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SUMMARY

Tau protein is a key factor in the pathogenesis of Alzheimer disease and
other neurodegenerative diseases. A number of transgenic mouse models have
been generated in order to elucidate the role of Tau in disease progression. In
the present study, transgenic organotypic hippocampal slice cultures (OHSC)
were used to investigate the changes in the hippocampus of transgenic mice
induced by overexpression of the anti-aggregant Tau repeat domain (TauRPA-r).
The slice cultures were prepared from inducible anti-aggregant Tau®P2*? mice
at days P8-P10 and kept in culture for 4 weeks. A sensitive bioluminescence
reporter gene assay (luciferase) was used to monitor the expression of the Tau
transgene over time and in different hippocampal subregions. The expression of
anti-aggregant TaufP**" leads to a larger volume of the hippocampus at young
age due to neurogenesis, which was confirmed by an increase of neuronal
number as determined by stereology. The number of astrocytes did not change,
whereas the number of microglia was reduced. Increased BrdU incorporation
demonstrated a strong proliferation of neural stem cells and immunostaining
for Ki67, doublecortin (DCX), and NeuN showed that most stem cells
differentiated into mature neurons. There were no signs of activation of
microglia and astrocytes, indicating the absence of an inflammatory reaction.
The density of dendritic spines was unchanged during the whole culturing
period. Expression of anti-aggregant TaufP*" also leads to a 50% higher level of
endogenous Tau and this increase was independent of the increase in the total
number of neurons in the anti-aggregant Tau®P** mice. Investigation of
signaling pathways showed that Wnt-5a was strongly decreased whereas
GSK33 was activated. The data suggest that the expression of anti-aggregant
TauRPAPP enhances hippocampal neurogenesis mediated by a Wnt signaling

pathway, without an inflammatory reaction.



ZUSAMMENFASSUNG

Tau-Protein ist ein Schliisselelement bei der Entstehung der
Alzheimerkrankheit und anderer neurodegenerativer Erkrankungen.
Verschiedene Autoren haben transgene Mausmodelle hergestellt, um die Rolle
vom Tau-Protein im Krankheitsprozess zu untersuchen. In der hier vorgelegten
Arbeit wurden organotypische Hirnschnitte verwendet, um Anderungen im
Hippocampus von transgenen Madusen zu untersuchen, die durch
Uberexpression des anti-aggreganten Tau Proteins TaufPPP hervorgerufen
wurden. Die organotypischen Hirnschnitte wurden aus dem Hippocampus von
8- bis 10-Tage alten induzierbaren Tau®P***-Mausen prapariert und fiir vier
Wochen in Kultur gehalten. Mit Hilfe eines sensitiven Reportergen-Assays
(Luciferase) konnte die Expression des transgene Tau-Proteins iiber die Zeit in
den verschiedenen Hippocampus-Regionen verfolgt werden. Die Expression
von TauRPAFP fiihrte zu einer Volumenvergroflerung des Hippocampus durch
Neurogenese, was durch eine erhohte Anzahl von Neuronen in der
stereologischen Untersuchung bestatigt wurde. Die Anzahl an Astrozyten blieb
unverandert, wahrend die Anzahl der Mikroglia reduziert war. Ein erhohter
Einbau von Bromdesoxyuridin wies auf eine stark erhohte Proliferation von
neuronalen Stammzellen hin. Die immunhistochemische Identifizierung von
Ki67, Doublecortin und NeulN bestatigte, dass die meisten Stammzellen zu
reifen Neuronen differenzierten. Uber den gesamten Zeitraum der in vitro
Kultivierung blieb die Dichte der dendritischen Dornenfortsatze unverandert.
Die Expression von TaufPA*P fiihrte auflerdem zu einem 50% Anstieg des
endogenen Tau Proteins. Untersuchungen von Signalwegen zeigten eine
Reduzierung von Wnt-5a, wahrend gleichzeitig GSK3 aktiviert war. Diese

Daten zeigen, dass die Expression von Tau*P*** die hippocampale Neurogenese



tiber einen Wnt-abhidngigen Signalweg verstirkt, ohne jedoch zu einer

entziindlichen Reaktion zu fiihren.
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1) ABBREVATION

3R- 3 Repeats

4R- 4 Repeats

Anti-agg- Anti-aggregant

AD- Alzheimer disease

AMP- Adenosine monophosphate
APP- Amyloid precursor protein
ATP- Adenosine Triphosphate
Af3- Amyloid beta

BLI- Bioluminescence Imaging
bp- Base pairs

BrdU- Bromo deoxy uridine

CA- Cornu amonis

CaMKIIa- Calcium/Calmodulin-dependent protein kinase alpha

CBD- Corticobasal degeneration
CNS- Central nervous system
Ca**- Calcium

C-ter- Carboxy Terminus
Ctrl- Control

DCX- Doublecortin

DG- Dentate gyrus

DIV- Days In-vitro

DNA- Deoxyribonucleic acid
DOX- Doxycycline

E 10- Embryonic day 10

EC- Entorhinal cortex

FAD- Familial Alzheimer disease
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FTDP17- Frontotemporal dementia with parkinsonism linked to chromosome

17

GFAP- Glial fibrillary acidic protein
GSK38- Glycogen synthase kinase 3

g- Grams

HBSS- Hank’s Buffered salt solution

HCI- Hydrochloride

h-CMV- human cytomegalo virus

Ibal- Ionised calcium binding adaptor molecule 1
KD- KiloDalton

KOKI- Knock-out knock-in

LDH- Lactate dehydrogenase

LPS- Lipopolysaccharide

LTP- Long-Term Potentiation

M- Molar

MARK1- MAP/microtubule affinity-regulating kinase 1
MAP- Microtubule associated protein
MAPT- Microtubule associated protein Tau
MEM- Minimum essential media

ME- Mossy fiber

mg- Milligram

ug- Microgram

ml- Millilitter

MT- Microtubules

mM- Millimolar

puM- Micromolar

mRNA- messenger RNA



MT- microtubules

MRI- Magnetic resonance imaging
NeuN- Neuronal nuclei

NAD*- Nicotinamide adenine dinucleotide
NFT- Neurofibrillary tangles

NIH- National institute of health
NMDA- N-methyl-D-aspartate
NPC- Neuronal progenitor cell
NSC- Neuronal stem cell
N-terminal- Amino terminal

nTg- Non-Transgenic

OHSC- organotypic hippocampal slice culture
P8- Post-natal day 8

PBS- Phosphate buffered saline

PD- Parkinson disease

PHF- Paired helical filaments

PP2A- Protein Phosphatase 2A

p/s — Photons per second

P/S- Penicillin/ Streptomycine

PSP- Progressive supranuclear palsy
PS1- Presenilinl

RGC- Radial glial cell

RNA- Ribonucleic acid

RT- Room temperature

r'Tg- Regulatable transgene

s.l.- Stratum lucidum

s.m.- Stratum moleculare
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s.p.- Stratum pyramidale

s.r.- Stratum radiatum

SAD- Synapse of the Amphide defective

SDS- Sodium Dodecylsulphate

SDS-PAGE- Sodium Dodecylsulphate- Polyacrylamide gel electrophoresis
SGZ- Sub-granular zone

SVZ- sub-ventricular zone

TET-O- Tet-operon response element

THS- Thioflavin S

TRP- Tau Repeat Domain

TRE- Tetracycline-responsive promoter element
Tet-R- Tet-repressor DNA binding protein

tTA- Transactivator

Tau RPA- Pro-aggregant mutant

TauRPATr- Anti-aggregant mutant

TKO- Tau knock-out

U- Units
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2) AIMS OF THIS STUDY

Pathological changes involving Tau protein are thought to contribute to
neurodegenerative processes in Alzheimer disease and other tauopathies. The
starting point of this study was the observation that mouse models expressing a
pro-aggregant form of Tau develop Alzheimer-like pathology quickly, while an
anti-aggregant form of Tau does not cause frank neurodegeneration and related
cognitive deficits. This can be traced back to the propensity of Tau protein for 3-
sheet structure, and hence its ability to form pathological aggregates. The repeat
domain of Tau is responsible for aggregation. The "pro-aggregant" deletion
mutation in the repeat domain (Tau-AK280) causes enhanced (-structure and
aggregation in vitro, and faster development of pathology in mouse models and
in organotypic brain slices derived from them (Mocanu et al., 2008; Messing et
al. 2012). By contrast, neutralizing the [-propensity of Tau by insertion of
prolines ("anti-aggregant” mutations AK280-1277P-I308P) prevents both Tau
aggregation and pathology in mouse models. Building on these observations,
the aim of this study was to contribute to an understanding of this protective
effect by using the experimental model of organotypic slices to address the
following questions:

1. Why is there no overt neuropathology even when the anti-aggregant Tau

repeat domain is overexpressed?

2. What structural and biochemical changes take place upon expression of

anti-aggregant Tau?

3. How does the expression of exogenous anti-aggregant Tau affect the

functions of endogenous mouse Tau?

4. What changes occur with regard to inflammatory processes or

neurogenesis?
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5. What neuronal signaling pathways are affected by the expression of anti-

aggregant Tau?
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3) INTRODUCTION

3.1. Alzheimer disease (AD).

The name Alzheimer disease (AD) comes from a German psychiatrist
and pathologist Dr. Alois Alzheimer, who in 1907 described the case of a 51
year old female patient’s death in a completely demented state (Alzheimer,
1907). AD, a progressive neurodegenerative disorder, is the leading cause of
dementia among older people. An impaired memory is a general sign
associated with AD. In 2010, there were more than 30 Million people suffering
from AD. Alzheimer disease can be subdivided into the sporadic AD (SAD),
which is late in onset (>65 years) and has not been linked to any mutation and
tamilial AD (FAD), which has an early onset (<60 years) is linked to several
mutations (Campion et al., 1999, Chartier-Harlin et al., 1991, Murrell et al,
1991). Most of the FAD cases are caused by mutations in two genes namely
presenilin 1 (PS1) and presenilin 2 (PS2) but mutations in the Amyloid
precursor protein (APP) gene are also found (Sherrington et al., 1995, Rogaev et
al., 1995). In its initial phases the disease causes damage to specialized brain
structures like entorhinal cortex, hippocampus and basal forebrain that are
involved in memory formation (alzforum 2012). At the cellular level the brains
of AD patients are characterized by the accumulation of two main types of
protein (Figure 1), the extracellular neuritic amyloid plaques composed of Af-
peptides (Kosik, 1992, Glenner and Wong, 1984, Masters et al., 1985) and
intracellular neurofibrillary tangles (NFI’s) comprising hyperphosphorylated
Tau (Grundke-Igbal et al., 1986a) (Goedert et al., 1996, Lee, 1993, Mandelkow
and Mandelkow, 1998, Mandelkow, 1999). However, in AD no mutations have

been identified in the gene MAPT, which codes for Tau protein.
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Figure 1: Pathological hallmarks of Alzheimer disease. Amyloid plaques are
extracellular deposits of a 40- or 42-residue peptide called amyloid-p protein (Ap) in the brain
parenchyma and around the cerebral vessel walls, while tangles composed of twisted fibers of Tau protein
(NFT) build up intracellularly in the degenerating neurons. The plaques and tangles get deposited in
structures in the brain that play a critical role in memory. The plaques and tangles are the main
hallmarks of Alzheimer disease. (Figure reproduced from
http://www.ahaf.org/alzheimers/about/understanding/plaques-and-tangles.html).

In spite of the fact that both tangles and plaques are found in
conjunction, it is difficult to correlate the appearance and distribution of Ap
deposits with the progression of the disease, whilst the appearance and
distribution of tangles can be well correlated ("Braak stages") (Braak and Braak,

1991).
3.2. Tauopathies.

Tauopathies are a group of neurodegenerative disorders characterized by
the presence of intracellular Tau inclusions (Lee et al, 2001). Among the
microtubule associated proteins (MAP’s) in the brain, Tau has received special
attention because of its role in AD and other Tauopathies, where Tau protein is
deposited within neurons in the form of NFT’s (Grundke-Igbal et al., 1986b,
Grundke-Igbal et al., 1986a, Lee et al., 1991, Ihara et al., 1986, Kosik et al., 1986,
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Hyman, 1997). Besides AD, intraneuronal Tau aggregates also occur in patients
suffering from frontotemporal dementia with parkinsonism linked to
chromosome 17 (FTDP-17), progressive supranuclear palsy (PSP), corticobasal
degeneration (CBD) and Pick disease (Ballatore et al., 2007). Tauopathies depict
arange of clinical manifestations including memory and language impairments,
extrapyramidal signs, and motor deficits (Foster et al., 1997). Whether Tau
protein is causal to the diseases or just an effect of some disease process was
debatable until 1998, when several mutations in the gene encoding Tau protein
were discovered in FTDP-17, thereby confirming a causative role of Tau in
neurodegeneration (Hutton et al., 1998, Poorkaj et al., 1998, Spillantini et al.,
1998).

FTDP-17 differs from AD both in terms of symptoms and in pathology,
especially due to the involvement of amyloid precursor protein (APP) in AD.
But the demonstration that Tau pathology alone can cause neuronal loss and
dementia (Mocanu et al., 2008, Santacruz et al., 2005) clearly indicates that Tau
pathology is not just a marker of dying neurons in AD. Furthermore, recent
studies have shown that Af§ related toxicity is mediated by Tau and the deletion
of Tau in TKO mice abolishes Aff induced toxicity (Roberson et al., 2007, Ittner
et al., 2010, Zempel and Mandelkow, 2012, Zempel et al., 2013). The degree of
NFT involvement in AD is defined by the Braak stages. When NFT involvement
is confined mainly to the trans-entorhinal region we speak of Braak stages I and
II. Stages III and IV involve the limbic region such as the hippocampus and
stages V and VI additionally comprise the whole neocortex (Braak and Braak,
1991). Mutations in the Tau gene are linked to inherited FTDP 17 Tauopathy,
demonstrating that Tau mutations are sufficient to trigger neurodegeneration

(Llorens-Martin et al., 2011, Spillantini and Goedert, 2000).
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3.3. Tau: A microtubule-associated protein.

Tau protein was discovered in 1975 in Marc Kirschner's laboratory at

Princeton University (Weingarten et al., 1975) in an attempt to search for factors
that promote the self-assembly of tubulin into microtubules (MT’s). However,
Tau only gained more interest, when it was found to be the component of
protein aggregates called NFT’s, one of the major hallmarks of AD (Brion et al.,
1985, Grundke-Igbal et al., 1986a) and has since then remained in the limelight.
Microtubule associated proteins (MAP’s) like Tau consist of several proteins
among them Tau, MAP2 (Lewis et al., 1988) and MAP4 (Chapin and Bulinski,

1991), which occur throughout the animal kingdom.

Structure of Tau
Projection Domain Assembly Domain
A B P1 P2 R R’ C
[ N1 | N2 R1 | R2 | R3 | R4 ]
M1 E45 A103 1151 S$198 Q242 K369 S400 L441

Figure 2: Structure of Tau. Bar diagram of Tau protein, isoform hTau40 (2N / 4R, 441 residues).
The two 29-mer inserts (starting at E45) are in green and the four repeats are numbered 1-4 (Q244-
N368). Definition of domains: projection domain, M1-Y197; assembly domain, S198-L441; N-terminal
domains A (acidic)) M1-G120, B (basic), G120-I151, and P (proline-rich and basic), 1151-Q244,
separated into P1 and P2 at Y197; repeats R1-R4, Q244-N368, “fifth” repeat R’, K369-5400; and C= C-
terminal tail, G401-L441. Modified from (Gustke et al., 1994)

Tau protein (Figure 2) can wundergo several post-translational
modifications including phosphorylation, acetylation, glycosylation and

nitration. Tau protein contains 80 serine/threonine residues, of which 45 are
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known to be phosphorylated (Hanger et al., 1992, Hanger et al., 2009). Tau
protein is predominantly localized in the axonal compartment (Binder et al.,
1985, Jinwal et al., 2010, Kowall and Kosik, 1987, Brion et al., 1988a, Brion et al.,
1988b), but recent publications also postulated a dendritic function of Tau in
stabilization of Fyn kinase (Ittner et al., 2010, Ittner and Gotz, 2011). Tau’s main
known biological function is to promote MT assembly and stabilization
(Mandelkow et al., 2007). The MT network is key to the cellular transport
machinery that allows vesicles and organelles (for example mitochondria), to
travel along the axons (axonal transport). Interestingly, although the primary
function of the MT-binding domain of Tau is the stabilization of MTs,
investigators have found that it may also interact with other structures and
enzymes, including RNA and PS1 (Takashima et al., 1998). The half-life of Tau
protein is high (about 60 hours in HT22 cells) and can increase if it is in its
phosphorylated aggregated form (Poppek et al., 2006).

Tau clearance may involve several processes like cathepsin-mediated
Tau degradation, lysosomal or proteasomal degradation (Wang et al.,, 2007,
Grune et al., 2010). Tau can also be digested by proteases such as puromycin-

sensitive aminopeptidase (PSA) (Chow et al., 2010, Chesser et al., 2013)
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3.4. Isoforms of Tau.

In adult human brain six Tau isoforms are expressed as a result of
alternative mRNA splicing from a single gene localized on chromosome 1721
composed of 16 exons (Figure 3) (Goedert et al., 1988, Goedert et al., 1989, Kosik
et al., 1989). The six Tau isoforms differ in the presence of three (3R Tau) or four
(4R Tau) repeats of 31 or 32 amino acids in the carboxy-terminal half (C-ter), as
well as in the presence or absence of 1 or 2 inserts (29 or 58 amino acids)
(Goedert et al., 1989). The tandem repeats in the C-ter are encoded by exons 9,
10, 11 and 12, and it is the alternative splicing of exon 10 that results in the
generation of 4R Tau with exon 10 and 3R Tau without exon 10 mRNAs. The
MT-binding domain of Tau protein consist of the repeat domain plus the
flanking regions (Gustke et al.,, 1994). The 4R Tau has a much higher affinity for
MT’s and therefore plays a greater role in regulating the MT dynamics than 3R
Tau. The alternative splicing of the six brain Tau isoforms are developmentally
regulated. Developing brains require highly dynamic MT’s which may be
achieved by expressing only the shortest Tau isoforms with three repeats and
no inserts. This isoform binds only weakly to MT’s (Ikegami et al., 2000, Fuster-
Matanzo et al.,, 2012). Isoforms appear to be differentially expressed during
development; however the 3R and 4R Tau isoforms are expressed in a one-to-

one ratio in most regions of the adult human brain.
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Figure 3: Domain structure of the six Tau isoforms that are expressed in the

adult human brain. The different isoforms of Tau are depicted in this figure. The projection domain
is in the N-terminal half and the assembly domain is located in the C-terminal half. The assembly domain
is mainly involved in the attachment of Tau to the MT’s. The number represents the total number of
amino acids (aa) that are present in each Tau isoform. The ‘N’ in the name of the different isoforms
represents the inserts in the N-terminus of the Tau protein that are represented in orange colour and ‘R’
in the name of the different isoforms represents the ‘repeat region” in the Tau protein that is represented in
dark blue (Gustke et al., 1994).

The gene encoding Tau protein is expressed predominantly in the
neurons of the central nervous system (CNS) and the peripheral nervous
system (PNS) (Andreadis et al, 1992). Tau is ubiquitously expressed in
immature neurons. But as the neurons mature, its localization gets restricted
almost entirely to the axonal compartment along with a shift toward higher-
molecular-weight isoforms and reduced phosphorylation (Drubin and
Kirschner, 1986, Kosik et al., 1989). In spite of this, low levels of Tau can still be

found in other neuronal compartments after maturation, for example in the
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nucleus (Loomis et al., 1990, Sultan et al.,, 2011, Lu et al., 2014), dendrites
(Papasozomenos and Binder, 1987), and in other brain cells like
oligodendrocytes (Goldbaum et al., 2003, LoPresti et al.,, 1995) and microglia
(Odawara et al., 1995).

Tau regulates the assembly of MT’s by binding to them and stabilizing
them. MT’s are protein polymers of the cytoskeleton that play a role in diverse
cellular functions like cell morphology, mitosis or intracellular transport
(Hirokawa, 1993, Hirokawa, 1994, Garcia and Cleveland, 2001). The evidence
that supports the role of Tau in regulating assembly of MT’s, stabilization and
bundling came from the experiments, whereby purified bovine brain Tau
protein, microinjected into rat fibroblasts deficient in endogenous Tau, lead to
an increased MT mass and enhanced MT stability (Drubin and Kirschner, 1986).
Additionally, neurons treated with antisense oligonucleotides to Tau mRNA
(siRNA), to block expression of Tau, fail to extend axon-like processes (Caceres
and Kosik, 1990, Caceres et al., 1991). This suggests a role of Tau protein in the
establishment of neuronal polarity by stabilizing the MT’s specifically in a
particular compartment during development (Caceres and Kosik, 1990, Caceres

etal., 1991).
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3.5. Tau and its mutations.

FTDP-17 mutations within the Tau coding region are clustered in the
vicinity of the MT repeat domain (Figure 4) and typically result in an
enhancement of Tau assembly into NFTs (Barghorn et al., 2000, Gamblin et al.,

2000) and in a decrease in MT binding (Hasegawa et al., 1998, Hong et al., 1998).

Tau domains, mutations, phosphorylation sites, kinases
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Figure 4: Tau domains, mutations, phosphorylation sites and kinases.

Until today forty Tau mutations have been identified including missense
mutations like P301L (Proline (301) = Leucine), deletions like AK280 (Lysine
(280)) as well as silent mutations (Gasparini et al., 2007) or intronic mutations
located close to the splice-donor site of the intron following the alternatively
spliced exon 10 (R2) (van Swieten and Spillantini, 2007).

Tau mutations in FTDP-17 may act by two mechanisms. First, they may

affect the alternative splicing of exon 10 resulting in a change of the ratio of 4R:



30

3R Tau. Second, the mutations (missense and deletions) may directly cause
deficits in the abilities of Tau to bind to microtubules (MTs) and promote
assembly and stability of MT’s. Mutations such as AK280 and P301L moderately
decrease the affinity of Tau to microtubules, however, strongly enhance the
aggregation of Tau into PHFs (Barghorn et al., 2000; Schneider and Mandelkow,
2008).

3.6. Tau aggregation.

In all Tauopathies Tau aggregation is at the top of a pathological
pathway which begins with the detachment of Tau from the MT’s. The path
from MT bound Tau to large aggregated structures such as NFTs is thought to
be a multi-step phenomenon (Mandelkow et al., 2007). Changes in the
equilibrium of Tau binding to the MTs, which can be triggered by numerous
conditions (including increased rate of phosphorylation and/or decreased rate
of dephosphorylation), results in an abnormal increase in the levels of the free
(unbound) Tau fraction. It is likely that the resulting higher cytosolic
concentrations of Tau increases the chance of pathogenic conformational
changes (Kuret et al., 2005). Next, small non-fibrillary Tau deposits (normally
referred to as ‘pre-tangles’) are formed, and these unlike NFTs cannot be
detected by f3-sheet specific dyes like thioflavine S or congo red (Maeda et al.,
2006, Maeda et al., 2007, Galvan et al., 2001).

