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1. Summary 

 

Serotonergic Signaling and Impact of small GTPases in Astrocytes 

Franziska Müller 

 

Astrocytes are highly versatile glial cells and an important component of the brain 

network. Their complex morphology is a key hallmark and supposed to be crucial for 

executing their various functions. Within the present study, we summarized how 

small GTPases of the Rho family regulate astrocyte morphology, and compared 

different methods that aim to determine Rho GTPase activity with high temporal and 

spatial resolution in living astrocytes. We used several of these approaches to show 

that the small GTPase RhoA is activated by serotonin receptor 4 (5-HT4R), whose 

expression we observed in astrocytes in vitro and in vivo. Activation of RhoA through 

stimulation of 5-HT4R led to increased filamentous actin structures and reduced 

morphological complexity of astrocytes. A closer look on the heterotrimeric G proteins 

Gα13 and GαS, known to couple to 5-HT4R, revealed a high basal activity of 5-HT4R 

via Gα13 signaling.  

Since astrocytes closely interact with neurons, we investigated the impact of 

astrocytic 5-HT4R signaling on neuronal properties and found a regulatory role of 

excitatory synaptic circuits in vitro and in situ. We further aimed to examine the 

involvement of fluctuations in intracellular calcium concentrations [Ca2+], which are a 

unique feature and supposedly one of the central ways of signaling in astrocytes. To 

this end, we developed a novel approach to detect and quantify astrocytic Ca2+ 

events based on multi-threshold calculations. Moreover, we uncovered a temperature 

dependence of Ca2+ characteristics and successfully applied our analysis to various 

kinds of data acquired in vitro, in situ and in vivo. This novel quantitative approach 

opens unforeseen opportunities for detailed investigation of the relationship between 

astrocyte morphology and Ca2+ signaling.  

 

  



Zusammenfassung 

 

[2] 
 

2. Zusammenfassung 
 

Serotonerge Signalwege und Einfluss von kleinen GTPasen in Astrozyten 

Franziska Müller 

Astrozyten sind vielseitige Gliazellen und ein wichtiger Bestandteil des 

Hirnnetzwerks. Ihre komplexe Morphologie ist ein Schlüsselmerkmal und vermutlich 

für die Ausführung ihrer verschiedenen Funktionen von entscheidender Bedeutung. 

In der vorliegenden Arbeit haben wir zusammengefasst, wie kleine GTPasen der 

Rho-Familie die Astrozytenmorphologie regulieren, und verschiedene Methoden 

verglichen, mit denen die Rho-GTPase-Aktivität mit hoher zeitlicher und räumlicher 

Auflösung in lebenden Astrozyten bestimmt werden kann. Durch Anwendung 

mehrerer dieser Ansätze konnten wir zeigen, dass die kleine GTPase RhoA durch 

den Serotoninrezeptor 4 (5-HT4R) aktiviert wird, dessen Expression in Astrozyten in 

vitro und in vivo bestätigt werden konnte. Die Aktivierung von RhoA durch Stimulation 

von 5-HT4R führte zu einem erhöhten Anteil von filamentösen Aktinstrukturen und 

einer Verringerung der morphologischen Komplexität von Astrozyten. Ein genauerer 

Blick auf die heterotrimeren G Proteine Gα13 und GαS, von denen bekannt ist, dass 

sie an 5-HT4R koppeln, zeigte eine hohe basale Aktivität von 5-HT4R über den Gα13-

Signalweg. 

Da Astrozyten in enger Wechselwirkung mit Neuronen stehen, wurde der Einfluss 

von astrozytären 5-HT4R-Signalen auf die neuronalen Eigenschaften untersucht und 

eine regulatorische Rolle für das exzitatorische synaptische Netzwerk sowohl in vitro 

und in situ nachgewiesen. Ferner sollte die Beteiligung von Fluktuationen der 

intrazellulären Calciumkonzentrationen [Ca2+] untersucht werden, welche ein 

einzigartiges Merkmal und vermutlich eine der wichtigsten Arten der 

Signalübertragung in Astrozyten darstellen. Deshalb wurde ein neuartiger Ansatz 

entwickelt, um astrozytäre Ca2+-Events mit Hilfe von flexibel anwendbaren 

Schwellenwerten zu erfassen und zu quantifizieren. Hierbei wurde zudem eine 

Temperaturabhängigkeit der Ca2+-Eigenschaften aufgedeckt und die Analyse 

erfolgreich mit verschiedensten Daten validiert, die in vitro, in situ und in vivo 

gemessen wurden. Dieser neue quantitative Ansatz eröffnet bisher nicht 

dagewesene Möglichkeiten für detaillierte Untersuchungen, um den Zusammenhang 

zwischen Astrozytenmorphologie und Ca2+-Signalen zu charakterisieren.  
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3. Introduction 
 

The mammalian brain is a dynamic organ, which is composed of specialized 

structures. It possesses the ability to constantly adapt according to different 

physiological, pathophysiological and pharmacological stimuli. This brain plasticity 

includes structural and functional change which is fundamental for learning and 

memory processes, during development, in behavioral response to experience, and 

rehabilitation following brain disease (Sale et al., 2014).  

In the interconnected areas of the brain reside a multitude of different cell types. 

Neuronal cells are electrically excitable and are considered to host the computational 

power of the brain. Non-excitable glial cells have been assigned to housekeeping, 

regulatory and neuron-supportive functions (Pekny et al., 2016). Initially, glial cells 

were regarded as connective tissue and termed “Nervenkitt” or “brain-glue” (Virchow, 

1862; Volterra & Meldolesi, 2005). Only recently their true impact was further 

revealed and it is now well-accepted that glial cells are contributing to information 

processing in the brain (Jessen, 2004). Therefore, the glia to neuron ratio has been 

elaborated in context of species and brain structures, and its meaning for brain 

complexity and evolution has been discussed (Herculano-Houzel, 2014). 

The family of glial cells in the mature vertebrate central nervous system (CNS) 

includes astrocytes, oligodendrocytes and microglia (Allen & Lyons, 2018; Freeman, 

2010; Zuchero & Barres, 2015). While the main functions of oligodendrocytes and 

microglia have been known for a while, namely myelination and immune defense, 

astrocytes were simply considered to be non-excitable structural and metabolic 

support cells of the brain (Volterra & Meldolesi, 2005). During the past twenty years 

astrocytes gained new attention and are now considered essential for higher brain 

function (Robertson, 2018).  

 

Astrocytes as crucial components of the brain network 

Astrocytes represent an abundant population of glial cells in the CNS. Their portion 

varies between species, is dissimilar between brain regions and exact numbers are 

still under debate (Azevedo et al., 2009; Keller et al., 2018; Vasile et al., 2017). 

Astrocytes increase in size and number evolutionarily, with invertebrates hosting 

fewer and small astrocytes while humans possess large and complex astrocytes 

which account for up to 60% of all cells in the CNS (Liddelow & Hoyer, 2016). 
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Specific characteristics have been assigned to human astrocytes and found to differ 

from rodent counterparts (Vasile et al., 2017).  

However, even astrocytes within one species are highly heterogeneous (Matyash & 

Kettenmann, 2010; Morel et al., 2017). They display distinct inter- and intraregional 

features and are therefore termed specialized. They vary in their morphology, 

developmental origin, gene expression profile and show functional diversity in 

physiological properties and response to injury and disease (Chaboub & Deneen, 

2012; Haim & Rowitch, 2017; Zhang & Barres, 2010). This variety causes the 

existence of identifiable subsets of astrocytes. They share common features but differ 

in others, including expression of widely used astrocyte markers for the glial fibrillary 

acidic protein (GFAP) and the Ca2+-binding protein S100β (Molofsky et al., 2012). 

They also show overlap with features of other glial cells, especially in response to 

stimuli during development. Their exact process of maturation, differentiation and 

specialization remains unclear to this date (Freeman, 2010; Molofsky & Deneen, 

2015).  

Their unique morphology is a renowned feature represented by primary branches 

originating of the cell soma, which then gradually become finer processes towards 

the periphery where they build a dense network of perisynaptic astrocyte processes 

(PAPs), recently termed gliapil (Allen & Eroglu, 2017; Bindocci et al., 2017; Witcher et 

al., 2010). Those fine terminal protrusions account for most of an astrocytes’ volume, 

while GFAP immunostaining will only enable visualization of thick branches, 

accounting for about 15% of the total cell volume (compare Figure 3.1 a-c) (Bushong 

et al., 2002). Injection of astrocytes with intracellular fluorescent tracers revealed the 

full extent of the fine gliapil per astrocyte and showed that they occupy individual 

territories which do not overlap (Bushong et al., 2002). Classically, astrocytes were 

separated in two morphological classes: Fibrous astrocytes with long protrusions 

primarily located in the white matter, and protoplasmic astrocytes mainly present in 

the grey matter (Kettenmann & Verkhratsky, 2008; Miller, 2018). Those tile-like 

patterns were shown to be produced by protoplasmic astrocytes, characterized by 

their bushy appearance. Nowadays, the concept of two morphological classes gets 

extended by new methods of morphology characterization and supplemented with 

data acquired through single-cell analysis (Lanjakornsiripan et al., 2018; Lin et al., 

2017). These reveal distinct morphologies and molecular profiles within the group of 
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protoplasmic astrocytes according to brain anatomy, which is likely connected to their 

functional properties (Benjamin Kacerovsky & Murai, 2016; Oberheim et al., 2012).  

 

Figure 3.1: Astrocyte morphology in vitro and in situ. 
a) Mouse hippocampal astrocyte morphology in vitro visualized by anti- GFAP staining shows only major 
branches. b) Labelling of filamentous actin structures (red), expression of cytosolic fluorescent proteins (blue) and 
membrane associated expression of serotonin receptor 4 (5-HT4R; green) reveal more complex structures of 
astrocytes in vitro. c) Cytosolic expression of fluorescent proteins, delivered by stereotactic AAV injection, in 
astrocytes of the mouse hippocampus in situ. Scale bars 100µm.  

Their heterogeneity is well-fitting the numerous tasks astrocytes fulfill in the healthy 

brain (Figure 3.2). With terminal processes called endfeet, astrocytes are in direct 

contact with blood vessels, where they act as a part of the blood-brain-barrier (Abbott 

et al., 2006; MacVicar & Newman, 2015). They have been shown to regulate blood 

flow by vessel constriction (Mulligan & MacVicar, 2004) and to govern the consistent 

energy supply through metabolic support to ensure proper brain function (Marina et 

al., 2018; Nortley & Attwell, 2017). Astrocytes maintain control of local ion and pH 

homeostasis, clear neurotransmitters released during synaptic transmission and 

remove metabolic byproducts (Djukic et al., 2007; Gourine et al., 2010; Oliet et al., 

2001; Shetty et al., 2012; Sibille et al., 2014). They also respond to neuronal activity, 

influence synapse formation, plasticity and synaptic transmission (Allen & Eroglu, 

2017; De Pittà et al., 2016; Murphy-Royal et al., 2017a). The concept of the tripartite 

synapse, in which the pre- and postsynapse build a functional unit together with the 

astrocyte process enwrapping them, has been proposed by Araque et al. (Araque et 

al., 1999). It has been extended to be a multipartite synapse to include further input 

from surrounding cells, such as microglia and the extracellular matrix (Dityatev & 

Rusakov, 2011; Verkhratsky & Nedergaard, 2018).  Rodent astrocytes can 

proposedly cover interactions with about 20.000-120.000 synapses within their 

territory, varying between brain areas and changing during disease or injury 

(Bushong et al., 2002; Ogata & Kosaka, 2002; Sun & Jakobs, 2012). The accordingly 
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more complex human astrocytes are believed to contact even 270.000-2 million 

synapses (Oberheim et al., 2009).  

 

Figure 3.2: Astrocyte functions in the healthy brain. 
Astrocytes fulfill various tasks including homeostatic functions, influence neuronal properties such as synaptic 
transmission and provide structural support. They take up, recycle and release transmitters and are 
interconnected with nearby astrocyte processes through gap junctions. Astrocytes exhibit Ca

2+
 signaling and 

contact blood vessels with endfeet processes where they control blood-brain-barrier properties. 

As part of this interaction with synapses, astrocytes release gliotransmitters which act 

on neurons and smooth muscle cells of the vasculature system (Bezzi & Volterra, 

2001). Several compounds have been shown to be released by astrocytes including 

D-serine (Henneberger et al., 2010; Panatier et al., 2006), ATP/ adenosine (Bowser 

& Khakh, 2004; Koizumi et al., 2003; Zhang et al., 2003), polyphosphate (Holmström 

et al., 2013), GABA (Kozlov et al., 2006; Le Meur et al., 2012), glutamate (Parpura & 

Haydon, 2000) and lactate (Pellerin et al., 1998; Tang et al., 2014).  

Due to their numerous regulatory functions and involvement in many brain 

processes, astrocyte malfunction has been identified as a potential contributing factor 
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in many neurological disorders (Allen et al., 2017). This can be accompanied by loss 

of morphological complexity, confirming the importance of astrocyte morphology 

(Burda & Sofroniew, 2014; Stogsdill et al., 2017). The reactive state of an astrocyte 

can also be deduced from its morphological features. Reactive astrogliosis is the 

response of astrocytes to neurological pathologies accompanied by a change of 

morphology and function. The main hallmark is the upregulation of GFAP, their main 

constituent of intermediate filaments, which together with actin microfilaments and 

microtubules constitute their cytoskeleton (Chiu et al., 1981; Moeton et al., 2016). 

Reactive astrocytes show process hypertrophy, the thickening of their primary 

branches, which is an acute positive defense response but which can be maladaptive 

when persisting (Hol & Pekny, 2015). Reactive astrocytes respond to brain injury by 

process elongation and migration towards the lesion site, where in severe cases they 

form glial scars. This process requires activation of small guanosine triphosphatases 

(GTPases) of the Rho family, which powerfully regulate actin cytoskeleton dynamics 

(Elvira et al., 2015; Posada-Duque et al., 2015; Renault-Mihara et al., 2017).  

 

Small GTPases control cell morphology and function 

Small GTPases dynamically control cell morphology and fulfill regulatory functions in 

various cell types. They are monomeric small G proteins whose more than 150 family 

members are classically assorted into six subfamilies according to their structure: 

Rho, Ras, Rab, Sar1/Arf, Ran and RGK (Goldfinger, 2008; Jeon et al., 2011). Their 

hallmark is the characteristic GTPase activity, which is the hydrolysis of GTP to GDP. 

Therefore, all small G proteins share a consensus amino acid sequence which can 

be related to the necessary GTP/GDP binding capability (Bourne et al., 1991). They 

act as tightly regulated molecular switches by binary cycling between an active GTP-

bound and an inactive GDP-bound state (Reiner, 2016). For Rho, Ras, and Rab 

GTPases, this switch is combined with alternating location between the membrane 

and the cytosol (Cherfils & Zeghouf, 2013). Their efficiency further depends on 

c-terminal posttranslational modifications such as farnesyl, geranylgeranyl, palmitoyl, 

and methyl moieties (Takai et al., 1992).  

Activity of small GTPases is tightly controlled by a multitude of regulator proteins, 

which underlie complex regulation themselves. Guanine nucleotide exchange factors 

(GEFs) promote dissociation of bound GDP, allowing replacement by excessively 

available GTP (Reiner, 2016). GTPase activating proteins (GAPs) boost the 
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intrinsically slow GTP hydrolysis to promote a GDP bound state. A variety of different 

GEFs and GAPs influence each GTPase selectively, enhancing signaling diversity 

and allowing for spatial specificity (Woolfrey & Srivastava, 2016). Additionally, 

guanine nucleotide dissociation inhibitors (GDIs) passively keep Rho proteins in an 

inactive state by withholding them in the cytoplasm. Tempering with one regulatory 

element has been described to compromise the balance of small GTPase activity 

(Boulter et al., 2010). Coordinated control of Rho family GTPase activity has been 

proposed describing interconnected activity levels of Cdc42, Rac1 and RhoA (Li et 

al., 2015; Nobes & Hall, 1995; Sander et al., 1999). 

Small GTPases of the Rho family include at least seven proteins of which Cdc42, 

Rac1, and RhoA are the most-studied and therefore best characterized. They 

regulate both cytoskeleton reorganization and gene expression (Takai et al., 1992). 

In regard to shaping cellular morphology, Cdc42 promotes neurite outgrowth and 

Rac1 induces formation of lamellipodia (Ridley et al., 1992; Yoon et al., 2006). RhoA 

has been shown to induce neurite retraction and stress fiber formation in fibroblasts 

and neuronal cells (Kranenburg et al., 1999; Ridley & Hall, 1992).  Astrocytes have 

been shown to exhibit regulatory power over RhoA-mediated neurite retraction via 

integrin signaling in astrocyte-neuron communication (Maldonado et al., 2017).  

RhoA, Rac1 and Cdc42 are also expressed by astrocytes themselves (Chen et al., 

2006; Konopka et al., 2016). RhoA activity has been negatively correlated to a 

stellate astrocyte morphology (Höltje et al., 2005; Ramakers & Moolenaar, 1998) 

while Rac1 was shown to be required for astrocyte stellation in vitro (Konopka et al., 

2016). Cdc42 did not influence astrocyte stellation per se, but is required for an 

appropriate response to injury (Bardehle, 2013; Racchetti et al., 2012). 

Complementary effects have been shown for RhoA, which needs to be deactivated 

for astrocytes to acquire a reactive phenotype and form glial scars (John et al., 2004; 

Renault-Mihara et al., 2017). This gives small GTPases powerful impact in many of 

astrocytes’ various functions.  

More than 80 Rho GEFs in the human genome either activate one specific small 

GTPase or have several complementary targets (Yeh et al., 2007). Rho GEFs can be 

controlled by transmembrane receptors, including G protein-coupled receptors 

(GPCRs). This enables small Rho GTPase activation via heterotrimeric G proteins 

(Goicoechea et al., 2014; Lutz et al., 2007) and makes them susceptible to 

serotonergic signaling.  
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Serotonergic signaling powerfully impacts astrocytes 

The neurotransmitter serotonin (5-hydroxytryptamine, 5-HT) is crucially involved in 

multiple physiological functions including eating, reward, thermoregulation, 

cardiovascular regulation, locomotion, pain, reproduction, circadian rhythm, memory, 

cognition, aggressiveness, response to stress, emotions, and mood (Ahern, 2011; 

Berger et al., 2009; Charnay & Leger, 2010; Hayes & Greenshaw, 2011). 5-HT 

misbalance or dysfunction is therefore associated with a variety of pathophysiological 

conditions such as depression (Nemeroff & Owens, 2009), anxiety (Akimova et al., 

2009), schizophrenia (Rasmussen et al., 2010), anorexia (Jean et al., 2007), 

Parkinson’s and Alzheimer’s disease (Azmitia & Nixon, 2008; Miyazaki et al., 2013; 

Newhouse et al., 2002; Ouchi et al., 2009).  

5-HT in the brain is produced by serotonergic neurons which are located in the raphe 

nuclei of the brain stem. These neurons project in a defined and organized manner 

into cortical, limbic, midbrain and hindbrain regions (Berger et al., 2009). 5-HT can 

act on seven families of serotonin receptors (5-HTRs) (Berumen et al., 2012). The 

5-HT3R is a ligand-gated ion channel which is not expressed by astrocytes. All other 

5-HTR1-7 families belong to the superfamily of GPCRs and share a conserved 

architectural structure with seven transmembrane domains (McCorvy & Roth, 2015). 

Their expression by cultured astrocytes from various brain regions has been shown 

(Hertz et al., 1979, 1984; Hösli et al., 1987). The 5-HT5AR is even predominantly 

expressed by astrocytes where it negatively regulates cAMP levels (Carson et al., 

1996).  

5-HTRs are an emerging target for the treatment of 5-HT-related diseases, partly 

because of their role in astrocytes. Several 5-HT1AR agonists are included in clinical 

trials for Parkinson’s disease. (Kalia et al., 2013; Miyazaki & Asanuma, 2016; 

Miyazaki et al., 2013). Astroglial 5-HT2BRs are involved in mood disorders, and many 

studies have investigated the effects of popular antidepressant treatments with 

selective serotonin reuptake inhibitors (SSRIs) on astrocytes (Kinoshita et al., 2018; 

Peng et al., 2018; S. Zhang et al., 2010).  

The focus of the present study was on the 5-HT4R. Targeting the 5-HT4R in a mouse 

model of Alzheimer’s disease slowed down amyloid pathology and cerebral 

inflammation (Giannoni et al., 2013). In humans, the 5-HT4R is expressed in the 

hypothalamus, hippocampus, nucleus accumbens and caudate putamen. It has been 
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associated with anorexia, drug abuse and Alzheimer’s disease (Charnay & Leger, 

2010).  

Several mouse models exist with selective depletion of serotonin receptors. The 

5-HT4R-knockout (ko) mouse shows no behavioral changes in a normal environment, 

but displays reduced locomotor activity and hypophagia when confronted with novelty 

and stress (Compan et al., 2004). It has been a valuable tool to investigate the 

effects of 5-HT4R signaling.  

Ten different splice variants of the 5-HT4R have been described in human and at 

least four in mice (Berthouze et al., 2005; Claeysen et al., 1999). Figure 3.3 depicts 

the main 5-HT4R-related signaling pathways. The 5-HT4R has been shown to couple 

to GαS, therewith activating adenylyl cyclase and increasing cAMP levels in 

hippocampal neurons (Bockaert et al., 1990). Later, functional coupling to Gα13 was 

discovered. Activation of this pathway increases the activity of the small GTPase 

RhoA and induces morphological changes in neuroblastoma cells and cultured 

hippocampal neurons (Kvachnina, 2005; Ponimaskin et al., 2002). G protein-

independent signaling via the extracellular signal-regulated kinase (ERK) has also 

been described in neurons and linked to learning and memory processes (Barthet et 

al., 2007). Selective 5-HT4R activation has been shown to enhance long-term 

potentiation in the hippocampus (Kulla & Manahan-Vaughan, 2002). If this process 

depends solely on neuronal or astrocytic 5-HT4R expression, remains unclear. 

5-HT4Rs expression in astrocytes has been shown in vitro and in vivo (Boisvert et al., 

2018; Parga et al., 2007). However, little is known about its functionality and signaling 

consequences.  

Modulation of cellular morphology has been observed after activation of other GαS-

coupled 5-HTRs: Stimulation of the 5-HT6R leads to morphological changes via the 

small GTPase RhoA (Rahman et al., 2017), while activation of 5-HT7R impacted 

neuronal morphology evidently via Cdc42 and RhoA (Kvachnina, 2005; Kvachnina et 

al., 2009). Serotonin can be attached to small GTPases by transglutaminases, 

termed serotonylation, which keeps them in a constitutively active state (Paulmann et 

al., 2009; Walther et al., 2003). Since astrocytes also express serotonin transporters 

(5-HTTs), serotonylation could be also considered in regulating small GTPase activity 

(Hirst et al., 1998).  

Small Rho GTPases have been linked to cellular processes dependent on 

intracellular calcium (Ca2+), including Ca2+-dependent exocytosis (Pinxteren et al., 
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2000). Ca2+ also governs actin polymerization dynamics, and is therefore linked to 

cell morphology, but the exact interaction with small Rho GTPases is yet unclear 

(Aspenström, 2004). Further, coupling of the 5-HT4R to potassium channels and 

voltage-sensitive Ca2+ channels has been proposed (Hannon & Hoyer, 2008). This 

gives rise to a multitude of functional intersections and makes the 5-HT4R a 

particularly interesting target of investigation in astrocytes, since Ca2+ is 

extraordinarily relevant.  

 

Figure 3.3: Scheme of 5-HT4R-mediated signaling pathways. 

The 5-HT4R can interact with the GαS subunit of heterotrimeric G proteins which activates adenylyl cyclase (AC) 

leading to increased intracellular cAMP levels and subsequent PKA activation. This inhibits potassium channels 
while increasing ERK signaling in a Ras-dependent manner. PKA activation additionally regulates CREB-

mediated transcription and microtubule stabilization. Via interaction with the Gα13 subunit, 5-HT4R activation 

increases RhoA activity. This leads to activation of RhoA effector proteins such as the serum response factor 
(SRF) which regulates gene expression. RhoA activates also the Rho-associated kinase (ROCK) which increases 
actin filament assembly via actin binding proteins such as cofilin and profilin. 
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Calcium signaling is an exceptional astrocytic feature 

Ca2+ is a ubiquitous second messenger involved in numerous signaling pathways 

(Carafoli & Krebs, 2016; Sun et al., 2013). It plays a special role in respect to 

astrocytes, since they show dynamic changes of intracellular calcium concentrations 

[Ca2+]. This is supposed to be a unique way of signaling, but its source of generation 

and impact on the cell itself as well as other cells in the brain network is not fully 

understood, yet (Bazargani & Attwell, 2016).  

Ca2+ accumulations in vertebrate glial cells were already observed in the 1970’s and 

proposed to act as storage sites (Gambetti et al., 1975). Later, dynamic fluctuations 

of Ca2+ in cultured hippocampal astrocytes were shown (Cornell-Bell et al., 1990). 

Since these waves of Ca2+ propagate not exclusively within one cell but also spread 

between adjacent astrocytes, this was soon regarded as a form of signaling (Charles 

et al., 1991; Cornell-Bell et al., 1990; Dani et al., 1992).  

Ca2+ signaling in astrocytes appears to be highly complex. It is not a binary yes or no 

response like the generation of action potentials in neurons, but it has varying 

patterns and kinetics. This includes changes in amplitude, frequency and spatial 

extent (Volterra et al., 2014).  

A lot of effort is put into deciphering Ca2+ activity in astrocytes. Intracellular cytosolic 

[Ca2+] is constantly regulated by Ca2+ channels, pumps, exchangers and buffering 

proteins, and astrocytes supposedly possess their own specialized toolkit to precisely 

regulate Ca2+ activity (Berridge et al., 2000; Lock et al., 2015). Recent studies pin the 

origin of [Ca2+] elevations to fine astrocytic structures in the periphery and show 

microdomains with different resting Ca2+ concentrations (Rusakov, 2015; Zheng et 

al., 2015). Ca2+ is thought to be mostly released from intracellular stores associated 

with the endoplasmatic reticulum (ER) and mitochondria (Agarwal et al., 2017). 

Numerous platforms exist to help detect and analyze Ca2+ events, but are not 

flawlessly handling the full complexity of these signals (Pnevmatikakis et al., 2016; 

Srinivasan et al., 2015; Wang et al., 2017; Wang et al., 2019). Several approaches 

have been developed to monitor intracellular [Ca2+] changes (Khakh & McCarthy, 

2015). Synthetic fluorescent Ca2+ indicator dyes have been used extensively, e.g. 

Oregon green BAPTA, Fluo and Fura dyes, which are transient and require loading 

into the cells (Reeves et al., 2011; Shigetomi et al., 2016). Förster resonance energy 

transfer (FRET)-based Ca2+ biosensors exist, but require laborious evaluation to 

visualize Ca2+ signals (Atkin et al., 2009; Miyawaki et al., 1999). The most popular 
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way to investigate astrocyte Ca2+ is through genetically encoded Ca2+ indicators 

(GECIs) such as GCaMPs (Tian et al., 2009). They rely on the change in brightness 

of a single fluorescent protein which changes its conformation upon Ca2+ binding 

(Broussard et al., 2014). They provide good signal to noise ratios and can be 

delivered to the cells using adeno-associated-viruses (AAVs) (Stobart et al., 2018). 

Tethering them to the cell membrane is providing additional information about Ca2+ 

activity in the fine astrocytic processes (Shigetomi, Bushong, et al., 2013).  

Ca2+ activity was shown to be different between astrocytes of cortical layers in mice, 

with astrocytes of layer I showing twice as much activity as compared to astrocytes of 

layers II/III (Takata & Hirase, 2008). However, human astrocytes exhibit higher Ca2+ 

wave velocities and contain higher levels of Ca2+ signaling proteins as compared to 

rodents (Oberheim et al., 2009). If this contributes to higher evolutionary 

consciousness is unknown (Oberheim Bush & Nedergaard, 2017; Zhang & Barres, 

2013).  

GPCRs coupling to the heterotrimeric Gαq protein were shown to activate 

phospholipase C, producing inositol triphosphate (IP3), resulting in increased 

intracellular [Ca2+]. This includes GPCRs from the 5-HT2R family, linking serotonergic 

signaling to Ca2+ activity. Their impact on astrocyte Ca2+ signals has been shown in 

cultured astrocytes from the cortex, hippocampus and brain stem where stimulation 

of the 5-HT2BR elicited rapid transient increases in [Ca2+]. These responses persisted 

in a Ca2+ free medium which indicates their mobilization from intracellular Ca2+ stores 

(Sandén et al., 2000). If other 5-HTRs are linked to the modulation of Ca2+ activity in 

astrocytes remains elusive.  

Transient elevations of Ca2+ were shown to evoke the release of gliotransmitters, 

which can modulate neuronal activity, synaptic plasticity and blood flow (Bazargani & 

Attwell, 2016). In turn, Ca2+ oscillations in astrocytes were shown to evoke in 

response to neuronal activity, therefore being a bidirectional way of neuron-glia 

communication (Pasti et al., 1997). Only little is known about the power of this 

complex signaling, but improved investigative tools will help uncover the underlying 

transmitted information.   
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Aim of the study 

Astrocytes are important components of the brain network, and their morphology and 

Ca2+ signaling are their major structural and functional hallmarks. Since little is known 

about the impact of the 5-HT4R in astrocytes, in this study we aimed to investigate (i) 

how serotonergic signaling regulates astrocyte morphology, (ii) if these morphological 

changes are mediated via small GTPases, and (iii) what importance this signaling 

has for Ca2+ activity in astrocytes and for neuron-glia interactions.  

The main constituents of the working hypothesis are depicted in Figure 3.4: 

Serotonergic signaling dynamically determines astrocyte morphology via small 

GTPases, important for Ca2+ signaling and neuron-glia interactions. Uncovering the 

relationship of those signaling components will help to understand disease-related 

signaling processes and might ultimately provide new clinical strategies for the 

treatment of neurodegenerative disorders.  

 

 

Figure 3.4: Main components investigated in this study.  
Serotonin receptors are expressed by astrocytes and can activate small GTPases which regulate cellular 
morphology. Presence of 5-HT4R on astrocytes influences neuronal excitatory synaptic signaling. To examine the 
relationship of Ca

2+
 signaling in these processes, a new evaluation approach was developed and validated.  

 

  



Introduction 

 

[15] 
 

Summary of Chapters 

To verify this hypothesis, primary astrocyte cell cultures prepared from the mouse 

hippocampus were used as a model system. Data obtained in cultured astrocytes 

were further confirmed in situ and in vivo. From a methodical point of view, we 

applied a synergistic combination of innovative techniques, including quantitative 

molecular microscopy, electrophysiological recordings as well as biochemical and 

molecular-biological approaches.  

Chapter I reviews established regulatory pathways of small GTPases shaping 

astrocyte morphology. In Chapter II, investigations about the role of 5-HT4R-mediated 

signaling in determining morphology and function of astrocytes are presented. Within 

this study we expanded our investigations from astrocytic cultures (in vitro) to acute 

hippocampal slices (in situ). Therefore, the method of stereotactic injection of AAVs 

was established and is described in detail in the main methods section before 

Chapter I. Chapter III presents a new strategy based on biophysical methods to 

detect, identify and characterize Ca2+ activity in astrocytes.   

 

 

 

  



Methods 

 

[16] 
 

4. Methods 
 

Stereotactic injection of AAVs 
For investigations in cells in their intact brain environment the method of stereotactic 

injections of adeno associated viruses into the adult mouse brain were established in 

the group. The original protocol published by Cetin et al. was adjusted to follow the 

local regulations and fit the experimental setup (Cetin et al., 2006). The application 

for the required animal testing licence was granted by the Lower Saxony State Office 

for Consumer Protection and Food Safety (LAVES). All injected AAVs were diluted in 

phosphate buffered saline (PBS) and originated from self-cloned plasmid constructs. 

For all AAVs the number of viral genomes (vg)/µl was calculated from the relative 

standard using the quantitative real-time PCR approach. An amount of 106-108 vg/µl 

according to the desired expression density was injected into the dorsal hippocampus 

using following coordinates relative to bregma: anterior/posterior -0.19, lateral ±0.15, 

ventral -0.16. The final procedure included the following steps: 

 Preparation of virus for injection: Rinse stereotactic injector needle once with 

ethanol and three times with NaCl. Load needed amount of AAV +50 nl buffer 

volume to syringe and avoid bubbles. Mount syringe to stereotactic frame.  

