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ABSTRACT

EARLY AXONAL TAU PATHOLOGY IN THE HUMAN HIPPOCAMPUS AND THE
MOLECULAR CONSEQUENCES OF AT8 TAU PHOSPHORYLATION

By

Kyle Robert Christensen

Tau is a microtubule-associated protein that is classically thought to play a role in

stabilizing microtubules and the pathological accumulation of tau protein is a hallmark of several

diseases collectively known as tauopathies, including Alzheimer’s disease (AD). Despite the

clear implications for tau playing a critical role in tauopathies, many questions regarding its

deposition in disease and mechanisms of toxicity remain unanswered.  This dissertation was

aimed at addressing two key questions in the field. 1) Does tau deposition occur first in the

axons of affected neurons before proceeding to the somatodendritic compartment? 2) Does

pathological modification of tau cause abnormalities in the ability of tau to modulate protein

phosphatase 1 (PP1)?

A long-held hypothesis on the progressive deposition of tau pathology in AD is that

pathological tau accumulates first in axons of neurons and then progresses back into the cell

bodies to form neurofibrillary tangles, however, studies have not directly analyzed this

relationship in human tissue. In the early phases of tau deposition, both AT8 phosphorylation

and exposure of the amino terminus of tau occur in tauopathies, and these modifications are

linked to mechanisms of synaptic and axonal dysfunction. Here, the hippocampus of 44 well-

characterized human samples from cases ranging between non-demented and mild cognitively

impaired were examined for AT8 phosphorylation, amino terminus exposure, and amyloid-

(Aβ) pathology in the axons and neuronal cell bodies within strata containing the CA3-Schaffer

collateral and dentate granule-mossy fiber pathways. We show that tau pathology first appears

in the axonal compartment of affected neurons in the absence of observable tau pathology in

the corresponding cell bodies and independent of the presence of Aβ pathologies. Using the



axonal marker, SMI-312, we confirmed that the majority of tau pathology-positive neuropil

threads were axonal in origin. These results support the hypothesis that AT8 phosphorylation

and PAD exposure are early pathological events and that the deposition of tau pathology occurs

first in the axonal compartment prior to observable pathology in the cell bodies of affected

neuronal pathways.

The functional implications of AT8 and PAD-exposed tau deposition early in the axons of

affected neurons is important because of a recently identified mechanism where these

pathogenic forms of tau activate a PP1-dependent signaling pathway and lead to disruption of

axonal functions. However, the connection between tau and PP1 was not defined. Here, we

performed detailed studies on the interaction between tau and PP1 and subsequent effects on

PP1 activity. Wild-type tau interacts with and activates PP1α and γ, but shows little to no

interaction with PP1β, and this effect depends primarily on the microtubule binding repeats in

tau. Additionally, AT8 tau increased the interactions with and activity of PP1γ, while deletion of

PAD in the presence of AT8 reduced this interaction. These results suggest that tau’s function

likely extends beyond stabilizing microtubules to include regulation of PP1 signaling cascades,

and disease-associated tau phosphorylation may alter this function. Collectively, this work

suggests forms of pathological tau, such as AT8 phospho-tau, that alter PP1 signaling and

disrupt axonal function deposit in the axons of affected hippocampal neurons early during

disease pathogenesis and prior to their appearance in the somatodendritic compartment of

neurons.
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CHAPTER 1

Overall Introduction

Introduction

Neurodegenerative diseases are debilitating terminal conditions that affect many aspects

of life, including cognition, memory, motor function, and emotions. Alzheimer’s disease (AD),

Parkinson’s disease, Huntington’s disease, and amyotrophic lateral sclerosis are examples of

neurodegenerative diseases (Soto et al. 2008). While these conditions differ in clinical

symptoms, they share some common themes, such as manifesting late in life, loss of neuronal

populations, synaptic dysfunction and loss, and presence of misfolded protein aggregates (Soto

2003). Alzheimer’s disease (AD) is the leading cause of dementia and the most common

neurodegenerative disorder (Hebert et al. 2003, Brookmeyer et al. 2007). Currently, an

estimated 5.7 million people in the United States over the age of 65 have AD (Alzheimer's

2018), and this is projected to triple by 2050 (Huang et al. 2012). This staggering number of AD

cases places extraordinary emotional and financial burden on patients, caregivers and society.

AD healthcare costs in the United States are estimated at $277 billion in 2018 (Alzheimer's

2018). Developing effective interventions targeting disease progression remains a barrier to

progress because of the poor understanding of pathological mechanisms driving the

degenerative events in AD. This dissertation investigates the axonopathy that occurs in the

early pre-AD stages of tau deposition and a proposed mechanism of axonal dysfunction and

neurodegeneration involving tau and protein phosphatase 1 (PP1) signaling. Ultimately,

deciphering molecular mechanisms of tau toxicity may facilitate the generation of effective

therapies to slow or halt the disease process and alleviate the devastating impact of these

diseases.
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Tau Protein Biology

Tau is a microtubule-associated protein that was discovered in 1975 while investigators

were purifying microtubules, tau co-purified with microtubules and facilitated their assembly and

stability in vitro (Weingarten et al. 1975). Since its discovery, the primary cellular function

assigned to tau is to stabilize microtubules; however, numerous studies suggest the functional

repertoire of tau is more expansive (discussed further below). Human tau is encoded by the

MAPT gene on chromosome 17q21 (Neve et al. 1986, LoPresti et al. 1995). In the central

nervous system, adult humans express six isoforms of tau arising from alternative splicing of

exons 2, 3, and 10 (Goedert et al. 1989, Andreadis et al. 1992). Exons 2 and 3 comprise two

inserts of 29 amino acid residues each near the N-terminus; tau isoforms containing these

inserts are termed 0N, 1N, or 2N. Tau also contains a microtubule binding repeat region

consisting of three or four imperfect repeat domains (MTBRs) depending on whether exon 10

(comprising the second MTBR) is present (4R) or absent (3R) (Lee et al. 1988). The ratio of 3R

to 4R tau is ~1 in the normal brain (Hong et al. 1998). Tau is hydrophilic, stable in acidic

conditions, and stable at high temperatures (Fellous et al. 1977). Overall, tau is basic in charge,

but the protein can be subdivided into subregions with highly acidic (N-terminus and proline-rich

region) or basic (MTBR and C-terminus) charges. The N-terminus region is composed of the

first ~150 amino acids and is referred to as the projection domain because it projects away from

microtubules instead of binding to them and overall this region is acidic (Hirokawa et al. 1988).

The C-terminus region composed of amino acids ~200 – 400 contains the MTBRs and interacts

with microtubules, and therefore is called the microtubule assembly domain (Mukrasch et al.

2005). This region is more hydrophobic and basic than the projection domain, facilitating tau’s

interaction with the acidic surface of microtubules (Lee et al. 1988, Goedert et al. 1989,

Mukrasch et al. 2009). Finally, the ~40 amino acids closest to the C-terminus contains

subregions of both acidic and basic charges, does not interact with microtubules, and can also
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project like the N-terminal projection domain. In neurons, tau is involved in maintaining axon

integrity and function (Drechsel et al. 1992, Rosenberg et al. 2008, Wang et al. 2008).

Tau typically does not form stable secondary structures in solution typical of globular

proteins and contains a high percentage of basic and hydrophilic amino acid residues, implying

a highly flexible and mobile chain of amino acids (Schweers et al. 1994, Mukrasch et al. 2009).

However, tau may form temporary secondary and tertiary structures when bound to other

proteins (Kadavath et al. 2015). Monomeric tau preferentially forms a globally folded

conformation known as the “paperclip” conformation, where the C-terminus folds over to come

within 23 Å of the MTBR region and the N-terminus folds over the C-terminus within a distance

of 24 Å (Jeganathan et al. 2006). It is proposed that this paperclip conformation prevents tau

from forming aggregates, whereas truncation or certain phosphorylation sites of tau prevents

this interaction and could facilitate aggregation (Wang et al. 2016).

The function and structure of tau is impacted by post-translational modifications (PTMs)

and it is well-established that tau undergoes a number of PTMs during the course of human

disease. This includes phosphorylation, acetylation, glycosylation, glycation, truncation,

nitration, polyamination, ubiquitination, symoylation, oxidation, and aggregation (Martin et al.

2011). Two years after its discovery, tau was recognized as a phosphoprotein (Cleveland et al.

1977), and tau is more efficient at facilitating the assembly of microtubules in the

dephosphorylated state (Lindwall et al. 1984). Tau phosphorylation is developmentally

regulated, with fetal tau containing approximately three times the amount of phosphates per

molecule than adult tau (Kanemaru et al. 1992). There are 85 potential phosphorylation sites in

tau, 80 are serines or threonines and five are tyrosines, with 45 of these sites observed

experimentally in normal and disease states (Hanger et al. 2009). A majority of the

phosphorylation sites are located in the amino acids flanking the MTBRs leading to effects on

microtubule binding and tau aggregation, and multiple kinases can phosphorylate tau (Wang et

al. 2016). In addition, phosphorylation within the termini of tau may affect tau behavior. For
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example, phosphorylation at tyrosine 18 reduces the affinity of tau for microtubules and

facilitates more dynamic microtubule binding (versus static tau-microtubule interactions), which

may play a role in facilitating kinesin transport along microtubules (Stern et al. 2017).

Alzheimer’s Disease

History and Characterization

Alois Alzheimer, the namesake of AD, first described the clinical symptoms of the

disease after observing Auguste Deter between 1901 – 1904 in Frankfurt, Germany (Maurer et

al. 1997). She displayed numerous behaviors, including memory deficits, disorientation,

aphasia, paranoia, auditory hallucinations, and difficulties socializing. After her death in 1906,

Alzheimer examined her brain after autopsy and found extensive atrophy and loss of cells.

Together with the Italian physicians Gaetano Perusini and Francesco Bonfiglio, Alzheimer

described plaque deposits throughout the cortex and thick, strongly stained fibrils inside the

remaining neurons using a modified Golgi stain (Dahm 2006). This became the first description

of amyloid plaques and neurofibrillary tangles, now considered the histopathological hallmarks

of AD.

While the specific etiology of AD remains unknown, AD is characterized by

pathognomonic pathologies required for a definitive diagnosis. Specifically, AD requires the

presence of extracellular amyloid plaques (Terry et al. 1964) composed of insoluble aggregates

of amyloid-β (Aβ) (Glenner et al. 1984, Masters et al. 1985, Kowall et al. 1991), and intracellular

neurofibrillary tangles (NFTs) (Terry et al. 1964) composed of abnormally phosphorylated tau

(Grundke-Iqbal et al. 1986, Kosik et al. 1986). Additionally, reduction of brain weight and

volume, neurodegeneration which appears to effect specific brain regions such as the entorhinal

cortex and CA1 region of the hippocampus (Gomez-Isla et al. 1996), and impairment of

cognitive function (Terry 1994) are observed in AD cases. Even armed with this knowledge,

current treatment options and therapies for AD only help alleviate symptom severity; none are
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successful at slowing or halting disease progression (Silva et al. 2014). Established criteria and

guidelines identify three stages of AD: preclinical AD, mild cognitive impairment (MCI) due to

AD, and dementia due to AD (Petersen et al. 2001, Petersen 2003). Unfortunately, the

progressive nature of AD and significant pre-clinical window of ongoing degenerative changes

leads to a likely insurmountable amount of irreversible neuronal loss by the time patients

present with symptoms.

Amyloid-β in AD

One hallmark of AD is the accumulation of insoluble extracellular plaques composed of

Aβ. Aβ is 42 amino acids in length as is formed by cleavage of the larger amyloid precursor

protein (APP) by γ-secretase and presenilins (De Strooper et al. 1998). This peptide is the basis

of the amyloid hypothesis of AD, which states that misfolding of monomeric Aβ can lead to

formation of soluble extracellular oligomers and insoluble amyloid plaques, which disrupt normal

synaptic signaling through multiple cellular signaling cascades and can lead to dysfunction and

loss of synapses, or degeneration of neuronal populations (Selkoe 2000). Moreover, this

hypothesis suggests that A pathology drives the formation and deposition of tau pathology, the

other neuropathological hallmark of AD (see below for further details on tau protein).

The majority of AD cases (95%) are sporadic and ~5% or less are familial forms of AD

associated with mutations in genes related to APP processing (i.e. APP or presenilins) (Goate

et al. 1991, Wang et al. 2018). The prominent focus on A and APP was supported by the

discovery of several point mutations in APP that cause inherited AD, such as the Swedish

mutations (KM670/671NL) (Mullan et al. 1992), Indiana mutation (V717F) (Murrell et al. 1991),

Flemish mutation (A692G) (Hendriks et al. 1992), and London mutation (V717I) (Goate et al.

1991). Additionally, mutations found in the genes encoding for presenilin 1 and presenilin 2

were identified in early onset AD cases that were negative for APP mutations (St George-
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Hyslop et al. 1992, Levy-Lahad et al. 1995, Rogaev et al. 1995, Sherrington et al. 1995). The

presenilins form the catalytic subunit for γ-secretase, the enzyme responsible for the cleavage

of the transmembrane unit of APP after they are processed by α- and β-secretase to form Aβ

peptides from 39-42 amino acids in length (De Strooper et al. 1998, Kimberly et al. 2003, Zhang

et al. 2011). These mutations affect APP processing through α-, β-, and γ-secretases and lead

to increased production of Aβ peptide, an increase in the ratio of Aβ 42 to Aβ 40, or both (Zhu et

al. 2017). Importantly, since Aβ 42 is more prone to aggregation than Aβ 40, mutations in APP

that that selectively enhance the production of Aβ 42 may lead to more deposition of amyloid

plaques, increased secretion and circulation of Aβ 42, and increased angiopathy (1991, Suzuki

et al. 1994). APP overexpression in humans is a known risk factor for AD (Bertram et al. 2010).

In a study of families with autosomal dominant early-onset AD, the APP locus (in chromosome

21) was duplicated (Rovelet-Lecrux et al. 2006). Additionally, individuals with Down syndrome

(DS) possessing a trisomy of chromosome 21 containing the APP locus develop early onset

dementia (Lai et al. 1989). Post-mortem analysis of DS brains displayed AD pathology in the

form of amyloid plaques and NFTs (Wisniewski et al. 1985). Further evidence supporting the

idea that APP overexpression promotes AD development is provided through studies analyzing

regulatory sequences of APP. Mutations in the APP promoter region that lead to increased

activity inversely correlate with age of AD onset and positively correlate with atrophy of cortical

and subcortical brain areas and behavioral deficits, including memory impairment, trouble

speaking, concentration problems, and confusion (Brouwers et al. 2006). Taken together, these

data illustrate a genetic abnormality leading to abnormal processing of APP or its

overexpression in humans leads to inherited forms of AD.

Aβ aggregation follows a nucleation-elongation mechanism, in which a nucleus of

misfolded Aβ oligomers “recruit” other Aβ fragments due to the relatively low critical

concentration for A polymerization (Jarrett et al. 1993, Harper et al. 1997). Additionally, Aβ is

associated with a decrease in synaptic strength and aberrant network activity (Palop et al.
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2010). Pathogenic Aβ modulates glutamatergic synaptic activity by potentially blocking NMDA

receptors and causing a shift in intracellular signaling pathway activation towards long-term

depression (LTD) (Shankar et al. 2007). While the specific mechanism of Aβ on LTD remains to

be determined, these findings are consistent with previous studies linking Aβ to impaired long-

term potentiation and increased LTD in the hippocampus and parietal cortex (Li et al. 2009).

Also, Aβ can block NMDA receptors leading to glutamate increases in the synaptic cleft under

these conditions, which may contribute to toxicity (Li et al. 2009). Elevation of synaptic

glutamate initially activates NMDA receptors but is followed by desensitization and

internalization of glutamate receptors (Hsieh et al. 2006, Li et al. 2009). Diffusion of excess

glutamate outside the synaptic cleft can lead to stimulation of perisynaptic NMDA receptors and

metabotropic glutamate receptors. This causes activation of another signaling pathway to

promote LTD development and can lead to loss of synapses and dendritic spines (Hsieh et al.

2006). While Aβ toxicity through a glutamate signaling mechanism is heavily studied, numerous

other mechanisms are currently being investigated, including altered synaptic transmission,

impaired calcium signaling, increased tau phosphorylation, increased plasma membrane

permeability, proteasome impairment, disruption of autophagy, production of reactive oxygen

species, among several others (Benilova et al. 2012, Kayed et al. 2013).

Apolipoprotein E4 (APOE4) is another genetic risk factor for late-onset AD (Corder et al.

1993). In the CNS, APOE4 production occurs primarily in astrocytes and microglia, but neurons

also express APOE4 under pathological conditions (Boschert et al. 1999). Since APOE4 can

bind lipids after membrane damage, it is thought that the function of APOE4 is to recycle lipids

for membrane repair (Mahley 1988). However, APOE4 has an exposed hydrophobic, so-called

“molten” core that promotes Aβ-mediated lysosomal degradation by binding phospholipid

membranes and disrupting their structural and functional integrity (Ji et al. 2002, Morrow et al.

2002). Previous research showed significant changes in the levels of difference phospholipids in

the hippocampus and neocortex of AD brains, indicating altered interactions and membrane-
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mediated functions of receptors, channels, and transporters. (Pettegrew et al. 2001).

Additionally, increased tau levels and tau redistribution to the somatodendritic compartment in a

transgenic mouse model expressing P301S tau and ApoE4 led to increased neuroinflammation

and brain atrophy compared to mice expressing P301S and either ApoE2 or ApoE3 (Shi et al.

2017). Also, a recent study in human neurons derived from induced pluripotent stem cells

expressing APOE4 resulted in higher levels of tau phosphorylation unrelated to the production

of Aβ peptides, and this effect was rescued by changing the APOE4 genotype to APOE3 using

gene editing (Wang et al. 2018). Taken together, these results indicate a synergistic effect of tau

pathology and ApoE4 expression in the progression of AD

As a result of investigations into the amyloid cascade hypothesis of AD, several clinical

trials targeting amyloid pathology have been conducted and largely produced disappointing

results. Bapineuzumab, a humanized anti-Aβ monoclonal antibody drug, did not improve clinical

outcomes of patients with mild to moderate AD in a phase 3 trial, as measured through the 11-

item cognitive subscale of the AD Assessment Scale and Disability Assessment for Dementia

rating scales (Salloway et al. 2014). Additionally, immunization of AD patients with Aβ 42

peptide was shown to clear amyloid plaques and improve cognitive function in mice (Schenk et

al. 1999, Morgan et al. 2000). However, immunizing AD patients with Aβ 42 did not result in

reduced neurodegeneration, despite the increased clearance of amyloid plaques, in these

patients (Holmes et al. 2008). The failure of these clinical trials targeting amyloid pathology in

AD patients indicates other components of the disease condition influence AD pathogenesis

and progression, either independently or in conjunction with amyloid.

Tau Protein in AD

AD pathology contains both 3R and 4R tau isoforms (Goedert et al. 1992, Greenberg et

al. 1992). Tau aggregates into paired helical filaments (PHFs) which then coalesce into NFTs

one of the primary forms of pathological tau that accumulates in diseases termed tauopathies
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(Kidd 1963, Kosik et al. 1986, Bancher et al. 1989). Maturation of NFTs follows a pattern of

progressive modifications that occur as disease progresses (Binder et al. 2005). First, tau

undergoes a conformational change from a disordered protein or the paperclip conformation to

a “Alz50” conformation, named after the Alz50 antibody that recognizes a discontinuous epitope

where the N-terminus of tau interacts with the MTBRs (Carmel et al. 1996). Alz50 reactivity

appears first in pre-tangle neurons but continues in later stage NFTs (Braak et al. 1994). Next,

truncation of tau occurs through caspase activity, as shown through reactivity with the Tau-C3

(reacts with tau truncated at D421) and Tau-66 (reacts with a conformation of tau where the

proline rich region interacts with the MTBRs) (Ghoshal et al. 2001, Guillozet-Bongaarts et al.

2005). Tangles positive for Tau-66 and TauC3 indicate middle stage NFTs. Finally, additional

cleavage events results in additional shortening of the termini leaving the NFT core remaining,

as shown by these late stage tangles no longer reacting with Tau-66 (due to cleavage of the

proline-rich region) and gaining reactivity with MN423, which recognizes tau cleaved at E391

(Novak et al. 1993, Binder et al. 2005).

The temporal relationship between tau phosphorylation and NFT maturation is an

important question to understand the development of tau pathology. Across all Braak stages,

phosphorylation at the AT8 epitope (Ser199, Ser202, Thr205) (Biernat et al. 1992, Goedert et al.

1995) was more prevalent than cleaved tau in NFTs (Mondragon-Rodriguez et al. 2008). This

study also reported AT8 immunoreactivity in neuropil threads and NFTs, while Tau-C3 reactivity

was exclusive to NFTs, implying phosphorylation events precede truncation events

(Mondragon-Rodriguez et al. 2008). These observations support the hypothesis that tau

phosphorylation is an early event in the progression of tau pathology, precedes early truncation

events associated with NFTs, and precedes caspase processing of tau (Guillozet-Bongaarts et

al. 2005, Mondragon-Rodriguez et al. 2008). Additionally, NFTs are thought to exist in affected

neurons in AD patients for over 20 years, and late stage NFTs do not inhibit anterograde axon

transport like early stage NFTs (Morsch et al. 1999, Morfini et al. 2009). It was suggested the
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inability of late stage NFTs to inhibit transport could be due to a possible N-terminus proteolytic

cleavage event which removes a potential toxic region of the tau protein (Horowitz et al. 2004,

Morfini et al. 2009) Together, these findings suggest tau phosphorylation is likely one of the

initial modifications of tau, and sequestering tau undergoing pathological phosphorylation,

truncation and/or conformational changes into NFTs protects the neuron from further harm

(Binder et al. 2005).

The MTBRs promote tau aggregation and form the core of PHFs, while the N-terminus

projection region and the C-terminus projection region forms the “fuzzy coat” observed

surrounding the core of PHFs (Wischik et al. 1988). Using cryo-electron microscopy to

investigate the structure of PHFs found that the PHFs are comprised of two interacting C-

shaped protofilaments, that the core is comprised of amino acids 306-378 and that the extreme

amino terminus (i.e. amino acids 7-9) likely interact with the PHF core (Fitzpatrick et al. 2017).

Interestingly, an N-terminal antibody, known as TNT1, that identifies species of tau with the N-

terminus exposed and that cause toxicity to axonal transport only decorates the terminal ends of

tau filaments isolated from AD brains and of those generated in vitro with recombinant protein

suggesting the epitope (i.e. amino acids 7-12) is not accessible in the majority of tau composing

a filament (Kanaan et al. 2011, Combs et al. 2016). Again, these findings suggest that pre-

filamentous species of tau may represent the more toxic forms of tau when compared to tau

filaments and/or NFTs.

Numerous lines of evidence support tau’s candidacy as a causative factor in AD. For

example, NFT density correlates with cognitive decline (Arriagada et al. 1992, Giannakopoulos

et al. 2003). Another potential mechanism linking tau and toxicity is deficits in axonal transport,

proposed to occur by disrupting motor proteins (Kanaan et al. 2012, Kanaan et al. 2013),

competing with cargos for motor protein binding sites (Ittner et al. 2009, Morfini et al. 2009), or

physically blocking motor proteins from traveling along microtubules (Dixit et al. 2008).

Additionally, FTDP mutations of tau were shown to alter the function of voltage-gated calcium



11

channels, causing toxicity through a mechanism involving dysregulation of calcium signaling

(Furukawa et al. 2003) The toxic effects observed with Aβ is reduced when tau is removed or

inhibited (Rapoport et al. 2002, Vossel et al. 2010). Additionally, in vitro and in vivo models of

tauopathies such as neuron cell cultures and transgenic tau knockout mice established tau’s

role in physiology and disease by showing tau is necessary for Aβ-induced neurotoxicity and

may spread between neurons (Roberson et al. 2007, Holmes et al. 2014). A causal role for tau

in neurodegenerative disease is supported by the fact that several genetic tau mutations cause

forms of frontal-temporal dementias (FTD) independent of Aβ (Hutton et al. 1998). While there

are no known tau mutations that cause AD, many of the pathological modifications (such as

phosphorylation, truncation or other post-translational modifications) seen in familial and other

non-AD tauopathies also occur in AD suggesting some overlap in tau abnormalities and likely

tau-mediated toxicity. These findings make tau likely a contributing factor in the pathogenesis of

AD and suggest the disease-associated modifications of tau that occur, and/or other cellular

components, may work in concert with tau to cause degeneration (Lee et al. 2011).

