology changes in acute hippocampal slices. So far, we 

could not rule out that TNFα requires co-signaling molecules other than IL1b. TNFα 

signaling is mainly transduced by activation of TNFR1 which is broadly expressed by 

astrocytes (Dopp et al., 1997). Moreover, TNFR1 is the receptor associated with 

RhoA/ROCK-mediated morphology changes in other cell types (Hunter and Nixon, 2006; 

Kant et al., 2011b). We reasoned that if rapid astrocyte morphology changes in astrocytes 

in fact depend on TNFα signaling they should be prevented in absence of TNFR1.  

To further investigate the role of TNFα signaling in acute astrocyte morphology changes 

during epileptiform activity, we utilized a TNFR1 knockout mouse model. The TNFR1 

knockout mouseline, in which TNFR1 is constitutively deleted, was crossbred with the 

hGFAP-EGFP mouse line to obtain progenies with EGFP expression and homozygous 

TNFR1 knockout (EGFP-TNFR1-/-) as well as progenies with EGFP expression and 

wildtype TNFR1 expression (EGFP-TNFR1+/+) for control recordings. 

In these experiments, we employed the same approach of combining two-photon 

excitation microscopy with electrophysiological recordings as in the previous experiments 

described above (see section 3.2). Epileptiform activity was induced by bath-application 

of penicillin for 30 minutes following a 10-minute baseline period. Additionally, Schaffer 

collaterals at the border to CA1 were stimulated every 30 seconds throughout the entire 

experimental duration, and both evoked and spontaneous fEPSPs were recorded in CA1 

stratum pyramidale. 
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The results showed that spontaneous discharges occurred in 21 % of hippocampal slices 

(6 out of 29) from EGFP-TNFR1-/- mice and in 33 % of slices (5 out of 15) from EGFP-

TNFR1+/+ mice 5 to 10 minutes after bath application of penicillin (Fig. 16). 

 
Fig. 16: Proportion of slices that developed epileptiform activity after penicillin treatment 
Epileptiform activity was induced by application of 4 mM penicillin. In EGFP-TNFR1-/- animals, 
application of penicillin led to epileptiform activity (+) in 21 % of the slices (n=29). In EGFP-
TNFR1+/+ slices epileptiform activity occurred in 33 % of the tested slices (n=15) 
 

The observed spontaneous discharges in hippocampal slices from EGFP-TNFR1-/- 

animals occurred with a mean frequency of 1.15 ± 0.41 min-1 (n = 6), while in hippocampal 

slices from EGFP-TNFR1+/+ animals, the discharges had a mean frequency of 1.8 ± 0.54 

min-1 (n = 5) (Fig. 17 B). Statistical analysis using a two-sample t-test revealed no 

significant difference in the discharges' frequency between the two genotypes (p = 0.35) 

These results indicate that both EGFP-TNFR1-/- and EGFP-TNFR1+/+ animals display 

comparable response patterns to the induction of epileptiform activity through bath-

application of penicillin. 
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Fig. 17: Application of penicillin induced epileptiform activity in EGFP-TNFR1-/- and EGFP-
TNFR1+/+ mice 
(A) Example traces of penicillin recordings in EGFP-TNFR1+/+ animals (black) and EGFP-TNFR1-

/- animals (blue). Application of 4 mM penicillin led to epileptiform activity with typical discharges 
(below). (B) Discharge frequency per minute reached a stable level 10 to 15 minutes after penicillin 
application with a mean frequency of 1.8 ± 0.54 min-1 (n = 5) in EGFP-TNFR1+/+ animals (black) 
and 1.15 ± 0.41 min-1 (n = 6) in EGFP-TNFR1-/- animals (blue, two-sample-t-test, p = 0.35). Data 
are expressed and displayed as mean ± s.e.m. 
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In parallel to electrophysiological recordings, astrocyte morphology was assessed by 

measuring the volume fraction. Representative astrocytes from an EGFP-TNFR1-/- (left) 

and an EGFP-TNFR1+/+ mouse (right) are shown in Fig. 18 A to illustrate the typical 

morphology. Interestingly, the mean soma fluorescence intensity in slices of the EGFP-

TNFR1+/+ and EGFP-TNFR1-/- mice was significantly lower compared to slices from 

hGFAP-EGFP mouse line used in previous experiments (Mann-Whitney-Test, p=0.00023, 

data not shown). However, there was no statistically significant difference in the mean 

soma fluorescence intensity between astrocytes from EGFP-TNFR1-/- and those from 

EGFP-TNFR1+/+ animals (Mann-Whitney-Test, p= 0.51). The volume fraction is robust to 

variations in soma fluorescence intensity between cells, as it is relative to the maximal 

intensity of each cell itself. However, consistent z-plane maintenance is crucial for 

accurate morphology analysis. Therefore, only slices where astrocytes were bright 

enough to remain visible and stable in the same z-plane were considered. Additionally, 

only slices that exhibited epileptiform activity were included in the volume fraction analysis. 

Following a 10-minute baseline period, epileptiform activity was induced by the addition 

of 4 mM penicillin. The average baseline volume fraction of all astrocytes from both 

genotypes combined was 4.02 ± 0.52% (n = 9). After 30 minutes of penicillin treatment, 

the volume fraction of TNFR1-deficient astrocytes decreased significantly to 78.94 ± 3.70 

% (n = 6, one-sample t-test, p = 0.0023) compared to the baseline. In contrast, astrocytes 

with wildtype TNFR1 expression showed a mean volume fraction of 91.020 ± 4.14 % after 

30 minutes of penicillin treatment, which did not exhibit a significant decrease (n = 3, one-

sample t-test, p = 0.16). However, the statistical analysis did not reveal a significant 

difference between the two genotypes (two sample t-test, p= 0.086)  
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Fig. 18: Epileptiform activity induced astrocyte morphology changes in acute brain slices of EGFP-
TNFR1-/- mice 
A) Representative EGFP-expressing astrocyte in CA1 of an EGFP-TNFR1-/- mouse (left) and an 
EGFP-TNFR1+/+ mouse (right). B) (left) The mean normalized astrocyte volume fraction over time 
in EGFP-TNFR1-/- animals (blue) and EGFP-TNFR1+/+ animals (grey). (right) Bar graph of the 
average astrocyte volume fraction (normalized to baseline) during the last 10 minutes. In control 
conditions the average volume fraction was 91.020 ± 4.14 % (n=3, one-sample t-test, p = 0.16) 
and in penicillin recordings the average volume fraction was 78.94 ± 3.70 % (n = 6, one sample t-
test, p = 0.0023) compared to baseline. The final volume fraction of EGFP-TNFR1-/- astrocytes is 
not significantly different from the final volume fraction of EGFP-TNFR1+/+ astrocytes with 
expression (n = 3, two sample t-test, p = 0.086). Data are expressed and displayed as 
mean ± s.e.m. 
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These results indicate that in the absence of TNFR1, astrocytes exhibit a significant 

reduction in volume fraction following the induction of epileptiform activity by penicillin 

similar to the astrocytes from hGFAP-EGFP animals (see section 3.2). This finding 

indicates, that TNFR1 is not required for the rapid restructuring of the cytoskeleton upon 

epileptiform activity (Anders et al., 2024).  

In conclusion, our experiments provide evidence that TNFα does not have a direct effect 

on astrocyte morphology in both acute and prolonged experimental settings. Additionally, 

the combination of TNFα with IL1b did not induce any noticeable changes in astrocyte 

morphology. Furthermore, the absence of TNFR1, the primary receptor for TNFα, did not 

prevent the morphological changes observed in astrocytes during epileptiform activity. 

These findings suggest that TNFα is unlikely to mediate the rapid development of altered 

astrocytic morphology during the acute phase of epileptogenesis. Further studies are 

needed to investigate other potential mechanisms involved in astrocyte morphology 

changes associated with epilepsy. 

 
3.4 The role of Brain derived neurotrophic factor in astrocyte morphological plasticity 

BDNF is a protein known for its involvement in brain development and recovery. It has 

been well established that BDNF levels increase during seizure activity (Isackson et al., 

1991; Nawa et al., 1995). Astrocytes express the TrkB.T1 receptor, which is the primary 

receptor for BDNF in these cells. TrkB.T1 Activation of TrkB.T1 by BDNF has been shown 

to regulate astrocyte morphogenesis (Holt et al., 2019). Remarkably, this regulation 

involves RhoA/ROCK signaling in astrocyte cultures (Ohira et al., 2006) which is known 

to play a role in astrocyte morphology modulation. Based on these findings, we 

hypothesized that BDNF might influence astrocyte morphology during epileptiform activity.  

