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Alzheimerovy nemoci

Bachelor’s thesis

Supervisor: RNDr. Jǐŕı Růžička, Ph.D.
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Abstract
More than 100 years have passed since the original description of a „peculiar” disease of

cerebral cortex by Dr. Alzheimer. Lots of discoveries on this disease and its cellular and
molecular correlates has been done since then, the disease, however, up to this day resists
most of the causal attempts of treatment. The major component of silver stained tangled
bundles of fibrils that Alzheimer observed under his microscope has been identified as a
microtubule associated protein tau and it has been shown to be a crucial part of many other
neurodegenerative disorders, which were collectively named tauopathies. However, even after
such a long time, the exact role of tau in neuronal physiology and pathology remains rather
obscure. According to the latest research, it even seems that some of the widely accepted
truths might require more closer observation and validation. The aim of this thesis is to sum
up and clarify the important aspects of the mechanism of tau aggregation, the basic factors
that influence it and its transcellular movement as a mechanism of pathology spreading.

Keywords: aggregation, pathology spreading, tauopathy, Tau protein
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Abstrakt
Vı́c než 100 let uplynulo od doby, kdy Dr. Alzheimer poprvé popsal „zvláštńı” nemoc

cerebrálńıho kortexu. Za tu dobu bylo učiněno mnoho objev̊u, se snahou objasnit buněčné a
molekulárńı koreláty této nemoci, ta ovšem zarytě odolává všem pokus̊um o léčbu. Hlavńı
složkou stř́ıbrem barvených neurofibrilárńıch klubek, které Alzheimer pozoroval pod mi-
kroskopem v buňkách postižené mozkové tkáně, byl identifikován protein tau. Jde o pro-
tein asociovaný s mikrotubuly a bylo dokázáno, že hraje d̊uležitou roli v celé řadě neu-
rodegenerativńıch nemoćı, které byly souhrnně označeny jako tauopatie. Ovšem i po tak
dlouhé době z̊ustává role tohoto proteinu ve fyziologii a patologii sṕı̌s nejasná. Ve světle
nejnověǰśıch výzkumů se dokonce zdá, že mnoho obecně uznávaných fakt̊u o tomto proteinu
bude ještě vyžadovat podrobněǰśı prozkoumáńı a validaci. Tato práce si klade za ćıl objasnit
a shrnout d̊uležité poznatky o mechanismu agregace tau proteinu, základńıch faktorech, které
ji ovlivňuj́ı a o transcelulárńım š́ı̌reńı tau patologie.

Kĺıčová slova: agregace, š́ı̌reńı patologie, tauopatie, Tau protein,
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Introduction
With the increasing general lifespan of population, thanks to its healthier lifestyle and better
medical care, ”new” health problems emerge, one of them being the increasing number of
patients suffering from dementia.

The world’s leading cause of dementia is Alzheimer’s disease (AD), pathologically char-
acterized by presence of neurofibrillary tangles composed of tau protein and extracellular
β-amyloid plaques.

The role of these proteins in the pathophysiology of AD has been assessed for a long time.
The original (amyloid) hypothesis suggested that the origin of the disease comes from the
problems in metabolism of amyloid precursor protein (APP). This theory is supported by the
genetic studies in early-onset familial cases of AD, where mutations can be found especially
in the genes for APP and presenilin, the protease that cleaves it. The increased copy number
of APP found in Morbus Down has also been thought to be the cause of Aβ pathology seen
in these patients in very young age.

However, since the discovery of non-invasive PET tau pathology progression tracking, it
seems that tau pathology progression is more closely correlated with clinical manifestation
of the disease than Aβ pathology spreading (Brier et al. [2016]). Moreover, the disease is so
fascinating also because of the fact, that most of the new lines of treatment (ones based on
the amyloid theory - such as β-secretase inhibitors) seem to have little or no clinical effect
(recently for example Egan et al. [2018]) whatsoever.

This raises a question, whether it might not be the Tau, who is the most important player
on the field with relation to neurotoxicity and as possible treatment target.

For a long time, the main function of this microtubule associated protein has been viewed
as to merely stabilize the axonal microtubular cytoskeleton in neurons. The original theory
says, that in pathology, the protein releases itself from the microtubular network, which is
hereby destabilized, and aggregates to form intracellular tangles.

This view, however, might not cover the whole truth. With newer discoveries concerning
tau’s localization and interaction partners, many questions are raised about its real physio-
logical role. In pathological conditions, tau seems to propagate through the brain via prion
like spreading mechanisms.

This thesis focuses on certain non-canonical functions of tau protein and their role in
pathology, mechanisms of tau aggregation and its trans-cellular spreading. For this purpose,
we found it important to explain the protein structure and differential expression patterns in
greater detail.
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1. Alzheimer’s disease as an
example of tauopathy
Pathologies associated with the microtubule associated protein tau are generally called tau-
opathies and one of their major hallmarks is spontaneous formation of aggregates composed
of this protein. These aggregates fail to fulfill protein’s original function and moreover trig-
ger different pathological processes, such as microglia activation and (secondary) neuronal
apoptosis (Musi et al. [2018]).

Tauopathies can be technically subdivided into primary, where tau pathology is considered
the major hallmark of the disease and secondary in which tau pathology is associated with
another characteristic pathology. This division, however, does not seem to reflect the exact
mechanism of tau pathology development (Williams [2006]). The most common clinically
relevant pathology is the Alzheimer’s disease, which is in brief discussed in the following
chapter.

1.1 Pathological findings in Alzheimer’s disease

Probably the most common and also the first discovered tauopathy is Alzheimer’s disease,
firstly described based on the clinical symptoms and light-microscopy pathology correlates.
The disease is named after German physician Alois Alzheimer, who summed the pathology
of the disease in his paper in 1907, even though the individual characteristics have already
been described before (e.g. Redlich and E. [1898]).

The pathological correlates characteristic for this disease are the presence of intracellu-
lar neurofibrillary tangles (NFTs), extracellular β-amyloid plaques, cerebral angiopathy and
neuronal loss (Alzheimer [1907], clinical review for example in Scheltens et al. [2016]). The
structure of the filaments was described only much later as paired helical filaments (PHFs)
by the means of electron microscopy (Kidd [1963]), while the proteins involved have been
waiting for their discovery for another 2 decades. On the other hand, it has to be noted, that
even the presence of significant amount of Aβ-plaques does not necessary imply the presence
of clinical dementia, as they can be found in the brains of persons, who died without clinically
relevant cognitive impairment Knopman et al. [2003].

1.2 Genetical background

While most of the affected patients are over 60 years old, earlier (presenile) onset is usually
characterized by a presence of genetic mutations in one of the associated genes (APP –
amyloid precursor protein on chr21), presenilin-1 (chr14), and presenilin-2 (chr1)), which
directly or indirectly influence the metabolism of APP (Pericak-Vance et al. [1997] ).

There are also many other genes, mutations or polymorphisms in which are associated
with an increased risk of AD development. One such important and well-described correlation
exists with the presence of E4 allele of apolipoprotein ε in homozygous or heterozygous state
(Strittmatter et al. [1993]).

Other genes associated with an raised risk of AD development are SYK, ADAM10 and
at least 30 others so far described (as reviewed in Morley et al. [2018]).
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1.3 Clinical findings/picture

Clinically, AD is characterized by an impairment of episodic and working memory, general
decrease of executive function and deficits of language skills (Förstl and Kurz [1999]). The
symptoms and the patterns of their temporal evolution can be generally explained by the
spatio-temporal progression of tau pathology and subsequent neuronal dysfunctions (Braak
and Braak [1991]).