Post-Translational Modifications (PTMs) of Tau in Disease

The prominence of studying tau phosphorylation as a main PTM began when, in the mid

1980’s, a set of seminal studies showed that the characteristic tau inclusions of AD were

significantly phosphorylated (Grundke-Iqbal et al. 1986, Wood et al. 1986). In AD, tau possess

approximately four times the amount of phosphate per molecule than adult tau (Kopke et al.

1993). Tau phosphorylation increases in AD, presumably resulting from an imbalance between

tau kinase and phosphatase activities and could be a potentially useful target for therapeutic

intervention. There are 85 phosphorylation sites in tau; of those, 28 are phosphorylated only in

AD brains, 16 are phosphorylated in both control and AD brains (AT8 belongs in this category),

31 are phosphorylated under normal physiological conditions, and 10 are phosphorylated by an

unknown kinase (Martin et al. 2013). AT8 phosphorylation is an early and prominent event in the



12

progression of AD, visible in early stage tangles and neuropil threads (Braak et al. 1994).

Infusion of physiological concentrations of monomeric pseudophosphorylated AT8 tau into

preparations of squid axoplasms inhibited anterograde fast axonal transport through a GSK3-

PP1 signaling cascade. This implies AT8 could represent an early and prominent initiator behind

a pathological mechanism before it is sequestered into NFTs (Kanaan et al. 2011, Kanaan et al.

2012).

Tau kinases are broadly categorized into three families: proline-directed protein kinases,

non-proline-directed protein kinases, and tyrosine protein kinases. Proline-directed kinases

phosphorylate serine or threonine residues immediately followed by a proline residue (S/TP

motif) (Pelech 1995). The major tau kinase is the proline-directed Ser/Thr kinase glucose

synthase kinase 3 (GSK3). GSK3 is involved in cell division, neuron function, cancer,

development, immune signaling, and apoptosis (Hooper et al. 2008). GSK3 has two isoforms,

GSK3α and GSK3β, encoded by different genes, with these isoforms sharing 85% homology

(Shaw et al. 1998). GSK3 isoforms are regulated by a phosphorylation event at serine 21 for

GSK3α and serine 9 for GSK3β; phosphorylation at these sites inhibits activity. Conversely,

dephosphorylation by a serine/threonine kinase, such as PP1, activates GSK3 kinase activity

(Stambolic et al. 1994, Wang et al. 1994). GSK3 kinase activity depends on substrate priming,

where the target substrate protein is first phosphorylated four amino acid residues upstream of

the GSK3 target residue. This makes tau a prominent target for GSK3 phosphorylation due to

the many phosphorylation sites present (Dajani et al. 2001). In fact, GSK3 phosphorylates tau at

42 sites, with 29 of those sites also found phosphorylated in AD brains (Hanger et al. 2009).

Several lines of evidence point to an interplay between Aβ, tau, and GSK3β-mediated

phosphorylation in AD. Aβ peptide administration to cultured primary neurons increases GSK3β

activity, tau phosphorylation, and apoptotic cell death (Takashima et al. 1996). Injection of Aβ

oligomers into the hippocampus of a tau transgenic mouse model (rTg4510) resulted in

increased GSK3β activation and tau phosphorylation, even two months after administration,



13

suggesting a long-lasting effect on tau pathology after Aβ exposure (Selenica et al. 2013). Tau

knockout mice overexpressing GSK3β showed a reduction of learning and memory deficits in

the absence of tau compared to GSK3β overexpressing mice with normal tau levels (Gomez de

Barreda et al. 2010). In AD patients, GSK3β colocalizes to NFTs and active GSK3β increases in

the frontal cortex (Yamaguchi et al. 1996, Pei et al. 1997, Leroy et al. 2007). Other kinases

involved in tau phosphorylation in AD include cyclin-dependent kinase-5 (Cdk5), mitogen-

activated protein kinases (MAPK) such as p38, ERK, and JNK, protein kinase cAMP-dependent

(PKA), Ca2+ / calmodulin-dependent protein kinase II (CaMKII), and several others (Martin et al.

2013). The role of protein kinases in the pathophysiology of AD continues to be an active area

of research, and it remains to be seen which kinases, or a combination of kinases, occur

upstream of tau and AD pathology before symptom onset.

Though tau phosphorylation has dominated the literature for disease-associated PTMs

of tau, there is an emerging strong interest in understanding how other PTMs affect tau in

disease (Martin et al. 2011). Acetylation at Lys163, Lys280, Lys281, or Lys369 are inhibitory to

degradation, while acetylation at Lys259, Lys290, Lys321, or Lys353 promote degradation (Min

et al. 2010, Cook et al. 2014). Additionally, acetylation of the lysine residues that promote tau

degradation (e.g. Lys163, 174, and 180) are reduced in AD individuals and the rTg4510 tau

transgenic mouse model, whereas acetylation that is inhibitory (e.g. Lys280) are increased in

AD and other tauopathies (Irwin et al. 2013, Cook et al. 2014). Finally, acetylation at Lys174

occurs in human AD brains, and evidence shows acetylation at this site decreases tau

degradation and might be a required modification for tau-mediated toxicity (Min et al. 2015).

Glycosylation is the covalent attachment of oligosaccharides to a protein and occurs in

two ways, N-glycosylations and O-glycosylation, depending on whether the oligosaccharide is

bound to the amine radical of asparagine or the hydroxyl radical of a serine or threonine,

respectively. In AD brains, but not normal brains, tau is N-glycosylated which may help maintain

and stabilize PHF structure (Wang et al. 1996) and promote tau phosphorylation by preventing
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phosphatases from acting on tau (Liu et al. 2002). O-glycosylation is reduced in AD brains (Liu

et al. 2004), and may prevent phosphorylation by binding serine and threonine residues and

subsequently disrupt tau aggregation (Liu et al. 2004, Yuzwa et al. 2014). Finally, in AD there is

impaired glucose uptake and metabolism, which contributes to GSK3β activation and reduction

in tau O-glycosylation, theoretically resulting in an increase in tau phosphorylation and

aggregation (Gong et al. 2006, Deng et al. 2009, Liu et al. 2009, Liu et al. 2009).

Non-enzymatic modifications of tau, including glycation and isomerization, are present in

PHF tau but not monomers and may facilitate aggregation (Yan et al. 1995, Watanabe et al.

2004). Glycation is a non-enzymatic glycosylation of a lysine residue frequently observed in

aging, and these proteins are not degraded or expelled from the cell (Martin et al. 2011). Seven

of the 12 glycation sites on tau are found in the MTBR (Nacharaju et al. 1997, Necula et al.

2004, Kuhla et al. 2007). Glycated tau also shows increased sensitivity to free radicals and

oxidation and may be more stable and prone to oligomerization and aggregation (Yan et al.

1994, Necula et al. 2004).

Tau truncation occurs in AD brains at three sites in tau, Asp13, Glu391, and Asp421,

and occurs in the maturation of NFTs that accumulate in AD brains and correlate with AD

progression (Gamblin et al. 2003, Horowitz et al. 2004, Guillozet-Bongaarts et al. 2005, Basurto-

Islas et al. 2008). Truncation can occur through caspase-3 or calpain and the aggregation of

truncated tau is not observed in normal brains (Gamblin et al. 2003, Park et al. 2005). Cleavage

of tau by caspases-3, 6, 7, and 9 contribute to the maturation of NFTs and correspond with

early, middle, and late stage histological markers, correlate with cognitive decline, and were

used to grade the severity of AD (Fasulo et al. 2000, Guo et al. 2004, Horowitz et al. 2004,

Rissman et al. 2004, Mondragon-Rodriguez et al. 2008, Albrecht et al. 2009, Wai et al. 2009).

Additionally, evidence from these studies support the hypothesis that tau truncation occurs after

other post-translational modifications, such as phosphorylation, and is associated with the

progression of tau aggregation (Martin et al. 2011).
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Lastly, tau is a substrate for sumoylation and ubiquitination. Lys340 is the major

sumoylation site (Dorval et al. 2006), however, whether sumoylation of tau is involved in AD

pathogenesis or progression at all is still debated. Sumoylation of tau was reported to not occur

in AD brains (Pountney et al. 2003), whereas another study found sumoylation of tau in AD

brains but not control brains, and that this sumoylation promotes tau phosphorylation and

inhibition of tau degradation (Luo et al. 2014). Interestingly, SUMO1 reactivity co-localizes with

tau aggregates in the presence of amyloid pathology, as shown in APP transgenic mice but not

in tau transgenic mice, suggesting amyloid is required for sumoylation of tau (Takahashi et al.

2008). Ubiquitination signals for protein degradation by binding one or several ubiquitin

molecules in a chain. Under normal conditions, tau is ubiquitinated and degraded by the

ubiquitin-proteasome system (Arnaud et al. 2009, Liu et al. 2009). As PHFs mature and

develop, ubiquitination increases, and high levels of ubiquitinated tau proteins are present in

PHFs and cerebrospinal fluid of AD patients, suggesting that accumulation of ubiquitinated tau

may become a biomarker for AD in the future (Iqbal et al. 1991, Iqbal et al. 1998). Collectively,

the new research avenues investigating tau PTMs hold promise for identifying new therapeutic

targets for interventions in tauopathies.

Non-AD Tauopathies

AD is one of several diseases collectively known as tauopathies because they are

characterized by neuropathological tau inclusions (Spillantini et al. 2013). Frontal temporal

dementia with parkinsonism linked to chromosome 17 (FTDP-17), links several mutant forms of

tau directly to neurodegeneration; therefore, demonstrating that tau abnormalities are sufficient

to cause neurodegenerative disease in humans (Hutton et al. 1998). Several FTDP-17

mutations (i.e. A152T, P301L, P301L, R406W) are studied in transgenic rodent models and

most of them recapitulate several aspects of human disease, including synaptic and axonal

loss, neurodegeneration, tau pathology and behavioral deficits (motor and/or cognitive), further
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highlighting the causative role abnormal tau can play in causing disease. (Kneynsberg et al.

2017). Other tauopathies include Pick’s disease, progressive supranuclear palsy, chronic

traumatic encephalopathy, and corticobasal degeneration. These diseases are differentiated by

which tau isoform most commonly integrates into pathological inclusions and which cell types

are affected. For example, Pick bodies in Pick’s disease are mostly composed of 3R tau present

in neurons and glia, whereas coiled bodies in progressive supranuclear palsy are mostly

composed of 4R tau present in oligodendrocytes (Kovacs 2015). The common characteristic of

tau pathology across the tauopathies indicates tau can be modified to undergo biologically

relevant changes and facilitate neurodegenerative mechanisms in disease, but whether tau is

the initiating factor or a downstream consequence of something else is an active area of

research.

Serine/Threonine Protein Phosphatases

Estimates suggest that ~70% of all proteins are regulated by phosphorylation (Olsen et

al. 2010). The majority of phosphorylation occurs at serine and threonine residues in proteins,

with those sites making up 98.2% of sites able to be phosphorylated.  Additionally, in the human

genome, 420 genes encode Ser/Thr protein kinases, whereas less than 40 genes encode

Ser/Thr protein phosphatases (Peti et al. 2013). Ser/Thr protein phosphatases are subdivided

into multiple families, with the largest family being phosphoprotein phosphatases (PPP),

consisting of protein phosphatase 1 (PP1), PP2A, calcineurin (PP3), and several others, with

PP1 and PP2A being two of the most abundant enzymes in many cell types (Shi 2009).

Additional Ser/Thr phosphatase families include protein phosphatases that are magnesium or

manganese dependent (PPM), which includes PP2C (Wenk et al. 1992), and dual specificity

phosphatases that can dephosphorylate both Ser/Thr residues and tyrosine residues (Patterson

et al. 2009).
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Protein Phosphatase 1

PP1, also knowns as phosphorylase phosphatase, is a highly conserved Ser/Thr

phosphatase, abundant in all eukaryotic organisms (Cohen 2002, Gibbons et al. 2007). In

mammals, three genes encode four PP1 isoforms: PPP1CA (PP1α), PPP1CB (PP1β), and

PPP1CC which is alternatively spliced to form PP1γ1 and PP1γ2, with PP1γ1 being more

prevalent in the central nervous system (Kitagawa et al. 1990, Shima et al. 1993, Ouimet et al.

1995). These isoforms are greater than 85% similar in their primary structure with the

divergences in sequences occurring at the N- and C-termini, leaving the catalytic core highly

conserved between the isoforms (Fardilha et al. 2010). This implies that the termini of the PP1

isoforms dictate the phosphatase properties; one study provided supporting evidence for this

idea by generating a PP1 and PP2B chimera. The first 8 amino acids in PP1 were replaced with

the first 12 amino acids of PP2B. Even with the catalytic core and C-terminus unchanged, the

synthetic enzyme possessed the properties of PP2B such as less sensitivity to PP1-specific

inhibitors like okadaic acid and stimulation by nickel ions and chlorogenic acid (Xie et al. 2009).

Within the central nervous system, PP1 mRNA is enriched in the hippocampus while

PP1α and γ1 protein were enriched in the striatum (da Cruz e Silva et al. 1995). Both neurons

and glia express PP1, with PP1 immunoreactivity highly enriched in dendritic spines, implying

an important role in post-synaptic signaling (da Cruz e Silva et al. 1995, Ouimet et al. 1995).

PP1 Structural Biology

PP1 is a globular protein with the catalytic site containing two divalent metal ions

essential for facilitating the hydrolysis of phosphate groups from the substrate protein.

Recombinant PP1 produced in bacteria contains two manganese ions in the catalytic site,

whereas the mammalian native enzyme typically contains iron or zinc (Bollen et al. 2010).

Radiating out of the intersection of the catalytic site are three grooves proposed to be substrate

binding regions: the acidic groove, the hydrophobic groove, and the C-terminal groove
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(Goldberg et al. 1995, Egloff et al. 1997). These grooves were named for the presence of

exposed acidic side chains in the acidic groove, exposed hydrophobic sidechains in the

hydrophobic groove, and the path of the C-terminal groove passing from the catalytic site to the

C-terminus of the protein (Goldberg et al. 1995). Most PP1 interacting partners require a

specific binding pocket on the surface of PP1. This primary binding motif is the RVxF motif and

with the general sequence of [K/R][K/R][V/I][x][F/W], where X is any residue except

phenylalanine, isoleucine, methionine, tyrosine, proline, or aspartic acid, however, not all

interacting partners conform exactly to this formula (Wakula et al. 2003, Meiselbach et al. 2006,

Hendrickx et al. 2009). Other binding domains on the surface of PP1 include the SILK domain

present in ~10 interacting partners (Hurley et al. 2007), the myosin phosphatase N-terminal

element motif present in ~7 interacting partners (Terrak et al. 2004, Pinheiro et al. 2011), and

the elaborate spinophilin docking motif (Ragusa et al. 2010). Acidic residues surround the

catalytic site of PP1, which is proposed to influence substrate specificity of PP1 relative to other

phosphatases (Egloff et al. 1997). For example, the β-subunit of phosphorylase kinase is more

basic than the α-subunit, and therefore has a higher affinity for PP1’s catalytic site. PP1 more

readily dephosphorylates the β-subunit, and utilizing this substrate allows investigators to

differentiate PP1-dependent dephosphorylation from other phosphatases (Bollen et al. 1992).

PP1 Interacts with Regulatory Partners to Determine Localization and Substrate Specificity

There are currently more than 200 known PP1 interacting proteins (Korrodi-Gregorio et

al. 2014). The broad substrate specificity of PP1 in in vitro assays was thought to indicate a

regulatory nature in modulating or regulating many kinase signaling cascades, however, several

early attempts to isolate PP1 found it co-purifying as a high molecular weight complex,

indicating its association with other proteins (Lee et al. 1980). Thus, PP1 and interacting

partners form numerous combinations of holoenzymes. Proteins that interact with numerous

interacting partners are termed “hubs”, which is further subdivided into “party” and “date” hubs.
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Party hubs interact with many interacting partners at the same time, whereas date hubs interact

with one or two partners (Han et al. 2004). PP1 is considered a date hub due to the larger

number of interacting partners (over 200) but only interacts with one or two in any given moment

(Heroes et al. 2013). Classically, PP1-interacting partners were identified using yeast two-hybrid

screens and microcystin affinity chromatography, with more recent approaches employing in

silico bioinformatics and prediction algorithms and antibody-based purification methods

(Moorhead et al. 1994, Flores-Delgado et al. 2007, Moorhead et al. 2007, Hendrickx et al.

2009).

Many PP1 interacting proteins contain specific motifs and domains that act in unison to

dictate the topography of the interaction and the functional outcome for PP1, such as

modulating its substrate specificity and targeting to specific compartments. Targeting PP1 to

cellular compartments or modulating the affinity of the catalytic site for various substrates by

physically and electrochemically adjusting the surface of PP1 gives rise to the tight spatial and

temporal control of PP1 activity. For example, PP1 interacting partners, such as tau, are known

to target PP1 to microtubules (Liao et al. 1998), as well as other proteins that target PP1 to the

plasma membrane, mitochondria, endoplasmic reticulum, actin, chromatin, and nucleoli (Bollen

et al. 2010). This targeting function of interacting partners allows for a closer proximity of PP1

and its substrate, however, a local increase of substrate without targeting of PP1 can also

increase the rate of dephosphorylation (Zeke et al. 2009). Most interacting proteins contain one

or more separate PP1 binding motifs that are four to eight amino acid residues long, which

together can occupy a large surface of PP1 for its interaction. For example, tau contains three

RVxF motifs (Liao et al. 1998). If the average docking motif encompasses ~42.5 nm2 of space,

then four docking motifs at the same time will occupy ~85 nm2 of the surface of PP1, not

accounting for non-interacting overlapping residues (Hurley et al. 2007). Additionally, PP1

currently has ~30 proposed interaction sites on its surface, much less than the number of known

interacting proteins, indicating that binding partners of PP1 share interaction motifs, such as the
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RVxF motif. Collectively, the large number of interacting partners and combinations of binding

motifs within PP1 and in interacting partners leads to considerable control and modulation of

PP1 phosphatase specificity and localization (Bollen 2001).

Phosphatases and Intrinsically Disordered Proteins in Alzheimer’s Disease

Broadly speaking, mutations in proteins that result in a misfolded conformation are

normally refolded by chaperones or degraded by the proteasome (Glickman et al. 2002, Young

et al. 2004). In neurodegenerative diseases, multiple factors can contribute to this system being

unable to keep up with the production of misfolded proteins, such as gene multiplications and a

decreased efficiency with aging (Bodner et al. 2006). When this system is overwhelmed,

aggregation-prone proteins, such as intrinsically disordered proteins, can have an increased

likelihood to associate with each other, aggregate, and disrupt normal cellular function, which

can lead to neuronal death. Aβ, tau, and αSyn are classified as intrinsically disordered proteins

due to the lack of stable secondary and/or tertiary structures and highly flexible nature in

solution (Breydo et al. 2012). Although intrinsically disordered proteins lack stable secondary

and tertiary conformations, they typically change to form stable β-sheet rich secondary

structures when they aggregate in disease. Examples of factors that help to facilitate these

structural changes in disordered proteins include phosphorylation, acetylation, temperature

changes, pH alterations, and increased concentration of monomers (Jarrett et al. 1993, Uversky

et al. 2001, Breydo et al. 2012). Several PP1 interacting proteins are intrinsically disordered,

such as tau, DARPP-32, inhibitor-2, and spinophilin (Dancheck et al. 2008). One reason this

may be important is because the disordered nature of the binding partners increases the

flexibility of the protein and can facilitate multi-site interactions at several PP1 binding motifs.

While a single published paper provided evidence that tau and PP1 might interact and that tau

may function to target PP1 to microtubules, many questions regarding the specifics of tau-PP1

interactions and the functional consequences of these interactions remained unclear.
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PP1 in Alzheimer’s Disease

Tau is a known substrate and interacting partner of PP1, and interest in the role PP1

plays in tau physiology and AD pathology naturally followed (Liao et al. 1998). In preparations

generated from post-mortem human tissue, PP1 dephosphorylated Thr212, Thr217, Ser262,

Ser396, and Ser422, but was unable to dephosphorylated Thr181, Ser199, Ser202, Thr205,

Ser214, and Ser404 (Liu et al. 2005, Rahman et al. 2005). Additionally, several lines of

evidence point to PP1 and its binding proteins as important components in the pathogenesis of

AD. Okadaic acid, an inhibitor of PP1 and PP2A, reduced Aβ peptide production and promoted

secretion of soluble APP when used at a concentration that inhibits both enzymes; this result

was capitulated in hippocampal slices from APPswe/PS1 transgenic mice. (Buxbaum et al.

1993). In AD, PP1 may play a role in synaptic plasticity by dephosphorylating NMDA and AMPA

glutamate receptors to regulate their trafficking to the synapse. Alternatively, it was suggested

that PP1’s regulatory role in AD may be at the transcription factor level by modulating CREB or

the kinase level by regulating GSK3 or CaMKII (Braithwaite et al. 2012).

Another proposed mechanism of PP1 involvement in AD is through regulating

expression of β-secretase (BACE1) (O'Connor et al. 2008). BACE1 is the rate-limiting enzyme

in Aβ peptide formation and is upregulated in AD (Yang et al. 2003, Zhao et al. 2007). This

regulation is achieved through the translational initiator eIF2α, which when phosphorylated,

typically results in an inhibition of translation. However, some mRNAs are preferentially

upregulated under this condition, with BACE1 being one such gene, potentially resulting in

increased BACE1 protein production (Braithwaite et al. 2012). PP1 dephosphorylates eIF2α

when in complex with the PP1 interacting protein GADD34 (Brush et al. 2003, Marciniak et al.

2006). In primary neuron experiments, salubrinal, a small molecule inhibitor of PP1 when in

complex with GADD34, increased phosphorylation of eIF2α and subsequently BACE1 proteins

levels increased with exacerbated Aβ peptide production and blocking eIF2α had the opposite

effect (Boyce et al. 2005).
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PP2A In Alzheimer’s Disease

PP2A has received more research attention in the etiology of AD than PP1, as most

dephosphorylation of tau (~71%) occurs through the action of this enzyme (Sontag et al. 1996,

Liu et al. 2005). While the phosphatase activity of PP2A on tau is important to the normal

physiology of the proteins, PP2A also can modulate tau’s trafficking, targeting, localization, and

scaffolding function (Taleski et al. 2018). PP2A, similar to PP1, relies on several interacting

partners to govern substrate specificity and targeting (Sents et al. 2013). PP2A exists as a

heterotrimeric holoenzyme consisting of a scaffolding “A” subunit, a catalytic “C” subunit, and a

regulatory “B” interacting partner subunit (Hoffman et al. 2017). The isoform possessing the

strongest affinity for tau and highest level of dephosphorylation of tau is the Bα subunit

(PP2A/Bα) (Xu et al. 2008). PP2A/Bα binds to the MTBRs of tau to promote tau

dephosphorylation. Additionally, there is a preference for 4R tau and PP2A can only bind tau in

the absence of tau-tubulin binding (Sontag et al. 1996, Sontag et al. 1999).

In AD, PP2A is downregulated, less active, and its substrate specificity and localization

are dysfunctional (Gong et al. 1993, Sontag et al. 2004, Sontag et al. 2004). Interestingly,

methylation of PP2A is largely decreased in AD, which results in reduced PP2A/Bα, as the Bα

subunit preferentially binds to the methylated form of the PP2A catalytic subunit, possibly

underlying some of the PP2A dysfunction observed in AD. (Bryant et al. 1999, Sontag et al.

2004, Zhou et al. 2008). Reduced PP2A activity could be a driving force behind tau

phosphorylation and development of NFTs (Iqbal et al. 2005). Several models of AD

investigating the role of PP2A exist, but care must be taken to ensure cell viability, as PP2A

activity is essential for survival (Gotz et al. 1998). Inhibiting endogenous PP2A with specific

inhibitors or overexpressing a dominant-negative form of the protein in these models shows

increased tau phosphorylation, Aβ deposition, NFTs, and neurodegeneration (Arendt et al.