To test our hypothesis, we conducted experiments using acute hippocampal slices from 

hGFAP-EGFP mice. The slices were incubated in ACSF containing 100 ng/ml BDNF or in 

normal ACSF (control) for at least one hour prior to the experiments. Astrocytes 

expressing EGFP were visualized with two-photon excitation microscopy and the volume 

fraction of each astrocyte as an indicator for astrocyte morphology was calculated.  

The average volume fraction of astrocytes treated with BDNF was 5.19 ± 0.25 % (n = 29) 

which did not significantly differ from the average volume fraction in the control group (4.80 

± 0.28 %, n = 29, Mann-Whitney-Test, p = 0.20) as shown in Fig. 19. These findings 
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suggest that the application of BDNF for more than one hour did not have a noticeable 

effect on astrocyte morphology in our experimental setup.  

 

 
Fig. 19: Astrocytes exposed to BDNF do not show alterations in astrocytic volume fraction  
(A) Exemplary EGFP-expressing astrocyte of an acute hippocampal slice incubated with 100 
ng/ml BDNF. (B) Comparison between the mean astrocyte volume fraction of astrocytes treated 
with BDNF (blue) and control astrocytes (grey). The mean volume fraction of astrocytes treated 
with BDNF (5.19 ± 0.25 %, n = 29) was not different from control astrocytes (4.80 ± 0.28 %, n = 
29, Mann-Whitney-Test, p = 0.20). Data are expressed and displayed as mean ± s.e.m. 
 
Indeed, under the used experimental conditions, BDNF does not seem to alter the 

astrocyte morphology. Consequently, it seems unlikely that BDNF alone induces rapid 

changes of astrocyte morphology during epileptiform activity. These findings indicate that 

other signaling pathways or mechanisms may play a role in triggering the restructuring of 

the astroglial cytoskeleton. Further investigations are needed to elucidate the specific 

signaling cascade responsible for the rapid astrocyte morphology changes observed 

during epileptiform activity. 
 

3.5 The role of norepinephrine in astrocyte morphological plasticity 

NE is a catecholamine hormone that functions as neurotransmitter in the sympathetic 

nervous system but also in the CNS. NE acts on alpha- and beta- adrenergic receptors 

which are expressed by neurons, astrocytes, and microglia throughout the CNS (Salm 

and McCarthy, 1992). It is well established, that NE alters astrocyte morphology in cultures 
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and that NE levels are raised in epileptic brains of rodents (Vardjan et al., 2014). 

Therefore, it seemed promising to test its ability to acutely alter astrocyte morphology in 

hippocampal slices.  

EGFP-expressing astrocytes were monitored for 40 minutes, including a 10-minute 

baseline period. After the baseline period, 100 µM NE was added to the bath solution, and 

the volume fraction of each astrocyte was calculated every 5 minutes. For control 

recordings, astrocytes were monitored for 30 minutes after the 10-minute baseline 

recordings, without adding NE. The average astrocyte volume fraction of the last 10 

minutes of the experiment were normalized to the respective baseline volume fraction. 

 

 
Fig. 20: Astrocyte morphology is not altered by 100 µM NE 
(A) Normalized astrocyte volume fraction over time when NE was bath-applied (blue) or under 
control condition (grey). The final normalized astrocyte volume fraction of slices treated with NE 
(n = 10, 91.85 ± 2.37 %) and of control slices (n = 10, 92.91 ± 1.26 %) are not significantly different 
(Mann-Whitney Test, p = 0.97). Data are expressed and displayed as mean ± s.e.m. 
 

The average baseline volume fraction of both groups was 5.63 ± 0.37 % (n = 20) The 

results showed that both the NE-treated group and the control group exhibited a decline 

in astrocyte volume fraction over time compared to their respective baselines (Fig. 20). 

The astrocytes treated with NE reached a final volume fraction of 91.85 ± 2.37% (n = 10, 

one-sample t-test, p = 0.00025), while the control astrocytes had a final volume fraction of 

92.91 ± 1.26% (n = 10, one sample Wilcoxon-rank-test, p = 0.019) (Fig. 20). Importantly, 
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there was no significant difference in the final astrocyte volume fractions between the NE-

treated group and the control group (Mann-Whitney Test, p = 0.97). Therefore, it is 

suggested that the observed astrocyte morphology alterations in this experimental setting 

are not mediated by NE. 

Based on these findings, it can be concluded that bath-application of NE did not induce 

significant additional changes in astrocyte morphology compared to the control condition 

in acute hippocampal slices. This suggests that NE, at the concentration used in the study, 

does not play a major role in regulating rapid astrocyte morphology changes under these 

experimental conditions. However, it is essential to note that this study focused on acute 

changes, and further investigations may be needed to explore potential longer-term 

effects or effects under different experimental conditions. 
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4. Discussion 
Over the past few decades, our understanding of astrocytes has evolved significantly. 

Once considered as passive support cells, we now recognize their active participation in 

neuronal communication within the tripartite synapse (Volterra and Meldolesi, 2005). 

Astrocytes play crucial roles in normal brain function and are implicated in various 

neurological disorders, including Alzheimer's disease, Parkinson's disease, and epilepsy 

(Pekny et al., 2016).  

Of particular interest is the morphological plasticity of astrocytes, which has been found 

to be involved in both physiological and pathological processes. Long-term changes in 

astrocyte morphology have been observed in epilepsy for many years (Coulter and 

Steinhäuser, 2015; Khurgel and Ivy, 1996; Pekny et al., 2016). However, recent studies 

have revealed that astrocytes can undergo rapid morphology changes within minutes after 

the onset of epileptiform activity in animal models (Anders, 2017). 

While the involvement of RhoA/ROCK signaling in the rapid restructuring of the astroglial 

cytoskeleton during epileptiform activity has been established, the signaling cascades 

upstream of RhoA have remained unknown. Therefore, the main objective of the current 

study was to investigate the upstream signaling pathways that activate RhoA and trigger 

remodeling of the astroglial cytoskeleton in response to epileptiform activity. 

By identifying these upstream signaling pathways, the study aimed to enhance our 

understanding of the molecular mechanisms underlying astrocyte morphology changes in 

epilepsy.  

 
4.1 Osmotic stress in acute hippocampal slices  

4.1.1 Effect of osmotic stress on astrocyte morphology 

Capturing dynamic astrocyte morphology changes, especially in the fine peripheral 

astroglial processes (PAPs), which are too small to be fully resolved by diffraction-limited 

microscopy, is technically challenging  (Heller and Rusakov, 2017). While electron 

microscopy has provided valuable insights into the ultra-structure of astrocytes, it is not 

suitable for capturing real-time changes due to the requirement for tissue fixation. Yet, 

characterizing morphological plasticity especially in PAPs is important, because the 

spatial arrangement of astrocytic processes enwrapping thousands of synapses is crucial 

for the bi-directional signaling between astrocytes and neurons.  
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In order to capture real-time changes in the astrocyte morphology volume fraction 

measurements were employed. It now has been established, that measuring the fraction 

of tissue volume occupied by astrocytes can be used as an indirect measure to obtain 

information about local astrocyte structure and detect changes in perisynaptic astrocyte 

processes (King et al., 2020; Medvedev et al., 2014; Minge et al., 2021) and to detect 

changes of perisynaptic astrocyte processes (Henneberger et al., 2020). 

To demonstrate the efficacy of this method, in this study astrocytes were exposed to 

osmotic stress, a well-established model for studying volume regulation in various 

organisms (Kimelberg and Kettenmann, 1990). Astrocytes have water-selective 

aquaporins that allow them to alter their volume in response to osmotic stress (Chvátal et 

al., 2007; Nagelhus and Ottersen, 2013; Risher et al., 2009). The volume fraction 

measurements of astrocytes exposed to hyper- or hypoosmotic stress confirmed that 

astrocytes shrink or swell, respectively, in response to these conditions (see 3.1.1, Fig. 

9). 

This is consistent with findings throughout the literature (Andrew et al., 1997; Chvátal et 

al., 2007; Kimelberg and Kettenmann, 1990; Risher et al., 2009). Even though, swelling 

and shrinking of astrocytes in response to osmotic stress is a robust finding, the studies 

differ in the severity of reported morphology changes. For instance, Risher et al. (2009) 

report an increase of astrocytic volume in response to hypoosmotic stress of about 18 %. 

This is lower to the increase reported in the present study (36.57 %, see 3.1.1, Fig. 9). 

