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Summary 

One of the most prominent hallmarks of Alzheimer’s Disease (AD) is the accumulation of 

amyloid-beta (A) species, which have the tendency to form extracellular insoluble A plaques 

and induce reactive astrogliosis in surrounding astrocytes. We have previously shown that peri-

plaque reactive astrocytes become hyperactive in mouse models of AD (APP/PS1 and 

APPPS1-21), and that one key signalling pathway for this hyperactivity is mediated by purinergic 

signalling. However, it has remained unclear how astrocytes and astrocytic hyperactivity 

contribute to the onset and progression of AD, how astrocytic gene expression is altered in 

APP/PS1 mice, and what the consequences of altered gene expression are for astroglial signalling 

pathways. To identify transcriptional alterations in astrocytes associated with disease 

progression and/or aging, we precipitated astrocyte-specific messenger RNA (mRNA) in a 

RiboTag approach that allowed us to perform bulk RNA sequencing specifically from astrocytes 

isolated from wild type and APP/PS1 mice. To investigate alterations on a functional level, we 

performed in vivo Ca2+ imaging in astrocytes of awake behaving mice. To this end, we 

intravenously injected an adeno-associated virus (AAV) encoding for the green fluorescent 

calcium indicator GCaMP6f under the control of the astrocyte specific short GFAP promoter. This 

approach enabled us to longitudinally measure spontaneous Ca2+ transients in cortical astrocytes 

of APPPS1-21 mice and their wild type littermates and moreover, to correlate these data to 

behaviour and disease progression. Gene set enrichment analysis (GSEA) of upregulated 

differentially expressed genes (DEGs) in APP/PS1 mice uncovered specific enrichment in genes 

involved in Ca2+ signalling pathways, including several G-protein coupled receptors (GPCRs). 

Based on this investigation, we found the 1-adrenoceptor (1-AR) Adra1d was upregulated in 

the stage before disease onset and in the early stage of A pathology in APP/PS1 mice as well as 

during aging in wild type mice. To validate this result, we performed in situ hybridization of two 

different 1-AR genes, Adra1a and Adra1d, confirming an increased expression of both genes in 

cortical reactive astrocytes in APPPS1-21 mice. In other studies, it has been shown that Ca2+ 

responses in cortical astrocytes are induced by activation of 1-adrenergic signalling and that the 

release of the neurotransmitter (NT) norepinephrine (NE) is dependent on the behavioural state. 

Indeed, we detected a locomotion-triggered increase of Ca2+ transient frequency and prolonged 

signals in cortical astrocytes in APPPS1-21 mice. Together, these results indicate a contribution of 

1-ARs in behaviour-associated Ca2+ signalling of cortical astrocytes related to A pathology, 

which may lead to a better understanding of the role of 1-adrenergic signalling in 

astroglial-neuronal network dysfunction in AD.  
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1 Introduction  

1.1 Alzheimer’s disease 

1.1.1 Brief history and neuropathological hallmarks 

More than 100 years ago, the German physician Alois Alzheimer for the first time described a 

“peculiar” disease of the cerebral cortex. The clinical symptoms he observed in the case of his 

patient Auguste Deter were temporal and spatial disorientation and memory deficits. After her 

death at the age of 55, her brain featured a severe atrophy, neuritic plaques, neurofibrillary 

tangles (NFTs) and amyloid angiopathy, which all became the hallmarks of Alzheimer’s disease 

(AD). Alzheimer correlated these abnormal structures and the shrinkage of the brain to the 

tremendous memory loss and cognitive impairment of Auguste Deter in her years of illness 

(Alzheimer 1911). In the subsequent 70 years, investigators started focussing on a better scientific 

understanding of underlying causes of dementia. Dementia is defined as a disease with loss of 

memory, thinking, orientation, learning, judge, speech, calculation and understanding (Grossman 

1992). There are many forms of dementia, however, AD is the most common form and the fourth 

leading cause of death in the elderly (Katzman 1976). The main neuropathological hallmarks in 

AD that clearly distinguish the disease from other forms of dementia are the formation of amyloid 

plaques in the parenchyma and the intracellular formation of NFTs (Figure 1-1). In 

addition to these altered structures, Alzheimer described the conspicuous structural changes of 

Figure 1-1 Illustrations of the original drawings from Alois Alzheimer published in 1911. (A) showing amyloid 
plaque deposits (P1), intraneuronal (gaz) neurofibrillary tangles (NFTs) and gliosis (glz). (B) Drawings from the diverse 
forms of observed NFTs. (Alzheimer 1911) 



  Introduction 

2 
 

glial cells. He especially noticed increased fibre-like structures in glial cells appearing particularly 

in proximity to Aplaques (Alzheimer 1911). These altered structures are potent contributors to 

neuroinflammatory responses involving microglia and astrocytes (Serrano-Pozo et al. 2013; Pike 

et al. 1995).  

A plaque formation is thought to occur as a first alteration in AD brains (Figure 1-3, red 

curves). Aplaques consist of the Apeptide derived from the proteolytic cleavage of the full 

length amyloid precursor protein (APP).APP processing can occur by - and-secretase, known 

as the non-amyloidogenic pathway, resulting in soluble products. If APP is processed through the 

amyloidogenic pathway, APP is first cleaved by the -secretase (or BACE1) releasing a soluble 

APP (sAPP) peptide. The residual transmembrane region and the C-terminus is then further 

processed by the -secretase complex, consisting of presenilin-1 (PS1) and presenilin-2 (PS2) 

proteins, resulting in the generation of an intracellular APP domain (AICD) and soluble A 

monomers. Here, the produced A38, A40 and A42 have the tendency to self-aggregate, 

whereas the A42 peptide is the predominant component of the formed insoluble A plaques in 

AD (Figure 1-2).  

Figure 1-2 Schematic illustration of amyloid precursor protein (APP) processing. Non-amyloidogenic processing 
(green) facilitated by the cleavage with -secretase followed by -secretase producing first soluble APP (sAPP) and 
-C-terminal fragment (-CTF) followed by the P3 peptide secretion in the extracellular space. Amyloidogenic 
processing (red) facilitated by the cleavage with -secretase followed by -secretase producing first soluble 
APP(sAPP) and -C-terminal fragment (-CTF) followed by the A monomer secretion in the extracellular space. A 
monomers then form A oligomers, which finally tend to from insoluble A plaques. Both pathways produce the APP 
intracellular domain (AICD). 
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Imbalances between the production and the clearance of the A peptides lead to a formation of 

soluble A oligomers, which are linked to synaptic dysfunction and cognitive decline (Haass und 

Selkoe 2007). Furthermore, these soluble A oligomers are prone to from insoluble A plaques. 

The progressive aggregation of such A plaques was long considered to be the underlying cause 

of the gradual neurodegeneration in AD. Lately, this concept has been challenged by studies 

showing that mainly A oligomers of low molecular weight (MW) exhibit disease-relevant activity 

(Haass und Selkoe 2007; Ferreira et al. 2007). In light of this, it is discussed that low MW A 

oligomer species exist in a complex equilibrium with soluble high MW A species and insoluble 

A plaques. Here the low MW A oligomers act as neurotoxic key players in the A pathology by 

dissociating from A plaques that serve as their reservoir (Haass und Selkoe 2007; Ferreira et al. 

2007; Yang et al. 2017; Sakono und Zako 2010). 

 The second neuropathological hallmark of AD is abnormal phosphorylation of the 

microtubule-associated protein tau (Figure 1-3, blue curves) (Braak und Braak 1991). 

Physiologically, tau promotes microtubule stabilization and is thereby involved in the transport 

of molecules along axons, axonal outgrowth and cell polarity (Drewes et al. 1998). The 

hyperphosphorylation of tau leads to a dissociation from microtubules and thus, prevents tau to 

fulfil its normal biological functions. In addition, hyperphosphorylated tau is prone to accumulate, 

resulting in the development of insoluble inclusions in neurons, the so-called NETs (Figure 1-1B). 

Loss of tau function and the gain of toxicity mediate the formation of dystrophic neurites that are 

causative to synaptic loss and neuronal death (Su et al. 1993; Ballatore et al. 2007).  

 Taken together, A and hyperphosphorylated tau are suggested to cause the massive 

neuronal loss and neuroinflammation that results in apparent neurodegeneration (Figure 1-3, 

purple curve) and hence, brain atrophy leading to cognitive impairments (Figure 1-3, green 

curve) typical of AD (Leuzy et al. 2019). However, it is an ongoing debate whether and to which 

extent A pathology or tau pathology are actually contributing to the onset that triggers 

pathological changes in AD (Small und Duff 2008).  
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Figure 1-3 Progression hypothesis of pathological changes in Alzheimer’s disease (AD). Biomarkers for 
amyloid are detectable as abnormally increased in the cerebrospinal fluid (CSF) and in the positron emission 
tomography (PET) in the preclinical phase followed by abnormal hyperphosphorylated tau in the CSF and PET. 
Neurodegeneration and even later cognitive decline are firstly observable in the prodromal phase (Leuzy et al. 2019) 
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1.1.2 Risk factors 

The main risk factor for AD is aging, contributing to the sporadic form of AD that represents 

around 95% of all AD cases (Hendrie 1998; Bird 2005). However, genetic, epigenetic, and 

environmental factors additionally influence AD occurrence. The inherited familial cases of AD 

(FAD) carry at least one autosomal dominant mutation in specific genes, leading to a 

predisposition for AD before reaching the age of 65 (Gatz et al. 2006). Early-onset AD is strongly 

associated to mutations in the gene for APP and the genes for one of the APP processing enzymes, 

consistent of PS1 and PS2 (Goate et al. 1991; Sherrington et al. 1995; van Broeckhoven et al. 1992). 

Mutations in these genes principally shift the processing of APP to the amyloidogenic pathway, 

and thereby lead to an elevation of the A peptide, the main component of A plaques 

(Thordardottir et al. 2017). Moreover, overexpression of normal APP leads to an increased A 

production in Down syndrome patients as APP is located on chromosome 21 and thus, the triplet 

of this chromosome strongly enriches the predisposition for AD (Head et al. 2018). 

Mutations in the gene of a specific apolipoprotein E (APOE) isoform, the APOE4 allele, and 

mutations in the gene for the triggering receptor expressed on myeloid cells 2 (TREM2) are mainly 

related to the late-onset, sporadic form of AD (Guerreiro et al. 2013; Simpson et al. 2011). 

However, a twin study showed strong evidence of 60-80% of the sporadic AD cases are linked to 

hereditary factors as well (Gatz et al. 2006). 

Besides genetic factors, vascular disorders are observed as the most frequent risk factor, 

which were identified as the earliest and strongest predictors of sporadic AD (Iturria-Medina et 

al. 2016). Additionally, AD predisposition can also be influenced by lifestyle or general health 

condition of the individual. Several chronic diseases are known comorbidities in AD, and different 

environmental factors can act as positive or negative contributors on disease onset (Edwards Iii 

et al. 2019). So far, AD still represents an uncurable disease with no effective treatments in the 

pipeline. Drug candidates from promising preclinical trials kept failing when tested in AD patients 

(van Dyck 2018; Mehta et al. 2017). Similar to chronic cardiovascular diseases, modifying life style 

factors like physical activity showed strong beneficial evidence to prevent or at least to shift AD 

onset to older ages (Ngandu et al. 2015; Livingston et al. 2017).  

  



  Introduction 

6 
 

1.1.3 AD models and drug therapies 

Between the first description of AD and today, research successfully uncovered several cellular 

mechanisms, processes, molecules, and proteins associated with disease progression. Without the 

existence and usage of animal models, these advances would be hard to achieve or even 

impossible. Transgenic mice are commonly used as disease models to better understand AD 

pathology and to test potential treatment strategies. Increasing knowledge regarding the complex 

interplay of the neuropathological hallmarks in AD provided the chance to mimic different 

pathological alterations with transgenic mouse lines. Before the generation of the first transgenic 

mouse, amyloid  (A pathology was studied by A peptide administration directly into the 

mouse brains (Yamada et al. 2005; van Dam und Deyn 2006). PDAPP was the first transgenic 

mouse line developing A pathology by mutating and overexpressing the human APP with a 

common mutation at the -secretase cleavage site that is known to be associated with FAD (Games 

et al. 1995). Similarly, the next generated transgenic mouse lines, Tg2576 and APP23 also used 

APP as target gene with different common mutations (Hsiao et al. 1996; Calhoun et al. 1999). The 

formed A plaques showed high structural similarities to A plaques in humans but were not 

displaying the entire spectrum of AD pathologies, such as missing neuronal loss (Irizarry et al. 

1997a; Irizarry et al. 1997b; Calhoun et al. 1998). Further advanced mouse lines were generated 

with multiple mutations in additional genes linked to FAD (e.g., PS1). These mice featured an 

elevated earlier accumulation of A that is more prone to accumulate (Hall und Roberson 

2012). To get closer to mimicking human AD pathology, mice with additional tauopathy were 

created, exhibiting A plaques, NFTs and neuronal loss (Götz et al. 2004). Currently, a variety of 

AD mouse lines are commercially available, stressing specific pathological features of AD and are 

invaluable to study mechanisms altered in an AD context. Despite their significance for 

mechanistic studies and testing of potential drug targets, the available mouse models do not 

reflect the entire complexity of AD pathology. This may be the reason that no functional or 

beneficial drugs have been successfully discovered yet. 

The current gold standard therapy in the clinic is a combination with cholinesterase 

inhibitors and a N-methyl-D-aspartate receptor (NMDAR) antagonist that modifies the cholinergic 

and glutamatergic metabolism. This treatment improves the cognition, memory and orientation, 

but is only a symptomatic and not a causal treatment (Campos et al. 2016). The first promising 

trial in mice was the immunization against A peptides that reduced the disease progression in 

PDAPP mice (Schenk et al. 1999). Ever since, various monoclonal antibodies showed the ability to 

bind and clear Ain several mouse models but not in humans (van Dyck 2018; Wisniewski und 

Konietzko 2008). Developed -secretase inhibitors showed promising effects in animal models by 

reducing the A peptide (May et al. 2015; Kennedy et al. 2016). Unfortunately, these inhibitors 

failed proving efficacy in clinical trials in humans and were often accompanied by side effects (Cao 
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et al. 2018). Manipulating the activity of the -secretase was even more challenging due to the lack 

of target selectivity (Dovey et al. 2001; Lanz et al. 2010). However, there are still ongoing clinical 

trials with next generation secretase inhibitors (Figure 1-4) (Cummings et al. 2019). 

Similarly, AD-associated tau pathology generated several promising treatment targets, 

including the inhibition of intracellular tau aggregates, prevention of hyperphosphorylation, 

induction of clearance or reduction of tau spread (Panza et al. 2016). Like for A, targeting tau 

pathology was mainly unsuccessful thus far despite the better correlation of tau pathology with 

cognitive impairments compared to A plaque progression (Cao et al. 2018).  

One reason for the lack of efficacy of identified therapeutic targets in humans is 

presumably the usage of mice representing an early onset FAD pathology instead of the more 

common form of sporadic late onset AD (King 2018). Therefore, mouse lines were generated by 

inserting the known sporadic late onset risk factor genes, as APOE4 and/or TREM2 with and 

without additional A pathology (Raffai et al. 2001; Murray et al. 2019). APOE4 has been 

demonstrated to be of high relevance in clinical trials resulting in significant differences between 

APOE4 carriers compared to non-carriers when treating with the anti-A monoclonal antibody 

Bapineuzumab (Salloway et al. 2014). Other strategies are focused on neuroprotection by 

reducing neuroinflammation and oxidative stress or by inducing beneficial signalling pathways 

(Cao et al. 2018).  

Due to the complexity of known and unknown factors that cause AD, it is so far nearly 

impossible to consider all factors in the therapeutic treatment of AD. Usual challenges including 

blood brain barrier permeability and drug specification additionally complicate the development 

of new treatment strategies (Huang 2011). Besides, the lack of appropriate biomarkers makes 

early AD detection difficult, thus most clinical trials are performed with patients in a late stage of 

AD although treatment strategies would mainly convey beneficial effects to patients in the 

pre-symptomatic stage (Cao et al. 2018; Cummings et al. 2019). Figure 1-4 illustrates promising 

treatment strategies that were in phase III clinical trials in 2019, comprising drugs targeting 

symptoms and a broad spectrum of drugs related to disease-modifying therapies, which are still 

targeting the major hallmarks of AD. (Cummings et al. 2019). Overall, a growing community of AD 

researchers, an increasing number of identified molecular mechanisms, new hits for drug targets 

and newly discovered biomarkers give rise for optimism to determine a better treatment strategy 

for AD in the future. 
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Figure 1-4 Mechanism of action of treatment strategies in phase3 from 2019 (Cummings et al. 2019). 
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1.2 Astrocytes 

As R. Douglas Fields exemplified in his book “The other brain”, glial cells were historically 

underestimated in neuroscience. Nowadays, it seems to be obvious that glial cells that represent 

85 % of all brain cells need to be included into almost every neuroscientific question. The term 

glia (from the Greek word for “glue”) compromise cell types such as astrocytes, oligodendrocytes, 

and microglia. In the past decades, the field is increasingly focussing on glial cells based on the 

assumption that glial cells may have more essential functions in the brain besides of the 

characterization as being just the “glue” (Somjen 1988). 

Astrocytes represent with around 20-40 % the most abundant cell type in the mammalian 

central nervous system (CNS). This abundance is dependent on the species and on the brain 

region. Overall, astrocytes display an extremely heterogenous cell population throughout and 

within the different brain regions (Lanjakornsiripan et al. 2018; Sofroniew und Vinters 2010; 

Khakh und Sofroniew 2015). Two main sub-classes distinguishable by specific morphology 

features are represented by the protoplasmic astrocytes in the grey matter and the fibrous 

astrocytes in the white matter. A uniform “bushy” morphology with high arborization of fine 

processes originating from thick main branches that ensheath synapses are characteristics for 

protoplasmic astrocytes, whereas fibrous astrocytes present long fibre-like processes that contact 

neurons through myelin-sheath gaps (Lundgaard et al. 2014). In addition, both types of astrocytes 

are connected to blood vessels and to other astrocytes via gap junctions generating large 

astrocytic networks throughout the brain (Sofroniew und Vinters 2010; The Fine Structure of the 

Nervous System. Neurons and their Supporting Cells. 3rd edition 1991) (Khakh und Sofroniew 

2015; Herculano-Houzel 2014; Barres 2008). Such morphological complexity presents an 

invaluable number of interactions with other cell types, including neuronal synapses. Thus, 

astrocytes play an essential role in regulating blood brain barrier (BBB) function, metabolic 

homeostasis, ion and NT homeostasis, neurovascular coupling, and synapse formation, 

elimination and synaptic transmission (Khakh und Sofroniew 2015; Burda und Sofroniew 2014).  
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1.2.1 The tripartite synapse  

Astrocytes with their unique bushy cell structure are organized in a non-overlapping network. 

The highly ramified structure of their fine processes enables their fine-tuned interplay with 

synapses (Bushong et al. 2002; Witcher et al. 2010). One cortical protoplasmic astrocyte in a 

mouse brain has around 100,000 synaptic interactions, whereas a human astrocyte has around 

2,000,000 synaptic contacts, highlighting the relevance of astrocytes for neuronal functions. The 

interconnection between neuronal pre- and post-synapses and the fine peri-synaptic processes 

are known as the tripartite synapse (Figure 2-5) (Allen und Eroglu 2017). Formation of the 

tripartite synapse is a very dynamic process and dependent on existing conditions like neuronal 

activity, developmental state, physiological condition and disease context (Bernardinelli et al. 

2014; Genoud et al. 2006). Electron microscopy images revealed the ensheathment of synapses 

by the fine peri-synaptic processes of astrocytes (Witcher et al. 2007). Due to the finely-tuned 

connectivity between astrocytes and pre- and post-synapses characterized by the expression of 

specific receptors, channels, and transporters, neuronal action potentials (APs) induce apparent 

astrocytic responses (Heller und Rusakov 2015). Figure 1-5 exemplifies a tripartite synapse and 

its responses. Here, an AP firing neuron releases NTs at its pre-synaptic terminal into the synaptic 

cleft. Subsequently, NTs bind to its ionotropic channels (NT receptor) at the post-synapse and at 

receptors located at the astrocytic processes that in turn, lead to an activation of the neuron and 

additional Ca2+ influx in the astrocyte. Furthermore, the NT act as a ligand for a GPCR on astrocytic 

peri-synaptic processes. Upon ligand binding, the conformational change of the receptor leads to 

the release of the G-protein. In the case of a Gq-protein release, intracellular phospholipase C is 

activated and produces the messenger molecule inositol-1,4,5-trisphosphate (IP3) with 

subsequent activation of the IP3 receptors (IP3R) located in the endoplasmic reticulum (ER) 

(Foskett et al. 2007; Bazargani und Attwell 2017; Tanaka et al. 2013). Such IP3R activation induces 

Ca2+ release from the ER, resulting in the activation of different other signalling cascades, including 

gliotransmitter (GT) secretion through vesicles or respective transporters (Montana et al. 2006). 