1995, Arendt et al. 1998). Taken together, dysfunction of Ser/Thr protein phosphatases is a
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common characteristic of AD brains, and several lines of evidence support their central role in

maintaining normal phosphorylation levels before onset of symptoms.

Tau as a Signaling Regulator in Neurodegeneration

Axon Degeneration and Dysfunction in Tauopathies

Axons undergoing degeneration typically follow a well characterized pattern, such as

development of axonal swellings called spheroids and thinning of the axon between spheroids

to resemble an image of beads on a string (Raff et al. 2002). Eventually, this thinning results in

axon fragmentation and degeneration characteristic of tauopathies (Zhou et al. 1998). In AD,

inclusions of tau within neurites, called neuropil threads, are thought to appear before the

formation of NFTs in the cell body (Kowall et al. 1987, Ghoshal et al. 2002), although clear

evidence from human tissue directly supporting this hypothesis is lacking. Additionally, these

changes, as well as synaptic changes and degeneration, are early and prominent pathological

events in AD (DeKosky et al. 1990, Masliah et al. 1991, Bell et al. 2006, Vana et al. 2011).

Patients with AD exhibit pronounced white matter atrophy, indicating loss of axons, whereas

patients with mild cognitive impairment display demyelination of axons in the perforant pathway

and cortical regions (Stoub et al. 2006, Huang et al. 2007). Finally, loss of axons in more severe

AD cases correlates with cognitive decline, as does the presence of NFTs (Bozzali et al. 2002,

Giannakopoulos et al. 2003)..

Pathological Forms of Tau Inhibit Axon Transport

Several studies have investigated pathological forms of tau and the effects on axonal

transport. Tau aggregates were infused into squid axoplasms at a physiological concentration

where they were shown to reduce anterograde fast axonal transport (LaPointe et al. 2009). This

effect was dependent on the extreme N-terminus of tau (amino acids 2-18), as deleting this

region eliminated the toxic effect and infusion of a peptide comprised of this motif recapitulated
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the same effects as the tau filaments (LaPointe et al. 2009, Kanaan et al. 2011). These studies

also showed this deficit was dependent on a signaling through PP1 and GSK3β, as co-infusion

with the GSK3β inhibitors ING-135 or CREBpp, and the PP1 inhibitor inhibitor-2 (I-2) rescued

this deficit (LaPointe et al. 2009, Kanaan et al. 2011). Following up this study, deeper

investigation and characterization into this N-terminal motif with additional pathological forms of

tau was performed. Specifically, AT8 tau in its monomeric state was infused into squid

axoplasms and this resulted in reduced fast anterograde axonal transport similar in fashion to

tau filaments (Kanaan et al. 2011). Further studies also showed that this mechanism of tau

toxicity to transport was engaged by all six human tau isoforms when aggregated as well as

modifications at other phosphosites in tau (i.e. monomeric phospho-Ser422 tau protein) (Cox et

al. 2016, Tiernan et al. 2016) Therefore, this region in tau corresponding to amino acids 2-18

was termed the phosphatase activating domain (PAD) (Kanaan et al. 2011). These studies also

highlighted several key aspects of this potential mechanism of tau toxicity. Specifically, the

ability of tau to impair axonal transport had no dependence on microtubule binding, did not

require aggregation, and that specific modifications alter tau structure in ways that aberrantly

activate the PP1-GSK3 pathway. However, they did not fully explore the relationship between

tau and PP1, the first step in this proposed cascade of tau-induced axonal dysfunction.

Tau is Proposed to Signal Axon Dysfunction Through a PP1-GSK3β Cascade

There is growing evidence that tau’s functional repertoire is much larger than just

stabilizing microtubules and may include cell signaling functions, among others(LaPointe et al.

2009, Souter et al. 2010, Kanaan et al. 2011, Kanaan et al. 2012). Moreover, there is evidence

that abnormalities in the non-microtubule stabilizing functions of tau may underlie the

mechanisms of tau-induced toxicity in disease. Several disease-related modifications of tau,

including the AT8 phosphoepitope, alter its conformation causing abnormal exposure of PAD

(Jeganathan et al. 2008, Kanaan et al. 2011). Previous work showed that psAT8 tau extends
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the N-terminus out of the “paperclip” conformation (Jeganathan et al. 2008), which exposes

PAD. Monoclonal antibodies specific for the exposed N-terminus of tau (TNT1 and TNT2)

confirms the finding that this region is exposed when tau is phosphorylated at the AT8 epitope

and that PAD exposure occurs early during pathological tau deposition and in several human

tauopathies (Kanaan et al. 2011, Combs et al. 2016, Combs et al. 2017). PAD exposure triggers

activation of PP1, which subsequently dephosphorylates glycogen synthase kinase-3β (GSK3β)

at Ser9 (Zhang et al. 2003). The resulting activated GSK3β phosphorylates kinesin light chains

causing cargoes to dissociate from the motor complex, leading to impaired anterograde fast

axonal transport (Morfini et al. 2002, Morfini et al. 2004, Morfini et al. 2007, Kanaan et al. 2011,

Kanaan et al. 2012). Importantly, PAD was both necessary and sufficient to reduce transport

(Kanaan et al. 2011). Interestingly, ablation of tau prevents amyloid-β-induced GSK3β

activation, further suggesting a role for tau in GSK3β-mediated neuronal dysfunction (Moorhead

et al. 2007). While this recent evidence has suggested a potential signaling mechanism of tau in

AD, there remains a gap in our knowledge involving the specifics of how tau activates the

PP1/GSK3β cascade leading to axon degeneration. Specifically, whether tau directly binds to

and activates PP1 and how disease-associated modifications known to cause axonal toxicity,

such as AT8 tau, affect this mechanism was not clearly defined in prior work.

Dissertation Objective

The goal of this dissertation was to further investigate if PAD exposure is an early

pathological event in the development of tau protein deposition in humans as well as elucidate

and characterize the capacity for tau to regulate PP1 activation and subsequent dysfunction in

axons. Only one previous publication investigated the interaction between tau and PP1, and did

not differentiate between PP1 isoforms, domains of tau, or pathological modifications (Liao et al.

1998). I investigated if AT8 phosphorylation and PAD exposure appear in axonal compartments

of the hippocampus using ND and MCI post-mortem human brain cases to systematically
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determine where in a neuron pathology appears first in the human condition. Furthermore, I

established that tau interacts with PP1 in an isoform-dependent manner, and this interaction

depends on the MTBRs, not the N- or C-termini. Additionally, I investigated whether AT8

phosphorylation and the presence of the PAD domain change tau’s interaction with PP1 and

whether these modifications impact PP1 phosphatase activity. Further characterizing this

proposed tau signaling cascade behind the etiology of axonal degeneration in AD could lead to

the development of new therapeutic interventions for the treatment of AD. The specific aims for

my dissertation are as follows:

Specific Aim 1: Determine if AT8- and PAD exposed tau appear in the axonal compartment of

affected neurons before the somatodendritic compartment in human tissue. Specific Aim 1 is

addressed in chapter 2 using a cohort of post-mortem human cases ranging from non-

demented controls to mild cognitive impairment to capture a brain environment before the

development of AD. The hippocampal formation from these cases were processed for

immunohistochemistry to visualize AT8 phosphorylated tau, PAD exposed tau, and amyloid

plaques. The extent of tau pathology was estimated specifically in the mossy fiber and Schaffer

collateral pathways, as the terminal fields and corresponding originating cell bodies are

extensively characterized and relatively discretely contained within specific strata of the

hippocampus. I hypothesized that tau inclusions containing AT8 phosphorylation and PAD

exposure deposit early and appear first in the axons of affected neurons before the cell bodies.

Specific Aim 2: Characterize the interaction between tau and PP1 and the effect of AT8

phosphorylation on PP1 phosphatase activity. Specific Aim 2 is addressed in chapter 3 using in

vitro protein interaction assays and a phosphatase activity assay. The interaction between tau

and PP1 was investigated for each PP1 isoform and several modifications of tau, including AT8

phosphorylation and dependence on the PAD region. Tau’s influence on PP1 phosphatase
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activity was investigated using para-nitrophenyl phosphatase as a substrate for recombinant

PP1 in solution with several recombinant tau proteins. I hypothesized that tau and PP1 directly

interact, AT8 pseudophosphorylation increases this interaction, and deletion of the PAD region

reduces this interaction. Additionally, I hypothesized that the resulting changes in tau-PP1

interactions results in changes of PP1 phosphatase activity.
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CHAPTER 2

Pathogenic Tau Modifications Occur in Axons Before the Somatodendritic Compartment in

Mossy Fiber and Schaffer Collateral Pathways

Abstract

Tau is a microtubule-associated protein that is classically thought to play a role in

stabilizing microtubules and the pathological accumulation of tau protein is a hallmark of several

diseases collectively known as tauopathies (including AD). A long-held hypothesis on the

progressive deposition of tau pathology in AD is that pathological tau accumulates first in axons

of neurons and then progresses back into the cell bodies to form neurofibrillary tangles,

however, studies have not directly analyzed this relationship in human tissue. In the early

phases of tau deposition, both AT8 phosphorylation and exposure of the amino terminus of tau

occur in tauopathies, and these modifications are linked to mechanisms of synaptic and axonal

dysfunction. Here, we examined the localization of tau pathology using well-characterized post-

mortem human tissue samples in the hippocampus of 44 cases ranging between non-demented

and mild cognitively impaired to capture a time in which intrahippocampal pathways show a

range in the extent of tau deposition. The tissue sections were analyzed for AT8 (AT8 antibody),

amino terminus exposure (TNT2 antibody), and amyloid- plaque (MOAB2 antibody) pathology

in the axons and neuronal cell bodies in hippocampal strata containing the CA3-Schaffer

collateral and dentate granule-mossy fiber pathways. We show that tau pathology first appears

in the axonal compartment of affected neurons in the absence of observable tau pathology in

the corresponding cell bodies. Additionally, deposition of tau in these intrahippocampal

pathways was independent of the presence of Aβ plaques. Using an axonal marker (i.e. SMI312

antibody) we confirmed that the majority of tau pathology positive neuropil threads were indeed

axonal in origin. Taken together, these results support the hypothesis that AT8 phosphorylation

and PAD exposure are early pathological events and that the deposition of tau pathology occurs

first in the axonal compartment prior to observable pathology in the somata of affected neuronal
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pathways. These findings highlight the importance on targeting tau deposition, ideally in the

initial phases of its deposition in axons.

Introduction

Tau is a microtubule- associated protein involved in regulating axon integrity and

function (Drechsel et al. 1992, Wang et al. 2008). Notably, tau aggregation and deposition is a

hallmark of Alzheimer’s disease (AD) as well as numerous other tauopathies (Glenner et al.

1984, Masters et al. 1985, Kosik et al. 1986, Braak et al. 1991, Hebert et al. 2013). Pathological

modifications and aggregation of tau associate with cognitive decline (DeKosky et al. 1990,

Ghoshal et al. 2002, Giannakopoulos et al. 2003). The deposition of amyloid- (Aβ) in plaques

represents the other hallmark pathology and likely contributes to neurotoxicity in AD (Masters et

al. 1985, Kowall et al. 1991). Alterations in synapse morphology, synapse loss, and axon

degeneration occur early in the progression of AD (DeKosky et al. 1990, Masliah et al. 1991,

Bell et al. 2006, Vana et al. 2011). This has led to the hypothesis of a “dying-back” pattern of

degeneration, where axon degeneration precedes loss of cell bodies (Kanaan et al. 2013). The

hypothesis that tau pathology begins in the axonal compartment and appears in the

somatodendritic compartment afterwards is often suggested, however, a direct analysis of axon

enriched layers in the hippocampal formation, has not previously been conducted (Kowall et al.

1987, Ghoshal et al. 2002) .  Moreover, the amyloid cascade hypothesis suggests that Aβ

pathology precedes and induces the accumulation of tau pathology presumably starting in

axonal target regions of neurons affected by tau (Selkoe 1991, Hardy et al. 1992, Hardy et al.

2002). Animal models of tauopathy also support the contention that tau deposition occurs in the

synaptic and axonal compartments prior to the somatodendritic compartment (Andorfer et al.

2003, de Calignon et al. 2012). Observations in human tissue describing the appearance of

extensive neuropil threads (NTs) before detection of neurofibrillary tangles (NFTs) in neuronal

cell bodies within a given neuroanatomical region support this hypothesis (Su et al. 1997,
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Ghoshal et al. 2002, Vana et al. 2011) but none of these studies assessed the terminal fields

and somata of specific pathways in the earliest stages of tau deposition precluding a clear

determination of whether axonal pathology precedes cell body pathology in cells.

The hippocampal formation comprises the entorhinal cortex (EC), dentate gyrus (DG),

hippocampus proper (subdivided into CA1, CA2, and CA3, and hilus), subiculum, presubiculum,

and parasubiculum (Amaral et al. 1989, Andersen et al. 2006). The EC is typically considered

the start of the circuit because it receives most of the neocortical input into the hippocampal

formation (Adey et al. 1952, Andersen et al. 2006). EC efferents project through the angular

bundle and perforant path to terminate on DG granule cells in the molecular layer. The DG

granule cells do not project back to the EC, but instead project to CA3 pyramidal cells through

the mossy fiber pathway and terminate in the CA3 stratum lucidum layer (Str. Luc). Next, CA3

pyramidal cells project to CA1 pyramidal cells through the Schaffer collateral pathway and

terminate in the CA1 stratum radiatum layer (Str. Rad.). A majority of the CA1 pyramidal cell

projections terminate in the subiculum, however, some also project back to the EC. Finally, most

subiculum projections pass back through the angular bundle to the EC to complete the circuit,

with other projections connecting to additional subcortical areas (Amaral et al. 1989, Andersen

et al. 2006). The well-defined intrahippocampal circuitry and relatively distinct strata provide an

ideal structure to analyze the compartmental progressive deposition of pathological tau within

discrete neuronal pathways in post-mortem human tissue.

Tau pathology in the form of neurofibrillary tangles (NFTs), neuropil threads (NTs) and

neuritic plaques (NPs) follows a regional progression in severity, that was described by Braak

and Braak in the early 1990’s (i.e. Braak staging) and now represents the most common method

for describing the post-mortem staging of AD tau pathology (Braak et al. 1991, Braak et al.

1994). Braak staging was originally developed based on silver staining of tau pathology and

later adapted to AT8+ pathology (Braak et al. 1994). Deposition of tau inclusions begins in the

trans entorhinal and EC at Braak stages I-II, but these stages are not associated with cognitive
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decline(Giannakopoulos et al. 2003, Markesbery et al. 2006). The limbic stages (Braak III-IV)

display spread of tau pathology further into the hippocampal formation, including CA1 and the

subiculum. Cognitive decline occurs at these stages and patients may display criteria for mild

cognitive impairment (MCI), a prodromal stage of AD progression (Bancher et al. 1993). MCI is

considered an intermediate stage before AD (Gamblin et al. 2003, Mufson et al. 2016, Tiernan

et al. 2016). These observations support the notion of a preclinical AD stage (Mufson et al.

2016). Finally, the isocortical stages (Braak V-VI) displays extensive tau pathology throughout

the hippocampal formation and subdivisions of the cerebral cortex. Additionally, these late

stages correspond with the pathological criteria for AD diagnosis(Braak et al. 1995). Deposition

of Aβ is required for AD diagnosis and is typically accompanied by other pathological staging

criteria, such as the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD)

scores (Hyman et al. 2012, Boluda et al. 2014).

During the course of tau deposition in disease the tau proteins undergo fairly well-

characterized changes including both the morphology of and the post-translational modifications

to the tau proteins within the pathology (Bancher et al. 1993, Binder et al. 2005, Guillozet-

Bongaarts et al. 2005, Mondragon-Rodriguez et al. 2008, Combs et al. 2016). Importantly, there

are specific changes that occur during the earliest detectable deposition of tau inclusions in

human brains and these are often referred to as pretangle markers for their ability to recognize

tau pathology prior to its maturation and coalescence into compact tau inclusions (Bancher et al.

1993, Braak et al. 1994, Braak et al. 1995, Braak et al. 2006, Combs et al. 2016).. For example,

AT8, a triple phosphoepitope including phospho-S199/S202/T205, appears early in diffuse

granular pretangle inclusions in neurons (Biernat et al. 1992, Goedert et al. 1995). Additionally,

conformational display of an N-terminal region known as the phosphatase-activating domain

(PAD), a change recognized by the TNT2 antibody, occurs in pretangle neurons in AD and

several tauopathies (Combs et al. 2016, Combs et al. 2017). Importantly, both AT8 and

exposure of PAD are linked to a specific mechanism of tau toxicity involving impaired axonal
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function (i.e. axonal transport inhibition) (LaPointe et al. 2009, Kanaan et al. 2011, Kanaan et al.

2012). Though these markers are modifications of tau that appear in the earliest detectable tau

inclusions, it remained unclear whether these pathogenic forms of tau first appeared in axons

before progressing to the neuronal cell bodies.

The current study addresses the hypothesis that tau pathology first deposits in the

axonal compartment of neurons prior to its appearance in the somata. Using post-mortem

human hippocampal sections from ND controls and MCI cases, the extent of axonal and

somatodendritic tau pathology (AT8 phosphorylated and PAD exposed), as well as Aβ

pathology in the CA3-Schaffer collateral and DG-mossy fiber pathways was measured with

stereological methods. We found AT8 phosphorylation and PAD exposure occurs in the axon

compartment of affected neurons even in the absence of observable cell body pathology.

Additionally, these tau pathological modifications were observed in the absence of amyloid

pathology. Our results support the hypothesis that tau pathology begins in the axonal

compartment and is observed independently of Aβ plaque deposition.

Materials and Methods

Human Brain Tissues

Formalin-fixed temporal lobe free-floating sections (40 m) from ND (n = 31) and MCI (n

= 13) cases were obtained de-identified from Banner Sun Health Research Institute and Body

Donation Program (Sun City, AZ) (Beach et al. 2015). Table 2.1 summarizes the clinical,

demographic, and neuropathology of the cases. A schematic of relevant hippocampal

connections is shown in Figure 2.1. The mossy fiber and Schaffer collateral pathways are

illustrated in red.
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Tissue Immunohistochemistry (IHC)

Temporal lobe sections were immunohistochemically stained to visualize the pattern of

AT8 phosphorylation, PAD exposure, and amyloid pathology using the monoclonal AT8

(Thermo MN1020), TNT2 (Combs et al. 2016), and MOAB2 (Youmans et al. 2012) antibodies,

respectively, using previously published methods (Kanaan et al. 2011, Kanaan et al. 2012,

Combs et al. 2016). Primary antibodies were diluted in tris-buffered saline (TBS; 150 mM NaCl,

50 mM Tris, pH 7.4) containing 2% goat serum and 0.1% Triton X-100 at 1:16,000 for AT8,

1:400,000 for TNT2, 1:4,000 for MOAB2. Immunoreactivity was detected using biotinylated

goat-anti-mouse IgG (H+L) secondary antibody (Jackson ImmunoResearch Laboratories 115-

065-166) diluted in TBS+2% goat serum + 0.1% Triton X-100, VectaStain Elite ABC-HRP Kit

(Vector Laboratories PK-6100), and 3,3’-diaminobenzidine supplemented with 0.25%

ammonium nickel (II) sulfate hexahydrate (Sigma A1827). All sections were counterstained with

cresyl violet before being mounted on microscope slides and coverslipped with Cytoseal 60

(Thermo Scientific, #8310-16). Tissue sections from each case were processed simultaneously

for each antibody to eliminate inter-run staining variability. Primary antibody delete controls were

run using the same protocol with the exception that the primary antibody was omitted. As

expected, the primary delete produced no staining (Figure 2.2).

Stereological Axon Measurements and Total Neuron Enumeration

The unbiased stereological spaceballs probe was used to estimate the total length of

axon fibers stained with AT8 and TNT2 in the Str. Luc. Layer of CA3 (i.e. mossy fibers) and Str.

Rad. Layer of CA1 (i.e. Schaffer collaterals). The Str. Luc. was defined using fiduciary

neuroanatomical landmarks, including the CA3 pyramidal cell layer dorsally, Str. Rad. of CA3

ventrally, the CA2 medially, and hillus laterally. The CA3 pyramidal layer was defined using

fiduciary neuroanatomical landmarks, including the Str. Luc. dorsally, stratum oriens ventrally,

CA2 medially, and hillus laterally. The Str. Rad. was defined using fiduciary neuroanatomical
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landmarks, including the CA1 pyramidal cell layer dorsally, stratum lacunosum-moleculare

ventrally, subiculum medially, and CA2 laterally. The DG granule cell layer was defined using

fiduciary neuroanatomical landmarks, including the hillus dorsally and the molecular layer

ventrally, and is clearly defined by cresyl violet staining. If specific subregions were not reliably

identifiable within the sections, the case was not used for analyses requiring that region. A

hemisphere probe with a radius of 8 µm was used to sample sites throughout each region.

Tissue thicknesses ranged from ~11-14 µm across all cases and regions analyzed. A 4x

objective was used to outline each contour and a 60x oil immersion objective (numerical

aperture = 1.35) was used for making the stereological measurements. Fiber staining density

was calculated by dividing the estimated total axon length by the volume of the region of

analysis, and fiber density was used for comparisons. Somata staining was quantified in the

CA3 pyramidal cell layer (i.e. Schaffer collateral pathway) and DG layer (i.e. mossy fiber

pathway) by total enumeration within the regions of interest using at 10x magnification. Total cell

numbers were used for comparisons. Brightfield images were acquired on a Nikon Eclipse 90i

microscope equipped with a Nikon DS-Ri1 camera and processed using NIS-Elements

software.

Triple Label Immunofluorescence (IF)

Temporal lobe sections from a subset of the 44 cases (n = 12 cases with high and low

tau pathology) were triple labeled with TNT2 (mouse IgG1, 1:8000), SMI-312 (mouse IgG1,

1:5000, Covance SMI-312R), and biotinylated AT8 (mouse IgG1-biotin, 1:800, Thermo Scientific

MN1020B) using methods similar to those previously published (Kanaan et al. 2016, Tiernan et

al. 2016). Each primary antibody incubation period was overnight at 4°C. SMI-312 and TNT2

immunoreactivity was detected using AlexFluor 488- and 647-conjugated goat-anti-mouse IgG

(H+L) Fab fragments (Jackson ImmunoResearch Laboratories 115-547-003 and 115-607-003),

and AT8 immunoreactivity was detected using AlexaFluor 568-conjugated streptavidin
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(ThermoScientific Pierce S11226). Sections were blocked with unconjugated goat-anti-mouse

IgG (H+L) Fab fragments (Jackson ImmunoResearch Laboratories 115-007-003) to prevent

cross-labeling of the secondary antibodies between each primary and subsequent secondary

antibody incubations. Control sections included omission of each individual primary and

omission of all three primary antibodies. As expected, the individual primary delete sections did

not produce cross-reaction of signals in the deleted antibody channel and the full primary delete

produced no signal (Figure 2.10). Sections were mounted on microscope slides and

autofluoresence of the tissue was blocked by treating with 2% Sudan Black B before

coverslipping with VectaShield Hard Set mounting medium (Vector Laboratories H-1000). All IF

images were obtained using a Nikon A1+ scanning confocal microscope system. Z-stacks were

acquired in 0.5 μm steps and images for figures were generated with a maximum intensity

projection using NIS-Elements software. Colocalization of fluorescent markers was analyzed by

calculating the Manders Colocalization Coefficient in ImageJ (Manders et al. 1993).

Statistical Analyses

All data were analyzed using Prism v7.0 software (GraphPad). Stereological estimate

outcomes were analyzed for normality using the D’Agostino and Pearson normality test. All data

sets were not normally distributed, and subsequently, non-parametric statistical analyses were

performed. All correlation comparisons were performed using the Spearman rank correlation.

Demographic variables were compared between clinical diagnostic groups using Mann-Whitney,

Fisher’s exact, or the Chi-squared test. Statistical significance was set at p  0.05.