One of the early disease symptoms is a impairment of spatial memory (Henderson et al.
[1989]), which is already present at the preclinical stages of the disease. The deficiency is
notable specially during the learning phase and formation of the mental spatial map. Once
acquired the mental map can be used with no significant time difference from healthy subjects
(Allison et al. [2016]).

Although this deficit has been originally attributed to the damage to right side neocortical
areas (Henderson et al. [1989]), spatially, it corresponds more with the physical cellular
progression of the tau pathology, where one of the first affected areas is the EC, as the
evidence suggests (as reviewed in Braak et al. [2006]) (see section 4.1). The EC, and here
located grid cells, are known to play a significant role in the process of spatial navigation
(Fyhn et al. [2004]) and it has been suggested, that it is their damage, that is contributing to
the spatial memory deficits found in AD (Kunz et al. [2015]). This hypothesis is supported
by experimental proof, that Tau is indeed the culprit in AD related grid cell dysfunction,
which leads to corresponding phenotype (Fu et al. [2017]).

1.4 Other common tauopathies

Other common tauopathies include progressive supranuclear palsy, frontotemporal dementia
or frontotemporal lobar degeneration and corticobasal degeneration, forms of cortical and
subcortical dementias, well characterized by their clinical images, even though not by their
pathophysiological mechanisms (Deuschl and Maier [2016]).

Tau pathology also accompanies diseases such as chronic traumatic encephalopathy, vascu-
lar dementia, Gerstman–Straeussler–Scheinker syndrome or Huntington’s disease (as reviewed
in Williams [2006] and Arendt et al. [2016]).
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2. Characterization of the tau
protein
2.1 Family characterisation

Tau protein belongs to a MAP2/Tau family of microtubule-associated proteins (MAPs), other
members of which include MAP2 and MAP4 proteins in mammals. While Tau and MAP2
are mostly expressed in neuronal tissue, MAP4 is expressed extra-neuronally.

All three mentioned proteins contain homologous repetitive C-terminal microtubule bind-
ing domains but differ in their N-terminal domains (see subsection 2.2.1) (Chapin and Bulinski
[1991] ;Goedert et al. [1991]).

2.2 Gene structure and expression

The gene for tau protein is located on the long arm of the 17th chromosome in band 17q21.31
(Neve et al. [1986]) and consists of 16 exons, two of which, however, (exons 0 and 14) are
not translated at all. Organisation of the gene seems relatively evolutionary conserved (at
least between human, rodent and bovine genes), but the main difference between different
organisms lies in the gene’s splicing patterns (Andreadis et al. [1992]).

In human central nervous system (CNS), splicing results in production of 6 different
isoforms, which can be described by two characteristics.

The first difference is the inclusion of 29 amino acid (AA) long inserts at the N-terminal
end of the protein. These inserts are encoded by exons 2 and 3 and can be present in one or
two copies (either only exone 2 or both, exon 2 and 3 can be present, never exone 3 alone,
as its transcription is dependent on the presence of exon 2) or be missing completely. The
resulting isoforms are designated as 0N, 1N or 2N.

The other difference between the isoforms is caused by the presence of exon 10. Exons 9 –
12 encode one microtubule bidning domain (MBD) - also called repetitive domain (RD) - each,
so there are totally 4 imperfect repetitions of 30 – 31 residues at the C-terminal end of the full
length protein (also denoted as the 4R isoform). Exclusion of exon 10 leads to the production
of protein in which only 3 MBDs are present, denoted as 3R form. Different number of MBDs
in different isoforms leads to different respective microtubule binding potency, which seems
to be important during the brain development (see below). (Andreadis et al. [1992])

In peripheral nervous system (PNS), additional isoforms are being produced, which result
from the addition of extra exons 4a and 6. Because of their bigger molecular size they are
commonly refered to as high molecular weight (HMW) tau (Couchie et al. [1992]).

2.2.1 Protein domains

Structurally, tau can be divided into four major domains, each of which has its unique binding
partners and function. This can be seen denoted by different colors in Fig. 1.2.

The N-terminal domain (also called the projection domain) is repelled from the micro-
tubule, because of its negative charge (Amos [2004]) and according to the literature plays
a role as a flanking spacer between microtubules (Chen et al. [1992]). It also serves as a
connection to membrane through Annexin A2 (Gauthier-Kemper et al. [2011]), which might
provide a trigger for induction of pathologic seeding-competent form (see subsection 4.1.4 for
more details). The N terminal repetitions might also play a role in subcellular localisation of
tau (Liu and Götz [2013]) and regulate for different binding partners (Liu et al. [2016]).
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Figure 2.1: Scheme showing the localization of MAPT gene on human chromosome 17, its
too haplotypes and an exon composition. Part C depicts the differential splicing producing 6
forms in the human CNS (upper part) and two isoforms in peripheral nervous system (bottom
part) (Arendt et al. [2016])

Second domain contains seven Pro-X-X-Pro motifs and hence is called proline-rich domain.
PXXP motif is known to be recognized by proteins containing SH3 domain (Src homology-3),
such as Src the Lck or Fyn proteins of Src family (Boggon and Eck [2004]). This is a suggested
mechanism of many tau signalling functions (as reviewed in (Guo et al. [2017])). Moreover,
this domain also facilitates DNA and RNA binding (Qi et al. [2015]), as well as actin binding
(He et al. [2009]) and microtubule assembly regulation (Eidenmuller et al. [2001]).

Encoded by exons 9-12, the third domain contains microtubule binding repetitions, which
mediate the binding not only to microtubules, but also to F-actin (Fulga et al. [2007]), α-
synuclein (Jensen et al. [1999]) as well as nucleic acids (Qi et al. [2015]). Research shows,
that at least 2 RDs are necessary for the ability of tau to bind both, microtubules and F-
actin, and therefore to serve as a cross-linker between the cytoskeletal networks of these
two proteins (Elie et al. [2015]). Pathological phosphorylation of tau seems to disrupt this
mechanism, leading to disruption of actin cytoskeleton and aggregation of F-actin. This, in
turn, has been shown to induce ROS production and subsequently apoptosis. Altogether, the
previously described mechanism has also been suggested to play a role in the pathogenesis of
AD (Fulga et al. [2007]).

The sequences between the RDs appear to regulate the microtubule binding (Mukrasch
et al. [2007]), as well as to be responsible for tau aggregation (von Bergen et al. [2000]; Von
Bergen et al. [2001]).

Finally, there is not enough information on the functions of the very end C-terminal
domain, however R406W mutation in this region (which is one of the possible causal mutations
for FTDP-17 (frontotemporal dementia with parkinsonism-17)) causes diminished membrane
binding through Ca2+-dependent interaction with Annexin-A2. Even though this function
is normally attributed to an N-terminal domain, this might be caused by the ”paperclip”
conformation (Jeganathan et al. [2006]), see subsection 2.4) Moreover, R406W mutation
causes changes in phosphorylation pattern of the whole protein (Gauthier-Kemper et al.
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[2011]) and also causes its long-range structural change (Connell et al. [2001]).
Interaction with the cellular membrane seems to be important for the production and

maintenance of neural outgrowths and probably also the neural connectivity (Gauthier-
Kemper et al. [2011]).

2.3 Differential expression

Most significant changes in the splicing patterns and MAPT expression occur towards the
end of the third trimester and during the first postnatal months. They concern particularly
exons 2 and 10, but certain change in expression can also be seen in exon 3 (Hefti et al.
[2018]).

While foetal tau is almost exclusively present in the 0N3R isoform, during perinatal
period a rapid increase in exon 10 inclusion can be observed. This leads to an increase in the
production of 0N4N tau, which rapidly reaches adult values (Hefti et al. [2018]). This change
seems to be conserved at least between some murine species, such as rats, mice, guinea pig
(Takuma et al. [2003]), and humans (Hefti et al. [2018]).