Consequently, GTs influence synaptic transmission and modulate neural plasticity via GT receptor 

activation on the neuronal terminals (Araque et al. 2014). Furthermore, due to this astrocytic 

response to neuronal activity, astrocytes further transmit this information to other cells via gap 

junctions (Bazargani und Attwell 2017). Considering this complex interplay between astrocytes 

and synapses, it is not surprising that disturbances within this system are associated to several 

CNS disorders (Halassa et al. 2007; Rudy et al. 2015). 
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Figure 1-5 Schematic illustration of the neuron-astrocyte communication through the tripartite synapse. 
Neurotransmitter (NT, red) release on the presynaptic terminal (purple) is triggered by neuronal depolarization and 
leads to the activation of the postsynaptic neuron by NT binding on its NT receptors on the postsynaptic dendrite (pink). 
NTs bind to the Gq-protein coupled receptor (GPCR) on astrocyte processes (green), which activates the downstream 
signalling cascade though phospholipase C (PLC) that leads to an inositol-1,4,5-trisphosphate (IP3) mediated 
intracellular Ca2+ elevation by the activation of the IP3 receptors (IP3R) on the endoplasmic reticulum (ER). Activation 
of NT receptors on the astrocytic process results in an additional Ca2+ influx from the extracellular space. Astrocytic 
Ca2+ elevation results in gliotransmitter (GT, green) release by exocytosis or through specific transmembrane 
transporters. Subsequent activation of GT receptors on the pre-and postsynaptic terminals influencing synaptic 
transmission. 
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1.2.2 Calcium signalling in astrocytes 

Astrocytes are not electrically excitable, implying that intracellular Ca2+ elevation is not inducing 

membrane depolarisation. Hence, astrocytes do not “fire” action potentials like neurons do. 

However, astrocytic Ca2+ dynamics play a crucial role in numerous mechanisms, such as 

transcriptional regulation, gliotransmitter (GT) secretion and neurovascular coupling (Petzold 

und Murthy 2011; Verkhratsky et al. 2016; Papouin et al. 2017). Astrocytic Ca2+ elevations can 

occur either spontaneously or as response to received triggers (Khakh und Sofroniew 2015; 

Araque et al. 2014; Chai et al. 2017; Guerra-Gomes et al. 2017). In general, Ca2+ elevations are 

amplified by the release from intracellular Ca2+ stores or by influx through specialized channels 

from the extracellular space. The evoked Ca2+ signals are triggered by NTs such as norepinephrine, 

ATP, Glutamate, GABA, acetylcholine (ACh), nitric oxide, and endocannabinoids that are released 

from neurons (Guerra-Gomes et al. 2017; Halassa und Haydon 2010). Dependent on the involved 

NT type, astrocytic Ca2+ dynamics have a direct impact on synaptic plasticity and on neuronal 

circuits. The functional output for cellular Ca2 increase is the GT release that in turn, affects actions 

in other glia, neurons, and endothelial cells in a spatiotemporal dependency. GT secretion is 

mediated by diffusion through plasmalemmal channels, active translocation by transporters or 

regulated exocytosis (Figure 6) (Verkhratsky et al. 2016; Guerra-Gomes et al. 2017). The release 

via exocytosis is highly dependent on spatiotemporal Ca2+ concentrations and the formation of the 

soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor (SNARE) complex 

(Verkhratsky et al. 2016; Zhang et al. 2004).  

Due to their morphological complexity and their physical contacts to various cell types, 

astrocytes exhibit high diversity of functional inputs from the environment (Khakh und Sofroniew 

2015; Bindocci et al. 2017). Technical advancements such as fluorescent life-time imaging 

microscopy (FLIM), two-photon laser scanning microscopy (2PLSM) and the usage of fluorescent 

Ca2+indicators enabled the visualisation of cellular Ca2+ dynamics in astrocyte cultures and living 

animals. Genetically encoded Ca2+ indicators (GECIs), such as GCaMP, further advanced the 

recordings of Ca2+ transients and revealed astrocytic Ca2+dynamics as spatially and temporally 

extremely complex and diverse (Bindocci et al. 2017; Shigetomi et al. 2016; Kanemaru et al. 2014; 

Volterra et al. 2014).  

Moreover, astrocytes show characteristic types of Ca2+ signals in the soma, branches, 

processes and their endfeet (Stobart et al. 2018b). Spontaneous Ca2+ signals occur without action 

potential firing in neurons and are localized to so called microdomains that are small active 

regions in branches or the finer processes and endfeet. However, dependent on the brain region, 

microdomains are also activated by neuronal activity (Shigetomi et al. 2013; Di Castro et al. 2011). 

Another characteristic Ca2+ signal type in astrocytes is the wave-like Ca2+ transient that covers 

astrocytic soma and the large branches and can occur in an extensive global Ca2+ rise spread 
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through the entire astrocyte. These Ca2+ waves are reduced when deleting astrocyte-specific IP3R 

type2, highlighting the dependency on GPCR-mediated Ca2+ release (Haustein et al. 2014; 

Srinivasan et al. 2015). In addition to IP3R-mediated Ca2+ signals, Ca2+ transients in endfeet are 

also dependent on Ca2+ entry via Transient Receptor Potential Cation Channel Subfamily V 

(TRPV4) (Dunn et al. 2013; Straub et al. 2006). Ca2+ response to behaviour such as locomotion 

appear as network-like signals that cover many astrocytes in parallel, as opposed to single-

astrocyte signals described above, and are known to be triggered by neuronal NT release (Ding et 

al. 2013; Paukert et al. 2014). Intracellular Ca2+ release is not restricted to the ER, other cell 

organelles such as mitochondria, Golgi, and acidic organelles are known to express specific 

proteins that are involved in intracellular Ca2+ increases (Patel und Docampo 2010; Hill et al. 

2014; Agarwal et al. 2017).  
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1.2.3 Astrocytic modulation of neural circuits  

Astrocytes critically impact the activity of neurons, highlighting their contribution to neural 

circuits. Neurons comprise a remarkably diverse cell population that releases characteristic NTs 

dependent on the type of neurons in the specific neural circuit and microcircuit, respectively. 

Neural circuits describe primarily interconnections from specialized neurons in specific brain 

regions linked to a distinct functions (Khakh und Sofroniew 2015). Due to the apparent astrocyte 

involvement in the tripartite synapse, astrocytes are able to modulate local neural circuits, 

networks and thereby behaviour (Araque et al. 2014; Srinivasan et al. 2015; Paukert et al. 2014; 

Poskanzer und Yuste 2016). Like neurons, astrocytes secrete a specific spectrum of transmitters 

that are capable of modulating synaptic plasticity, homeostatic plasticity, stimulation or inhibition 

of synaptic transmission, long-term potentiation (LTP) or long-term depression (LTD) (Halassa 

und Haydon 2010; Perea und Araque 2005; Henneberger und Rusakov 2010).  
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1.2.4 Cortical astrocyte responses in an awake behavioural state 

Astrocytes have recently been shown to specifically respond to neuronally released ACh and 

norepinephrine (NE) in different behavioural paradigms (McGinley et al. 2015). It has been 

demonstrated by pharmacological blockage of their receptors that ACh and NE release are 

strongly associated with neuronal activity modulation in the cortex, specifically in an arousal or 

heightened vigilance state (Paukert et al. 2014; Schiemann et al. 2015; Fu et al. 2014b). The 

arousal state is studied by inducing response upon whisker stimulation, foot shock or mechanical 

stimulation in slightly anesthetized mice or by an enforced locomotion in awake mice (Khakh und 

Sofroniew 2015). ACh is released from neuronal projections originated from different nuclei in 

the brainstem and the basal forebrain, the nucleus basalis (Eggermann et al. 2014). In vivo and ex 

vivo stimulations of the nucleus basalis resulted in a pronounced Ca2+ elevation in cortical 

astrocytes that was absent when metabotropic cholinergic muscarinic receptors (mAChRs) were 

blocked (Chen et al. 2012; Takata et al. 2011).  

In addition, the locus coeruleus (LC) is a small nucleus located in the brainstem that sends 

its noradrenergic projections throughout the brain, making the LC the exclusive source of NE in 

the brain (Aston-Jones und Cohen 2005). Similarly to the ACh system, it has been observed that 

activation of the LC by either optogenetic or arousal-induced stimulation leads to a strong and 

broad Ca2+ elevation in cortical astrocytes (Ding et al. 2013; Bekar et al. 2008; Oe et al. 2020b). 

Astrocytes in the cortex express 1-ARs that mediate Ca2+ release through the IP3 pathway, which 

can be inhibited by treatment with 1-AR antagonists or by depletion of LC neurons (Shigetomi 

et al. 2016; Ding et al. 2013). Taken together, both, the ACh and the NE system play an important 

role in astrocytic activation during arousal and vigilance and hence, in a global brain state 

(Kjaerby et al. 2017), highlighting the potential significance of astrocytes as modulators of neural 

circuits and behaviour.  
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1.3 Astrocytes in the context of aging and AD 

Considering the enormous range of functions, the high abundance, and the heterogeneity of 

astrocytes, it is not surprising that this cell type undergoes drastic alterations upon pathological 

stimuli such as stroke, neurodegenerative diseases, tumours, trauma, infection, and aging. 

Astrocytes react insult-dependent with alterations in their gene expression profile, resulting in 

distinct morphological, molecular, and functional changes.  

The phenotypic transformation of astrocytes is known as reactive astrogliosis (Matias et 

al. 2019). This phenomenon should not be considered as one specific change; it can differ in 

outcome dependent on many different aspects. To date, the role of reactive astrogliosis is unclear 

and debated as either being beneficial or detrimental to the surrounding (Sofroniew 2009; Pekny 

et al. 2014). The categorization of defined reactive phenotypes describing a neurotoxic or a 

neuroprotective astrocyte is highly controversial. In addition to the heterogeneity of nonreactive 

astrocytes, reactive astrocytes add further complexity to this particular cell type as they are 

molecularly and functionally diverse. On the one hand, reactive astrocytes secrete 

anti-inflammatory factors, leading to beneficial protective and potentially regenerative effects. On 

the other hand, astrocytes can also produce neurotoxic factors (Liddelow et al. 2017). Already 

Alois Alzheimer observed large bundles of filaments in glial cells especially in those in close 

proximity to the senile plaques (Alzheimer 1911). Today, these bundles are known to consist of 

accumulated glial fibrillary acidic protein (GFAP) filaments, which is the best-known marker gene 

that characterized reactive astrocytes (Wegiel und Wisniewski 1994). Increased expression of 

this cytoskeletal protein leads to a pronounced visible fibrillary structure in reactive astrocytes 

that varies in degree dependent on the specific insult (Escartin et al. 2019). Increased astrocyte 

reactivity represents a hallmark of physiological aging although the changes in morphology and 

function are strongly dependent on the brain region. Interestingly, reactive astrocytes in aged 

brains are similarly distributed to brain regions like reactive astrocytes in neurodegenerative 

diseases (Rodríguez et al. 2014). From a purely morphological view, astrocytes change their 

morphology from long, highly ramified processes to smaller cells with reduced complexity of their 

branches during ageing in humans, primates, and rodents (Jyothi et al. 2015; Castiglioni et al. 

1991; Robillard et al. 2016).  

Additionally, astrocytes shift their gene expression to a mild inflammatory state in 

response to normal aging (Rea et al. 2018; Clarke et al. 2018). The complement system as part of 

the innate immune system is known to play a key role in aged astrocytes as well as in astrocytes 

in diseases, including AD. Higher complement cascade activation results in increased synaptic 

pruning from astrocytes, leading to synapse and dendrite loss. Thereby, the enhanced activation 

of the complement system is considered as essential contributor to synapse elimination in aging 

and AD pathology (Boisvert et al. 2018). Age and age-related neurodegenerative diseases also 
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induce several other alterations in astrocytes such as an increased oxidative stress response and 

dysregulation of cholesterol synthesis (Boisvert et al. 2018).  

Interestingly, the astrocytic functional response to neuronal activity characterized by 

intracellular Ca2+ elevation seems to be highly conserved during aging (Gómez-Gonzalo et al. 

2017; Palygin et al. 2010). In AD mouse models, however, astrocytes showed increased activity in 

different brain regions and under several experimental conditions. Here, the increased frequency 

of Ca2+ signals is characterizing a fraction of astrocytes, especially these in close proximity to A 

plaques, as hyperactive. Thus, enhanced Ca2+ signalling promotes further gliotransmitter release 

and thereby impacting synaptic transmission and neuronal activity. Such altered astrocytic Ca2+ 

response in AD mouse models indicates a disease-related astrocytic network dysfunction and 

points towards new possible treatment strategies targeting astrocyte-specific signalling pathways 

with relevance to AD pathology (Kuchibhotla et al. 2009; Delekate et al. 2014; Reichenbach et al. 

2018; Pirttimaki et al. 2013).  
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1.4 Aim of the study 

It is essential to gain a better understanding of the role of astrocytes in physiological and 

pathological mechanisms involved in aging and age-related neurodegenerative diseases such as 

AD. Astrocytes are extremely complex and multifunctional cells that may represent potential 

targets for novel treatment options in AD, as they are relevant on transcriptional, molecular, and 

functional levels in the context of AD. However, the altered mechanisms in astrocytes during AD 

pathology are still largely incomplete. Therefore, the overarching goal of this study was to 

investigate astrocytic alterations on a transcriptional and functional level in the context of AD. By 

investigating the astrocytic translatome during normal aging and in an AD mouse model during 

A pathology progression, I firstly aimed to uncover changes in astrocyte-specific mechanisms. 

Secondly, I set out to identify functional alterations by measuring and analysing Ca2+ signals in 

cortical astrocytes in an AD mouse model under minimally invasive conditions and in the awake 

state. Finally, I aimed to interconnect findings from these translatome studies and functional 

assessments to identify potentially relevant mechanisms in cortical astrocytes during AD. 
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2 Results 

2.1 Studying translational astrocytic changes during aging and 

A pathology progression 

In order to study translational changes in astrocytes during aging, the Cx43CreERT2/RiboTag mouse 

line (Sanz et al. 2009) was utilized, which allows for immunoprecipitation of astrocyte-specific 

mRNA from brain tissue homogenate. In addition, crossing Cx43CreERT2/RiboTag mice with 

APP/PS1 mice permitted the investigation of alterations in the astrocytic translatome during 

A pathology progression. The AD mouse used here expresses the human gene for APP and the 

PS1 with specific AD-causing mutations under the control of the prion protein promoter (Prp), 

facilitating an expression in all brain cells. The produced mutant proteins are correlated to the 

early-onset inherited form of AD and induce a progressive amyloidosis at the age of around 6 

months in these mice (Jankowsky et al. 2001).  

In the utilized mouse model, the promoter for the astrocyte-specific connexin 43 (Cx43) 

protein facilitates a cell-type specific Cre recombinase expression. The Cx43CreERT2/RiboTag mice, 

are thereby referred to display the wild type condition, and the Cx43CreERT2/RiboTag x APP/PS1 

an A pathological condition (APP/PS1). Moreover, the gene locus of the ribosomal protein L22 

(rpl22) has a floxed (flanked with loxP sites) exon4 followed by an exon4 with three copies of the 

hemagglutinin (HA) epitope. Upon Cre activation with tamoxifen, the expressed rpl22HA is 

incorporated into the actively translating polysomes. The resulting HA-tagged polysomes enable 

an astrocyte-specific mRNA extraction and immunoprecipitation from brain homogenates, 

followed by RNA sequencing analysis (Figure 2-1A).  

The successful recombination after tamoxifen injection of the target vector was verified 

by immunohistochemical staining of the rpl22HA protein in brain slices. To identify the cell 

specificity, I performed a counterstaining for an astrocyte-specific transcription factor, Sox9. As 

illustrated in Figure 2-1B, Sox9 immunoreactivity clearly identifies astrocytic nuclei while HA 

expression occurred in the astrocytic cytosol. Most of the Sox9 positive cells were additionally 

positive for HA (indicated by the white arrows), demonstrating astrocyte-specific Cre 

recombination. However, the presence of Sox9 single positive cells indicates that the 

recombination was not induced in all astrocytes (Figure 2-1B).  

To further verify the cell-specificity of the RiboTag procedure, normalized gene 

expression analysis revealed a highly enriched expression profile of astrocyte marker genes 

Kcnj10, Slc1a2 and Gja1 in the RiboTag samples, whereas marker genes for neurons (Rbfox3, Nefl, 

Tubbb3), oligodendrocytes (Mog, Sox10, Gjc2) or microglia (Cd68, Ccl3, Tnf) were absent 

(Figure 2-1C). 
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Figure 2-1 RiboTag approach and specificity. (A) Astrocyte-specific Cre expression was induced by tamoxifen 
injections of Cx43CreERT/RiboTag mice. Activated Cre removes the endogenous exon4 of the rpl22 target vector, resulting 
in a recombinant HA-tagged rpl22 protein, that tags, by incorporation into the ribosomal subunit, all astrocytic 
polysomes. After brain homogenization tagged polysomes (ribosomes + mRNA) are labelled with anti-HA antibodies 
followed by a pull-down using magnetic beads. Subsequently isolated mRNA was analysed by RNA sequencing. 
(B) Immunohistological staining with an anti-HA antibody demonstrated astrocyte-specific HA expression by using 
anti-Sox9 antibody to label astrocytic nuclei. Arrows indicate HA and Sox9 co-expressing cells. Scale bar = 50 µm. 
(C) Heatmap of normalized expression values of specific cell marker genes show an enrichment of astrocyte (green) 
specific marker genes (Kcnj10, Slc1a2, Gja1) while lacking the marker genes for neurons (yellow), oligodendrocytes 
(purple) and microglia (brown). 
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During aging or in the context of a neurodegenerative disease, such as AD, astrocytes 

change their gene expression profile (Nichols et al. 1993; Rodríguez et al. 2014; Simpson et al. 

2011). To better understand the changes in astrocytes during normal aging and the potentially 

altered astrocytic gene expression during A pathology progression, brains of wild type mice and 

APP/PS1 mice at different age ranges were investigated. In the herein used AD model, APP/PS1 

mice with an age of 4 months (young) represent a timepoint before disease onset, while 8 months 

(middle-aged) and 12 months (old) old APP/PS1 mice represent the early stage and the late stage 

of A pathology, respectively (Figure 2-2A). 

 RNA sequencing was performed with all generated samples, including RNA samples from 

all cell types of the brain (total mRNA) and the immunoprecipitated astrocytic mRNA (RiboTag 

mRNA). Initially, an exploratory data analysis was performed to understand the overall 

differences in gene expression between astrocyte (RiboTag) samples and all brain cells (total 

mRNA) of all present genes. The data was batch corrected and visualized in a principle component 

analysis (PCA) that summarizes the expression features of each sample. The PCA showed a clear 

separation of the two sample types along the direction of largest variance of data (first principle 

component; PC1), illustrating that there are features that are distinctly different between the two 

groups. Hence, total mRNA samples showed a dense cluster, demonstrating a high similarity of 

their gene profile, while the RiboTag samples cluster into the other direction in a more spread-

out manner, indicating higher gene expression variabilities within the RiboTag samples 

(Figure 2-2B).  

In order to understand astrocyte-specific differences between the groups with higher 

resolution, the RiboTag samples were further analysed in greater detail. After normalization, PCA 

was performed, which showed a clear separation of middle-aged APP/PS1 from old APP/PS1, 

whereas young APP/PS1 mice clustered between these groups (Figure 2-2C). A similar pattern 

emerged in young, middle-aged, and old wild type mice (Figure 2-2C). Interestingly, when 

comparing APP/PS1 with wild type cohorts, old wild type mice showed a tendency towards old 

APP/PS1 mice, while young and middle-aged wild type and young and middle-aged APP/PS1 mice 

were clearly separated (Figure 2-2C).  
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Next, differential gene expression was tested using the FDR-adjusted p-value < 0.05, which 

resulted in 1,665 upregulated (red) and 1,294 downregulated (blue) genes in all APP/PS1 mice 

compared to wild type mice. The highest number of differentially expressed genes (DEGs), with 

1,337 up and 1,228 downregulated genes, we identified in the comparison between middle-aged 

APP/PS1 mice and middle-aged wild type mice. In contrast, the old APP/PS1 vs. wild type mice 

showed the lowest number of DEGs (34 up- and 14 downregulated genes: Figure 2-3A).  

 I also compared DEGs between the two mouse lines which were up- or downregulated 

during aging. We found low numbers of DEGs when comparing 8 months vs. 4 months old mice 

(wild type: 4 up- and 8 downregulated genes; APP/PS1: 24 up- and 207 downregulated), where 

only one shared DEG was upregulated in both groups (Figure 2-3A, Venn diagram). In contrast, 

we observed a high number of DEGs that were shared when comparing the expression in the old 

cohort (12 months) to the middle-aged mice (8 months) of both mouse lines (98 up- and 

Figure 2-2 Experimental setup and exploratory data analysis. (A) Illustration of the experimental setting of the 
RiboTag approach using two different groups, wild type (violets) and APP/PS1 (oranges) mice. Each group consists of 
4 months, 8 months, and 12 months old mice to mimic A pathology progression in the APP/PS1 mice, before onset, 
early and late stage. (B) Principle component analysis (PCA) in 45 samples, consisting of total mRNA and RiboTag
mRNA, illustrate gene expression differences of the total mRNA sample (left) with a clear separation from RiboTag
mRNA samples, which do not form one distinct cluster. (C) PCA from RiboTag mRNA samples showed a similar 
orientation of the APP/PS1 group from all cohorts, along the PC1 axis, whereas the wild type samples were more spread 
and separate, except from 12 months old cohort, which showed a tendency towards APP/PS1 old mice (sample 
orientation of each condition is indicated by boundaries with condition corresponding colours); n = 2-4 mice 
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5 downregulated DEGs; Figure 2-3A, Venn diagram). Comparing DEGs in APP/PS1 mice vs. 

wild type mice, there is a strong overlap in the up- and downregulated genes from the 4 months 

old and 8 months old cohort (Figure 2-3B, C). 

