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Abstract

EFFECT OF TAU HYPERPHOSPHORYLATION ON CELLULAR PATHOLOGY

by

CHRISTOPHER P. CORBO

Advisor: ALEJANDRA DEL C. ALONSO, PH.D., Associate Professor

Hyperphosphorylation of the microtubule associated protein tau is shown to be
involved in several dementias that classify as tauopathies. In these diseases, tau is known
to bind to itself rather than associate with microtubules. When CHO cells express wild
type tau, the microtubule network is healthy and shows normal microtubule movement
and tau associated with the microtubules. When expressing pathological human tau (PH-
tau, pseudophosphorylated at T212, T231, S262),however, PH-tau is present throughout
the cytoplasm, rather than associated with microtubules. The cells exhibit excessive
membrane blebbing in order to remove PH-tau. This blebbing leads to a shrinkage of PH-
tau expressing cells. Internally the presence of excessive cytoplasmic vacuoles and
aggregated PH-tau in the form of filaments are found. The exposure of wild type
expressing cells to okadaic acid shows the same pathologies. Additionally, all three sites
used in the PH-tau construct are phosphorylated when wild type tau is exposed to okadaic

acid.



Tau interacts with actin as well as with microtubules. PH-tau seems to cause a
major breakdown in the F-actin structure within the cells. These cells appear to be either
totally void of F-actin or have F-actin forming punctate spots within the cells. This actin
breakdown is also occurs in wild type tau expressing cells treated with okadaic acid. The
CUNY CSI Computer Science Department is working in collaboration to develop ImageJ
plugins to quantify the amount of F-actin and the length of individual F-actin filaments.
This work demonstrates that when PH-tau is expressed, the level of tau is inversely
proportional to the level of F-actin in the cells. Interestingly, the level of total actin does
not change between wild type tau and PH-tau expressing cells, suggesting that this lack
of F-actin does not change expression, but rather interferes with its polymerization.

When CHO cells are transfected with PH-tau, this protein can be found in the
nucleus of the cells. We found a nuclear localization signal that allows the chaperon
protein importin to bind to tau. To see if this site was responsible for the translocation of
tau into the nucleus, we eliminated importin’s binding site through site directed
mutagenesis of the full-length tau gene. The elimination of the importin binding site
inhibited tau from being able to translocate into the nucleus but did not stop any of the

pathologies seen previously.
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CHAPTER ONE

Background and Significance

Published Work:

Therapeutic targets in Alzheimer disease and related tauopathies
Christopher P. Corbo and Alejandra del C. Alonso
Prog Mol Biol Transl Sci. 2011;98:47-83. Review

Printed with permission from Elsevier

Abstract: Alzheimer's disease is a progressive neurodegenerative disease that is
characterized histopathologically by the presence of plaques, mainly composed of Abeta
amyloid and the tangles, mainly composed of hyperphosphorylated tau. To date, there is
no treatment that can reverse the disease, and all the current therapeutics is directed to
cope with the symptoms of the disease. Here we describe the efforts dedicated to attack
the plaques and, in more detail, the process of neurofibrillary degeneration, linked to the
presence of the hyperphosphorylated microtubule associated protein tau. We have
identified the different putative targets for therapeutics and the current knowledge on
them.



1.1 - INTRODUCTION TO THE DISEASE
1.1.1 - History

Alzheimer’s disease is a neurodegenerative disorder causing dementia in affected
patients. Alzheimer’s disease is distinguished by the characteristic senile plaques and

neurofibrilary tangles seen in the cortical tissue of post mortem brains.

Alois Alzheimer first characterized Alzheimer’s disease in 1906 based on
pathology he classified from the post-mortem brain of a senile patient. Alzheimer’s
disease and other similar dementias are characterized by neuronal loss beginning in the
entorhinal cortex of the hippocampus and progressing further. In late stages, the brain

will be reduced in size by up to 25% in cortical regions (Frisoni et al., 2007).

Alois Alzheimer was a German trained physician beginning his medical education
at the University of Berlin, later transferring to the university of Wurzburg under the
supervision of Dr. Kolliker under whom he learned a great deal of histological
preparation and microscopic analysis. After Alzheimer completed his studies, he received
a position as an Assistant Professor at the Municipal Asylum for the Insane and Epileptic
in Frankfurt. It was here that Alzheimer met Franz Nissel, whom he worked with very
closely. Together, the two scientists with their supervisor Emil Stoli, transformed the
institute into not only a housing facility for the patients, but also an acceptable clinical
center focusing on disease research and possible treatments. Alzheimer soon became
known as the “psychiatrist with a microscope,” as he correlated behavioral issues to
neuropathology. In 1902 he moved to Heidelberg and then to the Cerebral Anatomical
Laboratory in Munich, working with Emil Kraepelin at both places. It was during his

years in Munich that Alzheimer found the pathological lesions associated with



Alzheimer’s disease today. Finally, he was appointed as a Professor of Pyschiatry at the
University of Breslau in 1912 and died at 51 years of age in 1915 (paragraph cites Perry

et al, 2006).

Alzheimer’s disease did not become a major health concern until the 1960s. This
is because in earlier years, the life expectancy was not very high. In other words, people
did not live long enough to become senile. It was becoming very clear that Alzheimer’s
disease did not only effect by individual who has the disorder, but also takes a large toll
on the family and caretakers of the individuals. As the number of patients with this
disorder increased, there became a need for further research into the underlying

mechanisms as well as work towards the development of a treatment.

Early work focused furthering the work of Alzheimer looking into the
neuropathological features of the disease. The electron microscope allowed for the
identification of the sub-cellular structure of the amyloid plaques and helped to lead

toward the identification of amyloid beta involvement (Kidd, 1963).

With the discovery of genes and inheritability and the advancement of the
necessary techniques to study genes, genetic factors became an interesting approach. In
the 1990s, several genes were discovered with implication in early-onset Alzheimer’s
disease, which is Alzheimer’s disease that occurs in multiple individuals in one family
line. This type of the disorder has a very early onset, mid to late forties as opposed to late
sixties early seventies. The key genes discovered are apolipoprotein E(ApoE)
(Strittmatter et al., 1993), amyloid b-protein precursor (APP) gene (Goate et al., 1991),

presenilin 1 (PS1) gene (Sherrington et al., 1995), and presenilin 2 (PS2) (Levy-Lahad et



al., 1995). All of these genes with the exception of the ApoE are implicated in early onset
Alzheimer’s disease. ApoE gene is seen in roughly half the Alzheimer’s patients, but it is
not deemed a marker for the disease since it seems more a risk factor than a cause. The
APP gene was the first discovered due to its relation to the production of amyloid beta.
Prensenilin 1 and 2 mutation occur in 50% of the Alzheimer’s patients and there have
been a number of mutations identified, but there are many situations where a family
posses a mutation that is not seen in any other pedigree, so it is hard to correlate the gene
mutations to the disorder (Blacker and Tanzi, 1998). Locating genes implicated in late
onset Alzheimer’s disease has had been quite difficult until the development of the large-
scale genetic screen. Pericak-Vance et al(Pericak-Vance et al., 2000) were able to screen
many patients and begin the work into finding similarities in genetic mutations within

late onset Alzheimer’s disease patients. Further work is being pursued in this area.

Early treatments for Alzheimer’s disease focused on replenishing acetylcholine in
the brain. The first drug treatments used were food supplements that contained
acetylcholine precursors, choline and lectine for example (Amenta et al., 2001). These
trails met little success. Further work focused on tacrine, a drug used to counter
scopeolamine, a common anesthetic. The initial results by were promising, but soon
discontinued due to an increase in transaminases leading to liver dysfunction.
Acetylcholineesterase inhibitors were another focus such as donepizil. Drugs such as
these are able to treat symptoms for a period of time, but do not slow the progression of
the disease. Further work focusing on the specific molecular mechanisms of Alzheimer’s

disease are being looked into and are the primary focus of this review (Perry et al., 2006).



1.1.2 - Symptoms and Stages

The symptoms of Alzheimer’s disease align with many other types of dementia in
that the effected individual has problems with the way in which their brain processes and
recalls information as well as how the individual is perceived by others. Major changes in
a person’s demeanor are detectable in that the patient seems like a different person to
those who have known them for an extended period of time. Alzheimer’s disease also
alters a person’s ability to perform routine daily tasks, like washing and dressing and

maintaining a household.

The disease is categorized into seven stages (as characterized by Barry Reisberg,
M.D., Clinical Director of the New York University School of Medicine’s Silberstein
Aging and Dementia Research Center). The stages described here are adopted from those

listed by the Alzheimer’s Foundation (www.alz.org).

The first stage of the disease is normal function. At this stage, there are no
memory loss or personality changes. Stage two seems much like what one would classify
as normal aging, in that they forget names occasionally and loose their eyeglasses or
keys. At this stage, it is not yet possible to state that a person has Alzheimer’s disease, or
is just presenting normal aging characteristics. At Stage three, the forgetfulness becomes
more apparent. At this stage, word and name forgetting increases and more valuable
objects are misplaced and reading comprehension is lost. There is also a noticeable

decline in the person’s ability to plan out events.

At stage four, the patient is considered to be in early to mid-stage Alzheimer’s

disease. There are clear cut deficiencies in their memory and their ability to plan and



carry out daily activities. At this stage, all of the problems are noticeable in a psychiatric
medical exam. They are unable to perform basic mental arithmetic and reading
comprehension tasks. They also now display a reduced knowledge of personal history. At
stage five, patients are often at this time required to have some home care since they are
not able to manage required skills. At this point, patients are often forgetting basic
information such as their address and telephone numbers as well as date, month and
season which they are in. At stage six, the mental capacities continue to decline, but
physical problems begin to occur such as problems controlling bowel movements and
urination. Daily events are often not remembered by the patient as well. At this point,
they forget the name of their spouse or daily caregiver as well. By stage seven, the patient
is usually hospitalized requiring constant care with all activities such as eating and using
the restroom. At this stage, the patient often will loose their ability of speech and will not

be able to walk.

1.1.3 - Pathology

The neuropathology of Alzheimer’s disease consists of two protein aggregates,
one being the aggregation of amyloid beta into what is termed plaques. The other is the
aggregation of hyperphosphorylated tau into tangles. It has been believed that these
neuropathological states cause the massive neuronal loss and the brain inflammation that

is classically seen in post mortem Alzheimer disease brains.

Amyloid beta is a fragment of the larger amyloid precursor protein (APP) after it
has been cleaved by beta and gamma secretases. APP is an integral membrane protein

that is highly concentrated in the synaptic membrane and is believed to play a role in



synapse formation and synaptic plasticity (Turner et al., 2003). When cleaved by gamma
secreatase, various size fragments of beta amyloid are released from the membrane. The
fragments most frequently seen are Abetal-40 and Abeta 1-42. These fragments easily
associate with one another and aggregate in the brain to form the plaques, which are
composed of 6-10 nm long fibrils associated with one another. This is the original
pathological lesion documented by Alois Alzheimer. In order to balance the production
of these Abeta fragments and their further degradation in order to avoid buildup, the brain
has several other proteases that are activated by several different pathways and cleave the
fragments at several different sites. Such examples are plasmin, neprilysin, and insulin

degrading enzyme (De Kimpe and Scheper, 2010).

For an unknown reason, the amyloid beta is not further degraded and
consequently accumulates in the brain. This remaining protein is toxic to neurons and
several mechanisms of toxicity have been studied. It has been seen that amyloid beta
causes physiological damage to neurons as well as causing an inflammatory response

from surrounding glial cells (Salminen et al., 2009).

The second classical lesion seen in Alzheimer’s disease is caused by the
hyperphosphorylation of the microtubule associated protein tau (Grundke-Igbal et al.,
1986b). Microtubule associated proteins (MAPs) interact with tubulin to stabilize
microtubules. Tau is the MAP associated specifically with the brain. The collective group
of neurodegenerative diseases associated with tau hyperphosphorylation are commonly
referred to as tauopathies. These diseases are histopathologically characterized by
neurofibrillary tangles (NFTs) composed of hyperphosphorylated forms of tau. Normally

this phosphoprotein plays a key role in the stabilization of the microtubule networks.



When hyperphosphorylated, tau no longer binds to microtubules and begins to aggregate.
This aggregation is detrimental to the cell in two ways; first the cell is not able to
maintain their axons due to a lack of sub cellular movement. The networks of
microtubules that compose the axon are critical in the movement of specific
neurotransmitters and other vesicles as well as mitochondria for energy production to the
synaptic cleft. Secondly, the tau aggregates are also neurotoxic as they begin to occupy
large regions of the soma and leave little space for normal cellular functions to occur.

Further information on tau pathology will be covered later in the article.

1.1.4 - Animal Models

As is the case in most biomedical research, a well-characterized animal model is
imperative for the progression of research into possible treatments for the disorder. There
have been several models developed for Alzheimer’s disease and Frontal Temporal
Dementia (FTD). Most of the models have centered around mouse models, but there have
been models developed in organisms such as Drosophila melanogaster (Feuillette et al.,
2010), Caenorhabditis elegans (Ewald and Li, 2010), and Danio rerio (Xia, 2010). Most
of the successful models focused on transgenic approaches but a few chemically induced
models have been developed, such as the use of okadaic acid (Wang et al., 2001). The
chemical models lack the classical pathological lesions normally seen in Alzheimer’s

disease.

Representative mouse strains expressing amyloid precursor protein mutations are

J20, Tg2576, PDAPP, and APP23 (Gotz and Gotz, 2009). These strains are well



characterized and have robust amyloid precursor protein and amyloid beta pathology

(Gotz and Gotz, 2009).

Transgenic mouse models expressing tau mutations include P301L mice. In this
system, calcium calmodulin dependent protein kinase II driven promoter was used in
order to facilitate the production of ten time more mutant tau than endogenous tau
(Ramsden et al., 2005). In order to see the effect of these mutations, a large amount of
mutant protein must have been produced as the endogenous tau within the mouse proved
to interfere with the system. For this reason a knock out of endogenous mouse tau and a

knock in of mutated tau proved more effective (Ramsden et al., 2005).

Transgenic models looking into the various sites of phosphorylation on tau have
been conducted in flies. It has been shown that with up to 14 sites pseudo-
phosphorylated, the flies died earlier than those expressing wild-type tau (Alonso et al.,
2010; Steinhilb et al., 2007a). It was demonstrated that the phosphorylation sites work in
conjunction to yield toxicity rather than independently when mixing the number of sites
pseudo-phosphorylated to those in which alanine was the switched in amino

acid(Steinhilb et al., 2007a).

When targeting possible therapies, these mouse strains have proved useful as they
provide a platform for the testing of therapeutic agents on the various targets of
Alzheimer’s disease pathology. Further information discussing the use of these models

will be addressed in the next section of this paper.
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1.1.5 Biomarkers

A major concern with Alzheimer’s disease is the difficulty in diagnosis. Since the
markers of the disease are pathologically only seen in the brain tissue and are regions
where biopsy is not possible, the only way to diagnose the disorder is by psychological
evaluation. Looking for a biomarker for Alzheimer’s disease is of great interest to the

field of Alzheimer’s disease research.

The approach to discover a marker for Alzheimer’s disease is taking two paths,
one looking for a biochemical based marker from a particular, easily accessible fluid such
as blood or cerebro-spinal fluid (CSF). Another approach is looking for imaging markers
utilizing volumetric magnetic resonance imaging scanning (VMRI) and positron emission
tomography (PET) systems. The imaging approach has been further developed, but due to
the timing and the cost, is slow to generate enough data in order to make the proper
correlations. There have been studies looking into the size of regions such as the
entorhinal cortex and correlating size with the disease progression and there were
correlations but further work is needed (Thal, 2006). Biochemcial markers would provide
to be easier to acquire and process. There have also been studied on both Abeta and
hyperphosphorylated tau detection in both CSF and blood plasma. When looking into
Abeta in CSF, the levels do correlate to the level of dementia as well as to aged matched
controls, but the levels were mostly stable during the course of the experiment. When
looking at the levels of Abeta 42 in blood plasma, the levels did not correlate the way the
CSF studied did. The other pathological biomarkers, tau, was also analyzed in CSF. The
levels of tau in the CSF was correlated to the dementia scores, but much like the Abeta

analysis, the levels did not change much over the course of the 12 month study (Thal,
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2006). Without the ability to detect changes in levels are compare them to the behavior of

the individual the biomarkers is not a reliable measure.

The push to find a biomarker is not primarily for diagnosis, but more for clinical
trials, in which certain treatments can be tested and there is a strong finite measure of the
effect of the treatment. Without such a marker, the development of a successful treatment
will be difficult and time consuming as the best measure at this time is psychological

evaluation.

1.2 - ATTEMPTS AT AP THERAPY

1.2.1 - Antibody Therapy

It has been shown that there is a potential for treatment of Alzheimer’s disease
with antibody therapy. In 1999, Schenk (Schenk et al., 1999) and colleagues were able to
immunize PDAPP mice against amyloid beta and were able to see that present plaques
could be broken down and future deposits were greatly reduced . Furthermore, these mice
had improvements in their cognitive function. These positive results lead to a clinical trial

that was stopped due to adverse side effects in the patients (Dodel et al., 2010).

Several experiments have shown a decrease in deposited amyloid beta. These
experiments were carried out primarily in animal models expressing APP mutations. One
such experiment utilized the activation of microglial cells via the complement system.
Antibodies can activate the complement system via an Fc-dependent (Bard et al., 2000)
or an Fc-independent pathway (Das et al., 2003) and leading to phagocytosis of the

plaques.
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There are several mechanisms of antibody therapy that has been looked into.
Catalytic antibodies will bind to the amyloid beta and render it non toxic(Taguchi et al.,
2008). A second mechanism has been using conformational specific antibodies, which
bind to and change the conformation of the protein to make, either aggregated or lose, in
order to make it less prone to bind. These studies have been conducted in vitro (Bacskai

etal., 2001).

1.2.2 - Secratase inhibitors

Several membrane bound secretase enzymes are responsible for the cleavage of
amyloid precursor protein (APP) into the its various amyloid fragments, including the
amyloid beta fragment which is the primary component of the senile plaques, one of the
major pathological lesions seen in Alzheimer’s Disease. Certain secretases have been

considered possible therapeutic targets against the production of amyloid beta.

Alpha secretase is the enzyme that cleaves APP outside of the CNS (Seubert et
al., 1993). The interest in this secretase as a possible therapeutic target is in its ability to
cleave APP in between amino acid resides 16 and 17, therefore generating fragments that
are soluble and easily broken down (De Strooper et al.). Alpha secretase in the brain
would be neuroprotective since it would facilitate the production of soluble p3 molecules
via the further breakdown of the amyloid sequences by gamma secretase (Haass and
Selkoe, 1993). The issues with using this particular secretase is that it is controlled by
several proteases including disintegrin and metalloprotease (ADAM), which make direct

manipulation of alpha secretase difficult. Furthermore, analysis of the role of these
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proteases has proved difficult since animals die very early in gene deletion studies
(Hartmann et al., 2002; Maretzky et al., 2005). The possibility of alpha secretase as a
possible therapeutic target would be enhanced with the proper animal models in order to
determine which ADAM protease is most effective in cleaving APP (De Strooper et al.,

2010).

Beta secretase is another secretase that has been a possible target for Alzheimer’s
disease therapy since this is the enzyme that cleaves APP into the 42 amino acid Abeta
sequence (Vassar et al., 1999). Specifically, the beta secretase BASE1 has been identified
as the primary enzyme present in the brain facilitating amyloid beta production.
Transgenic mice without BASE1 have been bred with APP mutant mice and it has been
seen that there is far less amyloid beta present in these animals(Cai et al., 2001; Luo et
al., 2001). Through these experiments, it has become evident that there are physiological
deficits in these mice, although they are able reach adulthood and successfully breed.
These other physiological conditions raise concerns as to how well this particular enzyme
will be as a therapeutic agent since further research into what other reactions this
particular enzyme is involved in (De Strooper et al., 2010). The development of BACE1
inhibitors has proven difficult for several reasons, one being that the enzyme binding site
is very large, requiring a large molecule to inhibit it. Such a large molecule is not easily

deliverable medicinally (De Strooper et al., 2010).

Gamma secretase was the last of the APP involved secretases to be discovered
due to its composition complexity. Presenilin land 2 genes encode the structure for the
main catalytic site while three other accessory proteins are also associated with the

enzyme (Takasugi, 2003; Edbauer, 2003). This particular enzyme expresses a large
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heterogeneity leading to a large array of functions depending on the different forms of
presenilian genes making up the enzyme (De Strooper et al., 2010). APH-1B, one
specific accessory protein has been shown to associate with gamma secretase and is
shown to be involved with APP cleavage, (Serneels et al., 2009), but is also involved
with Notch signaling and is lethal if knocked out. The removal of this particular protein
inhibits APP cleavage but does not totally destroy the function of the enzyme, unlike
when using an inhibitor of beta secretase. At this stage, there are several gamma secretase
inhibitors on the market being used with some success, but targeting specific toxicity has

proven to be difficult.

The approaches mentioned above are those that utilize antibodies that bind to the
highly aggregated forms, but it is more beneficial to catch the amyloid beta before it
reaches this form, therefore not allowing the degeneration to progress at all and allowing
a patient to maintain better cognitive function. For this, there are antibodies that have
been developed in order to bind specifically to the various regions on the amyloid beta
molecule. There are antibodies developed to bind to the N-terminal, the mid region and

the C-terminal regions (De Strooper et al.).

