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Summary

Tau is a microtubule-associated protein that interacts, stabilizes and promotes
the assembly of microtubules. In the healthy brain it undergoes several post-
translational modifications, including phosphorylation. During
neurodegeneration, misfolding and hyperphosphorylation lead to aberrant
aggregation of tau filaments in the brain, which is a pathological hallmark of
tauopathies. Tau is highly expressed in neurons but also to a lesser extent in
astrocytes. Astrocytes, along with neurons, are an important cell type in the
central nervous system and exert various functions in maintaining brain
homeostasis. One important role includes the regulation and modulation of
synaptic function, mediated by the fine processes of astrocytes which form
connections with thousands of neuronal synapses. Astrocytes are also implicated
to play a role in the development of tauopathies. Several tauopathies are
characterized by astrocytic inclusions of tau. While the toxic effects of tau
aggregation in neurons have been extensively studied, much less is known about
the pathological mechanisms of astrocytic tau inclusions. Therefore, this thesis
focuses on the investigation of pathophysiological consequences of an astrocytic
tauopathy. A virus-inducible mouse model of astrocytic tauopathy was developed
and characterized, that expresses the human P301S tau mutation of
frontotemporal dementia in Aldhlll astrocytes throughout the central nervous
system. The first aim of this thesis involved an in vivo approach to investigate
Ca?* signaling in cortical astrocytes. Two-photon astrocytic Ca?* imaging
revealed a hyperactive phenotype of Ca?* transients in astrocytic microdomains.
The increased firing frequency indicates that astrocytic Ca?* levels in the fine
processes are disrupted in mice with astrocytic tauopathy. The second aim of this
thesis was to elucidate the effect on neuronal synapses. By using a quantitative
immunohistochemical approach, an overall excitatory synapse loss could be
observed in both pre- and postsynaptic compartments of somatosensory cortical
neurons. These results imply a contribution of tau in astrocytes to the
pathophysiology and progression of tauopathies. Therapeutic interventions

should therefore also take into account the aspect of astrocytic influence on



neurodegenerative processes and may consider astrocytic tau as a potential
target for future treatment approaches.

Zusammenfassung

Tau ist ein Protein, welches verantwortlich fir den Aufbau und die Stabilitat von
Mikrotubuli ist. Im gesunden Gehirn durchl&uft dieses Protein posttranslationale
Modifikationen, darunter die Phosphorylierung. Bei neurodegenerativen
Prozessen fihren jedoch eine Fehlfaltung und Hyperphosphorylierung zu einer
abnormen Aggregation von Tau Filamenten im Gehirn, welches ein
pathologisches Merkmal von so genannten Tauopathien ist. Tau wird in hohem
MalRe in Neuronen, aber auch zu geringem Umfang in Astrozyten exprimiert.
Astrozyten sind neben Neuronen ein wichtiger Zelltyp im Zentralnervensystem
und tben verschiedene Funktionen zur Aufrechterhaltung der Gehirnhomdostase
aus. Eine wichtige Rolle ist die Regulierung und Modulation der synaptischen
Transmission, da ihre feinen Auslaufer Verbindungen mit Tausenden von
neuronalen Synapsen bilden. Astrozyten spielen demnach auch eine Rolle bei
der Entstehung von Tauopathien. Einige Tauopathien sind durch astrozytare
Einschlisse von Tau gekennzeichnet. Wahrend die toxischen Auswirkungen
einer Tau Aggregation in Neuronen umfassend erforscht werden, ist Uber die
pathologischen Mechanismen astrozytarer Tau-Einschlisse weit weniger
bekannt. Daher konzentriert sich diese Thesis auf die Untersuchung der
pathophysiologischen Folgen einer astrozytaren Tauopathie. Dazu wurde ein
virusinduzierbares  Mausmodell der Astrotauopathie entwickelt und
charakterisiert, welches die P301S-Tau Mutation der frontotemporalen Demenz
in Aldhll1-Astrozyten im zentralen Nervensystem exprimiert. Das erste Ziel
dieser Studie umfasste einen in vivo Ansatz zur Untersuchung der Ca?
Transienten in kortikalen Astrozyten. Die Ca?* Bildgebung mittels 2-Photonen
Fluoreszenzmikroskopie zeigte einen hyperaktiven Phanotyp von Ca?*
Transienten in astrozytaren Mikrodomanen. Die erhdhte Frequenz deutet darauf

hin, dass Ca?* Signale in den feinen astrozytaren Fortsatzen bei Mausen mit

Xi



astrozytarer Tauopathie gestort sind. Das zweite Ziel dieser Studie war es, den
Einfluss auf neuronale Synapsen aufzuklaren. Durch
Immunfluoreszenzuntersuchungen an Gehirnschnitten der Mause wurde ein
umfassender Verlust an exzitatorischen Pr&- und Postsynapsen im

somatosensorischen Kortex festgestellt.

Diese Ergebnisse deuten auf eine Beteiligung von Tau in Astrozyten zum
Fortschreiten von Tauopathien hin. Zuklnftige therapeutische Ansétze sollten
daher auch den Aspekt des astrozytdren Einflusses auf neurodegenerative
Prozesse berucksichtigen und kdnnten astrozytéares Tau als potenzielles Ziel fur

neue therapeutische Interventionen in Betracht ziehen.
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1 Introduction







1.1 Microtubule-associated protein tau

1.1.1 Tau structure and expression

First described in 1975, tau is a microtubule-associated protein (MAPT) that plays
an essential role in the stabilization of microtubules in axons [1]. The human
MAPT gene is located on the long arm of chromosome 17 (17g21) and contains
16 exons [2]. During the transcription process, the pre-mRNA undergoes
alternative splicing, giving rise to different isoforms. In the central nervous system
(CNS) splicing events happen on exon 2, 3 and 10. Those isoforms can be
distinguished depending on the number of N-terminal inserts from splicing exons
2 and 3 (ON,1N,2N) and the repeat sequences in the microtubule binding region
(MTBR), from splicing exon 10 (3R, 4R) (Figure 1) [3], [4]. The expression of
those isoforms is highly regulated during development. In the adult human CNS
all six tau isoforms are expressed, ranging from 352 to 441 amino acids (aa) [5].

In the fetal brain, only the smallest isoform of 352 aa (NOR3) is expressed.

Unlike humans, the tau gene in mice is located on chromosome 11 and slightly
shorter in length. In contrast to the human brain, the adult murine brain solely
contains tau including exon 10, resulting in the presence of only three isoforms
(ON4R, 1N4R, 2N4R) [6]-[8]. Differences in the protein structure are mainly found
in the N-terminal region, which contains 11 aa less in mice than in humans. The

lack of this sequence may imply to influence some tau related functions [9].

In recent decades, through the development of more sensitive detection
methods, tau MRNA has been found also in other tissues but it is most abundant
in the CNS [10], [11].
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Figure 1. Human MAPT gene and generation of tau isoforms. In the human central nervous
system, the MAPT gene is located on Chromosome 17 and contains 16 exons. Through
alternative splicing of exons 2 (red box), 3 (yellow box) and 10 (blue box), six different isoforms
can be generated. They contain three or four repeats (3R or 4R) with either zero, one or two
inserts (ON-2N). All six isoforms exist in the adult human brain, whereas in the fetal brain, only
the shortest isoform ON3R is expressed.

In the brain, tau is mainly expressed in the axonal compartment of neurons, but
also to a small extent in oligodendrocytes and astrocytes [12]-[15].
Tau is an intrinsically disordered protein with the propensity to change
conformation upon interaction with other proteins. Besides its natively unfolded
character, a study using fluorescence resonance energy transfer (FRET) found
that tau monomers in solution preferably form a so called “paperclip”
conformation, where the C- and N-terminal domains approach each other by
folding on the repeat region [16]. Upon binding to microtubules, tau adopts an
open conformation, in which the C-terminus strongly binds to the microtubule
while the N-terminal end projects away, suggesting a role in spacing between
microtubules (Figure 2) [17], [18].



Figure 2. Tau in solution and bound to microtubules. A) Tau in solution adopts a so called
“paperclip” formation. The C-terminus folds close to the MTBR and the N-terminus folds onto the
C terminal portion, bringing both ends close together. B) Tau changes to an open conformation
when bound to microtubules.

1.1.2 Function in normal physiology

Tau is mainly involved in the stabilization of microtubule bundles in axons. The
protein prevents depolymerization processes of microtubules by hindering tubulin
rings on both ends to dissociate [19]. Microtubules are part of the cellular
cytoskeleton, maintaining cell integrity and motility by dynamic assembly and
disassembly of tubulin dimers (so called “dynamic instability”). In neurons, tau
tightly binds to microtubules through the C-terminal located MTBR, promoting
their assembly by tubulins, stabilization, and dynamic processes [4], [20], [21].
The MTBR also contains the four repeat sequences. 4R tau has a higher binding

affinity to microtubules compared to 3R tau, therefore those isoforms prevent



disassembly of microtubules more effectively [22], [23]. Another functional aspect
is the involvement of tau in axonal transport. A study of mice overexpressing
P301L tau showed that this mutation leads to a reduced binding ability to
microtubules, which results in a faster anterograde axonal transport of
mitochondria. Therefore, destabilization of microtubules might be the cause for
changes in mitochondria transport [24]. In contrast, elevated tau levels are
postulated to disrupt axonal vesicle trafficking, implying a role of tau for regulation
of axonal transport [25]. Studies suggest that tau also has a functional role in
synaptic physiology [26], [27]. A knock down of endogenous tau in the
hippocampus of adult mice with AAV-ShRNATau showed a reduction of synaptic
spine density, leading to an impairment in spatial learning and memory, as well
as deficits in motor coordination. By halting the expression of the ShRNA, those
effects could be reversed [28]. These results support the assumption that tau

plays a role in physiological synaptic function.

Studies in tau deficient mice further showed altered cerebral oscillation patterns,
suggesting a role of tau for maintaining synchronization between brain regions
and for the sleep-wake cycle [29], [30]. Chronic sleep deprivation in humans
increases tau levels in the CSF [31], reinforcing the statement that tau has a role
in sleep. Other physiological roles of tau are still under investigation. Because tau
undergoes multiple alternative splicing events and occurs in different isoforms,
these could play specific roles for different cell types and brain regions, but this

remains to be elucidated [32].

1.1.3 Tau phosphorylation and implications in pathophysiology

After translation, tau undergoes several modifications, including phosphorylation,
ubiquitination or oxidation [33]. Tau can be phosphorylated at over 80 different
serine, threonine and tyrosine residues by multiple kinases, most of them in
physiological conditions, but several are only found in neurodegenerative
diseases. A major tau kinase is the cycline-dependent kinase 5 (Cdk5). Cdk5
preferentially phosphorylates Ser/Thr-Pro sequences [34], from which 16 existin
tau [35].



In the healthy brain, a balance is maintained between kinases and phosphatases
to regulate phosphorylation. A disruption of this equilibrium is thought to be a
predecessor for neurodegeneration, starting with increased phosphorylation
(hyperphosphorylation) of tau and followed by the formation of aggregates [36].
Most of the phosphorylation residues are found in regions flanking the
microtubule-binding domains [37]. The phosphorylation status of tau plays
therefore an important role for regulating microtubule stability and assembly [38].
Newer studies further determined that phosphorylation at different sites can also
affect tau conformation and promoting activation of distinct signaling pathways
that modulate fast axonal transport of organelles [39]. Further, phosphorylation
at Ser199, Ser202, and Thr205 was shown to increase the space between
microtubules and affect mitochondrial transport along the axon [40]. Those
residues are found to be hyperphosphorylated in neurodegenerative diseases,
like Alzheimer’s disease (AD) and can be recognized by the monoclonal antibody
AT8 [41].

Although tau is also found in dendrites, a massive accumulation and
mislocalization to the cell body and dendritic compartments is an early
pathological event in neurodegeneration. A study has shown that treatment with
amyloid-beta (AB) oligomers leads to missorting of tau into dendritic regions and
increased phosphorylation, ultimately resulting in synapse loss in vitro [42]. Thus,
tau phosphorylation may also determine its cellular localization, but this needs to

be further explored.

Over the past years, extensive research has been made to investigate the
pathophysiological role of tau in the CNS. Tau is involved in the development of
several neurodegenerative and psychological diseases. Although tau diseases
vary greatly in their appearance, a common trait is the hyperphosphorylation of
tau, leading to the formation and accumulation of insoluble filaments in the brain
[38]. Yet, it is still unclear which phosphorylation sites are responsible for the
formation of aggregates and their specific role for disease development [43]. A
certain class of such neurodegenerative diseases are even named after its

causing protein — the tauopathies.



