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Abstract:

Aberrant phosphorylation and pathological depositbthe microtubule associated protein tau
(tau protein) is associated with toxicity and cafudeath in a number of neurodegenerative
diseases (tauopathies). Specific phosphorylaties sire of interest in the processes leading to
tau protein toxicity. One site of interest on taatpin is Tht’> (pThr’>, which has been
identified in diseased brain tissue from individuaith amyotrophic lateral sclerosis with
cognitive impairment (ALSci) and Alzheimer’s diseas vitro, pseudophosphorylation at this
residue has been shown to induce the formatiomtbigbogical tau fibrils and, apoptotic cell
death.

In my thesis, | have investigated the mechanisgedblar toxicity following
phosphorylation of tau protein at Fht After showing that THf° pseudophosphorylation alone
is insufficient to initiate tau protein fibrillizetn, | demonstrated that tau phosphorylation at
Thr'"> directly leads to the induction of kinase glycoggnthase kinaseBYGSK33) which in
turn phosphorylates tau protein at fir Both of these steps are necessary for the oytity
of pThrt”> tau to be manifest. | have shown that the phartogimal inhibition of this process
leading to Tht** phosphorylation prevents both fibril formation avell death. To determine the
extent to which this pathological process of*thphosphorylation was applicable across the
tauopathies in general, | characterized the presehpTht’>, activated GSKB, pThf*‘tau and
oligomeric tau formation across multiple tauopaghién doing so, | demonstrated that this
pathway may play an integral role in the generatibpathological tau deposition beyond that
discovered for ALSci.

| then characterized pTHP tau protein pathology in the trauma-associated

neurodegenerative disease chronic traumatic entmggathy (CTE) and CTE with amyotrophic



lateral sclerosis (CTE-ALS), demonstrating the pneg of pThY’> tau protein in pathology
associated with these diseases as well. In orddgteymine whether the induction of
pathological pThY>tau was a primary event in the induction of thésimopathology, | used a rat
model of moderate traumatic brain injury in whiatbeimonstrated that after a single cortical
impact, phosphorylation of endogenous tau proteitha > was persistently elevated. ptfr

tau was present in axonal pathology as well aptatein fibrillar neuronal pathology.

In order to definitively prove that pTHrtau was sufficient to induce tau patholdgy
vivo, | undertook somatic gene transfer of a rAAV9 d¢ons expressing pseudophosphorylated
human pTht”tau (Thf">Asp tau) in young adult rat hippocampus. | obsétvat one year
following the stereotactic inoculation of this miveld viral vector, rats developed tau pathology
in construct-expressing hippocampal neurons alatiyeaspase-3 cleavage. While the construct
was similarly expressed in control rats, includamgpty vector and wild-type human tau, none of
these latter rats developed pathology.

These findings indicate that phosphorylation ahlan tau at THf® triggers the
pathological phosphorylation of tau protein at*fhthrough activation of GSK® and that this
cascade leads to pathological fibril formatiorvitro andin vivo. | have further demonstrated
that this pathological process may have broaddicatyility than to the pathogenesis of ALSci,

and includes a broad range of tauopathies in aaditit CTE and CTE-ALS.

Keywords: Microtubule associated protein tau, phosphorytatglycogen synthase kinasg, 3
tauopathy, amyotrophic lateral sclerosis, chroraaratic encephalopathy, frontotemporal

dementia, Alzheimer’s disease, neurotoxicity.
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Chapter 1: Introduction

1.1 Tau protein

The microtubule associated protein tau (tau pryisihighly expressed in neurons where
it localizes mainly to the axon, acting as a migbatie binding protein. Human tau protein is
expressed as 6 isoforms encoded by a single geoeleth by 16 exons on chromosome 17 at
band position 17g21. The 6 isoforms of tau proteathe result of alternative splicing of exons
2, 3, and 10 (Andreadis, 2005; Goedert et al., 1B&@mler, 1989; Himmler et al., 1989).
Although exon 1 is transcribed, it encodes forghmmoter and is not translated (Andreadis et
al., 1996). Exons 2 and 3 encode for 29 amino iasierts that incorporate a cassette which adds
to the N terminus of the protein. While exon 3 aatrive encoded without the inclusion of exon
2, exon 2 can be included in the absence of exX@mB8readis2005). Exon 10 encodes a fourth
microtubule-binding repeat (MPR) domain. The nonfetiuice of tau protein isoforms is based
on the number of N terminal inserts (either ab$@N) or encoded by exons 2 and 3 (1N and 2N,
respectively) and MPR domains (either 3 or 4 (3RRy respectively), the latter originating
from expression of exon 10) expressed in that rsefgiving ON3R, 1IN3R, 2N3R, ON4R,
1IN4R, and 2N4R isoforms (Buee and Delacourte, 198%9se are commonly referred to by

group as the 3R or 4R tau proteins.

These tau protein isoforms have characteristic cutde weights and isoelectric points,
making them differentiable by Western blot (Figtirg A). In the healthy adult brain, the

expressed 3R:4R tau protein ratio is approximéately(D'Souza and Schellenberg, 2005).
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Figure 1.1: Tau protein isoforms and structure. A) Tau proteaform is composed of 6 distinct
isoforms. Western blot for total tau protein isethfrom human temporal pole. B) 2N4R tau
protein primary structure. C) 2N4R tau protein pismirconformation.



Tau protein exhibits very little secondary struetand is natively unfolded (Schweers et
al., 1994). The primary structure consists of aterinal acidic portion with an isoelectric
point of 3.8, a proline rich region followed by eries of 3 or 4 imperfect repeat regions which
functionally constitute the MPR domains, and a @ateal basic tail (Figure 1.1 B) with an
isoelectric point of 10.8 (Sergeant et al., 2008)is primary structure makes tau protein a dipole
and which is crucial for interactions with bindipgrtners and secondary structure.
Posttranslational modification of tau protein caodify this dipole, dramatically changing tau
protein secondary structure and its interactiom wther proteins (Mietelska-Porowska et al.,

2014; Sergeant et al., 2008).

Although little secondary structure has been olesra series of FRET and NMR studies
have shown that tau protein does in fact have femetial secondary structure when in solution
in the form of a “global hairpin conformation” wiedry the C-terminus folds over the
microtubule binding domain and the N-terminus fadder the C-terminus (Figure 1.1 C)
(Jeganathan et al., 2006). It is thought thatgbondary structure is important in preventing tau
protein self-association when soluble such thatadtgyation to this structure is thought to
impact tau protein solubility, predisposing tautpmo to self-associate and form fibrillar
structures (Bibow et al., 2011; Jeganathan e2@08b). Mutations (discussed in section 1.5.2.1)
and post translational modifications (section h&ye been shown to interfere with tau protein’s
ability to maintain the hairpin conformation andaaesult this may be associated with tau

protein dysfunction (Bibow et al., 2011; Jeganategal., 2008a).

Functionally, tau protein’s N-terminal domain prcgeoff the microtubule allowing tau
protein to interact with other proteins such aeotlytoskeletal proteins or plasma membranes

(Figure 1.2) (Pooler and Hanger, 2010). The moseme N-terminal domain of tau protein



contains a 17 amino acid segment (aa 2-18) whistbkan implicated in fast axonal transport
through activation of a protein phosphatase-1 (PAJK3 mediated pathway (Section 1.2.1).

This segment has been termed the phosphatasetiactidamain (PAD) (Kanaan et al., 2011).
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Interregion Microtubule binding repeat

QTAPVPMPDLKNVKS | KIGSTENLKHQPGGGK R1
VQIINKKLDLSNVQS | KCGSKDNIKHVPGGGS R2

VQIVYKPVDLSKVTS | KCGSLGNIHHKPGGGQV R3
EVKSEKLDFKDRVQS | KIGSLDNITHVPGGGNK R4

Figure 1.2: Tau protein-microtubule binding. A) Tau proteindracts with microtubules through
its microtubule binding domain while the N-termiru®jects away from microtubules. B)
Imperfect repeat sequence of the microtubule bopdimmains. Amino acids in red indicate
conservation across all four repeats.



The MPR domains of tau protein are encoded by eQel® and consist of imperfectly
repeated stretches of 18 highly conserved resicdepsrated by 13-14 amino acid spacers (Kar
et al., 2003) (Figure 1.2). The 18 amino acid répband microtubules through a flexible series
of weakly attracted sites distributed through thmeling domains (Butner and Kirschner, 1991).
4R tau protein promotes microtubule assembly motigely than 3R tau protein (Goedert and
Jakes, 1990). As such, adult brain tau proteinclvbonsists of both 3R and 4R tau protein is
more effective at polymerizing microtubules thatafeat brain tau protein which consists of
ONS3R tau protein only (Kosik et al., 1989). The mostent microtubule polymerization region
is the inter-region between R1 and RZKVQIINKK 289 which exists in 4R tau protein only,
making it much more potent than 3R tau protein (@oand Feinstein, 1994). This inter-region
is directly competed for by microtubules and pnofgihosphatase 2A (PP2A), with the preferred
interaction being between microtubules and the-rggion domain. Hence, when bound to
microtubules, this domain cannot be dephosphorylayePP2A (Sontag et al., 1999). Therefore,
tau protein phosphorylation on the MPR and microlelbinding are mutually exclusive, as is
dephosphorylation of this domain, which requirasgeotein to be off the microtubule to take

place.

Two MAPT gene haplotypes have been described (H1 andB4XRg( et al.,
1999)resulting from an inversion of a 900 kb regspanning the entire MAPT gene (Stefansson
et al., 2005) but no change in amino acid sequértoe difference between haplotypes exists in
a set of single nucleotide polymorphisms (SNPs)a888 bp deletion in intron 9 in H2 (Koolen
et al., 2008). The H1 haplotype is associated imitheased tau protein expression levels,
increased 4R tau protein relative to 3R and taugp@affrey and Wade-Martins, 2007) while

H2 haplotype is associated with decreased tauipreig@ression levels and is thought to be



protective (Myers et al., 2007). Further analysis linked a subhaplotype (H1c) to tauopathies
(Myers et al., 2007). It has been suggested ththbpanic effects associated with the H1
haplotype may be due to differences in transcniptsplicing, posttranscriptional modifications,

transcript stability or localization, or rates ddrislation (Wolfe, 2012).

1.2 Physiological function

1.2.1 Microtubule binding protein

Tau protein was initially described as a microteboihding protein (Weingarten et al.,
1975) and most of the research on its functionfb@ssed on this. As a microtubule binding
protein, tau protein localization within the neuisroverwhelmingly axonal in healthy adult
neurons (Binder et al., 1985). Microtubules areantgmt for cell morphogenesis, cell division,
and intracellular trafficking where they providecad for axonal transport (Morris and
Hollenbeck, 1995). Both anterograde (toward theapge) and retrograde (toward the cell body)
axonal transport occur along the microtubule. Tparisis carried out by motor proteins such as

kinesin (plus end directed) and dynein (minus aenected).

The microtubule is a cytoskeletal component whasetfon is to maintain neuronal
polarity and to act as a scaffold for motor protefised transport of cargo along the axons.
Composed oé andp tubulin dimers, the microtubule is itself a patad structure which
undergoes dynamic instability. Microtubules areamstant turnover balanced by regulation of
polymerization and depolymerization, reviewed iti@e and Caceres, 2009). Polymerization
occurs in the direction of the “plus end” of thecnoitubule while depolymerization occurs at the
opposite end, termed the “minus end”. The stateare depolymerization than polymerization

occurring in the microtubule is termed “catastrdplikile “rescue” is the state of



polymerization occurring at a faster rate than digperization (Sept, 2007). Tau protein
supports microtubule polymerization by binding witibulin through the imperfect repeat
regions of its microtubule binding domains, staiilg the microtubule structure itself while

inhibiting katanin-induced severing of microtubu(€sang et al., 2006).

Physiologically, tau protein may detach cargo flanesin, modulating anterograde
transport by regulating the number of kinesin metttached to cargo (Vershinin et al., 2007).
Tau protein has been shown to inhibit anterogradedxonal transport (FAT) but not retrograde
FAT. This function has been shown to require aneexé N-terminal domain of the protein
termed the phosphatase activating (PAD) domain gdaret al., 2011). Through a process by
which tau protein directly activates a protein gtegtase 1 (PP1) and glycogen synthase kinase-
3 (GSK) dependent pathway, tau protein initiatpsogess contributing to phosphorylation of
kinesin light chains (KLCs). GSKBmediated phosphorylation of KLCs detaches calsyni#,
the scaffold protein which binds to the KLCs andigkes thereby stopping axonal transport

(Morfini et al., 2009; Vagnoni et al., 2011).

It has been suggested that abnormal exposure &f tteminus of tau protein leads to a
toxic inhibition of axonal transport (Morfini et.aP009). In fact, tau protein-mediated
dysregulation of anterograde transport along mitroles has been shown to slow exocytosis
and may also lead to mitochondrial clustering nkeamicrotubule organizing center (MTOC)
(Ebneth et al., 1998). The absence of mitochondribe peripheral regions of axons can cause a
decrease in glucose metabolism and ATP synthesinig to neuronal dysfunction (Schwarz,

2013)



1.2.2 Non-microtubule functions

Beyond its role in the axonal transport and midoata stabilization, tau protein has also
been shown to localize to the cytosol, plasma mangrdendrites, and nucleus in much lower
amounts than its axonal concentration (Loomis.ett890; Papasozomenos and Binder, 1987).
These other localizations of tau protein suggestittserves a function in neurons beyond
microtubule binding and related functions (Morrisk, 2011). Furthermore, its function may be
modified across development as isoform composhasbeen described to shift in the
developing brain where only the ON3R isoform isresged compared to the adult brain where

all 6 isoforms are expressed (Kosik et al., 1989).

Overall, tau protein has been shown to interadt itee types of non-microtubule
substrates which can be classified as other cyteishkelements (F-actin, neurofilament),
signaling molecules (Growth factor receptor basedegmn 2, P8&) and lipids
(phosphatidylinositol, phosphatidylinositol bisppbate) (Flanagan et al., 1997; Reynolds et al.,
2008; Surridge and Burns, 1994). The other cytet&kelement binding exhibited by tau
protein plays a role in maintaining a cytoskelettiwork consisting of microtubules and other

elements such as actin filaments (Farias et ab2R0

The role of tau protein in signaling could have @gdread implications for cell function.
For instance, the proline-rich domain of tau proteinds to SH3 domains through any of 7
PXXP motifs contained within this region (Lau et @016). One SH3 domain containing protein
is Fyn kinase, which is important in protein treking, and may be linked to NMDA receptors
(Zhang et al., 2016a). Increased NMDA receptowvatbn has been linked to increased G8K3

activation, which is associated with widespreaaaiigig changes including toxicity (De et al.,
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2006). Additionally, tau protein interaction witlyrFkinase has been shown to promote neurite
outgrowth, which is critical in nervous system depenent (Klein et al., 2002). Tau protein
interaction with lipid molecules may also relatengurite outgrowth, as the association of the N-
terminus (including the insert) of tau protein wlasma membrane phospholipids has been
shown to enhance growth cone formation in cellwrel{Brandt et al., 1995). The role of tau
protein in lipid binding likely relates to widesek signaling as well, and many lipid binding
partners of tau protein are signaling lipids. Faaraple, tau protein interacts with
phosphatidylinositol bisphosphate (BRI hich is largely related to cytoskeletal dynaniicsn

and Jalink, 2002), potassium channel modulatioraftgLet al., 1998), as well as exocytosis
(Kabachinski et al., 2014). Furthermore, it hasrbsuggested that tau protein may act as a
scaffold protein for signaling complexes and tlaat protein binding can activate or inhibit

several enzymes (Morris et al., 2011).

As tau protein appears to have a role in many leelaolecular networks, dysfunction of
tau protein in any way could have widespread edfeatthe cell through any of these
mechanisms. Importantly, many of these functioedi&ely to occur through N-terminal
activities of tau protein, which is increased wiggsbal hairpin conformation is lost as observed
in several species of phosphorylated or mutategtaiein (Bibow et al., 2011; Jeganathan et al.,

2008a).

1.3 Tau protein in the stress response

When exposed to different kinds of physiologica¢ss (ie: heat, osmotic stress, UV
radiation), neurons undergo a wide array of chanmgé&snscription, translation and cell
signaling known as the stress response. One oh#ie objectives of the stress response is to

maintain homeostasis (Valenzuela et al., 2016).5dt@nce of protein expression in the cell is
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closely regulated in a process known as proteastdsider stress conditions, the endoplasmic
reticulum (ER) can be overloaded by increased lafina and misfolding of proteins leading to
ER stress, as observed in many neurodegeneratigasdis (AD, PD, ALS). Additionally, ER

stress is observed after neuronal injury in tratoriagin injury.

To recover proteostasis after ER stress the urdgbdetein response (UPR) is activated,
This occurs through proteins in the ER lumen, idlg inositol requiring enzyme-1 (IRE1),
protein kinase R-like endoplasmic reticulum kinBERK), activating transcription factor-6
(ATF6) (Schroder and Kaufman, 2005). The UPR stogsslation of many proteins, increases
translation of chaperone proteins to increase prppein folding, and activates protein
degradation pathways. One such protein degradptithway is the ubiquitin-proteasome
pathway which tags and targets specific proteinsiégradation and which is implicated in
clearing misfolded proteins in many neurodegenegatiseases. Aggregated tau protein has
been shown to inhibit proteasome activity througkd inhibitory binding of the 20S core
particle of the proteasome, slowing protein cleaesand reducing the efficiency of the UPR
(Keck et al., 2003). When the UPR is active foustained period of time it can induce cellular

apoptosis (Fribley et al., 2009).

In addition to protein clearance in the stressaasp, priority is given to molecular
chaperone and repair enzyme synthesis, while atoslof most mRNAs is paused until stress
conditions have passed. In this state, the mRNsdaged for future use within structures known
as stress granules (Anderson and Kedersha, 2086r& proteins are associated with stress
granule formation and maintenance including Stau&3BP and TIA-1 (Anderson and
Kedersha, 2006) as well as RNA binding proteinhisascTar-DNA binding protein of 43 kDa

(TDP-43) and fused in sarcoma (FUS) (Aulas and ¥ag@15). Tau protein has been connected
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to the stress granule process through several meass tau protein may interact with RNA
species themselves and may serve a RNA bindinditm@ampers et al., 1996). Second, tau
protein has been shown to interact with TIA-1, amady affect TIA-1 distribution in the cell as

well as its ability to interact with binding partseaffecting stress-response dynamics at the stress
granule level (Vanderweyde et al., 2016). Furtheanib has been shown that TIA-1 and tau
protein act synergistically to promote the formatas stress granules as well as the formation of

tau protein fibrils in primary hippocampal neurganderweyde et al., 2016).

There is evidence suggesting that the stress respsmapable of inducing pathological
tau protein processes. Firstly, osmotic stres$baa shown to induce caspase-3 cleavage of tau
protein, a process which is observed in AD andgsoeaiated with tau protein aggregate
formation and toxicity (Chong et al., 2006; Olive3anta et al., 2016). Additionally, abnormal
tau protein phosphorylation, another change assatisith tau protein in disease can be induced
by the stress response when ER stress responsegyathctivate c-Jun N-terminal kinase and
other cell signaling cascades which may directlggporylate tau protein (Su et al., 2010;

Zhang et al., 2016b).

All of these data suggest that tau protein andtress response are closely related and
dependent on each other to some degree for “nonmsonses to stress. Abnormally long or
severe stress responses may initiate abnormateéeip metabolism, while abnormal tau protein

metabolism may initiate neuronal stress responses.

1.4 Posttranslational modification

Tau protein activity is regulated by post-transiaéil modification, and tau protein is

subject to at least 12 distinct types of post-ti@itnal modification (summarized in Table 1.1).
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These modifications can affect tau protein phygjmal function, tau protein toxicity to the cell,
and tau protein localization. Modifications may qmete with one another, enhancing or
reducing other types of post-translational modifa@a These are described in detail below with

a specific focus on phosphorylation.



Table 1.1: Tau protein post translational modificatons
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Modification Definition Function to tau Relation to tau References
phosphorylation
Phosphorylation | Adds a phosphate group to Thr, @€Fyr Regulates microtubule interaction and Can increase further (Ihara et al., 1986;
residue. cellular processes. Implicated in toxicifyPhosphorylation. Lindwall and Cole,
and aggregation. 1984)
Glycation Sugar added to any amino acid. Reduceniatotubule interactions. | Unknown. (Wang et al., 1996;

Enhances fibrillization.

Yan et al., 1994)

O-glycosylation

Adds a sugar to oxygen on Ser ar(ffultiple

subtypes depending on type of sugar added).

May inhibit tau phosphorylation
competing with Ser and Thr.

Reduces phosphorylation.

(Robertson et al.,
2004)

N-glycosylation

Sugar added to Asn residue nitrogen

May promote tau phosphorylation.

Enhances phosphorylation,

(Liu et al., 2002c)

Ubiquitination Ubiquitin added to protein at Lysigue. Tag for proteasomal degradation. Follows pathological (Bancher et al., 1991)
phosphorylation. Clears
tau.
SUMOylation Small Ubiquitin-like Modifier proteinawalently | Nuclear-cytosolic transport, Follows pathological (Luo et al., 2014)
attached to the protein at Lys residue. transcriptional regulation, apoptosis, | Phosphorylation. Reduces
protein stability, response to stress, and@U clearance.
progression through the cell cycle.
Competes for ubiquitin binding sites.
Nitration Addition of nitro group to protein. Confoational changes affecting Unknown. May occur as | (Horiguchi et al.,
microtubule binding. May affect consequence of cellular | 2003)
aggregation. damage.
Methylation Addition of methyl group to Lys and Arg Makes protein more alkaline. May Unknown. (Funk et al., 2014)
residues. prevent/ reduce aggregation.
Acetylation Addition of acetyl group. Decreasestpasomal tau degradatior).  Reduces tau clearance in efMl., 2010; Min

et al., 2015)

Polyamination

Covalently links glutamine and lyshesidues.
Lysine dependent.

Promotion of protein cross-linking in
aggregate formation.

Occurs after
phosphorylation.

(Wang et al., 2008)

Prolyl Convertscis to trans isomers of petide Enables PP2A to dephosphorylate tay &educes phosphorylation | (Nakamura et al.,
isomerisation bonds neughbouring Pro residues Thrt, by making Thf*! accessible 2012)

to phosphatases.
Truncation Cleavage of the protein into smallegfn@nts. Involved in degradation but may also| Occurs after (Ferreira and Bigio,

produce toxic cleavage products.

phosphorylation.

2011)
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1.4.1 Phosphorylation

Tau protein phosphorylation is balanced by kinasivity (addition of phosphates) and
phosphatase activity (removal of phosphates). Uptgsiological conditions tau protein is
phosphorylated as a means of modulating its agtithe most well studied being microtubule
binding. Sites of phosphorylation are referredydhe amino acid number in the longest tau

protein isoform (2N4R, 441 amino acids long).

Tau protein phosphorylation has been its most wideldied posttranslational
modification. Tau protein has 85 possible siteptaisphorylation and in the healthy adult brain
has a molar ratio of phosphates to tau protein4ifl3In the fetal brain, the molar ratio of
phosphates to tau protein is much higher at 8:hé¢iksey and Yen, 1993), indicating a
physiological role of phosphorylation in developmédikely related to neurite outgrowth and
remodeling/ formation of synaptic connections (Eslrazad et al., 1994). The phosphorylation
of tau protein has an important role in regulating interactions between it and microtubules,
with particularly relevant phosphorylation sitesrggethose sites within the MPR domain and in

the adjacent N-terminus region (Jenkins and Johris@89; Lin et al., 2007).

The 8:1 ratio of phosphates to tau protein in #talfbrain is mirrored in pathological
tauopathies where it is termed hyperphosphorylg@messey and Yen, 1993). In the fetal
brain, many phosphoepitopes that have been coesigathologically associated with tauopathy
in the adult brain are observed as well (Hangat.e1998; Hanger, 2017; Reynolds et al., 2000).
It is important to note that the fetal brain onkpeesses one isoform of tau protein (ON3R) that
lacks the N-terminal inserts. Additionally, at tipsint the degree of phosphorylation is being

directed by developmental processes, so hyperpbogdption is a physiologically “intended”
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state. In pathological states the balance of prmrgtdtion and dephosphorylation is

dysregulated, often with a shift towards the hypegphorylation typical of fetal tau protein.

Dysregulated (aberrant) tau protein phosphorylatias been shown to alter tau protein
global hairpin conformation. This conformationh®tight to protect both the N-terminal domain
and the MPR domains from abnormal interactions.eéxample, the AT8 combination of
phosphorylation (S&t7Sef*4Thr*®® reduces folding of the N terminus over the résao
protein, preventing global hairpin conformationgdeathan et al., 2006). This conformational

change affects tau protein solubility and intex@actbehaviour.

Studying the effects of tau protein phosphorylatimectlyin vitro has proven to be a
challenge. A common method used to investigatetteets of tau protein phosphoepitopes is
the use of pseudophosphorylation (Chang et al.l; 284ase et al., 2004; Lin et al., 2007). In this
process, mutant constructs are generated in whehrhino acid (Thr, Ser or Tyr) which would
be phosphorylated is mutated to an Asp or Glu, wheve large and bulky, negatively charged
subgroups, mimicking a permanent, irreversible phosylation at this residue. These amino
acids only have a total charge of -1 comparedéc3hcharge on an actual phosphate group.
Additionally, steric forces are different betwedropphorylated amino acids and
phosphomimics. Despite these differences, a restaedy showed that for the investigations of
tau protein pathological processes such as aggpagaseudophosphorylation does in fact
mimic phosphorylated tau protein in terms of thgragate products formed (Prokopovich et al.,

2017).
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1.4.1.1 Relevant individual sites of phosphorylatio
1.4.1.1.1 MPR domain phosphorylation

Although there are 85 possible sites of phosphtioylaon tau protein, and
hyperphosphorylation is associated with diseaskdradult brain, individual sites of
phosphorylation may be important physiological tagrs and mediators of pathogenicity on
their own when phosphorylation is dysregulatedale of all currently known tau protein
phosphorylation sites has been compiled by Dianggeia(Hanger2017). Here | will highlight
several phosphorylation sites that have signifieaioghysiologic function and pathology
mediated by tau protein.

An important series of phosphoepitopes associatétdardramatic reduction in tau
protein ability to bind microtubules and associatéth tau protein fibrillization includes S&f,
Sef®® Sef** and Set®. These sites are located in equivalent positioresach of the four MPR
domains (Drewes et al., 1995). Due to their locatia the MPR domain, phosphorylation is
likely to directly inhibit tau protein-microtubulateractions, and enhance self-association.
Phosphorylation at these sites is predicted tactlyré@mpair microtubule binding and mimic tau
protein mutations in these regions associated avibase (discussed in section 1.5.2.1).

1.4.1.1.2 Thf*t

A physiologically and pathologically relevant phbsgpitope on tau protein is TFft
(Luna-Munoz et al., 2005; Sengupta et al., 199BpsBhorylation at this site is observed in fetal,
adult diseased brains, as well as adult controhlfféanger et al., 1998; Reynolds et al., 2000).
The presence of pTHt* in both fetal and adult control brains suggesgthysiological role in tau

protein regulation. Indeed, it has been shownghasphorylation at this site alone is capable of
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preventing tau protein binding to microtubules, #mat phosphorylation at this site causes the
N-terminus of the protein to push away from thee@rinus (opening the hairpin), allowing for
further access of the MPR domains by tau proteiades (Lin et al., 2007). More recently, it has
been shown that THY phosphorylation induces a salt bridge with Afgvhich directly inhibits
microtubule interaction (Schwalbe et al., 2015)eDu this potent inhibition of tau protein-
microtubule interaction, under reversible circumsts phosphorylation of THt is a highly

effective switch by which to remove tau proteinnfrthe microtubule or direct it back.

An effective means of modulating tau protein-miatatle interactions such as pTHr
would be crucial in physiological conditions wheitratubules must be remodeled such as in
situations of neuronal damage, axon growth, orrgtkestic mechanisms. If enhanced, or locked
in place, however, phosphorylation at Fhicould become pathological and has been proposed
to result in further phosphorylation of tau prot@irthe microtubule binding domain (Lin et al.,
2007). Furthermore pTHt tau protein has been shown to be toxic in tratigi¢ransfected
CHO cells (Alonso et al., 2010). The state of ptosplation at Th** has been shown to reduce
PP2A interaction with tau protein, possibly permgtan increased phosphorylation state of tau

protein by reducing phosphate removal (Sontag.ep@12).

Thr**! phosphorylation is commonly observed at the same &s phosphorylation of
Sef**which is considered to be a key site which, wheasphorylated, primes tau protein for
phosphorylation by GSK(Cho and Johnson, 2004). With respect to pathctbgrrocesses,
pTh*! tau proteirhas been shown to be an early phosphoepitope negafg formation and
may be part of an initiating cascade of phosphtipfesites in this process (Luna-Munoz et al.,

2007).
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1.4.1.1.3 pThit”

Of particular relevance to this thesis, phosphaiyteat Thi™ has been observed in both
Alzheimer’s disease and amyotrophic lateral sclenagth cognitive impairment (discussed in
section 1.5.5) (Hanger et al., 1998; Reynolds.eaD0; Strong et al., 2006; Yang and Strong,
2012). The observation that ptftis not present in fetal brain tissue (Hanger et1898:
Reynolds et al., 2000) suggests that this phosptopepmay be a key contributor to adult onset
tauopathy. Consistent with this, our lab had presip demonstrated that pTht expressed in

vitro as a pseudophosphorylation construct, isct@®iohar et al., 2009).

Pseudophosphorylation of tau protein on the praiicte domain has been shown to open
the global hairpin conformation (Jeganathan e28l06). This is relevant for pTHP and pTh**

as both sites lie in this region.
1.4.1.2 Kinases involved in tau protein phosphorytson

There are at least 37 kinases that have been mgdién tau protein phosphorylation and
tau protein pathology (Hanger et al., 2009). Amtrese, mitogen activated protein kinase
(MAPK), glycogen synthase kinase-3 (GSK3), cyclapendent kinase-5 (Cdk5), and casein
kinase-1 (CK1) have been robustly shown to be veain tau protein phosphorylation, have
different substrate recognition motifs, and haverbghown to phosphorylate many residues
(Table 1.2) (Hanger2017). GSKand Cdk5 have been determined as the likeliestidate
kinases to contribute to pathological tau protdingphorylation (Flaherty et al., 2000). As the
focus of my studies have been primarily amyotropdiieral sclerosis, GSK3wvas the kinase of
interest (discussed in section 1.5.5) and willieednly tau protein associated kinase discussed

in detail here.



Table 1.2: Main kinases involved in tau protein phephorylation
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Kinase Preferred recognition No. of pThri™? | pThr*%?
motif phosphorylation
sites on tau
Mitogen activated Pro-X-Ser/Thr-Pro 22 Yes Yes
protein kinase family
(MAPK)
Glycogen synthase Ser/Thr-XXX-Ser/Thr(p) | 37 Yes Yes
kinase 3 (GSK3)
Cyclin dependent Ser/Thr-Pro-X-Lys/Arg 12 No Yes
kinase 5 (cdkb)
Casein kinase 1 (CK1)| Ser(p)-XX-Ser 39 No No
Protein kinase A (PKA) Arg-XX-Ser/Thr 27 No Yes
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Glycogen synthase kinase 3 (GSK3) is a kinase stingiof 2 isoforms encoded by 2
separate genes sharing 85% similarity overall &% Similarity within the catalytic domain
(Woodgett, 1990). The isoforms, GSK@8nd GSKB are regulated differently, expressed in
different cell populations and localize to differeegions of the cell (Lau et al., 1999; Takahashi
et al., 1994; Uzbekova et al., 2009). GBKBso has a higher expression level in the bran th
GSK3u (Lau et al., 1999; Yao et al., 2002). As suchythave different substrates and functions
despite their shared structure (Wang et al., 1998K33 is a proline-directed kinase which
preferentially phosphorylates a Ser/Thr-XXX-Ser{phmotif for primed phosphorylation at the
former site (Lu et al., 2011). While enhanced hbynpd phosphorylation, its function does not
rely on this. Additionally, GSK@ can phosphorylate tau protein at Ser or Thr residu
irrespective of whether or not they are followedablyro residue, but prefers those residues
located N-terminally to a neighbouring Pro. GK&an phosphorylate tau protein at 37 sites
including Thf*' and Tht">. GSK3 has been implicated in abnormal tau protein phospétion
in neurodegenerative diseases including Alzheindissase. Interestingly, tau protein may be
able to activate GSKB as the PAD domain activates the PP1-GSK3 patlfivayaan et al.,
2011). PP1 increases GSKactivity by removing an inhibitory phosphate at’J&IcManus et

al., 2005). Therefore tau protein can directly icelGSK3 activity.
1.4.1.3 Phosphatases involved in tau protein dephgsorylation

The principal phosphatase involved in tau protephbsphorylation is protein
phosphatase 2A (PP2A). PP2A is able to dephosptergbnormally phosphorylated tau protein
at residues S&; Sel®, Sef%, Sef® and Sel’, but not SE° (Gong et al., 1994). Activity of

PP2A is inhibited by GSK3B the activity of which can be enhanced by taugnodlirectly (Liu
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and Gotz, 2013). Additionally, endogenous inhibiPP2A (5°°%) is upregulated and

translocated from the nucleus to the cytosol irhalmer’s disease.