1.3 - TAU HYPOTHESIS

The main protein component of the tangles is an abnormally phosphorylated from
of tau. Tau was described as a microtubule associated protein, whose main biological
function in vitro is to promote the assembly of tubulin into microtubules. Microtubules
are one of the three components of the cytoskeleton and in an affected neuron from AD

the microtubules are destroyed and they are replaced by tangles of Paired Helical
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Filaments (PHF). Microtubules are like the train tracks that carry the axonal transport.
There are proteins that stimulate tubulin assembly into microtubules and stabilize the
preformed ones. They are known as Microtubule Associated Proteins (MAPs). In
neurons, the main MAPs are MAP1, MAP2 and tau. Tau in the central nervous system is
a family of six proteins derived from a single gene from the alternative splicing of the
mRNA. It has an imperfect repeated sequence that binds to microtubules (microtubule
binding domain, or repeats R). The human brain tau isoforms range from 352 to 441
amino acids. They differ in whether they contain three or four tubulin binding
domains/repeats (R) of 31 or 32 amino acids each near the C-terminal and two, one, or no
inserts of 29 amino acids each in the N-terminal portion of the molecule. The isoforms
are developmentally regulated, in fetal brain the 3R isoform is the main one and the 4R
taus are present in the adult brain. In AD, all six isoforms have been shown to be present
in the PHFs in a hyperphosphorylated form. Filaments of hyperphosphorylated tau are
not exclusive from AD. Other neurodegenerative diseases, such as fronto-temporal
dementia with parkinsonism linked to chromosome 17 (FTDP-17), amyotrophic lateral
sclerosis, cortical basal degeneration, dementia pugilistica, Pick’s disease, progressive
supranuclear palsy, and tangle-only dementia are characterized by deposits of
hyperphosphorylated tau. This strong correlation of dementia with hyperphosphorylated
tau became more relevant when in 1998 mutations on tau were identified as the cause of
frontotemporal dementia. The presence of hyperphosphorylated tau precedes the
appearance of tangles (Bancher). The pathological tau is modified and possibly gains a

toxic function.
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1.3.1 - Tau Biological Function

Tau is mainly found in neurons. Tau’s main biological function is characterized in
vitro is to promote the assembly of tubulin into microtubules. Different tau isoforms have
different abilities to promote microtubule assembly. Tau is a phosphoprotein and the
level of phosphorylation regulates its binding to microtubules. In AD tau is unable to
bind to microtubules. Tau has been expressed in non-neuronal cells and the morphology
of the cells changes. Tau makes bridges between microtubules, allowing them to form
bundles. In a normal neuron, tau is concentrated in the axon. In culture, addition of tau
antisense eliminates the formation of an axon, suggesting that tau is important in axon
formation. Nevertheless, tau knockout mice were able to develop axons, though of
smaller caliber, arguing that either the expression of tau is not important or because of its
importance there are proteins that can replace tau’s function. In a natural human knockout
for tau, families with microdeletions of the tau gene result in a family with developmental

problems.

Even though the most studied biological function of tau is related to tubulin
assembly into microtubules, tau has been found associated with plasma membrane
(Brandt et al., 1995) mitochondria (Rendon et al., 1990), and nucleic acids (Hua et al.,
2003; Kampers et al., 1996), suggesting that it may act as a mediator between
microtubules and these organelles. Binding of tau to the microtubules affects motility of
motor proteins, such as dynein and kinesin (Dixit et al., 2008). The microtubule-binding
domains of tau was sufficient to inhibit motor activity differentially for dynein and
kinesin (Dixit et al., 2008), suggesting that tau could modulate axonal transport. Tau and

other MAPs can interact directly or indirectly with the actin cytoskeleton (DiTella et al.,
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1994; Fulga et al., 2007; Zmuda and Rivas, 2000). If tau is expressed at high levels in
cultured cells result in cell toxicity and in the freezing of the mitochondria in the
perinuclear region (Ebneth et al., 1998). Tau has also been seen in the nucleus of different
cells, and recently, it has been postulated that tau-induced toxicity is related to the re-
entry of neurons into the cell cycle. Tau is translocated into the nucleus in cells
overexpressing tau, and this translocation induces apoptosis (Tsukane et al., 2007). In a
recent study, it was claimed that tau over expression protects against apoptosis (Tsukane
et al., 2007). We have previously shown that tau interacts with DNA (Hua et al., 2003). A
recent study, in which the endogenous murine tau was knocked out and the human 4R tau
was knocked in, showed that there were significant increases in hippocampal volume and
neuronal number because of increased neurogenesis and neuronal survival (Sennvik et
al., 2007). In the same study, the longest human tau isoform expression was found to
suppress proliferation, promote neuronal differentiation, and restore neurite and axonal

outgrowth.

In 2005 it was reported that tau expression in breast cancer cells was a marker for
resistance to paclitaxel. The same correlation was found in prostate cancer and gastric
cancer (Lee CAR in press). These studies suggested that tau could be participating in a

different biological function independent of microtubules.

Also independent of microtubules in 2008 it was reported that tau interacts with
histone deacetylase (Ding et al., 2008)and that the interaction inhibits the enzyme activity

(Perez et al., 2009).
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Tau biological function seems to be more complex than just a structural protein,

we need to keep on working and learning on the biology of this interesting key protein.

1.3.2 - Tau Posttranslational Modifications

Besides the different tau isoforms generated by alternative splicing, tau can be
posttranslationally modified in several ways, which include phosphorylation,
glycosylation, ubiquitination, glycation, polyamination, nitration, and truncation.
Conformational differences in tau molecule can arise from differences in the primary
structure and/or from post-translational modifications. Post translational modifications

are known to regulate tau’s biological function.

1.3.3 - Tau Phosphorylation and protein kinases involved

Tau is a phosphoprotein with a physiological phosphorylation state of about 3
moles of phosphate per mole of protein, but in AD, this ratio is ~7—10 moles per mole
(Kopke et al., 1993) and even possibly higher in tangles (Alonso et al., 2006; Ksiezak-

Reding et al., 1992).

Hyperphosphorylation of tau is a pathological event and it means that new
phosphorylation sites appear and the stoichiometry of phosphorylation increases.
Hyperphosphorylation of tau precedes the appearance of tangles (Bancher et al., 1989;
Igbal et al., 1986; Kopke et al., 1993). There are at least 30 abnormal sites, which are

mainly Ser or Thr, and 50% of them are canonical sites (Ser/Pro, Thr/Pro) for proline-
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dependent protein kinases (PDPKs) (Hanger et al., 1998; Hanger et al., 2007; Morishima-
Kawashima et al., 1995). The remaining sites are phosphorylated by non-PDPKs.
Therefore, more than one kinase must be involved in the abnormal phosphorylation of

tau.

Tau has been shown to be phosphorylated at Ser and Thr by several protein
kinases, in vitro and in vivo, including GSK-3, cdk5, protein kinase A, CaM kinase II,
protein kinase C, mitogen-activated protein kinase (MAP kinase), casein kinase I, and

cyclin-dependent kinase 2 (cdc2) (Igbal et al., 2005; Lee et al., 1998).

From all the kinases that have been shown to work on tau the one that received
more attention is GSK3 kinase not only because it modifies several sites of the tau
protein present in neurofibrillary tangles but also is able to modulate the generation of
amyloid-beta, as well as to respond to this peptide. In several transgenic models,
overexpression of GSK-3 has been associated with neuronal death, tau
hyperphosphorylation and a decline in cognitive performance (Hernandez et al., 2010).
Recently, GSK3 overexpression in a tau knockout resulted in a milder phenotype,
suggesting that it is hyperphosphorylated tau mediates the pathology observed in the

GSK3 transgenic mice (Gomez de Barreda et al., 2010).

Phosphorylation of tau decreases its interaction with microtubules, and certain
sites such as Ser214, Thr231, Ser235, and Ser262 (numbering based on tau441) are the
major sites for inhibition of the binding of tau to microtubules (Brandt et al., 1994;
Drewes et al., 1995; Jenkins and Johnson, 1997; Sengupta et al., 2006; Sengupta et al.,

1997; Singh et al., 1996). Furthermore, the phosphorylation of tau is influenced by prior
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phosphorylation, e.g., cdk5 phosphorylation stimulates further phosphorylation by GSK-
3 in vitro (Sengupta et al., 1997). Activation of PKA primes tau for
hyperphosphorylation by the basal activity of GSK-3b and impairs spatial memory in
normal adult rats (Liu et al., 2004c; Sun et al., 2005). Modulation of orthologues of
GSK3beta and cdk5 in yeast transfected with human brain tau, resulted in
conformationally modified tau that could self-assemble and induce in vitro wild-type tau
aggregation (Vandebroek et al., 2006; Vandebroek et al., 2005). Tau phosphor-sites
Thr212, Thr231 and Ser262 are present early in AD pathology (Alonso et al., 2004;
Ksiezak-Reding et al., 1992; Liu et al., 2004a). Thr212 can be phosphorylated by the
dual-specificity tyrosine(Y)-phosphorylation-regulated kinase 1A (DyrklA), coded in
chromosome 21, and most individuals with trisomy 21 Down syndrome (DS) show early-
onset of AD. The amyloid precursor protein (APP) is also coded in chromosome 21;
therefore, with the extra copy of chromosome 21, DS patients have three copies of
Dyrk1A and APP. Ryoo et al. (Ryoo et al., 2008) generated a transgenic mouse model
overexpressing Dyrk1A. These mice have higher tau phosphorylation at Thr212, and this
hyperphosphorylated tau did not promote microtubule assembly (Ryoo et al., 2008).
Thr212 is in a very basic domain of tau, so the impact of phosphorylation on this site is

very strong (Alonso et al., 2004).

Out of the five tyrosines 18, 29, 197, 310, and 394 (according to taud41),
Tyrosines 18, 197, and 394 have been shown to be phosphorylated in the brain of patients
with AD whereas tyrosine 394 is the only residue that has been described to date that is
phosphorylated in physiological conditions. In 1998, tau was shown to be

phosphorylated also at tyrosine by co-transfection with fyn in cell culture (Lee et al.,
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1998). Subsequently, immunoreactivity against phospho-tyrosine was shown to be

associated with tangles in AD brains (Lee et al., 2004).

Src family kinases and spleen tyrosine kinase (Syk) have been shown to phosphorylate
tyrosine 18 while c-Abl is capable of phosphorylating tyrosine 394. AD and that Fyn and
c-Abl are critical in the neurodegenerative process which occurs in tauopathies

(Tremblay et al.).

In a recent report Azorsa et al, (2010) used a screen of 572 kinases in the human
genome for effects on tau hyperphosphorylation using a loss of function, high-throughput
RNAI approach. They found three kinases from this screen, the eukaryotic translation
initiation factor 2 alpha kinase 2 (EIF2AK2), the dual-specificity tyrosine-(Y)-
phosphorylation regulated kinase 1A (DYRKI1A), and the A-kinase anchor protein 13
(AKAP13) on tau phosphorylation at the 12E8 epitope (serine 262/serine 356). They
proposed that EIF2AK2 effects may result from effects on tau protein expression,
whereas DYRKIA and AKAPI3 are likely more specifically involved in tau

phosphorylation pathways (Azorsa et al., 2010).

Another kinase implicated in tau phosphorylation is DNA damage-activated
Checkpoint kinase 2 (Chk2) (Iijima-Ando et al., 2010). Overexpression of Drosophila
Chk2 increased tau phosphorylation at Ser262 and enhanced tau-induced
neurodegeneration in transgenic flies expressing human tau. The authors postulate that
because there is accumulation of DNA damage in the brains of AD patients, it is
concievable that the DNA damage-activated kinases Chk1l and Chk2 may be involved in

tau phosphorylation and toxicity in the pathogenesis of AD.
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1.3.4 - Tau Phosphorylation And Phosphatases Involved

The state of phosphorylation of tau is also controlled by phosphatase activities.
PP-1, PP-2A, and PP-2B can dephosphorylate abnormally hyperphosphorylated tau in
vitro (Gong et al., 1994; Wang et al., 1995). Although PP-2C can dephosphorylate tau
that is in vitro phosphorylated with protein kinase A, it cannot dephosphorylate AD P-tau
(Gong et al., 1994). PP-2A regulates tau phosphorylation directly, and indirectly by
regulating GSK3 activity (Qian et al., 2010). PP5 can dephosphorylate tau at similar sites
as PP-2A (Gong et al., 1994). Other phosphatases regulate tau phosphorylation indirectly,
by regulating the activity of the kinases/phosphatases that act on tau, as in the case of the
phosphatase and tensin homologue PTEN. It has been shown that the loss of PTEN in
mouse cerebellar neurons causes neurodegeneration by hyperphosphorylation of tau and
neurofilaments, and activation of Cdk5 and pERK1/2, suggesting that dysregulation of
the PTEN/pAkt pathway can mediate neurodegeneration (Nayeem et al., 2007). PTEN
has been shown to accumulate with tangles in neurons of patients with AD and that in
those neurons PTEN changes its subcellular localization (Sonoda et al., 2010). The
activities of kinases and phosphatases is regulated by different mechanisms: recently it
has been shown in ovaroiectomized rats that progesterone regulates the phosphorylation
of PP-2A and PTEN, affecting therefore tau phosphorylation (Amorim et al., 2010). The
phosphorylation of tau is regulated also in the different sub cellular localization. Bertrand
et al (2010) (Bertrand et al., 2010) studied tau phosphorylation in the somotodendritic
compartment and in the axons and found that with phosphatase inhibitors epitopes on tau
appeared phosphorylated, showing that in the axons tau is kept dephosphorylated by the

activity of the phosphatases. (Bertrand et al., 2010).
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In vitro tau can be dephosphorylated with overlapping specificities; however,
their role in vivo is unclear. In human brain, PP2A and PP1 are the most abundant
phosphatases, and PP2A has the major activity towards in vitro phosphorylated tau (Liu
et al., 2005). PP-2A is a major tau phosphatase, and it interacts directly with tau (Gong et
al., 2000; Sontag et al., 1999). Inhibition of PP-2A promotes tau hyperphosphorylation,
microtubule destabilization, modification of synapse structure, and neurodegeneration
(Bennecib et al., 2001; Gong et al., 1993; Merrick et al., 1997; Sontag et al., 1996). It was
reported that the activity of PP-2A is significantly decreased in AD (Gong et al., 1993).
Therefore, hyperphosphorylated tau in Alzheimer brain and possibly other tauopathies
could be the result of a deficit in phosphatase activity, with a transiently elevated tau
kinase activity or activities, because PP-2A regulates the activities of several tau kinases,
including CaM kinase II (Bennecib et al., 2001), PKA (Li et al., 2004; Sengupta et al.,

2006), and ERK1/2 (Kins et al., 2003; Pei et al., 2003).

1.3.5 - Tau Phosphorylation And Biological Activity

Tau is a phosphoprotein and the phosphorylation of tau regulates its binding to
microtubules. In AD, tau is hyperphosphorylated. Hyperphosphorylated tau is present in
neurons from AD patients as soluble specie and as pair helical/ straight filaments
(PHF/SF) (Kopke et al., 1993). We have described an inhibitory function for
hyperphosphorylated tau. Abnormally hyperphosphorylated tau from AD brains (AD P-
tau) sequesters normal tau, MAP1, and MAP2 from the microtubules, and depolymerizes
the microtubules in vitro (Alonso et al., 1994; Alonso et al., 1997). Microtubules support
axoplasmic transport, and in the tangle-bearing neurons of patients with AD, the

microtubule system is disrupted and replaced by PHFs. The microtubule dynamic appears
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to be critical to the well-being of any cell, and tau regulates its dynamic both in vivo and
in vitro in a neuron. Abnormally hyperphosphorylated tau from AD brain (AD P-tau)
does not promote microtubule assembly (Alonso et al., 1994)and inhibits the assembly
promoted by normal tau (Alonso et al., 1996; Alonso et al., 1994) and other MAPs
(Alonso et al., 1997) in vitro and in extracted cells (Alonso et al., 2006; Li et al., 2007).
AD P-tau binds normal tau and MAPs. This property makes the hyperphosphorylated tau
an active molecule in disrupting the microtubule system. This property is lost upon
dephosphorylation (Alonso et al., 2001b; Alonso et al., 1996; Alonso et al., 1997; Alonso
et al., 2006; Alonso et al., 2004; Li et al., 2007). We have also shown that
hyperphosphorylation of tau induces its self-assembly into filaments, and this property is
also lost upon dephosphorylation (Alonso et al., 2001b). Nevertheless, filaments formed
by hyperphosphorylated tau do not bind tau or disrupt microtubules, suggesting that the
polymerized form of hyperphosphorylated tau is inert. Similar results were described
when using a model of neurodegeneration: Drosophila expressing human tau on motor
neurons the authors showed that soluble hyperphosphorylated tau was toxic by disrupting

microtubules (Cowan et al., 2010).

A common approach used to study the relevance of tau phosphorylation sites is
the wuse of pseudophosphorylation. A Caenorhabditis elegans model of tau
hyperphosphorylation worms that are transgenic for tau pseudophosphorylated at several
sites showed multiple dorsal and ventral discontinuities, with the dorsal cord appearing to
be more severely affected. At all developmental stages, transgenic worms were more
affected than the control line or wild-type tau transgenic worms. Discontinuities in the

nerve cords are indicative of either incomplete neurite outgrowth during development or
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a potential degeneration of neurites. The finding that the presence of
pseudophosphorylated tau did not induce neuronal loss suggested that modified tau
interfered with the intracellular mechanism of axonal growth and pathfinding (Brandt et
al., 2009). Using Drosophila as a model, Steinhilb et al. (Steinhilb et al., 2007a)
generated a transgenic fly expressing tau, with 14 phosphorylation sites mutated to
Alanine avoiding phosphorylation. The neurotoxicity was abolished, suggesting that
SP/TP phosphorylation of tau is required for the generation of abnormal conformations
and for neurotoxicity (Steinhilb et al., 2007b). However, these authors showed that it is
not a single site that is responsible for the toxic effect and that the presence of more than
one site in concert is needed to exert tau-induced neurotoxicity (Steinhilb et al., 2007b).
By screening 1250 mutant Drosophila lines, Blard et al. (Blard et al., 2007) identified
several components of the cytoskeleton, and particularly from the actin network, as
specific modifiers of tau V337M-induced neurodegeneration. This finding suggested that
disruption of the microtubule network in presynaptic nerve terminals could constitute
early events in the pathological process leading to synaptic dysfunction in tau V337M

pathology.

1.3.6 - Other Posttranslational Modifications of Tau

It has been reported that AD tau is aberrantly N-glycosylated, and that this
abnormal modification promotes tau hyperphosphorylation (Liu et al., 2002; Wang et al.,
1996). Tau is also modified by O-linked monosaccharide b-N-acetylglucosamine (O-

GlcNAc) through hydroxyl groups of serine and/or threonine residues. This is a novel
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type of O-glycosylation (Arnold et al., 1996; Liu et al., 2004a; Torres and Hart, 1984),
which is similar to phosphorylation and is highly dynamic with a reciprocal relationship
between O-glycosylation and phosphorylation (Kamemura et al, 2002). O-
GlcNAcylation negatively regulates tau phosphorylation and is down-regulated in AD
brain (Liu et al., 2004a). PHF-tau has been shown to be poly- (Bancher et al., 1991; Igbal
and Grundke-Igbal, 1991; Morishima and Ihara, 1994) and mono-ubiquitinated
(Morishima-Kawashima et al., 1993). PHF-tau is also modified by glycation (for review,

see Munch et al. (Miinch et al., 2002)).

Although hyperphosphorylated tau is associated with all these diseases with tau
deposits, other hypotheses have been proposed as a mechanism of tau-induced
neurodegeneration. Truncation of tau has been observed both at Glu391 and Ser421
(Gamblin et al., 2003b; Novak et al., 1991). The truncated form of tau had been
associated with apoptosis in cell culture cells (Fasulo et al., 2000). However, tau has been
found as a whole molecule in PHFs in AD, and to date, there have been no quantitative

data on the percentage of tau that is cleaved in AD.

In contrast to the abnormal hyperphosphorylation and glycosylation that are early
events of tau pathology, glycation, like ubiquitination, is a late event. Glycation normally
leads to subsequent oxidation, dehydration, condensation, and, finally, formation of
heterogeneous products called advanced glycation end products (AGEs). It has been
reported that tissue transglutaminase can incorporate polyamines into tau both in vitro
and in situ (Tucholski et al., 1999). PHFs isolated from AD brain are immunoreactive to
an antibody against tissue transglutaminase, suggesting that this enzyme may play a role

in PHF formation (Dudek and Johnson, 1993; Miller and Johnson, 1995; Norlund et al.,
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1999). Tau in AD brain has been shown to be nitrated (Horiguchi et al., 2003). In AD, tau
is found as adducts of hydroxynonenal (HNE), and these modifications are controlled by

phosphorylation (Moreira et al., 2005; Takeda et al., 2000)

1.3.7 - FTDP-17 Tau Mutations

Three different types of tau mutations linked to frontotemporal dementia (FTDP-
17) have been described: missense mutations, intronic mutations, and a deletion mutation.
The missense mutations result in the substitution of one amino acid. It has been reported
that some of these mutations somehow compromise tau's ability to promote microtubule
assembly (Hasegawa et al., 1998; Hong et al., 1998), and in the presence of polyanions,
these mutations promote tau’s ability to polymerize into filaments (Gamblin et al., 2000;
Goedert et al., 1999). The intronic 5" to exon 10 mutations result in over-expression of
four-repeat tau (4R taus) (Hutton et al., 1998; Spillantini et al., 1998). In the latter case,
the argument that the mutations compromise tau’s ability to promote microtubule
assembly cannot be made, because 4R tau is known to bind microtubules better than 3R
tau does (Alonso et al., 2001b; Panda et al., 2003). The models proposing that mutant tau
is more prone to self-assemble support a gain-of-toxic function. Other schools of thought
propose an alternative loss-of-function model in which tau-mediated neuronal cell death
is caused by the inability of affected cells to properly regulate their microtubule dynamic
due to misregulation by tau. It has been shown that missense FTDP-17 mutations that
alter amino acid residues near tau's microtubule-binding region modify the ability of tau
to modulate microtubule dynamics (Feinstein and Wilson, 2005). A "microtubule

misregulation" model has been proposed in which abnormal tau isoform expression
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results in the inability to properly regulate microtubule dynamics, leading to neuronal

death and dementia (Levy et al., 2005).