1.2 Tauopathies

Neurodegenerative diseases comprise a group of disorders that are
characterized by an inevitable degeneration of the nervous system, ultimately
leading to nerve cell death. A clinically heterogeneous class of
neurodegenerative disorders are tauopathies, which can be classified by a
massive neuronal and/or glial accumulation of misfolded filaments of tau.
Diseases with that phenotype can be categorized into either a primary or a
secondary tauopathy. In primary tauopathies, intracellular tau inclusions are the
predominant feature. In secondary tauopathies, massive accumulation of another
protein in addition to tau pathology is significant for the progression of
neurodegenerative processes. A prominent example from the latter is AD, whose
pathological hallmarks include the extracellular deposition of AR in the brain, as
well as the formation of neurofibrillary tau tangles.

As this thesis focuses on aspects of primary tauopathies, the neuropathological
phenotypes of this particular class are described in greater detail in the following

chapter.

1.3 Primary tauopathies

1.3.1 Classification and clinical heterogeneity

The most characteristic feature of primary tauopathies is the substantial
accumulation of fibrillized tau in neurons and/or glial cells. Primary tauopathies
can occur sporadically, but can also be hereditary [44]. In the late nineties,
mutated tau was identified as the first gene for being the causative agent for a
hereditary form of Frontotemporal Dementia (FTD) with parkinsonism linked to
chromosome 17 (FTDP-17) [7], [45]-[47]. To date, over 60 different mutations in
the tau gene were identified causing FTD syndromes [48], [49]. Other tauopathies

like progressive nuclear palsy (PSP), Corticobasal degeneration (CBD), Pick’s



Disease (PiD) and globular glial tauopathy (GGT) typically occur spontaneously,
but rare cases have been found in family members carrying MAPT mutations [50].

The clinical manifestations of primary tauopathies are very heterogeneous. The
symptoms often involve dysfunctions in movement, language, cognition/behavior
and memory [51]. As the disease profiles are phenotypically so diverse, an
accurate diagnosis can be difficult. It is important to differentiate which cell types
are affected, the distribution of tau inclusions in different brain areas, the
predominating tau isoform, as well as the co-occurrence of other pathological
proteins [52]. In families with a history of MAPT mutations, the pathophenotype
can vary between and even within families with the same mutation, which further

complicates the diagnosis process [53].

Tauopathies can be further classified in 3R and 4R tauopathies. In the healthy
brain both isoforms are expressed in equal amounts. This equilibrium can be
disturbed in some diseases. In a pathological state, 3R or 4R tau can be
predominating. 3R tau is mainly found in PiD, whereas 4R is outweighing the 3R
isoform in PSP, CBD, GGT and argyrophilic grain disease (AGD) [54]. It is
implicated that the haplotype of tau may contribute to that imbalance. Two
different haplotypes of tau exist (H1 and H2), which differ in the inversion of a
900 kb sequence in chromosome 17 (including the tau sequence) and the
deletion of a base pair sequence upstream of exon 10 in H2 [55]. The Hlc
subhaplotype is postulated to preferentially express 4R tau [56], and this subtype
is found predominately in patients with 4R tauopathies, suggesting that the
haplotype may be another risk factor for the development of 4R tauopathies. Also,
mutations in exon 10 in the tau gene were found to be responsible for a disturbed
equilibrium of 3R and 4R tau by altering its splicing ability, leading to an increased
production of 4R tau [57].

1.3.2 Mutations in the MAPT gene

In the healthy brain, phosphorylation at serine and threonine sites in the MTBR

modulates binding dynamics to microtubules [58]. Mutations in those regions can



lower the ability of tau to bind to microtubules and lead to a loss/altered protein
function [59], [60]. Free tau species have a higher propensity to
hyperphosphorylate, making them more prone to form (B-sheet conformations,
which leads to an aggregation into neurofibrillary tangles (NFT) [61]. Missense,
deletion, intronic or silent mutations are described to appear in different
tauopathies [44]. In particular, the missense mutations P301L and P301S that are
found in FTD patients have become of scientific interest. They are located in Exon
10, thus only affecting 4R tau isoforms [62]-[64].

Clinically, patients carrying a P301S mutation develop a more aggressive form of
FTD and have an earlier disease onset than carriers of P301L. The mean age of
disease onset is 33.7 years in P301S patients, with an average duration of 4.2
years. Patients with a P301L mutation have a later disease onset and a longer
disease duration (52.6 years and 6.7 years, respectively) [65], [66]. For this thesis
the P301S mutation is of interest, therefore it is described in more detail in the

following chapter.

1.3.3 P301S MAPT mutation

The P301S mutation is the result of an amino acid substitution from Proline to
Serine through a change at codon 301 from CCG to TCG. As the mutation
appears in exon 10, it increases the propensity of tau to aggregate and reduces
the ability to bind to microtubules [67]-[69]. This mutation was first described in
a Dutch family that suffered from a hereditary, early-onset FTD (~20-30 years of
age) with parkinsonian features. The patients developed a rapidly progressive
degeneration in the frontal lobe with early onset dementia, language disturbances
and a rapid decline in motor movement [70]. The same mutation was also
described in other families, with varying clinical symptoms [71], [72]. One family
is described carrying a P301S mutation, but resulting in different disease
diagnosis, either FTD or CBD. Hyperphosphorylated tau inclusions were

observed in neurons, astrocytes and oligodendrocytes of these patients [71].

10



Because of its aggressive character and the ability to form filaments, this mutation
Is widely used in in vitro and in vivo animal models for dementia research [73]-
[77]. Transgenic mice overexpressing P301S tau develop a neuropathological
phenotype with tau hyperphosphorylation subsequently formation of filaments
that resemble the neurodegenerative processes in cases of FTD [73], [78]. A
newer study with a mouse model expressing P301S, but lacking the hexapeptide
motifs - which are needed for heparin-induced filament formation - exhibited a
normal life span and showed no signs of neurodegeneration. P301S tau with
those deletions did not form [(-sheet structures after heparin incubation,
suggesting that preceded B-sheet assembly of P301S tau is necessary to form
filaments, followed by neurodegeneration [79].

Yet still unclear is the impact of different cell types for the development and
progression of tauopathies. In some tauopathies, tau inclusions are
predominately observed in neurons, others are described with varying amounts
of additional glial tauopathy. Familial cases of FTD with a MAPT mutation were
described with tau deposits in neurons, but also in astrocytes [7], [62]. One case
study presented two sisters with a behavior variant of FTD exhibiting a
predominant Astrotauopathy, with only minor amounts of neuronal tau inclusions
[80]. Therefore, the contribution of astrocytes for disease development of

tauopathies should not be underestimated.
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1.4 Astrocytes

Astrocytes, besides microglia, oligodendrocytes, and ependymal cells, belong to
the class of glial cells and are found in the CNS. Glia were historically first
described by pathologist Rudolf Virchow in the 1850s as “nerve glue”
(“Nervenkitt”), a connective tissue, that solely maintains nerve cell structure [81].
In the late 19" century Camillo Golgi investigated glial cells for the first time in
more detail, and was the first to describe astrocytic end feet [82]. Finally, the term
astrocyte (“star-shaped cell”) was described in 1891 [83] and researchers began
to decipher more and more functions of this cell type.

Traditionally, astrocytes were classified into two morphological classes:
protoplasmic and fibrous astrocytes. Protoplasmic astrocytes have an extensive
amount of fine processes and are abundant in the cortical gray matter, whereas
fibrous astrocytes are less ramified with long processes and mainly found in white
matter tracts [84], [85]. But also several other specialized astrocytes were
described, like radial glia (e.g. Bergmann glia in the cerebellum), vellate
astrocytes or surface-associated astrocytes [86], [87]. Newer research suggests
a high heterogeneity in astrocytes with specific intra-regional cellular functions
within and between different brain regions in the human and mouse brain [88],
[89].

Mature astrocytes are highly ramified cells with numerous thin processes that
occupy certain non-overlapping domains in the brain [90]. Astrocytes carry out
many different functions in the healthy brain, including the maintenance of the
blood-brain-barrier [91], the formation and regulation of synaptic connections
[92]-[94], the regulation of extracellular neurotransmitters and ions [95] and

guiding mechanisms [96], [97].

One specific role of astrocytes is the interaction with neuronal synapses. They
mainly function through their peripheral astrocytic processes (PAP), where they
preferentially enwrap the pre- and postsynaptic connections of neurons [98].

Those processes are extremely fine (<50 nm) therefore they are smaller than

12



microscopic resolution, and account for around 75 % of the cell volume [90], [99],
[100]. Only the advances of electron microscopy (EM) in recent years made it
possible to uncover more details about their synaptic connections [101], [102].
Not only PAPs are enwrapping neuronal synaptic terminals but also primary
astrocytic processes and the soma can form connections with synapses [103]. In
addition, not all processes are covering synapses, but connecting or withdrawing
from them depending on activity, which makes them highly plastic structures [98],
[104]. The whole concept of the connection of astrocytic processes with both
synaptic compartments is also termed the "tripartite synapse" [105].

1.4.1 The concept of the Tripartite synapse

The name tripartite synapse refers to the concept of the close structural and
functional association between astrocytes and the pre- and postsynaptic
compartments of neurons. In addition to the bilateral information exchange
between the neuronal pre- and postsynapse, astrocytic processes also form a
close connection with both synaptic terminals (Figure 3) [106]. It is estimated that
one astrocyte in the human cerebral cortex can cover up to two million synapses
[107]. Through their close synaptic proximity, they maintain neurotransmitter and
ion homeostasis, they release neuromodulators to regulate synaptic function

[108], [109] and they provide lactate as an energy source to neurons [110], [111].
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Presynapse

Neurotransmitter

<+ Gliotransmitter

Figure 3. Simplified schematic of the tripartite synapse: Bidirectional communication
between the pre- and postsynapse with astrocytic processes. Upon neurotransmission
synaptic vesicles are released from the presynaptic terminal. Released neurotransmitters
(orange) bind to receptors in the postsynaptic membrane but can also bind to receptors located
on the astrocytic processes. Upon binding to G-protein coupled receptors (GPCRs) on the
astrocytes, internal IPs leads to an increase of internal astrocytic Ca?* from the endoplasmic
reticulum (ER). The elevated Ca?* levels trigger the release of gliotransmitters (red) via different
pathways, which - when bound to their respective synaptic receptors - modulate synaptic
transmission.

Upon synaptic activity, astrocytes are stimulated by neurotransmitters via
metabotropic or ionotropic receptors located in perisynaptic processes.

Astrocytes express specific receptors for neurotransmitters such as adenosine

14



triphosphate (ATP), gamma-Aminobutyric acid (GABA), glutamate or
endocannabinoids [112]-[115]. Glutamate is a major excitatory neurotransmitter
in the brain and an important signal molecule in astrocytes [116]. Glutamate
released from the presynapse stimulates metabotropic glutamate receptors
(mGIuR), which upon activation stimulates phospholipase C activity and the
formation of inositol 1,4,5-triphosphate (IP3). IP3 in turn binds to respective
intracellular receptors located in the membrane of the endoplasmic reticulum
(ER), leading to a release of Ca?* from internal stores [117]-[119]. The elevated
astrocytic Ca?* levels trigger the release of neuroactive substances, so called
gliotransmitters [120]. These gliotransmitters, including glutamate, GABA, ATP or
D-serine among others, can bind to their corresponding receptors on the neuronal

synapse and modulate synaptic transmission and firing frequency [121]-[123].

Gliotransmitter release can take place through different pathways, like vesicular
exocytosis, channel-mediated diffusion or through plasma membrane
transporters [124]-[126]. Each gliotransmitter acts on different neuronal
pathways. Released glutamate binds to NMDA receptors, which elicits inward
membrane currents and synchronizes action potential firing [127]-[129]. GABA,
glutamate and ATP regulates synaptic vesicle release in the presynapse,

therefore controlling synaptic strength [113], [130], [131].