This can be explained by a difference of the severeness of hypoosmotic stress between 

the two studies. Risher et al. decreased the osmolarity of the extracellular fluid by only 40 

mOsm/kg while it was decreased by 100 mOsm/kg in the current study. This is in line with 

previous findings suggesting a positive correlation between the severeness of the osmotic 

challenge and astrocytic volume changes (Andrew et al., 1997). Moreover, the tool which 

is used to determine astrocyte morphology is relevant. Since, aquaporins are dispersed 

unevenly over the astroglial surface with pronounced expression in the PAPs (Nielsen et 

al., 1997), it is plausible that also volume changes are irregular throughout the cell, 

particularly during the acute phase of osmotic stress. Indeed, this was confirmed in a study 

in which volume changes in the soma and the periphery were analyzed separately, 

revealing that volume changes are accentuated in the periphery (Chvátal et al., 2007). 

Consequently, the severity of the observed volume changes may not only depend on the 
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severity of osmotic stress, but also on the chosen analysis tool. In fact, when using volume 

fraction measurements, the changes may appear more severe compared to using a tool 

that includes the soma (cell body) in the analysis. Volume fraction measurements focus 

specifically on the fraction of tissue volume occupied by astrocytes, providing valuable 

insights into the dynamics of astrocyte morphology, particularly in the periphery, where 

aquaporins are highly expressed (Henneberger et al., 2020; Medvedev et al., 2014).  

In conclusion, the study successfully demonstrated that astrocyte morphology changes 

induced by osmotic stress can be effectively captured using volume fraction 

measurements. This method provides valuable insights into the dynamics of astrocyte 

morphology, particularly in the periphery, and can be a useful tool for studying astrocyte 

plasticity in various physiological and pathophysiological contexts. 

 

4.1.2 The effect of osmotic stress on the neuronal population  

In addition to investigating the astrocyte morphology in response to osmotic stress, the 

effect of osmotic pressure on the neuronal population was also investigated.  

Evoked field excitatory postsynaptic potentials (fEPSPs) in the hippocampal neuronal 

population in the CA1 region were monitored during hypotonic and hypertonic conditions. 

The fEPSP slope, which reflects the postsynaptic currents, was analyzed to assess 

synaptic transmission. 

The collected data revealed that synaptic transmission was modulated by osmotic 

pressure. Hypertonic conditions led to a decrease in synaptic transmission, while 

hypotonic conditions resulted in an increase in synaptic transmission (see section 3.1.2). 

These results are consistent with previous studies that have shown the modulation of 

neuronal network properties by changes in the osmolarity of the extracellular space 

(Huang et al., 1997; Li et al., 2012). Additionally, it was reported that lowered 

concentration of Na+ per se can increase synaptic transmission (Huang et al., 1997). This 

is especially important as the hypotonic ACSF was achieved by lowering the concentration 

of Na+. However, the concentration of Na+ was also lowered for baseline condition of 

hypotonic recordings as well, so that changes in synaptic transmission can be traced back 

to osmolarity.  

The efficiency of synaptic transmission depends on various factors, including intrinsic pre- 

and postsynaptic processes, as well as the spatial arrangement of the pre- and 
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postsynaptic elements and the surrounding astrocytes (Henneberger et al., 2020; Panatier 

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

Osmolarity is known to influence both mentioned parameters. However, as intrinsic 

properties of the neuronal population were not investigated specifically in the present 

study, we will focus on the effect of altered osmolarity on the astrocytic morphology. As 

discussed above, osmotic stress induces swelling or shrinkage of astroglial elements. 

Cellular swelling is accompanied by shrinkage of the extracellular space (Chen et al., 

2021). Conversely, cell shrinkage leads to an expansion of the extracellular space. A 

reduced volume of the ECS can lead to the accumulation of ions or neurotransmitters, as 

their dilution is decreased. Additionally, a decreased ECS volume, along with potential 

increased tortuosity, can impede the diffusion of neuroactive substances away from their 

targets, promoting their accumulation within the synaptic cleft and enhancing synaptic 

transmission (Vargová and Syková, 2014). Conversely, expansion of the ECS can result 

in higher dilution of neuroactive elements, potentially leading to a decrease in synaptic 

transmission.  

Alteration of the extracellular space volume could be crucial for the efficiency of synaptic 

transmission. The shifts in astrocytic volume in response to osmotic stress are driven by 

the redistribution of water across the cell membrane, facilitated by aquaporins, with AQP4 

being the predominant aquaporin in the CNS, primarily expressed by astrocytes 

(Nagelhus and Ottersen, 2013). The swelling and shrinking of cells, particularly glial 

processes surrounding synapses, may modify the diffusion of transmitters away from the 

synaptic cleft, thereby influencing synaptic transmission. However, it is important to 

consider that osmotic stress may alter the synaptic cleft itself, leading to a dual effect: 

either reducing or increasing the volume of dilution and altering the distance over which 

transmitter molecules must diffuse.  

The contribution of volume changes in neurons in response to osmotic stress is discussed 

controversially. For instance, there is evidence that some dendritic shafts swell in 

response to hypotonia after a latent period (Aitken et al., 1998). However, pyramidal 

neurons barely express aquaporins which facilitate fast water flux over the cell membrane 

(Andrew et al., 2007). Therefore, it can be assumed that rapid shifts in extracellular space 

volume due to water shifts are mediated by other factors. For instance, the extracellular 

matrix (ECM), which includes molecules like proteoglycans and glycoproteins, can absorb 
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or release water (Yue, 2014). Changes in ECM composition or structure in response to 

osmotic stress could contribute to tissue volume changes. Although this has not been 

explicitly tested in the present study, it is plausible. Additionally, since astrocytes alter their 

cell volume in response to osmotic stress, it is coherent to assume that this effect at least 

contributes to changes in the extracellular space (ECS) during osmotic stress. 

Based on the understanding that astrocytes significantly contribute to changes in 

extracellular space volume in response to osmotic stress, it can be concluded that the 

effect of osmotic stress on synaptic transmission is at least partially influenced by the 

morphological changes of astrocytes. The alterations in astrocyte morphology, captured 

through imaging techniques, combined with electrophysiological recordings, provide 

valuable insights into the relationship between astrocyte dynamics, extracellular space 

volume, and synaptic transmission. 

Taken together, combining imaging with electrophysiological recordings, we could reveal 

both, morphological changes in astrocytes as well as changes in synaptic transmission in 

response to osmotic pressure. 

 

4.2 Astrocyte morphological plasticity induced by epileptiform activity 

4.2.1 Induction of epileptiform activity in acute brain slices  

For a long time, studies of epileptogenic processes relied on human surgery brain tissue. 

Apart from the limited availability of sufficient numbers of nonepileptic, age-matched 

human control brain tissue samples, surgical biopsy specimens of pharmacoresistant TLE 

patients are typically collected at advanced stages of the disease rather than during the 

early phases of epileptogenesis. Animal models for TLE offer a great opportunity to 

overcome the shortage of human control hippocampi and gain insights into the early 

stages of epileptogenesis, for which human hippocampal tissue is generally unavailable.  

The most frequently applied models for MTLE are post status epilepticus (SE) and kindling 

(Leite et al., 2002). Post SE models involve the local or systemic administration of 

chemoconvulsives like kainic acid, an L-glutamate analogue, or pilocarpine, a muscarinic 

acetylcholine receptor agonist (Becker, 2018). These models usually elicit damage 

patterns comprising mossy fiber sprouting, extensive cell loss, prominent reactive 

astrogliosis as well as blood–brain barrier (BBB) dysfunction in the hippocampus (Sharma 
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et al., 2007). Therefore, they are particularly well-suited to study hippocampal sclerosis 

(HS) which is commonly found in brain tissue of MTLE patients (Thom, 2014).  

Kindling, on the other hand, relies on repeated electrical stimulation of limbic brain 

structures leading progressively to the onset of after-discharges and behavioral seizures 

(Goddard, 1967). However, significant neuropathological changes are typically observed 

only with prolonged kindling protocols (Cavazos et al., 1994). Both, post SE and kindling 

models show features of MTLE that reflect epileptogenic processes that are rather 

associated with chronic epilepsy (Becker, 2018).  

To understand functional mechanisms underlying the acute phases of epileptogenesis, 

pharmacological treatments in acute brain slices are often employed. These models focus 

on investigating neuronal hyperexcitability rather than chronic epilepsy features. Common 

models for acute focal seizures in brain slices include the penicillin model and the 0 

Mg2+/bicuculline model (Akdogan and Yonguc, 2011). The proconvulsive effects of 

penicillin and bicuculline are due to the inhibition of GABAA-mediated synaptic inhibition 

(Tsuda et al., 1994). In the 0 Mg2+/Bicuculline model, the increased activation of ionotropic 

glutamate receptors (NMDARs) additionally contributes to the generation of epileptiform 

activity. Activation of NMDARs is achieved by using ACSF which is devoid of Mg2+ which 

otherwise blocks NMDARs at resting membrane potential (Akdogan and Yonguc, 2011).  