1.4.2 Other forms of posttranslational modification

In addition to tau protein phosphorylation, there a plethora of other posttranslational
modifications that tau protein can undertake. Tregfect tau protein function directly, and many
also have implications for tau protein phosphorgtatNotably, some are associated with
increased phosphorylation, decreasing phosphaoylatir occur downstream of phosphorylation

in pathogenic processes.
1.4.2.1 Posttranslational modifications associataaith tau protein phosphorylation

A number of posttranslational modifications haeet associated with increased tau
protein phosphorylation status. These may act tiralecreasing tau protein clearance, such as
SUMOylation and acetylation, such that there isn@neased retention of phosphorylated tau
protein which may become further phosphorylateadtive kinases (Cohen et al., 2011; Guo et
al., 2017; Min et al., 2010). N-glycosylation redache rate of dephosphorylation (Liu et al.,
2002b) and enhances phosphorylation of tau praoei@SK3 (Liu et al., 2002a). Truncation is
associated with phosphorylated tau protein but ago® occur downstream of phosphorylation

events (Mondragon-Rodriguez et al., 2008; Rametl.e2004).
1.4.2.2 Posttranslational modifications reducing ta protein phosphorylation

A series of modifications are associated with redutau protein phosphorylation. These
include prolyl isomerisation, in which phosphatewgy orientation about a Ser/Thr-Pro bond
from cis to trans. Peptide-prolykis/trans isomerase NIMA-interacting 1 (PIN-1) isomerizes ta

protein fromcis to trans conformation at pTHP* making tau protein accessible to PP2A for
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dephosphorylation (Zhou et al., 2000). Ubiquitioatof tau protein results in increased
clearance of aberrantly phosphorylated tau prdigithe ubiquitin-proteasome system reducing
cellular phosphorylated tau protein (David et2002; Keller et al., 2000). Finally, O-
glycosylation may be protective against tau propgiasphorylation (Li et al., 2006; Liu et al.,
2004). O-glcosylation occurs on Ser and Thr resduerically hindering the addition of

phosphate groups to tau protein (Arnold et al.,6)99

1.4.2.3 Posttranslational modifications with unknow effect on tau protein phosphorylation

There are several types of posttranslational neadibn with unknown effect on tau
protein phosphorylation. Glycation, nitration armyamination are all enhancers of aggregation
(Necula and Kuret, 2004; Wilhelmus et al., 2012a@d et al., 2005), while methylation appears
to decrease tau protein aggregation (Funk et@L4R These modifications may play a role in

the disease process but have yet to be descrilgréater detail.



Table 1.3: Neuropathology of tauopathiegmodified from Kovacs 2015)
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Diseas: Pathology regior Pathology | Pathology phenotyp: Isoform Phosphorylation Reference
cell type composition

AD Entorhinal, cortical Neurona | NCI, NFT, DNs 68, 64, 60 kD | 45 sites show (Braak et al., 200¢
hippocampal, deeper (major) Hanger2017; Wang et al.,
subcortical, late stages 72 kDa (minor) 2013)
widespread PHF motif

FTDF-17 | Frontal, temporal Neuronal, | Variable Variable Thr'®, se®™ Thr*™, | (Ingram and Spillantini
hippocampus, caudate glial Thr*?, Sef*, ThP®, | 2002)
nucleus, putamen Sef®, Sef® Sef*®

Sef? Sef?

PSF Variable cortical ani | Neuronal, | NFT, NCls, DNscoiled 64 and 68 kD: | Se™, Thr*®, Se®”, | (Dickson et al., 2011

subcortical glial bodies, tufted astrocytes bands (4R ThrY” Th®, Sef*® | Wray et al., 2008)
isoforms) Ser® Sef® Th®
Sef%

CBD Variable cortical ani | Neuronal, | Astrceytic plaques, IFTSs, 64 and 68 kD: | Se”™, Thr™, Se®", | (Dickson et al., 2011

subcortical glial NCls, DNs, coiled bodies, | bands (4R Sef%® Thi! Feany et al., 1995)
astrocytic plaques isoforms)
Pick’s Frontal and tempor: | Neuronal, | Pick bodies, amified 60 and 64 kD:i | Thr*¥', Se”™, Se®™, | (Buee and Delacourt
disease | cortex glial astrocytes bands (3R Thr*® Thr®, sef®, | 1999; Dickson et al., 2011;
isoforms) Sef% Irwin et al., 2016; Probst
et al., 1996)

AGD Temporal, entorhine | Neuronal, | NCI, coiled bodie: granular | 63, 68kDa Thr'® se™ Thi*™, | (Tolnay et al., 1997
cortex, hippocampus, | glial astrocytic immunoreactivity | bands (4R Thr®®!, Sef*® Sef*, | Tolnay and Clavaguera,
amygdala isoforms) Sef® Sef®? Sef® | 2004)

DLBD Prefrontal, temporz Neuronal, | NFT, thorny astrcytes, 3R+4R Se® Thr™ Thr™®!, | (Howlett et al., 2015; Isel
parietal cortices, ACC,| glial coiled bodies (neuronal) Sef®, Sef” Sef® | etal., 2003; Ishizawa et
subcortical 4R (glial) Ser® al., 2003)

MSA Internal capsule Neuronal, | Granular neuronal, gli 4R Sef% Thr™ (Nagaishi et al., 201
putamen glial cytoplasmic inclusions (GCI
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PART Temporal cortex Neuronal, | NFT, DNs coiled bodies 68, 64, 60 kD | Ser” Thr™ (Crary et al.2014
hippocampus basal glial thorny astrocytes (major)
forebrain, brainstem, 72 kDa (minor)
olfactory PHF motif
ALS Frontal, temporal Neuronal, | NFT, threads, diffuse NC |, | All 6 pThi*™, Thi¥!, (Strong et al., 2006; Yar
(cognitive | entorhinal cortex, glial coiled bodies Thr'®!, Thr'®®, Sef®, | and Strong, 2012)
impaired) | hippocampus, Sef® ThPY', Ser®,
amygdala, ACC, Sef®™ Sef® Sef'®
substantia nigra, basal
ganglia
CTE Entorhinal, cortical Neuronal, | NFT, DNs, NCI, NC IR 3R + 4F Se” Thr%™, Se®*, | (McKee et al., 200¢
perivascular/ glial astrocytic tangles, thorny Sef* McKee et al., 2010;

periventricular, spinal
cord, brainstem

astrocytes, tufted astrocytes

McKee et al., 2013)

Abbreviations usedNCl= neuronal cytoplasmic inclusion, NFT= neurofibry tangles, DNs= dystrophic neurites, NC IRffuie neuronal
cytoplasmic immunoreactivity, GCI= glial cytoplasninclusions, ACC= anterior cingulate cortex, AD{zleimer’s disease, FTDP-17=
frontotemporal dementia with Parkinsonism linke@¢hoomosome 17, PSP= progressive supranuclear, @2By= corticobasal denegeration,
AGD= argyrophilic grains disease, DLBD= diffusewyebody dementia, MSA= multiple system atrophy, HAFprimary age-related tauopathy,
ALS= amyotrophic lateral sclerosis, CTE= chronautnatic encephalopathy
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1.5 Tau protein in neurodegenerative diseases

Tau protein pathology has been observed in a Habfferent neurodegenerative
diseases collectively, collectively termed “taudpeas” (Spillantini et al., 1997a). Primary
tauopathies such as FTDP-17 are diseases in wduighrotein metabolism dysfunction is
thought to be the initial insult causing neuromii¢ity whereas secondary tauopathies are
neurodegenerative diseases where tau protein niistalaysfunction is thought to be the result
of some other insult leading to tau protein dysfiorc Regardless, tau protein dysfunction
appears to be toxic when it occurs, and it is \ikbht once induced, tau protein pathology is

self-perpetuating and contributes to neuronal déatlo and Lee, 2013).

1.5.1 Alzheimer’s disease

The neurofibrillary tangle (NFT), consisting prirtgarof phosphorylated tau protein was
identified by Alois Alzheimer in his initial desption of Alzheimer’s disease (AD) (Alzheimer

et al., 1995) and has been a disease defining lpgthsince (Hippius and Neundorfer, 2003).

Tau protein pathology in AD is primarily neuronaldais observed in the form of
neurofibrillary tangles, neuronal cytoplasmic irgitins, threads and dystrophic neurites. By
electron microscopy, the ultrastructure of the &g0wide filamentous inclusions of NFTs in
AD forms a regular helical turn at 85-nm interviat®wn as the paired helical filament (Wischik
et al., 1988). A second morphology of the inclusionAD is the straight filament, which lacks
the helical regularity of the PHF and is approxiethatl5 nm wide (Crowther, 1991). Aggregated
tau protein in AD consists of both 3R and 4R teatgin isoforms and when isolated and run on
a western blot reveals bands at 68, 64, and 60kiDaa minor band at 72 kDa. This triplet

motif is known as the paired helical filament m¢eHF).



27

Tau protein phosphorylation has been observedeas#jor distinguishing modification
to tau protein in the AD tauopathic process (Crewit al., 1989; Goedert et al., 1992;
Grundke-Ilgbal et al., 1986; Hanger et al., 2008)ekd, tau protein is hyperphosphorylated in
AD, showing a shift in molar ratio from ~2:1 to 39Kopke et al., 1993). To date, tau protein
has been shown to exhibit phosphorylation at 4ssit this disease state (Hanger et al., 2009;
Hanger2017) many of which are shared with fetalpiantein (Hanger2017; Morishima-

Kawashima et al., 1995; Reynolds et al., 2000).

1.5.2 Frontotemporal lobar dementia

Frontotemporal lobar dementia (FTLD) is a neurogplathically diagnosed group of
neurodegenerative disorders characterized by nalideath primarily in the frontal and
temporal lobes. FTLD therefore is an umbrella tisma number of neurodegenerative diseases
which are defined by the underlying neuropatholdgye location of pathology and neuronal
death determines the clinical manifestation ofuthderlying disorder, known as frontotemporal
dementia, which may present as behavioural disitihi) semantic dementia, nonfluent aphasia,
Parkinsonism, or motor system dysfunction (Neargl t1998). Broadly FTLD is subdivided
into 2 main classifications, FTLD-U (50%) and FTORw (40%). FTLD-U is characterized by
tau-negative, ubiquitin positive inclusions compmbpeimarily of TAR DNA binding protein of
43 kDa (TDP-43). Therefore it is referred to as BFLDP. The group of FTLDs comprising
FTLD-Tau is further subdivided based on the molacohture of the tau pathology observed
into 3R, 4R and 3R/4R tauopathies. 3R FTLD tauapatimclude Pick’s disease and some cases
of FTDP-17 while 4R tauopathies include corticolbdegeneration (CBD), progressive
supranuclear palsy (PSP), argyrophilic grains dis€AGD) and some cases of FTDP-17. 3R/4R

tauopathies include FTDP-17. Depending on the gebty FTLD-Tau, tau pathology inclusions
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are variable in morphology and cell type. The cbtemastics of tau pathology of the FTLD

subtypes are summarized in Table 1.3.

1.5.2.1 Frontotemporal dementia with Parkinsonismihked to chromosome 17

The discovery of causal tau gene mutations in Bteniporal dementia with
Parkinsonism linked to chromosome 17 (FTDP-17)388L(Hutton et al., 1998) lead to an
unequivocal link between tau protein metabolisnregslation induced toxicity and
neurodegenerative disease. Clinical manifestagoayariable but include dementia, speech or

language impairments, behavioural changes, andrRarism (Neary et al., 1998).

To date there have been 53 mutations in tau prétéiad to FTDP-17 reviewed in
(Ghetti et al., 2015). These mutations can be sépdinto two main categories: First, mutations
reducing microtubule interactions microtubule (R&3L, K257T, G272V, S320F, V337M,
K369I, G398R, R406W, P301L and P301S) many of whabe a reduced ability to report
microtubule polymerization (Hasegawa et al., 19%&cond are mutations affecting exon 10
splicing (Intronic +3, +11, +12, +13, +14, +16 veall as exonic N279K, L284L, N296N, S305N
and S305S) which typically display altered ratict&¥:.3R tau protein with a higher proportion of
4R tau protein (Liu and Gong, 2008). Additionalhete are three mutations that appear to affect
both exon splicing and microtubule binding (N29&342V, andAK280) (Ingram and

Spillantini, 2002).

The tau protein pathology associated with mutatioriSTDP-17 is extremely variable
and a detailed summery can be found in (Ghetti. €2@15). Regions frequently affected include
frontal and temporal cortices, hippocampus, amygdaudate nucleus and putamen (Ghetti et

al., 2015). Both neurons and glia can be affedtedgh this appears to be related to the mutation



29

in question, and glial pathology in the absenceeaafronal pathology is not a feature of these
disorders (Ghetti et al., 2015). Furthermore, itddrm composition of inclusions and inclusion
morphological phenotype varies according to tadginamutations in these disorders (Ghetti et

al., 2015; Ingram and Spillantini, 2002).

1.5.3 Parkinson'’s related diseases

Parkinson’s disease (PD) is not generally assatiatth tau protein deposition as a
major distinguishing neuropathological factor. Hoee tau protein interaction with
synuclein, including its presence in Lewy Bodiesalitconsist mainly ofi-synuclein
(Spillantini et al., 1997b) has shown a strong letween tau protein and Parkinson’s disease,
particularly when extramotor symptoms are involvasljn the case of Lewy body dementia
(Arima et al., 1999; Moussaud et al., 2014). Thegathology associated with PD is similar to
that observed in Lewy body dementia, but less puaoned (Jellinger and Attems, 2006). To this
point, dementias associated with PD are generaliytotein positive (Dickson, 2012). In
addition to Parkinson’s disease and Lewy body deéimemultiple system atrophy (MSA) is
another-synuclein positive neurodegenerative disease ctaiaed by autonomic dysfunction,
ataxia and Parkinsonism in which tau protein patpplis a pathological component (Nagaishi et

al., 2011).

1.5.4 Primary age-related tauopathy

Primary age related tauopathy (PART) is a recetelcribed neurodegenerative disease
associated with cognitive impairment driven by prathantly Alzheimer’s- like tau protein
pathology in the absence of amyloid-beta pathol@rary et al., 2014; Jefferson-George et al.,

2017). Itis notable, however that PART as a disegmity is contentious with some authors
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suggesting that it may simply be an early manitestaof preclinical Alzheimer’s disease with
low levels of amyloid beta pathology (Duyckaertgalet 2015).

1.5.5 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegyative disease characterized by
progressive upper and lower motor neuron deathrogpsralysis (Ludolph et al., 2015). While
ALS is not typically associated with tau proteiriigdogy there are notable exceptions from
several Pacific Island populations and sporadie cagorts. The most well-known population of
ALS with tau pathology is the Guamanian ALS-Par&msm complex (ALS-PDC) also known
as Lytico-Bodig. This disease was up to 100 folghkr than the worldwide rate of ALS in the
1950s, but has decreased to similar rates to wadttlef approximately 3/100, 000 presently
(Plato et al., 2003). While this was strongly iradice of an environmental factor shifted by
cultural changes, leading to several hypothesessefse origin, the cause remains speculative
(Plato et al., 2003). ALS-PDC was characterizedhoyprotein pathology throughout the central
nervous system in the form of neurofibrillary taegin the temporal lobe especially prominent
in the hippocampus and entorhinal cortex (Guiroglgtl987; Hirano et al., 1961; Ito et al.,
1991; Wakayama et al., 1993). A very unique aspktttis disease was the tau protein
deposition in the motor neurons of the anteriontwfrthe spinal cord (Ito et al., 1991; Schmidt
et al., 2001b; Umahara et al., 1994). Tau in ALS=Rias been shown to be phosphorylated at

Thr'®, Th3!, Sef®? Sef®® Sef®™ and Sef? (Mawal-Dewan et al., 1996).

Similar to the Guamanian ALS-PDC, a set of two safgapopulations on the Kii
peninsula of Japan (Muro disease) (Kuzuhara andiB@k?2005) and another population in New
Guinea showed a similar disease with an elevatedofsoccurrence (Okumiya et al., 2014).

Finally, sporadic case reports consistently appéthrtau protein deposition throughout the
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brain and even in motor neurons (Dobson-Stone ,€2@13; Nakamura et al., 2014; Orrell et al.,
1995; Soma et al., 2012). Recently, studies hgverted elevated phosphorylated and truncated
tau protein in both hippocampus and spinal comdifiierent ALS populations (Gomez-Pinedo et

al., 2016; Vintilescu et al., 2016).

Beyond the aforementioned exceptions, the mostistems observation of tau protein
pathology in a Western ALS population have beeselabserved in the frontal and temporal
lobes of patients with ALS with cognitive impairmiéALSci). ALSci is associated with
neuronal degeneration in both the frontal and tealpmrtex, and is pronounced in the anterior
cingulate cortex (Wilson et al., 2001). ALSci idided as a variant of ALS in which patients
perform at or below the"5percentile on at least 2 cognitive tasks, butmeeting the full
criteria for frontotemporal dementia (Strong et 2009; Strong et al., 2017). In ALS, cognitive

impairment occurs in upwards of 50% of ALS casdadRolz et al., 2005).

Tau protein pathology in ALSci was first observedGallyas silver staining (Yang et al.,
2003). Tau protein was then observed to be phogfated at a series of epitopes that had been
previously observed in other tauopathies. Howesemptrotein deposits in ALS consisted of all 6
isoforms, suggesting that it is distinct from thigkfeimer’s disease associated PHF motif
(Strong et al., 2006). Tau protein deposition inS&Lis not simply a function of aging (Yang et
al., 2005). It was subsequently demonstrated beatauopathy of ALSci was associated with an
upregulation of active GSK3activation (Yang et al., 2008). Due to the relajvuninvestigated
nature of phosphorylated Ti¥, an epitope that had been previously identified in
phosphopeptide mapping studies of AD tissue (Haagal., 1998; Reynolds et al., 2000), our
lab conductedn vitro studies that demonstrated that tau protein psédwgmorylated at ThY®

was prone to form fibrils in both HEK293T cells aNduro2A cells (Gohar et al., 2009). It was



32

further shown that phosphorylation of THwas associated with cell toxicity and apoptotilt ce

death (Gohar et al., 2009).

Following this a more detailed characterizatiornanf protein pathology in ALSci was
conducted in which tau protein pathology in theednt cingulate and superior frontal cortices
along with entorhinal cortex, hippocampus, amygdadesal ganglia and substantia nigra was
observed (Yang and Strong, 2012). The major distgigng feature from ALS was tau protein
pathology in the frontal cortex and anterior cirajalcortex of ALSci. Pathology was observed
in neurons and astrocytes as NFTs, neuropil threadsliffuse neuronal cytoplasmic
immunoreactivity. The observations of tau patholqayosphorylated at THr in ALS and
ALSci were more recently demonstrated in 50% oésagtudied in a separate cohort (Behrouzi
et al., 2016). One genetic study of a family inethALS and FTD were both present, and the
only case in which cognitive impairment was presesis that driven by RIAPT mutation
driving tau protein pathology in which the authsuggested that a critical driver of the cognitive

elements was tau dysfunction (King et al., 2013).
1.5.6 Chronic traumatic encephalopathy

Chronic traumatic encephalopathy (CTE) is a neugederative disease associated with
of repeated head trauma (McKee et al., 2009). GTdssociated with rapid cognitive decline and
neurobehavioral disturbances. In about 10% of ¢aser neuron dysfunction develops in a
manner consistent with ALS. In this case, itésirted chronic traumatic encephalomyelopathy

with amyotrophic lateral sclerosis (CTE-ALS) (McKetal., 2010; Meyers et al., 1974).

It is thought that dementia pugilistica (DP), anally diagnosed disease associated with

neurodegeneration after repeated head trauma @vidrtl928) is the same disease. However, no
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neuropathological assessment under the CTE diagruoiéria has been conducted on cases
prior to 2013 (McKee et al., 2013). As such, thisams that much of the literature of dementia
pugilistica may or may not represent CTE, as deiagnigilistica may involve different
neurodegenerative diseases without the hallmarksT&, such as AD, PD, ALS or
combinations of these diseases without meetingtiteria for CTE. Notably, one account of
dementia pugilistica (Schmidt et al., 2001a) makescase for AD type tau pathology, but this

was undertaken before the detailed classificatfdD = was described.

CTE is defined by phosphorylated tau protein patgplocated at the depths of the sulci,
periventricular and perivascular regions prefegdiyti In late stages, this pathology is observed
in a more widespread manner. CTEM differs from @GyEhe additional presence of tau protein
pathology in both motor neurons and astrocytelanventral and lateral horn of the spinal cord
(McKee et al., 2009; McKee et al., 2010; McKeelgt2013). The isoform composition of
insoluble tau protein is in the form of 3R and 4R but has not been described in detail (McKee

et al., 2013). No known mutations are currentlyagged with CTE.

1.6 Experimental paradigms used in the study of taapathy

1.6.1 Human tissue and tau antibodies

The study of tissue from human tauopathy casedéas the gold standard in the
understanding and characterization of tau proteimoanalities in neurodegenerative disease.
Immunohistochemical and biochemical analysis of &irain tissue have been critical in
determining isoform composition, tau protein patigital distinctions, cell type and regional
specificity, as well as posttranslational modifioas associated with the disease processes

themselves. Additionally, any discovery madeivo or in vitro must be validated in human
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disease to be meaningful for future disease uratalsig or therapeutic potential. A host of tau
protein conformation and phosphorylation specifitl@odies have been developed which enable
the assessment of human tissue without requirihgdguencing and phosphopeptide mapping
by mass spectrometry (Table 1.4). Double labelxgpements are particularly useful for
determining more specific information such as garatein contribution to inclusions, or

isoform, truncation product, and phosphoepitpe emiorence which can be insightful to

validation of disease mechanisms.



Table 1.4:Commonly used tau antibodies and their epitopes

Antibody name Epitopes
AT270 pThre!

ATS pSef%/pThr’:
AT180 pThf*/pSef™
PHF1 pSet’ /pThr™
AT100 pSF/pThr'
CP13 pSer-

CP9 pThf™

T22 Soluble tau protein oligomer
TG3 pThF*!

PG5 pSer”

T14 aas 141-149
Tau46 aas 404-441
HT7 aas 159-163

35
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1.6.2 Tau protein polymerization assays

Tau protein is frequently studied for its propeynsit form fibrillar aggregates vitro.
Pseudophosphorylation studies have shown thaeiakence of external modifiers, tau protein
phosphorylated or mutated at various sites, eskhewdhin the C-terminal can form fibrillar
aggregates much more effectively than unmodifiedpt@tein, and in some studies, differential
sites of pseudophosphorylation have shown diffeeffetts on aggregate propensity in different
tau protein isoforms (Abraha et al., 2000; Combal.e2011; Sun and Gamblin, 2009). Tau
protein pseudophosphorylated at hdid not show increased aggregation propensity, but
Thr*®* tau protein did (Haase et al., 2004). Additionaiéu protein phosphorylated at T

showed reduced ability to promote microtubule payimation by this assay (Kiris et al., 2011).
1.6.3 Cell culture

Tau protein has been studied in cell culture modsing a variety of immortalized cell
lines and primary neuronal cultures. These stuui@e used human tau protein isolated from
disease cases (Santa-Maria et al., 2012), expreskiau protein constructs displaying genetic
mutations associated with neurodegenerative digé@dseso et al., 2010), and tau protein
constructs displaying pseudophosphorylation atltessi or sets of residues identified in human
disease states including Thtand Thf*! (Alonso et al., 2010; Cho and Johnson, 2004; Eath
al., 2002; Lin et al., 2007). In most cases tauginois observed to be toxic to cells and display
reduced microtubule interaction when modified iy aray associated with disease, or when
expressed at sufficient levels. The primary beradfitell culture studies is their utility in
studying cause and effect of individual protein mfiodtions rapidly and at low cost. They do

not, however provide insight into organ-level chesmavhere multiple cell types are present.
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1.6.4 Rodent models of tauopathy

Mutant mouse models expressing G272V, P301L, P3033%/M, K369] and R406W
mutatiuons causing FTDP-17 have been studied l&nal., 2008; Santacruz et al., 2005;
Schindowski et al., 2006; Tanemura et al., 200Bnghet al., 2004). A rat model using
adenoviral (AAV9) expression of P301L mutant hurteun protein showed that expression of
mutant tau protein in adult brain could induce pantein pathology and behavioural changes
(Mustroph et al., 2012). Depending on locationl tgle, and the specific mutation or
pseudophosphorylated variant expressed, differat@bioural and pathological phenotypes are
observed and mimicry of all elements of the diséasever accomplished (Pankevich et al.,
2013; Richardson and Burns, 2002). In particulewjmly tauopathy appears to be challenging in
the absence of tau mutation expression. The cdubkesanay be in the difference in human and
rodent tau protein expression, whereby rodent tatem is more difficult to drive to
pathological processes. Mice only express 3 tateprasoforms, while rats do express 6
isoforms, however 4R isoforms are expressed at rhigtter levels (Hanes et al., 2009). In fact,
Thr'”®in the rodent brain is neighboured by a secondrd@sidue rather than a Pro residue,
making phosphorylation by proline directed kinasectnmore difficult, making THF’ less
likely to be phosphorylated and unable to exericibx However, studies have shown that tau
protein isolated from neural tissue of neurodegatingr disease cases and injected into rodent
brain is able to induce propagating tau proteim@iagy in the brain which is capable of

spreading (Lasagna-Reeves et al., 2012).

1.7 Abnormal tau protein metabolism is a source afieuronal toxicity

Tau protein has been associated with neurodegeredisease and pathology in many

different states and forms, and has been implicasdabth a primary cause and a secondary
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contributor to these states (Igbal et al., 2016 fypothesis of tau protein being causative to
disease etiology was confirmed with the discovdriy TDP-17 causing mutations (Hutton et al.,
1998). Existing evidence supports both toxic gdifunction changes along with loss of function
associated toxicity (Trojanowski and Lee, 2005js likely however that tau protein loss of
function is not sufficient to induce neurodegengeatlisease aSIAPT knockout mice are viable
(Dawson et al., 2001; Harada et al., 1994). Itissible that at least in the total absence of tau
protein, other microtubule associated proteinscapable of maintaining microtubule function. It
is notable, however that when the ability of taatein to bind to the microtubule is inhibited, it
may become toxic to the cell (Patrick et al., 1998)reover, microtubule binding may be
essential to reduce a pool of unbound tau protéilclwvmay contribute to other toxic activities in

the cell (Ballatore et al., 2007; Kuret et al., 3D0

The hypothesis that tau protein itself gains tduigction is supported by the
observation that expression of FTDP-17-associstABT mutations or pseudophosphorylation
at epitopes observed in tauopathies induces nelulgstunction and cell death (Alonso et al.,
2010; Combs et al., 2011; Fath et al., 2002; Gehat., 2009; Mustroph et al., 2012).
Additionally, tau protein isolated from neurodegextize disease tissue can induce tau protein
pathology, neuronal dysfunction, and neuronal deaboth cultured cells and rodent brains
(Lasagna-Reeves et al., 2012; Santa-Maria et@Gl2)2 This has lead to hypotheses surrounding
the uptake of tau protein by neurons from the siitnm, and tau protein seeding to promote
spread of pathology. This is not, however conststgth prion biology in which a pathological
prion protein is capable of autocatalyzing a caomi@ional shift from a healthy isoform to
pathological prion in another protein of the sagpet(Baskakov and Breydo, 2007). It is more

likely that pathological tau protein exerts toxydio the cell via cell-wide molecular signaling
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changes induced by uncontrolled N-terminal inteoast with other proteins including the kinase
GSK33, which then result in cell stress-induced taugiropathology, introducing a cycle of
aberrant stress response ultimately resulting linlae apoptosis. If tau protein can induce
increased activation of tau-phosphorylating kinakesvever, it is possible that it could induce a
positive feedback loop whereby tau protein becoimagasingly toxic to cells, ultimately
inducing neuronal death. This would be consistétit the slowly developing nature of many

tauopathies lacking mutations or other externakssiors.

The question of what the toxic species may beunpathies has also been asked, and
whether the fibrillar aggregates themselves are toif some other form of tau protein is toxic.
While fibrillar tau protein has been shown be agged with toxicity, this may be a result of the
toxic process itself (Cowan and Mudher, 2013)als been suggested that it is likely the soluble
tau protein oligomer that constitutes the toxiccsp® (Lasagna-Reeves et al., 2012) which goes
along with the concept that tau protein may exficity through aberrant signaling, which it
can do while still soluble rather than in an aggtegink. Importantly, tau protein oligomerizes
on its way to forming aggregates (Cisek et al. 20and as such the fibrils themselves are an

indicator of toxicity (Bandyopadhyay et al., 2007).

Regardless of the toxic species, aberrant, unaitedrtau protein phosphorylation
is a common factor in many neurodegenerative desgdsading to tau-mediated toxicity, tau
protein fibril formation and neuronal death. Tharf> phosphorylation is unique to
pathological disease states, present in 2 taugsafbninvestigated in others), and demonstrates
toxicity when expressed in cell culture, warrantgtfer investigation. That pTHP tau protein
does not form aggregates alone suggests that furtb@ification to tau protein is required for

this to occur. TH! phosphorylation alone has been shown to regudaterotein structure, and
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if driven further than normal may be able to drimaopathy. Given that this site has been shown
to be phosphorylated by GSKand that tau protein has been shown to be capéhleivating
GSK33-dependent pathways, it is conceivable that th@egphospho-epitopes and kinase are

closely related to one another as mediators of gims$au toxicity.

1.8 Hypothesis

pThr’>tau protein is implicated in the neurodegenergtioeess through a toxic
pathway dependent on downstream activation of @Sl further phosphorylation at pFHir

which is critical for fibril formation and cell dda
1.9 Thesis overview

The focus of the studies presented in this mantsisrihe pathogenesis of tau protein

phosphorylated at amino acid Thr

In Chapter 2, | show that pTHr® tau protein when unmodified by further
phosphorylation does not have an increased prapdnsself-aggregate, but that when further
phosphorylated at Tt in a sequence of events dependent on’8Fhrediated enhancement of
GSK3B activation, pTht’°tau protein induces fibril formation and cell dednhibition of
GSK33 reduces tau protein fibril formation and cell deassociated with pTHr tau protein

expression.

In Chapter 3, | show that pTHr® tau protein pathology is not unique to ALSci or
Alzheimer’s disease but that it can be observe®lather tauopathies, and that it is associated
with Thr**! phosphorylation and tau protein oligomerizatiopathological inclusions. | also

show that pTHr' tau protein is not observed in non-pathologicahhn brain tissue.
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In Chapter 4, | show that pTHr® tau protein pathology is present in chronic tratiena
encephalopathy and in chronic traumatic encephattopyhy in both hippocampal and spinal
cord neuronal pathology. This was associated withr33* and activated GSKBin human
tissue. In a rat model of moderate traumatic birgury | show that after a single head trauma

pThr”tau protein can be induced along with tau propaitnology.