1.4.2 Calcium signaling in astrocytes

Unlike neurons, astrocytes are not electrically excitable, their cellular activity
depends on internal fluctuations of calcium levels [132]. Since the discovery that
glutamate evokes a rise in astrocytic internal Ca?* concentrations [133], [134], it
is believed that astrocytic Ca?* transients are another factor influencing neuronal
signaling in the CNS. In earlier years, research focused only on Ca?* transients
happening in the astrocytic soma and main processes [135], later the
development of genetically encoded calcium indicators (GECIs) made it possible
to investigate also spatially restricted near-membrane Ca?* transients in the
PAPs, so called microdomains, in greater detail [136], [137]. Microdomain events

occur more frequently than somatic events and may arise through IP3; dependent
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as well as IP3 independent pathways [138], [139]. Ca?* microdomains are very
heterogeneous and can occur in response to synaptic activity but also in absence
of it. Different signaling pathways may underlie the mediation of microdomain
transients, which may lead to distinct astrocyte functions. Newer findings show
that astrocytic Ca®* microdomains can exhibit fast kinetics in a similar timescale
as neurons, which are evoked by local synaptic activity [140]. Those confined
transients in the PAPs may play a role in the localized delivery of gliotransmitters
to influence neuronal transmission [141]. Astrocytic Ca?* generated in single cells
can also propagate between the astrocytic network in Ca®* waves, enabling an
activation of a large population of cells [142], [143]. One way this propagation of
Ca?* waves can be achieved is by gap junctions. These gap junctions between
astrocytes thus allow an intercellular communication and the formation of a

complex network in the CNS.

1.4.3 Astrocytic influence on brain functions

The development of cutting-edge techniques made it possible to investigate
astrocytic functions in greater detail. Through targeted genetic manipulation of
astrocytes, their impact on other cell types and higher brain functions can be
elucidated [120].

Astrocytes play an important role for regulating synaptic function. Several
astrocyte secreted factors are reported to be essential for synapse formation and
stabilization [144]. This includes the control of presynaptic release probability of
neurotransmitters and postsynaptic strength. For the latter it was found that the
modulation of glutamatergic NMDA and AMPA receptor abundance in the
postsynapse can be achieved via the secretion of factors like tumor necrosis
factor-a or thrombospondins [145], [146]. Therefore astrocytes also play a role in
long term potentiation (LTP) and long term depression (LTD) in neurons by

regulating synaptic strength in response to neuronal activity [94].
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Astrocytes were also found to be involved in cholinergic processing of visual
inputs, hippocampal oscillatory activity and whisker stimulation, suggesting they
may play a role in higher cognitive functions and memory processing [147], [148].

Studies with mice lacking AMPA receptors in Bergmann glia of the cerebellum
show deficits in fine motor coordination, indicating a role of glutamatergic
gliotransmission for the functional integrity of cerebellar networks and for
adjusting neuronal processes underlying motor behavior [149]. Other
gliotransmitters such as D-serine, ATP and adenosine are implicated to play a
role in sleep homeostasis by modulating slow brain oscillations. Mice with
inhibited gliotransmission exhibited longer periods of wakefulness through a
decrease of cortical slow oscillations and an accumulation of sleep pressure
[150], [151].

Astrocytes also play a role in brain energy metabolism. They take up glucose,
store it either as glycogen or metabolize it to lactate, which can then be released
into the extracellular space, fueling neuronal energy demands in an activity-
dependent manner. Glucose can also travel intercellularly through the vast
astrocytic network by gap junctions. This process is disrupted upon AMPA
receptor inhibition, suggesting an involvement of postsynaptic mechanisms in
recruiting astrocytic metabolic coupling [110], [152]. Especially under high
neuronal activity this coupling mechanism is important for maintaining

glutamatergic synaptic transmission.
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1.5 Astrocytes in primary tauopathies

Astrocytes not only perform certain tasks in the healthy brain. They also undergo
changes in pathological conditions. In case of an injury or a disease in the CNS,
astrocytes can enter a reactive state (reactive gliosis) in which they change their
morphology, alter gene expression and their metabolism [153]-[155]. Astrocytes
are a key element in the pathogenesis of primary tauopathies. Reactive gliosis
and neuroinflammation are common in tauopathy patients [156], [157]. However,
the most characteristic element is the abundance of aberrant astrocytes in
primary tauopathies. Disease-specific types can be distinguished, such as tufted
astrocytes (TA) in PSP, astrocytic plaques in CBD, ramified astrocytes in PiD,
granular-fuzzy astrocytes in age related tau astrogliopathy and several other
unnamed types common in FTD-tau [158]. A common trait of those astrocyte
types is the massive intracellular accumulation of hyperphosphorylated AT8

positive tau, also referred to as astrotauopathy.

1.5.1 Astrotauopathy

In the brain, tau is predominantly expressed by neurons and localized in the
axonal compartment, where it contributes to the assembly and stabilization of
microtubules. Under pathological conditions aberrant tau is aggregating and
forming NFTs that accumulate in neurons. However, in primary tauopathies
mutated and hyperphosphorylated tau inclusions are also or predominantly found

in astrocytes [158].

Astrocytic tau inclusions found in brains of patients with most sporadic primary
tauopathies are composed of 4R tau isoforms. In contrast, astrocytes of PiD
patients contain mainly 3R tau [159]. In FTLD-tau cases, most of the astrocytic

tau inclusions are of 4R isoforms, depending on the tau mutation [51].

In recent years, researchers could recapitulate several tauopathies with distinct
astrocytic tau inclusions by using different mouse models. Studies with a mouse
model expressing P301S under a neuron specific Thyl1.2 promoter found not only

phospho-tau accumulation on neuronal cells [160], but also in astrocytes at
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12 months of age [161]. Another study found that intracerebral injection of
pathological tau extracted from brains of patients with different tauopathies into
WT mice recapitulates the corresponding human disease. Inoculation with
different tau strains induced unique cellular tau distribution. Accumulation of tau
in neurons as well as glial tau inclusions were found, depending on the specific
seed used [162]. A follow-up experiment of the same group revealed that the
formation of glial tau aggregates does not depend on neuronal tau, suggesting
that glial tau pathology has functional consequences, independent of neuronal
tau [163].

Astrotauopathy ultimately leads to functional consequences in neurons, as
astrocytes closely engage with neuronal synaptic terminals. In the pathological
human brain, astrocytic tau pathology can contribute to synapse loss in CBD,
suggesting a possible role of astrocytes for cognitive decline in patients [164].
In vitro studies show that astrocytes derived from P301S mice lack molecules to
regulate glutamate homeostasis and lose the capacity to support neuronal
survival which may explain neuronal loss in this mouse model [165]. Another
study using mice expressing the same tau mutation, but under the astrocyte-
specific glial fibrillary acidic protein (GFAP) promoter revealed an age dependent
accumulation of glial tau with similar astrocytic morphology as seen in human
tauopathies. Transgenic mice exhibited TAs, astrocytic plaques and thread
pathology that resemble PSP and CBD astrocyte morphology. Further, astrocytic

tau pathology led to axonal degeneration with myelin disruption [166].

However, still unknown are functional effects of astrocytic tau inclusions in vivo,
especially for astrocytic Ca?* signals, the influence on neuronal synapses and

their overall contribution to pathophysiological mechanisms in the brain.
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1.6 Two-photon in vivo imaging

The advance of microscopy techniques brought researchers to a whole new
dimension of imaging structures to understand complex biological processes.
Traditional optical microscopy uses a single-photon of a particular wavelength to
excite a fluorophore [167]. However, this technique is limited due to a poor tissue
penetration depth (<100 um), phototoxicity and light scattering which blurs the
image [168], making it unsuitable to image living systems. With the development
of two-photon excited fluorescence laser scanning microscopy, the
disadvantages of single-photon microscopy have been drastically improved.

1.6.1 Principles

Using this technique, fluorophore excitation arises from absorbing two photons
near-simultaneously in one single event. These photons are of a longer
wavelength and have half the energy as compared to a corresponding single
photo event, so they are only sufficient to elicit a photon by exciting

simultaneously [169].

Those photons need to arrive in a timescale of an attosecond (1018 seconds)
[170]. To increase the probability that two photons get absorbed at the same time,
an immense photon flux is needed. Therefore sample illumination is provided by
an ultra-short pulsed laser, like a mode-locked titanium-sapphire (Ti:Sapphire)
laser. Such lasers can achieve pulses of around 100 femtosecond with a pulsing
rate of ~80-100 MHz [171], [172].

1.6.2 Advantages

Two-photon laser excitation has several advantages over single-photon
microscopy. First, a deeper imaging depth can be reached through the use of
longer excitation wavelengths (deep red and near infrared), for example >400 um
for imaging mouse brains in vivo [173]. Longer wavelengths are scattered and
absorbed less by living tissue [174], as compared to conventional confocal

microscopy where scattered emitted photons lead to a higher tissue background
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in the sample, thus making it unsuitable to reach a deeper tissue depth. Second,
fluorescence excitation is limited to the plane of focus, due to the generation of
an optical section of a sample. Without out-of-plane fluorescence, there is no
phototoxicity of surrounding tissue and therefore no need of a pinhole as
commonly used in confocal microscopy [175]. All those advantages make two-

photon microscopy perfectly suitable to image biological samples in vivo.

1.6.3 In vivo astrocytic Ca?* imaging

Calcium is a ubiquitous second messenger for mediating intracellular processes.
Astrocytes exhibit a certain excitability to interact with other cells by an increase
in intracellular Ca?* levels in response to synaptic activity [176], [177]. The
development of genetically encoded calcium indicators (GECIs) opened a whole
new spectrum to measure Ca?* dynamics in the brain [178], [179]. GCaMPs are
a family of GEClIs that are comprised of a single circularly permutated enhanced
green fluorescent protein (cpEGFP), flanked by the M13 peptide from myosin
light-chain kinase and calmodulin (CaM). Ca?* binds with a high affinity to CaM,
leading to intramolecular conformational changes in the cpEGFP, which in turn
affects the fluorophore intensity (dim and bright state) (Figure 4) [180]-[182].

Over the past years, constant improvements in sensitivity, fluorescence intensity
and specific subcellular targeting were made, creating enhanced GECIs like
GCAMPG6f with fast rise and decay dynamics [183]-[185]. GECIs can be
genetically targeted to specific tissues by using viral vectors [186] or in transgenic
mice [187], [188].

Advances in two-photon microscopy made it possible to study astrocytic Ca?*
transients in vivo. By using a cranial window, Ca?* signals can be investigated in
cortical layers in the living organism [189], [190]. To study distinct Ca?* signals in
astrocytic intracellular compartments, new GCamPs were developed, either
targeted to the cytosol (cyto-GCamP) to detect somatic Ca?* signals or with a
membrane-tethered domain (Ick-GCamP) for detecting Ca?* fluctuations in
microdomains [136], [137], [191].
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Most of the Ca?* transients occur in the microdomains of very fine processes
[192]-[194] and are rather short (<2 s) [195], [196], therefore a membrane-
targeted Ick-GCamP6f was used in this thesis to study Ca?" dynamics in the

astrocytic microdomains.
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Figure 4. Schematic representation of the GCamP signaling cascade. A circularly permutated
enhanced green fluorescent protein (cpEGFP) is connected to a Ca?* binding protein calmodulin
(CaM) and a CaM binding M13 fragment of myosin light chain kinase. Ca?*-dependent
intramolecular conformational changes lead to the binding of CaM to the M13 domain, which is
followed by changes in the spectral properties of the cpEGFP chromophore and thus modifying
its fluorescence intensity to a bright state.
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1.7 Aim of thesis

The aim of this thesis is to elucidate the pathophysiological role of tau in
astrocytes. While the toxic effects mediated by pathological neuronal tau deposits
have been extensively studied, the implications of astrocytes carrying
pathological tau and the effects on surrounding cells are still poorly understood.
Astrocytes are important cells that actively contribute to neuronal transmission
and higher brain functions, and abundant astrocytic tau inclusions in several
neurodegenerative diseases raises the question whether astrocytic tau deposits
contribute to the progression of those diseases. To answer this question a mouse
model was generated, expressing mutated tau selectively in astrocytes by
utilizing a viral approach. In vivo two-photon functional Ca?" imaging and
immunohistochemical approaches were applied to decipher the impact of

mutated tau on astrocytic function and consequences on surrounding cells.
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2 Material and Methods






2.1 Transgenic mouse lines and husbandry

All experiments were performed with the mouse (mus musculus) as model

system.

2.1.1 Aldhll1-cre/ERT2

Aldh1l1-cre/ERT2 mice express a ligand dependent Cre recombinase (CreERT),
which is targeted to the majority of Aldhll1 astrocytes. [188] (Stock No 029655;
Jackson Laboratory, USA). After application of the synthetic estrogen receptor
ligand tamoxifen, Cre recombinase is translocated into the nucleus and activated,
therefore allowing temporal and tissue specific control of Cre activation. Once
translocated, Cre recombines DNA sequences flanked by LoxP sequences (flox),
which leads to an expression, excision or exchange of any transgene exclusively
in Cre positive astrocytes. This mouse line was maintained as a heterozygous

colony.

