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ABSTRACT 

 

Investigating the effects of tau acetylation  

on stability of cytoskeleton in the axon initial segment   

 

Peter Dongmin Sohn 

 

Neurons are highly polarized cells in which asymmetric axonal-dendritic distribution of 

proteins is crucial for neuronal function. Somatodendritic mislocalization of the axonal 

protein tau is an early sign of Alzheimer’s disease (AD) and other neurodegenerative 

disorders. However, the pathogenic molecular mechanisms are incompletely understood. 

Here we report that tau acetylation and consequent destabilization of the axon initial segment 

(AIS) cytoskeleton are important in the somatodendritic mislocalization of tau. AD-relevant 

acetylation at K274 and K281 in the microtubule (MT)-binding domain of tau reduced tau 

binding to MTs. In primary neuronal cultures, acetylation at these sites led to hyperdynamic 

MTs in the AIS, shown by live-imaging of MT mobility and fluorescence recovery after 

photobleaching. AIS cytoskeletal proteins, including ankyrin G and βIV-spectrin, were 

downregulated in AD brains and in the brains of transgenic mice expressing tauK274/281Q, 

which mimics acetylation. Using photoconvertible tau constructs, we found that acetylated 

axonal tau is mislocalized to the somatodendritic compartment. Stabilizing MTs with 

epothilone D to restore the cytoskeletal barrier in the AIS prevented tau mislocalization in 

primary neuronal cultures. These findings suggest that tau acetylation contributes to 

neurodegenerative disease by compromising the cytoskeletal sorting machinery in the AIS. 

Finally, characterization of the AIS in human iPSC-derived neurons reveals aberrant AIS 

location and impaired AIS plasticity in neurons with pathogenic tau mutation.  
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CHAPTER 1 

Introduction / Literature Review 

 

Pathogenic tau in neurodegenerative diseases 

Tau protein is encoded by MAPT, a gene located on chromosome 17. Different splice variants 

of MAPT produce multiple isoforms of tau, six of which are common in the human central 

nervous system. These isoforms differ by the presence of exons 2 and 3 (0N, 1N, and 2N) and 

possess either three or four microtubule (MT)-binding repeat motifs (3R or 4R). Tau protein 

accumulates pathologically in several neurodegenerative disorders, collectively termed 

tauopathies (Lee et al., 2001). Neurofibrillary tangles (NFTs) and amyloid plaques are the 

hallmarks of Alzheimer’s disease (AD). NFTs are composed of aggregated, 

hyperphosphorylated tau found in neurons (Brion, 1992). Although the amyloid cascade 

hypothesis predicts that amyloid-beta (Aβ) is the central upstream trigger for AD pathology 

(Hardy and Higgins, 1992), clinical and pathological evidence has shown that Aβ plaque 

burden does not correlate with cognitive decline (Dickson et al., 1991; Delaere et al., 1991; 

Arriagada et al., 1992; Berg et al., 1993). Instead, tau has been shown to be the critical 

effector of AD pathology (Lewis et al., 2001; Roberson et al., 2007; Ittner et al., 2010). 

Accumulation of tau is independent of Aβ deposits in other tauopathies such as 

frontotemporal dementia (FTD) and chronic traumatic encephalopathy (CTE) (Iqbal et al., 

2005; Baugh et al., 2012). These studies suggest that tau has a significant role in cognitive 

dysfunction.  

Although mutations in tau do not cause AD, many mutations found in other tauopathies 

have enhanced our understanding of tau biology. These mutations have largely discovered 

through family genetic studies of patients who have FTD with parkinsonism linked to 

chromosome 17 (FTDP-17). The mutations segregate into two groups, which have different 
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biological consequences. The first group consists of intronic mutations, which affect the 

splicing of exon 10 (Hutton et al., 1998). Exon 10 encodes one of the MT-binding repeats 

whose presence or absence leads to 3R or 4R tau. The normal ratio of 3R to 4R tau in the 

adult brain is 1:1; therefore, mutations that modify this ratio alter MT stability and tau 

aggregation. The second group of mutations is found in the coding region of the MT-binding 

domain and hence alters tau’s affinity for MTs. Other tau mutations cause progressive 

supranuclear palsy (PSP) and corticobasal degeneration (CBD), both of which are largely 

sporadic (Dickson et al., 2007). The changes in tau pathology are similar in these diseases, 

resulting in both a loss-of-function of tau by reducing MT stability and a gain-of-function of 

tau by enhancing its aggregation into filamentous inclusions.  

 

Tau loss-of-function vs gain-of-function 

Loss of tau function leads to destabilization of MTs and deficits in axonal transport and has 

been implicated in AD pathogenesis (Lee and Cleveland, 1994). MT-stabilizing drugs, such 

as paclitaxel and epothilone D, reverse axonal transport deficits and cognitive impairment in 

transgenic mice of tauopathy (Zhang et al., 2005; Zhang et al., 2012). Interestingly, tau 

knockout mice are phenotypically normal, suggesting that loss of tau function may not be a 

primary driver of cognitive decline. Notably, genetic reduction of endogenous tau prevents 

Aβ toxicity in vivo, suggesting that tau is necessary for Aβ-induced cognitive deficits and is 

therefore a key facilitator of neurodegeneration (Roberson et al., 2007; Ittner et al., 2010). 

Crossing a model of mutant human APP with a mouse tau knockout line rescues memory 

deficits, increased mortality, and excitotoxic seizures (Roberson et al., 2007). Similarly, 

crossing a tau knockout mouse with the APP233 mouse produces a comparable rescue of 

memory and mortality. The tau knockout mice prevents postsynaptic targeting of the protein 

kinase Fyn, which underlies synaptic tethering of PSD-95 and NMDA receptors (Ittner et al., 
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2010). These studies indicate that tau gain-of-function is responsible for excitotoxicity and 

cognitive decline.   

 

Post-translational modifications of tau 

Tau phosphorylation 

Hyperphosphorylated tau that is oligomeric and nonfilamentous precedes and promotes the 

formation of paired helical filaments (PHFs) (Bancher et al., 1989), making it an important 

marker of disease progression. In patients with mild cognitive impairment, the levels of 

phosphorylated tau in cerebrospinal fluid are strongly associated with subsequent 

development of AD (Hansson et al., 2006; Mattsson et al., 2009). In mouse models of 

tauopathies, tau hyperphosphorylation correlates with cognitive decline and tangle formation. 

In transgenic mice with glycogen synthase kinase-3β (GSK-3β) overexpression, increased tau 

phosphorylation is associated with neurodegeneration and spatial learning deficits, which are 

independent of filament formation (Hernandez et al., 2002). In double transgenic mice with 

overexpression of the cyclin-dependent kinase 5 (cdk5) activator p25 and human tau with 

mutant (P301L) human tau, enhanced cdk5 activity is associated with hyperphosphorylation 

of tau and accumulation of aggregated tau accompanied by increased numbers of NFTs 

(Noble et al., 2003).  

Tau has 85 sites that can be phosphorylated, including 80 serines/threonines and 5 

tyrosines. More than 40 phosphorylation sites have been detected in AD brains by mass 

spectrometry and antibodies targeting specific phosphorylated tau species (Stoothoff and 

Johnson, 2005). GSK-3β, cdk5, casein kinase 1 (CK1), and cAMP-dependent protein kinase 

A (PKA) are the kinases that are most extensively studied and are considered the most 

promising for regulating tau hyperphosphorylation (Ishiguro et al., 1993; Ishiguro et al., 1994; 

Jicha et al., 1999). GSK-3β and cdk5 can phosphorylate at most of known sites found in AD 
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(Gong et al., 2005). PP2A is a major phosphatase accounting for more than 70% of de-

phosphorylated tau at most of its phosphorylation sites (Liu et al., 2005). In AD brains, PP2A 

activity is significantly reduced and de-phosphorylation of tau PP2A inhibits PHF formation 

and restores MT stability (Gong et al., 1995). These beneficial changes can be reversed by 

phosphorylation by GSK-3β, cdk5, and PKA (Wang et al., 2007). 