 Check the animals’ condition and determine the body weight. Inject anaesthetics 

(Ketamine 100 mg/kg, Medetomidine 0.25 mg/kg; 0.1 ml/10 g) intraperitoneally 

(i.p.; lower left quadrant). Bring animal back into the cage to fall asleep (5-10 min).  

 Place the animal on a warming plate covered with tissues. Check paw reflexes.  

 Apply additional analgesia (Carprofen, 4 mg/kg) i.p. (lower right quadrant). 

 Remove hair from the head (from front end of ears until beginning of the eyes) 

with big bent scissors. Use a tissue wetted with antiseptic spray to disinfect the 

head and remove small hair.  

 Put the animal to the stereotactic frame using bent tweezers to guide the teeth. 

Gently pull the tail back. Fix the head with the nose bow from above and bring 

pressure with the ear bars from the sides until the top of the head moves slightly 

upwards and stays in a fixed position. Supervise the breathing and immediately 

remove ear bars when the animal is breathing hard.  

 Check and adjust the position of the head. It should be as straight as possible.  

 Apply protective cream to the eyes. Apply local anaesthetic spray to the shaved 

skin to prevent pain; wait at least 3 min for it to work. Check paw reflexes again.  
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 Hold up the head’s skin with tweezers and cut straight from the end of the ears to 

the beginning of the eyes, just as much as necessary (about 1 cm).  

 Pull the skin aside and hold it away with the bent needles. Take the scalpel and 

gently remove the skin above the skull.  

 Dry skull with cotton tips and if necessary with air spray. It is easier to locate the 

sutures when the skull is dry. Set up binoculars to work with from here.  

 Locate bregma and lambda. Lower the tip of the syringe to the skull and carefully 

push with the needle onto bregma. The plates will slightly move. Note down the 

ventral coordinates and then withdraw the needle slightly and go back to the 

position of lambda. Note down the ventral coordinates. If they are more than 

0.3 mm apart readjust the skull’s angle by changing the pressure on the nose bar. 

It is also possible to add a certain depth to the ventral coordinates later.  

 Go back to bregma. Note the anterior/posterior, ventral and lateral coordinates 

and calculate with the given coordinates the injection point.  

 Apply the coordinates to the stereotactic frame. Lower the needle to the point of 

injection on the skull, remember and pull back. Mark the spot on both lateral sides 

of the skull with a tissue marker, then retract the syringe.  

 Drill through the skull, carefully to prevent bleeding.  

 Lower the needle and check the position of the hole. Gently touch the top of the 

brain and check ventral coordinates, which should be 0.05 mm lower now.  

 Pull the needle back up and test if the syringe is unblocked by releasing 50 nl of 

virus. If there is a drop at the tip of the needle everything is fine. Simply wipe the 

drop with a tissue. If there is no liquid coming from the syringe, build up pressure 

trying to release more. If still nothing comes out, the syringe is seriously blocked 

and has to be washed. Collect the virus in a tube and rinse the needle excessively 

but carefully. Then try to load the virus again.  

 Slowly lower the needle into the brain to the calculated ventral coordinates.  

 Inject a viral amount of 100 nl/min into the brain. After finishing the injection wait 

for three minutes, and then slowly withdraw the needle.  

 Move to the other lateral side and repeat the injection. If injection of a different 

AAV is required, wash the syringe and prepare the other virus. Put the syringe 

back to the frame, calculate new coordinates and proceed with injection.  

 After finishing the injections, release the animal from the stereotactic frame.  
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 Apply a few µl of NaCl onto the skull and the surrounding skin to smoothen it.  

 Take the needle and stitching material to close the skin beginning from the 

anterior side. Take three loops around the holder for the first knot followed by 

three more knots with one loop. A total of about 4-5 stitches are required.  

 Inject 500 µl prewarmed NaCl i.p. to restore the bodies’ liquid content. 

 Apply antibiotics cream to the stitched wound. 

 Inject Atipamezol subcutaneously (s.c.; 1 mg/kg; 0.1 ml/10 g into the neck).  

 Keep the animal on a warming plate until it shows signs of wake-up. Apply 

additional oxygen for further support and supervise the wake-up. 

 Put the moving animal back to the cage on a warming plate and on a tissue. Offer 

soaked pellets in a petri dish on the ground.  

 Check animals every day and protocol with a score sheet. 

Three weeks after stereotactic injections the animals were subjected to experiments 

and acute slices were prepared. Subsequent investigations included confocal 

microscopy, 2-photon excitation microscopy and electrophysiological recordings. 

Slices were further fixed with 4% paraformaldehyde (PFA) and used for 

immunohistochemical stainings (Figure 4.1).  

 

Figure 4.1: tdTomato expression in hippocampal astrocytes after stereotactic injection. 
a) Coronal slices with 350 µm thickness were cut three weeks after stereotactic injection of AAV-hGFAP-
tdTomato (red) to the CA1 region of the hippocampus. To confirm astrocyte specific expression, slices were fixed 
with 4% PFA and stained against GFAP (green) to label astrocytes, and neuronal marker NeuN (white). 
Expression of AAV-hGFAP-tdTomato is restricted to the hippocampus and distributed around the injection site. 
Scale bar 1 mm. b) Magnification of the white box in a). Visualization using confocal microscopy showed 
colocalization of tdTomato signal in GFAP positive cells in stratum oriens and stratum radiatum layers of the CA1 
hippocampus. Scale bar 200 µm.  c) Magnification of the white box in b) reveals the major astrocyte branches by 
GFAP staining and the more complex and fine structures by cytosolic expression of tdTomato. Scale bar 100 µm.  
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Abstract 
Astrocytes modulate and support neuronal and synapse function via numerous 

mechanisms that often rely on diffusion of signaling molecules, ions or metabolites 

through extracellular space. As a consequence, the spatial arrangement and the 

distance between astrocyte processes and neuronal structures is of functional 

importance. Likewise, changes of astrocyte structure will affect the ability of 

astrocytes to interact with neurons. In contrast to neurons, where rapid morphology 

changes are critically involved in many aspects of physiological brain function, a role 

of astrocyte restructuring in brain physiology is only beginning to emerge. In neurons, 

small GTPases of the Rho family are powerful initiators and modulators of structural 

changes. Less is known about the functional significance of these signaling 

molecules in astrocytes. Here we review recent experimental evidence for the role of 

RhoA, Cdc42 and Rac1 in controlling dynamic astrocyte morphology as well as 

experimental tools and analytical approaches for studying astrocyte morphology 

changes. 
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Introduction 
Astrocytes contribute to physiological brain function on many levels. They help 

maintain the physiological composition of the extracellular medium by, for instance, 

buffering potassium and uptake of neurotransmitters. They can also provide neurons 

with energy substrates. In addition, they can sense neuronal activity and modulate 

synaptic and neuronal function by reciprocal signaling (Perea et al., 2009; Rusakov 

et al., 2014) thus fundamentally shaping neuronal and network properties and 

behaviour. Most of these mechanisms, which enable astrocytes and neurons to 

interact, rely on diffusion of ions and signaling molecules between neurons and 

astrocytes through extracellular space. The signal exchange between astrocytes and 

neurons therefore depends on the distance between synaptic structures like spines 

and presynaptic boutons and astrocyte processes. As a consequence, changes in 

astrocyte morphology such as the withdrawal or outgrowth of astrocyte processes are 

expected to modify signal exchange between astrocytes and neurons.  

This dependence of astrocyte-neuron interactions on the spatial arrangement of 

astrocyte processes and neurons has been first demonstrated in the supraoptic 

nucleus. In this structure, the coverage of neurons and synaptic structures by 

astrocyte processes decreases during lactation (Theodosis and Poulain, 1993). This 

leads to reduced glutamate clearance at these synapses (Oliet et al., 2001) and to a 

reduction of N-methyl-D-aspartate receptor (NMDAR) dependent synaptic plasticity, 

because of reduced astrocytic supply of the NMDAR co-agonists D-serine (Panatier 

et al., 2006). These observations established that the geometric relationship between 

neurons and astrocytes determines the functional properties of synapses and thus 

the information exchange between neurons. They also imply that changes of 

astrocyte coverage of synapses and variable astrocyte coverage between synapses 

are functionally relevant. This is very likely to be the case in other brain regions. In 

the CA1 stratum radiatum of the hippocampus, electron microscopy studies have 

revealed that coverage of individual synapses varies considerably such that only ~ 

60% of excitatory synapses have astrocyte processes directly apposed (Ventura and 

Harris, 1999). In the molecular layer of the dentate gyrus, the diffusion weighted 

distance between spines and astrocyte processes is smaller at thin compared to thick 

spines (Medvedev et al., 2014). Thus, a variable coverage of synapses by astrocytes 

processes appears to be a general feature of brain architecture. Given the functional 

relevance of astrocyte coverage and astrocyte-neuron interaction, it is reasonable to 
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expect that astrocyte coverage is a dynamically regulated parameter. Indeed, 

astrocyte processes are mobile and astrocyte-spine configurations can change within 

minutes (Haber et al., 2006). A particularly prominent trigger of hippocampal 

astrocyte morphology changes appears to be the induction of synaptic plasticity 

(Bernardinelli et al., 2014a; Henneberger et al., 2010; Perez-Alvarez et al., 2014; 

Wenzel et al., 1991). This is particularly interesting because it suggests that neuronal 

synaptic plasticity and astrocyte morphology changes are closely associated and that 

the experience-dependent change of astrocyte structure is an important modulator of 

astrocyte-neuron interactions. Probing and understanding this structure-function 

relationship requires knowledge of the signaling cascades that control astrocyte 

morphology. For example, establishing the causal contribution of plasticity-associated 

astrocyte morphology changes to behaviour would require the experimenter to be 

able to disrupt astrocyte restructuring in a cell-type specific and controlled manner. 

In neurons and many other cell types, small GTPases of the Rho family are heavily 

implicated in controlling morphology dynamically and detailed information is available 

for the pathways that regulate their activity. In contrast, the available information on 

Rho family GTPases and their functional significance in astrocytes appears to be 

somewhat limited. Therefore, our aim is to review known contributions of Rho family 

members to astrocyte morphology and to discuss tools and experimental approaches 

to study their functional significance. We will focus on Rho GTPases and refer the 

reader to excellent recent reviews that also discuss, for instance, the roles of 

astrocyte volume control and cell adhesion molecules for shaping the morphology of 

astrocytes and their perisynaptic processes (Bernardinelli et al., 2014b; Heller and 

Rusakov, 2015; Reichenbach et al., 2010). 

 

Small GTPases 
Monomeric small G proteins form a superfamily of small guanosine triphosphatases 

(GTPases) with more than 150 members. They can be further divided into 

subfamilies according to their structure: Rho, Ras, Rab, Arf, Ran and RGK family 

(Jeon et al., 2011; Loirand et al., 2013; Reiner, 2016). All monomeric small G 

proteins share a consensus amino acid sequence related to GDP/GTP binding 

necessary for their characteristic GTPase activity, the hydrolysis of GTP to GDP 

(Takai et al., 1992). They are considered to act as molecular on-off switches and 

cycle between an active GTP-bound and an inactive GDP-bound state. Depending 
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on their active conformation, they fulfil regulatory functions through interaction with 

specific effector proteins and initiation of downstream signaling (Bishop and Hall, 

2000; Jaffe and Hall, 2005). 

The family of small Rho GTPases was first identified in 1985 in cDNA from Aplysia 

abdominal ganglion (Madaule and Axel, 1985) and hosts at least seven mammalian 

proteins including Rho, Rac, Cdc42, RhoD, RhoG, RhoE and TC10 with 50-55% 

homology in their primary structure (Aelst and D’Souza-Schorey, 1997; Mackay and 

Hall, 1998). The three best-studied members of the Rho family are RhoA, Rac1 and 

Cdc42. They are known to regulate a variety of cellular functions including the 

shaping of the actin cytoskeleton and regulation of gene transcription (Hall, 1998; 

Jaffe and Hall, 2005). In neurons, Rac1 activation leads to formation and extension of 

lamellipodial structures, Cdc42 activation results in neurites outgrowth, while RhoA 

has been associated with stress fibre formation and neurite retraction (Mackay and 

Hall, 1998; Ponimaskin et al., 2007). Recent studies refined this simplified model and 

elucidated the impact of small GTPases e.g. on spine morphology (Chen et al., 2013; 

Schulz et al., 2016; Speranza et al., 2017). Spatio-temporal differences in small 

GTPase activation at the level of single spines have been described (Nishiyama and 

Yasuda, 2015). 

Activity of small Rho GTPases is regulated via guanine nucleotide exchange factors 

(GEFs), GTPase-activating proteins (GAPs) and guanine nucleotide dissociation 

inhibitors (GDIs) as well as by crosstalk between other family members (Aelst and 

D’Souza-Schorey, 1997; Lawson and Burridge, 2014) (Figure 5.1A). Rho GEFs are 

divided into two different classes according to their domain characteristics: Dbl and 

DOCK GEFs. Both accelerate the exchange of GDP for GTP thereby being activators 

of small GTPases (Schmidt and Debant, 2014). Their function can be controlled by 

transmembrane receptors, such as G protein-coupled receptors (GPCRs), thus 

allowing these receptors to activate small Rho GTPases via heterotrimeric G proteins 

(Goicoechea et al., 2014; Rossman et al., 2005; Yeh et al., 2007). As the affinity of 

small GTPases to GTP/GDP is quite high and therefore spontaneous nucleotide 

dissociation rate is very slow, the acceleration of GDP/GTP exchange trough GEFs is 

required to ensure activation of biological downstream processes within less than a 

minute (Bos et al., 2007a; Vetter and Wittinghofer, 2001). While GEFs facilitate small 

GTPase activation, GAPs catalyse hydrolysis of GTP and push the molecular switch 

towards the off-state (Boguski and McCormick, 1993; Lamarche and Hall, 1994). 
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Regulation of GAPs is still poorly understood. Some negative regulatory mechanisms 

were found by which downstream targets of heterotrimeric G-protein signaling inhibit 

GAPs, what in turn promotes activation of small GTPases (Ishii et al., 2005). GDIs 

play an important role as they regulate small GTPase's affinity to the plasma 

membrane thereby being able to further modulate their activation (Kötting and 

Gerwert, 2015; Pechlivanis and Kuhlmann, 2006). The GTPase-GDI complex cannot 

be activated by GEFs, which means that a dissociation signal of some sort would 

appear to be required (Mackay and Hall, 1998). Such dissociation signals were 

proposed by the existence of GDI displacement factors (GDFs) (Dirac‐Svejstrup et 

al., 1997). The complexity of regulation of small GTPases by GEFs, GAPs and GDIs 

and other mechanisms has been thoroughly reviewed, for example by Cherfils and 

Zeghouf (Cherfils and Zeghouf, 2013) and more recently by Hodge and Ridley 

(Hodge and Ridley, 2016). 

 

Tools for investigation of small GTPase activity 
Since their discovery in the 1980s, small Rho GTPases have been the target of 

intensive investigations and their functionality was shown to be dysregulated in 

several human diseases. For example, the small GTPase Ras was the first identified 

human oncogene (Hall et al., 1983; Santos et al., 1982). Amongst others, Rho 

GTPases were found to contribute to cancer progression (Jaffe and Hall, 2005; Vega 

and Ridley, 2008), human immunodeficiency syndromes (Troeger and Williams, 

2013) as well as to a number of neuropsychiatric and neurodegenerative diseases 

(Boettner and Van Aelst, 2002).  

During the last decade, a couple of methods to detect and manipulate activity of 

small GTPases have been developed. Several biochemical approaches were 

successful in monitoring an activity level of distinct Rho GTPases. Pulldown-assays, 

which are sensitive to ligand interaction and therefore active small GTPases, provide 

an indirect measure of its quantity. They were shown to work in various cell types for 

RhoA, Rac1 (Liu et al., 2008) and Cdc42 (Bijata et al., 2015). In addition, beads 

coated with rhotekin, the Rho-binding domain of the Rho effector protein, can be 

used to separate GTP-bound (i.e. active) RhoA at the time point of cell lysis. The 

percentage of activated RhoA can then be related to the total amount of RhoA 

allowing for quantitative analysis (Setiadi and McEver, 2003). Alternatively, the 

relative amount of active small GTPases can be quantified using small GTPase-
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linked immunosorbent assay (G-LISA) (Bradley et al., 2006) or immunoprecipitation 

and Western blot (Selva and Egea, 2011). Numerous activity-specific antibodies are 

presently commercially available. For example, antibodies recognizing GTP-bound 

Rho GTPases, but not the GDP-bound form, allow for immunohistochemical 

monitoring of small GTPase activity.  

 

Figure 5.1: Activity control of small GTPases of the Rho family. 
A) RhoA gets activated by GEFs, whereas GAPs lead to its downregulation and the binding of GDI prevents 
RhoA from anchoring to the plasma membrane. B) In the FRET-based biosensor Raichu-RhoA, the energy 
transfer from mTurquoise to YPet elucidates the active state of RhoA, up- and down-regulated by GEFs and 
GAPs, respectively. Because of the CAAX motif the biosensor is predominantly anchored to the plasma 
membrane. C) In contrast, the FRET-based biosensor RhoA FLARE can be regulated by GEFs, GAPs, and in 
addition by GDIs. 
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In addition to biochemical methods, various pharmacological manipulation tools are 

available to study downstream signaling of small GTPases. Widely used is, for 

example, an inhibitor of the Rho-associated, coiled-coil-containing protein kinase 

(ROCK) Y-27632 (Narumiya et al., 2000). In addition, small GTPases can be targeted 

and activated using lysophosphatidic acid (LPA) (Hwang et al., 2006; Yu et al., 2015) 

or blocked by Toxin B from Clostridium difficile or C3 transferase from C. limosum 

(Hahn et al., 2002; Just et al., 1992, 1995). However, in many cases these activators 

or inhibitors are not specific for a particular small GTPase, but affect multiple Rho 

GTPases.  

Activity of small GTPases can also be manipulated using adeno-associated virus 

constructs expressing mutant forms of small GTPases that are, for instance, 

constitutively active or dominant negative (Kalman et al., 1999; Lippman et al., 2008). 

A major advantage of this method is the possibility to manipulate small GTPase 

activity in a cell-type specific manner. The other aforementioned methods are per se 

not cell-type specific and, most importantly, do not allow live monitoring of GTPase 

activity but are instead limited to reflecting the activity status at a certain time point (e. 

g. of tissue fixation). 

 

Small GTPase biosensors 
In addition to the techniques discussed above, the activity state of small GTPases 

can be monitored in living tissue using genetically encoded biosensors. Typically, 

they are based on Förster resonance energy transfer (FRET) (Förster, 1948), which 

only occurs at close proximity and proper orientation between donor and acceptor 

fluorophores. In typical FRET-based biosensors, the target molecule acts as a ligand, 

which binds to a sensory domain. This induces a conformational change and thus a 

change of FRET. Prominent examples are Ca2+ biosensors based on calmodulin 

(Miyawaki et al., 1999) or troponin (Mank et al., 2008) as sensory domain, or cAMP 

biosensors, where EPAC is used as sensory domain (DiPilato et al., 2004; Nikolaev 

et al., 2004; Ponsioen et al., 2004). In case of small GTPase biosensors, a part of the 

target protein is often used as a sensory domain (Figure 5.1B). Generally, two types 

of FRET-based biosensors are existent: In intramolecular FRET biosensors the 

sensory domain and ligand are covalently linked resulting in 1:1 stoichiometry 

between donor and acceptor. In intermolecular FRET biosensors the labelled sensory 

domain and ligand are expressed as two separate units.  
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One of the first biosensors was created for Ras, where Ras is used as sensory 

domain and the Ras-binding domain of Raf as ligand (Mochizuki et al., 2001). In this 

sensor, the GEF mediated binding of GTP leads to a conformational change of the 

Ras unit, which can be recognized by a quenching of the donor and an increase of 

the acceptor fluorescence due to FRET. Contrary, the GAP mediated deactivation of 

Ras leads to a reduction of the energy transfer from donor to acceptor. In addition, an 

effect of GDIs is blocked in this sensor by fusion of a KRas-CAAX motif, which 

anchors it to the plasma membrane (Figure 5.1B). This biosensor was named “Ras 

and interacting protein chimeric unit” (Raichu) and served as a basis for a series of 

further small GTPase biosensors. Raichu-Rap1 was developed by exchanging Ras 

by Rap1 (Mochizuki et al., 2001). By inserting Cdc42 as sensory domain and the 

Cdc42-binding domain of the p21-activated kinase (PAK) as binding ligand, Raichu-

Cdc42 was developed and successfully applied for elucidating small GTPase activity 

in living cells (Itoh et al., 2002). In a similar manner, Raichu-Rac1 was engineered by 

introducing Rac as sensory domain and the Rac-binding domain of PAK as binding 

ligand. Later on, the same group developed Raichu-RhoA with RhoA and RhoA-

binding domain (RBD) as sensory domain and ligand, respectively, to monitor the 

activity of corresponding GEFs and GAPs (Yoshizaki et al., 2003). In parallel, they 

developed Raichu-RBD sensor with RBD as sensory domain to monitor the level of 

endogenous GTP-bound RhoA. Both RhoA biosensors were used to monitor the 

activities of Rho-family GTPases during the cell division of HeLa cells. Over the 

years, these biosensors were improved by optimizing the linker’s length and 

exchanging fluorophores. For example, the Matsuda group optimized Raichu 

biosensors by introducing a long, flexible linker named EV (116 amino acids) and 

mTurquoise and YPet as a FRET pair (Komatsu et al., 2011). This type of sensor 

was used to analyse spatiotemporal dynamics of Ras and Rac1 in Cos7 cells. The 

same group used labelling of Rac1, Cdc42 and RhoA biosensors with mTFP and 

Venus in order to study their activation dynamics in rat brains using two-photon 

excitation fluorescence microscopy (Hirata et al., 2012). With the improvement of the 

Raichu biosensors the spectral readout was significantly improved from less than a 

10% ratio change to >60%. A comprehensive list of Raichu biosensors can be found 

at Matsuda's Phogemon project web page (http://www.fret.lif.kyoto-u.ac.jp/e-

phogemon). 

http://www.fret.lif.kyoto-u.ac.jp/e-phogemon
http://www.fret.lif.kyoto-u.ac.jp/e-phogemon
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Already in the early 2000, the Hahn group reported the development of a small 

GTPase reporter assay by exploiting intermolecular FRET between the purified 

proteins Alexa-546-PBD and the separately expressed GFP-Rac in vitro (Del Pozo et 

al., 2002; Kraynov, 2000). The activity state of Cdc24 was determined by a sensing 

molecule (Nalbant et al., 2004), where the Cdc42 effector Wiskott–Aldrich-syndrome 

protein (WASP), which binds only to activated Cdc42, was covalently labelled with 

the environment sensitive dye I-SO (Toutchkine et al., 2003). The labelled domain 

shows a strong increase in fluorescence intensity upon binding to activated Cdc42. 

Such type of biosensors have been further improved (MacNevin et al., 2013) and 

extended by ratiometric approaches for quantification (MacNevin et al., 2016), even 

though cells must be transfected with the purified protein labelled with the 

environment sensitive dye. Later, the Hahn group expanded their small GTPase 

biosensor library by following the concept of Matsuda and colleagues and developed 

a single-chain RhoA biosensor with intramolecular FRET (Pertz et al., 2006). It 

consists of a Rho-binding domain of the effector rhotekin (RBD, amino acids 7–89), 

which specifically binds to GTP-RhoA, followed by the CFP (FRET donor), an 

unstructured linker of optimized length, YFP (FRET acceptor), and a full-length RhoA 

(Figure 5.1C). Since the two fluorophores are placed on the internal portion of the 

biosensor chain, the carboxy terminus of RhoA can still bind to Rho GDI. In contrast 

to the Raichu biosensors, this important regulatory interaction controls reversible 

membrane localization of the biosensor. Interestingly, comparing the biosensor 

readout with its constitutively active version the authors showed that high biosensor 

expression (more than an order of magnitude above endogenous RhoA levels) lead 

to intrinsic activation of the biosensor. This was explained by an insufficient 

concentration of endogenous RhoGDI, which was not enough to prevent the 

biosensor from accumulating at the plasma membrane, where it can be activated by 

GEFs. To overcome this problem, Pertz et al. suggested to co-express RhoGDI, p50 

Rho GAP or C3-transferase to reduce auto-activity of the Rho-biosensor or to 

develop a stable cell line that expresses the RhoA biosensor at levels similar to 

endogenous RhoA (Pertz et al., 2006). This RhoA biosensor could be successfully 

applied to investigate the coordinating role for RhoA in signaling by Rac1 and Cdc42 

(El-Sibai et al., 2008).  

Further biosensor improvements where achieved by systematic screening of different 

combinations of circularly permutated mutants for both the donor and acceptor 
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fluorophores or by testing various distances between fluorophores, which can be 

varied with linker lengths and by sensing module topologies (Fritz et al., 2013; Martin 

et al., 2016). Presently, a comprehensive number of these biosensors is available at 

Addgene (www.addgene.org). 

A number of other groups developed improved types of small GTPase biosensors 

following the intramolecular and intermolecular FRET concept by introducing various 

topologies and sensing units and improved fluorophores, ranging in their readout 

from a few percent change up to double intensity change under optimal conditions 

(Hanna et al., 2014; Lam et al., 2012; Moshfegh et al., 2014; Murakoshi et al., 2011; 

Seth et al., 2003; van Unen et al., 2015).  

Because most of the abovementioned biosensors are based on intramolecular FRET, 

changes in the Rho GTPase activity can be evaluated by measuring the ratio of 

acceptor to donor emission, which can be obtained from simultaneous acquisition of 

emission images using a spectral separator. 3D imaging was already demonstrated 

using confocal laser scanning microscopy, spinning disk confocal microscopy as well 

as multiphoton excitation fluorescence microscopy. Thereby, pixel-based analysis 

provides high spatio-temporal resolution. Ratiometric analysis can also be applied to 

intermolecular FRET sensors, although in this case data interpretation often requires 

the assumption that the concentration of the biosensor components does not change 

during acquisition. All FRET intensity-based approaches require to distinguish 

intensity differences in the order of few percent of the overall fluorescence signal 

which makes the approach challenging (Prasad et al., 2013). Such the impact of 

wavelength dependent absorption and scattering must be carefully taken into 

consideration, especially in the case of deep tissue imaging. Contrary to intensity-

based approaches, FRET can be quantified by measuring changes in fluorescence 

lifetime of the donor fluorophore. However, this technique is technically very 

challenging and requires a sufficiently large number of photons, which usually comes 

at the cost of reduced spatial and/or temporal resolution.  

Since the activation of small GTPases is influenced by multiple regulatory proteins 

such as GEF's, GAP's and GDI's (Bos et al., 2007b; Cherfils and Zeghouf, 2013), 

correct interpretation of FRET data is often complicated and requires lots of 

additional control experiments. For instance, suggested co-expression of activators 

or deactivators for better biosensor readout must be handled with care, since it can 

significantly influence the activation kinetics of the small GTPase of interest. 



Chapter I: Control of astrocyte morphology by Rho GTPases 

 

[30] 
 

Moreover, buffering effects of the overexpressing biosensor could also lead to 

substantial modifications of the physiological system, especially when an activated 

biosensor per se initiates downstream signaling cascades. Thus the system must be 

carefully validated for example by parallel application of constitutively active and non-

binding variants of the introduced biosensors (Fritz et al., 2013; Itoh et al., 2002; 

Pertz et al., 2006; van Unen et al., 2015). 

 

Figure 5.2: Astrocyte morphology in vitro and in situ. 
A) Representative example for induction of a stellate astrocyte morphology in a two-dimensional dissociated 
culture (reproduced from Höltje et al. 2005 (Höltje et al., 2005) with permission from Wiley, GFAP staining, scale 
bar 50 µm). Control polygonal astrocyte (left panel) and astrocyte with branched, stellate morphology after 
incubation with C3bot. B) Single astrocyte with clearly delineated territory filled with a fluorescent dye (Alexa Fluor 
594) via a whole cell patch pipette (left) and visualized by two-photon excitation fluorescence microscopy (gap 
junctions inhibited with carbenoxolone, rat dentate gyrus, molecular layer). An individual hippocampal astrocyte 
covers about 100 000 synapses (Bushong et al., 2002). C) Serial section microscopy and three-dimensional 
reconstruction of a biocytin-filled astrocyte branch reveals the elaborate microstructure of astrocytes. The terminal 
astrocyte branches approaching and covering synaptic contacts are often as thin as 100-200 nm (scale cube 1 
µm

3
, panels b and c adopted from Medvedev et al. 2014 (Medvedev et al., 2014)). 

 

Methods used for the analysis of Rho-dependent astrocyte morphology 
changes 
Understanding the relationship between Rho GTPase activity and astrocyte 

morphology requires precise tools to analyse the geometry of astrocytes. In the 

following, we will focus on methods that have been used to document Rho GTPase-

related morphology changes in the past. Most of this work has been done in culture 

preparations, in which astrocytes are typically flat cells and display a level of 

ramification that appears orders of magnitude less complex than the elaborate three-
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dimensional structure of astrocytes in situ (Figure 5.2A,B). Nonetheless, cultured 

astrocytes represent an easily accessible model system in a controlled environment, 

which has been widely used to identify the signaling cascades controlling astrocyte 

morphology. 

A variety of treatments (see next section and Table 5.1 for examples) have been 

shown to force cultured astrocytes to change their morphology from a simpler 

polygonal shape into a more ramified state with fine filopodia-like structures in a 

process often referred to as stellation. Morphological hallmarks of stellation are 

retraction of the cytoplasm, formation of thin processes and sometimes hypertrophy 

of the soma. These changes of astrocyte morphology have been monitored over time 

and scored also in living cultures with microscopes equipped with phase contrast 

(Baorto et al., 1992; John et al., 2004; Murk et al., 2013; Ramakers and Moolenaar, 

1998). In addition, immunofluorescence staining of fixed cultured astrocytes has been 

extensively used to visualize intracellular actin filament structure, showing that its 

disassembly is critically involved in stellation (Baorto et al., 1992; Goldman and 

Abramson, 1990). It has been also shown that depolymerisation of stress fibres along 

with appearance of actin bundles result in more ramified cells (John et al., 2004; 

Perez et al., 2005; Ramakers and Moolenaar, 1998). Staining for glial fibrillary acidic 

protein (GFAP) mediated intermediate filament are also commonly used to 

differentiate a stellate morphology from polygonal cells (Brozzi et al., 2009; Höltje et 

al., 2005; Kalman et al., 1999; Perez et al., 2005; Ramakers and Moolenaar, 1998).  

The most common quantitative approach to characterise treatment effects has been 

to categorize astrocyte shapes as either polygonal or stellate (Kalman et al., 1999) 

and to compare their relative abundance/percentage (Boran and Garcia, 2007; Brozzi 

et al., 2009; Höltje et al., 2005; John et al., 2004; Murk et al., 2013; Perez et al., 

2005; Ramakers and Moolenaar, 1998). In addition, western blot techniques or 

quantitative immuno-labelling have been employed to match changes in expression, 

phosphorylation status or intracellular distribution of astrocytic proteins with 

morphology (Brozzi et al., 2009; John et al., 2004; Perez et al., 2005; Racchetti et al., 

2012). In order to characterize more subtle morphological changes of astrocyte 

morphology, additional parameters like astrocyte process length, branch point 

numbers, number of processes and Sholl analysis have been used successfully 

(Boran and Garcia, 2007; Höltje et al., 2005; Lippman et al., 2008; Murk et al., 2013; 

Nishida and Okabe, 2007; Racchetti et al., 2012). In addition, the growth rate and 
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motility of very small astrocytic processes can serve as a measure of the ability of a 

signaling pathway to modulate astrocyte shape (Molotkov et al., 2013). Three more 

recently published studies used the surface area and perimeter of the cell to calculate 

an outline to area ratio as a readout for the degree of stellation. Interestingly, they 

suggested that stellation depends on actin binding protein profilin 1 (PFN1) (Molotkov 

et al., 2013; Schweinhuber et al., 2015) and is regulated by the actin-nucleating 

Arp2/3 complex (Murk et al., 2013).  