We have found that the FTDP-17 tau mutations R406W, V337M, G272V, and
P301L make this protein a more favorable substrate in vitro for brain kinases (Alonso et
al., 2004). With regards to FTDP-17 tau phosphorylation, the reports in the literature are
quite variable. In cellular systems, it has been reported that mutant taus phosphorylated
less than or equally as much as wild-type tau (DeTure et al., 2002; Ko et al., 2005; Mack
et al., 2001; Matsumura et al., 1999; Pérez et al., 1996). The discrepancy with our report
might be due to the absence of certain kinases in the cell lines used, to the different
isoforms of tau transfected, and/or to the fact that tau can be microtubule-bound in the
cell system. It has been shown that free tau is a preferred substrate over microtubule-
bound tau for phosphorylation by several kinases (Sengupta et al., 2006). One of the
most remarkable differences we have found in vitro with T4L is the 12-times-faster
phosphorylation at Ser396 of t4Lgrsosw and the more than 4-times-greater total
phosphorylation at this site (Alonso et al., 2004). In cell lines, T4Lr40sw seems not to be
phosphorylated at Ser 396, although one study found it to be phosphorylated to a similar
extent as wild-type tau in cell culture (Mack et al., 2001). When t4Lg4osw is expressed in
transgenic mice, it is found to be phosphorylated in vivo at several sites, including
Ser396, and to be aggregated into filaments (Tatebayashi et al., 2002). When expressed in
Drosophila, it is hyperphosphorylated but not aggregated into filaments (Wittmann et al.,
2001). Expression of t4Lg272v, v337m, and p3oiL in transgenic mice showed increased tau
phosphorylation and tau inclusions (G6tz et al., 2001; Ho et al., 2001; Lambourne et al.,

2005; Lewis et al., 2000; Tanemura et al., 2001). The exact molecular mechanism of
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neurodegeneration in the affected patients is not yet understood. Like individuals with
AD, individuals with the FTDP-17 mutation show accumulations of hyperphosphorylated
tau as neurofibrillary tangles in every single mutation case. All the mutations discovered
in tau are dominant, suggesting that the effect of tau mutations results in a gain- of-toxic

function (Crowther and Goedert, 2000).

Our hypothesis is that the abnormal hyperphosphorylation of tau contributes to
neurofibrillary degeneration in these clinically distinct diseases by disrupting the
microtubule system, another form of "microtubule misregulation," and that tau

phosphorylation can be modulated by its conformation.

1.3.8 - Self-Assembly of Tau

Unraveling the mechanism of self-assembly of tau has generated considerable
interest. In vitro assembly of tau has been achieved under different conditions, such as
urea treatment for 60 hours or incubations with unsaturated free fatty acids, tRNA,
heparin, polyglutamic acid, or quinones; with a tau fragment; or with high protein
concentration (12 mg/ml) and long incubation period (several days) (Crowther and
Goedert, 2000; Goedert et al., 1996; Kampers et al., 1996; Montejo de Garcini et al.,
1986; Santa-Maria et al., 2004; Wilson and Binder, 1995; Yanagawa et al., 1998).
Quinones have been linked also to microtubule disruption, because of their interaction
with tubulin (Santa-Maria et al., 2005). Nevertheless, in AD brain, tubulin does not
appear to be the problem, because when this protein is isolated from Alzheimer brain, it
has normal assembly properties (Igbal et al., 1986; Khatoon et al., 1995). None of the

conditions described above is compatible with the presence of the entire molecule, the six
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isoforms of tau, or the hyperphosphorylated state. The levels of tau mRNA are not
changed in Alzheimer brain compared to control brains (Mah et al., 1992). The levels of
the tau protein in AD brains are increased to 7-10 times those of control brains, but this
increase is more likely due to the hyperphosphorylation and deposit of the protein into
tangles, making tau less prone to degradation (Khatoon et al., 1992). These are very
important observations, because the levels of tau have to be dramatically increased in
transgenic animals in order to detect any effect (Spittaels et al., 1999). Only transgenic
mice expressing FTDP-17 mutated tau generate some phenotype with low levels of tau
over-expression (Tatebayashi et al., 2002). Taken together, these observations suggest
that in AD brain, it is not the level of tau, but the appearance of a modified form of tau—
of a conformationally different molecule—that makes a difference. It has also been
proposed that a conformational change of tau molecule precedes its aggregation into
PHFs and is one of the earliest events in AD (Weaver et al., 2000). This conformational
change in tau molecule can be seen with the use of the antibodies Alz50 and MC1 (Jicha
et al., 1997). The conformation required for tau to be recognized by these antibodies can
also be acquired by hyperphosphorylation. We have also shown that AD P-tau
polymerizes readily into tangles of PHF/SF, that dephosphorylation abolishes tau’s self-
assembly, and that hyperphosphorylation of recombinant tau by brain kinases induces its
self-assembly into tangles of PHF/SF (Alonso et al., 2001b; Wang et al., 2007). These

results taken together suggest that tau’s self-assembly is regulated by phosphorylation.

We have used several tau constructs to induce self-assembly and have found that
tau’s microtubule-binding domain polymerizes into filaments. Different groups have

shown that the stretch of tau involved in tau-tau interaction lies within the microtubule-
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binding domain (Crowther et al., 1992; Gamblin et al., 2003a; Gamblin et al., 2003b;
Mukrasch et al., 2005; Pérez et al., 2001; Pérez et al., 1996). On the basis of our studies
of self-assembly, we have postulated that both flanking regions of the microtubule-
binding domain of tau inhibit its self-assembly: when we used peptides with the
microtubule-binding domain, they polymerized readily, whereas tau constructs that
included microtubule-binding domain and the N-terminal portion of tau and/or the C-
terminal end of the protein abolished the self-assembly (Alonso et al., 2001b). We also
postulated that the positive charge of tau molecule, concentrated in patches in the
flanking region of tau, could be responsible for the inhibition of the binding, since the
presence of the two N-terminal inserts of tau, which are highly negative, induced tau self-
assembly (Alonso et al., 2001b). Upon phosphorylation, tau also acquires the ability to
bind normal tau. Tau acquires the maximal ability to bind normal tau after the
incorporation of about 4 moles of phosphate per mole of protein (Alonso et al., 2004),
and it polymerizes after 10 moles of phosphate per mole of protein (Alonso et al., 2001b;
Alonso et al., 2004). These results suggest that at least two different conformational
states of tau are induced by phosphorylation: one in which the hyperphosphorylated tau is
able to bind normal tau, and one in which it is able to self-assemble into filaments. These
results, combined with the data of phosphorylation kinetics (see Alonso et al. (Alonso et
al., 2004)), suggest that the conformation of tau needed to sequester normal tau might
involve phosphorylation of tau at positions 199, 202, 205, 212, 235, 262, and 404, and for
self-assembly, further phosphorylation at positions 231, 396, and 422. Phosphorylation at
Thr 181 or Thr 217, sites with slower kinetics, might control the assembly, or these sites

might be phosphorylated on the polymer. As evidence that a conformational change is
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induced by FTDP-17 mutations, these mutated taus not only are better substrates for brain
kinases but also polymerize into filaments at a lower stoichiometry of phosphorylation
than the wild-type protein (Alonso et al., 2004).

Tau has been shown previously to undergo intermolecular association through the
microtubule- binding domains, and the flanking regions appear to be inhibitory of tau
self-assembly (Alonso et al., 2004; Pérez et al., 2001; von Bergen et al., 2000). If we
consider that tau has little secondary structure and that segments of tau are separated by
prolines that induce a bend in the amino acid chain, the theoretical isoelectric points of
these segments have a strongly basic charge at the N-terminal region to the microtubule-
binding domains. We propose that these very basic segments (pI>9) in the proline-rich
region of tau mask the intermolecular attraction of the microtubule-binding domains.
Considering that the mutant taus start polymerizing after the incorporation of 4—6 moles
of phosphate per mole of protein, the sites that are phosphorylated at a level of about 50%
of the total phosphorylation of t4L in less than 2 h are Thr212, Ser235, and Ser262 in the
N-terminal side. The pl value for the segments containing Thr212 is 12; Ser 235, 9.18;
and Ser262. Phosphorylation of these sites decreases the theoretical pl, and consequently,
the negative effect of the N-terminal region on tau self-assembly. The C-terminal region
is basic up to Pro 397, and the rest of the segments are acidic. It is possible that the acidic
segment “masks” the interacting part of tau and that the phosphorylation at Ser396 and/or
Ser404 opens up this segment, allowing the intermolecular interaction through the
microtubule-binding domains. Recently, it has been shown that phosphorylation at

Ser262 is critical for abeta induced toxicity (Iijima-Ando et al., 2010)
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Several ways can induce tau polymerization with similar outcomes. It is
conceivable that given the variety of the tauopathies, more than one mechanism is
involved in the disease. Nevertheless, up to now, there is no known human disorder with

accumulation of tau that is not hyperphosphorylated.

1.3.9 - What Is Inhibitory—The Cytosolic Or the Polymerized Abnormally
Hyperphosphorylated Tau?

It is conceivable that the mechanism of tau-induced neurodegeneration involves
microtubule disruption. Recently, another putative link has emerged from the
experiments in Drosophila. Khurana et al. (Khurana and Feany, 2007; Khurana et al.,
2006) have described the cell cycle reentry as a downstream event of tau phosphorylation
and in the case of neuronal cells. This reentry attempt is followed by apoptosis. This
neurotoxicity is independent of tau aggregation and is exacerbated by oxidative stress
(Dias-Santagata et al., 2007). We have found that pseudophosphorylated tau translocates
into the nucleus (Alonso et al., 2010). Recently, using a Drosophila expressing
hyperphosphorylated tau they were able to show that this soluble hyperphosphorylated
protein was able to disrupt microtubules and compromise normal tau in vivo (Cowan et

al., 2010), as we have previously proposed based on our biochemical studies
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1.4 - TAU THERAPEUTIC TARGETS

The lack of phenotype on the tau knockout mice (Harada et al., 1994; Ikegami et
al., 2000; Takei et al., 2000) and the findings that AD P-tau inhibits and disrupts
microtubule assembly it appears that hyperphosphorylated form of tau has gain toxic
function and this is more toxic than the lack of tau function. Based on the tau hypothesis,
due to a phosphorylation/dephosphorylation imbalance tau gets hyperphosphorylated,
detaches from microtubules, sequesters normal tau and other MAPs, self-assemble into
tangles of pair helical filaments and the neurons lose the microtubular network and
undergoes retrograde neurodegeneration. This proposed mechanism, described in Fig 1,

indicates several levels of therapeutic interventions:

1.4.1 - Kinases

As discussed before, more than one kinase has to be activated in order to generate
abnormally hyperphosphorylated tau. Problems in selecting an appropriate kinase as a
target arise from the number of sites that have been found to be phosphorylated in AD P-
tau. We have described in the section of tau phosphorylation this complex process and
the possible functional implications on tau biology. It is not really known which of tau
phosphorylation sites are important on tau, what is the kinetics of phosphorylation in
vivo, which is just a product of being sitting on a polymer, unable to be degraded. We
have recently published a study showing that the combination of phosphorylation on tau
at Thr212, Thr231 and Ser262 makes tau acquired a toxic behavior (Alonso et al., 2010).
As we described before, it has been shown using Drosophila that several phosphorylation

sites must work in concert (Steinhilb et al., 2007a). Therefore, it results complicated to
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pick one kinase activity as a target for Alzheimer disease. As we describe in the previous
sections, from all the kinases that have been shown to work on tau the one that received
more attention is GSK3 kinase not only because it modifies several sites of the tau
protein present in neurofibrillary tangles but also is able to modulate the generation of
amyloid-beta, as well as to respond to this peptide. Dysregulation of GSK-3 activity is
believed to play a key role in the pathogenesis of CNS chronic disorders such as
Alzheimer’s disease (AD), bipolar disorder, and Huntington’s disease, and of metabolic
disorders such as type II diabetes. In several transgenic models, overexpression of GSK-3
has been associated with neuronal death, tau hyperphosphorylation and a decline in
cognitive performance (Hernandez et al., 2010). Recently, GSK3 overexpression in a tau
knockout resulted in a milder phenotype, suggesting that it is hyperphosphorylated tau
mediates the pathology observed in the GSK3 transgenic mice (Gémez de Barreda et al.,
2010). In 2006, Engel et al. (Engel et al., 2006) describe the complete reversal of the tau-
induced phenotype in a conditional mouse model of GSK 3 activity. All these evidence
taken together, besides that the inhibition of GSK3b is well tolerated, made GSK3b a
great therapeutic target. Different compounds, from cations like Li to small chemical
compounds developed by different companies and even interference RNA have been
used to decrease the activity of GSK3b (recently reviewed in Hernandez et al., 2009
(Hernandez et al., 2009)). Other beneficial effects of GSK3b inhibitors is that it has been
shown that the oral administration of a GSK3 inhibitor to adult wild-type mice or to
amyloid precursor protein/presenilin 1 mice modeling Alzheimer amyloidosis
significantly increased brain IGF-I content (Bolos et al., 2010). Reduced brain input of

serum insulin-like growth factor I (IGF-I), a potent neurotrophic peptide, may be
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associated with neurodegenerative processes, therefore making the effect of inhibiting
GSK3 very desirable. Moreover GSK3 activity is also related to inflammation processes.
Inhibition of GSK3 activity in animal models downregulates inflammation and the effect
of inhibiting this activity might be beneficial in more than one way (reviewed by Jope et
al, 2007 (Jope et al., 2007)). Since GSK3 participates in several processes, manipulation
of this activity has to be done very carefully, since it is also involved in glucose
metabolism and cancer, but to control the activity of this enzyme is very challenging and

several pharmaceutical companies are working towards this aim.

Cdk-5 is another candidate kinase that phosphorylates tau and could participate in
generating the abnormal conformation of tau. CdkS5 inhibitors, such as roscovitine, has
been used in the triple transgenic animal model and it has been shown decreased levels of
phosphorylated tau (Kitazawa et al., 2005). When tau was overexpressed in yeast and the
orthologue of cdk-5 was inhibited tau was very much hyperphosphorylated (Vandebroek
et al., 2005) probably because the activity of cdk5 regulates that of GSK3: inhibition of

cdks5 led to activation of GSK3 (Wen et al., 2008).

Other kinases are putative kinases for tau and their activities could be target to
inhibit tau-induced neurodegeneration, may be the most effective approach would be to
target combination of kinases, such as the one proposed by the University of Illinois at
Chicago, to inhibit GSK3 and CK2. Another recent study showed that the use of a small
inhibitor that was able to target GSK-3p, ERK2/cdc2, PKA, and PKC reducing tau
phosphorylation in a transgenic mouse model (Le Corre et al., 2006). Kinase inhibition,

mainly GSK3b, is an approach that we are eagerly waiting for the results of the trials.
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1.4.2 - Phosphatases

Since tau hyperphosphorylation could be a result of high kinase activity or
decreased phosphatase activity, to inhibit kinases or to activate phosphatases are
attractive therapeutic targets. PP2A is the main tau phosphatase in brain; and the activity
has been shown decreased in AD brains (Gong et al., 1993) therefore it has been the
center of attraction for drug development. Nevertheless, unlike kinases, phosphatases
have a wider range of substrates and it makes them more prone to give undesirable

secondary effects.

PP2A activity is tightly regulated in the cells, two polypeptides have been

identified as PP2A inhibitors: I;PP2A and [,PP2A (Li et al., 1996a; Li et al., 1996D).

In Alzheimer disease (AD) brain, the level of I; PP2A, is increased, the activity of the
phosphatase is decreased, and tau is abnormally hyperphosphorylated. The mechanism of
inhibition is starting to be elucidated. Targeting these inhibitors is another approach to

prevent hyperphosphorylation of tau.

1.4.3 - Abnormal tau

Tau from Alzheimer disease brain does not behave biologically as normal tau.
Certain conformational antibodies recognieze a different conformation of tau. Several
neurodegenerative diseases are characterized by the presence of misfolded proteins. The
cellular alternatives will be to promote degradation of the proteins. Hsp70/CHIP

chaperone system plays an important role in the regulation of tau turnover and the
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selective elimination of abnormal tau species. Hsp70/CHIP may therefore play an
important role in the pathogenesis of tauopathies and also represents a potential
therapeutic target (Petrucelli et al., 2004). The heat shock proteins response, which can
mediate the degradation of misfolded proteins, can be modulated pharmacologically and

this has been recently reviewed (Deture et al., 2010).

1.4.4 - Microtubules

In Alzheimer disease and related neurodegenerative diseases the microtubule
system is destroyed, compromising the stability of the synapses. The more we know
about the disease, the more we believe that cytoskeletal disruption and synaptic
impairment are early events in the process of neurodegeneration. Hyperphosphorylated
tau appears early in the disease progression and this modified form of tau inhibits
microtubule assembly and self-assembles into PHF (Alonso et al., 2001b; Alonso et al.,
1996). Given this scenario, it is very attractive to study the effects of different
components able to stabilize the microtubule system, to compensate for the early
disruption of the cytoskeleton. The idea of using drugs that stabilizes the microtubule
structure appears attractive and promising (Trojanowski et al., 2005). Dr. Gozes and
collaborators proposed to wuse peptides, derived from the Activity-Dependent
Neuroprotective Protein (ADNP) and tau mimetic to study its effect on microtubule
stability, its ability to bind to tubulin and MAPs, as well as promoting cell survival
(Shiryaev et al., 2009).

The use of peptides in Alzheimer therapeutic efforts is growing and during the

course of these studies, several peptides have shown positive neuroprotective effects on
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amyloid beta polymerization, toxicity, secretases activity. Humanin is another peptide
that has been studied and shown to induce neuroprotection in several different insults
present in Alzheimer diseased brain (Xu et al., 2010; Zhang et al., 2009). Dr. Gozes and
collaborators attacks the problem from the perspective of the cytoskeleton. They used
picomolar concentration of the peptides (from NAP to Al-108) promotes cell survival, by
interacting with tubulin and stabilizing the microtubules (reviewed by Gozes et al., 2009
(Gozes et al., 2009)). Using NAP at 1pM concentrations, in a polymerization system
containing tubulin and tau, they found that tau was increased twofold in the microtubule
fraction (Gozes and Divinski, 2007). They analyzed these results by electron microscopy
and found that the density of the microtubules was also increased. Surprisingly, NAP
induced a selective selection of tubulin isoforms: where the microtubules density was
increasing, the content of BIII tubulin (neuron specific tubulin isoform) decreased,
suggesting that the presence of NAP at that low concentration could be modulating the
dynamics of the microtubules by modifying the isoform composition of the microtubules.
Battacharya and Cabral (2004) (Bhattacharya and Cabral, 2004) reported that the
expression of V {3 tubulin disrupts the microtubule and that this effect is reversed with the
addition of taxol, supporting the idea that a selection of tubulin isoforms can modify the
dynamics of the microtubules.

In tauopathies, such as AD, one of the first steps in neurodegeneration is that the
microtubules system generates retrograde neurodegeneration leading to a loss of
synapses. The therapeutic approaches most likely to be successful should target the
microtubule stability, either by controlling tau phosphorylation levels or interacting with

the microtubule protein to stabilize microtubule structure.
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1.4.5 - Tau aggregation

The presence of hyperphosphorylated tau that disrupts microtubules constitutes a
threat to the stability of the neurons. Microtubules support axoplasmic transport, and in
the tangle-bearing neurons of individuals with AD, the microtubule system is disrupted
and replaced by PHF. Microtubules are polymers of tubulin, and it is well known that the
degree of tubulin polymerization in a cell has critical consequences on the fate of the cell.
Agents that either stabilize or disrupt microtubules can induce apoptosis in many cell
types, especially in the neurons, in which the processes are long and the structure and
transport are supported by microtubules. Whether tau is a toxic entity for the cells in its
polymerized form is a subject of debate. SantaCruz et al. (Santacruz et al., 2005), using
transgenic mice expressing inducible human four-repeat tau with the P301L mutation,
found that the cognitive deficiencies correlate with the appearance of soluble
hyperphosphorylated tau. When tau expression was turned off, there was no clearance of
the polymerized tau, soluble tau decreased, and cognition improved, suggesting that the
polymerized tau was not sufficient to cause cognitive decline or neuronal cell death.
Andorfer et al. showed that in human tau transgenic mice, while there was widespread
neurodegeneration, the PHF-containing neurons appeared “healthy” in terms of nuclear
morphology, suggesting that the polymerized protein was probably neuroprotective
(Andorfer et al., 2005). Previously, a similar conclusion was inferred from a
morphometric study of brain biopsy specimens from AD and control cases, which found
that the appearance of tangles does not necessarily herald the demise of a neuron in AD
(Bondareff et al., 1989). Another morphometric study showed that the decrease in

microtubule density was unrelated to PHF accumulation (Cash et al., 2003). It has been
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demonstrated that the formation of inclusion bodies, in the case of Huntington disease,
reduces the level of mutant huntington and the risk of neuronal death (Arrasate et al.,
2004). We have shown that polymerization of hyperphosphorylated tau into filaments,
i.e., PHF/tangles, makes it inert, which unlike the non-polymerized AD P-tau, does not
bind normal tau or tubulin and inhibit the microtubule assembly (Alonso et al., 2006;
Igbal et al., 1994; Khatoon et al., 1995). These findings suggest that inhibition of the
hyperphosphorylation of tau rather than of its polymerization into PHF/tangles might
hold therapeutic promise for AD and related tauopathies.

An inverse relationship has been found between the number of extracellular
tangles and the number of surviving neurons (Cras et al., 1995). Thus, these data would
suggest that the neurons that degenerate developed tau aggregates 3. We have proposed
that hyperphosphorylated tau sequesters normal tau, disrupts the microtubule system, and
self-assembles into tangles of filaments, a mechanism of tau toxicity in which mainly the
cytosolic form of hyperphosphorylated tau disrupts the microtubule network, whereas on
polymerization into PHFs, this inhibitory activity is lost (Alonso et al., 2006). PHFs
accumulated in the cell body, though initially neuroprotective, might become deleterious
when this space-occupying lesion in the neuron compromises its normal function,
justifying the inverse correlation of extracellular tangles with neuronal survival. More
recently, Khlistnova et al. (Khlistunova et al., 2006) showed that aggregates of a
fragment of tau in cells are toxic, and inhibition of the aggregation decreased toxicity.
Nevertheless, this last study was done with only a fragment of tau, which can behave
completely differently from the whole molecule used in the previous studies. Another

consideration will be to consider degree of tau aggregation, not in the form of tangles, but
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as oligomers, and they propose that the inhibition of the oligomerization of ttau holds a

therapeutic promise (reviewed by Takashima, 2010 (Takashima, 2010)).