Results

Subject Demographics

Demographic, clinical, and neuropathological results for the 44 cases used in this study

are summarized in Table 2.1. Notably, no significant differences were observed between the ND
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and MCI groups for age (p = 0.13), sex (p > 0.99), postmortem interval (PMI, p = 0.84), Mini-

Mental State Examination (MMSE, p = 0.34), Braak stage (p = 0.85), or CERAD score (p >

0.99).

AT8 and TNT2 Fiber Density Correlates with Age and Braak Staging

Table 2.2 summarizes the Spearman correlations between AT8+ and TNT2+ fiber and

cell tau pathology and several demographic and neuropathology scores. AT8 and TNT2 fiber

densities showed a significant positive correlation with age, Braak stage, and total tangles in

both the Schaffer collateral and mossy fiber pathways. The only significant correlation with total

plaques was a positive correlation with TNT2 fiber density in the Schaffer collateral pathway.

AT8+ cell number in the CA3 region positively correlated with age, Braak stage and total

tangles, while AT8+ DG cell number correlated with Braak stage, MMSE, and total tangles.

TNT2+ cell numbers in the CA3 pyramidal cell layer showed a significant positive correlation

with total tangles. Finally, no statistical differences in axonal tau pathology staining (with both

AT8 and TNT2) were observed between diagnosis states (Figures 2.3 A-B, 2.4A-B), sex

(Figures 2.3 C-D, 2.4 C-D), or CERAD (Figures 2.3 E-F, 2.4 E-F) scores.

Axonal AT8 Tau Pathology Occurs in the Absence of Cell Body Pathology in the Mossy Fiber

and Schaffer Collateral Pathways

We measured the amount of AT8+ immunoreactivity in the mossy fiber pathway (Figure

2.5) and the Schaffer collateral pathway (Figure 2.6). All cases displayed AT8+ neuropil threads

in the Str. Luc., however, AT8+ staining in the corresponding cell bodies of the DG was less

common (Figure 2.5A). Specifically, 16.7% of cases (7 of 42) displayed no observable AT8+

staining in the DG cell bodies, but all of these cases showed AT8+ staining in the Str. Luc., the

target region of the mossy fiber projections of the DG (Table 2.3). Axonal AT8 fiber density

significantly correlated with the number of AT8+ cell bodies (Spearman r = 0.640, p < 0.0001,
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Figure 2.5B). In cases lacking AT8+ cell bodies in the DG, the observable mossy fiber pathology

ranged from sparse to moderate (Figures 2.5 C-D). Similarly, all cases displayed AT8+ neuropil

threads within the Str. Rad., however, AT8+ cell bodies within the CA3 pyramidal layer was less

common (Figure 2.6A). No observable AT8+ staining was found in the CA3 pyramidal layer of

12.8% of cases (5 of 39), but all of them showed AT8+ staining in the Str. Rad., the target

region of the CA3 Shaffer collateral projections (Table 2.4). Axonal AT8 staining correlated

strongly with the number of AT8+ cell bodies (Spearman r = 0.648, p  0.0001, Figure 2.6B).

Importantly, in the absence of observable cell body pathology, the terminal regions of these

pathways contained a range of tau pathology from (Figure 2.6C-D), and cases with cell body

staining were never without fiber staining. Together, these findings support the hypothesis that

AT8 tau pathology occurs in axons before the somatodendritic compartment within these

intrahippocampal pathways.

Axonal PAD Exposed Tau Pathology Occurs Without Cell Body Pathology in the Mossy Fiber

and Schaffer Collateral Pathways

Next, we analyzed the amount of TNT2+ immunoreactivity in the mossy fiber pathway

(Figure 2.7) and the Schaffer collateral pathway (Figure 2.8) as a measure of PAD-exposed tau,

an early pathological event in tauopathies (Combs et al. 2016). The majority of cases displayed

TNT2+ staining in Str. Luc. (Figure 2.7A), but of the cases that contain TNT+ axonal pathology

17.1% of cases (7 of 41) displayed no observable TNT2+ DG cells (Table 2.5). Axonal TNT2

staining in the mossy fiber pathway correlated with the number of TNT2+ DG cell bodies

(Spearman r = 0.702, p  0.0001, Figure 2.7B). Several cases contained axonal staining without

observable reactive cell bodies (11.4%), although not every case contained TNT2+ staining in

the Str. Luc. All but one case displayed TNT2 staining in the Str. Rad. (Figure 2.8A).

Specifically, 12.8% of cases (5 of 39) displayed TNT2+ staining in the Str. Rad., but no
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observable TNT2+ staining in the CA3 pyramidal layer (Table 2.6). Axonal TNT2 staining in the

Schaffer collaterals correlated strongly with the number of TNT2+ CA3 cell bodies (Spearman r

= 0.719, p  0.0001, Figure 2.8B). Importantly, axonal pathology was found even in the absence

of observable cell body pathological staining in both pathways and cases with cell body staining

were never without fiber staining. Again, in the absence of observable cell body pathology fiber

pathology in the terminal regions ranged from relatively low to high (Figure 2.8C-D), and cases

with cell body staining were never without fiber staining. Together, these results further support

the hypothesis that PAD exposed tau pathology occurs in axons before the somatodendritic

compartment of affected neurons.

Early AT8 and TNT2 Pathology in the Stratum Lucidum and Stratum Radiatum is Axonal

To confirm that the AT8+ and TNT2+ staining observed in the Str. Luc. and Str. Rad.

occurs in axons, we used triple-label immunofluorescence staining for AT8, TNT2, and the SMI-

312, an axonal-specific marker (Figure 2.9). In the Schaffer collaterals, AT8 (MCC = 0.85) and

TNT2 (MCC = 0.97) staining display a high degree of colocalization with SMI-312. These values

correspond to 85% of AT8+ staining and 97% of TNT2+ staining in the axon enriched layer Str.

Rad. of CA1. Similarly, in the mossy fibers, AT8 (MCC = 0.84) and TNT2 (MCC = 0.95) staining

display a high degree of colocalization with SMI-312. These values corresponding to at least

84% of AT8+ and 95% of TNT2+ staining in the axon enriched layers of the hippocampus

occurring in the axonal compartment of those neurons.

Early Axonal AT8 and TNT2 Tau Pathology is Independent of Amyloid-β Pathology

Finally, we stained for Aβ pathology in the CA3-Shaffer collateral and DG-mossy fiber

pathway regions using the MOAB2 antibody (Youmans et al. 2012) and counted plaques using

total enumeration (Figure 2.11A). The majority of cases did not contain Aβ plaques, and none

contained intraneuronal staining with MOAB2 within the regions analyzed. Specifically, 84.2%



39

contained zero plaques in the Str. Luc. and 59% contained zero plaques in the DG, while 55.8%

had zero plaques in the Str. Rad. and 78.9% contained zero plaques in the CA3 pyramidal cell

layer (Table 2.7). Interestingly, in the Schaffer collateral pathway, neither AT8 phosphorylation

nor PAD exposed tau correlated with the presence of Aβ plaques (Spearman r = -0.182, p =

0.242 for AT8, Figure 8C, and r = 0.026, p = 0.867 for TNT2, Figure 2.11 B-C). The extent of

both AT8+ and TNT2+ tau pathology in some cases was remarkably robust in regions devoid of

observable A plaques (Figure 2.11 D-F). Taken together, these results indicate that AT8

phosphorylation and PAD exposure occur independently of the presence of Aβ pathology in the

Schaffer collateral and mossy fiber pathways.

Discussion

The hypothesis that pathological tau progression starts at the axons and axon terminals

and moves back to the somatodendritic compartment has been proposed for server decades

(Bancher et al. 1989, Braak et al. 1991), but to our knowledge, no evidence from relatively

discrete neuronal pathways was available previously. The present study characterizes the

localization of mossy fiber and Schaffer collateral pathway tau pathology in a cohort of ND and

MCI human cases. Our focus on relatively discrete neuronal pathways within in the

hippocampus provides an opportunity to dissect the spatial changes that occur in the axonal

and cell body compartments of neurons with some degree of specificity. Moreover, the use of

Braak I-III cases with a range of pathology load was instrumental in uncovering the first

detectable deposition of tau inclusions in cell bodies the hippocampal pathways analyzed, which

is reflected in the lack of pathology and sparseness of pathology in several cases. Two early

pathological markers in tauopathies, AT8 phosphorylation (Biernat et al. 1992, Braak et al.

1994, Goedert et al. 1995) and PAD exposure (TNT2) (Combs et al. 2016, Combs et al. 2017),

appeared in the axonal compartment of these pathways, even in cases where no cell body

pathology was observed. Additionally, there was a strong correlation between axonal
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pathological staining and the number of stained cell bodies. It is noteworthy that other

hippocampal formation pathways such as the CA1 projections and EC-perforant pathway were

not usable for the purposes of this study because both cell body and axonal pathology already

existed in all cases. Taken together, these results support the hypothesis that tau pathology is

first observed in the axonal compartment and subsequently progresses into the somatodendritic

compartment.

The strong colocalization of the AT8 and TNT2 pathological tau markers with the axon-

specific antibody SMI-312 further supports our conclusion that we evaluated predominantly

axonal pathology. Notably, these correlated observations occurred before any diagnosis of

dementia. While this likely indicates that these pathological changes occur early in disease

progression, in post-mortem human tissue studies we cannot rule out the possibility that the tau

deposition here is independent of a progressive condition that would have definitively converted

to AD. Indeed, cohorts of MCI patients from previous studies clearly indicate that some patients

do not ultimately convert to AD (Mufson et al. 2016). In addition, no significant differences were

observed in tau staining between several clinical exam scores (MMSE, CERAD, diagnosis),

suggesting cognitive deficits are a downstream consequence of these initial pathological

changes.

In AD, synaptic loss and axon dysfunction are well-established early events in the

progression of disease pathogenesis in AD and other tauopathies (DeKosky et al. 1990, Bell et

al. 2006). Previously, the N-terminal PAD domain of tau (i.e. amino acids 2-18) was identified as

a biologically active motif that when aberrantly exposed inhibits anterograde fast axonal

transport in squid axoplasm(LaPointe et al. 2009, Kanaan et al. 2011). Additionally, the

underlying molecular pathway of the axonal dysfunction was PAD-mediated activation of a PP1-

GSK3β signaling cascade (Morfini et al. 2002, Morfini et al. 2004, Kanaan et al. 2012, Kanaan

et al. 2013). Our observation that AT8 phosphorylation, which structurally exposes PAD

(Jeganathan et al. 2008), and PAD exposed tau appear first in the axonal compartment of
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affected neurons before the observation of clinical symptoms further supports the hypothesis

that the Tau-PP1-GSK3β signaling cascade may represent a relevant mechanism of

neurodegeneration early in tauopathies (Morfini et al. 2009, Kanaan et al. 2013). Additionally,

PAD exposure is a common occurrence across a range of tauopathies beyond AD, such as

frontal temporal dementia (Combs et al. 2017). Several pathological modifications of tau can

contribute to PAD exposure, including phosphorylation (Jeganathan et al. 2008, Tiernan et al.

2016), oligomerization, and aggregation (Cox et al. 2016, Kanaan et al. 2016) Therefore, our

observations that pathological modifications of tau previously shown to cause axonal

dysfunction suggests that this may be one of the early tau-based mechanisms of degeneration

in AD.

Our data now provide human tissue-based evidence supporting the hypothesis that tau

deposition can occur in axons prior to the somata, but the nature of human tissue studies does

not clarify whether the axonal tau pathologies are mobile and traverse retrogradely to the

somata or are generated locally in each compartment. Originally, tau was thought to be an

axonal protein (Binder et al. 1985), however, after the production of tau-specific antibodies, tau

was found to be present throughout the neuron with an enrichment in axons (Binder et al. 1986,

Mandell et al. 1995). Under disease conditions, redistribution of tau from enrichment in the axon

to the somatodendritic compartment is thought to be an important early event in pathogenesis.

Additionally, phosphorylation of tau at residues known to alter tau’s conformation in disease are

localized to the somatodendritic compartment, including AT8 (Braak et al. 1995, Kimura et al.

1996, Jeganathan et al. 2008). Recently, investigation into the axon initial segment identified

TRIM46 as a protein involved in maintaining a parallel array of microtubules in the axon hillock

and preventing tau from diffusing into the somatodendritic compartment (van Beuningen et al.

2015). Additionally, TRIM46 is an essential component of the developing axon and maintaining

neuronal polarity (Huang et al. 2018). Our lab previously showed that redistribution of tau

beyond the axon initial segment into the somatodendritic compartment depends on the MTBRs
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of tau (Kneynsberg 2018, unpublished data). Interestingly, another study found that treating

cultured neurons with nocodazole to disrupt microtubules resulted in increased diffusion of

axonal tau into the somatodendritic compartment, suggesting a role for tau binding to

microtubules as an important event in maintaining an enrichment of axonal tau (Li et al. 2011).

Future studies investigating axon initial segment proteins and their potential dysfunction in

tauopathies, and subsequent redistribution of tau and loss of axon polarity, may lead to a novel

mechanism of AD pathogenesis.

Notably, we observed AT8- and TNT2+ tau pathology independent of MOAB2+ Aβ

pathology. The amyloid cascade hypothesis suggests that amyloid pathology occurs first in AD,

and that tau pathology is a downstream consequence of A pathology (Hardy et al. 1992). We

observed evidence to the contrary; AT8 and TNT2 tau pathology occurred in the hippocampus

in the absence of Aβ pathology. Our data clearly indicate that overt A pathology is not present

despite the presence of pathological tau accumulation in the axon that can be quite robust in

some cases, thereby demonstrating a disconnection between A plaque deposits and the

emergence of tau inclusions. This is consistent with the known spatiotemporal distribution of

amyloid pathology (i.e. occurs first in neocortical regions) and tau pathology (i.e. occurs much

later in neocortical areas) (Braak et al. 1991, Braak et al. 1994, Thal et al. 2002). The

containment of the axonal compartment and cell bodies within discrete hippocampal strata

provides a clear demonstration that amyloid pathology in the terminal regions of tau-affected

neurons does not occur. Our findings align with previous findings by Braak and colleagues

(1994) that very little to no A pathology was present despite the presence of AT8 tau pathology

within the transentorhinal/entorhinal cortical regions of Braak stage 0-III cases (Braak et al.

1994). Amyloid plaques are thought to precipitate via a sequential process of going from

monomeric proteins, to oligomeric species and then fibrillar forms (Murphy et al. 2010). The

MOAB-2 antibody is a pan-A specific antibody that reacts with monomeric, oligomeric and
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fibrillar forms of A (Youmans et al. 2012), suggesting that the tau pathologies observed in

these pathways were not associated with pre-fibrillar or fibrillar forms of A pathology. Additional

studies assessing the time course of the spatiotemporal distribution of various A and tau

species may further clarify the relationship between these two hallmark AD pathologies.

However, the data presented here directly challenge the proposition that aggregated Aβ triggers

tau pathology in the Schaffer collateral and mossy fiber pathways within the hippocampus

Overall, this study provides strong evidence that two early tau pathological markers,

AT8 phosphorylation and PAD exposure, can appear first in axons followed by deposition of cell

body pathology. To our knowledge, this is the first study to systematically investigate two well-

defined pathways within the hippocampus to differentiate between axon enriched strata and the

corresponding cell bodies. Furthermore, visualizing these pathologically relevant modifications

of tau in ND and MCI human tissue cases provides valuable insight into early tau pathology in

the human condition before the onset of AD. Importantly, both AT8 and PAD exposed forms of

tau are linked to mechanisms of toxicity in axonal functions such as axonal transport. Coupling

these results with the lack of observable Aβ pathology suggests amyloid is not causing the early

tau changes in these hippocampal pathways. This raises questions of whether the amyloid

cascade is a viable hypothesis to explain the complex nature of AD etiology, but perhaps later in

the disease process, tau and A pathologies work together to enhance ongoing cell dysfunction

and degeneration once the pathologies overlap or interact. Nonetheless, our findings suggest

that early axonal tau pathologies may trigger degenerative events in the hippocampal circuitry

prior to overt cognitive decline, and more longitudinally focused future studies specifically on

connecting the earliest forms of tau pathology in axons and clinical decline are needed.
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Figure 2.1 Schematic of hippocampal connections. Projections arising in the EC pass

through the angular bundle to terminate on several regions, including the DG via the perforant

path (not shown). DG granule cell neurons form the mossy fiber pathway and project to the CA3

pyramidal cells, where they terminate in the Str. Luc. CA3 pyramidal cells forms the Schaffer

collateral pathway and project to CA1 pyramidal cells, where they terminate in the Str. Rad. CA1

pyramidal cells terminate in the subiculum and the EC. Finally, to complete the circuit subiculum

neurons project to the pre- and para-subiculum as well as the EC to complete the loop (not

shown). The two pathways investigated in this study are shown in red. Scale bar = 1 mm.
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Table 2.1 Demographic, Clinical, and Neuropathological Characteristics by Diagnosis

Clinical diagnosis

Comparison
by

diagnosis
group

ND MCI Total (P value)
(N=31) (N=13) (N=44)

Age at death (years)
Mean ± SD 83.1 ± 6.1 86.2 ± 5.4 84.0 ± 6.0 0.13*
(Range) (69-97) (74-95) (69-97)

No. (%) Males 19 (61.3%) 8 (61.5%) 27 (61.4%) >0.99‡

Postmortem Interval (hours)
Mean ± SD 2.7 ± 0.6 2.7 ± 0.5 2.7 ± 0.6 0.84*
(Range) (1.5-4.8) (1.8-3.5) (1.5-4.8)

MMSE
Mean ± SD 28.5 ± 1.3 27.4 ± 2.4 28.2 ± 1.7 0.34*
(Range) (26-30) (23-30) (23-30)
No Score (N) 8 4 12

Braak Stage
I 5 3 8 0.85§

II 7 3 10
III 19 7 26

CERAD Diagnosis (likelihood of AD)
Not AD 15 6 21
Possible AD 15 6 21 >0.99‡

No Score (N) 1 1 2
ND, non-demented; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination;

CERAD, Consortium to Establish a Registry for Alzheimer’s disease; AD, Alzheimer’s disease.

*p ≤ 0.05 Mann-Whitney test; ‡ p ≤ 0.05 Fisher’s exact test; §p ≤ 0.05 Chi-square test
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Figure 2.2 Primary delete control experiment of antibodies used in IHC experiments. The

same case was used for each staining and images were obtained in the same cortical gyrus. (A)

AT8-labeled, (B) TNT2-labeled, and (C) MOAB2-labeled sections show positive

immunoreactivity with each antibody. (D) Section stained with all components used in the IHC

technique except the primary antibody resulted in no development of IHC signal, indicating the

signals obtained in sections containing primary antibody is not due to non-specific reactivity or

background signal from the tissue. Scale bar in (D) is 100 µm and applies to all panels.
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Figure 2.3 AT8 phosphorylation does not change with clinical diagnosis, gender,

cognition, or CERAD score in the axonal compartment of the mossy fiber and Schaffer

collateral pathways. (A-B). No significant differences in the axonal AT8 staining were observed

between diagnosis groups in neither the Str. Luc. (A; mossy fiber pathway; Mann-Whitney test,

p = 0.4311) nor the Str. Rad. (B; DG fiber pathway; p = 0.7977). (C-D). No significant

differences were observed between gender in neither the Str. Luc. (C; Mann-Whitney test, p =

0.5982) or nor the Str. Rad. (D; p = 0.9710). (E-F). No significant differences were observed

between CERAD scores in neither the Str. Luc. (E; Mann-Whitney test, p = 0.6111) or nor the

Str. Rad. (F; p = 0.5568).
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Figure 2.4 PAD exposure does not change with clinical diagnosis, gender, cognition, or

CERAD score in the axonal compartment of the mossy fiber and Schaffer collateral

pathways. (A-B). No significant differences in the axonal TNT2 staining were observed between

diagnosis groups in neither the Str. Luc. (A; mossy fiber pathway; Mann-Whitney test, p =

0.8296) nor the Str. Rad. (B; DG fiber pathway; p = 0.5239). (C-D). No significant differences

were observed between gender in neither the Str. Luc. (C; Mann-Whitney test, p = 0.9352) or

nor the Str. Rad. (D; p = 0.3255). (E-F). No significant differences were observed between

CERAD scores in neither the Str. Luc. (E; Mann-Whitney test, p = 0.9088) or nor the Str. Rad.

(F; p = 0.0871).
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Table 2.2 Spearman correlations between demographic, cognitive, or neuropathological measures and tau markers in both the

axonal and somatodendritic compartments

PMI – post-mortem interval; MMSE – mini mental state exam; CA – cornu ammonis; Braak stages ranged from 1-3. * indicates a

significant correlation (p≤0.05).

Region
Tau

Marker PMI Age MMSE
Braak
Stage

Total
Plaques

Total
Tangles Infarcts

Schaeffer
Collaterals

AT8 r=0.013
p=0.933

r=0.521*
p=0.0003

r=-0.004
p=0.981

r=0.524*
p=0.0003

r=0.109
p=0.481

r=0.533*
p=0.0002

r=0.185
p=0.235

TNT2 r=0.132
p=0.392

r=0.305*
p=0.044

r=0.007
p=0.968

r=0.497*
p=0.0006

r=0.331*
p=0.028

r=0.522*
p=0.0003

r=0.093
p=0.555

Mossy Fibers
AT8 r=0.011

p=.946
r=0.446*
p=0.004

r=-0.294
p=0.129

r=0.337*
p=0.036

r=0.205
p=0.211

r=0.418*
p=0.008

r=0.166
p=0.319

TNT2 r=0.053
p=0.747

r=0.477*
p=0.002

r=0.017
p=0.930

r=0.484*
p=0.002

r=0.156
p=0.344

r=0.580
p=0.0001

r=0.199
p=0.230

CA3
Pyramidal

Cells

AT8 r=0.024
p=0.884

r=0.344*
p=0.032

r=-0.014
p=0.943

r=0.462*
p=0.003

r=0.241
p=0.139

r=0.441*
p=0.005

r=0.078
p=0.640

TNT2 r=0.070
p=0.672

r=0.227
p=0.165

r=-0.309
p=0.110

r=0.213
p=0.193

r=0.062
p=0.979

r=0.322*
p=0.046

r=0.142
p=0.393

Dentate
Gyrus

Granule Cells

AT8 r=0.164
p=0.305

r=0.299
p=0.058

r=-0.206
p=0.0274

r=0.472*
p=0.002

r=0.069
p=0.670

r=0.504*
p=0.0008

r=0.160
p=0.323

TNT2 r=0.204
p=0.207

r=0.255
p=0.113

r=-0.041
p=0.833

r=0.280
p=0.080

r=0.004
p=0.702

r=0.239
p=0.137

r=0.132
p=0.422
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Figure 2.5 Axonal AT8 phosphorylation in the mossy fiber pathway occurs in the absence

of DG cell body pathology. (A) AT8 staining in the dentate gyrus granule cell layer (DG) and

their corresponding mossy fiber terminal fields in the stratum lucidum of CA3 (Str. Luc.) across
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Figure 2.5 (cont’d)

Braak stages. All sections were counter stained with cresyl violet. The increase in cell body

staining and neuropil thread staining positively correlates with Braak staging (see Table 2).

Scale bars are 25 μm. Quantification of cell body staining using total enumeration indicates the

low number of positive cells in these cases. 71.4% of cases (30 of 42) displayed five or fewer

cells stained in the DG, with 16.7% (7 of 42) showing no observable cell body pathology (see

Table 3). By comparison, 100% of cases displayed axonal AT8 staining in the Str. Luc. (B).

Spearman correlation analysis of AT8+ axonal density and cell body number in the mossy fiber

pathway. Data points are plotted as each individual case. A strong, positive correlation (r =

0.640, p  0.0001) indicates an increase in axonal pathology as cell body pathology increases.

(C-D). Representative images from cases with sparse (C) and dense (D) AT8+ mossy fiber

axons in cases lacking cell body pathology demonstrate the extent of axonal pathology that can

occur prior to observable somatodendritic pathology. Scale bars are 50 µm.
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Table 2.3 Distribution of cases with different levels of AT8 pathology in the dentate gyrus

granule cells.