 Consequences of hyperphosphorylation of tau include its detachment from MTs, dendritic 

mislocalization, and aggregation. Phosphorylation at S262/356 in the KXGS motifs of the 

MT-binding domain reduces tau binding for MTs and results in diffusion of MT-unbound tau 

to the somatodendritic compartment (Li et al., 2011). The pseudophosphorylated tau in which 

14 disease-related serines and threonines are mutated to mimic phosphorylation is 

mislocalized to dendritic spines and causes a decrease in spontaneous synaptic transmission 

(Hoover et al., 2010). Hyperphosphorylation inhibits the proteasomal degradation (Ren et al., 

2007). Notably, phosphorylation at the KXGS motif renders tau unrecognizable by the 

proteasome machinery, including CHIP and Hsp70/90 chaperone complex, making tau 

species prone to accumulate (Dickey et al., 2007).  

Tau acetylation 

Tau undergoes lysine acetylation, which modulates diverse biological processes including 

protein stability and protein-protein interactions (Kim and Yang, 2011). Analyses of soluble 

fraction of AD brain lysates show that tau acetylation is enhanced in patients at 

early/moderate Braak stages, an early role of acetylation in modulating tau accumulation 

(Min et al., 2010). Tau acetylation at lysines competes with polyubiquitination and slows 

down its turnover in primary neurons. Acetylation state can be regulated by the histone 

acetyltransferase p300 and the deacetylase sirtuin 1 (SIRT1) (Min et al., 2010). Systems 

biology approach to figure out dysregulated genetic networks in AD reveals increase in p300 

acetyltransferase activity in AD cases (Aubry et al., 2015). Accumulating evidence has 
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confirmed tau acetylation and uncovered specific lysine residues whose acetylation leads to 

site-specific consequences on tau biology (Min et al., 2010; Cohen et al., 2011; Irwin et al., 

2012; Grinberg et al., 2013; Cook et al., 2014; Min et al., 2015). Mass spectrometry reveals 

K174 acetylation in soluble fraction of AD brains. K174 acetylation leads to accumulation of 

tau monomers that are associated with cognitive deficits. Inhibition of p300 acetyltransferase 

lowers acetylated K174 tau and protects against cognitive deficits, hippocampal atrophy, and 

accumulation of NFTs in a mouse model of FTD with expression of human P301S tau (Min 

et al., 2015).  

Acetylation of the 6 amino acid motif VQIINK (K280) that is critical for the formation of 

tau oligomers and filaments reduces tau binding to MTs and promotes tau aggregation 

(Cohen et al., 2011). Acetylated K280 is found in patient brains of AD and other tauopathies 

such as corticobasal degeneration (CBD) and progressive supranuclear palsy (PSP). In AD 

brains, acetylated K280 is located in intracellular thioflavin-S-positive tau inclusions while it 

is also found in thioflavin-S-negative pathology in CBD and PSP. The distribution pattern of 

acetylated K280 is similar to that of hyperphosphorylated tau (Irwin et al., 2012). 

Interestingly, intrinsic acetyltransferase activity of tau can lead to self-acetylation of K280 

acetylation (Cohen et al., 2013).  

 Acetylation of KXGS motifs in the MT-binding domain inhibits phosphorylation on the 

same motif (S262/356) and prevents tau aggregation. In AD brains and a mouse model of 

tauopathy (rTg4510), KXGS motifs are hypoacetylated and hyperphosphorylated. The 

histone deacetylase 6 (HDAC6) appears to regulate acetylation state of KXGS motifs (Cook 

et al., 2014). 

Acetylation of K274 is found in tau inclusions of various tauopathies including AD, CBD, 

PSP, Pick’s disease, and chronic traumatic encephalopathy. Interestingly, argyrophilic grain 

disease (AGD), which is common but atypical tauopathy not always associated with clinical 
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progression, lacks tau acetylation at K274. This finding raises the hypothesis that tau 

acetylation at K274 could be a key modification for the propagation of tau toxicity (Grinberg 

et al., 2013). Tau acetylation of K281 is also found in AD brains and a mouse model of FTD. 

Moreover, a recent study detects acetylation of K281 tau in human APP transgenic mice 

(Morris et al., 2015). Acetylated K274/281 tau disrupts postsynaptic actin dynamics and 

AMPAR insertion required for LTP expression. Transgenic mice expressing human tau with 

lysine-to-glutamine mutations to mimic K274/281 acetylation exhibit AD-related memory 

deficits and impaired hippocampal LTP. These findings implicate that acetylated K274/281 

tau is involved in a postsynaptic mechanism by which tau inhibits synaptic plasticity and 

promotes cognitive decline in AD pathogenesis (Tracy et al., unpublished observations).  

Overall, the acetylation profile of tau is regulated by multiple enzymes, and the functional 

consequences of tau acetylation appear to be site-specific. The importance of tau acetylation 

in regulating its degradation, aggregation, phosphorylation, and synaptic plasticity in the 

pathogenic conditions suggests novel therapeutic opportunities for targeting pathogenic tau 

species.  

 

Tau missorting 

Neurons are highly polarized cells in which asymmetric axonal-dendritic distribution of 

cellular contents are crucial for proper neuronal functions. Unlike other microtubule-

associated proteins (MAPs), tau is preferentially distributed in axons under physiological 

conditions in adult brains. During embryonic development, the fetal 3R-tau isoform (0N3R) 

is initially distributed all over the subcellular compartments. As neurons establish their 

polarity, tau becomes enriched in axons (Mandell and Banker, 1995; Bullmann et al., 2009).   

Tau sorting mechanisms 

How is tau preferentially distributed in axons? Several mRNA-based and protein-based 
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mechanisms may work in parallel to maintain tau distribution in axons. On the mRNA level, 

selective transport and translation of tau mRNA in axons have been proposed to demonstrate 

axonal distribution of tau. The 3’-untraslated region (3’-UTR) axonal localization signal of 

tau mRNA governs selective transport of tau mRNA into axons (Aronov et al., 2001). Local 

translation of tau mRNA in axons occurs owing to the 5’-UTR oligopyrimidine tract 

sequences that mediate mTOR-mediated protein synthesis in axons (Morita and Sobue, 2009). 

On the other hand, protein-based mechanisms for axonal retention of tau include preferential 

tau binding to axonal MTs and the diffusion barrier that maintains tau in axons. MT binding 

affinity of tau is higher in axons than in dendrites, leading to trapping of tau bound to axonal 

MTs (Kanai and Hirokawa, 1995; Hirokawa et al., 1996). This difference of tau binding to 

axonal and dendritic MTs can be explained by differential post-translational modifications of 

tau and MTs in axons and dendrites. For instance, axonal tau is less phosphorylated at the 

KXGS motifs. When phosphorylated at these sites, polarized distribution of tau in axons is 

lost because phosphorylated tau detaches from the axonal MTs and becomes readily 

diffusible to the dendritic compartment (Schneider et al., 1999). Given that tau has a net 

positive charge, higher levels of negatively charged polyglutamylation of tubulin in axons 

than in dendrites may also keep tau bound to axonal MTs (Janke and Kneussel, 2010). Axonal 

retention of tau can be explained by a tau diffusion barrier in the axon initial segment (AIS) 

that is located between the soma and axon (Li et al., 2011). Cytoskeletal network in the AIS 

has been described as selective filter that controls protein transport (Rasband, 2011). Notably, 

MTs in the AIS prevent retrograde invasion of axonal tau to the somatodendritic compartment 

(Li et al., 2011).  

Tau missorting in patholgocal conditions 

In AD brains, NFTs which are composed of tau aggregates and hyperphosphorylated tau are 

found mainly in the somatodendritic compartment of neurons, where abnormally 
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phosphorylated tau is mislocalized at an early stage of pathology. Thus, it is speculated that 

missorting of tau is important in tau pathology and contributes to cognitive deficits. Indeed, 

the formation of NFTs in the somatodendritic compartment and the phosphorylation of 

missorted tau have been used as diagnostic criteria and staging of disease progression in AD 

(Braak and Braak, 1991; Braak et al., 2006). In FTDP-17, mutations in the tau gene cause tau 

pathology including missorting of tau, which is associated with motor deficits and cognitive 

decline (Goedert et al., 2012). In other tauopathies including Pick disease (PiD), corticobasal 

degeneration (CBD), and progressive supranuclear palsy (PSP), tau is mislocalized in other 

cellular compartments than the axons (Dickson et al., 2011). Therefore, tau mislocalization 

outside the axons is common phenotype observed in various neuropathological conditions.  