2.1.2 Husbandry

Mice were bred in the in-house mouse facility at the Center for Neuropathology
and Prion Research, Munich. Mice were housed in individually ventilated cages
with a floor area of 530 cm? (Ehret) under specific and opportunistic pathogen
free (SOPF) conditions, with a 12 hour light/dark cycle. The animals were
provided ad libitum with standard food pellets (Ssniff, Germany) and water. At
three weeks of age, the mice were given unique identification numbers by ear
punches, and the removed tissue biopsies were stored for later genotyping
purposes. They were housed in small groups until cranial window surgery, after
which they were housed separately to avoid damage on the surgery site. All
experiments were conducted in accordance with the animal welfare guidelines of
the government of upper Bavaria and were approved under the animal
experiment application number 55.2-2532.Vet 02-19-114.
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2.2 Genotyping

The mouse DNA was extracted from ear biopsies and samples were amplified by
polymerase chain reaction (PCR) to detect the respective genotype.

2.2.1 DNA extraction

First, the DNA was extracted with a mouse genotyping kit (Quanta Biosciences)
regarding the manufacturers protocol. Briefly, 50 pl of Extraction Reagent was
mixed with the tissue samples and heated to 95°C for 30 minutes on a
Thermomixer heating block (Eppendorf). After a short cooling step, 50 ul of
Stabilization Buffer was added. The DNA extracts were stored at 4°C until further

processing.

2.2.2 PCR amplification

After the extraction step, the mouse DNA was amplified by PCR. Extracted
template DNA samples were mixed with specific primers (Merck) and amplified
in a thermocycler (Eppendorf). Mouse line specific PCR mixtures and
thermocycler programs are listed below. Subsequently, 8 pl of DNA ladder (NEB,
New England BioLabs) and amplified sample DNA were loaded onto an agarose
gel mixed with SYBR™ Safe DNA Gel Stain (Invitrogen) and fragments were
separated by gel electrophoresis (120 V, ~1 h). The separated DNA bands were
then visualized under UV light to identify the right mouse genotypes.
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Cre recombinase (Aldh1l1-cre/ERT2)
Transgene detected at 200 bp and 350 bp

NAME LENGTH (BP) TEMPERATURE (°C)
Cre-F 21 68,4
% Cre-R 20 68,4
5 MT3-F 23 71,6
o MT3-R 23 76,9
PRODUCT VOLUME (pl)
OneTaq HotStart Quickload, (Neb) (x2 mm) 12,5
_ | Cre-f 1
é tx) Cre-r 1
x P
0 o | MT3-F 1
<Z> = |MT3-R 1
= i‘\'), Template DNA 2
H20 6,5
STEP TEMPERATURE (°C) TIME REPEAT
1 94 2 min 1x
(ZD 2 94 30 sec 35x
o 3 58 40 sec 35x
(>3 4 72 40 sec 35x
§ 5 72 3 min 1x
6 10 unlimited
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2.3 Viral Vectors and production

2.3.1 pAAV hMAPT P301S

A custom-designed viral vector was purchased from Vectorbuilder (USA). The
vector has floxed inserts for recombinant human microtubule-associated protein
tau (hMAPT) carrying the P301S mutation and mKate2 far-red fluorophore
reporter (derived from Entacmaea quadricolor) under a ubiquitous chicken B-actin
hybrid (CBh) promoter. The virus was produced and evaluated in vitro at the
EPFL Lausanne in scope of a collaboration.

2.3.2 Control Vector

The same vector, only expressing the mKate2 fluorophore served as control.

Vector and ready-to-use virus were purchased from Vectorbuilder (USA).

2.3.3 GCamP6f calcium indicator

For astrocytic Ca?* imaging, a membrane tethered GCAMP6f virus was used
(AAV2/5.GfaABC1D.Lck-GCaMP6f, #52924, Penn Vector, Philadelphia, PA).

2.3.4 Adeno-associated virus (AAV) production and in vitro

validation

Plasmid DNA of the pAAV hMAPT P301S was amplified in Escherichia coli
(DH10B) and the AAV was generated by plasmid transfection of HEK293 cells.
Briefly, HEK293 cells were plated in DMEM (Gibco) + 10 % FBS, 1 % ampicillin.
On the next day they were transfected using the CaPO4 method with the
transgene of interest, the pRepCap and the pHelper. After incubation of six hours
the media was replaced by serum free media Episerf (Gibco). After three days,
cells were harvested by trypsinization (Trypsine-EDTA, Gibco) and lysed. The
virus was finally purified using an iodixanol gradient and ion exchange
chromatography according to standard procedures, viral particle concentration
was determined using qPCR and the virus was frozen down in 10 pl aliquots at

- 80°C until needed. For in vitro validation, a western blot was performed of the
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HEK293 cells transfected with either virus construct and Cre transgene, Cre only,
construct only or non-transfected cells. 30 pug of protein was loaded in each lane.
HT7 antibody at a dilution of 1:2500 was used to detect total human tau and [3-
tubulin antibody at a dilution of 1:10.000 was used as loading control.

2.4 Intravenous Virus injection

The virus was administered via injection into the lateral tail vein. Briefly, 2-3
months old mice were restrained in a custom made restrainer from a 50 ml Falcon
tube. The lateral tail vein was detected using a fiber optic illuminator lamp. The
virus suspension was diluted in 1x phosphate buffered saline (PBS) and injected
into the blood stream with a 30G needle, at a concentration of either 1x10*! vector

genomes (vg) or 1x10*?vg.

2.5 Tamoxifen administration

To induce cell-specific activation of Cre recombinase in Aldhll1-cre/ERT2 mice,
Tamoxifen was administered. Mice were injected intraperitoneal (i.p.) with
Tamoxifen (Sigma) dissolved in Miglyol (Caesar & Loretz) at a dose of 75 mg/kg

body weight for five consecutive days.

2.6 Surgery procedures

2.6.1 Cranial window implantation

Mice were deeply anesthetized with a combination of Ketamine (0,13 mg/g body
weight, bela-pharm GmbH & co0.KG) and Xylazine (0,01 mg/g body weight, Bayer)
I.p.. After a waiting period of around 10 minutes, the toe was firmly pinched to

evaluate the anesthesia depth (toe pinch reflex). To prevent postoperative
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infections and pain, Enrofloxacin (Baytril, 5mg/kg body weight, Bayer) and
Carprofen (Rimadyl, 4mg/kg body weight, Zoetis) were administered
subcutaneously (s.c.). After an appropriate anesthesia depth was reached
(absence of toe pinch reflex), the head was fixed in a stereotactic frame (World
Precision Instruments), and placed on a heating pad to maintain body
temperature during the whole procedure. The eyes were prevented from drying
out by applying a drop of Bepanthen ointment (Bayer). All surgery tools were
sterile and disinfected prior to surgery.

First, the head was shaved and the scalp was disinfected thoroughly with 70 %
Ethanol (EtOH) (Figure 5 and Table 1). A small piece of scalp was removed with
scissors. Remaining connective tissue was scratched off and the skull was
roughened with a scalpel (Swann-Morton). To prevent the later applied dental
cement from falling off, the skull was further roughened by applying iBond® self
etch adhesive (Kulzer). The etching reaction was stopped after 20 seconds with
a polymerization lamp (Kerr Demi Plus, Kerr Corporation). A circle with a diameter
of four mm was marked over the somatosensory region with a Biopsy Punch (KA
Medical). The marking was then drilled into the skull with a dental drill (Schick).
The bone flap was removed and a drop of PBS was applied on top of the skull
opening to prevent the brain from drying out. Then, the dura mater was gently
removed with a sharp forceps (Fine science tools, FST) and any occurring
bleedings were stopped immediately using Gelfoam (Pfizer). Afterwards, a round
cover glass with a diameter of four mm (VWR) was placed on top of the skull
opening and sealed with Vetbond tissue adhesive (3M). The surrounding skin
was also sealed with tissue adhesive, to prevent inflammation. The skull was then
covered with dental composite (Ivoclar Vivadent) and a custom built metal z-bar
was placed and sealed onto the skull, using the same composite. The dental
cement was hardened with a polymerization lamp. After surgery, the mice were
placed back into their home cage, resting on a heating pad until they recovered
from the anesthesia. Mice were allowed to have a recovery period of around one

month to ensure that the cranial window is clear before imaging sessions started.
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Figure 5. Mouse cortex surgery procedure and intracranial virus injection. After reaching
appropriate anesthesia depth, the mouse head was shaved and a piece of scalp was removed.
The skull surface was roughened and a circular window was drilled into the skull (small inset).
After opening the skull, the dura mater was carefully removed. For stereotactic virus injections, a
small glass needle filled with virus suspension was inserted into the cortex. The hole was sealed
with a cover glass and covered with dental composite. A small metal z-bar was attached to the
skull for head repositioning in subsequent imaging sessions.
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Table 1. List of tools used for the cranial window surgery.

Pasteur pipette

Tetric evoflow dental cement
Pulled glass capillary

Dental drill

Sterile single use scalpel
Round glass window @4 mm
Biopsy Punch @4 mm
Sterile scissors

Forceps with sharp tip
Forceps with bent tip

Blunt forceps

Metal z-bar

Stereotaxic frame

Nanoliter Injector

Stereodrive Software

TOOL MANUFACTURER
1x PBS Gibco

70 % EtOH Sigma

Sterile cotton tip applicators NeoLab

Sugi eyespear pointed tip Kettenbach
Bepanthen eye ointment Bayer

Gelfoam absorbable gelatin sponge Pfizer

Vetbond tissue adhesive 3M

IBond® self etch Kulzer

A. Hartenstein
Ivoclar Vivadent
World Precision Instruments
Henry Schein
Swann Morton

WPI (custom order)
KAI Medical

FST

FST

FST

FST

Custom-made
Neurostar

WPI

Neurostar
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2.6.2 Stereotactic virus injection

For stereotactic injections, after opening the skull (as previously described) a
pulled glass needle (World Precision Instruments, WPI) was inserted into the
brain (~300 um below the cortex surface) (Figure 5, middle panel). 300 nl of an
astrocyte specific GCAMP6f virus suspension (1:10 dilution in PBS) was slowly
injected into the brain at two to three different positions with a rate of 30 nl per
minute, using a nanoliter injector (Neurostar). After injection, the cranial window

implantation was continued, as described previously.

2.7 Two-photon in vivo astrocytic Ca?* imaging

The imaging sessions started one month after cranial window surgery and
stereotactic virus injection (Figure 6). Mice were imaged using a LSM 7MP two-
photon microscope, equipped with a femtosecond laser (Mai Tai DeepSee,
Spectra Physics) and a water-immersion objective (20x, NA = 1.0, Carl Zeiss
Microscopy). The astrocytic Ca?* imaging was performed under light anesthesia.
Mice were sedated with Medetomidin (Domitor, 0,5 mg/kg, Orion Corporation),
positioned in a custom made head holder by using the metal z-bar and placed on
a heating pad to maintain body temperature. Then, the eyes were covered in
Bepanthen eye ointment to prevent from drying out. The left leg was shaved and
a pulse oximeter sensor (MouseOx Plus, Starr Life Sciences Corp., Oakmont,
PA, USA) was attached to the thigh, providing a strong signal from the femoral
artery to monitor vital sings. Throughout the imaging session mice received 0,5
% lIsoflurane in 95 % O2 and 5 % CO>. The average breath and heart rate were
monitored with the pulse oximeter attached to the left thigh. Only images acquired
under the same anesthesia depth were taken for further analysis, in order to
compare between the groups (breath rate between 80-100 breaths per minute,
brpm, and heart rate between 150-250 beats per minute, bpm). The laser was
tuned to 920 nm and time-lapse image series were acquired from GCaMP6f
positive regions of interest (ROISs) in layers I-1l of the somatosensory cortex. Each

ROI (75 x 75 um) was recorded for four minutes at a rate of 4,17 Hz and contained
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spontaneous Ca?* transients from microdomains. After each imaging session,
which lasted maximum one hour, mice were brought back into their home cage

on a heating pad until they recovered.

2.7.1 Analysis of Ca?* transients

Prior to analysis, the in vivo Ca?* signals were pre-processed. First, the image
series were motion corrected to remove moving artifacts by using the NoRMCorre
algorithm in Python [197]. Afterwards background noise was subtracted. Then,
the Ca?* transients, size, area and activity from individual microdomains were
detected and extracted by using FASP software in Image J/FIJI [198]. For
baseline alignment of Ca?* transients, python based software Scipy was used.
Then the extracted traces were analyzed with python based software Stimfit and
Ca?* kinetics and frequency were calculated [199].