In Chapter 5, | show that pTHr” tau protein induces tau pathology in adult rat

hippocampus when expressed by an adenoviral vector.
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2.1 Abstract:

We have previously shown that amyotrophic lateckrssis with cognitive impairment (ALSci)
can be characterized by pathological inclusionmicfotubule associated protein tau (tau
protein) phosphorylated at Tf? (pThr*™) in association with GSKBactivation. We have now
examined whether pTHr induces GSKB activation and whether this leads to pathologitail
formation through THP* phosphorylation. 72 hours after transfection ofifd@A cells with
pseudophosphorylated GFP-tagged 2N4R tau protéiri’¢Asp), pGSKB (active GSK3B)

levels were significantly increased as was pathio&dibril formation and cell death. Treatment
with each of 4 GSK@ inhibitors or shRNA knockdown of GSIR&bolished fibril formation and
prevented cell death. Inhibition of Ffit phosphorylation (TR?*Ala) prevented pathological tau
protein fibril formation, regardless of T state while TH*'Asp (pseudophosphorylated at
Thr*®Y developed pathological tau protein fibrils. &mutations did not affect fibril formation,
indicating an unprimed mechanism of ¥iphosphorylation. These findings suggest a
mechanism of tau protein pathology by which pThinduces GSKB phosphorylation of TRr*

leading to fibril formation, indicating a potentidlerapeutic avenue for ALSci.
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2.2 Introduction:

Amyotrophic lateral sclerosis (ALS) is the most ¢oon adult onset neurodegenerative disorder
of the motor system with a lifetime risk of 1:30@daa survival of 2-5 years after diagnosis
(Factor-Litvak et al., 2013). Over 50% of patiewith ALS develop a cognitive (ALSci),
behavioural (ALSbi) or dysexecutive syndrome caesiswith that of frontotemporal
dysfunction, including a frontotemporal dementid D (Ringholz et al., 2005; Strong et al.,
2009). The frequent co-existence of ALS and FTBIkd to the postulate that both are two
states along one disease continuum (RobberecHelaifips, 2013). Importantly, patients with
frontotemporal dysfunction have a reduced survieshpared to other ALS cases (Elamin et al.,
2011, Elamin et al., 2013; Hu et al., 2013; Olnegle 2005). We have previously shown that
ALSci is typically associated with frontotemporaiaphy with superficial linear spongiosis
affecting the frontal cortex (Wilson et al., 2004gcompanied by both neuronal and glial
inclusions of microtubule associated protein taw firotein) (Yang et al., 2003; Yang and
Strong, 2012). This finding is significantly grelatkan observed as a function of age (Yang et
al., 2005).

Tau protein is a cytoskeletal stabilizing proteumjch binds to microtubules in the
axonal processes, helping to prevent microtubuwdakatown and providing structural support by
maintaining space between microtubules and otheskgletal elements or the cell wall (Chen
et al., 1992; Weingarten et al., 1975). In the asel states known as tauopathies, tau protein
relocates from its normal localization in the axonhe cell body where it forms aggregates
(Kowall and Kosik, 1987). In ALSci cases, tau piotis found in the form of fibrillar inclusions
and is phosphorylated at Tft; a phenomenon not observed in Alzheimer's tatefimo

inclusions (Strong et al., 2006) and to a muchtgreaxtent than that observed in ALS with no
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cognitive impairment (Yang and Strong, 2012). llugon, tau protein isolated from ALSci
patients has a greater propensity to aggregatés whipoth HEK293T and Neuro2A cells, tau
protein pseudophosphorylated at hwas found to form fibrillar aggregates to a muatyér
extent than wild type (WT) tau protein, regardletthe isoform (Gohar et al., 2009). In these
latter experiments, pathological fibril formatiormsvassociated with increased cell death. We
also observed that pathological tau protein inolusiin ALSci co-localize with phosphorylated
kinase glycogen synthase kinase 3 beta (p@SK& active isoform of GSK3 (Yang et al.,
2008). Because GSIR3s a proline-directed kinase capable of exhibifnigned and unprimed
phosphorylation of tau protein (Cho and Johnsof32Q0Cho and Johnson, 2003)and because
GSK33 has been strongly implicated as a major contribigtdéau protein pathology (Cho and
Johnson, 2003; Cho and Johnson, 2004a; Cho andalm2004b; Hernandez et al., 2013;
Lucas et al., 2001; Pei et al., 1997; Sahara €2@08; Sato et al., 2002), we postulated that
GSK33 activation would also be key to pathological taot@in fibril formation in ALSci. We
have also postulated that phosphorylation of*iwill be key to pathological tau protein fibril
formation.

Thr**tis a tau protein phosphorylation site which, wpknsphorylated, causes a
conformational change in which tau protein’s apitd bind to microtubules is reduced (Lin et
al., 2007). Th*!is a known substrate of GSEBAlonso et al., 2010; Cho and Johnson, 2004b;
Sahara et al., 2008; Sengupta et al., 1998) nkighbored by a proline, and also fits the Ser/Thr-
XXX-pSer/pThr motif required by GSKRfor primed phosphorylation if the site at $8is
phosphorylated first. It is therefore a likely siesynergistic modification to tau protein in its

pathology along with phosphorylation of Fht
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In this study, we demonstrate that phosphorylatibtau protein at THf° leads to the
activation of GSKB, which then phosphorylates tau protein a’ftand which in turn leads to
pathological fibril formation. Inhibition of GSKB pharmacologically and by small hairpin RNA
(shRNA) knockdown prevents toxic pathological taatein fibril formation, and prevents cell
death. Phosphorylation at Ffftis critical to this process, although independdrgef°

phosphorylation status.

2.3. Methods:

2.3.1. Céll culture and transfection:

Because we had previously shown that'f#sp induces pathological tau protein fibril
formation in Neuro2A and HEK293T cells, we perfodadl studies using the 2N4R tau protein
isoform in Neuro2A cells (Gohar et al., 2009). N#2A cells were grown on 10 cm plates in
Dulbecco’s Modified Eagle medium (DMEM; Gibco, Badton ON, Canada) enriched with
10% fetal bovine serum (Gibco, Burlington On. Cajashd 50 pg/mL Penicillin/Streptomycin
(Gibco, Burlington, On. Canada). Cells were maimgdiat 37°C and 5% GOTransfections for
all survival and aggregation studies were perforogdg Lipofectamine 2000 (Invitrogen,
Burlington On. Canada) with appropriate amount®NA for the plate size at a 3:1 ratio (UL
Lipofectamine: pg DNA). Liposome-DNA complex waglad to cells in serum free medium
and transfected for 3 hours at 37°C. Due to theeised number of cells required to yield
sufficient amounts of protein for lysate analysiig calcium phosphate method of transfection
(Jordan et al., 1996) was used for western blatissu Cells were incubated for 18 hours at 37°C

and 5% CQin the presence of 10y DNA and a mixture of Caghnd HEPES buffered serum.
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Medium was changed to end all transfections. Adllgses were conducted 72 hours after

transfections were ended.

2.3.2. Thioflavin Sassay for Tau aggregation:

GST fusion variants of WT and TH?Asp 2N4R tau protein were generated and expressed i
Escherichia ColiE. coli) BL21 cells via pGEX vector using the GST spintpapification

module (General Electric Healthcare NJ, USA)coli was grown in YTA medium for 3-5 hours
at 37 °C with vigorous agitatiokt. coli was then pelleted by centrifugation, resuspendé?BiS
and then lysed by sonication. Tau protein was @arifrom the resulting homogenate as
previously described (Gohar et al., 2009), andathbty to form pathological fibrils assayed by
invitro thioflavin S assay (Friedhoff et al., 1998; Tamlguet al., 2005). 100 pL purified protein
sample containing 0.35 to 10.0 pg/pL was brouglat timtal volume of 300 pL with a final
concentration of 3 uM thioflavin S (Sigma-AldridDakville, ON, Canada) in 20 mM 3-(N-
morpholino) propanesulfonic acid (MOPS; Sigma-AttiriOakville, ON, Canada), pH 6.8.
Samples were analyzed with or withouyi heparin (Sigma-Aldrich, Oakville, ON, Canada).
The assembly of tau protein into fibrils is enhahbg heparin, a polyanion, which acts as a
positive control for this assay (Pickhardt et 2005; von Bergen M. et al., 2000). Thioflavin S
fluorescence was read at 22°C with a SPECTRmax MBbIRFischer Scientific, Pittsburgh, PA,
USA) set at 440 nM excitation and 521 nM emissBackground fluorescence and light
scattering of a negative control sample contaiinky thioflavin S was subtracted from the

values obtained. All experiments were performettiplicate.
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2.3.3. Fibril quantification:

Cells were transfected with GFP-tagged mutant tatep and visualized live by fluorescence
microscopy on a Zeiss LSM 510 Meta NLO multiphotomfocal microscope in confocal
microscopy dishes at 63x magnification. Plates wireled into 4 quadrants and a minimum of
25 transfected cells from random fields in eachdgaist were counted and categorized into a)
cells containing fibrillar aggregates or b) cellmtaining no fibrillar aggregates. Consistent with
our previous studies, fibrillar aggregates wererdef as discrete, dense, thickened, curvilinear
cytosolic structures in contrast to the fine filartwus threads observed in WT tau protein
transfected cells (Supplemental figure 2.1) (Gadtal., 2009). The percentage of cells
containing aggregates was defined as the numb@FBf tau protein expressing cells counted
containing fibrils. All experiments were performiedriplicate after plates were blinded to the

observer (AJM) by a separate party.
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Supplemental figure 2.1: Phenotype of THf°Asp tau fibrils in Neuro2A cells.

GFP-tagged tau protein was imaged by live cell goaf microscopy 72 hours after transfection.
A) Both wild-type and THr'*Ala transfected cells demonstrated fine, filamestforil formation
typical of that expected for cytosolic tau proteB) Fibrillar tau protein pathology in THPAsp

tau protein transfected cells. In contrast to tiid-type and Tht"°Ala transfected cells, cells
transfected with THF°Asp formed thick, curvilinear tau protein inclussordditional bundling
along the periphery of the cell was also commotlyeoved. Images taken at 63x magnification.
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2.3.4. GSK 3B Inhibitors:

Four GSK3 inhibitors that act through different mechanisnmeewsed at their respective;§C
values in fibril and survival experiments. Theseluded: lithium chloride (LiCl; Sigma-
Aldrich, St. Louis MO, USA), 16 5 mM, which acts through a Mgcompetitive mechanism;
AR-A014418 (Sigma-Aldrich, St. Louis MO, USA), 4104 nM (Bhat et al., 2003), which acts
through an ATP competitive mechanism; Tideglusilyif&-Aldrich, St. Louis MO, USA), 16
60 nM (Dominguez et al., 2012), which acts throagion-ATP competitive mechanism; and,
TWS-119 (BioVision, Milpitas CA, USA), 16, 30 nM (Ding et al., 2003), which acts through a
non-ATP competitive mechanism. Toxicity was assdye@8-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay prior teeus fibril studies to demonstrate that the
inhibitors would not be lethal to Neuro2A cellgiagir 1Cso. Inhibitors were administered in

fresh medium at their g concentration at the end of transfection when omadivas changed.

2.3.5. Site-directed mutagenesis and mutant constr ucts used:

Site-directed mutagenesis was used to create m@tattagged tau protein from plasmid
constructs in pEGFP-C1 vector as previously desdr{icohar et al., 2009). Based on our
previous observations, all studies performed héliead the 2N4R tau protein isoform (with a
green fluorescent protein (GFP) tag on the N teus)iras the template for all double mutants. To
assess the effect of phosphorylation of Thithe following constructs were used: wild type

2N4R tau protein, a Thi"Ala mutant (cannot be phosphorylated at*fhrand a Th"*Asp

mutant (mimics phosphorylation at TH). Agilent technologies QuickChange lightening site
directed mutagenesis kit (Agilent Technologies,d#éisauge On, Canada) was used to generate 6

double mutant GFP-tagged tau protein constructgtng Thf** mutants (1: WT THr®
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ITh*'Ala, 2: WT Thit® /Th**'Asp, 3: Tht"Ala /Th*'Ala, 4: Thit™®Ala /Th”*'Asp, 5:
Thr"®Asp /ThP*Ala, 6: Thit"*Asp /Th*'Asp). Full length primers for TATAla mutants were:
forward (5’-GCA GTG GTC CGTGCT CCA CCC AAG TCG-3) and reverse (5-CGA CTT
GGG TGG AGC ACG GAC CAC TGC-3"). Full length primers for THfAsp mutations were:
Forward (5-GCA GTG GTC CGTGAT CCA CCC AAG TCG-3') and reverse (5-CGACTT
GGG TGG ATC ACG GAC CAC TGC-3)).

An additional series of 6 GFP-tau protein mutaotstaining Sé’> mutations was
created to test the requirement of a primed phaspation mechanism at THY. These mutants
were (1: WT Tht"®/Sef**Ala, 2: WT Thr"®/Sef*°Asp, 3: Tht"*Ala /Sef*Ala, 4: Thit"Ala
ISef*°Asp, 5: Tht"*Asp /Set*Ala, 6: Thit"*Ala /Sef**Asp). Full length primers for SErAla
mutants were: Forward (5-CCC AAGCG CCG TCT TCC GCC-3’) and reverse (5-GGC
GGA AGA CGG CQ CTT GGG-3"). Full length primers for S&Asp mutants were: Forward
(5-CCC AAGGAC CCG TCT TCC GCC-3’) and reverse (5'-GGC GGA AGAGGTC
CTT GGG-3).

All mutants were sequenced to confirm presenceusations of interest.

2.3.6. MTT survival assay:

Cells were grown and transfected in 96 well plai@shours post transfection, 20pL 5mg/mL 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliubnomide (MTT; Sigma-Aldrich, St. Louis
MO, USA) was added to each well and then incubfited hour at 37°C and 5% GQAfter
incubation, cells from one well per treatment growgye resuspended in 100 pL fresh DMEM,
and transferred to a 1.5 mL microcentrifuge tulepl was then loaded onto a hemocytometer

(improved Neubauer, Hausser scientific, Horsham &) purple (live) and white (dead) cells



71

were counted. Cell death was expressed as deadatll cells counted. All experiments were

performed in triplicate.

2.3.7. Trypan blue assay:

Cells were grown and transfected in 96 well plaf@shours post transfection, cells from one
well per treatment group were resuspended in 1060ggdh DMEM and transferred to a 1.5 mL
microcentrifuge tube. 100L 0.4% trypan blue stain (Gibco, Burlington, On.n@da) was then
added and cells were incubated at room temper&dudemin. 10uL was then loaded onto a
hemocytometer and white (live) and blue (deadyce#re counted. Cell death was expressed as

dead cells/total cells counted. All experimentseveerformed in triplicate.

2.3.8. Western blot:

Cells were lysed on ice 72 hours after transfeanddP40 lysis buffer (50 mM Tris, 100 mM
NaCl, 1 mM EDTA, 1% NP40, 10% glycerol) containjpgptease (cOmplete, Roche
Diagnostics, Indiapolis, IN, USA) and phosphatadelitors (Phosstop, Roche Diagnostics,
Indiapolis, IN, USA). Lysate protein content wasqgtified using a DC protein assay kit (Bio-
Rad, Hercules, CA, USA). Samples were suspendsdnple buffer (100 mM Tris-HCI, 4%
SDS, 0.02% bromophenol blue, 20% glycerol, 200 mMpand denatured for 5 minutes in a
hot water bath at 95°C. 20 pg protein was run 0% sodium dodecyl sulfate polyacrylamide
gel and transferred to a nitrocellulose membraoeassess transfection efficiency, gels were
probed for GFP using a rabbit anti-GFP antibod$qQ0 titer; Life Technologies Eugene, OR,
USA). GSK3 activation was assessed using a mouse antfFTyBK3B (1:10 000 titer; BD

Biosciences, Mississauga, On. Canada). To fullgstigate activation status relative to overall
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levels of kinase, total GSH3vas examined by stripping blots (2%SDS, 62.5 mM-HCI, 100
mM B- mercaptoethanol, pH 6.8) and re-probing with necasti-total GSKB (1:10 000 titer;
BD Biosciences, Mississauga, On. Canada). Nitrolmse membranes were probed with
primary antibody overnight at 4°C. Blots were theashed in Tris-buffered saline with 0.2%
Tween (TBS-T) before probing with horseradish petage tagged secondary antibody (Goat
anti-Mouse IgG (1:5000 titer; Bio-Rad, Hercules, ,@fSA) or Swine anti-rabbit (1:1000 titer;
Dako, Burlington, On. Canada) for 1 hour at roomgerature. Densitometry was conducted
using open source ImageJ software (NIH). G K8tivation was normalized for overall
expression and transfection efficiency by the dquapTyr*%Total GSK3)/(GSK3B/GFP). All
experiments were performed in triplicate.

For shRNA knockdown efficacy studies, total G$K@as normalized ta-tubulin by
densitometry using mouse antiubulin (1:2500 titer, Abcam, Toronto, On. CanadapK3r
was assessed using mouse anti-G&K31000 titer, Abcam, Toronto, On. Canada), and

normalized tax-tubulin by densitometry.

2.3.9. shRNA:

A small hairpin RNA (shRNA) specific to GSIR3vas designed according to a previously
reported sequence (Yu et al., 2003) shown to spaltyf knock down GSKB in Neuro2A cells
while leaving GSKa unaffected (Garrido et al., 2007). The shRNA segaevas modified to
have a hairpin sequence specific to the pSupempidiagector into which it was inserted via

Bglll and HindllI restriction digest and ligationitlt T4 DNA ligase. Sequence primers were, as
described by Yu et al 2013: Forward (5’-GAT CCGETCT GGA GCT CTC GGT TCT.TTC

AAG AGA AGA ACC GAG AGC TCC AGA TCT TTT TA3’) and Reverse (5-AGC TTA
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AAA AGATCT GGA GCT CTC GGT TCT_TCT CTT GAAGA ACC GAG AGC TCC AGA

TCG GG3)).

shRNA plasmid was transfected into Neuro2A cellhwpofectamine 2000 and GSK3
expression analysed at 24 and 96 hours post titsfdo investigate the efficacy and
sustainability of GSKB knockdown.

For knockdown studies, 24 hours before transfeatith GFP-tau plasmid, shRNA or
pSuper vector was transfected into cells so thatession of GSK@would be reduced at the

time of tau plasmid transfection. Fibril quantifiicen was then conducted as above.

2.3.10. Nocodazole experiments:

Cells were transfected with GFP-tagged wild typedaThr"Asp tau with Lipofectamine as
above in confocal dishes. 72 hours after transiaatells were exposed to 500 nM nocodazole
(Sigma-Aldrich, Oakville, ON, Canada) for 1 hourialhhas previously been reported to
effectively reduce microtubule dynamics (Vasquealgtl997). Cells were imaged live by

confocal imaging after 1 hour incubation at 37°C.

2.3.11. Invitro B-tubulin co-localization:

N terminal mCherry-taggettubulin constructs were created by inserfiaibulin (isolated

from human muscle tissue) into a pmCherry-N1 ve@@dontech, Mountain View, CA, USA)
using Hindlll and Sall cleavage sites incorporated forward and reverse primers respectively:
Forward (5’-CGA AGC TRA TGA GGG AAA TC-3') and Reverse (5'-AAG TCG ATCGG

CCT CCT CTT CGG C-3).
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Neuro2A cells were co-transfected with both GFRyéayTht "*Asp tau protein and
pmCherry-tagge@-tubulin. Live cell confocal imaging was conductgd’2 hours post
transfection. To compare the differential effeatst@au protein and tubulin formations, half of the

plates were exposed to 500 nM nocodazole for 1 befare live cell confocal imaging.

2.3.12 Statistical analysis.

Statistics were conducted using Sigmaplot 10.0vsoé. Following a Shapiro-Wilk test for
normality, a one-way analysis of variance (ANOVA3swconducted (or Kruskal-Wallis

ANOVA on ranks for z non-normal data) and Tukeyssphoc test was conducted. Results were
considered to be significant when p<0.05.

2.4. Results:

2.4.1. Thr'”™ phosphorylation aloneisinsufficient to induce fibril formation:

WT, Thrt"*Asp, and Thi"°Ala 2N4R tau protein was isolated frdincoli and the extent to
which each would form fibrils, in the presence bsence of heparin, determined using the
Thioflavin S assay (Figure 2.1). No difference wagected between the individual constructs.
This suggested that phosphorylation at*ftis not sufficient to induce pathological fibril

formation by itself.
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Figure 2.1: Phosphorylation at Thr™ aloneis not sufficient to induce aggregation. GST

fusion variants of WT and THPAsp 2N4R tau protein was isolated from E. coli Blclls.

Extent of fibril formation was then assayedihyitro Thioflavin S assay with and without
heparin. No difference was detected betweer sp GST-fusion tau protein compared to WT
GST-fusion tau protein with or without heparin. Mes are representative of three independent
experiments.



76

2.4.2. GSK 3p activation isincreased in cells transfected with Thr'"Asp tau:

Given our previous observation of co-localizati@tvieeen tau protein aggregates and activated
GSK33 in ALSci, we characterized GSK2ctivation status in Neuro2A cells transfectechwit
each tau protein construct. In cells transfecteti Whr'°Asp tau protein, the level of pTyf
was elevated relative to all other transfectiorugso(Figure 2.2). Relative to the GFP control,
WT tau protein transfected cells had 1.13+0.16 sime much pGSKB(meantSEM), and
Thr'"°Ala tau protein had 1.12+0.13 times as much pGBH#®&ither were significantly different
relative to each other, or to the GFP control. Ortlyt"°Asp tau protein transfected cells had a
significant increase in pGSI831.81+0.14) relative to GFP transfected cellsrafieiskal-

Wallis one-way ANOVA on ranks (p=0.002, F=8.684pig indicates that pTh tau protein
induces increased expression of the active for@®K33. This in turn may further modify tau

protein, giving rise to pathological changes neagstor tau protein fibril formation.
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Figure 2.2: GSK 3p activation increasesin Neuro2A cells transfected with Thr’™
phosphomimic tau protein. A) Representative western blot for active GBKETYr**9 in
untransfected (Ctrl), wild type tau protein (WThplosphorylated (Thf?Ala) and
phosphomimic (THrAsp) transfected Neuro2A cells 72 hours after fiest®on. B)
Densitometric analysis of western blots probedpfbyr**®* GSK3 and then normalized against
total GSK3, and transfection efficiency by the equation (F1¥Total GSK®)/(GSKPB/GFP).
Values are representative of three independentiexpets.
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2.4.3. Fibril formation is abolished by phar macologic inhibition of GSK 3f:

In keeping with previous studies (Gohar et al., ®0GFP-tau protein fibril formation occurred
to some extent in all tau construct transfectiasugs but to a much greater extent in*THsp
tau transfected cells (Figure 2.3).

Prior to pharmacological studies, all four inhilogavere tested on untransfected
Neuro2A cells over a range of concentrations fodwseund their respective 4§ Survival was
assessed by MTT assay (described below) after &t exposure. None of the inhibitors was
toxic to the cells at their reportedsiC

Upon analysis of fibril formation, ThAsp tau transfected cells exhibited increased
levels of fibril formation relative to all othergups (p<0.001 Tukey’s post-hoc test after one
way ANOVA with p<0.001, and F=7.905) (Figure 2.8ipplemental table 2.1).

All four inhibitors administered at their respeetidCso concentrations were able to
reduce fibril formation in THfAsp tau transfected cells to baseline levels (Spphtal table
2.1, Figure 2.3). This indicates that the increa38&K33 activity observed in THf°Asp mutant

tau protein is necessary for the increased fibriifation observed.
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Figure 2.3: Fibril formation isreduced to baseline when GSK 3p is phar macologically
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GFP= GFP transfected group, WT= wild type tau,"TAta= unphosphorylated mutant,
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Supplemental Table 2.1: Thr"°Asp tau fibril formation is increased compared ltdraatment
groups and constructs. Untreated= no GBKibitor used, WT= wild type tau, THrAla=
unphosphorylated mutant, FhtAsp= phosphomimic. TWS= TWS119 treated group, Tide=
Tideglusib treated group, LiCl= LiCl treated grodfR A= AR-A014418 treated group. Values
represent meantSEM % of GFP-tau protein expresslig exhibiting fibrils. * denotes
increased fibril formation in comparison to all gps (treated and untreated) p<0.001 Tukey’s
post-hoc test after one way ANOVA (p<0.001, F=7)905

Group Untreated 5mM LiCl 104 nM AR- 60 nM 30nM TWS
A014418 Tideglusib 119
WT 2242 26+1 25+3 25+6 22+2
Thr'™Ala 2342 2443 2642 24+1 2442
Thr™Asp 5242 * 24+3 24+1 25+2 2542
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2.4.4. shRNA knockdown of GSK3p abolishes fibril for mation:

Although the evidence thus far suggests GEis3he downstream kinase responsible for further
tau protein phosphorylation and toxicity leadindibwil formation, a separate isoform (GS&)3
shares 95% similarity in its catalytic domain a®@@similarity overall (Woodgett, 1990).
Although there are shared substrates, GS&& GSK3B are encoded by 2 separate genes; they
are differentially expressed in different tissukesu et al., 1999; Uzbekova et al., 2009); they are
differentially regulated in the brain (Takahashakf 1994) with GSKB having a higher overall
expression in the brain (Lau et al., 1999; Yad.e802); and, they show different substrate
affinity (Wang et al., 1994). Therefore, a shRNAsvekeveloped to selectively knock down
GSK3B. Western blots for GSKHBand GSKa were quantified by densitometry, and
standardized relative to that of an untransfectedrol. At 24 hours, levels of GSR3®xpression
(standardized against untransfected control) weseper vector 76.9+8.8% and shRNA
50.8+3.0% (p<0.05 after significant ANOVA with pf02 and F=21.177). At 96 hours, relative
levels of GSKB expression were: pSuper vector 123.5£3.3% and sh&N7+6.7% (p<0.05

after significant ANOVA on ranks with p=0.004). GSKlevels were unaffected by shRNA
transfections.

Using this shRNA, tau construct transfected celtsenassessed for fibril formation as in
previous experiments (Figure 2.4). As previousliedpTht°Asp tau transfected cells showed a
significant increase in fibril formation when coedted to WT-tau transfected cells (52+2% vs.
26+2%, Thi" vs. WT-tau respectively). Cotransfection with p&upector had no effect on
fibril formation (54+4% vs. 25+2%, Th?° vs. WT-tau respectively). In contrast, cells

cotransfected with GSKBspecific ShRNA showed a complete inhibition ofififormation



(2420% vs. 27+1, THf°vs. WT-tau respectively) (p<0.001 after signifitA?NOVA with

p<0.001 and F=50.339).
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Figure 2.4: shRNA knockdown of GSK 3p abolishes pathological fibril formation. A)
Representative western blots for G3Kd GSK8 at 24 and 96 hours post-transfection. B)
Densitometric quantification of GSK3and GSK8 expression relative to untransfetced control
cells. Values were expressed as the ratio of GStbulin before comparison. C) Fibril
formation in shRNA expressing cells was abolisteddtive to empty vector (pSuper) and cells
only transfected with tau protein. WT= wild typeita hr"*Asp= phosphomimic * denotes
p<0.001 compared to all other groups by post hsicatter significant one way ANOVA. All
values are representative of three independentiexgets.
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2.4.5. Thr'”®Asp tau induced cell death is prevented by GSK 3p inhibition:

After 72 hours, THr°Asp transfected cells showed increased deathvel&iGFP, WT tau, or
Thr'"Ala tau transfected cells, consistent with previsuslies (Figure 2.5, Supplemental table
2.2) (Gohar et al., 2009). This was also increaskdive to all GSKB inhibitor treatment
groups (p<0.05 Tukey's post-hoc test after one MIDVA). The same observations were
made using the Trypan blue experiments acrosalabitors (Supplemental figure 2.2). These
data suggest that fibril formation is accompaniga &l death, and inhibiting fibril formation

prevents cell death.
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Figure 2.5: Thr'™Asp induced tau cell death is alleviated by GSK 3p inhibition. A) 5 mM

LiCl. B) 104 nM AR-A014418. C) 60 nM Tideglusib. BP nM TWS-119. GFP= GFP
transfected group, WT= wild type tau, TiAla= unphosphorylated mutant, FfiAsp=
phosphomimic. TWS= TWS119 treated group, Tide= dlig&b treated group, LiCl= LiCl

treated group, ARA= AR-A014418 treated group. *ates p<0.05 compared to all other groups
by post hoc test after one way ANOVA. Values apresentative of three independent
experiments.
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Supplemental figure 2.2: Thr'"°Asp induced tau cell death is prevented by GBK8ibition as
determined by trypan blue assay. A) 5 mM LiCl. BA1hM AR-A014418. C) 60 nM Tideglusib.
D) 30 nM TWS-119. GFP= GFP transfected group, WTld type tau, Tht"”Ala=
unphosphorylated mutant, FAtAsp= phosphomimic. TWS= TWS119 treated group, Tide=
Tideglusib treated group, LiCl= LiCl treated grodfR A= AR-A014418 treated group. *
denotes p<0.05 compared to all other groups bypmstest after one way ANOVA. Values are
representative of three independent experiments.
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Supplemental Table2.2: pThr*”>induced cell death is prevented by GBK@hibition.

Untreated= no GSKBinhibitor used, Treated= GSK3nhibitor administered. GFP= GFP
transfected group, WT= wild type tau, TiAla= unphosphorylated mutant, FfiAsp=
phosphomimic. TWS= TWS119 treated group, Tide= gligib treated group, LiCl= LiCl
treated group, ARA= AR-A014418 treated group. Valtepresent meantSEM % cell death. *
indicates p=0.002, ** indicates p<0.001 comparedltother groups in each treatment row after
significant ANOVA.

Treatment GFP WT Thr™Ala Thri™Asp
Untreated | Treated | Untreated | Treated | Untreated | Treated | Untreated | Treated

SmMLICI | 10+2 | 10£#1 | 1040 | 9+l 9+0 8x1| 20271 8%l

104 nMAR- | 443 8+0 10+1 6+1 7+2 5+1 2244 7+1
A014418
60 nM 9+1 9+1 10+0 9+0 8+1 8+1 15+2*  10+1
Tideglusib
30nMTWS-| 10+1 10+1 8+1 8+1 710 842 18+3* 8+2

119




88

1 mediated fibril formation:

2.4.6. Thr?*! phosphorylation is necessary for Thr
To test if Thf*!is a downstream mediator of FfAsp induced pathological fibril formation, we
constructed GFP-tagged double mutant tau proteim either a TH*'Ala or Th3'Asp

mutation, with or without THf°Asp. A total of 6 constructs were tested. All consts formed
fibrils to a baseline extent as previously observeather constructs (Supplemental table 2.3,
Figure 2.6). However, those containing the*fa mutation did not form increased fibrils,
regardless of THF® phosphorylation state, while all FitAsp mutants formed increased fibrils
relative to baseline regardless of TAphosphorylation status (increased relative torstiadth

p<0.001 tukey’s post-hoc test after one way ANOMAh p<0.001, and F=60.087). This

suggests that phosphorylation at*his key to pathological fibril formation.
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Figure 2.6: Thr®! phosphorylation isrequired for pathological fibril formation in Thr'’™

mutant tau. WT= wild type tau; Thi"°Ala= unphosphorylated mutant; FhtAsp=
phosphomimic; THf> /Th**'Ala= phosphorylation inhibited only at THf, Thr*”> /Th**'Asp=
phosphomimic only at TAT; Thr'"Ala /Th**'Ala= phosphorylation prevented at THrand
Thr% Thr”®Ala /Th*'Asp= phosphorylation prevented at TRibut phosphomimic at ThY;
Thrt"*Asp /Th#*'Ala= phosphomimic at TAF® but phosphorylation prevented at Ty
Thr*"Asp /Th#**Asp= phosphomimic at both THF and Thf*%. * denotes p<0.001 post hoc
after one way ANOVA. Values are representativehoée independent experiments.
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Supplemental Table 2.3: Tau fibril formation in Th#** mutant containing constructs. WT
Thr'"™= wild type tau at TH™ Thr'”°Ala= unphosphorylated mutant at Thr Thr'”*Asp=
phosphomimic at THF°>. WT Th®'= wild type tau at TH:; Thr**'Ala= unphosphorylated
mutant at TH*; Thr*'Asp= phosphomimic at Tft.Values represent mean+SEM % of GFP-
tau expressing cells exhibiting fibrils. * denopes).05 tukey's post-hoc test after one way
ANOVA (p<0.001, F=60.087).