 Taken together, the DEG analysis revealed a pronounced gene expression change in the 

stage before disease onset which shows a strong overlap with the gene expression change in the 

stage of the early onset stage for A pathology. Furthermore, we detected the highest gene 

expression variability between middle-aged and old mice for both mouse lines.  

 

Figure 2-3 Differential genes expression analysis. (A) Up (red) and downregulated (blue) genes between the 
different age cohorts and the changes in APP/PS1 (oranges) vs. wild type (violets) mice. Overlap in the Venn diagrams 
illustrates identical regulated genes in both groups in the age matched comparison. (B) Overlap of upregulated genes 
in all three age cohorts of APP/PS1 vs. wild type mice. (C) Overlap of downregulated genes in all three age cohorts of 
APP/PS1 vs. wild type mice. Genes were defined with an FDR-adjusted p-value <0.05; n= 2-4 mice 
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2.1.1 Astrocyte gene expression changes with age in wild type and APP/PS1 mice 

To gain insight into the main changes of gene expression changes related to normal aging, we 

performed a gene set enrichment analysis (GSEA) to detect gene clusters for specific biological 

terms, using gene ontology (GO) or Kyoto Encyclopedia of Genes and Genomes (KEGG) as database 

resources. GO enrichment analysis of the DEGs upregulated in aged wild type mice showed two 

distinct enrichments, both of which related to synapses, synapse organization and regulation of 

synaptic plasticity (Figure 2-4A). Whereas the heatmap of DEGs involved in synapse organization 

showed an upregulation in old wild type mice, the same genes were even higher upregulated in 

young and middle-aged APP/PS1 mice (Figure 2-4B). Studying this gene set in more detail by 

generating a gene interaction network uncovered two sub-clusters (Figure 2-4C). Genes 

appearing in the axonal guidance term like Trem2, Grin1, Ephb3, Negf and Abl1 are upregulated in 

old wild type group but upregulated to a greater extent in all APP/PS1 mice. 

The other sub-cluster contains genes encoding for neurexins and neuroligins, which as 

synaptic adhesion molecules and thereby play a crucial role in synaptic transmission and neuronal 

communication. Genes in this cluster are significantly upregulated during normal aging, while 

increases are stronger and appear earlier in APP/PS1 mice (Figure 2-4D). 

 Another interesting group of DEGs related to aging is a group of 98 overlapping genes 

upregulated in old mice of both groups (Figure 2-3A, Venn diagram). GSEA of this gene set was 

unsuccessful. Nevertheless, a string network analysis (SNA) identified 20 genes related to 

metabolism. Mapping this sub-cluster uncovers genes involved in lipid metabolism, like Cers1 and 

Sphk1. Both genes encode for proteins involved in lipid modification and are thereby involved in 

the production of lipid based second messengers like sphingosine-1-phosphate (S1P), which is 

involved in several important cellular processes, including inflammatory signalling and 

pro-apoptotic pathways (Wit et al. 2019; Fischer et al. 2011). Another gene affecting the 

regulation of the second messenger ATP in astrocytes is the ectonucleotidase Entpd2. By 

regulating extracellular ATP to ADP transition, Entpd2 is indirectly controlling the activation of 

purinergic receptors and thereby the activation of astrocytes (Wink et al. 2006). Furthermore, the 

upregulation of the Psmb10 (Figure 2-4E), which has been associated to AD before (Orre et al. 

2013) may be indicative of astrocyte-associated neuroinflammation during aging as the Psmb10 

protein is a subunit of the immunoproteasome that activates upon IFN release (Kudriaeva et al. 

2017).  

Taken together, two main enrichment terms were detected during aging for genes that 

showed an upregulation in old wild type mice and APP/PS1 mice: genes important for synapse 

organization and synaptic plasticity during aging in wild type mice, that were remarkably 

upregulated earlier in APP/PS1 mice. The second group is related to metabolism and metabolic 

pathways with genes in old mice of both groups. 
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Figure 2-4 GSEA and SNA during normal aging. (A) GO enrichment analysis of DEGs comparing gene expression of 
old vs. middle-aged wild type mice showed an upregulation of genes involved in synaptic organization and the 
regulation of synaptic plasticity. Colour scale from red to blue indicates the increasing p-value. Dot size indicating the 
gene count of the found DEGs in the enrichment term. (B) Heatmap representing mean expression of the 34 DEGs 
included in the term synaptic organization, demonstrating an upregulation in old wild type mice as well as in APP/PS1 
mice. (C) Interactome of the genes corresponding to the heatmap uncovering two sub-clusters with genes associated to 
axon guidance (yellow bubbles) and genes belonging to neurexins and neuroligins (dark green bubbles) (D) Mean 
expression heatmap of individual genes from sub-cluster axon guidance and neurexins and neuroligins. (E) 20 DEGs 
from 98 identified DEGs that were simultaneously upregulated in old mice of both groups. Significance was determined 
by comparing the expression from 12 months vs. 8 months old mice of the corresponding group. Z-score indicates 
minimal and maximal z-scaled expression. Bars above the heatmaps indicate the genotype (violets for wild type and 
oranges for APP/PS1 mice) and colour intensity the age cohorts (young indicated by light colours getting darker with 
age). 
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2.1.2 Reactive astrocyte gene expression profiles in response to aging and 

Apathology progression  

Reactive astrocytes show very characteristic features like morphological, molecular and 

functional alterations  (Burda und Sofroniew 2014). In addition to the classification of nonreactive 

and reactive astrocytes, a specific set of upregulated genes has been defined in reactive astrocytes 

in all brain pathologies as well as during aging, the so-called pan-reactive marker genes. In 

addition to this gene set, there are two more classifications of genes that have been proposed as a 

way to describe the astrocytic phenotype based on its expression profile. These are the so-called 

neurotoxic or A1 astrocytes and the neuroprotective or A2 astrocytes. Accordingly, the reaction 

of astrocytes to neuroinflammation (e.g., induced by a lipopolysaccharide (LPS)-treatment) is 

resulting in an upregulation of genes that may lead to neurotoxicity (A1 phenotype). 

Neuroprotective astrocytes (A2 phenotype) increase the expression of genes that are typically 

detected in astrocytes after middle cerebral artery occlusion (MCAO) and have been proposed to 

be beneficial to neurons (Liddelow et al. 2017; Clarke et al. 2018; Boisvert et al. 2018).  

 To identify the specific reactive astrocyte phenotype according to this postulated 

classification in our experimental model, frequently published known gene sets for astrocyte 

phenotyping were used (Liddelow et al. 2017; Rakers et al. 2019). The expression level of these 

phenotype-specific genes was visualized in heatmaps. Significances were determined by 

comparing the expression level in age-matched APP/PS1 and wild type mice (4, 8 and 12 months). 

Analysis of pan-reactive marker genes showed that several pan-reactive genes (Osmr, 

Gfap, Hspb1, Aspg) were upregulated in APP/PS1 mice compared to wild type mice (Figure 2-5A). 

Analysis of A1 vs. A2 phenotypic profiles revealed no clear-cut dichotomy between these gene 

sets. Specifically, genes associated with the A1 phenotype showed no significant upregulation, 

although there was a tendency for higher expression of some genes (Figure 2-5B). Likewise, 

A2-specific genes appeared mostly not regulated except for Sphk1 and Cd14 which showed a 

significant upregulation in young APP/PS1 compared to wild type (Figure 2-5C). None of the A1 

or A2 marker genes showed a significant upregulation during normal aging in wild type mice 

(Figure 2-5A-C). In summary, although this analysis showed an upregulation of some pan-reactive 

marker genes, the data are not compatible with a clear dichotomy of A1 and A2 astrocytes in 

APP/PS1 mice. 
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Figure 2-5 Gene expression of marker genes for reactive astrocytes of postulated reactive astrocyte 
phenotypes. (A) Mean expression heatmaps of 13 genes referred to pan-reactivity, (B) 12 genes to LPS-specific 
reactivity or A1 phenotypic and (C) MCAO-specific reactivity or A2 phenotypic showed no distinct upregulation related 
to disease progression or aging for each of the postulated reactive astrocyte phenotypes. In all phenotypes some genes 
show a tendency to be upregulated in the late stage of A pathology, while for others rather a decreased expression. 
Only Osmr in middle-aged, Gfap in old, Hspb1 in young and Aspg in middle-aged were significantly upregulated in 
APP/PS1 mice. However, Vim is significantly downregulated in young and middle-aged APP/PS1 mice in the gene set 
for pan-reactive genes. For the classified LPS-specific as well as for MCAO-specific Amido2, Fbln5, Emp1, S100a10 were 
downregulated in one of the APP/PS1 cohorts compared to wild type, whereas the one significant upregulation was 
detected in Sphk1 in young APP/PS1 mice. Significance was determined by comparing the expression from APP/PS1 vs. 
wild type mice in the different age cohorts 
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2.1.3 Transcriptional changes in astrocytes induced by progressive A pathology  

Next, I performed a GSEA analysis of all upregulated DEGs in APP/PS1 mice To estimate which 

biological processes or pathways are associated with the genes identified as differentially 

expressed in APP/PS1 mice during aging, a GSEA of the upregulated DEGs was performed. Here, 

GO enrichment analysis uncovered that only genes involved in synapse organization were 

upregulated in all cohorts of APP/PS1 mice, sharing upregulation of some identical genes 

belonging to the 10 upregulated genes from the overlap in the Venn diagram in Figure 2-2C. 

Nevertheless, upregulated DEGs from middle-aged and old APP/PS1 mice contribute to more 

equal terms, where most of them belong to synaptic or axonal regulatory processes. Remarkably, 

in these cohorts, genes associated to learning or memory and cognition were upregulated. 

Similarly, enriched genes from the middle-aged APP/PS1 mice were mainly related to synaptic 

terms, whereas the old cohort contained terms associated with glial activation, glial development, 

and immune responses (Figure 2-6A).  
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Figure 2-6 GO enrichment analysis of APP/PS1 vs. wild type within each age cohort. (A)GO enrichment analysis 
of DEGs comparing gene expression of APP/PS1 vs. wild type mice for each age cohort showed an upregulation of genes 
involved in synaptic organization in all ages. 4 months old and 8 months old have many similar terms identified, most 
of them dealing with synaptic or axonal processes. Some overlapping terms from 8 months old and 12 months old 
upregulated DEGs are involved in learning or memory and cognition, whereas in the old APP/PS1 mice many terms are 
connected to glial/astrocyte activation, differentiation and development and inflammatory terms. Colour scale from red 
to blue indicates the increasing p-value. Dot size indicating the gene ratio of the matching DEGs in the term to all genes 
defining the term. 
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To perform an analysis that is more pathway-specific, I used KEGG as an additional database. The 

KEGG enrichment for the middle-aged APP/PS1 mice showed axonal guidance and calcium 

signalling pathways as most prominent terms, whereas in the old mice the most prominent genes 

belong to the innate immune and complement/coagulation system as well as disease terms such 

as Streptococcus aureus infection (Figure 2-7A). 

Based on the importance of calcium signalling in astrocytes, and the goal of this thesis to 

gain more insight into calcium signalling mechanisms, I performed a more detailed analysis of 

genes included in this enrichment term. This analysis revealed several surface proteins, such as 

receptors and channels (e.g. Adra1d, Drd1a, Cacla1d), as well as several downstream effector 

proteins (Figure 2-7B).  

 

 

Figure 2-7 KEGG enrichment analysis of APP/PS1 vs. wild type. (A) KEGG enrichment analysis of DEGs comparing 
gene expression of APP/PS1 vs. wild type mice for each age cohort showed an upregulation of genes involved in axonal 
guidance and other signalling pathways like calcium signalling pathways and cAMP signalling pathways in 8 months 
old APP/PS1 mice. 12 months old APP/PS1 mice have upregulated DEGs involved in Staphylococcus aureus infection 
or complement and coagulation cascade, both containing genes for proteins associated in innate immunity. Colour scale 
from red to blue indicates the increasing p-value. Dot size indicating the gene ratio of the matching DEGs in the term to 
all genes defining the term. (B) SNA interactome of the 14 genes matching DEGs in the defined term calcium signalling 
pathways with labelled surface proteins in yellow. Thickness of the lines in the network indicating the strength of data 
support. 
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To better define the expression and ultimately the role of membrane-bound receptors that 

are involved in astrocyte signalling, I additionally performed a cluster analysis of expression 

changes of surface and downstream effector proteins, called surfaceome 

(https://www.proteinatlas.org/about/licence). Specifically, Cluster Profiler was used to analyse 

and visualize functional profiles of genes or gene clusters of our dataset related to the surfaceome, 

based on the common ontology and pathway databases (HALLMARK, GO, KEGG, Reactome, 

Disease). The subsequent sustained output was a surfaceome gene cluster network, indicating the 

identified clusters with all genes referred to the clusters that also allows the estimation of 

similarities of each cluster by proximity (Figure 2-8A). In addition, gene clusters were visualized 

in a heatmap to obtain an overview of the gene expression levels for each condition. 

The surfaceome of our data set consisted of 7 different clusters, indicated by the coloured 

bars on the right site of the heatmap with the corresponding gene numbers that each cluster 

includes (Figure 2-8). From each cluster, the most relevant enrichment terms were selected from 

the Reactome (green), KEGG (purple) and Disease (brown) GSEA. In the pink cluster, which 

contains 172 genes enriched in terms of the immune system (21 genes, p.adjust = 0.03) and 

metabolic pathways (12 genes, p.adust < 0.01), these processes were activated in wild type mice 

during aging and in old APP/PS1 mice. The midnight blue cluster, which contained the highest 

number of genes (306), showed an upregulation in APP/PS1 mice of all age groups, as well as in 

old wild type mice. This cluster included terms for signal transduction, such as GPCRs (39 genes, 

p.adjust = 0.02) in the Reactome analysis. In addition, calcium signalling pathways (21 genes, 

p.adjust = 0.02) were found in the KEGG enrichment analysis for this cluster. Furthermore, this 

gene cluster showed also relevance to our disease model with an enrichment in AD-related genes 

(20 genes, p.adjust = 0.008) in the Disease enrichment database, confirming that this cluster has 

a strong relevance in our experimental model (Figure 2-8B). Within this cluster, I also identified 

several sub-clusters with genes related to neurotransmitter signalling. For example, several 

GPCRs of the acetylcholine receptor signalling pathways and adrenergic receptor signalling 

pathways were upregulated. I also identified another sub-cluster with genes relevant for calcium 

signalling, such as cation channels (Trpm2, Ttpv2) or subunits for voltage-gated calcium channels 

(Cacna1h, Cacna1i (subunits from Cav3.2/3 channel)) (Figure 2-8C). The yellow cluster (158 

genes) revealed genes that were upregulated exclusively in APP/PS1 mice and downregulated in 

all wild type cohorts. These genes are mostly associated with the innate immune system 

(20 genes, p.adjust < 0.0001) and axonal guidance (9 genes, p.adjust = 0.01), as well as 

neurodegenerative diseases (20 genes, p.adjust = 0.02) (Figure 2-8B). In a small subset of genes 

from the innate immune system, specific genes involved in the complement and coagulation 

cascade were identified. The complement system is known to play a crucial role in microglia and 

astrocytes during AD where it is thought to support the engulfment of synaptic compartments 
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(Lian et al. 2016; Lian et al. 2015). In contrast, there are also several genes involved in axonal 

extension, development and, as shown here, axonogenesis. Additionally, an enrichment in genes 

implicated in neurodegenerative diseases (20 genes, p.adjust = 0.02) was observed (Figure 2-8D). 

The salmon cluster (253 genes) showed similar terms as the midnight blue and yellow clusters, 

including a very general term with neuronal system (50 genes, p.adjust < 0.0001) and genes 

related to calcium signalling pathways (23 genes, p.adjust < 0.001). However, genes in this cluster 

were upregulated in young and middle-aged APP/PS1 mice, and downregulated or unaffected in 

the old APP/PS1 and in any wild type mice cohort. The next three clusters (blue, cyan, turquoise) 

showed a different pattern with upregulated genes in the young and middle-aged wild type mice 

and a downregulation in all APP/PS1 mice and old wild type mice. The blue cluster (220 genes) 

showed genes involved in homeostasis (16 genes, p.adjust = 0.004) and metabolic pathways 

(14 genes, p.adjust = 0.04). Only a small number of genes were obtained in the cyan cluster (60 

genes) with genes implicated in signal transduction (14 genes, p.adjust = 0.03) and GPCR ligand 

binding (9 genes, p.adjust = 0.02). The turquoise cluster (67genes) contained a low number of 

terms, such as genes involved in cytokine signalling in immune system (6 genes, p.adjust = 0.02) 

and development (5 genes, p.adjust = 0.04).  

Overall, based on the number of genes and their purported function, the most promising 

clusters for gene manipulation and further investigation in the context of AD were the yellow 

cluster as well as the midnight blue cluster (Figure 2-8B).  
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Figure 2-8 Surfaceome gene cluster network and corresponding relevant GSEA (A) Gene cluster network, 
illustrating all genes from the used gene set for surface proteins and the direct downstream effector proteins. Each dot 
represents one gene, distance between the dots the similarities or relationship and the colours referred to the gene 
cluster. (B) Heatmap indicating mean expression of genes included in the corresponding cluster for each age and 
genotype condition. The four upper clusters (pink, midnight blue, yellow and salmon) showed a general direction to 
genes higher expressed in APP/PS1 and old wild type mice and a low expression in 4 months and 8 months old wild 
type mice. The opposite is observable for the lower three clusters (blue, cyan, turquoise). Numbers in the coloured bars 
indicate the genes identified in each cluster. Relevant terms from GSEA using Reactome, KEGG and Disease enrichment 
database are assigned to the corresponding cluster. (C) Midnight blue sub-clusters of individual genes found 
differentially expressed in the term calcium signalling pathways, like neurotransmitter receptor signalling pathways as 
for acetylcholine or adrenalin. An additional sub-cluster showed different channels regulating the calcium import. (D) 
Yellow sub-clusters of individual genes found differentially expressed in the term axon guidance, like axonogenesis. 
Additional sub-cluster from the term innate immune system, showed genes from the coagulation and complement 
system, mainly upregulated in the old APP/PS1 mice. Z-score indicates minimal and maximal z-scaled expression. Bars 
above the heatmaps indicate the genotype (violets for wild type and oranges for APP/PS1 mice) and colour intensity 
the age cohorts (young indicated by light colours getting darker with age). 
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2.1.3.1 SUMMARY 

The RNAseq data set revealed an important role of genes involved in synapse organisation during 

normal aging, but even stronger and earlier due to A pathology. Genes associated with 

metabolism and metabolic pathways are upregulated to a similar extend to aging regardless of the 

A pathology in APP/PS1 mice.  

GSEA of the regulated surface proteins and downstream effector proteins uncovered critical 

gene clusters with a high relevance to neurodegenerative diseases and AD. These two main 

important clusters included genes related to the innate immune system and axon guidance as well 

as important GPCRs involved in cholinergic and adrenergic signalling and several genes 

associated to Ca2+ signalling pathways.  
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2.2 In vivo Ca2+ imaging of cortical astrocytes in awake behaving mice 

To enable the recording of Ca2+ responses in the cell soma and the processes of astrocytes in awake 

behaving mice, an astrocytic transduction with a GECI is required. Therefore, I used an 

adeno-associated virus (AAV) encoding for the astrocyte-specific short GFAP (GfaABC1D) 

promoter (Lee et al. 2008) followed by the sequence of GCaMP6f, which enalbes the expression of 

this green-fluorescent GECI specifically in astrocytes.  

2.2.1 Intravenously administered AAV facilitates a non-invasive transduction of 

astrocytes  

Transducing cortical astrocytes with AAVs for expression of the genetically encoded calcium 

indicator GCaMP6f was performed by intercranial injections. Injecting substances into the brain 

tissue requires skull opening and piercing the dura by inserting a glass capillary. This procedure 

results in a high expression of the AAV-inserted gene in a small fraction of cells surrounding the 

injection site. In addition, a scar is formed at the injection site, leading to reactive astrogliosis as 

illustrated by increased Gfap expression in the cortex (Figure 2-9 upper panel). To avoid these 

disadvantages of cranial injections and ensure more widespread GCaMP6f expression, we took 

advantage of a recently developed AAV capsid variant, AAV.PHP.eB that enables a transduction of 

the whole brain by a single intravenous injection (Chan et al. 2017). Transducing astrocytes with 

the intravenously administered AAV enables, in theory, a transduction of all astrocytes in the 

brain. Comparing GCaMP6f expression in the cortex from both injection approaches, intravenous 

injection resulted in an even expression of numerous astrocytes without inducing reactive 

astrogliosis evidenced by the relative absence of Gfap-expressing astrocytes in the cortex 

(Figure 2-9 lower panel). With both injection routes, a pronounced Gfap expression in the 

adjacent hippocampus is visible. However, it is known that hippocampal astrocytes show gene 

expression differences compared to cortical astrocytes, including high expression of Gfap under 

normal conditions (Hinkle et al. 1997). In addition, intracranial injection disrupted some of the 

normal cortical layer structure as illustrated in Figure 2-9 (Dapi channel), which is in clear 

contrast to the intravenously transduced brain where distinct cortical layers were still visible 

(Figure 2-12).  
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Figure 2-9 Comparing AAV transduction approaches to enable GCaMP6f expression in cortical astrocytes by 
immunohistological staining. (upper panel) Intracranially injected AAV caused tissue disruption, seen in the 
organisation of the Dapi stained nuclei (blue), induced high GCaMP6f expression (green) and triggered the Gfap 
expression (red) in astrocytes at the injection site. Merging all channels demonstrated a colocalization of the GCaMP6f 
expressing astrocytes with the Gfap positive astrocytes. (lower panel) after intravenous injection, the cortical layer 
organization was not affected, clearly visible in the Dapi channel, fraction of astrocytes expressing GCaMP6f and nearly 
no Gfap staining is detectable in the cortex. Region within the grey borders label cortex. Scale bars indicate 500 µm. 