3.7. Soluble Tau levels and its importance.

Tau shows no tendency to aggregate under physiological conditions
because of its highly soluble nature (Wille et al., 1992). Despite this fact, Tau
aggregates are found in several brain diseases collectively termed as
Tauopathies (Lee et al., 2001) and the mechanism of Tau aggregation still needs

to be elucidated. In vitro studies have shown that Tau aggregation is a multiple
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step process which involves the formation of an oligomeric nucleus (rate-
limiting nucleation step) followed by an elongation step whereby protein
subunits add to this nucleus (Friedhoff et al., 1998). The two hexapeptide motifs
[PHF6 (VQIVYK) and PHF6* (VQIINK)], within the repeat domain of Tau, have
a high propensity for B-structure and are responsible for Tau aggregation.
During the aggregation process a transition from random coil to (-structure
takes place (Barghorn et al., 2000, von Bergen et al., 2000). Tau aggregation can
be suppressed by the introduction of two proline residues within these
hexapeptide motifs (I1277P and I308P), which produce kinks in the chain due to
the cyclic structure of proline and hence act as (-breakers (anti-aggregant
TauRPAPP) (von Bergen et al., 2001). Furthermore, the deletion of lysine in the
position of 280 (AK280), enhances this [-propensity and promotes Tau
aggregation (pro-aggregant Tau®P*) (Khlistunova et al., 2006). Although it is not
clear why a soluble protein like Tau forms insoluble fibers in various
neurodegenerative diseases, various posttranslational modifications of Tau play

arole in this process.

3.8. Transgenic Tauopathy model.

3.8.1. Inducible transgenic mouse model.

The development of transgenic mice has allowed researchers to study
gene function in the context of a whole mammalian organism. To overcome
limitations of constitutive expression of genes in animal models researchers
developed inducible expression systems like the Tet-On/Off system (Figure 5)
(Furth et al.,, 1994). The Tet-Off and Tet-On expression systems are binary
transgenic systems in which expression from a target transgene is dependent on
the activity of an inducible transcriptional activator (Baron and Bujard, 2000,

Urlinger et al,, 2000, Baron et al., 1997, Mocanu et al., 2008, Eckermann et al.,
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2007). In both the systems (Tet-Off and Tet-On), expression of the
transcriptional activator can be regulated reversibly by exposing the transgenic
animals/tissue to tetracycline or one of its derivatives like Doxycycline (DOX).
In the Tet-Off system, transcription is inactive in the presence of DOX and
active in its absence. A DOX-controlled transactivator protein (tTA), which is
composed of the Tet repressor DNA binding protein (TetR) from Escherichia coli
fused to the strong trans-activating domain of VP16 from Herpes simplex virus,
regulates expression of a target gene that is under transcriptional control of a
tetracycline-responsive promoter element (TRE). The TRE is made up of the Tet
operator (tetO) sequence concatemers fused to a minimal promoter, from the
human cytomegalovirus (hCMV). In the absence of DOX, tTA binds to the TRE
and activates transcription of the target gene. In the presence of DOX, tTA
cannot bind to the TRE, and expression from the target gene cannot take place.
The vector design of the Tet-Off allows tissue-specific promoters to drive tTA
expression, resulting in tissue-specific expression of the TRE-regulated target

transgene.
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Figure 5: Basis of transgene expression in the inducible transgenic mouse
models.

In the Tet-ON system, the transcription is active in the presence of DOX. There
are several cell models of Tau pathology that are been generated in our lab with

this Tet-ON system (Wang et al., 2007, Khlistunova et al., 2007)
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3.9. The hippocampus.

3.9.1. Structural features.

The hippocampus is perhaps the most studied structure in the brain;
together with the amygdala it forms the central axis of the limbic system. This
brain region is known to be critical for the formation of memory and object
recognition (Williams et al., 1993, Bliss and Collingridge, 1993, Eichenbaum,
2000Db, Reis et al.,, 1998, O'Keefe and Dostrovsky, 1971, O'Keefe et al., 1979). The
forms of neuronal plasticity known as long-term potentiation (LTP) and long-
term depression were first discovered to occur in the hippocampus and have
been studied in this structure (Bliss and Collingridge, 1993, Lynch, 2004). LTP is
widely believed to be one of the main neural mechanisms by which memory is

stored in the brain.
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Figure 6: Basic circuit of the hippocampus using a modified drawing by
Ramon y Cajal. DG: dentate gyrus. Sub: subiculum. EC: entorhinal cortex. CA: Cornu ammonis

A) Modified drawing of the neural circuitry of rodent hippocampus.

B) Cartoon of the synaptic circuit, modified from (Lucassen et al., 2013): The main hippocampal
information-processing unit — connects EC-DG—-CA3-CAI-EC (see arrows). The DG receives
input from the EC via perforant path axons. From the DG, mossy fibers connect to CA3
pyramidal cells, which connect to CA1 pyramidal cells via Schaffer collaterals. The hippocampus
has a high degree of plasticity throughout life.
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Anatomically, the hippocampus is divided in different cell areas called
Cornus Ammonis 1, 2 and 3 (CA1-CA3) and dentate gyrus (DG) (Figure 6 A)
(Roche et al., 2005, Klausberger et al., 2005, Witter et al., 2000). The CA areas are
filled with densely packed pyramidal cells and the DG is actually a separate
structure formed by a tightly packed layer of granule cells (Figure 6 B). The
perforant path is the major input to the hippocampus. The axons of the
perforant path arise principally in layers II and III of the entorhinal cortex with
minor contributions from the deeper layers IV and V. Axons from layers II
project to the granule cells of the dentate gyrus and via the mossy fibers to the
pyramidal cells of the CA3 region, while those from layers III project to the

pyramidal cells of the CA1 and the subiculum.

3.9.2. Functional features.

The hippocampus plays important roles in the formation of new
memories about facts (declarative memory) and experienced events (episodic
memory), in the consolidation of information from short-term memory to long-
term memory and in spatial navigation (Morris et al., 1982, Morris et al., 1986,
Eichenbaum, 2000a, Moser and Moser, 1998). The hippocampus is thereby part
of a larger medial temporal lobe memory system (Squire, 1992, Fortin et al.,
2002). The hippocampus is not involved in immediate or working memory
processes and is not involved in a wide range of implicit or non-declarative
long-term memory processes. The involvement of the hippocampus in episodic
as well as declarative memory was discovered when the hippocampus was
removed from a patient, known as H.M. to relieve epileptic seizures. H.M. was
unable to remember episodes and events that had occurred in the last few years
before the surgery. In addition, H.M. was not able to remember events that
followed the surgery (O'Kane et al., 2004). These findings imply that the

involvement of the hippocampus in declarative and episodic memory is time



37

limited since H.M. was able to remember events from earlier life. The
hippocampal involvement in spatial memory was underlined by imaging
studies, which have been shown that the hippocampus is more activated when
individuals need to navigate through cities to locate specific places. These
observations were underlined by findings that the posterior portion of the
hippocampus is larger in experienced taxi drivers (Maguire et al., 2000).
Functional and structural features are closely related in the hippocampus
(VanElzakker et al., 2008): this brain region shows an impressive capacity for
structural reorganization and plasticity. Preexisting neural circuits undergo
lifelong modifications in dendritic complexity, in dendritic spine morphology
and synapse number (Leuner and Gould, 2010). Additionally, the hippocampus
is one of the few places of adult neurogenesis which occurs throughout life in
the DG (Kempermann et al., 1997b) resulting in the continuous addition of new
neurons into the existing neuronal network (Aimone et al., 2010). Incorporation
of novel neurons as well as changes in dendritic spines enhances the capacity
for new synapses which favors an increase of the neuronal network underlying

memory formation.

3.9.3. The hippocampus and neurodegenerative diseases.

Since memory loss is one of the major pathological changes in
neurodegenerative diseases, it is not surprisingly, that the hippocampus plays a
crucial role in various neurodegenerative diseases like AD (Braak and Braak,
1991), depression (Campbell and Macqueen, 2004) or temporal lobe epilepsy
(French et al., 1993). Additionally the hippocampus is notable for its particular
vulnerability to damage as a consequence of ischemia, trauma and
hypoglycemia. The role of the hippocampus in AD and epilepsy has been
intensively investigated. As early as 1906 Alois Alzheimer described

pathological changes in the hippocampus of his first patient Auguste Deter
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suffering from AD. In temporal lobe epilepsy, the pathological damage is often
restricted to the hippocampus in the form of hippocampal sclerosis (loss of
neurons in various hippocampal regions depending on the specific type of
epilepsy (Van Paesschen et al., 1997). The hippocampus is thereby sensitive to
damage by seizure activity but can also act as origin of epileptic seizure
generation (Sander and Shorvon, 1996). Several changes in hippocampal
organization, connectivity, receptors, intrinsic neuronal properties, and
astrocyte function have been found to contribute to epileptogenicity (Wahab et
al,, 2010). AD is the most common cause of dementia worldwide. Memory loss
is the predominant feature of the disease, especially impairment of episodic
memories. The neuropathological changes of Tau protein in AD are thought to
occur initially in the entorhinal cortex and progressing from there to the
hippocampus (Braak and Braak, 1991). The use of volumetric magnetic
resonance imaging (MRI) measures the hippocampal atrophy as a surrogate
marker of pathology in AD. This correlates with the decrease of volume and
neuronal numbers in the hippocampus of AD. Data from cross-sectional studies
indicate that AD is associated with an increased rate of hippocampal atrophy
(Jack et al., 1998), observed already in patients even before clinical symptoms
are observed, NFT’s are formed in the hippocampus of patients (Braak and
Braak, 1991) and transgenic mice (see chapter 1.5.2) and correlate with cognitive
impairment. The loss of dendritic spines and synapses within the hippocampus
is strongly correlated with cognitive impairment (Smith et al., 2009). The pro-
aggregant Tau®P* mice also showed loss of neurons, loss of spines, cognitive
decline in behavioral tasks and deficits in LTP (Mocanu et al., 2008, Sydow et
al.,, 2011, Van der Jeugd et al., 2012, Messing et al., 2013). All together the

hippocampus is a brain region which is seriously damaged in AD.
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3.10. Organotypic hippocampal slice cultures.

Organotypic hippocampal slice cultures (OHSC) have been employed for
the study of normal brain function and brain development. Usually different
regions of the brain are used for the preparation of the slice cultures like the
hippocampus, cortex, striatum and others (Gahwiler, 1981). Rearrangements of
neuronal circuitry often occur in the organotypic hippocampal slice cultures, in
parallel with the substantial amount of cell death during the first days after the
explants. Early post-natal periods (P0O-P8) are ideal for slice culturing, because
the cytoarchitectonic fundamentals are already established in most areas, the
brain is larger and easier to manipulate, and nerve cells are more likely to

survive explantation (Lossi et al., 2009).

Advantages of the slice culture technique.

The principle of membrane interface culture methods is to maintain brain
slices on a porous membrane filter at the interface between medium and a
humidified atmosphere. The medium provides adequate nutrition to tissues
through the membrane via capillary action (Bergold and Casaccia-Bonnefil,
1997, Noraberg et al., 2005).

It is important to note, however, that even in cultures prepared with the
membrane interface method there are some properties that substantially differ
from the characteristics acquired during the physiological brain maturation in
vivo. For example fluorescent dye tracing of single neurons in OHSC’s showed
a more complex pattern of dendritic branching and consistently with this, a
significant increase in the frequency of glutamatergic miniature synaptic
currents, probably reflecting an increased number of total synapses (De Simoni
and Yu, 2006). These observations strongly suggest, that cutting of projection
axons, which inevitably occurs during slice preparation, leads to a

compensatory response over the course of the culture period, and that damaged



40

axons have a chance to recover and reroute their processes to form new neural
connections (Lossi et al., 2009).

The technique is ideal only for regions with a layered structure that can be
aligned parallel to the plane of slicing and is ideally confined inside the
thickness of the slice itself. Cultures can currently be produced mainly from
embryonic or juvenile donor animals (typically up to 12 days postnatal).
Production of slice cultures from older donors is possible, given that only

around 5-10% remain viable for 3—4 weeks.
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3.11. Neurogenesis.

In 1960’s Altman and colleagues described new cells with neuronal
morphology in adult cat and rat brains, in the olfactory bulb, hippocampus and
neocortex. Kaplan later found out by ultra-structural studies, that these new
cells have neuronal characteristics. These studies about adult neurogenesis were
later put to a halt by the report from Rakic, who showed that there was no adult
neurogenesis in monkeys. In 1980’s Nottebohm and colleagues published a
series of studies which showed adult neurogenesis in song birds. Interest in
adult neurogenesis increased, when it was demonstrated that new neurons
were produced in the DG of adult humans. The study was done on very old
cancer patients, thus the number of new neurons in the adult human brain was
considered to be under- estimated. Two studies published in 2004 showed that
there is robust neurogenesis taking place in rodents and from then on the terms
“neurogenic” and “non-neurogenic” came into existence (Kempermann et al.,
2004a, Kempermann et al., 2004b, Gage, 2004). The following figure (Figure 7)
depicts these two regions of the brain which were considered to be neurogenic

(red) and non-neurogenic (grey) till the year 2007 (Gould, 2007).
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Figure 7: Changes in the view of adult neurogenesis over the past 15 years.

(Modified from Gould E 2007)

There is also adult neurogenesis taking place in the cerebellum. This is called

cerebellar neurogenesis. There are very few stem cells in the adult mouse



43

cerebellum and these stem cells do not give rise to neurons or astrocytes (Su et

al.,, 2014).

3.11.1. Postnatal hippocampal neurogenesis in organotypic

hippocampal slice cultures.

In the hippocampus the sub granular zone (SGZ) of the DG is considered
highly neurogenic, even though the other regions of the hippocampus like CA1
subfield has been observed as a region of neurogenesis (Nakatomi et al., 2002).
This is still under debate. When OHSC’s from P5 rats, are labeled with BrdU 14
days in culture (DIV 14-DIV 21), almost 10% of the BrdU labeled cells express
neuronal markers. Although in living rats, about 80% of the cells labeled with
BrdU on P5 had become neurons by P19. When OHSC’s were prepared from P5
animals that were injected with BrdU 30 minutes before the preparation, more
than two-thirds of BrdU labeled cells expressed mature neuronal markers.
These results show that the OHSC’s are a suitable model to study postnatal
neurogenesis and suggest that the capacity of neural precursors to differentiate
into neurons is reduced during the culturing period (Namba et al, 2007).
Electrophysiologically it has been demonstrated that the new granule cells
arising from the DG in the OHSC’s mature and integrate normally into the
hippocampal circuit, thereby making the OHSC’s a useful ex-vivo model to
study the mechanism of proliferation and differentiation of neurons (Raineteau

et al., 2006).

3.11.2. Adult hippocampal neurogenesis.

Adult hippocampal neurogenesis is a unique form of neural circuit
plasticity. Adult born neurons have a very high synaptic plasticity during their
maturation and can account for up to 10% of the entire granule cell population.

Many intrinsic and extrinsic factors regulate adult hippocampal neurogenesis
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which include learning, environmental enrichment, exercise and chronic
treatment with antidepressants. Thus by improving adult hippocampal
neurogenesis we can improve hippocampal function. Genetic expansion of
adult born hippocampal neurons in mice specifically enhances pattern
separation which is a specific hippocampus dependent behavior. Further
increasing adult hippocampal neurogenesis is observed by combining genetic
modulations along with physical exercise and this increase the exploratory
behavior in mice (Jacobs et al.,, 2000, Gould et al.,, 1999, Sahay et al., 2011,
Kempermann et al., 1997a, Malberg et al, 2000). Thus enhancing adult
hippocampal neurogenesis may have therapeutic potential. The DG region of
the hippocampus is considered as the most important region of the
hippocampus where adult neurogenesis takes place. Researchers have shown
that the adult born neurons get functionally integrated into the hippocampal
circuit (van Praag et al., 2002).

Adult hippocampal neurogenesis which is involved in learning and
memory is impaired in Alzheimer disease. Reestablishing a functional
population of hippocampal newborn neurons in adult AD mice rescues
behavioral symptoms suggesting that adult neurogenesis may be a promising
therapeutic target for alleviating behavioral deficits in AD patients (Shruster
and Offen, 2014).

Adult born neurons are necessary for mediating specific cognitive
functions, but it is unknown whether increasing the adult born neurons alone is
sufficient to enhance cognition and mood. Genetic expansion of the population
of adult-born neurons through enhancing their survival improves performance
in a specific cognitive task. Mice with increased adult hippocampal
neurogenesis show normal object recognition, spatial learning, contextual fear

conditioning and extinction learning but are more efficient in differentiating
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between overlapping contextual representations, which is indicative of
enhanced pattern separation. Strategies designed to increase adult hippocampal
neurogenesis specifically by targeting the cell death of adult-born neurons or by
other mechanisms may have therapeutic potential for reversing impairments in
pattern separation and dentate gyrus dysfunction such as those seen during
normal ageing (Kheirbek et al., 2012, Sahay et al., 2011, Weber et al.,, 2011).
Recent studies have implicated adult-born hippocampal neurons in pattern
separation, a process by which similar experiences or events are transformed
into discrete, non-overlapping representations. It was proposed that impaired
pattern separation underlies the overgeneralization often seen in anxiety
disorders, specifically post-traumatic stress disorder and panic disorder, and
therefore represents an endophenotype for these disorders. The development of
new, pro-neurogenic compounds may therefore have therapeutic potential for
patients who display pattern separation deficits (Kheirbek et al., 2012, Sahay et
al, 2011, Weber et al, 2011). Newly generated neurons of the adult
hippocampus have their axons extending into the CA3 region of the
hippocampus via the mossy fiber pathway. There are two types of mossy fibers,
called as the suprapyramidal mossy fibers (SMF) and infrapyramidal mossy
tibers (IMF). The newly generated neurons in the DG, tend to contribute more
to the IMF and thereby are more involved in the modulation of its synaptic

plasticity (Romer et al., 2011).
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3.11.3. Stages of adult hippocampal neurogenesis.

Recently there is evidence that the DG of the adult human brain has
substantial levels of adult neurogenesis (Figure 8) (Spalding et al., 2013). Radial
glia-like (RGL) neural stem cells, that reside in the sub-granular zone (SGZ) of
the DG, proliferate and give rise to transit-amplifying progenitors (TAP)
expressing the T-box brain gene 2 (Tbr2) antigen, which then give rise to
doublecortin (DCX)-expressing immature neurons. After a phase of maturation,
newly-formed neurons express the mature neuronal marker NeuN, functionally
integrate into the hippocampal network and participate to mechanisms of
learning and memory. The neurogenic niche is constituted by stem cells and
their progenies, astrocytes, oligodendrocytes, endothelial cells, microglia,

mature and immature neurons.



47

a
NS
Cotex  HP__ gl \ %)
08 T Wb Cebetium
\\../ LY (/k%
Hypothalamus -
it Medula
b =3

Hippocampal
neupgenesis
1

Immature
granule cell

Mature
granule cell

) i Interneuron
-

Depolarization

L RGL 1PC Meuroblast L Immature granule cell o
z
gﬂ - 1 7 14 21 28
- — | | | Prox
s, | MGER bex :
TE_ Sox2 . NeuN/Fox3
3e ‘Mash1 :
i
]

% E
: :
T 1
ub _§' : -
88 " [5 :
2| | !
5|8 ; ; i
HE : | Mossy iber output to hila cels and CAB REUIORE
| 9|2 : : ; . :
(=} L) i i i :
~ 1 1
g_&‘ Excitability | e N |
= ] 1 1 1
S~ Synaptic plasticity ! ; T —
=8 Somatic GABAergic inhibition | ! L ——————

Figure 8: Stages of adult hippocampal neurogenesis. Figure 8a represents the canonical
signaling network of the hippocampus which consists of synaptically connected principal neurons located
in the three major subregions to form the trisynaptic circuit. Figure 8b shows the cell division of neuronal
stem cells which give rise to intermediate progenitor cells which in turn give rise to proliferating
neuroblasts, postmitotic immature neurons and finally mature DG cells. Figure obtained from Christian

etal., 2014.

Two weeks old new-born cells in the SGZ develop dendritic spines (Zhao

et al., 2006). They also send their axons to the CA3 region of the hippocampus
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through the hilus region. These two weeks old new-born cells have 3R Tau in
the axons and also in the somato-dendritic compartments (Fuster-Matanzo et
al.,, 2012, Llorens-Martin et al., 2012). Four to six weeks later the new-born
neurons get completely integrated into the hippocampal circuit (Fuster-
Matanzo et al., 2009).

The existing stem cells are a subset of astrocytes (Doetsch and Hen,
2005). These astrocyte-like stem cells remain as a cluster of two or four stem
cells in specific neurogenic niches (Alvarez-Buylla et al., 2002, Seri et al., 2001).
Adult neurogenesis recapitulates neuronal development. Three days after birth
there is an expression of 3R Tau isoforms (Bullmann et al., 2010, Bullmann et al.,
2009, Bullmann et al., 2007). Retroviral injections were done on adult mouse
brains to study the process of adult hippocampal neurogenesis. The retrovirus
infects only the dividing cells. The viral infected cells were also co-labeled for
the 3R-Tau isoform, which can be seen within a period of 7-21 days after the
viral infection (Llorens-Martin et al., 2012).