Exon 2 expression follows this increase slowly, but it doesn’t reach the adult plateau until
10 years of age (Hefti et al. [2018]).

Exon 3 also showed small increase in production (Hefti et al. [2018]).
These changes lead to an adulthood pattern of expression, where 3R and 4R isoforms

are produced approximately in the same ratio, while at the N-terminal end the prevalent
form is 1N followed by 0N isoform. These two comprise about 54 % and 37 % of the cellular
tau protein respectively, while 2N isoform accounts only for approximately 9 % of the total
tau (Goedert et al. [1989]). Minimal changes in splicing patterns normally occur during
adulthood (Hefti et al. [2018]).

During rat foetal development again, predominantly 0N3R isoform is expressed increas-
ingly until the date of birth. In day 28 post partem, all three 4R isoforms appear, while
the 0N3R disappears by reaching adulthood. In mice, similar pattern has been observed.
Interestingly even though in adult rats, 1N and 2N forms are the most common, in mice the
0N form prevails (Takuma et al. [2003]).

In guinea pigs the situation was found to be somewhat more simple, as they produced
only two isoforms, thought to be 1N3R prenatally and 1N4R post partem with only the latter
one remaining until adulthood (Takuma et al. [2003]).

As for the spatial expression patterns in humans, tau protein production is roughly equal
throughout the brain, except for the regions of foetal brain, which host high neurogenesis
(such as ganglionic eminences and upper rhombic lip) and parts with significant amount of
migrating immature neurons, such as the foetal hippocampus and developing neocortex (Hefti
et al. [2018]).

Based on the changes in tau splicing and expression during the brain development and
the time period during which it takes place, it has been suggested, that this shift plays an
important role in the neuronal development. Expression of the foetal form might be necessary
for the developmental plasticity, while adult tau expression is necessary for building and
maintaining the mature cytoskeletal network needed for axon formation and maintaining
adult connectivity (Hefti et al. [2018]).

These foetal models of expression in an adult individual might be triggered by events
causing ischaemic or hypometabolic conditions, such as stroke or subcortical dementia(Suh
et al. [2010]).

The importance of the proper splicing pattern employed by the cell seems evident, as its
disturbance is sufficient to cause tauopathy (Hutton et al. [1998]). RNA reprogramming and
modulation of splicing seems to rescue the cognitive deficit (Esṕındola et al. [2018]).
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2.4 3D structural characterisation

To begin with, it has to be noted, that the longest tau isoform in human CNS (441 AA
residues) has been chosen as the standard for the structural characterization studies.

Since the first attempts to ascertain the structure of tau protein, no particular secondary
structure has been noted (CD (circular dichroism): (Cleveland et al. [1977]), proton NMR
(nuclear magnetic resonance): (Woody et al. [1983])).

More recent research led to a discovery of certain β and α (thought to be the most common
one) structures within the protein and based on the occurrence of α structures, Eliezer et al.
[2005] has suggested, that while α helices occur m within the RD and at the C and N terminal
ends of protein, β-strand is to be found stretching between the two α-helices of respective
RDs (von Bergen et al. [2000];Von Bergen et al. [2001]).

It has also been noted, that post-translational modifications, such as phosphorylation,
have an immense effect on protein conformation, localisation and interactions (Camero et al.
[2014]).

As for tertiary structure, based on the FRET and EPC experiments, (Jeganathan et al.
[2006]) has proposed a ’paper-clip’ conformation, which suggests an intracellular interactions,
that could prevent spontaneous aggregation. In this model, C-terminal end is folded over the
MBDs, hereby protecting them, while N-terminal end folds back to close the paper-clip.

This conformation might be changed by interactions with other proteins (such as micro-
tubules) and also during pathological conditions (Falcon et al. [2018]).

Figure 2.2: Showing the suggested paperclip models of free tau protein and one of the possible
models of tau binding to microtubule. (Guo et al. [2017])

2.5 Cellular localisation

In the bovine (Binder et al. [1985]) as well as in human adult neurons (Trojanowski et al.
[1989]), tau has been shown to be localized exclusively in axons. Presence in glia was not
observed and tau has been suggested to be an ideal protein for the study of neuronal sprouting
and axon growth (Binder et al. [1985]).

Already at that time though, other studies have shown tau to be present also in the soma-
todendritic compartment of neurons (after dephosphorylation) and in some glial populations
(Papasozomenos and Binder [1987]).

Possible reasons for the preferential presence of tau in axons might be caused by multiple
mechanisms, such as preferential mRNA targeting (Aronov et al. [2001]) and expression in
axons (Morita and Sobue [2009]). This process is directed by axonal localization signal on
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the 3’UTR (3’ Untranslated region) of tau mRNA. In comparison, 3’UTR of MAP2 contains
dendritic localization signal (Aronov et al. [2001]).

Such a preferential expression of tau mRNA at the future axone-pole of the neuronal
precursor is mediated for example by mTOR effector 70-kDa ribosomal protein S6 kinase
(p70S6K). This kinase also induces expression of collapsing response mediator protein 2
(CRMP2) and induces neuronal polarization and axonal growth (Morita and Sobue [2009]).

Other mechanisms seem to involve ”trapping” of tau in the axon caused by a barrier in
axon initial segment, that prevents retrograde transport of tau. This barrier can be however
bypassed by tau hyperphosphorylation (Li et al. [2011]).

Nuclear localisation has been also described, especially in the NOR (nucleolar organizing
region) of the acrocentric chromosomes (Loomis et al. [1990]).

Kobayashi et al. [2017] showed the presence of tau mRNA is present in dendrides in RNP
granules also containing Staufen1 and FMRP (RNA-binding proteins, important for memory
processes and learning Sidorov et al. [2013]). The translation of this mRNA is enhanced by
the activation of NMDA and AMPA glutamate receptors without enhancing the translation
of tau mRNA in the somatic or axonal compartment, nor the dendritic content of tau mRNA.
Moreover, the glutamate neuronal activity promotes the increase of translation of this mRNA,
leading to increased expression in the somatodendritic compartment as a response to neuronal
activation (Li and Götz [2017]) (see section 3.2.3).

Due to the technical difficulties with monitoring normal tau in vivo, most of the studies
focused on detection of abnormal phosphorylated or aggregated tau, which might differ from
the distribution of the normal physiological tau protein. The most recent study which aims
to describe the cellular localization of normal tau noticed its prevalent presence in non-
myelinated axons (Kubo et al. [2018]).

Very intense normal tau signal was found in the mossy fiber axons of the hippocampus
and also the inner molecular layer of the gyrus dentatus and stratum radiatum of CA1. In the
cerebral cortex, the most prominent staining was in the layers IV and V. In corpus callosum
and anterior commisure, the positivity was topologically-dependant with negative correlation
to the content of myelin basic protein positive axons in the area. (Kubo et al. [2018]).

The majority of the positively stained areas were axonal regions. Tau is also present near
the dendritic spines in shape of signal positive dots. However, in Thy1-EGFP mice (in which
dendritic spines are marked by EGFP), no colocalization has been found between EGFP and
tau. No colocalization has been found between drebrin, another dendritic spine marker, and
tau either. No colocalization has also been observed between tau and VGlut1, marker for
presynaptic terminals (Kubo et al. [2018]). This seems to be contradictory to the suggestion,
that tau plays a physiological role in the pre-synapse.

High perinuclear positivity exhibited also oligodendrotytes, but was not detectable in
other glial cells (Kubo et al. [2018]). Tau pathology in these is, however, present minimally
in tauopathies (Ferrer et al. [2014]).

2.6 Post-translational modifications

Tau is subjected to many post-translational modifications, which influence its physiological
function as well as its aggregation and spreading in pathology. The most prominent and
well-researched of these is phosphorylation, which also seems to play an important role in the
pathogenesis of AD.