 

Pathway Effect on astrocyte morphology Preparation Reference 

RhoA ↑  Inhibition of cAMP induced 
stellation 

 Inhibition of astrocyte processes 
outgrowth 

culture/slices (Ramakers and Moolenaar, 1998) 
(Perez et al., 2005) 
(Kalman et al., 1999) 
(Brozzi et al., 2009) 

RhoA ↓  Induction of astrocyte stellation 

 Promoting astrocyte migration 

 Inducing astrocyte outgrowth 

culture/slices (Ramakers and Moolenaar, 1998) 
(Höltje et al., 2005) 
(Kalman et al., 1999) 
(John et al., 2004) 

ROCK ↓  Induction or maintenance of 
astrocyte stellation 

 Increased migratory activity 

culture (Racchetti et al., 2012)  
(Höltje et al., 2005) 
(Murk et al., 2013) 
(John et al., 2004) 

Rac1 ↑  Inhibition of astrocyte outgrowth 

 Induction of stellation 

 Facilitation of astrocyte 
migration 

 Inducing astrocyte processes 
outgrowth 

culture/slices (Kalman et al., 1999) 
(Racchetti et al., 2012)  
(Liao et al., 2015) 
(Nishida and Okabe, 2007)  

Rac1 ↓  Induction of astrocyte processes 
outgrowth 

 Inhibition of stellation 

 Reduced astrocyte motility 

culture/slices (Kalman et al., 1999) 
(Racchetti et al., 2012)  
(Konopka et al., 2016) 

Cdc42 ↑  No effect on stellation 
 

culture (Racchetti et al., 2012) 
 

Cdc42 ↓  Migration without correct 
orientation 

 Still forming protrusions 

 Reduced number of migrating 
astrocytes 

 Reduced number of astrocytes 
extending processes 

in vitro and 
in vivo 

(Robel et al., 2011) 
(Bardehle et al., 2013) 

Table 5.1: Effects of activating/inhibiting Rho family GTPases on astrocyte morphology. 
Please see the corresponding section for discussion of the cited work. 

 

The analyses described have been successfully used to characterize the 

fundamental astrocyte morphology change in response to strong activation of 

particular signaling cascades resulting in drastic changes of astrocyte morphology. 

Smaller, less dramatic astrocyte restructuring is expected to occur in response to 

physiological stimuli in situ as well as in the first steps of a pathological 

transformation of astrocytes (astrogliosis). Especially the analysis of astrocyte 
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morphology changes in situ represents an experimental challenge because 

astrocytes have a complex three-dimensional structure that cannot be fully resolved 

using diffraction-limited microscopy. Therefore, a variety of optical and other tools 

have been applied to characterize their morphology in intact tissue. These range from 

stimulated emission depletion (STED) microscopy and serial section electron 

microscopy followed by 3D reconstruction to capture a maximum of detail to more 

global measures of astrocyte architecture like the volume of an astrocyte territory and 

the fraction of tissue volume occupied by astrocyte branches within such a territory 

(Figure 5.2C). For recent examples and a review please see for instance (Anders et 

al., 2014; Heller and Rusakov, 2015; Korogod et al., 2015; Medvedev et al., 2014; 

Panatier et al., 2014). Especially application of high-resolution methods like 

expansion microscopy (Chen et al., 2015) and other super-resolution techniques 

(Heller and Rusakov, 2015) to obtain astrocyte reconstructions with unprecedented 

detail will also lead to the development of novel, physiologically meaningful measures 

of astrocyte morphology. 

 

Expression of RhoA, Cdc42 and Rac1 in astrocytes 
Given their ubiquitous expression across tissues, it comes as no surprise that also 

astrocytes express the small Rho GTPases RhoA, Rac1 and Cdc42. Numerous 

studies have confirmed their expression in cultured astrocytes using Western blot, for 

example (Chen et al., 2006; Höltje et al., 2005; Kong et al., 2013; Rosso et al., 2007). 

Indirectly, their presence in cultured astrocytes is also apparent from the effect of 

overexpression of constitutively active or dominant-negative isoforms on astrocyte 

morphology (more on this in the following section) (Kalman et al., 1999; Racchetti et 

al., 2012; Rosso et al., 2007). 

Regarding their subcellular location, the picture is less clear, at least in the case of 

RhoA and Rac1. From studies using common cell lines such as CHO and COS-1 it is 

known that RhoA and Rac1 can be localized both in the cytosol and at the plasma 

membrane, the latter location being typically associated with the activated state of the 

GTPase (Michaelson et al., 2001). A similar distribution is generally assumed for 

RhoA and Rac1 in astrocytes, but detailed immunohistochemical studies are lacking. 

However, fractionation protocols that can separate cytosolic from membrane-bound 

proteins confirm the presence of RhoA and Rac1 in both fractions (Chen et al., 2006; 

Gao et al., 2016). A lot more is known about Cdc42, which has been studied both by 
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overexpression of GFP-tagged fusion proteins and immunohistochemistry. In cultured 

astrocytes grown in a confluent monolayer, Cdc42-GFP localizes both to the cytosol 

and some Golgi-associated perinuclear membranes (Etienne-Manneville and Hall, 

2001). In addition, Cdc42-GFP can be observed at sites of cell-cell contacts (Osmani 

et al., 2010). In migrating astrocytes, this distribution is complemented by a striking 

enrichment of Cdc42-GFP protein at the membrane of the cell’s leading edge 

(Etienne-Manneville and Hall, 2001). This has been confirmed with antibodies 

directed against Cdc42 (Robel et al., 2011). Compared to stationary astrocytes, an 

increased number of Cdc42-GFP-containing vesicles shuttling between nucleus and 

leading edge can be observed in migrating cells (Osmani et al., 2010).  

As with cultured astrocytes, very little work has been done on mapping the 

expression of the Rho GTPases in astrocytes in situ. Rac1 has been shown to be 

expressed in a finely grained pattern throughout the brain that in the hippocampus 

and cortex shows a certain degree of colocalization with the astrocyte marker for 

GFAP (Huesa et al., 2010). Similar colocalization, however, could not be shown for 

RhoA or Cdc42 in the same study. Indeed, Rho GTPase expression in astrocytes in 

situ appears to be significantly lower than in nearby neurons. In situ hybridization for 

Rac1, RhoA and Cdc42 in the rat spinal cord has shown very low levels in astrocytes 

(Erschbamer et al., 2005). Interestingly, upon injury, the expression was massively 

increased in the area of the glial scar showing that Rho GTPase expression is 

boosted in pathological states with high glial motility. 

Evidence that Rho GTPase expression levels even below the detection limit are 

relevant for physiological processes in astrocytes come from functional studies which 

show that introduction of constitutively active or dominant-negative RhoA and Rac1 

can clearly affect astrocyte morphology in situ (Kalman et al., 1999; Lippman et al., 

2008; Nishida and Okabe, 2007). Using organotypic slice cultures of the 

hippocampus, Kalman and colleagues infected astrocytes with recombinant 

adenoviruses to drive the expression of constitutively active forms of RhoA and Rac1. 

In both cases a loss of processes and a transition from stellate to a more compact 

morphology was observed, while nearby neurons were unaffected (Kalman et al., 

1999). The overexpression of a dominant-negative form of Rac1, interestingly, 

yielded similar results in that it also induced the loss of cell processes (Lippman et 

al., 2008; Nishida and Okabe, 2007). This suggests that astrocyte morphology is 

regulated by a fine interplay of pools of active and inactive Rho GTPases.  
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Control of astrocyte morphology by RhoA, Cdc42, Rac1 and the Rho-
associated kinase (ROCK) 
Changes of astrocyte morphology can depend on various mechanisms like water flux 

across the astrocyte membrane, but also on remodelling of the actin cytoskeleton (for 

review Reichenbach et al., 2010). Several studies have been performed to uncover 

the molecular mechanisms that control such cytoskeletal rearrangements. Indeed, 

astrocytes do express all members of the Rho family of GTPases (see above). These 

GTPases are known to regulate the actin cytoskeleton via various pathways and thus 

control cell morphology, migration and polarity (Sit and Manser, 2011). Although the 

individual signaling pathways are not completely elucidated in astrocytes, there is 

evidence that these small GTPases are key players in regulating astrocyte 

cytoskeleton structure.  

Many of the studies investigating the relevance of Rho GTPases for astrocyte 

morphology have been performed in dissociated cultures (see Table 5.1 for an 

overview). In this preparation, astrocytes usually grow as flat cells that show much 

less branching than in situ. The transition from round or polygonal cell shapes 

towards a more branched morphology (i.e. stellation) is thus considered to be the 

culture equivalent of astrocyte process outgrowth in more intact preparation. 

Conversely, lack of stellation of regression to a simpler, polygonal shape is thought to 

mirror astrocyte process retraction in situ. In the following, we will summarize some 

key experimental results regarding the role of RhoA, Cdc42, Rac1 and ROCK for 

astrocyte morphology. 

 

RhoA and Rho-associated kinase (ROCK) 

A repeated and consistent finding throughout literature is that RhoA activation inhibits 

astrocyte stellation (Höltje et al., 2005; Kalman et al., 1999; Perez et al., 2005; 

Ramakers and Moolenaar, 1998). For instance, inactivation of RhoA using botulinum 

C3 toxin (C3bot) induces astrocyte stellation, which was accompanied by the loss of 

actin stress fibres and focal adhesions (Ramakers and Moolenaar, 1998). In the 

same study, astrocytes started to display a stellate morphology when treated with 

cAMP raising agents and inactivation of RhoA using C3bot reversed the process. In 

contrast, activation of RhoA in astrocytes inhibited the cAMP-induced stellation. An 

additional interesting finding of this study was that cAMP-induced stellation could be 

reversed rapidly by using LPA, which signals through LPA receptors and activates 

RhoA. Another possible effector responsible for cAMP-induced astrocyte stellation is 
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the pituitary adenylate cyclase-activating polypeptide (PACAP), whose application on 

cultured astrocytes induced depolymerisation of stress fibres and astrocyte stellation 

(Perez et al., 2005). This effect of PACAP could be prevented by the expression of a 

constitutively active mutant of RhoA. Interestingly, incubation with a 

phosphatidylinositol 3-kinase (PI3K) blocker resulted in depolymerisation of stress 

fibres. A qualitatively similar observation was obtained in another study by 

transfecting cells with a constitutively active RhoA, which also counteracted the 

process of astrocyte stellation (Brozzi et al., 2009). Similar effects of RhoA on 

astrocyte morphology were described by other studies. Investigating the effect of 

basic fibroblast growth factor (bFGF) on astrocyte processes, Kalman et al. 

demonstrated that RhoA, when introduced into astrocytes in dissociated culture and 

in brain slices using recombinant adenoviruses, inhibited bFGF-induced growth of 

astrocyte processes (Kalman et al., 1999). These results were confirmed by studies 

in cultures showing that RhoA negatively regulates astrocytic process growth and 

migratory responses after injury. In contrast, inactivation of RhoA by C3bot promotes 

astrocyte migration (Höltje et al., 2005). The importance of RhoA for controlling 

astrocyte morphology is further supported by studies on astrogliosis. Interleukin-1β 

(IL-1β) is critical for glia scar formation and is known to deactivate RhoA in human 

cultured astrocytes leading to a more branched and stellate morphological phenotype 

(John et al., 2004). Together, these studies indicate that RhoA can powerfully modify 

astrocyte morphology and any reduction of RhoA activity consistently induces a 

highly branched, stellate astrocyte morphology. It is also evident that various 

signaling cascades (e.g. cAMP and also cGMP (Boran and Garcia, 2007)) converge 

on RhoA in astrocytes and thus share the ability to control astrocyte morphology.  

As mentioned above, the major downstream effector of RhoA is ROCK, which can be 

easily modulated by inhibitors like fasudil hydrochloride or the analogue Y-27632 

(Narumiya et al., 2000; Swärd et al., 2000). Inhibition of ROCK induces rapid and 

reversible stellation of cultured astrocytes (John et al., 2004; Racchetti et al., 2012) 

and increased their migratory activity (Höltje et al., 2005; Racchetti et al., 2012). 

ROCK inhibition also allowed astrocytes to maintain their stellate morphology in the 

presence of the Arp2/3 inhibitor CK-548, which otherwise prevented a stellate 

morphology (Murk et al., 2013). Therefore, the RhoA-ROCK signaling pathway 

seems to be a key pathway controlling morphology of astrocytes, similar to many 

other cell types (Riento and Ridley, 2003).  
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Rac1 and Cdc42 

Rac1, another member of the Rho family, has also been implicated in astrocyte 

cytoskeleton rearrangements and modulation of morphology in dissociated cultures 

(Kalman et al., 1999; Konopka et al., 2016; Racchetti et al., 2012) and in 

hippocampal slice cultures (Kalman et al., 1999; Nishida and Okabe, 2007). In 

contrast to RhoA and ROCK, where studies agree on their functional role for 

astrocyte motility and processes, less consistent results were obtained regarding the 

function of Rac1. Adenoviral overexpression of Rac1 in hippocampal astrocytes 

prevented the induction of a stellate, branched morphology by bFGF whereas 

expression of a dominant negative Rac1 mimicked the bFGF effect (Kalman et al., 

1999). This would suggest that activity of Rac1 and RhoA have similar effects on 

astrocyte morphology. However, induction of a stellate astrocyte morphology could 

be inhibited by transfecting astrocyte with Rac1-specific shRNA (Racchetti et al., 

2012). Also, expression of a dominant-negative Rac1 in cultured astrocytes and in 

hippocampal slice cultures reduced stellation, astrocyte process motility and 

outgrowth, respectively (Konopka et al., 2016; Nishida and Okabe, 2007). Similarly, 

inhibition of Rac1 also interfered with histidine’s ability to promote astrocyte migration 

(Liao et al., 2015). Together these three studies would rather suggest that increased 

Rac1 activity promotes process outgrowth and a stellate astrocyte morphology, the 

opposite of RhoA.  

The third member of the Rho family of small GTPases is Cdc42, which is also 

suggested to play a role in controlling astrocyte morphology. Although it was 

demonstrated that Cdc42 has no effect on astrocyte stellation induced by ROCK 

inhibition (Racchetti et al., 2012), other studies provide experimental evidence for an 

important role of Cdc42 in astrocyte migration during brain injury in vitro and in vivo 

(Bardehle et al., 2013; Robel et al., 2011). For instance, astrocytes lacking Cdc42 

were still able to form protrusions, but failed to migrate in a directed manner in an in 

vitro scratch assay (Robel et al., 2011). In vivo, Cdc42 deficient astrocytes still 

formed protrusions orientated towards a lesion but with a significantly reduced 

number of migrating astrocytes (Robel et al., 2011). Similar results were obtained 

using in vivo two-photon excitation laser-scanning microscopy. Here, astrocyte-

specific deletion of Cdc42 did not prevent active migration of astrocytes to the injury 

site, but the number of Cdc42 lacking astrocytes that extended elongated processes 
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towards the injury site was significantly lower than in control animals (Bardehle et al., 

2013).  

Taken together, the small GTPases RhoA, Rac1, Cdc42 and the downstream effector 

ROCK can all modify the astrocyte cytoskeleton and thus astrocyte morphology and 

physiology. The most robust evidence exists for the involvement of RhoA/ROCK 

signaling in controlling astrocyte process outgrowth and maintenance of the stellate 

astrocyte morphology, which is overall associated with a low activity of the 

RhoA/ROCK cascade.  

However, most of the experimental evidence for the role of RhoA/ROCK signaling, 

and also for pathways that converge on RhoA/ROCK, was obtained in dissociated 

and slice cultures, in which the in vivo morphology of astrocyte is not preserved or 

only preserved to a certain degree. Thus, despite the critical insights obtained in the 

studies discussed above, it is still somewhat unclear to what degree, for instance, 

RhoA activity controls the morphology of astrocytes embedded in a functional 

neuronal network with ongoing activity. It is also largely unexplored how the activity of 

RhoA and other members of Rho family is controlled in astrocytes in situ/in vivo and 

how it relates to the patterns of ongoing neuronal activity. Resolving these questions 

is an experimental challenge because it requires the monitoring of Rho GTPase 

activity and astrocyte morphology at the required resolution in parallel. Although a 

substantial number of FRET-based biosensors for Rho GTPases is available, they 

have not been systematically applied in astrocytes in situ, yet. The low 

concentrations of endogenous Rho GTPases and thus the corresponding low 

concentration of GEFs, GAPs and GDIs will per se only allow minimal biosensor 

concentration, which will make experiments particularly challenging. It is expected 

that extrinsic support by co-expressing specific GEFs, GAPs and GDIs must be 

elaborated to achieve the required signal-to-noise ratio to elucidate small GTPase 

function. 

In addition, a more comprehensive morphological characterization of astrocytes 

appears to be needed for many reasons. For instance, it is conceivable that Rho 

family members differentially control different aspects of astrocyte morphology, like 

outgrowth of the large trunk processes or motility and shape of lamellar fine 

perisynaptic processes. A phenotypical characterization of astrocytes and simple 

measures of stellation may not capture such more complex, graded or subtle 

changes of astrocyte morphology. Therefore, the technical challenge ahead is not 
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only to combine the tools available for monitoring and modifying the activity of Rho 

GTPases while simultaneously capturing astrocyte morphology, but also to establish 

approaches for morphology analysis in situ. 

Finally, understanding the physiological significance of Rho GTPase activity for 

regulating astrocyte morphology will require a careful investigation of the pathways 

that control GTPase activity in these cells in intact tissue. Given the various 

modulatory pathways that can modify Rho GTPase activity (for recent reviews see 

Cherfils and Zeghouf 2013 (Cherfils and Zeghouf, 2013) and Hodge and Ridley, 2016 

(Hodge and Ridley, 2016)) this represents a considerable challenge.  

 

Conclusion  
Interactions between neurons and astrocytes depend on the spatial configuration of 

their contacts. Therefore, changes of astrocyte morphology may impact various 

physiological mechanisms ranging from glutamate uptake and potassium 

homeostasis to modulation of synaptic transmission and plasticity. Our current 

knowledge about the signaling cascades that control astrocyte morphology is largely 

derived from reduced preparations such as dissociated astrocyte cultures. In these, 

GTPases of the Rho family and especially RhoA/ROCK represent powerful 

modulators of astrocyte structure. If and how neuronal network activity and other 

signaling events determine the activity of astrocyte Rho GTPases and thus astrocyte 

morphology in more intact preparations and in vivo is largely unexplored. Answering 

these questions represents a technical and conceptual challenge, but would also 

shed light on the mechanisms that control physiological and pathological astrocyte-

neuron interaction within an intact network.  

 

Acknowledgement: 

This work was supported by a Human Frontiers Science Program Young Investigator 

Award (to C.H.), NRW-Rückkehrerprogramm (to C.H.) German Research Foundation 

(DFG, SFB1089 to C.H., SPP1757 HE6949/1 and HE6949/3 to C.H.; ZE994 to A.Z., 

PO732 to E.P.) German Research Foundation Exzellenzcluster „REBIRTH“(to A.Z. 

and E.P.) and the Federal Ministry of Education and Research (01EW1308B to E.P.). 

  



Chapter I: Control of astrocyte morphology by Rho GTPases 

 

[40] 
 

References 

Aelst, L.V., and D’Souza-Schorey, C. (1997). Rho GTPases and signaling networks. Genes Dev. 11, 
2295–2322. 

Anders, S., Minge, D., Griemsmann, S., Herde, M.K., Steinhäuser, C., and Henneberger, C. (2014). 
Spatial properties of astrocyte gap junction coupling in the rat hippocampus. Phil. Trans. R. 
Soc. B 369, 20130600. 

Baorto, D.M., Mellado, W., and Shelanski, M.L. (1992). Astrocyte process growth induction by actin 
breakdown. J. Cell Biol. 117, 357–367. 

Bardehle, S., Krüger, M., Buggenthin, F., Schwausch, J., Ninkovic, J., Clevers, H., Snippert, H.J., 
Theis, F.J., Meyer-Luehmann, M., Bechmann, I., et al. (2013). Live imaging of astrocyte 
responses to acute injury reveals selective juxtavascular proliferation. Nat Neurosci 16, 580–
586. 

Bernardinelli, Y., Randall, J., Janett, E., Nikonenko, I., König, S., Jones, E.V., Flores, C.E., Murai, 
K.K., Bochet, C.G., Holtmaat, A., et al. (2014a). Activity-Dependent Structural Plasticity of 
Perisynaptic Astrocytic Domains Promotes Excitatory Synapse Stability. Current Biology 24, 
1679–1688. 

Bernardinelli, Y., Muller, D., and Nikonenko, I. (2014b). Astrocyte-Synapse Structural Plasticity. Neural 
Plasticity 2014, e232105. 

Bijata, M., Wlodarczyk, J., and Figiel, I. (2015). Dystroglycan controls dendritic morphogenesis of 
hippocampal neurons in vitro. Frontiers in Cellular Neuroscience 9. 

Bishop, A.L., and Hall, A. (2000). Rho GTPases and their effector proteins. Biochemical Journal 348, 
241. 

Boettner, B., and Van Aelst, L. (2002). The role of Rho GTPases in disease development. Gene 286, 
155–174. 

Boguski, M.S., and McCormick, F. (1993). Proteins regulating Ras and its relatives. Nature 366, 643–
654. 

Boran, M.S., and Garcia, A. (2007). The cyclic GMP-protein kinase G pathway regulates cytoskeleton 
dynamics and motility in astrocytes. J. Neurochem. 102, 216–230. 

Bos, J.L., Rehmann, H., and Wittinghofer, A. (2007a). GEFs and GAPs: Critical Elements in the 
Control of Small G Proteins. Cell 129, 865–877. 

Bos, J.L., Rehmann, H., and Wittinghofer, A. (2007b). GEFs and GAPs: Critical Elements in the 
Control of Small G Proteins. Cell 129, 865–877. 

Bradley, W.D., Hernández, S.E., Settleman, J., and Koleske, A.J. (2006). Integrin Signaling through 
Arg Activates p190RhoGAP by Promoting Its Binding to p120RasGAP and Recruitment to the 
Membrane. Molecular Biology of the Cell 17, 4827. 

Brozzi, F., Arcuri, C., Giambanco, I., and Donato, R. (2009). S100B Protein Regulates Astrocyte 
Shape and Migration via Interaction with Src Kinase: Implications for Astrocyte Development, 
Activation, and Tumor Growth. J. Biol. Chem. 284, 8797–8811. 

Bushong, E.A., Martone, M.E., Jones, Y.Z., and Ellisman, M.H. (2002). Protoplasmic astrocytes in 
CA1 stratum radiatum occupy separate anatomical domains. The Journal of Neuroscience 22, 
183–192. 

Chen, C.-J., Ou, Y.-C., Lin, S.-Y., Liao, S.-L., Huang, Y.-S., and Chiang, A.-N. (2006). L-glutamate 
activates RhoA GTPase leading to suppression of astrocyte stellation. Eur. J. Neurosci. 23, 
1977–1987. 

Chen, F., Tillberg, P.W., and Boyden, E.S. (2015). Expansion microscopy. Science 347, 543–548. 
Chen, Y., Kramár, E.A., Chen, L.Y., Babayan, A.H., Andres, A.L., Gall, C.M., Lynch, G., and Baram, 

T.Z. (2013). Impairment of synaptic plasticity by the stress mediator CRH involves selective 
destruction of thin dendritic spines via RhoA signaling. Mol. Psychiatry 18, 485–496. 

Cherfils, J., and Zeghouf, M. (2013). Regulation of Small GTPases by GEFs, GAPs, and GDIs. 
Physiological Reviews 93, 269–309. 

Del Pozo, M.A., Kiosses, W.B., Alderson, N.B., Meller, N., Hahn, K.M., and Schwartz, M.A. (2002). 
Integrins regulate GTP-Rac localized effector interactions through dissociation of Rho-GDI. 
Nat Cell Biol 4, 232–239. 

DiPilato, L.M., Cheng, X., and Zhang, J. (2004). Fluorescent indicators of cAMP and Epac activation 
reveal differential dynamics of cAMP signaling within discrete subcellular compartments. 
Proceedings of the National Academy of Sciences of the United States of America 101, 
16513–16518. 

Dirac-Svejstrup, A.B., Sumizawa, T., and Pfeffer, S.R. (1997). Identification of a GDI displacement 
factor that releases endosomal Rab GTPases from Rab–GDI. The EMBO Journal 16, 465–
472. 



Chapter I: Control of astrocyte morphology by Rho GTPases 

 

[41] 
 

El-Sibai, M., Pertz, O., Pang, H., Yip, S.-C., Lorenz, M., Symons, M., Condeelis, J.S., Hahn, K.M., and 
Backer, J.M. (2008). RhoA/ROCK-mediated switching between Cdc42- and Rac1-dependent 
protrusion in MTLn3 carcinoma cells. Experimental Cell Research 314, 1540–1552. 

Erschbamer, M.K., Hofstetter, C.P., and Olson, L. (2005). RhoA, RhoB, RhoC, Rac1, Cdc42, and Tc10 
mRNA levels in spinal cord, sensory ganglia, and corticospinal tract neurons and long-lasting 
specific changes following spinal cord injury. J. Comp. Neurol. 484, 224–233. 

Etienne-Manneville, S., and Hall, A. (2001). Integrin-mediated activation of Cdc42 controls cell polarity 
in migrating astrocytes through PKCzeta. Cell 106, 489–498. 

Förster, T. (1948). Zwischenmolekulare energiewanderung und fluoreszenz. Annalen Der Physik 437, 
55–75. 

Fritz, R.D., Letzelter, M., Reimann, A., Martin, K., Fusco, L., Ritsma, L., Ponsioen, B., Fluri, E., 
Schulte-Merker, S., Rheenen, J. van, et al. (2013). A Versatile Toolkit to Produce Sensitive 
FRET Biosensors to Visualize Signaling in Time and Space. Sci. Signal. 6, rs12-rs12. 

Gao, S., Mo, J., Chen, L., Wang, Y., Mao, X., Shi, Y., Zhang, X., Yu, R., and Zhou, X. (2016). 
Astrocyte GGTI-mediated Rac1 prenylation upregulates NF-κB expression and promotes 
neuronal apoptosis following hypoxia/ischemia. Neuropharmacology 103, 44–56. 

Goicoechea, S.M., Awadia, S., and Garcia-Mata, R. (2014). I’m coming to GEF you: Regulation of 
RhoGEFs during cell migration. Cell Adhesion & Migration 8, 535. 

Goldman, J.E., and Abramson, B. (1990). Cyclic AMP-induced shape changes of astrocytes are 
accompanied by rapid depolymerization of actin. Brain Res. 528, 189–196. 

Haber, M., Zhou, L., and Murai, K.K. (2006). Cooperative astrocyte and dendritic spine dynamics at 
hippocampal excitatory synapses. J. Neurosci. 26, 8881–8891. 

Hahn, A., Barth, H., Kress, M., Mertens, P.R., and Goppelt-Struebe, M. (2002). Role of Rac and 
Cdc42 in lysophosphatidic acid-mediated cyclo-oxygenase-2 gene expression. Biochem. J. 
362, 33–40. 

Hall, A. (1998). Rho GTPases and the Actin Cytoskeleton. Science 279, 509–514. 
Hall, A., Marshall, C., Spurr, N., and Weiss, R. (1983). Identification of transforming gene in two 

human sarcoma cell lines as a new member of the ras gene family located on chromosome 1. 
- PubMed - NCBI. 

Hanna, S., Miskolci, V., Cox, D., and Hodgson, L. (2014). A New Genetically Encoded Single-Chain 
Biosensor for Cdc42 Based on FRET, Useful for Live-Cell Imaging. PLOS ONE 9, e96469. 

Heller, J.P., and Rusakov, D.A. (2015). Morphological plasticity of astroglia: Understanding synaptic 
microenvironment. Glia 63, 2133–2151. 

Henneberger, C., Medvedev, N.I., Papouin, T., Oliet, S.H.R., Stewart, M.G., and Rusakov, D.A. 
(2010). LTP at the CA3-CA1 synapse depends on D-serine release from astrocytes and 
involves changes in astrocyte morphology. (San Diego), p. 554.8/I29. 

Hirata, E., Yukinaga, H., Kamioka, Y., Arakawa, Y., Miyamoto, S., Okada, T., Sahai, E., and Matsuda, 
M. (2012). In vivo fluorescence resonance energy transfer imaging reveals differential 
activation of Rho-family GTPases in glioblastoma cell invasion. J Cell Sci 125, 858–868. 

Hodge, R.G., and Ridley, A.J. (2016). Regulating Rho GTPases and their regulators. Nat Rev Mol Cell 
Biol 17, 496–510. 

Höltje, M., Hoffmann, A., Hofmann, F., Mucke, C., Grosse, G., Van Rooijen, N., Kettenmann, H., Just, 
I., and Ahnert-Hilger, G. (2005). Role of Rho GTPase in astrocyte morphology and migratory 
response during in vitro wound healing. J. Neurochem. 95, 1237–1248. 

Huesa, G., Baltrons, M.A., Gómez-Ramos, P., Morán, A., García, A., Hidalgo, J., Francés, S., 
Santpere, G., Ferrer, I., and Galea, E. (2010). Altered distribution of RhoA in Alzheimer’s 
disease and AbetaPP overexpressing mice. J. Alzheimers Dis. 19, 37–56. 

Hwang, Y., Hodge, C., Sivapurapu, N., and Lindholm, P. (2006). Lysophosphatidic acid stimulates PC-
3 prostate cancer cell Matrigel invasion through activation of RhoA and NF-kappaB activity. - 
PubMed - NCBI. 

Ishii, M., Fujita, S., Yamada, M., Hosaka, Y., and Kurachi, Y. (2005). Phosphatidylinositol 3,4,5-
trisphosphate and Ca2+/calmodulin competitively bind to the regulators of G-protein-signalling 
(RGS) domain of RGS4 and reciprocally regulate its action. Biochemical Journal 385, 65–73. 

Itoh, R.E., Kurokawa, K., Ohba, Y., Yoshizaki, H., Mochizuki, N., and Matsuda, M. (2002). Activation of 
Rac and Cdc42 Video Imaged by Fluorescent Resonance Energy Transfer-Based Single-
Molecule Probes in the Membrane of Living Cells. Molecular and Cellular Biology 22, 6582–
6591. 

Jaffe, A.B., and Hall, A. (2005). RHO GTPASES: Biochemistry and Biology. 
Jeon, H., Zheng, L.T., Lee, S., Lee, W.-H., Park, N., Park, J.-Y., Heo, W.D., Lee, M.-S., and Suk, K. 

(2011). Comparative analysis of the role of small G proteins in cell migration and cell death: 
Cytoprotective and promigratory effects of RalA. Experimental Cell Research 317, 2007–2018. 



Chapter I: Control of astrocyte morphology by Rho GTPases 

 

[42] 
 

John, G.R., Chen, L., Rivieccio, M.A., Melendez-Vasquez, C.V., Hartley, A., and Brosnan, C.F. (2004). 
Interleukin-1β Induces a Reactive Astroglial Phenotype via Deactivation of the Rho GTPase–
Rock Axis. J. Neurosci. 24, 2837–2845. 

Just, I., Mohr, C., Schallehn, G., Menard, L., Didsbury, J.R., Vandekerckhove, J., van Damme, J., and 
Aktories, K. (1992). Purification and characterization of an ADP-ribosyltransferase produced 
by Clostridium limosum. J. Biol. Chem. 267, 10274–10280. 

Just, I., Selzer, J., Wilm, M., von Eichel-Streiber, C., Mann, M., and Aktories, K. (1995). Glucosylation 
of Rho proteins by Clostridium difficile toxin B. Nature 375, 500–503. 

Kalman, D., Gomperts, S.N., Hardy, S., Kitamura, M., and Bishop, J.M. (1999). Ras Family GTPases 
Control Growth of Astrocyte Processes. Mol. Biol. Cell 10, 1665–1683. 

Komatsu, N., Aoki, K., Yamada, M., Yukinaga, H., Fujita, Y., Kamioka, Y., and Matsuda, M. (2011). 
Development of an optimized backbone of FRET biosensors for kinases and GTPases. Mol. 
Biol. Cell 22, 4647–4656. 

Kong, M., Muñoz, N., Valdivia, A., Alvarez, A., Herrera-Molina, R., Cárdenas, A., Schneider, P., 
Burridge, K., Quest, A.F.G., and Leyton, L. (2013). Thy-1-mediated cell-cell contact induces 
astrocyte migration through the engagement of αVβ3 integrin and syndecan-4. Biochim. 
Biophys. Acta 1833, 1409–1420. 

Konopka, A., Zeug, A., Skupien, A., Kaza, B., Mueller, F., Chwedorowicz, A., Ponimaskin, E., 
Wilczynski, G.M., and Dzwonek, J. (2016). Cleavage of Hyaluronan and CD44 Adhesion 
Molecule Regulate Astrocyte Morphology via Rac1 Signalling. PLOS ONE 11, e0155053. 

Korogod, N., Petersen, C.C., and Knott, G.W. (2015). Ultrastructural analysis of adult mouse 
neocortex comparing aldehyde perfusion with cryo fixation. eLife Sciences 4, e05793. 