Group WT Thr# Thr®'Ala Thr®Asp
WT Thr" 28+1 28+1 5242 *
Thrt™Ala 2442 28+1 59+2 *
Thr'™Asp 53+3 * 29+0 53+2 *
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2.4.7. Thr'”Asp mediated phosphorylation of Thr?**is not dependent on primed
phosphorylation at Ser®*;

To test if Ser*® phosphorylation is necessary to prime phosphadoylaif Th”*! in response to
Thr*"Asp, site directed mutagenesis was used to cre@et&gged tau protein with $&Ala
and SeT°Asp mutations. A total of 6 mutants were made, daling a combination of ThY
mutations as discussed previously.?Eata mutations did not prevent fibril formation in
Thr”*Asp mutant transfected cells (increased relativaltothers with p<0.001 Tukey’s post-
hoc test after one way ANOVA with p<0.001, and F587), indicating that the mechanism of
primed Thf*! phosphorylation is not necessary for the downstrpathology after THf°
phosphorylation (Figure 2.7, Supplemental tablé. 54f*°Asp mutations did not increase fibril
formation in the absence of ThAt phosphomimic, indicating that its presence ispesmissive

to fibril formation either.
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Figure 2.7: Ser?® phosphorylation isnot required for Thr'”® mediated fibril formation. .

WT= wild type tau; Tht"°Ala= unphosphorylated mutant; FiAsp= phosphomimic; THAf
ISef**Ala= phosphorylation inhibited only at $& Thr'"® Sef*Asp= phosphomimic only at
Sef> Thr'”*Ala /Sef*Ala= phosphorylation prevented at Thrand Ser®> Thr'”*Ala
ISef**Asp= phosphorylation prevented at ¥Ribut phosphomimic at S&r; Thr'”>Asp
ISef**Ala= phosphomimic at TAF but phosphorylation prevented at 8&rThr'°Asp
ISef**Asp= phosphomimic at both THr and Se?*. * denotes p<0.001 post hoc after one way
ANOVA. Values are representative of three indepahdgperiments.
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Supplemental Table 2.4: Tau fibril formation in S&> mutant containing constructs. WT
Thr'">= wild type tau at TH™ Thr'”°Ala= unphosphorylated mutant at Thr Thr'”*Asp=
phosphomimic at THF>. WT Sef**= wild type tau at S&t> Sef**Ala= unphosphorylated

mutant at Sé> Sef**Asp= phosphomimic at S&r.Values represent mean+SEM % of GFP-tau
expressing cells exhibiting fibrils. * denotes p3@L tukey’s post-hoc test after one way
ANOVA (p<0.001, F=70.537).

Group WT Ser®® Ser®Ala Ser®Asp
WT Thr" 26+1 31+1 27+1
Thri™Ala 2842 30+1 28+2
Thr™Asp 5442 * 5341 * 5442 *
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2.4.8. Tau fibrils persist after nocodazole exposure

After 1 hour exposure to nocodazole, live cell cmal imaging showed that GFP-tau protein
fibril structures were still present in cells tréetded with both wild type GFP-tau protein and
Thr'"°Asp tau protein (Supplemental figure 2.3). Thigeffwas observed in co-transfected cells
even wherg-tubulin structures were lost and there was a tdao-localization with tau protein

fibrils (Supplemental figure 2.4).
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GFP-WT tau 500 nM Nocodazole

GFP-Thr'”Asp tau 500 nM Nocodazole

Supplemental figure 2.3: Thr'”*Asp induced tau fibrils persist after 1 hour nocme

treatment. Cells were treated with 500 nM nocodafad 1 hour prior to live cell confocal
imaging. WT= wild type tau, TAFAsp= phosphomimic. Images shown are live cellssfiected
with tau constructs. This experiment was performeck as a proof of concept. Images taken at
63x magnification.
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GFP-Thr'"Asp pmCherry p-Tubulin Overlay

Supplemental figure 2.4: B-tubulin co-localization with tau protein is lostmocodazole treated
cells. Untreated= double-transfected cells withmatodazole. 500 nM nocodazole= cells treated
with 500 nM nocodazole for 1 hr. GFP-TRAsp= Tau protein phosphomimic. pmChepry
tubulin=p-tubulin. Overlay= both tau and tubulin channetsages shown are live cells
transfected with both tau afieubulin constructs. This experiment was perforraede as a

proof of concept. Images taken at 63x magnification

Untreated

500 nM Nocodazole
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2.4.9. Tau fibrilsare not composed of g-tubulin

Co-localization of3-tubulin and tau protein was observed in cellulacpsses extending from
cell bodies. This was in stark contrast to theilBbwithin the soma of the cell, which were
visibly composed of tau protein, but lacketubulin in their composition (Figure 2.8). This
effect was especially clear when nocodazole treatdid showed the persistence of tau fibrils,

but not the extending processes consisting of padteins (Supplemental figure 2.4).



98

GFP-Thr' "Asp pmCherry B-Tubulin ~ Overlay

Figure 2.8: p-tubulin does not co-localize with tau protein in fibrils. Representative confocal
micrograph depicting tau protein fibril in cell bo(arrowhead) lacking tubulin co-localization.
Co-localization occurs in the processes extendiridrom the cell (arrow). GFP-THrAsp=

Tau protein phosphomimic. pmChefistubulin=-tubulin. Overlay= both tau protein and
tubulin channels. Images shown are live cells fesnted with both tau protein arfiétubulin
constructs. This experiment was performed oncepmsat of concept. Images taken at 63x
magnification.
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2.5. Discussion:

We have demonstrated that phosphorylation ot Fimduces pathological fibril formation by
inducing GSK3 activation, which in turn leads to unprimed Fhphosphorylation. The latter
step is both necessary and sufficient for the foionaof pathological fibrils. Inhibition of this
event using any of a panel of GSKiBhibitors resulted in reduced fibril formatiomdareduced
cell death. To address the inability of these iitbis to differentiate between GSKand
GSK33, we used shRNA studies to confirm that G8KkBockdown was able to prevent fibril
formation.

The role of Th#*!in mediating a conformational change in tau proteis been
previously described (Lin et al., 2007) and showhave functional implications on tau
protein’s microtubule binding ability. Of note is iproximity to a bend in what has been
proposed as tau protein’s soluble global hairpiacstire (Jeganathan et al., 2006). In this
structure, the N-terminus of tau protein folds oer C-terminus, effectively sheltering it from
further modification and interaction with other f@ms. It is possible that phosphorylation at this
site opens up the hairpin, exposing normally shedtesections of tau protein, conferring the
ability to self-interact, effectively seeding ingble aggregates with itself beginning with
dimerization through cross linking ffpleated sheets located within the microtubule ibigid
domains which are normally sheltered by the C-Idrtdrmini (von Bergen M. et al., 2000).

Because GSKBactivity is enhanced by tau protein priming whaneamino acid at the
n+4 site has already been phosphorylated and be&efs°is commonly found to be
phosphorylated in conjunction with FAt(Cho and Johnson, 2004b), it was expected thatSer
phosphorylation would enhance the observed patlgoldgwever, we observed no impact of

Ser*® phosphorylation on the extent of tau protein fifmimation, suggesting that GSE3cts
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on Th*tin the absence of priming in response to pfhiThis is not completely unexpected as
GSK33 is known to phosphorylate tau protein through tmpd mechanisms as well (Cho and
Johnson, 2003) and activated G$KS known to be capable of phosphorylating subsstrat
through both primed as well as unprimed mechan{®woble and Woodgett, 2003). That GSK3
does not depend on any other kinases to phospheftet>" is consistent with the finding that
other kinases known to phosphorylate tau proteinateshow increased activity in the ALSci
brain (Yang et al., 2008).

The increased GSK3activation induced tau protein pathology is camesiswith
previous reports of GSKBoverexpression-induced neurodegeneration in teamsgnice (Lucas
et al., 2001). Of specific importance to this stu@pK3 activity is also associated with
phosphorylation at TR (Cho and Johnson, 2004b; Sato et al., 2002; SdiGamblin, 2009)
in cell culture models. It has also been suggesiaidearly, but not late administration of G§K3
inhibitors such as LiCl may be able to prevent paiby (Hernandez et al., 2013), as done in this
study. Further investigations using this model loarused to assess the efficacy to abolish fibrils
after they have formed.

GSK33 has been heavily implicated as a kinase resp@nfibkau protein
phosphorylation, and its expression profile in¢katral nervous system through development
has been shown to closely follow that of tau profhosphorylation status (Takahashi et al.,
1994). Although closely related, GSKand GSK8 have differences in substrate specificity
(Wang et al., 1994). Although there is evidencetdorprotein phosphorylation by GSK3
(Maurin et al., 2013), we have established thatuinmodel there is no role for GSK# the
pathological phosphorylation of tau protein doweatn of Tht’ phosphorylation. This is in

keeping with previous reports of the modulatiofG&K3x and GSKB activity. While GSK$
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can be highly upregulated, with increases in exgoasand activity, GSKais relatively
consistently expressed across the lifespan (Takakaal., 1994) and therefore may not be tied
as closely to the disease state. In fact, @B been shown to follow a level of expression
proportional to the level of tau protein phosphatigin in normal development, as well as
increased expression in the diseased state whed#in phosphorylation is increased (Pei et
al., 1997; Yang et al., 2008).

In this study, only the 2N4R isoform of tau proteias assessed. Of note, it has been
shown that differential phosphorylation patterngehean have different, or even opposite effects
on different tau protein isoforms with regards ¢ggregation propensity. This phenomenon has
been suggested to explain differential isoform egpion in insoluble aggregates in different
tauopathies (Combs et al., 2011). One examplei®fifferential isoform expression is that the
triplet isoform motif (1IN4R, IN3R, and ON3R) in tivestern blot of the sarkosyl insoluble
fraction in brain tissue from Alzheimer’s diseaBei€¢e et al., 2000; Strong et al., 2006). This is
in stark contrast with the inclusion of all 6 tawfein isoforms in the insoluble fraction from
ALSci brains (Strong et al., 2006). The expressiball 6 isoforms in ALSci insoluble tau
protein is consistent with the observation that'f¥#sp tau protein induced aggregation in cells
transfected with all 6 tau protein isoforms equéphar et al., 2009). Therefore, the analysis of
only the longest tau protein isoform in this stunlgy be justified, and these results extended to
the other 5 isoforms found in the human brain,alth further studies would have to confirm
this.

The finding that TH** phosphorylation is necessary and sufficient feritiduction of
fibril formation after Tht” phosphorylation does not rule out the possibiligt other sites are

also being phosphorylated downstream, or thattiaig be part of a series of sites that may all be
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critically phosphorylated and work synergisticdlby this process to occur, as suggested by
others (Alonso et al., 2010; Sengupta et al., 1998; and Gamblin, 2009). However, it does
imply that without this site, the others are nqgtadale of inducing fibril formation in this model.
In order to further characterize the fibrils obsshin these studie;tubulin co-
localization studies and nocodazole studies wenelected to determine if these observations
were a result of tubulin bundling, a commonly désemt artifact of tau protein overexpression
(Liu et al., 2012). The persistence of fibrils Iretpresence of nocodazole (a tubulin polymer
destabilizing agent), paired with the lack of codlzation of tubulin with tau protein in these
structures suggests that this is an independemiopmenon from tubulin bundling, and that it is

in fact a result of pathological tau protein mozhfion in these experiments.

2.6. Conclusions:
These findings represent the first time a casci&eeskquence of phosphorylation events
underpinning the induction of pathological tau protaggregates in ALSci has been described.

The focus of these studies was on the downstrefaotebf Tht'°

phosphorylation. How this

site is phosphorylated will be the subject of fetunvestigations, and sequence analysis searches
using the kinase phosphorylation prediction togld&§ePhos has suggested that likely candidates
are MAPK and cdc2. Our studies also suggest a pakéimerapeutic avenue through the

inhibition of GSK3 activation. Further studies usiimgvivo models of Tht">Asp expression are

currently in progress.
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3.1 Abstract:

Microtubule associated protein tau (tau proteirgadition is associated with a spectrum of
neurodegenerative diseases collectively termedptha@s. We have previously shown that
amyotrophic lateral sclerosis (ALS) with cognitivepairment (ALSci) is associated with tau
protein phosphorylation at THF and that this leads to activation of GRBhich then induces
phosphorylation of tau protein at TAt This latter step leads to dissociation of taugirofrom
microtubules and pathological tau protein fibritrf@ation. To determine the extent to which this
pathway is unique to ALS, we have investigatedetkgression of pThf° tau protein and

pTh*® tau protein across a range of frontotemporal deggions. Representative sections from
the superior frontal cortex, anterior cingulateter{ACC), amygdala, hippocampal formation,
basal ganglia, and substantia nigra were seleobed fieuropathologically confirmed cases of
Alzheimer’s disease (AD; n=3), vascular demente2{nfrontotemporal lobar degeneration
(FTLD; n=4), ALS (n=5), ALSci (n=6), Parkinson’ss#iase (PD; n=5), corticobasal
degeneration (CBD; n=2), diffuse Lewy body deme(iaBD; n=2), mixed DLBD (n=3),
multisystem atrophy (MSA; n=6) and Pick’s diseasel( and three neuropathologically-normal
control groups aged 50-60 (n=6), 60-70 (n=6) an@JF(@n=8). Sections were examined using a
panel of phospho-tau protein antibodies (p8&t° pTh'’, pThit™ pThF3:, pSef®? and T22
(oligomeric tau)). Across diseases, phospho-tad Weas most prominent in layers 1l/11l of the
entorhinal cortex, amygdala and hippocampus. Ehis contrast to the preferential deposition of
phospho-tau protein in the ACC and frontal corteALSci. Controls showed pTHF tau

protein expression only in thd Blecade of life and only in the presence of tatgimgathology

and tau protein oligomers. With the exception offDL, we observed pThf co-localizing with
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pThr*tin the same cell populations as T22 positivityisluggests that this pathway may be a

common mechanism of toxicity across the tauopathies
3.2 Introduction:

Microtubule associated protein tau (tau proteirg cytoskeletal stabilizing protein involved in
microtubule maintenance, fast axonal transport,ahdr physiological functions in neurons.
Tau protein deposition is a characteristic of maeyrodegenerative diseases that are
collectively referred to as tauopathies. It hasb&®wn that pathological species of tau protein
are abnormally phosphorylated at multiple resid@sedert et al., 1994) and that this is linked
to a decrease in tau protein’s ability to bind nad atabilize microtubules (Bramblett et al., 1993;
Lin et al., 2007) with accompanying cytotoxicitygiBlyopadhyay et al., 2007). While the
isoform composition of insoluble tau protein dep®sind the structural formation of the protein
aggregates differs, there are several phospharylattes that are thought to be universally

important in induction of a tauopathy.

One potentially important phosphorylation site thas gone relatively unstudied is
threoniné’ (Thr*™). First identified in Alzheimer’s disease as a gftmepitope (Hanger et al.,
1998), it was then determined that this site cdaéigphosphorylated by multiple kinases linked to
tau protein pathology including GSR3INK, ERK2, and p38 (Reynolds et al., 2000). §thr
tau protein was then identified in amyotrophic fateclerosis with cognitive impairment
(ALSci) (Strong et al., 2009) and characterizetumher detail in the context of this disease
(Behrouzi et al., 2016; Strong et al., 2006; Yahgle 2003; Yang et al., 2008; Yang and Strong,
2012). Importantly, pTHf® tau protein has been shown to induce tau proteiih formation and

cell deathn vitro (Gohar et al., 2009). Unlike other widely acceptathological
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phosphorylation sites on tau protein, such as Fthnd pSef? pThrt” has not been observed

in the fetal brain where tau protein is hyperphasplated (Brion et al., 1993; Kenessey and
Yen, 1993; Watanabe et al., 1993), suggestingtiiasite may be uniquely associated with
pathological processes. pfhrtau protein has been shown to induce GB&&ivation in cell
culture, and may therefore act as a destabilizuggeresulting in enhanced phosphorylation of
tau protein at other residues, resulting in dissomn from microtubules and neuronal toxicity
(Moszczynski et al., 2015). In order to understtreextent to which this pathway of pThr
mediated tau protein aggregate formation undealiesoad range of tauopathies, we have used a
panel of phospho-specific antibodies to charaaarn protein pathology with specific interest

in the expression of pTHr tau protein across a broad range of tauopathies.

3.3 Methods:

Diseases studied included Alzheimer’s (AD; 3 casemcular dementia (VD; 2 cases), ALS (6
cases), ALSci (6 cases), dementia with Lewy Bo@H<BD; 2 cases), DLBD with mixed
pathology (mDLBD; 3 cases including 2 with DLBD/\Vdhd 1 with DLBD/AD)),
frontotemporal lobar dementia (FTLD-TDP; 3 caseduding one with a pathological C9orf72
hexanucleotide expansion with Type B pathologyingle case with Type A pathology and a
single case with Type B pathology, FTLD-Tau; 1 cagé familial history and no known
mutations) (Mackenzie et al., 2011), multiple sgs@rophy (MSA; 6 cases), Parkinson’s
disease (PD; 5 cases), Pick’s disease (1 caseyaaticbbasal degeneration (CBD; 2 cases)
(Table 3.1). The institutional research ethics Hagproved the protocol and consent was given
for use of all tissue used in this study. All nquathological diagnosis were performed by a
neuropathologist (RH, LCA). For all comparisons,gveuped the staining according to ALS

(n=5), ALSci (n=6), or other tauopathy (n=22).
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To assess the extent of pThitau protein, pTHF* tau protein and tau protein oligomer
pathological inclusions as a function of ageinge¢hgroups of controls were studied,
encompassing thé"gn=6), 7" (n=6), and & (n=8) decades of life (Table 3.1). Hippocampal
sections from each group were stained for pPhau protein, pTHF* tau protein and oligomeric
tau protein (T22). These cases have been previchshacterized in a study examining age-
dependant tau protein deposition in the frontal emrhinal cortices and were shown to be free

of neurodegenerative disease (Yang et al., 2005).



Table 3.1: Case demographics

Neuropathological | Age n
diagnosis (n Male)
AD 7218 | 3(2)
VD 78+11| 2 (1)
ALS 56+16| 5 (4)
ALSci 64+11| 6 (5)
DLBD 681 | 2 (2)
mDLDB 8316 | 3 (3)
FTLD 6419 | 4 (1)
MSA 69+12| 6 (3)
PD 77+2 | 5(4)
Pick’'s 70£2 | 2(2)
CBD 711 | 2 (1)
Control 1 55£2 | 4 (3)
Control 2 6412 | 4 (3)
Control 3 75£3 | 4 (2)
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AD: Alzheimer’s disease, VD: Vascular dementia, AB&yotrophic lateral sclerosis, ALSci:
ALS with cognitive impairment, DLBD: diffuse Lewyokdy dementia, mDLBD: Lewy body
dementia with mixed pathology, FTLD: frontotempddar dementia, MSA: multiple system

atrophy, PD: Parkinson’s disease, Pick’s: Pick&edse, CBD: corticobasal degeneration.

Control 1: 8" decade control group, Control 2° @ecade control group, Control 3° 8ecade

control group.
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Five tosix micrometer paraffin-embedded sections fromstingerior frontal gyrus,
anterior cingulate (ACC), hippocampus, entorhiratex, dentate gyrus, amygdala, basal

ganglia and substantia nigra were used for all imohistochemical analyses.

Cases were stained by haematoxylin and eosin (H&#)Gallyas silver stain for routine
histological analysis and overall pathology chaazation. Immunohistochemistry was
conducted using a series of antibodies (Table@&jiously characterized in ALSci (Yang and
Strong, 2012), consisting of PHF tau protein (ATBermo Fischer IL, Canada), pthttau
protein, pSef®?°tau protein, pTH tau protein (antibodies generated and designadiise

(Yang and Strong, 2012), pTfit commercially available through $Tentury, MA, USA).
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Table 3.2;: Antibodies used

Antibody Clone Titer Antigen retrieval | Epitope Company

Tau pTht’™ Rabbit, 1:1000 1 pThr'™ 21 Century
polyclonal

Tau pThf* Rabbit, 1:1000 1 pTHT 21 Century
polyclonal

Tau pSer”® "' | Rabbit, 1:1000 1 pSér® ¥ | 215 Century
polyclonal

PHF (ATS8) Mouse, 2.5 ug/ml No pSér- Thermo
monoclonal Fischer

Tau pThf* Rabbit, 1:1000 2 pTHr Thermo
polyclonal Fischer

T22 Rabbit, 1:500 2 Tau EMD
polyclonal oligomer Millipore

Alexa Fluor Goat anti- | 1:200 2 Secondary| Life

488 rabbit Technologies

1) Boil in 10mM sodium citrate, 0.05% Tween 20 pia tr 2 min.

2) Pressure cooker (2100 Retriever; Aptum Biolagdiis) 10mM sodium citrate, 0.05% Tween
20 pH 6.0 for 15 min.
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Antigen retrieval was conducted as necessary (TaBle Endogenous peroxidase was
guenched with 3% hydrogen peroxide (BDH ChemidA®R, On, Canada). Primary antibody
incubation was performed at 4°C overnight in blagkbuffer (5% BSA, 0.3% Triton-X 100 in 1
X PBS). After washing, secondary antibody (1:208tihiylated IgG) incubation was performed
for 1 hour at room temperature in blocking buffentigen:antibody complex was visualized
with either horseradish peroxidase or alkaline phasase according to the manufacturer’s
instructions (Vectastain ABC kit, Vector LaboragsiCA, USA), followed by substrate
development with either DAB plus Nigbr AP substrate kit Il (Vector Laboratories).
Counterstaining was performed using haematoxylinuatear fast red. The extent of pathology
was described topographically and semi-quantitbtias previously reported (Yang and Strong,
2012). Representative images were captured witixdehs under light microscopy (Olympus
BX45) and subsequently used for semi-quantitathedyesis. The semi-quantitative scale was
manually applied for each type of pathology by aal@ator blinded to the underlying diagnosis
(WY) (neuronal, neuritic, or glial) separately afidws: ‘-’ = none; ‘t’ = less than 5 inclusions;
‘+’ = less than 10 inclusions; ‘“++' = more than @@lusions with scattered distribution; ‘“+++’ =
more than 20 inclusions but with locally denserstion; ‘++++ = more than 20 inclusions
with a diffuse distribution. Additionally, the capesitive ratio was defined for each antibody
used and brain region investigated as the numbegisds showing any pathology (£ or more)

compared to the total number of cases stained.

231

3.3.1 Oligomeric tau and pThr=" staining:

Rabbit anti T22 (EMD Millipore CA, USA) and rablginti tau pTh?*! (Thermo Fischer) were
used to probe tau protein inclusions for the presef oligomeric tau protein (T22) and for

phosphorylation at TAt. Tau protein oligomeric species are currently higpsized to be more
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toxic to neurons than the fibrillar inclusions thestves (Ward et al., 2012), and pThis
thought to be a key site in the regulation of teatqin folding and ability to interact with
microtubules (Lin et al., 2007; Schwalbe et al120 Double labeling was performed on
hippocampus from one case each from AD, ALSci, FVISBA, DLDB, and mDLDB. Tau
protein was probed for pTHP using rabbit primary antibody (1:1000) overnigh#3C and
Alexa Fluor goat anti-rabbit 488nm secondary (1;20@8ermo Fischer) for 1 hour at room
temperature. Rabbit anti tau pTHrantibody was then labeled using a Zenon primatipady
labeling kit with Alexa Fluor 555nm dye (Thermo I#@s) and probed for 1 hour at room
temperature. Slides were stored overnight at 4@visualized within 24 hours of labeling by

confocal imaging on a Zeiss LSM 510 Meta NLO mditpon confocal microscope.
3.4 Results:

3.4.1 Tau antibody staining:

3.4.1.1 Neuronal tau:

ALS Consistent with our earlier reports, we observedpt@tein pathology in multiple brain
regions in ALS, although to a lesser degree thdreeALSci or the remaining tauopathies.
Neuronal tau protein inclusions were most consibtamserved in the entorhinal cortex,
hippocampus, and amygdala. All antibodies were imoneiactive with neuronal tau protein
inclusions in multiple brain regions (Table 3.3)oftal and anterior cingulate pathology was
limited in both load and case-positive incidenceall regions studied, inclusions took the form
of punctate cytosolic inclusions or tangles (FigBrE). Deposition was mainly restricted to the
superficial cortical layers in the entorhinal cartrut restricted to deeper layers in the ACC and

superior frontal cortex when present.
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Table 3.3: ALS pathology
Stain Frontal | Cingulate | Hippocampus | Dentate | Entorhinal | Amygdala | BG SN
Neuronal
pThr™ | £ (1/5) | + (1/4) + (1/5) +(1/5) | +(2/4) ++(1/2) | (0/5) | -
(0/5)
PHF +(1/5) | £(1/4) + (3/5) +(2/5) | #++(5/5) +H#/1) | +
(1/4) | (3/4)
pSef®®? | - (0/5) | ++ (1/14) | +(1/5) -(0/4) | £(1/2) ++ (1/2) | - -
(0/5) | (0/5)
pThPt” | +(1/5) | + (1/4) + (1/5) -(0/4) | +++3/4)] ++ (W2 |+ +
(1/4) | (2/5)
Glial
pThit™ | ++ (1/5)] - (0/5) - (0/4) -(0/5) | -(0/2) +(1/2) + |-
(1/5) | (0/5)
PHF +(1/5) | +(1/4) +(1/5) -(0/5) |+ (1/5) ++ (W1 | - -
(0/4) | (0/4)
pSef®Z | . (0/5) | - (0/4) - (0/5) -(0/4) | +(1/2) ++ (12) | ++ |-
(2/5) | (0/5)
pThr'" | +++ +++ (1/4) | + (1/5) -(0/4) | +++ (U4) | ++(1/2) | ++ |-
(1/5) (2/4) | (0/5)
Neuritic
pThi™ | -(0/5) | - (0/5) + (1/4) -(0/4) | *(2/5) ++@12) | - |+*
(0/5) | (1/5)
PHF +(2/5) | +(1/4) +(3/5) -(0/5) | +-++(5/5) +i/1) |+ +
(1/4) | (3/4)
pSef®ZC| . (0/5) | +(1/4) - (0/5) -(0/4) | +(1/2) - (0/2) + |+
(1/5) | (2/5)
pThr'” | £ (1/5) | - (0/4) + (1/5) -(0/4) | #++ (3/4)] = (U2) | +-++ | +-++
(2/4) | (3/5)
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Figure 3.1: Representative pTHF tau pathology in each neurodegenerative disedsaDA
Frontal cortex, B) ALS amygdala, C) ALSci amygddd,ALSci hippocampus neuritic plaque,
E) CBD entorhinal cortex, F) DLBD amygdala, G) mOEntorhinal cortex, H) FTLD
putamen, I) MSA amygdala, J) PD amygdala, K) Piekitorhinal cortex, L) VD anterior
cingulate cortex. Nuclear fast red or hematoxybnrterstain used. Original images taken at

100x. Scale bar= 2pm.
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ALSci: Tau protein pathology (Figure 3.1, supplementalries 3.1, 3.2, 3.3) in the form of
tangles, skein-like inclusions, and punctate stgnvas observed to a greater extent in ALSci
than ALS, especially in the ACC and superior frbotatex. The load of pathology was
increased in amount and distribution and the caséipe ratio was higher than ALS in all brain
regions studied (Table 3.4). As observed in ALShplagical tau protein neuronal inclusions
were observed predominantly in the superficial taye the entorhinal cortex and within deeper
cortical layers in the ACC and superior frontaltegr However superficial layer involvement
was noted in both the ACC and superior frontaleom ALSci, indicating a greater distribution
across cortical layers in ACC and frontal cortextter differentiating ALSci from ALS. Of
note, Tht"°tau and PHF tau identified pathology to differertents in different brain regions.
Notably, pTht”>tau and pTH*' tau identified a higher case positive ratio thatFfn the

superior frontal cortex.
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Supplemental Figure 3.1: Representative PHF tau pathology in each neurodeggve disease.
A) AD hippocampus, B) ALS amygdala, C) ALSci supeifrontal cortex, D) ALSci superior
frontal cortex astrocytic tau E) CBD entorhinaltesy F) DLBD amygdala, G) mDLBD
entorhinal cortex, H) FTLD entorhinal cortex, I) M&mygdala, J) PD entorhinal cortex, K)
Pick’'s amygdala, L) VD anterior cingulate cortexudiear fast red or hematoxylin counterstain
used. Original images taken at 100x. Scale bargn20
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Supplemental Figure 3.2: Representative pS&f-“%au pathology in each neurodegenerative
disease. A) AD substantia nigra, B) ALS amygdaleACSci entorhinal cortax, D) ALSci ACC
neuritic plaque, E) CBD entorhinal cortex, F) DLBBtorhinal cortex, G) mDLBD amygdala,
H) FTLD superior frontal cortex, I) MSA amygdalg,RID entorhinal cortex, K) Pick’s
entorhinal cortex, L) VD superior frontal cortexudear fast red or hematoxylin counterstain
used. Original images taken at 100x. Scale bargn20
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Supplemental Figure 3.3: Representative pTHY tau pathology in each neurodegenerative
disease. A) AD anterior cingulate cortex, B) ALSaghinal cortex, C) ALSci hippocampus, D)
ALSci superior frontal cortex astrocytic plague,EBD entorhinal cortex, F) DLBD
hippocampus, G) mDLBD amygdala, H) FTLD amygdaladSA amygdala, J) PD entorhinal
cortex, K) Pick’s entorhinal cortex, L) VD entorlircortex. Nuclear fast red or hematoxylin
counterstain used. Original images taken at 100aleSar= 2Qm.



Table 3.4: ALSci pathology
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Stain Frontal | Cingulate | Hippocampus | Dentate | Entorhinal | Amygdala | BG SN
Neuronal
pThr’™ + + + + + + - -
(4/5) (2/5) (5/5) (1/5) (414) @1 | (ors) | ©0n3)
PHF + + -+ *-+ -+t -++ (2/2) - +
(2/14) (3/3) (4/4) (2/14) (4/4) (0/5) | (2/2)
pSef®*H + + -+ + +-++ + - -
(2/5) (3/5) (4/5) (1/5) (3/4) W) | ©o5) | (03)
pThrF" + +-+ +-++ +-++ +-++ + - +-+
5 | (3/5) (5/5) (3/5) (5/5) 1) | (om) | (212)
Glial
pThr"™ -+ +++ - - + - ++ | -
(2/5) (2/5) (0/5) (0/5) (1/4) ©/) | @5) ] (03)
PHF +-++ +-++ - - - + + -
(4/4) (2/3) (0/4) (0/4) (0/4) @2) | (35) | 0/2)
pSef% ++ ++ - - + +-+ +
(4/5) (2/5) (0/5) (0/5) (1/4) _(011) | (4/5) | (13)
pThrt! ++-+++ +++ ++ - + - +44+ | -
(5/5) (2/5) (2/5) (0/5) (1/5) ©/1) | (5/5) | (0/2)
Neuritic
pThr"™ +-+ +-+ ++ +++ -+ - + +
(3/5) (2/5) (3/5) (4/5) (4/4) /) | @&65) | (U3)
PHF +-+ +-+ +-+ + -+ +++ (2[2) | % +
(2/4) (313) (3/4) (3/4) (414) @/5) | (2/2)
pSef®& | -+ + + + -+ + + +
@5 | (365) (4/5) (2/5) (4/5) W1 | @Wws)| @wa)
pThrt! +-++ +-++ +-+ ++ -+ + + | t++
(5/5) (2/5) (4/5) (2/5) (5/5) Wy | @m) | (R
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Tauopathies: Within the tauopathies and consistent with therditure, we observed tau protein
neuronal pathology across multiple regions (Tab#.8Thr'’° tau protein was present in all
disease states where tau protein pathology wasipeon In Alzheimer’s disease (AD), all tau
antibodies showed robust neuronal pathology asofieutlary tangles and punctate cytoplasmic
deposition in all brain regions studied. Acrosscalitical regions studied, neuronal pathology
was present across all cortical layers but was prashinent in deeper layers (IV-VI). Amongst
the tauopathies, the most prominent gfttau protein immunostaining was observed in AD.