1.4.6 - Tau Antibodies

It has been proposed that tau can be released to the extracellular space and that it
could exert its toxic effect on other neurons. It was also proposed that tau can transfer the
disease. Tau was used in two tangle mouse models to induce active immunization and it
indicates that active immunization targeting an AD phospho-tau epitope reduces
aggregated tau in the brain and prevents/slows progression of the tangle-related
behavioral phenotype, including cognitive impairment (Boimel et al., 2010; Sigurdsson,
2009). These antibodies enter the brain and bind to pathological tau within neurons
although the therapeutic effect may at least in part be due to clearance of extracellular tau

that may have biological effects.

1.5 - CONCLUDING REMARKS

The protein component of the plaques was identified in 1984 as beta amyloid
(Glenner, G.G., Wong, C. W. (1984) Alzheimer's disease: initial report of the purification
and characterization of a novel cerebrovascular amyloid protein. Biochem. Biophys. Res.
Commun. 120: 885-890). The protein component of the tangles was identified two years
latter, in 1986 as tau, the neuron-specific microtubule associated protein (Grundke-Igbal
et al., 1986a; Grundke-Igbal et al., 1986b). Tau normally binds to and assists in
microtubule formation; faulty microtubule formation could have dramatic effects on

neurons. Tau is altered in a whole set of neurodegenerative diseases including AD. The
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stability of the cytoskeleton, known to be greatly affected in AD, impairs the neuronal
transport and connectivity. The neurofibrillary degeneration correlates with the
progression of the disease. A two year lag in describing tau (coupled with a lack of
genetic association with tau) has led to retardation in tau research, leaving tau research
well behind that of AP. Thus, research on A leads the field of Alzheimer’s disease (AD).
What has been gleaned from the nearly two decade research in AD is that the disease is a
multifactorial disease and we are far from been able to prevent the disease. The trials
towards lessening A pathology have shown that the patients do not benefit by treating
the plaques deposits in the mild to moderate stages of the disease. The clinical results
raise questions as to the validity of AP as the principle cause of the AD pathology.
Couple these findings with the ubiquitous presence of tau fibrillary tangles in several
dementias suggests that a focus to inhibit neurofibrillary pathology as well is needed to
achieve clinical improvement. We foresee that any therapy in order to be successful

should target the process of neurofibrillary degeneration.
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CHAPTER TWO

Hyperphosphorylated Tau-induced cellular
Pathologies; more than microtubule
disruption

Abstract: Hyperphosphorylation of the microtubule associated protein tau is involved in
several dementias that classify as tauopathies. In these diseases, tau is known to bind to
itself rather than associate with microtubules. Without cytoskeletal support, neurons
begin to loose their ability to function and therefore there is a loss of neuronal
arborization. Earlier work investigated specific phosphorylation sites, while this work
looks at certain specific sites using live cell imaging to better understand how the
degenerative process is taking place. When cultured CHO cells express wild type tau, the
microtubule network is healthy and shows normal microtubule movement and tau only
associated with the microtubules. When expressing pathological human tau (PH-tau,
pseudophosphorylated at T212, T231, S262) in CHO cells in culture, however, the cells
have tau present throughout the cytoplasm, rather than associated with microtubules. A
healthy microtubule network is not distinguishable in PH-tau expressing cells.
Additionally, the cells experience membrane zeiosis, or excessive membrane blebbing,
which are released into the surrounding environment. The zeiosis can be a cellular
mechanism to remove toxic substances from the cell. The blebbing of the membrane
causes the cells transfected with PH-tau shrink in size. Internally the presence of
excessive cytoplasmic vacuoles are detected as well as aggregated protein in the form of
filaments. Additionally, PH-tau is translocated into the nucleus. The exposure of wild
type expressing cells to okadaic acid shows the appearance of membrane blebbing, lack
of microtubule structure and translocation into the nucleus. Additionally, all three sites
used in the PH-tau construct are phosphorylated when wild type tau is exposed to okadaic
acid. Taken together, these results suggest that PH-tau does play a role in
neurodegenerative process and that this process extends further than just microtubule
disruption.

Keywords: tau, tauopathies, Alzheimer’s disease, zeiosis, neurodegeneration
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2.1 - INTRODUCTION

Tau is a microtubule-associated protein (MAP) that is specific to the axons of
neuronal cells. Microtubules are assembled in the initial segment of the axon, and are
responsible for both structural support and axonal transport. Most of the components
required by the axon are synthesized and packaged in the cell soma. These components
consist of neurotransmitters as well as mitochondria to provide energy to propagate signal
transmission. The stabilized microtubule network is the “highway” by which all of these
molecules are moved from the soma to the axon terminal via the activity of the motor
proteins (dyanin and kinesin) (Cho and Vale, 2012; Hirokawa, 2011). This cellular
trafficking is vital to the continuous function of the neurons. Without this transport, the
neuron will no longer transmit signals and this loss of activity will lead to neurite
retraction.

There are six tau isoforms seen in the human brain. These isoforms are generated
by alternative splicing of the pre-mRNA. These can include three or four microtubule
binding domains, all which reside at the C-terminal of the protein as well as zero, one or
two 29 amino acid inserts at the proteins’ N-terminal (Goedert et al., 1989; Himmler et
al., 1989). Proper folding of these isoforms is critical for normal tau function.

The dysfunction of tau protein leads to a family of diseases called tauopathies,
which include both Pick’s disease, Alzheimer’s disease and Fronto-temporal dementia
with Parkinsonsim linked to chromosome 17. In these diseases, tau no longer binds to
microtubules, but rather binds to itself and forms both paired helical and straight
filaments (Goedert et al., 1996; Grundke-Igbal et al., 1986a; Grundke-Igbal et al., 1986b;

Igbal et al., 1986). Together these filaments aggregate to form the neurofibrillary tangles.
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In Alzheimer’s disease, these filaments inside the cell as well as the extracellular amyloid
beta plaques that are the characteristic lesions used to diagnose the disorder after death.
In its pathological state, Tau no longer performs the function of microtubule stabilization,
but rather aggregates with itself (Alonso et al., 2001b; Alonso et al., 2008; Gozes et al.,
2009). Without the binding of tau to the microtubules, the axonal network begins to fall
apart. With the loss of the stabilized microtubules, there is now no further axonal
transport, which leads to compromised neuronal signaling and leads to a retraction of
neurites, which is the main cause of reduced brain matter in these patients.

So, the question as to how tau becomes pathological arises. There are several post
translational modifications that occur on tau, which include acetylation (Irwin et al.,
2012), glycosylation (Gong et al., 2005; Liu et al., 2004a; Smet-Nocca et al., 2011) and
phosphorylation (Grundke-Igbal et al., 1986c; Igbal et al., 2009). All of these known
post-translational modifications seem to contribute to tau pathology, but the best studied
and most notable is phosphorylation. At normal levels there is approximately 3 moles of
phosphate per molecule of protein. In a hyperphosphorylated state, the protein carries
around 8 moles of phosphate per molecule of protein (Kdpke et al., 1993). When in its
hyperphosphorylated form, there are additional amino acid residues that become
phosphorylated that are not normally phosphorylated in healthy functioning tau protein.
The sites that are most commonly seen phosphorylated on hyperphosphorylated tau are
Thr212, Ser214, Thr231, Ser235, and Ser262 (Brandt et al., 1994; Drewes et al., 1995;
Jenkins and Johnson, 1997; Sengupta et al., 1997; Singh et al., 1996). These sites are also

shown to play a major role in tau self assembly (Alonso et al., 2004).
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Previous work has shown that in vitro that hyperphosphorylated tau induced self-
assembly and the formation of filaments as well as the inability to promote microtubule
assembly (Alonso et al., 2008; Alonso et al., 2001c). It has also been shown that
phosphorylation at Ser262 accelerates tau assembly into filaments.

Additionally, the discovery of mutations on the tau gene have demonstrated that
mutations of the tau gene alone are enough to promote cell death and subsequently
dementia (Hutton et al., 1998; Poorkaj et al., 1998; Spillantini et al., 1998). There are
three reported types of tau mutations; missense (Chang et al., 2008), deletion (Kovacech
and Novak, 2010) and intronic (Wang et al., 2010a). Patients with mutations on
chromosome 17 associated with Frontal-temporal Dementia have displayed neurons
containing neurofibrillary tangles and cell death suggesting the pivotal role of this residue
in tauopathies. Previous work has shown that in vitro the R406 W mutation has given Tau
the ability to self-assemble when containing approximately half the level of phosphate
molecules when compared to wild type Tau (Alonso et al., 2004). When tau is
hyperphosphorylated, it is hypothesized that a conformational change that takes place that
makes the protein no longer able to bind to microtubules and that this toxic state is more
easily reached if the protein carries the R406W mutation (Alonso et al., 2008).

Using a pseudophosphorylation at T212, T231 and S262, we have shown that tau
no longer binds to microtubules and induces apoptosis in up to 85% of transfected cells
(Alonso, et al., 2010). The addition of the R406W inherited mutation on tau enhanced the
level of apoptosis (Alonso et al., 2010). No single phosphorylation or point mutation
inhibited tau’s ability to bind to microtubules (Alonso et al., 2010). Tau’s inability to

bind to microtubules only occurred when multiple sites were pseudophosphorylated.
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Phosphorylation at S262 seemed to enhance the effect. This data supports the finding that
specific sites of phosphorylation, when together, drive the protein to become toxic, rather
than just the quantity of phosphate associated with the protein.

To further wunderstand the mechanism of neurodegeneration, the
pseudophosphorylation constructs from our previous studies were used in a live cell
imaging paradigm. Initially, live imaging showed that all of the PH-tau transfected cells
exhibited an excessive amount of membrane blebbing (zeiosis). This is a normal cellular
occurrence when the membrane bulges out and is then reabsorbed back into the cell or
released into the area to remove cellular waste. Zeiosis is a cellular process where the
blebs are not ever reabsorbed by the cell, but rather are let loose into the surrounding area
(Rose, 1966).

Membrane integrity has great implications to overall cell health, but little work as
been explored on membrane damage in neurodegenerative diseases. It has been shown
that blunt spinal cord injury leads to membrane disruption and that this level of disruption
has been correlated to the severity of the traumatic injury (Simon et al., 2009). However,
it has been shown that 3-morpholinosydnonimine (SIN-1) induced apoptosis leads to
lipid peroxidation and membrane blebbing in cell culture (Ebadi et al., 2005). In relation
to tau hyperphosphorylation, SIN-1 has been implicated in the overexpression of
glycogen synthase kinase-3beta (GSK-3beta) and the aggregation of tau in rats that were
injected with SIN-1 (Zhang et al., 2006). Taken together, membrane instability plays a

major role in neuron functionality.
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We turned to live cell imaging techniques to describe in real-time the occurrence
of zeiosis in PH-tau expressing CHO cells. We also presented here novel quantification

methods for describing blebbing in these cells.

2.2 - MATERIALS & METHODS

2.2.1 - Generation of GFP fused Pseudophosphorylated Tau Constructs & Plasmid
Purification

The pseudophsohprylated tau vectors were generated by site directed mutagenesis
according to Alonso et al. (2010) (Figure 2.1). The original pEGFP vector containing
wild type tau was a gift from Dr. Michael Novak (Institute of Neuroimmunology,
Bratislava, Slovak Republic). The GFP-fused pseudophsohprylated tau constructs were
prepared specifically for this work in order to visualize tau in a live cell imaging system.
To do this, the pAcGFP-C1 vector (Clontech) was digested with Bglll and EcoRI
(Promega). The pseudophsphorylated tau sequence was restricted with the same enzymes
from the original, non-fluorescent vectors used in the previous work. These particular
enzymes allowed us to insert tau in reading frame with the GFP gene and create a fusion
protein. The pAcGFP vector was ligated with the tau gene using T4 ligase according to
the manufacturer (Promega). The ligation mixture was then heat shock transformed into
chemically competent E.coli (Fisher Scientific) and plated on Lauria Bertani plates (LB;
10g NaCl, 10g tryptone, 5g yeast extract in distilled water, autoclaved at 121°C at 15 psi
for 15 minutes) which were supplemented with kanamycin (0.1mg/ml, from Fisher
Scientific). Colonies were screened for the tau gene by restriction digest of purified

plasmid and those cells positive glycerol stocked at -80°C. To purify plasmid DNA,
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freezer stocks were re-plated in LB plates supplemented with kanamycin, incubated
overnight at 37°C and a single colony was re-suspended in LB broth supplemented with
kanamycin. Plasmid were isolated using the Promega Wizard Plus SV DNA purification

kit (Promega) according to the manufacturers protocol.

2.2.2 - Cell lines used and transfection

Chinese hamster ovarian fibroblast cells (CHO) were cultured in F-12K medium
supplemented with 10% fetal bovine serum (FBS, from Fisher Scientific) and 100 units
of penicillin, 100pg streptomycin (Invitrogen, as a 100x solution). Cells were grown at
37°C in the presence of 5% CO,. The day before transfection, cells were plated to 70-
80% confluency. The plating vessel was determined by the type of experiment and will
be mentioned in each section.

Cells were transfected with the appropriate plasmid using Lipofectamine 2000
(Invitrogen) according to the manufacturers protocol. Generally, cells were maintained

for 48 hours prior to imaging or fixation.

2.2.3 - Live cell imaging

Cells were plated on Sykes Moore coverslips (25mm No. 2, Bellco Glass) in 10
cm” petri dishes. The cells were transfected according to the procedure above. Fourty
eight hours post transfection, the cover slips were placed into the Sykes-Moore Chamber
(Bellco Glass) using the 2.5mm gasket. This live cell imaging chamber allowed for the
coverslip to be sealed into a closed system and filled with media. If kept at 37°C, the cells

would survive for several hours on the microscope stage. The stage was warmed using a
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ASI 400 Air Stream Incubator external stage warmer (Nevtek) and the temperature was
monitored using a strip thermometer placed on the surface of the microscope stage. The
samples were imaged using a Nikon C1 confocal laser scanning microscope. The images
were captured using no frame averaging and the time interval was one frame captured
every 3.5 seconds over a period of up to five minutes. This short time interval allowed for
the capture of microtubule dynamic events and the movement of intracellular organelles.

Movies were opened and analyzed using ImageJ with an ICS/IDS plugin.

2.2.4 - Cell Size Determination

In order to determine the size of the cells, light microscopy images were taken
using a Zeiss Axioskop epi-fluorescent microscope equipped with a Zeiss MRc5 digital
camera. Images were taken using the 20x objective, enough so that the cell periphery
could be easily seen, but there are also many cells in the field of view. The perimeter of
the cells was measured using ImageJ. The results were collected, analyzed the perimeter

measurements were graphed using Microsoft Excel.

2.2.5 - Immunocytochemistry

Fixed cells were washed with PBS, permeabilized with 0.1% Triton X-100
(Fisher Scientific Cat # BP151-100), 0.1M glycine (Fisher Scientific) treatment to quench
aldehyde autoflorescence, blocked in 4% donkey serum in PBS with 0.01% tween 20
(PBST) and incubated overnight in primary antibody. The following day, the cells were
washed with PBS and incubated in PBST with secondary antibody for one hour, washed

again with PBS and coverslipped with Vectorshield antifade mounting medium (Vector
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Laboratories Cat #H1000). Cells were imaged using a Leica SP2 AOBS confocal laser

scanning microscope. Images were analyzed using ImageJ.

2.2.6 - Okadaic Acid treatment

CHO cells were plated in eight well chamber slides (Lab-Tek II) and transfected
the following day with fluorescent wild type Tau (pAcGFP-wtTau). Twenty-four hours
after transfection, the cells were treated with either 100nM okadaic acid mixed in
complete growth medium (Sigma-Aldrich Cat #0-8010) for another 24 hours. Cells were
then fixed with 4% paraformaldehyde in PBS pH 7.2 overnight and immunostained as
described above using mouse anti DM1A which binds to the tubulin alpha subunit (Neo
Markers Cat #MS-581-P) as the primary antibody and donkey anti-mouse conjugated to

Cy3 (Jackson Immunoresearch Cat #715-165-150) as the secondary antibody.

2.2.7 - Transmission Electron Microscopy (TEM)

Cells, plated and transfected in 6-well plates, were fixed forty eight hours post
transfection using 2.5% glutaraldehyde in coccadylate buffer (pH 7.2, Electron
Microscopy Sciences). The cells were washed in phosphate buffered saline (pH 7.2) and
post fixed with 1% osmium tetroxide (Electron Microscopy Sciences). Dehydration was
done through an increasing ethanol concentration and transitioned using propylene oxide.
Spurr resin (Electron Microscopy Sciences) was mixed according to the manufacturers
instructions. The cells were infiltrated into Spurr resin with a 1:1 Spurr propylene oxide
mixture for 1 hour followed by pure Spurr overnight at 4°C. The following day, the cells

were pelleted at the bottom of BEEM capsules, covered with pure Spurr resin and
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polymerized overnight at 60°C. The cured blocks were trimmed and sectioned on a
Sorvall MT-6000 ultramicrotome first using a glass knife followed by a diamond knife
(Micro Star Technologies). Sections were collected on 200 count copper grids and
contrasted with uranyl acetate and lead citrate. Images were captured using a Philips CM-

100 TEM equipped with Motic 5.0 digital camera.

2.2.8 - Scanning Electron Microscopy (SEM)

The cells were plated and transfected on sterile 25mm coverslips placed in 6 well
plates. The coverslips were fixed and dehydrated the same as TEM samples up to the
propylene oxide step. Rather than infiltration of resin, the coverslips were placed in fresh
propylene oxide and covered with aluminum foil. Small holes were poked into the foil to
allow for slow evaporation of the propylene oxide, therefore totally dehydrating the tissue
without causing the cell structure to collapse. The dried coverslips were mounted onto
aluminum stubs with carbon adhesive tabs (Electron Microscopy Sciences). Samples
were gold coated using a Hummer IV sputtering system for 5-10 minutes at 10-15 mA.
All samples were imaged on a Topcon ABT-32 SEM equipped with the Printface image

capture card and software.

2.2.9 - Apoptosis Induction

In order to compare the blebbing events seen in tau expressing cells, apoptosis
was induced in non-transfected cell cultures. Cells were plated on sterile 2.5mm round
cover slips (Belco Glass) in 6 well plates. The following day, the cells were exposed to

100nM taxol and allowed to survive for 48 hours. The taxol treated media was changed at
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the 24 hour mark. At 48 hours, the cover slips were fixed with 2.5% glutaraldehyde in

coccadylate buffer. The cells were processed for SEM and imaged as previously stated.

2.2.10 - Thioflavin staining

CHO cells were plated in eight well chamber slides (Lab-Tek II) and transfected
the following day with PH-tau and wild type tau as stated above. Forty eight hours after
transfection, the cells were fixed with 4% paraformaldehyde overnight and
immunostained as described above using they were washed with PBS, permeabilized
with 0.1% Triton X-100 (Fisher Scientific Cat mouse anti tau (DA9) (a gift from Dr.
Peter Davies) as the primary antibody and donkey-anti-mouse-Cy3 (Jackson
Immunoresearch Cat #715-545-150) as the secondary antibody.

After imunostaining, the slides were stained in 0.1% Thoflavin S (Pfaltz & Bauer
Cat #T10955) in distilled water for 5 minutes, rinsed in distilled water, differentiated in
70% ethanol, rinsed again in distilled water and coverslipped with Vectorshield antifade
mounting medium (Vector Laboratories Cat #H 1000). Cells were imaged using a Leica

SP2 AOBS confocal laser scanning microscope. Images were analyzed using ImageJ.

2.2.11 - Determination of Caspase3 Activation

Cells were plated into 8- well chamber slides (Lab-Tek II) and each well was
transfected with the appropriate GFP-fused tau vector. 48 hours post transfection, cells
were fixed with 4% paraformaldehyde overnight and were imunostained as described

above using rabbit anti active caspase 3 (Millipore Cat #AB3623) as the primary
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antibody and Alexa Cy3 (Jackson Immunoresearch Cat #715-545-150) as the secondary
antibody.

The slides were imaged on a Nikon Eclipse Ni-E equipped with
Stereoinvestigator (MBF Bioscience). The system was used to collect the three different
channels; GFP-fused tau, Cy3-caspase3, and DAPI nuclei. These images were opened in
Imagel and the cells labeled with the different colors were counted. Numerical data was

tabulated and analyzed using Microsoft Excel.

2.3 - RESULTS

In all experiments conducted, two vectors were tested in each condition. One
vector contained pseudophosphorylation at T212, T231, and S262, while the second had
the same sites along with the R406W mutation, one of those associated with frontal-
temporal dementia. In all experiments, there was no detectable difference between those
with and those without the R406W mutation. For continuity, all PH-tau images presented

are images from the vector containing the R406 W mutation.

2.3.1 - Okadaic acid treated wild type expressing cells causes similar pathological
conditions as PH-tau

In order to be able to compare the ability of actually hyperphosphorylated tau to
cause the same pathological condition in the cells as our pseudophosphorylation
approach, okadaic acid was used to eliminate the function of the phosphatases in the

cells, which should lead to wild type tau becoming hyperphosphorylated. Cells were
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transfected with wild type fluorescent tau and exposed to okadaic acid for three hours
prior to fixation at 24 hours post transfection.

The okadaic acid treated wild type tau expressing cells exhibited similar
pathological structures as those transfected with the pseudophosphorylated constructs.
Tau entered the nucleus and induced membrane zeiosis. Additionally, the cells were
smaller in size and more rounded in shape, not well attached to the culture surface. In
Figure 2.2A, the microtubules in an okadaic acid treated wild type tau expressing cell
seems to be less arborous and are more focused into a ring-like structure around the
nucleus. There also appear to be membrane blebs (Figure 2.2A, arrow) and a small, but
easily noticeable presence of tau in the nucleus is detected.

Additionally, phospho-specific antibodies against phosphorylation at T212, T231
and S262 were used to detect phosphorylation at the specific amino acid resides on the
protein. In Figure 2.2B-D, all three sites are depicted. Each of the three sites became

phosphorylated when treated with okadaic acid.

2.3.2 - Live cell Imaging of PH-tau expressing cells shows a lack of microtubules and tau
present in the nucleus

To further investigate the effect PH-tau had on cell structure and function, short-
term live cell imaging was used in order to study the microtubule dynamics in PH-tau
expressing cells as compared to wild type tau expressing cells. In these experiments, cells
were imaged for several minutes with a frame taken at an average of every 3.5 seconds.
When the wild type expressing CHO cell movies were analyzed, tau is associated with

the microtubules and not at all present in any other part of the cell (Figure 2.3A). The
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microtubules in these cells go through normal dynamic events of moving back and forth
within the cell. The cells always maintain a healthy stretched-out, adhered appearance.