New born neurons extend a single axon from the base of the cell body
within 7 days and establish primary projection patterns within 21 days (Sun et
al.,, 2013). They also show synaptic structures, associated with cells in both hilus
and CA3 within 14 days and mossy fiber boutons reaching morphological
maturation within 8 weeks (Toni et al., 2008, Faulkner et al., 2008). New born
neurons form functional glutamatergic synaptic outputs onto hilar mossy cells
and interneurons and CA3 neurons (Gu et al,, 2012, Toni et al., 2007). 14 days
old adult born neurons already exhibit functional glutamatergic synaptic inputs
and outputs and can therefore participate in neuronal processing during
immature stages (Liu et al., 1996, Zhao et al., 2006). Mature excitatory synapses
are visualized at about 2 months of age. Spine density increases in the new

neurons up to 6 months of age (Zhao et al., 2006). Axons from the new neurons
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grow and establish either functional glutamatergic synapses with hilar
interneurons (Toni and Sultan, 2011) or GABAergic inhibitory synapses with
granule cells (Liu et al.,, 2003). The neurogenic markers remained unchanged at
the anterior (at the level of basal ganglia) and temporal horn (at the level of the
hippocampus) of the SVZ and the ependymal cell layer adjacent to those, when
analyzed by Braak stages and by the presence of dementia (Ekonomou et al,,

2014)

3.12. Tau in neurogenesis.

New born granule cells generated in the SGZ grow dendrites into the
molecular layer and send axons into the CA3 region, a process that occurs
similar during neuronal polarization. The outgrowth of axons during
embryonic neurogenesis is characterized by the expression of Tau isoforms with
less affinity to microtubules. This Tau with three repeat domains (tau 3R) in
these new neurons is in hyperphosphorylated form. This suggest that axonal
outgrowth requires a dynamic microtubule network and Tau protein helps to
maintain this microtubule dynamicity (Fuster-Matanzo et al., 2012). The 3R Tau
present in the newborn neurons lack the N-terminal exons 2 and 3, which are
thought to be involved in some associations with membranes (Brandt et al.,
1995, Kosik et al., 1989). The phosphorylation of Tau is developmentally
regulated. It is higher in fetal neurons and decreases with age during
development. The 3R Tau expression starts within 3 days after the
incorporation of BrdU in the new born neurons, meaning that there is a
transient expression of the 3R isoform of Tau during adult neurogenesis. The 3R
Tau is down regulated when the new born neurons start to develop fully
differentiated long axonal processes after 1 week (Fuster-Matanzo et al., 2012,
Brion et al., 1993). Phosphorylated Tau at sites pS396 and pS404 (recognized by
PHEF-1), pS202 and pT205 and pT231 phosphorylation sites recognized by AT-8
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and AT-180 respectively were identified in DCX positive immature neurons
(Fuster-Matanzo et al., 2009, Hong et al., 2010).

Induction of adult hippocampal neurogenesis in rats (3 months of age)
resulted in enhancing proliferation of cells in the DG, by increasing the activity
of GSK3f8 and the phosphorylation of Tau, but there was no survival or
differentiation (Hong et al., 2010). Transgenic mice, expressing the pathological
fragment of N-Tau (26-230aa) in nestin-positive stem/progenitor cells, showed
reduced proliferation, reduced survival, followed by neuroinflammation and
increased cell death by a caspase 3-independent mechanism. The studies from
these transgenic mice showed that the expression of this type of Tau fragment
greatly influences neurogenesis (Pristera et al., 2013). The HTau4R isoform
expression in a Tau- Knockout, Knockin model (Tau-KOKI) suppressed
proliferation and promoted neuronal differentiation and restored neurite and
axonal outgrowth (Sennvik et al., 2007). The N-terminal exons 2 and 3 regulate
the binding of Tau to membranes and are expressed during embryonic and
early post-natal development (Kosik et al., 1989, Brandt et al., 1995), but the Tau
expressed in the adult born neurons lack exons 2 and 3, indicating that this Tau

cannot bind to membranes (Bullmann et al., 2007).
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Chemicals

Company

3,3’- diaminobenzidine (DAB)

Vector Laboratories, Germany

Sodium Chloride (NaCl)

Carl Roth, Germany

Protease inhibitor mix Complete Mini

Roche, Indianapolis, USA

3-[(8-cholamidopropyl)-

dimethylammonio]- 1- propanesulfonate

Sigma, Germany

(CHAPS)

Benzonase Sigma, Germany
Okadaic Acid Sigma, Germany
Dithiothreitol (DTT) Sigma, Aldrich

Doxycycline hydrochloride (DOX)

Sigma, Germany

Roti superglue Carl Roth, Germany
Dulbecco’s Phosphate Buffer Saline | PAA, Austria

(PBS)

ECL Western Blot Detection Kit GE Healthcare, USA

Ethanol

Sigma, Germany

Ethylene glycol tetraacetic acid (EGTA)

Sigma, Germany

D-Glucose Sigma, Germany
Glycerol Sigma, Germany
Glycine Sigma, Germany
Hank’s Balanced Salt solution (HBSS) PAA, Austria
Horse Serum, heat inactivated PAA, Austria
Minimum Essential Medium (MEM) PAA; Austria
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Penicillin/Streptomycin

PAA, Austria

Permaflour mounting solution

Beckman Coulter, France

Polyacrylamide

Serva, Germany

Potassim permanganate

Sigma, Germany

Propidium Iodide BD Pharmingen, Germany
Rotisol Roth, Germany
Sucrose Sigma, Germany

Sodium Bicarbonate

Sigma, Germany

Sodium Chloride

Sigma, Germany

Sodium Dodecyl sulphate (SDS)-pellets

Sigma, Germany

Sodium Fluoride

Sigma, Germany

Sodium Orthovanadate

Sigma, Germany

Tris-Hydro Chloride

Sigma, Germany

Tris-X

Sigma, Germany

TritonX- 100

Sigma, Germany

Tween 20

Sigma, Germany

1,/-dioctadecyl-3,3,3’,3’-tetramethylin-

docarbocyanine perchlorate (Dil)

Invitrogen, Germany

N-lauroylsarcosine

Sigma, Germany

Milk powder (Low-Fat)

Roth, Germany

Millipore water (ddE20) Millipore

4.2, LIST OF EQUIPMENTS

Equipments Company/provider
500 ml Bottle Top filter Corning, Germany

Cell culture dishes 35 mm x 10 mm

Corning, Germany

Cell culture dishes 60 mm x 15 mm

Corning, Germany
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Cellulose nitrate filter

Sartorius Stedim Biotech, Germany

Cover slips

Menzel-Glaeser, Germany

Glass Bottle 100 ml VWR, Germany
Glass Bottle 500 ml VWR, Germany
Millicell Organotypic Inserts, 0.45 um Millipore, USA

Glass-Microscope slides

VWR, Germany

Micron Gold 1.6 um

Bio Rad, Germany

Pipette tips (0.2, 10, 20, 100, 200 pl and
1 ml)

Sarstedt, Germany

Polyvinylidene fluoride (PVDF) Millipore, Germany
membranes (pore size 0.45 pum)
Rupture Disc Bio Rad, Germany

Razor Blades

Rotbart, Germany

Single use Latex gloves

Roth, Germany

Sterile 6 well plates

Corning, Germany

Stopping screens

Bio Rad, Germany

Tecan plate reader
(Absorbance/fluorescence)

Tecan, Switzerland

Gel electrophoresis chamber

Pierce, Germany

Electrophoresis power supply EPS 3500

Pharamcia Biotec, USA

Gel run chamber

Hoefer, Germany

Image] software

National Institute of Health, USA

Incubator Heracell 150

ThermoScientific, Germany

IVIS (live imaging) software

Caliper, Germany

IVIS spectrum Caliper, Germany
LAS 3000 Raytest, Germany
LAS 3000; AIDA software Raytest, Germany
Office 2010 Microsoft, USA

Table-top Centrifuge (mini spin)

Eppendorf, Germany
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Olympus laser -scanning microscope
FV1000

Olympus, Japan

Pipette 10ul, 20ul, 100ul, 200ul, 1000 pl

Gilson, Germany

Helium pump (PSD100)

Bio Rad, Germany

Preparation Equipment

Sigma, Germany

Semi-Dry Blotting unit (Uniblot)

VWR, Germany

Stereo Microscope M76 Leica, Germany
Sterile Gard Hood The Baker Company, USA
Sterile Working bench ThermoScientific, Germany

Thermo mixer Compact

Eppendorf, Germany

Tissue Chopper Gabler, Bad Schwabach, Germany
Ultracentrifuge Beckmann TL-100
Vibratome VT1200S Leica, Germany

Vortex Genie 2

Scientific Industries, Germany

Water Bath GFL, Germany

4.3. LIST OF ANTIBODIES

Antibodies against the following epitopes | Company

GFAP Sigma Aldrich, USA
Ibal Wako chemicals, Germany
NeuN R&D systems USA
3-Actin Sigma, Germany

Nestin Acris, USA

Ki67 Abcam, Cambridge, UK
DCX Abcam, Cambridge, UK
Anti-BrdU Dianova, Germany
K9JA Dako, Germany
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GSK3p3 Life Technologies, USA
pGSK3p Cell signaling, USA
Wntb5a Abcam, UK

GAPDH Santa Cruz, USA

FITC Dianova, Germany
TRIC Dianova, Germany
Alexa-488 Dianova, Germany

4.4. LIST OF BUFFERS and SOLUTIONS

4.4.1. Slice culture media.

Components Volume in %
Minimal essential media (MEM) 50%
HBSS 25%
Horse serum (heat inactivated) 25%
Pen/Strep 0.04%
D-Glucose 25%

The pH of the slice culture medium was 7.4. The slice culture medium was

stored at 4°C and was used within one month.

4.4.2. Solutions for Inmunohistochemistry in organotypic hippocampal slice

cultures.

4.4.2.1. Fixation Solution.
4% Formaldehyde solution was prepared by adding 10 ml Formaldehyde (37%)
to 90 ml of 0.1M PBS (Phosphate buffer saline).

The fixation solution was freshly prepared before use.

4.4.2.2. Antigen retrieval solution.

10 mM Sodium citrate buffer, 0.05 Triton X-100, pH 6
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294 g of Tri-sodium citrate (dehydrate) was dissolved in 1000 ml of distilled
water.

The pH was adjusted to 6.0 with 1M HCl.

0.5 ml of Triton X-100 was then added and the solution was stored a€#for a

maximum of 6 months.

4.4.2.3. Permeabilization solution.
40 pl of 10% Triton X-100 (v/v) was added up to 1000 pl with 0.1 M PBS. The
permeabilization solution was stored at 4C for further used

4.4.2.4. Blocking Solution.
2 ml Horse serum and 0.3 ml Triton X-100 was mixed and adjusted to 100 ml
with 0.1M PBS.
The blocking solution was aliquoted into 50 ml falcon tubes and stored at -20°C

till further use.

4.4.2.5. Washing solution.
2.7 g Sodium phosphate monobasic (NaH POs), 11.5 g Sodium phosphate
dibasic (NaHPOs4) and 9 g Sodium chloride (NaCl), were dissolved in 1000ml of
distilled water. The pH was adjusted to 7.4.

4.4.3. Western Blotting.

4.4.3.1. Preparation of 2x lysis buffer (Stock solution; Volume: 40ml)
(aliquoted and stored at -20°C)

Reagents Final Concentration
0.25M Tris HCI, pH 7.4 100 mM

Pure Glycerol 20%

Pure NP40 (detergent) 2%

0.5M DTT 10mM
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0.5M NaEGTA/ EGTA 2mM
0.5M NaF (phosphatase inhibitor) 40mM
50mM Vanadate/ Sodium | 2mM
orthovanadate, Na3vO4

(phosphatases inhibitor)

H20 -

4.4.3.2. Preparation of 1x lysis buffer (Working solution) (Freshly prepared)

Reagents Final Concentration

2x Lysis stock solution -

5M NaCl 150mM

Protease inhibitor (Completete Mini) | 1X

100uM CHAPS 5mM
Benzonase 100U/ml
1pM Okadaic Acid 5uM

Millipore water -

The collected tissue samples were homogenized in 30ul of freshly prepared 1x

lysis buffer.

4.4.3.3. 10x Tris buffered saline (TBS) stock solution.
100 mM Tris HCL and 1.5 M NaCl was dissolved in 2.5 L of Millipore water.
The pH was adjusted to 7.5. IxXTBST (Tris buffered saline + tween) was prepared
by adding 100 ml of 10x TBS to 900 ml of Millipore water and 1 ml of Tween 20

was added to it.

4.4.3.4. 10x Blotting.
480 mM Tris HCl, 390 mM Glycine and 10 mM SDS was measured and
dissolved in 500 ml of Millipore water. The pH was adjusted to 8.9-9.1, finally
adjusted to 1000 ml
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100 ml of 10x Blotting buffer solution was adjusted to 1000 ml with Millipore
water.

4.4.3.5. 2x SDS running buffer.
50 mM Tris HCl, 7 mM SDS and 384 mM Glycine was measured and dissolved
in 500 ml of Millipore water. The pH was adjusted to 8.4, and the final volume
was adjusted to 1000 ml with Millipore water.
100 ml of 2x SDS running buffer was further diluted with 100ml of Distilled

water and the final 1xSDS running buffer was used as the working solution.

4.4.3.6. Blocking solution.

5 g Low-Fat milk powder was dissolved in 100 ml 1xTBST and used as the

blocking solution.

4.4.3.7. Preparation of 17% Gels for SDS-PAGE electrophoresis.

Ingredients (Solutions) 17% Resolving Gel 4% Stacking Gel
30% Acrylamide 34ml 5,3ml

1 M Tris-HCl pH 8,8 22ml -

0.25 M tris-HCI pH 6,8 . 20ml

H20 3ml 14,10ml

10% SDS 0,6ml 0,4ml

TEMED 0,12ml 80ul

10% APS 0,065ml 150l

4.4.3.8. Preparation of 10% Gels for SDS-PAGE electrophoresis

Ingredients (Solutions) 10% Resolving Gel 4% Stacking Gel
30% Acrylamide 20ml 5,3ml

1 M Tris-HCl1 pH 8,8 22ml -

0.25 M Tris-HC1 pH 6,8 - 20ml
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H20 16,6ml 14,10ml
10% SDS 0,6ml 400l
TEMED 0,12ml 80ul
10% APS 0,06ml 150ul

4.4.4. Solutions for Agarose gel electrophoresis.

4.4.4.1. 50xTAE buffer (stock solution).
2 mM Tris HCl, 950 mM Acetic acid and 100 ml 0.5 M EDTA (pH 8.0) was
added together and the volume was adjusted to 1000 ml with Millipore water.
1xTAE buffer was prepared by dissolving 20 ml of 50xTAE buffer in 980 ml of

Millipore water.

4.4.4.2. 0.5x TAE buffer (running buffer).
500 ml of 1xTAE buffer was diluted to 1000 ml with Millipore water.

4.4.4.3.1.8% Agarose gel.
1.98 g of Agarose was dissolved in 110 ml of 0.5xTAE bulffer.

The solution was allowed to boil in the microwave until it becomes clear.

4.4.4.4. 6x Sample Loading buffer.
0.01 g Bromophenol blue (0.25%), 0.01 g Xylencyanol FF (0.25%) and 0.6 g Ficoll

(Type 400) in water (15%) was all together dissolved in 4ml of Millipore water.

4.4.4.5. Ethidium Bromide Solution.
8 ul of Ethidium Bromide (Stock conc. of 1%) was dissolved in 200 ml of

Millipore water.
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4.4.5. Sample preparation for free floating vibratome brain section.

4.4.5.1. Fixation solution.
4% FA solution: 5.4 ml of Formaldehyde solution (37%) was dissolved in 44.6
ml of 0.1 M PBS. This solution had to be prepared fresh, shortly before fixing

the brain.

4.4.5.2. Storage solution.
30% Sucrose solution: 30 g of Sucrose was dissolved in 0.1 M PBS.

0.01% Azida was added to prevent contamination.
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5) METHODS

5.1. The transgenic mice.

Mice which express either the human Tau four-repeat domain carrying
the FTDP-17 mutation AK280 (Rizzu et al., 1999) (called Tau®"* or pro-aggregant
mice) or mice expressing TauRDAK280PP with two additional proline
mutations at positions 277 (1277P) and 308 (I308P), which prevent beta structure
formation (called Tau®*P** or anti-aggregant mice) (Figure 9) and reporter gene
Firefly luciferase under control of a bidirectional Tet-operon response element
(tetO) (Mocanu et al., 2008), were crossed with CaMKIIa-tTA mice (Mayford et
al., 1996b). This results in an inducible Tet-off system. A detailed description of
both mouse lines is given in the following chapter. The anti-aggregant TauRPA*?

mouse line is used for this study.
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Figure 9: The human Tau repeat domain constructs carrying the FTDP-17

mutation AK280. Four repeats located in the C-terminal half of Tau are highlighted in red (R1-R4).
Two hexapeptide motifs at the beginning of R2 and R3 (shown in black) promote Tau aggregation into
PHFs by inducing f3-structure. The FTDP-17 mutation AK280 localized within R2 strongly increases the
propensity for f-structure. This mutation is called as the pro-aggregant TauRDA mutation. The second
line indicates the anti-aggregant TauRDA-PP mutation. This mutation along with AK280, also has two
additional mutations of leucine to proline at sites 277 and 308 within the repeat domain. Fig modified
from (von Bergen et al., 2001)
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5.2. Origin of the TauRP constructs and principle of the switch-

off system.

Previous studies have shown that Tau®P* has a high propensity for f-
structure and strongly promotes Tau aggregation in vitro (Barghorn et al., 2000,
von Bergen et al., 2001), whereas TaufP**? does not aggregate and causes no
toxicity at least in transgenic mice (Khlistunova et al., 2006, Mocanu et al., 2008)
(Figure 9). Mice were generated either expressiddK28hulb
TauRDAK280PP under control of a Tet-operon response element (tetO) (Figure
10). Both mouse lines additionally carry the reporter gene Firefly luciferase
under control of tetO. The switch-off system was achieved by crossing mice
expressing a DOX depending transactivator (tTA) under control of the neuron
specific CaMKIIa-promoter (Mayford et al.,, 1996a) with transgenic Tau mice.
The transactivator bound to DOX is inactive and cannot bind to the tetO
element to promote transgene expression (switch-off modus, Figure 10; right
panel). In the absence of DOX the transactivator binds to the tetO element and
promotes transcription of Tau*P*" and luciferase messenger-RNAs (switch-on
modus, Figure 10; left panel). TauRP* expression caused aggregation, toxicity
and reduced plasticity of the hippocampus whereas Tau*P2*" expression leads

to an increase in long term potentiation.
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Figure 10: Doxycycline dependent switch-off system. Mice which express a Doxycycline
(DOX) depending transactivator (tTA) under control of the neuron specific CaMKlla-promoter

(Mayford et al., 1996) were crossed with mice expressing human Tau four-repeat domain carrying the
FTDP-17 mutation AK280 and two additional proline mutations (called TauRDAK28PP) and reporter
gene Firefly luciferase (LUC) under control of a Tet-operon response element (tetO) (Mocanu et al., 2008)
to generate an inducible expression system. The transactivator bound to DOX is inactive and cannot bind
to the Tet-operon response element to promote transgene expression (scenario shown on the right site). In
the absence of DOX the transactivator binds to Tet-O and promotes the transcription of TauRD and
luciferase mRNAs (scenario shown on the left site). Result is the simultaneous expression of reporter gene
LUC and Tau construct in neuronal cells of the mouse forebrain which can be switched off by application
of DOX. Fig modified from (Mayford et al., 1996a)

5.3. Genotyping of TauRPA*F transgenic mice.

Anti-aggregant Tau®PA*" transgenic mice were identified by polymerase
chain reaction (PCR) of genomic mouse tail DNA (DNA isolation; Invitek,

Berlin, Germany) using the primer pairs

IK11n CAT CGA TAT GCA GACAGCCC
IK12n CGT CGA CGGATCCTATTCAA
tTA-s3 TCA GCG CTGTGG GGCATTTT

tTA-as3 AAATCGTCT AGCGCGTCG GC
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5.4. Assessment of luciferase activity.

Since the anti-aggregant Tau®P**" transgenic mouse line was generated
by using a bidirectional promoter to produce besides TauRPAT?, the reporter
gene Firefly luciferase, its enzymatic activity can be used to investigate the
regional distribution and strengths of transgene expression. Bioluminescence
(photons / sec) was detected with a luminometer (IVIS, Spectrum; Caliper Life
Sciences, Germany) after incubation of slice cultures with 5 pg / ml of the
luciferase substrate D-luciferin (Caliper Life Sciences, Germany). Luciferase
substrate was applied 30 min prior measurement. The substrate is cell
permeable and Firefly luciferase reaction takes place inside the cytoplasm in
two steps by using Adenosine Triphosphate (ATP) as a cofactor:

Luciferase
D - Luciferin + ATP + O2 ———»  Oxyluciferin + CO2 + AMP + PP + photon

The reaction is very energetically efficient: nearly all of the energy input into the

reaction is transformed into light.

5.5. Preparation of organotypic hippocampal slice culture.

It was previously demonstrated that slices (300 - 400 pm thickness) from
developing brain tissue can be grown in culture for several weeks (Gahwiler et
al., 1997, Noraberg et al., 2005) in the form of organotypic hippocampal slice
cultures (OHSC). Studies have shown that neuronal morphology, cellular and
anatomical relations and network connections are maintained in slice cultures
(Zimmer and Gahwiler, 1987, Sundstrom et al., 2005). The organotypic slice
culture technique became an increasing popular tool with the development of
the roller-tube technique in 1981 by Gahwiler (Gahwiler, 1981) and later the
interface cultures in 1991 by Stoppini (Stoppini et al., 1991) modified by several
other groups (Noraberg et al., 1999, De Simoni and Yu, 2006). These studies all

took advantage of the isolated and well defined environment of the in vitro
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preparations. The most used donor sources have been rats and mice, but
rabbits, pigs and human fetuses have also been used. Most organotypic brain
slice cultures have been derived from neonatal (P0-P10) animals. The brain
areas that have been studied included the hippocampus, cerebellum, striatum
or retina. Organotypic slice cultures were previously used to investigate
mechanisms and treatment strategies for neurodegenerative disorders
including Parkinson’s disease (PD) (Madsen et al., 2003, Jakobsen et al., 2005,
Larsen et al., 2008), Huntington’s disease (HD) (Storgaard et al., 2000, Zhang et
al., 2005) and epilepsy (Thompson, 1993, Poulsen et al., 2005, Albus et al., 2008).
Furthermore, a number of pharmacological and genetic manipulations have
been demonstrated to be reproducible in organotypic slices (Cho et al., 2004,
Pringle et al., 1996, Ray et al., 2000, Lossi et al., 2009).

For the preparation of hippocampal slice cultures, 8 days-old mouse-
pups were used. The brain was carefully removed after the skull was opened
and then soon transferred into a plastic dish containing ice-cold culture
medium on a 2 cm x 2 cm piece of sterile cellulose nitrate filter (Cho et al., 2004,
Pringle et al., 1996, Ray et al., 2000, Lossi et al., 2009). Next, the cerebellum was
removed from the explanted brain and the brain hemispheres were separated
from each other with a scalpel. In the next step, the hippocampus was
explanted along a blood vessel that demarcates the border between the
hippocampus and the adjacent cortical areas. The tissue was then cut along this
blood vessel with a scalpel while the hemisphere is pinned to the culture plate
with a second scalpel. The explanted hippocampus was then placed on the
cellulose nitrate filter and transferred on a Mclllwain tissue chopper and cut
perpendicular to its length axis. The slice thickness is adjusted to 400 pum. The
hippocampus is then automatically cut into twenty to thirty slices depending on

the adjusted thickness and on the age of the animal. By means of a humidified



66

brush and the cellulose filter, the slices were transferred to a dish containing
ice-cold nutrition medium). The slices were then carefully separated from each
other and four to six single slices were placed on the membrane of a static tissue
culture insert in a six-well plate containing 1ml nutrition medium per well
(Figure 11). Only slices with an apparent and undamaged dentate gyrus (DG)
and cornu ammonis (CA) region were taken for cultivation. Damaged slices
were discarded. The six-well plates with the tissue culture inserts were then
transferred to an incubator with a humidified atmosphere containing 5% CO: at
37°C. The medium was changed completely the day after the preparation and
then every third day thereafter. A higher magnification of slice cultures lying on

the culture insert's membrane in vitro is shown in Figure 11.