Overview images of other brain regions demonstrate the successful transduction of astrocytes 

with GCaMP6f-positive cells in the cerebellum, small fraction of astrocytes in the hippocampus 

and an even distribution of transduced astrocytes in the cortex. To prove the cell specificity, 

anti-Sox9 antibody was used to label all astrocytic nuclei (Sun et al. 2017) (Figure 2-10), and 

transduction efficiency was determined from the cortex by counting GCaMP6f-positive astrocytes 

and Sox9-positive nuclei. 
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This analysis showed a relatively high variability between individual mice regardless of genotype, 

but no differences in the transduction efficiency between wild type and APPPS1-21 mice. GCaMP6f 

and Sox9 double positive cells are visualized by white arrows in Figure 2-11A. Overall, systemic 

administration of AAV-GCaMP6f resulted in a mean transduction of 30.58% in cortical astrocytes, 

without significant differences between wild type (mean± SD; 37.86% ± 21.02) and APPPS1-21 

mice (mean± SD; 23.31% ± 13.14; p = 0.145; Figure 2-11B). Therefore, systemic transduction of 

astrocytes with GCAMP6f was feasible and efficient, I consequently chose this method over 

intracerebral injections for the subsequent in vivo imaging studies. 

  

Figure 2-10 Transduction of astrocytes in different brain regions. GCaMP6f positive astrocytes were detected in 
the cerebellum (upper panel) the hippocampus (middle panel) and the cortex (lower panel). Astrocytic nuclei were 
visualized by counter staining with a Sox9 antibody and all nuclei by Dapi staining Due to the auto fluorescent 
property, plaques colocalize and are visible in the Sox9 channel and the Dapi channel of APPPS1-21 mice Scale 
bars indicate 500 µm. 
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Figure 2-11 Quantification of the transduction efficiency. (A) Representative images of the immunohistological 
staining to quantify transduction efficiency in cortical astrocytes in wild type brains (upper panel) and APPPS1-21 
brains (lower panel). Anti-GFP antibody was used to enhance fluorescent signal from expressed GCaMP6f and anti-Sox9 
was used to label astrocytic cell nuclei. All nuclei and A plaques were visualized in the Dapi channel and A plaques 
were additionally detectable in the Sox9 channel. Successfully transduced and counted astrocytes are indicated by white 
arrows in the merged channel. Scale bars indicate 50 µm. (B) Boxplot of quantified transduction efficiency for GCaMP6f 
positive astrocytes in percent of cortical astrocytes. One data point represents average percentage of expression from 
10 field of views of one mouse. Whiskers represent standard deviation. Kruskal-Wallis test; p = 0.145; n = 18 
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2.2.2 Identification of Ca2+ transients in cortical astrocytes 

Since the RNAseq analyses had revealed an upregulation of adrenergic signalling receptors, I next 

determined whether this would also result in functional changes of Ca2+ activity in awake and 

behaving mice. For the recording of astrocytic Ca2+ activity, a chronic cranial window was 

implanted above the primary somatosensory cortex (Figure 2-12A) without injuring the brain 

tissue and dura. To enable an astrocyte-specific expression of GCaMP6f, a specific AAV was 

administered intravenously (Figure 2-12B) instead of the commonly used intracranial 

microinjection (Chen et al. 2013; Chan et al. 2017). This experimental setup allowed the 

simultaneous recordings of Ca2+ dynamics in cortical astrocytes in mice running on a linear 

treadmill head-fixed under a 2PLSM (Figure 2-12C). This approach is superior to studies 

conducted in anesthetized mice since anaesthetics-induced reduction of astrocyte activity was 

avoided (Thrane et al. 2012; Goldey et al. 2014) and furthermore, enabled a longitudinal 

investigation to identify alteration during A progression in APPPS1-21 mice. 

 

Figure 2-12 Scheme of experimental procedure. (A) Chronic cranial window implantation above the primary 
somatosensory cortex. After recovery of the mouse, (B) retro-orbital intravenous AAV injection. Containing the target 
vector, encoding for the short GFAP promoter (sGFAP) controling the expression of cytosolic GCaMP6f in astrocytes. 
(C) After a certain expression period, longitudinal awake in vivo two-photon Ca2+ imaging was performed. 
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 The astrocytic Ca2+ signals that were recorded as 5 minutes time series, showed 

spatiotemporally highly dynamic signal changes that were visible as green-fluorescent domains 

of different intensities within astrocytes (Figure 2-13). As described in previous studies, Ca2+ 

dynamics during resting conditions appeared to be activated in a random fashion (Ding et al. 

2013; Paukert et al. 2014; Zheng et al. 2015). However, during locomotion, broad wave-like 

signals occurred, as illustrated in Figure 2-13. 

Figure 2-13 Representative time series of imaged Ca2+ dynamics. Individual images of different time points from a 
time series illustrating the astrocyte activity by recording Ca2+ signals. Fluorescent intensity of cytosolic GCaMP6f is 
indicated from black with, no signal over light green to yellow, with a strong signal. Locomotor activity in this series is 
indicated by the yellow dot and time in seconds (s) is indicated in the left corner. Scale bar indicates 20 µm.  
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 Figure 2-14A shows example images of distinct time points from the above-mentioned 

time series revealing spatiotemporally distinct Ca2+ dynamics. Arrows indicate time-dependent 

activated whole astrocytes or astrocytic domains (Figure 2-14A). To detect individual regions of 

interest (ROI) and to investigate the frequency of events and their kinetics in these domains, I 

used different customized tools suitable for our generated dataset. Therefore, the image sequence 

was pre-processed using ImageJ by applying a 3D background noise filter and projecting it along 

the time axis (Figure 2-14B). Using this domain detection tool, the resulting data was generated 

as a table containing raw intensity data of each ROI over time. To subsequently verify the detection 

of Ca2+ events, the intensity data was analysed using a machine learning tool that helped to detect 

peaks that fulfilled prespecified features. Specifically, a classifier was trained to identify invalid 

and valid peaks, enabling an unbiased analysis of Ca2+ events in all recorded time series 

(Figure 2-14C). The processing of the Ca2+ imaging time series with this pipeline results in a 

dataset with kinetic features of the events as well as the extracted Ca2+ traces of the active 

domains. Figure 2-14D illustrates a representative Ca2+ trace from the labelled active domain 

marked by the red circle in the image. In this example, the trace shows a locomotion-induced Ca2+ 

increase in an active domain of an astrocyte process.  
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Figure 2-14 Analysis of astrocytic Ca2+ dynamics. (A) Example images from four diffenent time points (11 s, 19 s, 
38 s and 110 s) to illustrate Ca2+ dynamics in cortical astrocytes. Scale bar indicates 20 µm (B) Domain detection after
noise and background reduction, based on the projection along the time axis. (C) Event identification by validation and 
classification of peaks. (D) Illustation of an extracted example Ca2+ trance (green curve) of one detected active domain 
(red circle) over the complete time series representing Ca2+ dynamics in response to locomotion (orange shaded). 
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2.2.3 Locomotion induces Ca2+ transients in cortical astrocytes  

In our RNAseq data analysis described above, we detected gene expression changes related Ca2+ 

signalling that were significantly regulated by aging itself. Therefore, we decided to perform the 

in vivo Ca2+ imaging in another AD mouse model to avoid the potentially confounding influence of 

aging and to investigate changes solely related to amyloid pathology. Thus, I used the APPPS1-21 

mouse line which expresses similar transgenes as the APP/PS1 mice. Both mouse lines express 

mutated forms of the APP and the PS1 gene. The distinction to the APP/PS1 mouse line is a 

different mutation within the PS1 gene. In addition, the transgene expression is controlled by the 

neuron-specific promotor Thy1. Together these differences lead to an early and robust A 

pathology within the used mice with 5 to 8 months of age (Radde et al. 2006). 

Ca2+ imaging was performed on two different 2PLSM setups for technical reasons, 

resulting in two different imaging frequencies 3.82 Hz and 14.8 Hz. In cortical astrocytes, I 

observed extremely rare Ca2+transients under resting conditions and even less frequent in 

anesthetized mice (Data not shown). Due to the low baseline activity of cortical astrocytes, the 

recordings of Ca2+ responses require the wakefulness of the mouse and stimulus to acquire a 

sufficient Ca2+ response (Ding et al. 2013; King et al. 2020). Studies investigating Ca2+ transients 

in cortical astrocytes of anesthetized mice compared to awake mice demonstrated a drastically 

lower frequency of spontaneous as well as evoked Ca2+ transients (Thrane et al. 2012). 

Furthermore, it has been shown very recently that the Ca2+ baseline under resting conditions 

influences the peak and amplitude of evoked Ca2+ transients (King et al. 2020). 

In this study, I recorded Ca2+ transients in resting states as well as during locomotor 

activity. As illustrated in the Figure 2-13 and the example trace of Figure 2-14D, locomotion of the 

mouse resulted in a clear increase in the fluorescence intensity in astroglial active domains. To 

further investigate this locomotion-triggered increase and to uncover alterations between 

wild type and APPPS1-21 mice, active domains in all recorded field of views (FOVs) were 

analysed. To illustrate the fluorescence intensity differences upon locomotion, Figure 2-15A 

shows examples of active domains of astrocytes for each genotype. Sum projection of the 

corresponding time series and active domains of the astrocyte are shown in a ROI map next to the 

projection image (Figure 2-15A). A plaques are strongly auto fluorescent and are thereby 

additionally visualized in the projection image from the APPPS1-21 mouse time series, indicated 

in dark blue of the corresponding ROI map (Figure 2-15A, right panel). Kymographs of these active 

domains showed a simultaneous fluorescence intensity elevation when the mouse started to run 

in both genotypes (Figure 2-15B). The status of the mouse defined as either “locomotion” or “rest” 

was determined by recording the position on the linear treadmill. In Figure 2-15B, running 

sections are visualized in black and resting sections in grey. By comparing the fluorescence 

intensity of these example kymographs, APPPS1-21 mice showed a higher intensity in the active 
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domains, which is furthermore visualized in three representative traces of active domains for both 

genotypes (Figure 2-15C). Comparing the representative kymographs and single traces in 

APPPS1-21 mice reveals an increased intensity in the active domains upon locomotion, indicating 

a higher Ca2+ fluctuation in the transgenic animals.  

 

Figure 2-15 Locomotion-induced Ca2+ response in cortical astrocytes. (A) Sum projection (left panel) of 
representative time series to illustate active astrocytes with the corresponding active domains (ROI map) for wild type 
(violet) and APPPS1-21 (orange) mice. Aplaque is indicated by the dark blue border in the ROI map for APPPS1-21 
mouse. (B) Kymographs demonstrating colour-coded fluorescence intensity representing the Ca2+ change over time of 
300 s. State of the mouse is indicated by the condition panel showing states of locomotion in black and resting in grey. 
(C) Extracted single Ca2+ traces from active domains of both genotypes represented in fluorescent change in % 
normalized to wild type data.  
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The analysis of the kinetics of all detected Ca2+ signals during states of locomotion and 

resting revealed that the Ca2+ signal amplitude was similar in both imaging setups during 

locomotion in APPPS1-21 mice. The only statistically significant difference was a higher amplitude 

under resting conditions compared to locomotion in wild type mice in the slow imaging setup 

(Figure 2-16A; Table 1). Another kinetic feature that I investigated was the duration of the Ca2+ 

signals, measured as the full duration at half-maximum (FDHM). There were no changes in FDHM 

in data obtained with the slow imaging setup between rest and locomotion or the two genotypes, 

respectively (Figure 2-16B; Table 2). However, in the fast imaging setup data, FDHM was 

significantly longer during locomotion than during rest in both genotypes (Figure 2-16B; Table 2). 

Moreover, FDHM was significantly longer in APPPS1-21 compared to wild type mice in both 

behavioural states (Figure 2-16B; Table 2).  

Further descriptive kinetic properties of Ca2+ signals are rise time and decay time. 

However, none of these features seemed to be altered in any condition or genotype and were not 

affected by imaging speed in this analysis (Figure 2-17A, B). 

Overall, Ca2+ imaging of cortical astrocytes showed a strong dependency of Ca2+ signals to 

the stimulus of locomotion and a longer duration of these signals compared to resting condition. 

In addition, comparing FDHM in wild type and APPPS1-21 mice, I identified a higher FDHM in 

APPPS1-21 in both conditions, i.e. locomotion and rest, with the fast imaging setup. 
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Figure 2-16 Signal kinetics of Ca2+ signals in cortical astrocytes. (A) Amplitude detected in the slow imaging was 
increased during rest in wild type mice, while no change was detected in APPPS1-21 animals or with fast imaging for 
both genotypes. (B) Full duration at half-maximum (FDHM) was unchanged in slow imaging data and significantly 
higher in APPPS1-21 mice during locomotion as well as in resting periods. In addition, Ca2+ signals were significantly 
longer upon locomotion compared to signals in resting mice for both genotypes. Whiskers represent standard deviation. 
Kruskal-Wallis test followed by Wilcoxon pairwise comparisons test; * p < 0.05, ** p < 0.01; n = 8-12 time points from 
3 mice/genotype for slow imaging data and 4-5 mice/genotype for fast imaging data. 

Table 2-1 Overview of the Amplitude for each condition. 

Imaging setup Condition Genotype Mean ± SD (%) 

Slow Locomotion Wild type 10.94 ± 8.11 

Slow Locomotion APPPS1-21 10.61± 4.3 

Slow Rest Wild type 16.28 ± 14.68 

Slow Rest APPPS1-21 12.14± 5.1 

Fast Locomotion Wild type 34.43± 6.3 

Fast Locomotion  APPPS1-21 35.66± 6.87 

Fast Rest Wild type 33.04 ± 9.56 

Fast Rest APPPS1-21 37.08 ± 12.01 
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Table 2-2 Overview of the full duration at half-max (FDHM) for each condition. 

Imaging setup Condition Genotype Mean ± SD (s) 

Slow Locomotion Wild type 2.18± 0.36 

Slow Locomotion APPPS1-21 2.22± 0.26 

Slow Rest Wild type 2.28± 0.42 

Slow Rest APPPS1-21 2.28± 0.29 

Fast Locomotion Wild type 0.59 ± 0.08 

Fast Locomotion  APPPS1-21 0.63 ± 0.1 

Fast Rest Wild type 0.51 ± 0.12 

Fast Rest APPPS1-21 0.58 ± 0.13 

 

 

 

Figure 2-17 Rise and decay time of Ca2+ events. (A) Rise time of Ca2+signals showed no differences in any 
experimental condition. (B) likewise, the decay time. Whiskers represent standard deviation. Kruskal-Wallis test 
followed by Wilcoxon pairwise comparisons test; ns = p > 0.05; n = 8-12 time points from 3 mice/genotype for slow 
imaging data and 4-5 mice/genotype for fast imaging data. 
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2.2.4 Higher frequency of Ca2+ events in APPPS1-21 mice 

Experiments using acute cranial windows in anesthetized mice conducted in our lab as well as by 

others, demonstrated hyperactivity or higher activity of cortical astrocytes in AD mouse models 

with A pathology (Kuchibhotla et al. 2009; Delekate et al. 2014; TAKANO et al. 2007). This higher 

activity points to a functional change of astrocytes due to A pathology (Perez-Nievas und 

Serrano-Pozo 2018). To investigate whether this hyperactive astrocytic phenotype also exists 

under awake conditions, I recorded the frequency of Ca2+ events in a longitudinal fashion in 

weekly imaging sessions. Here, the APPPS1-21 mouse model was imaged within the age range 

from 5 to 8 months where mice have been reported to show A plaque deposition that further 

increased over the two to three months of imaging period (Radde et al. 2006). For the analysis, I 

first determined the area per FOV occupied by active astrocytes. This analysis showed no 

differences between the genotypes. (mean ± SD: wild type = 20.6% ± 9.7%; APPPS1-21 = 23.8% ± 

9.9%; p = 0.318; Figure 2-18A). The spatial size of individual astrocytic active domains was also 

similar, although there was a tendency for larger domain sizes in APPPS1-21 mice (Figure 2-18B, 

Table 2-3). 

 

Table 2-3 Overview of the domain size in µm2 for each condition. 

Condition Genotype Mean ± SD (µm2) 

Locomotion Wild type 18.05 ± 2.09 

Locomotion  APPPS1-21 19.76 ± 2.80 

Rest Wild type 18.00 ± 2.30 

Rest APPPS1-21 18.96 ± 2.62 

  

Figure 2-18 Active analysed area and domain size. (A) Mean area of active astrocytes in % from each FOV was not 
changed (B) Detected mean domain size of each FOV in µm2 was slightly but nonsignificantly increased in APPPS1-21
mice in both conditions. Whiskers represent standard deviation. Kruskal-Wallis test. ns= p > 0.05; n = 8-12 time points 
from 7-8 mice/genotype. 
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Next, I determined the frequency of Ca2+ events occurring within the defined active 

domains during locomotion and during rest from data sets of both microscopic setups (i.e. slow 

and fast imaging speed). The dataset from slow imaging comprises of longitudinal data for 

12 weeks and fast imaging data for 8 weeks. The frequency of events per second remained stable 

across the span of imaging timepoints in both setups and genotypes (Figure 2-19A). However, 

when all data were pooled, the data showed a significantly higher frequency in APPPS1-21 mice 

for both setups and in both behavioural states (Figure 2-19B; Table 3). 

Figure 2-19 Frequency of Ca2+ events over time and overall. (A) Frequency of Ca2+ events over time upon 
locomotion and during rest. APP/PS1 mice showed tendency of more events in all conditions with both imaging setups. 
However, frequency was unchanged over time. (B) Mean events from each time point per mouse showed an increased 
frequency in APPPS1-21 mice compared to wild type with the same magnitude for both conditions with slow imaging. 
Fast imaging data demonstrated higher frequency in APPPS1-21 mice at the same magnitude for both conditions 
compared to wild type, but frequency in wild type mice during rest was significantly lower to frequency upon 
locomotion. Kruskal-Wallis test followed by Wilcoxon pairwise comparisons test; ns = p>0.05, * p < 0.05, ** p < 0.01, *** 
p < 0.001, **** p < 0.0001; n = 8-12 time points from 3 mice/genotype for slow imaging data and 4-5 mice/genotype for 
fast imaging data. 
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Table 2-4 Overview of Ca2+ event frequency for each condition. 

Imaging setup Condition Genotype Mean ± SD (events/s) 

Slow Locomotion Wild type 6.64 ± 4.68 

Slow Locomotion APPPS1-21 13.55 ± 10.94 

Slow Rest Wild type 6.77 ± 8.37 

Slow Rest APPPS1-21 12.68 ± 14.41 

Fast Locomotion Wild type 29.75 ± 20.8 

Fast Locomotion  APPPS1-21 38.45 ± 21.09 

Fast Rest Wild type 15.32 ± 24.5 

Fast Rest APPPS1-21 38.08 ± 55.2 

 

Taken together, in vivo Ca2+ imaging of cortical astrocytes in awake mice showed a 

locomotion-triggered Ca2+ response in astrocytes. Furthermore, the detected events showed 

slower kinetics upon locomotion compared to resting conditions, while events were slower in 

both conditions in APPPS1-21 mice. In addition, higher frequencies of events per second in 

APPPS1-21 mice compared to wild type mice were observed for all conditions.  
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2.3 Increased expression of 1-ARs in reactive cortical astrocytes in 

APPPS1-21 mice 

In the preceding paragraphs, I used RNAseq data from astrocyte-specific mRNA to identify an 

upregulation of genes in APP/PS1 mice related to calcium signalling pathways. Calcium signalling 

is often regulated by surface protein activation, ligand binding to transmembrane receptors and 

channels. One differentially expressed GPCR in astrocytes is the 1-adrenoceptor (1-AR) 

Adra1d, that showed a significant upregulation in APP/PS1 mice of all age cohorts in my dataset 

(Figure 2-8C). In addition to Adra1d, another 1-AR, Adra1a, is also known to be highly expressed 

by astrocytes (Zhang et al. 2014). To verify the upregulation of Adra1a and Adra1d in the context 

of A pathology additionally in the APPPS1-21, and to estimate their expression in cortical and 

hippocampal astrocytes, I performed a multiplex fluorescence in situ hybridization, called 

RNAscope. The used mice were 7 months old and thereby reflect the A plaque burden 

comparable to the mice used in the Ca2+ imaging experiments. To enable an astrocyte-specific 

quantification of Adra1a and Adra1d expression, I used a Sox9-specific probe to label all 

astrocytes and a Gfap-specific probe to identify reactive astrocytes. All cell nuclei and A-plaques 

were visualized by Dapi. 