Several mouse models that express human tau have been generated to study the missorting 

of tau in relation to its phosphorylation, aggregation, and pathology. In a model with slight 

(<10%) overexpression of the longest isoform of human tau, tau is hyperphosphorylated and 

missorted into the somatodendritic compartment (Gotz et al., 1995). Twofold overexpression 

of mouse tau also leads to tau missorting and phosphorylation of tau (Adams et al., 2009). In 

contrast, in a tau knockout-knockin model in which human tau with levels comparable to that 

of endogenous mouse tau is expressed in the mouse tau knockout background, tau is not 

missorted and no obvious pathology is observed even when the FTDP-17 mutation P301L is 

introduced (Terwel et al., 2005). Tau overexpression in primary neuronal culture induces 

missorting of exogenous tau as well as endogenous murine tau (Li et al., 2011). Thus, tau 

missorting in animal models and cell culture can simply be achieved by overexpression of tau. 

It is conceivable that tau may be missorted under pathological conditions when homeostasis 

regulating tau levels is perturbed.  

What triggers tau missorting to the somatodendritic compartment in diseased brains? 

Depositions of Aβ and tau protein are hallmarks of AD. Aβ is considered toxic for neurons 
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and tau a downstream mediator of the Aβ cascade. In primary neuronal cultures, exposure to 

Aβ readily induces tau mislocalization to the somatodendritic compartment (Busciglio et al., 

1995; Zempel et al., 2010; Zempel et al., 2013). A mechanism underlying Aβ-induced tau 

missorting involves elevation of intracellular Ca
2+

. Ca
2+

 influx-inducing stressors such as 

glutamate and ATP are also sufficient to mislocalize tau to the somatodendritic compartment, 

suggesting the importance of impairment of Ca
2+

 signaling in tau missorting (Zempel et al., 

2010; Zempel et al., 2013).  

Consequences of tau missorting  

Loss of dendritic MTs and spines. Mice overexpressing wildtype or mutant tau show dendritic 

missorting of tau and destabilization of MTs (Zhang et al., 2012). In cultured neurons 

overexpressing tau, missorting of tau accompanies with loss of dendritic microtubules and 

disappearance of spines (Thies and Mandelkow, 2007). Loss of dendritic MTs depends on the 

presence of tau, or correlates with dendritic missorting of tau (King et al., 2006; Zempel et al., 

2010). These observations appear to be contradictory to the MT-stabilizing function of tau. 

Although MT stabilization is one of suggested functions of tau, tau knockout mice show no 

MT-related deficits except for only mild changes in neurite extension (Dawson et al., 2001). 

In fact, tau knockout mice even show protective effects against Aβ-induced cognitive 

impairment, excitotoxicity, and deficits in axonal transport (Roberson et al., 2007; Ittner et al., 

2010; Vossel et al., 2010). These findings suggest that loss of function of tau is not sufficient 

to explain the breakdown of MTs. Instead, tau may have an active role in loss of dendritic 

MTs. Missorted tau disrupts dendritic MTs by recruiting the MT-severing enzyme spastin to 

the dendrites. Tau-dependent translocation of tubulin tyrosine ligase-like enzyme 6 (TTLL6) 

and subsequent polyglutamylation of dendritic MTs trigger the recruitment of the spastin 

which severs MTs in dendrites (Lacroix et al., 2010; Zempel et al., 2013).  

Altered tau phosphorylation. Axonal tau is highly phosphorylated at the PHF-1 epitope 
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(S396/S404), whereas missorted tau in the somatodendritic compartment is highly 

phosphorylated at the 12E8 epitope (S262 in the KXGS motif in the repeat domain) (Zempel 

et al., 2010). This difference in phosphorylation status primarily reflects an asymmetric 

distribution of tau phosphatases and tau kinases. PP2A, a major tau phosphatase that is 

predominantly responsible for the dephosphorylation of S262, is preferentially localized in 

axons (Zhu et al., 2010). On the other hand, kinases such as MARK and SAD, which are 

mainly responsible for the phosphorylation in the repeat domain, are localized in dendrites 

and spines (Kishi et al., 2005; Hayashi et al., 2011). The sorting of those kinases and 

phosphatases leads to differences in the phosphorylation status of the 12E8 epitope. 

Conversely, the preferential phosphorylation of the PHF-1 epitope is caused by the ubiquitous 

presence of GSK3β and the dendritic localization of PP2b, the kinase/phosphatase pair 

responsible for phosphorylation at S396/S404 (Martin et al., 2013). Alterations in tau 

phosphorylation can change its profiles of tau-interacting partners. Of note, it is possible that 

the association with synaptic membranes and postsynaptic receptors may be altered, resulting 

in synaptic dysfunction (Hoover et al., 2010; Pooler et al., 2012; Mondragon-Rodriguez et al., 

2012).  

Synaptic dysfunction. Translocation of dendritic tau into spine heads is a characteristic 

feature observed in pathological conditions, including AD (Tai et al., 2012). In primary 

neuronal cultures, strong expression of tau by adenovirus leads to translocation of tau in 

spines (Thies and Mandelkow, 2007). At lower expression levels, P301L tau mutation leads 

to tau mislocalization in dendritic spines (Hoover et al., 2010). Increased synaptic input can 

trigger postsynaptic mislocalization of tau (Frandemiche et al., 2014). Once localized in the 

postsynaptic compartment, tau is involved in postsynaptic targeting of the Src kinase Fyn, 

which in turn stabilizes the complex of the NMDM receptors and PSD-95 in the postsynaptic 

density. This coupling of the NMDA receptors and PSD-95 underlies Aβ-induced 
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excitotoxicity, which can be prevented by removing tau (Ittner et al., 2010). The P301L tau 

mutation impairs glutamate receptor trafficking and synaptic anchoring (Hoover et al., 2010). 

Postsynaptic tau interacts with F-actin, the most predominant cytoskeleton whose dynamics is 

essential for synaptic plasticity (Frandemiche et al., 2014). Acetylation of tau at K274 and 

K281 disrupts activity-dependent dynamics of postsynaptic F-actin, resulting in impaired 

AMPA receptor insertion and LTP deficits (Tracy et al., unpublished observations).   

 

Tau-mediated alterations of neuronal cytoskeleton  

Microtubule and actin cytoskeleton 

MT stabilization was initially proposed as a primary function of tau in cell-free conditions 

(Weingarten et al., 1975). Although MT-binding activity of tau promotes MT stability and 

assembly in vitro, recent studies have challenged this notion that MT stabilization is a critical 

function of tau. The population of tau-bound MTs exhibits the highest basal turnover rate of 

any MT populations in primary cultures and mouse hippocampus in vivo (Fanara et al., 2010). 

Genetic reduction of tau does not alter cargo transport along axonal MTs (Yuan et al., 2008) 

but rather prevents Aβ-induced deficits in axonal transport (Vossel et al. 2010).  

Excessive tau interferes with binding of motor proteins to MTs (Dixit et al., 2008) and 

FTDP-17 mutations of tau leads to reduction of MT density (Zhang et al., 2005; Zhange et al., 

2012) and increase in MT dynamics (Barten et al., 2012). Given that neutral or protective 

effect of lowering tau on MT stability and functions, these findings of tau-mediated 

destabilization of MTs are likely to be explained by a gain-of-function of tau rather than a 

simple loss of MT stabilization function of tau.  

This active role of tau in altering cytoskeleton has been further supported by the study on 

mislocalizaed dendritic tau that induces severing of dendritic MTs. Recruitment of MT-

severing enzyme spastin depends on tau-mediated translocation of TTLL6 (Zempel et al., 



12 

2013). Tau can also interact with other cytoskeleton such as actin filament in neurons. This 

interaction between tau and the actin filament induces abnormal F-actin bundling and 

accumulation in brains (Fulga et al., 2007; He et al., 2009). Furthermore, mislocalized 

postsynaptic tau can interact with F-actin in spines (Frandemiche et al., 2014) and inhibits 

activity-dependent actin dynamics, leading to deficits in LTP (Tracy et al., unpublished 

observations). It is possible that tau may play a role in connecting MTs and actin cytoskeletal 

networks (Farias et al., 2002).      