Figure 11: Slice selection and culture arrangement imaged with increasing
magnification.

A) Four to eight slices were placed onto the membrane of a static tissue culture insert in a six-well plate.

B) Magnification taken from image A. Only slices with an apparent and undamaged DG and CA region
were selected.

5.6. Suppression of anti-aggregant TauRPAT? expression by DOX.

Doxycycline hydrochloride was dissolved in 1 ml of slice culture

medium at a concentration of 2 mg / ml. This stock solution was stored at minus
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20°C for several months. Suppression of the human Tau construct was achieved
by application of 1 ul of stock solution to the culture media resulting in a final
concentration of 2 pg / ml. This concentration was sufficient to inhibit transgene

expression completely when refreshed with each full-medium change.
5.7. Immuno-histochemistry of slice cultures.

5.7.1. Immunostaining.

Slice cultures were left attached on the Millicell culture membrane and
stained as free-floating sections in 6-well plates. Cultures were first fixed with
4% paraformaldehyde in PBS for two hours at 4 °C. After three times washing
with cold 1 x PBS, slices were permeabilized for 90 minutes at RT. Slices were
then blocked with 5 % BSA for 2 hours and afterwards incubated with the
primary antibody diluted in 1 x PBS for 2-3 days at 4°C. After washing with 1 x
PBS, slices were incubated with the secondary antibody for two days at 4 °C.
After washing, slices were mounted with Permafluor mounting solution, cover-
slipped and dried before imaging. The following primary antibodies were used:
monoclonal anti-neuronal nuclei (NeuN) antibody (Chemicon International,
Temecula, CA) (1:500), anti-glial fibrillary acidic protein (GFAP) (Sigma-
Aldrich, St. Louis, MO) (1:1000), K9JA (Dako, CA) (1:1000), anti-Ibal (Wako
Chemicals, Germany) (1:1000), Nestin (Acris, Germany) (1:500), Ki67
(Abcam,UK) (1:500), DCX (Abcam, UK) (1:500), Anti-BrdU antibody
(Dianova,Germany) (1:1000). All fluorescent (goat anti-rabbit/mouse cyanine 2,
3 and 5)-labeled secondary antibodies were from Dianova (Hamburg,

Germany) (1:1000).
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5.7.2. Diaminobenzidine staining for bright field microscopy and stereology
microscopy.

Mice were anesthetized with 2-bromo-2-chloro-1,1,1-trifluoro ethane and
killed by decapitation. The brains were removed and stored in 4% PFA at 4°C
during 3 days. Brains were change in a gradient of sucrose (10, 20 and 30%)
during 3 days. Brains were snap-frozen in liquid N2 and stored8@atC.
Serial coronals sections (40 um), obtained with a Cryostat NX-70
(ThermoFisher, MA), were processed for immunohistochemistry as free
floating. For diaminobenzidine (DAB) immunohistochemistry experiments,
endogenous peroxidases were blocked for 30—45 min in PBS containing 10%
methanol and 3% H2O2. Then, nonspecific protein interactions were blocked
with 10% horse serum for 30 min at room temperature. Tissue was incubated
overnight at 4C with NeuN (1:1000, neuronal marker; Millipore Bioscience
Research Reagents) primary antibody. Secondary antibody was incubated for
30 min incubation at room temperature. For the secondary antibody and avidin-
biotinylated peroxidase system, we used the Vectastain Universal Elite ABC kit
(Vector Laboratories). NeulN (1:1000, neuronal marker; Millipore Bioscience
Research Reagents) was used. Hippocampal volumes were measured by using
Stereo Investigator software on fully motorized Nikon microscope. Consecutive
sections (10-12 sections per animal) were visualized, and the borders of the
hippocampus were outlined. The volumes were calculated by multiplying the
sum of all sectional areas (square millimeters) by the distance between

successive sections (0.32 mm).

5.7.3. Confocal microscopy of slice cultures.
All images were acquired on an Olympus laser scanning microscope
FV1000, equipped with a confocal laser scanning unit, argon (Ar; 488 nm) and

helium/neon (He/Ne 543nm and 633 nm). The microscope was equipped with
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following objectives: 20 x, 40 x and 63 x magnification. Two/three channel
imaging images were acquired via sequential scanning mode. Image stacks
were collected for the whole hippocampus at lower and for hippocampal
subfields at higher magnifications. For imaging of dendritic spines the “zoom-
in” function was used. Hippocampal regions were scanned at a step size
ranging from 0.15 pm (for dendritic spines) to 0.7 pum (for low magnification
images of the whole hippocampus). Maximum projection images were
generated from the resulting Z stacks by using Image ] or Olympus imaging

software 2D function.

5.8. Diolistic labelling of organotypic slice cultures.

The lipophilic tracer 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine
perchlorate (Dil, Invitrogen) was used to investigate dendritic spines in
transgenic or control slice cultures. Dil uniformly labels neurons via lateral
diffusion in the plasma membrane at a rate of about 0.2 — 0.6 mm per day in
tixed tissue (Invitrogen manual). The dye allows imaging of whole neurons
including small structures like dendritic spines when excited at 549 nm
(resulting emission at 565 nm). When doing diolistic labelling, Dil-coated gold
particles are shot under high pressure into the slice tissue. For the preparation
of dye-coated gold particles 0.002 g of Dil were mixed with 20 ul of
dichloromethyane and 250 ul of double distilled water. The mixture was added
to 0.00075 g of gold particles (radius 1.6 pm) and mixed in a standard 1.5 ml
Eppendorf tube. The solution was sonicated for 20 min in a water bath at room
temperature. Then 20 pl of the solution was dried on macro-carriers (Biorad) at
37 °C for at least two hours. Macro-carriers were stored at 4 °C (protected from
light) and used within one day. Dil coated gold particles were applied under
high pressure in living slice cultures by using the BioRad PDS100/ helium

pump with following settings: a) 2 cm distance between sample and macro-
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carrier b) 650 psi rapture disks. After shooting slices were immediately fixed
with fixation solution and stored at 4°C for at least 48 hours before imaging by

using Tritc-filter settings.

5.9. Assessment of spine density.

The spine density of apical dendrites of CA1l pyramidal neurons was
estimated after 5, 10 and 20 days in vitro after Dil labeling apical dendritic
primary and secondary branches (> 150 um away from the cell soma see
(Fig. 16) were imaged by using high resolution confocal microscopy at a step
size of 0.15 um. Spines were counted from resulting Z-stacks and estimated as
spines / um by using Image] plugin’s Neuron Tracer and cell counter. Cell
Counter was used to allow a proper spine counting and Neuron Tracer was

used to measure the dendritic lengths.
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Figure 12: Assessment of apical dendritic spine density in stratum radiatum of
area CA1.

5.10. Bromodeoxy uridine incorporation assay in organotypic
hippocampal slice cultures.

50 puM of Bromodeoxy uridine (BrdU) was applied to the culture media
in which the slices were cultured. The BrdU application was done from DIV 15
till DIV 30. The slices were then fixed with 4% FA overni{ghdandt 4
permeabilized with 4% Triton X 100 in 0.1M PBS. After permeabilization the
slices were incubated with 1N HCI for 10 min on ice to denature the DNA and
thereby to expose the BrdU incorporated parts in the DNA. Next the slices
were incubated in 2N HCI for 10 min at RT, later moved it to a 37°C incubator
for 20 min. The denaturing effect of HCl was nullified by washing the slices
with borate buffer for 12 min at RT. Slices were then washed with 0.1M PBS

with 1% Triton X-100, 3 times 5 min each at RT. Next the slices were blocked
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with 0.1M PBS + 1% Triton X-100 + 1M Glycine and 5% horse serum for 1 hour
at RT. Then the slices were incubated with the respective primary antibodies for
3 days followed by the respective secondary antibodies for 2 days a&€4inder

constant shaking.

5.11. Bromodeoxy uridine incorporation assay in P8 pups.
Neurogenesis within the CNS is demonstrated using an exogenous cell

tracer, BrdU. It is a thymidine analogue that incorporates into the dividing cells

during DNA synthesis. BrdU is injected intraperitonially and the dosage

depends on the experimental requirements.

e
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BrdU
injected
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Figure 13: BrdU injection in P8 animals. Post-natal day 8 animals were used for the
experiments. The animals from the control and the anti-aggregant TauRDA-PP groups were injected with
50 mg/kg body weight and kept alive for 2 hours. After the two hour time window, the animals were
sacrificed and their brains removed. The expression of the anti-aggregant TauRDA-PP was measured by
IVIS. Following which the brains were fixed and cut into 40um thick, free floating vibratome sections.
The free floating sections were immunostained for different markers for proliferation and differentiation.

For the experimental procedure post-natal day 8 animals from the
control and the anti-aggregant TaufPA™" groups were selected. The body-weight
of the animals was measured following which, 50 mg /Kg of BrdU dissolved in
saline, was injected. Two hours post injection, the animals were sacrificed and
the brains removed. The expression level of anti-aggregant Tau®P2** was
measured by bioluminescence. The highest expressers were used for further

analysis.
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5.12. Western blot analysis.

To estimate protein expression in the hippocampal lysates from slice
cultures and also from the adult brain, the semi-dry western blot technique was
used. Cultured hippocampal slices were homogenized in 10 pl lysis buffer.
Proteins were resolved by SDS-PAGE (10% or 17% polyacrylamide gels) and
transferred to polyvinylidene fluoride (PVDF) membranes (size of the
membrane: 9 cm x 6 cm = 54 ¢cm? during blotting 1.5 mA / cm? was used
(81mA)). The membrane was incubated in 5 % non-fat milk in TBST for 1 h at
room temperature, washed with TBST and incubated overnight in primary
antibody solution at 4°C or for one hour at 37 °C. The membrane was washed
with TBST and incubated with the secondary antibody (Dako, Germany) for 1
hour at RT which was coupled to horseradish peroxidase (HRP). The
membrane was developed by using ECL Western Blotting Detection Kit (GE
Healthcare, USA) and analyzed by densitometry (LAS 3000; AIDA software).
The following antibodies were used: pan-Tau antibody KO9JA (1:5000);
pGSK313(Y216) (Biosource) (1:1000), pGSK3£(S9) (Cell signaling, USA) (1:1000),
Wnt5a (Abcam, UK) (1:1000), GFAP (Sigma-Aldrich, St.Louis, MO) (1:1000),
GAPDH (Santa Cruz, USA) (1:1000) and secondary antibodies, HRP-anti-
rabbit and HRP-anti- mouse (Dako, US).

5.13. Assessment of neuronal cell number in area DG, CA1 and

CA3.

For further investigation of neurotoxicity, immunohistochemistry of slice
cultures against neuronal nuclei protein (NeulN) was done to visualize the
neuronal cell layer of the dentate gyrus (DG) and cornu ammonis (CA) area.
NeuN is a DNA-binding, neuron-specific protein, which is present in most
excitatory neuronal cell types of the central nerve system (CNS). NeuN protein

distribution is apparently restricted to neuronal nuclei, perikarya and some
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proximal neuronal processes (Mullen et al, 1992, Wolf et al, 1996).
Immunohistochemistry with antibodies against NeuN antigen was done in
accordance to the description under 3.4.5. The number of neurons (NeulN
expression cells) was counted in area CA1l, CA3 as well as from the DG by

using Image] software (NIH).

5.14. Statistical analysis.

Statistical analysis was done by wusing statistic-software Prism5
(GraphPad, California, US). Evaluation of data from neuronal number,
microglial number, spines, western blot analysis and bioluminescence was
performed using an unpaired Student’s t-test. Correlation was tested in

accordance to Pearson. Data are shown as mean +/- SEM. p values are as

follows: *p < 0.05, **< 0.01, **p < 0.001 and ***p < 0.0001.
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6) RESULTS

6.1. General aspects of slice cultivation.

Organotypic hippocampal slice cultures (OHSC’s) were used to monitor
the development of neuronal and non-neuronal cell types. The rate of
preparation, age of pups, pH stability and glucose concentration of the culture
media were identified as critical parameters of slice cultivation. Best
preservation of the tissue architecture was achieved with animals not older than
post-natal day ten, in minimal essential medium (MEM) including high serum
(25 % v/v), 0.45 % (w/w) of glucose and pH 7.3 - 7.4. Under these conditions
slices were viable for at least five weeks. Slice thickness was adjusted to 400 um
to enable gas support of the inner cell layers. The hippocampus was separated
from large parts of the entorhinal cortex although some cortical cells remained.
During cultivation tissue thickness decreased to ~150 um and simultaneously
doubled in diameter (203 +/- 33 % (n = 3). Although tissue flattening and tissue
extension occurred, the typical hippocampal morphology was still able to be
visualized with immunohistochemistry in five week old cultures with an
antibody against the neuronal nuclear protein (NeuN). All hippocampal sub
regions including area CA1, CA3 and DG remained preserved. Immunolabeling
for NeuN was not seen inside the slice rim indicating that slice extension is
caused by cell movements other than neurons.

The first two post-natal weeks in rodents are a critical period with regard
to naturally occurring neuronal death (NOND) in different brain areas (Lossi L
et al., 2009). Fetal tissue survive very well in slice cultures but the organotypic
organization is often distorted and/or poorly preserved, given that early in
development massive neuronal migration and major rearrangements of

neuronal circuits still occur (Hocke et al., 2007).



76

6.2. Bioluminescence measurements on organotypic
hippocampal slice cultures to determine transgenic TauRPA-*?

expression.

Luminescence refers to the emission of light from a substance. If the
reaction takes place within the living organism it is called bioluminescence
(BLI). In the presence of adenosine-5-triphosphate (ATP) and molecular oxygen,
luciferase generates an oxidized excited intermediate substrate which emits a
photon when returning to the basic state. Thus, bioluminescence is based on the

following reaction

Luciferase
D -Luciferin+ATP+0Q2 —— Oxyluciferin + CO2 + AMP + PP + photon

The transmission of photons is optimal in the near-infrared spectrum beyond
600nm. The longer the wavelength, the greater is the penetration in living
tissue. Firefly luciferase emits a high proportion of red light (>600nm) and this
makes it favorable for in vivo imaging approaches, especiall¢.aAB7

increase of luciferase activity is observed with the peak emission of 612nm and
~64% of emitted light is >600nm. D-Luciferin is a low molecular weight organic-
compound (318.41 g/mol). Importantly, human Tau variants are expressed
together with a luciferase reporter on the same plasmid but not as a fusion
protein under control of the bidirectional transactivator (tTA)-responsive
promoter (Ptetbi-1). The bidirectional promoter element ensures co-regulation
of both genes, whereas a forebrain-specific expression of tTA using the
calcium/calmodulin-dependent protein kinase II (CaMKIlla) promoter
ascertains expression of Tau and luciferase in AD-relevant brain structures.

Gene expression can be switched off by application of DOX 150mg/kg body
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weight of D-luciferin is injected into animals i.p and peak emission was
observed 15 to 20 min post injection and quantified as total flux in photons per
second (Hochgraefe and Mandelkow, 2013)

In mice, the expression of the anti-aggregant Tau*P*? was switched-off
for 8 months by the administration of DOX via drinking water, after which the
administration of DOX was stopped. The withdrawal of DOX resulted in a
delay in the start of expression of the human anti-aggregant Tau*P*** protein
(Hochgraefe and Mandelkow, 2013). Similarly, when OHSC’s were prepared
from pups born from pregnant animals treated with DOX, the slice cultures did
not show any expression of the anti-aggregant TaufP***. Because of this reason
the pregnant animals were not administered with DOX to prevent the
embryonic expression of the anti-aggregant TauRrPA*F. Therefore the expression
of the anti-aggregant Tau®P*™" was from the embryonic stages onwards. Post-
natal day 8 animals were used for the preparation of OHSC’s. We wanted to
investigate the expression level of anti-aggregant Tau*°2*f in P8 pups before we
could start with the preparation of OHSC’s. Therefore we measured the
bioluminescence in whole brains of these P8 animals after sacrificing them and
dissecting their brains (Figure 14). The brains from the anti-aggregant TauRPA-""
pups, showed enhanced bioluminescence signal as measured by IVIS. The
expression was high in the forebrain region as seen by the red colour (Figure
14). The other regions of the brain, like cerebellum, show a lower amount of

anti-aggregant Tau®PA** expression.
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Figure 14: Bioluminescence measurement done on brains from P8 animals. Post-
natal day 8 animals were killed by cervical decapitation. The brains were removed and placed on a petri-
dish on ice. Immediately 5ul of 2uM D-luciferin was added on top of the brain and placed inside the
bioluminescence chamber for measurements. The first panel shows a whole brain from a control animal
where there is no bioluminescence signal. The second panel shows a whole brain from an anti-nggregant
TauRPAPP guimal, which had a high bioluminescence signal of 2.0-6.0x 107 photons per second. All the
transgenic animals with high bioluminescence signals were selected for further study and used for the
preparation of organotypic hippocampal slice cultures.

OHSC’s were prepared from P8 pups from both the control and the anti-
aggregant TaufP2™" groups. The slices were cultured under normal culturing
conditions for the required time period in 6-well plates. When the cultures were
one day in-vitro (at DIV1) we checked for the expression of the anti-aggregant
TauRPAPP in the slices prepared from the anti-aggregant Tau*P2*" groups (Figure
15). For analyzing the expression of the anti-aggregant Tau®PA*F in slices, we
directly applied D-luciferin into the culture media. The intensity of the
bioluminescence signal was seen at its maximum in the CA1 region of the
hippocampus (shown in red) (Figure 15) and also in the subiculum. The CA3

and the DG region showed lower expression of the anti-aggregant Tau®PA-".
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Figure 15: Bioluminescence image of a single hippocampal slice from the anti-

aggregant TauRP4-P? mouse at DIV 1. The organotypic hippocampal slices were prepared from
anti-aggregant TauRPAPP pup at post-natal day 8 and its expression was measured via bioluminescence.
The image depicts a single hippocampal slice with the expression pattern of the anti-aggregant TauRPA-PP
along with the luciferase signal as seen by bioluminescence. The highest signal was seen in the CA1 and
the subiculum region of the hippocampus; whereas a moderate amount of signal was seen in the CA3 and
the DG regions of the hippocampus.

As mentioned before in Tau transgenic mice, luciferase and human TauRP
are regulated simultaneously by a bidirectional promoter but are transcribed as
individual mRNAs and not as a fusion construct. Therefore post-transcriptional
modifications and translation of each mRNA occur independently, which may
lead to disproportional protein levels. In addition, both proteins are degraded
by different pathways: Tau is degraded by autophagy and proteasomal
pathways, luciferase is targeted to peroxisomes. BLI signal intensities of
~1x107p/s corresponded to a 40-50% overexpression of human Tau®” over
endogenous mouse Tau. The half life of luciferase is ~3-6 hours, whereas for
pro-aggregant Tau®P? it is ~14 days (Hochgraefe and Mandelkow, 2013).

The OHSC’s were cultured until DIV30. The expression level of the anti-
aggregant Tau®P*** was monitored every fifth day until DIV30 (Figure 16).
There was a reduction of the transgene expression as measured by

bioluminescence during the culturing period.
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Figure 16: Expression level of the exogenous human TauRPAPP construct in the
hippocampal slice cultures prepared from anti-aggregant Tau®P*-** animals,

measured by bioluminescence. The bioluminescence measurement in the organotypic
hippocampal slices was taken at different time points to observe the expression level of the anti-aggregant
TauRDA-PP in our model. The bioluminescence signal was reduced over the culturing period. Data was
analyzed by Student t-test ** p- value < 0.01 ***p<0.0001.

There was a 30% reduction of the transgene expression as measured by
bioluminescence. The reduction was significant only at later stages of the
culturing period. This can be compared to similar bioluminescence signals seen
in live animals (Hochgraefe and Mandelkow, 2013). In transgenic mice it is
reported that initially there is a strong upregulation of the luciferase expression
during the first two post-natal months. From three months onwards there is a
stable expression of the transgene, which lasts up to 22 months. In the OHSC’s
there was a slight upregulation of the transgene expression from DIV1 to DIV10
(data not shown). From DIV10 to DIV30 there was a gradual decrease of the

transgene expression by ~60& (Figure 16).
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6.3. Increased neuronal number (NeuN positive cells) in the anti-

aggregant TauRPA TP slice at DIV30.

OHSC’s were immunostained for NeuN, a marker for matured neurons,
as described in 4.4.2. Overview images of the slices were obtained. The slices
showed intact hippocampal morphology in both the control and the anti-

aggregant Tau®P*™" groups (Figure 17).

Ctri Anti-agg

Figure 17: Larger hippocampus was observed in the anti-aggregant TauRPA-TP

slices at DIV 30. Overview image of a single organotypic hippocampal slice at DIV 30
immunostained with NeuN antibody: The left image shows a control and the right image shows an anti-
aggregant TauRPA-PP slice stained with NeuN antibody, a marker for mature neurons. The overview image
of the hippocampal formation showed a much larger hippocampus with an increased number of neurons.
Scale bar: 200um

Overall there was an impressive increase of the size of the hippocampus

as seen in the slices from the anti-aggregant TaufP2*? groups compared to the
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age-matched controls (Figure 17). The increase was apparent in all regions of

the hippocampus like CA1, CA3 and DG.

Figure 18: Individual regions of the hippocampus, the CA1, CA3 and DG. DIV 30
organotypic hippocampal slices were fixed and immunostained for NeuN antibody (a mature neuronal
marker). Slices were imaged with the Olympus Fluoview1000 laser scanning microscope with 60x oil
immersion. Z-stacks were taken with a thickness of 1um. All three regions of the hippocampus, CA1, CA3
and DG were imaged. The Z-stacks were then merged to one single image with the help of Image]
software. The NeuN* cells were counted manually for both the control and anti-aggregant TauRDA-PP
groups with Image] software. Scale bar: 50um (n=30 slices; 3 slices /animal).