In the current study, the penicillin model was used to induce interictal epileptiform 

discharges in acute hippocampal slices. This model specifically modulates inhibition 

without directly affecting NMDARs, which helps prevent synaptic potentiation during the 

induction of epileptiform activity (Anders, 2017).  

The results showed that slices from hGFAP-EGFP mice (derived from an FVB 

background) exhibited interictal epileptiform discharges with a typical shape in 85% of the 

samples (see section 3.2), whereas slices from EGFP-TNFR1-/- (C57/BL6 background) 

and EGFP-TNFR1+/+ mice (C57/BL6 background) displayed epileptiform activity in only 

21% and 33% of the samples, respectively (see section 3.3.2). 

This finding indicates that slices from EGFP-TNFR1-/- animals and EGFP-TNFR1+/+ 

animals respectively are more resistant to induction of epileptiform activity than slices from 

hGFAP-EGFP line. The difference in susceptibility may be attributed to the genetic 

backgrounds of the mouse lines, as different strains can exhibit varying seizure 

thresholds. The hGFAP-EGFP mouse line was derived from an FVB background while 
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the EGFP-TNFR1 line was derived from a C57/BL6 background. Using quantitative trait 

loci mapping, several different loci that contribute to seizure susceptibility could be 

identified (Ferraro et al. 2002). Due to different expression of the identified gene loci, the 

FVB-strain for instance has a lower seizure threshold than the C57/BL6 strain which is 

reported to be rather resistant to seizure induction (Ferraro et al. 2004). Coherent with 

these findings, slices from mice derived from a C57/BL6 strain developed less frequently 

epileptiform activity than slices from mice with an FVB-background. However, since the 

study compared experiments within each genotype, the results remain valid.  

In summary, even though the success rate differs between the different genotypes 

application of penicillin elicited epileptiform activity in slices of hGFAP-EGFP, EGFP-

TNFR1-/- and EGFP-TNFR1+/+ animals.  

 

4.2.2 Epileptiform activity induces rapid astrocyte morphology changes 

In the current study using the penicillin model, the induction of epileptiform activity resulted 

in a reduction of the astrocyte volume fraction, confirming previous observations of 

morphology changes (3.2, Fig. 12). This shows that the reported morphology changes 

induced by epileptiform activity can be effectively reproduced. However, the relative 

change observed in this study (11% ± 2.3 %) was slightly lower compared to the findings 

of Anders (2017) (13.4% ± 2.4 %). This discrepancy could be attributed to differences in 

experimental conditions, such as the discharge frequency of epileptiform activity. The 

mean discharge frequency in the current study (2.2 ± 0.74 min-1) was lower than that 

reported by Anders (2017) (6.78 ± 1.38 min-1), suggesting that less severe epileptiform 

activity induced less pronounced astrocyte morphology changes, consistent with previous 

finding suggesting that the strength of astrocyte morphology changes positively correlates 

with the discharge frequency (Anders, 2017).  

Furthermore, findings from Anders et al. (2017) indicated that the RhoA/ROCK pathway 

might be activated upstream of astrocyte morphology changes induced by epileptiform 

activity. ROCK, as key regulator of the astrocyte actin-cytoskeleton, influences the 

phosphorylation state of cofilin, an actin depolymerizing factor. However, the exact 

mechanism linking epileptiform activity to rapid astrocyte morphology changes through 

the RhoA/ROCK pathway remains unknown. Therefore, the focus of this study was to 
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elucidate the specific extracellular signaling pathways involved in triggering these rapid 

astrocyte morphology changes.  
 
4.3 Is inflammation responsible for rapid morphology changes during epileptiform 

activity? 

 
The main hypothesis of this study is that the rapid restructuring of the astrocyte 

cytoskeleton observed immediately after the onset of seizure activity is mediated by 

inflammatory molecules released by activated microglia. Previous research by Anders 

(2024) indicated that the observed morphology changes are linked to active restructuring 

of the astroglial cytoskeleton through the involvement of RhoA/ROCK signaling. 

The upstream events that trigger RhoA/ROCK signaling in the context of epileptiform 

activity have remained unknown. However, epilepsy is commonly associated with 

microglia activation and subsequent inflammation. Activated microglia release various 

molecules, including TNFα, IL1b, and BDNF (Garden and Möller, 2006; Soontornniyomkij 

et al., 1998). Astrocytes are known to be primary targets of these signaling molecules 

released by microglia (Matejuk and Ransohoff, 2020). Based on these findings, the 

hypothesis emerged that microglia activation, accompanied by the release of inflammatory 

mediators like TNFα, plays a role in inducing rapid astrocyte morphology changes during 

epileptiform activity.  

Therefore, the aim of this study was to investigate whether microglia activation and the 

release of inflammatory molecules, particularly TNFα, contribute to the induction of 

RhoA/ROCK signaling and subsequent astrocyte morphology changes observed during 

epileptiform activity. By exploring the interplay between inflammatory mediators, and 

astrocytes, the study aimed to shed light on the underlying mechanisms of rapid astrocyte 

cytoskeletal restructuring in response to seizure activity.  

 

4.3.1 The role of TNFα in astrocyte morphological plasticity  

TNFα is a cytokine known to be a major driver of inflammation in both the CNS and the 

periphery. It exhibits pleiotropic effects on various cell types, ranging from the induction of 

inflammatory gene expression programs to the modulation of cellular proliferation, 



 

 

76 

differentiation, and even cell death processes such as apoptosis and necroptosis (Baud 

and Karin, 2001).  

Under physiological conditions, TNFα levels in the CNS are almost indetectable. However, 

they rapidly increase following seizure activity (De Simoni et al., 2000; Ravizza et al., 

2008; Vezzani et al., 2011). Previous research has shown that astrocytes express the 

specific receptors for TNFα, namely TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2) 

(Choi et al., 2005). Additionally, TNFα has been shown to induce morphology changes in 

various cell types by activating the RhoA/ROCK signaling pathway (Hunter and Nixon, 

2006; Kant et al., 2011a). Based on this knowledge, the hypothesis was formulated that 

TNFα may serve as a link between the onset of epileptiform activity and the rapid changes 

in astroglial morphology. 

To investigate the effect of TNFα on the morphology of EGFP-expressing astrocytes in 

the hippocampus of acute brain slices, two experimental scenarios were conducted. First, 

the acute effect of TNFα on astrocyte morphology was examined by monitoring the 

astrocyte volume fraction over a period of 30 minutes while TNFα was introduced. Second, 

acute brain slices were incubated with TNFα for 2 hours. In both scenarios, TNFα did not 

alter the morphology of hippocampal astrocytes (see section 3.3, Fig. 14 and section 

3.3.1, Fig. 15).  

Previous studies have demonstrated that TNFR1 activation induces RhoA/ROCK 

signaling and subsequent cytoskeletal restructuring in various cell types, including airway 

smooth muscle cells and endothelial cells (Hunter et al., 2003; Wójciak-Stothard et al., 

1998). Therefore, it is intriguing that the astrocytes in the present study exhibited a 

different response to TNFα exposure compared to these other cell types. This raises the 

question of why astrocytes in this study displayed distinct behavior in terms of their 

response to TNFα compared to other cell types.  

The possibility that the lack of effect of TNFα on astrocyte morphology was due to a 

deficiency in functional TNFR1 receptors in the astrocytes can be considered. However, 

TNFR1 is known to be expressed by almost every cell type, making it unlikely that the 

astrocytes in the current study lacked TNFR1 (Wajant et al., 2003). This is supported by 

previous studies demonstrating high levels of TNFR1 expression by astrocytes (Choi et 

al., 2005; Dopp et al., 1997). Furthermore, it has been shown that TNFα induces astrocyte 

network decoupling in acute slices in a TNFR1-dependent manner (Bedner et al., 2015; 
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Henning et al., 2023). Therefore, the absence of TNFR1 expression in astrocytes is highly 

unlikely.   

If astrocytes do express TNFR1, the next question is whether the receptor was indeed 

activated. TNFR1 is the high affinity receptor for TNFα and can be activated even at low 

concentration of TNFα (Grell et al., 1998). In the present study, the concentration of TNFα 

used was 400-fold higher than the levels observed after the induction of status epilepticus 

(SE) as measured by ELISA (Müller, 2018). Moreover, a previous study demonstrated 

that the applied concentration of TNFα (10 ng/ml) activates TNFR1 on astrocytes of acute 

hippocampal slices (Bedner et al., 2015). Therefore, it can be assumed that the chosen 

concentration of TNFα was sufficient to activate TNFR1 in the current study as well.  