This included more prominent expression of gfhiau protein than observed in ALSci.



Table 3.5: Tauopathies pathology
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Stain Frontal | Cingulate | Hippocampus | Dentate | Entorhinal | Amygdala | BG SN
Neur onal
pThr’™ +-++ +-++ +-+++ +-++ +-+++ +-+++ ++ +
(10/27) | (10/25) (20/26) ®/28) | (@1/28) | (19/23) | (10/29) | (3/23)
PHF bttt | ket TR bttt |ttt TR -+ -+
(13/27) | (16/24) (28/29) | (18/29) | (28/29) | (21/21) | (13/28) | (7/23)
pSefP2l |+ +++ ottt ottt . ottt £ttt o+ -+
(12/27) | (12/25) (25/29) | (10/28) | (23/28) | (23/28) | (9/28) | (5/23)
pThrt Fa—— e e -+ e e +-+ +
(15/27) | (14/24) (23/29) | (12/29) | (24/29) | (19/21) | (6/27) | (7/23)
Glial
pThr"™ e -+ ++ +(1/28) | *(2/28) | #-++(3/24) *-++ +
6/27) | (6/25) (4/29) (16/29) | (3/23)
PHF tbttt | kAt £+ - Fa—— Fa—— 4+ -
827) | (7124 (5/29) (0/29) |  (8/29) (12/21) | (11/28) | (0/23)
pSef®a | +++ e ++ ++ -+ Fa—— -+ -
2/28) | (3/25) (3/29) @28) | (327) (3/22) | (10/28) | (0/23)
pThrt! +-+++ +-+++ +-+++ - +4-+++ +-+++ +-+++ -
(7126) | (7124 (3/29) (0/29) | (2/29) 421) | (15/27) | (0/23)
Neuritic
pThr’™ +ot+ -+ e -+ e e +-+ -+
(10/27) | (9/25) (20/28) (6/28) | (21/28) | (16/24) | (12/28) | (10/23)
PHF fotttt | kbt 4+ £+ £+ £+ Fa—— +-
(14/27) | (15/24) (24/29) | (11/29) | (28/29) | (17/21) | (16/28) | ++++
13/23
pSefP2l | bttt | -ttt . +-+ ottt ottt . (i-++ :
(18/27) |  (9/25) (18/29) (6/28) | (22/28) | (18/23) | (11/28) | (11/23)
pThrt RN [ +-++ (21/29) | =+ e TR tttt | £t
(15/27) | (14/25) (11/29) | (24/29) | (18/23) | (11/27) | (11/23)
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As in AD, VD exhibited tau protein deposition asdgies and punctate cytoplasmic
inclusions in all brain regions studied. This felled the same trend as AD with pathology being
most prominent in deep cortical layers. In CBDJdxah neurons were observed and tau
pathology was prominent in all brain regions asgbate inclusions and neurofibrillary tangles.
Notably, PHF tau staining was more intense thargTtau in all regions, both in case positive
ratio and in semiquantitative pathological loadb&th DLBD and mDLBD, a similar degree of
tau pathology was observed in the form of cytoplagmnctate deposition and neurofibrillary
tangles. Pathology within the dentate gyrus, bgaaglia and substantia nigra was present to a
much greater extent in mDLBD than DLBD. In FTLDytaathology was observed as punctate
inclusions and tangles in all brain regions invgtied. In general, pTHP tau protein was less
prominent than PHF tau protein, except in the ibahd cingulate cortex where it was more
prominent on a case positive basis and the patluablgad observedn MSA, tau protein
pathology in the form of tangles and punctate isidns was present in all brain regions studied
although frontal and ACC pathology was sparse.drkifson’s disease, tau protein pathology
was observed in all brain regions except the sabataigra. Pathological tau protein expression
was equivalent across all antibodies. In Pick'eas®, all brain regions investigated exhibited
tau protein pathology in the form of tangles, patetinclusions and Pick bodies. Notably, PHF

tau protein pathology was greater than the othébadiies including pTHr* tau.
3.4.1.2 Neuritic tau

ALS. No neuritic plaques were observed in ALS. Neup@thology in the form of dystrophic
neurites was observed to a limited extent in alrbregions studied and with a pattern of
distribution mimicking that described above for remal pathology. Basal ganglia neuritic

pathology was observed to a larger extent in thiarpen than the globus pallidus by all tau
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protein antibodies but pTHP tau. Neuritic tau protein pathology within the stamtia nigra was

immunoreactive against all antibodies employedednalysis.

ALSci: Neuritic tau protein pathology was observed predamtly as dystrophic neurites
assuming a short curvilinear morphology. This wasscstently observed in both cortical and
subcortical tissues. Contrary to the superficiabl@zation of frontal and ACC neuronal
pathology, frontal neuritic pathology was observeinly in deep layers as short curved
neurites. Entorhinal neuritic pathology was obsémmainly in the superficial layers in proximity
to tau protein inclusion bearing neurons. Neuptaques were observed in the entorhinal cortex
by all antibodies with the exception of the pffAtau antibody. Neuritic plaques within the
amygdala were observed by PHF tau antibody labelimg Neuritic plaques and tau protein
positive neurites were observed in the hippocanamalswere immunoreactive to all antibodies.

Coiled bodies were observed throughout the basalliga

Tauopathies: Neuritic pathology was prominent across all theofathies and typically mirrored
the presence of tau protein immunoreactive neunpaiilology. Neuritic plaques were observed
in AD as small atypical plaques and typical plaguedeeper layers (IV/V) more frequently than
in superficial layers (1I/11l). No antibody ideni&d neuritic plaques in basal ganglia or substantia
nigra. Like neuronal tau ptotein, all cortical néarpathology was most prominent in deeper
layers (IV-VI). All antibodies recognized neurifi@thology, most commonly in deeper cortical
layers near tau protein positive neurons as simarcarved, or long, straight neurites. Neuritic
pathology was also observed to a lesser extenhiteuvinatter in frontal, ACC, and entorhinal

cortices.
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Similar to AD, neuritic pathology in VD was presesttau protein positive neurites and
neuritic plaques in all brain regions studied exdbp substantia nigra. Also similar to AD,
neuritic pathology followed a tendency to be mashgnent in regions of prominent neuronal
tau protein pathology and in particular in the deegortical layers. In CBD, neuritic plaques
were only observed in the ACC and substantia nagnd,then, only using the PHF tau antibody.
Neuritic pathology, as dystrophic neurites, wasene in all brain regions investigated and
mirrored the distribution of neuronal pathologyidtvas most evident in the entorhinal cortices
where dystrophic neurites were most evident in digu cortical layers. In contrast, dystophic

neurites were most prominent in deep subcortigabre of the superior frontal cortex and ACC.

In DLBD, no frontal, ACC, dentate gyrus or basahgje& neuritic pathology was
observed. All other regions studied were positierfeuritic tau protein pathology, but no
plaques were observed. Entorhinal neuritic patholegs most prominent in DLDB in layers
[I/11l. In mDLBD, neuritic plaques were observedal regions except for the substantia nigra.
All regions studied exhibited neuritic pathology.doth FTLD and MSA, neuritic plaque
pathology was not frequent and usually observeBHE tau only. pTHf® tau protein neuritic
pathology was not as prominent as that observedjusher tau protein antibodies. However,
neuritic tau protein pathology was observed irbedin regions studied as with neuronal
pathology. In PD, neuritic plagues were not obsgrbet tau protein positive neurites were
observed in a similar distribution to neuronal jpétlyy in all brain regions studied. In Pick’s

disease, neuritic pathology was identified mainiyAHF tau in all but the dentate gyrus.
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3.4.1.3 Glial tau

ALS Glial tau protein pathology was observed in adlibregions except the dentate gyrus, and
substantia nigra (Table 3.3). Where present, gh#thology presented as astrocytic tangles and
astrocytic plaques as previously described(YangStrnahg, 2012). The distribution was rare and
followed that of neuronal and neuritic tau protagndescribed above and was similar in case
positive ratio, although higher in semiquantitativad than neuronal and neuritic pathology in a

single case.

ALci: Glial pathology was present in ALSci (Figure Supplemental Figures 3.1-3.3) to a
similar degree as in ALS, but was more frequenérms of regional distribution, case positive
rate, and pathological load (Table 3.4). Frontal ACC glial pathology was increased in both

case positive incidence and pathological load.

Tauopathies: In the tauopathies, the extent of glial patholaggs highly dependant on the
underlying disease (Table 3.5). In AD, glial patgy was rare, and when present was usually
observed only in the amygdala and basal gangleglial pathology was observed in VD.
Consistent with the literature, CBD contained asttic plaques throughout the grey and white
matter across multiple brain regions. Additional@sytic staining and tau protein positive
microglia were observed. Glial pathology in CBD widentified to a far greater extent by PHF
than the pTHr tau antibody. In DLBD, minimal glial pathology wabserved in frontal cortex
and basal ganglia, and when present, only as pienasérocytic inclusions. In contrast to the
limited glial pathology observed in DLBD, mDLBD shed much more frequent glial pathology
across multiple brain regions, pathology that vess levident with the pTHP tau antibody. In

FTLD, glial pathology was observed in all brainicets except the dentate gyrus and substantia
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nigra. Notable in this disease, p¥hirtau identified glial pathology to a greater extéran PHF
tau by both case positive incidence and increasadl In MSA, glial pathology was largely
absent, being present only in the entorhinal codexygdala and basal ganglia by multiple
antibodies. Interestingly, the basal ganglia cor@diastrocytic inclusions in the putamen
identified by all antibodies whereas in the glopatlidus they were only identified by pTfi?

tau. In Parkinson’s disease, glial pathology wasent in all regions except the dentate gyrus
and substantia nigra. Notably, the PHF tau antibddgtified astrocytic plaques in the frontal
cortex while tufted astrocytes were observed inaiimggdala. In Pick’s disease, glial pathology
was observed in multiple brain regions using thé&RHtibody mainly, although in the

entorhinal cortex pTHF° tau was also positive for glial pathology.
3.4.2 pThr® tau and T22 staining:

We examined the presence of oligomeric tau prdteicognized by the T22 antibody) and
pathological tau protein phosphorylation at*husing sections from the hippocampus of a
single case each of AD, ALSci, FTD, MSA, DLBD, amiDLB. Cases were selected on the
basis of the pathology described earlier. In ead®e ctau protein neuronal inclusions were
recognized by both antibodies (Figure 3.2, FiguB3.2nly DLBD showed notably reduced T22
pathology which, when present, was in the dystropeurites (Figure 3.3). Glial pathology was

not observed with either antibody, regardless afjdosis.

AD neuronal pathology was observed as fibrillar padctate inclusions by pTHttau
antibody but only as fibrillar/ tangles with T22edtitic pathology in the form of short and long
torsional and dystrophic neurites was observedrfiTtau, but not T22, recognized plaques

consisting of dystrophic neurites.
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Similar to AD, ALSci neuronal pathology was obsehy pThf*' tau and T22 as
fibrillar and punctate staining. However additiosalitary cytoplasmic inclusions were observed
in neurons with the T22 antibody. Neuritic pathglagas observed using both the phtau

and T22 antibodies. Neuritic plaques were idertifig both the pTH* tau and T22 antibodies.
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Figure 3.2: Representative hippocampal pTHitau pathology. A) AD, B) ALSci, C) DLBD, D)
mDLBD, E) FTLD, F) MSA. Counterstained with hemagbr. Original images taken at 100x.
Scale bar=2@m.
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Figure 3.3: Representative hippocampal tau oligomer (T22)gatly. A) AD, B) ALSci, C)
DLBD, D) mDLBD E) FTLD F) MSA. Counterstained wittematoxylin. Original images taken
at 100x. Scale bar= 20m.
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FTLD pathology was distinct from AD and ALSci inethpThf*! tau protein neuronal
pathology was observed as a dense nuclear ringrgjaaround abnormally folded nuclei, and
solitary cytosolic inclusions on homogenously stdicytosol. While T22 neuronal cytoplasmic
pathology was observed, neuritic pathology was veskas frequent short dystrophic neurites

by both antibodies. No neuritic plagues were obesgrv

MSA pathology resembled AD and ALSci. Neuronal pédlgy was observed as tangles
and punctate inclusions by both the pthtau and T22 antibodies. In addition, p*htau
antibody diffuse cytoplasmic immunostaining wasestsed. Neuritic pathology was observed by

both antibodies, although T22 immunoreactive neartemonstrated a punctate staining pattern.

DLBD tau protein pathology was observed only faifty pTh*! tau as punctate
cytosolic deposition. While neuritic pathology waisserved using the pTHit tau antibody, no
pathology was observed by T22 other than a fewashomneurites. Conversely, mDLBD
pathology was observed by both pFfitau and T22. pTh#* tau protein pathology was
observed as tangles and punctate staining accoatphyidystrophic neurites and other neuritic
pathology. No neuritic plagues were observed. T&Rgogy however was observed as punctate

cytosolic staining and dystrophic neurites.

Having confirmed that both T22 and p¥Hitau protein immunoreactive pathology was
present, although as described to varying degreesext sought to confirm whether ptitau
protein and pTHr* tau protein co-localized using confocal imaginig(ffe 3.4). Co-localization
within neuronal tau protein inclusions was observetiveen pTHf° tau protein and pTht* tau
protein in each disease state except for DLBD. @oadlzation was also observed in neuritic

plagues in AD. No pTHf°tau protein immunoreactivity was observed in theemce of pTHF™.
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pThr175

FTLD ALSci

mDLBD

MSA

Figure 3.4: Co-localization of pTHY®>and pTh** tau in hippocampal neuronal inclusions. AD:
Alzheimer’s disease. ALSci: amyotrophic lateraksokis with cognitive impairment. FTLD:
frontotemporal lobar dementia. mDLBD: mixed diffudsmentia with Lewy bodies. MSA:
Multiple system atrophy. Co-localization stains &performed in one case per disease. Scale
bar represents jom.
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3.4.3 Hippocampal pThr'™® pThr®! and oligomeric tau deposition as a function of aging:

Consistent with our previous report, we observetharease in tau protein immunoreactive
pathology beginning in thé"decade of life (Yang et al., 2005). In contrastjmmunoreactive
inclusions were observed to either the gThiau protein or oligomeric tau protein (T22
immunoreactivity) in the Bdecade (Figure 3.5). pTHt tau protein immunoreactivity was
observed in each of th&'67" and &' decades within the hippocampus. In distinctiothto
pathological tau protein deposition observed irb&itSci and the tauopathies, neuronal*thr
tau protein immunoreactivity was diffuse and lozadl to otherwise healthy appearing neurons
and axonal processes. In tHeédecade, T22 immunoreactive neuronal cytoplasnuicigions
were observed minimally and when present were witie same regions in which we observed
punctate pTHr® immunoreactivity. All but one case demonstratetpf tau protein
immunoreactivity, and importantly this case wasateg for all three tau epitopes. In all cases,
neuritic pathology was minimal or nonexistent, whileuronal positivity was mainly punctate

tau protein expression.

In the 8" decade, we observed a marked increase in‘f’ftan, pTh?®! tau and T22
immunoreactivity. In this decade, each antibodyeded tau protein immunoreactive punctate
staining of neurons, neurofibrillary tangles, dggtnic neurites, and neuritic plaques. Across all
three decades, T22 pathology was present in adscaisd in regions where pTHirtau protein
and pTht’®tau protein was present, and was only positiveases with prominent pTHP tau

protein positive cells and pathology.
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pThr175
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Figure 3.5: Age dependent tau pathology increases in the hgppas of controls and is
associated with pTh?® tau pathology in the"8decade of life. Large images taken in the CA2
region of the hippocampus at 10x magnificationeins same region at 40x magnification.
Images are representative of 4 cases per age dsoafe bar large image= 1Qf, inset= 50
um.



138

3.5 Discussion:

In undertaking these studies, we were specifidatgrested in determining whether the
pathogenic phospho-tau protein species recognigetibodies against pTHP tau protein and
pTh”* tau protein as well as oligomeric tau ptotein (T@2re expressed across a broad range
of tauopathies. We were also interested in detengiwhether these pathological tau
proteinspecies were co-localized in ALS and AL&ds known that the phosphorylation of tau
protein at Th*!is of both physiological and pathological sigrdfitce in mediating the
dissociation of tau protein from microtubules (leihal., 2007; Schwalbe et al., 2015; Sengupta
et al., 1998). THr' is phosphorylated by activated G3Kghysiologically and in pathological
states (Alonso et al., 2010; Cho and Johnson, 2004a-Munoz et al., 2005; Sahara et al., 2008;
Sengupta et al., 1998). We have previously shoangfht" tau protein induces GSIg3
phosphorylation and that this in turn leads to*¥ttau protein phosphorylation resulting in tau

protein fibril formation, and cell death vitro (Moszczynski et al., 2015).

Although the number of cases studied here is lohitiee intent was not to undertake a
detailed topographic analysis of tau protein dapmsiacross all tauopathies, but rather to
determine whether the proposed pathway of pFieu protein mediated induction of pTHr
tau protein with its attendant pathological tauififormation (as recognized by T22) was
evident. Itis noteworthy therefore that we obserrthat in each tauopathy studied, gThiau,
pTh®* tau and T22 immunoreactivity co-localized to theng inclusion-containing neuronal
populations. In each case, neuronal pTtau protein co-localized with pTHftau protein.
This, paired with prior identification of pTHP tau protein in AD brain tissue but not controls
(Hanger et al., 2007) and the lack of identifiechg™® in fetal tau protein (Kenessey and Yen,

1993; Watanabe et al., 1993) suggests that'pTisra key point in pathological tau protein



139

metabolism, as it is not a physiologically utilizgite involved in the regulation of tau protein
function during development or microtubule reorgation. This suggests that the downstream
events triggered by pTHP tau protein, including toxic oligomer formatiomeacommon to each

of these diseases.

To further assess the pathogenicity of gfhend pThf*!, we investigated each epitope
in the hippocampus of control cases across threades of life where tau protein pathology has
been shown to increase with age (Yang et al., 2008)observed no pTHP tau protein
pathology in the 8 decade with minimal immunoreactive neuronal inidos in the 1 decade.
pThr”®tau immunoreactivity was most prominent in tffedgcade. In each case in which we
observed pTHf®° tau immunostaining, we also observed T22 immuratigty. Similarly, we
never observed T22 immunoreactivity in the abserfi@ther pTht">tau protein or pTHF tau
protein immunoreactivity. In contrast, pTfirtau protein immunoreactivity was frequently
observed in the absence of either gTtau protein or T22 staining in younger individuatsl
when present, was within healthy appearing neuanisaxonal processes. pthiand T22 did
not show pathology in hippocampal regions spareah ipThf** pathology, and T22 was only

positive in cases showing prominent pThpathology.

Glial pathology was recognized to a greater debyegThF*’ tau and PHF tau than by
the pTht">tau antibody, suggesting that different patholabjirocesses are at play in these
cells. This is supported by the lack of identifilial pathology by pTAf* tau and T22. This
paired with the low frequency of pTHr? tau protein glial pathology further strengtherss th
correlation between pTHP and pTh*! in the induction of neuronal pathology and proside
evidence that this pair of phosphorylation sitey @ exerting specific neuronal toxicity in the

disease process across multiple tauopathies.
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Although limbic regions universally presented taatein pathology, frontal and ACC tau
protein pathology was present mainly in AD, VD, AiLSFTLD, mDLBD and MSA. This paired
with the deeper layer pathology in this region nmadicate that tau protein pathology did not
originate here but instead propagated from othgions. If tau originates in limbic structures,
propagating along the Papez circuit, it is posdide it would arrive in ACC through thalamic
projections to layer IV and V which could act asud for propagation to other brain regions
such as frontal cortex through this well connectggion. Regardless of the induction cause or
place, tau protein toxicity is undeniable oncelagd (Gomez-Ramos et al., 2006; Ward et al.,
2012), and must be considered when attemptingderstand the underlying biology of many
neurodegenerative diseases. This hypothesis afdeesrthat disease entities such as primary
age-related tauopathies (PART) (Crary et al., 2044y be in fact not age-related, but neuronal
stress related, as increasing age would indicaigelotime periods for normal mechanical stress
on neurons to become pathological through stoahpsticesses (Kagias et al., 2012). Therefore,
tau protein deposition should not be considerddiale function of normal ageing, but ageing
should be considered a risk factor for tauopathgragra plethora of neuronal stresses. Of note
as well is the frontal involvement in ALSci, whichn be concluded is not likely a result of
PART, which spares the neocortex by definition (€&t al., 2014; Yang et al., 2005). We
cannot conclude, however if the layer distributtdriau pathology resembles PART, as this was

not described in the consensus report.
3.6 Conclusions:

These findings implicate a toxic axis of phosphatigin events beginning with THr

?31

phosphorylation, dependent on further phosphooyadit Thf°", which appears to be neuron

specific and which may be common to the tauopathti@say therefore be a contributor to
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neuronal death in these diseases, and may be gbamtervention capable of slowing disease

progression resulting from tau protein toxicity.
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Chapter 4: Chronic traumatic encephalopathy (CTE) and CTE with amyotrophic lateral
sclerosis (CTE-ALS): evidencefor trauma-induced pathological tau phosphorylation at

Threonine!™
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4.1 Abstract:

Chronic traumatic encephalopathy (CTE) and chramaiematic encephalopathy with
amyotrophic lateral sclerosis (CTE-ALS) are neugmieerative diseases associated with
traumatic brain injury (TBI) characterized by pdtgcal microtubule associated protein tau
(tau protein) deposition. Common features of manyppathies include: the pathological
phosphorylation of tau protein at Fht(pThr'” tau protein), GSKB activation, the induction of
tau protein phosphorylation at Tt (pThr*! tau protein) and pathological tau protein
oligomerization. To investigate whether CTE and EAIES share these features, we
characterized pGSH3 pThr"® tau protein and pTAT tau protein expression in human cases of
CTE and CTE-ALS. To determine if GSKactivation and pathological tau protein
phosphorylation were a consequence of traumatio brpury we analyzed these markers in a rat
model of TBI. Tau protein isoform expression wasaged by western blot in 6 stage Ill CTE
cases. We also used immunohistochemistry to analyzases each of CTE, CTE-ALS, and 5
controls for the expression of pGSK3Thr'”® tau protein, pTHf* tau protein and oligomerized
tau protein (T22) within spinal cord tissues angploicampus. Using a rat model of moderate
TBI, we assessed tau neuronal pathology and pB®KBression at 3 months post-injury. Both
CTE and CTE-ALS are characterized by the preseha# 6 tau protein isoforms in both

soluble and insoluble tau protein isolates. pGEKBhr*" tau protein, pTHF" tau protein and
oligomerized tau protein expression was observéddppocampal neurons and in spinal cord.
We also observed tau neuronal pathology (fibrikafusions and axonal damage) and increased
levels of pTht’® tau and activated GSIg3n moderate TBI rats. Pathological phosphorytatio

of tau at Tht”>and Thf*!, and activation of GSKBare characteristic features of the tauopathy

of CTE and CTE-ALS, a feature that can be replat@ean animal model of moderate TBI.
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4.2 Introduction:

Chronic traumatic encephalopathy (CTE) and chrtmaematic encephalomyelopathy
(CTE-ALS) are fatal neurodegenerative diseasesattgatlosely associated with traumatic brain
injury (TBI) (McKee et al., 2009). While typicallyssociated with elite athletes, participants in
recreational sport are experiencing increased dtegaumatic brain injury and the majority of
TBI occurs as a result of non-sport related acd¢glaneaning the impact of traumatic brain
injury are more widespread than just accidentseditel athletes (Coronado et al., 2015; Langlois
et al., 2006) . Additionally, there is an increagynevident relationship between TBI and
neurodegenerative disease processes such as A&teedisease (AD) Parkinson’s disease (PD)
and amyotrophic lateral sclerosis (ALS) (Bazariaalg 2009; Chen et al., 2007). Therefore, an
understanding of the molecular changes and biodignassociated with the neuropathology of
protein aggregation and neuronal death in CTE arng-£LS may lead to a better understanding

of pathophysiology of these disorders.

Both CTE and CTE-ALS share the pathological halkrarneuronal and glial
intracellular aggregates of microtubule associgtedein tau (tau protein), placing these
disorders amongst the tauopathies and thus pdtgmsiearing a pathophysiology with AD, PD
and ALS with cognitive impairment (ALSci) (McKee &t, 2009; Moszczynski et al., 2017,
Tartaglia et al., 2014). Pathological tau profgiosphorylation at threonine 231 (pTtitau
protein) is considered to be a critical event lagdo reduced interaction between microtubules
and tau protein. The increased level of unboungtatein promotes the formation of soluble
pathogenic tau protein oligomers that further aggte into insoluble pathological tau protein
fibrils (Lasagna-Reeves et al., 2012; Lin et @02 Nakamura et al., 2013; Ward et al., 2012).

To date, there have been no detailed studies gdtibephorylation state of tau protein in either
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CTE or CTE-ALS and thus it is unknown if the tauttyyeof these disorders is homologous to

that of related tauopathies.

We have recently described a sequence of phosptiiorylevents leading to tau protein
toxicity in ALSci whereby tau protein phosphorytatiat Tht” (pThr*”® tau protein), that alone
is insufficient to induce fibril formation, promatdurther phosphorylation of tau protein at
Thr*® by activated GSK@B(Moszczynski et al., 2015). We subsequently exdrttis
observation to a broad range of tauopathies (Mgs®ix et al., 2017). In this sequence, pthr
tau protein is the critical mediator of toxicitywnstream of pTHr* tau. Importantly, pTHf®
has only been observed in pathological statesfrushile phosphorylation of tau protein at
Thr*3! appears to be a crucial physiological regulatdaofprotein function (Lin et al., 2007;
Schwalbe et al., 2015). Given the widespread agipility of this sequence in tauopathies, we
have examined post mortem archival tissues from @TECTE-ALS patients to determine
whether tau protein is pathologically phosphoryaae Thit”> and Thr*** and whether this is
associated with increased levels of the activeoisofof GSKP (pGSK3PB) and tau protein
oligomerization. We have also examined whetherpghigess is also triggered by moderate TBI

in a rodent.
4.3 Methods:
4.3.1 CTE and CTE-AL S studies:

All studies were conducted in accordance with tistitutional ethics board standards at
University Hospital (London, ON, Canada) and Bodtliversity (Boston MA, USA).
Microscope slides with fm thick hippocampal and spinal cord sections frdtedn cases (5

CTE, 5 CTE-ALS, and 5 Control; cases MSL1-MSL15yevesed for immunohistochemical
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studies. An additional 6 cases (cases 1-6) welaradd as frozen tissue from anterior cingulate
and temporal pole. All tissue and slides were olgiéifrom the Boston University CTE brain
bank and were diagnosed as stage Ill CTE (McKed ,€2013). Demographic data is

summarized in supplemental table 4.1.



Supplemental Table4.1: Case demographics

Case Side/ CTE/CTE-ALS/Ctrl | Sex Decade
Tissue
1 Tissue CTE M 25
2 Tissue CTE M 58
3 Tissue CTE M 46
4 Tissue CTE M 71
5 Tissue CTE M 84
6 Tissue CTE M 69
7 Slides CTE-ALS M 49
8 Slides CTE-ALS M 31
9 Slides CTE-ALS M 41
10 Slides CTE-ALS M 67
11 Slides CTE-ALS M 62
12 Slides CTE M 82
13 Slides CTE M 73
14 Slides CTE M 56
15 Slides CTE M 75
17 Slides CTE M 50
18 Slides Ctrl M 83
19 Slides Ctrl M 61
20 Slides Ctrl M 61
21 Slides Ctrl M 55
22 Slides Ctrl M 81

149
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4.3.1.1 Tau fractionation and Western blot:

Tau protein was isolated from the anterior cingutatrus and the temporal pole of 6
stage Il CTE cases and a single Alzheimer’s case @ntrol for the tau fractionation. Tau
protein isolation, fractionation, and dephosphdrgtawas conducted as previously reported
(Hanger et al., 1998; Strong et al., 2006). Tissas homogenized in 1 ml of MES buffer (pH
6.5) and centrifuged at 27,000 x g for 60 minute$’@. The supernatant was then removed and
centrifuged at 95,000 x g for 60 minutes at 4°Ce Shpernatant containing the soluble tau
protein fraction was saved and stored at -80°C.pliet containing the insoluble tau protein
fraction was solubilized in 150 4 M guanidine HCI for 1 hour at room temperatwith a brief
sonication and then dialyzed against 50 mM TrissH@H 7.5, 1 mg/ml PMSF) overnight at
4°C. The following day the dialysate was centrifugéd 5,000 x g for 60 minutes &Gt The
supernatant containing the insoluble tau proteis bailed at 10%C for 10 minutes and then
centrifuged at 15,000 x g for 30 minutes %€ 4Supernatant volume was then brought to
approximately 3.0 mlin 50 mM Tris-HCI, 1.35 g ammam sulphate added, and then cooled on
ice for 15 minutes. Precipitated proteins weream#d after centrifugation at 15,000 x g for 30
minutes at 4°C and resuspended in i6B0 mM Tris-HCI (pH 7.5). The suspension was
dialyzed against 50 mM Tris-HCI (pH 7.5, 1 mg/ml BF) overnight at &€ and the dialysate

clarified by centrifugation at 15,000 x g for 30nmies at 2C.

Dephosphorylation of tau protein was conductedlmuats of the soluble or insoluble
tau protein in 50 mM Tris-HCI (pH 7.5) were incubatwith lambda alkaline phosphatase (20
U/ul, Sigma, Oakville ON, Canada) for 6 hours at@QStrong et al., 2006). Reactions were
stopped by the addition of 2x electrophoresis byff@0 mM Tris-HCI, 4% SDS, 0.02%

bromophenol blue, 20% glycerol, 200 mM DTT).
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After fractionation and dephosphorylation with laadalalkaline phosphatase, equal
aliquots of supernatant from dephosphorylated amddephosphorylated samples were run on
7.5% SDS-PAGE gels and electrophoretically tramsteto a nitrocellulose membrane. Gels
were probed for total tau protein with rabbit aati T14/T46 antibodies (1:1000 and 1:3000
titers, respectively; Thermo-Fischer, Burlingtoran@da). After blocking with 10% bovine
serum albumin (BSA) in tris-buffered saline witl2®@ tween (TBS-T) for 1 hour at room
temperature, nitrocellulose membranes were prob#dpsimary antibody overnight at 4°C.

Blots were then washed in TBS-T before probing wibihseradish peroxidase tagged secondary
antibody (Goat anti-Mouse IgG (1:5000 titer; BioeRalerculese, USA). Blots were visualized

using enhanced chemiluminescence (Perkin Elmerthafal, USA).