Kötting, C., and Gerwert, K. (2015). What vibrations tell us about GTPases : Biological Chemistry. 
Kraynov, V.S. (2000). Localized Rac Activation Dynamics Visualized in Living Cells. Science 290, 

333–337. 
Lam, A.J., St-Pierre, F., Gong, Y., Marshall, J.D., Cranfill, P.J., Baird, M.A., McKeown, M.R., 

Wiedenmann, J., Davidson, M.W., Schnitzer, M.J., et al. (2012). Improving FRET dynamic 
range with bright green and red fluorescent proteins. Nat Meth 9, 1005–1012. 

Lamarche, N., and Hall, A. (1994). GAPs for rho-related GTPases. - PubMed - NCBI. 
Lawson, C.D., and Burridge, K. (2014). The on-off relationship of Rho and Rac during integrin-

mediated adhesion and cell migration. Small GTPases 5. 
Liao, R., Jiang, L., Wang, R., Zhao, H., Chen, Y., Li, Y., Wang, L., Jie, L.-Y., Zhou, Y., Zhang, X., et al. 

(2015). Histidine provides long-term neuroprotection after cerebral ischemia through 
promoting astrocyte migration. Scientific Reports 5, 15356. 

Lippman, J.J., Lordkipanidze, T., Buell, M.E., Yoon, S.O., and Dunaevsky, A. (2008). Morphogenesis 
and regulation of Bergmann glial processes during Purkinje cell dendritic spine ensheathment 
and synaptogenesis. Glia 56, 1463–1477. 

Liu, Y., Su, Y., Wiznitzer, M., Epifano, O., and Ladisch, S. (2008). Ganglioside depletion and EGF 
responses of human GM3 synthase-deficient fibroblasts. - PubMed - NCBI. 

Loirand, G., Sauzeau, V., and Pacaud, P. (2013). Small G Proteins in the Cardiovascular System: 
Physiological and Pathological Aspects. Physiological Reviews 93, 1659–1720. 

Mackay, D.J.G., and Hall, A. (1998). Rho GTPases. J. Biol. Chem. 273, 20685–20688. 
MacNevin, C.J., Gremyachinskiy, D., Hsu, C.-W., Li, L., Rougie, M., Davis, T.T., and Hahn, K.M. 

(2013). Environment-Sensing Merocyanine Dyes for Live Cell Imaging Applications. 
Bioconjugate Chem. 24, 215–223. 

MacNevin, C.J., Toutchkine, A., Marston, D.J., Hsu, C.-W., Tsygankov, D., Li, L., Liu, B., Qi, T., 
Nguyen, D.-V., and Hahn, K.M. (2016). Ratiometric imaging using a single dye enables 
simultaneous visualization of Rac1 and Cdc42 activation. J. Am. Chem. Soc. 

Madaule, P., and Axel, R. (1985). A novel ras-related gene family. Cell 41, 31–40. 
Mank, M., Santos, A.F., Direnberger, S., Mrsic-Flogel, T.D., Hofer, S.B., Stein, V., Hendel, T., Reiff, 

D.F., Levelt, C., Borst, A., et al. (2008). A genetically encoded calcium indicator for chronic in 
vivo two-photon imaging. Nature Methods 5, 805–811. 

Martin, K., Reimann, A., Fritz, R.D., Ryu, H., Jeon, N.L., and Pertz, O. (2016). Spatio-temporal co-
ordination of RhoA, Rac1 and Cdc42 activation during prototypical edge protrusion and 
retraction dynamics. Scientific Reports 6, 21901. 

Medvedev, N., Popov, V., Henneberger, C., Kraev, I., Rusakov, D.A., and Stewart, M.G. (2014). Glia 
selectively approach synapses on thin dendritic spines. Phil. Trans. R. Soc. B 369, 20140047. 

Michaelson, D., Silletti, J., Murphy, G., D’Eustachio, P., Rush, M., and Philips, M.R. (2001). Differential 
localization of Rho GTPases in live cells: regulation by hypervariable regions and RhoGDI 
binding. J. Cell Biol. 152, 111–126. 



Chapter I: Control of astrocyte morphology by Rho GTPases 

 

[43] 
 

Miyawaki, A., Griesbeck, O., Heim, R., and Tsien, R.Y. (1999). Dynamic and quantitative Ca2+ 
measurements using improved cameleons. PNAS 96, 2135–2140. 

Mochizuki, N., Yamashita, S., Kurokawa, K., Ohba, Y., Nagai, T., Miyawaki, A., and Matsuda, M. 
(2001). Spatio-temporal images of growth-factor-induced activation of Ras and Rap1. Nature 
411, 1065–1068. 

Molotkov, D., Zobova, S., Arcas, J.M., and Khiroug, L. (2013). Calcium-induced outgrowth of astrocytic 
peripheral processes requires actin binding by Profilin-1. Cell Calcium 53, 338–348. 

Moshfegh, Y., Bravo-Cordero, J.J., Miskolci, V., Condeelis, J., and Hodgson, L. (2014). A Trio–Rac1–
Pak1 signalling axis drives invadopodia disassembly. Nature Cell Biology 16, 574–586. 

Murakoshi, H., Wang, H., and Yasuda, R. (2011). Local, persistent activation of Rho GTPases during 
plasticity of single dendritic spines. Nature 472, 100–104. 

Murk, K., Suarez, E.M.B., Cockbill, L.M.R., Banks, P., and Hanley, J.G. (2013). The antagonistic 
modulation of Arp2/3 activity by N-WASP, WAVE2 and PICK1 defines dynamic changes in 
astrocyte morphology. J Cell Sci 126, 3873–3883. 

Nalbant, P., Hodgson, L., Kraynov, V., Toutchkine, A., and Hahn, K.M. (2004). Activation of 
Endogenous Cdc42 Visualized in Living Cells. Science 305, 1615–1619. 

Narumiya, S., Ishizaki, T., and Ufhata, M. (2000). Use and properties of ROCK-specific inhibitor Y-
27632. In Methods in Enzymology, C.J.D. and A.H. W.E. Balch, ed. (Academic Press), pp. 
273–284. 

Nikolaev, V.O., Bunemann, M., Hein, L., Hannawacker, A., and Lohse, M.J. (2004). Novel Single 
Chain cAMP Sensors for Receptor-induced Signal Propagation. Journal of Biological 
Chemistry 279, 37215–37218. 

Nishida, H., and Okabe, S. (2007). Direct Astrocytic Contacts Regulate Local Maturation of Dendritic 
Spines. J. Neurosci. 27, 331–340. 

Nishiyama, J., and Yasuda, R. (2015). Biochemical Computation for Spine Structural Plasticity. 
Neuron 87, 63–75. 

Oliet, S.H., Piet, R., and Poulain, D.A. (2001). Control of glutamate clearance and synaptic efficacy by 
glial coverage of neurons. Science 292, 923–926. 

Osmani, N., Peglion, F., Chavrier, P., and Etienne-Manneville, S. (2010). Cdc42 localization and cell 
polarity depend on membrane traffic. J. Cell Biol. 191, 1261–1269. 

Panatier, A., Theodosis, D.T., Mothet, J.-P., Touquet, B., Pollegioni, L., Poulain, D.A., and Oliet, 
S.H.R. (2006). Glia-derived D-serine controls NMDA receptor activity and synaptic memory. 
Cell 125, 775–784. 

Panatier, A., Arizono, M., and Nägerl, U.V. (2014). Dissecting tripartite synapses with STED 
microscopy. Phil. Trans. R. Soc. B 369, 20130597. 

Pechlivanis, M., and Kuhlmann, J. (2006). Hydrophobic modifications of Ras proteins by isoprenoid 
groups and fatty acids--More than just membrane anchoring. - PubMed - NCBI. 

Perea, G., Navarrete, M., and Araque, A. (2009). Tripartite synapses: astrocytes process and control 
synaptic information. Trends in Neurosciences 32, 421–431. 

Perez, V., Bouschet, T., Fernandez, C., Bockaert, J., and Journot, L. (2005). Dynamic reorganization 
of the astrocyte actin cytoskeleton elicited by cAMP and PACAP: a role for 
phosphatidylInositol 3-kinase inhibition. Eur. J. Neurosci. 21, 26–32. 

Perez-Alvarez, A., Navarrete, M., Covelo, A., Martin, E.D., and Araque, A. (2014). Structural and 
Functional Plasticity of Astrocyte Processes and Dendritic Spine Interactions. J. Neurosci. 34, 
12738–12744. 

Pertz, O., Hodgson, L., Klemke, R.L., and Hahn, K.M. (2006). Spatiotemporal dynamics of RhoA 
activity in migrating cells. Nature 440, 1069–1072. 

Ponimaskin, E., Voyno-Yasenetskaya, T., Richter, D.W., Schachner, M., and Dityatev, A. (2007). 
Morphogenic Signaling in Neurons Via Neurotransmitter Receptors and Small GTPases. 
Molecular Neurobiology 35, 278–287. 

Ponsioen, B., Zhao, J., Riedl, J., Zwartkruis, F., van der Krogt, G., Zaccolo, M., Moolenaar, W.H., Bos, 
J.L., and Jalink, K. (2004). Detecting cAMP-induced Epac activation by fluorescence 
resonance energy transfer: Epac as a novel cAMP indicator. EMBO Reports 5, 1176–1180. 

Prasad, S., Zeug, A., and Ponimaskin, E. (2013). Chapter 14 - Analysis of Receptor–Receptor 
Interaction by Combined Application of FRET and Microscopy. In Methods in Cell Biology, 
P.M. Conn, ed. (Academic Press), pp. 243–265. 

Racchetti, G., D’Alessandro, R., and Meldolesi, J. (2012). Astrocyte stellation, a process dependent on 
Rac1 is sustained by the regulated exocytosis of enlargeosomes. Glia 60, 465–475. 

Ramakers, G.J.A., and Moolenaar, W.H. (1998). Regulation of Astrocyte Morphology by RhoA and 
Lysophosphatidic Acid. Experimental Cell Research 245, 252–262. 



Chapter I: Control of astrocyte morphology by Rho GTPases 

 

[44] 
 

Reichenbach, A., Derouiche, A., and Kirchhoff, F. (2010). Morphology and dynamics of perisynaptic 
glia. Brain Research Reviews 63, 11–25. 

Reiner, D.J. (2016). Small GTPases. WormBook 1–99. 
Riento, K., and Ridley, A.J. (2003). ROCKs: multifunctional kinases in cell behaviour. Nat Rev Mol Cell 

Biol 4, 446–456. 
Robel, S., Bardehle, S., Lepier, A., Brakebusch, C., and Götz, M. (2011). Genetic Deletion of Cdc42 

Reveals a Crucial Role for Astrocyte Recruitment to the Injury Site In Vitro and In Vivo. J. 
Neurosci. 31, 12471–12482. 

Rossman, K.L., Der, C.J., and Sondek, J. (2005). GEF means go: turning on RHO GTPases with 
guanine nucleotide-exchange factors. Nat Rev Mol Cell Biol 6, 167–180. 

Rosso, L., Pierson, P.M., Golfier, C., Peteri-Brunbäck, B., Deroanne, C., Van Obberghen-Schilling, E., 
and Mienville, J.-M. (2007). Pituicyte stellation is prevented by RhoA-or Cdc42-dependent 
actin polymerization. Cell. Mol. Neurobiol. 27, 791–804. 

Rusakov, D.A., Bard, L., Stewart, M.G., and Henneberger, C. (2014). Diversity of astroglial functions 
alludes to subcellular specialisation. Trends Neurosci. 37, 228–242. 

Santos, E., Tronick, S., Aaronson, S., Pulciani, S., and Barbacid, M. (1982). T24 human bladder 
carcinoma oncogene is an activated form of the normal human homologue of BALB- and 
Harvey-MSV transforming genes. - PubMed - NCBI. 

Schmidt, S., and Debant, A. (2014). Function and regulation of the Rho guanine nucleotide exchange 
factor Trio. Small GTPases 5, e983880. 

Schulz, J., Franke, K., Frick, M., and Schumacher, S. (2016). Different roles of the small GTPases 
Rac1, Cdc42, and RhoG in CALEB/NGC-induced dendritic tree complexity. J. Neurochem. 
139, 26–39. 

Schweinhuber, S.K., Meßerschmidt, T., Hänsch, R., Korte, M., and Rothkegel, M. (2015). Profilin 
isoforms modulate astrocytic morphology and the motility of astrocytic processes. PLoS ONE 
10, e0117244. 

Selva, J., and Egea, G. (2011). Ethanol increases p190RhoGAP activity, leading to actin cytoskeleton 
rearrangements. - PubMed - NCBI. 

Seth, A., Otomo, T., Yin, H.L., and Rosen, M.K. (2003). Rational Design of Genetically Encoded 
Fluorescence Resonance Energy Transfer-Based Sensors of Cellular Cdc42 Signaling 

†
. 

Biochemistry 42, 3997–4008. 
Setiadi, H., and McEver, R.P. (2003). Signal-dependent distribution of cell surface P-selectin in 

clathrin-coated pits affects leukocyte rolling under flow. The Journal of Cell Biology 163, 1385. 
Sit, S.-T., and Manser, E. (2011). Rho GTPases and their role in organizing the actin cytoskeleton. J 

Cell Sci 124, 679–683. 
Speranza, L., Labus, J., Volpicelli, F., Guseva, D., Lacivita, E., Leopoldo, M., Bellenchi, G.C., di 

Porzio, U., Bijata, M., Perrone-Capano, C., et al. (2017). Serotonin 5-HT7 receptor increases 
the density of dendritic spines and facilitates synaptogenesis in forebrain neurons. J. 
Neurochem. n/a-n/a. 

Swärd, K., Dreja, K., Susnjar, M., Hellstrand, P., Hartshorne, D.J., and Walsh, M.P. (2000). Inhibition 
of Rho-associated kinase blocks agonist-induced Ca2+ sensitization of myosin 
phosphorylation and force in guinea-pig ileum. J Physiol 522, 33–49. 

Takai, Y., Kaibuchi, K., Kikuchi, A., and Kawata, M. (1992). Small GTP-Binding Proteins. In 
International Review of Cytology, (Elsevier), pp. 187–230. 

Theodosis, D.T., and Poulain, D.A. (1993). Activity-dependent neuronal-glial and synaptic plasticity in 
the adult mammalian hypothalamus. Neuroscience 57, 501–535. 

Toutchkine, A., Kraynov, V., and Hahn, K. (2003). Solvent-Sensitive Dyes to Report Protein 
Conformational Changes in Living Cells. J. Am. Chem. Soc. 125, 4132–4145. 

Troeger, A., and Williams, D.A. (2013). Hematopoietic-specific Rho GTPases Rac2 and RhoH and 
human blood disorders. Exp Cell Res 319, 2375–2383. 

van Unen, J., Reinhard, N.R., Yin, T., Wu, Y.I., Postma, M., Gadella, T.W.J., and Goedhart, J. (2015). 
Plasma membrane restricted RhoGEF activity is sufficient for RhoA-mediated actin 
polymerization. Scientific Reports 5, 14693. 

Vega, F.M., and Ridley, A.J. (2008). Rho GTPases in cancer cell biology. FEBS Letters 582, 2093–
2101. 

Ventura, R., and Harris, K.M. (1999). Three-dimensional relationships between hippocampal synapses 
and astrocytes. J. Neurosci. 19, 6897–6906. 

Vetter, I.R., and Wittinghofer, A. (2001). The Guanine Nucleotide-Binding Switch in Three Dimensions. 
Science 294, 1299–1304. 



Chapter I: Control of astrocyte morphology by Rho GTPases 

 

[45] 
 

Wenzel, J., Lammert, G., Meyer, U., and Krug, M. (1991). The influence of long-term potentiation on 
the spatial relationship between astrocyte processes and potentiated synapses in the dentate 
gyrus neuropil of rat brain. Brain Res. 560, 122–131. 

Yeh, B.J., Rutigliano, R.J., Deb, A., Bar-Sagi, D., and Lim, W.A. (2007). Rewiring cellular morphology 
pathways with synthetic guanine nucleotide exchange factors. Nature 447, 596–600. 

Yoshizaki, H., Ohba, Y., Kurokawa, K., Itoh, R.E., Nakamura, T., Mochizuki, N., Nagashima, K., and 
Matsuda, M. (2003). Activity of Rho-family GTPases during cell division as visualized with 
FRET-based probes. J Cell Biol 162, 223–232. 

Yu, X., Zhang, Y., and Chen, H. (2015). [Lysophosphatidic acid (LPA) stimulates invasion and 
metastatic colonization of ovarian cancer cells through Rac activation]. - PubMed - NCBI. 

 

  



Chapter II: Serotonin receptor 4 regulates hippocampal astrocyte morphology and 
function 

 

[46] 
 

6. Chapter II: Serotonin receptor 4 regulates hippocampal 
astrocyte morphology and function 

 

F. E. Müller1, S. K. Schade1, V. Cherkas1, L. Stopper2, B. Breithausen3, D. Minge3, 

C. Domingos3, V. Compan4, F. Kirchhoff2, C. Henneberger3,5,6, E. Ponimaskin#1, A. 

Zeug#1 

 

1 Cellular Neurophysiology, Hannover Medical School, Hannover, Germany 

2 Department of Molecular Physiology, Center for Integrative Physiology and 

Molecular Medicine (CIPMM), University of Saarland, Homburg, Germany 

3 Institute of Cellular Neurosciences, University of Bonn Medical School, Bonn, 

Germany 

4 Department of Sciences, Brain, Anorexia & Addiction, Nîmes University, Nîmes, 

France 

5 German Center for Neurodegenerative Diseases (DZNE), Bonn, Germany 

6 Institute of Neurology, University College London, London, United Kingdom 

# equally contributing corresponding authors 

 

Highlights 

 Astrocytes express 5-HT4R in vivo and in vitro  

 5-HT4R stimulation causes RhoA activation and increased F-actin structures.  

 5-HT4R-knockout astrocytes show a higher basal F-actin fraction. 

 Downregulation of Gα13 protein using shRNA increases the F-actin fraction, an 

effect which is reversed by 5-HT4R activation.  

 Knockdown of GαS protein resembles control conditions where stimulation of the 

5-HT4R leads to increased F-actin and a less complex morphology.  

 5-HT4R signaling in astrocytes affects neuronal activity in vitro and in situ. 

 

Contributions 

F.E.M. contributed to the scientific design, conducted laboratory work, and was 

heavily involved in data evaluation and scientific writing.  

 

This manuscript was reviewed and is currently under revision in GLIA.  

  



Chapter II: Serotonin receptor 4 regulates hippocampal astrocyte morphology and 
function 

 

[47] 
 

Abstract 

Astrocytes are an important component of the multipartite synapse and crucial for 

proper neuronal network function. Although small GTPases of the Rho family are 

powerful regulators of cellular morphology, the signaling modules of Rho-mediated 

pathways in astrocytes remain enigmatic. Here we demonstrated that the serotonin 

receptor 4 (5-HT4R) is expressed in hippocampal astrocytes, both in vitro and in vivo. 

Through fluorescence microscopy, we established that 5-HT4R activation triggered 

RhoA activity via Gα13-mediated signaling, which boosted filamentous actin 

assembly, leading to morphological changes in hippocampal astrocytes. We 

investigated the effects of these 5-HT4R-mediated changes in mixed cultures and in 

acute slices, in which 5-HT4R was expressed exclusively in astrocytes. In both 

systems, 5-HT4R signaling led to altered glutamatergic synapse signaling, reflected 

by an increased frequency of miniature excitatory postsynaptic currents (mEPSCs) in 

mixed cultures, and by a reduced field excitatory postsynaptic potential (fEPSP) 

paired-pulse-ratio (PPR) in acute slices. Overall, our present findings demonstrate 

that astrocytic 5-HT4R-Gα13-RhoA signaling is a previously unrecognized molecular 

pathway involved in the functional regulation of excitatory synaptic circuits.  
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Figure 6.1: Graphical abstract. 
Illustrated summary of the main findings in this study. Astrocytes express the 5-HT4R, whose activation with the 
selective agonist BIMU8 leads to increased RhoA activity and an elevated F-actin fraction. If Gα13 signaling is 
impaired, astrocytes show a basally elevated F-actin fraction and an opposing reaction to BIMU8 stimulation that 
is a lowered F-actin fraction. Astrocytes from 5-HT4R-ko mice show elevated RhoA activity and an increased 
F-actin fraction under basal conditions. AAV-mediated introduction of the 5-HT4R in those astrocytes (rescue) 
lowers the paired-pulse ratio at nearby synapses. Stimulation of astrocytic 5-HT4R reduces the F-actin fraction 
and increases neuronal mEPSC frequency.  
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Introduction 

Astrocytes are an important component of the brain circuitry. They are highly 

heterogeneous, exhibiting variations in their appearance and functionality across 

brain regions and even within substructures, such as the hippocampus (Amundson et 

al., 1992; Lin et al., 2017; Wallraff et al., 2004). Astrocytes contribute to a multitude of 

brain processes by modulating synaptic plasticity and neuronal activity (Alfonso 

Araque et al., 2014; Rusakov et al., 2014; Ullian et al., 2001), controlling extra-

synaptic space (Flores-Méndez et al., 2016) and neurotransmitter clearance (Rose et 

al., 2018; Sibille et al., 2014), regulating cerebral blood flow (Mishra, 2017), ensuring 

energy supply to neurons, and orchestrating the rhythms of neuronal firing patterns 

(Camandola, 2018; Lee et al., 2014; Sheikhbahaei et al., 2018; Stobart & Anderson, 

2013).  

Over a century ago, astrocytes were first classified as fibrous or protoplasmic based 

on their morphology (Andriezen, 1893). In recent years, novel approaches and 

technological progress have enabled great advances in our understanding of the 

complexity of astrocyte morphology and function (Wu et al., 2017; Zhang & Barres, 

2010). Astrocytes ensheath a vast number of synapses, through which they actively 

control synaptic plasticity and transmission (Araque et al., 1999; Chung, et al., 2015; 

Halassa et al., 2007). Astrocyte morphology is regulated by small GTPases of the 

Rho family—including Cdc42, Rac1, and RhoA (Zeug et al., 2018). Experimental 

findings suggest that Rac1 and Cdc42 promote filopodia formation and outgrowth, 

whereas RhoA activation triggers filopodia retraction (Hall, 2005; Hall, 1998; Mackay 

& Hall, 1998).  

The importance of Rho GTPases in morphogenesis is widely accepted; however, the 

upstream signaling components of Rho-mediated pathways in astrocytes remain 

enigmatic. We previously demonstrated that serotonin receptor 4 (5-HT4R) is coupled 

to the heterotrimeric Gα13 protein, leading to selective activation of the small GTPase 

RhoA, and promoting morphological changes in neuroblastoma cells and 

hippocampal neurons (Kvachnina, 2005; Ponimaskin et al., 2002). In addition to 

Gα13, 5-HT4R can activate heterotrimeric GαS proteins to induce cAMP-PKA signaling 

(Bockaert et al., 2006; Muller & Jacobs, 2009). Moreover, 5-HT4R signaling can occur 

independently of G proteins, leading to activation of proto-oncogene tyrosine kinase 

Src and extracellular signal-regulated kinase (ERK), and subsequent pERK1/2 

phosphorylation (Barthet et al., 2007).  
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Prior reports describe 5-HT4R expression by cultured astrocytes in vitro (Parga et al., 

2007). Moreover, microarray analysis confirms 5-HT4R mRNA expression in 

astrocytes in the brain at postnatal day (P) 7 and P17, and in cultured astrocytes at 

days in vitro (DIV) 12 (Cahoy et al., 2008). A more recent study revealed age-

independent 5-HT4R expression in astrocytes within several regions of the mouse 

brain (Boisvert et al., 2018). However, the impact of 5-HT4R activity on astrocytic 

morphology and function remains largely unexplored.  

In the present study, by combining quantitative molecular microscopy, time-lapse 

Förster resonance energy transfer (FRET) imaging, and biochemical approaches, we 

demonstrated that 5-HT4R was expressed in astrocytes of the mouse hippocampus, 

and that 5-HT4R-Gα13 signaling in astrocytes increased RhoA activity leading to 

accumulation of filamentous actin structures. We also identified the role of 5-HT4R-

Gα13-RhoA signaling in the regulation of astrocytic morphology. Moreover, 

electrophysiological experiments in mixed cultures and in acute slices revealed that 

astrocytic 5-HT4R was important in regulating excitatory synaptic synapses.  

 

Materials and methods 

Animals 

For all experiments wildtype and 5-HT4R-ko animals from the strain B6-Htr4tm1comp 

(Compan et al., 2004) on a C57BL/6J background were used. Animals were housed 

and cared for in accordance to directive 2010/63/EU. Mice were kept in a 14 h light 

and 10 h dark cycle with lights on starting at 7 am. Animals had access to food and 

water ad libitum and were kept under standard conditions at 22 ± 2 °C room 

temperature (RT) with 55 ± 5% humidity. Stereotactic injections were done under 

allowance given by the Lower Saxony State Office for Consumer Protection and 

Food Safety (TVA16/2206). All experiments were conducted according to the 

relevant guidelines. For cell culture male and female pups were used while in all 

other experiments only male mice were investigated.  

 

Cell culture 

Primary astrocyte cell cultures were prepared as previously described by Wu et al. 

(Wu et al., 2014) with slight modifications. Whole brains were taken from mice 

between P1-3 and cells from dissociated hippocampi were seeded at a density of 
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5x104 cells per 12 mm glass coverslip for microscopy in 500 µl plating medium. On 

DIV3 the entire plating medium was replaced with 1 ml maintenance medium. With 

exception of the shRNA experiments, ½ of the medium was exchanged on DIV11 

with maintenance medium prior to infection of the cells. Astrocytes were used for 

experiments on DIV14-17. Mixed hippocampal cultures were obtained from 

dissociated hippocampi of neonatal mice at P0-1 using an optimized protocol (Kobe 

et al., 2012). At DIV7 cells were infected with AAVs. Cell cultures were maintained at 

37 °C in a humidified incubator in a 5% CO2 atmosphere until they were used for 

experiments at DIV12. During microscopy, cells were kept in a balanced salt solution 

containing 115 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 2 mM CaCl2,  and 20 mM 

HEPES, adjusted to pH 7.4 and 290 mOsm with glucose.  

 

Immunohistochemistry and Immunocytochemistry 

Frozen sections for immunohistochemistry were obtained from brains of 2-month-old 

mice taken after perfusion with 4% paraformaldehyde (PFA, # 0335.3, Carl Roth, 

Karlsruhe, Germany) in phosphate buffered saline (PBS). Brains were post-fixed for 

24 h in PFA, and then conserved for 24 h in 10% (w/v) sucrose in PBS followed by 

24 h in 15% (w/v) sucrose, all at 4 °C. Brains were frozen in Isopentan and kept 

at -80 °C before preparing 30 µm thin brain slices. For immunohistochemistry, slices 

were incubated for 1 h in 5% BSA in PBS to block unspecific binding sites. Following 

antibodies were used for staining: S100β (mouse, dilution 1:500, #66028, Abcam, 

Cambridge, UK), 5-HT4R (rabbit, dilution 1:500, #ASR-036, Alomone Labs, 

Jerusalem, Israel), donkey anti-mouse Alexa Fluor488 (dilution 1:400, # 715-545-

150, Jackson ImmunoResearch, Ely, UK), goat anti-rabbit Alexa Fluor 546 (dilution 

1:400, #A-11035, Invitrogen, Carlsbad, USA), donkey anti-mouse DyLight 649 

(dilution 1:400, # 715-495-151, Jackson ImmunoResearch, Ely, UK), and goat anti-

rabbit Cyanine3 (dilution 1:400, #A10520 Invitrogen, Carlsbad, USA). The blocking 

peptide against 5-HT4R (ASR036AG0140, Alomone Labs, Jerusalem, Israel) was 

preincubated for 1 h using 1 µg peptide per 1 µg antibody, according to the suppliers 

recommendations. For STED microscopy, secondary antibodies used were goat anti-

rabbit STAR RED and goat anti-mouse STAR 580 (dilution 1:400, #S-11-2015Hp and 

#S-092017Hp, Abberior, Göttingen, Germany). Slides were sealed using 

Fluoromount G mounting medium (#0100-01 SouthernBiotech, Birmingham, USA) 

and 1.5H glass covers for microscopy.  
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Immunocytochemical stainings were performed on astrocyte cultures at DIV15. Cells 

were fixed with 4% PFA for 10 min and permeabilized with ice cold methanol for 2 

min. Blocking solution (5% (w/v) BSA, #8076.4, Carl Roth, Karlsruhe, Germany, in 

PBS) was applied for 2 h followed by incubation with first antibodies against S100β, 

5-HT4R and GFAP (chicken, dilution 1:2000, # ab4674, Abcam, Cambridge, UK) and 

secondary antibodies donkey anti-mouse Alexa Fluor488, goat anti-rabbit Alexa Fluor 

546, donkey anti-chicken DyLight 649 (dilution 1:400, # 703-495-155, Jackson 

ImmunoResearch, Ely, UK). For labelling of filamentous (F-) and globular (G-) actin, 

cultured astrocytes were fixed for 10 min with 4% PFA, permeabilized in 100% 

actetone for 3 min and then incubated with DNase I linked to Alexa Fluor488 

(9 µg/ml, #D12371, ThermoFisher Scientific, Waltham, USA) and Phalloidin-TRITC 

(2.5 µg/ml, #P1951, Sigma, St. Louis, USA) in blocking solution for 30 min. 

 

Adeno-associated-viruses 

The FRET-based biosensor RaichuEV-RhoA was a gift from Michiyuki Matsuda 

(Kyoto University, Japan). This biosensor contains a YPet-tagged RhoA covalently 

linked to a mTurquoise-tagged GTPase-binding domain of RBD-Rhotekin. Upon 

activation, conformational changes within the biosensor lead to changes in the FRET 

efficiency between acceptor (YPet) and donor (mTurquoise). Because the 

donor/acceptor stoichiometry is 1:1, activation of RhoA can be simply quantified by 

calculation of the acceptor/donor emission ratio. This improved version of the RhoA 

biosensor developed by the group of Michiyuki Matsuda (Yoshizaki et al., 2003) was 

cloned into an adeno-associated-virus (AAV) vector under the control of the murine 

GFAP promoter and AAVs were produced using the AAV-DJ system. Primary 

astrocytes were infected with 1x104 viral genomes per well on DIV11 and live cell 

imaging was performed on DIV14. Low virus load and comparably short expression 

time was necessary to ensure only little side effects on the morphology of the cells by 

the functional RhoA protein within the sensor.  

For knockdown of GαS or Gα13 proteins, AAVs encoding for specific short-hairpin 

RNAs (shRNAs) as well as the far-red fluorescent protein TurboFP650 under control 

of mGFAP promoter were created. Target sequences were 5’-CCCCAACCAGACTA 

ACCGCCTGTTCAAGAGACAGGCGGTTAGTCTGGTTGTTTT-3’ for GαS and 

5’-CCCGTGTTCCTGCAGTATCTTCTTCAAGAGAGAAGATACTGCAGGAACACTTT

T-3’ for Gα13 (Oligoengine, Seattle, USA).  
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For the in vitro and in vivo rescue of cell-type specific 5-HT4R expression, the 

encoding sequence was cloned into an AAV-vector under control of either GFAP or 

synapsin promoter leading to expression by astrocytes or neurons, respectively. An 

enhanced green fluorescent protein (eGFP) was attached to enable visualization of 

infected cells. For control conditions, cells were infected with AAVs encoding for 

tdTomato under control of GFAP or synapsin promoters.  

 

5-HT4R stimulation and RhoA activation assay 

Astrocytes were stimulated with BIMU8 (final 10 µM in all experiments; 10 mM stock 

solution dissolved in H2O, #4374; Tocris, Bristol, UK), a selective agonist of the 

5-HT4R, or H2O as a control. In the RhoA activation assay, BIMU8 was applied 5 min 

prior to cell lysis. To allow remodelling of the actin cytoskeleton, cells were incubated 

with BIMU8 for 30 min prior to fixation, F- and G-actin staining and subsequent 

imaging.  

To test for an increase in activated RhoA after 5-HT4R stimulation, a RhoA G-LISA 

Activation Assay Kit (#027BK124, Cytoskeleton Inc., Denver, USA) was used 

according to the manufacturer’s protocol.  