Another possible explanation of a lack of effect of TNFα could be simultaneous activation 

of TNFR1 and TNFR2. While both TNFα receptors can interact with TNF receptor-

associated factors (TRAFs) to transduce signals, only TNFR1 possesses a death domain 

that allows it to interact with TRADDs (Xie, 2013). As a result, TNFR1 and TNFR2 may 

activate converging as well as distinct signaling pathways. In the context of epilepsy, these 

two receptors have been shown to have opposing effects. For example, mice lacking 

TNFR1 are less prone to develop seizures, whereas TNFR2 deficiency increases seizure 

susceptibility (Chen et al., 2021). Accordingly, it was reported that combined knockout of 

TNFR1 and TNFR2 decreased acute infection induced seizures while TNFR2 specific 

knockout enhanced seizure activity (Patel et al., 2017). Therefore, it is possible that also 

in astrocytes the two receptors mediate opposing effects regarding the morphology. In the 

case of smooth muscle cells, TNFα induces morphology changes by activation of the small 

GTPase RhoA (Hunter and Nixon, 2006). Small GTPases cycle between an active and an 

inactive state. This cycling is finely regulated by GEFs, GDIs and GAPs (Etienne-

Manneville and Hall, 2002). To date it is not fully understood how exactly downstream 

signaling induced by cytokine receptors regulates this cycling. However, it is imaginable 

that TNFR1 and TNFR2 activate different RhoA regulating factors which could lead to 

different effects of the two receptors on the astroglial cytoskeleton. In other words, 

simultaneous activation of both receptors could cancel each other out. However, there is 

currently limited evidence regarding the downstream signaling of TNFR2 in regulating the 

activity of small GTPases. 
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Additionally, while the membrane-bound form of TNFα can activate both receptors, the 

soluble form of TNFα predominantly activates TNFR1 with high efficacy which makes it 

highly unlikely that a potential activation of TNFR2 would mask an effect mediated by 

TNFR1 (Wajant and Siegmund, 2019).  

Indeed, the lack of effect of TNFα on astrocytic morphology in the current study suggests 

that TNFα/TNFR1 signaling alone is not sufficient to induce these changes. It is interesting 

to note that the regulation of small GTPases can vary between different cell types, and 

TNFα signaling may exhibit different effects depending on the specific cell type and the 

expression patterns of TNFα receptors (Wajant and Siegmund, 2019). This variation in 

response to TNFα could be attributed to the different expression patterns of TNFα 

receptors among cell types.  

While TNFα alone did not induce morphology changes in astrocytes in the current study, 

it is worth considering that the actions of TNFα are often enhanced by the interaction with 

additional cytokines, such as IL1b. The combined effect of TNFα and IL1b will be 

discussed in the following section.  
 
4.3.2 The role of TNFα and Interleukin 1b in astrocyte morphological plasticity  

As discussed above, TNFα alone does not induce rapid morphology changes in astrocytes 

of acute hippocampal slices. However, activation of microglia during epilepsy leads to the 

release of TNFα in combination with various other cytokines (Vezzani and Granata, 2005). 

These cytokines commonly act in an interconnected manner. Specifically, the two 

cytokines TNFα and IL1b share overlapping biological activities and often act 

synergistically (Stahl et al., 2003). We therefore hypothesized that IL1b could enhance an 

effect of TNFα on the astroglial cytoskeleton.  

The results of the study indicate that the presence of TNFα and IL1b together did not 

induce changes in astrocyte morphology in acute hippocampal slices (see section 3.3.1, 

Fig. 15). This finding is interesting because previous studies have suggested that IL1b 

can regulate RhoA/ROCK signaling and modulate astrocyte morphology in cultured 

astrocytes (John et al., 2004). However, it is important to note that cultured astrocytes 

often differ significantly from astrocytes in tissue, and the mechanisms observed in culture 

may not necessarily apply to in situ conditions. The mechanisms of astrocytic 

morphological plasticity are commonly studied in cell cultures (Kimelberg, 1983). These 
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studies can give meaningful insights into the molecular mechanisms that regulate 

morphological plasticity. However, cultured astrocytes differ considerably from astrocytes 

in tissue. For instance, they typically exhibit a flat, polygonal shape, which contrasts 

significantly with the bushy morphology seen in situ (Bushong et al., 2002; Hertz et al., 

1998). This limits of course the significance of results gained from culture studies 

regarding the applicability to in situ studies. In fact, it is a common finding that mechanisms 

regulating the astrocyte morphology reported in culture studies are not transferrable into 

in situ conditions. For instance, in cultured astrocytes, lysophosphatidic acid and 

spingosine-1-phosphate induce RhoA/ROCK signaling by activation of their associated G-

protein coupled receptors and thereby induce morphology changes (Moolenaar, 1999; 

Ramakers and Moolenaar, 1998). Still, acute application of these agents does not alter 

the astrocyte morphology in acute hippocampal slices (Anders, 2017). This shows, that 

even within the same cell type, effects of pharmacological agents vary between astrocytes 

in culture and in situ.  

It is intriguing to note that TNFα and IL1b have been shown to decrease the network 

coupling strength between astrocytes, both in cell cultures and acute hippocampal slices 

(Bedner et al., 2015; John et al., 2004). Loss of astrocytic gap junction coupling is a 

characteristic feature of the sclerotic hippocampus in human and experimental TLE 

(Bedner and Steinhäuser, 2023). Recent studies demonstrated that seizure induced 

astrocyte gap junction decoupling can be mimicked by application of TNFα or rescued by 

TNFα knockout respectively (Bedner et al., 2015; Henning et al., 2023). Intriguingly, 

Anders et al. (2017) found that rapid astrocyte morphology changes induced by 

epileptiform activity were accompanied by a decrease in network coupling strength. This 

led to the hypothesis that rapid astrocyte morphology changes and network coupling 

strength correlate (Anders, 2017). However, in the current study, TNFα and IL1b did not 

affect astrocyte morphology (see section 3.3.1, Fig. 15) despite their ability to induce gap 

junction decoupling in the above mentioned studies. Notably, Henning et al. and Bedner 

et al. investigated gap junction coupling after 4 hours and later rather than during the early 

phase of epileptogenesis. This could suggest that the role of TNFα may be dependent on 

the specific timepoint observed. It could also suggest that astrocyte gap junction coupling 

strength and astrocyte morphology changes may be independent. This hypothesis is 

supported by the finding that seizure induced gap junction decoupling can be prevented 
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by microglia depletion which is the main source for TNFα (Henning et al., 2023). 

Astrogliosis however, is only marginally affected by microglia depletion which could 

indicate that astrocyte morphology changes depend on factors other than inflammation. 

In conclusion, we found that TNFα combined with IL1b do not alter the astrocyte 

morphology within the observed period. This suggests that TNFα and IL1b may not be the 

primary triggers of rapid astrocyte morphology changes during epileptiform activity. 

Furthermore, the results suggest that astrocyte network organization and single-cell 

morphology may be regulated independently of each other. This finding is significant as it 

implies that astrocyte morphology changes may be influenced by factors other than 

inflammation, despite the association between astrocyte network alterations and 

inflammation in epilepsy.  

Taken together, the findings from the present study suggest that TNFα alone and in 

combination with IL1b does not induce rapid astrocyte morphology changes in acute 

hippocampal slices under physiological conditions. This indicates that other factors or 

signaling pathways may be responsible for the observed rapid changes in astrocyte 

morphology during normal physiological processes. However, epileptiform activity is 

known to involve complex and dynamic interactions between neurons, glial cells, and 

inflammatory mediators. Therefore, it is possible that the role of TNFα signaling in 

astrocyte morphology changes could be different under epileptic conditions compared to 

physiological conditions. Moreover, it is crucial to consider that rapid astrocyte morphology 

changes under epileptiform conditions could be driven by multiple converging pathways. 

To further address the question whether of TNFα signaling plays a role in rapid astrocyte 

morphology changes under epileptiform conditions, we used a TNFR1-deficient mouse 

line to induce epileptiform activity and monitor astrocyte morphology changes in the 

hippocampal formation. The results will be discussed in the following section.  
 