4.3.1.2 Immunohistochemistry (IHC):

Six um paraffin-embedded sections from the hippocampdssginal cord were analyzed
for all cases. Immunohistochemistry was conduatedg a series of antibodies that recognized
pThrt”tau protein (1:1000 titer, antibody generated agslghed in house, now commercially
available through ZiCentury, MA, USA), pTH*! tau (1:1000 titer, Thermo Fischer) and
oligomeric tau protein (1:500 titer, T2EMD Millipore CA, USA) and activated GSKB(1:50
titer, pTyr*® BD Biosciences, Mississauga, Canada). Antigetesetl (10 mM sodium citrate,
0.05% Tween 20 pH 6.0) was conducted for all adlig®using a pressure cooker (2100
Retriever; Aptum Biologics, UK, Supplemental taldl@). Endogenous peroxidase was quenched
with 3% hydrogen peroxide (VWR, Mississauga, Cahadamary antibody incubation was
performed at 4°C overnight in blocking buffer (59848, 0.3% Triton-X 100 in 1 X PBS). After

washing, secondary antibody (1:200 biotinylated)lg@ubation was performed for 1 hour at
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room temperature in blocking buffer. Antigen:antgecomplex was visualized with horseradish
peroxidase according to the manufacturer’s insouast(Vectastain ABC kit, Vector
Laboratories CA, USA), followed by substrate depetent with DAB. Counterstaining was

performed using Harris haematoxylin.
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Antibody Clone Titer Epitope Utility Company
Tau pTht”™ Rabbit, polyclonal | 1:1000 pTHF WB, IHC | 2% Century
Tau pThf*! Rabbit, polyclonal | 1:1000 pThHY IHC Thermo- Fischer|
T22 Rabbit, polyclonal | 1:500 Tau IHC EMD Millipore
oligomer
T14 Mouse, monoclonal 1:3000 Tau aa’s | WB, IP Thermo-Fisher
141-178
T46 Mouse, monoclongl1:1000 Tau aa’s | WB Thermo-Fisher
404-431
Total tau Rabbit polyclonal 1:5000 Tau aa’s WB Abcam
384-397
GSK33 Mouse, monoclonal 1:10,000 GSKB wB BD Biosciences
aa’s 1-160
GSK33 pTyr*¢ | Mouse, monoclonal 1:50 (IHC) pTyr WB, IHC | BD Biosciences
1:10,000 (WB)
Alexafluor 488 | Goat anti-rabbit 1:200 Secondary IHC | Life
Technologies
Alexafluor 633 | Goat anti-mouse 1:200 Secondary IHC | Life
Technologies

WB: western blot, IHC: immunohistochemistry, IP:nmanoprecipitation
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The extent of pathology was described semi-qudivelst as previously reported using
visualization with a 20x objective under light mascopy (Olympus BX45) (Moszczynski et al.,
2017; Yang and Strong, 2012). The semi-quantitetoade was applied as follows: *-’ = none;
‘+’ = |ess than 5; ‘+’ = less than 10; ‘++’ = motiean 20 with scattered distribution; “+++' =
more than 20 but with locally dense distributiont++’ = more than 20 with a diffuse
distribution. Additionally, the case positive ratias defined for each antibody used as the
number of cases showing any pathology (x or mave)pared to the total number of cases
stained. Spinal cord pathology was assessed hyaaybécale due to the sparse nature of

pathology where ‘+' = pathology present and ‘-’ atlpology absent.
4.3.1.3 Co-localizations and fluor escence staining:

Double labeling was performed on sections fromhippocampus from one case per
double label experiment. Tau protein was probeti pithr’° or oligomeric tau (T22) rabbit
primary antibody overnight at 4°C and Alexafluoaganti-rabbit 488 nm secondary (1:200,
Thermo Fischer) for 1 hour at room temperature bRamti-tau pTH** antibody was then
labeled using a Zenon primary antibody labelingth Alexafluor 555 nm dye (Thermo
Fisher) and probed for 1 hour at room temperafsitdes were visualized within 24 hours of
labeling by confocal imaging on a Zeiss LSM 510 ¢8O multiphoton confocal microscope.
For co-localizations with phospho-GSKBGSK3), staining was performed with mouse anti-
pTyr’*® GSK33 antibody (1:50 titer, BD Biosciences) followed $gcondary labeling with goat

anti-mouse Alexafluor 633nm (Invitrogen).
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4.3.2 In vivo studies

All protocols for these experiments were approvedhe University of Western Ontario
Animal Care Committee in accordance with the pei@stablished in the guide to Care and Use
of Experimental Animals prepared by the Canadiaar€ on Animal Care. Twelve (12) adult
female Sprague-Dawley rats were subjected to @iéftd 5 mm diameter craniotomy followed
by a single moderate head trauma (3.5 m/s, 2 mm, dath dwell time of 500 ms) using a
cortical impactor (Precision systems model TBI O3b@oderate TBI). After 3 months, all rats
were euthanized by trans-cardiac perfusion wittcald saline after intraperitoneal injection
with a lethal dose of Euthanyl. Six (6) brains werep-fixed in ice cold Bouin’s fixative
(Thermo-Fisher) for IHC analysis while 6 were frozen dry ice for neurochemical analysis.
Bouin’s fixative was used to reduce artefactualgathology (Planel et al., 2004; Trojanowski et

al., 1989). After 24 hours of fixation, tissue veamsbedded in paraffin.
4.3.2.1 Western blots:

Immunoblots were also performed using isolates feormoderate TBI rats and 4 age
matched controls. Brain tissue was homogenizediARuUffer (1% NP40, 10% glycerol, 137
mM NacCl, 2mM EDTA) containing protease inhibitocO(Mmplete; Roche Diagnostics,
Indianapolis, USA) and phosphatase inhibitors (Btogs Roche Diagnostics) using a
Brinkmann Polytron PT 3000 (Kinetamica, Bohemia,,NXSA). Protein concentration was

determined by modified Bradford assay (BioRad).

Immunoprecipitations (IP) were performed on 1 rhgrain lysate protein using mouse
anti-total tau (T46) in order to isolate all tawt@in isoforms from the rat brain homogenates.

The entire IP yield was then run on a 10% SDS-PA@Eand probed with rabbit anti ptht
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tau (1:1000). Gels were stripped (2% SDS, 1M T#ig/ml B-mercaproethanol) for 30 min at
50°C and reprobed with rabbit anti-total tau (1308bcam ab24230). pGSK3tudies were
performed on total brain lysate with mouse anti GBKTyr**® (1:10,000) followed by
reprobing with mouse anti total GSK81:10,000, BD Biosciences). Blots were visualibgd
enhanced chemiluminescence (Perkin Elmer) (BioRaeh@doc MP imaging system and

acquired with ImageLab 5.2.1 software). Densitognetas conducted in imageJ.
4.3.2.2 Immunohistochemistry:

6 moderate TBI and 3 age-matched control rat braare cut to 5-um thickness and
stained for pTHY® tau, pThf* tau protein and pT§t° GSK3B using the same antibodies and

protocol used in human cases. GFAP staining wascalsducted.
4.3.2.3 Statistical analysis:

Statistical analyses were conducted using SigmdPloX software. A one way analysis
of variance (ANOVA) was conducted following a ShrapWilk test for normality. Post-hoc

Tukey's test was conducted and a p value of 0.06veer was considered significant.
4.4 Reaults:
4.4.1 Western blot of human CTE:

Insoluble tau protein isolated from CTE cases dorthall 6 isoforms. This was evident
in both phosphorylated and dephosphorylated samplhes was in contrast a control
Alzheimer’s disease case in which the insolubletioa consisted of mainly three isoforms
constituting the paired helical filament motif agyously reported (Figure 4.1) (Strong et al.,

2006).
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Figure4.1: RepresentativéVestern blot of CTE-derived fractionated tau prot#iowing all 6

tau protein isoforms in the insoluble fraction istohction to the 3 isoform motif which was
observed in Alzheimer’s disease. Images represeatat 6 CTE cases and 1 Alzheimer’s case.
(Probed with mouse anti-T14/T46 total tau antibdalgis shown are from the same case on 2

separate blots).
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4.4.2 Immunohistochemistry in CTE cases:

We observed immunoreactivity to pFht pTh?*! and T22 within the hippocampal
formation in all cases of CTE and CTE-ALS (Tabl&,&igure 4.2a). This included tau protein
immunoreactive tangles and dystrophic neuritesudfinout the CA1-4 regions and extending
into the entorhinal cortex in all cases. Consistdttt the limited pTht’®tau protein non-
neuronal pathology observed previously (Moszczyeshil., 2017), oligodendroglial tau protein
immunoreactivity was observed to a limited extend icases only (Moszczynski et al., 2017).
When present in control cases (3/5), tau protemumoreactivity was observed only as faint
immunoreactive punctate neuronal staining in treeabe of tangles (Figure 4.2b). No neuritic

pathology was observed in controls.
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Antibody | CTE | CTE-ALS | Ctrl
Hippocampus semi quantitation (case positive ratios)
pThr’™ ++++ (5/5) +++-++++ (5/5) +-++ (3/5)
pThr! ++++ (5/5) +++-++++ (5/5) +-+ (3/5)
T22 ++++ (5/5) t-+++ (5/5) +-+ (3/5)
Spinal cord pathology case positive ratios

pThr’™ 3/5 3/5 0/5

pThr™! 4/5 4/5 2/5

T22 4/5 1/5 0/5

Semi-quantitative scale was applied under 20x dlvdor neuronal pathology as follows: *-’ =
none; ‘t’ = less than 5 inclusions; ‘+’ = less thHhinclusions; ‘++’ = more than 20 inclusions
with scattered distribution; ‘+++' = more than 2@&lusions but with locally dense distribution;
‘++++’ = more than 20 inclusions with a diffuse tiilsution.
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Figure4.2 A

CTE Ctrl
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Figure4.2B

pThr'™ pThr* T22

CTE-ALS Ventral Horn CTE Hippocampus

Figure4.2: Tau pathology in hippocampus and ventral horn ifrc@hd CTE-ALS. A) Low
maghnification (4 x objective) composites of wholpocampus stained for pTfi? tau protein

in CTE and control (inlay is CA2 region taken wéth x objective, scale bar = pn). DG =
Dentate gyrus, CA1 = CA1 region, CA3 = CAS regisub = subiculum (composite image based
on images taken with a 4x objective). Note the gmes of prominent tau protein
immunoreactivity in CA1 through CA4, extending irtee entorhinal cortex. B) Representative
tau protein pathology observed in both the hippquasr(CTE case) and ventral horn of the
spinal cord (CTE-ALS) when probed by rabbit antihpT° tau, rabbit anti-pTHF* tau, or rabbit
anti-T22 (tau oligomer) antibodies. Images takethh\iDOx objective (scale bar= ).
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We also observed pathological tau protein depasitithin the spinal cord regardless of
the tau protein phosphoepitope studied (Figure)4ie presence of tau protein pathology was
independent of whether the underlying pathologitagnosis was CTE or CTE-ALS (Table 4.1)
and consisted of sparsely distributed neurofibgiliangles in motor neurons and dystrophic
neurites. In all cases, pathological inclusionsenamimal in number relative to a more diffuse
immunoreactivity to pTHF! tau and pTHr° tau. No pTht’®tau staining was observed in control
motor neurons. pTAT tau protein was observed but only as diffuse peyé staining of motor

neurons when present. Lipofuscin staining was alserved in some controls.

We also noted a significant alteration in the imona@activity towards pGSHKBfrom a
primarily nuclear to a diffusely cytosolic patteshimmunoreactivity (Supplemental Figure 4.1).
This pattern was observed in both hippocampal G#&®spinal cord motor neurons in all CTE

cases while only being present in occasional iedlatlls in controls.
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Supplemental Figure 4.1: Activated GSK3 (pGSK3) localization in hippocampus of CTE
and control. A redistribution of pPGSK3s observed in CTE and CTE-ALS cases in which
immunoreactivity is prominent in both the nuclead @ytosolic compartments whereas in
control cases, immunoreactivity is restricted ® miiclear compartment. Tissue stained with
mouse anti-GSKBpTyr*®. Images taken from hippocampal CA4 region withxl6bjective.
Scale bar= 2Qm.
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Double-immunolabeling of the hippocampus demonstr#at pThr’ tau and pTHr*
tau co-localize consistently such that pThalways co-occurred with pTHf immunoreactivity.
However, as observed previously (Moszczynski eR8l17), pTh*! tau immunoreactivity could
occur independently of pTHP tau suggesting that a subset of gthiau pathology is pThf°
positive (Moszczynski et al., 2017). Additionallye observed co-localization of pFfttau and
T22, suggesting that oligomeric tau was a compoogpThr>! tau pathology. Due to the nature
of the antibodies, it was not possible to testcidocalization of pTHY> with T22 (oligomerized
tau protein) as they were raised in the same speuie purified and not compatible with the
primary antibody labeling system available to ug ¥n therefore only infer that pFhttau
protein co-localizes with oligomeric tau proteinvesll. We did however observe pThtco-

localization with active GSKB(Figure 4.3).
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pThr*

Hippocampus Hippocampus

Hippocampus

Figure 4.3: Co-localization of pTHr'> tau and pTHr'tau was observed in hippocampal neurons
of CTE (upper panels). The presence of patholbtaceprotein oligomers (T22
immunoreactivity) was co-localized to pTfirtau protein immunoreactive neurons in CTE
(middle panels). Consistent with a role in acimatof GSK3 in inducing pathological tau
protein deposition, we observed the co-localizatibpThr'tau protein with the active pGSR3
immunoreactivity (lower panel). Tissues were immiabelled with rabbit anti-pTHF tau

protein, rabbit anti-pTRF tau, rabbit anti-T22 antibody and mouse anti GBKByr*°

antibody. For double-labeled tissue, red channigbagies were labeled directly with Alexafluor
555. Co-localization stains were performed in oasegoer antibody combination. Scale bar =5
um.
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4.43pThr'™ and pThr?! expression in moderate TBI:

Both pThr"® and pTh#*! tau neuronal immunoreactivity was observed in matgeT Bl
rat brains (Figure 4.4). Of note, pThrpositive neuronal staining was observed in regions
distant to the injury site mainly as axonal stagninowever, no fibrillar inclusion type pathology

was observed in regions distant from the injurg.sivhile pTht"

tau protein was significantly
elevated within the hemisphere ipsilateral to thery, the contralateral hemisphere also showed
a trend to increased pTfttau protein expression when normalized againat tati protein
(p=0.05 and 0.065 respectively after one way ANONM# p=0.008 and F= 5.757). Diffuse
pThr*®! staining was observed in healthy neurons. Patlyebegring pTh?®! tau protein was

only observed near the site of injury. GFAP stagmiind not show inclusions at site of injury
indicating that pathology was a protein specifiepbmenon. Additionally previous studies in

our lab have shown the specificity of the pThantibody to tau protein using peptide blockers

(Yang et al 2012).
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Figure4.4 A
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Figure4.4: pThr’> tau pathology is recapitulated in iarvivo model of moderate TBI at 3
months post injury. A) Composite images of wholaiisections stained for pTfittau protein.
Images were taken with a 4 x objective. Inlay imtden with 40 x objective. Arrow denotes
site of injury. DG= Dentate gyrus, CA1= CAl regi@h3= CA3 region. Scale bar= 50n. B)
High magnification images with moderate TBI showireyironal and neuritic pathology. Images
were taken with 100 x objective. Scale bar 7u#@ C) Western blots of pTHr tau protein and
total tau protein in ipsilateral and contralatdmadin injuries. D) densitometry of western blots
probed for pTh¥"® tau protein and total tau protein (pTfitotal tau). E) pTyr*° GSK3 and

total GSK3 (pTyr**¥ total GSK3P) in ipsilateral and contralateral brain injuri€3.
densitometry of western blots probed for Ffy6SK33 and total GSK. * represents p < 0.05.
Ipsi: ipsilateral injury hemisphere, contra: cofdtaral injury hemisphere. Data are
representative of 6 rats (TBI; IHC and western)blot 4 rats (control; western blot), or 3 rats
(control; IHC).
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We investigated tau protein phosphorylation and @B&ctivation by western blot
(Figure 4.4c). pTY"*® GSK33 was also significantly elevated in ipsilateral aodtralateral
hemispheres relative to uninjured controls (p=0.208 0.001 respectively after one way
ANOVA with p<0.001 and F=13.928) when normalizediagt total GSKB (Figure 4.4).

Finally, we observed the same change in localinatigpGSK3 in moderate TBI rat brains as in
CTE cases. This was quantified by blinded countstirth we observed a significant increase in
diffuse expression of pT$¥° GSK33 in the injured hemisphere compared to uninjurettrod

rats (p= 0.01 by Tukey post hoc test after one MI®VA p= 0.004 and F= 7.559 ;

Supplemental figure 4.2).
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Supplemental Figure 4.2: Quantification of cytosolic active GSK3n both injured and
uninjured rats. Bar graph showing ratio of cellshwiidespread pTt°® GSK33 compared to
cells showing predominantly nuclear pTYtGSK33. Values represent counts from 3 rats
(control) or 6 rats (TBI). * represents p < 0.05.
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4.5 Discussion:

We have observed that both CTE and CTE-ALS areptaines in which pathological
tau protein aggregates contain aberrantly phosgdterytau protein with immunoreactivity to
both pThi"tau and pTHf' tau. The presence of T22 immunoreactivity (reizigg
oligomeric tau protein) is consistent with a pivaetade for phosphorylation at THrin the
pathogenesis of CTE and CTE-ALS. The inferenceb@amade on the basis of our previous
study which showed that pT#i? tau protein pathology only occurs in pathologimahditions
and that the expression of pThirtau protein coincides with oligomerized tau protiei the same
neuronal populations (Moszczynski et al., 2017)s Tias observed at the same time as pthr
tau protein was observed in pathological inclusidiss continues therefore to be consistent
with the postulated role of pathological tau pnotehosphorylation across a broad range of
tauopathies (Moszczynski et al., 2017). Uniquelg,have also observed that this pathological
process of tau protein phosphorylation can be érigd experimentally in am vivo model of
moderate TBI. The finding that the tauopathy of CCEE-ALS consists of the expression of all
6 tau protein isoforms in both the soluble and luisie tau protein isolates further suggests that

this process is biochemically distinct from thedpathy of AD.

Consistent with our previous reports, pThtau staining was only observed when other
pathological tau protein markers were also pre@doszczynski et al., 2017) and as such,
pThr”tau positive staining in controls was restrictedriainly those individuals with advanced
age where some tau protein pathology is expectéteihippocampal formation (Yang et al.,
2005). Therefore beyond its role in toxicity itsedThr'”> also appears to also be an indicator of
toxicity and neuronal damage. Because of this, JTtau protein may be useful as a biomarker

of tauopathy, being more specific than other tanigin phosphoepitopes that have been
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investigated previously as CSF biomarkers of disélkattsson et al., 2009). If this proves true
for general tauopathies, it may be useful to irigas the ratios of pTAP tau protein and other
proteins that have previously been investigateth ssd 4-3-3 (Foote and Zhou, 2012), and

neurofilament proteins (Li et al., 2016) in CSHtwod of CTE and CTE-ALS patients.

The tau protein isoform composition profile obserue CTE in this study and previously
in ALSci (Strong et al., 2006) in which all 6 tatopein isoforms are observed in the soluble and
insoluble tau protein isolates is in distinctiorthat observed in a number of tauopathies,
including AD (in which the pathogenic tau proteianker is the PHF triplet), CBD and PSP (4R
tauopathies) and Pick’s disease (3R tauopathy)dBuet al., 1996; Delacourte et al., 1996;
Delacourte et al., 1998). This could be interpretedndicative that the tauopathy of CTE, CTE-
ALS and ALSci is a “secondary event” which is treggd in response to a primary neuronal
injury. In both CTE and CTE-ALS, this can be poatad to be directly due to the traumatic
brain injury itself, a hypothesis that is stronglypported by then vivo moderate TBI
experimental paradigm. While it is less clear wthat ‘trigger’ for the tauopathy of ALS may be,
it is clear that once initiated, the induction tibgphorylation at THf® leads to a cascade of
events that culminates in neuronal daattitro (Gohar et al., 2009; Moszczynski et al., 2015).
At this time, it is unknown whether or not pthitau protein pathology is capable of
transneuronal propagation as has been positedegtrds to other neurodenegeration related
proteins. It may be that a longer time than theglmonths in this study is required for this to
occur from a state of no disease to sufficient gearand pathological load necessary for

propagation.

In relationship to our understanding of the path@pdiogy of ALS, upwards of 10% of

CTE cases also develop motor symptoms consistentAliS (CTE-ALS), a rate much higher
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than the incidence of ALS (2-3 per 100,000) obseimehe general population (McKee et al.,
2010). Unique to the motor neuron degenerationcéessal with CTE-ALS is tau protein
pathology in the spinal cord. The only other instanf a disseminated tauopathy in association
with motor neuron degeneration is that which waseoled in the previously hyper-endemic
Western Pacific variant of ALS; a variant of AL ieasingly recognized to be at the
intersection of an environmental insult in an akpopulation (Garruto, 1991; Hirano et al.,
1961). While we have observed pathological taugdngbhosphorylation in the spinal cords of
both CTE and CTE-ALS patients in this study, thealality observed warrants investigation on
a larger cohort of cases with regional stratifieatiThe resources available to us in this study did
not allow for regional stratification due to thexdmm nature of tissue selection (cervical,
thoracic, or lumbar for different cases, but ndtahd thus we were not able to discern whether
there was a correlation between motor symptom pssgon and regional tau protein deposition.
However, the failure to observe tau protein depmsiin the spinal cords of individuals afflicted
with sporadic ALS suggests that the spinal motarroe tauopathy of CTE-ALS is not an
incidental finding or secondary to the primary real injury of ALS. It is possible that tau
protein phosphorylation and pathology begins eiarthe neurodegenerative process in CTE or
CTE-ALS, in which case spinal cord pathology wobddexpected to precede symptom onset in

patients that would otherwise develop motor impaintm

To conclude, we report the presence of all 6 tatep isoforms in the insoluble fraction
of tau protein isolated from CTE and CTE-ALS, armdéobserved pTh? tau, in conjunction
with pTh*! tau, oligomerized tau, and changes in active GSK@alization are consistent with
a pathological tauopathy driven by the aberransphorylation of Thi"®tau protein. The

observation that this pathway can be triggereaalhg a single moderate TBI suggests that
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brain trauma itself can drive this process diredtlgderstanding how moderate TBI drives
phosphorylation at Thfis the topic of current studies. However, given previous findings
that this pathological cascade of tau protein phosgation can be fully inhibited, and that this
inhibition abolishes pTHf° tau protein induced neuronal death suggests dtat®TE and CTE-

ALS may be amenable to pharmacological inhibitibG8K33 activation.
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Chapter 5: Somatic genetransfer using a recombinant adenoviral vector (rAAV9) encoding
pseudophosphorylated human Thr” tau in adult rat hippocampus induces a pathological
tauopathy
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5.1 Abstract

Aberrant phosphorylation of the microtubule asastsa protein tau (tau protein) is associated
with multiple neurodegenerative diseases (colletgiknown as tauopathies) where it is a critical
contributor to toxicity in neurons. An individuahpsphorylation site at THP (pThrt”) has been
observed in multiple tauopathies and has been showrert toxicity when expressed as a
pseudophosphorylated tau construct {T#sp)in vitro. This toxicity is exerted through activation
of GSK3 and further phosphorylation of tau protein at*thin this study, we used a recombinant
adenoviral expression vector (rAAV9) to expressFP@agged THFAsp tau protein construct in
adult female Sprague-Dawley rat hippocampus tosaghe ability of pTHf® tau protein to exert
toxicity in vivo. 10 rats per group were injected with rAAV9 vestencoding either GFP, wild type
GFP-tagged tau protein, FfitAla tau protein or THf°Asp tau protein. 12 months post-injection all
rats were euthanized and investigated by immunath&mistry for GFP (extent of vector
expression), pTRf'tau protein, activated GSig3and caspase-3 cleavage. T¥#sp tau protein
inoculated neurons showed tau protein pathologlgerform of axonal beading, fibrils, and
neurofibrillary tangles. Caspase-3 cleavage wasrobd in the THf°Asp tau protein group but not
others. These results indicate that gTHau protein is capable of exerting toxidityivo and that
this may be a therapeutic intervention in neurodeggttive diseases exhibiting this pathological

phosphoepitope.
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5.2 Introduction

Over 50% of ALS cases present with, or developnitog impairment in the form of a
frontotemporal dysfunction (Strong et al., 2009p8¢ et al., 2017). These neuropsychological
deficits are also associated with shorter patientigal and an increased caregiver burden (Chio
et al., 2010; Govaarts et al., 2016). Previousistuldave demonstrated the presence of
pathological intracellular inclusions of the miarbtile associated protein tau (tau protein) in the
subgroup of cognitively impaired ALS patients knoasALS with cognitive impairment
(ALSci). Tau protein in ALSci is associated withunenal and glial tau protein inclusions and is
phosphorylated at THP (pThr” tau) (Strong et al., 2006; Yang et al., 2003; Yand Strong,
2012). Further study revealed that the presencewfonal cytoplasmic inclusions of tau protein
in ALSci is associated with activated GSK& kinase that has been clearly demonstrated to
phosphorylate tau protein in other tauopathies @vetral., 2008)Ln vitro studies using
pseudophosphorylated tau protein constructs to enghhr” (Thr'°Asp) showed that this
phosphoepitope induces tau protein aggregate famand increased cell deathvitro (Gohar
et al., 2009). This was then shown to be relianhereased GSK3Bactivity and further
phosphorylation of tau protein at Ffir(Moszczynski et al., 2015). In order to determine
whether this pathway leading to pathological taagmtorylation could be applied to the
tauopathies, we evaluated a larger cohort of Alseg4in collaboration with the Mann group)
(Behrouzi et al., 2016) and a broad range of naathmpogically confirmed tauopathies
(Moszczynski et al., 2017b). Critically, in theti&tstudy, we observed that the presence of
pThr’ tau protein inclusions was also associated witK&Sactivation and the induction of
pThr*! tau protein with associated pathological tau pnodéigomerization (recognized by the
antibody T22) (Lasagna-Reeves et al., 2012). Imoast recent studies, we have shown that this

pThr’ tau protein is present within tau neuronal cytspi& inclusions in both hippocampal
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neurons and motor neurons in chronic traumatic @maepathy (CTE) with or without an
associated motor neuron degeneration (CTE-ALS) @domski et al., 2017a). Of importance to
future mechanistic studies, a remarkably similahpigy inclusive of both pTAF tau protein
and pThf*! tau protein can be induced by traumatic brainrin{iBl) in a rodent model of

moderate TBI (Moszczynski et al., 2017a).

The role of pThi’®tau protein in the induction of a tauopathy seémesefore to have
wide applicability to a range of neurodegeneragixacesses, including ALSci, CTE and CTE-
ALS. However, the effects of pTHP tau protein have not been investigaitesivo. The purpose
of this study was to investigate the effects ofresping pseudophosphorylated tau protein
(Thr*"*Asp tau protein) in a rat model to characterizeésacity to induce tau protein

fibrillization and toxicity as it doem vitro.

5.3 Methods:

All experimental protocols were approved by thevérnsity of Western Ontario Animal
Care Committee (AUP #2013-008) in accordance Viighpolicies established in the guide to
Care and Use of Experimental Animals prepared byGdanadian Council on Animal Care.

5.3.1 Somatic genetransfer:

A previously described (Mustroph et al., 2012) stengene transfer technique was used
to express recombinant adeno-associated virus (IAX¥ctors: rAAV9 tau (wt-human tau),
rAAV9 Thr!”Alanine-tau (phosphorylation inhibition), rAAV9 THrAsp tau protein
(phosphorylation mimic), rAAV9 EGFP (control) inbmth hippocampus of adult, wild-type

female Sprague Dawley rats.
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5.3.2 Surgical procedures:

Two-month old wild type female Sprague-Dawley (&barles River Canada) were
housed in pairs prior to surgery and randomly agigo an experimental or control group. Food
and water were provideatl libitum. Ten rats were used per inoculum; thus a totdDafats
underwent surgery. Each rat weighed approximatgly@at the time of surgery.

All surgical procedures were conducted at leveli@-8 biosafety cabinet. Rats were
weighed, anesthetized under an induction dose ofb%uorane and 2 L/min oxygen, and
shaved at the top of their head. With a stereotagparatus, each skull was immobilized using
ear bars and a mouth-piece. A plastic mask coweedose and delivered a maintenance dose
of 2-3% isoflurane anesthetic with 1% oxygen. Byericant was applied to the eyes to prevent
eye damage during the procedure. The shaved atba btad was disinfected using a three-
stage preparation: rub with soap, then isopromgdtabl, and finally iodine. Body temperature
was maintained by placing a 37°C isothermal padatnthe rat for the duration of the
procedure. A rostrocaudal incision was made albegnidline of the scalp, and the
subcutaneous tissue and periosteum were elevategtse the underlying bone. The head was
leveled using Bregma and Lambda as reference péiats small holes (1mm) were bored into
the skull using an electric drill. Injections oethAAV9 vectors were conducted using
stereotactic coordinates, with Bregma as the reéer@oint. Four inoculations per animal were
conducted at two sites per sideu(3per site), all within the hippocampus at thedaling
coordinates: A/P: -5.5 mm, M/L: £4.6 mm with D/\B.2 mm, and M/L: £6.0 with D/V: -6.0
mm. Using a Hamilton syringe, a total volume ofid2(3 pL per site) was injected over the
course of 20 minutes (5 minutes per site) for altot 1.32 x 16° vector genomes (2 injections

each hippocampus). After injection, the syringeréimained in place for 2 minutes, before
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withdrawal. The vector volume was adopted from fasly reported studies utilizing
adenoviral vectors to express tau protein in hippgaus (Mustroph et al., 2012).

Rats were then sutured and administered 0.1 mLgiB@ytril, and 0.1 mL/100 g
Meloxicam subcutaneously. After surgery, rats weaeed in a recovery cage under a heat lamp
until fully recovered from the anesthesia. Ratsentben singly housed for 1 week to allow for

the incision to close, and then were housed irspair
5.3.3 Behavioural and imaging analysis:

All rats underwent Morris water maze testing, titdvox testing, as well as open field
testing as part of a behavioural battery, and neaging on a 9.4 T magnetic resonance
imaging (MRI) scanner for structural and diffust@msor imaging analysis. These were
conducted as the focus of separate graduate thésese, the details of these methods and
results will not be considered in detail for thigpter, given that my thesis focused on the

pathological analysis.
5.3.4 Immunohistochemistry:

At 12 months post injection, 4 rats per group weaerificed by trans-cardiac perfusion
with heparinized saline (10 units heparin/ mL, 9%QW followed by perfusion fixation with 4%
formaldehyde (pH 7.4) after intraperitoneal injentwith a lethal dose of Euthanyl. Brains were
removed and stored in 4% formaldehyde for 24 hbafere tissue processing and embedding in
paraffin wax. Tissue was then serially sectioned-@&jum thick sections and mounted to

microscope slides.

Immunohistochemistry was conducted using a sefiastthodies that included rabbit

anti-GFP (1:750 titer, Life Technologies, OR, US¥# rabbit anti-pTHP* tau (1:7500 titer,
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Thermo Fischer). Antigen retrieval (10 mM sodiunmate, 0.05% Tween 20 pH 6.0) was
conducted for all antibodies using a pressure ao(#0 Retriever; Aptum Biologics, UK).
Endogenous peroxidase was quenched with 3% hydmegrexide (VWR, Mississauga,
Canada). Primary antibody incubation was perforatedf C overnight in blocking buffer (5%
BSA, 0.3% Triton-X 100 in 1 X PBS). After washirggcondary antibody (1:200 biotinylated
IgG) incubation was performed for 1 hour at roomperature in blocking buffer.
Antigen:antibody complex was visualized with hoagksh peroxidase according to the
manufacturer’s instructions (Vectastain ABC kit,ctte Laboratories CA, USA), followed by

substrate development with DAB. Counterstaining par$ormed using Harris haematoxylin.

5.3.5 GFP expression and pathology mapping:

Every tenth slide from the serially sectioned brags stained with rabbit anti-GFP and
analyzed for expression. For analysis, the hipp@eemvas divided into dentate gyrus, CA4,
CA3, CA2, CAl, subiculum and fimbria. Expressioreach region was graded as present
(positive) or absent (negative) for each animaardless of how many positive cells were
present or expressing pathology. The percentageiofals expressing the GFP construct or
pathological tau inclusions was documented. Thataroerebellum and brainstem were used as

negative controls.