We wanted to verify whether this overall increase in the size of the
OHSC’s from the anti-aggregant Tau*P*™" groups was due to an increase in the
total neuronal number. Therefore the total number of neurons in each region of
the hippocampus like CAl, CA3 and DG were imaged (Figure 18) and
manually counted with the help of the Image] software. All cells positive for
NeuN were counted. The pyramidal neurons as well as the granular neurons
were clearly distinguishable with their morphology. Our previous data from
the pro-aggregant Tau*"* model had extensive pathology in the CA3 and CA1l
regions of the hippocampus. This pathology was correlated with neurons

showing missorted Tau in the somato-dendritic compartment especially in the
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CA3 region (Sydow et al., 2011, Mocanu et al., 2008). This pathology in the adult
mice was clearly reproducible in the OHSC’s which also showed neuronal loss
especially in the CA3 region (Messing et al., 2013). These observations from our
pro-aggregant TauRP* mice further increased our interest to analyze OHSC's
from the anti-aggregant TaufP**F mice, as they showed an increase in neuronal
number specifically in the CA3 region. The CA1, CA3 and DG regions of the
hippocampus were individually imaged with a higher magnification (60xoil)
and the analysis confirmed that the neuronal number was strongly increased in

the anti-aggregant Tau*P*** groups.
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Figure 19: NeuN counting done on organotypic hippocampal slice cultures at

DIV 30 in the control and the anti-aggregant Tau®PA*P groups. The total number of
NeuN+ cells was counted in different regions of the hippocampus the CA1, CA3 and DG. The CA1, CA3
and DG regions in the anti-aggregant TauRDA-PP showed a significant increase in the total number of
neurons that were positive for NeuN. Data was analyzed by Student t-test ** p- value < 0.01
###%4p<0.0001; n=30 slices; 3 slices /animal.

It has been reported, that in OHSC’s of WT mice, there is an age

dependent decrease in neuronal number in the CA1, CA3 and DG regions. We
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have also seen a pronounced reduction in neuronal number in the
hippocampus of the pro-aggregant TauRfP* transgenic models from our
laboratory (Messing et al., 2013). Here in the OHSC’s from the anti-aggregant
TauRPAPP mice we saw a significant increase in the total number of matured
neurons in all three regions of the hippocampus with emphasis on the CA3
region. This showed that the anti-aggregant Tau®P™", which cannot aggregate,
somehow increased the neuronal number impressively in the CA3 region
whereas in the case of the pro-aggregant Tau*P the aggregation of Tau caused a
drastic reduction in the neuronal number in the same CA3 region (Messing et
al., 2013). These results suggest that the hippocampus is important for both
neurodegeneration as well as neurogenesis. It raises the question whether the
increase of hippocampal neurons is due to neurogenesis or decreased neuronal

cell death.

6.4. Physiologically active microglia are observed in the anti-

aggregant TauRPAT?P slices at DIV 30.

In order to understand the cause of the increase of neurons in the
hippocampus we started to investigate factors and conditions that influence
neurogenesis. It was reported that microglia play an important role in
neurogenesis. Microglia constitute about 15% of the total glial cells in the adult
brain (Lossi et al., 2009). They are abundant in the DG. They mediate
inflammation-induced reduction in neurogenesis. However, the role of
microglia in neurogenesis under physiological conditions remains poorly
understood. The number of microglia in the DG is strongly inversely correlated
to the number of stem/progenitor cells in the granular cell layer. In co-culture
experiments, microglia but not astrocytes reduced the number of neuronal
progenitor/glial cells despite the absence of inflammatory stimuli (Gebara et al.,

2013). Experimental activation of microglia by the administration of the
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bacterial endotoxin LPS decreases adult neurogenesis by specifically inhibiting
the proliferation or survival of the new neuronal cells (Bernardino et al., 2008,
Mosher et al., 2012). These effects may be mediated by the release of cytokines
such as IL-6, TNFa, IL-18 from microglia, since these molecules show an
inhibitory effect on adult neurogenesis in vitro or in wvivo. Normal
physiologically active microglia are also needed as they are involved in the
regulation of physiological mechanisms such as dendritic spine maintenance or
the homeostasis of the neurogenic niche by the removal of newly born cells that
die by apoptosis (Gebara et al., 2013). Reduced microglial number is found to be
correlating with increased neurogenesis and cell proliferation in C57Bl/6 mice
(Sultan et al., 2013). Microglia in their normal physiologically active form may
also secrete anti-inflammatory factors like IL10, which in turn might regulate
adult neurogenesis in the normal brain (Perez-Asensio et al., 2013).

Therefore we investigated the status of microglial activation and the total

number of microglia in our anti-aggregant TauP*™" slices at DIV30.

Ramified Intermediate Activated/ Phagocytic

Figure 20: Different stages of microglial activation as seen in organotypic

hippocampal slice cultures. OHSC at DIV 30 were fixed and immunostained for matured
neurons (NeuN, red) and microglia (Ibal, green). The first image shows a ramified microglia which had a
cell body with many processes. The next stage in microglial activation is the intermediate form, where the
microglia retracts their processes. The third stage is the activated or the phagocytic form of microglia
where it retracts all its processes and has a rounded or bigger cell body. The phagocytic form shows a
microglia that has engulfed debris, which could be a dead neuron. Scale bar- 10um.
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OHSC’s were immunostained with Ibal, for microglia (shown in green) and for
matured neurons with NeuN (shown in red) (Figure 20). Initially we saw
different morphologies of microglia in the organotypic hippocampal slice
cultures at DIV 30 of the WT mice. In young slice cultures we saw more of the
ramified form of microglia in both control and anti-aggregant Tau*P2** groups.
These ramified forms of microglia have many processes protruding from their
cell body and they also have smaller cell bodies. As the cultures age or get
matured, there were modifications in the microglial morphology. In the aged
cultures the microglia are in their activated or phagocytic forms (Figure 20).
This can be due to the chronic inflammation which takes place in the aged brain
(Njie et al., 2012). When there is activation of microglia because of inflammation
or aging, the microglia take up the phagocytic form or the activated form,

which can be seen by retracted processes and enlarged cell bodies.
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Figure 21: No activation of microglia was seen in the anti-aggregant TauRPA-PP

slices at DIV30. OHSC at DIV 30 were fixed and immunostained for NeuN (matured neurons in
red) and Ibal (microglia in green). Different regions of the hippocampus CA1, CA3 and DG in the
control and anti-aggregant TauRDA-PP slices were imaged with confocal laser scanning microscopy. The
control slices showed the activated form of microglia when compared to the age matched anti-nggregant
TauRDA-PP slices which showed ramified forms of microglia. The anti-aggregant TauRDA-PP slices
showed decreased number of microglia in all the three regions of the hippocampus and the microglia were
also in their normal physiologically active form. But in the control slices the microglia are in the
intermediate or active form which could be related to normal aging. (n=30 slices; 3 slices /animal). Scale
bar: 50um; n=30 slices; 3 slices /animal.

We stained OHSC’s with NeuN for matured neurons and Ibal for total
microglia. The total number of Ibal positive microglia was counted manually
with the help of the Image] software. We saw a reduction in the total number of
microglial cells, all positive for Ibal, in the anti-aggregant Tau®PA" slices when
compared to the age-matched control littermates. Along with the reduction of
the microglial number there was also a reduced activation of the microglia in
the anti-aggregant TauRrPAF slices (Figure 21). The morphological observations

showed that the microglia in the anti-aggregant TauRP*f" slices had a



88

predominantly ramified appearance, even at DIV 30. By contrast, the microglia
in the control slices were increased in number and showed more of activated or
phagocytic forms. Interestingly in the DG region of the hippocampus the
microglia in the anti-aggregant Tau®P*** slices did not span the granular cell
layer, but stayed in a specific orientation surrounding the granular cell layer of
the hippocampus. In contrast, in the control slices the microglia did span the

granular cell layer.

&
>
'(‘)& ' # of Iba1*cells at DIV 30
<
*hkk
. 2 300
7]
o N —
- 201 -
.= . |ba1 3
. 100
o)
TS
- 0 T
== Actin Ctrl Anti-agg

Figure 22: Decrease of the total number of microglia cells in the anti-aggregant

TauRPA-PP glices at DIV30. The total number of Ibal positive cells was manually counted with the
help of the Image] software. There was a 30% reduction in the total amount of microglia in the anti-
aggregant slices at DIV30, when compared to the age matched control littermates (n=30 slices; 3 slices
lanimal; Unpaired t-test **** p- value < 0.0001). The left image shows a western blot using Ibal antibody
against the hippocampal lysates from control and anti-aggregant slices at DIV30.

The organotypic hippocampal slices were collected at DIV30 for further
biochemical analysis. Western blot analysis was performed with the

hippocampal lysates prepared from control and anti-aggregant Tau®PA" slices.

There was a reduction in Ibal protein levels in the anti-aggregant TaufPA™?
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hippocampal lysates (Figure 22) and this correlates with the reduction of Ibal

positive cells as analyzed by Image]J software.

6.5. Physiologically active astrocytes are observed in the anti-

aggregant TauRPATP slices at DIV 30.

Astrocytes exert profound effects on neuronal development as they
provide support for neuronal survival, axon and dendritic outgrowth and
synaptogenesis. These effects are mediated by a variety of factors that are
released by the astrocytes. Several studies show that astrocytes cause
neuritogenesis and synaptogenesis in neurons (Ullian et al., 2001, Clarke and
Barres, 2013). During normal aging, the astrocytes convert to a reactive
phenotype and there is also an increased rate of proliferation of the astrocytes.
During normal aging there is no further differentiation of astrocytes, when
compared to young (2 month) mouse brain (Capilla-Gonzalez et al., 2014).

We wanted to see the status of the astrocytes in the anti-aggregant
TauRPAPF and the control slices at DIV30. We first observed that the astrocytes
like the microglia are also of different morphology in the slice cultures (Figure
23). They were of the radial form with long elongated processes, the
intermediate form with shorter processes and then the activated star shaped

form.
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Figure 23: Different forms of astrocytes seen in organotypic hippocampal slice

cultures at DIV30. Organotypic hippocampal slice cultures from the WT mice are fixed at DIV30
and immunostained for mature neurons (NeuN, red) and astrocytes (GFAP, green).The above image
depicts different stages of astrocytes as seen in organotypic hippocampal slice cultures. The astrocytes can
be differentiated into three different forms based on their morphology, the radial, intermediate and the
active form. Scale bar- 10um

Figure 24: Activated astrocytes were not present at DIV30 in the anti-aggregant
TauRPA-PP glices. Slices from the control and anti-aggregant TauRDA-PP groups were fixed at DIV30 and
immunostained for mature neurons (NeuN in red) and astrocytes (GFAP in green). More star shaped
astrocytes were seen in the control slices and more radial astrocytes were seen in the anti-nggregant
TauRPA-PP slices, in the CA1, CA3 and DG regions of the hippocampus. Scale bar-50um n=30 slices; 3
slices/animal.
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We observed different forms of astrocytes in different regions of the
hippocampus. The control slices had more star-shaped astrocytes in the CAl,
CA3 and DG regions (Figure 24). The anti-aggregant Tau*P*** slices had radial
type of astrocytes in the CA1 region and more of the intermediate forms in the
CAS3 and DG region. Unlike microglia, the astrocytes were more difficult to be
counted manually, because of their extended long processes which move
through all the cell layers of the slices. By the morphological analysis we
conclude that the astrocytes in the anti-aggregant Tau®P™T slices were more in

the RGL form than the more star-shaped astrocytes in the controls at DIV30.
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Figure 25: Astrocytic GFAP protein levels in western blots show no significant

increase in the anti-aggregant TauRPAP? slices at DIV30. Hippocampal lysates were
prepared from the control and the anti-aggregant TnuRDA-PP slices and used for western blot analysis
against GFAP antibody for total astrocytes. The figure shows the western blot for total GFAP levels in the
hippocampal lysates from the control and the anti-nggregant TauRDA-PP slices. The graph represents the
quantification of the western blot for the total amount of astrocytes in the control and the anti-aggregant
TauRDA-PP groups. There was a slight increase in the total amount of astrocytes in the anti-aggregant
TauRDA-PP groups, compared to the age matched control littermates. The western blot analysis was
done from three different animals of the anti-aggregant TauRDA-PP group and two animals of the control

group.

The hippocampal slices were collected at DIV 30 from the control and the

anti-aggregant TauRfPAPP groups and used for further biochemical analysis.
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Total protein levels of astrocytes were detected by blotting against GFAP
antibody (Figure 25). The total amount of astrocytes in the anti-aggregant

TauRPAPP group was not significantly increased compared to the controls.
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6.6. No change in spine density.
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Figure 26: No change in spine density in the apical and basal dendrites of the

CA1 pyramidal neurons. DIV30 Organotypic hippocampal slice cultures were labeled with Dil
with the help of a gene gun. (A) CA1 pyramidal neurons labeled with Dil. The cell body and the apical
dendrites of the CA1 pyramidal neurons were clearly visible. (B) Higher magnification images of one
dendrite from the control and the anti-aggregant TauRDA-PP group. Scale bar 10um. These higher
magnification images were used for counting the total number of spines per 10um length of the dendrite.
(C) Quantification of the total number of spines per 10um length of the dendrite in the control and the
anti-nggregant TauRDA-PP groups. There was no difference in the total number of spines per 10um
dendrite length between the groups. n=30 neurons taken from 15 slices prepared from 5 different animals

/group.
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We wanted to see whether an increase in the neuronal number causes
some change in the spine density. Therefore the organotypic hippocampal slice
cultures at DIV 30 were labeled with Dil with the help of the gene-gun. The
CA1 pyramidal neurons that were randomly shot by the gene gun were used
for spine counting (Figure 26). Spines in both the apical and basal dendrite of
the pyramidal neurons were imaged and counted manually with the help of the
Image] software. There was no change in the spine density in the anti-aggregant

TauRPATT slices compared to the age matched control slices.

6.7. Increase in the total number of proliferating BrdU positive

cells.

6.7.1. The BrdU incorporation assay.

5 Bromo-2’-deoxyuridine (BrdU) is a thymidine analogue that is used in cell
proliferation studies. BrdU is incorporated into the DNA during DNA
synthesis. The molecular weight of BrdU is 307.1. BrdU labeling can be done
either in-vitro for cell culture or tissue culture experiments or in-vivo in
experimental animals.

For in-vivo studies 50 pg/ml BrdU in saline was injected intraperitonially in
the anti-aggregant Tau®PA*? mice at post-natal day 8 (Figure 13). The animals
were kept alive for 2 hours because 2 hours post injection is a short time for the
new born cells to migrate from the region of birth or die by apoptosis and thus
the rate of proliferating and the niche of the dividing cells can be studied.

BrdU positive cells are seen even after 30 min post injection in animals
(Namba et al., 2005). At post-natal day 5, the hilar region of the hippocampus
contains many proliferating cells. At post-natal day 5 the hilar region has many
BrdU positive cells, which are later found in the inner half of the granular cell

layer at P12 and P19 animals. Similarly in rats a dense population of Ki67
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(proliferation marker) positive cells are found in the hilus and partly in the
SGZ, from P5-P8. This distribution gradually changes with age. At P19, the Ki67
positive cells are mostly seen in the SGZ and no more at the hilus region of the
hippocampus (Namba et al., 2005). The process of neurogenesis seen in P19
animals is nearly identical to that of adult neurogenesis (Altman and Das, 1965,
Seki and Arai, 1993, Kuhn et al., 1996, Gould and Gross, 2002). The total number
of BrdU positive cells increase from P5-P8, but does not change between P8 and
P19 (Namba et al., 2005). This is the main reason why we selected P8 animals
for the preparation of OHSC's, so that we can analyze the post-natal and early
adult hippocampal neurogenesis and also analyze adult hippocampal
neurogenesis at later time points of slice culturing. The length of the cell-cycle
of the granule cells is estimated to be 16-25 hours in live rats (Cameron and
McKay, 2001, Nowakowski et al., 1989). Experiments done by transfecting EGFP
into DIV14 slice cultures have shown that the slice cultures intrinsically retain a
neurogenic potential quantitatively similar to the hippocampus in the living
animal. 25% of retrovirus (EGFP) transfected cells were also positive for NeuN.
This stands as a proof that small, but not all populations of the dividing cells
become mature neurons in the slice cultures after a period of 2-3 weeks

(Kamada et al., 2004)
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Figure 27: BrdU gets incorporated into the proliferating cells which can be
detected by immunostaining with Anti-BrdU antibody as seen in OHSC’s at

DIV30. The above image is a representation of the CA1 region that is immunostained with both NeuN
(red) and BrdU (green). The arrows show a single cell that is immunostained for both NeuN and BrdU
(Merge). The star shows a single cell that is immunostained only for BrdU.

BrdU labeling in OHSC’s was done by adding 50 mM BrdU (freshly
prepared) in 1 ml of slice culture media and used for in-vitro slice culture
studies. Since BrdU is incorporated into DNA during mitosis, its density
diminishes during the following cell divisions (Dayer et al.,, 2003). Because of
this reason we added 50uM BrdU into the slice culture media, every second day
after media change, thereby preventing the disappearance of highly
proliferating cells by BrdU immunoreactivity. The application of BrdU in the
slice cultures began at DIV15 so that the dividing cells from DIV15 onwards
take up the BrdU label. DIV15 of the culturing period in OHSC’s can be
compared to the adult life of the animal. Therefore the BrdU positive
proliferating cells in OHSC’s from DIV15 indicate the rate of proliferation in the
adult live animal. Organotypic hippocampal slice cultures are believed to
become matured from DIV14 onwards comparable to the adult life of the

animal.
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Control

Figure 28: Control and anti-aggregant TauRPA-*? slices treated with BrdU from

DIV 15 to DIV 30. 50uM BrdU was dissolved in the culture media of the anti-aggregant TauRDA-
PP and control slices. BrdU was applied from DIV 15 until DIV 30. The media containing BrdU was
refreshed during every media change. Finally the slices were fixed with 4% FA and then used for further
immunohistochemical analysis. The slices were immunostained with NeuN and BrdU antibodies. BrdU
positive cells were found in the CA1, CA3 and DG regions of the hippocampus. Scale bar: 50um.

OHSC’s were immunostained for NeuN and BrdU at DIV30. The CAl,
CA3 and the DG regions showed BrdU positive cells (Figure 28). In the
hippocampus only the DG region was considered to be neurogenic, but BrdU
positive cells were also seen in the CA1 and CAS3 regions. These cells were seen
in the control and also in the anti-aggregant Tau®P2** slices. It is believed that in
OHSC’s generated by the interface method the three dimensional structure of
the neurogenic niche is somewhat reorganized in the slice culture system
(Kamada et al., 2004). So we speculate that the reason behind the presence of
BrdU positive cells in the CA1 and CA3 regions can develop because of some
architectural rearrangements in the slice culture technique. But the interesting
observation was, these BrdU positive cells were seen even at the later stages of
the slice cultivation (DIV30). The DG region of the hippocampus, which is the

niche of neurogenesis showed increased number of BrdU positive cells in the
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anti-aggregant TauRPAPP slices when compared to the age-matched control
slices. Next we wanted to quantify the total number of BrdU positive cells in

both groups in all three distinct regions of the hippocampus (Figure 29).
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Figure 29: Rate of proliferation: Number of BrdU positive cells in the control

and the anti-aggregant TauRPAP? slices at DIV 30. The concentration of BrdU in the
culture media of the anti-aggregant TauRDA-PP and control slices was 50uM. BrdU was applied from
DIV 15 until DIV 30. The media containing BrdU was refreshed during every media change. Finally the
slices were fixed with 4% FA and immunostained with NeuN and BrdU antibodies. All the BrdU positive
cells (all green) were counted manually with the Image] software. BrdU positive cells were found in the
CA1, CA3 and DG region. The anti-aggregant TauRDA-PP slices had increased number of BrdU
positive cells than in the controls. This indicates that more of the proliferation of the progenitor cells was
taking place in the anti-aggregant TauRDA-PP slices when compared to the controls. Even though a
significant increase was seen in the DG region, the CA1 and the CA3 regions also showed prominent
increase in the total number of BrdU positive, proliferating progenitor cells in the anti-aggregant
TauRDA-PP slices. This indicates that the anti-aggregant TauRDA-PP protein causes an increase of
proliferation of the progenitor cells. Data was analyzed by Student t-test; n=30 slices; 3 slices per
animal/group; **p<0.01; **p<0.001; ***p<0.0001.

All the NeuN positive cells (shown in red) and all the BrdU positive cells
(shown in green) (Figure 28) were counted manually by Image] software. There
was a 30-40% increase in the total number of BrdU positive cells in the anti-
aggregant Tau®PA™T slices when compared to the age matched control
littermates (Figure 29), especially in DG, CA1 and CA3 regions. Thus the rate of

proliferation was enhanced in the anti-aggregant Tau®P ™" slices.
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Next the percentage of BrdU positive cells were calculated between the
control and the anti-aggregant Tau®P*** slices (Figure 30). Compared to the
control slices the fraction of BrdU positive cells were almost 50% higher in the
anti-aggregant TauRP*? glices in the CA1 and CA3 regions whereas in the DG

region there were twice as many BrdU positive cells (*100%).
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Figure 30: Percentage of the cells that are BrdU positive are almost doubled in

the anti-aggregant TauRPAP? slices when compared to the controls. Compared to the
controls the anti-nggregant TauRDA-PP slices had twice as many BrdU positive proliferating cells.

These data indicate that the expression of the anti-aggregant Tau®PA™" increases
the rate of proliferation, as analyzed by the BrdU incorporation assay.