2.6.1 Phosphorylation

From the most common ones, phosphorylation of tau has been shown to be possible on 85
sites, from which 45 are serines, 35 threonines and 5 tyrosine residues and its phosphorylation
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status is under thight control of many cellular kinases and phosphatases (as reviewed in
Hanger et al. [2009]).

Different phosphorylation patterns have an effect on tau microtubule binding (Lindwall
and Cole [1984]) as well as its aggregation propensity (Kopke et al. [1993];Wang et al. [2007]).
Decreased microtubule binding also increases the amounts of tau protein available for den-
dritosomatic mislocalization (if we put aside the fact that it is there also under physiological
conditions - see section 2.5) (Hoover et al. [2010]) as well as exocytosis (see subsection 4.3.1)

Phosphorylation also influences the tau clearance (Litersky and Johnson [1992]) and in-
teraction with many of its binding partners (as reviewed in Arendt et al. [2016]).

Three classes of kinases phosphorylate tau protein:

1. Serine/Threonine kinases

• Proline directed - such as Glycogen Synthase Kinase (GSK) 3 or Cdk5
• Non-Proline directed - Akt/protein kinase B, cAMP-dependent protein kinase A

or tau/tubulin kinase 1/2

2. Tyrosine kinases - such as Fyn, Abl or Src

(as reviewed in Guo et al. [2017])
As for the phosphatases, main protein phosphatase in the brain is protein phosphatase

2A (PP2A) (Liu et al. [2005]). PPA2 activity has been shown to be sufficient to rescue
the microtubule binding activity of aggregated tau and also to inhibit the aggregation of
hyperphosphorylated tau into PHFs (Wang et al. [2007]) Another important phosphatase is
PP5 (Liu et al. [2005]) and the activities of both of these phosphatases are decreased in the
brains of patients with Alzheimer’s disease (AD).

Phosphorylation of tau also plays protective and physiological role, for example it has also
been noted, that foetal tau protein is massively hyperphosphorylated compared to healthy
adult tau. Possible explanation would be, that decreased microtubule binding affinity caused
by phosphorylation enables higher levels of neuronal plasticity. Certain phosphorylation
patterns, for example phosphorylation on tyrosine residue 205, induced by mitogen-activated
protein kinase p38γ decreases the interaction of tau, PSD-95 and Fyn, hence decreasing the
A-β induced neurotoxicity, protecting neurons during the early stages of the disease (Ittner
et al. [2016]).

2.6.2 Other modifications

Tau acetylation on specific residues competitively blocks its aberant phosphorylation and
prevents tauopathy Cook et al. [2014], on others it might exacerbate tau toxicity (Gorsky
et al. [2016]), possibly by disrupting the KIBRA (Kidney and Brain protein) and AMPA
related cellular processes (Tracy et al. [2016]).

Other post-translational modifications include for example N−glycosylation, ubiquitina-
tion, sumoylation, nitration or addition of O-linked N -acetylglucosamine (Wang et al. [1996];
Morishima-Kawashima et al. [1993]; Dorval and Fraser [2006]; Cohen et al. [2011]).

Tau can be also cleaved, e.g. by Calpain and Caspase-2, leading to formation of 17kDa
(Tau44-230) and 35kDa (Tau1-391) fragments. Both fragments exhibit neurotoxic properties
in studies and are also present in the brains of tauopathy patients in increased amounts
(Ferreira and Bigio [2011];Zhao et al. [2016]).
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3. Canonical and non-canonical
functions of tau protein
The developing brain is a theatre with a lot of cellular changes happening. Neurogenesis, mi-
gration, differentiation require dynamic cytoskeletal network. In adults, to preserve relatively
stable functioning of the brain, cytoskeleton must be more steady.

This chapter is an overview for the last one and definitely not an exhausting list of all
known functions. Special attention is paid to the possible synaptic roles of tau protein, as its
„mislocalization” to synapses might accelerate tau pathology (see chapter 4).

3.1 Original view - ”canonical” functions

Tau has been originally characterized as an axonal protein necessary for the polymerization of
microtubules. In vitro conditions, it has been found sufficient to promote this polymerization
and hence it has been suggested it plays a key role in the microtubule assembly dynamics
(Weingarten et al. [1975]).

This view has been later confirmed by the already mentioned localization studies (Binder
et al. [1985]) and (Trojanowski et al. [1989]) and even though some other localizations (Pa-
pasozomenos and Binder [1987]) and functions (e.g. binding of DNA by MAPs (Corces et al.
[1978])) have been proposed, for long time, the main function of tau has been thought of as a
principal mechanical stabilizer of axonal microtubular cytoskeleton (as reviewed in Dehmelt
and Halpain [2004];Kadavath et al. [2015]). This also suggests, that the protein plays a role
in axonal dynamics (Drubin et al. [1985]), transport (Dixit et al. [2008]) and subsequently
also neuronal plasticity (see next section).

For the role of tau protein in microtubule stabilization also speaks the fact, that the
highest amount of cellular tau (80 %) is, under physiological conditions, bound to the micro-
tubules (Igaev et al. [2014]) and moreover especially in place, where most of the microtubule
dynamics is located, the transition between the axonal shaft and the growth cone (Janning
et al. [2014]).

Except for the axonal cytoskelet stabilization, tau also seems to play part in Fyn-dependent
myelination (Klein et al. [2002]). In fact, current research shows, myelination disturbance
might be the first mark of tauopathy (Jackson et al. [2018]).

3.1.1 Form of tau-microtubule interaction

Tau interacts with microtubules through the microtubule-binding domain and this inter-
action seems to be dependent on tau isoform (see section 1.2) and also post-translational
modifications (see section 1.6).

The interaction itself has been thought to last approximately 4 seconds (Konzack et al.
[2007]), this study has been done using FRAP (Fluorescence recovery after photobleaching)
microscopy and has not been able to distinguish between individual microtubules, rather only
whole microtubular bundles. Hinrichs et al. [2012] also suggested, that this interaction isn’t
static and tau is slowly sliding on microtubular surface and the signal to bound or unbound
the microtubule has been thought to be the phosphorylation of tau molecule (Konzack et al.
[2007]).

Single-molecule tracking study based on the TIRF (total internal reflection fluorescence)
which tracked the tau molecules bound to individual microtubules and subsequent validation
by Monte Carlo simulation have shown that Tau-microtubule interaction is rather follows
kiss-and-hop dynamics, with extremely short ( 40 ms) interaction time (Janning et al. [2014]).
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Technically, this interval is long enough to stabilize the rapid dynamics of tubulin dimers
(a lifetime of such subunit in a GTP-cap is app. 1 ms) (Gardner et al. [2011]). Moreover, this
model also helps to explain why tau bound to the microtubules does not present an obstacle
to the axonal peritubular transport and why it can still have an opportunity to bind other
molecular partners (Janning et al. [2014]).

The most recent research however seems to disclaim the classical view of tau protein as
a microtubule stabilizer. This function was rather attributed to MAP6, while the role of tau
is to allow the prolongation of the terminal labile domain (Qiang et al. [2018]).

3.2 Non-standard functions of tau protein

Even though tau has been shown to be present also in the somatodendritic cell compartment
relatively soon (Papasozomenos and Binder [1987]), for a long time has it been thought that
it is only a mark of pathological processes.

3.2.1 Nuclear functions

Tau is capable of binding the minor groove (Sultan et al. [2011]) of ssDNA as well as dsDNA
by its proline-rich domain (Wei et al. [2008]). In nucleus, tau seems to be involved in direct
chaperon-like DNA protection (Wei et al. [2008]), nucleolar organization (Sjöberg et al. [2006])
as well as chromosome stability, ploidy (Rossi et al. [2008]) and cell cycle regulation (Khurana
et al. [2006]), all of which could have a role in the pathogenesis of tauopathies (Rossi and
Tagliavini [2015]), (Khurana et al. [2012]).