An exemplified overview image of the stained wild type brain slices reveals prominent 

Adra1a distribution in the cortex while other brain regions were only sparsely labelled 

(Figure 2-20A). In contrast, Adra1d is densely localized in the upper layer of the cortex, and also 

highly expressed in the pyramidal cell layer of the hippocampus and in thalamic regions 

(Figure 2-20B).  

  

Figure 2-20 Localization of Adra1a and Adra1d in the brain. (A) Overview of Adra1a labelled mRNA (yellow) 
showed a main distribution of Adra1a positive cells in the cortex and a sparse labelling of cells throughout the other 
brain regions. (B) Overview of Adra1d labelled mRNA (yellow) showed a main distribution of Adra1d positive cells in 
the upper layers of the cortex, high labelling in the pyramidal cell layer of the hippocampus and a region in the thalamus. 
Nuclei were visualized by Dapi staining. Scale bar indicates 1 mm. 
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Higher magnified images from the cortex and the hippocampus demonstrated a dot-like staining 

for all used probes (Figure 2-21A, B). Visual inspection already showed a gene expression change 

between mice for Gfap, with an increase in the cortex (Figure 2-21A, lower panel). Both Sox9 and 

Gfap showed a rather spotted distribution across the entire cell body, while Adra1a staining 

localized to the nucleus or adjacent to the nucleus. For further analysis, I dichotomised astrocytes 

into reactive (Gfap-positive) and nonreactive (Gfap-negative) astrocytes. Quantification of cortical 

Adra1a expression revealed a significant decrease in nonreactive astrocytes (mean ± SD: wild 

type = 3.74% ± 4.09%; APPPS1-21 = 0.85% ± 2.26%; p < 0.01), while its expression was 

significantly increased in reactive astrocytes of APPPS1-21 mice (mean ± SD: wild type = 4.97% ± 

3.85%; APPPS1-21 = 10.35% ± 5.37%; p < 0.01; Figure 2-21C, left). In contrast, hippocampal 

Adra1a expression was independent of astrocyte activation status (Figure 2-21C, right): 

comparable expression levels were found in nonreactive astrocytes (mean ± SD: wild type = 

0.76% ± 2.41%; APPPS1-21 = 1.10% ± 2.7%; p > 0.05) and in reactive astrocytes (mean ± SD: wild 

type = 3.11% ± 6.39%; APPPS1-21 = 2.25% ± 3.26%; p > 0.05). Similar labelling patterns were 

observed for the Adra1d (Figure 2-22A, B). Like Adra1a, quantification revealed a decrease of 

Adra1d-positive nonreactive astrocytes in APPPS1-21 mice (mean ± SD: wild type = 28.93% ± 

17.67%; APPPS1-21 = 10.21% ± 14.48%; p < 0.01), while reactive astrocytes presented with a 

higher Adra1d expression in APPPS1-21 mice compared to wild type (mean ± SD: wild type = 

36.08% ± 15.25%; APPPS1-21 = 51.95% ± 17.91%; p < 0.01; Figure 2-22C, left). Interestingly, 

quantification of hippocampal Adra1d expression resulted in equal expression pattern in both 

nonreactive astrocytes (mean ± SD: wild type = 31.41% ± 19.94%; APPPS1-21 = 37.43% ± 

19.64%; p > 0.05) and reactive astrocytes (mean ± SD: wild type = 47.91% ± 22.32%; APPPS1-21 

= 43.79% ± 21.01%; p > 0.05; Figure 2-22C, right). 

Taken together, the isoforms of 1-adrenergic receptors, Adra1a and Adra1d, both show 

markedly higer numbers of positive reactive astrocytes in the cortex but not the hippocampus of 

APPPS1-21 mice. 
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Figure 2-21 Adra1a expression in cortical and hippocampal astrocytes. (A, B) Multiplex fluorescent RNA in situ 
hybridization for Sox9 (green), Adra1a (yellow) and Gfap (red) in wild type (violet) and APPPS1-21 (orange) brains. 
Nuclei and A plaques were visualized in the Dapi channel. Sox9 probe was utilized to identify all astrocytes and Gfap 
to identify reactive astrocytes. Scale bars indicate 50 µm. (A) Maximum intensity projections of z-stack images from the 
cortex. (B) Maximum intensity projections of z-stack images from the hippocampus. (C) Boxplot of determined Adra1a 
expression in nonreactive astrocytes (Sox9 single positive cells; green) was decreased (p < 0.01) and increased 
(p < 0.01) in reactive astrocytes (Sox9 and Gfap double positive cells, red;) in the cortex (left) of APPPS1-21 mice. In the 
hippocampus (right) no change was detected (nonreactive astrocytes p > 0.05; reactive astrocytes p > 0.05). One data 
point represents one field of view (FOV). 10 FOVs per mouse and per region were analysed. Whiskers represent 
standard deviation. Kruskal-Wallis test followed by Dunn’s multiple comparisons test; ns = p>0.05, **p <0.01; n = 3-5 
mice 
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Figure 2-22 Adra1d expression in cortical and hippocampal astrocytes. (A, B) Multiplex fluorescent RNA in situ
hybridization for Sox9 (green), Adra1d (yellow) and Gfap (red) in wild type (violet) and APPPS1-21 (orange) brains. 
Nuclei and Aplaques were visualized in the Dapi channel. Sox9 probe was utilized to identify all astrocytes and Gfap 
to identify reactive astrocytes. Scale bars indicate 50 µm. (A) Maximum intensity projections of z-stack images from the 
cortex. (B) Maximum intensity projections of z-stack images from the hippocampus. (C) Boxplot of determined Adra1a 
expression in nonreactive astrocytes (Sox9 single positive cells; green) was decreased (p < 0.01) and increased 
(p < 0.01) in reactive astrocytes (Sox9 and Gfap double positive cells, red;) in the cortex (left) of APPPS1-21 mice. In the 
hippocampus (right) no change was detected (nonreactive astrocytes p > 0.05; reactive astrocytes p > 0.05). One data 
point represents one field of view (FOV). 10 FOVs per mouse and per region were analysed. Whiskers represent 
standard deviation. Kruskal-Wallis test followed by Dunn’s multiple comparisons test; ns = p>0.05, **p <0.01; n = 3-5 
mice 
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3 Discussion 

Here, I have found that the astrocytic translatome of the APP/PS1 mouse model of AD shows 

alterations in specific pathways associated with Ca2+ signalling. Specifically, and confirmed by 

in situ hybridization in APPPS1-21, I detected significant changes in the expression of 

1-adrenoreceptors on reactive astrocytes in the cortex. I also showed that this genetic alteration 

correlated with altered Ca2+ responses during locomotion, as assessed by in vivo imaging of awake 

behaving mice, an effect mediated by adrenergic signalling. These data indicate that 

1-adrenoreceptors may contribute to astroglial-neuronal network dysfunction during 

behavioural states in AD. 

3.1 Advanced cell-type specific mRNA isolation 

Genetic changes of astrocytes due to aging or neurodegenerative diseases have been 

addressed by several studies using different mouse models or techniques. (Clarke et al. 2018; 

Boisvert et al. 2018; Bronzuoli et al. 2019). The advantage of the RiboTag technique used in the 

present thesis is the extraction of cell-specific actively translated mRNA (Sanz et al. 2009). The 

classical procedure to isolate cell specific mRNA is fluorescent activated cell sorting (FACS) 

(Swartzlander et al. 2018; Zamanian et al. 2012). However, this technique features several 

limitations for the isolation of most of the brain cells. First, due to the morphological complexity 

of astrocytes, tissue dissociation leads to a massive loss of their highly ramified processes. 

Additionally, mechanical steps during the procedure and the tissue disruption induce immediate 

early genes and other stress-related responses and might trigger considerable changes in the 

transcriptional state (Sanz et al. 2009; Kang et al. 2017). Furthermore, the lack of appropriate 

specific cell surface markers represents one of the main issues resulting in a contamination of 

other cell types and/or a small yield of RNA. Consequently, the small yield leads to the need of 

pooling samples from different animals. In addition, the relatively harsh procedure results in a 

low RNA integrity number, which then represents a poorly suitable sample for further analysis as 

required for RNAseq or quantitative PCR (qPCR) (Swartzlander et al. 2018). Moreover, ribosomal 

mRNA translation not only takes place in cell somata close to the nucleus, but also occurs in fine 

distal processes, which may be lost during traditional cell-sorting techniques (Boulay et al. 2017). 

In the RiboTag approach, whole brains or regions are removed and directly frozen, reducing the 

probability of transcriptional changes induced by the procedure, and enabling the capture of all 

translating mRNAs including those from fine processes. The major advantage of RiboTag is the 

specific purification of translated mRNAs, excluding untranslated mRNA from the RNAseq 

analysis resulting in a dataset representing strictly speaking the translatome and not the whole 

transcriptome (King und Gerber 2016).  
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The brain incorporates a high variety of cell types and if mRNA isolation is not restricted 

to one, distinct changes in one specific cell type are diluted by the contamination from the residual 

cells (Okaty et al. 2011; Srinivasan et al. 2016). This fact is clearly displayed in the principle 

component analysis (PCA) of my dataset, where the total mRNA of all cell types showed no distinct 

separation amongst the different age cohorts or genotypes. However, total mRNA clusters clearly 

away from the RiboTag mRNA (Figure 2-2B). In contrast, the PCA based on the RiboTag mRNA 

indicated a distinct overall gene expression profile of the APP/PS1 mice clustering away from 

wild type mice. This, as well as the enrichment for astrocytic markers in RiboTag mRNA samples 

(Figure 2-1), attest to the purity as well the ability to perform comprehensive comparative 

analyses using this approach. 
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3.2 Age-related gene expression changes and their relation to 

A pathology 

To identify significant gene expression changes, DEGs were determined using comparisons 

between different age cohorts and between the different groups in the same age cohort. While 

identified DEGs in wild type mice represent age-related gene expression changes, identified DEGs 

in the APP/PS1 group represent changes related to A pathology progression. Based on the plaque 

development, 4 months old APP/PS1 mice with no A plaques reflect gene expression changes 

before AD onset, 8 months old cohorts mimic the early stage of AD with a rising A plaque 

formation. Finally, the 12 months old mice feature a massive A plaque burden and thus reflect 

the late onset of A pathology (Jankowsky et al. 2001). Thereby, DEGs in the APP/PS1 group are 

induced, in addition to age-related changes, also by A pathology progression (Figure 2-2A).  

During normal aging in wild type mice, the highest number of DEGs were identified in 

comparison to middle-aged and old cohorts. This indicates that the major gene expression 

changes occur during normal aging between 8 months and 12 months of age. Previous studies 

addressing the expression changes in aged mice demonstrated an upregulation of genes involved 

in synapse elimination, and neuroinflammation and a decrease of genes for cholesterol synthesis 

(Clarke et al. 2018; Boisvert et al. 2018). In our data set, upregulated DEGs in the old mice vs. 

middle-aged revealed two clusters of genes (Gene ontology, (GO)-enrichment), synapse 

organization and regulation of synaptic plasticity (Figure 2-4A). Interestingly, genes in the 

synapse organization cluster were even stronger increased in all APP/PS1 mice, indicating an 

earlier increase of age-related alterations in APP/PS1 mice (Figure 2-4B). The interactome of 

these gene cluster illustrated two further sub-clusters, with 5 genes belonging to axion guidance 

and 4 for neurexins and neuroligins (Figure 2-4 C, D). These genes are poorly studied in astrocytes 

so far, but it is well known that astrocytes contribute to synaptic engulfment,(Gratuze et al. 2018; 

Jay et al. 2019), and the neurexin and neuroligin system has been implicated in neuronal 

connectivity and synaptogenesis (Hillen et al. 2018). 

The high number of DEGs in the age-matched comparisons of APP/PS1 vs. wild type 

revealed pronounced gene expression changes in young (presymptomatic) and middle-aged 

(early stage disease) APP/PS1 mice. Surprisingly, mice with the highest plaque burden mimicking 

the late onset stage showed a marginal number of DEGs (Figure 2-2A). This indicates that on the 

one hand, the most relevant disease-related mechanisms are affected prior to the high abundance 

of plaques, and on the other hand, that aging itself induces similar changes as AD. One possible 

explanation might be related to the A oligomer hypothesis which posits that A oligomers are 

more toxic than insoluble A plaques (Ferreira et al. 2007; Cline et al. 2018). While no identical 

genes were regulated when comparing middle-aged vs. young AD and wild type mice, the 
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comparison of old vs. middle-aged showed a set of DEGs identically regulated in both groups. 

These alterations might hence occur with aging, i.e. without an influence of A pathology. 

Interestingly, only one GO-enrichment term was potentially relevant, containing genes associated 

to metabolism (Figure 2-4E). Astrocytes controlling blood brain barrier function and are thereby 

essential for brain homeostasis and metabolism (Zlokovic 2008). Genes such as Sphk1 and Cers1 

are important in lipid metabolism, whereas Entpd2 metabolizes ATP. These example genes are 

involved in processes producing important intracellular and extracellular second messengers as 

S1P or ADP. Both feature a significant impact on important cellular mechanisms as apoptosis or 

purinergic signaling (Delekate et al. 2014; Reichenbach et al. 2018; Wit et al. 2019; Fischer et al. 

2011; Wink et al. 2006). 

GO-enrichments from the age-matched APP/PS1 vs. wild type comparisons again 

confirmed the relevance of the synapse organization term as the only common term in all age 

cohorts. Furthermore, several other terms related to synaptic regulations were also found 

overlapped between 4- and 8-months old APP/PS1 mice. Interestingly, overlapping terms in 8- 

and 12-months old APP/PS1 vs. wild type mice are related to learning and memory, and cognition. 

APP/PS1 mice develop memory deficits upon A pathology, examined by classical behavioural 

testing (Ashe 2001; Reichenbach et al. 2019). Hence, these GO-enrichments imply an alteration in 

genes associated to learning and memory in the early and late stage of A pathology. While further 

terms related to synaptic regulations were uncovered in the early stage, terms referring to glial 

changes and to immune response in the mice mimicking the late stage of disease (Figure 2-6). 

Taken together, the main astrocytic changes related to aging include genes linked to 

synapse biology, and these alterations occur earlier and are persistently induced by A pathology. 

The higher number of DEGs in the presymptomatic and early disease stage may point to a stronger 

impact of A oligomers than A plaques. Additionally, the common group of genes upregulated in 

all old mice in wild type and in APP/PS1 indicate an Apathology independent and age-related 

effects. 
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3.3 Astrocytic genetic phenotypes defined by A pathology and aging 

Reactive astrogliosis is the remarkable change on a morphological, molecular, and functional level 

to various pathological insults. Which gene expression changes occur is strongly dependent on the 

type of stimulus and the brain region. However, in the astrocyte research field the definition of 

the specific features of a reactive astrocyte is still not entirely resolved (Escartin et al. 2019). The 

upregulation of the Gfap and Vim genes is defined as the best-known feature for astrocyte 

reactivity. In addition to these genes, several others were frequently observed as astrocyte 

reaction on pathological stimuli and were thereby referred as pan-reactive marker genes. In 

addition to this classification there were genes correlated to a neurotoxic (A1) or neuroprotective 

(A2) astrocytic phenotype (Liddelow et al. 2017; Rakers et al. 2019).  

Surprisingly, the data set analysed in this thesis does not support a specific astrocytic A1, 

A2 or pan-reactive phenotype (Figure 2-5). Even if some signature genes show a non-significant 

tendency to be elevated, a clear enhancement of these genes would be required to classify one 

specific phenotype. In general, Gfap upregulation is not only related to neurodegenerative 

diseases but also to normal aging (Clarke et al. 2018; Boisvert et al. 2018). However, two recent 

studies found nearly opposite expression patterns during aging and in AD models. Where the one 

study identified a new hippocampal astrocyte population with an specific heightened Gfap 

expression in aging and in particular in their AD model, another study showed a reduced Gfap 

protein level in hippocampal astrocytes from aged mice with and without AD-like pathology 

(Bronzuoli et al. 2019; Habib et al. 2020). These contrary conclusions illustrate that even the best-

established marker for astrocyte reactivity does not consistently have to follow the classical 

expression pattern. Unexpectedly, the second well-known marker Vim was neither upregulated in 

APP/PS1 mice nor in aged mice in our data set (Figure 2-5A). However, amongst others, increased 

Vim expression, similar to the other depicted reactive markers, show extreme regional differences 

(Clarke et al. 2018; Boisvert et al. 2018). AD-related phenotypic changes were previously 

described to change towards purportedly neurotoxic astrocytes, similar to normal aging (Clarke 

et al. 2018; Habib et al. 2020).This classification failed verification with our generated data 

(Figure 2-5B). Interestingly, other recent studies have also failed to identify a clear-cut distinction 

between A1 and A2 phenotypes in various disease models (Ceyzériat et al. 2018; Wu et al. 2019; 

Diaz-Castro et al. 2019). 

In summary, the dataset obtained in my thesis does not confirm the view that astrocytic 

reactivity can broadly be divided into two opposite genetic phenotypes. Astrocytes represent an 

extremely complex, highly heterogenous and regionally diverse cell type (Matias et al. 2019; Habib 

et al. 2020). Thus, future studies using single-cell RNAseq techniques will be necessary to identify 

regional heterogeneities as well as the full spectrum of astrocytic phenotypes. 
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3.4 Upregulated genes in astrocytic Ca2+ signalling pathways linked to 

A pathology 

Astrocytes are neuronal interaction partners at the synaptic terminals and can affect synaptic 

transmission (Di Castro et al. 2011; Haustein et al. 2014; Panatier et al. 2011). The detection of 

genes related to specific pathways and processes was determined based on the gene set 

enrichment analysis using KEGG database (Kanehisa 2019).Genes involved in terms such as axon 

guidance, Ca2+ signalling pathways, cAMP signalling pathways, glutamatergic synapses and gap 

junctions underlined the relevance of altered signalling cascades in the early stage of A 

pathology. Only at the later stage an apparent shift towards genes associated with innate 

immunity arises, exemplified by the term coagulation and complement system (Figure 2-7A).  

 Due to the astrocytic contribution at the tripartite synapse, astrocytes express a large 

variety of cell surface signalling proteins. In the interactome of the genes provided by the 

enrichment term Ca2+ signalling pathways, a high abundance of neurotransmitter receptors and 

ion channels was identified (Figure 2-7B). The cluster analysis of the surfaceome, which includes 

cell surface proteins and downstream effector proteins, uncovered seven distinct gene clusters 

with diverse enrichment terms detected by Reactome, KEGG, and Disease enrichment analysis 

databases (Yu et al. 2012). In particular, clusters associated with terms such as the immune 

system or terms pointing to specific signalling cascades or processes were upregulated in 

APP/PS1 mice. In addition, the Disease Enrichment analysis showed that two clusters (midnight 

blue and yellow) also contain genes associated with neurodegenerative diseases and specifically 

Alzheimer’s disease. While the yellow cluster comprise terms of the innate immune system and 

axon guidance, the midnight blue cluster comprise genes for GPCR signalling and Ca2+ signalling 

pathways (Figure 2-8B). 

 In the yellow cluster, the sub-cluster “axonogenesis” includes the cell adhesion molecule 

L1cam. Overexpression of this gene has been shown to be beneficial for the reduction of A plaque 

load and astrogliosis in an APP/PS1 mouse model (Djogo et al. 2013; Leshchyns'ka und Sytnyk 

2016). However, the role of L1cam overexpression in astrocytes in the context of AD has not been 

reported so far and the mechanism of action and how A is reduced by astrocytes is unclear. 

Another interesting gene is Grin1, a channel-subunit for an ionotropic NMDA receptor (NMDAR). 

Released glutamate activates the receptor expressed by astrocytes which result in an intracellular 

Ca2+ rise (Palygin et al. 2010). In addition, in the case of an overexpression or an increased 

activation of the astrocytic NMDAR, this can lead to a glutamate-triggered excitotoxicity (Liu et al. 

2019). A further promising candidate is the erythropoietin producing hepatocellular A4 (EphA4) 

that is involved in axonal outgrowth. Our data are in line with studies showing higher levels of 

EphA4 in AD patients and a correlation to synaptic dysfunction, thereby contributing to the 
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cognitive impairment induced by A pathology (Fu et al. 2014a). Furthermore, EphA4 was also 

found upregulated specifically in reactive astrocytes, and the blockage of this receptor had a 

beneficial outcome with regard to synaptic dysfunction and astrocyte reactivation in different 

disease models (Fu et al. 2014a; Frugier et al. 2012; Goldshmit und Bourne 2010) (Figure 2-8D).  

The complement and coagulation system is associated with synaptic pruning during 

development and microglia-mediated synaptic loss by phagocytosis in AD (Luchena et al. 2018). 

Astrocyte-microglia communication through the complement system by C3 secretion from 

astrocytes and C3 receptor (C3ar1) activation on microglia had a beneficial effect for A clearance 

(Lian et al. 2016). We also identified upregulated C3ar1 in our dataset (Figure 2-8D). Interestingly, 

in microglia the activation of C3ar1 leads to an intracellular activation of the Stat3 pathway. Stat3 

in astrocytes is strongly associated to induce astrocyte reactivity in different neurodegenerative 

disease and especially in AD (Reichenbach et al. 2019; Litvinchuk et al. 2018; Ben Haim et al. 