We also wanted to analyze the rate of differentiation in the anti-
aggregant TaufP ™™ and control OHSC’s. When the slice cultures were

immunostained for NeulN and BrdU at DIV30, certain amounts of cells showed



100

double labeling of BrdU with NeuN and these cells are represented in yellow
(Figure 27; Figure 28). Previous reports (Kamada et al., 2004) have shown that
there is neuronal differentiation in the slice cultures which needs a minimum of
2 weeks to take place. The rate in slices is faster than the neuronal stem cell
differentiation in the live mice/rats. In our slices not all of the BrdU positive
cells were co-labeled for NeuN. But small populations of BrdU positive,
proliferating cells were also positive for the mature neuronal marker NeuN.
Therefore we were interested to see whether the expression of the anti-
aggregant Tau®PA " had an effect on the rate of differentiation into neurons. All
the cells with BrdU and NeuN staining (yellow bars in Figure 28) were counted
manually with the help of the Image] software. Statistical analysis revealed an
interesting observation that the total number of cells that were positive for both
NeuN and BrdU were significantly increased in the anti-aggregant TauRPATP

slices, when compared to the control littermates (Figure 31).
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Next we checked the rate of differentiation in a larger group of control
and anti-aggregant TauRP*" slices. Almost all of the BrdU positive cells in the
control groups were also positive for NeuN. This means that the rate of
differentiation into mature neurons in control groups was equal to the rate of
proliferation and this rate of differentiation was seen in all regions of the
hippocampus. Similarly we checked the rate of differentiation in the anti-
aggregant TauRP**? slices. In the CA1 region there was a significant reduction in
the total number of BrdU and NeuN double-positive cells, simply indicating
that even though the rate of proliferation was high in the CA1 region in the
anti-aggregant TauRP™" slices, the rate of differentiation is significantly less in
this region. But in the CA3 and the DG, almost all of the BrdU positive cells
were also positive for NeuN. This indicates that in the CA3 and the DG the rate
of proliferation was equal to the rate of differentiation in the anti-aggregant
TauRPAPP groups. Therefore in the anti-aggregant Tau®P2** groups, there is
enhanced proliferation followed by enhanced differentiation of the neural

progenitor cells in the CA3 and the DG regions of the hippocampus.
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BrdU and NeuN positive cells
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Figure 31: Rate of differentiation: Number of BrdU positive cells that

were co-labeled with NeuN, a marker of mature neurons. The concentration of
BrdU in the culture media of the anti-nggregant TauRDA-PP and control slices was 50uM.
BrdU was applied from DIV 15 until DIV 30. The media containing BrdU was refreshed during
media change. Finally the slices were fixed with 4% FA and immunostained with NeuN and
BrdU antibodies. All the BrdU positive cells (all green), and the BrdU and NeuN positive cells
(yellow) were counted manually with the Image] software. Both types of cells were found in the
CA1, CA3 and DG region of the hippocampus. The anti-aggregant TauRDA-PP slices had more
of the BrdU positive cells than the control littermates. This indicates that more of the progenitor
cell proliferation takes place in the anti-aggregant TauRDA-PP slices when compared to the
control littermates. Even though a significant increase was seen in the DG region, the CA1 and
the CA3 regions also showed prominent increase in the total number of BrdU positive,
proliferating progenitor cells. This indicates that the anti-aggregant TauRDA-PP causes an
increase in the proliferation of the progenitor cells and also an increase in the number of
differentiated cells, which was not seen in the control littermates. Data was analyzed by Student
t-test; n=30 slices; 3 slices per animal/group; *p<0.05; **p<0.01.
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We also performed immunostaining on OHSC’s for different markers
and different cell types like the astrocytes and microglia, to see whether the
newly generated cells with BrdU staining were also differentiated into other
non-neuronal cell types. In both the control and the anti-aggregant TauRPAPP
groups, there was no differentiation of BrdU positive proliferating cells into
astrocytes or microglia (data not shown). Moreover we did not observe a
significant increase in astrocytes (Figure 25) and in fact the microglia were

significantly decreased in the anti-aggregant TauRrPA-*F slices (Figure 22).

6.8. Neuronal stem cells at different proliferating stages are seen
in aged anti-aggregant TauRPA TP slices (DIV30) but are absent

in the age matched control littermates.

6.8.1. Ki67 positive cells are observed in the anti-aggregant TauRPA*?
slices but are absent in the control slices at DIV 30.

Ki67 is a nuclear protein and is expressed during all phases of the cell
cycle except @ (Kee et al., 2002). It is the most important marker of stem cell
proliferation.

With advanced age the level of proliferation measured by the Ki67 is lower in
the controls than in the age matched anti-aggregant Tau®PA™" slices. This
decrease is also seen in human brain samples, where Ki67 immunoreactivity
was not seen after 38 years of age and DCX immunoreactivity was not seen
beyond 65 years of age in control as well as AD/Tauopathy brain samples

(Knoth et al., 2010).
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Ki67 positive cells

Ki67 NeuN Merge

Figure 32: Ki67 positive neuroblast cells from the neuronal stem cell lineage

were seen in the anti-aggregant TauRPA-P? slices at DIV 30. Organotypic hippocampal
slice cultures were prepared from the control and the anti-aggregant TauRPAPP groups. The slices were
cultured until DIV 30 after which they were fixed with 4% FA, followed by antigen retrieval and
immunostaining with NeuN (red) and Ki67 (green) antibody. Ki67 positive neuroblasts were seen in the
anti-aggregant TauRPA-PP slices (as indicated by arrows) even at DIV 30 but were not seen in the age
matched control slices. This shows that the anti-aggregant slices still have the capacity to proliferate and
also to differentiate the neuronal progenitors, which is reduced in the controls.

We were interested to see the distribution of Ki67 positive cells in control
and anti-aggregant Tau*P2™? slices at DIV30. Ki67 positive cells were not visible
in the control slices but were visible in the anti-aggregant Tau®PAT? slices
(Figure 32) in the DG region of the hippocampus, even at later time points of
culturing. The Ki67 positive cells enter later into the maturation and
differentiation phase and similar results were also reported for human samples
(Reif et al., 2006). Ki67 labeling does not differentiate between neural and glial
cells, as the marker is expressed before the cells undergo terminal
differentiation. Thus Ki67 labeling can only provide a marker for neural

progenitor cells.
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6.8.2. Doublecortin (DCX) positive cells are observed in the anti-
aggregant Tau®P**F slices at DIV 30 but are absent in the control
slices.

Radial glia-like (RGL) precursor cells exhibit functional GABA(A)
receptors and tonic responses to ambient GABA (Song et al., 2012). The first
functional synaptic inputs on proliferating neuroblasts appear within four days
after birth (Song et al., 2013). Initial GABAergic synaptic inputs are not
sufficient to elicit action potentials and are therefore unlikely to be directly
involved in information processing. Outputs of new neurons are controlled by
glutamatergic synaptic inputs. The glutamatergic synaptic response emerges in
11-14 days old newborn neurons. These glutamatergic synaptic responses
mature over the next several weeks, accompanied by increased density of
dendritic spines (Chancey et al., 2014, Esposito et al., 2005).

DCXis a brain specific MT associated protein whose exact function is not
yet known. It could be a MT stabilizer that is particularly pertinent to migration
(Gleeson et al., 1999, Weimer and Anton, 2006, Knoth et al., 2010). DCX positive
cells in the DG receive GABAergic inputs into the inner third layer of the
granular cell layer (Couillard-Despres et al., 2005, Wang et al., 2005, Filippov et
al., 2003). The DCX positive stage of adult hippocampal neurogenesis is
considered as the central phase during hippocampal neurogenesis. This phase
ranges from a progenitor cell stage to the calretinin positive period which is the
maturation period of the neuron. It is in this phase that the cell begins to
develop dendrites and axons and establish functional connections (Brandt et al.,
2003). New born granular cells in young adult mice develop a single primary
dendrite with multiple branches that reaches the molecular layer of the DG
within 7 days and exhibits rapid growth between 7 and 17 days, followed by

modest growth for at least two months (Sun et al., 2013). Experiments done
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with human brain samples, showed that the expression level of DCX is very
high in the fetal brain compared to the juvenile healthy tissue and the adult
epileptic hippocampus (Knoth et al., 2010).

We were interested to see the distribution of DCX positive cells in the
control and the anti-aggregant Tau®PA™" slices (Figure 33) at DIV30. Different
morphology of DCX positive cells were seen in the CA1 and CA3 regions
compared to the DCX positive cells in the DG in the anti-aggregant TauRrPA*?

slices and no DCX positive cells were seen in the control slices.
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DCX positive cells

Figure 33: DCX positive neuroblast cells from the neuronal stem cell lineage

were seen in the anti-aggregant TauRPA-PP slices at DIV 30. Organotypic hippocampal
slice cultures were prepared from the control and the anti-aggregant TauRDA-PP groups. The slices were
cultured till DIV 30 after which they were fixed with 4% FA, followed by antigen retrieval and
immunostaining with NeuN (red) and DCX (green) antibody. DCX positive neuroblasts were seen in the
anti-aggregant TauRDA-PP slices even at DIV 30 but were not seen in the age matched control slices.
This shows that the anti-aggregant TauRDA-PP slices still have the capacity to proliferate and also to
differentiate, which is reduced in the control (see also preceding figure).

Morphologically, the type of DCX positive cells in the CA1 and CA3
regions of the hippocampus, is similar to the DCX positive cells seen in the 5
month old human brain sample (Knoth et al., 2010). Similar types of cells are
also seen in the DG and hilus region of the hippocampus, in P8 and P19 rats

injected with BrdU. The elongated cells have an appearance of migrating
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immature neurons with branched leading and single trailing processes (Namba
et al, 2005). The morphology depicts a small cell body with a thin long
extended process. These cells could be in the middle phase of their maturation
before they develop prominent dendrites and axons. Such cells are not seen in
the age matched control littermates. Klempin et al (2011) reported that DCX-
positive post mitotic cells in the piriform cortex of the adult (2 months old) mice
showed enhanced LTP. This could be correlated with enhanced synaptic
plasticity (Klempin et al., 2011). We see an enhanced number of DCX positive
cells in the CA1 and CA3 region of the hippocampus and speculate that this
increase may cause the increase in the LTP of CAl in anti-aggregant TautPA*?
mice at 10 month of age (Sydow et al., 2011). It has been reported that DCX
positive cells (which were also shown to be non-dividing neurons) signify
transient neuronal lineage commitment together with migration and neuronal
structural plasticity in the adult hippocampal niche. They indicate synaptic
plasticity in the adult piriform cortex layer II that is necessary for rapid
adaptations to environmental changes (Klempin et al., 2011). During the first
years of life the human DG shows an expression pattern of DCX in numerous
combinations with markers of proliferation, maturation and differentiation like

in the hippocampal neurogenesis in rodents (Knoth et al., 2010).
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Figure 34: DCX positive cells co-stained with NeuN in the DG of the anti-

aggregant TauRPA-PP groups at DIV30. Organotypic hippocampal slice cultures were prepared
from the control and the anti-aggregant TauRDA-PP groups. The slices were cultured till DIV 30 after
which they are fixed with 4% FA, followed by antigen retrieval and immunostaining with NeuN (red)
and DCX (green) antibody. DCX positive neuroblasts were seen in the anti-aggregant TauRDA-PP slices
even at DIV 30 but were not seen in the age matched control slices. The figure represents the matured
neurons in red stained with NeuN and the DCX positive cells stained in green in the DG region of the
anti-aggregant TauRDA-PP slice. The DCX positive cells were seen with extended dendritic branches.
Scale bar indicate 50um.

DCX positive cells in the DG region of the hippocampus (Figure 34) showed
dendritic features of matured neurons even at old age in the anti-aggregant
TauRP2"? slices. The phase of DCX expression in rodents is also the phase during
which cells are eliminated by cell death (Biebl et al., 2000, Kuhn et al., 2005,
Plumpe et al., 2006). In the anti-aggregant Tau*P*** slices there were more DCX
positive cells that were also positive for NeuN in the DG region. This clearly
indicates that the DCX positive cells get properly matured and integrated into

the existing hippocampal circuit.

6.9. Tau distribution in organotypic hippocampal slice cultures.

Tau is an axonal protein and it is mainly present in the neurons. Some

studies show that the Tau protein is also present in some glial cells like
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astrocytes and oligodendrocytes (Tashiro et al., 1997). In mice only the 4 Repeat
Tau (4RTau) is expressed in adult neurons, but is not present in the fetal brain
which contains only the smallest 3R isoform (ON3R). By contrast, the adult
human brain has all the six isoforms of Tau. Full-length Tau is needed for adult

neurogenesis and also for neuronal migration (Fuster-Matanzo et al., 2012).
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Figure 35: Mislocalization of Tau into the somato dendritic compartment in

slice cultures. The CA3 region of the hippocampus is depicted here. The matured pyramidal neurons
in the CA3 regions are stained with the NeuN antibody in red and Tau is stained green with the
polyclonal antibody K9JA, which detects both the endogenous as well as the exogenous human Tau. The
arrows indicate some pyramidal neurons which are heavily loaded with Tau in the somato-dendritic
compartment.

In the Tau over-expression model, like the pro-aggregant Tau®P2*? mouse
model, there is a clear mislocalization of Tau into the somato-dendritic
compartment of the pyramidal cells. The mislocalization of Tau can also be
monitored in the organotypic hippocampal slice cultures prepared from these

mice (Figure 35; Figure 36) (Messing et al., 2013).
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Figure 36: Mislocalization of Tau in the somato-dendritic compartment of the
CA1 pyramidal neurons of pro-aggregant TauRP4 mice as seen in organotypic
hippocampal slice cultures. Figure from (Messing et al., 2013)

In the anti-aggregant Tau*"**" mice, by analogy the pro-aggregant Tau®P4
mice, there was over-expression of the human TauRP2*? construct. Therefore we
were interested to see whether there was mislocalization of Tau in the anti-
aggregant TaufPATP glices similar to the pro-aggregant Tau®P” slices. It was
published earlier from our laboratory that in the anti-aggregant Tau®P2** mice,
there was only little mislocalization of Tau in the somato-dendritic
compartment starting at 10-12 months of age (Sydow et al., 2011, Mocanu et al.,
2008). We therefore wanted to see whether the same results were achieved in

the slices prepared from the anti-aggregant Tau*P*** mice.
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Figure 37: Distribution of Tau in control and anti-aggregant Tau®PA-*? slices at

DIV 30. OHSC were stained for total Tau with K9JA antibody and for matured neurons with NeuN
antibody at DIV 30. Tau staining is seen in the axons in both the control and the anti-nggregant
TauRDA-PP slices. The figure shows the CA3 region of the hippocampus with the NeuN staining in red
and K9JA staining in green. There was no mislocalization of Tau into the somato-dendritic compartment
in controls and anti-aggregant TauRDA-PP slices but there was an intense staining of Tau with the
polyclonal K9JA antibody, in the anti-aggregant TauRDA-PP slices.

There was no mislocalization of Tau in the CA1, CA3 and DG regions of the
hippocampus in the anti-aggregant Tau®"**"slices as well as in the control slices
even at DIV 30 (Figure 37). Tau was stained only in the axonal compartment.
There was an increase in the intensity of the Tau immunostaining in the anti-
aggregant TauRP2*F slices, compared to the age-matched control slices. This
prompted us to investigate the total Tau levels in the anti-aggregant TauRPATP

and control groups.
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6.10. Increased endogenous mouse Tau levels are seen in the anti-

aggregant TauRPA TP slices.
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Figure 38: Levels of the endogenous mouse Tau was increased in the anti-

aggregant TauRPA-PP slices at DIV 30. Organotypic hippocampal slices were cultured until
DIV30 and then collected for biochemical analysis. The hippocampal lysates from control and anti-
aggregant TauRDA-PP slices were used for western blot analysis. The level of endogenous mouse Tau
was analyzed by western blotting against Tau polyclonal K9JA antibody. (A) Western blots of the anti-
aggregant TauRDA-PP and control hippocampal lysates against K9JA antibody. (B) Quantification of the
western blot of K9JA antibody against the total amount of endogenous mouse Tau levels. There was a
significant increase in the endogenous mouse Tau levels ~50% in the anti-nggregant TauRDA-PP groups
when compared to the age-matched control groups (n=5-6 slices/animal; 4-5 animals/group Data was
analyzed by Student t-test; ***p<0.001.

The levels of total mouse Tau (as detected by pan Tau polyclonal antibody
K9JA) was analyzed by western blot analysis. The mouse Tau runs
approximately 45KDa and the exogenous human Tau®PA** runs approximately
at 12-14KDa (Figure 38). To our surprise there was approximately 50% increase
in the endogenous mouse Tau levels in the anti-aggregant Tauf"*** groups. The
expression of the anti-aggregant TaufPA*? causes an increased expression of the

endogenous mouse Tau.
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6.11. Switch-off experiments with doxycycline.

The expression of the anti-aggregant Tau®°**" in our mouse model is
under the control of the tetracycline regulatory system controlled by the
administration of DOX (Tet off system). Without DOX the anti-aggregant
TauRPAPP gets expressed, with DOX the Tau expression is switched-off. By
applying DOX from DIV 15 to DIV30 in our slice model, we were able to
switch-off the expression of the anti-aggregant TauRPATP. This time point
(DIV15) in the organotypic hippocampal slice cultures can be compared to the
adult period in a living mouse, because it is considered that from DIV15
onwards the slices can be considered to be mature.

Doxycycline has been found to reduce the injury of CNS after
reperfusion (Clark et al., 1997). It is also neuroprotective against dopaminergic
neuron degradation in the substantia nigra, by suppressing the expression of
metalloproteinase (MMP)-3, thereby reducing cell stress. Furthermore, DOX
also suppresses the microglial activation through the down regulation of
metalloproteinase in the microglia, and also suppression of the production of
nitric oxide and TNFa, which are mainly produced by activated microglia (Cho
et al, 2009). DOX also inhibits the production of the pro-inflammatory
cytokines (Jantzie and Todd, 2010). Interestingly it was shown that DOX also
increases neurogenesis in C57Bl/6 mice, by increasing the proliferation of
neuronal stem cells, but there was no effect on neuronal differentiation (Sultan
et al., 2013).

After switching-off the expression of the anti-aggregant Tau®P**T in organotypic
hippocampal slice cultures by DOX, we were interested to see whether there are
changes in neurogenesis, the total neuronal number, the rate of proliferation

and also in the level of endogenous mouse Tau.
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6.11.1. Switch-off of the anti-aggregant Tau®P*** by doxycycline causes a
reduction of endogenous mouse Tau level in the anti-aggregant Tau®P*-
PPslices.

Organotypic hippocampal slice cultures were treated with DOX from
DIV15 to DIV30. To check whether the expression of the anti-aggregant TauRP*-
PP was switched off during the required time, the organotypic hippocampal slice
cultures were checked by their bioluminescence signal. The anti-aggregant
TauRPAPT slices did not show bioluminescence signal after 6-8 hours of DOX
application, indicating that the expression of the anti-aggregant Tau®P*** was
switched-off.

The anti aggregant Tau®P*** slices had 50% more endogenous mouse Tau

compared to the age matched control slices (Figure 38). When the expression of

the anti-aggregant TauRrPA*? was switched off by DOX, the endogenous mouse

Tau was significantly reduced comparable to controls (Figure 39).
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Figure 39: Endogenous mouse Tau was decreased after application of

doxycycline to the anti-aggregant TauRPA-PP slices. Organotypic hippocampal slice
cultures were cultured till DIV15. At DIV15, both the control and the anti-aggregant TauRDA-PP slices
were treated with DOX, to switch-off the expression of the exogenous human TauRDA-PP. The
hippocampal lysates from the control and the anti-aggregant TauRDA-PP slices, with and without DOX
treatment were collected at DIV30 and then used for western blot analysis. The total Tau levels for both
the endogenous mouse Tau and the exogenous human Tau were analyzed by western blotting against the
polyclonal K9JA antibody. (A) Western blot of the anti-aggregant TauRDA-PP and control hippocampal
lysates, with and without DOX treatment, against K9JA antibody. (B) Quantification of the western blot
of K9JA antibody against the total amount of endogenous mouse Tau levels. There was a significant
increase in the endogenous mouse Tau levels ~50% in the anti-aggregant TauRDA-PP slices when
compared to the age-matched control slices. Data was analyzed by Student t-test; n=5-6 slices/animal; 4-5

animals/group; ***p<0.001.

By contrast there was no such reduction of Tau in the control slices treated with
DOX (Figure 39). This clearly shows that the expression of the anti-aggregant
TauRPAPP either directly or indirectly has an effect on the expression of the

endogenous mouse Tau.
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6.11.2. Switch-off of the anti-aggregant TauRfP**F decreases the total number of

neurons in the anti-aggregant Tau®*P*** slices.
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Figure 40: Doxycycline treatment decreases the total number of neurons in the

anti-aggregant TauRPA-PP slices. 2uM DOX was applied to the culture media. Both the control
and the anti-aggregant TauRDA-PP slices are treated with DOX from DIV 15 to DIV 30 and refreshed
during every media change. There was a reduction in the number of NeuN positive mature neurons in the
DOX treated anti-aggregant TuuRDA-PP slices when compared to the untreated anti-aggregant
TauRDA-PP slices. This increase in the neuronal number observed in the anti-aggregant TauRDA-PP
slices was caused by the expression of anti-aggregant TauRDA-PP protein. Data was analyzed by
Student t-test; n=30 slices; 3 slices per animal/group; *p<0.05; **p<0.01; ***p<0.0001.

Next we also investigated whether the switch-off of the anti-aggregant

TauRPAPP also causes some changes in the total neuronal number of neurons
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(Figure 40). When the expression of the anti-aggregant Tau®*P*™" was switched
off from DIV15 to DIV30 of the culturing period, there was a significant
reduction in the total number of neurons in the CA1l, CA3 and DG regions
down to the level of the control groups. There was a partial reduction in the
neuronal number in the control groups that were treated with DOX. The
combined application of BrdU and DOX was started from DIV15 onwards.
With such an experimental set up we were able to analyze the rate of
differentiation after switching-off the expression of the anti-aggregant TauRPATP.
We speculate that the expression of the anti-aggregant Tau*P*™" is needed for
the differentiation of new born neurons and since the new-born neurons need
Tau for their migration and differentiation, there is enhancement in the
expression level of the endogenous mouse Tau.

Next we analyzed whether switching-off the expression of the anti-
aggregant TaufP**" has an influence on the rate of proliferation (Figure 41) in

the anti-aggregant Tau®*P™" groups.

6.11.3. Switch-off of the anti-aggregant TauRPA*? decreases the total number
of BrdU positive cells in the anti-aggregant Tau®P2-*f groups.

When the expression of the anti-aggregant Tau®*PA** was switched-off
from DIV15 to DIV30, there was a reduction in the total number of proliferating
cells in the anti-aggregant Tau®P2*" slices (Figure 41). There was no change in
the total number of BrdU positive proliferating cells in the control groups, with

the application of DOX.
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Figure 41: Doxycycline treatment decreases the total number of BrdU positive

cells in the anti-aggregant TauRDA-PP slices. 2uM DOX was applied to the culture
media. Both the control and the anti-aggregant TauRPA-PP slices were treated with DOX from DIV 15 to
DIV 30. DOX was refreshed during every media change. There was a reduction in the BrdU positive
proliferating cells in the DOX treated anti-nggregant TauRP slices when compared to the untreated anti-
aggregant Tau RPA-PP slices. This clearly shows that the increase in proliferation observed in the anti-
aggregant TauRPAPP slices was caused by the expression of anti-aggregant TauRPAPP protein. Data was
analyzed by Student t-test; n=30 slices; 3 slices per animal/group; *p<0.05; **p<0.01.
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6.12. The rate of proliferation (BrdU positive cells) was increased

in the anti-aggregant TauRPAT? animals at P8.

No | Sex Age Genotype Body wting Brain Wt Expression level
ing IVIS

1 F P8 Anti-agg 5.53 0.284 0.5*10(6)

2 M P8 Anti-agg 4.33 0.286 6.0*10(8)

3 M P8 Anti-agg 4.47 0.285 4.0*10(8)

4 F P8 Anti-agg 5.21 0.315 2.0*10(6)

5 F P8 Anti-agg 4.36 0.284 5.0*10(8)

6 F P8 Control 3.91 0.266 -

7 F P8 Control 5.029 0.299 -

8 F P8 Control 5.614 0.310 -

9 M P8 Control 4.260 0.285

Table 1: List of anti-aggregant TauRPA-PP gnd control animals that were used for BrdU injection
experiments. The body weights of the animals were taken. Two hours after the BrdU injection animals
were killed by cervical decapitation and brains removed. The brain weight was also measured. The
expression levels of the anti-aggregant TauRPA-PP protein in mice were measured by IVIS. Anti-aggregant
TauRPAPP guimal brains that showed bioluminescence signal of more than 10(7) was take for further
analysis.