In the PH-tau expressing cells, microtubule dynamics were not detected. This was
because microtubules were not visible in these cells at all (Figure 2.3B). In these cells,
tau is found free-floating in the cytoplasm. Additionally, it was interesting to note that tau
was also present in the nucleus of these cells. These cells are also more rounded in nature
and seem to be less attached to the surface of the cover slip. The presence of intracellular
organelles can be seen as a contrasting background within the green tau throughout the
cytoplasm.

It is known that hyperphosphorylated tau sequesters normal tau and causes it to
aggregate (Alonso et al., 2004). Additionally, it has been shown by Alonso et al., that
PH-tau binds to and sequesters healthy tau and causes the formation of filaments in vitro
(Alonso et al., 2001c). In order to see what the effect PH-tau has on wild type tau in a
cellular system, a co-transfection experiment was performed. To do this, a fluorescent tau
vector was co-transfected with a non-fluorescent tau vector. Two conditions were used,
one where wild type tau was fluorescent and another when PH-tau was fluorescent. The
movies from this experiment (Figure 2.3C & D) showed that in the presence of PH-tau,
wild type tau does change its cellular distribution and these cells do have a more sparse
microtubule network when compared to cells expressing only wild type tau (Figure 2.3C
& D). In cells expressing both tau constructs, the wild type tau is now also able to
partially enter the nucleus and is seen free-floating in the cytoplasm, since in one
condition, wild type tau is fluorescent and there is detectable fluorescence in the nucleus

(Figure 2.3C). Although, these pathological situations were detectable, tau bound to
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microtubules was also seen, unlike in the PH-tau only expressing cells (Figure 2.3C). In
the case of the fluorescent PH-tau (Figure 2.3D), the cells are also blebbing at the
membrane. Based on these images that there is an interaction of PH-tau and wild type tau
and that this interaction triggers a cascade the causes the wild type tau to behave

pathologically.

2.3.3- PH-tau cells are smaller in size than those expressing wild type tau

Through all of the live imaging, it was observed that PH-tau cells were smaller in
size than wild type cells. It was suspected that this was due to the excessive membrane
blebbing that was exhibited by PH-tau expressing cells. Images of the cells were taken
and a perimeter of the cells was calculated using ImageJ and the data is presented in
Figure 2.4. It was seen that the PH-tau cells are in fact smaller than the wild type cells.
The bar graph represents the average perimeter of the CHO cell along with the standard
deviation. The scatter bars plot the point where each of the counted cells lie. There is a
range of sizes in wild type cells and non-transfected cells and it is interesting to note that
the size of the cells transfected with wild type tau is larger than cells that are not
transfected at all. It is believed that this is probably because of the additional microtubule

stabilization in the tau expressing cells.

2.3.4 - Surface analysis of PH-tau induced membrane blebbing

In order to better visualize the surface of the cells to further investigate the
membrane blebbing, scanning electron microscopy was used (Figure 2.5). In panels A,

cells expressing PH-tau can be seen. These cells are noticeably unhealthy 48 hours after
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expression of the protein. The cells are rounded in shape and are no longer attached to the
culture surface. The cells themselves are full of zeiotic membrane protrusions pinching
off the surface of the cells (Figure 2.5, panel A insert). These protrousions seem to be
accumulating in the surrounding area. It is interesting to note that although only
approximately 20-50% of the cells take up the plasmid during transfection, but 75% of
the cells are positive for the presence of membrane blebs.

The PH-tau expressing cells should be compared to Figure 2.5B, which are of
cells that are transfected with wild type tau as well as Figure 2.5C, which are CHO cells
not transfected at all. These cells are longer, have a more spread out shape and seem to be
well attached to the culture surface. Although there is the presence of several rounded
cells, 90% of these cells seem to maintain the healthy normal CHO cells configuration.

Previous studies demonstrate that a majority of cells expressing PH-tau are also
caspase 3 and TUNEL positive (Alonso et al., 2010). The zeiotic process could be the
result of apoptosis. To be able to compare apoptotic cells with those expressing PH-tau,
normal CHO cells were exposed to taxol to induce apoptosis (Figure 2.5D). These cells
were much less healthy than the wild type and non-transfected cells, but they were not
blebbing to the extent of the PH-tau cells. Dead cells can be easily detected in the culture,
but there are still large populations of cells that are wide, elongated and well attached to
the culture surface. This suggests that the PH-tau is the reason for the advanced and
excessive zelosis.

To gain quantitative measurements of blebbing cells in the wild type tau
expressing cells as compared to PH-tau expressing cells, 300 combined cells from two

separate SEM samples were scored as either positive or negative for membrane blebbing.
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The results are shown in Figure 2.6. Blebbing is a normal cellular process and can be
seen in 10% of the cells in the culture transfected with wild type tau. When the culture is

transfected with PH-tau, the level of cells exhibiting membrane blebbing is over 70%.

2.3.5 - Ultrastructural Characterization of Zeiosis and Intracellular Degeneration

In order to study the intracellular degeneration and the blebbing that is occurring,
transmission electron microscopy was done. In Figure 2.7, two healthy cells are shown, A
is a cell from the culture that was transfected with wild type tau while B is of a normal,
non-transfected CHO cell. Both of these cells are spherical due to the processing being
done free-floating. The nucleus is defined without any inclusions and the cytoplasm is
even with a large number of mitochondria. These are the cells to which the remaining
electron micrographs should be compared

As the live cell imaging demonstrated, there are two different types of membrane
blebbing seen in PH-tau transfected cells; a large bleb (Figure 2.8A arrow) and a small
bleb (Figure 2.8B arrow). Additionally, in Figure 2.8A, you can also see a dark, electron
dense intracellular/intranuclear inclusion. This structure has been seen in several cells
with these large zeitoic protrusions. These inclusions are not seen in cells with small
blebs or cells with wild type tau transfection. These blebbing cells usually also contain a
larger number of intracellular vacuoles which contain a sizeable, electron dense material
that usually takes up most of the vacuole.

Cells with intracellular degeneration can also be seen (Figure 2.9A & B). In the
particular cell in Figure 8, there is a large amount of degenerated material in the center of
the cell. This cell has many mitochondria that appear to be healthy, but also has the

presence of vacuoles. The degenerating mass seems to be at the center of the cell in the
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region where the nucleus is present. These zeiotic processes and intracellular
degeneration are not present in the wild type transfected cells and the non-transfected
CHO cells. Figure 2.9B shows a higher magnification of the intracellular degeneration.
This is characterized by the accumulation of disorganized material in the cell. This
degeneration is often seen in the nucleus, but can be present in other areas of the cells.
There also seems to be the presence of aggregated filaments within the mass (as denoted
by the box in the figure).

Figure 2.10A - C are higher magnification micrographs of protein aggregation in
the vicinity of dead cells. The accumulation of aggregated fibers and fibers interacting
with one another are shown with an arrow. This material was detected in a cell that seems
to have recently died and broken open exposing the surrounding cells to this material.
Figure 2.10C shows these fibers interacting with the surface of a zeiotic cell. These fibrils
have the classic shape and appearance that matches aggregated tau as is forms paired

helical filaments and straight filaments.

2.3.6 - PH-Tau Cells are Positive for Thioflavin S staining

Thioflavin S staining is used to detect protein aggregation in cells and tissues.
This technique was used to determine if there was aggregated protein in the PH-tau
transfected cells. The presence of positive thioflavin staining is seen in the PH-tau cells
but not in those expressing wild type tau (Figure 2.11). Based on this data, this also

suggests that tau is aggregated both inside the nucleus as well as in the cytoplasm.
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2.3.7 - Caspase 3 seems to be active in non-trasnfected cells when PH-tau is transfected
into the culture

It has been shown before that cells expressing PH-tau have a high probability of
also expressing active caspase 3 and being positive for TUNEL staining. It has been
noticed that not only do the cells expressing PH-tau have an increase in caspase 3
activation, but that the surrounding cells not expressing the pathological tau protein also
seem to have active caspase 3 (Figure 2.12). Further work will be done to establish why

this is occurring. More experiments need to be done to further explore this finding.

2.4 - DISCUSSION

Much of what is known about hyperphosphorylated tau’s ability to be toxic stems
from the de-stabilization of the microtubule network as well as its ability to form intra-
cellular aggregates. The breakdown of the microtubule network leads to the inability of
cells to traffic vital organelles and packaged neurotransmitters to the axon terminal.
Without these necessary components, the neuronal signals are not transmitted and
therefore, the former connections are not necessary, which leads to the retraction of
neurites. This lack of signaling is the cause of the major loses axons and dendrites within
a degenerating brain. Additionally, It is the accumulation of non-functional tau, both
monomeric and aggregated that leads to eventual cell death. There are studies that
support that it is aggregated tau in the form of paired helical filaments, which causes a
cell to die (Cummings et al., 1998). There has been additional data suggesting that it is
monomeric tau that causes the cell death seen in the various tauopathies (de Silva and

Farrer, 2002).
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The experiment that was carried out to test the ability of PH-tau to sequester
normal tau proved to be a great model to visualize this process in cells. Figure 2.13
summarizes the findings presented here. It was seen that the fluorescent wild type tau, in
double transfected cells also expressing dark PH-tau, the cells did not appear as the
healthy, wild type expressing only cells. There was the presence of a microtubule
network, which was not detected in the PH-tau expressing cells alone. However, there
was also the presence of tau free floating in the cytoplasm and, to some degree, the
presence of tau in the nucleus as well. This suggests that there was some interaction
between healthy tau and PH-tau because now the wild type tau was behaving to some
extent the same as the PH-tau.

Even with the aggregation of hyperphosphorylated tau and its sequestering of
healthy tau, these are most likely not the only mechanisms leading to cell dysfunction and
eventual death. There are other events that lead to cell dysfunction and it is these events
where tau interacts with different cellular components and cause damage through other
pathways in cells. This work discusses the process of zeiosis, or excessive membrane
swelling and pinching off. There has been proof of membrane destabilization leading to
cell death in spinal cord injury (Zhang et al., 2006). The loss of membrane stability
causes all of the internal membrane bound organelles such as the endoplasmic reticulum,
mitochondria and the Golgi apparatus, to also no longer be stabilized. Without these
functional organelles, the cells no longer posses the necessary inner components to carry
out there required functions. Other studies have shown such situations, for example, it has
been sown in other studies that mitochondrial destabilization leads to neurodegeneration

(Karbowski and Neutzner, 2012). Future work will look into the positioning and the real
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time movement of these organelles, as it is believed that there is a problem in the
stabilization and the transport of these organelles throughout the cell somas. Additionally,
use of cell lines such as PC12 cells, which can be differentiated into neurons, would
prove useful to track transport of this material through an axonal-like projection.

More recently, it has been shown that tau not only interacts with the plasma
membrane, but that the hyperphosphorylated form also contributes to the disruption of
the cell membrane (Jones et al., 2012; Pooler and Hanger, 2010). Jones has shown that
tau interacts with anionic lipids and triggers protein aggregation. Additionally, membrane
permeabilization is a proposed participant in the mechanism that makes aggregated tau
toxic.

Additionally, the blebbing of the cells seems to cause a decrease in the overall
size of the cells. This decrease in size will also provide less room for the cellular
components to be housed as well as additional, and smaller organelles may be lost during
the blebbing process. It has been shown through detailed stereological investigations of
the entorhinal cortex of Alzheimer’s disease patients post-mortum that the cells of this
region tend of be smaller in size and irregularly shaped (Artacho-Pérula, 2007). The
CHO cells investigated in this work also appear to have the same decrease in size and the
irregular shape. The CHO cells expressing the PH-tau were rounded, and often not well
spread out and not adhered well to the culture surface.

There was question as to whether or not the cells were undergoing apoptosis and
if the blebbing was just a product of the apoptotic mechanism that has already been
proven to be occurring. To test this, cultured CHO cells without any transfection were

exposed to taxol for 48 hours. Taxol, a toxin that is responsible for the permanent
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polymerization of the microtubule network, would lead to apoptosis activation. These
cells were imaged under the scanning electron microscope. The image did show rounded
cells that seemed to be dead. These cells, however, did not express the blebbing to the
same extent that the PH-tau expressing cells did. This support the idea that the zeiotic
process that the cells are undergoing is mediated by the tau directly and not by an
apoptotic mechanism.

The transmission electron microscopy allowed for the visualization of the internal
components of the zeiotitic blebs. These samples demonstrated that the inside of the blebs
are electron lucent and clear of any aggregated material or debris. Additionally, the
electron microscopy also allowed for the interior of the cells to be seen and analyzed
demonstrating that some of the material seen in the movies were not just healthy
organelles, but also degenerated structures within the cells. The cells contained many
vacuoles, suggesting that the cells were in the process of trying to break down internal
that could be causing internal harm. The mitochondria appeared to be visually healthy,
but the detection of larger membrane bound organelles were not detectable. With the
approach that was accomplished in this study, the cells were not able to be positively
distinguished for the presence of tau, so future work will focus on the use of immune-
gold labeling of these cells to see both which cells are expressing tau and where in the
cells that tau is residing.

The cells expressing the PH-tau constructs in this study also came up positive for
intracellular aggregates by thioflavin S staining. This positive result is further supported
through the detection of fibrils under the transmission electron microscope. This data is

very interesting because it begins to shed light on which specific sites of phosphorylation
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are important to drive tau aggregation. Furthermore, the presence of aggregated protein is
co-localized with tau expressing cells when immunocytochemically stained for the
presence of tau and post-immuno-stained with thioflavin S. Initially, it was not seen that
the non-fluorescent tau vectors also caused tau to enter the nucleus.

Finally, it was noticed that in cells surrounding PH-tau expressing cells, that there
were a large population of tau negative cells also expressing caspase 3 activation, when
stained with an active caspase 3 antibody. Future work will explore this phenomenon
further. The blebbing of the membrane may be a survival mechanism of the cells to
remove pathological tau from the soma. In the process, the cells are then releasing
membrane blebs that are full of pathological tau. As mentioned before, there have been
studies that have shown that pathological tau could sequester normal healthy tau. If other
cells were to take up these blebbed-off vesicles, they could expose their healthy MAPs to
pathological tau and cause a sequestration of the protein. This potentially supports the
hypothesis that tau is a prion-like protein and has the ability to spread from cell to cell
and sequester normal, healthy MAPs, leading to a pathological condition in otherwise
healthy cells. There is ever increasing evidence that tau can function like a prion (Hall
and Patuto, 2012). Kfoury and colleagues have shown that tau pathology can be spread
when surrounding cells in culture pick up aggregated tau in cell culture (Kfoury et al.,
2012). Furthermore, it has been demonstrated that tau associated with exosomes may play
a role in disease transmission (Saman et al., 2012). This type of transmission also seems

to be apparent in amyloid beta mediated degeneration (Jucker and Walker, 2011).
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Taken together, this work may begin the shed light on the specific resides of
phosphorylation that mediate tau’s ability to become prion-like in nature. Further work

will be conducted to develop a study to see if, in fact, this is the case.

2.5 - CONCLUSION

This work has demonstrated that when the amino acid residues T212, T231 and
S262 of tau protein are hyperphosphorylated, with or without the R406W mutation, this
leads to several cellular pathologies other than microtubule disruption. These pathologies
include membrane zeiosis, intracellular vacuole formation, protein aggregation, and tau
translocation into the nucleus.

The use of a pseudophosphorylated tau could raise question if the pathologies
seen can in fact be caused by actual phosphorylation at these sites. The use of okadaic
acid on wild type tau demonstrated that actual hyperphosphorylated tau leads to the same
pathological cellular responses, suggesting that pseudophosphorylation, at least at the
sites studied here, is a successful model to begin to study tau hyperphosphorylation.
Furthermore, the use of phosphor-specific antibodies demonstrated that each of the three
above mentioned sites were phosphorylated when treated with the okadaic acid.

Membrane blebbing is a normal and healthy occurrence that occurs in many cell
types. Usually, these blebs are taken back into the cell. It is evident that when cells are
expressing PH-tau, these blebs are released fro the cells into the extracellular
environment. This was detected through scanning electron microscopic imaging.
Furthermore, it was noticed that these zeiotic blebs are found throughout the culture

environment. Additionally, the presence of tau negative, but caspase positive cells,
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suggests that there is some form of disease progression as cell death is being transferred
to other, non-transfected cells in the culture. This is in support of the prion-like nature of
tau protein, which has been shown in several other studies. Further work will be done to
investigate the ability of this specific form of pseudophosphorylated tau to be able to
transfer the toxic condition through spread of the pathological protein.

The presence of positive thioflavin staining is confirmatory for the presence of
aggregated protein, which was confirmed using the transmission electron microcopy. The
phosphorylation at the three mentioned sites seem to drive the aggregation of tau protein.
Further work will be done to investigate if this aggregation is cytotoxic itself, or if it is
the monomeric tau that is, in this case, the toxic molecule.

It was also noticed that PH-tau enters the nucleus. Further work will be needed to
investigate the mechanism by which tau enters this, otherwise tau-free space within the
cell.

Taken together, these results suggest that the de-stabilization of the microtubule
network not only leads to compromised cellular transport, but that there are other
pathologies able to be detected, both related to and those not related at all to microtubule
disruption. Further work will be needed to investigate the mechanisms by which PH-tau

plays a role in all of these different cellular conditions.
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Figure 2.1 - Generation of PH-tau constructs using site directed mutagenesis:
2N4R wild type human tau had amino acid residues T212, T231 and S262 switched to
a glutamic acid to mimic the change in charge distribution that phosphorylation at
these sites would cause. Additionally, one of the mutations (R406W) associated with
Frontal-Temporal Dementia with Parkinsonism linked to chromosome 17 (FTDP-17)
was used to see if the inherited forms play a major role in the development of
tauopathies. In this work, the presence of the R406W mutation did not change the
progression of the analyzed pathologies.
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Figure 2.2 — Okadaic acid treatment of wild type tau expressing cells yielded much of the same
pathology as the pseudophosphorylated PH-tau expressing cells: CHO cells were transfected with wild
type tau only. 3 hours prior to fixation, the cells were exposed to okadaic acid and immunostainined
accordingly. This experiment demonstrated that the tubulin cytoskeleton formed a ring around the nucleus, a
common feature seen in PH-tau expressing cells (A). Additionally, the cells appeared to be blebbing at the
membrane and tau seemed to enter the nucleus (A). Here it is shown, using phospho-specific antibodies, that
all three of the pseudophosphorylation sites that will be used in this study are phosphorylated when treated
with okadaic acid and this phosphorylation leads to the pathology seen in PH-tau expressing cells. These
results suggests that these sites play a major role in driving the degenerative pathology seen in the
pseudophosphorylated tau expressing cells (B-D). Scale bars A: 20um, B-D 50um
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Figure 2.3 — PH-tau causes membrane zeiosis and tau free floating in the
cytoplasm: These are images taken from CHO cell transfected with wild type
tau (A) , PH-tau (B), co-transfections of fluorescent wild type and dark PH-tau
(C) and dark wild type and fluorescent PH-tau (D). (A)Wild type tau binds well
to the microtubule network and is not found any other place inside the cell
body. (B) In cells transfected with PH-tau, tau no longer associates well with
microtubules, but is rather diffused throughout the cytoplasm and enters the
nucleus. The membrane in PH-tau expressing cells is blebbing off (arrows). (C)
The co-transfection demonstrates that PH-tau does sequester normal tau. In
cells expressing both vectors, there was a healthy microtubule network present
(frame), but it also has an increased amount of tau in the cytoplasm when
compared to wild type alone, the presence of large intracellular vacuoles
(asterisk) and a small amount of tau in the nucleus. In C, the fluorescent tau in
this experiment is wild type, this protein must in some way be influenced by
the toxic PH-tau. In row D, the fluorescent tau is PH-tau and this cell exhibits
membrane blebbing and tau in the nucleus as does the PH-tau alone. Scale bar
10um
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Figure 2.4: PH-tau expressing cells are smaller in size than wild type tau
expressing cells: Cells were transfected with with fluorescent wild type or fluorescent
PH-tau and images were captured at low magnification. The perimeter of one hundred
cells were measured using arbitrary units in imageJ. The scatter graph shows the
distribution of all one hundred points. The bar graph shows the average perimeter and
the standard deviation of the cell perimeters. These measurements show that the PH-
tau cells are significantly smaller than those transfected with wild type tau. It is also
interesting to note that CHO cells without transfection (no plasmid) are significantly
smaller than cells transfected with wild type tau suggesting that tau may play a role in
allowing CHO cells to increase their size because of extra microtubule stability.
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Figure 2.5 - Zeiotic blebs are detected using SEM in PH-tau expressing cells and
accumulate in the culture environment: All cells were fixed 48 hours after
transfection with PH-tau (A), most of the cells are rounded up and no longer attached
to the surface of the culture vessel. There are many membrane protrusions on the cell
surface as well as in the surrounding area. When cells are transfected with either wild
type tau (B) or when the cells are not transfected at all (C) they appear to be nicely
adhered to the culture vessel and there is no evidence of membrane zeiosis. The cells
also appear to present a healthy CHO cell morphology, where they are longer and
spread out. CHO cells were also exposed to taxol for 48 hours prior to fixation to
image the cellular morphology in an apoptotic state (D). The cells, while more
rounded up, do not display the same zeiotic events seen in those cells expressing PH-
Tau. All scale large image scale bars are 15 um, insert scale bars are 4 um).
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Figure 2.6 - Quantification of cells exhibiting membrane blebbing
increases drastically in PH-tau positive cultures: Transfected cells that
were used for scanning electron microscopic analysis were scored. 300
cells between two different SEM samples were counted and scored for
either being positive for membrane blebbing or negative for membrane
blebbing. The level of membrane blebbing significantly increased (60%)
in those cultures transfected with PH-tau when compared to those
transfected with wild type tau.
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Figure 2.7 — Ultrastructural analysis of CHO cells transfected with wild type tau
and without transfection: Cells were transfected with either wild type tau (A) or left
without any plasmid introduction (B) and processed for standard biological
transmission electron microscopy. These cells are very healthy CHO cells. They were
processed free floating, which will account for their rounded appearance, rather than
the classical adherent shape seen in the SEM images. The cells have a well defined
nucleus and exhibit only minor, or normal, membrane blebbing as seen in panel A
(arrow). The cytoplasm contains healthy mitochondria and do not show an excessive
amount of vacuoles present. Scale bars: A - lum, B — 500nm
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Figure 2.8 — Ultrastructural analysis reveals membrane blebbing in PH-tau
expressing cells: Cells were transfected with either PH-tau and processed for standard
biological transmission electron microscopy. As was seen in the live cell imaging, the
PH-tau cells seem to be loosing a large volume of cytoplasmic mass and membrane
surface area through the process of zeiosis. Two types of blebbing has been detected,
cells with large blebs (A) and cells with smaller blebs (B). The two types of
membrane blebs are shown by arrows. These cells also appear to have the presence of
excessive cytoplasmic vacuoles (B), a classical sign of internal toxicity. Additionally,
the presence of extracellular debris is evident throughout the cultures of cells
expressing PH-tau. Scale bars: 1um
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Figure 2.9 — Ultrastructural analysis intracellular degeneration: Cells were
transfected with PH-tau and processed for standard biological transmission electron
microscopy. In some cells, degenerating regions of the cytoplasm can be seen (A & B).
The higher magnification (B) shows the internal structure of the cells (inside square).
It is evident that the internal components of many of these cells is degrading. This
could be due to a lack of cytoskeletal stabilization. Additionally, cytoplasmic vacuoles
can be seen. Scale bars: A—1um, B — 500nm.
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Figure 2.10 — Ultrastructural analysis reveals aggregated protein : Cells were
transfected with PH-tau and processed for standard biological transmission electron
microscopy. TEM also allowed for the visualization of aggregated, fibrous proteins
(A-C, arrows). These fibers are often seen in dead, busted cells and also often
associate with other cells, these cells are also often zeiotic (C). A higher
magnification o the internal degeneration, shows that the cytoplasm in this region is
not homogeneous and healthy, but is rather clumped and containing aggregated
components. Scale bars: A — C: 500nm
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Figure 2.11 — PH-tau expressing cells are positive for thioflavin S staining: These
cells were transfected with wild type or PH-tau, fixed 48 hours later and
immunostained for tau followed by a counter-stain with thioflavin S. The cells
expressing PH-tau were all positive for thioflavin S staining which supports the
presence of aggregated protein within the cells (A). It is important to note that there is
no background staining in non-transfected cells. CHO cells expressing wild type tau
were did not stain positive for thioflavin S (B). This suggests that the presence of PH-
tau causes protein aggregation in CHO cells. Scale bars: A-50um, B-25 pum
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Figure 2.12 — Caspase 3 activation is increased in both PH-tau expressing cells
and non-trasnfected cells in the culture: It has been previously reported that tau
plays a role in caspase 3 activation. Here both wild type and PH-tau were transfected
into CHO cells. 48 hours later, the cells were fixed and immunostained with anti-
active caspase 3. It was seen that in the PH-tau cells, a large majority of the
transfected cells were positive for active caspase 3 (B) when compared to the wild
type expressing cells (A). What was particularly interesting was that there was a large
majority of cells not transfected that came up positive for caspase activation in the PH-
tau sample. Scale bar: 50pm.
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Figure 2.13 — Summary of Detected Pathology — This scheme depicts the
cellular pathology caused by the expression of PH-tau. These include
microtubule breakdown, tau aggregtion, caspase 3 activation in PH-tau
expressing and neighboring cells and intracellular vacuole formation as well as