4.3.3 The role of TNFR1 in remodeling of the astroglial cytoskeleton during epileptiform 

activity 

In order to investigate the role of TNFR1 signaling in astrocytes in early epileptogenesis, 

we took advantage of a TNFR1-deficient mouse line (see section 2.1.2). If TNFR1 is 

essential for the rapid restructuring of the astroglial cytoskeleton upon epileptiform activity, 

it should not be inducible in absence of TNFR1. Specifically, we induced epileptiform 
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activity by application of penicillin for 30 minutes and monitored astrocyte morphology in 

parallel. In fact, in astrocytes from EGFP-TNFR1-/- mice epileptiform activity induced 

morphology changes similar to those observed in astrocytes from hGFAP-EGFP mice 

(see section 3.3.2, Fig. 17). 

Other than expected, in EGFP-TNFR1+/+ the reduction of the astrocyte volume fraction 

was not significant. It seems unlikely, that the genotype contributes to a lack of effect in 

EGFP-TNFR1+/+ mice. Even though, EGFP-TNFR1 mice are derived from a C57BL/6 

strain and hGFAP-EGFP mice are derived from an FVB strain the different genetical 

background is not responsible for a lack of effect, because in astrocytes of EGFP-TNFR1-

/- mice morphology changes could be induced by epileptiform activity. Moreover, it was 

shown previously that epileptiform activity induces astrocytes morphology changes also 

in rats suggesting that rapid astrocytes morphology changes is a robust finding throughout 

species (Anders, 2017). Notably, the mean soma fluorescence intensity in EGFP-

TNFR1+/+ and EGFP-TNFR1-/-animals was significantly lower compared to hGFAP-EGFP 

animals (see section 4.3.3). Although volume fraction measurements are robust to 

variations in soma fluorescence intensity, it remains possible that the intensity was so low 

that it approached the detection limit and that changes in volume fraction, preventing the 

detection of changes in volume fraction, particularly in the periphery. However, there was 

no significant difference in soma intensity between EGFP-TNFR1++ and EGFP-TNFR1-/- 

animals. Given that morphological changes in astrocytes from TNFR1 animals were 

indeed detectable, it is unlikely that the lack of an effect in EGFP-TNFR1-/- is due to the 

lower mean soma fluorescence intensity 

A rather likely explanation for the lack of effect in EGFP-TNFR1+/+ animals is that some 

cells are resistant to morphology changes induced by epileptiform activity. This is 

supported by previous data indicating that a certain number of astrocytes are indeed non-

responsive towards epileptiform activity (Anders, 2017). Indeed, in the current study the 

volume fraction of one astrocyte (3.3.2, Fig. 17) stayed close to 100 % relative to baseline 

during the last 10 minutes of the experiment. Considering the low number of cells from 

EGFP-TNFR1+/+ mice (n=3), one outlier could mask an effect.  

Astrocytes in EGFP-TNFR1-/- animals were significantly reduced in their volume fraction 

after induction of epileptiform activity. This finding indicates that TNFR1 is not required for 

the restructuring of the astroglial cytoskeleton upon epileptiform activity.  
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TNFα mainly signals via activation of TNFR1 (Wajant et al., 2003). Yet, TNFR2 can be 

activated by TNFα as well. As in the current study a TNFR1 specific knockout has been 

used we cannot exclude that the restructuring of the astroglial cytoskeleton is mediated 

by TNFR2. However, this seems unlikely for at least two reasons: First, the expression of 

TNFR1 is by far higher than the expression of TNFR2 (Chen et al., 2021). Second, it was 

shown that in airway smooth muscle cells activation of RhoA/ROCK signaling by TNFα 

depends on recruitment of TRADDs, with which only TNFR1 can interact with (Hunter and 

Nixon, 2006). Even though such signaling cascades have not been described specifically 

yet, it remains possible that TNFR2 interacts with adaptor proteins other than TRADDs 

that can activate RhoA.  

Considering that TNFα alone does not induce astrocyte morphology changes and that 

TNFR1 is not required for the rapid restructuring of the astroglial cytoskeleton during 

epileptiform activity, it is indeed unlikely that TNFα is directly involved in the remodeling 

process induced by epileptiform activity. 

This is an unexpected finding as several lines of evidence indicate that TNFα is an 

important driver of astrogliosis which is marked by severe changes in morphology (Abd-

El-Basset et al., 2021; Liddelow et al., 2017). For instance, it was shown that TNFα 

together with other proinflammatory cytokines released from microglia induces 

astrogliosis (Liddelow 2017). Moreover, it was shown recently that TNFα promotes 

astrogliosis in a kainic acid (KA) epilepsy model (Henning et al., 2023). Intracortical 

injection of KA leads to recurrent spontaneous seizure activity and reliably reproduces key 

morphological and functional features of chronic human MTLE-HS, and is commonly used 

to study chronic aspects of epilepsy (Bedner et al., 2015). Coherently, Henning et al. 

investigated changes in astrocytes morphology and function within 4 hours to days after 

induction of seizure activity. Consequently, changes in the astrocyte morphology found in 

this model may be rather representative for the chronic phase of epilepsy (Leite et al., 

2002; Sharma et al., 2007). In contrast, the penicillin model is used to understand 

functional mechanisms underlying the acute phases of epileptogenesis (Akdogan and 

Yonguc, 2011). In consequence, a lack of effect of TNFα in an acute model while having 

an effect in a chronic epilepsy model could indicate that TNFα rather promotes long-term 

morphology changes than acute changes. This is supported by the fact that in the brain 

tissue of patients suffering from chronic recurrent seizures TNFα levels are not only 
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acutely but permanently increased (Ashhab et al., 2013). Moreover, it seems conceivable 

that long-term changes are regulated differently than rapid morphology changes. In fact, 

rapid astrocyte morphology changes differ strongly in their characteristics from 

astrogliosis. For instance, the key feature of astrogliosis is hypertrophy of the cell body 

and the major branches (Sofroniew, 2015). Rapid morphology changes on the other hand 

seem to occur almost exclusively in the smaller peripheral protrusions (Anders, 2017). 

Also, it seems that during rapid astrocyte morphology changes the spatial organization in 

non-overlapping territories is conserved (Anders, 2017). In contrast, astrogliosis is 

accompanied by a disruption of the territorial organization (Oberheim et al., 2008). Rapid 

morphology changes are mediated by remodeling of the actin cytoskeleton in the fine 

perisynaptic astroglial processes (PAP). Remodeling of the PAPs is a phenomenon that 

occurs also under physiological conditions such as LTP (Henneberger et al., 2020) and 

depends on the actin-controlling protein cofilin (Henneberger et al., 2020). The key feature 

of astrogliosis on the other hand is hypertrophy of the cell body and major branches. This 

is especially driven by an increased expression of intermediate filaments such as GFAP 

and vimentin (Eng et al., 2000; Wilhelmsson et al., 2004). This indicates that the altered 

morphology in astrogliosis could be due to altered gene expression while rapid 

morphology changes are due to phosphorylation and dephosphorylation of the actin 

cytoskeleton. 

In consequence, at least at first sight the phenotype encountered right after onset of 

epileptiform activity is quite different from the one encountered after recurrent seizure 

activity. This means in turn that over the time course of epilepsy astrocytes adopt different 

phenotypes.  

In summary, the current study shows that TNFα does not induce rapid morphology 

changes in astrocytes, nor is TNFα/TNFR1 signaling required for rapid morphology 

changes induced by epileptiform activity in acute mouse brain slices. TNFα is a prominent 

inflammatory cytokine. However, so far, we could not rule out that other pathways linked 

to inflammation are involved in rapid astrocyte morphology changes in epilepsy. 

Therefore, the role of other mediators of inflammation will be discussed in the following 

sections.  
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4.3.4 The role of brain-derived neurotrophic factor in the regulation of astrocyte 

morphology 

The role of BDNF in astrocyte morphology changes in epilepsy is an important area of 

investigation. Dysregulation of BDNF has been implicated in various pathological 

conditions, including epilepsy, and increased levels of BDNF have been observed in 

epilepsy (Iughetti et al., 2018; Vezzani et al., 1999). Interestingly, BDNF is closely related 

to the neuroimmune-axis as its release can be regulated by microglia and it promotes 

survival of astrocytes during inflammation (Gomes et al., 2013). 

In order to investigate whether BDNF links the onset of epileptiform activity to rapid 

astrocyte morphology changes, acute hippocampal slices were incubated with BDNF. 

Subsequently, the astrocyte morphology of treated slices was compared to non-treated 

slices with the help of volume fraction measurements. Contrary to our expectation, in this 

experimental setting BDNF did not alter astrocyte morphology (see section 3.4, Fig. 19).  

This finding contrasts with previous cell culture studies, such as the work by Ohira et al. 