The expression of the anti-aggregant TauRPAT? starts from the embryonic
stage onwards. Post-natal day 8 animals were used for the preparation of
organotypic hippocampal slice cultures. We wanted to see whether the rate of
proliferation and post-natal neurogenesis are increased at this age of the animal.
The above table (Table 1) shows the list of the control and the anti-aggregant
TauRPAPP animals that were used for the following experiments. The P8 animals
were injected with BrdU and sacrificed after two hours. In the two hour time
period BrdU gets incorporated into the proliferating cells and the proliferating
cells would not have migrated from the niche/region of proliferation. This way
we can analyze the total number of proliferating cells in each group and their

localization inside the hippocampus. The brain slices from P8 animals were
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immunostained for matured neurons (NeuN in green), BrdU (in blue) and for

K9JA (pan Tau) (in red) (Figure 42).
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Figure 42: BrdU incorporation in the hippocampus of P8 control and anti-
aggregant TauRDA-PP animals. 40um thick vibratome sections of the brains from the control
and the anti-aggregant TauRDA-PP animals at postnatal day 8 were cut and immunostained with
NeuN, K9JA and Anti-BrdU antibodies. BrdU positive cells were also seen in the CA1 and CA3 regions
of the hippocampus along with the expected BrdU population in the DG region of the hippocampus. The
BrdU positive cells were not co-localized with the pan-Tau antibody K9JA.
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BrdU positive cells were seen in all the three regions of the hippocampus,
the CA1, CA3 and DG. The presence of BrdU positive cells were not only
restricted to the DG region of the hippocampus in this post-natal period of the
animals. The importance was that there was an increase in the total number of
BrdU positive proliferating cells in the anti-aggregant Tau®P*** groups,

significantly in the CA3 region, compared to the age matched control groups

(Figure 42).

6.13. Increased proliferation in the anti-aggregant TauRPAT?

animals at P8 in the CA3 region of the hippocampus.

In the literature it is described that BrdU positive proliferating cells are
present only in the DG region of the adult hippocampus and the DG is
considered as the niche for neurogenesis. In the case of postnatal hippocampal
neurogenesis, the neurogenic niche is present in all three regions the CA1, CA3
and the DG. Studies in the mouse brain, following hypoxic-ischemic injury in
fetal and neonatal brain, have shown that there is increased proliferation
assessed by BrdU labeling in the CA1, CA3 and the DG regions (Bartley et al,,
2005).

To analyze post-natal neurogenesis in the anti-aggregant TauRfP*™" P8
mice (Figure 47) we counted BrdU positive cells by stereology in the different
regions of the hippocampus BrdU positive cells were present in CA1, CA3 and
DG regions in both the control and the anti-aggregant Tau®fP*™" groups.
Interestingly (Figure 43) the total number of BrdU positive cells were
significantly increased only in the CA3 region of the anti-aggregant Tau®PA*?
groups. There was no change in the total number of BrdU positive cells in the
DG region of the hippocampus. Apart from the DG the CA1 and CA3 regions of

the hippocampus also have the stem cell niche and we speculate that, with
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proper intrinsic and extrinsic cues, the stem cell niche in these regions of the

hippocampus will also be maintained into adulthood.
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Figure 43: Increased number of BrdU positive proliferating cells in the CA3

region in the anti-aggregant TauRPA-P groups. Pups were injected with BrdU and 2 hours
later brains were removed. The graph represents total number of BrdU positive cells analyzed by
stereology. There was a significant increase in the number of BrdU positive proliferating cells in the CA3
region of the hippocampus of the anti-aggregant TauRDA-PP P8 animals. There was no change in the
total number of BrdU positive proliferating cells in the CA1 and DG region of the hippocampus, between
the control and the anti-aggregant TauRDA-PP groups. The graph shows mean + sem (n= 3-6
animals/group. Data was analyzed by student’s t-test. * p<0.05 compared to the control. Increase in BrdU
positive cells was observed in the CA3 region of the anti-aggregant TauRDA-PP groups.

The anti-aggregant Tau®*P™" apparently stimulates neurogenesis especially in
the CA3 region. We also were curious to see whether these new-born cells have
Tau in their cell bodies as reports from the literature claim that 3R Tau is
needed for the development of new-born neurons. We co-labeled the brain
sections with K9JA, a pan-Tau antibody (Figure 42) but did not see any BrdU

positive cells, co-labeled with K9JA in their cell bodies.
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6.14. Increased hippocampal volume in the anti-aggregant TauRP*-

PPanimals at post-natal day 8.

To answer the question whether the increase in proliferation and thus
neurogenesis in the CA3 region of the hippocampus of the anti-aggregant
Tau®P2PP mice had an effect on the total volume of the hippocampus we
analyzed the total hippocampal volume by stereology. The volume of
individual regions, the CA1, CA3 and DG was measured and the total volume

was calculated from these data (Figure 44).
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Figure 44: Total hippocampal volume is increased in the anti-aggregant TauRP4-

PP pups at P8 as measured by stereology. The brains of P8 pups were removed and cut into
40um thick coronal sections. The sections were stained with NeuN antibody. Hippocampal volume of
controls and anti-aggregant TauRDA-PP sections were stereologically measured. Data was analyzed by
student’s t-test (n=3-6 animals/group).*p< 0.05, as compared to control P8 pups. Increased hippocampal
volume was observed in the anti-aggregant TauRDA-PP mice.

As expected there was a significant increase in the total volume of the
hippocampus in the anti-aggregant Tau®P2*? groups, compared to the age-

matched control littermates at post-natal day 8.
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6.15. No change in hippocampal volume in the anti-aggregant

TauRPA-PPanimals at 17-22 months of age.

Following the experiments done in post-natal day 8 animals, we wanted
to analyze whether the increase in the hippocampal volume we see at post-natal
day 8, was also persistent in older mice. We selected animals between 17 and 22
months of age from control and anti-aggregant Tau®P**? groups. The brains
from these animals were sectioned and stained for NeuN antibody. The volume
of the individual regions the CA1, CA3 and DG was analyzed stereologically.
The total sum of all these regions of the hippocampus was measured to give the
total volume of the hippocampus (Figure 45). The outcome of these experiments
was that there was no significant difference in the hippocampal volume

between anti-aggregant Tau®2*f and control mice at older age.

T
1

Hippocampal
volume (mm3)
°©n > o @ B W

C'trl Anti-agg

Figure 45: No difference in the total hippocampal volume at 17-22 months of

age. Brains of 17-22 month control and anti-aggregant TauRDA-PP animals were removed. The
sections were stained with NeuN antibody. Hippocampal volume of controls and anti-nggregant
TauRDA-PP sections were stereologically measured. Data was analyzed by student’s t-test (n= 3-6
animals/group).

Next we analyzed whether there was any change in the neuronal number

in the anti-aggregant TauRPA*? and control groups at 17-22 months of age. We
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speculated that the density of the neurons in the hippocampus was increased in
the anti-aggregant TaufP2T? groups. This could have been the reason for no
change in the hippocampal volume. By stereological analysis we calculated the
density of neurons in the CA1, CA3 and the DG regions of the hippocampus
(Figure 46). There was a slight increase in the neuronal density in the CA3
region of the hippocampus of the anti-aggregant Tau*PA™" groups, but there was

no significant difference between the groups.
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Figure 46: No significant difference in the density of hippocampal neurons at
17-22 months of age. Coronal sections of 17-22 month old WT and anti-aggregant TauRDA-PP

mice were stained with NeuN and the total number of neurons was stereologically counted in the CAI,
CA3 and DG regions. Results are expressed as a mean + sem n=3-4 animals/group.

6.16. Expression of the endogenous mouse Tau was high in the

anti-aggregant TauRPAT? animals at 17-22 months of age.

As the volume and the density of cells in the hippocampus of 17-22
month old mice showed no difference between the anti-aggregant Tau®P**? and
control mice, we checked for the Tau levels in these animals (Figure 47).

Surprisingly, the endogenous mouse Tau levels are 50% higher in the anti-



127

aggregant TauRrPAPP groups compared to the age-matched control littermates.

This indicates that the level of Tau is not correlated to the number of neurons.
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Figure 47: Increase in the endogenous mouse Tau levels in the anti-aggregant

TauRPA-PP groups at 17-22  months of age. 17 month old control and anti-aggregant
TauRDA-PP animals were sacrificed and brains removed. The hippocampus and cortex were separated.
The hippocampal lysates prepared from the control and the anti-aggregant TauRDA-PP groups and the
total amount of endogenous mouse Tau and exogenous human Tau were determined by western blotting.
The expression of the exogenous human lau protein is clearly visible around 12-14 KDa in the anti-
aggregant TauRDA-PP groups. The endogenous mouse Tau level was analyzed in the control and the
anti-aggregant TauRDA-PP groups with K9JA pan-Tau antibody and the levels were normalized against
f-actin. There was a significant increase in the level of endogenous mouse Tau in the anti-aggregant
TauRDA-PP groups compared to the age matched control littermates. Data represents mean + sem (n= 6-
7 animals/group) and are expressed as a % of control. Data was analyzed by student’s t-test. *p<0.05, as
compared to the control.

6.17. GSK3{£ and its role in neurogenesis.

GSK38 plays an important role in the pathogenesis of AD and it is also
actively involved in neurogenesis. GSK3f3 is an important regulator during
proliferation and differentiation of neural progenitor cells (NPC’s). Inhibition of
GSK3fs and also down-regulation of GSK3fs increase the number of Tujl
positive immature neurons. In contrast knocking-out GSK3a, did not have any
effect on neurogenesis. Experiments done by stably expressing the GSK3’s by
viral vectors, inhibited neural differentiation and helped the NPC to maintain

their progenitor activity. Thus GSK3ff negatively controls neuronal
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differentiation of the progenitor cells (Ahn et al., 2014). Mice expressing
constitutively active GSK3£3(S9A) showed a reduced number of differentiating
cells that are positive for DCX. Constitutively active GSK3{3(S9A) mice as well
as neuron-specific GSK3£3 knockout mice (GSK38 -/-) showed reduced size of
the DG and also impaired hippocampal dependent behavioral tasks
(Kondratiuk et al., 2013). Increasing activity of GSK3{3 causes an increase in the
proliferation of the new born cells but not the survival or differentiation of the
new-born neurons (Hong et al.,, 2010). Another report says the opposite that
activation of GSK3fi promotes neuronal differentiation and inactivation of

GSK3£3 promotes neuronal proliferation (Hur and Zhou, 2010).
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Figure 48: Decrease in the inactive form of GSK3f8 levels in the anti-aggregant

TauRPA-PP groups at 17 month of age. 17 month old control and anti-aggregant TauRDA-PP
animals were sacrificed and brains removed. The hippocampus and cortex were separated. Hippocampal
lysates were prepared from the control and the anti-aggregant TauRDA-PP groups. The total level of
GSK33(S9) (inactive form) was significantly less in the anti-aggregant TauRDA-PP slices compared to
the age matched control littermates. The total amount of activated form of GSK3f8 was analyzed with the
pGSK3f3(Y216) antibody. The levels of the active form of GSK3f8 remained unchanged between the anti-
aggregant TauRDA-PP and the control groups. Results are expressed as mean + sem (n=6-7
animals/group) and represent the ratio between each protein and GSK3f (total) obtained by the
densitometric analysis of the WB. Data are expressed as % and was analyzed by student’s t-test. **p<0.01
as compared to the controls.

The increase in the total levels of endogenous mouse Tau in the anti-
aggregant Tau®PA*? groups was seen in OHSC’s (Figure 38) and also in 17-22
month old animals (Figure 47). Since GSK3f is an important kinase in regard to
Tau, we analyzed the total levels of GSK3[ and its active and inactive forms in
the control and the anti-aggregant Tau®°2*? hippocampal lysates collected from

17-22 months old animals (Figure 48). The total amount of GSK3f in the control
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and the anti-aggregant TaurP**f groups was equal, irrespective of the fact that
the anti-aggregant Tau*P*™" group had almost 50% more endogenous mouse
Tau. Next we checked for the levels of the active and inactive forms of GSK3(3
in the control and the anti-aggregant Tau®°*™" groups (Figure 48). The active
form of GSK3[ was recognised by its phosphorylation at Y216 site. The levels of
the active form of GSK3(B were the same between the control and the anti-
aggregant TauRPA*P groups. The levels of activation of GSK33 was not changed
with the over-expression of the anti-aggregant Tau®PA** or the high expression
levels of the endogenous mouse Tau levels in the anti-aggregant TauRPA™r
groups. This could support the fact that the active form of GSK3f is needed for
the normal differentiation of the newborn neurons because the active GSK3f3
level was the same between the control and the anti-aggregant Tau*P*** groups
and also the rate of differentiation. The inactive form of GSK3[, seen by an
antibody against S9 phosphorylation, was significantly reduced in the anti-
aggregant TauRP*PF groups compared to the age matched controls. Surprisingly
the active form of GSK3a was significantly increased in the anti-aggregant
TauRPAPT eroups when analyzed at 17-22 months of age. The cause of this is not

known.

6.18. Decreased Wnt5a levels in the anti-aggregant TauRPA-PF slices.

The Wnt signaling pathway is actively involved in neurogenesis and also
in neuroinflammation. During pathological conditions like PD and AD there is
deregulation of the glial cells which thereby influence the glial-neuron
interactions and this can be linked to the deregulation of the Wnt signaling
pathway. Approaches to restore the Wnt signaling pathway has shown to be
promising in the field of neurodegeneration as well as aging (L'Episcopo et al.,
2014). Wntba can activate the canonical pathway or inhibit it (Inestrosa et al.,

2012). Wntba acts via the f3-catenin independent pathway comprising the Ror2
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receptors. This tyrosine kinase receptor contains a CRD domain and it responds
to Wntba (Cerpa et al., 2011, Cuitino et al., 2010, Xu et al., 1998, Varela-Nallar et
al., 2009). Electrophysiological studies in hippocampal slices of postnatal adult
rats (p30) showed that Wnt-7a but not Wnt-5a increases the neurotransmitter
release in CA3-CA1 synapses suggesting that Wnt-7a regulates presynaptic
function. On the other hand Wnt-5a increases the amplitude but not the

frequency of endplate postsynaptic currents (EPSPc) (Cerpa et al,, 2008, Cerpa

et al., 2010)
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Figure 49: The Wntba levels were significantly reduced in the anti-aggregant
TauRPA-PP slices. These levels were further significantly reduced when the
expression of anti-aggregant TauRPAPP was switched off by the application of

doxycycline. Organotypic hippocampal slice cultures were cultured until DIV15. At DIV15, both
control and anti-aggregant TauRDA-PP slices were treated with DOX, to switch-off the expression of the
exogenous human Tau. The hippocampal lysates from the control and the anti-aggregant TauRDA-PP
slices, with and without DOX treatment were collected at DIV30 and used for western blot analysis. The
total level of Wntba in the controls and the anti-aggregant TauRDA-PP slices were normalized against
actin. The anti-aggregant TauRDA-PP groups had almost 50% less amounts of Wntba compared to the
age matched controls. With the application of DOX there was a further reduction in the Wntba levels in
the anti-aggregant TauRDA-PP slices. There was a significant reduction in the Wnt5a level in the control
groups to the level in anti-aggregant TauRDA-PP slices with the application of DOX. . Data represents
mean + sem (n=6-7 animals/group) and are expressed as a % of control. Data was analyzed by student’s
t-test. **p<0.01 and **p<0.001 , as compared to the control.
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Because of the relationships of Wnt5a signaling and neurogenesis we
checked the level of Wnt5a in control and anti-aggregant TauRPA** slice cultures
at DIV 30 (Figure 49). The slices were cultured as usual till DIV15. From DIV 15
half of the slices from both control and anti-aggregant TaufPA*? groups were
treated with DOX to switch off the expression of the human tau and the other
half was left as such. Surprisingly there was a 50% reduction in the total
amount of Wntb5a protein in the anti-aggregant Tau*P2** slices when compared
to the age matched control littermate, in the normal switch-ON conditions.
When the expression of the anti-aggregant TaufPA** was switched off by DOX
the level of Wnt5a in the anti-aggregant TauRP**" groups was further reduced.
Treatment of the control slices with DOX reduced the level of Wnt5a to the
levels in the anti-aggregant Tau®*PA* groups. The effect of DOX on Wntba levels
in the normal control conditions still remains to be answered. A very interesting
finding in our experiments is that the application of DOX to the control slices
from middle age (DIV15) to older age of the slice cultures (DIV30) drastically
reduces the levels of Wnt5a protein to that of the levels in the anti-aggregant

TauRPA PP glices.
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7. DISCUSSION

The aim of this work was to characterize the organotypic hippocampal slice
cultures derived from anti-aggregant TauRP " mouse model expressing the
mutant TauRDAK280PP. Previous histopathological and biochemical analysis
had revealed the following (Mocanu et al., 2008, Sydow et al., 2011):

(1) The anti-aggregant Tau*”*™" mice showed no aggregated Tau in
the sarkosyl insoluble pellet at 3 and 12 months of age.

(2) No phosphorylation at the KXGS motifs in the anti-aggregation
TauRP APP mutant at 3 months of age, but low levels at 12 months
of age.

(3) No NFT’s were observed in the anti-aggregant Tau®PA** mice at 3
months and 22 months of age.

(4) No learning and memory deficits were observed in the anti-
aggregant Tau®P A" mice.

(5) In acute slices from 10 month old anti-aggregant Tau®PA*" mice,
posttetanic potentiation (PTP) was significantly reduced, but LTP
was unaltered in the mossy fiber pathway (CA3 LTP).

(6) Increase in theta burst induced LTP in CA1 pyramidal neurons
was observed in the anti-aggregant Tau®PA" acute slices prepared

from 10 month old mice.

7.1. Expression of the anti-aggregant TauRP*** in organotypic
hippocampal slice cultures causes enhanced proliferation

and differentiation of neuronal stem cells into neurons.

Active adult neurogenesis has been shown in almost all mammalian

species examined so far (Lledo et al., 2006, Lledo and Gheusi, 2006, Ming and
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Song, 2005). Adult neurogenesis in the sub ventricular zone (S§VZ) results in the
formation of newborn neurons that migrate to the olfactory bulb or striatum
(Ernst et al, 2014) and differentiate mostly into interneurons. The adult
neurogenesis in the sub granular zone (SGZ) of the hippocampal DG results in
newborn granule cells that integrate locally (Ming and Song, 2011,
Kempermann and Gage, 1998). We investigated adult hippocampal
neurogenesis in the anti-aggregant Tau®P**" slices by examining the rate of
neuronal stem cells (NSC’s) proliferation in OHSC’s from DIV15 to DIV30.
There was a 50% increase in the rate of proliferation, as assessed by BrdU
incorporation assay (Figure 29) in the anti-aggregant TaufPA*? slices compared
to controls. The enhanced proliferation was followed by enhanced neuronal
differentiation (Figure 31). Almost 80% of the proliferating cells were positive
for NeuN, a marker for matured neurons. This clearly indicates that the
expression of the anti-aggregant Tau*P*** enhances the rate of proliferation and
differentiation in the hippocampus. To pin down the exact role of the anti-
aggregant TauRPAPP in NSC’s proliferation and differentiation, we switched off
the expression of the exogenous anti-aggregant Tau*P™" by the application of
DOX. Interestingly when the expression was switched off from DIV15 to DIV30,
there was a reduction in the rate of proliferation (Figure 41) as well as a
reduction in the total number of matured neurons (Figure 40) comparable to
levels in the control slices. This suggests that the effects on proliferation and
differentiation in the anti-aggregant TauRfP*" slices are caused directly by the
expression of the mutant protein.

We further investigated the differentiation of NSC’s into non-neuronal
cell types like astrocytes and microglia in the anti-aggregant Tau®P**? slices and
found, that there were no cells positive for GFAP or Ibal, indicating that there

was no differentiation of the proliferating cells into astrocytes or microglia (data
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not shown). Additionally there was a decrease in total number of microglia
(Figure 22) and no significant change in the total amount of astrocytes (Figure
25). All this data indicates that the adult hippocampal proliferation leads
mainly to the generation of neurons. Previous studies have reported a decrease
in adult hippocampal neurogenesis with increased age in rodents (Klempin and
Kempermann, 2007, Kuhn et al., 1996) and also in humans (Knoth et al., 2010).
We observed in OHSC’s at DIV30, still cells positive for the proliferation marker
Ki67 (Figure 32) and the neuronal differentiation marker DCX (Figure 33) in the
anti-aggregant TauRPA™" slices, but the occurrence of such cells were greatly
reduced in the age-matched control slices.

Thus the expression of the anti-aggregant TauRfP*™" enhances adult
hippocampal neurogenesis and counteracts the decrease of neurogenesis in old

age.

7.2. Expression of anti-aggregant TauRPATT decreases microglia

number, but not astrocytes.

Brain microglia come from both infiltrating blood monocytes and
resident progenitor cells. In OHSC’s there is evidence for endogenous
proliferation of microglia. When challenged with specific stimuli mimicking
inflammation, microglia in hippocampal slice cultures respond with a
pronounced proliferation (Bernardino et al., 2008, Lossi et al., 2009). Microglia
are abundant in the dentate gyrus (DG) and probably mediate the
inflammation-induced reduction in neurogenesis. Interestingly, with the
expression of the anti-aggregant Tau*P4*" there was a dramatic reduction in the
total number of microglia (Figure 22). Apart from this there were morphological
differences between microglia from control and anti-aggregant Tau®PA*? slices
(Figure 21). They were mostly found in the resting form in the anti-aggregant

TauRPATT slices (Figure 21), compared to the controls where they were in the
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phagocytic form. Co-cultures of decreasing neural progenitor/glia ratio showed
that microglia but not astroglia reduced the number of progenitor cells.
Microglia inhibits the proliferation of neural stem/progenitor cells despite the
absence of inflammatory stimuli (Paolicelli et al., 2011, Paolicelli and Gross,
2011). Our results show that the reduction of microglia and the resting state
morphology support hippocampal neurogenesis in the anti-aggregant TauRPA-F?
slices. It has been demonstrated that the NPCs regulate microglia function in
vitro by the secretion of growth factors (Mosher et al., 2012) and in turn resting
microglia may be involved in the regulation of physiological mechanisms such
as dendritic spine maintenance (Paolicelli et al., 2011, Paolicelli and Gross,
2011). Microglia may modulate the pre- and postsynaptic structure of synapses
on adult born neurons including synaptic transmission (Ekdahl, 2012). The
expression of the anti-aggregant Tau®P*** reduces the total number of microglia
and this is inversely correlated with the number of stem/progenitor cells in the
hippocampus.