AIS cytoskeleton 

Characteristics of neuronal cytoskeleton vary depending on subcellular compartment. Notably, 

the axon initial segment (AIS) is located between the axon and the somatodendritic 

compartment and its unique cytoskeletal proteins are composed of MT bundles coated with a 

dense submembrane protein network containing ankyrin G (AnkG), βIV-spectrin, and actin 

filaments (Palay et al., 1968; Jones et al., 2014). MTs and AnkG are physically and 

functionally connected by end-binding proteins EB1 and EB3 in the AIS (Leterrier et al., 

2011). The AIS plays an essential role in generation of action potentials and maintenance of 

neuronal polarity. Ion channels such as voltage-gated sodium and potassium channels that are 

responsible for firing action potentials are anchored to the scaffolding proteins, including 

AnkG and βIV-spectrin (Rasband, 2010). Genetic ablation of AnkG or βIV-spectrin results in 

failure of recruiting the AIS cytoskeleton and ion channels to the AIS (Jenkins and Bennett, 

2001; Komada and Soriano, 2002; Hedstrom et al., 2008). The AIS cytoskeleton forms a 

barrier between the axon and the somatodendritic membrane (Winckler et al., 1999) and 

regulates axonal entry of cargoes that require selective transport (Song et al., 2009).  

The AIS barrier, MTs in particular, contributes to the retention of tau in axons by 

preventing its retrograde invasion to the somatodendritic compartment. Pathologically 

modified tau that has weak binding affinity for MTs can bypass the AIS barrier and be 
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mislocalized from the axon to the dendrites (Li et al., 2011). Recent studies have provided 

evidence that the AIS barrier is perturbed in AD pathogenesis. Primary cultures from AD 

mouse models show decreased expression of AnkG, disrupting AIS localization of sodium 

channels and dendritic localization of NR2B. The exogenous expression of AnkG improves 

cognitive performance of an AD mouse model (Sun et al., 2014). When exposed to Aβ, 

primary neurons display inhibition of HDAC6, resulting in mislocalization of AnkG and 

increased MT instability in the AIS (Tsushima et al., 2015).  

The AIS regulates intrinsic excitability of neurons and maintain its homeostasis in 

response to changes in neuronal activity. Mutations of ion channels in the AIS proteins can 

lead to synchronized firing of neuronal network such as epilepsy (Wimmer et al., 2010). In 

response to increased activity in primary culture, the location of the AIS is shifted distally in 

axons. The distal shift of the AIS location is associated with reduced excitability of neurons 

(Grubb et al., 2010). In contrast, removal of sensory input to chick auditory neurons leads to 

increase in the length of the AIS (Kuba et al., 2010). Activation of calcineurin mediates this 

activity-dependent AIS plasticity (Evans et al., 2013). Several recent independent studies 

have demonstrated that tau modulates neuronal excitability. Genetic ablation of tau attenuates 

network hyperexcitability (Roberson et al., 2011; Holth et al., 2013; DeVos et al., 2013). 

Given the tau’s role in regulating neuronal excitability, it is possible that tau may play a role 

in determining the AIS location and length and cytoskeletal rearrangement in the AIS in 

response to changes in neuronal activity.   

 

Summary and objectives 

NFTs of hyperphosphorylated tau are major hallmarks of neurodegenerative diseases such as 

AD. Mutations of tau gene can cause a variety of tauopathies, including FTD, PSP, CBD, and 

PiD. Tau has an active detrimental role in eliciting toxicity and cognitive decline. Notably, 
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somatodendritic mislocalization of tau is a key early event in the pathogenesis of 

neurodegenerative diseases. Adverse consequences of tau missorting into the dendrites 

include loss of dendritic MTs and spines, altered tau phosphorylation state, and synaptic 

dysfunction. Lysine acetylation of tau can affect its turnover, aggregation, synaptic plasticity, 

and cytoskeletal stability. The AIS cytoskeleton is essential for maintaining polarized 

distribution of proteins in neurons. However, the functional significance of tau acetylation in 

regulating the AIS cytoskeleton is not well characterized. 

In this study, we sought to determine which lysine residues are acetylated in human AD 

brains and whether AD-relevant tau acetylation affects the stability of the AIS cytoskeleton in 

cultured cells and in vivo. To measure dynamics of AIS cytoskeleton in neuronal cultures, we 

took advantage of using EB proteins tagged with GFP for live imaging and performed 

fluorescence recovery after photobleaching (FRAP) with GFP-tagged tubulin. To test the 

hypothesis that changes in the AIS cytoskeleton lead to somatodendritic mislocalization of 

tau, we used photoconvertible tau constructs and monitored movement of tau after 

photoconversion in neuronal cultures. We then assessed pharmacological stabilization of MTs 

as a strategy to preserve the axonal distribution of tau and reduce pathological features. 

Finally, AIS plasticity of iPSC-derived human neurons was analyzed to compare neurons 

derived from control groups and patients with the FTDP-17 tau mutation.   
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CHAPTER 2 

Materials and Methods 

 

Plasmids. cDNA encoding 2N4R human tau was cloned into pEGFP-C1 vector (Clontech). In 

mApple-tagged tau plasmids, EGFP in the pEGFP-C1 vector was replaced with mApple. Tau 

mutations (K163/174/180/190Q, K274Q, K281Q, K274/281Q, and K274/281R) were 

generated with the QuickChange mutagenesis kit (Stratagene). The following plasmids were 

gifts: GFP-tubulin (Dr. Ron Vale, University of California, San Francisco), GFP-end-binding 

protein (EB) 1 (Dr. Torsten Wittmann, University of California, San Francisco), and GFP-

EB3 (Dr. Niels Galjart, Erasmus MC, Rotterdam). 

Mice. The murine prion promoter (Mo.PrP) expression plasmid (Mo.PrP.Xho) has been 

previously described (Borchelt et al., 1996). Human tau cDNA (2N4R) with A820C (K274Q) 

and A841C (K281Q) mutations was cloned into the Xho1 site of the Mo.PrP.Xho plasmid. 

The resulting Mo.PrP-tauK274/281Q (tauKQ) transgene was microinjected into fertilized 

mouse oocytes from the FVB/N genetic background and implanted into pseudopregnant 

female mice. The founder line with the highest expression of tauKQ in the FVB/N genetic 

background was then crossed with C57BL/6 mice purchased from Jackson Laboratory. All 

mice used for experiments were of mixed FVB/N and C57BL/6 genetic background. Tail 

DNA from offspring was genotyped by using the following primers: 5’ primer 

GGAGTTCGAAGTGATGGAAG, 3’ primer GGTTTTTGCTGGAATCCTGG. Both male 

and female mice were used for experiments. Mice were housed in a pathogen-free barrier 

facility with a 12 hour light-dark cycle and ad libitum access to food and water. All animal 

procedures were carried out under University of California, San Francisco, Institutional 

Animal Care and Use Committee-approved guidelines.  
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Immunoprecipitation for HPLC, electrospray ionization (ESI), and tandem MS/MS. 

Immunoprecipitation was done with the Pierce Direct IP Kit (Thermo Scientific), essentially 

as recommended by the manufacturer. Briefly, monoclonal anti-tau (ab80579, Abcam) was 

immobilized on agarose resin with sodium cyanoborohydride. Brain homogenates lysed in 

RIPA buffer (50 mM Tris, pH. 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40 with 

histone deacetylase inhibitors (1 μM trichostatin, 5 mM nicotinamide, 1 mM phenylmethyl 

sulfonyl fluoride, and protease inhibitor cocktail; all from Sigma) and phosphatase inhibitor 

cocktail (Roche) were applied to the antibody-conjugated resin and rotated overnight at 4C. 

Samples were eluted with elution buffer, pH 2.8, into collections tubes containing 

neutralizing Tris buffer, pH 9.5. 

ESI-quadrupole time-of-flight (QqTOF) MS analyses. Bands were manually excised 

from the gel, destained, and dehydrated with acetonitrile. The proteins were reduced with 10 

mM dithiothreitol at 60°C for 30 min, alkylated with 100 mM iodoacetamide (37°C, 45 min), 

and digested with 250 ng of sequencing-grade trypsin (Promega) at 37°C overnight. After 

digestion, the proteolytic peptide mixtures were analyzed by reverse-phase nano-HPLC-ESI-

MS/MS with an Eksigent nano-LC two-dimensional HPLC system (Eksigent) connected to a 

QqTOF QSTAR Elite mass spectrometer (Sciex). 

Briefly, peptides were applied to a guard column (Dionex) and washed with the aqueous 

loading solvent (2% solvent B in A, flow rate: 20 µl/min) for 10 min. The samples were 

transferred to an analytical C18-nanocapillary HPLC column (Dionex) and eluted for 85 min 

with a linear gradient of 2–80% solvent B in A at a flow rate of 300 nl/min for most samples. 