(2007) which demonstrated that BDNF induces morphological plasticity in cultured 

astrocytes after 1 hour. In those studies, BDNF was shown to activate the TrkB.T1 

receptor on astrocytes and induce morphology changes that are RhoA/ROCK-dependent. 

The lack of effect of BDNF on astrocyte morphology in the current study could be attributed 

to the differences between experimental settings. While cell culture studies as used by 

Ohira et al (2006) provide controlled and simplified conditions, investigations in situ or in 

vivo models, such as acute hippocampal slices, aim to capture the complexity and 

interactions of cells within their native environment. It is well-known that results from cell 

culture studies do not always translate directly to in situ or in vivo conditions. Variability in 

cellular properties and interactions between different cell types within the brain can 

contribute to these differences. The present study highlights the importance of validating 

findings from cell culture studies in more complex models, such as brain slices or in vivo 

models, to better understand the relevance and applicability of the results.  

The possibility of species-dependent differences in TrkB.T1 function between rats and 

mice is an important consideration. Ohira et al. (2006) relied on astrocytes derived from 

rat hippocampi while we relied on astrocytes in murine hippocampi However, the 

intracellular domain of TrkB.T1 is highly conserved among various species, including 

humans, mice, rats, and felines (Armanini et al., 1995; Middlemas et al., 1991; Shelton et 
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al., 1995). This suggests that the receptor is likely to mediate similar effects in astrocytes 

from different species. Nevertheless, further investigation is needed to confirm whether 

any species-specific differences exist in the response of astrocytes to BDNF and TrkB.T1 

activation.  

The concentration of BDNF used in the present study (100 ng/ml) was based on previous 

cell culture studies that demonstrated its efficacy in altering astrocyte morphology (Holt et 

al., 2019; Ohira et al., 2005). However, it is possible that different concentrations of BDNF 

are required to elicit morphological changes in acute brain slices. To address this, future 

experiments could be conducted using a range of BDNF concentrations to determine the 

optimal dosage for inducing astrocyte morphology changes in this experimental model. 

Interestingly, previous studies have shown that BDNF activation of TrkB.T1 leads to the 

inhibition of RhoA activation by promoting the dissociation of RhoGDI (Ohira et al. 2005). 

This suggests that BDNF may have an opposing effect on RhoA signaling compared to 

the effect induced by epileptiform activity, which is known to activate RhoA.  

It has been reported that effects of BDNF mediated by TrkB.FL which is predominantly 

expressed by neurons are time and dose dependent (Cunha et al., 2009; Suzuki et al., 

2004). To date this has not been examined specifically for TRkB.T1 signaling. However, 

it is possible that also effects mediated by TrkB.T1 are dose dependent and different 

effects are mediated by different doses. Future studies could explore the dose-dependent 

effects of BDNF on RhoA/ROCK signaling in astrocytes to better understand its role in 

modulating astrocyte morphology.  

Investigating the effect of BDNF on astrocyte morphology in the presence of epileptiform 

activity could provide valuable insights into the underlying mechanisms of epilepsy. If 

BDNF inhibits RhoA activation, it could potentially alter or prevent astrocyte morphology 

changes induced by epileptiform activity. This could help elucidate the role of BDNF in 

modulating neural activity and its potential contributions to either pro-convulsive or anti-

convulsive actions. 

In conclusion, the present study suggests that BDNF does not directly alter astrocyte 

morphology in acute brain slices and may even counteract RhoA activation. However, 

further investigations are required to better understand the role of BDNF in astrocyte 

morphological plasticity, including studies using different concentrations of BDNF and 

examining its effects in the context of epileptiform activity. 
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4.4 The role of norepinephrine in the acute regulation of astrocyte morphology 

The engagement of the stress axis and increased release of NE in the hippocampus 

during epilepsy have been well-documented (Hara et al., 1993; Simon et al., 1984). To 

investigate the potential link between increased NE levels and rapid astrocyte morphology 

changes, NE was applied to hippocampal slices, and astrocyte morphology was 

monitored. Surprisingly, NE did not alter astrocyte morphology in this experimental setting 

(see 3.5, Fig. 20).  

Previous studies in cultured astrocytes have consistently demonstrated that NE induces 

morphological plasticity, specifically stellation, which is the transformation of cultured 

astrocytes from a flat polygonal shaped phenotype to a process-bearing phenotype. This 

effect is mediated through the activation of beta-adrenergic receptors, which in turn 

activate adenylyl cyclase (AC) and generate the second messenger cyclic adenosine 

monophosphate (cAMP) (Vardjan et al., 2014). However, in acute hippocampal slices, NE 

did not induce rapid changes in astrocyte morphology.  

One possible explanation for this lack of effect could be that the concentration of NE used 

in the study was not sufficient to activate beta-adrenergic receptors. While NE is a potent 

agonist of all adrenergic receptors, the affinity of these receptors for NE varies. Alpha-

adrenergic receptors are activated by nanomolar concentrations of NE, while beta 

receptors require micromolar concentrations (McPherson et al., 1985; Zhang et al., 2004) 

In this study, a concentration of 100 µM NE was used, which should be sufficient to 

activate beta receptors. Therefore, it appears that, unlike in cell culture studies, beta-

receptor activation does not induce morphological changes in astrocytes in acute 

hippocampal slices.  

This finding is supported by the results from previous experiments conducted in our 

laboratory, investigating the role of AC, the key downstream effector of beta receptors 

involved in morphology changes. In these experiments, NKH477, an activator of AC, was 

applied to acute hippocampal slices, and astrocyte morphology was monitored 

simultaneously. Interestingly, in this experimental setting, the astrocyte volume fraction 

decreased significantly (Anders, 2017). However, as a side effect, NKH477 induced 

epileptiform discharges comparable to those induced by penicillin. When neuronal activity 

was blocked by applying tetrodotoxin (TTX), NKH477 no longer had an effect on the 
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astrocyte volume fraction, suggesting that activation of AC itself did not induce rapid 

astrocyte morphology changes (Anders, 2017).  

Taken together, these results suggest that beta-receptor signaling is not involved in rapid 

astrocyte morphology changes in acute hippocampal slices. In consequence, it is 

suggested that beta receptor signaling is not the mechanistic link between the onset of 

epileptiform activity and astrocyte morphology changes.  

As stated above, adrenergic receptors differ in their affinity for NE. Assuming that the 

concentration was high enough to stimulate beta receptors, it can be deducted that alpha 

receptors were stimulated simultaneously, as NE has a higher affinity for alpha- 

adrenergic than for beta-adrenergic receptors (Zhang et al., 2004). It is established that 

not only beta receptors regulate astrocyte morphology but also alpha-adrenergic 

receptors (Ruck et al., 1991). In contrast to beta receptors, alpha receptors are coupled 

to G-proteins that inhibit AC/cAMP signaling and therefore inhibit process formation in 

cultures (Enkvist et al., 1996). Hence, alpha- and beta-adrenergic receptors mediate 

opposing pathways regarding the regulation of astrocyte morphology in cell cultures. It 

was shown that the strength of the effect of NE on astrocyte morphology varies between 

cortical and spinal astrocytes due to different expression patterns of alpha and beta 

receptors (Kitano et al., 2021). It was proposed that the effect of NE on astrocyte 

morphology is regulated by the balance of alpha- and beta-receptor expression (Kitano et 

al., 2021).  

In the present study, it is possible that the simultaneous activation of alpha- and beta-

adrenergic receptors by NE led to opposing downstream signaling pathways. The 

activation of beta receptors, which promote cAMP generation and process formation, may 

have been counteracted by the inhibition of cAMP signaling mediated by alpha receptors. 

As a result, the effects of NE on astrocyte morphology may have been nullified in this 

experimental setting. Therefore, it could be promising to use specific agonists for alpha- 

or beta-adrenergic receptors in future experiments to better understand their role in 

astrocyte morphology.  

Intriguingly, it was shown recently that alpha receptors inhibit astrocyte stellation not only 

by inhibiting AC/cAMP signaling but also via cAMP-independent mechanism(s) (Kitano et 

al., 2021). This is based on the observation that alpha receptor activation in cultured 

astrocytes inhibits stellation induced by the ROCK inhibitor Y27632 which is known to 
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induce stellation in a cAMP-independent manner (Abe and Misawa, 2003; Kitano et al., 

2021). This finding indicates that alpha receptors regulate the astrocyte morphology by 

engaging pathways that regulate RhoA/ROCK signaling additionally to cAMP signaling 

(Kitano et al., 2021).  