DG Granule Cells Number of
Cases

Percent of
Cases

Average Fiber Density
(nm / μm3 contour)

0 7 16.7 0.043
1 5 11.9 0.056
2 5 11.9 0.084
3 4 9.5 0.034
4 5 11.9 0.209
5 4 9.5 0.129
6* 12 28.6 0.344

DG – dentate granule; *full range was from 6-453 cells.
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Figure 2.6 Axonal AT8 phosphorylation in the Schaffer collateral pathway occurs in the

absence of CA3 cell body pathology. (A). AT8 staining in the pyramidal cell layer of CA3 and



54

Figure 2.6 (cont’d)

their corresponding Schaffer collateral terminal fields in the stratum radiatum of CA1 (Str. Rad.)

across Braak stages. All sections were counter stained with cresyl violet. The increase in cell

body staining and neuropil thread staining positively correlates with Braak staging (see Table 2).

Scale bars are 25 μm. Quantification of cell body staining using total enumeration indicates the

low number of cells stained in these cases. 61.5% of cases (24 of 39) displayed five or fewer

cells stained in the CA3 pyramidal cell layer, with 12.8% (5 of 39) showing no observable cell

body pathology (see Table 4). By comparison, 100% of cases displayed axonal AT8 staining in

the Str. Rad. (B). Spearman correlation analysis of AT8+ axonal density and cell body number

in the Schaffer collateral pathway. Data points are plotted as mean ±SD. A strong, positive

correlation (r = 0.648, p  0.0001) indicates an increase in axonal pathology as cell body

pathology increases. (C-D). Representative images from cases with sparse (C) and dense (D)

AT8+ Schaffer collateral axons in cases lacking cell body pathology demonstrate the extent of

axonal pathology that can occur prior to observable somatodendritic pathology. Scale bars are

50 µm.
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Table 2.4 Distribution of cases with different levels of AT8 pathology in CA3 pyramidal cells

CA3 Pyramidal Cells Number of
Cases

Percent of
Cases

Average Fiber Density
(nm / μm3 contour)

0 5 12.8 0.114

1 6 15.4 0.386

2 3 7.7 0.202

3 5 12.8 0.333

4 1 2.6 0.518

5 4 10.3 0.482

6* 15 38.5 0.726

CA – cornu ammonis; *full range was from 6-85
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Figure 2.7 Axonal PAD exposure in the mossy fiber pathway occurs in the absence of

CA3 cell body pathology. (A) TNT2 staining in the dentate gyrus granule cell layer (DG) and
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Figure 2.7 (cont’d)

their corresponding mossy fiber terminal fields in the stratum lucidum of CA3 (Str. Luc.) across

Braak stages. All sections were counter stained with cresyl violet. The increase in cell body

staining and neuropil thread staining positively correlates with Braak staging (see Table 2.5).

Scale bars are 25 μm. Quantification of cell body staining using total enumeration indicates the

low number of positive cells in these cases. 82.1% of cases (32 of 39) displayed five or fewer

cells stained in the DG, with 43.6% (17 of 39) showing no observable cell body pathology (see

Table 3). A subset of cases without cell body staining still contained axonal TNT2 staining (see

Table 2.5). (B). Spearman correlation analysis of TNT2+ axonal density and cell body number in

the mossy fiber pathway. Data points are plotted as mean ±SD. A strong, positive correlation (r

= 0.545, p = 0.0003) indicates an increase in axonal pathology as cell body pathology

increases. (C-D). Representative images from cases with sparse (C) and dense (D) TNT2+

mossy fiber axons in cases lacking cell body pathology demonstrate the extent of axonal

pathology that can occur prior to observable somatodendritic pathology. Scale bars are 50 µm.
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Table 2.5 Distribution of cases with different levels of TNT2 pathology in DG granule cells.

DG Granule Cells Number of
Cases

Percent of
Cases

Average Fiber Density
(nm / μm3 contour)

0 17 43.6 0.027

1 4 10.3 0.035

2 4 10.3 0.070

3 5 12.8 0.079

4 2 5.1 0.022

5 0 0

6* 7 17.9 0.232

DG – dentate gyrus; *full range was from 6-265 cells
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Figure 2.8 Axonal PAD exposure in the Schaffer collateral pathway occurs in the absence

of CA3 cell body pathology. (A) TNT2 staining in the pyramidal cell layer of CA3 pyramidal
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Figure 2.8 (cont’d)

cell layer and their corresponding mossy fiber terminal fields in the stratum radiatum (Str. Rad.)

across Braak stages. All sections were counter stained with cresyl violet. The increase in cell

body staining and neuropil thread staining positively correlates with Braak staging (see Table

2.6). Scale bars are 25 μm. Quantification of cell body staining using total enumeration indicates

the low number of positive cells in these cases. 71.8% of cases (28 of 39) displayed five or

fewer cells stained in the CA3 pyramidal cell layer, with 25.6% (10 of 39) showing no observable

cell body pathology (see Table 2.6). A subset of cases without cell body staining still contained

axonal TNT2 staining (see Table 2.6). (B). Spearman correlation analysis of TNT2+ axonal

density and cell body number in the mossy fiber pathway. Data points are plotted as mean ±SD.

A moderate, positive correlation (r = 0.423, p = 0.0073) indicates an increase in axonal

pathology as cell body pathology increases. (C-D). Representative images from cases with

sparse (C) and dense (D) TNT2+ Schaffer collateral axons in cases lacking cell body pathology

demonstrate the extent of axonal pathology that can occur prior to observable somatodendritic

pathology. Scale bars are 50 µm.
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Table 2.6 Distribution of cases with different levels of TNT2 pathology in CA3 pyramidal cells

CA3 Pyramidal Cells Number of
Cases

Percent of
Cases

Average Fiber Density
(nm / μm3 contour)

0 10 25.6 0.083

1 6 15.4 0.069

2 4 10.3 0.107

3 4 10.3 0.092

4 0 0

5 4 10.3 0.111

6* 11 28.2 0.291

CA – cornu ammonis; *full upper range was from 6-110 cells
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Figure 2.9 Tau pathology occurs in axons as indicated by colocalization with SMI-312. (A-

D). Representative images of AT8 (A), TNT2 (B), and SMI-312 (C) staining (and merged image

in D includes DAPI nuclear counter stain) in the Str. Rad. (DG-mossy fiber pathway) of a Braak

stage III case. Note the high degree of colocalization with these pathological markers and SMI-

312. The Mander’s coefficient of colocalization between AT8 and SMI-312 (0.85) or TNT2 and

SMI-312 (0.97) confirms the majority of observed tau immunoreactivity is within the axons. (E-

H). Representative images of AT8 (E), TNT2 (F), and SMI-312 (G) staining (and merged image

in H includes DAPI nuclear counter stain) in the Str. Luc. (CA3-Shaffer collateral pathway) of a

Braak stage III case. Note the high degree of colocalization with these pathological markers and

SMI-312. The Mander’s coefficient of colocalization between AT8 and SMI-312 (0.82) or TNT2

and SMI-312 (0.94) confirms the majority of observed tau immunoreactivity is within the axons.

Scale bar are 50 μm.



63

Figure 2.10 Primary delete control experiment of antibodies used in IF experiments. The

same case was used for each staining and all images were obtained in the same cortical gyrus.

(A-D) Representative images of a section lacking the AT8 primary antibody showing no

immunoreactivity (A), whereas including TNT2 (B) and SMI-312 (C) resulting in development of

immunoreactive signal as expected. The merged image is shown in (D). (E-H). Representative

images of a section showing positive AT8 immunoreactivity when the AT8 antibody is included

(E), no TNT2 immunoreactivity upon omission on the TNT2 antibody (F), and development of

SMI-312 signal when the SMI-312 antibody is included (G), as expected. The merged image is

shown in (H). (I-L). Representative images of a section showing positive immunoreactivity when

the AT8 (I) and TNT2 (J) antibodies are included, and no SMI-312 immunoreactivity upon

omission on the SMI-312 antibody (K), as expected. The merged image is shown in (L). AT8-

labeled, TNT2-labeled, and SMI-312-labeled sections show positive immunoreactivity with each
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Figure 2.10 (cont’d)

antibody. Omission of each antibody resulted in a lack of IF signal, indicating the signals

obtained in sections containing primary antibody is not due to non-specific reactivity or signal

from the tissue. Scale bars are 50 µm and apply to all panels.
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Figure 2.11 Tau pathology is observed in the absence of amyloid-β pathologies. (A).

Representative hippocampi across Braak stages stained with MOAB2. Note the rarity of
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Figure 2.11 (cont’d)

MOAB2+ plaques in the hippocampus and in the Schaffer collateral terminal region of the Str.

Rad. (similar lack of A pathology occurred in the mossy fiber terminal region of the Str. Luc). A

representative image of the relatively rare cases containing a significant amyloid load in the

hippocampus is shown to confirm the effective labeling of A plaques with MOAB2 antibody. In

the mossy fiber pathway, 84.2% of cases contained zero plaques in the Str. Luc. and 59% of

cases contained zero plaques in the DG (see Table 2.7).  In, the Schaffer collateral pathway,

55.8% of cases contained zero plaques in the Str. Rad. and 78.9% of cases contained zero

plaques in the CA3 pyramidal cell layer (see Table 2.7). Scale bars are 1 mm in upper images

and 50 m in lower images. (B-C). No significant correlation was observed in the Schaffer

collateral pathway between the presence of Aβ plaques and AT8+ staining (B, Spearman r = -

0.182, p = 0.242) or TNT2+ staining (C, Spearman r = 0.026, p = 0.867). (D-E). No significant

correlation was observed in the mossy fiber pathway between the presence of Aβ plaques and

AT8+ staining (D, Spearman r = 0.239, p = 0.149) or TNT2+ staining (E, Spearman r = 0.086, p

= 0.614). F-H. Representative images of AT8 (F), TNT2 (G), and MOAB2 (H) staining in the

same location within the CA3 region from the same case illustrates the robust tau pathology

possible in the absence of detectable Aβ pathology. It is noteworthy that no cases contained

intraneuronal MOAB2 signal in the regions analyzed. Scale bar is 50 µm and applies to panels

F, G, and H.
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Table 2.7 Distribution of cases with different levels of Aβ pathology in the mossy fiber and

Schaffer collateral pathway regions.

Aβ
Plaques

% Cases (N)
(Str. Rad.)

% Cases (N)
(CA3 Layer)

% Cases (N)
(Str. Luc.)

% Cases (N)
(DG Layer)

0 55.8 (24) 78.9 (30) 84.2 (32) 59.0 (23)
1 2.3 (1) 7.9 (3) 7.9 (3) 7.7 (3)
2 11.6 (5) 5.3 (2) 0 (0) 12.8 (5)
3 7.0 (3) 2.6 (1) 5.3 (2) 10.3 (4)
4 4.7 (2) 2.6 (1) 0 (0) 2.6 (1)
5* 18.6 (8) 2.6 (1) 2.6 (1) 7.7 (3)

A - amyloid-; Str.Rad. – Stratum radiatum; CA – cornu ammonis; Str. Luc. – stratum lucidum;

DG – dentate granule; *full range was from 5-13 plaques.
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CHAPTER 3

The AT8 Tau Phosphoepitope Modulates Tau-Protein Phosphatase 1 Interactions and

Phosphatase Activity

Abstract

The functional repertoire of the tau protein continues to evolve, and one relatively

understudied potential biological function is signaling regulation, which has implications in tau-

mediated dysfunction and degeneration in disease such as AD. Recently, our group identified a

mechanism through which the pathology-associated AT8 phosphoepitope of tau leads to deficits

in fast axonal transport through a signaling pathway dependent on protein phosphatase 1 (PP1)

and glycogen synthase kinase-3β (GSK3β). Amino acids 2-18 of tau, termed the phosphatase-

activating domain (PAD), are necessary and sufficient to activate this pathway and cause

transport deficits. In prior studies, tau toxicity was PP1-dependent, but the connection between

tau and PP1 was not well defined. Here, we studied the interaction between tau and PP1 and

subsequent effects on PP1 activity. Wild-type tau interacts with PP1α and γ, but shows little to

no interaction with PP1β, and this interaction depends primarily on the microtubule binding

repeats in tau. Additionally, pseudophosphorylation of tau at AT8 (psAT8) increased interactions

with PP1γ, and deletion of PAD in the presence of psAT8 reduced this interaction. Finally, wild-

type tau increased PP1 phosphatase activity in the para-nitrophenyl phosphate assay, and

psAT8 tau further increased activity. Results from this study indicate that pathological

modifications of tau observed in AD increase interaction and activity of PP1γ. This provides

evidence that tau’s function likely extends beyond stabilizing microtubules to include regulation

of PP1 signaling cascades, and disease-associated tau phosphorylation may alter this function.
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Introduction

Tau is a microtubule-associated protein and traditionally it is characterized as a

microtubule stabilizing protein. Indeed, several in vitro studies confirm the ability of tau to

increase microtubule stability and cell-based studies clearly indicate an association with

microtubules. However, multiple lines of evidence support alternative or additional functions of

the tau protein. For example, tau not only associates with the plasma membrane and

ribosomes, but also is present within the nuclei and dendrites of cells. In rat cortical neurons, tau

exhibits a dynamic interaction with the plasma membrane, and is phosphorylation dependent.

Inhibiting Casein kinase 1 or GSK3β increased localization of tau to the membrane, whereas

mimicking phosphorylation at several residues in the N-terminus region or proline-rich region of

tau, including AT8, enriched tau in the cytosol (Pooler et al. 2012). Tau also associates with

ribosomes in AD brains but not control brains (Brady et al. 1995). This implies a mechanism

related to protein synthesis, but the functional significance of this association remains to be

determined (Bukar Maina et al. 2016). Nuclear tau exists in different isoforms, and some cells

show a diffuse pattern of tau in the nucleus while others show tau localized to the nucleolus

(Loomis et al. 1990, Wang et al. 1993, Liu et al. 2013, Lu et al. 2014) Moreover, tau appears to

regulate localization and potentially the activity of multiple signaling molecules. For example, tau

can signal for the activation of Src family kinases by acting as a scaffold. Tau interacts with the

tyrosine kinase Fyn and PSD-95, an important scaffolding protein at the post-synaptic density,

to modulate and signal for Fyn kinase to localize to dendritic spines (Ittner et al. 2010, Morris et

al. 2011) Thus, tau’s functional repertoire appears much larger than just stabilizing microtubules

and may include cell signaling functions, including regulation of protein phosphatase 1 (PP1).

PP1 is a member of the serine/threonine protein phosphatase family, one of the most

highly conserved protein families with ubiquitous expression in eukaryotes (Cohen 2002).

Existing as a holoenzyme complex between its catalytic subunit (PP1c) and a regulatory protein,

PP1 is involved in several cellular functions including cytoskeletal reorganization, membrane
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channel regulation, axonal transport and many others (Cohen 2002, Morfini et al. 2009). There

are over 200 PP1c regulator proteins, allowing for the broad context of its functions (Ceulemans

et al. 2004, Fardilha et al. 2010). Three genes encode PP1c: PPP1CA (PP1α), PPP1CB

(PP1β), and PPP1CC (PP1γ). Alternative splicing of PPP1CC produces two isoforms, PP1γ1

and PP1γ2, with PP1γ1 being more prevalent in the central nervous system (CNS) (Kitagawa et

al. 1990, Shima et al. 1993, Ouimet et al. 1995). Variations between the isoforms exist in the N-

and C-termini, while the catalytic core is highly conserved between isoforms (Peti et al. 2013,

Korrodi-Gregorio et al. 2014). Most regulatory proteins interact with PP1c through the RVxF

binding motif (Egloff et al. 1997, Wakula et al. 2003), of which tau has three, including one in the

PAD region (amino acids 5-8, 343-346, and 375-378 of full-length human tau) (Liao et al. 1998).

Additionally, a single prior publication demonstrated that tau interacts with PP1 through a blot

overlay assay, and tau targets PP1 to microtubules by using a microtubule co-sedimentation

assay where PP1 pelleted with microtubules in the presence of tau, where PP1 was unable to

co-sediment by itself (Liao et al. 1998). Whether tau directly binds PP1 isoforms and how

disease-related modifications such as AT8 affect the relationship between tau and PP1 was

unclear.

One important aspect of the regulatory functions of tau in the context of PP1 is the

involvement in maintaining axonal functions such as axonal transport and the role of this

mechanism in tau-mediated toxicity (Drechsel et al. 1992, Wang et al. 2008). Our group

discovered that amino acids 2-18 in the amino terminus of tau can activate PP1; this region of

tau was termed the phosphatase-activating domain (PAD) (Kanaan et al. 2013), and PAD

exposure leads to activation of a signaling pathway involving PP1 and GSK3 that impairs axonal

transport in squid axoplasm. These findings were recently supported by Vossel and colleagues

that showed tau-mediated activation of GSK3 was required for amyloid- toxicity in neurons

(Vossel et al. 2015). Indeed, AD and other tauopathies are characterized by the dysfunction and

aggregation of abnormally modified forms of tau protein that are associated with synapse loss
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(DeKosky et al. 1990, Masliah et al. 1991) and axon degeneration (Bell et al. 2006, Vana et al.

2011), which correlate with cognitive decline during disease progression (Braak et al. 1991,

Arriagada et al. 1992, Giannakopoulos et al. 2003, Braak et al. 2006). Several disease-related

modifications of tau, including the phosphoepitopes and oligomerization, alter tau conformation

causing abnormal exposure of PAD (Jeganathan et al. 2008, Kanaan et al. 2011). The AT8

phosphoepitope of tau (phospho-Ser199/Ser202/Thr205) is an early and prominent modification

associated with AD pathology (Braak et al. 2006, Kanaan et al. 2011). Phosphomimicking the

AT8 modification with pseudophosphorylation (psAT8) causes disrupts the “paperclip”

conformation where the N-terminus folds over to interact with the C-terminus (Jeganathan et al.

2008) and inhibits anterograde fast axonal transport in squid axoplasms (Kanaan et al. 2011).

PAD exposure leads to impaired anterograde axonal transport in a PP1-dependent manner

(Morfini et al. 2002, Morfini et al. 2004, Morfini et al. 2007, Kanaan et al. 2011, Kanaan et al.

2012), but whether pathological forms of tau engage this pathway by directly interacting with

PP1 was not determined. Interestingly, utilizing a PAD-specific antibody (TNT1), increased PAD

exposure was observed in pre-tangle neurons in post-mortem human sporadic AD tissue,

further suggesting that PAD exposure is an early event in the progression of AD pathology

(Kanaan et al. 2012).

We tested the hypothesis that tau directly interacts with and activates PP1, and the AT8

tau modification will increase these effects. We found that tau interacts with and activates PP1α

and PP1γ and modifying tau through AT8 pseudophosphorylation or deletion of the PAD region

increases or decreases these effects, respectively. These findings suggest that one function of

tau is modulation of PP1 and that the disease-associated AT8 phosphoepitope of tau may lead

to altered PP1 regulation.
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Materials and Methods

Tau and PP1 Constructs

Tau proteins are designated by the longest human tau isoform in the CNS (hT40 or

2N4R, possessing 441 amino acids).  This tau isoform contains both N-terminal exons and four

microtubule binding repeat regions (MTBRs) and here we will refer to this as wild-type tau (WT

tau). Tau domain constructs corresponding to the different regions in the tau protein were

generated to assess how the specific regions of tau interact with PP1 (Figure 3.1). The N-

terminus domain (N-term) contains amino acids 1-224, the MTBR domain contains the four

MTBRs and is composed of amino acids 225-380, and the C-terminus domain (C-term) contains

amino acids 381-441. Additionally, constructs with containing the N-terminus and MTBR (ΔC-

term) or the MTBR and C-terminus (ΔN-term) were used. Point mutations in WT tau were

performed to mutate S199, S202, and T205 to glutamic acid to mimic phosphorylation at the

AT8 epitope (psAT8). The PAD (amino acids 2-18) was deleted from these constructs to assess

the role of PAD in modulating PP1 interactions and activity (ΔPAD WT and ΔPAD psAT8).

Finally, a construct where all three RVxF motifs at amino acids 5-8, 343-346, and 375-378 are

deleted was produced to investigate the role of this canonical binding motif in the interactions

between tau and PP1γ (Figure 3.14)

HaloTag Pulldown Assays

Human embryonic kidney (HEK) 293T (ATCC CRL-3216) cells were transfected with

Tau and PP1 constructs under control of a pCMV promoter. Tau protein was fused to

NanoLuciferase (NLuc) tag and PP1 was fused to HaloTag (HT, Promega HaloTag System

G6051)(Machleidt et al. 2015). HEK 293T cells were grown in DMEM (Thermo 11995-065)

supplemented with 5% FBS and 1% penicillin/streptomycin (Thermo 15140-122) in a humidified

incubator at 37° and 5% CO2. Cell were plated in a 12-well plate at 300,000 cells/well in 1 mL

DMEM (supplemented with 5% FBS and 1% penicillin/streptomycin) one day prior to
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transfection. Cells were co-transfected with an equal amount of pCMV tau-NLuc fusion

construct and pCMV HT-PP1 isoform fusion constructs using Lipofectamine 2000 (Invitrogen

52887) according to the manufacturer’s instructions and incubated overnight. The next day,

cells were collected in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 10 μg/mL

pepstatin, 10 μg/mL leupeptin, 10 μg/mL bestatin, 10 μg/mL aprotinin, 1 mM PMSF, pH 7.5) and

dounce homogenized. For the experiments using nocodazole, 2 μg/mL was added to the cell

culture media for 15 minutes (to disrupt labile microtubule domains) or 60 minutes (to disrupt

more stabled microtubule domains) prior to lysing. Homogenates were centrifuged at 14,000 x g

for 5 minutes at 4° C to pellet debris, and the supernatant was transferred to a new tube.

Lysates were diluted in TBS to bring the Triton X-100 to 0.3%. 12.5 l of lysate was removed as

the “Input” fraction. 50 l HaloLink resin (Promega G1915) was equilibrated in Halo Wash Buffer

(50 mM Tris-HCl, 150 mM NaCl, 0.05% NP-40, pH 7.5) by washing three times in 500 l wash

buffer. Resin was centrifuged at 800 x g for 2 minutes at room temperature after each wash to

settle resin and allow for aspiration of the supernatant. After removing the last wash buffer, 450

l lysate was added to resin and incubated for one hour at room temperature with end-over-end

mixing. Resin was pelleted via centrifugation, and the supernatant saved as the “flow-through”

fraction. The resin was washed four times with Halo Wash Buffer, and bound proteins were

eluted by incubating in 50 l 2x Laemmli Sample Buffer (40 mM Tris pH 6.8, 3.3% SDS, 10.7%

glycerol, 2.5% β-mercaptoethanol, 0.004% bromophenol blue) for 30 minutes at 30°C and 1000

RPM shaking. Resin was pelleted via centrifugation, and the resulting supernatant was saved

as the “Elution” fraction for Western blot analysis.

NanoBRET Assays

HEK 293T cells were plated in a 12-well plate at a density of 400,000 cells/well in 1 ml

plating volume. Six hours later, cells were co-transfected with a pCMV tau-NLuc fusion
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construct (donor) and a pCMV HT-PP1 construct (acceptor) with Lipofectamine 2000. For the

donor saturation assay, cells were transfected with 10 ng donor DNA and a range of acceptor

DNA from 0 ng to 1000 ng to obtain a ratio of donor DNA to acceptor DNA (DNA Ratio, from 0 –

100) with a serial dilution factor of 3. Single ratio NanoBRET assays were performed at a 1:30

DNA ratio (10 ng donor DNA and 300 ng acceptor DNA). An empty, non-coding pTRE3G

plasmid was used as a carrier DNA to standardize transfection amounts. After transfection, cells

were incubated overnight. The next day cells were replated in triplicate into a white-wall, clear-

bottom 96-well plate with a 618nm fluorescent ligand that covalently binds to HT or DMSO as a

control according to the manufacturer’s instructions (Promega NanoBRET Nano-Glo Detection

System N1661) (Machleidt et al. 2015). Replated cells were incubated overnight. The next day,

the cell culture media was removed and replaced with 100 l fresh media to remove unbound

618 nm ligand before Nano-Glo substrate was added to each well according to the

manufacturer’s instructions. Donor luminescence and acceptor fluorescence was measured on

a BioTek Synergy H1 microplate reader using a 460/40 nm bandpass filter and a 610 nm

longpass filter respectively. NanoBRET ratios were calculated by dividing the acceptor signal by

the donor signal and subtracting the ratios from the no-ligand DMSO controls.