 

RNA isolation and real-time quantitative PCR (RT qPCR) 

For investigations of mRNA expression levels, total RNA was isolated on DIV15 of 

cultured astrocytes using an RNeasy Kit (#74104, Qiagen, Hilden, Germany) 

according to the manufacturer’s protocol. RNA was transcribed subsequently to 

cDNA by reverse-transcriptase PCR with SuperScriptIII (#18080-051, ThermoFisher 

Scientific, Waltham, USA) in a standard reaction setup as suggested by the 

manufacturer. cDNA was diluted 10x and then used for RT qPCR in a 

StepOnePlus™ Real-Time PCR System (ThermoFisher Scientific, Waltham, USA) 

with a ready-to-use 2x TaqMan universal MasterMix (#4324018, ThermoFisher 

Scientific, Waltham, USA). TaqMan probes were used for detecting 5-HT4R (# 

Mm00434129_m1), RhoA (#Mm01601614_g1), GαS (#Mm00530548_m1), Gα13 

(#Mm00494667_m1, all ThermoFisher Scientific, Waltham, USA). GAPDH primers 

and probe were: fw 5’-TGCACCACCAACTGCTTAGC-3’, rev 5’- 

GGCATGGACTGTGGTCATGAG-3’, probe 5’-6-FAM- 

CCCTGGCCAAGGTCATCCATGACAAC-TAM-3’ (Sigma, St. Louis, USA).  
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Western blot 

For Western blot analysis, astrocytes were seeded on 18 mm glass cover slips at a 

density of 1x105 cells per well and lysed at DIV14-17 in RIPA Buffer. Equal amounts 

of protein were loaded on a SDS-PAGE and then transferred to the membrane. 

Unspecific binding was blocked with 5% milk in TBS-T buffer for 1 h at RT. First 

antibodies (5-HT4R, rabbit, dilution 1:500, #ASR-036, Alomone Labs, Jerusalem, 

Israel; Gα13, rabbit, dilution 1:500, #sc-410, Santa Cruz Biotechnology, Dallas, USA; 

GαS, goat, dilution 1:500, #ab101736, Abcam, Cambridge, UK; RhoA, rabbit, dilution 

1:500, # #2117S, Cell Signaling Technology, Danvers, USA; GAPDH, mouse, dilution 

1:2000, #MAB374, Merck Millipore, Burlington, USA) in 5% milk were incubated at 

4 °C overnight. Secondary antibodies (goat anti-rabbit HRP and rabbit anti-mouse 

HRP, #31460 and # 31455, ThermoFisher Scientific, Waltham, USA; donkey anti-

goat HRP, # sc-2056, Santa Cruz Biotechnology, Dallas, USA; all 1:400 in 5% milk) 

were allowed to bind for 1 h at RT. Blots were developed using SuperSignal West 

Femto substrate (#34096, ThermoFisher Scientific, Waltham, USA).  

 

Microscopy 

Microscopic investigation was performed using Zeiss LSM780 with a LD C-

Apochromat 40x/1.2 W objective and Zen2013 imaging software in online-

fingerprinting mode with previously defined spectra for each fluorescent protein and 

dye obtained from single stainings. Live cell imaging of RhoA activity in astrocytes 

with the FRET-based biosensor RaichuEV-RhoA was performed at 37 °C in a 

continuous time series. Z-stacks of the same cell were acquired in both channels 

every 20 s using Zeiss Definite Focus to maintain focus during long-term imaging. 

Cells were recorded for 10 min with application of 10 µM BIMU8 or H2O after 5 min of 

imaging.  

In experiments with F- and G-actin, astrocytes were labelled with a GFAP antibody, 

while in the shRNA experiments TurboFP650 was expressed under control of the 

GFAP promoter. Stimulated emission depletion (STED) imaging was conducted on 

an Abberior STEDYCON with an Olympus UPlanSApo 100x/1.40 oil objective. 

Excitation wavelengths were 594 nm and 640 nm for STAR 580 and STAR RED, 

respectively, while depletion wavelength was 775 nm. Images were acquired with a 

pixel size of 25 nm (1232 × 1116 pixels, 31 μm × 28 μm) and a pixel dwell time of 
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20 μs. A total of 17 z-planes were acquired with 1 µm distance. Image analysis was 

done using Matlab (Mathworks).  

 

In vitro electrophysiological recordings 

Whole-cell patch-clamp recordings of neurons in mixed hippocampal cell cultures 

prepared from 5-HT4R-ko animals were acquired in voltage-clamp mode using an 

EPC-10/2 amplifier controlled by PatchMaster software (HEKA, Lambrecht, 

Germany) at RT. The extracellular solution contained (in mM): NaCl 150, KCl 1, 

CaCl2 2, MgCl2 1, HEPES 10, glucose 10, glycine 0.01 and was adjusted to pH 7.3 

and 320 mOsm. Gabazine and Tetrodotoxin (TTX, both 1 μM) were always present in 

the extracellular solution to block GABAA receptors and sodium channels. The 

intracellular solution contained (in mM): KMeSO3 125, KCl 10, Na2Phosphocreatine 5, 

EGTA 0.5, MgATP 4, Na2GTP 0.3, HEPES 10 with pH 7.3 and 290 mOsm. Patch 

electrodes were pulled to reach a resistance of 3–6 MΩ. Postsynaptic currents were 

low-pass filtered (2.9 kHz) and digitized at 20 kHz. The access resistance was 

monitored throughout the recordings (5 mV steps every 2 min). Recordings with an 

access resistance of >50 MΩ or a leak current >200 pA were discarded. Miniature 

excitatory post synaptic currents (mEPSCs) were detected using Matlab (Mathworks) 

and reviewed manually to check for detection/analysis errors.  

 

Stereotactic injections 

8-10 weeks old male 5-HT4R knockout animals were stereotactically injected to the 

CA1 region of the hippocampus using following coordinates relative to bregma: 

anterior/posterior -0.19 mm, lateral +/-0.15 mm, ventral -0.16 mm. Animals received 

1 µl of AAV-GFAP-5-HT4R-eGFP (1.5x108 vg/µl) and AAV-GFAP-tdTomato (1x107 

vg/µl) each separately in both hemispheres in alternating order. Three weeks post-

infection, animals were sacrificed and electrophysiological recordings were 

performed in acute brain slices.  

 

Electrophysiological recordings in acute slices 

Slice experiments were performed as previously described (Minge et al., 2017). 

Briefly, acute, 300 µm thick slices of the dorsal hippocampus were cut with a ceramic 

blade on a vibratome (Campden Instruments LTD, Loughborough, England) in an 

ice-cold slicing solution containing (in mM): NaCl 60, sucrose 105, KCl 2.5, MgCl2 7, 
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NaH2PO4 1.25, ascorbic acid 1.3, sodium pyruvate 3, NaHCO3 26, CaCl2 0.5, and 

glucose 10 (osmolarity 300–310 mOsm) and were kept afterwards in this solution at 

34 °C for 15 min. Another extracellular solution was used for storage at RT and 

during experiments in a submerged recording chamber at 34 °C containing (in mM): 

NaCl 126, KCl 2.5, MgSO4 1.3, NaH2PO4 1.25, NaHCO3 26, CaCl2 2, and glucose 10 

(osmolarity 297-303 mOsm). All solutions were continuously bubbled with 95% 

O2/5% CO2. For recordings of extracellular field excitatory postsynaptic potentials 

(fEPSPs), patch pipettes (3-4MΩ) were filled with extracellular solution and inserted 

into the CA1 stratum radiatum near astrocytes expressing 5-HT4R-eGFP or tdTomato 

respectively, visualized by 2-photon excitation fluorescence microscopy (Olympus 

FV10MP, Tokyo, Japan or Scientifica, Uckfield, UK). fEPSPs were evoked by 

electrical stimulation (100 µs) of CA3-CA1 Schaffer collaterals using a bipolar 

concentric stimulation electrode (FHC) placed in the stratum radiatum 200-300 µm 

from the recording site. Basal synaptic transmission (fEPSP slope) was quantified by 

recording fEPSPs over a range of stimulations intensities (25, 50, 75, 100, 150, 200 

and 300 µA). Afterwards, the paired-pulse ratio (PPR; fEPSP slope 2/fEPSP slope 1) 

of two consecutively evoked fEPSPs was measured. In these experiments, the 

stimulation intensity was adjusted to elicit a half-maximal fEPSP (half of the biggest 

fEPSP without population spike) and inter-stimulus intervals of 25, 50, 100, 200 and 

400 ms were used. Signals were recorded using MultiClamp 700B amplifiers (Axon 

Instruments, Molecular Devices, San Jose, USA) in current clamp mode and digitized 

at 20 kHz (Bessel filter set to 4 kHz). Offline analysis of fEPSP slopes was performed 

using Clampfit (Molecular Devices).  

 

Image analysis 

Microscopic data of F- and G-actin were analyzed using Matlab. Steps in the 

evaluation process of each channel included background correction, scaling to the 

99.9% percentile of intensity of the control condition of each experiment and 

thresholding using the unimodal background-symmetry method. A z-maximum 

projection was calculated from averaged actin intensity (𝐼 = √𝐼𝐹−𝑎𝑐𝑡𝑖𝑛
2 + 𝐼𝐺−𝑎𝑐𝑡𝑖𝑛

2 ). 

Both the voxel-based ratio between F- and G-actin (𝑅 =
𝐼𝐹−𝑎𝑐𝑡𝑖𝑛

𝐼𝐺−𝑎𝑐𝑡𝑖𝑛
) as well as the F-actin 

fraction (𝐹𝐹−𝑎𝑐𝑡𝑖𝑛 =
𝐼𝐹−𝑎𝑐𝑡𝑖𝑛

𝐼𝐹−𝑎𝑐𝑡𝑖𝑛+ 𝐼𝐺−𝑎𝑐𝑡𝑖𝑛
) were calculated for visualization and statistical 
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analysis. Statistical analysis was done with Prism software (Graph Pad Software, 

San Diego, USA).  

 

Results 

Hippocampal astrocytes express 5-HT4R in vivo 

To understand the functional role of 5-HT4R in astrocytes, we first investigated 

whether this receptor was expressed on hippocampal astrocytes. 

Immunohistochemical staining revealed 5-HT4R localization on cells positive for the 

astrocytic marker S100β within the hippocampal formation of the adult mouse brain 

(Figure 6.2a–c). We confirmed antibody specificity using a corresponding blocking 

peptide, and by staining of hippocampal slices prepared from 5-HT4R-ko mice 

(Supplementary Figure 6.1). Notably, we detected 5-HT4R expression on 41 ± 9% of 

S100β-positive cells, and the highest number of cells co-expressing both markers 

was observed in the CA1 region (50%; data not shown). We also observed 

differences in astrocytic and neuronal receptor expression, with higher fluorescence 

intensity detected from the somata of hippocampal neurons (Figure 6.2a, b). In 

astrocytes, 5-HT4R was expressed on both somata and astrocytic protrusions, 

although the receptor distribution was heterogeneous, with several protrusions 

lacking receptor expression (Figure 6.2d).  

To acquire more detailed information regarding 5-HT4R distribution, we also 

performed STED imaging of S100β-positive astrocytes in fixed hippocampal slices. 

STED microscopy revealed that 5-HT4R appeared to form separated clusters with a 

mean size of 136 ± 21 nm (Figure 6.2e, f).  

 

Cultured hippocampal astrocytes are a suitable model for investigating 5-HT4R-

signaling 

After demonstrating 5-HT4R expression in hippocampal astrocytes in vivo, we next 

investigated the role of 5-HT4R-mediated signaling in the regulation of astrocytic 

morphology and function. As a model system, we utilized mouse primary 

hippocampal astrocyte cultures, raising mature stellate astrocytes (Wu et al., 2014).  

To verify the astrocyte enrichment in our preparation, we determined the proportions 

of astrocytes, neurons, and other cell types (Supplementary Figure 6.2a). The 

astrocyte cultures contained 85 ± 4% GFAP-positive cells, 3 ± 2% neurons (as 

assessed by βIII-tubulin expression), and 12 ± 3% other cells identified by DAPI 
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Figure 6.2: Astrocytes express the 5-HT4R in vivo. 
a) Expression of the 5-HT4R in S100β-positive cells throughout the mouse brain shown by immunohistochemical 
staining. b) Magnification of hippocampal structures shown in a) revealed expression of the 5-HT4R in 
hippocampal astrocytes. Scale bar 50 µm. c) Split channels for indicated area in b). White arrows exemplarily 
point to 5-HT4R expressing astrocytes. Scale bar 50 µm. d) 3D representation of a hippocampal astrocyte 
visualized by S100β and 5-HT4R staining. 5-HT4R was heterogeneously distributed. The grey arrow points 
towards a branch with less 5-HT4R staining than the one marked by the white arrow. Scale bar 50 µm. e) STED 
microscopy images showed clustering of 5-HT4R on S100β-positive cells. The dotted white line represents the 
astrocyte outline identified by S100β labelling. Scale bar 2 µm. f) Magnification of an astrocyte process shown in 
e). Scale bar 1 µm.  

nuclei staining. Astrocyte cultures from 5-HT4R-ko mice showed a similar 

composition (78 ± 16% GFAP+, 5 ± 4% βIII-tubulin+, and 18 ± 13% other cells). 

Interestingly, the mixed hippocampal cell cultures (HCC) comprised a comparable 

percentage of astrocytes (87 ± 2%), but an increased relative percentage of neurons 

(9 ± 2%) and a lower proportion of cells that were not GFAP+ or βIII-tubulin+ (4 ± 2%).  

Astrocytes can show an altered protein expression profile in vitro depending on the 

culture model used (Hertz et al., 2017); therefore, we first confirmed the presence of 

5-HT4R on the cultured cells. The cultured astrocytes showed pronounced 5-HT4R 

expression (Figure 6.3a, b). Additionally, antibody specificity was verified using 

several approaches, including pre-treatment with the corresponding blocking peptide,  
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Figure 6.3: Cultured astrocytes as a model to investigate 5-HT4R signaling. 
a) Immunocytochemical labelling of 5-HT4R astrocyte marker GFAP-positive cells in primary hippocampal cultures 
from WT mice. No signal of the 5-HT4R was detected in astrocytes from 5-HT4R-ko animals. b) Visualization of 
5-HT4R and S100β protein in cultured astrocytes from WT and 5-HT4R-ko mice. Scale bars in a) and b) 50 µm 
(left overview) and 20 µm (right magnification). c) Schematic illustration of established 5-HT4R signaling 
pathways. Upon activation, the 5-HT4R induced signaling via GαS or Gα13 heterotrimeric G proteins, leading to 
cAMP upregulation via adenylyl cyclase (AC) or RhoA activation and subsequent actin cytoskeleton 
reorganization, respectively. d) Relative mRNA expression levels of 5-HT4R and its down-stream effectors in 
primary hippocampal astrocyte cultures from WT and 5-HT4R-ko mice. Statistical significance was evaluated 
using unpaired two-tailed t-test, N = 4 independent cultures.  

and the staining of astrocytes isolated from 5-HT4R-ko mice (Figure 6.3a, b; 

Supplementary Figure 6.2b).  
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As described above, 5-HT4R couples with the GαS and Gα13 heterotrimeric 

G proteins, thereby regulating cAMP levels and modulating the conformation of the 

actin cytoskeleton, respectively (Figure 6.3c). To ensure that the proteins involved in 

5-HT4R-mediated signaling were also available in the cultured hippocampal 

astrocytes, we performed RT-qPCR and western blot analysis. Both methods 

confirmed the expressions of 5-HT4R, GαS, Gα13, and the small GTPase RhoA in the 

cultured astrocytes. Importantly, astrocytic cultures isolated from 5-HT4R-ko mice 

exhibited no differences in the expression levels of GαS, Gα13, or RhoA (Figure 6.3d).  

 

5-HT4R activation increases RhoA activity 

To investigate the impact of 5-HT4R on astrocyte morphology, we focused on the 

5-HT4R-Gα13-RhoA-actin signaling axis, which is a known regulator of cellular 

morphology (Kvachnina, 2005). We investigated whether this signaling pathway was 

preserved in hippocampal astrocytes using an ELISA-based RhoA activation assay. 

As shown in Figure 6.4a, cell treatment with the 5-HT4R-selective agonist BIMU8 

resulted in significantly increased RhoA activity compared to the H2O-treated control. 

This increase was not detected in astrocytes isolated from 5-HT4R-ko mice. 

Interestingly, the basal RhoA activity in 5-HT4R-deficient astrocytes was 1.6-fold 

higher than in astrocytes isolated from the hippocampus of WT animals (Figure 6.4a).  

We then used the FRET-based biosensor RaichuEV-RhoA to monitor 5-HT4R-

mediated RhoA activation in living cells (Figure 6.4b). Applying live-cell confocal 

imaging combined with FRET analysis, we investigated the spatiotemporal 

distribution of RhoA activity mediated by 5-HT4R stimulation with BIMU8. Figure 6.4c 

depicts the time course of changes in the acceptor/donor ratio (i.e., RhoA activation) 

of WT and 5-HT4R-deficient astrocytes following BIMU8 treatment. Quantitative 

analysis revealed a significant transient increase of the acceptor/donor ratio in WT 

cells, which was observed 1 min after agonist application and persisted for at least 5 

min (Figure 6.4d). This increase was not observed after BIMU8 treatment of 

astrocytes isolated from 5-HT4R-ko mice (Figure 6.4c, d). Overall, these findings 

demonstrated that 5-HT4R activation resulted in transient and selective RhoA 

activation in astrocytes. 
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Figure 6.4: 5-HT4R stimulation leads to RhoA activation. 
a) RhoA activity determined by RhoA activation assay in primary astrocyte cultures from WT and 5-HT4R-ko mice 
after 5 min stimulation with 5-HT4R-agonist BIMU8 or H2O (control). WT astrocytes showed higher RhoA activity 
when treated with BIMU8 compared to H2O treated cells, while 5-HT4R-ko astrocytes displayed higher basal 
RhoA activity which was not changed upon BIMU8 application. Statistical significance was calculated using two-
way-ANOVA with Sidak’s multiple comparisons post-hoc test, N = 6 (WT) and N = 3 (5-HT4R-ko) independent 
cultures. b) Schematic overview of the AAV-construct containing FRET-based biosensor RaichuEV-RhoA under 
control of mGFAP promoter and graphic illustration of the biosensor. Upon RhoA activation both fluorophores 
(mTurquoise and YPet) come into close proximity and FRET occurs. c) Time series of FRET-based biosensor 
RaichuEV-RhoA expressed in AAV-infected hippocampal astrocytes. Application of 5-HT4R agonist BIMU8 after 
4.5 minutes of recording led to a rapid increase in YPet/mTurquoise fluorescence intensity ratio of the sensor, 
reflecting RhoA activation. Scale bars 20 µm. d) Time traces of selected representative cells shown in c) depict a 
rapid ratio change upon 5-HT4R stimulation with BIMU8 in WT but not 5-HT4R-ko astrocytes.  
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5-HT4R-mediated signaling regulates actin cytoskeleton reorganization in astrocytes 

RhoA activity plays a key role in actin cytoskeleton reorganization. To examine 

whether 5-HT4R-induced RhoA activation modulated actin filament dynamics, we 

compared the ratio of filamentous actin (F-actin) to globular actin (G-actin) in 

astrocytes isolated from WT and 5-HT4R-ko mice. F-actin and G-actin were 

visualized by staining astrocytes with phalloidin-TRITC and DNase I-Alexa488, 

respectively. Based on the ratiometric overlay of F-actin and G-actin emissions, we 

visualized the F-actin fraction, which ranged from 0 (low F-actin, high G-actin) to 1 

(high F-actin, low G-actin) (Figure 6.5a). WT astrocytes treated with BIMU8 for 30 

min exhibited a significant increase of the F- to G-actin ratio, from 1.6 ± 0.7 in control 

cells to 3.1 ± 1.3 in BIMU8-treated astrocytes (Figure 6.5b). This effect was 5-HT4R-

specific, as it did not occur in astrocytes from 5-HT4R-ko mice. Furthermore, 

astrocytes from 5-HT4R-ko mice exhibited a higher basal F-actin to G-actin ratio (2.5 

± 0.9 in control cells, and 2.2 ± 0.9 after BIMU8 treatment) (Figure 6.5a, b). 

Border-distance plots provided further information about the cellular distribution of F- 

and G-actin. Figure 6.5c shows the intensity distributions of F- and G-actin structures, 

as well as the F-actin to G-actin fraction, in WT and 5-HT4R-ko astrocytes as a 

function of distance from the cell border. Astrocyte treatment with BIMU8 increased 

the F-actin fraction in WT astrocytes, with the highest values observed near the 

plasma membrane. Comparison of F-actin and G-actin intensities revealed that the 

increased F-actin fraction was due to an increased F-actin level rather than a 

decrease of G-actin signal. In non-stimulated cells, we observed more F-actin than 

G-actin structures near the plasma membrane, and more G-actin than F-actin 

structures towards the cell center. In contrast, 5-HT4R-deficient astrocytes exhibited a 

higher F-actin fraction throughout the whole cell at baseline, and no change in the F-

actin fraction upon BIMU8 treatment (Figure 6.5c). Examination of astrocytic 

morphology by Sholl analysis revealed that BIMU8 treatment reduced arborization 

complexity (Figure 6.5d), indicating a general retraction of astrocytic protrusions upon 

5-HT4R activation.  

In summary, our results indicated that 5-HT4R-mediated signaling in astrocytes 

resulted in an increased relative abundance of filamentous actin, and thereby 

influenced cell morphology.  
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Figure 6.5: 5-HT4R-activation leads to actin reorganization. 
a) Representative images showing F-actin fraction in fixed hippocampal astrocytes. In WT astrocytes the 
stimulation with BIMU8 (30 min, 10 µM) resulted in an increase in the F-actin fraction. In 5-HT4R-ko astrocytes the 
initial fraction was higher and addition of BIMU8 had no effect. Scale bar 20 µm. b) The quantification reflected an 
increase in the F- to G-actin ratio upon BIMU8 treatment in WT but not in 5-HT4R-ko astrocytes. Statistical 
differences were calculated using one-way-ANOVA with Dunnett’s multiple comparisons post-hoc test, n ≥ 25 
cells, N = 3. c) Border-distance plots indicate the gradient of F- and G-actin intensities from the outer cell border 
to the center with a proportional shift upon BIMU8 treatment in WT (upper plot) but not in 5-HT4R-ko astrocytes 
(lower plot), n ≥ 25 cells, N = 3. d) Sholl analysis reflected a reduction in arborization complexity in BIMU8 treated 
astrocytes compared to control cells, n ≥ 31 cells, N = 3. 

 

5-HT4R signaling in astrocytes is G protein-dependent 

As mentioned above, 5-HT4R can activate both G13 and GS proteins; thus, we next 

aimed to determine which G protein primarily participated in the 5-HT4R-mediated 

reorganization of the actin cytoskeleton in astrocytes. We developed short hairpin 

RNAs (shRNAs) to silence endogenously expressed G13 or GS subunits 

(Supplementary Figure 6.3a), and infected cultured astrocytes with AAVs encoding 

these shRNAs or scrambled shRNA as control. At 5 days after infection, real-time 
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PCR analyses confirmed that G13-silenced and GS-silenced astrocytes exhibited 

reduced expressions of G13 and GS mRNA, respectively: 12.6 ± 3% and 8.0 ± 3% 

compared to scrambled shRNA control cells (Supplementary Figure 6.3b). Specificity 

of shRNAs was further confirmed by western blot analysis, which revealed efficient 

down-regulation of protein expression without cross-reactivity (36.4 ± 5% of control 

for G13, and 35 ± 9% of control for GS) (Supplementary Figure 6.3c, d). Following 

validation, these shRNAs were used to investigate the impacts of G13 and GS on 

F-actin and G-actin dynamics.  

The silencing of G13 protein in astrocytes significantly increased the F-actin fraction 

without 5-HT4R stimulation, while silencing of GS did not influence the basal actin 

cytoskeleton composition (Figure 6.6a, b). Similar to control cells, GS-deficient 

astrocytes exhibited a significantly increased F-actin fraction following treatment with 

the 5-HT4R agonist BIMU8 (Figure 6.6a, b). In contrast, in G13-deficient astrocytes, 

which exhibited a high basal F-actin fraction, receptor stimulation with BIMU8 

induced a significant reduction of filamentous actin (Figure 6.6a, b). These findings 

indicated a balance between GS and G13 protein-mediated signaling under basal 

conditions, and upon 5-HT4R activation, which exerted a bidirectional influence on 

the actin cytoskeleton in astrocytes. 

We further performed Sholl analysis to confirm this dual role of GS and G13 in 

regulating astrocytic morphology. At 30 min after treatment with BIMU8, astrocytes 

expressing shRNA-scramble or shRNA against GS showed reduced arborization 

complexity (Figure 6.6c). In contrast, in astrocytes with downregulated G13, BIMU8 

treatment led to increased morphological complexity and an altered cell size. Under 

basal conditions, astrocytes expressing shRNA against G13 were larger than 

astrocytes expressing shRNA against GS (0.206 ± 0.007 mm2 vs. 0.172 ± 0.007 

mm2). These size differences were even more pronounced after 5-HT4R stimulation 

with BIMU8 (0.224 ± 0.009 mm2 vs. 0.158 ± 0.005 mm2; Figure 6.6d). 

 

5-HT4R activation in astrocytes changes neuronal excitability both in vitro and in situ 

Activation of 5-HT4R reportedly causes a long-lasting increase in the excitability of 

hippocampal neurons (Mlinar et al., 2006) and converts a weak synaptic potentiation 

into persistent LTP in the CA1 area (Matsumoto et al., 2001). Since astrocytes and 

neurons are both involved in regulating multiple brain functions, including synaptic  
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Figure 6.6: Impact of 5-HT4R activation on the actin cytoskeleton is G protein dependent. 
a) Representative images showing F-actin fraction in cultured hippocampal astrocytes infected with AAVs 
encoding shRNA scramble, shRNA against Gα13 or shRNA against GαS proteins. Stimulation with 5-HT4R agonist 
BIMU8 (30 min, 10 µM) increased the F-actin fraction under control conditions as well as in cells expressing less 
GαS. If Gα13 expression was downregulated, this effect was reversed and stimulation of the receptor led to 
restoration of levels similar to the control. Scale bar 20 µm. b) Quantification of the F-actin fraction. Statistical 
differences were calculated using two-way-ANOVA with Tukey’s multiple comparisons post-hoc test, n ≥ 101 
cells, N = 3. c) Sholl analysis revealed a reduction in astrocyte complexity upon BIMU8 stimulation. Knockdown of 
GαS by shRNA enhanced this effect, while stimulation had the opposite effect in astrocytes with downregulated 
Gα13 protein levels, leading to increased complexity. N ≥ 25 cells, N = 3. d) Quantification of astrocyte size (2D) 
showed the impact of G protein signaling in regulation of cell size. Astrocytes occupied more space when 
expressing shRNA against Gα13 compared to astrocytes expressing shRNA against GαS. This difference was 
more prominent upon stimulation with 5-HT4R agonist BIMU8. Statistical differences were calculated using two-
way-ANOVA with Tukey’s multiple comparisons post-hoc test, n ≥ 98 cells, N = 3.  
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transmission, it is crucial to understand whether 5-HT4R activation in astrocytes could 

have functional consequences on the neuronal network. To investigate the possible 

role of astrocytic 5-HT4R on network activity, we prepared primary hippocampal 

mixed cultures from 5-HT4R-ko mice. 

 
Figure 6.7: 5-HT4R activation in astrocytes impacts neuronal signaling. 
a) Illustration of the experimental setup with three conditions. 5-HT4R-ko mice were used for preparation of mixed 
hippocampal cultures (HCC) and the receptor was either rescued in astrocytes or neurons using viral infection of 
AAV-mGFAP-5-HT4R-eGFP or AAV-syn-5-HT4R-eGFP, respectively. In a third (control) condition cells were 
infected with AAV-tdTomato. Representative traces of electrophysiological recordings of neurons in those cultures 
are shown on the right for all three conditions. Only rescued expression of the 5-HT4R in astrocytes, but not 
neurons, influenced mEPSC frequency after BIMU8 stimulation. b) Quantification  of mEPSC frequency in 
hippocampal neurons after application of 10 µM 5-HT4R agonist BIMU8. Increase of mEPSC frequency was only 
present if astrocytes expressed 5-HT4Rs, but not if the receptor was only present in neurons. No change was 
observed upon BIMU8 stimulation in a 5-HT4R-ko culture. Statistical analysis was performed using two-way 
ANOVA with Sidak’s multiple comparisons post-hoc test, n ≥ 7. 

In these cultures, we selectively rescued 5-HT4R expression in either neurons or 

astrocytes, using AAV vectors encoding 5-HT4R under control of a synapsin or GFAP 

promoter, respectively. The control cell cultures were infected with AAVs encoding 
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tdTomato under control of a synapsin or GFAP promoter (Figure 6.7a; 

Supplementary Figure 6.4a). We verified the selective 5-HT4R expression in neurons 

or astrocytes by immunofluorescence staining with antibodies against GFAP 

(astrocytic marker) or III-tubulin (neuronal marker), respectively (Supplementary 

Figure 6.4b). Whole-cell patch-clamp recordings were obtained from the cultured 

neurons to compare the influence of 5-HT4R activation on mEPSCs between those 

three conditions.  

In the control cells (5-HT4R-ko cultures expressing tdTomato), application of BIMU8 

did not change the mEPSC frequency (Figure 6.7a, b). Receptor stimulation with 

BIMU8 also did not change the mEPSC frequency in cells with selective rescue of 

neuronal 5-HT4R expression (Figure 6.7a, b). In contrast, 5HT4R activation induced a 

significantly increased mEPSC frequency within minutes in cells with selective rescue 

of 5-HT4R expression in astrocytes (Figure 6.7a, b). We also observed a non-specific 

rundown of mEPSC amplitudes, which was present in all groups to the same extent. 

These results suggested that astrocytic 5-HT4R modulated an increase of 

spontaneous neurotransmitter release at glutamatergic synapses in cultured cells. 

 

Finally, we examined the role of astrocytic 5-HT4R in glutamatergic synaptic 

transmission in the hippocampus in situ. To this end, we stereotactically injected 5-

HT4R-ko mice in the hippocampal CA1 region of one hemisphere with a control AAV-

GFAP-tdTomato construct. Each mouse was also injected in the CA1 hippocampus 

of the other hemisphere with AAV-GFAP-5-HT4R-eGFP to selectively rescue 

astrocytic 5-HT4R expression (Figure 6.8a; Supplementary Figure 6.5). Three weeks 

after stereotactic injection, acute hippocampal slices were prepared. We identified the 

slices containing transfected astrocytes using two-photon excitation fluorescence 

microscopy (Figure 6.8b). Next, fEPSPs were evoked by electrical stimulation of 

CA3-CA1 Schaffer collateral axons and recorded in the CA1 stratum radiatum near 

astrocytes expressing either 5-HT4R-eGFP (rescue) or tdTomato (knockout). 

Basal synaptic transmission did not differ between the rescue and knockout slices 

(Figure 6.8c), and the fEPSP slope was not affected by bath application of BIMU8 for 

20 minutes (fEPSP slope normalized to pre-drug baseline: knockout, 99.7 ± 2.93%, n 

= 6, p = .919; rescue, 97.7 ± 4.88%, p = .658, n = 8; paired t-tests; not illustrated). 

However, the paired-pulse-ratio (PPR) at short inter-stimulus intervals of 25 ms was 

significantly reduced in slices with rescued astrocytic 5-HT4R expression compared 
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to control slices (Figure 6.8d). Thus, the selective rescue of 5-HT4R expression in 

astrocytes affected glutamate release at these synapses. 

 

 
Figure 6.8: Astrocytic 5-HT4R impact neuronal properties in vivo. 
a) 5-HT4R-ko mice were stereotactically injected with AAV-GFAP-5-HT4R-eGFP and AAV-GFAP-tdTomato into 
separate hemispheres to selectively restore astroglial 5-HT4Rs in the hippocampus. After three weeks acute 
slices were subjected to electrophysiological investigations. fEPSPs were evoked by electrical stimulation of 
CA3–CA1 Schaffer collaterals and recorded in the stratum radiatum (S.R.) of the CA1 region. b) Astroglial 
expression of AAVs was visualized using two-photon excitation fluorescence microscopy. Transfected astrocytes 
were uniformly distributed across stratum oriens (S.O.) and S.R. Unlike cytosolic tdTomato the 5-HT4R-eGFP 
fusion protein was located to astrocytic membranes. Stratum pyramidale (S.P.) indicated for orientation. c) 
Representative fEPSPs recorded in S.R. with gradually increasing stimulation intensities (left panel, examples for 
50, 100, 200 µA). fEPSP slopes recorded near 5-HT4R-eGFP expressing astrocytes (green) or areas covered by 
tdTomato expressing astrocytes (red) were not statistically different (right panel, p = .87, two-way repeated 
measures ANOVA, eGFP, n = 11 , tdTomato, n= 14). d) Representative pairs of fEPSPs recorded with an inter-
stimulus interval of 25 ms (left panel). The paired-pulse ratio (PPR) obtained at short inter-stimulus intervals (ISI) 
was lower when astroglial 5-HT4R expression was rescued compared to tdTomato-positive control slices (p = 
.0084, two-way repeated measures ANOVA, eGFP, n = 10, tdTomato, n = 14, Tukey post hoc test: 25 ms, p = 
.0065, **; 50 ms, p = .145).  
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Discussion 
The role of serotonergic signaling in the brain has been extensively studied over the 

last decades. However, such research has been largely focused on the impact of 

serotonin receptors on neurons. As increasing evidence highlights the importance of 

astrocytes in regulating physiological brain functions and in many neurological 

disorders, these cells must be considered important contributors to diseases 

involving serotonergic signaling changes (Lundgaard et al., 2014; Miyazaki & 

Asanuma, 2016; Peng et al., 2015). Moreover, astrocytes represent an essential part 

of the multipartite synapse. Thus, the expression of serotonin receptors on astrocytes 

in brain regions with serotonergic innervation might represent an important, yet 

largely unexplored, signaling pathway.  