Frost et al. [2014] also noted loss of heterochromatin, leading to expression of previously
silenced genes. This heterochromatin loss seems to be caused by the oxidative stress caused
by pathological interaction between the cytoskeleton and nucleoskeleton (Frost et al. [2016]).

Proline-rich region of tau protein is also responsible for the binding of RNA (Wang et al.
[2006]) and there seems to be a complex interplay between the RNA metabolism and tau.
Several RNA-binding proteins e.g. FUS (Fused in Sarcoma) or SFPQ (splicing factor pro-
line and glutamine-rich) affect tau splicing, resulting in the expression of different isoforms
(Ishigaki et al. [2017]), which might contribute to tau pathology (Moschner et al. [2014]).

Formation of cellular stress granules (RNA-protein complexes) can be triggered by tau
and vice versa, stress granules (SG), specific type of cellular RNA granules which modulate
the translational processes during the stress response. On the other hand, SGs can in turn
stimulate tau misfolding, aggregation and subsequent neuronal degeneration. Important role
in this process is played by interaction of tau with T-cell intracellular antigen 1 (TIA1), one
of the core ribosomal binding proteins of SGs. (Vanderweyde et al. [2016]).

Also several non-coding RNAs, influence tau expression, i.e. miR-219, which can bind to
MAPT mRNA and repress its translation. This miRNA has been shown to be downregulated
in patients with AD and its in vitro overexpression has been shown to linder the cellular
toxicity associated with tauopathies (Santa-Maria et al. [2015]). MiR-291 has also been
shown to modulate NMDA receptor signalling via translational repression of the γ subunit
of CaMKII, a downstream effector of the NMDA mediated Ca2+ signalling Kocerha et al.
[2009].

3.2.2 Metabolic functions

Tau protein also plays a role in insulin signaling pathway in the brain, loss of its function is
leading to insulin resistence in brain (Marciniak et al. [2017]). Tau affects this pathway by
regulation of PTEN lipidophosphatase which causes the dephosphorylation of PIP3, and also
by dephosphorylation of Insulin receptor substrate 1 (IRS-1), which influences its activity as
reviewed in (Copps and White [2012]).
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Since hippocampal insulin signaling plays role in plasticity and memory formation as
shown by (Grillo et al. [2015]) and disruption of this pathway leads to diminished LTP, re-
duction of phosphorylation of GluA1 and reduction of GluN2B, which are known as plasticity
markers. Cerebral insulin resistence hence seems to be an important feature of AD (for de-
tailed review, see for example Stanley et al. [2016]). In fact, hypometabolism theory is one
of the possible explanatory theories of tau pathology emergence.

3.2.3 Synaptic functions

One of the important (and soon observable) hallmarks of many neurodegenerative disorders
(AD included) is synaptic dysfunction and loss (as reviewed in Scheltens et al. [2016]). Tau
seems to play an important role in this process, not only in the pre-synaptic segment of
neurons, but also in the post-synaptic segments.

Leaving out the canonical functions of tau protein as a microtubule stabilizator, leading
to stabilization of neuronal projections and hence indirectly also of the synapses, there seem
to be mechanisms by which tau directly influences the synaptic function.

The evidence for pathological role of tau at the synapse has been present already for some
time (Ittner et al. [2010]), there still exist some dispute over the existence of physiological
function of synaptic tau, the topic therefore still requires further research.

Pre-synaptically, tau binds actin molecules and enhances their fibrilization. At the same
time, the N-terminal domain of tau binds synaptogyrin-3, a transmembrane protein at the
membranes of synaptic vesicles causing their clustering and henceforth a mechanical obstruc-
tion to the vesicle release, hence hindering the neurotransmitter release (Zhou et al. [2017]).

In the post-synaptic compartment, the dendritic spines host a pleiade of proteins, with
functions important for synaptic plasticity, memory and learning. Tau, by the interactions
with these proteins (see subsection 2.2.1) seems to take part in these processes. Kimura et al.
[2014] suggested, that dendritic tau is essential for physiological long term depression (LTD)
and Chen et al. [2012] noted its importance in dendritic spine growth and synaptic plasticity
in response to BDNF (brain derived neurotropic factors).

One of the main roles in the dendritic spines is played by protein Fyn, associated with
membranes through its co-translational myristoylation and post-translational palmitoylation
Sato et al. [2009]. Fyn is a non-receptor tyrosine kinase belonging to the Src family, serving
as an integrator and controller of many major signaling pathways in the post-synapse Ohnishi
et al. [2011] (although it is also localized in the rest of the neural soma as well as axone).

From our perspective, Fyn is interesting because of it interactions with tau protein (see
subsection 2.2.1) and amyloid-β. The interaction with the latter one occurs through multiple
membrane receptor proteins, including PrPC . The interaction of A-β with post-synaptic
PrPC causes an activation of Fyn and leads to a phosphorylation of a NR2B subunit of
NMDA glutamate receptor, leading to the stabilization and subsequent an increase of surface
NMDAR concentration and hyperexcitability at first Prybylowski et al. [2005], and later to
decrease of surface NMDAR concentration, dendritic spine loss and lactate dehydrogenase
release (Um et al. [2012]). The stabilization of NR2B containing NMDARs also might lead to
a tau pathology by activation of GSK3β and subsequent phosphorylation of tau (Tackenberg
et al. [2013]).

Moreover, the activation of Fyn kinase through A-β oligomers leads to an activation
of ERK/S6 cascade, which in turn leads to an increased translation and accumulation of
pathologically phosphorylated tau in somatodendritic compartment also in vivo. This process
is dependent on previous presence of tau protein, with other fact implicating that tau might
serve as a scaffold protein for the subsequent activation of the kinase cascade (Li and Götz
[2017]).

The decrease of Fyn rescues this phenotype (Chin et al. [2004]), on the other hand its
overexpression causes an increasal of speed of cognitive impairment progression (Chin et al.
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[2005]). However, KO of fyn causes the dendritic spine density decrease in pyramidal neurons
(Morita et al. [2006]) and decreased cerebellar axonal branching (Cioni et al. [2013]).

This suggest a novel mechanism of dendritic ”mislocalisation” of phosphorylated tau,
compared to the original idea of pathological phosphorylation as a possible event enabling
tau to pass the axon initial segment (Li and Götz [2017]). Fyn enhances phosphorylation of
tau not only at the tyrosine residues, but also at the serine/threonine residues.

Figure 3.1: Showing two possible models of increase of somatodendritic tau concentration in
tauopathies such as AD (Li and Götz [2017])

Fyn exhibits a nanodomain organisation with multiple possible mobility states, which
are important for the modification of synaptic plasticity and excitability (Sündermann et al.
[2016]). The changes and disturbances in this clustering are to be observed in physiological
processes, such as aging, as well as in the pathologies. For example, the mobility of fyn in
dendritic spines decreases with maturation of neurons and differs between dendritic spines
and shaft. The targeting of fyn to dendrites and its mobility in dendritic shaft is controlled by
tau (Ittner et al. [2010]), however the formation of nanocompartments is not (Padmanabhan
et al. [2019]). In AD, we can observe an accumulation of tau in dendritic spines and the
pathological tau (at least the FTPD-linked P301L mutant) causes trapping of fyn in dendritic
spines and a decrease in its motility. This trapping of fyn in spines might lead to its increased
signaling and might hence have an neurotoxic effect (Padmanabhan et al. [2019]).