Western Blotting and Dot Blotting

Input, flow-through, and elution fraction samples were denatured at 98°C for 5 minutes

before being loaded onto a 4-20% Tris-HCl Criterion gel (BioRad 3450034) and proteins

separated by SDS-PAGE. Proteins were transferred to a nitrocellulose membrane and probed

with HaloTag (1:1000, mouse monoclonal IgG1, Promega G9211) to label PP1 proteins or

HaloTag alone, and either NanoLuciferase (1:5000, rabbit polyclonal, Promega) or R1

(1:100,000, rabbit polyclonal pan-tau antibody)(Berry et al. 2004) antibodies for the tau domains

or full-length and ΔPAD tau proteins, respectively. Antibodies were diluted in 2% non-fat dry

milk in TBS and blots were incubated overnight at 4°C. The next day, blots were incubated for 1
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hour at room temperature with IRDye 800CW goat-anti-rabbit IgG (H+L) (1:20,000, LiCor

Biosciences 925-32211) and IRDye 680LT goat-anti-mouse IgG (H+L) (1:20,000, LiCor

Biosciences 926-68020). Blots were imaged using a LiCor Odyssey system. Band signal

intensities were quantified using ImageStudio software, with the tau band intensities normalized

to efficiency of HaloTag affinity pulldown (i.e. difference between HaloTag signal in the input

and flow-through samples).

Recombinant tau proteins were analyzed using western blots and dot blots as described

(Kanaan et al. 2011). Briefly, 500 ng of WT tau and psAT8 recombinant proteins were used per

spot or gel lane. Both blots were probed for R1 (as above) and TNT1 (1:200,000) to detect PAD

exposed tau (Kanaan et al. 2011). The signal from TNT1 (PAD exposed tau) (Kanaan et al.

2011, Kanaan et al. 2012, Combs et al. 2016, Cox et al. 2016) was normalized to R1 signal

(total tau).

Proximity Ligation Assay

Primary neurons from E18 rat hippocampus were plated at 30,000 cells/well in 8-well

chamber slides coated with poly-D-lysine and cultured for 9 days as described previously

(Grabinski et al. 2016) before being fixed for 20 minutes at room temperature with warm 4%

paraformaldehyde in cytoskeletal buffer (10 mM MES, 138 mM KCl, 3 mM MgCl2, 4 mM EGTA,

pH 6.1). Fixed cells were rinsed three times in TBS for 5 minutes each before blocking with

DuoLink blocking solution (Sigma DUO82007) for 1 hour at room temperature. Cells were

incubated with Tau7 (mouse monoclonal IgG1 pan-tau antibody, 1:5,000) (Horowitz et al. 2006),

PP1α (1:250, rabbit polyclonal, Invitrogen PA5-28218), PP1β (1:250, rabbit polyclonal,

Invitrogen PA5-28225), and PP1γ (1:250, rabbit polyclonal, Invitrogen PA5-21671) antibodies

diluted in 2% donkey serum in TBS overnight at 4°C. The next day, cells were washed in TBS,

incubated with DuoLink In Situ PLA Probes Anti-Mouse PLUS (Sigma DUO82001) and Anti-

Rabbit MINUS (Sigma DUO82005), and PLA signal developed in the green channel using
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Duolink In Situ Detection Reagents Green according to the manufacturer’s instructions (Sigma

DUO92014). After amplification of PLA signal, cells were washed four times for 5 minutes with

TBS and re-blocked with 5% goat serum + 2% BSA + 0.2% Triton X-100 for 1 hour at room

temperature. Next, cells were incubated in 5H1 β-tubulin antibody (mouse monoclonal IgM,

1:2000)(Thurston et al. 1997) diluted in 2% goat serum in TBS overnight at 4°C. The next day,

cells were washed in TBS and incubated in AlexaFluor goat anti-mouse IgM 647 (Thermo A-

21238) for one hour at room temperature. DAPI was included in the first wash. Images were

acquired using a Nikon A1+ laser scanning confocal microscope system with the Nikon

Elements AR software.

Recombinant Protein Production

All tau and PP1 constructs were expressed in Escherichia coli using the pT7c backbone

and fused to a 6x histidine tag for purification and use in the PNPP assay. The histidine tag was

present on the C-terminus for each tau construct and on the N-terminus for each PP1 construct.

Inclusion of the His-tag on the C-terminus of PP1 resulted in reduced activity (Figure 3.16)

Recombinant proteins were purified on an Akta Pure 25L fast protein liquid chromatography

machine (GE Healthcare 29018224) by immobilized metal affinity chromatography using a

HiTrap TALON Crude column (GE Healthcare 28953767) as described previously(Combs et al.

2017). Tau protein purifications were followed by size exclusion chromatography over an S500

column (GE Healthcare 28-9356-06) and anion exchange chromatography over a HiTrap Q HP

column (GE Healthcare 17-1154-01)(Combs et al. 2017). DTT was added to a final

concentration of 1 mM before aliquoting the purified tau proteins and storing at -80°C. PP1

protein purifications were followed by a buffer exchange step using a HiTrap Desalting column

(GE Healthcare 17-1408-01) into PP1 Final Storage Buffer (10 mM Tris, 300 mM NaCl, 1 mM

MnCl2, 1 mM EGTA, pH 7.0)(Watanabe et al. 2003). DTT was added to a final concentration of

2.5 mM before aliquoting the purified PP1 protein and storing at -80°C. Protein concentrations
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were determined using the SDS-Lowry assay method as described (Cox et al. 2016). The

specific activities for each PP1 enzyme was determined to be ~2.0 μmol/min/μg for PP1α and

~5.4 μmol/min/μg for PP1γ, consistent with previous published reports producing PP1 with this

method (Watanabe et al. 2003).

Para-Nitrophenyl Phosphate (PNPP) Phosphatase Activity Assay

Recombinant tau and PP1 proteins were mixed in equal molar ratios in PP1 buffer (150

mM NaCl, 20 mM MOPS, 0.1 mM MnCl2, 1.0 mM MgCl2, 10% glycerol, pH 7.5) to a final volume

of 50 µl and incubated at 30°C for 1 hour. For experiments utilizing tau antibodies to confirm the

increase in phosphatase activity was specific to tau and not any protein, tau solutions were

mixed with two times the concentration of tau antibody for 1 hour at 16°C prior to mixing with

PP1. For experiments digesting tau with trypsin, trypsin (Gibco 15400) was added to a

concentration of 500 μg/ml and incubated at 50°C for 30 minutes. Trypsin was subsequently

deactivated by heating the solution at 95°C for 10 minutes and allowing to cool prior to addition

to PP1 solution. The entire volume of protein solution was transferred to a clear 96-well plate.

PNPP substrate (Fisher Scientific BP2534-10) was freshly dissolved in PP1 buffer and 50 µl

was added to each well containing the protein solution. Absorbance was measured in 5 minute

intervals on a Molecular Devices SpectraMax Plus 384 spectrophotometer at 405 nm at 37°C

for three hours. The final reaction conditions for each PP1 isoform were determined by tittering

each PP1 protein preparation individually where the enzyme alone reacted with PNPP substrate

to obtain ~50% absorbance after three hours. Absorbance values were converted to the amount

of product produced (in μmol) using the Beer-Lambert law equation:

=
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In this equation, ε = 18,000 mol·cm-1 (McAvoy et al. 2010), L = 0.29 cm, and Abs is the

measured absorbance. The resulting curve of product produced over time was fit to a Michaelis-

Menten equation model to obtain Vmax and t1/2, as a measure of the maximum product produced

and the reaction rate, respectively.

Statistical Analysis

All data and statistical analyses were performed using GraphPad Prism 7.0 software. All

data were found to be normally distributed using the Shapiro-Wilk test. Pulldown and

NanoBRET assay results to determine which PP1 isoform WT tau interacts with were analyzed

by paired t-test. Experiments investigating which domain of tau interacts with PP1, the effect of

AT8 pseudophosphorylation, and the effect of PAD deletion were analyzed by repeated-

measures one-way ANOVA with post hoc comparisons made using the Holm-Sidak test.

Comparisons between Vmax and t1/2 in the PNPP assay and the amount of phosphate produced

in the malachite green assay were analyzed by repeated-measures one-way ANOVA with post

hoc comparisons made using the Holm-Sidak test. Significance was set at p ≤ 0.05 for all tests.

Results

Tau Specifically Interacts with PP1α and PP1γ

We previously described a mechanism by which pathological forms of tau activated a

PP1-dependent mechanism of axonal transport inhibition in the squid axoplasm model

(LaPointe et al. 2009, Kanaan et al. 2011, Kanaan et al. 2013). To further expand on these

findings, we tested whether WT tau interacts with PP1 isoforms using pulldown assays in HEK

293T cells. Tau eluted with PP1α and PP1γ, but little to no pulldown of tau occurred with PP1β

(Figure 3.2A-C). HaloTag protein alone was used as a negative control and, as expected, no tau

was detected in the pulldown sample (Fig. 3.2A-C). The tau-PP1 interaction was further

investigated in living HEK 293T cells using the NanoBRET assay. Donor saturation assays
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produced hyperbolic curves that saturate at a low DNA ratio further supporting an in-cell

interaction between tau and the PP1  and  isoforms, while a weaker and more linear curve

was observed with PP1β indicating little to no interaction (Figure 3.2 D-I). This pattern of

interaction was observed for all recombinant tau proteins tested in the donor saturation assay

(Figure 3.13). Single DNA ratio experiments (i.e. 30 PP1 acceptor:1 tau donor) show that WT

tau significantly increases NanoBRET signal with PP1 and , but not PP1 when compared to

their respective HaloTag only controls (Figure 3.2 D-I). Finally, PLA was performed on E18

primary hippocampal neuron cultures to show that tau and PP1 associate in neurons. Puncatate

PLA fluorescent signal was observed throughout the neuron, including the somatodendritic and

axonal compartments (Figure 3.2J-N), indicating that endogenous tau and PP1 normally

associate in neurons. As expected, when either primary antibody was omitted, no PLA signal

developed (Figure 3.3). Taken together, these results demonstrate that tau preferentially

interacts with PP1 and  through a direct interaction.

The MTBR Domain of Tau is Necessary and Sufficient for Interacting with PP1

Next, we investigated which domain of tau is responsible for the interaction with PP1.

Due to the little to no interaction observed between Tau and PP1 we focused on PP1 and  in

subsequent assays. Tau was divided into five domains (Figure 3.1) and each construct was co-

transfected with PP1α or PP1γ in HEK 293T cells and used for HaloTag pulldown and

NanoBRET assays. Only domains containing the MTBRs (MTBR, ΔC-term, ΔN-term)

significantly increased interaction with PP1α and γ relative to HT only controls (Figure 3.4 A-C,

Figure 3.5 A-C). Constructs containing the MTBRs also significantly increased PP1α and γ

phosphatase activity in the PNPP assay similar to WT tau (Figure 3.4D and 3.5D, Table 3.1 and

3.2). These findings suggest the MTBRs of tau are necessary and sufficient to interact with both

PP1α and PP1γ, whereas the N- and C-termini are not sufficient for the interaction.
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AT8 Pseudophosphorylation Modulates Tau’s Interaction with PP1

Phosphorylation at the AT8 epitope causes extension of the N-terminus of tau

(Jeganathan et al. 2008); therefore, we hypothesized that AT8 phosphorylation would expose

the PAD region and promote and interaction between tau and PP1. Confirmation that psAT8 tau

displays an extended PAD region was obtained through dot blots and western blots using TNT1

and R1 (Figure 3.7A). Under the non-denaturing conditions of a dot blot, TNT1 reactivity is

observed with psAT8 tau but not WT tau, indicating PAD is exposed in psAT8 tau. Additionally,

in the denaturing conditions of a western blot, TNT1 reactivity is observed with both WT tau and

psAT8, indicating psAT8 tau has PAD extended and not removed. Additionally, each

recombinant protein was visualized through SDS-PAGE and subsequent staining with

Coomassie Brilliant Blue to confirm the proper size and expected purity of the preparations

(Figure 3.12). Additionally, recombinant WT tau, psAT8 tau, Δ2-18 WT tau, and Δ2-18 psAT8

tau were visualized on western blots to confirm deletion of PAD (Figure 3.12). HEK 293T cells

were co-transfected with WT tau or psAT8 tau with each PP1 isoform and the interactions

determined through the HaloTag pulldown and NanoBRET assays. While psAT8 tau did not

display a significant increase in interaction with PP1α relative to hT40 in the affinity pulldown

assay (Figure 3.6). a significant increase in interaction was observed with PP1γ (Figure 3.7).

The PAD Facilitates the Interaction Between Tau and PP1

The PAD region, amino acids 2-18, inhibits anterograde fast axonal transport through a

PP1-dependent mechanism, and pathological forms of tau, such as psAT8, that expose PAD

inhibit axon transport through this pathway(Morfini et al. 2004, LaPointe et al. 2009, Kanaan et

al. 2011, Kanaan et al. 2012). We investigated the role of the PAD in tau-PP1 interaction, and

the pulldown assays indicate that all of the tau constructs interact with PP1α and PP1γ (Figure

3.8A-C and Figure 3.9A-C). Deleting PAD from WT tau did not significantly change the

interaction with PP1α or γ (Figure 3.8B and Figure 3.9B). However, deleting PAD from psAT8
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tau significantly reduced the interaction with PP1α and  (Figure 3.8C and Figure 3.9C). Taken

together, these results show the PAD region is an important motif in facilitating the interaction

with PP1γ when the AT8 phosphoepitope (as indicated by pseudophosphorylation) is present.

Tau Increases PP1 Activity In Vitro

To determine whether these differences in tau-PP1 interactions have functional effects,

we investigated tau’s ability to influence PP1 phosphatase activity in the PNPP assay. Addition

of WT tau to PP1α and  resulted in a significant increase in Vmax and t1/2 when compared to PP1

alone (Figure 3.10A and Figure 3.11A, Table 3.3 and Table 3.4). While addition of psAT8 tau

protein to PP1α did not result in a further increase in phosphatase activity relative to WT tau

(Figure 3.10 and Table 3.3), the psAT8 tau protein showed a significant increase in Vmax and a

lower t1/2 when compared to PP1 incubated with WT tau (Figure 3.11 and Table 3.4).

Unexpectedly, deleting PAD from WT tau resulted in a significant increase in Vmax and a lower

t1/2 compared to PP1 with full-length WT tau (Figure 3.11 and Table 3.4). Interestingly, deleting

PAD from psAT8 did not significantly change PP1γ activity relative to incubation with full-length

psAT8 (Figure 3.11 and Table 3.3). Additionally, deleting PAD from either WT Tau or psAT8

Tau constructs did not modify the Vmax and t1/2 of PP1α when compared to incubation of PP1

with full-length WT or psAT8 tau proteins (Figure 3.10 and Table 3.3). To confirm this increase

in activity was due to the presence of tau and not an effect of any protein, digesting WT tau with

trypsin, followed by inactivation of trypsin and then addition to the solution containing PP1α did

not change PP1α phosphatase activity compared to the enzyme by itself (Figure 3.17).

Additionally, the presence of tau antibodies, Tau2 or R1, in the reaction solution did not increase

PP1α phosphatase activity and even blocked the increase in activity from WT tau. (Figure 3.17).

These results indicate that the increase in phosphatase activity is specific to the presence of tau

protein.
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The RVxF Motif Facilitates Tau’s Interaction with PP1

The RVxF motif is a canonical PP1 binding motif present in a majority of PP1 interacting

partners (Wakula et al. 2003, Hendrickx et al. 2009). We investigated the role of this binding

motif in tau-PP1γ interactions using the pulldown assay. Deletion of all three RVxF motifs from

WT tau resulted in a ~50% decrease in interaction with PP1γ but did not completely abolish it

(Figure 3.14). These results indicate that the interaction between WT tau and PP1γ does not

depend on the RVxF motif, but instead possibly plays an role in stabilizing the interaction.

Disruption of Microtubules with Nocodazole Did Not Reduce Tau-PP1 Interactions

Nocodazole disrupts microtubules by binding to β-tubulin and interfering with

polymerization (Florian et al. 2016). Addition of nocodazole for either 15 minutes or 60 minutes

prior to the pulldown assay was used to investigate whether tau’s interaction with PP1 depends

on the presence of microtubules. Disruption of either the labile domains or more stable domains

of microtubules did not result in a significant decrease in the interaction between WT tau and

PP1γ (Figure 3.15). These results indicate that the interaction between WT tau and PP1γ does

not depend on the presence of assembled microtubules.

Discussion

Tau-Mediated Regulation of PP1

Tau is a known substrate for PP1 dephosphorylation, however, recent evidence

indicates tau possesses other targeting and signaling functions (Liao et al. 1998, LaPointe et al.

2009, Kanaan et al. 2011). An interaction between PP1 and tau in vitro was previously

described using recombinant protein blot overlay assays and microtubule targeting assays in

Sf9 insect cells(Liao et al. 1998). Additionally, tau can target PP1 to microtubules, presumably

to promote phosphatase activity at that location (Liao et al. 1998). The differential subcellular

localization of each PP1 isoform has previously been reported, and all three major neuronal
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PP1 isoforms are expressed by neurons. (Strack et al. 1999, Bordelon et al. 2005). Interestingly,

PP1β and PP1γ localize to distinct regions, with PP1β more prevalent in the cell body and PP1γ

more prevalent in dendritic spines and synaptic terminals (Ouimet et al. 1995, Strack et al.

1999). Additionally, subcellular fractionation experiments indicate PP1β is closely associated

with microtubules, however, the proposed hypothesis is PP1β first interacts with a cell body-

enriched interacting partner, which then targets PP1β to microtubules (Strack et al. 1999).

According to our results, this interacting partner is a different protein than tau. We confirm that

tau and PP1 are in close association within neuronal cell bodies and processes using the PLA in

rat primary hippocampal neurons. Using a combination of pulldown and in-cell protein-protein

interaction assays we show that WT tau directly interacts with PP1α and PP1γ. Interestingly, our

studies suggest there is little to no interaction between WT tau and the PP1 isoform. To our

knowledge, this is the first study specifically investigating the interaction with tau and PP1 in an

isoform-dependent manner and utilizing biochemical approaches to mimic tau modifications

commonly observed in AD.

The majority of PP1 interacting partners bind the RVxF motif in PP1 isoforms, however,

there are several other docking sites on PP1. Tau contains three putative PP1 binding motifs,

one in the extreme N-terminus (aa 5-8) and the other two are located in the MTBR (aa 343-346

and 375-378). Prior studies suggested that the PAD, which contains the N-terminal RVxF motif,

was critical to the PP1-dependnet toxic effects of pathological forms of tau on axonal transport

(LaPointe et al. 2009, Kanaan et al. 2011). Here, we show that the interaction between WT tau

and PP1 depends on the MTBR domain in tau, while the termini do not appear to be sufficient or

required for an interaction with PP1 or modulation of PP1 activity in the assays used here.

Additionally, deletion of the three RVxF motifs reduced the interaction between tau and PP1γ by

~50%, indicating the interaction is not dependent on this motif but may act in a mole stabilizing

role. Disruption of labile domains or more stable domains of microtubules with nocodazole did

not reduce the interaction between WT tau and PP1γ, indicating this interaction is not
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dependent on intact microtubules. The apparent discordance between prior studies and the

current studies may be due to the use of isolated squid axoplasms. In these functional assays of

axon autonomous mechanism, WT tau does not cause abnormal transport even at

supraphysiological levels. Thus, endogenous regulatory mechanism may be effective in squid

axoplasm that prohibit aberrant activation of the PP1 pathway by WT Tau. Collectively, the

findings with WT tau and tau domains support the suggestion that tau has the ability to

modulate PP1 signaling pathways.

Implications of the Tau-PP1 Interaction in Tauopathies

In tauopathies, tau undergoes several post-translational modifications and aggregation

into oligomers and filaments. The mechanisms underlying toxicity from pathological forms of tau

is actively investigated by several groups and a number of potential mechanisms are identified.

One distinctive feature of tauopathies is the presence of a “dying-back” pattern of degeneration

where synaptic and axonal degeneration precedes overt cell body loss. Among the potential

molecular mechanisms driving axonal toxicity in neurons affected by tauopathies involves PP1

activation. Specifically, tau modifications that occur in disease, such as specific

phosphoepitopes and oligomerization, alter the structure of tau in such a way that exposes

PAD, a biological active motif in the N-terminus of tau. PAD exposure leads to PP1-mediated

activation of GSK3β via dephosphorylation of Ser9, resulting in GSK3β phosphorylating kinesin

light chains and disrupting anterograde transport of cargoes down the axon to the

synapse(Morfini et al. 2002, Morfini et al. 2004, Morfini et al. 2007, LaPointe et al. 2009, Kanaan

et al. 2011, Kanaan et al. 2012). Though these studies clearly demonstrate that tau-induced

toxicity is PP1-dependent, they did not determine whether the connection between pathological

tau and PP1 was through a direct interaction.

AT8 tau is a prominent pretangle modification in AD and other tauopathies that appears

as pathological tau first begins to deposit in affected neurons, implying it may act at the early
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stages of tau-mediated pathogenesis (Bancher et al. 1993, Kanaan et al. 2016). Previous

structural studies showed that the psAT8 modification disrupts tau conformation by extending

the amino terminus (containing PAD) out of the folded “paperclip” conformation (Jeganathan et

al. 2008). We further support the finding that psAT8 aberrantly exposes PAD using non-

denaturing dot blots of recombinant psAT8. Not only does psAT8 expose PAD, but this

modification causes toxicity to axonal transport as a monomeric protein in isolated squid

axoplasm (Kanaan et al. 2011). We have expanded on these findings by characterizing the

interaction between tau and PP1 and the resulting effect on PP1 activation through a

combination of protein-protein interaction assays and phosphatase activity assays.

Pseudophosphorylation at the AT8 significantly increased the interaction with PP1γ and

deletion of PAD significantly reduced the interaction with PP1 and PP1. Interestingly, deletion

of PAD did not alter the interaction with WT tau suggesting the role for PAD may be more

prominent in abnormally modified forms of tau. These results support the previously proposed

model of tau-PP1 interactions where aberrant exposure of the PAD domain is involved in

facilitating the interaction between tau and PP1 (Kanaan et al. 2013). These changes in tau-

PP1γ interactions may also have functional signaling consequences. WT tau increased PP1γ

and PP1 phosphatase activity in the PNPP assay, but AT8 tau significantly increased

phosphatase activity further than WT tau only with PP1. These results establish the link

between AT8 tau and PP1 in the molecular mechanism responsible for impairing axon transport

in the squid axoplasm model (Kanaan et al. 2013).

Pathological tau-mediated interaction and subsequent activation of PP1, as shown in

this report, could lead to an accelerated feed-forward loop in disease where AT8 tau activates

the PP1-GSK3β signaling cascade resulting in GSK3β phosphorylating more tau at the AT8

epitope. Over time, this pathway may become unbalanced, where an accumulation of AT8 tau

prevents the neurons from transporting cargoes down the axon normally, leading to the
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degeneration observed in AD. Since the correlation between tau phosphorylation, development

of neurofibrillary tangles, and cognitive decline has previously been reported (Bancher et al.

1989, Braak et al. 1991, Braak et al. 1994, Giannakopoulos et al. 2003, Braak et al. 2006), this

unbalanced pathological loop involving PP1 and GSK3β may be a characteristic novel

mechanism in the development and progression of AD. Additionally, identification of this

molecular mechanism may lead to development of clinical biomarker tests using

phosphorylation levels or enzyme activity, or development of novel pharmacological therapies

targeting this signaling pathway.