For each GFP expressing region, the extent gbtaiein deposition and pathology was
mapped by probing for GFP and piHitau protein separately, and then expressed aogptoli
the same hippocampal breakdown and positive ortivegeriteria in each animal for all GFP-
expressing regions. One slide per animal was sgldot a detailed analysis based on presence
of GFP construct expression in the region of irgeréhe evaluator (AM) remained blinded to

the grouping of the rodents until all aspects efdhalysis had been completed.
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5.3.5 Co-localization and fluor escence staining:

Tau protein was probed with chicken anti-GFP (1;588cam, MA, USA) in conjunction
with rabbit anti-pTh*! tau protein (1:1000, Thermo Fischer), rabbit ateaved (Asp’™
caspase-3 (1:200 titer, Cell signaling, MA, USAnwouse anti-pTyr° GSK33 (1:50 titer,
pTyr**® BD Biosciences, Mississauga, Canada) primarypadies overnight at 4°C and
Alexafluor goat anti-chicken 488 nm and goat aabhit 555nm or donkey anti-mouse 565 nm
secondary (all used at 1:200, Thermo Fischer) fooudr at room temperature. Rabbit anti-tau
protein pThf*! antibody was then labeled using a Zenon primatipady labeling kit with
Alexafluor 555 nm dye (Thermo Fisher) and probedlftiour at room temperature. Slides were
visualized within 24 hours of labeling by confogakaging on a Zeiss LSM 510 Meta
multiphoton confocal microscope. For co-localizatavith phospho-GSKB(pGSK3),
staining was performed with mouse anti-pF§6SK33 antibody (1:50 titer, BD Biosciences)

followed by secondary labeling with goat anti-moiéexafluor 633nm (Invitrogen).
5.3.6 Quantification and Statistical analysis:

Randomly selected fields within the GFP-expres&lA@ hippocampal pyramidal layer
were photographed by confocal microscopy with a @jective in GFP-expressing CA2 regions
for each animal. The total number of GFP-expresseilg, and the number of cleaved Caspase-3
positive, GFP-expressing cells were counted andesspd as Caspase-3/total cells. Statistical
analyses were conducted using SigmaPlot 10.0 s@twaone way analysis of variance
(ANOVA) was conducted following a Shapiro-Wilk tdet normality. Post-hoc Tukey’s test

was conducted and a p value of 0.05 or lower wasidered significant.
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5.4 Resaults:

5.4.1 Behavioural and imaging:

Although the results of the behavioural and neuagjimg studies are the topic of
independent thesis projects, it was noteworthynbabvert differences were observed between
groups by any method of behavioural analysis ogingat any time in this study. Fifteen rats
developed mammary (Wild type human tau protein mat®, Tht’°Asp tau protein n= 4 rats,
Thr'"®Ala tau protein n= 3 rats, GFP n= 2 rats) or pétittumours (THr'°Asp tau protein n= 2
rats, Tht"°Ala n= 2 rats) and were sacrificed or died priottte 12 month timepoint. This extent
of benign tumour development was unexpected buh lipgrature review, it has been
documented that the development of tumours canr@pmntaneously in up to 50% of rats in the
Sprague-Dawley line after the age of 6 months (Giknd Clifford, 2013).To increase the
number of rats for statistical power for imagingldrehavioural studies, fifteen additional
surgeries were performed to replace the missirgyfrain each group. None of these rats were
used in histological analyses given that | was ifigadly interested in pathology at the 12 month

time interval.

5.4.2 GFP construct expression in the hippocampus:

Hippocampal GFP expression was observed in allggdlroughout the anterioposterior
axis of the hippocampus (Figure 5.1). The CA2 sgibrerevealed GFP positive staining in
pyramidal neurons as well as in projections withie radiatum layer and cell bodies within the
oriens layer in all animals regardless of grougg®sting consistent long term expression of the
adenoviral vector across all inoculums. In regioutside of the CA2, we observed variability in
the extent of GFP expression within each constdptressing group. Staining in non-CA2

regions was never as intense as the positive stpinithe CA2 region. Cortical GFP neuronal
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expression was also observed in the subcorticakewhatter just superficial to the hippocampus.
Extrahippocampal staining was observed in the g@tgerficial to the hippocampus only, and

was not observed in control regions studied incigdhe thalamus, cerebellum and brainstem.
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Figure5.1 A
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Figure5.1B
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Figure5.1: AAV9-mediated GFP construct expression. A) We observed adenoviral construct
expression (GFP immunoreactivity) throughout thenaraudal axis of the hippocampus. B) The
most consistent expression was observed withilC&2 region (red) of all animals regardless of
the rAAV9 construct with varying degrees of expressghroughout the remaining aspects of the
hippocampus. % score represents percentage of Bnivith GFP-positive immunoreactivity in
each region. DG=dentate gyrus, SUB= subiculum. Beage composites of photographs taken
with a 10 x objective. Data are representative-dfrats per group.
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5.4.3 Activated GSK 3 expression:

In the CA2 pyramidal neurons of all animals, adiedaGSK3P was observed in both the nucleus
and cytosol. No difference in the GSK®calization or apparent expression could be detec
between groups, although we were unable to redwecdedgree of nonspecific background

immunoreactivity (Figure 5.2).
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Figure5.2: Activated GSK3p isexpressed in all groups. Nuclear and cytosolic GSI83
expression was observed in GFP-expressing hippaaameprons in all construct-bearing
groups. No inter-group differences were observedleSbar = 2@um. Data are representative of

3 rats per group.
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5.4.4 Tau protein pathology expression in vivo:

Tau immunoreactive neuronal cytoplasmic inclusiese observed exclusively in the
Thr'"® Asp tau protein expressing rats in all hippocamegions expressing GFP constructs.
This was evident using either the rabbit anti-GFRdgnizing tau constructs, Figure 5.3) or the
pTh** tau antibody (Figure 5.4) and could be charaaterizs axonal beading, fibrils, and
tangles (see Figure 5.3 for examples as observed asti-GFP immunohistochemistry). In
addition to this, pTHr" staining revealed fibrillar neuronal inclusionslagiial positive cells in a

phenotype resembling coiled bodies (Figure 5.4).

We observed some degree of axonal beading in@lipgrwithin GFP-immunoreactive
processes, suggesting that this was a nonspeediare of the inoculation itself. However, no

other pathology was observed outside of that fdnrithr' " Asp tau protein expressing rats.
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Figure5.3 A
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Figure5.3B
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Figure5.3: Thr'™ Asp tau protein pathology. A) GFP probing by immunohistochemistry
reveals GFP-tau protein pathology expression irfidhva of axonal beading (white arrow),

fibrils (black arrow) and tangles (black arrowheds)) Pathology was expressed in TAAsp

tau protein expressing rats to a greater extentahiather groups. % score represents
percentage of pathology-positive animals in eagiore DG=dentate gyrus, SUB= subiculum,
Fimb= fimbria. Images taken with a 100x oil immersibbjective. Data are representative of 3-4
rats per group. Scale bar= gn.
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Figure5.4A
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Figure54B
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Figure5.4: pThr®! tau protein pathology. A) pTh*'tau protein probing by
immunohistochemistry reveals GFP-tau protein paippkexpression in the form of neuronal
fibrils (white arrow) and glial coiled body-like ¢fusions (black arrow). B) Pathology was
expressed in ThF° Asp expressing rats to a greater extent thartiadr@roups. % score
represents percentage of pathoplogy-positive asimatach region. DG=dentate gyrus, SUB=
subiculum, Fimb= fimbria. Image taken with a 100kmmersion objective. Data are
representative of 3-4 rats per group. Scale bargn20
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5.4.5 pThr®! tau protein co-localizes with tau protein fibrilsin vivo:

Consistent with the known physiological role of pFhin modulating microtubule/tau
protein interactions, | observed similar degreeg ' immunoreactivity across all animal
groups, regardless of construct expressed. Uniguighyn Thr'’® Asp tau protein expressing
neurons in which tau protein fibrils were observethr>! tau protein immunoreactivity co-
localized in fibrils (Figure 5.5). In Th? Asp tau protein expressing neurons where GFPipesit
fibrils were present, pTAT positive staining was always present. ConverselypThf>*
positive fibrils occurred in the absence of GFPgasting that the presence of pThr

immunoreactive fibrils was dependant on the exjpoassf the pathological human tau construct.
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Figure5.5: pThr®! tau protein is expressed in hippocampal neurons and co-localizes with
GFP-tau protein pathology. No difference in pTHF! tau protein immunoreactivity was
detected between groups. pThtau protein co-localized to pathological inclusiofhr"> Asp
tau protein expressing neurons (white arrows).e&Slat = 10Qum for low magnification images
and 10um high magnification images. Images are represemativi rats per group.
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5.4.6 Thr™Asp tau protein expressing cells are positive for cleaved caspase-3:

The number of GFP-positive cells expressing cleaaspase-3 was calculated as a proportion
of the total number of GFP-positive cells in thediof randomly photographed GFP-expressing
CAZ2 region taken by confocal microscopy with a 2&yective. Representative high
magnification GFP-expressing neurons are showngar€ 5.6A. While all groups exhibited

some level of caspase-3 positive staining (WT tatein: 4.9 + 3.5%, THf°Asp tau protein:

38.5 + 9.7%, Thr°Ala tau protein: 6.3 + 1.7%, GFP: 3.8 + 1.7%) showat Tht"°Asp tau

protein positive neurons expressed a higher pragodf cleaved caspase-3 expressing cells than
all other groups (p=0.004 vs GFP, p= 0.003 vs Wilpt@tein and p= 0.005 vs TfitAla tau

protein after one way ANOVA with p= 0.002 and F=318; Figure 5.6B).
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Figure5.6 A
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Figure 5.6: Caspase-3 cleavage occursin Thr"Asp tau protein-expressing hippocampal
neurons. A) Thr'”®Asp tau protein inoculated brains exhibited casiapesitive GFP-
expressing neurons to a greater extent than al gitoups. Scale bar = 2@n. B) Blinded
counts revealed that THPAsp tau protein-expressing neurons express clecaguase-3
significantly more than all other groups. *dengte®.05 by Tukey’s post hoc test after
significant one-way ANOVA. Data are representativd rats per group.
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5.5 Discussion:

We have shown that the expression of T#sp tau protein, a pseudophosphorylated
construct mimicking pTHf® tau protein, in the adult rodent hippocampus fmbée of inducing
fibrillar tau protein pathology. Furthermore, tigsassociated with induction of pFiT
immunoreactive neuronal cytoplasmic inclusions,oclhiay be occurring through activated
GSK33 which is ubiquitously expressed through the cytos&FP-expressing neurons.

Thr'"°Asp tau protein expression was associated witteaszd markers of apoptosis.

That pTht"® toxicity is evident in this animal model builds oar previousn vitro
observation of pTHf° tau mediated neurotoxicity and confirms that gfissphoepitope on tau
protein is directly responsible to setting off @cade of phosphorylation events that are toxic in
an intact brain (Moszczynski et al., 2015). Addiadly, it shows that onset of expression in the
adult brain will lead to pathological fibril forman as well as apoptotic cell death. Therefore the
pThr'’ pathology observed in those neurodegenerativasisethat we have thus far
investigated, including ALSci, CTE, and CTE-ALS gegts a common mechanism of tau
mediated neurotoxicity across a broad range ofgaties (Moszczynski et al., 2017a,;

Moszczynski et al., 2017Db).

Although the animal model we utilized in this stutlgl express pathology, it was
localized to the discrete region bearing the GRPetanstruct. Most specifically, tau pathology in
this experimental model was limited to the hippopahregion CA2, a region for which the
behavioural testing paradigm was insensitive. Moeg, it is also quite likely that the load of
tau deposition and the extent of neuronal deattystunction was insufficient for a phenotype to

be expressed. A similar argument can be madénéofailure to observe pathology using high
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resolution MRI. To address this, future behavibatadies will employ testing paradigms that
are more sensitive to deficits in CA2 (such asalanemory) in evaluating ThrAsp tau
protein-mediated behavioural changes (Hitti angj@leaum, 2014). With respect to the
neuroimaging studies, it is known tlextvivo imaging methods have a much higher resolution
than then vivo imaging used in these studies (Dyrby et al., 20A%)such, future studies using

this model will require more sensitive measurebadfaviour and imaging.

Alternatively, using a genetic model with more wideead expression of TftAsp tau
protein may be a useful tool now that the pathaggnof this tau protein construot vivo has
been confirmed. This may be the more useful toohfsessing therapeutic potential due to the
possibility of a more aggressive pathology and beheial phenotypes that will be more easily

measured over time.

To varying degrees, we observed axonal damagé 4ngabups, likely a result of the
invasiveness of surgery. That TRAsp tau protein expressing brains had more axaathliotogy
and was the only group showing fibrillar tau protegiclusions with a widespread nature in every
animal indicates that the results are due to tipeessed construct. This is consistent with our
previousin vivo studies of THr°Asp tau protein constructs which also demonstrateased
fibril formation relative to other groups (Goharatt, 2009; Moszczynski et al., 2015). Finally,
the induction of caspase-3 cleavage indicates apoptell death which was only observed in
this group. This is consistent with our previousares that Thr'°Asp tau protein expression

vitro leads to caspase-3 cleavage (Gohar et al., 2009).

Given the evidence of toxicity and the known measarby which this is exerted

downstream of THf° tau phosphorylation, the inhibition of GE8nay be a useful therapeutic



205

strategy in neurodegenerative diseases bearind T protein pathology. The potential
efficacy of GSK3 inhibition will be the focus of future studiesanimal models of pTH®

toxicity. There is already evidence of G3Ki8hibition reducing tau protein based pathological
processem vitro (Hong et al., 1997; Moszczynski et al., 2015) andvo (Noble et al., 2005).
Additionally, evidence from bipolar disorder pati®on Lithium treatment suggests that chronic
Lithium administration is associated with reducatks of Alzheimer’s disease, indicating
therapeutic potential as a strategy of preventgarotein phosphorylation-based pathological

processes (Kessing et al., 2010; Nunes et al.,)2007
5.6 Conclusions:

Taken together, these data suggest that'pTiau protein is capable of inducing fibril
formation, tau protein-based pathology, neurotdyxiand deathn vivo. Further investigation
using GSK3 inhibitors will determine therapeutic potentialindibit pThr’® based tau protein
toxicity in a complete physiological system and thiee this may be effective in human

tauopathies.
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Chapter 6: Discussion

6.1 Summary of results

Thr'" tau which has been implicated in the pathogerasisgnitive impairment in ALS
is toxic and capable inducing tau aggregates ioitiro andin vivo. This toxicity is mediated
through increased activation of G§K&nd is dependent on phosphorylation af#tin a
process which can be fully preveniaditro by inhibition of GSK3 pharmacologically or

through molecular knock-down.

In this thesis, | have expanded the relevance of Tphospho-tau and the cascade
triggered by pThY° tau protein in the induction of pathogenic tauifibfrom ALSci and
Alzheimer’s disease to other tauopathies. | havpgsed that this pathway of pathological tau
protein fibril formation may represent a common hadsm of toxicity in these disease
processes. Most critically, THP tau is phosphorylated only in diseased statesappdars to be
a specific indicator of pathological tau, unlikénet phospho-tau variants. The pThrcontaining
pathology is associated primarily with neuronalahd not glial cells. Notably in all of these
diseases, Thf® tau phosphorylation is always associated witlf*ftiau phosphorylation and tau

oligomerization, further emphasizing the importantéhis pathway.

Although the initiating mechanism is unknown, | Bahown that THf® tau
phosphorylation and pathology can be induced hyniedic brain injury in a rat model of mild
traumatic brain injury. This pathology is obserwedhiuman CTE and CTEM in hippocampal
and motor neuron populations, and is associatddatitivated GSK@ as well as tau
oligomerization. In this model, pTHP tau protein and pathology can be induced by desing

traumatic brain injury in wild type rats and petsi8 months after injury. In traumatic brain
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injury and CTE, GSKP activity appears to shift from a primarily nucléaran even distribution

through nucleus and cytosol.
6.2 Implications
6.2.1 M echanism of toxicity

The toxicity observed downstream of ¥Himphosphorylation relies on increased
activation of GSKB beyond baseline levels of activity. There aredhpetential mechanisms by
which this may be induced by tau protein, all ofieftrely on tau functional changes, likely
promoted by a conformational shift from its globalrpin structure. Firstly, opening of the
hairpin may simply provide increased substrate€d8K33 by exposing more Ser and Thr
residues on tau protein for phosphorylation by GEKBhas been shown that increasing
substrate availability can increase the activitkiobses including GSKB(Frame et al., 2001).
Secondly, opening of the hairpin may expose thén@aich domain, allowing for tau
interactions with other signaling molecules. Theseur through SH3 homology domains which
have been shown to interact with Fyn kinase (Ké&tial., 2002). This in turn has been
demonstrated to phosphorylate GBK& Tyr'®, enhancing its activity, leading to increased tau
phosphorylationn vitro (Lesort et al., 1999). Finally, opening of the potein hairpin
conformation may expose the N-terminal phosphaateating domain (PAD), consisting of
amino acids 2-18. The PAD domain has been showlir¢otly activate GSK@related pathways
(Kanaan et al., 2011). While each of these po#$dsilis dependent on opening of the hairpin
loop structure, it is unknown whether the effecThf'’> phosphorylation can directly cause an
opening of the global hairpin conformation or ifstis mediated by a downstream effect.

However the location of this phosphoepitope onRherich domain/ hinge region of the hairpin
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suggests that this is possible based on previguestseof phosphorylation in the proline rich

domain (Jeganathan et al., 2006; Jeganathan 2088B).

The trigger for Thi"> phosphorylation remains unknown. However, therepsh cascade
of kinase activation that would lead to the phosplation of Th*’”® tau was not the focus of this
thesis; rather it was to determine whether pThau was a pathogenic post-translational
modification, and if so, how. In future studieswitl be key therefore to use the rat model of
mild traumatic brain injury to understand this prss further (discussed in future directions
section). It is interesting to note however that*Tttau protein has been shown to be
phosphorylatedh situ by several kinases including MAPK, JNK/SAPK, G$Kand LRRK2;
hence, there are several candidates (Atzori e2@0D.]; Hanger et al., 1998; Hanger, 2017;
Reynolds et al., 2000). Of note, the MAPK familykafases, specifically JINK has exhibited
increased activity after traumatic brain injurydmret al., 2012), in which case it is a strong
candidate. In fact, JNK inhibition has been preslgueported to reduce tau pathology after

traumatic brain injury in a rodent model (Tran ket 2012).

One possible means of tau phosphorylation by aetivdNK is spatial proximity (Zeke
et al., 2016). Neuronal injury requires microtubrdenodeling (Kleele et al., 2014; Tang and
Chisholm, 2016; Tang-Schomer et al., 2010). Thisld/de a circumstance in which tau protein
must disengage the microtubule to enable micrombigassembly before re-polymerization.
While unbound, large proportions of tau could béoralized to the soma. Here tau may be
situated in proximity to stress-activated JNK, whaould phosphorylate tau by this stochastic
process. If this happens to occur at*fHithe downstream pathogenic process of GBK3
activation and THr* phosphorylation would lead to an inability of taureturn to the

microtubule, and fibril formation. It is also pasts that phosphorylation of THP can occur
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through different pathways. For example LRRK2-inetliphosphorylation in Parkinson’s
disease linked to mutations in LRRK2 (Shanley gt24115) or already elevated GSK&ctivity

in Alzheimer’s disease (Guerreiro et al., 2016 daithis, it is reasonable to propose that there
may be multiple pathways of THr tau phosphorylation, with varying degrees of gefizability

to cellular injury response or disease specifiCityis may explain the heterogeneity of diseases

associated with pTh° tau.
6.2.2 Pathology vs. physiology

An important observation is that pFhttau was only observed in pathological or injured
states. As mentioned above, the likely pathway&hto’® induction are all abnormal and may
occur in “primed cells”. It is possible then thatw'° represents a tipping point in pathological
tau metabolism and further study of the regulatibpThr”>dephosphorylation is required to
establish whether it is a reversible event. Thaglagical state specificity of pTHP implies that
beyond its direct role in toxicity itself, pTHP tau appears to also be an indicator of toxicity an
neuronal damage. Because of this, gThau may be useful as a biomarker of tauopathygoei
more specific than other tau phosphoepitopes tiet been investigated previously as CSF
biomarkers of disease such as pthiMattsson et al., 2009). If this proves true fengral
tauopathies, it may be useful to investigate thiesaf pThf’° tau and other proteins that have
previously been investigated such as14-3-3 (FaudeZtou, 2012), and neurofilament proteins
(Li et al., 2016) in CSF or blood. These ratios rpayvide utility in distinguishing between
different neurodegenerative diseases or stratifgeigents with the same clinical diagnosis as
candidates based on molecular pathology for spaaiferventions or combinations of
interventions. The utility of combination theramy treatment of neurodegenerative disease is

discussed further in the Future Directions section.



212

The pathological specificity of pTHP was in contrast to pTHt tau which may be of
both pathological as well as physiological sigrdfice. As mentioned above, it has been shown
that microtubule dynamics are more plastic aftemak damage (Kleele et al., 2014), in which
case tau protein would need to disengage the minué¢. This physiological response may be
regulated by THF* phosphorylation (Cho and Johnson, 2004; Lin eR807; Schwalbe et al.,
2015; Sengupta et al., 1998). As such Ftphosphorylation must be carefully regulated by the
cell as anything leading to dysregulation, suchesrrect isomerisation about the phosphate
group (causing inability of dephosphorylation) case cell toxicity (Nakamura et al., 2013). If
kinase activity is enhanced and Fhiphosphorylation is driven by an external factomay be
that it is phosphorylated at a faster rate thaant be dephosphorylated, leading to an inability to
return to the microtubules, further tau phosphdigtg and tau-mediated toxicity culminating in
apoptotic cell death. This dysregulation may beiated by pTht’®> making the pathogenic state
of Th*®! phosphorylation dependent on THiphosphorylation, even though pTHmormally it

is an innocuous epitope due to tight regulation.

That tau pathology is inducible by traumatic briaijary brings into question the origin
of tau pathology in tauopathies as a whole. Iraims¢és where disease is induced by tau protein
mutations such as FTDP-17 it clear that tau pragethe primary cause of the disease. In other
states such as Alzheimer’s disease where tau wagteobserved concomitantly with other
pathologies, it is much more difficult to discerhat the origin of neuronal toxicity may have
been. In the case of CTE it is thought that tabxglagy is induced by shear forces and axonal
injury brought about by traumatic brain injury (@divet al., 2011). The same may be true of
progressive age related tauopathy (PART). Beginimirige entorhinal cortex, tau tangles have

been observed to increase with age in patientowitbvert dementia, and it has recently been
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shown that the burden of tau pathology in PART {mogttem correlates strongly with rate of
cognitive decline displayed in life (Jefferson-Ggmet al., 2017). It is possible that in the
absence of other pathological processes, tauopatinged by stress over time is a slowly
developing cognitive deficit. Tau deposition caartfore be thought of not as a function of
normal ageing, but as a toxic byproduct of weartaad on the brain over the lifespan. There is

nothing physiological about tau deposition as & teparture from homeostasis.
6.2.3 Affected cell populations

The pathology associated with Thrtau was contained primarily within neuronal cells
suggesting that there may be divergent toxic psEsegesponsible for tau pathology in neuronal
and glial cell populations and is consistent wit@ hypothesis that glial tau pathology is a
separate process influenced by the cellular enmeart within glia, which is distinct from the
neuronal cellular environment due to differentiadtpin expression (Kahlson and Colodner,
2015). Indeed, it has been suggested that neuaodaglial tauopathic processes are driven by
separate mechanisms and kinases (Ferrer et al.).ZDAe example of differential kinase
expression affecting tau pathology is casein kirla@eK1). Although the isoform of CK1 has
been implicated in tau pathology in multiple newgénerative diseases, this isoform is not
expressed in glial cells (Lohler et al., 2009)sIthus not surprising that CK1 associated tau
pathology is not observed in glial cells (Li et &004; Schwab et al., 2000). Additionally, glial
and neuronal cells have been shown to exhibit agpossponses in MAPK activation after
exposure to external signals such as cAMP dueffiereintial B-raf receptor expression (Dugan
et al., 1999). Of note, the B-raf signaling casdaae been shown to induce JNK activity when
activated, and inhibition of this pathway reducl& Activation (Park et al., 2005). Additionally,

kinases that have been shown to phosphorylatertdeip such as CaM kinase Il have much
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}75

lower expression in glia than neurons (Ferrer e2801). If Thr> phosphorylation is a

stochastic process driven by cellular stress,dgbisceivable that differential kinase activation or

}75

expression patterns would have a completely difiielikelihood for Thr’> phosphorylation.

This may explain the disparity in phosphorylatesidees between glial tau and neuronal tau.

The preferential layer pathology expression betvsegerficial layers in the entorhinal
cortex and deeper layers in frontal and anterioguiate cortex (ACC) suggests an origin in
entorhinal cortex which spreads along connectiorikeé ACC. Superficial deposition throughout
the entorhinal cortex with preferential localizatim layer Ill may indicate that this is driven by
mechanical cellular stress as observed in CTE.oEbarrence of tau in superficial regions in
CTE has brought about the hypothesis of a “weart@ad source of origin due to mechanical
disturbance to the neurons. This has also beerestegjin hippocampal sclerosis of ageing
(Nelson et al., 2013) and PART (Crary, 2016). Sfigat neurons are characterized by more
laterally oriented projections connecting neighlgicortical columns. If tau protein spread
occurs trans-synaptically as has been suggestaahd\Ahd Mandelkow, 2016) it is plausible
that this process would spread laterally throughehtorhinal cortex between columns remaining
largely in layer Ill, with a lower likelihood of spad to other regions. Tau protein deposition in
deep layers however, is more likely to spread irggronally. It is possible therefore that there is
a critical mass of tau pathology needed to be ezhblefore the spread will occur to other layers
by chance and then to other regions. Layer IV amédrons in the ACC receive inputs from the
perforant pathway via thalamic hubs. These ACC oesithen send projections to distant brain
structures, providing a route for tau spread ttadisstructures. Therefore, once tau protein

accumulation in deep layers begins, it is posdini¢his process to perpetuate itself further in a
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seemingly random process. That tau is consistebggrved in the entorhinal cortex and other

limbic structures, and then next most commonhhmACC, is consistent with this finding.

ACC pathology was most frequently observed in dissassociated with cognitive
impairment and has been observed to a greatertert@h Sci than ALS (Yang and Strong,
2012). Indeed, dysfunction of the ACC has beenicafed in cognitive impairment in ALS
through multiple studies (Ambikairajah et al., 20B4rne et al., 2012; Kew et al., 1993;
Mohammadi et al., 2009; Van Deerlin et al., 2008jis region has been linked to language
processing, emotion (Bush et al., 2000), motor magGrezes and Decety, 2002), motor
function (Basha et al., 2013), pain processing ¢Ndral., 2015), error detection (Hyman et al.,
2013; Wang et al., 2005) and conflict monitoring(Hs et al., 2004; Wang et al., 2005). This
may imply that the variability of frontal symptomggression in ALSci could result from
differential ACC regional involvement. Furthermotiee ACC is also a highly connected region
of the brain with the midcingulate cortex (MCC) sedion alone having cortical projections
with amygdala, parietal cortex, insula, dorsoldtprafrontal cortex (dIPFC) (Vogt, 2016) and

direct connections to spinal motor neurons (Dum Sinitk, 1991).

Of further interest to neuronal pathology of the@G@here are two unique classes of
neurons known as spindle neurons and fork cellareuwhich may be linked to social behavior
localized specifically to the ACC and insula. Theserrons appear to be affected preferentially
in frontotemporal dementia (FTD) (Kim et al., 20B&ntillo et al., 2013; Seeley et al., 2006).
Fork cells and spindle neurons are large neuronsjized to layer V of the anterior cingulate
cortex, analogous to pyramidal upper motor neu(&is et al., 2016). It may be no coincidence
then that ALS and FTD share such pathology and coidity. They show physical similarities

(size), similar predisposition to pathological pgeses, and are contained within structurally
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connected regions. If neurodegenerative diseaseeis partially stochastic in nature, the link
shared by these cell populations would suggesttihégher than expected number of cases

should develop both diseases especially in disdsessrang more aggressive pathology.

In the case in both Guamanian ALS as well as CTiichvbear intense tau pathology
through the brain and spinal cord, the critical snagpothesis may be relevant. The reduced
frequency of tau pathology in spinal cord in otharants of ALS and tauopathies may be
because motor neurons have a different molecutarad@e making tau inclusions harder to drive
in them even though tau dysfunction can occuratt it has been suggested that neurofilament
may serve as a phosphorylation sink in spinal me¢orrons which may hold off tau pathology
resulting in a higher “barrier to entry” (Nguyenadt, 2001). Nevertheless, animal models of
tauopathy and even SOD1 (Nguyen et al., 2001te#&bét et al., 1999) have been shown to
exhibit abnormal tau protein metabolism and patiypio the spinal cord, suggesting that there
is a possible role of tau in these neurons aswiedn dysfunction does occur in motor neurons.
The spinal cord tau pathology | observed in CTEesdbat did not exhibit motor impairment
may indicate an early stage of tau pathology witbgphorylation preceding sufficient neuronal
death to initiate clinical findings. It has beersetved in ALS-Parkinsonism dementia complex
(ALS-PDC) of Guam that spinal cord pathology wassent even in 35% of cases with
Parkinosnism without motor symptoms (Rodgers-Johesal., 1986). Tau dysfunction
therefore may be relevant to motor neuron toxicitgiseases bearing a heavy tau burden to a
much greater extent than those with relativelytiditauopathy. It is possible that it is one of the

key toxic mediators of motor neuron degeneratioth@se cases.
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6.2.4 Recognition of tauopathy

| noted divergence between AT8 and pThrau pathology in the frontal cortex. Whereas
AT8 only recognized frontal tau pathology in Alzimeir's cases selected on the basis of late
stage tauopathy, pTHP recognized tau pathology in the frontal corte8@% of ALSci cases
studied. This is notable because ATS8 is a primatipady used in neuropathological study and
the detection of phosphorylated tau protein in patloies. If tau can be toxic without
phosphorylation at TA¥ (the AT8 epitope), AT8 may miss tau pathology Hirsg in false
negative reporting. This highlights a need for garessmethods to detect tau pathology in non-

AD neurodegenerative diseases, using antibody panather methods.

Alternatively to antibody specificity, the thinnessparaffin embedded tissue sections
routinely used for neuropathological analysis pnesan additional limitation of tau detection.
One method that has been applied recently to hioitisRlisease (Irwin et al., 2016) and FTD-
TDP (Brettschneider et al., 2014) is to useau#Osections (Feldengut et al., 2013) allowing for
more detailed anatomical characterization. Howetwés,technique also has a higher false
negative rate as more cells and structures aremires each slide. Braak staging has been used
since 1991 (Braak and Braak, 1991) as the goldiatdnn staging of neurofibrillary pathology
related to AD. Recently (Irwin et al., 2016), aissrof Pick’s disease cases were stained using
the thick section method. Their traditionally idéet thin section Braak stage was a maximum
of I/1l, corresponding with what is considered ®dmild tau pathology which may be
associated with ageing. However, upon further ioBpe using this sensitive technique it was
apparent that tau pathology was widespread andifsuregions spanning from limbic and

frontal structures, to visual cortex. This pairethvour finding that tau pathology may be
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underestimated by one tau antibody, or silver Btgialone, indicates that thorough investigation

may be required before writing off tau pathologyaasontributing factor to disease.
6.2.5 Tau asacentral player in NDGs

Tau protein phosphorylation can be induced asiiator of or response to a stressor.
Thr'”® phosphorylation is observed in neuronal pathoiagll tauopathies investigated thus far
and may play a role in the toxicity of tau protdirmay be that THf® phosphorylation can be
induced by multiple factors such as axonal stretb®r protein-induced stress, or other cellular
dysmetabolism. In fact, it has been suggesteditihin neurodegenerative disease, the rate of
mixed pathologies and number of combined neuropagical substrates may be very high
(Rabinovici et al., 2017; Rahimi and Kovacs, 20T#4erefore, aberrantly phosphorylated tau
protein may be one part of a pathological netwdrtlisease-related proteins capable of re-
enforcing pathology in each other, propagatingitixé processes underlying neuronal death.
Tau protein may therefore be a central player inymeeurodegenerative disorders, contributing
to pathology and toxicity. It is possible thatritéracts with other components of this
pathological network in a synergistic manner. Titidiscussed further in the Future Directions

section.
6.3 Caveats

The results from my studies have shown that pPPtau protein is pathogenic and
associated with multiple disease states. Howekieget studies do not shed light on the induction
of this process. That traumatic brain injury wagatde of inducing this pathology suggests that
other forms of cellular stress may be capable d@figing it as well. This suggests that TAr

phosphorylation happens downstream of cellulassimaising the issue of whether or not this is
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a cause or consequence of neurodegenerative distagardless, it may be a specific marker of
neurodegeneration and it is a clear contributa@oxacity which may require intervention even if

other contributors to toxicity are present in tigedsed brain. Alternatively it may be an aberrant
response to stress representing a tipping poiivindra physiological stress response to a

pathological, out of control, toxic state of cedlubysfunction.