Solvent A consisted of 2% acetonitrile and 98% 0.1% formic acid (v/v) in water. Solvent B 

consisted of 98% acetonitrile and 2% 0.1% formic acid (v/v) in water. Mass spectra (ESI-MS) 

and tandem mass spectra (ESI-MS/MS) were recorded in positive-ion mode with a resolution 

of 12,000–15,000 FWHM. 
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For collision-induced dissociation MS/MS, the mass window for precursor ion selection 

of the quadrupole mass analyzer was set to ±1 m/z. The synthetic acetylated peptide 

IPAKacTPPAPK (ThermoFisher Scientific/Pierce Biotechnology) for mass spectrometric 

comparison was analyzed by reverse-phase HPLC-ESI-MS/MS with an Eksigent Ultra Plus 

nano-LC two-dimensional HPLC system connected to a quadrupole time-of-flight TripleTOF 

5600 mass spectrometer (Sciex) (Shilling et al., 2012). Databases were searched with Protein 

Pilot Software 4.5 revision 1656 (Sciex) and the Paragon Algorithm 4.5.0.0.1654 (Sciex) 

(Shilov et al., 2007) or an in-house Mascot server version 2.3.02 (Perkins et al., 1999). For 

manual inspection of peptides containing posttranslational modifications, we adapted 

published criteria. 

Cell culture and transfection. HeLa cells in Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin 

were grown at 37°C in 5% CO2. Primary cultures were established from hippocampi of 

Sprague-Dawley rat pups (Charles River Laboratories) on postnatal day 0 or 1. Purified cells 

(50,000 per 300 μl of neurobasal medium supplemented with B27; Life Technologies) were 

plated on poly-L-lysine-coated, glass-bottom 35-mm dishes (MatTek). After cells had 

attached, the medium was replaced. At 6 or 7 DIV, the cells were transfected with 

Lipofectamine 2000 (Life Technologies) and DNA plasmids mixed 2:1 in OPTI-MEM (Life 

Technologies). After 30 min, the transfection medium (neurobasal medium with kyneurenic 

acid) was replaced with conditioned neurobasal medium supplemented with B27. 

Immunostaining and confocal imaging. Mice were transcardially perfused with 0.9% 

saline, and the brains were fixed in 4% paraformaldehyde in PBS for 48 h and then incubated 

in 30% sucrose in PBS. For antigen retrieval, coronal brain sections 30 μm thick were cut 

with microtome and incubated in 10 mM citric acid at 90°C for 20 min. Floating brain 
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sections were permeabilized and blocked with PBS containing 0.3% Triton X-100 and 10% 

normal goat serum (PBST) at room temperature for 1 h. Sections were incubated first with 

antibodies against AnkG (N106/36, NeuroMab) and βIV-spectrin (gift from Dr. Matthew N. 

Rasband, Baylor College of Medicine) at 4°C overnight and then with Alex Fluor 488- and 

555-conjugated anti-mouse and anti-rabbit antibodies (Life Technologies) at room 

temperature for 1 h. Immunostaining with human brains was performed as described 

previously (Grinberg et al., 2013). Briefly, cases were selected from the Neurodegenerative 

Disease Brain Bank (NDBB) at the University of California, San Francisco. 8 μm-thick 

sections were cut from paraffin blocks and mounted on glass slides. Immunoperoxidase 

staining was performed using an avidin-biotin complex detection system (Vectastain ABC kit; 

Vector Laboratories). Slides were pretreated for antigen retrieval by immersion in 10 mM 

citric acid at 121°C for 5 min. The primary antibody mAb359 (Grinberg et al., 2013) was 

incubated overnight at 4°C and biotinylated secondary antibody (Vector Laboratories) was 

incubated at room temperature for 1 h. Slides were incubated in Avidin/Biotinylated enzyme 

Complex (ABC) at room temperature for 1 h followed by exposure to 3,3'-diaminobenzidine 

(DAB) substrate (Vector Laboratories). For immunofluorescence, after antigen retrieval and 

blocking with 0.1% Sudan Black solution, the primary antibodies mAb359 (Grinberg et al., 

2013), CP-13 (gift from Dr. Peter Davies, Feinstein Institute for Medical Research), and 

AnkG (N106/36, NeuroMab) were incubated overnight at 4°C. The secondary antibodies 

DyLight 488 and DyLight 549-conjugated anti-mouse and anti-rabbit antibodies were 

incubated at room temperature for 1 h. AIS Images were acquired with a Nikon Ti-E 

spinning-disk confocal microscope and a 60X oil objective. Seven serial optical sections (0.5 

μm steps) were projected into a single image to visualize the AIS. ImageJ software (NIH) was 

used to analyze the intensity and length of the AIS. 

MT-binding assay. MT binding assays in HeLa cells were performed as described (Lu and 
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Kosik, 2001) with modifications. DNA plasmids of mApple-mutant tau and GFP-WT tau 

were co-transfected into HeLa cells. To assess the intracellular distribution of WT and mutant 

tau, HeLa cells at 37°C in 5% CO2 were examined with a Nikon Ti-E spinning-disk confocal 

microscope and a 60X oil objective 24–48 h after transfection. After conversion of 

fluorescent RGB images into binary images, ImageJ (NIH) was used to subtract a binary 

image of WT tau from that of mutant tau. Cytoplasmic tau signals after the image subtraction 

were calculated as the MT-unbound tau index. 

Measuring MT dynamics. HeLa cells were co-transfected with GFP-EB1 and mApple-tau, 

and primary rat hippocampal neurons at DIV 6–7 were co-transfected with GFP-EB3 and 

mApple-tau; the cells were imaged at 37°C in 5% CO2 24 h after transfection. Live time-

lapse imaging was performed every second for 60 sec with a Nikon Ti-E spinning disk 

confocal microscope and a 60X oil objective. Movement of GFP-EB1 and GFP-EB3 comets 

were analyzed with the Matlab software package plusTipTracker (Applegate et al., 2009). 

Fluorescence recovery after photobleaching (FRAP). Primary rat hippocampal neurons at 

DIV 6–7 were co-transfected with GFP-tubulin and mApple-tau, and imaged 24 h after 

transfection. Before imaging, the AIS was immunolabeled with an antibody against the 

extracellular domain of neurofascin (A12/18, NeuroMab) at 37°C for 5 min. After brief rinses 

with Neurobasal A media, Alexa Fluor 647 anti-mouse secondary antibody was applied at 

37°C for 5 min. For FRAP experiments, we used a Nikon Ti wide-field microscope and a 

100X oil objective to examine cells at 37°C in 5% CO2. An ROI (~5 μm) for photobleaching 

was drawn in the center of the AIS, as judged from anti-neurofascin staining. GFP-tubulin 

was bleached with a 473-nm laser and fluorescence recovery was monitored with a 488-nm 

laser. Time-lapse images were taken every second for 60 sec. Images in which 

photobleaching reduced fluorescence intensity by more than 70% were analyzed. The 

fluorescence signal was background subtracted and quantified with ImageJ (NIH). 
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Photoconversion. Time-lapse live imaging during photoconversion was performed as 

described (Li et al., 2011) using photoconvertible mEOS2-tau. Primary rat hippocampal 

neurons at DIV 6–7 were transfected with mEOS2-tau and imaged 48–72 h later with a 

Nikon Ti-E spinning disk confocal microscope at 37°C with 5% CO2. A ~30-μm portion of an 

axon segment ~30 μm from the cell body was subjected to photoconversion with a 405-nm 

laser (two to three 300-ms exposures), and red fluorescence images were acquired every 30 

sec for 30 min. Using ImageJ (NIH), changes in red fluorescence intensity was analyzed in 

both the cell body and a distal axon ~30 μm away from the photoconversion site. Changes in 

red fluorescence intensity were normalized to the initial red fluorescence intensity from the 

photoconversion site right after photoconversion. 

Western blot. Human brain tissues were lysed in RIPA buffer (50 mM Tris, pH. 7.4, 150 

mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40) with histone deacetylase inhibitors (1 μM 

trichostatin, 5 mM nicotinamide; both from Sigma), 1 mM phenylmethyl sulfonyl fluoride 

(Sigma), phosphatase inhibitor cocktail (Roche), and protease inhibitor cocktail (Sigma). 