(Pallas-Bazarra et al. [2016]) indicated, that tau is important for the maturation of newly
born hippocampal granular cells as well as for the increase of their survival under external
stimulation. On the other side it is also responsible for their stress-induced death, and these
processes might require tight cooperation of tau and fyn proteins (Padmanabhan et al. [2019]).

It has to be noted though, that one recent super-resolution study, however implies, that
tau is not localized in dendrites under physiologic conditions (Kubo et al. [2018]), which
seems to contradict the existence of its physiological dendritic functions.
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4. Tau aggregation mechanism and
pathology spreading
4.1 Tau aggregation mechanism

4.1.1 Early aggregation changes

Pathologically hyperphosphorylated Tau accumulates in a pre-tangle stage inside the cell
(Bancher et al. [1989]). At first, this happens in a non-fibrillar form and either in an associa-
tion with intracellular membranes, such as nuclear envelope and lipofuscin granules or freely
in the cytoplasm (Galván et al. [2001]).

The accumulation is followed by a change in tau structure, where the MBD predominantly
adopts a bigger level of β-structure (Barghorn et al. [2004]). This seems to be facilitated by an
already mentioned contact with intracellular membranes (as reviewed by Kuret et al. [2005])

This process takes place in axons, as well as in the somatodendritic compartment (Uchi-
hara et al. [2001]).

Subsequently, tau precipitates in form of neurofibrillary tangles (NFTs), whose main com-
ponents are paired helical filaments (PHFs) and to a lesser extend also straight filaments -
fibrils, with lower solubility (Kidd [1963]). This process involves three sub-processes, i.e. nu-
cleation, elongation and seeding.

4.1.2 NFT nucleation and elongation

It has been implied, that this process is initiated by so-called nucleation, during which a
nucleus is formed by a self-assembly of subunits into nuclei, which enables further growth of
the fibril i.e. its elongation.

Because monomers didn’t seem to show nucleating activity, Friedhoff et al. [1998] sug-
gested, that the subunits involved in this process must be multimeric and are in fact dimers,
produced by an oxidation of two cystein pairs between two tau molecules. This first step
is therefore dependent on the oxidoreductive properties of the internal cellular environment.
The nuclei composed of 4 - 7 subunits formed by this mechanism can then elongate to form
paired helical filaments (PHFs).

Nucleation is further facilitated by polyanionic molecules, such as heparin, but also RNA
and polyglutamine proteins.

Elongation occurs quite easily, therefore the rate limiting steps of the reaction are dimer-
ization and nucleation. The whole reaction therefore follows the sigmoideal kinetics, with a
lag phase on start, and gets faster and faster with the increasing number of nuclei available
(Chirita et al. [2005]).

4.1.3 NFT ”seeding”

Alternative mechanism of aggregation is facilitated by a ”seed”, unit that serves as a core
and possibly as a template for further fibril growth. In experimental conditions, fragments
of PHFs obtained by sonication can be used as ”seeds”. In vivo, fibrils already formed from
the nuclei can serve the role of seeds. This mechanism circumvents the ”nucleation barrier”,
which causes the lag phase in the previous model and is responsible for the exponential rise in
the velocity of reaction. In fact, the ”seeding” is therefore very similar or even identical to the
elongation phase (Chirita et al. [2005]; Friedhoff et al. [1998]) and according to the structural
analysis, PHFs made by both previously described mechanisms are completely structurally
identical (Friedhoff et al. [1998]).
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4.1.4 Aggregation-competent species

The previously described mechanism suggest so-called homogenous self-nucleation, in which
self-assembly is concentration dependent. More recent research, however showed an existence
of monomeric ”intermediate” state formed by heterogenous mechanisms (by the contact of
tau protein with other cellular components, such as with certain membrane complexes) and
that the process might not be triggered by a spontaneous self-association at all. It has also
been noted, that while post-translational modifications of the protein decrease the critical
concentration required for aggregation, on their own they don’t play a role in the triggering
of this process (Chirita et al. [2005]).

Based on the previously described ideas of seeding-capable monomer, it has been suggested
and experimentally proven, that two distinct forms of tau protein monomer exist. One,
denoted Ms, capable of seeding self-assembly and subsequent fibrillization. The other, Mi

is stable and relatively inert. Under specific conditions (high concentrations, presence of
polyanions, such as heparin) Mi can be transformed into Ms. This transformation happens
through multiple intermediate states and an energy barrier exists between these two (Mirbaha
et al. [2018]). The interaction with heparin is dependent on the secondary modifcations of
heparin, esp. 6-O-sulfonation (Zhao et al. [2017]).

Ms fragments can be obtained either by a sonication of PHFs or, as already mentioned,
exposure of Mi to polyanionic compounds. The second mechanism is probably the one
happening in the cell, although the precise mechanism is not known yet (Mirbaha et al.
[2018]).

No great structural difference between the two monomeric states has been observed by
circular dichroism spectroscopy. XL-MS (cross-linking mass spectrometry) showed consistent
intramolecular crosslinking, which occured in repeat domains and persisted with the seeding
activity of Ms even at higher temperatures.

XL-MS has also shown local structural similarity of the two states, however, with greater
focus on the structure of RDs, differences have been observed, mainly between R1/R2 and
R2/R3 regions (Mirbaha et al. [2018]. Between these regions, two previously identified min-
imal interaction motifs (275V QIINK280 and 306V QIV Y K311)) are located, which are sup-
posed to be crucial for the formation of tau aggregates (von Bergen et al. [2000]) and (Von
Bergen et al. [2001]).

While in the model of Ms were the two minimal interaction motiffs accessible/exposed
to the environment, in Mi were masked by hairpin structures (see Fig. 3.1) (Mirbaha et al.
[2018]). In this, Mi is structurally more similar to the FRET/EPR-determined ’paper-clip’
structure of tau as described by (Jeganathan et al. [2006])

To conclude, even though the precise mechanism of aggregation is not known, it seems that
the minimal subunit of aggregation is a seeding-capable monomer. Tau is a primarily unfolded
protein (see Chapter 1), however, certain local structures (influenced by post-translational
modifications and interactions with other molecules) can make it susceptible to aggregation.

4.2 Pathology spreading

Alzheimer’s disease is characterized by slow spread of pathology along the specific brain areas.
Two border models of cellular pathology come to mind. Either pathology occurs in each and
individual cell, probably as a reaction to some extracellular events or, alternatively, pathology
begins in a certain subset of cells, from which it then spreads to others (as reviewed in Guo
et al. [2017]).

Several models of pathology spreading have been suggested. It seems, that tau can spread
from cell to cell by direct transmission, tau excretion in either free or vesicle bound form and
uptake. This chapter tries to summarize these mechanisms and their possible implications.
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Figure 4.1: Showing two minimal interaction motifs and their possible configurations in a
seeding competent (Ms) and inert (Mi) species (Mirbaha et al. [2018])

4.2.1 Anatomical progression of NFT pathology

It has been already known for some time, based on the autoptic results of patients with AD,
that tau pathology progression follows certain sequential pattern in subsequent affection of
neuronal populations (Braak and Braak [1991]).

The disease progression can be classified into 6 stages (I - VI) according to the so-called
Braak stages, based on the progression of neurofibrillary pathology in the run of the disease.
(Braak et al. [2006]).

The first cortical area to be affected corresponds to the transentorhinal region. Sometimes
the pathology at the subcortical nuclei, such as basal forebrain cholinergic structures and locus
coeruleus can be present before the cortical involvement. This represents the Stage I.

In Stage II the pathology proceeds to the entorhinal cortex and slowly to cornu ammonis
(CA) sectors 1 and 2, probably through the perforant pathway (Hyman et al. [1987]). At
the stage III, there is an increase of positivity in the previous areas and pathology is also
present in the rest of CA, the rest of hippocampal formation and parts of the neocortex:
gyrus lingualis and g. fusiformis (Braak et al. [2006])

Stage IV is characterized by an affection of subiculum and further progressing involvement
of the neocortex (stages V and VI ) (Braak et al. [2006]).