membrane blebbing.
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CHAPTER THREE

Effect of tau hyperphosphorylation on the
actin cytoskeleton

Abstract: Tau is a microtubule associated protein (MAP) that is found in the neurons of
the central nervous system. Hyperphosphorylation of tau causes it to no longer bind to
and stabilize microtubules, but rather tau aggregates and forms neurofibrillary tangles.
Actin microfilaments play a major role in the formation and stabilization of synaptic
boutons. In Alzheimer’s disease, these synapses are lost as the neurites are retracted due
to the destabilization of the cytoskeletal network which leads to impaired signaling. Tau
has been shown to interact with actin. To analyze the effect tau hyperphosphorylation has
on the actin cytoskeleton, tau pseudophosphorylated at T212, T231, and S262 (PH-tau)
was transfected into CHO cells. PH-tau appears to cause a major breakdown in the F-
actin structure within the cells. These cells are either totally void of actin or have actin
aggregated into puncta within the cytoplasm. This actin breakdown is also occurs in wild
type tau expressing cells treated with okadaic acid to induce hyperphosphorylation, which
supports the hypothesis that pseudophosphorylated tau is causing the pathologies seen in
actual hyperphosphorylated tau. Currently, protocols to quantify the concentration of total
F-actin and length of individual actin filaments do not exsist. Working with colleagues
from the CUNY/CSI Computer Science Department, we are developing Imagel plugins
to facilitate these measurments. This work demonstrates that when PH-tau is expressed in
cells, the level of tau is inversely proportional to the level of F-actin in the cells, where
wild type tau . Interestingly, the level of total actin does not change between wild type tau
and PH-tau expressing cells, suggesting that this lack of F-actin does not change
expression, but rather only interferes with its polymerization. Further work to
biochemically analyze the level of total and F-actin being expressed in the PH-tau and
wild type tau transfected cells will be explored at a later time.

Keywords: tau, neurodegeneration, actin, Alzheimer’s disease
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3.1 - INTRODUCTION

Tau is the microtubule-associated protein (MAP) that is specific to neuronal cells.
Tau is the primary protein that provides stability to the microtubules within the axons.
The axonal microtubules are one of the cytoskeletal components responsible for both
structural support as well as intracellular/intra-axonal transportation. Most of the
necessary cellular components required at the axon terminal are created and packaged in
the cell soma and require relocation to the axon terminal. These cellular components
consist of mitochondria, which provide the necessary ATP for axonal signaling as well as
packaged neurotransmitters to propagate signal transmission. It is the stabilized
microtubule network that is used as the “highway” by which all of these molecules are
moved from the soma to the axonal terminal via the movement of the motor proteins,
dyanin and kinesin (Cho and Vale, 2012; Hirokawa, 2011). Without this cellular
movement within neuronal cells, the axonal structure is compromised leading to a
destabilized microtubule structure. This renders the cell unable to propagate the action
potential and eventually a retraction of neurites and cell death.

Tauopathies are classified as a group of neurogenerative diseases that are caused
by the dysfunction of MAP tau. This family of diseases includes disorders such as Pick’s
and Alzheimer’s diseases. In above mentioned neurodegenerative disorders, tau no longer
binds to microtubules, but rather forms both paired helical and straight filaments (Alonso
et al., 2001a; Alonso et al., 2008; Goedert et al., 1992; Gomez-Ramos et al., 2004;
Grundke-Igbal et al., 1986a; Grundke-Igbal et al., 1986b; Igbal et al., 1986)). Together
these filaments join together to form the neurofibrillary tangles, the classically seen

intracellular protein aggregate characteristic to Alzheimer’s disease. In its pathological
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state, tau no longer performs the function of microtubule stabilization, but rather
aggregates with itself, leading to the formation of neurfribrillary tangles.

There are six tau isoforms seen in humans and are generated by alternative
splicing of the pre-mRNA. These isoforms can include three or four microtubule binding
domains, all which reside at the C-terminal domain as well as zero, one or two 29 amino
acid N-terminal inserts (Goedert et al., 1989; Himmler et al., 1989).

There are several post translational modifications that occur on tau, which include
acetylation (Irwin et al., 2012), glycosylation (Gong et al., 2005; Liu et al., 2004b; Smet-
Nocca et al., 2011) and phosphorylation (Grundke-Igbal et al., 1986b; Igbal et al., 2009).
All of these known post-translational modifications seem to contribute to tau pathology,
but the best studied and most notable is phosphorylation. The change in the Tau protein
that causes it to no longer associate with microtubules is hyperphosphorylation of the
protein. At normal phosphorylation states, there are approximately 3 moles of phosphate
per molecule of protein. In the hyperphosphorylated state, the protein carries around 8
moles of phosphate per molecule of protein (Kopke et al, 1993).  When,
hyperphosphorylated, certain additional sites that are not normally phosphorylated
become so. These additional sites that are seem most phsohporylated in
hyperphosphorylated tau are Thr212, Ser214, Thr231, Ser235, and Ser262 (Brandt et al.,
2009; Drewes et al., 1995; Jenkins and Johnson, 1997; Sengupta et al., 1997; Singh et al.,
1996). These sites are also shown to be involved in tau self assembly (Alonso et al.,
2004).

Previous work has shown that in vitro that hyperphosphorylated tau induced self-

assembly and the formation of filaments as well as the inability to promote microtubule
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assembly (Alonso et al., 2008). It has also been shown that phosphorylation at Ser262
accelerates tau assembly into filaments.

The discoveries of mutations on the tau gene have demonstrated that mutations
alone are enough to promote cell death and subsequently dementia in patients (Poorkaj et
al., 1998; Spillantini et al., 1998). There are three reported types of tau mutations;
missense (Chang, 2008), deletion (Kovacech and Novak, 2010) and intronic (Wang et al.,
2010b). Missense mutations cause an amino acid residue to be switched while the
mutations in the intronic region cause an overexpression of 4 microtubule binding
domain tau. Patients with mutations causing Frontal-Temporal Dementia with
Parkinsonism (FTDP-17) have displayed neurons containing neurofibrillary tangles and
cell death. Previous work has shown in vifro that certain mutations associated with
FTDP-17 has given tau the ability to self-assemble when containing approximately half
the level of phosphate molecules as compared to wild type tau (Alonso et al., 2004).
When tau is phosphorylated, there is most likely a conformational change that takes place
that makes the molecule inhibitory and that this toxic state is more easily reached if the
protein carries the FTDP-17 mutation (Alonso et al., 2004).

Our prior work has looked into the effect that specific sites of phosphorylation
has on the Tau protein (Alonso et al, 2010). In order to mimic site-specific
phosphorylation, a pseudophosphorylation model was utilized. To do this, specific serine
and threonine residues on tau were switched with glutamic acid by site-directed
mutagenesis. This amino acid switch mimicked the negative charge that would be added
by the addition on a phosphate group at that site. We refer to this tau as pathological

human tau (full length human tau with pseudophosphorylation sites T212, T231 and S262
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(PH-tau). It was found that no single site, either on the wild type tau backbone or on the
tau with the R406W mutation, was able to alter tau’s normal function. In cells expressing
this single pseudophosphorylation resides, the tau still bound tightly to the microtubules
and the cells were healthy and there was no evidence detected to apoptosis markers active
(Alonso et al., 2010).

Among several combinations of pseudophosphorylation sites tried without a toxic
effect, the combination of T212, T231 and S262 caused tau to no longer associate with
microtubules (Alonso et al., 2010). The site S262 alone and in conjunction with other
sites caused tau to associate with microtubules more weakly. Specifically three
pseudophosphorylation sites (T212, T231, and S262), both with and without the presence
of the R406W mutation, caused tau to no longer bind to microtubules, but rather
distribute throughout the cytoplasm as well as localize into the nuclear region of the cells
(Alonso et al., 2010). When expressing the PH-tau in these cells, positive staining for
caspase 3 and TUNEL was detected suggesting that the cells are in a state of apoptosis
(Alonso et al., 2010). Moreover, the presence of the R406W mutation seemed to cause an
increase in the level of caspase activation supporting the idea that this mutation makes the
Tau protein more prone to becoming a toxic molecule.

Taken together, this data supports the finding that specific sites of
phosphorylation, when together, drive the protein to become toxic, rather than just the
sheer amount of phosphate associated with the protein. The behavior of the PH-tau raised
questions as to what specifically was happening in the cells. One such question was the
reduction of size and rounding up of the cells, which lead to beginning to question the

stability of the actin microfilaments. The work presented in this study began to explore
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the cellular pathology seen when PH-tau is expressed in cell culture, specifically the
stability of the actin cytoskeletal components.

Actin microfilaments are a highly conserved component of the cytoskeleton found
within all eukaryotic cells (Aylett et al., 2011). Their arrangement is two strands of
polymers wound together ranging from 5-9nm in width. They can be found in several
configurations in the cell but are predominantly found in the soma most closely
associated with the plasma membrane (Schoenenberger et al., 2011). Like microtubules,
these structures are also dynamic, in that they can grow and breakdown as needed by the
cell, but this dynamic process require the utilization of nucleotide hydrolysis (Aylett et
al., 2011).

MAP4 binds to actin at its microtubule binding domain (Matsushima et al., 2012).
This was done using bacterially expressed MAP4 and its truncated form in vitro.
Matsushima also reports that under electron microscopy, actin filaments that were
associated with MAP4 were longer and straighter than those without MAP. Actin and tau
have been shown to interact at tau’s proline rich region as well as the microtubule
binding domain (He et al., 2009). This was shown using truncated and deletion tau
mutants. Furthermore, He and colleagues also found that tau was able to interact with F-
actin and promote F-actin formation. Sharma and colleagues (2007) have shown that tau
interferes with growth-factor mediated actin remodeling. Cells where the actin stress
fibers were broken down usually recovered fibers in 5-7 hours, where those cells
expressing tau, had a far more prolonged recovery period (Sharma et al., 2007).

Actin does play a role in neurodegeneration. There is evidence that cofilin, a

primary molecule involved in actin dynamics, is associated with MAP tau when it is



90

aggregated inside the cell (Whiteman et al, 2009). With the breakdown of the
microtubules and the entrapement of cofilin in the neurofibiriallary tangles, these may tie
in to neurodegeneration not exclusively from microtubule instability, but also from the
instability of the microfilament components.

It has been shown that microfilaments play a major role in the formation and
regulation of synaptic boutons (Bleckert et al., 2012). Alzheimer’s disease causes the loss
of synaptic terminals and the retraction of neurites (Pozueta et al., 2012). The breakdown
of synapses between neurons may not be exclusively due to a destabilization of the
microtubule network. The role that actin plays in synapse regulation may be a connection
to Alzheimer’s disease causing the synaptic boutons to be lost.

Results presented here suggest that the actin cytoskeleton is also destabilized as a
result of tau hyperphosphorylation. This work looks at the structure of actin in CHO cells
expressing PH-tau. Through collaboration with the CUNY CSI Computer Science
Department, a new plugin for ImageJ has been developed to quantify the amount of actin

present in cells in relation to the amount of tau that is being expressed.

3.2 - MATERIALS & METHODS
3.2.1 - Generation of GFP fused Pseudophosphorylated Tau Constructs & Plasmid
Purification

PH-tau vectors were generated according to Alonso et al. (2010). The original
pEGFP vector containing wild type tau was a gift from Dr. Michael Novak (Institute for
Neuroimmunology, Bratislava, Slovak Republic). The GFP-fused pseudophsohprylated

tau constructs were prepared specifically for this work in order to visualize tau in a live
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cell imaging system. To do this, the pAcGFP-C1 vector (Clontech) were digested with
BglIl and EcoRI (Promega). The pseudophsphorylated tau sequence was cut with the
same enzymes from the original, non-fluorescent vectors used in the previous work.
These particular enzymes allowed us to insert tau in reading frame with the GFP gene
and create a fusion protein. The pAcGFP vector was ligated with the tau gene using T4
ligase according to the manufacturer (Promega). The ligation mixture was then
transformed into chemically competent E.coli (Fisher Scientific) and plated on Lauria
Bertani plates (LB; 10g NaCl, 10g tryptone, 5g yeast extract in distilled water, autoclaved
at 121°C at 15 psi for 15 minutes) which were supplemented with kanamycin (0.1mg/ml,
from Fisher Scientific). Colonies were screened for the tau gene by restriction digest of
purified plasmid and those cells positive glycerol stocked at -80°C. To purify plasmid
DNA, freezer stocks were re-plated in LB plates supplemented with Kanamycin,
incubated overnight at 37°C and a single colony was re-suspended in LB broth
supplemented with kanamycin. The following day, plasmid was isolated using the
Promega Wizard Plus SV DNA purification kit (Promega) according to the

manufacturers protocol.

3.2.2 - Cell lines used and transfection

Chinese hamster ovarian fibroblast cells were cultured in F-12K medium
supplemented with 10% fetal bovine serum (FBS, from Fisher Scientific) and 100 units
of penicillin, 100pg streptomycin (Invitrogen, as a 100x solution). Cells were grown at

37°C in the presence of 5% CO,. The day before transfection, cells were plated to 70-
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80% confluency. The plating vessel was determined by the type of experiment and will
be mentioned in each section.

Cells were transfected with the appropriate plasmid using Lipofectamine 2000
(Invitrogen) according to the manufacturers protocol. Generally, cells were maintained

for 48 hours post fixation prior to the start of any imaging or further processing.

3.2.3 - F-Actin Staining

Cells were plated in 8 well chambered slides (Lab Tek II) and transfected the
following day with the appropriate plasmid according to the procedure above. Forty-eight
hours post transfection, the cells were fixed with 4% paraformaldehyde at least overnight.
The actin stress fibers in the cells were labeled with rhodamine-phalloidin (Cytoskeleton
Inc.) according to the manufacturers protocol. Briefly, the cells were washed with three
times five minutes each with PBS, incubated for one hour at room temperature in
rhodamine-phalloidin which was diluted in PBS. The cells were washed again and then
coverslipped with Vectorshield antifade mounting medium (Vector Laboratories Cat

#H1000).

3.2.4 - Okadaic Acid treatment & Actin Labeling

CHO cells were plated in eight well chamber slides (Lab-Tek II) and transfected
the following day with fluorescent wild type Tau (pAcGFP-Wt-tau). Twenty-four hours
after transfection, the cells were treated with either 50nM or 100nM okadaic acid mixed
in complete growth medium (Sigma-Aldrich Cat #0-8010) for another 24 hours. Cells
were then fixed with 4% paraformaldehyde in PBS pH 7.2 overnight. The F-actin in the

cells was stained according to the protocol above.
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3.2.5 - Immunocytochemistry

CHO cells were plated in eight well chamber slides (Lab-Tek II) and transfected
the following day with the fluorescent tau constructs. Forty eight hours post transfection,
the cells were fixed with 4% paraformaldehyde in PBS pH 7.2 and immunocytochemistry
was carried out as follows: the cells were washed with PBS, permeabilized with 0.1%
Triton X-100 (Fisher Scientific Cat # BP151-100), treated with 0.1M glycine (Fisher
Scientific) to quench aldehyde autoflorescence, blocked in 4% donkey serum in PBS with
0.01% tween 20 (PBST) and incubated overnight in primary antibody mouse anti Pan
actin Ab-5 (Actn05) (Neomarkers Cat # Ms-1295-P) which binds to both polymerized
and free actin in the cell. The following day, the cells were washed with PBS and
incubated in PBST with donkey anti-mouse conjugated to Cy3 (Jackson Immunoresearch
Cat #715-165-150) for one hour, washed again with PBS and coverslipped with
Vectorshield antifade mounting medium (Vector Laboratories Cat #H1000). Cells were
imaged using a Leica SP2 AOBS confocal laser scanning microscope. Total fluorescence

was quantified using ImageJ. Statistical analysis was perfomed in Microsoft Excel 2007.

3.2.6 - Actin Intensity Measurements

In order to be able to quantify the total amount of actin in PH-tau and wild type
expressing cells, the CUNY CSI Computer Science Department has begun to develop a
new plugin for Image] that will analyze every pixel in an image and determine if that
pixel contains green, red, both together or neither at all. The images are loaded though

ImageJ and the plugin is started. For each group of images, a global threshold is set for
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each of the colors and the total amount of green and red intensity (a total of all the pixels)

is plotted using Microsoft Excel.

3.3 - RESULTS

3.3.1 - Rhodamine-Phalloidin staining in Tau expressing cells shows a breakdown of F-
actin

Rhodamine-phalloidin is classically used stain F-actin in cells. In this application,
phalloidin was used to bind to F-actin in the cells. F-actin was of particular interest
because the change in size of the cells was believed to be related to a depolymerization of
F-actin. When looking at wild type tau expressing cells, the F-actin network, commonly
seen at the membrane surface, appears to be complete (Figure 3.1A). The filaments are
long and easily comparable to surrounding cells, ones that are not expressing any foreign
protein. These cells maintain their healthy CHO cell appearance.

When looking at cells that are expressing PH-tau, the F-actin appears to be broken
down (Figure 1B-D). The staining in some cases appears very punctate (Figure 3.1B &
C). These cells do have some polymerized F-actin at the immediate surface of the
membrane, but there are no visible fibers that spread out through the center for the cell
body. Additionally, there is a total lack of F-actin staining at all (Figure 3.1D). These
cells appear as a void in the confluent cell surface. It is also notable that PH-tau enters the
nucleus in PH-tau expressing cells. Taken together, these results suggest that PH-tau is

causing a breakdown of the actin microfilaments.
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3.3.2 - Intensity of actin presence in different tau transfected cells

A custom ImagelJ plug-in is applied to each original cell image. The user enters
parameters specifying thresholding values (minimum and maximum for each channel). In
addition, a difference-threshold is entered. The parameter values for these results are: min
and max for red (30,255) and green (30,255) with the difference threshold set to 30. The
pixels in the image are processed using the values within the threshold limits. In
computing the channel area ratios, values whose differences are above the threshold are
considered. The area ratios are displayed as well as the cumulative values (here the
numbers are weighted by the intensity values). Finally a visualization of the included
areas is drawn. The red and green areas denote the thresholded pixels while the white

indicates indeterminate values.

This plugin was used to quantify the total amount of actin and tau present in these
cells (Figure 3.2). A threshold was set for each set of cells. The amount of wild type tau
expressed in a cell does not change the level of F-actin in the cells. This is seen when
comparing the levels of red (y-axis, actin) to the level of green (x-axis, tau). There is no
decrease in the amount of red as the level of green increases. Therefore, no matter how
much wild type tau the cell is producing, the level of actin present does not change.

The PH-tau samples however show that there is a decrease in red, or actin staining
as the level of tau expression increases in the cells. Actually, the level of tau is inversely
proportional to the level actin, or the higher the signal of tau, the lower the signal there is

from actin. The presence of a best-fit line on each graph demonstrates this relationship.
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3.3.3 - Immunocytochemical Staining of Actin does not show any differences between
wild type and PH-tau

In order to see if there was a change in the level of total actin in the PH-tau and
wild type tau expressing cells, total actin immunocytochemistry was used (Figure 3.3). In
Figure 3.3, panels A, WT-tau and B, PH-tau, visually, there appears to be no difference in
the total level of actin in the cells. This leads one to believe that the disruption that is
being seen does not have to do with the expression of actin or exclusively on the
entrapment of actin in the aggregated tau, but there may be some interaction of tau
directly with actin, or with one of the actin polymerizing proteins.