Next we studied the level of astrocytes in the anti-aggregant TauRPA*P
slices. It has been shown that stem cells in the neurogenic zone have astroglial
properties and are mostly destined to be astrocytes (Morrens et al., 2012). In
both neurogenic and non-neurogenic regions of the brain there are astrocytes
and there are non-neurogenic astrocytes in the neurogenic niche (Wang and
Bordey, 2008). The radial-glia like (RGL) cells in the hilus and the granular layer
of the DG generates neurons in the early post-natal stages (P5-P12) (Namba et
al.,, 2005). Studies with nestin-GFP mice have revealed that proliferating
progenitors are converted from astrocytic to neuronal cells (Filippov et al., 2003,
Kronenberg et al, 2003, Fukuda et al, 2003). We first looked for the
morphology of astrocytes in the OHSC’s at DIV30 from the control and the anti-

aggregant TauRrPATT slices (Figure 23; Figure 24). In the anti-aggregant TauRPA?
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slices the astrocytes are more of the RGL morphology in the DG, CA1 and CA3
regions, whilst in the control slices the astrocytes are star shaped. This indicates
that in the anti-aggregant Tau*PA** slices the stem cell pool is still maintained
even though there is pronounced proliferation and differentiation of the
hippocampal stem cells. Since all of these observations have been made on
DIV30 slices we conclude, that the residing astrocytes in the anti-aggregant
TauRPAPP slices still maintain their RGL property. This holds even at late stages
of the slice cultures where the control groups have star shaped astrocytes. The
GFAP level determined by western blotting in the hippocampal lysates from
the control and the anti-aggregant TauRfP*" slices showed no significant
changes (Figure 25). These results support the view that the amount of
microglia but not of astroglia is inversely correlated with neurogenesis (Gebara

et al., 2013).

7.3. Expression of the anti-aggregant TauRPA*F increases the rate
of hippocampal stem cell proliferation and the total

hippocampal volume in young mice.

Considering the increase in proliferation and also in the total number of
neurons in the anti-aggregant TauRPA* slices, we were interested to analyze,
whether the changes in proliferation and differentiation we observed in DIV30
slices, are restricted to the adult stages of slices or whether they are also seen in
post natal animals. Therefore the anti-aggregant Tau®P*** mice were analyzed
for postnatal hippocampal neurogenesis at day 8 after birth. The post-natal
neurogenesis, a transition state between embryonic and adult neurogenesis in
the hippocampus, is an important issue because it provides information about
how neurogenesis continues in the hippocampus (Namba et al., 2005). There
was an increase in the total number of BrdU positive cells at P8 in the anti-

aggregant TauRPAPP pups (Figure 43) particularly in the CA3 region of the
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hippocampus but not in DG and CA1 region. Previous reports have shown, that
during post-natal stages of brain development the hilus region of the
hippocampus shows more neurogenesis (Altman and Bayer, 1990) and more
than half of the granule cells are born post-natally (P5-P14) (Angevine, 1965,
Schlessinger et al., 1975, Bayer, 1980). One of our striking findings was, that
with the expression of the anti-aggregant TauRfPA™" there was an enhanced
proliferation in the CA3 region, which has not been reported earlier. Thus it is
interesting to note, that the total hippocampal volume in the anti-aggregant
TauRPATT groups was also significantly increased (Figure 44). This is a surprising
finding, that the anti-aggregant Tau®P*™ can enhance hippocampal
neurogenesis especially in the CA3 region and also increase the total volume of

the hippocampus even at ealier stages of development.

7.4. Anti-aggregant TauRPA*P enhances the expression of the
endogenous mouse Tau.

Absence of Tau results in retarded neurogenesis and neuronal
differentiation. On the contrary overexpression of Tau which can undergo
pathological modifications that provoke lysosomal aberrations may cause
neurodegeneration (Lim et al, 2001). The expression of the anti-aggregant
TauRPA*? caused a 50% increase of endogenous mouse Tau in OHSC’s (Figure
38). When the expression of the exogenous anti-aggregant TauRPAP" was
switched-off in OHSC’s by the application of DOX, the levels of the endogenous
mouse Tau also got reduced (Figure 39) to that of the control groups.
Additionally there was a reduction in the total number of BrdU positive
proliferating cells (Figure 41) and a reduction in the total number of neurons
(Figure 40). From the switch-off experiments it became clear that the expression

of the anti-aggregant Tau*P*" influences either directly or indirectly the levels



139

of the endogenous mouse Tau. So the question arises whether having more Tau
is beneficial?

It has been reported previously, that in mice overexpression of the full
length human Tau with P301L mutation (under the neuron specific Thyl
promoter) at 2-3 months of age (before the occurrence of pathology), showed an
increase of endogenous mouse Tau. These mice had enhanced LTP in the DG
region of the hippocampus which correlates to improved memory formation
without affecting hippocampal neurogenesis (Boekhoorn et al., 2006). This
study suggests that increased concentration of endogenous Tau protein
improves the cognitive performance in these young mice. In another study,
transgenic mice expressing the p25 fragment of calpain-cleaved p35 (activator
of CDK5), which is found in the brain of AD patients, showed no signs of
neurodegeneration. Instead there was an increased expression of the
endogenous mouse Tau, which improved reversal learning and altered fear
conditioning in mice (Angelo et al., 2003). These studies can be compared to our
anti-aggregant TauRfPA*P mice that also showed elevated endogenous mouse
Tau, slight hyper-phosphorylation of Tau or mislocalization and no motor
neuron deficits or learning impairments (Mocanu et al,, 2008, Sydow et al,,
2011). Surprisingly in our mice there was a positive effect on hippocampal
neurogenesis and the hippocampal CA1 LTP was greatly enhanced (Mocanu et
al., 2008). What is the significance of the enhanced expression of the mouse Tau
in the anti-aggregant Tau®”*® mice? Does the increase of the endogenous
mouse Tau modulate the differentiation and maturation of the newly born
neurons?

Does the expression of the anti-aggregant TaufP** causes an increase in
proliferation of hippocampal stem cells? Do these new-born cells require more

endogenous mouse Tau for their differentiation into mature neurons? Is this the



140

reason for the elevation of the endogenous mouse Tau? Further support for this
hypothesis comes from studies which have emphasized the importance of Tau
protein in this context. Increased microtubule mass and enhanced microtubule
stability were seen when rat fibroblasts were microinjected with Tau (Drubin
and Kirschner, 1986) or when the fibroblasts were engineered to over-express
Tau (Kanai et al., 1989). Similar Tau-overexpression experiments were done in
S19 cells (Knops et al., 1991, Biernat and Mandelkow, 1999), PC12 cells (Esmaeli-
Azad et al., 1994) and also primary neurons (Caceres and Kosik, 1990), all
emphasizing the role of Tau in axogenesis and neurite outgrowth. Previous
studies have shown that embryonic hippocampal cultures from Tau-KO mice
show a significant delay in maturation in respect to axonal and neuronal
outgrowth (Dawson et al., 2001) emphasizing the important role of Tau. This
delay was rescued and showed normal axonal growth and neuronal maturation
when the TKO mice were crossed with transgenic mice expressing all the six
isoforms of human Tau so that the expression of the total human Tau was five
times higher than the endogenous mouse Tau in WT mice (Dawson et al., 2001).
This data argues that Tau is needed for the normal differentiation and
maturation of neurons.

Apart from studies done on TKO mice, an increased proliferation of
neural precursor cells has also been reported in the hippocampus of AD patient
(Jin et al., 2004, Nagy et al., 1997). However these immature neurons are not
able to mature as shown by the absence of markers such as NeuN and MAP2
was not observed (Jin et al., 2004, Li et al., 2008). There was a lower number of
HuC/D positive post mitotic neurons (matured neurons) in the DG of AD
patients above 80 years of age in Braak stages V-VI (Ekonomou et al., 2014).
Could this phenomenon in AD be reverted when the expression of Tau is

modulated without inducing some toxic effects? In advanced AD,
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corresponding to late Braak stages there is hippocampal degeneration (Braak
and Braak, 1991) and functional deficits in the DG (Ohm, 2007).

A contrary view has emerged from Tau reduction studies in different
hAPP transgenic mice (Roberson et al., 2007, Roberson et al., 2011, Ittner et al.,
2010), showing that lowering of Tau protein is beneficial and prevents the
progression of pathology in these animal models. Imbalance in the different
Tau isoforms and an increase in the total Tau levels were seen in cortex and
striatum lysates from Huntington’s disease patients (Fernandez-Nogales et al.,
2014). We therefore checked for level of endogenous mouse Tau in 17-22 month
old adult mice from control and anti-aggregant Tau®P**" groups. In anti-
aggregant TauRfP**" mice, even though there was overexpression of a mutated
human Tau®PA*", there was mno sign of neurodegeneration or
neuroinflammation. Surprisingly we saw an increase in endogenous mouse Tau
level of about 50% (Figure 47) but no significant change in neuronal number

(Figure 46) in the hippocampus and total hippocampal volume (Figure 45).

7.5. GSK3£ and its role in neurogenesis.

Since we observed an increase in the endogenous mouse Tau level in
anti-aggregant Tau®*P*" slices and in adult animals, we further investigated the
level of GSK38 in anti-aggregant Tau*"**" and control adult animals. GSK3 is a
well known Tau kinase (Hong et al., 2010) and an important regulator during
proliferation and differentiation of neural progenitor cells (NPC’s) (Ahn et al,,
2014). GSK3fs has a high basal activity in resting cells and is inactivated by
phosphorylation by upstream kinases.

Increased activation of GSK3£3 is a common feature in Familial Alzheimer
disease (FAD) as well as Sporadic Alzheimer disease (SAD) (Avila et al., 2010)
and also in other Tauopathies (Engel et al.,, 2006). Active GSK3£ is a prominent

Tau kinase in newborn neurons (Hong et al., 2010). Activation of GSK3f3
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promotes neuronal differentiation and inactivation of GSK3fi promotes
neuronal proliferation (Hur and Zhou, 2010). Thus the level of GSK3£ (active
and inactive) has to be closely regulated. To investigate the molecular
mechanism mediated by the expression of the anti-aggregant Tau®PA*?, we
checked for active and inactive levels of GSK3£ in the hippocampal lysates.
Active GSK3£s was similar in the control and the anti-aggregant Tau*PA™" groups
(Figure 48) and the same was true for total GSK34£.

Interestingly there was a significant decrease in the level of the inactive
form of GSK3f (Figure 48). It has been reported that inhibition of GSK3{ and
also down-regulation of GSK3fi increased the number of Tujl positive
immature neurons. This could be the reason for the enhanced neuronal
differentiation seen in the anti-aggregant TaurPA*f animals. GSK3{3 regulates the
activity of several MAPs and may therefore be involved in the overall
microtubule dynamics (Zhou and Snider, 2005). Mice expressing constitutively
active GSK3£(S9A) showed reduced number of differentiating cells that are
positive for DCX. Constitutively active GSK3{3(S9A) mice as well as neuron-
specific GSK3£ knockout mice (GSK38 -/-) showed a reduced size of the DG and
also impaired hippocampal dependent behavioral tasks (Kondratiuk et al.,
2013). Thus the level of active and inactive forms of GSK3{; should be tightly
regulated to enhance neuronal differentiation and proliferation. The active level
of GSK388 may be required for the physiological phosphorylation of Tau, even
though there was a 50% increase in endogenous mouse Tau.

Surprisingly there was an increase in GSK3a expression in anti-
aggregant TauRPA** animals at 17-22 month of age. Knock-out of GSK3a did not
have any effect, when tested on NPC’s (Ahn et al., 2014). However there are not

many studies dealing with the overexpression of GSK3a.
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7.6. Anti-aggregant TauRPA T suppresses Wntba levels.

The decreased level of the inactive form of GSK3£8 was another hint to
study the upstream factors that could be involved in the regulation of GSK3{3
and neurogenesis. GSK3fs has been shown to mediate various signaling
pathways, among which the growth factors and the Wnt signaling pathways
are the most studied ones (Woodgett, 2001). Wnt signaling is the principal
regulator of adult hippocampal neurogenesis and has a role in adult
hippocampal function (Lie et al., 2005). Increased LTP in the CA1 region of the
hippocampus of the anti-aggregant Tau®P**? groups (Sydow et al., 2011)
further supported the possible involvement of the Wnt signaling pathway, as it
is assumed that it has a predominant role in hippocampal LTP (Chen et al.,
2006), neurogenesis and neuroinflammation. Wntba is up-regulated in AD
brains (Li et al., 2011) and increased Wntba is considered as a direct inhibitor of
the canonical Wnt signaling pathway (Florian et al., 2013). The Increased level
of Wnt5a is a marker of aging (Florian et al., 2013). We therefore analyzed
whether changes in the Wnt5a level was due to the expression of anti-aggregant
TauRPAPP, The level of Wnt5a in anti-aggregant TauR*P2™" slices was reduced to
50% when compared to age matched control slices (Figure 49). When the
expression of anti-aggregant Tau was switched-off by DOX, the level of Wnt5a
in the anti-aggregant Tau®P**" slices were further reduced significantly. The
level of Wnt5a in the controls was also reduced with the administration of DOX.
With all this data we conclude that the expression of anti-aggregant Tau
suppresses Wntba levels and thereby enhances neurogenesis and reduces

neuroinflammation in this mouse model.
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8) CONCLUSIONS

The expression of the anti-aggregant Tau enhances neurogenesis by directly
influencing the proliferation and differentiation of hippocampal stem cells. It
also increases the endogenous mouse Tau and thereby supporting neuronal
differentiation and maturation in this mouse model. There is a reduced number
of microglia and thus reduced neuroinflammation. The anti-aggregant Tau
enhances hippocampal neurogenesis via the Wnt signaling pathway by

suppressing the non-canonical Wnt signaling molecule Wnt5a.
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	Figure 21: No activation of microglia was seen in the anti-aggregant TauRDΔ-PP slices at DIV30. OHSC at DIV 30 were fixed and immunostained for NeuN (matured neurons in red) and Iba1 (microglia in green). Different regions of the hippocampus CA1, CA3 ...
	Figure 22: Decrease of the total number of microglia cells in the anti-aggregant TauRDΔ-PP slices at DIV30. The total number of Iba1 positive cells was manually counted with the help of the ImageJ software. There was a 30% reduction in the total amoun...

	6.5. Physiologically active astrocytes are observed in the anti-aggregant TauRDΔ-PP slices at DIV 30.
	Figure 23: Different forms of astrocytes seen in organotypic hippocampal slice cultures at DIV30. Organotypic hippocampal slice cultures from the WT mice are fixed at DIV30 and immunostained for mature neurons (NeuN, red) and astrocytes (GFAP, green)....
	Figure 24: Activated astrocytes were not present at DIV30 in the anti-aggregant TauRDΔ-PP slices. Slices from the control and anti-aggregant TauRDΔ-PP groups were fixed at DIV30 and immunostained for mature neurons (NeuN in red) and astrocytes (GFAP i...

	Figure 25: Astrocytic GFAP protein levels in western blots show no significant increase in the anti-aggregant TauRDΔ-PP slices at DIV30. Hippocampal lysates were prepared from the control and the anti-aggregant TauRDΔ-PP slices and used for western bl...

	6.6. No change in spine density.
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	Figure 26: No change in spine density in the apical and basal dendrites of the CA1 pyramidal neurons. DIV30 Organotypic hippocampal slice cultures were labeled with DiI with the help of a gene gun. (A) CA1 pyramidal neurons labeled with DiI. The cell ...

	6.7. Increase in the total number of proliferating BrdU positive cells.
	6.7.1. The BrdU incorporation assay.
	Figure 27: BrdU gets incorporated into the proliferating cells which can be detected by immunostaining with Anti-BrdU antibody as seen in OHSC’s at DIV30. The above image is a representation of the CA1 region that is immunostained with both NeuN (red)...
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	Figure 28: Control and anti-aggregant TauRDΔ-PP slices treated with BrdU from DIV 15 to DIV 30. 50µM BrdU was dissolved in the culture media of the anti-aggregant TauRDΔ-PP and control slices. BrdU was applied from DIV 15 until DIV 30. The media conta...
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	Figure 29: Rate of proliferation: Number of BrdU positive cells in the control and the anti-aggregant TauRDΔ-PP slices at DIV 30. The concentration of BrdU in the culture media of the anti-aggregant TauRDΔ-PP and control slices was 50µM. BrdU was appl...
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	Figure 31: Rate of differentiation: Number of BrdU positive cells that were co-labeled with NeuN, a marker of mature neurons. The concentration of BrdU in the culture media of the anti-aggregant TauRDΔ-PP and control slices was 50µM. BrdU was applied ...


	6.8. Neuronal stem cells at different proliferating stages are seen in aged anti-aggregant TauRDΔ-PP slices (DIV30) but are absent in the age matched control littermates.
	6.8.1. Ki67 positive cells are observed in the anti-aggregant TauRDΔ-PP slices but are absent in the control slices at DIV 30.
	Figure 32: Ki67 positive neuroblast cells from the neuronal stem cell lineage were seen in the anti-aggregant TauRDΔ-PP slices at DIV 30. Organotypic hippocampal slice cultures were prepared from the control and the anti-aggregant TauRDΔ-PP groups. Th...
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	Figure 33: DCX positive neuroblast cells from the neuronal stem cell lineage were seen in the anti-aggregant TauRDΔ-PP slices at DIV 30. Organotypic hippocampal slice cultures were prepared from the control and the anti-aggregant TauRDΔ-PP groups. The...
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	Figure 34: DCX positive cells co-stained with NeuN in the DG of the anti-aggregant TauRDΔ-PP groups at DIV30. Organotypic hippocampal slice cultures were prepared from the control and the anti-aggregant TauRDΔ-PP groups. The slices were cultured till ...


	6.9. Tau distribution in organotypic hippocampal slice cultures.
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	Figure 35: Mislocalization of Tau into the somato dendritic compartment in slice cultures. The CA3 region of the hippocampus is depicted here. The matured pyramidal neurons in the CA3 regions are stained with the NeuN antibody in red and Tau is staine...
	/
	Figure 36: Mislocalization of Tau in the somato-dendritic compartment of the CA1 pyramidal neurons of pro-aggregant TauRDΔ mice as seen in organotypic hippocampal slice cultures. Figure from (Messing et al., 2013)
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	Figure 37: Distribution of Tau in control and anti-aggregant TauRDΔ-PP slices at DIV 30. OHSC were stained for total Tau with K9JA antibody and for matured neurons with NeuN antibody at DIV 30. Tau staining is seen in the axons in both the control and...

	6.10. Increased endogenous mouse Tau levels are seen in the anti-aggregant TauRDΔ-PP slices.
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	Figure 38: Levels of the endogenous mouse Tau was increased in the anti-aggregant TauRDΔ-PP slices at DIV 30. Organotypic hippocampal slices were cultured until DIV30 and then collected for biochemical analysis. The hippocampal lysates from control an...

	6.11. Switch-off experiments with doxycycline.
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	/
	Figure 39: Endogenous mouse Tau was decreased after application of doxycycline to the anti-aggregant TauRDΔ-PP slices. Organotypic hippocampal slice cultures were cultured till DIV15. At DIV15, both the control and the anti-aggregant TauRDΔ-PP slices ...

	6.11.2. Switch-off of the anti-aggregant TauRDΔ-PP decreases the total number of neurons in the anti-aggregant TauRDΔ-PP slices.
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	Figure 40: Doxycycline treatment decreases the total number of neurons in the anti-aggregant TauRDΔ-PP slices. 2µM DOX was applied to the culture media. Both the control and the anti-aggregant TauRDΔ-PP slices are treated with DOX from DIV 15 to DIV 3...
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	Figure 41: Doxycycline treatment decreases the total number of BrdU positive cells in the anti-aggregant TauRDΔ-PP slices. 2µM DOX was applied to the culture media. Both the control and the anti-aggregant TauRDΔ-PP slices were treated with DOX from DI...



	6.12. The rate of proliferation (BrdU positive cells) was increased in the anti-aggregant TauRDΔ-PP animals at P8.
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	/
	Figure 42: BrdU incorporation in the hippocampus of P8 control and anti-aggregant TauRDΔ-PP animals. 40µm thick vibratome sections of the brains from the control and the anti-aggregant TauRDΔ-PP animals at postnatal day 8 were cut and immunostained wi...
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	Figure 43: Increased number of BrdU positive proliferating cells in the CA3 region in the anti-aggregant TauRDΔ-PP groups. Pups were injected with BrdU and 2 hours later brains were removed. The graph represents total number of BrdU positive cells ana...

	6.14. Increased hippocampal volume in the anti-aggregant TauRDΔ-PP animals at post-natal day 8.
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	Figure 44: Total hippocampal volume is increased in the anti-aggregant TauRDΔ-PP pups at P8 as measured by stereology. The brains of P8 pups were removed and cut into 40µm thick coronal sections. The sections were stained with NeuN antibody. Hippocamp...

	6.15. No change in hippocampal volume in the anti-aggregant TauRDΔ-PP animals at 17-22 months of age.
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	Figure 45: No difference in the total hippocampal volume at 17-22 months of age. Brains of 17-22 month control and anti-aggregant TauRDΔ-PP animals were removed. The sections were stained with NeuN antibody. Hippocampal volume of controls and anti-agg...
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	Figure 46: No significant difference in the density of hippocampal neurons at 17-22 months of age. Coronal sections of 17-22 month old WT and anti-aggregant TauRDΔ-PP mice were stained with NeuN and the total number of neurons was stereologically coun...

	6.16. Expression of the endogenous mouse Tau was high in the anti-aggregant TauRDΔ-PP animals at 17-22 months of age.
	/
	Figure 47: Increase in the endogenous mouse Tau levels in the anti-aggregant TauRDΔ-PP groups at 17-22   months of age. 17 month old control and anti-aggregant TauRDΔ-PP animals were sacrificed and brains removed. The hippocampus and cortex were separ...

	6.17. GSK3ß and its role in neurogenesis.
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	Figure 48: Decrease in the inactive form of GSK3ß levels in the anti-aggregant TauRDΔ-PP groups at 17 month of age. 17 month old control and anti-aggregant TauRDΔ-PP animals were sacrificed and brains removed. The hippocampus and cortex were separated...

	6.18. Decreased Wnt5a levels in the anti-aggregant TauRDΔ-PP slices.
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	Figure 49: The Wnt5a levels were significantly reduced in the anti-aggregant TauRDΔ-PP slices. These levels were further significantly reduced when the expression of anti-aggregant TauRDΔ-PP was switched off by the application of doxycycline. Organoty...
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