Given this new information, targeting alpha-adrenergic receptor signaling could be a 

promising approach to modulate astrocyte morphology during epileptogenesis. To 

address alpha receptor signaling specifically, lower concentrations of NE could be used 

as alpha-adrenergic receptors are activated by nanomolar concentrations, while beta-

adrenergic receptors require micromolar concentrations for activation. Alternatively, 

subtype-specific agonists such as phenylephrine for alpha 1 receptors or 

dexmedetomidine for alpha 2 receptors could be employed (Jasper et al., 1998). 

Another approach to investigate the contribution of NE signaling to morphological 

alterations in astrocytes during epileptiform activity could involve using a mouse model 

lacking dopamine b-hydroxylase (DBH) expression homozygously. DBH catalyzes the 

conversion of dopamine to NE. Consequently, these mouse models are NE-deficient and 

have been utilized in epilepsy research before (Szot et al., 1999). If morphology changes 

still occur in NE-deficient mice following the induction of epileptiform activity, it would 

suggest that NE is not involved in rapid astrocyte morphology changes.  

In summary, the present study demonstrated that NE at a concentration of 100 µM does 

not induce rapid astrocyte morphology changes in murine acute hippocampal slices. 

However, considering the complexity of the noradrenergic system in the CNS and the 

diverse actions mediated by adrenergic receptors in astrocytes, adrenergic receptors 

remain an intriguing target for modulating astrocyte morphology in acute hippocampal 

slices. Further investigations into the effects mediated by adrenergic receptors on 

astrocyte morphology, as proposed above, are warranted.  

 

4.5 The role of inflammatory pathways in rapid astrocyte morphology changes induced 

by epileptiform activity  

In the present study, we investigated the effects of classical inflammatory mediators such 

as TNFα and IL1b, as well as modulators of the neuroimmune axis including NE and 

BDNF, on astrocyte morphology. Contrary to our expectations, none of these molecules 

induced significant changes in astrocyte morphology in our experiments. This raises the 
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question of whether inflammation is indeed involved in the restructuring of the astroglial 

cytoskeleton during epileptiform activity. 

Multiple lines of evidence suggest that inflammation in early epileptogenesis is primarily 

driven by microglia activation. Activated microglia release various pro- and anti-

inflammatory factors, including TNFα, IL1b, IL6, prostaglandins, which contribute to the 

inflammatory response (Garden and Möller 2006; Soontornniyomkij et al. 1998). However, 

our findings consistently showed that TNFα, in particular, is unlikely to mediate rapid 

astrocyte morphology changes during epileptiform activity. Nonetheless, it is possible that 

other inflammatory molecules released by activated microglia play a role in mediating 

these changes. Importantly, it is worth considering that rapid astrocyte morphology 

changes may not be driven by a single pathway, but rather by multiple converging 

pathways. 

Cytokines commonly act in an interconnected manner, contributing to the inflammatory 

response. Accordingly, previous studies have shown that only the combined application 

of TNFα, IL1a, and C3, all produced by activated microglia, was sufficient to induce a 

reactive astrocyte phenotype in cultured astrocytes (Liddelow et al. 2017). This could 

suggest that multiple inflammatory triggers may be necessary to induce a switch in 

astrocyte phenotype. To elucidate the general role of inflammation in acute astrocyte 

morphology changes it could be beneficial to mimic an inflammatory milieu in acute 

hippocampal slices. This could be achieved for instance by using lipopolysaccharide 

(LPS) a strong inducer of microglia activation (Holtman et al., 2015; Qiu et al., 2022). The 

advantage of this approach could be that the activation of microglia leads to the release 

of various soluble factor including cytokines and neurotrophic factors that may work in an 

interconnected manner. Consequently, this model would be more similar to in vivo 

conditions. Yet, the disadvantage is that such an experimental setting would not unravel 

a single mechanistic link as a potential effect cannot be traced back to a single triggering 

signal. Yet, such an experiment could give meaningful insights into the general role of 

inflammation in acute astrocyte morphology changes during epileptogenesis.  

To further explore the role of inflammation in astrocyte morphological plasticity during 

epileptiform activity, additional experiments are needed. One approach is to analyze 

astrocyte morphology in the absence of microglia, which are considered the main drivers 

of inflammation during early epileptogenesis. This can be achieved using, a microglia-
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deficient mouse model such as Cx3cr1 knockout mice (Paolicelli et al. 2014). This mouse 

line was recently used to demonstrate that microglia are responsible for the shift from 

resting to reactive astrocytes in cultures (Liddelow et al. 2017). Drawbacks of this mouse 

model are that the disruption of neuron–microglia signaling severely affects synaptic 

properties and plasticity. 

In order to investigate the role of microglia activation in linking epileptiform activity to rapid 

morphology changes in astrocytes, there are alternative approaches to knockout 

paradigms. One such approach is the use of minocycline, a tetracycline antibiotic that has 

been shown to have anti-inflammatory properties in the central nervous system (CNS) 

separate from its antimicrobial action (Kobayashi et al. 2013). Minocycline has been 

demonstrated to reduce initial seizure-induced microglia activation and block the increase 

of cytokine concentration in a KA-induced SE model (Abraham et al. 2012; Wang et al. 

2015). Another approach is the pharmacological depletion of microglia by inhibiting the 

colony-stimulating factor 1 receptor (CSF1R) using PLX5622 (Dagher et al. 2015).  

If induction of epileptiform activity in acute slices where microglia are silenced or absent 

leads to rapid morphology changes in astrocytes, it would strongly indicate that microglia 

activation is not the sole driver of these changes. Intriguingly, a study by Sano et al. (2021) 

demonstrated that microglia inhibition reduced activated astrocyte morphology during 

astrogliosis following pilocarpine-induced status epilepticus. This finding is in contrast with 

the results reported by Henning et al. (2023), who showed only a marginal effect of 

microglia depletion on astrogliosis. 

Both Sano et al. and Henning et al. used post-status epilepticus models (KA and 

pilocarpine). It is important to note that studies using post-status epilepticus models, such 

as KA and pilocarpine, which attempt to recreate human temporal lobe epilepsy, may not 

capture immediate molecular or morphological alterations in astrocytes following the onset 

of epileptiform activity. The observed effects of inflammation on astrocyte morphology in 

these models may primarily occur during the latent and chronic phases, and it may not 

necessarily reflect the drivers of rapid astrocyte morphology changes in the penicillin 

model. Therefore, it seems mandatory to further investigate the effect of microglia 

silencing in a model more representative for the very early stage of epileptogenesis such 

as the penicillin model used in the present study.  
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In summary, the current study gave first insights into the contribution of inflammation to 

rapid astrocyte morphology changes in early epileptogenesis. However, further 

investigations are required to understand the specific mechanisms underlying rapid 

astrocyte morphology changes in different epileptic models, including the penicillin model. 

Silencing or absence of microglia in acute slices would provide valuable insights into the 

contribution of microglia activation to these rapid changes and help uncover other potential 

mechanisms involved. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

92 

5. Summary 
The aim of the study was to investigate the mechanisms underlying rapid astrocyte 

morphology changes in the hippocampal formation in response to epileptiform activity. 

The present study specifically focused on investigating the role of the inflammatory 

cytokine tumor necrosis factor alpha in mediating rapid astrocyte morphology changes 

during epileptiform activity. Inflammation has been consistently linked to epileptic 

processes in the brain, making tumor necrosis factor alpha an intriguing candidate for 

studying its effects on astrocytes. 

However, contrary to expectation, the study's findings indicate that tumor necrosis factor 

alpha does not have an acute or delayed effect on astrocyte morphology in hippocampal 

slices. Moreover, we show that even in the absence of the primary receptor of tumor 

necrosis factor alpha, astrocytes respond with rapid morphological changes to epileptiform 

activity.  

This suggests that tumor necrosis factor alpha, despite its association with inflammation 

and epileptic processes, does not directly contribute to the rapid changes in astrocyte 

morphology observed during epileptiform activity.  

Furthermore, the study’s findings indicate that the molecules norepinephrine and brain 

derived neurotrophic factor which are known to be associated with epileptic processes do 

not promote astrocyte morphology changes in acute hippocampal slices in our 

experimental settings.  

The lack of influence especially of tumor necrosis factor alpha, brain derived neurotrophic 

and norepinephrine on astrocyte morphology in acute hippocampal slices suggests that 

other signaling pathways and molecules may play a more prominent role in mediating 

these morphological changes. This raises the question of whether inflammation is involved 

at all in astrocyte plasticity under these conditions. Future studies will be needed to 

uncover the complex interactions and signaling cascades involved in astrocyte plasticity 

during the onset of epileptiform activity and to determine the precise role, if any, of 

inflammation in this process. 
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