Lysates were sonicated and centrifuged at 170,000 g at 4°C for 15 min and at 18,000 g at 4°C 

for 10 min. Supernatants were collected, and protein concentrations were measured by 

bicinchoninic acid assay (Pierce). Proteins were resolved on 4–12% SDS-PAGE and 

transferred to nitrocellulose membranes. After blocking with nonfat dry milk, the membranes 

were probed at 4°C overnight with primary antibodies: rabbit monoclonal mAb359 (Grinberg 

et al., 2013), mouse monoclonal anti-AnkG (N106/20, NeuroMab), rabbit polyclonal anti-

βIV-spectrin (gift from Dr. Matthew N. Rasband, Baylor College of Medicine), mouse 

monoclonal Tau5 (AHB0042, Life Technologies), and mouse monoclonal anti-GAPDH 

(MAB374, Millipore). The membranes were then incubated with HRP-conjugated secondary 

antibodies at room temperature for 1 h. Immunoblots were visualized by enhanced 

chemiluminescence (Thermo Scientific) and quantified by ImageJ software (NIH). 
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Differentiation of human iPSCs into neurons. The differentiation protocol of human 

induced pluripotent stem cells (iPSCs) from Zhang et al. (2013) was adapted for expression 

of a single transcription factor neurogenin-2 (NGN2) that coverts iPS cells into homogenous 

glutamatergic neurons. Instead of lentiviral delivery of tetracyclin-induced expression of 

NGN2 construct (Zhang et al., 2013), we engineered a stable WTC11 iPSC line with single 

site integration of NGN2 into human genome AAVS1 locus by TALENs technique and 

selected homozygous clonal population by puromycin. iPSCs were plated at 2 x 10
6
 cells per 

well in 6-well plate in DMEM/F-12/N2/NEAA medium supplemented with BDNF (10 μg/l, 

INvitrogen), NT3 (10 μg/l, Invitrogen), laminin (0.2 mg/l, Invitrogen), and doxycycline (2 g/l, 

Clontech) for pre-differentiation for 3-5 days before re-seeding on coverslips. Pre-

differentiated iPSCs were dissociated from the plate by the accutase enzyme. 5 x 10
5
 cells per 

coverslip were re-seeded on matrigel-coated coverslips in neurobasal A medium 

supplemented with B27, glutamax, BDNF, NT3, laminin, and doxycycline (Day 0). On day 1, 

astrocytes were added in neurobasal medium with B27, glutamax, BDNF, NT3, laminin, 

doxycycline, and 2μM AraC. On day 6, doxycycline was excluded from growth medium. On 

day 7, serum-containing growth medium (MEM supplemented with B27, glucose, NaHCO3, 

transferrin, L-glutamine, AraC, and FBS) was applied. In 3-4 weeks of differentation, cells 

became mature neurons with a single AIS and synapse formation. The iPS cell lines (GIH and 

030) with V337M tau mutation were gifts from Dr. Yadong Huang (Gladstone Institutes) and 

Bristol Myers Squibb (BMS), respectively.  

Statistical analyses. Data were analyzed with GraphPad Prism 5 and STATA12. 

Differences between groups were assessed with the unpaired t test, one-way ANOVA with 

post-hoc test, and mixed-model linear regression analysis as indicated. Longitudinal data 

were fitted with mixed-model linear regression using the xtmixed command from STATA 12. 

The linear relationship between two variables was analyzed by Pearson’s correlation analysis 
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after natural log transformation.  
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CHAPTER 3 

Acetylated tau destabilizes the cytoskeleton in the axon initial segment  

and is mislocalized to the somatodendritic compartment 

 

Acetylation at K274/281 reduces tau binding to MTs 

To identify lysine residues in tau that are acetylated in human AD brains, soluble tau was 

extracted from AD brains with a column conjugated with the anti-tau antibody, 

proteolytically digested, and analyzed by HPLC-ESI-MS/MS. K274 and K281 in the MT-

binding domain were acetylated (Fig. 1A, B). Posttranslational modifications of tau in the 

MT-binding domain can affect its binding affinity for MTs (Biernat et al., 1993; Wagner et al., 

1996; Ballatore et al., 2007). To examine the effect of acetylation at K274/K281 on tau 

binding to MTs, we mutated K-to-Q to mimic acetyl-lysine or K-to-R to mimic deacetylated 

lysine (Hecht et al., 1995; Luo et al., 2003). To assess the binding affinity, we analyzed cells 

expressing mApple-WT tau and GFP-mutant tau in a competitive MT-binding assay (Lu and 

Kosik, 2001). In HeLa cells co-transfected with mApple-WT tau and GFP-tubulin, WT tau 

co-localized with MTs visualized by GFP-tubulin, indicating attachment of WT tau to MTs 

(Fig. 2A). In contrast, a tau mutant with a lower affinity for MTs exhibits more diffuse 

distribution than WT tau (Lu and Kosik, 2001). Thus, the unbound tau index is calculated by 

subtracting the fluorescence signal of mApple-WT tau from that of GFP-mutant tau. The 

unbound tau index for K274/281Q tau was significantly higher than WT tau, whereas 

K274/281R tau showed similar binding affinity as WT tau, suggesting that acetylation at 

K274/281 reduces tau binding to MTs. Binding of individual mutant K274Q or K281Q tau 

was modestly reduced. K-to-Q mutations outside the MT-binding domain 

(K163/174/180/190Q; 4KQ(N)) did not affect the unbound tau index, as expected (Fig. 2B, 

C). The difference in the amount of unbound cytoplasmic tau is unlikely due to different tau 
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expression levels, as K274/281Q and WT tau had similar levels of expression levels (Fig. 2D), 

and the unbound tau index did not correlate with tau levels (p = 0.19, Pearson correlation 

analysis).  

 

 

 

 Figure 1. Ac-K274/281 tau is present in human AD brains. 

(A,B) Electrospray ionization tandem mass spectrometry analysis identified two acetylated 

peptides, HQPGGGKAcVQIINK (residues 268-280) and KAcLDLSNVQSK (residues 281-

290), from trypsin digested tau immunoprecipitated from human AD brains. (A) K274 and 

K281 are located in the MT-binding domain of tau. (B) The molecular ion [M+3H]
3+

 at 

m/z 473.24 (M=1416.68) was selected for collision induced dissociation (CID) and the 

resulting MS/MS spectra identified ac-K274 (Mascot score 34, expectation value 0.00042). 

The molecular ion [M+2H]
2+

 at m/z 587.32 (M=1172.62) was selected for CID and the 

Mascot search results identified ac-K281 (Mascot score 50, expectation value 0.000009). 
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K*: immonium ion marker ion at m/z 126.1 for ac-K. 
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Figure 2. K274/281Q tau has reduced affinity for MTs.  

(A) Representative images of co-localization of GFP-tubulin and mApple-WT tau in a HeLa 

cell. (B–D) MT-binding assay in HeLa cells co-transfected with GFP-mutant tau and 

mApple-WT tau. (B) Representative images of HeLa cells co-transfected with GFP-

K274/281Q or GFP-K274/281R tau and mApple-WT tau. GFP-K274/281Q tau is distributed 

diffusely in the cytoplasm. mApple-WT tau appears to bind to MTs. (C,D) Quantification of 

MT-unbound tau and levels of tau in HeLa cells co-transfected with GFP-mutant tau and 

mApple-WT tau. 4KQ(N) denotes GFP-K163/174/180/190Q tau. n = 60–90 cells/group from 

two to three independent experiments. ***p<0.001, one-way ANOVA with Dunnett’s post-

hoc analyses. Values are mean  SEM Scale bars, 10 μm. 

 

Acetylation at K274/281 leads to hyperdynamic MTs in the AIS 

Tau isoforms with different MT-binding affinities differ in their effects on the dynamic 

behavior of MTs (Panda et al., 2003; Bunker et al., 2004). To determine whether acetylation 

at K274/281 affects MT dynamics in living cells, we tracked the movement of individual 

MTs by using GFP-tagged ending-binding (EB) proteins that bind to MT plus-ends 

(Akhmanova and Steinmetz, 2008). The rates of movement were calculated in unbiased 

fashion with plusTipTracker, which faithfully tracks EB comets from time-lapse images of 

living cells (Applegate et al., 2011). HeLa cells co-transfected with GFP-EB1 and either 

mApple-WT or -K274/281Q tau constructs were imaged every second for 1 min (Fig. 3A, B). 

The EB1 comets moved slower in cells expressing mApple-WT tau than in mock-transfected, 

consistent with the notion that tau stabilizes MTs (Panda et al., 2003; Bunker et al., 2004). 