2015). The other three genes, Procr, Itgb2, and Itgam are genes typically expressed in other cell 

type as endothelial cells, immune cells, and microglia (Clarke et al. 2018; Glawe et al. 2009; 

Wojtukiewicz et al. 2019) and my study is the first to identify their upregulation in astrocytes in 

an AD model. 

 The midnight blue cluster, containing the highest number of genes, demonstrated the 

direct significance to AD as discussed above and is thereby probably the most relevant cluster for 

this study. This sub-cluster specifically showed an upregulation of genes that are contributing to 

GPCR-induced Ca2+ elevation, such as cholinergic signalling and adrenergic signalling receptors, 

or proteins supporting Ca2+ import from the extracellular space. In fact, it has been shown that 

activated cholinergic receptors on astrocytes induce IP3-dependent intracellular Ca2+ release, and 

it was also demonstrated that some subtypes might influence the communication to the 

vasculature at the astrocytic endfeet. The cholinergic system is known to play a crucial role in 

learning and memory, thus an altered expression of this receptors on astrocytes might have an 

impact on learning and memory deficits in AD (Kuchibhotla et al. 2009; Navarrete et al. 2012; 

Elhusseiny et al. 1999) (Figure 2-8C). 

 The sub-cluster of adrenergic signalling receptors includes three GPCRs sensing NE, each 

with a distinct cellular response. The Adrb2 receptor is a beta2 adrenergic receptor (2-AR) that 

is connected to various pathway responses. In astrocytes, the most important signalling pathway 

mediated though Adrb2 is glucose uptake via a Gs-protein initiated cAMP-dependent activation of 

the glucose transporter 1 (Glut1). Dysregulations of this system is linked to AD (Dong et al. 2012). 

In our data, this receptor was expressed at lower levels in APP/PS1 than in wild type mice, 

however Adrb2 is upregulated in both groups if compared to the 4-month old mice. The AR 

Adra1d is an 1-AR associated with a Gq-protein activation and is linked to the signalling cascade 

activating the IP3-mediated intracellular Ca2+ release (O'Donnell et al. 2012). This study is the first 
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to show that astrocytic Adra1d is upregulated in an AD model In our data, Adra1d was significantly 

upregulated in 4- and 8-month old APP/PS1 mice, while in 12-month old APP/PS1 mice Adra1d 

was not significantly upregulated anymore compared to wild type. This is due to an increased 

level of Adra1d in old wild type mice, again demonstrating the convergence of wild type and 

transgenic mice at old age due to genetic effects of aging itself (Figure 2-8C). Nevertheless, the 

relevance of 1-AR signalling in astrocytes was demonstrated in several studies not referring to 

one specific isoform of the existing three 1-AR (Ding et al. 2013; Paukert et al. 2014). The third 

type of upregulated AR was the 2-AR Adra2c, which activates the Gi/o-mediated cascade, 

inhibiting the cAMP production and consequently negatively regulating the neurotransmitter 

release at the presynaptic terminal (O'Donnell et al. 2012). The function in astrocytes however is 

not yet clear. Of note, a study performed with human AD patient tissue revealed reduced ADRA1D 

and ADRA2C expression in the hippocampus(Szot et al. 2006), however cell specificity was not 

tested and opposing expression levels may exist in neurons and astrocytes.

 Another route for Ca2+ entry, beside the release from intracellular stores, is the regulated 

influx from the extracellular space. Some of these genes related to calcium import represent 

different subunits of the low-voltage gated Ca2+ channel alpha 1 (Cacna1h, Cacna1i (Cav3.2, 

Cav3.3)), and the transient receptor potential cation channels (TRP channels; Trpm2, Trpv2) 

(Figure 2-8). The low-voltage gated ion channel activity mainly supports the balanced 

intracellular Ca2+ level in the astrocyte responding to the Ca2+ concentration to the extracellular 

space (Rungta et al. 2016), but specific data about its role in physiology and diseases are scarce. 

Trpm2 and Trpv2 are nonselective Ca2+ permeable cation channels. Trpm2 in astrocytes is 

activated by a critical intracellular Ca2+ concentration or by different danger associated molecules 

from the extracellular space (Wang et al. 2016). Therefore, the activation of Trpm2 by reactive 

oxygen species (ROS) can lead to a higher activation which may contribute to the expression 

changes during aging (Wang et al. 2016; Jiang et al. 2018). Furthermore, A is also able to activate 

these channels (Sita et al. 2018). In contrast, the thermosensitive Trpv2 responds to endogenous 

lipid metabolism or heat (Shibasaki et al. 2013), but its role in astrocytes and especially in the 

context of neurodegenerative diseases is largely unknown. A further important protein for ion 

homeostasis in astrocytes is the Na+/Ca2+ exchanger 2 (Slc8a2 or Ncx2), which regulates ion 

exchange specifically at the fine astrocytic processes ensheathing excitatory synapses. 

Additionally, NCXs are controlled by the cytosolic Na+/Ca2+ concentration and provide short-lived 

Ca2+ transients in microdomains triggered by ongoing synaptic activity (Minelli et al. 2007; Brazhe 

et al. 2018). The upregulation of NCX2 has also been observed in synaptic terminals from AD 

patients, confirming our data (Sokolow et al. 2011). On the other hand, NCXs are crucial to refill 

the intracellular Ca2+ stores (Sisalli et al. 2014) and the upregulation could act as an compensatory 
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effect due to the higher frequency of intracellular Ca2 release in astrocytes triggered by AD 

pathology (Figure 2-8C). 

 Conclusively, these two clusters uncovered interesting proteins upregulated in response 

to A pathology. For some of the identified genes, other studies have already demonstrated a 

putative relevance to astrocytes or AD, while several other proteins have currently not yet been 

characterized in this context. Due to the important role of Ca2+ signalling in astrocytes mediated 

by GPCRs, the most promising candidates for further studies represent the 1-ARs. Remarkably, 

the in situ hybridization also showed a significant upregulation of both genes specifically in 

cortical reactive astrocytes of APPPS1-21 mice (Figure 2-21, 22). The functional consequences of 

these results will be discussed below. 
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3.5 Behaviour-dependent Ca2+ response in cortical astrocytes 

underlines adrenergic signalling changes in APPPS1-21 mice  

To acquire a deeper view of astrocytic changes related to A pathology on a functional level, I 

performed Ca2+ imaging experiments. Ca2+ signalling in astrocytes is a common readout to 

determine altered cellular functions which should help to understand cellular responses linked to 

disease, behaviour, or even to study the role of specific proteins (Volterra et al. 2014). In the past, 

several studies were able to uncover cellular mechanisms in astrocyte physiology and diseases by 

decoding Ca2+ transients in astrocytes and thereby studying consequences of their activation 

(Khakh und Sofroniew 2015; Shigetomi et al. 2016; Hill et al. 2014). Studies in AD mouse models 

demonstrated under different conditions an increased activity of cortical and hippocampal 

astrocytes (Kuchibhotla et al. 2009; Delekate et al. 2014; Reichenbach et al. 2018). However, the 

previous studies featured specific limitations and influencing factors that need to be considered. 

For example, the experimental setup for Ca2+ imaging in astrocytes is an important factor when 

interpreting Ca2+ imaging data (Bindocci et al. 2017). Thus, whereas astrocytes in cell culture lack 

the physiological tissue environment, acute imaging approaches were already a critical step 

towards studying astrocytes in their normal cellular network. However, the injection of the 

commonly used organic Ca2+ indicators into the tissue followed by the cranial window 

implantation required anaesthesia. The surgical insult as well as anaesthesia have been shown to 

strongly affect the astrocytic Ca2+ response (Thrane et al. 2012; Goldey et al. 2014). In later studies, 

the tissue damage and the induced astrocyte reactivity by the cranial window surgery were 

overcome by injecting a GECI intracranially and by a certain recovery time after window 

implantation (Shigetomi et al. 2016). During recovery, the tissue has time to regenerate and return 

to a normal physiological condition. With the recently achieved possibility to image on a two-

photon microscope in combination with a linear treadmill, imaging of awake behaving mice has 

become possible, which solves the influencing issue by anaesthesia. The remaining issue has been 

related to the fact that the GECI-encoding virus had to be injected into the brain region, inducing 

local tissue damage and astrogliosis and restricting imaging to the area near the injection site 

(Figure 2-9). Therefore, the procedure was further improved with an injection of an AAV that 

features a BBB permeability (Chan et al. 2017), which I used in my experiments. This AAV enabled 

the transduction of a high fraction of astrocytes in the entire brain by a single dosed application 

through the retro-orbital intravenous injection (Figure 2-12B). This improvement drastically 

reduced astrogliosis and facilitated a transgene integration without disrupting the normal tissue 

organization in the cortex (Figure 2-9).  

Imaging cortical astrocytes is additionally challenging due to their low baseline activity, resulting 

in very sparse and low Ca2+ transients if recorded in a resting or anaesthetized mouse without 
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external stimuli. To enable an appropriate detection to record the baseline activity of cortical 

astrocytes also in a resting condition, a suitable analysis tool is important. Analysing Ca2+ 

dynamics from astrocytes is highly demanding and has become a hot topic in astrocyte research. 

Due to the highly dynamic diverse Ca2+ signals (Figure 2-13) within these very morphologically 

complex cells, many different approaches were developed lately, which usually are best suitable 

for one specific experimental setup or scientific question (Agarwal et al. 2017; Wang et al. 2019). 

Conclusively, how to analyse the Ca2+ transients needs to be considered by individual needs and 

specifications. The tool developed in my study was to detect individual active regions within the 

single astrocytes in one field of view. The classical Ca2+ analysis in the past was based on a whole 

cellular response in the soma with one defined region of interest (ROI) for each individual 

astrocyte (Kuchibhotla et al. 2009; Delekate et al. 2014; Reichenbach et al. 2018). In comparison, 

the analysis tool used in my analyses was not based on the whole cellular response, but detected 

the active domains within each imaged astrocyte, representing a significant advantage over 

whole-astrocyte analysis approaches. Moreover, my analysis suite also allowed for an unbiased 

semi-automated detection of the Ca2+ kinetics and the frequency of events with the resolution of 

single active domains (Figure 2-14), which again represents a significant advantage over previous 

methods that relied on manual or subjective detection. 

The synchronized recordings of the locomotor behaviour and the Ca2+ signals revealed a 

simultaneous activation of the active domains within the individual astrocyte with a heightened 

fluorescent intensity during locomotion (Figure 2-15B). Where Ca2+ transients during rest were 

nearly not visible by eye, the fluorescent intensity was clearly visible as a broad Ca2+ signal during 

locomotion (Figure 2-13, 14). Analysing the kinetic features of Ca2+ transients in rest compared to 

locomotion showed that the Ca2+ transients last longer during locomotion (Figure 2-16B). This 

was particularly apparent when using the fast imaging setup, indicating that a temporal resolution 

of >40 Hz is necessary to capture the full spectrum of astrocytic signals in future studies. This is 

in line with recent studies that have identified very fast stimulus-evoked astrocytic responses 

(Volterra et al. 2014; Stobart et al. 2018a; Schipke et al. 2008).  

The locomotion-triggered Ca2+ elevations are induced specifically by the release of NE from 

the neuronal projections of the LC (Bekar et al. 2008). This release is initiated by a vigilant or 

arousal state and mediated by 1-ARs on astrocytes. This adrenergic response was demonstrated 

for cortical astrocytes and Bergmann glia (Ding et al. 2013; Paukert et al. 2014). Previous studies 

from our lab showed an increased hyperactivity of cortical astrocytes in APPPS1-21 mice by using 

the acute approach with the mentioned drawbacks (Delekate et al. 2014). However, hippocampal 

astrocytes showed also an increased activity using GCaMP6f in anaesthetized APPPS1-21 mice 

(Reichenbach et al. 2018). Both studies demonstrated a dependency of this spontaneous activity 

on purinergic signalling via the purinoreceptor P2y1 expressed by astrocytes. Similar to 1-ARs, 
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P2y1 receptor is a Gq-coupled receptor and thereby activates the Ca2+ release from intracellular 

stores via the IP3 dependent pathway. Chronic inhibition of this pathway normalized the elevated 

Ca2+ activity in astrocytes, as well as astrocyte-neuronal network activity and spatial learning and 

memory deficits in APPPS1-21 mice (Delekate et al. 2014; Reichenbach et al. 2018). However, 

these studies were performed in anaesthetized mice, and consequently the Ca2+ response to NE 

release could not be studied under these conditions due to the requirement of wakefulness for NE 

signalling. 

While the active region or the size of the active domains were not significantly different 

between wild type and APPPS1-21 mice in my study (Figure 2-18), the frequency of Ca2+ events 

was significantly higher in APPPS1-21 mice, suggesting an increased activity in astrocytic active 

domains (Figure 2-19B). Moreover, in both genotypes the activity was significantly higher during 

locomotion compared to resting condition. Due to the previously reported NE-induced locomotor 

activity and the recorded astrocyte response, this strongly suggests that the increased astrocytic 

response during locomotion in APPPS1-21 mice is mediated by the increased expression of 

1-ARs in astrocytes identified in my translatome analysis. Moreover, APPPS1-21 mice also 

showed a higher Ca2+ signal frequency under resting conditions, pointing to an additional 

NE-independent Ca2+ elevation, potentially by P2y1-mediated pathway. In line with this, my 

RNAseq data also identified several other genes involved in Ca2+ signalling pathways that may be 

addressed in future studies. 
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4 Conclusions and future perspectives  

The focus of this study was to uncover A pathology-initiated alterations in the translatome of 

astrocytes during disease progression compared to aging. These analyses revealed upregulations 

in pathways linked to Ca2+ signalling that are essential for a normal physiological function of 

astrocytes (Agulhon et al. 2008). The upregulation of this group of genes serves as a molecular 

framework for the increased astrocytic Ca2+ signals observed in vivo in mouse models of AD. The 

increased expression of two different 1-ARs in cortical astrocytes and the increased locomotion-

triggered Ca2+ response in APPPS1-21 mice suggest that the astrocyte-neuron network 

dysfunction observed in different AD models may in part be related to dysregulation of the 

noradrenergic system (Kjaerby et al. 2017). In future studies, it will be important to verify this 

hypothesis by manipulating 1-ARs specifically in astrocytes, using genetic knock-out or knock-

down techniques. In particular, these experiments could establish which effects are mediated by 

direct activation of astrocytes by the LC or indirect effects mediated by neighbouring cortical 

neurons activated by the LC. Recently, a newly developed noradrenalin (NA) sensor enabled the 

visualization of extracellular NA released in response to LC stimulation and demonstrated the 

initiation of large cytosolic Ca2+ transients in astrocytes (Oe et al. 2020a) similar to our observed 

responses triggered by locomotion. Furthermore, different currently available NA/NE fluorescent 

sensors can be used for in vivo studies to correlate the NA/NE release with the Ca2+ response in 

astrocytes in AD mouse models (Oe et al. 2020a; Feng et al. 2019). Another possibility is the 

stimulation of LC neurons expressing the photoactivatable receptor channelrhodopsin and the 

simultaneous recording of astrocytic Ca2+ response with additional inhibition of the release from 

local NTs such as glutamate. With the continuously advancing state-of-the-art techniques, 

increasing knowledge of astrocyte functions in their specialized neural circuits will also result in 

a better understanding of how astrocytic signalling shapes neuronal activity. 

Overall, identifying new astrocytic targets by transcriptome analysis, and verifying their 

role through functional imaging studies and behavioural analyses, holds great promise to develop 

novel AD treatment strategies (Verkhratsky et al. 2010).  
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5 Material & Methods 

5.1 Genetically modified mouse lines, genotyping, and husbandry 

5.1.1 Mouse lines  

Transgenic mouse lines and their references are listed in Table 5-1.  

Rpl22tm1.1Psam (RiboTag) mice were generated by inserting a transgene containing the 

endogenous floxed exon4 of the Rpl22 gene, followed downstream by a recombinant exon4 

carrying 3 sequence repeats encoding the hemagglutinin eptiope (HA) upstream of the 

endogenous stop codon. By cross breeding with Gja1tm5(cre/ERT)Kwi (Cx43Cre-ER(T)) mice, the astrocyte-

specific connexin 43 (Cx43) promoter induced the Cre recombinase expression upon tamoxifen 

injection thereby leading to the recombination of RiboTag transgene. This transgene combination 

results in an astrocyte-specific expression of Rpl22 tagged with HA epitope. The generated 

Cx43Cre-ER(T)/RiboTag mouse line was crossbred with the double transgenic AD mouse model 

Tg(APPswe,PSEN1dE9)85Dbo (APPswe/PS1dE9). The APPswe/PS1dE9 mice express a chimeric 

human/mouse amyloid precursor protein (APP) with the specific Swedish mutations 

Mo/HuAPPK594M/N595L and a truncated form of PS1 with a deletion of exon 9 (HuPS1-dE9) 

under the mouse prion protein promoter (PrP). APPswe/PS1dE9 animals are developing 

amyloidosis and thereby A plaques at an age of around 6 months accompanied with increased 

Aβ42 levels (Jankowsky et al. 2001). The resulting animals from the crossing of the 

APPswe/PS1dE9 line with Cx43Cre-ER(T)/RiboTag mice were utilized for the transcriptome analysis, 

comparing gene expression profiles of 4, 8, and 12 months old mice to identify Alzheimer’s disease 

specific changes in gene expression. In this study APPswe/PS1dE9 line with Cx43Cre-ER(T)/RiboTag 

mice are simplified as APP/PS1 mice and Cx43Cre-ER(T)/RiboTag as wild type mice. 

Tg(Thy1-APPSw,Thy1-PSEN1*L166P)21Jckr (APPPS1-21) mice were generated by the 

insertion of the human APP mutations APPKM670/671NL and mutant human presinilin1 (PS1) 

with a specific exchange of leucin to proline at amino acid position 166. Both human genes were 

placed downstream of the neuron-specific murine Thy1 promoter region. These mutations lead 

to an early onset of amyloidosis by increasing the amyloid  (A) production at the age of 6-8 

weeks especially in the cortex with the specific elevation of A42 (Radde et al. 2006). APPPS1-21 

mice were utilized to study cortical astrocyte Ca2+ signalling in awake mice in a longitudinally 

fashion at an age of 5-8 months. Control animals were wild type littermates from the APPPS1-21 

mouse line.  
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Table 5-1 Transgenic mouse lines and references. 

Mouse line Background Generated by References MGI 

RiboTag C57Bl/6N Paul S Amieux Sanz E, et al., 2009 
(Sanz et al. 2009) 

MGI:4355967 

Cx43Cre-ER(T) C57Bl/6N Klaus Willecke Kretz M, et al., 2003 
(Kretz et al. 2003) 

MGI:2676327 

APPswe/PS1dE9 C57Bl/6N David R Borchelt Jankowsky JL, et al., 
2001(Jankowsky et 
al. 2001) 

MGI:3524957 

APPPS1-21 C57Bl/6J Mathias Jucker Radde R, et al., 2006 
(Radde et al. 2006) 

MGI:3765351 

5.1.2 Genotyping  

Genomic DNA was isolated from ear biopsies by using the DirectPCR Lysis Reagent Tail (Viagen 

#102-T) and Proteinase K (20 mg/ml) to lyse the tissue according to the manufacturer’s 

instructions. The PCR reactions were performed using the C1000 Thermal Cycler (Bio-Rad). 

Primers were provided by Eurofins MWG.  