Our present findings confirmed the astrocytic expression of 5-HT4R (Boisvert et al., 

2018; Cahoy et al., 2008; Parga et al., 2007) and demonstrated that this receptor 

was expressed on a subset of astrocytes. These observations are in line with multiple 

studies revealing astrocyte heterogeneity in terms of morphology and function 

(Farmer & Murai, 2017; Matyash & Kettenmann, 2010; Oberheim et al., 2012). The 

distinct expression pattern may also result from the defined structures of serotonergic 

projections within the hippocampus. Moreover, we observed irregular and clustered 

distributions of 5-HT4R within single astrocytes, which could be temporally or 

structurally correlated, as recently demonstrated for the GABA transporter GAT-3 

(Boddum et al., 2016; Mederos et al., 2018). Our results indicated that activation of 

the 5-HT4R-G13 signaling pathway induced activation of the small GTPase RhoA in 

astrocytes, which led to an increased F-actin fraction and morphological changes. 

The observed morphological changes could be critically involved in synapse 

formation, maintenance, and plasticity (Chung et al., 2015; Dallérac et al., 2018; 

Haber et al., 2006). 

We found that treatment with the selective 5-HT4R agonist BIMU8 induced an 

increase in filamentous actin structures. Moreover, this effect was absent in 5-HT4R-

ko astrocytes, demonstrating 5-HT4R specificity. Interestingly, cultured astrocytes 

from 5-HT4R-ko mice exhibited altered actin structure compositions under basal 

conditions, likely caused by compensatory mechanisms in the knockout mouse 

model. This was supported by the observed elevation of RhoA activity. The 5-HT4R-

ko astrocytes exhibited an increased basal F-actin fraction, and the same 

phenomenon was observed following the downregulation of Gα13 proteins in 
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astrocytes from WT mice. More recently, a new concept, in which GαS signaling 

negatively regulates guanine nucleotide exchange factors (GEFs) that are 

responsible for activating the small GTPases Cdc42 and Rac1 was presented by 

Sugiyama and co-workers (Sugiyama et al., 2017). Since low Cdc42 and Rac1 

activity are reportedly accompanied by elevated RhoA activity (Bishop & Hall, 2000; 

Chauhan et al., 2011), chronic upregulation of active RhoA may account for the 

presently observed increase in F-actin.  

Interestingly, in astrocytes with diminished Gα13 signaling, stimulation with BIMU8 

drastically decreased the elevated basal F-actin to G-actin ratio, possibly via 

signaling through GαS or G protein-independent pathways. Several possible links 

between GαS signaling and the actin cytoskeleton have been proposed, including 

acute phosphorylation of RhoA at serine residue 188 by the cyclic nucleotide-

dependent protein kinase A (PKA), which directly inhibits RhoA activity by enhancing 

its interaction with RhoGDI and its attendant withdrawal from the plasma membrane 

(Ellerbroek et al., 2003; Forget et al., 2002; Tkachenko et al., 2011). Additionally, 

RhoA phosphorylation by cAMP-dependent kinases causes decreased interaction 

with the effector protein Rho-associated coiled-coil-containing kinase (ROCK) 

(Nusser et al., 2006; Takemoto et al., 2015), which regulates actin dynamics and cell 

morphology via numerous effector proteins, including ROCK, LIM-kinases, Cofilin, 

F-actin, and the regulatory light chain of myosin (MLC) (Jaffe & Hall, 2005; Kim et al., 

2018). Several reports describe antagonistic roles of RhoA and cAMP in regulating 

cellular morphology (Bandtlow, 2003; Dong et al., 1998). Moreover, RhoA 

phosphorylation reduces ROCK interaction— without altering the interactions of other 

effector protein, including rhotekin, mDia-1, and protein kinase N (PKN)—thus, 

adding an additional switch and increasing the complexity of actin regulation (Nusser 

et al., 2006). 

Downregulation of GαS protein levels in astrocytes did not impact the basal actin 

cytoskeleton composition, or the influence of 5-HT4R activation on F-actin dynamics, 

compared to WT astrocytes. Therefore, we conclude that under physiological 

conditions, 5-HT4R signaling influences actin cytoskeleton composition predominantly 

via the Gα13-RhoA signaling pathway. Furthermore, our findings indicated that actin 

dynamics are in a balanced state, and that 5-HT4R activity can bidirectionally 

regulate the turnover of F-actin and G-actin structures. Bidirectional control of actin 

structures is reportedly important for the regulation of spine morphology in 
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hippocampal neurons, albeit through different mechanisms (Okamoto et al., 2004). 

We also demonstrated that astrocyte morphology underlies the regulation of actin by 

serotonergic signaling, which adds a new player in the debate about regulation of 

astrocyte appearance (Matyash & Kettenmann, 2010; Oberheim et al., 2012; Zhou et 

al., 2019).  

In separate sets of experiments we investigated whether the manipulation of 5-HT4R 

signaling in astrocytes affected glutamatergic synaptic transmission. In dissociated 

cultures, pharmacological activation of 5-HT4Rs increased spontaneous synaptic 

glutamate release within a few minutes. Based on the timescale, this effect was likely 

due to an acute increase of spontaneous release from existing glutamatergic 

synapses. The rapid onset of the increase was in line with the rapid increase of RhoA 

activity in response to 5-HT4R activation.  

In situ, we measured the fEPSPs evoked by single stimulations, and found that they 

were not changed by the rescue of astrocytic 5-HT4R expression or by the acute 

pharmacological activation of these restored 5-HT4Rs. Instead, after rescuing 

astrocytic 5-HT4R expression, we detected a reduced paired-pulse facilitation of 

these synapses at short inter-stimulus intervals. This reduced paired-pulse facilitation 

was not due to an increase of the overall presynaptic release probability, because we 

did not observe a corresponding increase of the fEPSP slope. Rather, it is likely that 

astrocytic 5-HT4Rs reduced facilitation during rapid repetitive release. There are at 

least two possible explanations for the absence of an acute effect of pharmacological 

5-HT4R activation in astrocytes on fEPSPs. First, the modulation of synaptic 

transmission via astrocytic 5-HT4Rs may occur on a longer timescale, for example 

over hours or days. Second, 5-HT4Rs might be fully activated by ambient serotonin in 

the slice preparation, which would prevent effects of direct receptor activation. On a 

mechanistic level, astrocytic 5-HT4R could acutely affect Ca2+-dependent astrocytic 

control of presynaptic release (Araque et al., 2014; Rusakov et al., 2014), since RhoA 

activation reportedly stimulates Ca2+ release from intracellular stores (Chung et al., 

2015; Lee et al., 1998). Further investigations are required to identify the specific 

mechanism by which astrocytic 5-HT4Rs control the facilitation of synaptic 

transmission, whether this is related to perisynaptic astrocyte morphology and Ca2+ 

activity, and to determine the consequences for network functionality and behavior.  

 

  



Chapter II: Serotonin receptor 4 regulates hippocampal astrocyte morphology and 
function 

 

[72] 
 

Acknowledgement 

The RaichuEV-RhoA biosensor was provided by Michiyuki Matsuda, which we 

greatly appreciate. This study was supported by the German Research Foundation 

(DFG) (PO732 to E. P., ZE994/2 to A.Z., SFB1089 B03, SPP1757 HE6949/1 and 

HE6949/3 to C. H.). This manuscript is part of the PhD thesis of F.E.M.  

  



Chapter II: Serotonin receptor 4 regulates hippocampal astrocyte morphology and 
function 

 

[73] 
 

References 

Amundson, R. H., Goderie, S. K., & Kimelberg, H. K. (1992). Uptake of [3H] serotonin and [3H] 
glutamate by primary astrocyte cultures. II. Differences in cultures prepared from different 
brain regions. Glia, 6(1), 9–18. https://doi.org/10.1002/glia.440060103 

Andriezen, W. L. (1893). The Neuroglia Elements in the Human Brain. British Medical Journal, 
2(1700), 227–230. https://doi.org/10.1136/bmj.2.1700.227 

Araque, A., Parpura, V., Sanzgiri, R. P., & Haydon, P. G. (1999). Tripartite synapses: glia, the 
unacknowledged partner. Trends in Neurosciences, 22(5), 208–215. 
https://doi.org/10.1016/S0166-2236(98)01349-6 

Araque, Alfonso, Carmignoto, G., Haydon, P. G., Oliet, S. H. R., Robitaille, R., & Volterra, A. (2014). 
Gliotransmitters Travel in Time and Space. Neuron, 81(4), 728–739. 
https://doi.org/10.1016/j.neuron.2014.02.007 

Bandtlow, C. E. (2003). Regeneration in the central nervous system. Experimental Gerontology, 38(1), 
79–86. https://doi.org/10.1016/S0531-5565(02)00165-1 

Barthet, G., Framery, B., Gaven, F., Pellissier, L., Reiter, E., Claeysen, S., … Dumuis, A. (2007). 5-
Hydroxytryptamine4 Receptor Activation of the Extracellular Signal-regulated Kinase Pathway 
Depends on Src Activation but Not on G Protein or β-Arrestin Signaling. Molecular Biology of 
the Cell, 18(6), 1979–1991. https://doi.org/10.1091/mbc.E06-12-1080 

Bishop, A. L., & Hall, A. (2000). Rho GTPases and their effector proteins. Biochemical Journal, 348(Pt 
2), 241. 

Bockaert, J., Claeysen, S., Bécamel, C., Dumuis, A., & Marin, P. (2006). Neuronal 5-HT metabotropic 
receptors: fine-tuning of their structure, signaling, and roles in synaptic modulation. Cell and 
Tissue Research, 326(2), 553–572. https://doi.org/10.1007/s00441-006-0286-1 

Boddum, K., Jensen, T. P., Magloire, V., Kristiansen, U., Rusakov, D. A., Pavlov, I., & Walker, M. C. 
(2016). Astrocytic GABA transporter activity modulates excitatory neurotransmission. Nature 
Communications, 7. https://doi.org/10.1038/ncomms13572 

Boisvert, M. M., Erikson, G. A., Shokhirev, M. N., & Allen, N. J. (2018). The Aging Astrocyte 
Transcriptome from Multiple Regions of the Mouse Brain. Cell Reports, 22(1), 269–285. 
https://doi.org/10.1016/j.celrep.2017.12.039 

Cahoy, J. D., Emery, B., Kaushal, A., Foo, L. C., Zamanian, J. L., Christopherson, K. S., … Barres, B. 
A. (2008). A Transcriptome Database for Astrocytes, Neurons, and Oligodendrocytes: A New 
Resource for Understanding Brain Development and Function. The Journal of Neuroscience, 
28(1), 264–278. https://doi.org/10.1523/JNEUROSCI.4178-07.2008 

Camandola, S. (2018). Astrocytes, emerging stars of energy homeostasis. Cell Stress, 2(10), 246–
252. https://doi.org/10.15698/cst2018.10.157 

Chauhan, B. K., Lou, M., Zheng, Y., & Lang, R. A. (2011). Balanced Rac1 and RhoA activities regulate 
cell shape and drive invagination morphogenesis in epithelia. Proceedings of the National 
Academy of Sciences of the United States of America, 108(45), 18289–18294. 
https://doi.org/10.1073/pnas.1108993108 

Chung, H. K., Rathor, N., Wang, S. R., Wang, J.-Y., & Rao, J. N. (2015). RhoA enhances store-
operated Ca2+ entry and intestinal epithelial restitution by interacting with TRPC1 after 
wounding. American Journal of Physiology. Gastrointestinal and Liver Physiology, 309(9), 
G759-767. https://doi.org/10.1152/ajpgi.00185.2015 

Chung, W.-S., Allen, N. J., & Eroglu, C. (2015). Astrocytes Control Synapse Formation, Function, and 
Elimination. Cold Spring Harbor Perspectives in Biology, 7(9). 
https://doi.org/10.1101/cshperspect.a020370 

Compan, V., Zhou, M., Grailhe, R., Gazzara, R. A., Martin, R., Gingrich, J., … Hen, R. (2004). 
Attenuated Response to Stress and Novelty and Hypersensitivity to Seizures in 5-HT4 
Receptor Knock-Out Mice. Journal of Neuroscience, 24(2), 412–419. 
https://doi.org/10.1523/JNEUROSCI.2806-03.2004 

Dallérac, G., Zapata, J., & Rouach, N. (2018). Versatile control of synaptic circuits by astrocytes: 
where, when and how? Nature Reviews Neuroscience, 19(12), 729. 
https://doi.org/10.1038/s41583-018-0080-6 

Dong, J.-M., Leung, T., Manser, E., & Lim, L. (1998). cAMP-induced Morphological Changes Are 
Counteracted by the Activated RhoA Small GTPase and the Rho Kinase ROKα. Journal of 
Biological Chemistry, 273(35), 22554–22562. https://doi.org/10.1074/jbc.273.35.22554 

Ellerbroek, S. M., Wennerberg, K., & Burridge, K. (2003). Serine Phosphorylation Negatively 
Regulates RhoA in Vivo. Journal of Biological Chemistry, 278(21), 19023–19031. 
https://doi.org/10.1074/jbc.M213066200 



Chapter II: Serotonin receptor 4 regulates hippocampal astrocyte morphology and 
function 

 

[74] 
 

Farmer, W. T., & Murai, K. (2017). Resolving Astrocyte Heterogeneity in the CNS. Frontiers in Cellular 
Neuroscience, 11. https://doi.org/10.3389/fncel.2017.00300 

Flores-Méndez, M., Mendez-Flores, O. G., & Ortega, A. (2016). Glia plasma membrane transporters: 
Key players in glutamatergic neurotransmission. Neurochemistry International, 98, 46–55. 
https://doi.org/10.1016/j.neuint.2016.04.004 

Forget, M.-A., Desrosiers, R. R., Gingras, D., & Béliveau, R. (2002). Phosphorylation states of Cdc42 
and RhoA regulate their interactions with Rho GDP dissociation inhibitor and their extraction 
from biological membranes. Biochemical Journal, 361(2), 243–254. 
https://doi.org/10.1042/bj3610243 

Haber, M., Zhou, L., & Murai, K. K. (2006). Cooperative astrocyte and dendritic spine dynamics at 
hippocampal excitatory synapses. The Journal of Neuroscience: The Official Journal of the 
Society for Neuroscience, 26(35), 8881–8891. https://doi.org/10.1523/JNEUROSCI.1302-
06.2006 

Halassa, M. M., Fellin, T., Takano, H., Dong, J.-H., & Haydon, P. G. (2007). Synaptic islands defined 
by the territory of a single astrocyte. The Journal of Neuroscience: The Official Journal of the 
Society for Neuroscience, 27(24), 6473–6477. https://doi.org/10.1523/JNEUROSCI.1419-
07.2007 

Hall, A. (2005). Rho GTPases and the control of cell behaviour. Biochemical Society Transactions, 
33(Pt 5), 891–895. https://doi.org/10.1042/BST20050891 

Hall, Alan. (1998). Rho GTPases and the Actin Cytoskeleton. Science, 279(5350), 509–514. 
https://doi.org/10.1126/science.279.5350.509 

Hertz, L., Chen, Y., & Song, D. (2017). Astrocyte Cultures Mimicking Brain Astrocytes in Gene 
Expression, Signaling, Metabolism and K+ Uptake and Showing Astrocytic Gene Expression 
Overlooked by Immunohistochemistry and In Situ Hybridization. Neurochemical Research, 
42(1), 254–271. https://doi.org/10.1007/s11064-016-1828-x 

Jaffe, A. B., & Hall, A. (2005, October 7). RHO GTPASES: Biochemistry and Biology [Review-article]. 
Retrieved August 29, 2016, from http://dx.doi.org/10.1146/annurev.cellbio.21.020604.150721 
website: http://www.annualreviews.org/doi/abs/10.1146/annurev.cellbio.21.020604.150721 

Kim, J.-G., Islam, R., Cho, J. Y., Jeong, H., Cap, K.-C., Park, Y., … Park, J.-B. (2018). Regulation of 
RhoA GTPase and various transcription factors in the RhoA pathway. Journal of Cellular 
Physiology, 233(9), 6381–6392. https://doi.org/10.1002/jcp.26487 

Kobe, F., Guseva, D., Jensen, T. P., Wirth, A., Renner, U., Hess, D., … Ponimaskin, E. (2012). 5-
HT7R/G12 Signaling Regulates Neuronal Morphology and Function in an Age-Dependent 
Manner. The Journal of Neuroscience, 32(9), 2915–2930. 
https://doi.org/10.1523/JNEUROSCI.2765-11.2012 

Kvachnina, E. (2005). 5-HT7 Receptor Is Coupled to G Subunits of Heterotrimeric G12-Protein to 
Regulate Gene Transcription and Neuronal Morphology. Journal of Neuroscience, 25(34), 
7821–7830. https://doi.org/10.1523/JNEUROSCI.1790-05.2005 

Lee, H. S., Ghetti, A., Pinto-Duarte, A., Wang, X., Dziewczapolski, G., Galimi, F., … Heinemann, S. F. 
(2014). Astrocytes contribute to gamma oscillations and recognition memory. Proceedings of 
the National Academy of Sciences of the United States of America, 111(32), E3343–E3352. 
https://doi.org/10.1073/pnas.1410893111 

Lee, Z. W., Kweon, S. M., Kim, B. C., Leem, S. H., Shin, I., Kim, J. H., & Ha, K. S. (1998). 
Phosphatidic acid-induced elevation of intracellular Ca2+ is mediated by RhoA and H2O2 in 
Rat-2 fibroblasts. The Journal of Biological Chemistry, 273(21), 12710–12715. 
https://doi.org/10.1074/jbc.273.21.12710 

Lin, C.-C. J., Yu, K., Hatcher, A., Huang, T.-W., Lee, H. K., Carlson, J., … Deneen, B. (2017). 
Identification of diverse astrocyte populations and their malignant analogs. Nature 
Neuroscience, 20(3), 396–405. https://doi.org/10.1038/nn.4493 

Lundgaard, I., Osório, M. J., Kress, B., Sanggaard, S., & Nedergaard, M. (2014). White matter 
astrocytes in health and disease. Neuroscience, 0, 161–173. 
https://doi.org/10.1016/j.neuroscience.2013.10.050 

Mackay, D. J. G., & Hall, A. (1998). Rho GTPases. Journal of Biological Chemistry, 273(33), 20685–
20688. https://doi.org/10.1074/jbc.273.33.20685 

Matsumoto, M., Togashi, H., Mori, K., Ueno, K., Ohashi, S., Kojima, T., & Yoshioka, M. (2001). 
Evidence for Involvement of Central 5-HT4 Receptors in Cholinergic Function Associated with 
Cognitive Processes: Behavioral, Electrophysiological, and Neurochemical Studies. Journal of 
Pharmacology and Experimental Therapeutics, 296(3), 676–682. 

Matyash, V., & Kettenmann, H. (2010). Heterogeneity in astrocyte morphology and physiology. Brain 
Research Reviews, 63(1–2), 2–10. https://doi.org/10.1016/j.brainresrev.2009.12.001 



Chapter II: Serotonin receptor 4 regulates hippocampal astrocyte morphology and 
function 

 

[75] 
 

Mederos, S., González-Arias, C., & Perea, G. (2018). Astrocyte–Neuron Networks: A Multilane 
Highway of Signaling for Homeostatic Brain Function. Frontiers in Synaptic Neuroscience, 10. 
https://doi.org/10.3389/fnsyn.2018.00045 

Minge, D., Senkov, O., Kaushik, R., Herde, M. K., Tikhobrazova, O., Wulff, A. B., … Henneberger, C. 
(2017). Heparan Sulfates Support Pyramidal Cell Excitability, Synaptic Plasticity, and Context 
Discrimination. Cerebral Cortex (New York, N.Y.: 1991), 27(2), 903–918. 
https://doi.org/10.1093/cercor/bhx003 

Mishra, A. (2017). Binaural blood flow control by astrocytes: listening to synapses and the vasculature. 
The Journal of Physiology, 595(6), 1885–1902. https://doi.org/10.1113/JP270979 

Miyazaki, I., & Asanuma, M. (2016). Serotonin 1A Receptors on Astrocytes as a Potential Target for 
the Treatment of Parkinson’s Disease. Current Medicinal Chemistry, 23(7), 686–700. 
https://doi.org/10.2174/0929867323666160122115057 

Mlinar, B., Mascalchi, S., Mannaioni, G., Morini, R., & Corradetti, R. (2006). 5-HT4 receptor activation 
induces long-lasting EPSP-spike potentiation in CA1 pyramidal neurons. European Journal of 
Neuroscience, 24(3), 719–731. https://doi.org/10.1111/j.1460-9568.2006.04949.x 

Muller, C. P., & Jacobs, B. (2009). Handbook of the Behavioral Neurobiology of Serotonin. Academic 
Press. 

Nusser, N., Gosmanova, E., Makarova, N., Fujiwara, Y., Yang, L., Guo, F., … Tigyi, G. (2006). Serine 
phosphorylation differentially affects RhoA binding to effectors: Implications to NGF-induced 
neurite outgrowth. Cellular Signalling, 18(5), 704–714. 
https://doi.org/10.1016/j.cellsig.2005.06.010 

Oberheim, N. A., Goldman, S. A., & Nedergaard, M. (2012). Heterogeneity of Astrocytic Form and 
Function. Methods in Molecular Biology (Clifton, N.J.), 814, 23–45. 
https://doi.org/10.1007/978-1-61779-452-0_3 

Okamoto, K.-I., Nagai, T., Miyawaki, A., & Hayashi, Y. (2004). Rapid and persistent modulation of 
actin dynamics regulates postsynaptic reorganization underlying bidirectional plasticity. Nature 
Neuroscience, 7(10), 1104–1112. https://doi.org/10.1038/nn1311 

Parga, J., Rodriguez-Pallares, J., Muñoz, A., Guerra, M. J., & Labandeira-Garcia, J. L. (2007). 
Serotonin decreases generation of dopaminergic neurons from mesencephalic precursors via 
serotonin type 7 and type 4 receptors. Developmental Neurobiology, 67(1), 10–22. 
https://doi.org/10.1002/dneu.20306 

Peng, L., Verkhratsky, A., Gu, L., & Li, B. (2015). Targeting astrocytes in major depression. Expert 
Review of Neurotherapeutics, 15(11), 1299–1306. 
https://doi.org/10.1586/14737175.2015.1095094 

Ponimaskin, E. G., Profirovic, J., Vaiskunaite, R., Richter, D. W., & Voyno-Yasenetskaya, T. A. (2002). 
5-Hydroxytryptamine 4(a) Receptor Is Coupled to the G Subunit of Heterotrimeric G13 Protein. 
Journal of Biological Chemistry, 277(23), 20812–20819. 
https://doi.org/10.1074/jbc.M112216200 

Rose, C. R., Felix, L., Zeug, A., Dietrich, D., Reiner, A., & Henneberger, C. (2018). Astroglial 
Glutamate Signaling and Uptake in the Hippocampus. Frontiers in Molecular Neuroscience, 
10. https://doi.org/10.3389/fnmol.2017.00451 

Rusakov, D. A., Bard, L., Stewart, M. G., & Henneberger, C. (2014). Diversity of astroglial functions 
alludes to subcellular specialisation. Trends in Neurosciences, 37(4), 228–242. 
https://doi.org/10.1016/j.tins.2014.02.008 

Sheikhbahaei, S., Turovsky, E. A., Hosford, P. S., Hadjihambi, A., Theparambil, S. M., Liu, B., … 
Gourine, A. V. (2018). Astrocytes modulate brainstem respiratory rhythm-generating circuits 
and determine exercise capacity. Nature Communications, 9. https://doi.org/10.1038/s41467-
017-02723-6 

Sibille, J., Pannasch, U., & Rouach, N. (2014). Astroglial potassium clearance contributes to short-
term plasticity of synaptically evoked currents at the tripartite synapse. The Journal of 
Physiology, 592(Pt 1), 87–102. https://doi.org/10.1113/jphysiol.2013.261735 

Stobart, J. L., & Anderson, C. M. (2013). Multifunctional role of astrocytes as gatekeepers of neuronal 
energy supply. Frontiers in Cellular Neuroscience, 7. https://doi.org/10.3389/fncel.2013.00038 

Sugiyama, K., Tago, K., Matsushita, S., Nishikawa, M., Sato, K., Muto, Y., … Ueda, H. (2017). 
Heterotrimeric G protein Gαs subunit attenuates PLEKHG2, a Rho family-specific guanine 
nucleotide exchange factor, by direct interaction. Cellular Signalling, 32, 115–123. 
https://doi.org/10.1016/j.cellsig.2017.01.022 

Takemoto, K., Ishihara, S., Mizutani, T., Kawabata, K., & Haga, H. (2015). Compressive Stress 
Induces Dephosphorylation of the Myosin Regulatory Light Chain via RhoA Phosphorylation 
by the Adenylyl Cyclase/Protein Kinase A Signaling Pathway. PLOS ONE, 10(3), e0117937. 
https://doi.org/10.1371/journal.pone.0117937 



Chapter II: Serotonin receptor 4 regulates hippocampal astrocyte morphology and 
function 

 

[76] 
 

Tkachenko, E., Sabouri-Ghomi, M., Pertz, O., Kim, C., Gutierrez, E., Machacek, M., … Ginsberg, M. 
H. (2011). Protein kinase A governs a RhoA–RhoGDI protrusion–retraction pacemaker in 
migrating cells. Nature Cell Biology, 13, 660. 

Ullian, E. M., Sapperstein, S. K., Christopherson, K. S., & Barres, B. A. (2001). Control of synapse 
number by glia. Science (New York, N.Y.), 291(5504), 657–661. 
https://doi.org/10.1126/science.291.5504.657 

Wallraff, A., Odermatt, B., Willecke, K., & Steinhäuser, C. (2004). Distinct types of astroglial cells in the 
hippocampus differ in gap junction coupling. Glia, 48(1), 36–43. 
https://doi.org/10.1002/glia.20040 

Wu, Y. E., Pan, L., Zuo, Y., Li, X., & Hong, W. (2017). Detecting Activated Cell Populations Using 
Single-Cell RNA-Seq. Neuron, 96(2), 313-329.e6. 
https://doi.org/10.1016/j.neuron.2017.09.026 

Wu, Y.-W., Tang, X., Arizono, M., Bannai, H., Shih, P.-Y., Dembitskaya, Y., … Semyanov, A. (2014). 
Spatiotemporal calcium dynamics in single astrocytes and its modulation by neuronal activity. 
Cell Calcium, 55(2), 119–129. https://doi.org/10.1016/j.ceca.2013.12.006 

Yoshizaki, H., Ohba, Y., Kurokawa, K., Itoh, R. E., Nakamura, T., Mochizuki, N., … Matsuda, M. 
(2003). Activity of Rho-family GTPases during cell division as visualized with FRET-based 
probes. The Journal of Cell Biology, 162(2), 223–232. https://doi.org/10.1083/jcb.200212049 

Zeug, A., Müller, F. E., Anders, S., Herde, M. K., Minge, D., Ponimaskin, E., & Henneberger, C. 
(2018). Control of astrocyte morphology by Rho GTPases. Brain Research Bulletin, 136, 44–
53. https://doi.org/10.1016/j.brainresbull.2017.05.003 

Zhang, Y., & Barres, B. A. (2010). Astrocyte heterogeneity: an underappreciated topic in neurobiology. 
Current Opinion in Neurobiology, 20(5), 588–594. https://doi.org/10.1016/j.conb.2010.06.005 

Zhou, B., Zuo, Y., & Jiang, R. (2019). Astrocyte morphology: Diversity, plasticity, and role in 
neurological diseases. CNS Neuroscience & Therapeutics, 25(6), 665–673. 
https://doi.org/10.1111/cns.13123 

  



Chapter II: Serotonin receptor 4 regulates hippocampal astrocyte morphology and 
function 

 

[77] 
 

Supplementary 

 

Supplementary Figure 6.1 
a) Controls for 5-HT4R antibody specificity with the usage of a specific blocking peptide as well as in brain slices 
of 5-HT4R-ko animals. Scale bars 1 mm. b) Colocalization of astrocyte marker GFAP and 5-HT4R in CA1 region 
of the hippocampus in WT mice and 5-HT4R signal reduction after application of the blocking peptide and in 
slices from 5-HT4R-ko animals. Scale bars 100 µm. c) Magnification and separated signals of the white marked 
areas in b). Scale bars 50 µm.  
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Supplementary Figure 6.2 
a) Composition of cell types in astrocyte cultures and mixed hippocampal cell cultures (HCC) with and without 
infection with adeno-associated viruses (AAV). Mean values and SD from N≥3 independent cultures are shown. 
b) Controls for immunocytochemical stainings depicted the absence of 5-HT4R signal in cultures of hippocampal 
astrocytes with the usage of a specific blocking peptide. Scale bars 100 µm in left overviews and 20 µm in zoom 
regions shown on the right.  
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Supplementary Figure 6.3 
a) Schematic presentation of the AAV-constructs encoding shRNA for downregulation of Gα13 and GαS 
expression. b) Functional validation of shRNAs showing relative mRNA expression levels of Gα13 and GαS in 
astrocyte cultures 5 and 7 days post infection (dpi) with AAVs. Statistical evaluation using one-way ANOVA with 
Dunnett’s multiple comparisons post-hoc test. N = 3 independent cultures. c) Validation of shRNAs by Western 
blot showed a reduction of Gα13 and GαS protein levels five days after respective shRNA introduction. d) 
Quantification of Gα13 and GαS protein levels, respectively. Statistical calculations were done with one-way 
ANOVA with Tukey’s multiple comparisons post-hoc test. N ≥ 3 independent cultures. 
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Supplementary Figure 6.4 
a) Schematic illustration of AAV-constructs used for the rescue experiment in 5-HT4R-ko mixed hippocampal 
cultures resulted in receptor expression in either astrocytes or neurons. b) Validation of astrocyte or neuron 
specific expression of the 5-HT4R shown by colocalization in immunocytochemical staining (ICC) with astrocyte 
marker GFAP or neuronal marker βIII-tubulin, respectively. Scale bars 100 µm.  
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Supplementary Figure 6.5 
a) Specificity of promoters leading to different combination of virus expression in astrocytes and neurons in vitro. 
Scale bars 100 µm. b) Expression profile of AAV-hGFAP-tdTomato in the hippocampus of fixed slices (350 µm 
thickness) three weeks after stereotactic injection. tdTomato colocalized with astrocyte marker GFAP but not 
neuronal marker NeuN. Scale bar 500 µm. c) Comparison of infected cells distribution using mGFAP and hGFAP 
promoter in the hippocampus in vivo. Scale bar 200 µm. d) Quantification of the number of virally infected cells 
using mGFAP or hGFAP promoter. Cells were counted in 3-4 slices per hippocampal hemisphere, depending on 
virus distribution. Statistical calculation based on paired two-tailed t-test, N = 4 hippocampal hemispheres.   
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Highlights: 

 Robust pixel-based algorithm estimates F0, the signal of Ca2+ indicators at basal 

Ca2+ concentration and calculates F/F0 to characterize local Ca2+ activity 

 Ca2+ event detection algorithm handles recognition of dynamic and overlapping 

activity patterns and the implemented multiple threshold level approach allows 

characterization of Ca2+ signals of diverse magnitude 

 Ca2+ activity characteristics in cultures of hippocampal astrocytes and organotypic 

slices are highly dependent on environmental temperature, shaping the 

temperature-dependent Ca2+ uptake processes 

 Neuronal presence leads to additional Ca2+ activity patterns in astrocytes 

 Ca2+ event detection is applicable to various data sets acquired in vitro and in vivo 
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Abstract 

Astrocytes are an important component of the brain network. They possess the ability 

to regulate synaptic transmission, and changes in their intracellular [Ca2+] 

concentration are one of their main signaling features. To understand the extent of 

this signaling in details, it is crucial to properly detect and identify changes in 

intracellular [Ca2+]. Visualization of changes in Ca2+ is widely performed using 

genetically encoded Ca2+ indicators, such as GCaMPs, but detection and analysis of 

the Ca2+ signals is not yet standardized and results are therefore highly variable.  We 

developed a novel biophysical approach to identify and statistically characterize Ca2+ 

events, which is easily applicable to various kinds of data. Based on calculating 

F/F0, F0 being the fluorescence signal at low [Ca2+], factual fluctuations of [Ca2+] can 

be precisely detected. This enables to statistically analyze and compare the 

frequency pattern of Ca2+ event characteristics. In combination with a multi-threshold 

approach which allows handling of a multitude of Ca2+ event magnitudes, this results 

in improved detection accuracy in faint structures such as the fine astrocytic 

protrusions. 