Figure 6. In vivo imaging scheme with a cranial window. Mice were imaged through a cranial
window placed over the somatosensory cortex. Mice were positioned in a custom made head
holder and different ROIs containing GCaMP expressing astrocytes were imaged subsequently.
Schematic was created with BioRender.com.
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2.8 Transcardial perfusion

For perfusions, mice were deeply anesthetized with a combination of Ketamine
(0,13 mg/g body weight) and Xylazine (0,01 mg/g body weight) diluted in NaCl.
After reaching appropriate anesthesia depth, mice were fixed on a Styrofoam
plate and the abdomen was opened until reaching the diaphragm. The diaphragm
and thorax were then opened. A butterfly needle was inserted into the left heart
ventricle and the right auricle was cut to let the blood flow out. Mice were first
perfused using 1x PBS for 5 min to clean the blood circuit from remaining blood
cells, following 4 % paraformaldehyde (PFA) solution (Roti Histofix, Carl Roth) for
five min to fix the tissue. After perfusion, the skull was opened carefully with
scissors and the brain was removed. The brain was post-fixed with 4 % PFA
overnight at 4°C, then transferred in 1x PBS with 0,05 % NaN3 and stored at 4°C

until further processing.

2.9 Immunofluorescence on mouse brain tissue

For immunofluorescence stainings, PFA fixed brains were cut into 50 um coronal
sections using a Vibratome (VT1200 S, Leica). First, an antigen retrieval step was
applied for 20 min at 95°C in Citrate Buffer (pH 6.0). After cooling down to room
temperature they were permeabilized with 2 % Triton X-100 (Sigma) in 1x PBS
overnight at 4°C. Sections were then blocked with Blocking Reagent (10 % goat
serum, Invitrogen) for one hour at room temperature, and incubated with primary
antibodies (Table 2), 10 % goat serum and 0,3 % Triton X-100 in 1x PBS
overnight or two days at 4°C. Sections were then washed three times with 1x PBS
and incubated with secondary antibodies coupled to Alexa fluorophores (1:1000,
Invitrogen) for three hours, or one hour with goat anti mouse secondary antibody
(Invitrogen) for tau HT7 and AT8 stainings. For sensitive detection of tau, a signal
amplification step was performed after secondary antibody incubation, by using

an Alexa Fluor 555 Tyramide SuperBoost Kit (Invitrogen, #B40913). Sections
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were washed three times with 1x PBS and mounted on a cover slide with DAKO

fluorescent mounting medium (Agilent) for subsequent confocal imaging.

2.10 Immunofluorescence on human brain tissue

Formalin-fixed and paraffin-embedded post mortem cortical brain samples of one
PSP and one CBD case were used for illustration and comparison purpose. Prior
to staining, 10 um thick tissue sections were deparaffinized and subjected to an
antigen retrieval step. The sections were incubated in citrate buffer (pH 6.0) for
20 min in a pressure cooker. After antigen retrieval, autofluorescence was
guenched by photobleaching with a quenching solution (1x PBS, 30 % H202, 1M
NaOH). Sections were submerged in the solution and sandwiched between two
broad spectrum LED light sources (20.000-25.000 Lux). After 45 min of
incubation, the solution was replaced by fresh reagent and sections were
incubated for another 45 min between the LED light sources. Afterwards sections
were washed four times with 1x PBS and blocked with blocking solution (5 % goat
serum and 0,3 % Triton-X-100 in 1x PBS) for one hour at room temperature. Then
they were incubated with primary antibodies against AT8 and GFAP (Table 2)
overnight at 4°C. On the next day, sections were washed three times with 1x PBS
and incubated with corresponding secondary antibodies coupled to Alexa
fluorophores (1:1000, Invitrogen) for one hour at room temperature. After three
times washing with 1x PBS, sections were mounted with Roti Mount FluorCare

containing DAPI (Roth) for subsequent imaging.

2.11 Confocal microscopy

Mouse brain images were acquired with a Zeiss LSM 780 confocal microscope.
Z-stack images were obtained with a Plan Apochromat 40x/NA 1.4 Oil DIC M27
objective. For synaptic stainings, high resolution tile scan images were obtained
from the somatosensory cortex layers (2048 x 8192 pixels, z-stack: 20 um, z-
resolution 1 um). For the virus evaluation experiment, tile scan images of the

somatosensory region were obtained (1024 x 3072 pixels).
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Images from human brain samples were acquired with a Leica Stellaris 5 confocal
microscope. Cortical regions with tufted astrocytes and astrocytic plaques were
chosen and z-stacks were acquired, using a HC Plan Apochromat CS2 63x/NA
1.40 Oil objective (2048 x 2048 pixels).

Table 2. Primary Antibody list.

1°Antibody Species Dilution =~ Manufacturer Cat. No
Tau HT7 Mouse 1:1000 Invitrogen MN21000

Tau ATS8 Mouse 1:1000 Invitrogen MN1020
Anti-tRFP(mKate?2) Rabbit 1:500 Evrogen AB233
s1008 Guinea Pig 1:500 SYSY 287 004
HOMERL1 Guinea Pig 1:500 SYSY 160 004
VGLUT1 Guinea Pig 1:500 SYSY 135 304

Anti GFP Chicken 1:1000 Abcam ab13970
GFAP Guinea Pig 1:500 SYSY 173004

2.12 Synaptic Data analysis

Acquired images from HOMER1 and VGLUT1 synaptic stainings were analyzed
with a custom written macro in Image J/FIJI. A small rectangle (400 x 400 pixels)
was chosen and laid over mKate2 positive astrocytes, then synapses were
guantified on a single plane with the SynQuant Image J/FI1JI plugin [200]. The
same rectangle was then laid over a mKate2 negative neighbor region and
another synaptic quantification step was applied on the same single plane.
Detected synaptic puncta containing total synaptic number and size per ROl were
exported into an excel file and marked with the corresponding ROI (with
astrocyte, without astrocyte). MKate2 positive astrocytes from the somatosensory

cortex of all layers were taken into account for analysis.
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2.13 Statistical Analysis

For statistical analysis, the software GraphPad PRISM 7.01 (GraphPad Software
Inc.) was used. Data was first tested for Gaussian distribution by using Shapiro-
Wilk-test. Depending on the normal distribution of the data, parametric or non-
parametric tests were used (two-tailed Students t-test and two-way ANOVA or
Mann-Whitney U test and Kruskal-Wallis test). When effects in the virus
treatment, time or interaction were found, a Bonferroni post-hoc analysis was
performed. Fyeatment refers to the groups injected with P301S virus or control virus.
The data represent the mean + SEM. An alpha level of 0,05 was chosen to be of
statistical significance with a confidence interval of 95 %.
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3 Results







3.1 Viral strategy to selectively express P301S
tau in Aldhlll astrocytes

Extensive research has been made on the effect of toxic tau species on neurons
and its implications for the progression of neurodegenerative diseases. However,
also astrocytes are affected by tau in several sporadic and familial tauopathies

and are shown to have tau inclusions in various amounts, depending on disease.

So far, numerous mouse models have been developed, but most of them carrying
mutant tau in neurons, either by using transgenic, seeding, or viral approaches
[74], [201]-[207] and only few that selectively address astrocytic tau [161], [166],
[208]. In particular, there is a lack of knowledge about the role of astrocytic tau
deposition in tauopathies and its contribution to neurodegenerative processes
[209].

3.1.1 Experimental Design

To address this, a viral approach was developed to selectively overexpress
P301S mutant tau in astrocytes in the Aldhll1-cre/ERT2 mouse line. This mouse
line has a tamoxifen-inducible Cre recombinase targeted to Aldhlll astrocytes
[188]. For this study, an AAV was designed, carrying transgenes for the P301S
human tau mutation, and the far-red mKate2 fluorophore reporter under the
strong CBh promoter (Figure 7A). As control, a virus only carrying the fluorophore
reporter transgene was used (Figure 7B). The transgenes in both viruses are
flanked by two pairs of LoxP sites (FLEX Cre-On switch) that, upon interaction
with active Cre recombinase, invert the initially antisense oriented sequences and
turn on the expression of the transgenes only in cells with active Cre. The use of
a PHP.eB capsid that can cross the blood-brain barrier (BBB) opened the
possibility for a systemic, non-invasive AAV delivery by simply injecting the virus
into the bloodstream of the mice [210]. Viruses with that capsid efficiently target

neurons and astrocytes in the CNS [210].
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For all following experiments, the virus was injected into the lateral tail vein of
2-3 months old Aldhlll-cre/ERT2 mice. The virus transduced neurons and
astrocytes in the CNS but the transgene expression was halted due to the lack of
active Cre recombinase. After i.p. application of Tamoxifen for five consecutive
days, Cre recombinase activation in Aldhll1l astrocytes led to the expression of
virus transgenes selectively in astrocytes (Figure 7C). For all following
experiments the term Aldh1I1/P301S is used for this mouse model.
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Figure 7. Virus plasmids and schematic illustration of the experimental approach. (A)
Plasmid of the experimental virus carrying the P301S mutant tau transgene and mKate2
fluorophore flanked by LoxP sites. (B) Plasmid of the control virus carrying the fluorescent mKate2
reporter gene only. (C) The virus was injected intravenously into the lateral tail vein of mice and
transduced cells in the CNS. Only after tamoxifen application, viral transgenes start expressing
in Cre positive Aldh1l1 astrocytes. Image A and B were created with Vectorbuilder.com. Image C
was created with BioRender.com.
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3.2 Astrocytes express transgenes only upon
Cre activation in vitro and in vivo

To validate the specificity and functionality of the virus and DNA construct, in vitro
and in vivo experiments were carried out. To investigate the dependence of
transgene expression of Cre recombinase in vitro, a western blot analysis of
transfected HEK293 cells was performed. The tau transgene was only expressed
in HEK293 cells when Cre was present. In cells where only the virus construct
was present, no tau expression was visible (Figure 8A). Next, the function was
tested in vivo by injecting the virus via the tail vein, followed by five days
application of tamoxifen. The virus transduction and transgene expression
efficiency were determined one month later. Efficient gene expression was only
observable in the group treated with tamoxifen, compared to the control group
lacking tamoxifen treatment (Figure 8B). These results show that the astrocytes
efficiently express the transgenes only after activation of Cre recombinase

through tamoxifen.

3.2.1 Vector dose evaluation

Typical viral doses used for applications with AAV-PHP.eB range from 1 x 10!
and 3 x 10*? vg in adult mice [211]. However, optimal dose varies depending on
the target cell population and desired expression levels. Therefore, the vector
dose required for gaining a sufficiently high expression level of the transgene in
astrocytes was determined. Two different doses were injected into the lateral tail
vein of mice (1 x 10! vg and 1 x 10*?vg) and the level of transgene expression
was evaluated one month later with immunofluorescence stainings. The lower
dose transduced few astrocytes only, while the higher dose markedly transduced
astrocytes throughout the whole brain (Figure 8C and D). Particularly in the
cortical regions, a high efficiency of virus transduction was observed. Based on
these observations, all further experiments were carried out using 1 x 10*? vg to

obtain robust astrocytic transduction.

45



Cre +
A Control Cre Construct  Construct

kDa

5= h HT7

50 —

50 — -_—— e a—— B-Tubulin

-Tamoxifen +Tamoxifen (75 mg/kg)

c--

1x101 vg 1x 1012 vg

E--

Figure 8. In vitro and in vivo validation. (A) and (B) In vitro and in vivo validation
experiments revealed an expression of the transgenes only upon presence of Cre
recombinase. Scale bar = 50 um. (C) Virus load was evaluated based on two different
doses of vg injected. When the lower dose was administered (1 x 10! vg), only few
astrocytes expressed the transgene. The higher dose (1 x 102 vg) showed an efficiently
high transduction of astrocytes, as observed with the reporter fluorophore mKate2, and was
then utilized for further experiments. Scale bar = 200 um. (D) The higher dose was
evaluated among regions of the anterior (top panel), mid and posterior (bottom panel) part
of the brain, in coronal sections. Scale bar = 1 mm. (E) MKate2 positive signal colocalizes
with s100B8 and has astrocytic, bushy morphology, confirming cell type specificity. Some
astrocytes did not colocalize with s10083 (white arrows), but had the same astrocytic
morphology. Scale bar = 50 pm.