To better quantify the amount of total actin within the wild type tau and PH-tau
expressing cells, ImageJ was used to calculate the fluorescence intensity. This revealed

that there is no statistical difference between the PH-tau and WT-tau total actin levels.

3.3.4 - Okadaic Acid treated wild type transfected cells causes the same F-actin
breakdown

Due to the use of the pseudophosphorylated tau constructs, the ability to see if
actual phosphorylation drives the same pathology is important. To accomplish this, cells
transfected with fluorescent wild type tau were treated with 100nM okadaic acid for 3
hours prior to fixation. This toxin blocks the function of the phosphatases in the cells.
With these enzymes blocked, it has been shown that wild type tau does become
hyperphosphorylated and that of the sites that are phosphorylated, T212, T231 and S262
are all included.

Figure 3.4 demonstrates the results seen in the Okadaic acid treated cells. In

panels A and B, the fragmented and punctate staining of F-actin can be seen. The actin
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fibers of the surrounding cells, those not expressing tau, appear to have a healthy network
of F-actin. This supports that idea that at this concentration for that period of 3 hour, the
Okadaic acid was not toxic to the cells, but rather the hyperphosphorylation of tau drove

the breakdown of the actin filaments.

3.4 - DISCUSSION

The actin cytoskeleton plays a major role in the structure of a cell by providing a
great deal of support at the inner surface of the plasma membrane. It has been
demonstrated that F-actin directly interacts with NESH, a protein that is part of the Abi
gene family that regulates cell motility. This protein is expressed predominantly in the
brain, and has been shown to play a role in new synapse formation (Bae et al., 2012b). It
has been shown that NESH levels in synaptic buotons is regulated by association with F-
actin. It has been seen that the disruption of F-actin in leads to a re-distribution of NESH
out of the synapses and it is believed that this may play a role in the synaptic plasticity
(Bae et al., 2012a). This study has shown that hyperphosphorylated tau appears to cause a
depolymerization of the F-actin. It has been shown in former works that
hyperphosphorylated tau also causes a retraction of neurites (Dubey et al., 2008). Without
the presence of F-actin in these PH-tau cells, the change in cellular distribution on NESH
may be a possible mechanism of tau neurodegeneration. At this time, there is no work
looking into the relationship with NESH and MAP tau.

Cofilin, a major actin depolymerization molecule found in the central nervous
system, has been shown to be responsible for the production of actin cofilin rods in

Alzheimer’s disease and that these rods also associate themselves with the microtubule
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binding domain on MAPs (Whiteman et al., 2011)). Furthermore, the formation of actin
cofilin rods plays a role in dendrite microtubule destabilization and contributes to
compromised cellular transport, which contribute to synaptic loss (Cichon et al., 2012).
The present study does not look for the presence of actin cofilin rods, just actin stress
fibers. It has been shown that phalloidin staining does not label actin cofilin rods (Nishida
et al., 1987). Since it has been shown that these structures can lead to neurodegneration,
future work will look into the presence of actin cofilin rods within PH-tau expressing
cells which appear to be void of polymerized actin, but posses what appears to be a
normal healthy amount of G-actin. The design of the present study is limited to analyze
this question because CHO cells are not of neuronal origin and therefore will not express
cofilin. To begin to answer this question, the lab’s new transgenic mouse line expressing
the same PH-tau used in this study, will be used to investigate the actin cofilin rods both
in vivo and in primary culture models.

Additional work has shown that actin plays a role in exocytosis regulation. In a
recent study by Wang and Richards (2011), they have shown that a disruption of the actin
cytoskeleton causes a decrease in vesicle movement (Wang and Richards, 2011). In our
previous work on membrane blebbing, tied with actin stress fiber loss, there may be a
correlation between the lose of actin and the uncontrolled membrane blebbing is actin
does in fact play a role in exocytosis regulation. It has recently been demonstrated that
actin plays a major role in the coating of exocytotic vesicles and regulates the process as
a whole (Nightingale et al., 2012). Without the presence of dynamic actin, the release of

exocytotic blebs could occur uncontrollably, which is what we have seen in our earlier
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work examining excessive membrane zeiosis. The zeiotic processes may be a result of the
loss of dynamic F-actin in the presence of PH-tau.

The use of okadaic acid treatment tested of the ability of actual
hyperphosphorylated tau to cause the same actin disruption. For this, wild type tau was
transfected into cells and exposed to 100nM okadaic acid for three hours prior to fixation.
These cells exhibited the same breakdown and punctate appearance of actin in the
cytoplasm of the cells. This suggests that the pseudophosphorylation model is causes a
similar change in the tau protein to cause the same changes in cellular pathology, first
seen in membrane blebbing and now seen when analyzing the actin cytoskeleton
distribution.

The development of the new ImagelJ plugin to quantify the level of actin in tau
expressing cells demonstrated that the level of actin is usually inversely proportional to
the level of tau being expressed in the cells. The plugin worked by analyzing each pixel
of an individual cell once cut out form the original captured photomicrograph. The plugin
was able to determine if the pixel was red, for actin, green, for tau or a mixture of the
two. First, using this program, it was easily determined at which regions of the cell that
both actin and tau were in the same area when we were able to see which pixels
contained both colors. The plugin will be further configured with a special focus on
adjusting the threshold. A future goal would be to be able to get a threshold that would be
satisfactory for all. This will need some more configuration and further imaging on the
microscope in order to be able to have a large pool of images captured with different

parameters to see which images are best and what makes for a solid threshold level.
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Further work looking into the linearity of the actin fibers is also being explored.
This will allow for he measurement of the actin stress fibers present in the cells under
different conditions. Future data will analyze the length and number of these fibers.
Together, these plugins will be useful to any project studying actin distributions within
cells. Additionally, primary neuronal cultures will be prepared and transfected with the
wild type and PH-tau constructs to analyze the synapse formation and maintenance as
well as axonal stability in a neuronal model. The level of actin will be analyzed in our

transgenic mouse model as well.

3.5 - CONCLUSION

This study makes a novel observation that the F-actin stress fibers are not intact in
PH-tau expressing cells. Even though the F-actin is not detected, using total actin labeling
through immunocytochemistry, the cells seem to express G-actin at the same levels
regardless of PH or wild type tau expression.

Okadaic acid treated wild type tau expressing cells seemed to exhibit much the
same actin pathology as those cells expressing the PH-tau. This suggests that
hyperphosphorylation of tau does lead to the breakdown of the actin cytoskeleton and
that the phosphorylation sites T212, T231 and S262 play a major role in the progression
of tau induced neurodegeneration.

In this work, it was seen that the level of F-actin expression is inversely
proportional to the level of PH-tau present in the cells. Wild type tau did not seem to

cause a major depolymerization in the appearance of stress fibers.
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Figure 3.1 — F-actin polymerization is decreased in PH tau expressing cells -
CHO Cells were transfected with either fluorescent wild type tau (A) or PH-tau
(B-D). The cell expressing wild type tau have normal F-actin present in the cell
body. It can also be seen that wild type tau does not enter the nucleus of the cell.
The F-actin network in cells expressing PH-tau, it is seen that the filament are
disrupted. In some cases (B & C), the actin is no longer filamentous, but is
punctate throughout the cytoplasm. It can also be seen that actin is not at all
present in other PH-tau expressing cells (D). Scale bar represents 15um.
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Figure 3.2 — Quantification of F-actin and Tau levels in Wild type and PH-tau expressing
cells — To quantify the amount of F-actin and tau in transfected CHO cells, an ImageJ plugin is
being developed. This plugin was utilized on 24 wild type and PH-tau expressing cells and the
levels of the actin and tau were plotted ( y axis and x axis respectively). When looking at the
trend in the cells, the level of wild type tau (green) has no effect on the level of F-actin
expressed in the cells. However, in PH-tau cells, the higher the level of tau, the less F-actin is
detectable. This correlated to what we have seen in the images like those presented in Figure 1.
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Figure 3.3 — Levels of G-actin are not changed — CHO Cells were transfected
with either fluorescent wild type or fluorescent PH-tau and fixed for
immunocytochemistry 48 hours later. Antibody labeling of total actin was done
to compare with the rhodamine-phalloidin labeling of F-actin. Statistically, there
is no differencec between The amount of total actin PH-tau expressing cells (B)
when compared to wild type (A), only the F-actin, or polymerized form is
interrupted. Scale bar represents 20pum
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Figure 3.4 —F-actin labeling in Okadaic Acid Treated cells expressing Wild
type tau: These cells are transfected with wild type tau and treated with 100nM
Okadaic Acid for 3 hours prior to fixation. This treatment blocks the function of
phosphotases and therefore causes wild type tau to be hyperphosphorylated. The
actin cytoskeleton is also compromised in these cells. The actin appears to be
very punctate in its appearance. There is also the lack of F-actin stress fiber
present. Scale bar represents 10um.
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CHAPTER FOUR

Elimination of an importin binding site on
PH-tau inhibits entry into nucleus

Abstract: Hyperphosphorylation of the microtubule associated protein tau is involved in
several dementias that classify as tauopathies. In these diseases, tau is found
hyperphosphorylated and is known to bind to itself rather than associate with
microtubules. Without cytoskeletal support, neurons begin to loose their ability to
function and therefore there is a loss of neuronal arborization. When chinese hamster
ovarian cells (CHO) are transfected with PH-tau (full length human tau
pseudophsohproylated at T212, T231 and S262) in addition to not associating with
microtubules, this protein can be found in the nucleus of the cells. The presence of this
protein in the nucleus could be contributing to the induced neurodegeneration seen in
tauopathies. We found a nuclear localization signal that allows the chaperon protein
importin to bind to tau. To see if this site was responsible for the translocation of tau into
the nucleus, we eliminated importin’s binding site through site directed mutagenesis of
the full length tau gene. The elimination of the importin binding site inhibited tau from
being able to translocate into the nucleus. The cells expressing PH-tau without the
importin binding site did appear healthier than those expressing regular PH-tau. They
cells were less rounded up and the microtubule network seemed to be overall in a
healthier state. However, the lack of tau in the nucleus did not prevent the breakdown of
the microfilaments and did not change the level of caspase 3 activation in the cells and in
the culture as a whole. These results suggest that the cytoplasmic hyperphosphorylated
tau is the toxic molecule that induces disruption of the actin cytoskeleton and causes the
caspase 3 activation. Further investigation will be needed to determine the role if any of
the hyperphosphorylated tau nuclear translocation in tau-induced neurodegeneration

Keywords: tau, tauopathies, Alzheimer’s disease, neurodegeneration, importin(s)
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4.1 - INTRODUCTION

Tau is the microtubule-associated protein (MAP) that is specific to neuronal cells.
Tau is the primary MAP that provides stability to the microtubules within the axons.
These filaments are responsible for both structural support as well as intracellular and
intra-axonal transport. Most of the necessary cellular components, such as packaged
neurotransmistters and mitochondria, required at the axon terminal are created and
packaged in the cell soma and are relocatized to the axon terminal. The stabilized
microtubule network is used as the “highway” by which all of these molecules are moved
from the soma to the axonal terminal via the movement of the motor proteins, such as
dyanin and kinesin (Cho and Vale, 2012; Hirokawa, 2011). Without this cellular
movement within neuronal cells, the axonal structure would be compromised and the lack
of microtubule tracks, ability to propagate signals will also be disrupted. This will
eventually lead to cell death.

Tauopathies, which include Pick’s disease and Alzheimer’s disease, are classified
as a group of neurogenerative diseases that are caused by the dysfunction of MAP tau. In
above mentioned neurodegenerative disorders, tau no longer binds to microtubules, but is
hyperphosphorylated and aggregates into paired helical and straight filaments and is
found in a hyperphosphorylated state (Alenghat et al., 2008; Alonso et al., 2001b; Cho
and Vale, 2012; Goedert et al., 1992; Gomez-Ramos et al., 2004; Grundke-Igbal et al.,
1986a; Grundke-Igbal et al., 1986b; Hirokawa, 2011; Igbal et al., 1986). These filaments
join together to form the neurofibrillary tangles, the classically seen intracellular protein
aggregate characteristic to Alzheimer’s disease. With the lose of the stabilized

microtubules, in addition to cell deterioration, there is now no further axonal transport,
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which leads to compromised neuronal signaling and leads to a retraction of neurites and
ultimately cell death.

There are six tau isoforms seen in humans and are generated by alternative
splicing of the pre-mRNA. These isoforms can include three or four microtubule binding
domains, all which reside at the C-terminal domain as well as zero, one or two 29 amino
acid N-terminal inserts (Goedert et al., 1989; Himmler et al., 1989).

There are several post translational modifications that occur on tau.
Phosphorylation is one such modification that, we propose, play a role in tau’s switch to a
pathologic protein. At normal phosphorylation states, there is approximately 3 moles of
phosphate per molecule of protein. In this hyperphosphorylated state, the protein carries
around 8 moles of phosphate per molecule of protein (Kopke et al., 1993). The sites that
are most seen phosphorylated when tau is hyperphosphorylated are Thr212, Ser214,
Thr231, Ser235, and Ser262 (Brandt et al., 1994; Drewes et al., 1995; Jenkins and
Johnson, 1997; Sengupta et al., 1997; Singh et al., 1996). Additionally, these sites were
shown to be involved in tau self assembly (Alonso et al., 2004).

Previous work has shown in vitro that hyperphosphorylated tau induced self-
assembly and the formation of filaments as well as the inability to promote microtubule
assembly (Alonso et al., 2001c). It has also been shown that phosphorylation at Ser262
accelerates tau assembly into filaments.

The discoveries of mutations on the tau gene have demonstrated that tau
mutations alone are enough to promote dementia in patients (Hutton et al., 1998; Poorkaj
et al., 1998; Spillantini et al., 1998). There are three reported types of tau mutations;

missense, deletion and intronic. Previous work has shown that in vitro the FTDP-17
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mutations have given tau the ability to self-assemble when containing approximately half
the level of phosphate molecules when compared to wild type tau (Alonso et al., 2004).
When tau is phosphorylated, we proposed that there is a conformational change that
makes it a pathogenic protein and that this conformational change is more easily reached
if the protein carries the FTDP-17 mutation (Alonso et al., 2004).

Our earlier work has looked into the effect that specific sites of phosphorylation
has on the tau protein. In order to mimic site-specific phosphorylation, specific sites were
pseudophosphorylated. To do this, certain codons were changed by site directed
mutagenesis, which altered amino acids in the protein. Specifically, tau had specific
serine and threonine residues switched with glutamic acid. This amino acid switch
mimicked the negative charge that the addition of a phosphate group at that site would
cause.

In 2010, six phosphorylation sites were analyzed (S199, T212, T231, S235, S262
and S396) (Alonso et al., 2010). When each single site was pseudophosphorylated, none
were able to cause tau to disassociate with microtubules, with or without the FTDP-17
mutation (R406W). Interestingly, S262 did cause tau to associate with microtubules more
weakly (Alonso et al., 2010). Two sites pseudophosphorylated in conjunction also did not
cause tau to stop associating with microtubules. It was only when, specifically, T212,
T231 and S262 were pseudophosrylated both with and without the FTDP-17 mutation,
R406W did tau stop binding microtubules, disrupted the preformed ones and induced
caspase 3 activation and positive TUNEL staining.

When T212, T231 and S262 were pseudophosphorylated, tau stopped binding to

microtubules. We refer to this tau as pathological human tau (PH-tau; full length tau
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pseudophosphorylated at T212, T231 and S262). Tau, was found distributed throughout
the cytoplasm as well as localized into the nucleus of the cells (Alonso et al., 2010). The
presence of the R406W mutation seemed to cause an increase in cell numbers that were
positive for caspase activation. This supports that the FTDP-17 mutations make tau more
toxic.

Taken together, this data supports the finding that specific sites of
phosphorylation, when together, drive the protein to become toxic, rather than just the
sheer amount of phosphate associated with the protein.

Certain chaperone proteins are responsible for tagging and assisting other proteins
for entrance into the nucleus. The cell nucleus is a rather protected region within the cell
and entry to just any molecule is not permitted. It is required that these chaperone
proteins assist in the process. The karyopherins, which contain the importins and the
exportins, are such chaperone proteins (Lott and Cingolani, 2011). Importins are
responsible to mark cytoplasmic proteins for movement from the cytoplasm into the
nucleus through the nuclear pore complex while exportins work in exactly the opposite
manner, marking nuclear componets, including mRNA for movement into the cytoplasm
through the nuclear pore complex (Chu et al., 2007).

The movement of these proteins occurs by the binding of these karyopherin
proteins to the nuclear localization signal (NLS) on the protein to be translocated. Our
group found that the importin nuclear localization signal KKXK in the tau sequence at
amino acid residues 140-143. Previous work has shown that cells expressing PH-tau had

a large volume of tau in the nucleus.
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The elimination of the importin binding site on tau was able to inhibit the PH-tau
from translocation into the nucleus. The microtubule network seems to be more stable
and the cells seem to maintain a healthy morphology. Even with the visibly healthier cells,
the F-actin polymerization was still affected and the increased level of caspase 3

activation was not changed.

4.2 - MATERIALS & METHODS
4.2.1 - Generation of GFP fused Pseudophosphorylated Tau Constructs & Plasmid
Purification

Non-fluorescent PH-tau vectors were created for a previous study according to
Alonso et al. (2010). The original pEGFP vector containing wild type tau was a gift from
M. Novak. The GFP-fused pseudophsohprylated tau constructs were prepared
specifically for this work in order to visualize tau in a live cell imaging system. To do
this, the pAcGFP-C1 vector (Clontech) was restricted with Bglll and EcoRI (Promega).
The pseudophsphorylated tau sequence was restricted with the same enzymes from the
original, non-fluorescent vectors used in the previous work. These particular enzymes
allowed us to insert tau in reading frame with the GFP gene and create a fusion protein.
The pAcGFP vector was ligated with the tau gene using T4 ligase according to the
manufacturer (Promega). The ligation mixture was then heat shock transformed into
chemically competent E.coli (Fisher Scientific) and plated on Lauria Bertani plates (LB;
10g NaCl, 10g tryptone, 5g yeast extract in distilled water, autoclaved at 121°C at 15 psi
for 15 minutes) which were supplemented with kanamycin (0.1mg/ml, from Fisher

Scientific). Colonies were screened for the tau gene by restriction digest of purified
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plasmid and those cells positive glycerol stocked at -80°C. To purify plasmid DNA,
freezer stocks were re-plated in LB plates supplemented with Kanamycin, incubated
overnight at 37°C and a single colony was re-suspended in LB broth supplemented with
kanamycin. The following day, plasmid was isolated using the Promega Wizard Plus SV
DNA purification kit (Promega) according to the manufacturers protocol.
4.2.2 - Cell lines used and transfection

Chinese hamster ovarian fibroblast cells were cultured in F-12K medium
supplemented with 10% fetal bovine serum (FBS, from Fisher Scientific) and 100 units
of penicillin, 100 pg streptomycin (Invitrogen, as a 100x solution). Cells were grown at
37°C in the presence of 5% CO,. The day before transfection, cells were plated to 70-
80% confluency. The plating vessel was determined by the type of experiment and will
be mentioned in each section.

Cells were transfected with the appropriate plasmid using Lipofectamine 2000
(Invitrogen) according to the manufacturers protocol. Generally, cells were maintained

for 48 hours post fixation prior to the start of any imaging or further processing.

4.2.3 - Elimination of the importin binding site by site directed mutagenesis

Using the non-fluorescent PH-tau and wild type tau constructs, site directed
mutagenesis was used to alter the specific codons to change the to amino acids in the
putative importin binding site on tau. Two sites on tau were altered, K140A and K141A
(Figure 4.1). Site directed mutagenesis was performed using the Stratagene Quickchange
Lightening. Positive transformants were analyzed by DNA sequencing to determine is the

plasmid was carrying the K140A/K141A mutations. To prepare the GFP-fused tau with
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the AAAK mutation, the non-fluorescent tau was cloned into the pAcGFP-C1 vector

using the same restriction enzymes to prepare the original GFP-fused tau vectors.

4.2.4 - Immunocytochemistry

CHO cells were plated in eight well chamber slides (Lab-Tek II) and transfected
the following day with the fluorescent tau constructs. Forty eight hours post transfection,
the cells were fixed with either 4% paraformaldehyde PBS pH 7.2 or with 100%
methanol (for permeabilization) in and immunocytochemistry was carried out as follows:
the cells were washed with PBS, permeabilized with 0.1% Triton X-100 (Fisher
Scientific Cat # BP151-100), treated with 0.1M glycine (Fisher Scientific) to quench
aldehyde autoflorescence, blocked in 4% donkey serum in PBS with 0.01% tween 20
(PBST) and incubated overnight in primary antibody. The following day, the cells were
washed with PBS and incubated in PBST with donkey anti-mouse conjugated to Cy3 or
FLUOR (Jackson Immunoresearch Cat #715-165-150 or 715-486-020 respectively) for
one hour, washed again with PBS and coverslipped with Vectorshield antifade mounting
medium (Vector Laboratories Cat #H1000). Cells were imaged using a Leica SP2 AOBS
confocal laser scanning microscope. Images were analyzed using ImagelJ. The primary
antibodies used were mouse anti tau DA9 for total tau (a gift from Dr. Peter Davies) and
mouse anti DM 1A which binds to the tubulin alpha subunit (Neo Markers Cat #MS-581-
P).
4.2.5 - Determination of Caspase3 Activation

Cells were plated into 8- well chamber slides (Lab-Tek II) and each well was

transfected with the appropriate GFP-fused tau vector. 48 hours post transfection, cells
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were fixed with 4% paraformaldehyde overnight and were imunostained as described
above using rabbit anti active caspase 3 (Millipore Cat #AB3623) as the primary
antibody and Alexa Cy3 (Jackson Immunoresearch Cat #715-545-150) as the secondary
antibody.