Collectively, the current results support the hypothesis that, beyond stabilizing

microtubules, tau can regulate PP1 activity, and post-translational modifications of tau that

occur in disease (such as the AT8 phosphorylation site) can modulate this function (Sharma et

al. 2007, Souter et al. 2010, Kanaan et al. 2013). Importantly, this is the only study to perform

detailed investigation into the interaction between tau and PP1, including utilizing each PP1

isoform and tau modifications observed in tauopathies. Tau specifically interacts with PP1α and

γ, and this interaction depends on the MTBR domain. Additionally, psAT8 tau increased its

interaction and activity with PP1γ, and deletion of PAD reduced this interaction. Future studies

are needed to further explore the role of this signaling pathway in other modified or mutant

forms of tau that occur in tauopathies, such as FTDP-17 tau mutations (e.g. P301L),

phosphorylation at tyrosine 18, and a comparison of the six tau isoforms (3R vs 4R). However,

the novel evidence provided in this study suggests tau’s function is multifaceted and complex,

including, but not limited to, stabilizing microtubules to modulating cell signaling cascades in a

highly specific manner. This specific level of detail is necessary to elucidate new molecular

mechanisms of neurodegeneration and provide precise targets for pharmacological

interventions, such as targeting the MTBRs of tau to compete with and prevent an interaction

with PP1.
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Figure 3.1 Schematic of tau constructs used in this study. (A) Full-length wild-type hT40

(WT Tau) containing the PAD region at amino acids 2-18 (red box), exons 2 and 3 in the N-

terminus (E2 and E3), the proline rich region, and four microtubule binding repeat regions

(MTBRs, R1-R4, blue boxes). (B) N-terminus domain (N-term) of WT tau corresponding to

amino acids 1-224. (C) MTBR domain of WT tau corresponding to amino acids 225-380. (D) C-

terminus domain (C-term) of WT tau corresponding to amino acids 381-441. (E) The N-term and

MTBR domains, lacking the C-term domain corresponds to amino acids 1-380 (ΔC-term). (F)

The MTBR and C-term domains, lacking the N-term domain corresponds to amino acids 225-

441 (ΔN-term). (G) WT tau was pseudophosphorylated by mutating S199, S202, and T205 into

glutamic acid (psAT8) to mimic the AT8 phosphoepitope. (H) WT tau with the PAD region

removed (Δ2-18 WT). (I) psAT8 tau with the PAD region removed (Δ2-18 psAT8). All tau
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Figure 3.1 (cont’d)

constructs were tagged at the C-terminus with NanoLuciferase for use of the same constructs in

the Halo pulldown assays and NanoBRET in-cell protein interaction assays.
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Figure 3.2 WT tau interacts with PP1α and PP1γ. (A-C) HEK 293T cells expressing WT tau

(tagged with NLuc) and (A) PP1α, (B) PP1, or (C) PP1 (each tagged with HaloTag (HT) or HT

only controls were used in pulldown assays. Western blots of starting lysate (Input) show similar

expression of tau and PP1 constructs. Quantitation of tau signal in the elution sample
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Figure 3.2 (cont’d)

shows significantly increased signal with (A) PP1 (*p = 0.0217, paired t-test) and (C)  (*p =

0.0047), but not (B) PP1 (p = 0.1156) compared to the respective HaloTag only controls. Data

are normalized to the pulldown efficiency (i.e. ratio of tau signal to the change in PP1 signal

between the input and flow-through (FT) blots). All comparisons were done using a paired t-test.

These experiments were repeated five independent times. (D-I) NanoBRET donor saturation

assays and single ratio assays with PP1α (D-E), PP1β (F-G), and PP1γ (H-I). The hyperbolic

curves with PP1 (D),  (F) and  (H) indicate detection of a specific protein-protein interaction

between tau and the PP1 isoforms. It is noteworthy that the curve is more linear with PP1,

which reflects much lower interaction of tau with this isoform. The more linear curves of the

respective HaloTag only controls indicate a non-specific interaction. Single ratio NanoBRET

assays (i.e. 30 PP1:1 Tau) show a significant increase in BRET signal with PP1α (E; **p =

0.0035) and γ (G; ***p = 0.0006), but not PP1β (I; p = 0.3866) when compared to respective

controls. All comparisons were done using a paired t-test. These experiments were repeated

four independent times. (J-L) Rat primary hippocampal neurons were used to evaluate the

relationship between endogenous tau and PP1 (green puncta). In the proximity ligation assay,

the green puncta (K) indicate sites where endogenous Tau and PP1 are closely associated in

the neurons. Cultures were counterstained for (J) β-tubulin (5H1, red) to visualize the cells. (L)

Merging each color channel together indicates endogenous tau and PP1 associate throughout

the neuron. DAPI was included to visualize nuclei (blue) Scale bar = 25 μm and applies to

panels J-L. These experiments were repeated four independent times.
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Figure 3.3 PLA antibody controls. (A) Omission of Tau7 and PP1 antibodies. (B) Omission of

PP1 antibodies. (C) Omission of Tau7 antibody. (D) Positive PLA signal resulting from the

inclusion of Tau7 and PP1 antibodies. Note that the lack of signal in the primary delete

conditions confirms the specificity of the PLA signal. All cell counterstained with DAPI (nuclei).

Scale bar = 25 μm.
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Figure 3.4 The MTBR domain of WT tau is necessary and sufficient for interaction with

PP1α. (A-C) HEK 293T cells expressing each tau domain (tagged with NLuc) and PP1α (tagged

with HaloTag (HT)) or HT only controls were used in pulldown assays. Western blots of input

samples (A), flow-through samples (B), and elution samples (C) are shown with PP1 or HT in

green and tau domains in red. (D) Quantification of tau signal in the elution sample shows

significantly increased signal with the MTBR domain (**p = 0.0079) and ΔC-term domain (*p =

0.0317), but not the ΔN-term domain (*p = 0.0952) compared to the respective HT only controls.

All comparisons between Tau+PP1 and HaloTag samples were done using a paired t-test.

These experiments were repeated five independent times. (E) HEK 293T cells expressing each

tau domain (tagged with NLuc) and PP1α (tagged with HT) or HT only controls were used in the

NanoBRET assay. Significant differences in BRET signal were obtained with the MTBR domain

(**p = 0.0026), ΔC-term domain (**p = 0.0039), and the ΔN-term domains (**p = 0.0038) when

compared to their respective HaloTag only controls. Note quantitative comparisons between
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Figure 3.4 (cont’d)

different tau proteins are not appropriate for the NanoBRET assay. All comparisons were done

using a paired t-test. These experiments were repeated four independent times. (D)

Recombinant tau and PP1α proteins were used to analyze phosphatase activity in the PNPP

assay. Significant increases in the amount of product produced by PP1α were obtained for WT,

MTBR, ΔC-term and ΔN-term domains (Table 3.1). No significant differences were observed in

the reaction rate across tau constructs (Table 3.1).  These experiments were repeated four

independent times.
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Table 3.1 PP1α activity kinetics with different tau domain constructs

PP1 Isoform Tau Protein Vmax (Mean ± SD) t1/2 (Mean ± SD)

PP1

No Tau 24.6 ± 8.1 72.4 ± 3.1
WT Tau 51.3 ± 7.1* 76.2 ± 4.1
N-term 37.4 ± 17.1 63.7 ± 5.7
MTBR 48.7 ± 23.6* 75.3 ± 8.0
C-term 22.7 ± 11.4 64.9 ± 1.7

ΔC-term 52.8 ± 12.3* 71.5 ± 2.3
ΔN-term 52.4 ± 16.0* 78.8 ± 2.3

Data were fit using Michaelis-Menten nonlinear curve to obtain the predicted maximum product

(Vmax) and reaction rate (t½). Mean values represent data from four independent experiments 

standard deviations (SD). No significant differences were observed in the amount of product

produced or reaction rates with a one-way ANOVA with Holm-Sidak post hoc test. No significant

differences were observed in the amount of product produced or reaction rates with a one-way

ANOVA with Dunnett’s post hoc test. *p ≤ 0.05 compared to No Tau as measured with a

repeated measures one-way ANOVA with Dunnett’s post hoc test.
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Figure 3.5 The MTBR domain of WT tau is necessary and sufficient for interaction with

PP1γ. (A-C) HEK 293T cells expressing each tau domain (tagged with NLuc) and PP1γ (tagged

with HaloTag (HT)) or HT only controls were used in pulldown assays. Western blots of input

samples (A), flow-through samples (B), and elution samples (C) are shown with PP1 or HT in

green and tau domains in red. (D) Quantification of tau signal in the elution sample shows

significantly increased signal with the MTBR domain (*p = 0.0125), ΔC-term domain (*p =

0.0339), and ΔN-term domain (*p = 0.0191) compared to the respective HT only controls. All

comparisons were done using a paired t-test. This experiment was repeated five independent

times. (E) NanoBRET single ratio assays were performed by co-expressing NLuc-tagged tau

domains and HT-tagged PP1γ in HEK 293 cells. Significantly increased BRET signal was

obtained with the MTBR domain (**p = 0.0050), ΔC-term domain (**p = 0.0086), and the ΔN-

term domain (**p = 0.0018) compared to the respective HT only controls. All comparisons were

done using a paired t-test. (D) Recombinant tau and PP1γ proteins were
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Figure 3.5 (cont’d)

used to analyze phosphatase activity in the PNPP assay. All tau constructs except the C-term

domain significantly increased phosphatase activity of PP1γ when compared to the control not

containing tau (Table 3.2). No significant differences were observed in the reaction rate across

tau constructs (Table 3.2). These experiments were repeated four independent times.
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Table 3.2 PP1 activity kinetics with different tau domain proteins.

PP1 Isoform Tau Protein Vmax (Mean ± SD) t1/2 (Mean ± SD)

PP1

No Tau 44.6 ± 5.7 24.7 ± 0.8
WT Tau 107.9 ± 6.2* 30.0 ± 1.3
N-term 74.8 ± 6.5*@ 24.6 ± 1.2
MTBR 112.2 ± 8.7*$ 30.3 ± 1.5
C-term 61.5 ± 6.5@# 23.4 ± 1.3

ΔC-term 92.7 ± 2.7*% 25.4 ± 1.5
ΔN-term 94.3 ± 7.2*%^ 26.8 ± 1.2

Data were fit using Michaelis-Menten nonlinear curve to obtain the predicted maximum product

(Vmax) and reaction rate (t½). Mean values represent data from four independent experiments 

standard deviations (SD). *p ≤ 0.05 compared to No Tau control, @p ≤ 0.05 compared to WT

tau, $p ≤ 0.05 compared to N-term domain, #p ≤ 0.05 compared to MTBR domain, %p ≤ 0.05

compared to C-term domain, and ^p ≤ 0.05 compared to ΔC-term domain as measured with a

one-way ANOVA with a Holm-Sidak post hoc test.
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Figure 3.6 psAT8 did not significantly increase the interaction with PP1α. (A) HEK 293T

cells expressing each tau construct (tagged with NLuc) and PP1α (tagged with HaloTag (HT)) or

HT only controls were used in pulldown assays. Western blots of starting lysate (Input) show

similar expression of tau and PP1 constructs. (B) Quantification of tau signal in the elution

sample did not show a significant different in signal when tau is pseudophosphorylated at AT8

compared to WT (p = 0.1266, paired t-test). Both WT (*p = 0.0217, paired t-test) and psAT8 (**p

= 0.0213, paired t-test) constructs significantly interact with PP1α relative to HT only controls.

These experiments were repeated five independent times. (C) HEK 293T cells expressing each

tau construct (tagged with NLuc) and PP1α (tagged with HT) or HT only controls were used in

the NanoBRET assay. Significant differences in BRET signal were obtained with WT (**p =

0.0035, paired t-test) and psAT8 tau (***p = 0.0004, paired t-test) compared to the respective

HT controls. Note quantitative comparisons between different tau proteins are not appropriate

for the NanoBRET assay. All comparisons were done using a paired t-test. These experiments

were repeated four independent times.
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Figure 3.7 psAT8 Exposes PAD and Increases the Interaction with PP1. (A) Recombinant

human tau (WT tau) and psAT8 tau proteins were blotted using non-denaturing dot blots and

denaturing Western blots for TNT1 (a marker of PAD exposure in non-denaturing assays) and

R1 (a pan-tau rabbit polyclonal antibody). Quantitation of blots indicate a significant increase in

PAD exposure, as indicated by TNT1 reactivity, with psAT8 tau compared to WT tau (*p≤0.05,

unpaired t-test,). Data represent mean of normalized signal (TNT1 to R1 ratio) ±SD from four

independent samples. A lack of significant differences in the denaturing Western blot confirms

that the TNT1 signal in the dot blots were due to conformational differences in the display of

PAD. (B) HEK 293T cells expressing each tau construct (tagged with NLuc) and PP1γ (tagged

with HaloTag (HT)) or HT only controls were used in pulldown assays. Western blots of starting

lysate (Input) show similar expression of tau and PP1 constructs. (C) Quantification of tau signal

in the elution sample shows significantly increased signal when tau is pseudophosphorylated at

AT8 compared to WT (*p = 0.0141). Both WT (*p = 0.0141) and psAT8 (**p = 0.0048)

constructs significantly interact with PP1γ relative to HT only controls. These experiments were

repeated five independent times and data are mean ±SD (repeated measures one-way ANOVA

with Holm-Sidak post hoc test used for comparisons). (D) HEK 293T cells expressing each tau

domain (tagged with NLuc) and PP1γ (tagged with HT) or HT only controls were used in the

NanoBRET assay. Significant differences in BRET signal were obtained with WT (***p = 0.0006)

and psAT8 tau (****p < 0.0001) compared to the respective HT controls. Note quantitative

comparisons between different tau proteins are not appropriate for the NanoBRET assay. All
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Figure 3.7 (cont’d)

comparisons were done using a paired t-test. These experiments were repeated four

independent times.
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Figure 3.8 Removing the PAD decreases the interaction between psAT8 tau and PP1α. (A)

HEK 293T cells expressing WT tau or psAT8 tau (tagged with NLuc) and PP1α (tagged with

HaloTag) or HT only controls were used in pulldown assays. Western blots of starting lysate

(Input, top blot) show similar expression of tau and PP1 constructs. (B) Quantification of WT

tau signal in the elution samples showed no difference when PAD was deleted from WT tau (p =

0.5545). These experiments were repeated five independent times. (C) Deletion of PAD in

psAT8 showed a significant decrease in the interaction with PP1 when compared to the full-

length psAT8 tau protein (*p = 0.0262). (D) HEK 293T cells expressing each tau construct

(tagged with NLuc) and PP1α (tagged with HT) or HT only controls were used in the NanoBRET

assay. Significant differences in BRET signal were obtained with WT tau (****p < 0.0001) and

Δ2-18 WT tau (****p < 0.0001) compared to the respective HT controls. Note quantitative

comparisons between different tau proteins are not appropriate for the NanoBRET assay. (E)

Significant differences in BRET signal were obtained with psAT8 (****p < 0.0001) and Δ2-18

psAT8 tau (****p < 0.0001) compared to the respective HT controls. All comparisons were done

using a paired t-test. These experiments were repeated four independent times.
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Figure 3.9 Removing the PAD decreases interaction between psAT8 tau and PP1γ. (A)

HEK 293T cells expressing WT or psAT8 tau (tagged with NLuc) and PP1γ (tagged with

HaloTag) or HT only controls were used in pulldown assays. Western blots of starting lysate

(Input, top blot) show similar expression of tau and PP1γ constructs. (B) Quantification of

pulldown elution samples indicate that both WT (**p = 0.0017) and Δ2-18 WT tau (*p = 0.0130)

showed a significantly increased interaction with PP1γ when compared to their respective

HaloTag only controls. Deletion of PAD from WT tau (∆2-18 WT Tau) did not significantly affect

the interaction with PP1 (p = 0.3481). (C) Quantification of pulldown elution samples indicate

that both psAT8 (****p < 0.0001) and Δ2-18 WT tau (p = 0.0042) showed a significantly

increased interaction with PP1γ when compared to their respective HaloTag only controls.

Deletion of PAD in psAT8 tau (∆2-18 AT8) significantly decreased the interaction with PP1

(****p < 0.0001). These experiments were repeated five independent times and data are mean ±

SD compared using the repeated measures one-way ANOVA with Holm-Sidak post hoc test

used for comparisons. (D) HEK 293T cells expressing each tau construct (tagged with NLuc)

and PP1γ (tagged with HT) or HT only controls were used in the NanoBRET assay. Significant
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Figure 3.9 (cont’d)

differences in BRET signals were obtained with WT (****p < 0.0001) and Δ2-18 WT tau (****p <

0.0001) compared to the respective HT controls (F) Significant differences in BRET signal were

obtained with psAT8 (****p < 0.0001) and Δ2-18 psAT8 tau (****p < 0.0001) compared to the

respective HT controls. Note quantitative comparisons between different tau proteins are not

appropriate for the NanoBRET assay. All comparisons were done using a paired t-test. These

experiments were repeated four independent times.
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Figure 3.10 Tau increases PP1α phosphatase activity in the PNPP assay. WT and psAT8

tau significantly increased PP1 phosphatase activity relative to the PP1 alone.  Deleting the

PAD region from WT tau did not significantly change PP1α activity relative to full-length WT tau.

Deleting the PAD region from psAT8 did not significantly change PP1γ phosphatase activity

relative to full-length psAT8. The calculated Vmax and t1/2 values for each PP1α and PP1

condition are displayed in Table 3.3.



105

Table 3.3 PP1α activity kinetics with different tau constructs.

PP1 Isoform Tau Protein Vmax (Mean ± SD) t1/2 (Mean ± SD)

PP1α

No Tau 129.8 ± 52.3 233.7 ± 46.8
WT Tau 259.3 ± 52.0**** 303.7 ± 14.2*
psAT8 285.4 ± 34.7**** 309.4 ± 7.4*

Δ2-18 WT Tau 295.6 ± 39.9**** 314.8 ± 18.6
Δ2-18 psAT8 272.7 ± 26.9**** 303.8 ± 47.1

Data were fit using Michaelis-Menten nonlinear curve to obtain the predicted maximum product
(Vmax) and reaction rate (t½). Mean values represent data from four independent experiments 
standard deviations (SD). *p < 0.05 compared to No Tau. ****p < 0.0001 compared to No Tau.
One-way ANOVA with Holm-Sidak post hoc test.
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Figure 3.11 Tau increases PP1γ phosphatase activity in the PNPP assay. WT tau

significantly increased PP1 phosphatase activity relative to PP1 by itself, and psAT8 further

increased PP1γ activity relative to WT tau. Deleting the PAD region from WT tau significantly

increased phosphatase activity relative to full-length WT tau. Deleting the PAD region from

psAT8 tau did not change PP1γ phosphatase activity relative to full-length psAT8 protein. The

calculated enzyme kinetic measurements (i.e. Vmax and t1/2) for PP1 alone and with each tau

protein are displayed in Table 3.4. Data represent mean ± SD from four independent

experiments.
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Table 3.4 PP1 activity kinetics with different tau constructs.

PP1 Isoform Tau Protein Vmax (Mean ± SD) t1/2 (Mean ± SD)

PP1

No Tau 94.3 ± 23.4 63 ± 13.11
WT Tau 196.3 ± 30.01# 131.1 ± 22.52#

AT8 256.4 ± 15.54#, * 97.1 ± 0.835#*
Δ2-18 WT Tau 247.0 ± 21.01#, * 98.3 ± 2.727#*

Δ2-18 AT8 229.6 ± 13.02# 90.3 ± 10.7#*
Data were fit to the Michaelis-Menten nonlinear curve to obtain the predicted maximum product
(Vmax) and reaction rate (t½). Mean values represent data from four independent experiments 
standard deviations (SD). #p ≤ 0.05 compared to No Tau. *p ≤ 0.05 compared to WT tau in one-
way ANOVA with Holm-Sidak post hoc test.
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Figure 3.12 Characterization of recombinant proteins. (A) Recombinant tau and PP1

proteins were separated by SDS-PAGE and stained with Coomassie Brilliant Blue. Note the

consistent loading of tau proteins and reduction in molecular weight of the Δ2-18 proteins. The

catalytic subunit of PP1 is ~37 kDa. Other bands present are likely breakdown products (more

are typically produced by N-terminal His-tagged recombinant proteins) and may include some

co-purified scaffolding partners present in bacteria during expression. (B) Tau domain

constructs separated by SDS-PAGE and stained with Coomassie. Note the molecular weights

reflect the size of each domain construct. (C) Tau terminus domains separated by SDS-PAGE

and visualized with Coomassie indicate the correct molecular weight for each protein. (D)

Western blot of recombinant tau proteins probed with R1 (red) and TNT1 (green). PAD was

successfully deleted from the Δ2-18 constructs due to the lack of TNT1 reactivity. (E and F)

Western blot of recombinant tau proteins probed with Tau7 (E, green; an antibody against the

extreme C-terminus of tau) or probed with R1 (F, red; a pan-tau polyclonal with epitopes
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Figure 3.12 (cont’d)

throughout the protein) and Tau5 (F, green; a mid-region tau antibody) confirm proteins contain

the correct amino acid sequence and are intact.
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Figure 3.13 NanoBRET donor saturation assays with PP1α, PP1β, and PP1γ. The

hyperbolic curves with PP1 (A),  (B) and  (C) indicate detection of a specific protein-protein

interaction between tau and the PP1 isoforms. It is noteworthy that the curve is more linear with

PP1, which reflects much lower interaction of tau with this isoform. The more linear curves of

the respective HaloTag only controls are indicative of a non-specific interaction.
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Figure 3.14 Deletion of the three RVxF motifs (3xΔ RVxF) in tau reduces the interaction

with PP1. (A) Schematic of the 3xΔ RVxF tau protein showing deletion of the three RVxF

motifs at amino acids 5-8, 343-346, and 375-378. (B). HEK 293T cells expressing WT tau or

3xΔ RVxF tau (tagged with NLuc) and PP1γ (tagged with HaloTag (HT)) or HT only controls

were used in pulldown assays. Western blots of input samples (Input), flow-through samples

(FT), and elution samples (bottom blot) are shown with PP1 or HT in green and tau domains in

red. (C) Quantification of tau signal in the elution sample shows significantly reduced signal with

the 3xΔ RVxF domain (*p ≤ 0.05) compared to WT tau, and both WT and 3xΔ RVxF are

significantly greater than their respective HT only controls (symbol p ≤ 0.05. All comparisons

were done using a paired t-test. This experiment was repeated four independent times.



112

Figure 3.15 Nocodazole treatment of HEK 293 cells to disrupt microtubules did not

significant affect interaction between WT tau and PP1γ. (A). HEK 293T cells expressing WT

tau (tagged with NLuc) and PP1γ (tagged with HaloTag (HT)) or HT only controls were exposed

to nocodazole for either 15 minutes (to disrupt labile domains of microtubules) or 60 minutes (to

disrupt more stable domains of microtubules) and then used in pulldown assays. Western blots

of input samples (Input), flow-through samples (FT), and elution samples (bottom blot) are

shown with PP1 or HT in green and tau domains in red. (B) Quantification of tau signal in the

elution sample shows no significant difference in pulldown signal with either nocodazole

treatment (p > 0.05) compared to WT tau, and as expected all tau containing samples were

significantly different from their respective HT only controls (*p ≤ 0.05). All comparisons were

done using a one-way ANOVA with Holm-Sidak post hoc test. This experiment was repeated

three independent times.
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Figure 3.16 PP1α protein possessing a histidine tag on the N-terminus is more active

than when the tag is present on the C-terminus. The His-tag located on the N-terminus

resulted in about a doubling of activity in the PNPP assay. Data represent mean ± SD from two

independent experiments.
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Figure 3.17 Digestion of tau with trypsin or incubation with tau antibodies prevents

activation of PP1. (A) WT tau significantly increased PP1α phosphatase activity relative to

PP1α alone. Digesting WT tau with trypsin, then deactivating trypsin at high temperatures prior

to addition to PP1α prevented this increase in activity. (B) WT tau significantly increased PP1γ
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Figure 3.17 (cont’d)

phosphatase activity relative to PP1γ alone. Digesting WT tau with trypsin, then deactivating

trypsin at high temperatures prior to addition to PP1γ prevented this increase in activity. These

data indicate that the protein within our recombinant tau preps are specifically responsible for

the increase in phosphatase activity. Data represent mean ± SD from four independent

experiments. (C) WT tau significantly increased PP1α phosphatase activity relative to PP1α by

itself. Pre-incubating WT tau with R1 (a polyclonal tau antibody with epitopes throughout the

protein) or Tau2 (a tau antibody with an epitope at amino acids 104-121) prevented an increase

in PP1 activity. Additionally, the antibodies by themselves did not increase PP1α activity,

indicating the increase in PP1 phosphatase activity in the presence of WT tau is specifically a

result of tau and that addition of any protein in these assays does not increase PP1 activity.