46



3.3 Virus expresses in astrocytes in the
somatosensory cortex

Based on the high virus expression in the neocortex of Aldh1I1/P301S mice, all
following experiments were carried out in that region. In order to confirm the
expression specificity of the virus in astrocytes and to investigate the infection
efficacy in that region, Aldh1l1/P301S and control mice were sacrificed one or
three months post injection (p.i.). Coronal sections including the somatosensory
cortex were prepared and stained for the astrocytic marker s1008 and mKate2
reporter fluorophore. Tile scans including all somatosensory cortical layers were
obtained by confocal imaging.

Immunofluorescence staining with mKate2 revealed a spongiform and
extensively ramified morphology, characteristic of astrocytes. Co-localization with
s100pB confirmed the cell type specificity (Figure 8E). Noteworthy, not all mKate2
positive astrocytes were found to colocalize with s1008 but still shared the same
morphological attributes typical for that cell type (Figure 8E, white arrows). To
further evaluate the amount of s1008 astrocytes that were expressing the virus,
a ratio was calculated from the total number of s100p astrocytes per ROl and

astrocytes found to colocalize with mKate2.

In the mouse cohort 1 month p.i., ~28 % (Control) and ~43 % (Aldh111/P301S) of
s100p positive astrocytes were colocalizing with mKate2 (mean colocalization %
+ SEM: Control = 27,89 + 3,498; Aldh1l1/P301S = 43,17 + 5,305, p >0,05). In the
cohort that was sacrificed 3 month p.i. significantly more astrocytes colocalized
for both markers in Aldh1l1/P301S animals (55 %), compared to control cohort
(22 %) (mean colocalization % = SEM: Control = 22,41 + 9,473; Aldh1l11/P301S
= 54,73 £ 2,544, p <0,05).
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3.4 Astrocytic phospho-tau in Aldhll1/P301S
mice has morphological similarities to PSP
tufted astrocytes

Several primary tauopathies are characterized by the accumulation of phospho-
tau in astrocytes. These astroglial inclusions exhibit distinct morphologies
between different tauopathies. In PSP brains, tau positive fibrils form so called
tufts around the nucleus in astrocytes (tufted astrocytes) [159]. In contrast, CBD
is characterized by astrocytic plagues that are comprised of spindle-shaped tau

aggregates, arranged in a ring like manner.

To address whether hyperphosphorylated tau can be found in the cortex of
Aldh1l1/P301S mice, brain sections were obtained and stained for HT7 total
human tau and AT8 phospho-tau in animals 1, 3, 6 and 8 months p.i. To confirm
the expression of the tau transgene, HT7 was shown to be expressed in mKate2

positive astrocytes (Figure 9A upper panel).

Staining with AT8 revealed different morphological appearances of astrocytes in
the cortex. Several astrocytes exhibited AT8 positivity in the cell soma and
primary processes and were found in mice from three months p.i. on (Figure 9A
lower panel). Also, in brains of mice three months p.i., AT8 positive tau inclusions
could be found in the cell body of astrocytes, in conjunction with morphological
atrophy (Figure 9B upper panel). MKate2 staining revealed an abnormal
astrocytic morphology that appear to have lost its spongiform structure with only
some branches remaining, emerging from the soma. In mouse brains six months
p.i., several AT8 positive star-shaped structures were found, which are

reminiscent of astrocytes but negative for mKate2 (Figure 9B lower panel).
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These ramified, fibrillary structures appear to be of very similar morphology to
AT8 positive tufted astrocytes in brains of human PSP patients (Figure 9C left).
Both structures seem to be denser in the core with pericentral branched AT8 tau
positive tufts. In contrast, astrocytic plagues in brains of CBD patients show a
more dispersed circular tau pattern without a dense core (Figure 9C right). These
results suggest that phospho-tau can be found in astrocytes in the Aldh111/P301S
mouse model and are reminiscent of human primary tauopathies.
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Figure 9. Total human tau and hyperphosphorylated AT8 tau is found in astrocytes in
Aldh1l1/P301S mice. (A) Immunofluorescence staining with total human tau (HT7) revealed an
expression of the tau transgene in astrocytes, colocalized with mKate2. Phospho-tau was
observable in mice of different age p.i., based on AT8 positivity. (B) Different phospho-tau positive
structures could be observed in several mice. The upper panel shows a tau inclusion like dense
structure in an astrocyte (dashed circle), with beginning atrophy of the cell. The white arrow points
to a ramified mKate2 astrocyte in contrast to the morphologically aberrant cell. The lower panel
shows a phospho-tau positive star shaped structure, resembling an astrocyte, but negative for
mKate2. (C) Comparison with AT8 positive TAs from PSP brains and astrocytic plaques from
CBD brains of patients. Scale bar = 50 um.
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3.5 Spontaneous astrocytic Ca?* transients in
microdomains are altered in Aldhl1l1/P301S
mice

Changes in astrocytic intracellular Ca?* concentrations can occur spontaneously
or be evoked in response to neuronal activity. In turn, astrocytic Ca?* transients
regulate the release of gliotransmitters to modulate synaptic activity [106]. Thus,
astrocytes and neurons interact bidirectionally in a finely tuned manner as active

partners in the “tripartite synapse” [105].

Studies with animal models show clear evidence that astrocytic Ca?* activity is
disturbed in neurodegenerative diseases, like AD [208], [212]—-[214]. Astrocytes
with internalized oligomeric tau also show alterations in gliotransmitter release
and intracellular Ca?* signaling, which affects pre- and postsynapses in vitro in
astrocyte-neuron co-cultures, suggesting that tau alters astrocytic functions and
further affects neighboring neurons [215]. Isolated astrocytes from P301S mice
also acquire early functional deficits, leading to a loss of neurosupportive
functions [165]. These in vitro studies bring up evidence that tau may affect the

physiological function of astrocytes, which extends to their trisynaptic partners.

In order to understand if astrocytes in the Aldh111/P301S model show abnormal
Ca?* activity in vivo, astrocytic Ca?* transients of microdomains, where the contact
points between PAPs and neuronal synapses reside, were investigated. To this
end, a cranial window was implanted over the somatosensory cortex in mice two
months after administration of tamoxifen for Tau expression, and a virus encoding
a membrane tethered GCaMP Ca?* sensor (AAV2/5.GfaABC1D.Lck-GCaMP6f)
was stereotactically injected into the brain. In vivo two-photon imaging of

astrocytic Ca?* transients was performed in mice three months p.i.
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GCaMP6f

in vivo

Figure 10. In vivo and ex vivo GCaMP6f signal. (A) In vivo two-photon example image of a ROI
in the somatosensory cortex of an mKate2 fluorescent astrocyte with overlapping GCamP6f Ca?*
indicator. Image was acquired through a cranial window one month post-surgery. Scale bar =
50 um (B) Ex vivo confocal example image of a cortical astrocyte with overlapping mKate2 and
GFP staining from GCamP6f. Scale bar = 20 um.

Imaging was carried out under light anesthesia. Mice were sedated with
Medetomidine (0,5 mg/kg) and received 0,5 % Isoflurane in 95 % O2 and 5 %
CO.throughout the imaging session. Breathing and heart rate was monitored with
a pulse oximeter probe. Only images acquired under the same anesthesia depth
were taken for further analysis (breath rate between 80-100 brpm and heart rate
between 150-250 bpm).

Time-lapse image series of ROIs (75 x 75 um) with astrocytic microdomain Ca?*
transients from GCaMP6f signal were acquired from cortical layers I-Il (Figure
10A). In order to confirm the astrocytic origin of Ca?* transients, astrocytes were

later on stained for mKate2 and anti-GFP to reveal GCamP6f signal (Figure 10B).
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Ca?* transients of active astrocytic microdomains obtained from in vivo time-lapse
image series were analyzed using a ROI-based analysis pipeline, as described
in the methods section. No significant differences were found in the microdomain
size and in the total number of active domains (mean microdomain size in pm? +
SEM: Control = 7,182 + 2,729; Aldh1I1/P301S = 7,961 + 4,456, p >0,05 ), (mean
number active domains + SEM: Control = 23,75 + 6,199; Aldh1I1/P301S = 47,58
+ 8,837, p >0,05) (Figure 11A-D). When analyzing Ca?* events (Figure 11E) a
significant increase in astrocytic Ca?* transients per minute was observed in
Aldh1l1/P301S animals, compared to control group (mean frequency/min + SEM:
Control = 2,085 + 0,4367; Aldh1l1/P301S = 2,941 + 0,435, p <0,05) (Figure
11E,H). Regarding rise and decay time kinetics, no significant differences were
found between both groups (mean rise time in ms + SEM: Control = 3142 + 330;
Aldh1l1/P301S = 2581 + 246,8, mean decay time in ms + SEM: Control = 3692 +
457,3; Aldh1l1/P301S = 2824 + 236, p >0,05) (Figure 11F,G).

Taken together, these results indicate that astrocytes of Aldhll1/P301S mice
show alterations in astrocytic microdomain Ca?* signaling. An increased firing
frequency per minute could be observed, which suggests a hyperactive signaling

of microdomains in the astrocytes of Aldh111/P301S mice.
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Figure 11. Frequency of astrocytic Ca?* transients is increased in Aldh111/P301S animals.
(A) and (B) Example images of active microdomains and detected microdomain outlines from
control and Aldh1l1/P301S animals. Scale bar = 10 um. (C) The area of microdomains (Mann-
Whitney test: p = 0,8574; U = 109) as well as the number of active microdomains (D) are
unchanged in both groups (Mann-Whitney test: p = 0,0688; U = 69). (E) Examples of extracted
Ca?* traces from control and Aldh1l1/P301S animals. (F) The rise time (two-tailed students t-test:
p = 0,1809; t(28) = 1,372) and decay time (G) are not altered in Aldh111/P301S mice (two-tailed
students t-test: p = 0,0720; t(28) = 1,87). (H) The frequency per minute is significantly increased
in Aldh1l1/P301S animals (Mann-Whitney test: p = 0,0362; U = 62,5). *p <0,05. Data presented
as mean + SEM; n = 4-5 animals, 2-5 ROIs/mouse.
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3.6 Excitatory postsynapses are reduced in
Aldh1l1/P301S mice

Two hallmarks found in neurodegenerative disease, namely deposition of
phospho-tau in astrocytes and aberrant Ca?* signaling, were observed in
Aldh1l1/P301S mice. Thus, such a deregulation may further affect neuronal
synapses. Synapse loss is a key feature of primary tauopathies and precedes
overt neurodegeneration. Abnormal tau accumulates in synapses, leading to a
disruption of synaptic function and further to synaptic loss [216]-[219]. However,
those studies focused on accumulated tau in neurons and its consequences on
synaptic function. A previous study from our laboratory found a loss of synapses
in postmortem brains of PSP and CBD patients, in the latter a correlation between
synapse loss and the spatial domain of astrocytic plaques could be observed
[164]. Yet, it is still unclear whether astrocytes alone can contribute to synaptic
degeneration, or if this effect can be rather traced to other adverse events in

tauopathies.

To address this, the synaptic density of excitatory pre- and postsynapses was
evaluated in the somatosensory cortex of Aldhll1/P301S mice and control
animals one and three months p.i. Brain sections were obtained and stained for
pre- and postsynaptic markers. VGLUT1 was used as a marker for presynaptic
excitatory synapses and HOMER1 was used for postsynaptic excitatory
synapses. Confocal images of the somatosensory cortex including all layers were
obtained. Then, an Image J macro including SynQuant synapse quantification
plugin was used to quantify synaptic puncta. To quantify whether a loss of
synaptic density could be observed in the individual astrocytic spatial domain,
ROls of 400 x 400 pixels were chosen and laid over mKate2 positive astrocytic
domains and neighboring mKate2 negative ROIs (Figure 12A and B, leftimages).
Total synaptic puncta per ROI were obtained from both areas and used for
subsequent analysis. Astrocytes of all somatosensory cortical layers were taken

into consideration.
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One month p.i. a trend to a reduction of VGLUT1 presynapses could be observed
in the Aldh1l1/P301S group, however the effect was not significant (Figure 12A)
(mean synapses/10 um? mKate2+ area = SEM: Control = 4,377 + 0,07167;
Aldh1l1/P301S = 4,153 £ 0,08259, mKate2- area £+ SEM: Control = 4,359 *
0,09566; Aldh1l1/P301S = 4,183 £ 0,09068, p >0,05). Three months p.i. a
significant overall decrease in presynapses could be observed in the
Aldh1l1/P301S group, compared to control (mean synapses/10 pm? mKate2+
area + SEM: Control = 4,672 £ 0,04693; Aldh1l1/P301S = 4,52 + 0,04558,
mKate2- area + SEM: Control = 4,683 £ 0,0536; Aldhll1/P301S = 4,549 *
0,04684, p <0,01). Interestingly, the synaptic reduction was not restricted to areas
occupied by mKate2 positive astrocytes, but also evident in mKate2 negative
neighboring areas.