The slides were imaged on a Nikon Eclipse Ni-E equipped with
Stereoinvestigator (MBF Bioscience). The system was used to collect the two different
channels; GFP-fused tau, Cy3-caspase3. These images were opened in Imagel] and the
cells labeled with the different colors were counted. Numerical data was tabulated and

analyzed using Microsoft Excel.

4.2.6 - F-Actin Staining

Cells were plated in 8 well chambered slides (Lab Tek II) and transfected the
following day with the appropriate plasmid according to the procedure above. Forty-eight
hours post transfection, the cells were fixed with 4% paraformaldehyde at least overnight.
The actin stress fibers in the cells were labeled with rhodamine-phalloidin (Cytoskeleton
Inc.) according to the manufacturers protocol. Briefly, the cells were washed with three
times five minutes each with PBS, incubated for one hour at room temperature in
rhodamine-phalloidin, which was diluted in PBS. The cells were washed again and then
coverslipped with Vectorshield antifade mounting medium (Vector Laboratories Cat

#H1000).

4.3 - RESULTS

4.3.1 - Mutation of tau’s importin binding site keeps tau out of the nucleus
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PH-tau, when expressed in CHO cells, seemed to be present in large quantities in
the cell nucleus and we hypothesized that this presence, being abnormal, could contribute
to the toxic effect that PH-tau has on cells. We discovered that there was a nuclear
localization signal on the tau protein that bound importin. Using site directed
mutagenesis, we changed the codon for lysine into alanine (A) to eliminate the ability of
importin to bind tau, yielding PH-tau-K140A/K141A.

The elimination of this importin binding site does keep tau from entering the cell
nucleus. Figure 4.2 shows the fluorescent (A and B) PH-tau expressed in CHO cells. The
PH-tau expressing cells (A) have tau present in the nucleus. In these cells, the appearance
of membrane blebs apparent. In the PH-tau-K140A/K141A expressing the mutated
importin site, tau is almost totally kept out of the nucleus (B). The microtubule structure
seems to be more extensive in the larger, PH-tau-K140A/K141A cells.  In panel B, it
can be seen that tau is still not well associated with microtubules. In order to further
analyze tau’s ability to bind to microtubules, cells will be permeabilized prior to fixation
to remove unbound protein. Additionally, in vitro microtubule binding assays can be
done.

The ability of the microtubules to be present could be due to additional support
from the native MAPs of the CHO cells, which are still being expressed. Further work
will have to be done to look into the ability of both PH-tau and PH-tau-K140A/K141A to

sequester those native MAP proteins.

4.3.2 - Microfilaments are still disrupted after eliminating tau’s importin binding site

We have shown that the actin cytoskeletal components are broken down when

PH-tau is expressed in cells. To see if the presence of tau in the nucleus played a role in
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the microfilament breakdown, GFP fused PH-tau and PH-tau-K140A/K141A were
transfected into CHO cells and the F-actin was labeled using rhodamine-phalloidin.
Figure 4.3 shows the F-actin label in cells expressing both the PH-tau (A) and the PH-
tau-K140A/K141A constructs. As before, tau is inhibited from entering the nucleus in the
PH-tau-K140A/K141A expressing cells. However, the lack of PH-tau in the nucleus does
not seem to improve the microfilament network. As was seen in the regular cells, the
actin does not form stress fibers, but rather the cells contain punctate structures that labels
as actin. These punctate structures are similar to those seen in an earlier study and have
been seen again in PH-tau expressing cells. The presence of tau in the nucleus does not

influence the overall polymerization of the actin cytoskeletal components.

4.3.3 - Caspase 3 levels do not change when tau’s importin binding site is eliminated

It has been shown that there is an increase in caspase 3 activation in PH-tau
expressing cells (Alonso et al., 2010). Furthermore, it has also been seen that caspase 3 is
increased in cells not expressing PH-tau directly, but is only in contact with PH-tau
expressing cells. To see if inhibiting tau from entering the nucleus caused a decrease in
caspase 3 activation, cells transfected with PH-tau (Figure 4.4A) and PH-tau-
K140A/K141A (Figure 4.4B) were imunostained with anti active caspase 3. As was seen
earlier, the elimination of the importin binding site (PH-tau-K140A/K141A, Figure 4.4B)
did keep tau from entering the nucleus. However, preventing tau from entering the
nucleus did not cause a decrease in caspase 3 activation in either PH-tau expressing cells

or surrounding cells.
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4.4 - DISCUSSION

Earlier work showed that specific phosphorylation sites allowed a certain amount
of tau to enter the nucleus. The presence of tau in the nucleus became more evident when
using the GFP-PH-tau samples. Further investigation showed that there was a putative
binding site for importin starting at amino acid 140 in the tau protein. This work
demonstrates that the elimination of this binding site dose keep PH-tau out of the nucleus.
Figure 4.5 is a summary diagram of the findings presented in this work. The cells
expressing the PH-tau-K140A/K141A initially seem to be more spread out and not
having the rounded up, dying appearance often seen in PH-tau expressing cells. The
microtubule network was more expansive and the cells were larger in size. Membrane
blebbing was detected in the cells expressing the PH-tau-K140A/K141A, which is often
seen in PH-tau expressing cells. The presence of tau in the nucleus did play a part in
driving the detected cellular pathology.

It was shown that although tau was kept out of the nucleus, there was no change
in actin polymerization and caspase 3 activation stayed the same. The analysis of both
caspase activity and F-actin polymerization did not show a morphological difference
between PH-tau and PH-tau-K140A/K141A. This suggests that there is no correlation
between the presence of PH tau in the nucleus and the activation of caspase 3. Also, PH-
tau’s presence in the nucleus does not trigger of the breakdown of the polymerized F-
actin within the cells.

It has been shown by Hanz and colleagues that importins play a role in the
regenerative process (Hanz et al., 2003). In axons, Importin beta was seen present far

away from the cell soma and this importin is increased by the translation of local mRNA
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at the sites of injury. The beta importin binds to any proteins containing a nuclear
localization signal (NLS) and transports them retrograde when binding to dyanin. This
interaction has been shown by this group to inhibit the regenerative process in these
axons (Ben-Yaakov and Fainzilber, 2009; Hanz et al., 2003). The removal of the NLS
from tau and preventing it from entering the nucleus does not stop F-actin
depolymerization and the activation of caspase 3, but it seems to help the support the
microtubule network. Their microtubule networks are healthier and the cells are less
rounded. Further work will continue to investigate the mechanism by which importin
plays a role in halting membrane zeiosis and helps with microtubule stability.
Additionally, it has been shown in Alzheimer’s disease brain samples that there is
an increase in importin alpha/1 in the Hirano bodies of the hippocampal neurons (Lee et
al., 2006). This increase is believed to cause a dysfunction of the nuclear translocation
signaling. This increase in specific importin molecules could account for the reason tau is
taken into the nucleus so readily. Future work will look into specifically which importin
proteins tau is able to bind in the CHO cell system. Additionally, the use of primary
cultures from the labs inducible transgenic mice would be useful in seeing the role of

importins in the axons and the role they play in neurodegeneration.

4.5 - CONCLUSION

It is clear that there is a nuclear localization signal on tau that is able to bind to
importin when this protein in hyperphosphorylated. The elimination of this site does
prevent tau from entering the nucleus of the cells and these cells. Additionally, keeping

PH-tau out of the nucleus allows the cells to maintain a healthy morphology for a longer
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period of time. This healthier state includes maintaining a healthier microtubule network
and no membrane blebbing. However, the keeping PH-tau out of the nucleus does not
stop the activation of caspase 3 in tau expressing and surrounding cells in culture nor
does it stop the breakdown of the actin microfilaments.

More investigation will be required to analyze how PH-tau’s presence in the
nucleus adversely affects the stability of the membrane and the microtubule networks.
Additionally, investigation into the specific importins that are involved in this process
both in the CHO cell model as well as in primary cultures from our laboratory’s inducible
PH-tau expressing mouse model. Being able to understand which importins may be
overexpressed when PH-tau is present and to which importin PH-tau specifically binds
would prove to be valuable information to further investigate PH-tau and its role in the

nucleus.
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Figure 4.1 - Schematic of the full length human tau showing the
location and generated mutation of the putative importin binding site
- To eliminate the putative importin binding site 140 KKAK 143, two
lysine (K) residues were switched to alanine (A) by site directed
mutagenesis yeilding the sequence 140 AAAK 143. The other alterations
are the sites of pseudophosphorylation (T212E, T231E and S262E) as
well as a mutation associated with frontal temporal dementia (R406W).
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Figure 4.2 — Elimination of the putative importin binding site keeps tau out of
the nucleus - Cells were transfected with tau containing either the intact (PH-tau) or
the eliminated importin binding site (PH-tau-K140A/K141A). GFP-fused tau vectors
were generated and are shown in this figure. The cells were fixed 48 hours post
transfection and immunostained against tubulin. When the importin binding site is
eliminated (B), tau is no longer able to enter the nucleus of the cells. When the site is
intact, tau is found in the cell nucleus (A). Additionally, the cells that express the
intact importin binding site begin to round up and loose their cytoplasmic space (A).
It is important to note that in both B, even when tau is prevented from entering the
nucleus, it still does not associate will with the microtubule structure of the cells. It
can be seen free-floating in the cytoplasmic space. Scale bar for all frames is 20um.
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Figure 4.3 — Preventing tau from entering the nucleus does not inhibit PH-tau
effect on the F-actin - We have shown that the presence of PH-tau has caused a
breakdown in the cellular F-actin. In order to see if the presence of tau in the
nucleus played a role in the F-actin breakdown, we transfected CHO cells with both
PH-tau and PH-tau-K140A/K141A constructs and later stained for F-actin using
rhodamine-phalloidin. A and B have actin that is less fibrillar and punctate in nature.
This suggests that inhibiting tau from entering the nucleus does not improve the
overall heath of the actin cytoskeleton. Scale bar for all frames is 20pm.
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Figure 4.4 — Preventing tau from entering the nucleus does not inhibit
PH-tau effect on culture wide caspase 3 activation — It has been
previosuly shown that there is an increase in caspase 3 activation in cells
that are expressing PH-tau. In addition, we have found that some cells not
transfected with the tau protein are also positive for caspase activation
suggesting that tau positive cells may be triggering apoptosis induction in
neighboring cells. To see if nuclear translocation plays a role in caspase 3
activation, CHO cells were transfected with WT-tau (A) PH-tau (B) and
PH-tau-K140A/K141A. GFP-tau, fixed and imunostained for active
caspase 3. It is evident that the elimination of the importin binding site

does not change PH-tau’s ability to induce caspase 3 activation. Scale bar
I'C‘ <nl m
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Figure 4.5 — PH-tau can no longer enter the nucleus when the
importin binding site is eliminated — In this summary diagram, it is
shown that PH-tau is no longer able to enter the nucleus when the
importin binding site is mutated.
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CHAPTER FIVE

Final Conclusions and Future Directions
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5.1 - Neurodegenerative diseases are at an all time high and sill increasing

According to the World Health Organization, Alzheimer’s disease is increasing
due to an ever-increasing life span. This disease will overtake cancer and be the second
leading cause of death (Nowrangi et al., 2011). Additionally, chronic traumatic
encephalopathy can be caused by contact sports such as boxing and American football.
These patients present with cognitive deficiencies after evens just a short time
participating in the sport. These problems develop after repeated head trauma often seen
in these sports (Baugh et al., 2012; Stern et al., 2011).

The hyperphosphorylated form of tau has been detected in deficient mice after
brain injury (Genis et al., 2000). Neurodegenerative diseases are prevalent into todays

society and therefore continued research into the field is critical.

5.2 - Cellular pathologies detected and Okadaic acid treatment

This work has demonstrated that when the amino acid residues T212, T231 and
S262 of tau protein are hyperphosphorylated, both with or without the FTDP-17
mutation, lead to several cellular pathologies in addition to microtubule disruption. These
pathologies include membrane zeiosis, intracellular vacuole formation, protein
aggregation, depolymerization of F-actin, and tau translocation into the nucleus.

The use of a tau, pseudophosphorylated at the above mentioned sites, could raise
question if the pathologies seen can be caused by actual phosphorylation at these amino
acids. To study this, okadaic acid treatment was utilized. This chemical blocks the
activity of phosphatases and therefore cause wild type tau to become and stay

hyperphosphorylated. This treatment with okadaic acid demonstrated that actual
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hyperphosphorylation of tau leads to the same pathological cellular responses, suggesting
that pseudophosphorylation, at least at the sites studied here, is a reliable model to begin
to study the effect of tau hyperphosphorylation. Furthermore, the use of phosphor-
specific antibodies demonstrated that each of the three above mentioned sites were

phosphorylated when treated with the okadaic acid.

5.3 - Membrane Blebbing

Membrane blebbing is a normal and healthy occurrence that occurs in many cell
types. Usually, these blebs are taken back into the cell. It is evident that when cells are
expressing PH-tau, these blebs are released from the cells into the extracellular
environment and are found throughout the culture environment. Additionally, the
presence of tau negative, but caspase positive cells, suggests that there is some form of
disease progression as cell death is being transferred to other, non-transfected cells in the
culture. This idea was proposed in our earlier work (Alonso et al., 1996). This is in
support of the prion-like nature of tau protein, which has been shown in several other
studies.

In recent literature, it has been shown that tau not only interacts with the plasma
membrane, but that the hyperphosphorylated form also contributes to the disruption of
the cell membrane (Jones et al., 2012; Pooler and Hanger, 2010). Jones has shown that
tau interacts with anionic lipids and triggers protein aggregation. Additionally, membrane
permeabilization is a proposed participant in the mechanism that makes aggregated tau

toxic.
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It has been shown through detailed stereological investigations of the entorhinal
cortex of Alzheimer’s disease patients post-mortem that the cells of this region tend of be
smaller in size and irregularly shaped (Artacho-Pérula, 2007). The CHO cells
investigated in this work also appear to have the same decrease in size and the irregular
shape. The CHO cells expressing the PH-tau were rounded, and often not well spread out
and not adhered well to the culture surface.

Additionally, there is ever increasing evidence that tau can function like a prion
(Hall and Patuto, 2012). Kfoury and colleagues have shown that tau pathology can be
spread when surrounding cells in culture pick up aggregated tau in cell culture (Kfoury et
al., 2012). Furthermore, it has been demonstrated that tau associated with exosomes may
play a role in disease transmission (Saman et al., 2012). This type of transmission also
seems to be apparent in amyloid beta mediated degeneration (Jucker and Walker, 2011).

Further work will be done to investigate the ability of this specific form of
pseudophosphorylated tau to be able to transfer the toxic condition through spread of the
pathological protein. Recombinant PH-tau will be purified and placed on healthy cells to
see if caspase activation and other apoptotic markers are present. Since PH-tau is known
to cause caspase activation in non-expressing cells in a transient transfection system, this
experiment will determine if free floating PH-tau can induce toxicity form the
extracellular environment.

If the tau is able to cause a toxic reaction in cultured cells, the purified PH-tau
will also be injected into the brains of non-transgenic mice to study the effects the free
protein has on the central nervous system. This may prove to be a valuable system in

which to study MAP sequestration and the progression of tau induced neurodegeneration.
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The membrane blebs will be harvested from the cultures and further studied.
These blebs alone will be processed for transmission electron microscopy and tau will be
labeled with immunogold. The ultrastructural analysis of tau’s distribution in these
vesicles will determine is tau is present in the blebs and if tau is associated with the
membrane or in the cytosolic interior of the structure. Additionally, these cells will be
placed on non-transfected CHO cells to determine if tau is able to induce apoptosis.
Immunogold will also be done on cells expressing PH-tau to determine the proteins
distribution and detect possible aggregation.

Short term live cell imaging was critical in the identification of the membrane
blebbing process. Future work will involve and long term live cell imaging over the
course of several days will be used to analyze in real time the degenerative process that
occurs. Imaging over a longer period of time, in conjunction with vital fluorescent dyes,
will allow for tracking of the breakdown of microtubules, activation of capases in the
cells and tracking the movement of several intracellular organelles.

Future work will also involve a neuronal system. Using the lab’s recently
developed inducible transgenic mouse model, primary cultures will be created and PH-
tau expression can be induced. In these neuronal cultures, the presence of membrane
blebbing can be analyzed in neurons. Through the use of live imaging, again different
organelles can be tacked and the microtubule breakdown process can be further analyzed
in a neuronal system.

5.4 - Protein Aggregation
The cells expressing the PH-tau constructs in this study also came up positive for

intracellular aggregates by thioflavin S staining. This positive result is further supported
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through the detection of fibrils under the transmission electron microscope. This data is
very interesting because it begins to shed light on which specific sites of phosphorylation
are important to drive tau aggregation. Furthermore, the presence of aggregated protein is
co-localized with tau expressing cells when immunocytochemically stained for the
presence of tau and post-immuno-stained with thioflavin S.

Thioflavin staining will be used in the inducible transgenic mouse model will be

done to see in vivo if tau is aggregating in the mouse brain.

5.5 - Depolymerization of F-actin by PH-tau

The actin cytoskeleton plays a major role in the structure of a cell by providing a
great deal of support at the inner surface of the plasma membrane. It has been
demonstrated that F-actin directly interacts with NESH, a protein that is part of the Abi
gene family that regulates cell motility. This protein is expressed predominantly in the
brain, and has been shown to play a role in new synapse formation (Bae et al., 2012a). It
has been shown that NESH levels in synaptic buotons is regulated by association with F-
actin. It has been seen that the disruption of F-actin in leads to a re-distribution of NESH
out of the synapses and it is believed that this may play a role in the synaptic plasticity
(Bae et al., 2012b). This study has shown that hyperphosphorylated tau appears to cause a
depolymerization of the F-actin. It has been shown in former works that
hyperphosphorylated tau also causes a retraction of neurites (Dubey et al., 2008). Without
the presence of F-actin in these PH-tau cells, the change in cellular distribution on NESH

may be a possible mechanism of tau neurodegeneration.
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Future work will analyze the expression of NESH in the lab’s inducible PH-tau
expressing mouse model. The presence of NESH in the synaptic terminals could provide
mechanistic insight into synapse degeneration in tau induced neurodegeneration.

Cofilin, a major actin depolymerization molecule found in the central nervous
system, has been shown to be responsible for the production of actin cofilin rods in
Alzheimer’s disease and that these rods also associate themselves with the microtubule
binding domain on MAPs (Whiteman et al., 2011). Furthermore, the formation of actin
cofilin rods plays a role in dendrite microtubule destabilization and contributes to
compromised cellular transport, which contribute to synaptic loss (Cichon et al., 2012).
The present study does not look for the presence of actin cofilin rods, just actin stress
fibers. It has been shown that phalloidin staining does not label actin cofilin rods (Nishida
etal., 1987).

Since it has been shown that these structures can lead to neurodegeneration, future
work will look into the presence of actin cofilin rods within PH-tau expressing cells,
which appear to be void of polymerized actin, but posses what appears to be a normal
healthy amount of G-actin. The design of the present study is limited to analyze this
question because CHO cells are not of neuronal origin and therefore will not express
cofilin. The transgenic mouse line expressing the same PH-tau used in this study, will be
used to investigate the actin cofilin rods both in vivo and in primary culture models.

Additional work has shown that actin plays a role in exocytosis regulation. In a
recent study by Wang and Richards, they have shown that a disruption of the actin
cytoskeleton causes a decrease in vesicle movement (Wang et al., 2010b). In our previous

work on membrane blebbing, tied with actin stress fiber loss, there may be a correlation
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between the lose of actin and the uncontrolled membrane blebbing is actin does in fact
play a role in exocytosis regulation. It has recently been demonstrated that actin plays a
major role in the coating of exocytotic vesicles and regulates the process as a whole
(Nightingale et al., 2012). Without the presence of dynamic actin, the release of
exocytotic blebs could occur uncontrollably, which is what we have seen in our earlier
work examining excessive membrane zeiosis. The zeiotic processes may be a result of the

loss of dynamic F-actin in the presence of PH-tau.

5.6 - Nuclear localization signal on tau binds to importin and is responsible for PH-
tau’s presence in the nucleus

There is a nuclear localization signal on tau that is able to bind to importin when
this protein in hyperphosphorylated. The elimination of this site, by site directed
mutagenesis, does prevent tau from entering the nucleus of the cells. Additionally,
keeping PH-tau out of the nucleus allows the cells to maintain a healthy microtubule
network and stay firmly attached to the culture surface.

However, keeping PH-tau out of the nucleus does not stop the activation of
caspase 3 in tau expressing and surrounding cells in culture nor does it stop the
breakdown of the actin microfilaments.

More investigation will be required to analyze how PH-tau’s presence in the
nucleus adversely affects the stability of the membrane and the microtubule networks.
Additionally, investigation into the specific importins that are involved in this process
both in the CHO cell model as well as in primary cultures from our laboratory’s inducible
PH-tau expressing mouse. Being able to understand which importins may be

overexpressed when PH-tau is present and to which importin PH-tau specifically binds
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would prove to be valuable information to further investigate PH-tau and its role in the
nucleus. Additionally, short term and long term live cell imaging will be prove useful in

determining the dynamics of the microtubules and tracking the degenerative process.

5.7 — What doors does this work open for future research in tau?

This work has begun to investigate a potential mechanism of disease transmission.
There is mounting evidence that supports tau being a prion-like protein and the
membrane blebbing may pose a potential mechanism for disease transmission.
Additionally, this work has begun using live cell imaging to track the degenerative
process induced by tau hyperphosphorylation. Continued exploration using this technique
to track the degenerative process will allow for a better understanding of tau induced
neurodegeneration and how its progression may be slowed down. This work
demonstrates that certain serine or threonine sites are more critical when
hyperphosphorylated. Work to target the kinases that specifically phosphorylate the sites
T212, T231 and S262 could lead to a more refined treatment possibility. The model that
has been developed here will be very beneficial is analyzing new treatments.

Furthermore, the breakdown of the actin cytoskeletal components could play a
role synapse degradation by way of NESH and cofilin interactions with tau. This work
has shown that hyperphosphorylated tau does cause a depolymerization of the F-actin.
Further work into the mechanism by which tau causes this breakdown will be critical.
Additionally, the role that specific phosphorylation sites for FTDP-17 mutations play will

also be critical. Although stopping tau from entering the nucleus does not change the
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disease, further investigation into the role that this protein plays inside the nucleus will be

critical.
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