Moreover, application of our detection strategy revealed that Ca2+ event 

characteristics are substantially different in primary astrocytes imaged at 25°C 

compared to 37°C environmental temperature, which is based on altered 

temperature dependent Ca2+ uptake processes. These technical circumstances can 

partly account for the variability of previously published data. More importantly, 

analysis of astrocytic cultures at 37°C revealed that Ca2+ dynamics is quite similar to 

that obtained in organotypic preparations and in vivo, justifying usage of cultured 

astrocytes as a valuable model for analysis of Ca2+ signaling.   
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Introduction 

Astrocytes are versatile glial cells participating in the maintenance of numerous brain 

functions, including the regulation of ion homeostasis1,2, neurotransmitter 

clearance3,4, energy supply5,6 and blood flow7,8. They are a crucial element in the 

brain architecture and display very distinct morphological characteristics which vary 

in between brain regions and subregional networks9,10. With their fine processes, 

termed gliapil or leaflets, they ensheath synapses and therewith give structural 

support. As active partners at the tripartite synapse11,12 they release gliotransmitters 

therewith regulate synaptic activity13-16. In return, the release of a variety of 

neurotransmitters, including glutamate, γ-aminobutyric acid (GABA), adrenaline, 

adenosine triphosphate (ATP), serotonin (5-HT) and acetylcholine (ACh) has been 

shown to increase the astrocytes’ cytosolic calcium concentration [Ca2+]17,18. 

Variations in astrocyte [Ca2+] have been proposed to represent a unique way of 

cellular signaling, but the exact circumstances remain yet elusive19. Ca2+ activity in 

astrocytes is not solely stimulus-dependent but appears to occur spontaneously20,21. 

Similar to the high diversity in astrocyte morphology, Ca2+ activity is highly divergent. 

It is under debate if the diverse patterns of Ca2+ activity might correlate to distinct 

astrocytic functions and morphological features.  

In contrast to neurons, where activity is usually globally defined by frequency of 

electrical excitability, Ca2+ signaling in astrocytes appears as local and very distinct 

fluctuations. Therefore, area and amplitude of events are additional measures and 

standard evaluation approaches cannot simply be transferred from neuronal to 

astrocytic Ca2+ signaling22.  

Ca2+ imaging has been performed and improved for several decades and can now be 

treated as a standard in functional imaging23. One approach is the use of synthetic 

dyes, such as Oregon Green 488 BAPTA-1 (OGB-1), in combination with time-

correlated single-photon counting (TCSPC) which allows high quantitative accuracy 

but poor spatiotemporal resolution24. In addition, they require loading procedures to 

the cell, cannot be specifically targeted in tissue and degrade over time. All these 

disadvantages can be overcome with the use of genetically encoded Ca2+ indicators 

(GECIs), which rely on either a single or two fluorescent proteins. Förster-resonance-

energy-transfer (FRET) -based biosensors allow for much faster imaging but do not 

provide immediate feedback to the experimenter25-27. Both aforementioned 

techniques require elaborated data processing for TCSPC and FRET ratio 
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calculations. A third technique relies on Ca2+ indicators, such as GCaMPs, which are 

based on the brightness change of a single fluorophore28. These Ca2+ indicators do 

not allow the determination of the absolute Ca2+ concentration, but enable the user to 

monitor Ca2+ activity during data acquisition. They are also easily combinable with 

other indicators or reference fluorophores and the single channel recordings are easy 

to measure, which simplifies the readout and subsequent data processing29,30.  

Various tools are available to access Ca2+ activity, which mainly aim to identify the 

frequency and magnitude of events31,32. Recently, attention has also been paid to the 

directionality of event travelling as well as the source of Ca2+ event generation, which 

is predominantly located in the fine peripheral processes33. This has shifted the focus 

from major Ca2+ changes in the somatic region to the gliapil. These regions provide 

only a comparably weak signal due to their limited volume, thus indicator amount, 

and low photon numbers. Therefore, when the detection method is based on a signal 

above noise level, events in these areas are hard to detect due to poor signal-to-

noise-ratio and only high amplitude events with huge changes in Ca2+ concentration 

are currently correctly detected. Consequently it is important to discuss true Ca2+ 

signals rather than fluctuations in fluorescence intensity. 

We therefore developed a strategy to determine F0, signal of Ca2+ indicators at basal 

Ca2+ concentrations, which built the basis to calculate F/F0 as a measure of Ca2+ 

concentration,  all in a pixel-based manner. We applied a multiple threshold analysis 

to avoid one noise related dynamic threshold. This powerful Ca2+ event detection 

algorithm handles dynamic regions of activity including variability in Ca2+ 

concentrations reflected by signal strength. The output of this analysis are multiple 

parameters with potential for quantitative statistical comparisons allowing absolute 

characterization of Ca2+ activity between cells, brain regions and biological 

conditions.  

We applied our analysis strategy to a variety of data sets, differing in quality and 

acquisition parameters, and successfully analyzed intrinsic Ca2+ signals of astrocytes 

in primary hippocampal cultures, organotypic slice cultures or in vivo cortical 

astrocytes. When we subjected primary hippocampal astrocyte cultures to varying 

environmental temperatures based on common laboratory setups, we found that 

endogenous Ca2+ activity dynamics are substantially different at room temperature 

(RT) compared to 37°C, considered physiological body temperature34. When 

measured at 37°C, the spontaneous Ca2+ activity of cultured astrocytes in vitro highly 
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resembled the intrinsic activity measured in vivo in terms of active time, size and 

duration of Ca2+ events, directionality and magnitude. We propose that in context of 

the 3Rs principles (replacement, reduction, refinement)35 investigations on Ca2+ 

signaling in astrocytes- and possibly extendable to other transmitters and cell types- 

can be conducted to a certain extend in vitro at 37°C to reduce the number of 

animals and lower experiment severity while still obtaining physiologically relevant 

results.  

We consider our new approach a global characterization of genuine properties of 

astrocyte Ca2+ signaling and a well-suited method to compare important parameters 

on a unified scale as it is easily applicable to a multitude of data sets.  

 

Materials and methods 

Animals 

For all experiments, wildtype animals of both genders from strain C57BL/6J were 

used. Animals were housed and cared for in accordance to directive 2010/63/EU. 

Mice were kept in a 14 h light and 10 h dark cycle with lights on starting at 7 am. 

Animals had ad libitum access to food and water and were kept under standard 

conditions at 22 ± 2 °C RT with 55 ± 5% humidity. Mice were killed by decapitation 

and all experiments were conducted according to the recommendations of the 

European commission. 

 

Primary hippocampal astrocyte culture 

Primary astrocyte cell cultures were prepared according to a previously described 

protocol46 with slight modifications: Hippocampi were isolated from brains of neonatal 

mice between P1-3 and cells were seeded after dissociation at a density of 5x104 

cells per 12 mm glass coverslip for microscopy in 500 µl plating medium (49 ml MEM, 

1 ml B-27 supplement, 500 µl sodium pyruvate, 500 µl L-Glutamine, 50 µl Penicillin-

Streptomycin; all Thermo Fisher Scientific Inc., Waltham, USA). On DIV3 the entire 

plating medium was replaced with 1 ml maintenance medium (49 ml Neurobasal-A, 1 

ml B-27 supplement, 500 µl L-Glutamine, 50 µl Penicillin-Streptomycin; all Thermo 

Fisher Scientific Inc., Waltham, USA). On DIV11, ½ of the medium was exchanged 

with prewarmed maintenance medium prior to infection of the cells with of 0.1 µl 

AAV-mGFAP-GCaMP6s (3.7 x 109 vg/µl) and AAV-mGFAP-tdTomato (1 x 107 vg/µl). 

Astrocytes were maintained at 37 °C in a humidified incubator in a 5% CO2 
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atmosphere used for experiments between DIV14-17. Cells were transferred to a 

prewarmed recording chamber for microscopy and kept in a balanced salt solution 

(BSS), which was adjusted to pH 7.4 and 290 mOsm with glucose, containing 115 

mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 2 mM CaCl2 and 20 mM HEPES.  

 

Organotypic slice cultures 

Organotypic slice cultures were prepared after an adapted protocol from Kobe et 

al.47. Briefly, mice were decapitated at P6 under sterile conditions and the isolated 

hippocampus was placed in ice-cold oxygenized slice medium in a 60 mm dish for 30 

min. 350 µm thick slices were prepared with McIlwain Tissue Chopper (Mickle, 

Surrey, UK) and separated with a needle to select 2-4 slices with complete 

hippocampal structures. Selected slices were transferred onto Millicell filter inserts 

(#PICM03050, Merck, Darmstadt, Germany) in a 6-well plate containing 1 ml slice 

maintenance medium (50% MEM, 25% Hanks' balanced salt solution, 25% horse 

serum, and 2 mM glutamine at pH 7.3). Excess liquid around the slice was removed 

and cells were subsequently infected by application of 0.2 µl AAV-mGFAP-GCaMP6s 

(3.7 x 109 vg/µl) into the medium. Slices were kept in a humidified atmosphere (5% 

CO2, 37°C) with ½ of the medium being exchanged on DIV2, DIV4 and DIV6. Ca2+ 

imaging was conducted at DIV5-7.  

 

Reagents 

Tetrodotoxin citrate (TTX; #Asc-055; Ascent Scientific, Princeton, NJ) was used at a 

concentration of 10 nM to block neuronal activity and was applied several minutes 

prior to imaging. The Ca2+-ATPase inhibitor Cyclopiazonic acid (CPA; #120300, 

Abcam, Cambridge, UK) was applied at a concentration of 10 µM at least 10 min 

before the measurements.  

 

Microscopy 

Ca2+ imaging in vitro and in situ was conducted on an upright Spinning Disc 

microscope (Oxford Instruments, Belfast, Northern Ireland) with Andor IQ software 

using filter cubes (537/26 nm) for full frame imaging of GCaMP6s or split filter cubes 

(609/54) for simultaneous imaging of GCaMP6s and tdTomato. Cells were recorded 

for 10 min with 5 frames/s using excitation wavelength 488 nm (GCaMP6s) and 561 

nm (tdTomato). The temperature of the BSS for measurement was controlled by a 
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custom-built heating device and additionally supervised with an external thermometer 

on a sporadic basis. To achieve thermal stability and avoid artefacts during 

recordings the objective, stage and chamber were all heated to the desired 

temperature.  

In vivo Ca2+ imaging was conducted in anaesthetized head-fixed mice through a 

cortical cranial window in the prefrontal cortex using two-photon excitation 

microscopy.  

 

Results 
Visualization of Ca2+ activity in astrocytes 

For the initial development of a strategy to accurately characterize Ca2+ activity in 

astrocytes, primary cultures of mouse hippocampal astrocytes expressing GCaMP6s 

were subjected to thorough investigations. These cells showed extensive 

endogenous Ca2+ activity with varying amplitudes and magnitudes, changing 

directionality and regional patterns (Figure 7.1). From the fluorescence signal of 

GCaMP (Figure 7.1a) which scales with both, the Ca2+ and the GCaMP concentration 

(𝐹 ∝ [𝐶𝑎2+] ∙ [𝐺𝐶𝑎𝑀𝑃]) it is not possible to deduce the change in [𝐶𝑎2+] from the 

fluorescence signal when the [𝐺𝐶𝑎𝑀𝑃] is not known, which is typically the case. This 

represents no direct proportionality in a mathematical sense but rather a sigmoidal 

like functionality between the fluorescence signal, and the Ca2+ and GCaMP 

concentration. For simplicity here we use "∝" to indicate that 𝐹 increases with 

increasing [𝐶𝑎2+]. In the time series shown in Figure 7.1b various regions showed 

similar brightness. Only from the time dependence it becomes obvious that some 

regions (ROI4) show constant but high [𝐺𝐶𝑎𝑀𝑃] whereas e.g. the regions ROI1-3 

vary over time and can thus be identified as varying in [𝐶𝑎2+], assuming that fast 

changes in [𝐺𝐶𝑎𝑀𝑃] are rather unlikely (compare Figure 7.1f). Using cytosolic co-

expression of the second fluorescent protein (FP) tdTomato, the spatiotemporal 

changes in [𝐶𝑎2+] can be visualized by 𝐹 𝐹𝑅⁄ ∝ ([𝐶𝑎2+] ∙ [𝐺𝐶𝑎𝑀𝑃]) [𝑡𝑑𝑇𝑜𝑚𝑎𝑡𝑜]⁄ ∝

[𝐶𝑎2+], which can be used as a direct measure of the Ca2+ concentration under the 

assumption of similar spatial distribution of the two FPs (Figure 7.1c). Alternatively, 

the GCaMP fluorescence signal at low, or in best case at zero Ca2+ concentration 

([𝐶𝑎2+]0) can be used to cancel out the indicator concentration 

𝐹 𝐹0⁄ ∝ ([𝐶𝑎2+] ∙ [𝐺𝐶𝑎𝑀𝑃]) [𝐺𝐶𝑎𝑀𝑃]0⁄ ∝ [𝐶𝑎2+] (Figure 7.1d). The fluorescence 

signal at [𝐺𝐶𝑎𝑀𝑃]0 can be deduced from its temporal behaviour. For the 
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determination of F0 we developed an automated pixel-based algorithm which delivers 

an intensity time profile for each pixel pointing out its minimal fluorescence 

(Supplementary Fig 7.2). The algorithm is based on 'moving window' filter functions, 

where the mean and the variance of 𝐹 are used as weighting functions. The 'moving 

window' sizes for filtering are input parameters, depending on acquisition settings 

and the temporal profile of expected signal changes. With the help of the calculated 

signal F0 at lowest [Ca2+], the false colour image sequence 𝐹 𝐹0⁄  can be calculated 

(Figure 7.1d). The data quality further allows visualization of the temporal change in 

[Ca2+] which provides further information about the spatiotemporal distribution of Ca2+ 

release and uptake processes, here depicted as red and blue regions, respectively 

(Figure 7.1e).  

Both approaches, 𝐹 𝐹𝑅⁄  and 𝐹 𝐹0⁄ , provide similar, but not identical results which gets 

visible in the time traces of ROI1-4 (Figure 7.1f) for all three configurations of Figure 

7.1b-d. The concepts of 𝐹 𝐹𝑅⁄  and 𝐹 𝐹0⁄  are beneficial compared to 𝐹 since both 

ratiometric concepts reveal the time profile of [Ca2+] changes rather than fluctuations 

in fluorescence, which is hardly possible from the trace profile obtained from 𝐹. 

Moreover, the most general approach of detecting Ca2+ events from 𝐹, based on 

identifying signals above noise level (usually 2x 𝑠𝑡𝑑(𝐹0)) is a source of misleading 

interpretations since only very pronounced changes in [Ca2+] exceed noise level at 

small, peripheral structures where 𝐹0 is notoriously small (see Supplementary Figure 

7.3). The advantage of 𝐹 𝐹0⁄  over 𝐹 𝐹𝑅⁄  is that in the first the Ca2+ indicator signal is 

used to estimate 𝐹0 which (I) does not require an extra acquisition channel, (II) does 

not require an image shift correction which is necessary for pixel-based analysis of 

𝐹 𝐹𝑅⁄  in camera-based microscopy, (III) does not require to determine a scaling factor 

of relative expression levels of indicator vs. ruler when both are independently 

expressed (compare Supplementary Figure 7.1), (IV) does not require identical 

expression profiles for indicator and ruler. Some disadvantages can be overcome 

when covalently linked indicator–ruler constructs36,37 are used. In both concepts 𝐹 𝐹𝑅⁄  

and 𝐹 𝐹0⁄ , differences in basal [Ca2+] cannot be deduced since only relative changes 

are recognized. The determination of 𝐹0, however, is prone to deliver too high values 

for long lasting Ca2+ events leading to underestimation of signals obtained by 𝐹 𝐹0⁄  

calculation.  
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When comparing the overview images in Figure 7.1a and g, where the maximum 

projection of a 15 s time window is shown as 𝐹 and 𝐹 𝐹0⁄ , respectively, the benefit of 

the ratiometric concept becomes visible. The differences between the methods 𝐹 𝐹𝑅⁄  

and 𝐹 𝐹0⁄  also become more obvious when examining longer time periods (compare 

Supplementary Figure 7.1). Whereas for 𝐹 𝐹0⁄  [Ca2+] reached similar maximal values 

in all active regions, for 𝐹 𝐹𝑅⁄  the differences from cell to cell most likely originating 

from different expression levels of indicator and ruler. A scaling factor needs to be 

obtained for each cell to not misinterpret the observation, a step which is not required 

when using the concept of 𝐹 𝐹0⁄ .  

 

Figure 7.1: Visualization of Ca
2+

 activity using intensity-based indicators. 
a, Maximum fluorescence signal F (F(maxt)) of Ca

2+
 indicator GCaMP6s in a 15 s sequence of a 10 min recording 

of primary mouse hippocampal astrocytes. Scale bar 10 µm. b, Propagation of Ca
2+

 activity reflected by increased 
F intensity in the zoom region (white box) in a). Various regions show similar brightness at a given time point due 
to diverse [GCaMP] distribution but only those with changing [Ca

2+
] vary over time (red, yellow and blue arrow). 

Scale bar 10 µm. c, Approach of scaling F to the reference dye R (tdTomato, F/FR) assuming similar distribution 
of [GCaMP] and the reference to overcome misinterpretation of high [GCaMP] as high [Ca

2+
]. d, Application of 

F/F0 by scaling F to low, possibly zero, [GCaMP0] deduced from its temporal behavior to cancel out the indicator 
concentration. e, Changes in [Ca

2+
] detected as F/F0 and time color-coded, with red colors indicating a rise in 

[Ca
2+

] followed by blue colors representing declining [Ca
2+

]. f, Selection of 4 representative regions of interest 
(ROIs) in the cytosol (ROIs 1-3) and the soma (ROI 4) with dissimilar properties and different changes in F over 
time (compare b-e). Time profile of the in b-d described approaches for selected ROIs. g, Counterpart to a) 
showing F/F0(maxt) which revealed profound differences in detected Ca

2+
 activity between both approaches.  

 

Ca2+ event detection in astrocytes 

Different to the detection of action potentials in neurons, the registration of the Ca2+ 

activity in astrocytes requires additional parameters since they not only vary in time 

but also in size and strength (see Figure 7.1). The fundamental question is: Which 
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change in [Ca2+] can be called a Ca2+ event? Furthermore, differences in the 

characteristics of the Ca2+ events need to be identified and should be comprised in a 

Ca2+ event detection algorithm. This algorithm should also handle the spatial extent 

of the Ca2+ elevation without limitations through selected ROIs. Therefore we 

developed a pixel-based event detection algorithm which is relying on multiple 

thresholds for [Ca2+] (Figure 7.2). 

  

Figure 7.2: Data processing and Ca
2+

 event recognition workflow. 
a, Diagram of steps in the evaluation process from Image acquisition, data preprocessing including a novel 

approach for a pixel-based F0 calculation, Ca
2+

 fluctuation recognition F/F0 and the multi-threshold approach for 
event detection to the final activity visualization. b, Representative images to the main steps in the data 
processing workflow depicted in a). Scale bar 20 µm. c, Visualization of Ca

2+
 events calculated and shown for 

various thresholds. Scale bar 10 µm.  d, Main output characteristics of the Ca
2+

 activity analysis: Maximum size of 
detected events (lateral extent, x,y), mean event duration (t) and maximum distance the area center travelled 
within the event (µm). 
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 A schematic representation of the algorithm’s work flow and its application to the 

data of Figure 7.1 is depicted in Figure 7.2a and b, respectively. 

 Through simulations we could show that application of a threshold for [Ca2+] the 

accuracy of identifying a pixel as above threshold can be far below 95% confidence 

and varies with 𝐹0 (see Supplementary Figure 7.3). To reject false positive pixels, we 

first applied an appropriate 𝐹0 threshold to reject background signal such as readout 

noise. After morphological filtering, which contains binary operations such as opening 

and closing combined with gauss blurred Ca2+ signals as weighting function, groups 

of Ca2+ positive regions are identified based on their connectivity. Small groups in 

space and time (xyt) are rejected. The time dependence of a detected event was 

then stored for visualization and further analysis. The Ca2+ event detection was 

repeated for various Ca2+ thresholds. For practical reasons we used logarithmic-like 

spaced threshold levels such as [0.2, 0.5, 1, 2, 5, 10] fold change of 𝐹. The output for 

the sequence shown in Figure 7.1d is visualized in Figure 7.2c. The six different 

threshold levels are depicted as contour lines ascending from light to dark red. Due to 

the pixel-based multiple threshold approach the regional growth as well as the signal 

increase is represented and visible by the contours. Statistical analysis of the 

complete dataset is shown in Figure 7.2d as frequency plots for all Ca2+ thresholds 

analysed, exemplarily for the maximum area of an event, its duration and its distance 

between starting and end point. 

The algorithm allows to statistically analyse video sequences of changing Ca2+ 

signals in regard to various aspects whereas the frequency plots shown in Figure 

7.2d can easily be accumulated for various measurement and experiments and 

compared with other conditions as shown below. 

 

Astrocytic Ca2+ event characteristics are defined by environmental temperature  

When investigating the Ca2+ event characteristics of cultured astrocytes at different 

environmental temperatures, we observed substantial differences of the underlying 

Ca2+ patterns (Figure 7.3). To further clarify this surveillance we captured a time 

sequence of 10 min at 25°C, heated the sample to 34°C and acquired a sequence of 

the same region, repeated the measurement at 37°C and cooled the sample back 

down to 34°C and then to 25°C. In Figure 7.3a the detected Ca2+ events of the 

sample sequence from the zoom region of Figure 7.1b-e is shown for 25°C, 34°C and 

37°C. Whereas at 25°C both events (ROI 1 & 2 from Figure 7.1) rose slowly, reached  
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Figure 7.3: Astrocytic Ca
2+

 event characteristics are shaped by environmental temperature. 
a, Comparison of detected Ca

2+
 activity in the same cell at 37°C, 34°C, and 25°C for a sequence of 14 s color-

coded for various thresholds. Scale bar 20 µm. b, 3D contour plots of detected events, in which darker colors 

represent higher [Ca
2+

], illustrate the change in Ca
2+

 activity with environmental temperatures. c, 2D histograms 
as a form of statistic presentation of selected parameters. At 37°C the detected events are very small in space, 
transient in time and therefore do not reach high amplitudes. These characteristics change with cooler 
environment reaching longer lasting, spatially more extend and comparably high amplitude events during 
measurements at 25°C.  

 

large areas and big amplitudes within the depicted 14 s of the image sequence, at 

34°C the events in nearby regions rose and decayed in the same time period and the 

area those events spread was much smaller. At 37°C the detected events, originating 

from the same regions, were very small in space, transient in time and therefore did 

not reach high amplitudes. In Figure 7.3b the contours of the detected events are 
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illustrated in 3D (xyt) with darker colours representing bigger [Ca2+]. Statistical 

analysis of the detected Ca2+ events confirmed the impression from the time 

sequences. In Figure 7.3c selected statistical parameters are shown as 2D 

histograms (compare Figure 7.2d). At 25°C also high [Ca2+] levels up to a 10-fold 

change were recorded which span over the complete parameter range for maximal 

size and distance of Ca2+ events. At 34°C there are still high [Ca2+] levels, but left-

shifted to smaller ranges. At 37°C such high [Ca2+] levels are not reached, also 

lower [Ca2+] levels are substantially fewer and the Ca2+ event duration is reduced to 

shorter extent and lower levels.  

 

A supressed uptake process of Ca2+ causes the observed pattern at low 

temperatures  

To further characterize the observed temperature-dependent changes in event 

frequency, duration and distance, we compared the maximum increase and decrease 

of the Ca2+ signal, 𝑚𝑎𝑥𝑡(𝑑(∆𝐹 𝐹0⁄ ) 𝑑𝑡⁄ ) and 𝑚𝑖𝑛𝑡(𝑑(∆𝐹 𝐹0⁄ ) 𝑑𝑡⁄ ), respectively, (Figure 

7.4a). At 37°C the centres for signal increase (red) were very local and of low 

amplitude. Contrarily, at lower temperatures regions with positive changes in [Ca2+] 

were spread over wider areas and with greater amplitude increasing with lower 

temperatures. Similarly, the decrease of the [Ca2+] (blue) overlaying centres of 

maximal increase was punctual at 37°C and spread over wider regions at lower 

temperatures. Interestingly, amplitudes at 34°C were substantially bigger than at 

25°C. The ratio of the maximal and minimal Ca2+ change of all detected events within 

the complete time series is shown in Figure 7.4b for three representative Ca2+ 

thresholds. Whereas the maximal positive and negative Ca2+ change of the event 

was comparable, the positive Ca2+ change overpowered the negative at 25°C. Similar 

analyses were performed for each pixel in an event (Supplementary Figure 7.5). 

Relating the pixels with biological structures revealed that at 25°C the uptake is 

substantially blocked in all structures. When interpreting the decrease of [Ca2+] as 

Ca2+ uptake process, which is ATP driven, we were interested to check how the Ca2+ 

activity pattern at 37°C changes when the Ca2+ uptake process is blocked by 

cyclopiazonic acid (CPA). Figure 7.4c shows the observed Ca2+ pattern, which 

resembles the characteristics of endogenous astrocyte Ca2+ activity at 25°C in terms 

of event duration. 
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Figure 7.4: Slow physiological processes account for extended Ca
2+

 events at low temperatures. 
a, Visualized maximum increase 𝑚𝑎𝑥𝑡(𝑑(∆𝐹 𝐹0⁄ ) 𝑑𝑡⁄ )  and decrease 𝑚𝑖𝑛𝑡(𝑑(∆𝐹 𝐹0⁄ ) 𝑑𝑡⁄ ) of the Ca

2+
 signal 

reveals distinct behaviour at the given temperatures. Scale bar 20 µm. b, Ratio of the maximum and minimum 
Ca

2+
 change of all detected events in the measurements of the 3 investigated temperatures. All shown thresholds 

detect the discrepancy of Ca
2+

 release to its uptake velocity, which is increased at 25°C compared to 34°C and 
37°C. c, 2D histograms of Ca

2+
 event duration at 37°C under control conditions and after incubation with Ca

2+
-

ATPase inhibitor CPA. Pharmacological blockage of Ca
2+

 uptake led to similar event characteristics as obtained 
at low temperatures.  

 

Astrocytic Ca2+ event characteristics in organotypic slices 

To bring our astrocyte model system closer into physiological context, in which 

astrocytes are constantly contacted and influenced by surrounding cells, we validated 

our observations of temperature dependent Ca2+ activity in organotypic slice cultures. 

Figure 7.5a and b show the average F/F0 and the fraction of detected active time at 

37°C compared to 25°C. Astrocyte Ca2+ characteristics changed according to 

environmental temperature similarly as detected in primary astrocyte cultures. While 

at 37°C F was comparably lower and events were shorter and spatially more 

restricted, astrocytes exhibited higher magnitude Ca2+ events which were long-lasting 

and wide-spread (Figure 7.5c). When comparing Ca2+ event duration of organotypic 

hippocampal slices to primary astrocyte cultures, we noticed an additional set of long 

lasting high-magnitude events. To verify if this set of events was evoked by the 

presence of surrounding neurons in the hippocampal slice preparations, we blocked 

neuronal activity by application of tetrodotoxin (TTX) (Figure 7.5d). This abolished the 

previously detected group of events and led to a similar event pattern as observed in 
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primary hippocampal astrocyte cultures. Features of astrocytic Ca2+ signaling are 

therefore highly dependent on the cells’ environment.  

 

 

Figure 7.5: Temperature phenotype of Ca
2+

 activity is not limited to primary astrocyte cultures. 

a-b, Average F/F0 (left images) and the fraction of active time (right images) detected in organotypic 

hippocampal slice cultures measured at 37°C (a) and 25°C (b), respectively. Comparably higher F/F0 with 
spatially more extended and longer lasting events are detected at 25°C, similar as in primary astrocyte cultures. 
Scale bars 10 µm. c, 2D histograms of selected parameters maximum size, duration and travelled distance of 
events characteristic for organotypic slice cultures at 37°C and 25°C environmental temperature depict similar 
changes in features as observed in primary cultures. d, Representative 2D histogram of a control measurement in 
organotypic slice cultures showing prolonged event duration even at 37°C when compared to primary astrocyte 
cultures. Blocking the neuronal activity with TTX reduces the amount of long lasting Ca

2+
 events and exhibits 

similar 2D histogram features as primary astrocyte cultures at 37°C.  
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Ca2+ event detection from in vivo imaging data 

In vivo imaging through a cranial window provides insights into physiological 

processes with least possible intervention in the intact environment. Since image 

quality can be substantially different from data acquired in vitro due to low photon 

rates and motion artefacts, we validated our novel event detection strategy on 

astrocytes imaged through a cortical window in the awake mouse. Figure 7.6a 

depicts the obtained average F/F0, which coincides with the fraction of active time of 

the tissue (Figure 7.6b). Photon numbers were expectedly low (Figure 7.6c), and high 

[Ca2+] changes did not cross all applied thresholds as easily extracted from Figure 

7.6d. Nevertheless, our approach robustly detected Ca2+ events and characterized 

the observed patterns. Overall the Ca2+ activity in cortical astrocytes observed from in 

vivo imaging (Figure 7.6d-f) showed overlapping resemblance to the features 

observed from cultured astrocytes in regard to event duration and the travelled 

distance. The maximum size of the detected events coincides with the observations 

from astrocyte cultures measured at 37°C (compare Figure 7.6d and Figure 7.3c).  

 

Figure 7.6: Ca
2+

 event detection strategy is applicable to datasets acquired through in vivo cortical imaging. 
a-c, Overview images of astrocytic Ca

2+
 activity  in the frontal cortex of an awake transgenic mouse expressing 

GCaMP3, represented as average Ca
2+

 activity (a), the fraction of active time (b), and the basal GCaMP3 
intensity F0 (c). Scale bar 20 µm. d-f, Statistical evaluation reveals the Ca

2+
 activity pattern known from ex vivo 

investigations where the neuronal impact on astrocyte activity is reflected by comparably high frequencies for 
higher thresholds and elevated parameters (upper right).  
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Discussion 

Calculating F/F0 enables extensive Ca2+ activity characterization 

Ca2+ signaling in astrocytes is a complex process which cannot simply be described 

as on or off activity. Event characterization in terms of magnitude, length in time, 

extent in space and structure of origin provides valuable information about this 

unique way of signaling and is fundamental for its understanding.  

Therefore a novel detection strategy is crucial, which allows expressing Ca2+ activity 

characteristics in numbers to make them quantifiable and comparable between 

conditions. Calculation of F0 enables recognition of complex patterns of Ca2+ 

fluctuations that may also present as spatially overlapping events. In combination 

with the multi-threshold approach a high variety of signal strengths can be accurately 

detected. This can be of profound importance to determine the impact of Ca2+ 

signaling on following downstream cascades.  

The previously available approach of using a second dye as a ruler to cancel out dye 

concentrations works well, but requires the presence of a second fluorescent protein 

occupying precious wavelength ranges. When Ca2+ imaging is combined with 

investigations using a second biosensor, our novel strategy of F0 calculation provides 

more freedom in combination possibilities38.  

The correct detection of Ca2+ activity in fine astrocytic structures, such as the gliapil, 

poses a more complex task, as those fine structures contain little fluorescence 

indicators and therewith provide poor signal-to-noise ratios. Anyway, these structures 

are suggested to be of unforeseen importance as they are in close contact with the 

extracellular matrix and surrounding cells/synapses, therefore can mediate 

intercellular signaling. It was also suggested, that most astrocytic Ca2+ events 

emerge in those peripheral fine protrusions and then grow in magnitude as they 

travel along thick branches towards the somatic region33. Previous analysis 

strategies of astrocytic Ca2+ events underestimated fluctuations in regions with low 

intensity along with low indicator concentrations. This lead to previously undetected 

events simply because the signals were below a set threshold. The multi-threshold 

approach applied here revealed that Ca2+ events are indeed originating in the distant 

periphery, where most of the activity occurs, and confirmed the highly heterogeneous 

landscape of event propagation39.  
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Ca2+ activity pattern in astrocytes is temperature dependent 

When examining recordings of astrocyte Ca2+ activity imaged at 37°C we detected 

obvious differences to the Ca2+ characteristics observed at 25°C. Data evaluation 

using our newly developed strategy allowed to capture those differences in numbers 

and therewith accumulate, compare and statistically evaluate. Ca2+ dynamics were 

comparably faster when measured at 37°C physiological body temperature, which 

can simply be explained by the Arrhenius equation and the Q10 temperature 

coefficient40,41.   