Cells expressing K274/281Q tau exhibited significantly faster EB1 comet movements than 

mock-transfected controls and those expressing WT tau (Fig. 3C). WT and K274/281Q tau 

were expressed at similar levels (Fig. 3D), and the rates of EB1 comet movement did not 
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correlate with tau levels (p = 0.87, Pearson correlation analysis). These results support that 

acetylation at K274/281 induces hyperdynamicity of MTs in HeLa cells. 

In primary neurons, we co-transfected primary rat hippocampal neurons at 6–7 DIV with 

GFP-EB3 and mApple-tau constructs. EB comets were imaged 24 to 48 h after transfection, 

and MT dynamics were analyzed (Fig. 3E, F). The rate of movement was significantly higher 

in neurons expressing K274/281Q tau than in those expressing WT tau (Fig. 3G). Similarly, 

the levels of WT and K274/281Q tau did not differ (Fig. 3H), and the rates of movement of 

EB comets did not correlate with tau levels (p = 0.37, Pearson correlation analysis). 

The stability of neuronal MTs varies depending on the cellular compartment. MTs in the 

AIS are highly stabilized by modifications and bundling and function as a barrier to maintain 

the polarized distribution of tau in axons (Nakata et al., 2011; Jones et al., 2014; Li et al., 

2011). Since acetylation at K274/281 increased MT dynamics in neurons, we examined the 

effect of tau acetylated at K274/281 on the stability of the MTs in the AIS by FRAP. Rat 

hippocampal neurons at 6–7 DIV were co-transfected with GFP-tubulin and mApple-tau 

constructs; 24 h later, we labeled the AIS of live neurons with an antibody against the 

extracellular domain of neurofascin, located in the plasma membrane of the AIS (Leterrier et 

al., 2011). The neurofascin antibody delineated the AIS during live imaging (Fig. 4A), 

enabling us to photobleach GFP-tubulin in a segment of the AIS. Monitoring of the GFP-

tubulin signal for 1 min after photobleaching showed a significantly faster fluorescence 

recovery rate in cells expressing K274/281Q tau than in those expressing similar levels of 

WT tau (Fig. 4B, C), consistent with destabilization of MTs in the AIS by K274/281Q tau. 
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Figure 3. K274/281Q tau increases MT dynamics in HeLa cells and primary neurons.  

(A–D) Measuring MT dynamics with GFP-EB1 in HeLa cells. (A) Representative images of 

HeLa cells co-transfected with mApple-WT or mApple-K274/281Q tau and GFP-EB1. Insets 

show labeling tips of MTs by GFP-EB1 within white boxes. Scale bars, 10 μm. (B) 

Movement of a GFP-EB1 comet (arrowheads). Scale bar, 2 μm. (C,D) Quantification of the 

rate of GFP-EB1 movement and tau levels in HeLa cells co-transfected with GFP-EB1 and 
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mApple-tau. Controls were transfected only with mApple. n = 14–16 cells/group from two 

independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with 

Tukey’s post hoc test. (E–H) Measuring MT dynamics with GFP-EB3 in rat primary neurons. 

(E) Representative images of HeLa cells co-transfected with mApple-WT or mApple-

K274/281Q tau and GFP-EB3. Enlarged images show GFP-EB3 comets within white boxes. 

Scale bars, 5 μm. (F) Movement of an individual GFP-EB3 comet (arrowheads) Scale bar, 2 

μm. (G,H) Quantification of GFP-EB3 movement rate and tau levels in rat primary neurons 

co-transfected with GFP-EB3 and mApple-tau. n = 9–13 cells/group from two independent 

experiments. *p < 0.05, one-way ANOVA with Tukey’s post hoc test. Values are mean  SEM. 
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Figure 4. K274/281Q tau increases tubulin dynamics in the AIS.  

(A) Representative images of a rat primary neuron co-transfected with mApple-WT or 

mApple-K274/281Q tau and GFP-tubulin. White boxes indicate the portion of the AIS 

(revealed by anti-neurofascin) where GFP-tubulin was photobleached. (B) Representative 

images of photobleaching and fluorescence recovery of GFP-tubulin in a ~5-μm portion of 

the AIS in rat primary neurons transfected with mApple-WT or mApple-K274/281Q tau. (C) 

Quantification of FRAP of GFP-tubulin in the AIS of rat primary neurons co-transfected with 

mApple-WT or mApple-K274/281Q tau and GFP-tubulin. n = 25–26 cells/group from three 

independent experiments. **p<0.01, mixed model linear regression analysis. Values are mean 

 SEM. Scale bars, 5 μm. 

 

Neuronal expression of K274/281Q tau reduces levels of AIS cytoskeleton in vivo 

Next, we examined whether tau acetylation at K274/281 destabilizes the AIS cytoskeleton in 

vivo. Transgenic mice were generated to express K274/281Q human tau (2N4R) in the brain 

under the prion promoter (Fig. 5A). Since MTs in the AIS are connected to submembranous 

cytoskeletal proteins in the AIS such as βIV-spectrin and AnkG (Leterrier et al., 2011; Jones 

et al., 2014), we suspected that changes in stability of one component of the AIS cytoskeleton 

could alter the integrity of other components of the AIS cytoskeleton. We therefore 

characterized βIV-spectrin and AnkG by immunohistochemistry in the transgenic mice 

expressing K274/281Q tau (tauKQ mice). Fluorescence intensities of βIV-spectrin and AnkG 

staining were analyzed in the somatosensory cortex. Indeed, there was a significant decrease 

in βIV-spectrin and AnkG present at the AIS in tauKQ mice compared to nontransgenic 

controls, suggesting that acetylation at K274/281 can lead to destabilization of the AIS 



31 

cytoskeleton in vivo (Fig. 5B–D). The length of the AIS cytoskeleton, which can be 

modulated by external stimuli (Kuba et al., 2010; Grubb and Burrone, 2010), did not differ in 

tauKQ and control mice (Fig. 5E). 
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Figure 5. K274/281Q tau destabilizes AIS cytoskeleton in tauKQ mice.  

(A) Representative images of hTau, βIV-spectrin, and AnkG immunostaining in 

somatosensory cortex of 2 month-old nontransgenic and tauKQ mice. Scale bars, 20 μm. 

(B,C) Representative images and fluorescent intensity profiles of βIV-spectrin and AnkG 

immunostaining in somatosensory cortex of 2 month-old nontransgenic and tauKQ mice. 

Scale bars, 5 μm. (D,E) Quantification of intensity and length of βIV-spectrin and AnkG 

immunostaining in the somatosensory cortex of 2 month-old nontransgenic and tauKQ mice. 

n = 119–132 cells from 6 mice/group. *p < 0.05, **p < 0.01, mixed-model linear regression 

analyses. Values are mean  SEM. 

 

AIS cytoskeletal proteins are downregulated in human AD brains 

Acetyl-K274/281 tau was detected from human AD brain by mass-spectrometry (Tracy et al., 

unpublished observations). Acetyl-K274 tau detected with mAb359 was highly enriched in 

intraneuronal tau inclusions in human tauopathy brains (Fig. 6A-C; Grinberg et al., 2013). 

Acetyl-K274 tau was localized in the cytoplasm of neurons of FTDP-17 patients (Fig. 6A) 

and also in the corticobasal bodies of patients with A152T mutation (Fig. 6B), which is linked 

with increased risk of AD and progressive supranuclear palsy (PSP) (Coppola et al., 2012). In 

AD patients, acetyl-K274 tau was localized in the neurofibrillary tangles (Fig. 6C). 

Interestingly, unlike phosphorylated tau, which was localized in the soma and processes, 

mAb359-positive signal appeared highly enriched in the soma. Processes, including axons 

where tau is normally expressed, were largely devoid of mAb359-positive acetyl-K274 tau 

(Fig. 6D). Interestingly, levels of AnkG in the AIS appeared to be reduced in AD brains (Fig. 

6E). Semi-quantitative western blot confirmed that the levels of acetyl-K274 tau were higher, 

whereas those of AnkG and βIV-spectrin were lower, at late Braak stages than at early Braak 

stages of AD patients (Fig. 6F, G; Table 1). Moreover, levels of AnkG and βIV-spectrin 
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correlated negatively with those of acetyl-K274 tau (Fig. 6H), raising the possibility that 

increased levels of acetyl-K274 tau in AD brains could downregulate AIS cytoskeletal 

proteins. 
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Figure 6.  Levels of AIS cytoskeletal proteins are downregulated in human AD brains 

and correlate negatively with ac-K274 tau levels.  