5.1.2.1 RiboTag 

Fragments: 260 bp for wild type and 290 bp for mutant allele  

Table 5-2 Genotyping primer for RiboTag 

Name Sequence 5’ to 3’ Tm (°C) 
Forward GGG AGG CTT GCT GGA TAT G 63 
Reverse  TTT CCA GAC ACA GGC TAA GTA CAC 65 

Table 5-3 PCR reaction mix for RiboTag genotyping 

Reagent/Solution Volume (µl) Concentration 
10x PCR buffer (Invitrogen) 2 1x 
MgCl2 0.8 2 µM 
dNTPs (Thermo Fisher Scientific, 
#10297018) 

0.4 0.2 µM 

Forward primer 1 1 µM 
Reverse Primer 1 1 µM 
Platinum Taq (Invitrogen, #10966-018) 0.1 2 U/reaction 
Template DNA 2  
Total reaction mix 20  

Table 5-4 PCR program for RiboTag genotyping 

Step Temperature (°C) Time (s) Repeats 
Denaturation 94 180 1x 
Denaturation 94 30  

35x 
 

Hybridization 64 30 
Elongation 72 30 
Elongation 72 120 1x 
Cooling  4 ∞ ∞ 
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5.1.2.2 Cx43Cre-ER(T) 

Fragments: 324 bp for wild type and 100 bp for Cre allele  

Table 5-5 Genotyping primer for Cre 

Name Sequence 5’ to 3’ Tm (°C) 
Forward GCGGTCTGGCAGTAAAAACTATC 60 
Reverse  GTGAAACAGCATTGCTGTCACTT 60 
IPC forward CTAGGCCACAGAATTGAAAGATCT 59 
IPC reverse GTAGGTGGAAATTCTAGCATCATCC 59 

Table 5-6 PCR reaction mix for Cre genotyping 

Reagent/Solution Volume (µl) Concentration 
10x CoralLoad Concentrate (Qiagen) 2.5 1 
Forward primer 1 0.8 µM 
Reverse Primer 1 0.8 µM 
IPC forward primer 0.8 0.6 µM 
IPC reverse primer 0.8 0.6 µM 
Hot Star Taq Master Mix  
(Qiagen, #203645) 

12.5  

Template DNA 0.5  
Total reaction mix 25  

Table 5-7 PCR program for Cre genotyping 

Step Temperature (°C) Time (s) Repeats 
Denaturation 94 180 1x 
Denaturation 94 30  

35x 
 

Hybridization 51.7 60 
Elongation 72 60 
Elongation 72 120 1x 
Cooling  4 ∞ ∞ 

5.1.2.3 APPswe/PS1dE9 

Fragments: 324 bp for wild type and 608 bp for PS1dE9 allele  

Table 5-8 Genotyping primer for PS1dE9 mutant 

Name Sequence 5’ to 3’ Tm (°C) 
Forward AATAGAGAACGGCAGGAGCA 59 
Reverse  GCCATGAGGGCACTAATCAT 58 
IPC forward CTAGGCCACAGAATTGAAAGATCT 59 
IPC reverse GTAGGTGGAAATTCTAGCATCATCC 59 

Table 5-9 PCR reaction mix for APPswe/PS1dE9 genotyping 

Reagent/Solution Volume (µl) Concentration 
10x CoralLoad Concentrate (Qiagen) 2.5 1 
Forward primer 1 0.8 µM 
Reverse Primer 1 0.8 µM 
IPC forward primer 0.8 0.6 µM 
IPC reverse primer 0.8 0.6 µM 
Hot Star Taq Master Mix  
(Qiagen, #203645) 

12.5  

Template DNA 0.5  
Total reaction mix 25  
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Table 5-10 PCR program for APPswe/PS1dE9 genotyping 

Step Temperature (°C) Time (s) Repeats 
Denaturation 94 180 1x 
Denaturation 94 30  

35x 
 

Hybridization 54 60 
Elongation 72 60 
Elongation 72 120 1x 
Cooling  4 ∞ ∞ 

5.1.2.4 APPPS1-21 

Fragments: 427 bp for wild type and 246 bp for APP mutant allele  

Table 5-11 Genotyping primer for APP mutant 

Name Sequence 5’ to 3’ Tm (°C) 
Forward GAATTCCGACATGACTCAGG 56 
Reverse  GTTCTGCTGCATCTTGGACA 58 
IPC forward CCTCATGAAGATCCTGACCG 58 
IPC reverse GCACTGTGTTGGCATAGAGG 59 

Table 5-12 PCR reaction mix for APPPS1-21 genotyping 

Reagent/Solution Volume (µl) Concentration 
10x CoralLoad Concentrate (Qiagen) 2.5 1 
Forward primer 1 0.8 µM 
Reverse Primer 1 0.8 µM 
IPC forward primer 0.8 0.6 µM 
IPC reverse primer 0.8 0.6 µM 
Hot Star Taq Master Mix  
(Qiagen, #203645) 

12.5  

Template DNA 0.5  
Total reaction mix 25  

Table 5-13 PCR program for APPPS1-21 genotyping 

Step Temperature (°C) Time (s) Repeats 
Denaturation 94 180 1x 
Denaturation 94 30  

35x 
 

Hybridization 54 60 
Elongation 72 60 
Elongation 72 120 1x 
Cooling  4 ∞ ∞ 
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5.1.3 Husbandry 

Mice were group-housed with one to five mice per individually ventilated cages (IVCs, 

TECNIPLAST) with free access to acidified tap water and food (ssniff®, ssniff Spezialdiäten). The 

light/dark cycle was 12/12 h and mice were kept under specific pathogen-free conditions (SPF). 

The temperature was constantly kept at 22°C with 40% relative humidity (RH). Experiments were 

performed according to institutional animal welfare guidelines and were previously approved by 

the State Agency for Nature, Environment and Consumer Protection (LANUV) of North Rhine-

Westphalia, Germany. 

5.1.4 Genetic modification via virus transduction 

5.1.4.1 Virus 

Conditional expression of the genetically encoded Ca2+ indicator GCaMP6f under the short GFAP 

promoter (sGFAP or gfaABC1D) 

Table 5-14 Adeno-associates viruses 

Virus Company/Donor 
AAV2/5-gfaABC1D-cyto-GCaMP6f  
(Haustein et al. 2014) 

Addgene 

AAV.PHPeB-sGFAP-cyto-GCaMP6f Sirion-Biotech/ Gilles Bonvento (I2BM) 
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5.2 Surgical procedures and treatments 

5.2.1 Stereotactic microinjections  

Before the surgical intervention, all surgical tools (Fine Science Tools) were sterilized in a hot 

bead sterilizer (FST). The working space and the stereotactic frame (David Kopf Instruments) 

were cleaned with 70 % Ethanol. Mice were weighed and according to the body mass 

subcutaneously injected (s.c) with the analgesic drug Buprenorphine (0.1 mg/kg animal; Reckitt 

Benckiser Healthcare, #PZN 00345928) and the anti-inflammatory drug Dexamethasone 

(0.2 mg/kg animal; Sigma, #D1159) 20 min prior to surgery. Anaesthesia was initiated with 3 % 

Isoflurane (Baxter, #PZN6497131) with 1 L/min oxygen, while during surgery anaesthesia was 

reduced to 1.0-1.5 % Isoflurane. The depth of the anaesthesia was constantly checked during the 

whole procedure by pinch-withdrawal reflex on the hind limb of the mouse. Before the mouse was 

placed into the surgical frame, the head was shaved (Moser Chromini Pro) to minimize loose 

irritating hair entering the wound during surgery. By using a heat-pad (npi electronics), body 

temperature was controlled and kept at 37-38°C. Eyes were covered with Bepanthen eye ointment 

(Bayer, #PNZ 01578681) to prevent drying. The surgery was conducted under visual control 

through a stereomicroscope (Zeiss) and a cold light source (Zeiss). The mouse head was fixed with 

ear bars in the stereotactic frame with an additional microinjection unit and orientated planar for 

the stereotactic injection. Subsequently, the head was cleaned with 70% ethanol and additional 

local anaesthesia was administered above the skull by s.c. injection of Xylocitin® (lidocain hydro 

chloride2% with 0.001% epinephrine hydrogen tartrate, 50-100 µl. After 5 min, a longitudinal 

incision (approx. 1.5 cm) with a scalpel was performed to expose the skull above the cortex. The 

skull and edges of the skin were cleaned with a scalpel (Swann-Morton, #0505), forceps, and 

cotton buds (deltalab, #300202) by removing loose hair, blood and connective tissue. The 

injection hole was drilled using a dental drill (Komet Dental, #800745) over the somatosensory 

cortex with the coordinates 1.8 mm posterior and 1.5 mm lateral from bregma. The injection glass 

capillary (pulled with a vertical puller, Narishige) was mounted on the microinjection unit, filled 

with the AAV2/5-gfaABC1D-cyto-GCaMP6f virus (approx. 5x1010 vg) and was inserted in the hole 

with a depth of 200 µm from the brain surface. Next, 1 µl of the AAV was injected with an injection 

speed of 100 nl/min using a microinjection pump (WPI) afterwards the capillary was kept at the 

injection position for another 10 min. After removing the glass capillary, the wound was cleaned 

with saline (0.9 % NaCl; B Braun, #350720) and the skin sewed with sutures (B Braun, #XC29.1). 

The mouse was transferred to a recovery chamber (VetTech) warmed at 37°C, after waking up the 

animal was placed into a fresh home cage.  
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5.2.2 Retro-orbital virus injection  

The mice were injected s.c. according to their body weight with the analgesic drug Buprenorphine 

(0.1 mg/kg animal) 20 min before retro-orbital AAV injection. Anaesthesia was initiated with 3 % 

Isoflurane with (1 L/min oxygen) and further kept at 1.0-1.5 % Isoflurane during the procedure. 

AAV.PHPeB.sGFAP.cyto-GCaMP6f was diluted with sterile saline (0.9 % NaCl, B Braun, #350720) 

to a virus concentration of 1x1011 vg/50 µl. By using a heat-pad, body temperature was 

controlled and kept at 37-38°C. Eyes were covered with Bepanthen eye ointment to prevent 

drying. The mouse was placed in left lateral recumbency with its head facing right. By applying 

gentle pressure on the skin dorsal and ventral from the eye the eyeball is protruding for approx. 

1-2 mm. As a local anaesthesia one drop of 1 % Xylocitin® was applied directly on the eye. A 33-

gauge syringe (B Braun, #5427807) was filled with 50 µl of the diluted virus and the needle was 

introduced in a 30° angel into the media canthus and thereby into the retro-orbital sinus. The 

bevel of the needle was positioned to face down (Figure 5-1) to reduce the probability of damaging 

the eye. Subsequently, virus solution was slowly injected, and the mouse was transferred into a 

recovery chamber at 37°C, to allow for waking up under warm condition. The procedure was 

adopted as described by Yardeni et al. 2011 (Yardeni et al. 2011). 

Figure 5-1 Correct placement of the needle relative to the retro-orbital sinus, the eyeball and the back of 
the orbit. Illustration by Darryl Leja. (Yardeni et al. 2011) 
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5.2.3 Chronic cranial window implantation  

Two weeks after AAV injection either performed by stereotactic microinjection or retro-orbital 

injection, a chronic cranial window was implanted. The pre-surgical preparations, drug 

administration and the conditions for the anaesthesia were the same as for the stereotactic 

microinjection including the Xylocitin® injection. Subsequently, the scalp was removed, and the 

skull and edges of the skin were cleaned with a scalpel, forceps, and cotton buds by removing loose 

hair, blood and connective tissue. To ensure the stability of the later fixation with the UV light-

cured dental cement, the skull was dried and prepared by coating with a two-component dental 

adhesive (OptiBond, FL, Kerr, # 26684E). First, a thin layer of the priming component was 

applied with a light brushing motion for 15 s and air dried for 5 s. The coating with the adhesive 

component was performed likewise, finalized by crosslinking both components with UV light 

(LED smart plus, Smart’n easy) for 20 s. Next, the position for the cranial window was marked 

with a ø 4 mm biopsy punch (pfm medical, #0197) above the right somatosensory cortex with the 

coordinates 1.8 mm posterior and 1.5 mm lateral from bregma at the centre of the window. By 

using a dental drill, the ø 4 mm craniotomy was produced, and the skull piece was carefully 

removed without injuring the dura. After cleaning the craniotomy with sterile saline (0.9 % NaCl), 

a glass coverslip was precisely fitted into the craniotomy. Next, the coverslip was pre-fixed with 

superglue (Henkel, #Loctite), followed by permanent fixation using the UV light-cured dental 

cement (Gradia Direct Flo, GC Europe, #36500). In addition, a stainless-steel head-holder 

(dovetail headpost holder, Luigs and Neumann) was placed and fixed on the contralateral site of 

the skull. The remaining exposed skull was completely covered with the UV light-cured dental 

cement, thereby also sealing the skin wound at the edges. Finally, to prevent infections the mouse 

received one dose of the antibiotic drug Cefotaxime sodium salt (2 g/kg animal; Thermo Fisher 

Scientific) and was transferred to a recovery chamber at 37°C, to allow for waking up under warm 

condition. 

5.2.4 Post-surgical care 

After the stereotactic microinjections and chronic cranial window implantations, mice received 

one dose of Buprenorphine (0.1 mg/kg animal) for 3 days every 8 hours.  

5.2.5 Tamoxifen treatment  

Tamoxifen (Sigma, #T5648) was administered with intraperitoneal injections for 5 days with 

5 μl/g body mass with an emulsion of 20 mg/ml tamoxifen in sunflower oil:ethanol mix (10% 

ethanol). Sunflower oil was acquired from Sigma (Sigma, #47123). Three weeks post-injection, 

mice were sacrificed, and brains were snap-frozen in liquid nitrogen for the later RNA isolation. 
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5.3 Astrocytic Ca2+ imaging in awake mice  

The two-photon imaging technique uses the physical principle of the excitation of fluorophores 

with the approx. doubled wavelength compared to the conventional excitation wavelength in one-

photon microscopy. The used longer wavelength in the near infrared spectrum, leads to an 

improved tissue penetration, low phototoxicity and reduced light scattering. These characteristics 

of two-photon microscopy facilitated the visualization of biological processes and structures in 

living animals (Belluscio 2005). In this study, a two-photon microscope in combination with a 

linear treadmill was used to visualize Ca2+ signals in cortical astrocytes in response to locomotion 

and resting behaviour.  

5.3.1 Habituation to the linear treadmill  

Before starting the awake imaging experiments, each mouse was habituated to the linear 

treadmill (Luigs and Neumann) for 1 hour on at least 3 consecutive days. Therefore, the 

previously implanted head-holder allowed for the head-fixation of the mice on the linear treadmill 

that was equipped with a two-meter belt. As soon as the mice were able to run in an appropriate 

way with reduced stress levels, they were well habituated for the imaging experiments. 

5.3.2 Two-photon Ca2+imaging of cortical astrocytes  

Head-fixed mice with a chronic cortical window, expressing GCaMP6f specifically in astrocytes 

were imaged awake, while they were running on a linear treadmill. The locomotion behaviour 

was recorded by using an optical computer mouse to read out the position of the belt (Luigs and 

Neumann). The start of the recorded belt position was triggered by the start of the microscope 

scanner and was controlled by using a customized Python 2.7 (Python Software Foundation, 

Delaware, USA) script. The temporal synchronization of the different hardware components was 

operated using an ITC-18 board (HEKA Instruments Inc., Bellmore, USA) and the IGOR Pro 

software (WaveMetrics Inc., Portland, USA). 

Astrocytic Ca2+ changes were recorded in a time series of 5 min using two different upright 

two-photon microscopes, equipped with a 16x water immersion objective with a numerical 

aperture of 0.8 (N16XLWD-PF, Nikon). Fluorophores were excited with a wavelength of 920 nm 

at a depth of 100-200 μm beneath the cortical surface. To prevent phototoxicity, laser power was 

kept between 20 to 40 mW below the objective.  

For the visualization of blood vessels, which were used as landmarks during longitudinal imaging, 

mice were injected s.c. with 50 µl, Texas Red Dextran 3000 MW (10 mg/ml in saline; Life 

Technologies, #D3328) prior to each imaging session.  
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5.3.4 Two-photon microscope setup specification 

For imaging performed with the SP8 DIVE (Deep In Vivo Imager) microscope from Leica, Ca2+ 

changes were recorded at a frequency of 3.82 Hz (256x256 µm; 256 px) using a galvo scanner. 

GCaMP6f emission was detected by using hybrid detectors (HyD) with two filters 

(500/550,560/620 nm) and excited by using a Spectra Physics InSight DS+ laser. Leica LAS X 

software was used to control image acquisition. With the custom-made Thorlabs two-photon 

microscope Ca2+ changes were recorded at a frequency of 14.8 Hz (59.19 Hz four times averaged; 

256x256 µm; 256 px) using a galvo-resonant scanner (Thorlabs). GCaMP6f emission was detected 

by using a band-pass filter (525/50, AHF) and a GaAsP PMT (Thorlabs) and excited by using a 

titanium sapphire (Ti:Sa) 80 MHz Cameleon Ultra II two-photon laser (Coherent). ThorImageLS 

software (Thorlabs, version 2.1) was used to control image acquisition.  

5.4 Analysis of time series 

5.4.1 Raw data processing, segmentation, and data extraction  

Motion correction was performed on all recorded time series to remove motion-induced artifacts. 

Time series were computed by using a combination of efficient subpixel registration and in-frame 

motion correction with the Lucas-Kanade method (Lucas und Kanade 1981; Guizar-Sicairos et al. 

2008) using MATLAB R2018a (MathWorks). To distinguish Ca2+ transients during locomotion or 

rest, time series were segmented to image series during each specific behavioural state. Mouse 

activity was either estimated by visually studying the time series to estimate the active period 

(slow imaging setup) or with the recorded synchronized position read out (fast imaging setup).  

Active domain identification and extraction was performed by using a custom-written 

macro in Fiji (version 2.0.0-rc-69/1.52p) (Schindelin et al. 2012). First, to smooth the image series 

the noise was removed by 3D convolution using a small Gaussian-filter (1 x 1 x 1 pixels (x, y, z)). 

Secondly, a large Gaussian-filter (20 x 20 x3 pixel (x, y, z)) was applied to reduce the background 

noise followed by its subtraction from the smoothed image series. Next, the filtered image series 

was processed by maximum 2D projection along the time axis which was utilized to define regions 

of interest (ROIs) after thresholding with the “Li” threshold method (Li und Lee 1993) provided 

in Fiji. Finally, a ROI-map, representing the active domains with Ca2+ elevation, was generated by 

the definition of detected maxima with a minimal size of 5 x 5 pixels. The generated output was a 

data table with the mean intensity values over time for each defined ROI (active domain). The 

used macro was based on the CaSCaDe algorithm published by Agarwal et al. 2017 (Agarwal et al. 

2017) and was modified to this research project. 
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5.4.2 Ca2+ peak detection analysis  

The detection of Ca2+ peaks from the generated mean intensity data of the defined active domains 

was performed using a supervised machine learning approach that was implemented with a 

support vector machines algorithm (from the scikit-learn library). The output table from the data 

extraction was used as input. Peak candidates were identified by normalizing the data to robust 

z-score followed by a Gaussian filtering of 2* and a threshold of 2-fold change of intensity in an 

analysis window width of 55 frames from the time series. Next, the algorithm was taught manually 

on the basis of the peak profile to distinguish between invalid and valid Ca2+ peaks. After a training 

session with a representative data set, a classifier was saved and was used for all following 

Ca2+peak detections in an unbiased fashion. The resulting data output includes the raw, 

normalized, and smoothed fluorescent intensity values and the corresponding kymographs of all 

active domains as well as the peak kinetics for all detected valid peaks, like amplitude, full 

duration at half maximum, mean increase of the slope from analysis window start to peak 

maximum (rise time) and mean decrease of the slope from peak maximum to analysis window 

end (decay time). The frequency of Ca2+ events was determined by the number of valid events 

detected in one image series (field of view, (FOV)), divided by the length in seconds of the specified 

image series.  

 In addition, using another custom-made macro in Fiji, a mask was created, fractioning the 

analysed area of the FOV to the regions where active cells were noticeable in sum projections of 

the time series. This facilitates further the exclusion of false positive event detection due to auto 

fluorescent particles in the FOV.  
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5.5 Translatome purification with RiboTag 

Seven days after Cre recombinase activation by tamoxifen injection, brains from 

Cx43CreER(T); RiboTag+/-; APP/PS1+/- or -/- mice were collected at 4, 8, and 12 months of age. Before 

brains were frozen in liquid nitrogen, the olfactory bulb and the cerebellum were removed, and 

brain hemispheres were snap-frozen separately. The purification protocol was based on the 

publication from Elisenda Sanz and colleagues (Sanz et al. 2009) with slight modifications. 

5.5.1 Co-immunoprecipitation of mRNA  

For the preparation of a 10 % homogenate, brain tissue was weighed and homogenized with the 

corresponding volume (1 ml PSB/0.1 g tissue) of polysome buffer (PSB, Table 5-15) using a 5 ml 

Teflon-glass (Potter-Elvehjem) homogenizer with a motorized device. Frozen tissue was 

transferred to the homogenizer followed by the addition of ice cold PSB buffer with subsequent 

homogenization by a steering speed of 450 rpm and a up and down motion of the pestle for around 

1 min. Next, the homogenate was centrifuged by 10,000 g for 30 min at 4°C and the supernatant 

(S1) was separated from the pellet. S1, containing the polysomes, was used as input for the 

immunoprecipitation. Subsequently, 100 µl of S1 were added to 700 µl QIAzole (Qiagen, #79306) 

serving as input sample as well as a total mRNA sample including mRNA from all cells. Further, 

1300 µl S1 were pre-cleared by 30 min incubation with 75 µl Protein G Dynabeads (PGDB; Life 

Technologies, #10004D) at 4°C on a rotor for gentle mixing. PGDB were previously washed two 

times with PBS followed by equilibration with PSB. After pre-clearing, reaction tubes (Roth, 

#4182,1) were placed in an ice-cold magnetic rack (DynaMag-2, Thermo Fischer Scientific) and 

after PGDB adhered to the tube wall, S1 was transferred in a tube containing the anti-HA antibody 

(12 µl/ 300 µl S1;12CA5, Sigma, #11583816001). To enable anti-HA antibody binding to the HA-

tagged polysomes, S1-antibody mixture was incubated for 45 min at 4°C with gentle mixing. For 

the pull-down of the HA-tagged polysomes, the S1-antibody mixture was added to fresh PSB 

equilibrated 75 µl PGDB with further 80 min incubation under gentle mixing at 4°C. Subsequently, 

the tubes were placed in an ice-cold magnetic rack and the supernatant was discarded. PGDB were 

washed three times with 500 µl high salt buffer (HBS, Table 5-15) and three times with 500 µl 

extra high salt buffer (EHSB, Table 5-15), each washing step was performed by gentle mixing on 

a rotator at 4°C for 5 min. In the last washing step samples were split into two, to create a technical 

replicate. Elution of the polysomes was facilitated by mixing PGDB with 700 µl QIAzole at room 

temperature (RT) for 15 min on an Eppendorf mixer at 1400 rpm. 
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Table 5-15 Buffers for the co-immunoprecipitation of mRNA 

Buffer Reagent Final concentration 
Polysome buffer (PSB) Tris, pH 7.5  50 mM 
 KCl  100 mM 
 MgCl2 12 mM 
 Nonident P-40  1% 
 DTT  1 mM 
 RNase Inhibitor 

(Life Technologies, #EO0382) 
3.75 µl/ml 

 Cyclohexamide 100 µg/ml 
 Protease inhibitor  

(Sigma, #C7698) 
2x 

 Phosphatase inhibitor  
(Sigma, #4906845001) 

1x 

High salt buffer (HBS) Tris, pH 7.5  50 mM 
 KCl  300 mM 
 MgCl2  12 mM 
 Nonident P-40  1% 
 DTT  1 mM 
 RNase Inhibitor 1.25 µl/ml 
 Cyclohexamide  10 µg/ml 
 Protease inhibitor  0.5x 
 Phosphatase inhibitor  1x 
Extra high salt buffer (EHBS) Tris, pH 7.5  50 mM 
 KCl  300 mM 
 NaCl 300 mM 
 MgCl2  12 mM 
 Nonident P-40  1% 
 DTT  1 mM 
 RNase Inhibitor 1.25 µl/ml 
 Cyclohexamide  10 µg/ml 
 Protease inhibitor  0.5x 
 Phosphatase inhibitor  1x 

5.5.2 RNA extraction  

As described above 700 µl QIAzole was added to samples of total mRNA and the 

immunoprecipitated sample (RiboTag mRNA). After the addition of 140 µl chloroform, each 

sample was extensively vortexed for >15 s. with following 2-3 min incubation at RT. To facilitate 

a clear separation of the three different phases samples were centrifuged at 4°C for 15 min at 

13,000 g. The aqueous upper phase was transferred into a fresh tube and the containing RNA was 

precipitated by adding 1.5-fold the sample volume of 100% ethanol to each sample. For further 

purification, the Qiagen RNeasy kit (Qiagen, #74134) was used with slight modifications and that 

were performed at RT. The ethanol-sample mixture was loaded to the RNeasyMinElute spin 

column and centrifuged for 15 s with 9000 g. From this step on the procedure was performed by 

following the instructions of the kit. Finally, purified RNA was eluted from the column with 

appropriate volumes of RNA free water. Samples for total RNA were eluted with 60 µl and RiboTag 

samples with 14 µl RNA free water. 
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5.5.3 Photometric determination of RNA concentration 

The concentration of RNA was measured with a Nanodrop 2000 (Thermo Fisher Scientific) system 

using 1 μl aqua bidest as blank and 1 μl of the sample for the measurement. 