In contrast, HOMER1 postsynapses were found to be affected more slowly by
astrocytic tauopathy than VGLUT1 presynapses. No significant differences were
found one month p.i. (Figure 12B) (mean synapses/10 um? mKate2+ area + SEM:
Control = 4,038 + 0,09952; Aldh1l1/P301S = 4,072 + 0,07302, mKate2- area *
SEM: Control = 4,011 + 0,1013; Aldh1l1/P301S = 4,1 + 0,07035, p >0,05). Three
months p.i. a significant reduction of HOMERL1 postsynapses was evident in the
Aldh111/P301S group, compared to control. Also here an overall reduction of
synapses could be found that is not restricted to the astrocytic spatial domain. In
total, a 24 % reduction in synaptic puncta was observed in the mKate2+ area,
and an 18 % reduction was observed in mKate2 negative neighboring areas
(mean synapses/10 um? mKate2+ area + SEM: Control = 3,965 + 0,138;
Aldh1l1/P301S = 3,015 + 0,1299, mKate2- area + SEM: Control = 3,798 + 0,1449;
Aldh111/P301S = 3,114 + 0,1249, p <0,0001).

Lastly, the relationship between an overall change in synaptic density to viral load
was investigated. In this way potential toxic effects of the PHP.eB virus per se
could be assessed, and whether the synaptic pathology followed a simple linear
relationship with the number of transfected astrocytes. For the control virus, the
viral load and synaptic density showed no significant relationship (R? = 0,3103).

Interestingly, also no clear relationship between the viral load and synaptic

56



density counts in the experimental virus could be observed (R? = 0,2291),
suggesting that the effect mediated by the introduction of P301S tau into
astrocytes may be modulated by unidentified sources of variability present
between subjects. Indeed, a growing number of studies indicate that disease
heterogeneity and severity of tauopathies can be influenced by other factors,
such as chronic activation of the immune system, neuroinflammation or gender
[220]-[222]. These findings open an interesting approach for future studies to
investigate complementary factors for disease severity.

Taken together, these results show an overall phenotype characterized by loss
of excitatory synapses in Aldh1l11/P301S animals three months p.i., regardless of
astrocytic spatial domain, with slower kinetics for the loss at the postsynaptic

level.
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Figure 12. Excitatory bipartite synapses are reduced in Aldh111/P301S mice. (A) Example
of VGLUT1 presynapses with overlaid ROIs of mKate2+ area (square) and mKate2- area (dashed
square) in the somatosensory cortex. Scale bar = 50 um. Quantification of VGLUT1 positive
synapses/10 um? revealed a non-significant trend in the reduction of synapses one month p.i.
(Kruskal-Wallis test, p = 0,0832). Three months p.i. a significant decrease of presynaptic puncta
was observable (Two-way ANOVA: Fieatment (1, 156) = 8,297, p = 0,0045). (B) Example of
HOMERL1 postsynapses. Scale bar = 50 um. No reduction of postsynapses was found one month
p.i. (Kruskal-Wallis test, p = 0,9922). A significant reduction was observable three months p.i. in
Aldh111/P301S mice, compared to control group (Two-way ANOVA, Fireament(1, 156) = 35,33,
p <0,0001; Bonferroni post-hoc test: **p<0,01, ***p<0,001, ****p<0,0001. Data presented as mean
+ SEM; n = 4-6 animals, 8 ROI pairs/mouse.
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4 Discussion







4.1 A virus-inducible mouse model for studying
consequences of astrocytic tauopathy

Over the last decades researchers extensively investigated tau induced
neurodegenerative processes, whereby the focus was placed on toxic effects of
tau and cell death occurring in neurons [18]. However, several neurodegenerative
diseases are characterized by an accumulation of tau in non-neuronal cells, like
astrocytes. Under healthy conditions, astrocytes are an important key player in
the brain network. Their tasks include the regulation of neuronal circuits,
promotion of synapse formation, modulation of excitatory and inhibitory synapses
and the maintenance of the BBB [223]-[226]. In contrast, the role of astroglia for
neurodegenerative processes remains poorly explored. In several primary
tauopathies, astrocytes are affected as they accumulate phospho-tau. In
particular, the pathophysiological mechanisms involving tau in astrocytes for Ca?*
signaling and the influence on neighboring contacting synapses have only

recently begun to be explored.

Therefore, this thesis focused on investigating pathophysiological consequences
of phospho-tau in astrocytes. To achieve this, a virus-inducible mouse model of
astrocytic tauopathy was developed. A custom designed virus that expresses a
human tau mutation of FTD (P301S) in a Cre dependent manner was used. The
virus was injected by systemic delivery into a mouse line with a tamoxifen-
inducible Cre recombinase directed to Aldhlll astrocytes. This resulted in a
mouse model, that expresses mutant P301S tau in Aldh1l1 astrocytes in the CNS
(= Aldh1l1/P301S). The far-red fluorophore mKate2 was used as a reporter. By
using this model, tau pathology induction and accumulation of phospho-tau could
be investigated, and further functional consequences of pathological tau in
astrocytes and a temporal effect on trisynaptic compartments in the

somatosensory cortex.

As a first measure, tau pathology in astrocytes of Aldhll1/P301S mice was
evaluated, by using HT7 for total tau and AT8 for targeting pathological

hyperphosphorylated tau. HT7 positive astrocytes could be observed throughout

61



the cortex, confirming expression of human total tau. Three months p.i. this model
displayed hyperphosphorylated AT8 positive tau in several isolated astrocytes in
the cortex.

Next, functional consequences of astrocytic tau were investigated in vivo.
Spontaneous Ca?* dynamics were measured in cortical astrocytic microdomains
of Aldh1l1/P301S mice. The recent development of fast, membrane tethered
AAV-GCaMP Ca?' indicators [136], [185] enabled the examination of
spontaneous Ca?* transients in the very fine processes of astrocytes, the contact
points to neuronal synapses. Through the use of advanced two-photon
microscopy, astrocytic Ca?* signals in the upper cortical layers could be reliably
captured in the living mouse brain. Data analysis revealed that astrocytes in
Aldh1l1/P301S mice have an increased frequency of Ca?* transients in
microdomains compared to the control group, whereas the area or number of

microdomains remained unchanged.

The next question was if astrocytes in Aldh1l1/P301S mice have a pathological
influence on neuronal synapse density. By using markers for excitatory pre- and
postsynapses, it was investigated whether a change in synaptic density was
observable in regions that are governed by mKate2 positive astrocytes compared
to neighboring areas, that are negative for mKate2. The synaptic density was
guantified in brain sections of Aldh1l1/P301S animal groups one month and three
months p.i. and compared to the control group. Overall, a decrease of excitatory
VGLUTL1 presynapses could be observed three months p.i. in the Aldh111/P301S
mouse, compared to control. Interestingly, the synapse loss was not confined to
the astrocytic domain, but rather also evident in areas not governed by mKate2
positive astrocytes. A non-significant trend of synaptic decrease could be already
seen one month p.i. in overall areas. In line with this result, a considerable
reduction of excitatory HOMER1 postsynapses could be seen three months p.i.,
which was even more evident than the presynaptic synapse loss. One month p.i.
no significant decrease was observed, in contrast to the presynaptic side. In other
words, an overall loss of postsynapses seems to start more slowly than

presynaptic degeneration in Aldh1l1/P301S mice.
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4.2 Using a viral approach to induce astrocytic
tauopathy

To study tauopathies in vivo, different approaches can be applied for modeling
those diseases in rodents. For example, transgene constructs can be
microinjected into a fertilized egg to generate a new transgenic mouse model
[227]. Several different mouse models overexpressing tau have been developed
so far. In early ages, MAPT transgenic mice have been studied which
overexpress human wild-type tau isoforms [202], [228]. Later, research also
focused on mice overexpressing tau mutations found in FTD patients. Especially
mutations residing in exon 10 of the MAPT gene were applied to generate mouse
models for studying pathological changes in tauopathies [229]-[232]. However,
a disadvantage of using germline genetically engineered mice is that the
transgene expression cannot be controlled in a time dependent manner, but
rather is overexpressing from birth or early embryonic stages on, which may

affect the normal development.

Another strategy is to use a genetically engineered virus to induce tau pathology
[208], [233], [234]. However, viral approaches are often limited because of single
localized injections into the brain, typically into the hippocampus. Such
approaches may be insufficient for studying cell types which are widely distributed
or for investigating the connection of circuits or between cell types. To overcome
this issue, new virus capsids have been developed in recent years which opened
up the possibility of transfecting cells throughout the CNS by systemic AAV
administration through the vasculature. Those viruses are able to bypass the BBB
and therefore provide efficient gene delivery to desired cells among the whole
brain [210].

For this thesis, a viral approach with such capsids was employed. Thus, a
transgene encoding the P301S tau mutation could be delivered into the CNS of
Aldhll1-cre/ERT2 mice and target the vast majority of astrocytes in a tamoxifen
dependent manner. By creating an astrotauopathy model, pathophysiological

mechanisms of tau in astrocytes and contacting synapses in the cortical tripartite
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synapse environment could be investigated. As a first approach, this thesis
showed that the virus infects a considerable number of astrocytes and reliably
leads to expression of tau in the presence of Cre recombinase in those cells.

Interestingly, the control virus transfected less astrocytes as compared to the
experimental virus, although both were injected at a dose of 1x10% vg. While the
experimental virus reached an infection rate of roughly 43 % and 55 % of s10083
positive astrocytes, mice injected with control virus reached a rate of 28 % and

22 % of s100 astrocytes (one month and three months p.i. cohorts, respectively).

Although the injected viral titers, capsid, vector design and promoter were equal
for both used viruses and the only difference was the inclusion of the P301S tau
mutation in the experimental virus, those discrepancies were observed. A
possible explanation of those variations in viral load could be different purification
mechanisms or reagents used by the two virus production sites. Variabilities in
final viral load may underlie those discrepancies. Nevertheless, those differences
had no effect on the experiments. To account for these discrepancies, it was
investigated whether total viral load affects synaptic density. As mentioned in the
results part, there was no positive correlation between the synapse counts and
number of affected astrocytes observable. In addition, the fluorophore mKate2,
which is the only transgene inserted in the control virus, has been indicated to

have low toxicity and is therefore suitable for use in living organisms [235].
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4.3 Astrocytes in Aldh1l1/P301S mice show
different states of phospho-tau formation

After translation, tau undergoes several post-translational modifications,
including phosphorylation. In the healthy brain, tau can be phosphorylated and
dephosphorylated at several sites, which is crucial for its stabilizing and binding
ability to microtubules. Hyperphosphorylated tau has also been found in
multimeric forms of the proteins including paired helical filaments (PHFs) and in
the later stage NFTs, which are a characteristic sign of the pathogenesis of
tauopathies [236], [237]. In secondary tauopathies like AD, those AT8 positive
tau inclusions are mainly found in neurons, while in primary tauopathies, AT8
positive accumulations are also found in astrocytes. The P301S missense
mutation used in this thesis causes the formation of NFTs in brains of patients as

well as in P301S transgenic mice [74].

By staining for AT8 phospho-tau, pathological tau depositions in several cortical
astrocytes in Aldh1l1/P301S mice at three months p.i. could be observed. AT8
positivity was mostly confined to the soma and the main processes. Several
different morphologies could be seen. Some astrocytes were found to be positive
for AT8 and still had a ramified astrocyte morphology. Others showed clumped-
like tau depositions, with an aberrant astrocytic appearance, as seen by mKate2
staining. The highly ramified structure was lost, only the main processes
remained. This may indicate an early pathological change in response to
phospho-tau formation, and may show an early stage of pathology, as typically
seen in several neurodegenerative diseases [238]. Six months p.i. phospho-tau
positive astrocytes as well as several star-shaped AT8 tau deposits could be
observed, which appear as a dense core with star-like arborizations that were
negative for mKate2. The mKate2 negativity could be explained by phagocytic
activity from microglia, however their ability to phagocytose and degrade the
remaining phospho-tau may be impaired. Several studies showed that microglia
can phagocytose tau and exocytose it again, releasing the protein in exosomes
[61], [239]. Increased levels of tau in exosomes have been also found in the blood
and cerebrospinal fluid of patients with FTD and AD [240], [241]. These results
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suggest that phospho-tau can form in cortical astrocytes and lead to a
pathological change in those cells, which may be an early sign of
neurodegeneration. Astrocytic tau deposits may also take on a similar
morphology reminiscent of human tauopathy. Given the endogenous expression
of tau in astrocytes, although in a very small amount [15], astrocytes therefore
may be able to hyperphosphorylate tau in the context of neurodegeneration, in
addition to a postulated uptake from neurons [161].