4.2.2 Means of spreading

The Aβ pathology spreading seems to follow a different spatio-temporal pattern, starting in
the PCC (prefrontal cingulate cortex) (Sepulcre et al. [2018]). Based on the PET scan studies
it has been shown though, that the clinical difficulties are better correlated with NFT-based
Braak staging (Iaccarino et al. [2018]).

The spreading patterns have been recently investigated by (Sepulcre et al. [2018]) with
an attempt to quantitatively describe the propagation by means of graph theory based on
the tau (flortaucipir) and Aβ (PiB) PET imaging. Generally, the results of this group are
in accordance with the histopathological Braak spreading classification (Braak et al. [2006]).
They identified the most important hubs for the spatio-temporal spreading of both, tau
and Aβ pathologies and identified the medial temporal lobe as the major out-degree tau
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hub, spreading the pathology anteriorly, to the lateral and posteromedial temporal cortex
and also to the orbitofrontal cortex. The cognitive and memory impairments were linked
to the progression in specific tau spreading pathways, while no association was found for
either executive functions as well as between the functional impairment of any type and Aβ
spreading pathways (Sepulcre et al. [2018]).

Seeding competent tau was also found in the white matter and in the optical nerve, even
though no NFTs have been observed. Morover, the axons constituting the n. II are derived
from the retinal gangion cells, which are not susceptible to NFT formation. The presence of
phospho-tau during the pathology progression precedes the formation of NFT in the same
areas to follow based on the Braak progression scheme. In the mildly affected areas there is
also an enrichment of phopho tau in the neuronal synapses compared to the content in the
neuronal body. This increased ratio however disappears with the damage progression in the
area (DeVos et al. [2018]). It is immaginable, that this could be a result of immunological
mechanisms or a decrease in the number functioning synaptic connections.

Recent research by Braak and Del Tredici [2018] has focused on the progression of cellular
pathology and spatial involvement of the cortical areas and argues, that the pathology is
spreading along the top-bottom cortico-cortical pathways. There are several arguments to
support this claim:

The spreading pattern that can be observed (according to the Braak stages) is much
more specific than would be expected from the seeding by the means of subcortico-cortical
pathways. The seeding-competent subcortical structures involved in the early phases of AD
project into the cortex mostly diffusely, not so specifically. Furthermore it doesn’t explain
the subsequent affection of the individual cortical structures during the disease progression.
The major type of synapses used by these non-thalamic subcortico-cortical projections (such
as from the locus coeruleus, part of the cholinergic basal forebrain) moreover doesn’t allow
seeding (Kaufman et al. [2018]).

Based on the cellular localization of the AT8+ inclusions, Braak and Del Tredici [2018]
divides the cellular involvement into 4 phases and suggests that the inclusions begin to appear
at the distal dendrites, from where they are spreading as the thread like structures to the
proximal parts of dendritic tree and further to the somatic compartment of the cells involved.
The last to be affected seems to be the neuron’s axon. Moreover, the inclusions can be already
observed in the brain areas, that are characterized by later involvement in the disease.

The inclusions start at distal part of the dendritic tree, which is the part, where the
top-down cortico-cortical pathways end.

Moreover, as the result of the potential involvement of the bottom-up cortico-cortical
pathways, which tend to terminate on the spiny stellate cells of the IV cortical layer, we
would expect the involvement of these cells as well as other neurons in the cortical column,
to which they belong, because the stellate cells synapse radially to the layers III and V. The
stellate cells however seem to be uninvolved.

4.3 Mechanisms of trans-cellular tau pathology spreading

Prion like transmission model has been suggested for this tau pathology spreading, where
extracellular tau aggregates can enter the cell (Frost et al. [2009]) and intracellular patholog-
ically folded tau can recruit additional tau monomers and promote aggregation prone state
(Mocanu et al. [2008]) (see section 4.1.). This has been confirmed in multiple live experimen-
tal models (de Calignon et al. [2012]).
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4.3.1 Cellular tau release

It has been noted, that tau, as well as some other pathology-associated proteins, are present in
the cerebrospinal fluid (CSF) (Andreasen et al. [1999]) of the patients with AD and also in the
interstitial hippocampal space of healthy mice. There is an increased presence of aggregated
tau forms in the interstitium of the brains of patients with AD (Yamada et al. [2011]). This
increase of extracellular tau can be a consequence of cell destruction and subsequent passive
release or an active excretion by affected cells.

The release of tau as well as the worsening of the pathology are positively correlated to
the level of neuronal activity (Pooler et al. [2013b]; Wu et al. [2016]). This might also explain
the enhancement of tau pathology in epileptic seizures (Thom et al. [2011]) and also might be
an AD pathology spreading mechanism, as the accumulation of Aβ induces hyperexcitability,
which might in turn promotes pathology spreading and atrophy progression. The release
mechanism seems to be calcium dependent and regulatable process (Pooler et al. [2013b]).

Tau fibrils have been shown to be capable of direct exit from the cell, without a cellular
membrane (Kfoury et al. [2012]). The oligomeric species can be secreted by the cell in the
form of exosomes (Saman et al. [2012]). In fact in recent years, extracellular vesicles (such
as exosomes, microvesicles and ectosomes) have been extensively researched as the potential
CSF or blood markers of many neurodegenerative diseases (as reviewed in Gámez-Valero
et al. [2018]).

The extracellular vesicles, previously thought mainly as the means of debris clearance,
seem also to be a mechanism important for intercellular communication and also for the
pathology spreading (as reviewed in Gámez-Valero et al. [2018]).

In a relative contrast to the previously mentioned results, Katsinelos et al. [2018] has
documented, that only 7 % of extracellular tau is in exosomal form, while the majority is
released in a membrane-free form. Because of some similarities between the excretion of tau
and HIV Tat peptide (Zeitler et al. [2015]) or FGF2 (Temmerman et al. [2008]) and the
lack of signal sequence in tau mRNA, the mechanism of this excretion has been suggested to
belong in the class of unconventional protein secretion (UPS) type I (a good review of UPS
mechanisms can be found in (Rabouille [2017]).

The similarities of tau excretion to this model include the necessity of tau binding to inner
membrane leaf by PI(4, 5)P2, the disruption of the membrane and presence of extracellular
HSPGs (heparan sulfate proteoglycans) on the cell surface. It is not necessary for the HSPGs
to be secreted by the excreting cell, their production by the surrounding cells has been shown
to suffice. Most of the excreted tau seems to stay bound to the HSPGs and in accordance
with the results of (Holmes et al. [2013]) also seem to play a role in the internalization of tau
by the surrounding cells.

Hyperphosphorylation enhances the tau excretion, however not in the specific manner,
rather by an increase of unbound somatodendritic pool available for excretion (Katsinelos
et al. [2018]).

Lonati et al. [2018] also observed free intercellular full-length tau in cell cultures subjected
to oxygen and glucose deprivation, despite the retained cellular viability (to rule out the
passive leakage). Under these stress conditions, tau also seems to exit the cell via caspase-3
activated redirection of autophagosomes for export (Lonati et al. [2018];Sirois et al. [2012]).
Such exported tau exhibits increased phosphorylation status and it has been proposed, that
such stress conditions might be similar to the ones present during the AD initiation state
(Lonati et al. [2018]).