5.5.4 RNA quality control  

To determine the RNA quality to estimate the level of degradation, the RNA integrity number 

(RIN) was measured in the Agilent 2100 Bioanalyzer in combination with the Agilent RNA 6000 

pico Kit (Agilent Technologies, #5067-1513) by following the manufacturer’s instructions.  

5.6 Multiplex fluorescent RNAscope in situ hybridization  

Multifluorescent RNAscope (Advanced Cell Diagnostics, #320850) in situ hybridization was 

performed using probes for Sox9, Adra1a, Adra1d, and Gfap (Mm-Sox9-C3 #563571-C3, 

Mm-Adra1a-C1 #408611, Mm-Adra1d-C1 #563571 and Mm-Gfap-C2 #313211-C2) according to 

the manufacturer’s instructions. Therefore, APP/PS1 mice (APPPS1-21) with 7 months of age 

were transcardially perfused by using 20 ml ice-cold sterile 0.9% NaCl. Subsequently, the brain 

was removed and embedded in OCT embedding medium (Fisher Scientific, #12678646) and 

quickly frozen by using 2-Methylbutane pre-cooled on dry ice. Frozen brains were stored at -80°C 

until sectioning at -20°C using a Cryostat (CryoStar NX70, Thermo Fisher Scientific). The 20 µm 

coronal brain sections were directly transferred to coated glass slides (Superfrost plus, Thermo 

Fisher Scientific, #10149870) and stored at -80°C until usage. The following procedure was 

performed according to the manufacturer’s instructions with time and temperature specifications 

described in Table 5-16. In amplification step 4 Amp Alt-4C used a C1 probe labelled with Atto 

550, a C2 probe with Atto 647 and C3 probe with Atto 488 fluorophores. To determine the 

background fluorescent of the Amp Alt-4C, a 3-plex negative control probe was applied on one 

section. To check for the RNA integrity in the used tissue, 3-plex positive control specific for mouse 

tissue was applied on another section. The incubation steps for the RNAscope procedure are 

described in Table 5-16. 
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Table 5-16 Incubation steps for the RNAscope procedure. 

Step Reagent Time (min) Temperature  
Wash PBS 5 Ice-cold 
Fixation 4% PFA  

(Sigma, #P6148) 
20 Ice-cold 

Wash 2xPBS 5 each RT 
Dehydration 50% Ethanol 5 RT 
Dehydration 70% Ethanol 5 RT 
Dehydration 2x100% Ethanol 5 each RT 
Air dry Create hydrophobic barrier 

(Biozol Diagnostica,  
#VEC-H4000) 

 RT 

Digestion Protease IV 15 RT 
Wash 2xPBS 5 each RT 
Probe hybridization Ms-Adra1a-C1, 

Ms-Gfap-C2, 
Ms-Sox9-C3 
(50:1:1 dilution)  

120 40°C 

Wash 2xPBS 5 each RT 
Amplification 1 Amp-1 30 40°C 
Wash 2xPBS 2 each RT 
Amplification 2 Amp-2 15 40°C 
Wash 2xPBS 2 each RT 
Amplification 3 Amp-3 30 40°C 
Wash 2xPBS 2 each  RT 
Amplification 4 Amp Alt-4C 45 40°C 
Wash 2xPBS 2 each RT 
Mounting Prolong Gold Antifade with Dapi 

(Life Technologies, #P36931) 
 Stored at 4°C 

5.6.1 Imaging of multiplex fluorescent RNAscope  

Fluorescent images from multiplex fluorescent RNAscope stainings were obtained using a 

confocal microscope (Zeiss LSM900). Atto 550 was excited at 548 nm, emission was detected 

using emission wavelength between 535-632 nm. Atto 647 was excited at 650 nm, emission was 

detected using emission wavelength between 650-673 nm. Atto 488 was excited at 488 nm, 

emission was detected using emission wavelength between 410-545 nm. Dapi and Methoxy-XO4 

were excited at 353, emission was detected using emission wavelength between 535-632 nm. To 

enable a quantification of Adra1a and Adra1d expression in the cortex and the hippocampus, ten 

z-stacks of 4 µm with a z-slice interval of 0.19 µm were imaged per region. Z-stacks were further 

processed by calculating the maximum intensity projections. The pinhole was set to an airy unit 

of one. Images were acquired with a x,y-resolution of 0.156 µm/pixel (higher magnified images, 

see Figure 2-10/11A,B). Overview images (see Figure 2-9) were obtained using a slide scanning 

microscope (Axio Scan.Z1, Zeiss). Atto 550 was excited at 553 nm, emission was detected using 

an emission filter 586 – 601 nm. Dapi and Methoxy-XO4 were excited at 353 nm, emission was 

detected using an emission filter 412-438. Images were acquired with a x,y-resolution of 

0.650 µm/pixel (Localization of Adra1a and Adra1d, see Figure 2-9). 
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5.6.2 Semi-quantitative analysis of multiplex fluorescent RNAscope 

To determine the number of cells positive for the different probes a customized pipeline was 

generated using CellProfiler. Therefore, maximum intensity projections were loaded with 

separated channels into the program. First, Dapi images with nuclei as the first primary object 

were identified with a diameter range of 30-120 pixel units and a defined threshold, followed by 

an object expansion with 40 pixels to consider the cell cytosol. Second, within these identified 

expanded objects, the small dotted staining for each probe was identified in a diameter range of 

3-10 pixel units separately for each probe. Subsequently, all identified dots of the different probes 

were related to the expanded nuclei. The final output included the number of dots for each cell 

and for each analysed probe. Next, a positive cell was defined to contain >15 dots/cell of each used 

probe. The specific classifications for the quantified cell populations are defined in Table 5-17. 

Table 5-17 Cell classifications from identified probe expression from RNAscope. 

Classification Probe 
Nonreactive astrocytes Sox9+, Gfap-, Adra1a/d+or- 
Reactive astrocytes Sox9+, Gfap+, Adra1a/d+or- 

 

  



  Material & Methods 

84 
 

5.7 RNA sequencing and data analysis 

Library preparation and RNA-sequencing has been performed at the DZNE in Bonn (Research 

Group Schultze). The data analysis was mainly performed as a collaboration project with Stefanie 

Warnat-Herresthal.  

5.7.1 RNA-sequencing library preparation and RNA-sequencing 

mRNA was converted into libraries of double stranded cDNA molecules as a template for high 

throughput sequencing using TruSeq RNA Sample Prep Kit V2 (Illumina, # RS-122-2001) protocol 

according to manufacturer’s instruction. In brief, mRNA was purified using poly-T oligo-attached 

magnetic beads. Fragmentation was carried out using divalent cations under elevated 

temperature in Illumina proprietary fragmentation buffer. First strand cDNA synthesis was 

performed using random oligonucleotides and Super Script II (Thermo Fisher Scientific, # 

18064022) followed by second strand synthesis using DNA Polymerase I and RNaseH. Remaining 

overhangs were converted into blunt ends via exonuclease/polymerase activities and enzymes 

were removed. Subsequently, 3’ends were adenylated, and Illumina indexed PE adapter 

oligonucleotides were ligated to prepare for hybridization to Illumina flowcells. DNA fragments 

with ligated adapter molecules were selectively enriched using Illumina PCR primer PE1.0 and 

PE2.0 in a 15 cycle PCR reaction. SPRI beads (Beckman Coulter, # B23319) were used for 

purification and size selection of cDNA fragments preferentially 200–300 bp long. The size-

distribution of cDNA libraries was measured using the Agilent high sensitivity D1000 assay on a 

4200 TapeStation instrument (Agilent Technologies). cDNA libraries were quantified using the 

KAPA Library Quantification Kit (Roche, # 07960140001). After cluster generation on a cBot, a 75 

bp single-end run was performed on a HiSeq1500 using the TruSeq SBS v3 chemistry (Illumina, 

#FC-401-3001). 

5.7.2 Data processing 

Transcript abundances were quantified using kallisto (v 0.44.0) (Bray et al. 2016). The index for 

quantification was built from the murine transcriptome M16 as published by GENCODE 

(ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_mouse/release_M16/gencode.vM16.prim

ary_assembly.annotation.gtf.gz). Samples with less than 2 million pseudoaligned reads were 

excluded from further analysis. The raw read counts were imported into R and analyzed using the 

R package DESeq2 (Love et al. 2014) . Genes were filtered for a minimum expression of 10 counts 

over all samples. For analysis, two datasets were generated and normalized separately. The first 

dataset consisted of all 39 samples (18 Ribotag and 27 non-Ribotag) and 29189 genes, the second 

one of 18 Ribotag samples and 22895 genes. 
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5.7.3 Statistics and descriptive bioinformatics  

Differentially expressed genes (DEGs) between all groups were determined using the package 

DESeq2, which uses negative binomial generalized linear models to test for differential 

expression. All genes with a p-value < 0.05 were considered differentially expressed. Multiple 

testing correction was done using independent hypothesis weighting as implemented in the R 

package DESeq2. Data visualization was facilitated by performing Principle Component Analysis 

(PCA) on all genes and hierarchical clustering of union of DEGs for the data set including all 

samples and DEGs with only the RiboTag samples with default settings in R. Gene set enrichment 

analysis (GSEA) DE genes for RiboTag data was performed with clusterProfiler (Yu et al. 2012) 

with a background set of all present genes or a known list of genes representing the surfaceome 

(https://www.proteinatlas.org/about/licence). The 1,665 DEGs for the RiboTag data were 

filtered by a list of known murine surface proteins and downstream effector proteins. These data 

were analysed using R. The p < 0.05 was accepted as statistically significant. 

5.8 Immunohistochemistry (IHC) 

Mice were transcranial perfused using ice-cold sterile 10 ml 0.9% NaCl followed by ice-cold 20 ml 

4% paraformaldehyde (PFA) for tissue fixation. Fixed brains were removed and post-fixed in 4% 

PFA over-night at 4°C. For cryoprotection, brains were transferred on the next day first to 15% 

and second to 25% Sucrose (Sigma, #S5016) diluted in PBS with 0.01% (v/v) sodium azide (NaN3, 

Roth) at 4°C. Next, brains were embedded in OCT embedding medium (Fisher Scientific, 

#12678646) and sliced into 20 µm thin sagittal sections at -20°C using a cryostat (Cryostar NX70, 

Thermo Fisher Scientific). Section were collected and stored in PBS with 0.01% (v/v) NaN3 at 4°C. 

Immunohistochemical (IHC) staining was conducted in a free-floating procedure. First, sections 

were blocked and permeabilized by 1 h incubation at RT with blocking solution (10% NGS, 0.3% 

Triton-X 100(Roth, #3051.3) in PBS) with subsequent over-night incubation at 4°C with the 

primary antibodies diluted in appropriate buffer (5% NGS, 0.05% Triton-X 100 in PBS) On the 

next day, sections were washed three time for 5 min with PBS+5% normal goat serum (NGS) and 

then incubated for 3 h with the secondary antibodies diluted in PBS at RT. After incubation with 

the secondary antibodies, sections were washed three times with PBS and in the case of APP/PS1 

mouse brains, additional staining with Methoxy-XO4 (1:5000 in PBS, Bio Techne  , #4920/10) for 

30 min at RT was performed to visualize A plaques. Finally, sections were mounted on glass 

slides (Superfrost plus, Thermo Fisher Scientific, #10149870) either with Fluoromount-G without 

Dapi (Biozol Diagnostica Vertrieb  , #SBA-0100-01) for Methoxy-XO4 stained sections or with 

Fluoromount-G with Dapi (Biozol Diagnostica Vertrieb, #SBA-0100-20). Used antibodies, 

dilutions and information are listed in Table 5-18.  
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Table 5-18 Antibodies used in immunohistochemistry. 

Antibody  Dilution Company Order-No.  
Rabbit anti-Sox9 1:2000 Sigma-Aldrich AB5535 
Rat anit-HA 1:200 Roche 11867423001 
Chicken anti-GFP 1:500 Abcam  ab13970 
Goat-anti-chicken Alexa 
fluor488 

1:1000 Invitrogen A-11039 

Goat-anti-rat 
Alexa fluor488 

1:1000 Invitrogen  A-11006 

Goat-anti-rabbit  
Alexa fluor647 

1:1000 Invitrogen A-21244 
 

5.8.1 Imaging of IHC staining  

Fluorescent images from multiplex fluorescent RNAscope staining were obtained using a confocal 

microscope (Zeiss LSM700). Alexa Fluor647 was excited at 639 nm, emission was detected 

using a longpass filter (640 nm; Zeiss). Alexa Fluor488 was excited at 488 nm, emission was 

detected using a bandpass filter (490–555 nm; Zeiss). Dapi and Methoxy-XO4 were excited at 

405, emission was detected using a shortpass filter (490 nm; Zeiss). The pinhole was set to an 

airy unit of one. Images with a x,y-resolution of 1.250 µm/pixel (RiboTag specificity, see 

Figure 2-1) and 0.625 μm/pixel (transduction efficiency, see Figure 2-22).  

5.8.2 Quantification of the virus transduction efficiency 

To determine the number of cells GCaMP6f expressing astrocytes, a customized pipeline was 

generated using CellProfiler. Therefore, images were loaded with separated channels into the 

program. First, Sox9 stainings representing astrocytic nuclei as the first primary object were 

identified with a diameter range of 4-10 pixel units and a defined threshold, followed by an object 

expansion with 4 pixels to consider the cell cytosol. Second, within these identified expanded 

objects, the intensity of the GCaMP6f staining surrounding the nuclei for cytosolic fluorescent 

signal was identified. Finally, all Sox9 and GCaMP6f positive cells were determined and the ratio 

between all Sox9 positive cells to double positive cells was calculated and demonstrated in 

percentage.  
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5.9 Statistics 

Statistical significance was analysed with R. Analysed data was not following the normal 

distribution (Gaussian distribution) and was thereby tested by non-parametric tests. Statistical 

comparison of two groups was performed using Kruskal-Wallis test. Statistical significance for 

multiple comparisons was performed by Kruskal-Wallis test followed by pairwise Wilcoxon test 

or Dunn’s multi comparison test with original False Discovery Rate p.adjustment method. N was 

defined as the number of field of views, time points, or mice throughout on a case-by-case basis 

depending on the particular experiment. Detailed statistical specifications were mentioned in the 

corresponding figures. P-value < 0.05 was defined as statistically significant.  
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6.3 Abbreviations 

2PLSM    Two photon laser scanning microscopy 

AAV    adeno associated virus 

ACh    acetylcholine 

AD    Alzheimer’s disease  

ADP    adenosine diphosphate 

AICD    intracellular APP domain 

APOE    Apolipoprotein E 

APP    amyloid precursor protein 

APs    action potentials  

AR    adrenergic receptors 

ATP    adenosine triphosphate 

A    amyloid beta 

BBB    blood brain barrier  

Bp    base pairs 

Bp    base pairs 

C3ar1    C3a receptor 1 

Ca2+    Calcium  

Cacna    voltage-gated calcium channel   

CaSCaDe   Ca2+ Signal Classification and Decoding 

Cers1    Ceramide synthase 1 

CNS    central nervous system  

CTF    C-terminal fragment 

Cx43     Connexin 43, gap-junction alpha-1 protein (Gja1) 

dE9    deleted exon9 

DEGs    differentially expressed genes 

EHSB    extra high salt polysome buffer 

Entpd2    ectonucleoside triphosphate diphosphohydrolase 2 

EphA4    erythropoietin producing hepatocellular A4 

ER     Endoplasmic Reticulum  

ER(T)    estrogen receptor (tamoxifen) 

FACS    fluorescence activated cell sorting 

FACS    fluorescence activated cell sorting 

FAD    familial Alzheimer’s disease 

FC    fold change 

FDHM    full duration at half maxium 
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FDR    false discovery rate 

FLIM    fluorescent life-time imaging microscopy 

FOV    Field of view 

GABA    gamma-aminobutyric acid 

GECI    genetically encoded calcium indicator 

GFAP    Glial fibrillary acidic protein 

GO    Gene ontology 

GPCR    G-protein couple receptor 

GSEA    gene set enrichment analysis  

GT    Gliotransmitter 

HA     Haemagglutinin  

HSB    high salt polysome buffer 

Hu    Human 

IP3    inositol-1,4,5-trisphosphate 

IP3R    inositol-1,4,5-trisphosphate receptor 

KEGG    Kyoto Encyclopedia of Genes and Genomes 

LANUV    State Agency for Nature Environment and Consumer Protection  

LC    locus coeruleus  

LPS    lipopolysaccharide 

LTD  long-term depression  

LTP long-term potentiation 

mAChRs   metabotropic choline muscarinic receptors 

MCAO    middle cerebral artery occlusion  

MGI    Mouse Genome Informatics  

Mo    Mouse 

mRNA     messenger RNA 

MW    Molecular weight 

NA    noradrenalin 

NCX2 Sodium/Calcium Exchanger 2 

NE    norepinephrine 

NFT    Neurofibrillary tangles 

NMDAR   N-methyl-D-aspartate receptor 

NT    Neurotransmitter 

P2y1 P2 purinoceptor subtype Y1 

PCA    principle component analysis 

PFA    paraformaldehyde  
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PGDB    Protein G Dynabeads  

PLC    Phospholipase C 

Prp    prion protein 

PS1    Presenilin 1 

PS2    Presenilin 2  

PSB    Polysome buffer 

Psmb10   proteasome 20S subunit beta 10 

qPCR    quantitative polymerase chain reaction  

qPCR    quantitative polymerase chain reaction 

RH    relative humidity 

RNA    Ribonucleic acid 

RNAseq   RNA sequencing 

ROI    region of interest 

ROS    reactive oxygen species  

Rpl22    ribosomal protein L22 

Rpm    rounds per minute 

s.c.    subcutaneously 

S1P Sphingosin-1-phosphate 

scqPCR    single cell qPCR 

Slc8a2 Solute Carrier Family 8 Member A2 

SNA    string network analysis  

SNARE soluble N-ethylmaleimide-sensitive fusion protein attachment 

protein receptor 

SPF    specific pathogen-free conditions 

Sphk1    Sphingosine kinase 1 

Swe    Swedish 

Tg    transgenic 

Tm    melting temperature 

Tm    temperature 

Trem2    triggering receptor expressed on myeloid cells 2 

TRP    transient receptor potential  

Tyr    Tyrosinase 

WT    wild type 
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6.4 Contributions 

Theresa Schulte and Jan Peter conducted the genotyping for transgenic mice. Hana Matuskova 

provided help to optimize the RNAscope experiments and took the overview images of the brain 

slices. Walker S. Jackson provided the Cx43Cre-ER(T); RiboTag mice. Kristian Händler conducted the 

RNA sequencing and Stefanie Warnat-Herresthal performed the main data analysis (AG Schultze). 

Falko Fuhrmann helped with the awake imaging setup with the linear treadmill and the position 

read-out. Gilles Bonvento from Institut d'Imagerie Biomédicale (France) produced and provided 

the AAV.PHPeB-sGFAP-cyto-GCaMP6f in the first place. Christoph Möhl (Imaging and Data 

Analysis Facility) produced and optimized the used Ca2+ peak detection tools. Figures were partly 

created by using the online software BioRender. 
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