4.4 Astrocytes exhibit increased Ca?* signaling
in Aldh111/P301S mice

Astrocytes mediate the release of gliotransmitters via elevations of intracellular
Ca?* transients to control synaptic function, thus astrocytes play a key role in the
maintenance of cortical circuits. Under pathological conditions this finely tuned
interplay is disturbed. Isolated astrocytes from post mortem brain sections of
Alzheimer's disease patients showed that 32 genes related to Ca?* signaling were
dysregulated [242]. The recent improvements for astrocytic Ca?* indicators made
it possible to study Ca?* signals in vivo in mouse models and elucidate their
functions, especially during neurodegenerative processes. For example, aberrant
Ca?* signals have been found in reactive astrocytes [243]. Astrocytic hyperactivity
was further observed in vivo in several mouse models of AD [212], [213]. Also,
astrocytes derived from the P301S tau mouse model develop early functional

deficiencies, suggesting an effect of tau on astrocyte function [165].

Therefore, the next aim was to investigate whether cortical astrocytes in
Aldh1l1/P301S mice are functionally impaired. For this, an in vivo approach was
applied by implanting a cranial window over the somatosensory cortex and a
membrane tethered GECI to visualize Ca?* signals of astrocytic microdomains
was injected. Ca?* transients from several ROIs in the somatosensory cortex in
mice three months post injection were imaged. While no differences could be

observed in general microdomain attributes, such as size and total number, time-
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lapse imaging revealed an increased astrocytic activity. A significantly enhanced
frequency of Ca?* signaling events were observed in Aldh1l1/P301S mice,
compared to control group. The hyperactive behavior of astrocytes in that model
could be a sign of reactive astrocytes, and of early degenerative processes.
These results go in line with previous published studies of astrocytic hyperactivity
during neurodegeneration [212], [213] and tau mediated astrocytic dysfunctions
[15], [165]. Thus, astrocytes alone might already be a predecessor or contributor
to neurodegenerative processes in primary tauopathies. Consequently,
pathological changes in astrocytic microdomain activity therefore might also

impact neuronal synapses, which was addressed in the next experiment.

4.5 Excitatory bipartite synapse loss is an early
event in Aldh1l1/P301S mice

Astrocytes are in close contact to synapses via their small PAPs, as postulated
in the concept of the “tripartite synapse”. Upon synaptic activation,
neurotransmitters released into the synaptic cleft can not only be detected by the
postsynaptic compartment, but also by small contacting PAPs which respond with
intracellular elevations of Ca?* and, in turn, a release of gliotransmitters [244],
[245]. In other words, astrocytes are able to modulate synaptic function via uptake
and secretion of neuroactive substances [14]. The major excitatory
neurotransmitter in the human brain is glutamate, which can be secreted and
transported by both neurons and astrocytes. Glutamate can be released from
astrocytes in a Ca?* dependent manner [246] and can take on fast modulatory
actions on excitatory synaptic transmission [247]. Aberrant, elevated astrocytic

Ca?* signals are implicated in neurodegenerative processes [243].

Further, previous studies showed a reduction of excitatory synapses in post
mortem brain tissue of tauopathy patients which is confined to the astrocytic
domain [164].
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Therefore, the next set of experiments aimed to resolve if excitatory synapse loss
could also be observed in the Aldh111/P301S model. For this, brain sections were
obtained and stained with synaptic markers for excitatory pre- (VGLUT1) and
postsynapses (HOMER1) to investigate whether a synapse loss occurs within the
domain of mKate2 positive astrocytes and neighboring areas in the
somatosensory cortex. By using automated puncta quantification with SynQuant
Image J plugin, pre- and postsynapses in the astrocytic domain and outside were
guantified in animals one and three months p.i. A nonsignificant trend in reduction
of presynaptic puncta one month p.i. could be observed in Aldhll1/P301S
animals, which became significant three months p.i., compared to control group.
Regarding postsynapses, no reduction of synaptic puncta was observable one
month p.i. However, a substantial reduction of postsynaptic puncta could be seen
three months p.i.,, compared to control. Interestingly, the synapse loss in both
synaptic compartments was not restricted to the astrocytic territory but was also

evident in neighboring areas not occupied by mKate2 astrocytes.

These results suggest a significant excitatory synapse loss in somatosensory
cortical brain areas in Aldh111/P301S mice three months p.i. These results are in
good agreement with the loss of excitatory synapses observed in post mortem
brains of tauopathy patients [164]. The substantial excitatory synapse loss in this
astrocytic tauopathy model may be a consequence of the aberrant Ca?* signals
as previously shown. Elevated Ca?* transients in hyperactive astrocytes possibly
trigger excess release of glutamate that may act on NMDA receptors on
excitatory neuronal synapses which leads to excitotoxicity. Astrocyte derived
glutamate can activate pre- and postsynaptic NMDA receptors in several
diseases, including AD, leading to enhanced excitatory synaptic transmission and
hyperexcitability and thus presumably trigger increased network excitation and
neuronal cell death [243]. Further, increased astrocyte Ca?* signals are correlated
with elevated extracellular glutamate levels, which contribute to excitotoxicity, as
seen in a stroke model [248]. Astrocytes in tauopathies may also lose their
function to protect neurons from glutamate neurotoxicity [165]. These studies

further strengthen the obtained results.
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The fact that synapse loss was also observed in adjacent areas not occupied by
mKate2 astrocytes may be explained by an extension of compromised function
to neighboring astrocytes. Astrocytes are interconnected through gap junctions
formed by hemichannels. Those gap junctions enable a rapid communication and
ion exchange between cells [249], [250]. Intracellular Ca?* can spread to
neighboring astrocytes via those gap junctions, inducing Ca?* waves that can
activate a large astrocyte population [251], [252]. One hypothesis on why
synapse loss in the Aldhl1l1/P301S model extends to adjacent areas is that
hyperactive astrocytes propagate large amounts of Ca?* to neighboring
astrocytes. In turn, this may activate pathological downstream cascades also in

those neighboring cells, which possibly lead to synapse loss in that areas.

Further, glutamate release from connexin hemichannels could be involved in that
whole process. Connexin 43 is a major gap junction protein subunit in astrocytes
and connexin hemichannels control the extracellular release of gliotransmitters
like glutamate or ATP [249]. Connexin 43 is implicated to play a role in certain
neurodegenerative diseases [253], [254]. Under pathological conditions, those
hemichannels show an increased activity. One study showed that treatment of
cultured mouse astrocytes with AR increases glial connexin hemichannel activity
and promotes the release of glutamate, inducing neuronal cell death by triggering
neuronal hemichannel activity [255]. Possibly a similar mechanism may be
responsible for neuronal death in the Aldh1l1/P301S model, but induced by
astrocytic tau. It is postulated that increased opening of hemichannels can be
triggered by high levels of intracellular Ca?*, resulting in excessive release of
glutamate that is toxic to neighboring cells [249], [256], which ultimately further

supports those findings.
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4.6 Conclusion

Taken together, the results obtained in this thesis suggest a role of pathological
tau in astrocytes for the contribution to neurodegenerative processes. Previously
thought of as mere bystanders in neurodegenerative diseases, newer findings
provide more and more insights that astrocytes are directly involved in
pathological changes. Although tau is expressed to a high extent in neurons and
only to a limited amount in astrocytes, accumulated pathological tau in astrocytes
can affect cell internal processes that may expand to neighboring cells. The
results of this thesis provide new insights into pathological mechanisms caused
by tau in astrocytes. The obtained results show that phospho-tau can be found in
cortical astrocytes in the Aldhll1/P301S model, which can form star-like
structures, similar to what is seen in PSP brains. Further, in vivo astrocytic Ca?*
imaging revealed that astrocytes in this mouse model acquire a hyperactive
profile three months post injection, as seen by an increased firing frequency of
Ca?* transients. The elevated firing rate was observed at the level of
microdomains, where PAPs are intimately in contact with synapses. By using an
immunofluorescence approach, a substantial excitatory synapse loss three
months post injection could be observed in both pre- and postsynaptic
compartments, which was found among the astrocyte domain and also outside.
The increased frequency of Ca?* transients may lead to elevated excitatory
gliotransmitter release and therefore to neuronal cell death. Given the fact that
synapse loss was also observed in areas not governed by mKate2 astrocytes,
the hyperactivity of astrocytes may spread to neighboring cells as high frequency
Ca?* waves, which possibly triggers similar pathological cascades in that cells
and contacting synapses. However, this may not be the exclusive mechanism for
synapse loss in that model. Other mechanisms leading to synapse loss that are
not related to Ca?" dependent gliotransmitter release could be involved but

remain to be elucidated in future studies.
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4.7 Limitations

This mouse model provided insights into tau related pathomechanisms within
astrocytes and their synaptic partners. However, for in vivo astrocytic Ca?*
imaging lightly anesthetized animals were used, which received minimal amounts
of isoflurane (0,5 %). Even though the anesthesia state was kept to a minimum,
and breath as well as heart rate was measured throughout imaging sessions to
make the obtained results comparable between the animals, studies showed that
astrocytic Ca?* signals may be suppressed in their functional state during general
anesthesia [189], [257]. Therefore, astrocytes may show alterations in Ca?*
responses depending on anesthesia depth and type of anesthesia used.

Performing Ca?*imaging in completely awake mice may clarify this issue.

4.8 Future aspects

For this thesis, a virus-inducible astrocytic tau mouse model was developed that
expresses tau in astrocytes of the whole CNS via systemic transgene delivery.
This study focused mainly on pathological aspects in somatosensory cortical
regions. Further studies may use this virus approach to study tau mediated
pathological changes in astrocytes in other brain regions. Astrocytes are known
to be highly heterogeneous in their morphology [258] and expression profiles,
which could make them more vulnerable in selected brain regions to degenerative
processes [115]. Changes in astrocytic reactivity could be observed region
specific in different neurodegenerative diseases [259]-[261]. Further, different
brain regions are affected by tau pathology in different tauopathies [262]. Thus,
specific brain regional effects of astrocytic tau could be a subject for future
research. Further studies are also needed to understand the molecular
mechanisms underlying astrocytic hyperactivity in this mouse model and the

contribution to synapse loss.
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5 Abbreviations






aa Amino acid

AAV Adeno-associated virus

AD Alzheimer’s disease

AGD Argyrophilic grain disease

ALDH1I1 Aldehyde dehydrogenase 1 family member L1
AMPAR a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
AB Amyloid beta

APP Amyloid precursor protein

ATP Adenosine triphosphate

BBB Blood-brain barrier

bp Base pair

bpm Beats per minute

brpm Breaths per minute

Ca? Calcium

CaM Calmodulin

CBD Corticobasal degeneration

CBh Hybrid chicken B-actin

Cdk5 Cycline-dependent kinase 5

CNS Central nervous system

Cre Causes recombination

DIO Double-floxed inverted open reading frame
DNA Deoxyribonucleic acid

eGFP Enhanced green fluorescent protein

EtOH Ethanol

fs Femtosecond

FTD Frontotemporal dementia

FTLD Frontotemporal lobar degeneration

GABA Gamma-aminobutyric acid

GECI Genetically encoded calcium indicator

75



GFAP
GGT
hMAPT
Hz

i.p.
KO
MHz
MTBR
NA
NFT
NMDAR
NacCl
NaNs
NI
PAP
PHF
PBS
PCR
PFA
p.i.
PiD
PSP
ROI
S.c.
SEM
SOPF
TA

Vg
WT
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Glial fibrillary acidic protein
Globular glial tauopathy
Human microtubule-associated protein tau
Hertz

Intraperitoneal

Knock out

Megahertz

Microtubule binding region
Numerical aperture
Neurofibrillary tangles
N-methy-D-aspartate receptor
Sodium chloride

Sodium azide

Nanoliter

Peripheral astrocytic process
Paired helical filament
Phosphate buffered saline
Polymerase chain reaction
Paraformaldehyde

Post injection

Pick’s disease

Progressive supranuclear palsy
Region of interest
Subcutaneous

Standard error of the mean
Specific and opportunistic pathogen free
Tufted astrocyte

Volt

Vector genomes

Wild type
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