4.3.2 Cellular uptake

Cells have been shown able to uptake the extracellular tau by bulk endocytosis (Wu et al.
[2013]) and macropinocytosis, while the process of tau internalization has been shown to
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be dependent on the cell surface heparan sulfate proteoglycans (Holmes et al. [2013]). The
results also show, that the smallest tau unit capable of internalization and aggeration seed-
ing is tau trimer (Mirbaha et al. [2015]). These results have been generally confirmed by
Usenovic et al. [2015], whose research also shows, that while internalization is possible for
both, monomers and oligomers (big fibrils excluded), the seeding capacity and the capability
to induce pathology is confined to oligomers.

The release of tau into the adjacent proximity of affected cells might explain the local
advancement of the pathology, it doesn’t, however, justify the spatio-temporal NFT spreading
pattern described by Braak and Braak [1991]. Based on the multiple experiments showing the
spreading of misfolded tau in axons, both anterogradely and retrogradely in cellula (Wu et al.
[2013]) as well the spreading of pathology between connected regions in vivo after injection
of tau fibrils generated in vitro (Iba et al. [2013]; Iba et al. [2015]) or derived from patient
material (Clavaguera et al. [2013]) and in locally expressing mouse model (de Calignon et al.
[2012]).

Tau propagation follows certain patterns based on the connectivity of affected areas e.g.
(Ahmed et al. [2014]).

As with heparin, 6-O-sulfonation has been shown to be important for the binding of tau
to cell surface HSPGs and hence for its internalization. Generally, the genes identified to
interfere with tau internalization has been shown to be cell cycle regulators, such as TP53
(as endocytosis is increased in the G1 phase and knockout of TP53 causes decrease in G1
phase duration). Similarily inhibition of CDK3/4, which causes the blockage of cell cycle in
the G1 phase caused an increase in tau uptake. Other genes to influence the internalization
rate has been shown to be genes involved in the post-translational modification of HSPGs
and DNM2 (Dynamin-2), GTPase which plays a role in endocytosis (Rauch et al. [2018]).

4.3.3 Cellular predisposition

The study moreover described 123 genes, expression of which is correlated to the propagation
of tau and Aβ pathologies. The interactome of these genes shows, that both groups are cen-
tered around the lipid metabolism (where one of the central roles belong to APOE, which
however doesn’t show direct spatial colocalization with either pathology). The genes, expres-
sion patterns of which correlated more with tau pathology spreading were genes important for
the neuron and axon organisation, while the genes correlated with the Aβ were often densely
organized around the dendrite and neuron organization functions. This might provide an
intersection between the tau propagation theory and the individual cell predisposition theory
(Sepulcre et al. [2018]).

4.3.4 Microglial activation

Another interesting aspect in the spreading of tau pathology has been the role of immune
system. It has been shown that microglial activation and synapse loss precede the NFT
formation in hippocampus (Yoshiyama et al. [2007]). The work by (Hopp et al. [2018])
suggests, that microglia try to degrade the tau seeding activity, however, finally fail to do so.
Their activation doesn’t help tau degradation within these cells, on the contrary, microglia
can also release seeding competent tau and hence help its spreading (Hopp et al. [2018])
Moreover, the neuroinflammatory response seems to be an important factor in tau pathology
exacerbation, as it can enhance tau phosphorylation and aggregation (Bhaskar et al. [2010])
and this correlation has been observed even in other tauopathies (Cherry et al. [2016]).

4.3.5 Trans-synaptic spreading

[Pickett et al., 2017] using array tomography has shown that tau pathology in the rTgTauEC
tauopathy model spreads even without synaptic damage and before synaptic and neural
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loss and therefore argued for the synaptic spreading as a phenomenon preceding the tau
pathology. The problem with this widely used model (also used by previously mentioned
([de Calignon et al., 2012])) has been pointed by (Yetman et al. [2016]) and lies in the fact
that the expression of the transgene might not be entirely limited to the EC.

Tau release is dependent on the neuronal AMPA activation and subsequent Ca2+ cyto-
plasmic increase, as shown by (Pooler et al. [2013a]). Recently a neat model for further study
of this mechanism has been published by Schultz et al. [2018].
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Conclusion
Tau is a signaling adaptor protein, which regulates many complex aspects of cell function,
and thus makes a research on molecular mechanisms of AD very complex field.

The original function of tau, as a microtubule associated protein was thought to be the
stabilization of microtubules, especially in neuronal axons. However, further research has
pointed out many other important functions and associations of tau protein, among others
associated with neuronal plasticity in physiological (e.g. during development) as well as
pathological conditions (see chapter 2).

While tau knockout doesn’t provide too striking phenotype in mice Morris et al. [2013],
this doesn’t necessarily mean that the protein has no important function in the cell.

The dysregulation of tau function is very important hallmark of many neurological dis-
eases, collectively called tauopathies, Alzheimer’s disease probably being the most often men-
tioned amongst them. This disease resists most of the new targeted attempts of treatment,
which puts into question our current understanding of the pathophysiology of this disease.

Although the symptomatic progression of AD correlates better with the spreading of
tau pathology, than the one of A-β, the A-β pathology seems to precede the spreading of
tau pathology by more years. Moreover the lines of treatment focusing on decreasing the
amyloid-β concentrations in the brain seem to be failing. For long time it has not been
precisely known, how these two pathologies cohere (see chapter 1).

Recently, it has been shown, that Src-family tyrosine kinase Fyn plays an important
role in the linkage of these two pathological markers. A-β causes activation of Fyn kinase
through PrPC , which in turns leads to activation of ERK/S6 pathway and an increase in the
expression of somatodendritic tau and its pathological phosphorylation. Somatodendritic tau
doesn’t therefore necessarily need to stem from the axonal compartment by decreased affinity
to the microtubules and an increased trespassing through axonal initial segment caused by
its hyperphosphorylation.

The dendritic hyperphosphorylated tau in turn seems to restrict the Fyn motility leading
to its further activation, further tau translation and phosphorylation and therefore to a vicious
circle. Activation of fyn moreover leads to stabilization of NMDA receptors and subsequent
hyperexcitability and neurotoxicity (see chapter 3).

However, there could also be a possibility, that tau pathology begins much sooner than
we are able to detect, as seed competent tau monomers seems to be present in brain areas
much sooner than the visible NFT pathology and moreover even in brain areas where the
NFT pathology is not commonly observed.

These seed-competent tau intermediates are formed by the contact of tau with other cel-
lular components, such as certain membrane complexes, certain cellular polyanions, patho-
logical tau or by high concentration of tau.

The once established cellular pathology then seems to spread along the interneural connec-
tions, possibly by multiple mechanisms. Generally, tau oligomers can be secreted either free
or in extracellular vesicles, even though only 7 % of the extracellular tau seem to be bound to
vesicles. One of the suggested mechanisms of tau excretion follows through unconventional
protein secretion type I. Hyperphosphorylation unspecifically enhances tau extretion.

The next step is the cellular uptake of tau protein, which seems to occur by classical
mechanisms (bulk endocytosis, micropinocytosis) and is dependent on the contact with cel-
lular surface heparan sulfate proteoglycans. Cells are capable of internalizing monomers as
well as oligomers (see chapter 4).

The aim of this thesis was to point out some of the new insights into the process of tau
pathology initiation, cellular consequences and spreading. From the clinical point of view,
understanding the involved mechanisms is extremely important for the development of new
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line of targeted drugs to linder the disease progression and in the most optimistic cases even
treat and prevent the disease occurrence. A lot of effort still needs to be dedicated to this
problem, because unfortunately, we are still very far from reaching its solution, while the
problem getting more and more painful as the population ages.
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Sergio Camero, Maŕıa J. Beńıtez, Raquel Cuadros, Félix Hernández, Jesús Ávila, and Juan S.
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Isidre Ferrer, Irene López-González, Margarita Carmona, Laura Arregui, Esther Dalfó, Ben-
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