Another limitation of these studies is the inaitio determine the order of
phosphorylation of THf> and Thf*~. The cell culture and rat model expresses a aaatstr
mimicking pThr’>, and we therefore were only able to determinalthvenstream changes
required for toxicity. It is possible that it phosphorylation locks pTHt into place, or pushes
equilibrium of phosphorylation to dephosphorylatiorthe favour phosphorylation as it is likely
that ThF** would be phosphorylated already as tau may nebd tff the microtubule to be
phosphorylated at TH. Future studies in the TBI model can be used éd $ight on this

sequence of events.

The lack of behavioural or imaging correlate initheivo studies of pTHr®
pathogenicity appeared to be related to insuffidievels and regional spread of expression. This
suggests that a different mechanism of deliverg lmnger period of time is required to induce
widespread pathological effects. In other wordyp’f requires more time to induce pathology
in the brain and needs to be expressed in mubli@as at higher levels to induce behavioural or
large-scale changes. It may very well be that midthits are required, and that the toxicity of

pThr’°tau is made worse by another contributor. Thi$ vélthe focus of future studies.
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6.4 Futuredirections

One current study is addressing the synergisticitg>of tau protein and transactive
response DNA binding protein of 43 kDa (TDP-43n using the same somatic gene transfer
as in chapter 5 to express 1) Fisp-tau, 2) wild-type human tau, 3) rAAV9-GFP ireth
hippocampus of either wild-type or transgenic epressing human mutant TDP-43 (NEF-
tTA/TRE-TDP-43""Y) (Huang et al., 2012; Zhou et al., 2010). Intéranst between these two
pathological proteins may be synergistic in therodagenerative process, as individual
pathology is rarely observed, and comorbid pathekgre frequent (Amador-Ortiz et al., 2007,
Josephs et al., 2014a; Josephs et al., 2014b; 20itf7). The association of TDP-43 pathology
to ALS and ALS-FTD spectrum diseases is well deéscri(Neumann et al., 2006) and comorbid
TDP-43 pathology is frequent in tauopathies such@sand CTE (Josephs et al., 2014a; Josephs
et al., 2014b; McKee et al., 2010). Both TDP-43 tndprotein may contribute to neuronal
death in ALSci, and tau protein toxicity has premty been shown to act synergistically with
other neurodegeneration-associated toxic prot&akrpcki et al., 2005). It is possible that one
pathological process primes the other, in whickedhe toxicity of Th"°Asp expression may be

enhanced by the coexpression of TDP-43 servingsase@nd hit to the CNS.

The induction of pTHF® by traumatic brain injury in wild type rats proeisian
opportunity to study the upstream events leadinBhd’ phosphorylation. A time series study
where pathological analysis is conducted at the tinjury, hours, days, and weeks after
injury would allow for the characterization of tabrillization relative to phosphorylation status.
Investigating this along with kinase activationtgtaand co-localizing phospho-tau with these
kinases would allow for the characterization of enying kinases. Administering inhibitors of

the identified kinases at the time of injury antldeing injury could be utilized to confirm
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mechanistic involvement as well as determine thieasfy in blocking fibrillization of tau in this
model. Additionally, GSK inhibition should be conducted in this model tareltcterize its
therapeutic potential for blocking pTfit toxicity as observeih vitro. This is particularly
attractive as lithium is currently used in the treent of psychological disorders (Geddes et al.,
2004) and would therefore be easily repurposedlioical use, expediting therapeutic use if

they prove efficacious.

A detailed characterization of pTftin the tauopathies would elaborate further on my
findings. This should be extended to tau mutatiammiers including spicing modifying mutants
and MPR affecting mutations. A more detailed actadithe types of inclusions and pathology,
as well as a further quantification with a largehort for each disease would shed light on the

extent of pTht” pathology in the disease process.

The mechanism by which pTHit tau induces GSKBactivity remains unknown. As
mentioned above, it is possible that this occumsuth opening of the hairpin conformation of
tau protein to expose the PAD domain. Expressipgta' > construct lacking the first 18 amino
acids of tau should therefore abolish the upregraif GSK3 activity and should not lead to

fibril formation, cell death, or TA* phosphorylation.

The redistribution of activated GSK38kely represents changes in the location and
homogeneity of GSKBactivity in the cell. This warrants further, dégdi investigation, and
assays of GSKBactivity should be conductelh situ activity assays of GSKBin the presence
and absence of pTHP could be used to further delineate the naturawbbsed GSKB
activation, (whether it is direct or indirect). @ar fractionation could be used to investigate th

activation status of GSKI3n multiple organelles. Finally, GSIg3solation from different states
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(injured/ uninjured) and organelles could be usedsssay catalytic activity of the kinase in each

subcellular region.

Tau protein pathology has been observed in a pigthioneurodegenerative diseases.
Regardless of whether tau is a primary or seconckauge of disease, the clear demonstration of
tau protein toxicity in manin vitro andin vivo models suggests that once tau pathology is
induced, it is a contributor to neuronal death.réfere, tau protein based toxicity may need to
be considered for future attempts at effectiveapeutic interventions for neurodegenerative
disease. It is also therefore likely that effectiverapies will need to be based on individual
molecular contributors possibly recognized throug¥ivo imaging of different pathological
markers to account for co-morbid underlying molecudliseases. Therapies attempted thus far
have failed, possibly due to multiple contributsmurces of toxicity not being addressed in
strategies attempted. Future attempts may requigertnibitor per molecular contributor. The
concept of combination therapy has been applield gvi¢at success to treatment of cancer
(Bayat et al., 2017) and has been suggested assibfgopath for neurodegenerative disease

(Bredesen and John, 2013; Schmitt et al., 2004).
6.5 Conclusions

pThr”tau protein is toxic and may play a role in neegeheration. The extent to which
this phosphoepitope is involved in tauopathies app@idespread and requires further
investigation. Thr'> phosphorylation and tau pathology is induced hyrmatic brain injury.
This warrants further investigation to examine tipstream mechanism underlying p'fir

phosphorylation as well as whether other stressammsnduce this event. Therapeutic
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intervention may be effective in mitigating thisusce of toxicity, and may be required in

conjunction with other toxicity blockers for comaattpathologies.
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Chapter 9

Cortical Manifestations in
Amyotrophic Lateral Sclerosis

A.J. Moszczynski, M.J. Strong

Western University, London, ON, Canada

BACKGROUND

Amyotrophic lateral sclerosis (ALS) is the most ¢coan adult-onset neurode-
generative disease of the motor system. Althoughetirliest clinical descrip-
tion of ALS appeared in the thesis Afan (1850) it was Charcot J.M. and
Joffroy A (1869)who coalesced the findings of progressive degeneraifon
both upper (descending supraspinal) and lower ma¢airons into a single
diagnostic entity. The net effect of this degerierats a progressive loss of
motor function, culminating in paralysis and degémerally within 3-%ears
of symptom onsetJtrong, 200}

Although neuropsychological changes in ALS werédnisally considered
to be rare ludson A.J., 1993 the contemporary view is that 45-55% of
patients with ALS will develop a neuropsychologisghdrome reflective of
frontotem-poral dysfunction, including a frontotemngl dementia (FTD),
behavioral or cognitive impairment (ALSbi and ALSciespectively),
language impairment, or deficits in social cogmti@Abrahams, Newton,
Niven, Foley, & Bak, 2014Elamin et al., 2011; Montuschi et al., 2015; Oh et
al., 2014; Strong et al., 2009; Strong, Grace, Qea& Leeper, 1996 The
presence of a neuropsychologisghdrome in ALS is prognostically relevant
because affected patients will have a significagtigrter survival than if ALS
occurs in isolationElamin et al.2011; Hu et al., 2093

NEUROPSYCHOLOGICAL MANIFESTATIONS OF
FRONTOTEMPORAL DYSFUNCTION IN
AMYOTROPHIC LATERAL SCLEROSIS

The neuropsychological manifestations of ALS cangeafrom impairments in
cognition or behavior, deficits in social cognition theory of mind (ToM), or as
an FTD consistent with either the Neary or Hodgesraitelodges & Miller,

The Cerebral Cortex in Neurodegener ative and Neuropsychiatric Disorders.
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2001; Neary et al., 1998; Strong, 2008; Strond.e2809. Rare presentations
can include progressive nonfluent aphasia or semédamentia, suggesting a
continuum with FTD. Approximately 2—4% of patiem$o have ALS will
develop concomitant Alzheimer disease (ADp(isonni et al., 20)3

Impairments in language, including deficits in nag)i comprehension, and
spelling, occur in upwards of 35% of patientsbahams et al., 20)4Defi-cits
can be further subdivided into impairment in acti@nbs but not cognitive verbs,
with the former showing a positive association withp&inments in exec-utive
functioning (York et al., 2013 These latter findings are associated with
significant gray matter atrophy in the left precahgyrus, left cingulate gyrus,
and right medial frontal gyrus. As will be discussttese observations begin to
highlight the regional selectivity of the frontotparal dysfunction in ALS.

Impairments in verbal fluency are commonly obsertaca meta-analysis
of published studies, Raaphorst and colleaguesnag$ehat among those
indi-viduals with cognitive impairment, impairmenitsverbal fluency, visual
mem-ory, and immediate verbal recall each had aifgignt effect size
(RaaphorstDe, Linssen, De Haan, & Schmand, 2010

Behavioral dysfunction has been observed in upwafd®% of patients with
ALS and can include apathy, behavioral disinhimitiarritability, loss of
sympathy/empathy, perseverative or stereotypic \iehaor changes in eat-ing
behavior Abrahams et al., 2014; van der Hulst, Bak, & Abraha?04.4;Lomen-
Hoerth et al., 2003 An increased incidence of psychotic symptoms eesn
observed in those individuals with ALS-FTDil(o, Garcin, HornbergerBak, &
Hodges, 201)) Deficits in ToM have been described in a sigaifitproportion of
patients who have ALS and are characterized as dniliipdo represent others’
intentions and beliefs and thus the ability to predthers’ behavior by attributing
independent mental states to thékdé€nzato, Cavallo,
& Enrici, 2010Q. These deficits can be observed even in the abseh overt
evidence of dementiaMgier, Charleston, & Tippett, 20).0Consistent with
pathology of the orbitofrontal cortex, impairmemémge from apathy through to
greater difficulty in identifying emotional expréss or reductions in emotional
attributions while sparing intentional attributioend thus a reduced ability to
recognize others’ emotional state§)e(ami et al., 2004 ToM deficits cor-relate
with diffuse cortical atrophy [determined by magoa&sonance imaging (MRI)]
with a specific accentuation in the left superioegantral gyrus, left paracentral
gyrus, and right precentral gyrusgosta et al., 2002

MOLECULAR, CLINICAL, AND NEUROPATHOLOGICAL
CORRELATES OF FRONTOTEMPORAL DYSFUNCTION
IN AMYOTROPHIC LATERAL SCLEROSIS

Approximately 10% of ALS cases are genetic in origiChalabi et al., 2012;
Renton, Chio, & Traynor, 20)4Table 9.). Although the mechanism(s) hich
many of these mutations induce neuronal degenarat® uncertain,
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et al. (2008) Q
Factor-Induced FIG4 609390 Cell death/ + + Chow et al. @
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Optineurin OPTN 602432 Cell death/ + + (PDB) Maruyama %
protein et al. (2010) S
degradation 2
2
Ataxin 2 ATXN 2 601517 Oxidative stress + + (SCA2) Elden et al. g'
(2010) o
2
Valosin-containing VCP 601023 Protein + + + + Forman g_
protein degradation et al. (2006), %
Johnson et al.
(2010), Weihl,
Pestronk,
and Kimonis
(2009)
Ubiquilin 2 UBQLN2 300264 Protein + + + Gellera et al.
degradation (2013), Ugwu

et al. (2015)
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frame 72
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A (Caenorhabditis

d-amino-acid
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PEN1

C9orf72

CHMP2B
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DCTN1

NEFH
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124050
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regulation
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(2011)

Cox et al.
(2010)
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Protein
Peripherin

Sequestome 1

TAF15 RNA
polymerase Il, TATA
box binding protein
(TBP)-associated
factor, 68 kDa

Spastic
paraplegia 11

Elongator
acetyltransferase
complex subunit 3

Gene
PRPH

SQSTM1

TAF15

SPG11

ELP3
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170710
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601574

610844

612722

Functional

Changes
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cytoskeleton,
microtubule
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Protein
degradation

DNA/RNA
processing

DNA damage
repair

Projection
neuron
maturation

is and Their Overlap With Frontotemporal Dementia—c  ont'd

FTD

PLS/

ALS ALS-FTD Other
+

+ + + (PDB)
+
+ + (HSP)
+

References

Corrado et al.

(2011)

Le Ber et al.
(2013)

Hand et al.
(2002)

Daoud et al.
(2012)

Simpson et al.

(2009)

ALS, amyotrophic lateral sclerosis; FTD, frontotemporal dementia; HSP, hereditary spastic paraplegia; NFL, neurofilament; OMIM, Online Mendelian Inheritance in Man;
PBP, progressive bulbar palsy; PDB, paget disease of bone; PLS, primary lateral sclerosis; PMA, progressive muscular atrophy; SBMA, spinal-bulbar muscular atrophy;
SCA2, spinocerebellar ataxia type 2; SMA, spinal muscular atrophy; TAR, transactive response; TDP, TAR DNA-binding protein.
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there are three general themes including the inoluctf oxidative stress (eg,
mutations inSOD1, ATXN2, DAY alterations in the cytoskeleton and/or
impairments in axonal transport (&gAPB, SPAST, DCTN1, NEFH, PRRH
and alterations in RNA metabolism (8gARDP, ANG, FUSand pathological
hexanucleotide expansions d9orf72. However, a group of genetic
mutations cannot be readily bundled into these ntigle mechanisms
including genes thought to directly give rise to \land those thought to be
genetic modifi-ers CGHMP2B, VCP, UBQLN2, SIGMAR1, PFN1, UNC13A,
SQSTM1, TAF155PG11, ELPR Ultimately, however, there are few clinical
features that aranique to any of the genes associated with ALSgesiing
that the motor degeneration and potentially theawsychological deficits are
syndromic or, in the latter, reflective of specifieural network dysfunction
that is indepen-dent of the underlying pathologroatation.

The theme of ALS being syndromic is supported buropathological
studies. Consistent with the primary manifestatasna progressive loss of
motor function, the hallmark of ALS is a loss oftbh@pinal and bulbar motor
neurons with degeneration of descending suprasjmmarvation pathways.
Affected motor neurons demonstrate a range of an@ed cytoplasmic neu-
ronal inclusions (NNIs and NCIs, respectively).amblinded analysis of both
sporadic and familial ALS motor neuron pathologywas not possible to
identify (by light microscopy) a “signature” patteof neuronal inclusions of
either cytoskeletal proteins or RNA-binding proteithat would allow
differentiation amongst individual genotypes of A{&ller et al., 201 The
exception to this wassSOD1 mutations. The presence of frontotemporal
dysfunction in ALS is typically indistinguishableoim that occurring as an
isolated FTD in which diffuse frontal and anteriemporal atrophy is accom-
panied by a vacuolar appearance consistent withrBajal linear spongiosis
throughout affected regiong\ilson, Grace, Munoz, He, & Strong, 2001
Somewhat in contrast to the pathology of affectestamneurons in ALS,
cortical and subcortical neurons in cases with mdgyme of frontotemporal
dysfunction tend to display an increase in trangaatesponse DNA-binding
protein 43 (TDP-43) cytosolic expression and a eanfjboth NCls and NNIs
(Neumann et al., 2006

Although an up-regulation of TDP-43 expression e#so be seen as a
response to neuronal injurypisse et al., 2009 the presence of both an
increased expression of neuronal TDP-43 and TDiRw3unoreactive NNIs
and NCIs as major neuropathological features dfi BdtS and FTD suggests
a common pathogenic process across the two dis€E3s43 has a range of
activities that map to the regulation of gene eggian, including such diverse
functions as anchoring of chromatin, participation splicing and RNA
granule formation, the regulation of RNA translaticand participation in
RNA deg-radation through the Dicer compléx@ppelmann, Campos-Melo,
Ishtiag,Volkening, & Strong, 2014
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The hypothesis of a continuum encompassing both &hGFTD has been
further reinforced by the discovery of a patholadjiexpansion of a hexa-
nucleotide repeat (GGGGCC) ®9orf72in both familial and sporadic ALS
(DeJesus-Hernandez et al., 2011; Renton et al.,)20he RNA associated
with this expansion undergoes a unique type ofaepssociated non-ATG-
initiated translation to give rise to dipeptide eap proteins that can function
as sinks for a range of RNA-binding proteins, dffedy sequestering them
from participating in RNA metabolismAgh et al., 2013; Souza, Pinto, &
Oliveira, 2019. It remains to be fully clarified as to whethbetpathological
RNA alone or the presence of dipeptides alone, @vmabination of both, are
sufficient to induce cell deathH(kema et al., 2014; Mizielinska et al., 2014
The neurodegeneration associated with patholodieabnucleotide expan-
sions inC9orf72is typically more symmetrical than that observathwther
variants of FTD and includes frontal and tempomatices and the hippocam-
pus, as well as deeper structures such as théeustriand thalamus\(ahoney
etal., 201}

No single pathological inclusion describes all wvatsa of frontotemporal
dysfunction in ALS. Indeed, there is increasing ewick to suggest the coexis-
tence of several pathological protein inclusiongimithe same case, including the
presence of bot@9orf72and TDP-43(lackenzie et al., 20)3r C9orf72and the
microtubule-associated protein tau in pathologitallusions Bieniek et al.,
2013. In lumbar spinal motor neurons, the coexistenithin the samenclusion
of the RNA-binding proteins TDP-43, fused in sarcdraaslocated in
liposarcoma, and Rho guanine nucleotide exchangrfdnas been described
(Keller et al., 201p. The critical point here is that although thesaitendency to
describe the various neurodegenerative syndromésg usomenclature that
reflects either the underlying genetic basis orpheponderance of a single pro-
teinaceous inclusion, upon critical evaluation $lgedromic nature of ALS and its
associated frontotemporal syndromes is evident.

The clinical expression of pathological expansioh€9orf72is heteroge-
neous, ranging from a rapidly progressive variaith vinarked neuropsycho-
logical abnormalities to an atypically slow progsies that may last decades
(Chester et al., 2013; Kandiah et al., 2012; Khaal.e2012. Such a range of
survival is not only consistent with the syndromature of ALS, but also sug-
gests that the phenotypic expression of a pathodbgixpansion oC9orf72
can be modified either by the presence of a segenétic mutation (the basis
of oligogenic inheritance) or alternatively by &th exogenous or
environmental factors.

Perhaps the most controversial aspect of the patiesjs of frontotem-
poral dysfunction in ALS is whether or not alteoat$ in the metabolism of tau
are present. However, distinct from the presenca tduopathy among the
previously hyperendemic focus of ALS in the Westé&acific, we have
observed that tau immunoreactive glial and neuramlsions are a signifi-
cant feature of ALSciYang, Sopper, Leystra-Lantz, & Strong, 2003; Yang &
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Strong, 201} Tau isolated from the frontal cortex of patiemtish ALSci is
typically insoluble with (in contrast to AD tau)ladix tau isoforms being
expressed in the insoluble fraction and abnormaligsphorylated at threo-
nine 175 (pThrl75-tau)Sfrong et al., 2006 Both the pattern of tau deposi-
tion and this phosphorylation state render thedgposition of ALSci different
from primary age-related tauopathyréry et al., 2014; Jellinger et al., 2015
and from normal tau deposition as a function ohgdirang, Ang, & Strong,
2005. Moreover, pseudophosphorylated tau mimicking fi7B-tau forms
pathological intracellular inclusions in vitro afehds to cell deathQoharet
al., 2009; Moszczynski et al., 2015

These observations suggest that the phenotypicession of both the
motor neuron and cortical or subcortical neurodegsion of ALS can be
driven by a wide range of pathological processespetimes occurring as
isolated meta-bolic syndromes or at times as alwenfe of metabolic
derangements. If this is the case, then the mataram phenotype would be
expected to be uniform across all biological vasarecause there is a limited
phenotypic reserve with which to manifest motor mau dysfunction,
specifically as a loss of motor function. The caseecannot be held for the
neuropsychological manifesta-tions because the qifipit reserve upon
which to draw for the clinical expres-sion of a gfie pathological process
will be considerably greater. However, these latt@nifestations are not
limitless and, as discussed, are reflected in erelis number of well-defined
syndromes of frontotemporal dysfunction. As will cbeme evident, our
postulate is that these syndromes do in fact dravwadimited phenotypic
reserve, but in this case, the reserve is defiyaakral networks.

NEUROIMAGING CORRELATES OF IMPAIRED NEURAL
NETWORK FUNCTION AS THE BASIS OF FRONTOTEMPORAL
DYSFUNCTION IN AMYOTROPHIC LATERAL SCLEROSIS

The postulate that the frontotemporal syndromeald® are based on perturba-
tions in neural networks finds support across a ramab neuroimaging modali-
ties, but most specifically resting state functiohtRl (RS-fMRI) and diffusion
tensor imaging (DTI) (se€hapter 3. RS-fMRI correlates brain regions that are
activated concomitantly and has been used to camijpauctional network alter-
ations in ALS and the behavioral variant of FTD (biZhT(Trojsi et al., 201h
This latter study highlighted the involvement ofeé major neural networks in
both ALS and bvFTD: the salience network (SN), theadikfmode network
(DMN), and the central executive network (CEN)g( 9.J).

To visualize the networks more directly and, mapecifically, to assess
the integrity of neuronal pathways, DTI can be &gl The basis of DTI is
the measurement of the diffusion of water alongroweal projections. Given
the narrow diameter of neuronal tracts, water isenable to diffuse along the
tract than across it, having an anisotropic motigmch when measured,
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FIGURE 9.1 Three major networks affected 3A)
amyotrophic lateral sclerosis (ALS) and frontotem-
poral dementia (FTD)Red node$ave been shown to
be dysfunctional in FTD. (A) Default mode net-work
(DMN) areas affected in FTD include the medi
prefrontal corteYmPFC)and medial tem-poral (MT)
lobes, whereas the posterior cingulate co(e€C),
ventral precuneu$VP), and parietal cortexPC) are
less commonly implicated. Thedashed circle
indicates that the PC is superficial the contained
structures. (B) Salience network (SN) nodes incigdi
the anterior cingulate cortefdCC), insula (In), and
prefrontal cortex(PFC) are all implicated in FTD- (B)
related dementia processes.

(C)Central executive network (CEN) areas
affected include the dorsolateral prefrontal corte
(dIPFC), whereas the posterior parietal cortex ip
less com-monly implicated. !

(€)

allows for an approximation of the tract directitm be generated. More
myelination of tracts increases the signal becafshigher water content.
Therefore a reduced signal is likely to indicatéueed integrity of the connec-
tive pathways. Although not yet applied to undardiag the frontotemporal
dysfunction of ALS, DTI is being applied to undarsding the degeneration
of the corticospinal tracts as part of the neuetivork subserving motor func-
tion (Brettschneider, Petzold, Sussmuth, Ludolph, & Tum2006; Hendrix
et al., 2015; Karlsborg et al., 2004

The concept that neural networks mediate not dmyphenotypic expres-
sion of the neurodegenerative process but alsoseave as “highways of
disease propagation” has been supported by stdgemgpread of either tau
protein ora-synuclein pathosis in AD and Parkinson dise&sedk & Braak,
1995; Braak et al., 2003These observations suggest that whereas network
connectivity may be affected as a whole, therespegific patterns of vulner-
ability within these networks. This approach to #tedy of neural networks
has provided insight into the dysfunctional netwsyktems in a variety of
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disease states in which syndrome-specific pattfrdysfunction are observed
(Seeley, Crawford, Zhou, Miller, & Greicius, 20Q09Extending these
methodol-ogies to evaluate the integrity of whitattar tracts within the brain
(structural network imaging), mathematical modelsonjunction with fMRI
has yielded the capacity to evaluate differencesadtivated brain areas
comprising nodes in these networks (functional oekwimaging) and to
ascribe differences to individual disease stafés( et al., 2010

The understanding of neural networks gained throsigth studies can be
applied to understanding the neuroanatomical aigifithe frontotemporal syn-
dromes observed in ALS. The DMN consists of regionthan medial temporal
lobe (memory), medial prefrontal cortex (involvad ToM), posterior cingulate
cortex, ventral precuneus, and medial, lateral, iafetior parietal cortices. The
DMN is active largely during periods of wakeful resthile the patient is not
focusing on anything occurring in the outside wditd daydreaming)¥an et al.,
2009. Importantly, the DMN has been implicated in sbciggnition (Schilbach,
Eickhoff, Rotarska-Jagiela, Fink, & Vogeley, 2008he SN has been implicated
in a number of psychotic disordealaniyappan & Liddle2012. In cases of
young-onset FTD, many are first diagnosed as psiclitorders up to $ears
before FTD because of the similarity of presentatfgrlakoulis, Walterfang,
Mocellin, Pantelis, & McLean, 2009 It is noteworthy then that increased
psychotic symptoms have been observed in ALS with Edilo et al., 2010.
The SN is thought to act as a switch between the DMNtl@dCEN (enon &
Uddin, 2010; Sridharan, Levitin, & Menon, 200&llow-ing for the focus of
attention to the external world and one’s insideugids to be prioritized and
maintained. This network consists of the anteriagatlate, insula, and prefrontal
cortices. The CEN is implicated in executive con{fEsposito, 2007; Koechlin
& Summerfield, 200y, The CEN (also referred to as tfrentoparietal network
consists of the dorsolateral prefrontal cortex godterior parietal cortex, with
particular activity along the intraparietal sul-clrmportantly, the DMN and CEN
have anticorrelated activations such that activatibone leads to inhibition of the
other Fox et al.,, 200p Supporting dysfunction in these networks in ALBg t
presence of protein inclusions in the anterior glatg cortex paired with the signs
of both ToM {an der Hulst et al2014) and executive control dysfunctioidrk
et al., 2013 may indicate an Sidbnormality because there are dysfunctions across
all three network activities that may indicate a shilhg and control abnormality.
Consistent with this, both ALS and FTD brains haveuced SN functioning,
whereas patients with AD have an enhancement in thigoneand a reduction in
activity of the DMN ¢hou et al., 2010

Beyond describing the basis of the neuropsychotdgimnifestations of ALS,
the analysis of neural networks has provided irsigtio neural network
dysfunction in ALS before the detection of executdyesfunction Trojsi et al.,
2015. When both ALS and bvFTD were compared with contneduced right
supramarginal gyrus connectivity (reflecting CENfdytion) and decreased
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medial prefrontal cortex and insular activatiorfléeting SN dysfunction) was
observed in both ALS and bvFTD, although it occdrie bvFTD more than
in ALS. Of note, divergence between disease states observed, because
ALS cases showed reduced posterior cingulate coritgdreflecting DMN
dysfunction), whereas bvFTD cases showed an inetfi@asonnectivity of this
region along with decreased connectivity in thenfab regions of this
network, indicating more widespread connectivitarmipes when the cognitive
phenotype was present. The convergence in netwafkdction may indicate
common processes at work in these separate phesot@onversely, the
divergence in DMN activity, along with more seveleficits in other network
connectivity may be responsible for the lack ofraf@in social cognition in
some patients with ALS.

Additional network connectivity studies in patientdth bvFTD have
shown a reduced connectivity throughout the biaitiuding the anterior cin-
gulate cortex, temporal poles, frontal gyri, anguilar corticesAgosta et al.,
2013. This reduced connectivity has been determinag@poesent a reduction
in connection efficiency and may represent a reduadglity to transfer and
therefore process informatioAgosta et al., 2003 Additionally, white matter
integrity is compromised in the same regions asomgijay matter loss, with
extension to other regions with no measured grayematrophy {lahoneyet
al., 2012. A reduction in the overall connectivity of th@ainate fasciculus
has been implicated in bvFTD in distinction fromh@t dementias, namely
AD, which shares some network connectivity—changerlap with bvFTD
(Mahoney et al., 2032

Apart from the cognitive involvement, structuralabr network imaging
studies of patients with ALS has revealed a mogtwark dysfunction that
correlates with the severity of disease to a lamgdent than total measured
atrophy {erstraete et al., 20)4Expansion of these deficits is seen with
disease progression, suggesting a spread of pattesiniscent of the spread
of protein inclusions (reviewed ifucker & Walker, 201)3 Such a postulate
would also explain a progressive diversificationsgmptoms, implying that
this spread of dysfunctional activity along braietwiork paths is a key
component of the disease process.

MODELS OF NEUROPSYCHOLOGICAL DYSFUNCTION
IN AMYOTROPHIC LATERAL SCLEROSIS

Whereas a number of models of the motor dysfunatoALS have been iden-
tified, there are very few that recapitulate the ropaychological dysfunction
described, and essentially none that address tegrity of neural networks. Thus
although the most commonly utilized murine model A4S harbors the G93A
SOD1mutation seen in familial ALS, little is known redarg its impact on cog-
nitive function in the mouse, although these mioepdssess shorter dendrites in
the prefrontal cortex and have reduced fear extingSgobio et al., 2008
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The latter precedes the development of motor dgfidilice harboring the
G37RSOD1mutation have spontaneous alternation deficits dnnaaze task
(Filali, Lalonde, & Rivest, 2011

Murine models of TDP-43 pathology have been dewdopncluding the
overexpression of wild-type TDP-48V(ls et al., 2010 These mice develop
spinal and cortical TDP-43 pathosis reminiscenAbS-FTD. In a separate
study, the overexpression of human wild-type TDRmice led to memory
deficits in the Morris water maze as well as feamditioning tasksTsai et al.,
2010. The expression of mutant TDP-43 (A315T) indubeth cortical and
spinal motor neuron death in mice in the absengeatifological cytoplasmic
TDP-43 aggregates\(egorzewska, Bell, Cairns, Miller, & Baloh, 20090
attempt to more precisely reflect the human disesige, Swarup and col-
leagues designed mouse models of human wild-typ®-#B as well as
A315T and G348C mutants that expressed TDP-43valsiéhat more closely
resemble that in the human CNSa@arup et al., 20)1They found that along
with motor deficits, mice developed cytoplasmic FB® pathosis resembling
that of ALS-FTD. Affected mice developed learningfidits on the Barnes
maze test, indica-tive of cognitive abnormalities.

The discovery ofC9orf72 is relatively recent, and thus the development of
models of cognitive dysfunction lags behind thaB&fD1land TDP-43 models.

THERAPEUTIC STRATEGIES

Given the relatively recent increase in our un@eing of both the incidence
of frontotemporal dysfunction in ALS and its probalphenotypic basis in
dysfunction of neural networks seemingly indepenaérhe underlying pro-

teinopathy, little is known regarding its treatmelmdeed, at this time, there
are no studies that have specifically addressednpwotherapies for this
aspect of the disease process.

CONCLUSIONS AND FUTURE DIRECTIONS

ALS is a clinical presentation of a group of patdgiés that happen to affect
the same cells through potentially different medésms. When patients
exhibit dysexecutive syndrome, it is the resultspkcific network activity

malfunc-tion, such as the insula in the SN. Sprefagathosis through these
networks is likely to be responsible for diseasegpession. Further insight
into the appar-ent selective vulnerability of thetor and frontal cortical

neurons will also be important in determining th@legy of the disease.

Patient imaging with molecule-specific ligands agenotypic analysis to

determine which patholo-gies are the most likelyses of the phenotype will
be crucial for developing strategies to stop disga®gression in individual

patients and stratify cases based on possible meths of cell death such as
oxidative, RNA processing, or cytoskeletal abnoitiegl.
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