Evolutionary adaptation causes proteins to be most active at a species-dependent 

optimal working temperature which determines their degree of conformational 

flexibility and stability42,43. Here we show that Ca2+ uptake velocity at lower 

temperatures underlies these laws, which was shown by the distorted ratio of Ca2+ 

release and uptake.  

Many in vitro studies deal with Ca2+ signaling in astrocytes but environmental 

temperature during measurements is a neglected parameter which is often ignored 

and not even stated, complicating correct global data interpretation.  

 

Cellular environment shapes Ca2+ signals in astrocytes 

We showed that Ca2+ activity characteristics are highly dependent on environmental 

influences such as input from surrounding cells, as proposed previously. We 

assessed these influences by comparing astrocyte enriched cultures with 

hippocampal organotypic slice preparations. The observed rise in astrocytic Ca2+ 

event duration in organotypic slices could be traced back to neuronal activity. This is 

in line with previous studies showing Ca2+ activity to be shaped by neuronal input 

signals44,45. Existing data should be put in perspective and reconsidered in regard to 

the experimental conditions.  

 

Experimental impact on Ca2+ activity can be assessed in vitro at 37°C 

Our novel algorithm aims to provide a unified evaluation strategy to ease 

comprehension and comparability of data acquired with different setups in various 

laboratories and working groups. We propose that when selecting appropriate 

environmental conditions for in vitro experiments, these can generate meaningful 

results which resemble in vivo-like processes. Before moving to elaborate in vivo 

studies, possible effects can be preexaminated to a certain degree in vitro with the 
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need of only low animal numbers and mild severity for experimental animals. 

Therewith only promising results will then in a last step be confirmed in vivo. Studies 

which require systemic administration of drugs will still need the entire intact 

organism to reveal global physiological effects. However, preliminary testing in vitro 

with carefully chosen conditions can produce sufficient insights to rethink the 

necessity of further studies in vivo, which can reduce the number of substantial 

animal experiments.  

Anyhow, it is important to (I) take precise care of the experimental setup conditions 

(II) interpret the acquired data in context of those and (III) publish providing complete 

information about those to the community allowing for those results to be put into 

global context. Furthermore, we suggest to use the capability to dissect Ca2+ 

signaling in regard to the numerous parameters that can already be extracted from 

the available data (see also Supplementary Table 7.1). This precise characterization 

and enclosure of experimental conditions might clarify controversial results reported 

in the past.  
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Supplementary 
 

 

Supplementary Figure 7.1: Ca
2+

 activity of Astrocyte culture comparing F, F/FR and F/F0. 
a, Maximum projection of F over time to identify the astrocytic morphology. The image provides no information 
about Ca

2+
 activity. b-c, Maximum projection of F/FR and F/F0 over time, scale bar 10 µm, color code according to 

Figure 7.1c-d. b, The color code revealed regions of high (red) and of low (blue) Ca
2+

 activity, whereas the 
maximal change in [Ca

2+
] seems to vary from cell to cell. This is however caused by different expression levels of 

the Ca
2+

 indicator GCaMP6s and tdTomato which acts as ruler. To this end a cell specific scaling factor would be 
required to overcome misinterpretation. c, The concept of F/F0 does not require a cell-specific scaling factor. 
However, it relies on the accuracy of F0, which is obtained in a pixel-based manner.  
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Supplementary Figure 7.2: Automatic F0 estimation from intrinsic fluctuation analysis of the fluorescence signal of 
Ca

2+
 indicators. 

a, The preprocessed image sequence of the Ca
2+

 indicator GCaMP6s fluorescence signal is used to estimate F0 
for each pixel independently, no neighbouring information is used. b-c, The time traces of two individual pixels, 
highlighted by the two red arrows in a. d, The specific calculation procedure and the color code used in b-c are 
described.  
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Supplementary Figure 7.3 
Simulations of thresholding accuracy according to signal strength. 
a, The signal strength of F0 from Figure 7.1 in number of photons detected per pixel and each timepoint to 
illustrate the expected accuracy of F/F0. b, From noise simulations (images with 1000 x 1000 pixel, intensities 
from 1 to 200 photons, applying Poisson noise overlaid by a gaussian detector noise, sigma 0.5) the expected 
noise was estimated, the mean +2x sigma is shown as a dashed white line and depicts a common concept as 
threshold to distinguish signal from background. c, Displaying the data from b as F/F0 reveals the conceptional 
problem of general threshold being 2x sigma above noise level since for small F0 only very strong Ca

2+
 changes 

lie above threshold, consequently small Ca
2+

 changes are not detected when F0 is small which is typically the 
case in small processes of astrocytes. d-h, The signal distribution as a function of F0 for signals F/F0 = 1, 1.2, 1.5, 

2, 5, which represent F/F0 = 0, 0.2, 0.5, 1, 4. The horizontal dashed line represents the 0.2 threshold for F/F0, i.e. 
for Ca

2+
 change, the vertical for F0, the dotted black & white line (compare b-c) shows the threshold with 2x sigma 

above F0 noise level. i, From the simulations the fraction of pixels above threshold could be obtained for both 
concepts, the fixed threshold (solid lines) and the threshold with 2x sigma above F0 (dotted lines). As expected, 
the fixed threshold concept provides a much higher chance to identify small Ca

2+
 changes at low F0. The relatively 

high number of false positive detected pixel (blue solid line) requires additional processing steps (compare Figure 
7.2)  
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Supplementary Figure 7.4 
Statistical characterization of Ca

2+
 activity in astrocytes at different temperatures. 

To better illustrate the origin of the 2D histogram plots in Figure 7.3c, the data here are shown as line histograms 
where the color indicates the environmental temperature (blue: 25°C, green: 34°C, red: 37°C) and the color 
opacity reflects the Ca

2+
 threshold, as indicated in the figure legends. 
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Supplementary Figure 7.5 
Relation between maximal Ca

2+
 increase and maximal Ca

2+
 decrease for different thresholds and temperature 

depicted as 2D histograms. 

The maximum and the minimum of the first derivative of F/F0 was plotted for each pixel as 2D histogram. To 

illustrate the relation between both parameters, the data were fitted by the exponential function 𝑦 = 𝑎 ∙ (1 − 𝑒−𝑏𝑥) 
and shown as black line for the individual temperature plots and color coded in the overlaid contour plots. 
Whereas at low temperatures high maximal positive slopes were found, which could be interpreted as strong Ca

2+
 

releases, the same pixel shows only a moderate minimal negative slope, which does not increase linearly with 
increasing positive change. Since Ca

2+
 release and uptake are competing processes at higher environmental 

temperatures the maximum Ca
2+

 increase is reduced which should not be interpreted as a reduced Ca
2+

 release 
rate but indicate a competing Ca

2+
 uptake. The left row overlays all three temperature patterns for the specific 

threshold.
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Parameter Description 

NumObjects Number of detected events per threshold level 

Areas  Area per event per timestep 

Duration Event duration from event birth to death 

CaMax Global event Ca max over all signals in current threshold-level 

CaWMax Global event Ca maximum weighted percentile 95% 

CaTAvg The average Ca per event per timepoint 

CaTWMax The weighted 95% percentile of Ca per event per timepoint 

CaXYWMax The weighted 99% percentile of Ca per event per XY pixel 

CaTSum The summed Ca per event per timepoint 

dtCaTAvg The average dtCa per event per timepoint 

dtCaTWMax The weighted 99% percentile of dtCa per event per timepoint 

dtCaTWMin The weighted  1% percentile of dtCa per event per timepoint 

dtCaXYAvg The average dtCa per event per XY pixel 

dtCaXYWMax The weighted 99% percentile of dtCa per event per XY pixel 

dtCaXYWMin The weighted  1% percentile of dtCa per event per XY pixel 

CaGTMax The max Ca per event per timepoint 

CaGTMaxPos The position (x,y,z) of max Ca per event per timepoint 

CenterAres The center of area per event per timepoint 

CenterCa The center of mass (area * Ca) per event per timepoint 

distMax Max distance for centers [area, mass, max(CaG)] 

distEnd Final distance for centers [area, mass, max(CaG)] 

Supplementary Table 7.1 
Overview of calculated parameters in a standard evaluation. Parameters in bold are used in this study.  
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8. Discussion 

Astrocytes are undoubtedly highly important functional units of the brain network. 

Times have emerged from a constrictive focus on electrically excitable neurons 

towards a more inclusive view that the interplay of cells is essential for proper brain 

function. Thorough investigations of glial cells created awareness of their importance 

and have even shaped a gliocentric view of the brain (Robertson, 2018). Changes in 

astrocytes appear to contribute to pathological states of the brain, and future 

therapeutic efforts might specifically target their supportive functions (Verkhratsky et 

al., 2012).  

 

Astrocytic changes in the diseased brain 

Astrocytes’ response to disease, inflammation or insult includes changes in their 

morphology, functional properties as well as Ca2+ signaling behavior. In Alzheimer’s 

disease for example, aggregates of hyper-phosphorylated tau and amyloid-β proteins 

accumulate in both neurons and astrocytes (Forman et al., 2005; Nagele et al., 

2003). In addition, Ca2+ activity in astrocytes is clearly disturbed and thought to be a 

contributor to disease progression by causing reduced secretion of gliotransmitters 

(Chow et al., 2010; Kuchibhotla et al., 2009; Piacentini et al., 2017). Under 

physiological conditions, this machinery contributes to CNS performance, in turn 

being a possible reason for the cognitive decline in all forms of dementia.  

Similar alterations in astrocyte morphology and function, including astrocytic 

dystrophy, are also observed in the ageing brain, and age-related changes of 

astrocytes may contribute to the development of age-related neurodegenerative 

disorders (Frost & Li, 2017; Hof & Mobbs, 2010; Olabarria et al., 2010; Rodríguez et 

al., 2014). Ageing cannot be termed a disorder itself, but it presents the highest risk 

factor for the development of neurodegenerative diseases (Fransen et al., 2013; 

Reeve et al., 2014). With increasing age the brain shows higher signs of 

inflammatory signaling, and resident microglia and infiltrating immune cells are 

proposed to drive astrocytes into a reactive phenotype (Atienza et al., 2018; Liddelow 

et al., 2017).  

This reactive astrogliosis is a common feature shared in several neurological 

disorders. Among changes in morphology and gene expression, phagocytic activity of 

astrocytes is increased. This might contribute to the clearing of debris and could be 

beneficial by slowing down disease progression, rendering the potentiation of 
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astrocytes’ phagocytic properties a potential therapy approach (Gomez-Arboledas et 

al., 2018). Thereby, reactive gliosis exhibits also beneficial functions for the CNS. A 

genomic analysis of reactive astrocytes suggested the existence of two classes of 

reactive astrocyte responders, possibly correlating with the cause initiating the 

reactive phenotype, and one class being beneficial while the other is detrimental for 

the CNS (Liddelow & Barres, 2017; Zamanian et al., 2012). Two categories of 

reactive astrocytes have also been based on their functional response to build glial 

scars and to exhibit hypertrophic properties (Khakh & Sofroniew, 2015). Others 

suggested the reactive phenotype had acute positive effects, but is harmful when 

chronically persisting (Pekny et al., 2014). Generally this reflects the heterogeneity of 

astrocytes which continues with their response to insult, and further variability within 

the above-mentioned populations is expected. Reactive gliosis is generally 

associated with a loss of morphological complexity of astrocytes, and these structural 

deficits are thought to drive disease progression (Zhou et al., 2019). 

 

Physiological importance of astrocyte morphology 

Beyond controversy, astrocyte morphology has been considered an outstanding 

feature from the very beginning of their discovery to their description and naming. 

Multiple indications for sexual dimorphism of astrocytes exist and suggest regulation 

of astroglial numbers, cell morphology and function by gonadal hormones (Acaz-

Fonseca et al., 2016; Del Cerro et al., 1995; Verkhratsky & Nedergaard, 2018). This 

includes regulation of GFAP, one of the main intermediate filaments of the astrocytes’ 

cytoskeleton which is upregulated in response to inflammation, insult and disease. 

Changes in intermediate filament composition have been reported in cases of 

epilepsy, and Alexander disease is a lethal neurodegenerative disease with severe 

reactive gliosis caused by gain-of-function mutations in the GFAP gene (Brenner et 

al., 2001; Messing et al., 2012; Xu et al., 2019).  

Disease-related astroglial hypertrophy presents by thickening of their main 

processes, but findings suggest that astrocytes remain within their previously 

established domains and the changes mainly affect their cytoskeleton (Wilhelmsson 

et al., 2006). Amongst the intermediate filaments GFAP, vimentin, nestin and 

synemin, the astrocytes’ cytoskeleton is composed of thin actin structures and 

microtubules (Jing et al., 2007). While microtubules and intermediate filaments are 

restricted to the main astrocyte processes (Bushong et al., 2002), actin is the key 
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component in the remodeling of the fine astrocytic gliapil. These structures let 

astrocytes actively partake in modulating synaptic signaling and implicate them to be 

of crucial importance in enhancing learning and memory processes (Schiweck et al., 

2018). This underlines the significance of the in Chapter II observed changes in actin 

cytoskeleton composition and cell morphology upon 5-HT4R activation.  

Therefore, changes in astrocyte morphology are not exclusively connected to disease 

or malfunction, but represent a natural process of brain plasticity which is not only 

beneficial but even necessary. The morphology of fine astrocytic processes at the 

synapse changes according to physiological conditions of the whole organism. This 

includes the regulation of sleep, and possibly state of consciousness, as well as 

necessary structural remodeling according to synaptic activation at the tripartite 

synapse (Bellesi et al., 2015; Zhou et al., 2019). Synaptic activity increases the 

motility of synapse-associated astrocytic protrusions. This was shown to depend on 

G protein-mediated Ca2+ signaling (Bernardinelli et al., 2014; Perez-Alvarez et al., 

2014). 

The actin binding protein profilin 1 was identified to be required for Ca2+-induced 

process outgrowth, which promotes F-actin assembly (Kang et al., 1999; Molotkov et 

al., 2013). Interestingly, the small GTPase RhoA was shown to regulate actin 

polymerization by targeting profilins (in addition to cofilin) via the mDia pathway 

(Bonacci et al., 2012; Da Silva et al., 2003; Watanabe et al., 1997). Rac1 was shown 

to reduce extension and motility of perisynaptic astrocyte processes (Nishida & 

Okabe, 2007).  

This highlights the importance of astrocyte morphology, in which even small changes 

impact the relationship to surrounding synaptic elements, and the role of small 

GTPases of the Rho family.  

 

Impact of Rho GTPases on regulation of astrocyte morphology 

The powerful influence of small Rho GTPases on the morphology of astrocytes has 

been shown repetitively, as presented in Chapter I. Small GTPase activity is 

determined by strict spatio-temporal time profiles, and only a fraction of the total Rho 

GTPase pool is activated at the same time, even in response to a potent stimulus 

(Pertz, 2010). This complicates proof of their activation and requires very sensitive 

methods. To investigate RhoA activation upon stimulation of the 5-HT4R with high 

spatial and temporal resolution, we combined molecular biological approaches with 
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quantitative microscopy using a FRET-based biosensor (see Chapter II). Only small 

but consistent changes were observed, which is congruent with the findings that only 

5% of the total available RhoA pool is active at one time within a cell (Ren et al., 

1999).  

A prominent downstream-target of RhoA, the Rho-associated kinase (ROCK), 

phosphorylates intermediate filaments including GFAP and is necessary for its 

depolymerization (Amano et al., 2000). Silencing of the RhoA/ROCK signaling axis 

could contribute to the structural changes of GFAP in reactive astrocytes, as 

deactivation of RhoA is necessary for astrocytes to develop a reactive phenotype and 

respond with glial scar formation (John et al., 2004; Renault-Mihara et al., 2017). 

Regarding the actin cytoskeleton, reactive dysfunctional astrocytes contain more 

G-actin while F-actin stress fibers are reduced (Hansson, 2015).  

More general, an intact actin cytoskeleton was shown to be required for the execution 

of proper Ca2+ signaling between astrocytes. The process of signaling between cells 

seems to be dependent on ATP release. The cytoskeleton may also control activity 

and number of transport proteins in the membrane, such as Ca2+ channels, and 

therefore directly shape Ca2+ activity in astrocytes (Cotrina et al., 1998; Fujii et al., 

2017). All in all, the tightly regulated cell morphology contributes to a proper signaling 

network.  

 

Importance of serotonergic signaling 

5-HT is a powerful neurotransmitter with profound significance for astrocytes. It has 

been shown to reduce reactive gliosis by inducing release of S100β from astrocytes, 

which inhibits GFAP polymerization and therewith also impacts cell morphology 

(Chang et al., 2005; Le Prince et al., 1990). Again, astrocytes possess regulatory 

control as there is substantial uptake of 5-HT by astrocytes in vivo, enabling them to 

govern the amount of free 5-HT engaging in neuronal signaling (Amundson et al., 

1992). 

Apart from 5-HT uptake, astrocytes express several 5-HTRs which induce functional 

signaling. The downstream signaling pathways might differ though from the known 

effects from other cell types, simply due to an alternative pool of downstream 

signaling molecules. An example for this is the 5-HT1AR, which in neurons 

downregulates cAMP levels, but does not seem to exhibit similar effects in astrocytes 



Discussion 

 

[113] 
 

(Hirst et al., 1997). Therefore it is important to characterize 5-HTR signaling in 

respect to the investigated cell type (see Chapter II).  

Functions of the 5-HT4R have been studied in neurons and cells outside the CNS, 

including the heart. Activation of the cardiac 5-HT4R by the small Ca2+ binding protein 

p11 (also called S100A10) modulates Ca2+ activity in cardiomyocytes by inducing 

Ca2+ waves (Meschin et al., 2015). p11 is also widely expressed in the brain, 

including astrocytes, and has been identified as a target of antidepressant treatment. 

As the 5-HT4R has been shown to be an early target of antidepressants (Imoto et al., 

2015; Lucas et al., 2007), p11 might represent a promising link of the 5-HT4R and 

Ca2+ activity (Milosevic et al., 2017; Warner-Schmidt et al., 2009; Zamanian et al., 

2012). Another possibility is the 5-HT4R induced regulation of astrocyte Ca2+ signals 

through mediation of voltage activated Ca2+ channels, whose presence has been 

shown in astrocytes (Thorlin et al., 1998).  

In neurons, the 5-HT4R is localized postsynaptically and was recently shown to 

induce dendritic spine maturation, a process which required RhoA activation (Schill et 

al., 2020 accepted). Here we show in Chapter II a reduced astrocytic complexity after 

5-HT4R and subsequent RhoA activation, which might provide the required space to 

allow for spine growth in a densely packed matrix environment, assuming a 

concurrent activation of astrocytic and neuronal 5-HT4R. This would support a 

beneficial existence of cell-specific engagement of downstream signaling.  

As known from neurons, the 5-HT4R initiates downstream signaling via the G proteins 

Gα13 and GαS. We assessed both pathways’ influence on the composition of the actin 

cytoskeleton and obtained unexpected results. Most intriguingly, a decrease of Gα13 

protein levels resulted in an increased F-actin fraction, and activation of the 5-HT4R 

under those conditions restored the relation between F- and G-actin. We propose 

that Gα13 levels contribute to a physiological ratio between F- and G-actin, and that 

5-HT4R induced elevation of the F-actin fraction is Gα13 -mediated. However, the 

5-HT4R has been shown to induce G protein-independent downstream signaling in 

neurons by Src-dependent activation of the extracellular signal- regulated kinase 

(ERK) (Barthet et al., 2007). Activation of ERK can lead to phosphorylation of RhoA, 

therefore boost RhoA activity (Tong et al., 2016). It is possible that in absence of 

Gα13, the basal activity of the 5-HT4R is engaging in G protein-independent ERK 

signaling. Upon receptor activation, GαS-mediated signaling might then be 

responsible for the decreased amount of F-actin.  5-HT4R-mediated GαS activation 
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increases intracellular cAMP in hippocampal neurons, whose main target is the 

cAMP-dependent protein kinase (PKA). Cell-type specific effects of PKA on the ERK-

pathway have been reported, including inhibitory effects (Norum et al., 2003). It is 

possible that in absence of Gα13 the 5-HT4R activation leads to increased GαS 

signaling which leads to a partial inhibition of ERK/RhoA/F-actin assembly. For sure, 

tempering with the availability of G proteins changes the complex dynamics of this 

tightly regulated signaling. However, there are many open questions regarding the 

exact regulation in astrocytes, and further experiments are required to elucidate the 

directing mechanisms.  

 

5-HT4R activation in astrocytes changes neuronal properties 

As 5-HT4R signaling has been previously associated with learning and memory 

processes, we also aimed to identify a possible astrocytic engagement. In Chapter II 

we made use of the 5-HT4R-ko mouse model and selectively rescued the expression 

of astrocytic or neuronal 5-HT4R using AAVs. This required a change of the murine 

GFAP promoter (mGFAP) used in vitro to a shorter human GFAP promoter (hGFAP) 

to more selectively target astrocyte specific expression in vivo. Multiple sites are 

regulating GFAP expression and several GFAP-promoter variants have been 

developed with sequences associated to selective brain region targeting and 

silencing of expression in neurons (Middeldorp & Hol, 2011).  The mGFAP promoter 

used in all in vitro experiments resulted in a distinct expression pattern in the mouse 

hippocampus when used in vivo, which favoured the stratum oriens layer and spared 

the stratum radiatum, the latter being the main region of interest. In addition, rare 

expression by pyramidal neurons was observed. This required a switch of promoters 

to an hGFAP promoter variant which exhibited improved hippocampal expression 

properties, as shown in Chapter II.  

Within these experiments we found changes in the synaptic properties in slices with 

or without astrocytic 5-HT4R, and discovered that selective activation of 5-HT4R in 

astrocytes altered synaptic properties. One plausible hypothesis is that the changes 

in excitatory synaptic circuit properties might be elicited by the release of 

gliotransmitters. Glutamate has to be considered a candidate, as its release by 

astrocytes was shown to activate extrasynaptic group I metabotropic glutamate 

receptors (mGluRs) which facilitates the glutamate release from adjacent excitatory 

neuronal presynapses (Fiacco & McCarthy, 2004; Jourdain et al., 2007). Ca2+ 
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signaling in astrocytes might be implied, since Ca2+-dependent release of glutamate 

was shown in vitro (Araque et al., 2000, 1998; Parpura & Haydon, 2000). Since small 

GTPases of the Rho family have been shown to exhibit important roles in exocytosis, 

5-HT4R activation might also induce substance release via activation of RhoA 

(Aspenström, 2004).  

Ca2+ activity in astrocytes has been linked to the release of gliotransmitters. Several 

questions have been proposed by Araque et. al. regarding the specificity of 

gliotransmitter-mediated signaling directionality, since distinct gliotransmitters 

activate several target receptors (Araque et al., 2014). In addition, release of multiple 

gliotransmitters was shown, but it is unclear if astrocyte Ca2+ characteristics can 

govern a selective release. The fact that Ca2+ events travel within the cell in certain 

patterns, also into distant parts of the cell raises the question if this communication is 

to the same or different synaptic circuits at the same time. Since even one 

gliotransmitter can have different effects on different target structures, a careful 

correlation between well characterized Ca2+ signals and surrounding synaptic activity 

is required to gain information from neuron-glia crosstalk.  

If activation of the 5-HT4R in astrocytes is controlling Ca2+ signaling and leads to 

gliotransmitter release to induce an increase of mEPSC frequency, has not yet been 

fully investigated and will be addressed in future experiments. 

 

Ca2+-mediated signaling in astrocytes 

Human astrocytes possess a more complex morphology and show enhanced Ca2+ 

activity as compared to rodents. Considering the astrocytic Ca2+ signaling to interact 

with neuronal signaling, this might be the underlying structure for more sophisticated 

astrocyte-neuron communication enabling improved complex processing on an 

evolutionary scale (Vasile et al., 2017; Zhang & Barres, 2013). This further drives the 

compulsion to decipher the intricacy of this signaling, requiring a well-founded 

analysis strategy which was developed and is presented in Chapter III.  

Ca2+ fluctuations in astrocytes were shown to be evoked through external stimuli 

(synaptic activity) but also occur spontaneously. At least six different classes of Ca2+ 

signals have been characterized by location, duration, initiation factor, and 

propagation dynamics (Khakh & Sofroniew, 2015). A functional coupling between 

mitochondria and Ca2+ stores of the ER builds the source of these Ca2+ events 

(Agarwal et al., 2017). Located in the ER membrane are ryanodine receptors, which 
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are intracellular Ca2+ permeable channels that can be activated by Ca2+ entry through 

plasma membrane Ca2+ channels. They mediate a rapid release of Ca2+ from the ER 

into the cytosol, a process called Ca2+-induced Ca2+ release (Vasile et al., 2017; Zalk 

et al., 2015). Ca2+ influx can be initiated by GPCRs trough different types of voltage-

independent channels: receptor-operated Ca2+ channels are either directly controlled 

by the GPCR or its G protein. For example, the 5-HT2AR was shown to induce IP3-

dependent Ca2+ release from the ER, which is followed by Ca2+ influx through the 

plasma membrane by voltage-independent Ca2+ channels. Some Ca2+ channels are 

controlled by second messengers, such as IP3 and Ca2+ itself. These are numerous 

driving factors which need to be considered in the understanding of Ca2+ activity 

generation, maintenance and control, which we kept in mind during the development 

of strategies for the Ca2+ event analysis described in Chapter III.  

Ca2+ signals appear to be different in the soma as compared to the peripheral 

branches, and compartmentalization in specific subcellular domains has been 

proposed to create these different patterns (Bindocci et al., 2017; Rusakov et al., 

2014; Volterra et al., 2014). The possibility of different pathways being involved in 

their local generation has also been proposed (Bazargani & Attwell, 2016). Moreover, 

astrocyte morphology has been directly linked to Ca2+ activity, which highlights the 

importance of structural plasticity of astrocytic processes (Wu et al., 2019).  

In recent years attention has been paid to the directionality of Ca2+ events but their 

exact origin, expansion and uptake, and especially their controlling mechanisms, are 

still not understood. A main problem in exact interpretation of Ca2+ signals in 

astrocytes is methodical weakness. For example, Ca2+ sensitive dyes and GECIs 

contain Ca2+ binding sites to reflect an increase in fluorescent intensity upon Ca2+ 

binding. This can lead to buffering of the intracellular Ca2+ and therefore perturb its 

natural diffusion (Bootman et al., 2018; McMahon & Jackson, 2018; Tsien, 1988). 

Regarding specificity, GECIs are superior to Ca2+ indicator dyes, as they can be 

targeted to specific cell types or cell compartments. In addition, their attachment to 

the plasma membrane provides improved insights to Ca2+ activity in the fine gliapil 

structures, which is impossible to reach with organic Ca2+ dyes (Shigetomi et al., 

2019).  

Chapter III discusses the observed temperature-dependence of Ca2+ activity in 

astrocytes, which can be explained by changing Ca2+ uptake velocities. An 

interesting additional observation is that astrocyte Ca2+ activity increases, when 
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relatively high energy is introduced to the sample by laser excitation. This limits the 

applicable laser intensity and demands a careful compromise between sufficient 

photon numbers for precise event detection, whose accuracy rises with higher photon 

yields, and unintended stimulation of the cells by administration of energy. Astrocytes 

reportedly express transient receptor potential (TRP) channels including TRP ankyrin 

1 (TRPA1), an ion channel with species-dependent sensitivity to temperature and 

chemical stimuli (Laursen et al., 2015). In astrocytes TRPA1 contributes to the 

maintenance of basal Ca2+ levels and was shown to regulate the release of the 

gliotransmitter D-serine, which affects LTP (Shigetomi, Jackson-Weaver, et al., 

2013). It is possible that these ion channels can be influenced either by the laser 

intensity which heats up the tissue or by changes in temperature during experiments.  

The results presented in Chapter III show that astrocytes measured in vitro at 37°C 

exhibits Ca2+ activity with predictable characteristic features of astrocytes recorded in 

in vivo experiments. We therefore propose that with carefully selected experimental 

conditions, cultured astrocytes represent a valuable model to gain meaningful results 

for the analysis of astrocytic Ca2+ activity. Even when systemic drug administration in 

disease-related animal models will continue to require animal experiments in the last 

step, preceding in vitro investigations can strengthen the initial hypothesis and grant 

reduction and refinement in context of the 3Rs principles (replacement, reduction, 

refinement) of in vivo animal experiments.  

Contributing to the understanding of astrocyte Ca2+ signaling complexity in 

communication with surrounding cells are recent attempts in network modeling. 

These computational approaches are classically designed with only a few cells and 

supported by a multitude of available input parameters regarding those cells. They 

can provide valuable predictions about cellular relationships and how network 

dynamics change when only one input parameter is modified (Gordleeva et al., 2018; 

Kanakov et al., 2019; Oschmann et al., 2018; Savtchenko et al., 2018). These 

modeling approaches bear one major advantage: they rely on previously published 

data and assumptions and do not require further animal experiments. 

 

A multitude of studies describe Ca2+ activity, but unstandardized measuring 

techniques make comparisons and global conclusions difficult. The developed 

characterization approach presented in Chapter III offers a valuable contribution to 

unify the Ca2+ event detection strategy in the future as it is easily applicable to 
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various kinds of data and provides comparable output parameters. The final 

application of the novel Ca2+ event detection approach will build the basis for 

profound insights into the relationship of 5-HT and Ca2+ signaling and their relevance 

in disease.  

Aberrant Ca2+ activity in astrocytes has been detected in various brain pathologies 

and linked to functional consequences. This presented mostly in form of increased 

amplitudes, durations or frequencies of Ca2+ signals and varied between pathological 

models, disease state and region and diverse underlying mechanisms are suggested 

(Shigetomi et al., 2019). An increased frequency of astrocyte Ca2+ signals is thought 

to contribute to vascular instability in early stages of Alzheimer’s disease (Takano et 

al., 2007). In prion diseases, Ca2+-dependent glutamate release was shown to be 

impaired, but few data are available on the exact changes in astrocytes, yet 

(Brambilla et al., 2013). In a mouse model of amyotrophic lateral sclerosis, 

spontaneous Ca2+ elevations in astrocytes were absent, while mGluR5 stimulation 

evoked aberrant and persisting Ca2+ events (Martorana et al., 2012). In a kainate-

induced model of epilepsy, intraperitoneal administration of kainate resulted in 

increased astrocyte Ca2+ activity, and these signs presented earlier than the neuronal 

response. Suppression of astrocyte Ca2+ activity in this model reduced the severity of 

kainite-induced epileptic activity (Heuser et al., 2018). In Alexander’s disease, 

astrocytes exhibit aberrant wide-spread Ca2+ signals which correlate with disease 

progression and are thought to contribute to the pathogenesis (Saito et al., 2018).  

While clearly their properties present abnormal, the exact changes astrocytes 

undergo under these pathological conditions are not understood. As a consequence, 

studying Ca2+ activity in astrocytes has recently gained much attention. Improved 

detection strategies and a comprehensive analysis build the basis for deeper insights 

into this unique way of signaling and its role in neurodegeneration and 

neurodegenerative diseases.  
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Final conclusions 

Together, this compilation of manuscripts summarizes the investigations on 5-HT4R 

signaling in astrocytes, which regulates their morphology by activation of small 

GTPases, and opens the way to investigate and quantify the full impact of Ca2+ 

signaling.  

The collected data confirm that astrocytes express 5-HT4R in vitro and in vivo, and 

that its activation induces an increase in filamentous actin structures via Gα13 

signaling and activation of the small GTPase RhoA. Furthermore, astrocytic 5-HT4R 

signaling shapes the properties of excitatory synaptic circuits. Using a newly 

developed approach to characterize Ca2+ activity in astrocytes we detected a 

temperature-dependence and showed that in vitro Ca2+ measurements conducted at 

37°C can partly replace laborious in vivo animal experiments.  

The tools and strategies developed in this study provide a substantial basis for further 

investigations in the field of astrocyte research, particularly including astrocyte-

neuron interactions. Fragments of these data have already been collected and will be 

used for further publications.  
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