Data represent the mean from one run.
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CHAPTER 4

Overall Discussion

Discussion

The overall goal of this dissertation was to address two critical gaps in our knowledge

using two approaches including post-mortem human tissue samples to identify key aspects of

early tau deposition and reductionistic in vitro protein biochemical studies to elucidate the details

of a potential molecular mechanism of tau toxicity. First, a long-held hypothesis on the

progressive deposition of tau pathology in AD is that pathological tau accumulates first in axons

of neurons and then progresses back into the cell bodies to form neurofibrillary tangles,

however, studies have not directly analyzed this relationship in human tissue. Here, we provide

evidence that strongly supports this scheme of progressive tau deposition within discrete

intrahippocampal pathways in human tissue. Second, prior work identified a novel mechanism

of tau toxicity where pathogenic forms of tau aberrantly activate a signaling pathway that was

PP1-dependent and led to disruption of axonal function, however, the connection between tau

and PP1 was not well defined in previous studies. Additionally, we still do not understand the

precise mechanisms that pathological forms of tau engage to cause neuronal dysfunction and

degeneration in disease. Here, we described findings that implicate a relatively novel, specific

molecular mechanism that pathological tau uses to impair axonal function, i.e. the tau-PP1

pathway.

The focus on tau’s role in AD pathogenesis has expanded significantly over the past

decade leading to important findings expanding our knowledgebase and understanding of tau.

However, much remains to be discovered regarding the role of tau in AD and other tauopathies.

Our work challenges the entrenched dogma that tau primarily functions to simply stabilize

microtubules. Instead, we provide a number of findings related to the mechanism above (tau-

PP1 pathway) that suggest tau’s functional repertoire includes regulation of signaling pathways.

Collectively, the work presented in this dissertation adds a great deal of key information to the
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field and deepens our understanding of tau’s role in AD pathogenesis. Below, I will discuss each

of these key issues and the data we provide to address them in greater detail.

Due to the inability of current treatments and therapies to modify AD progression, and at

best only mildly alleviate symptoms, investigating potential early pathological mechanisms adds

critical value and knowledge in combating this disease. In this dissertation, I investigated one

such previously proposed mechanism of neuronal dysfunction where loss of synapses, axonal

dystrophy, and subsequent degeneration of neurons observed in AD may result from impaired

anterograde axon transport of cargoes to the terminus. In the current model, dysfunction in axon

transport is caused by phosphorylation of kinesin light chains (a component of the anterograde

transport motor protein complex) by GSK3β. Kinesin light chains bind cargoes to be transported

toward the positive ends of microtubules, and phosphorylation of the light chain dissociates the

cargo from the motor protein, therefore preventing sufficient transport of materials to their

destinations. GSK3β, known to phosphorylate kinesin, is regulated via phosphorylation at serine

9; dephosphorylation at serine 9 activates GSK3β. In AD brains, GSK3β activity increases,

implying increased activity of serine/threonine phosphatases that act upon GSK3β. PP1

dephosphorylates GSK3β, therefore increased PP1 activation may contribute to this imbalance

of active GSK3β. Additionally, the extreme N-terminus of tau is necessary and sufficient to

inhibit anterograde axon transport through a PP1-dependent pathway and was thus termed the

PAD.

AT8 Phosphorylation and PAD Exposure in the Human Hippocampus

AT8 phosphorylation of tau is an early and prominent immunohistological event in the

hippocampal formation (i.e.the EC and perforant pathway) in human cases without cognitive

impairments or a neurological disease (Braak et al. 1994). We expand on these findings by

showing that this observation extends beyond the EC into the hippocampus, and that severity of

AT8-positive tau deposition occurs prior to clinical presentation with mild cognitive decline.
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Additionally, PAD exposed tau, as visualized with the TNT2 antibody, is observed throughout

the hippocampus, albeit in lower abundance compared to AT8 tau. Taken together, this

supports the hypothesis that tau pathology and subsequent deposition as neuropil threads and

NFTs occurs early before symptom onset. However, the results presented here are the first to

systematically evaluate whether tau pathology occurs in axon enriched strata of the

hippocampal formation before the corresponding cell bodies.

We chose the mossy fiber and Schaffer collateral pathways as our sites of analyses due

to the extensive pathology already observed in both neuronal compartments of other pathways

(e.g. the perforant path), preventing any conclusions to be made of the timing of tau pathology.

With both the AT8 and TNT2 markers, we found axonal tau pathology occurred without any

corresponding somatodendritic pathology, as well as a strong positive correlation between

pathology in the axon and pathology in the cell bodies. This supports the hypothesis that tau

pathology occurs first in the axonal compartment. Additionally, these observations provide

evidence for the feasibility of the proposed PP1/GSK3β signaling cascade as a cause of axon

transport deficits and axon degeneration because the upstream triggers, AT8 phosphorylation

and PAD exposure, occur in axons within regions that atrophy in AD before cognitive

impairments (Nestor et al. 2004, Kanaan et al. 2011).

We observed no significant differences or correlations between the pathological tau

markers and clinical exam scores, including MMSE, CERAD, and diagnosis, suggesting these

differences occur after the presence of pathological tau. These results fit with previous findings

suggesting NFTs contribute to neuron loss and cognitive decline, especially in CA1

(Giannakopoulos et al. 2003). Most of the pathology observed in our cases appeared in the form

of neuropil threads in the absence of NFTs, further supporting the early nature of these

pathological tau modifications. Additionally, the finding that AT8 phosphorylation and PAD-

exposed tau are observed in neuropil threads before NFTs aligns with previous findings
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describing maturation of NFTs in AD (Binder et al. 2005, Guillozet-Bongaarts et al. 2005,

Mondragon-Rodriguez et al. 2008).

Tau phosphorylation precedes NFT formation, which may rely on a conformational

change of tau to facilitate the formation of stable aggregated species. Also, different

combinations of phosphorylation events can change tau’s conformations in different ways. For

example, AT8 phosphorylation results in the dissociation of the N-terminus of tau from the

paperclip conformation; however, the combination of AT8 phosphorylation and PHF1

phosphorylation at the same time results in a tighter compaction of the paperclip (Guillozet-

Bongaarts et al. 2005, Jeganathan et al. 2008).

The general absence of Aβ pathologies is not surprising, given that amyloid staging was

shown to begin in neocortical areas (Thal et al. 2002). In our cohort of human tissue, we show

extensive AT8- and TNT2-positive tau pathology without any observable Aβ plaques in most of

cases, which ranged from Braak stage I-III (Braak et al. 1994). These findings do not support

the amyloid hypothesis of AD which states that Aβ accumulation and plaque formation triggers

tau pathology and subsequent formation of NFTs (Hardy et al. 1992, Selkoe 2000). One

limitation to our experimental design is we did not evaluate circulating Aβ as the potential force

behind the formation of tau pathology. However, the presence of robust A pathology early and

throughout the progression of disease in neocortical areas and clear lack of pathological tau

deposition in these areas early in disease argues against other conceivable mechanisms of A-

induced tau pathology formation (e.g. activation of immune responses, circulating A, etc). This

is particularly true since cortical neurons are susceptible to pathological tau deposition as is

seen later in AD and as the primary location of tau pathology in a number of non-AD

tauopathies. Nonetheless, future studies specifically aimed at examining whether alternative A-

dependent mechanisms are driving tau pathology are warranted.
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Indeed, Aβ activates several kinases that can phosphorylate tau, and sites

phosphorylated by these kinases can result in increased PAD exposure and potentially lead to

activation of the PP1-GSK3β cascade (Kanaan et al. 2013). Additionally, several animal models

used in investigating Aβ toxicity require the presence of tau (Roberson et al. 2007). Investigating

soluble and circulating Aβ species and the extent of AT8- and TNT2-positive tau pathology in

humans before cognitive decline, ideally with imaging studies is still living patients, will address

these limitations and concerns. Collectively, the available data appears to suggest that instead

of A causing tau pathology, AD may result from these pathologies developing independently in

the prodromal and early clinical stages and only later in disease do they ultimately converge and

potentially interact to exacerbate dysfunction and degeneration.

Tau-PP1 Interactions and Effects on Phosphatase Activity

The tau field has faced difficulty to identify a specific molecular mechanism or sets of

molecular mechanisms that tau directly engages to cause cell dysfunction and toxicity. Several

proposed models of toxicity are suggested and include a loss-of-function mechanism of tau

where microtubules become destabilized, resulting in axon dysfunction (Lee et al. 2011)

Moreover, the functional or dysfunctional implications of post-translational modifications of tau

were not well-defined, leaving the field in a state where great tools existed to track pathological

modifications of tau, but with no clear definition of what those PTMs did to tau to cause tau-

mediated toxicity. Historically, the primary dogma on tau-based mechanisms of disease was

PTMs of tau, including phosphorylation, caused tau to dissociate from microtubules resulting in

two potentially pathological events: microtubule destabilization and an increase in free tau that

could self-associate into aggregates (Alonso et al. 1996).

A turning point came approximately a decade ago when a specific molecular mechanism

of tau toxicity was identified. Utilizing the squid axoplasm model of axon transport, infusion of a

physiologically relevant concentration of tau aggregates inhibit fast anterograde axonal
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transport, whereas tau monomers did not (LaPointe et al. 2009). Subsequent follow-up studies

found that psAT8 tau also inhibited axonal transport similar to the tau aggregates (Kanaan et al.

2011). Importantly, a link between these pathological tau modifications and axon transport

deficits arose with the discovery that amino acids 2-18 of tau alone was necessary and sufficient

to recapitulate the observed reduction in axonal transport. Additionally, inhibiting PP1 or GSK3β

preventing this transport deficit (LaPointe et al. 2009, Kanaan et al. 2011). Thus, amino acids 2-

18 were termed the phosphatase activating domain (PAD) and was proposed to initiate the

PP1-GSK3β signaling cascade thought to be responsible for this reduction in transport (Kanaan

et al. 2011, Kanaan et al. 2012). Collectively, this work provided a definable, discrete and direct

pathway by which pathological forms of tau could actively cause cell dysfunction and toxicity.

Previous studies defined a PP1-GSK3-kinesin light chain-cargo dissociation pathway

(Morfini et al. 2002, Morfini et al. 2004, Morfini et al. 2009), and findings with tau-induced toxicity

implicated PP1 in this pathway because PP1-specific inhibitors prevented tau-mediated

transport impairments (LaPointe et al. 2009, Kanaan et al. 2011). Despite these advances,

questions of how tau engaged PP1 were not fully addressed in prior studies. This gap in our

knowledge led to the work described in this dissertation and was specifically investigated in

chapter 3. A single previous study showed that tau interacts with PP1 when isolating

microtubules from brain can target PP1 to microtubules (Liao et al. 1998). Our results expand

on this finding by establishing which PP1 isoforms interact with tau, which domain of tau is

required for this interaction, how AT8 phosphorylation and PAD modulate this interaction, and

the subsequent effect on PP1 phosphatase activity.

First, we show that tau directly interacts with PP1α and γ, but the interaction with PP1β

was much lower or not detectable through affinity pulldown assays and intracellular BRET

assays. Importantly, tau and PP1 associate in rat primary hippocampal neurons as shown

through the proximity ligation assay, demonstrating these interactions likely occur under

physiological conditions in neurons. This difference in interaction with PP1 isoform may relate to
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the enrichment of PP1α and γ1 in dendritic spines and presynaptic terminals, and their

proposed role in post-synaptic signaling or synapse maintenance, whereas PP1β is enriched in

the cell body (Ouimet et al. 1995, Strack et al. 1999).

Previous results suggested that the functional deficits in transport caused by tau

required PP1 activation and were dependent on PAD. Our results suggest the region of tau with

the strongest impact on the physical interaction between tau and PP1, as indicated by pulldown

or BRET assays, is the MTBR. However, PAD did not significantly modulate PP1 activity as

expected in the in vitro pNPP assays used here. It is reasonable to propose that PAD may act

as a modulator of the interaction and/or activation of PP1 downstream of initially forming a

relatively stable interaction with PP1 that is driven by the MTBRs. Moreover, fundamental

differences between the in vitro biochemical PP1 activity assays used here and functional assay

in the squid axoplasm using endogenous PP1 may account for the disconnection in these

findings related to the role of PAD in PP1 activation. For example, we did not rule out the

possibility of tau and PP1 interacting in a complex with other proteins, and this may occur in the

squid axoplasm but not the in vitro biochemical assays. Nonetheless, our data implicate a

strong role for the MTBRs in binding PP1.

The important role of the MTBR in PP1 binding has implications that fit with the observed

effects of pathological tau modifications on PP1 binding. Specifically, soluble tau proteins can

normally adopt a folded paperclip conformation where the termini interact with the MTBRs, but

upon phosphorylated at the AT8 epitope, the N-terminus is extended potentially making the

MTBRs more available for PP1 binding. After PP1 binds to the MTBRs, the N-terminus interacts

with PP1 through one of the binding groves or other PP1 surface motifs to help anchor the

proteins together. This proposed model is supported by our results showing an increased

interaction between PP1 and psAT8 tau, and that the interaction between PP1γ and psAT8 is

decreased when PAD is removed.
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Next, we show that tau activates PP1 phosphatase activity, and that AT8

phosphorylation further increases activity. PP1 interacting proteins are essential for directing

PP1 localization and substrate specificity (Bollen et al. 2010). Since we show an increased

interaction between AT8 tau and PP1γ, the increase in activity fits with the function of PP1

interacting partners. If AT8 phosphorylation results in a more stable interaction with PP1, then

an extended increase in phosphatase activity could subsequently activate more GSK3β and

exacerbate our pathological signaling cascade. Interestingly, PAD deletion, which was shown to

decrease the interaction between PP1γ and AT8 tau, did not decrease PP1γ activity relative to

full length AT8 tau. If PAD causes a more stable interaction, it is surprising the removal of PAD

did not decrease activity. However, if the result of PAD deletion is a more transient interaction,

the rate of PAD-deleted tau binding and unbinding with PP1 due to a loss of a potential

stabilizing binding motif may be quick enough to not lose any effect on activity, as it may

possibly establish an equilibrium with other nearby tau molecules ready to bind PP1. Taken

together, our results support the hypothesis that the tau-PP1-GSK3β signaling cascade is a

realistic possibility in the progression of AD pathology and provides further evidence that tau

can act as a regulator of PP1 signaling instead of simply binding to PP1 solely as a substrate.

Proposed Mechanism of Tau-Induced Degeneration

Taken together, our results align with and support the previous findings and hypotheses

that pathological forms of tau first appear in axons and that these forms of tau promote neuronal

dysfunction by a PP1-dependent mechanism. By coupling our data with those previously

published, I propose a mechanism of tau-mediated toxicity that occurs following specific

pathological modifications that begin in the axons and impair axonal functions (Figure 4.1). It

was previously unknown whether AT8 phosphorylation affected tau-PP1 interactions and PP1

activity; I expanded our knowledge on this mechanism by identifying the isoforms of PP1 that

interact with tau, the role of the PAD region, effects on phosphatase activity, and linked these
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modifications to human cases. Additionally, this interaction does indeed result in an increase in

PP1 phosphatase activity as shown in the PNPP assay. These novel results provide the first

evidence of tau interacting with PP1 in an isoform specific manner, providing numerous

possibilities to investigate specific amino acid differences across the isoforms, the location of

tau binding to the surface of PP1, and the development of specific competitive inhibitors to

prevent this potential pathological mechanism.

AT8 phosphorylation opens the paperclip conformation of tau by the extending the N-

terminus and increases the exposure of the MTBRs. The increased availability of the MTBRs

allows for a more unobstructed interaction with PP1, resulting in activation of PP1 phosphatase

activity and localization to axonal microtubules. Here, active PP1 dephosphorylates GSK3β at

serine 9, which subsequently causes GSK3β to phosphorylate kinesin light chains. Interestingly,

GSK3β can also phosphorylate tau at the AT8 epitope, possibly inducing a detrimental feed-

forward loop mechanism resulting in a large increase of AT8 phosphorylated tau over tau. This

phosphorylation causes axon cargoes being transported to dissociate from kinesin motor

proteins, starving other compartments of the neuron of necessary cellular components. The

synapse becomes dystrophic and degenerates, which causes the axon to degenerate as well.

Finally, the neuron degenerates as it no longer has a downstream connection with its target

cells. I propose that AT8 phosphorylation and PAD exposure contribute over time to an

imbalance in the regulation of kinases and phosphatases in the axonal compartment of neurons,

triggering the pathological and neurodegenerative signaling cascade described above. Future

studies are required to further support this proposed signaling cascade, and several testable

components remain to be investigated. It would be interesting to reduce GSK3 activity with

pharmacological approaches such as dimethyl fumarate (DMF) under the conditions tested

above in rodent or primary neuron models in an attempt to reduce kinesin light chain

phosphorylation as well as prevent the proposed detrimental feed-forward loop of tau

phosphorylation proposed above. A recent study investigated whether DMF could reduce P301L
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tau-induced neurodegeneration in a mouse model and found DMF reduced GSK3β activity and

reduced degradation of the transcription factor NRF2, resulting in reduced kinase activity, tau

phosphorylation, and helped correct intraneuronal calcium imbalances (Cuadrado et al. 2018).

The authors proposed repurposing DMF to treat tauopathies, as it targets multiple pathways

(e.g. neuroinflammation and GSK3β signaling). Utilizing DMF in conjunction with our tau and

PP1 treatments may provide insight into other contributing physiological factors involved in our

proposed model of degeneration.

Future Directions

Here, I used a host of post-mortem human tissue studies, in vitro biochemical assays

and in-cell (non-neuronal and neuronal) experiments to explore the connections between PP1,

AT8 tau, PAD-exposed tau and toxicity. The most critical next step is to translate these findings

into in vivo model systems such as transgenic mice expressing pathological forms of tau under

physiological conditions, such as the rTg4510 or rTgTauEC transgenic models, rather than

artificially overexpressing pathological tau proteins far in excess of what normally is produced in

cells. Additionally, since PP1γ is normally enriched in synapses and dendritic spines, the

discrete subcellular localization of the tau-PP1 complex to axonal microtubules should be

analyzed to support the proposed pathological signaling cascade.

Manipulating PP1 is also in important and interesting approach to testing the proposed

model of degeneration. The exact nature of which interacting motifs on the surface of PP1 are

involved in the interaction with tau is still unknown. Therefore, modifying the PP1 enzyme to

prevent binding at the RVxF motif, the three surface grooves, or any other combination of the

numerous surface binding sites will provide insight into exactly how tau is influencing PP1

localization and substrate specificity. Additionally, results from that study could provide a

potential druggable target, such as a competitive inhibitor or gene therapy approach introducing

a dominant negative interactor with PP1 to decrease the interaction between tau and PP1 and
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deplete the pool of activated phosphatase enzyme. While it’s important to know which forms of

tau promote its interaction with PP1, it could be equally important to understand the complex

structural biology of PP1 in neurodegeneration.

Another avenue of research to expand on our previous findings that AT8

phosphorylation and PAD exposure are early modifications linked to the proposed PP1-

dependent pathway of toxicity is using primary neuron cultures to study the effects of tau on

axonal transport and/or other axonal/cellular functions. Additionally, knocking down expression

of individual PP1 isoforms with RNA-interference using shRNAs could help to identify whether

tau-mediated effects are PP1 dependent and which isoform is responsible. AT8 tau inhibits fast

anterograde axonal transport in squid axoplasm through a PP1-dependent mechanism

(LaPointe et al. 2009, Kanaan et al. 2011). Thus, investigating tau’s ability to impair axonal

transport in a mammalian system is a critical next step. Rodent primary neuron cultures offer a

useful system to investigate transport, and neurons can be cultured for weeks and induced to

stably express endogenous proteins by introducing plasmids coding for proteins of interest,

such as various forms of tau. However, care must be taken to ensure the proper amount of time

between protein expression and imaging of transport, reduce toxicity, and ensure the long-term

expression of the protein of interest.

If psAT8 expression in rodent primary neurons inhibits axonal transport, this would align

with the previous findings that pathological forms of tau inhibit anterograde axonal transport in

the squid axoplasm model (Kanaan et al. 2011). Interestingly, knocking down PP1γ may rescue

any detrimental effect by restoring transport velocity, decreasing the number of pauses, and

decreasing pause duration of psAT8 expressing neurons. Results from knocking down PP1γ

would provide further evidence supporting our proposed pathological signaling cascade by

removing the step that activates GSK3β. The deficit in transport previously observed with AT8

tau could therefore prevent the synapses from receiving vital material from the cell body and

becomes dystrophic. The dystrophic synapse and axon degenerates followed by the cell body
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and neuron. The rescue in these transport outcomes observed by knocking down PP1γ

indicates PP1γ activation is a central event in this cascade, fitting with the previously proposed

model (Morfini et al. 2009, Kanaan et al. 2011, Kanaan et al. 2013). Another component of an

intraneuronal signaling pathway to investigate in the context of this mechanism is calcium

homeostasis. Tau can associate with membranes of the endoplasmic reticulum and

mitochondria, each possessing large stores of calcium ions. Disruption of the function of calcium

transporters or ion channel receptors can lead to altered activation of calcium-dependent

proteins, such as calpain and EFhd2, or reduction in the response of ryanodine receptors,

leading to increased protease degradation of proteins and impaired intracellular signaling

(Adamec et al. 2002, Goussakov et al. 2010, Kneynsberg et al. 2017). Additionally, the N-

terminus of tau was shown to bind synaptic vesicles and reduce their motility, as well as

inhibiting vesicles from docking with the presynaptic terminal and reducing neurotransmission in

both fly and rat neurons (Zhou et al. 2017). These results show that tau could possibly possess

numerous functions beyond stabilizing microtubules and intersects with several intracellular

pathways to promote pathology.

In conclusion, the current studies provide additional evidence and support for the

previously proposed signaling cascade of degeneration by showing the upstream pathological

modifications are normally present in humans before cognitive decline, these pathological

modifications increase the interaction with tau and PP1α and γ specifically, and results in

increased phosphatase activity. These findings provide previously unknown insight into the

nuances of tau and PP1 biology. For example, the observation that tau interacts with PP1α and

γ, but not β, provides for an interesting avenue of research into the divergent amino acid

sequences between PP1 isoforms and how they influence PP1 structure and function. It would

be interesting to determine precisely where tau binds with PP1 and develop a small molecule or

synthetic peptide to block this interaction by artificially masking PP1α and γ to appear more like

the β isoform. While investigating GSK3 activity was beyond the scope of this dissertation, it
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remains a critical question in how the increases in phosphatase activity observed can actually

dephosphorylate, and subsequently increase the activity of, GSK3 to power the proposed

pathological mechanism. Furthermore, analyzing any potential increases in endogenous AT8

phosphorylation in primary neuron cultures or animal models will elucidate whether GSK3

activation results in a feed-forward AT8 phosphorylation loop and imbalance of Tau-PP1

signaling. This furthers our understanding of the etiology of AD and may lead to the developing

of new therapies and interventions for treating or preventing the disease, such as using DMF to

target GSK3β, correct disruptions in calcium homeostasis, and treat neuroinflammation or small

molecular competitive inhibitors targeting the MTBRs of tau to prevent its interaction with PP1.
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Figure 4.1 Proposed model of AT8 tau phosphorylation and subsequent pathological

cargo dissociation through a PP1/GSK signaling cascade. Monomeric WT tau, Δ2-18 tau,

and AT8-phosphorylated tau all interact with PP1α and γ, however, AT8 phosphorylation

increases this interaction (as illustrated with a larger arrow) and deletion of amino acids 2-18

decreases, but does not completely abolish, this interaction (as illustrated by a smaller arrow).

This results in increased PP1 activity, which dephosphorylates GSK3 and promotes kinase

activity. GSK3 can phosphorylate kinesin light chains to promote dissociation of cargoes but can

also phosphorylate tau at the AT8 epitope. This would result in a detrimental feedforward AT8

phosphorylation loop, increasing the signaling of this PP1/GSK3 cascade and promoting a

pathological phenotype in affected neurons.
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