(A-C) Representative images of ac-K274 tau immunostaining in the inferior temporal cortex 

of human tauopathy brains. Scale bars, 50 μm. (A) Cytoplasmic tau inclusions (arrows) in the 
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brain of FTDP-17 patients. (B) Corticobasal bodies (arrows) in patients with A152T tau 

mutation. (C) Neurofibrillary tangles (arrows) in AD brains. (D) p-S202/T205 and ac-K274 

tau immunostaining in AD brains. Scale bars, 50 μm. (E–H) Measuring AIS cytoskeletal 

proteins and ac-K274 tau in human AD brains. (E) Representative images of AnkG 

immunostaining in human control and AD brains. Scale bars, 10 μm. (F,G) Representative 

western blots and quantification of levels of AnkG, βIV-spectrin, and ac-K274 tau in human 

AD brains. n = 12–15 samples/group. *p < 0.05, **p < 0.01, unpaired t test. (H) Correlation 

analyses between AnkG or βIV-spectrin and ac-K274 tau. Pearson correlation analyses after 

natural log transformation. Values are mean  SEM (G). 

 

Acetylation at K274/K281 leads to the somatodendritic mislocalization of tau, which can 

be rescued by EpoD  

Since the AIS is implicated in restricting tau distribution in the axon (Li et al., 2011), we 

suspected that acetylation at K274/281 that weakens the AIS barrier could lead to 

mislocalization of axonal tau. Photoconvertible tau constructs were used to monitor the 

movement of tau in rat hippocampal neurons. At DIV 6–8, the cells were transfected with 

mEOS2-tau constructs that turns red upon UV illumination. Tau in an AIS segment ~30 µm 

away from the cell body was targeted for photoconversion, and influx of tau into the 

somatodendritic compartment was monitored (Fig. 7A). As judged from the increase in 

fluorescence intensity, the influx was much greater with K274/281Q tau than WT tau or 

K274/281R tau (Fig. 7B, C). The higher influx rate suggests that acetylation at K274/281 

enabled tau to bypass the sorting barrier in the AIS. In the distal axons, cells expressing both 

constructs showed similar time-dependent increase in fluorescence intensity, suggesting that 

both WT and K274/281Q tau can freely in the absence of AIS barrier (Fig. 7D). 

To test whether stabilization of MTs could restore the AIS barrier function and prevent 
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mislocalization of acetylated tau, we treated the neurons expressing K274/281Q tau with a 

low dose of epothilone D (EpoD), an MT stabilizer, to reduce MT dynamics (Zhang et al., 

2012; Barten et al., 2012). Treatment with EpoD prevented the influx of axonal K274/281Q 

tau into the somatodendritic compartment (Fig. 7B, C). EpoD also modestly slowed down the 

movement of K274/281Q tau to the distal portion of axon (Fig. 7D). These findings support 

the importance of MT stability in controlling axonal sorting of tau.  

Mislocalization of tau occurs early in disease progression, and dendritic tau contributes to 

the pathogenesis of neurodegenerative diseases (Ittner and Gotz, 2011; Zempel and 

Mandelkow, 2014). We hypothesized that prevention of tau mislocalization by stabilization of 

MTs could ultimately result in the amelioration of tau pathology. To test whether stabilization 

of MTs would reduce acetylated tau-driven pathology, we conducted the 

immunohistochemistry with the MC1 antibody targeting the tau protein with pathological 

conformation (Jicha et al., 1997) in the K274/281Q tau-expressing transgenic mice with 

weekly injections of 1mg/kg EpoD for 3 months. The levels of tau with pathological 

conformation recognized by the MC1 antibody in cortex were reduced in the transgenic mice 

with EpoD treatment compared to vehicle-treated transgenic mice (Fig.8A, B).  
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Figure 7. Stabilization of MTs reduces somatodendritic mislocalization of K274/281Q 

tau.  

(A–D) Photoconversion of mEOS2-tau and its movement in rat primary neurons. (A) 

Schematic diagram of photoconversion of mEOS2-tau in the AIS and monitoring its 

movement toward somatodendritic compartment and distal axon. (B) Time-lapse live images 

of mEOS2-WT, mEOS2-K274/281Q, and mEOS2-K274/281R tau before and after 
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photoconversion in an axon segment of ~30 μm next to the AIS. The last row represents 

photoconversion of mEOS2-K274/281Q tau after EpoD treatment (20 nM). Circles indicate 

the somatodendritic compartment. Scale bars, 10 μm. (C,D) Quantification of fluorescent 

intensity in the somatodendritic compartment (C) and distal axon (D) for 30 min after 

photoconversion of mEOS2-tau in rat primary neurons. n = 8–21 cells/group from three to 

nine independent experiments. *p < 0.05, **p < 0.01, mixed model linear regression analyses. 

Values are mean  SEM. 

 

 

 

Figure 8. Stabilization of MTs reduces tau pathology in tauKQ mice.  

(A,B) Representative image and quantification of MC1 immunostaining in the somatosensory 

cortex of tauKQ mice treated with EpoD (1 mg/kg) or vehicle. n = 18 sections from 6 

mice/group. *p < 0.05, mixed-model linear regression analyses. Values are mean  SEM. 

Scale bars, 100 μm. 
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CHAPTER 4 

Characterization of the AIS in human iPSC-derived neurons 

 

Characterization of the AIS in human iPSC-derived neurons with V337M tau mutation 

Expression of a single transcription factor NGN2 coverts iPS cells into homogeneous 

glutamatergic neurons (Zhang et al., 2013). We engineered a stable iPS cell line with single 

site integration of NGN2 into human genome AAVS1 locus by TALENs technique. The iPS 

cells were pre-differentiated with tetracycline-induced expression of NGN2 and re-seeded on 

coverslips. Serial growth medium changes with addition of glia, addition of serum, and 

removal of doxycycline led to differentiation into morphologically and functionally mature 

neurons in 3-4 weeks (Fig. 9A). To confirm the polarization of neurons, immunostaining with 

axonal and dendritic markers – AnkG and MAP2, respectively – was performed. iPSC-

derived neurons after 5-week differentiation possessed a single axon labeled with AnkG at 

the AIS and multiple dendrites labeled with MAP2, which is absent in axons, suggesting 

robust polarization into asymmetric structures which are a key characteristics of healthy 

neurons (Fig. 9B). Interestingly, differentiation with astrocytes led to enlarged soma with 

multiple AIS structures, indicating that astrocytes may play a critical role in establishment of 

neuronal polarity (Fig. 9C). The differentiated human neurons exhibited clustering of voltage-

gated sodium channels in the AIS which are essential for generation of action potentials (Fig. 

9D).  

To determine whether pathogenic tau alters AIS characteristics in human iPSC-derived 

neurons, we analyzed the AIS location and length of human neurons derived from patients 

with FTDP-17 tau mutation (V337M). AnkG immunostaining in two independent lines with 

V337 mutation (030 and GIH) showed that starting point of the AIS in V337M tau neurons 

was shifted distally in axons compared to WT tau neurons. The AIS length was unaltered in 
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V337M tau neurons (Fig. 10A, B). To examine dynamic features of the AIS in human neurons 

in response to increased neuronal activity, we treated them with 10mM KCl for 32 h. Unlike 

in rodent neuronal cultures where relocation of the AIS occurs (Grubb and Burrone, 2010), 

human neurons significantly shortened their AIS length upon stimulation with KCl. This 

unique phenomenon of AIS plasticity in human neurons was impaired in V337M tau neurons. 

V337M tau neurons failed to reduce the AIS length in response to KCl, but they rather 

appeared to change their AIS location toward the soma (Fig. 10A, B).  

 

Characterization of the AIS in human iPSC-derived neurons with tau knockdown 

Recent studies have demonstrated that tau regulates neuronal excitability. Genetic reduction 

of tau attenuates network hyperexcitability (Roberson et al., 2011; Holth et al., 2013; DeVos 

et al., 2013). Although the roles of tau in synaptic plasticity have been studied to explain tau’s 

role in activity modulation, it is still unknown whether tau can affect AIS plasticity which can 

change the overall excitability of a neuron. To determine whether tau plays a role in 

establishing static and dynamic features of the AIS, we performed tau knockdown with RNA 

interference and analyzed the AIS location and length. Application of 1μM tau siRNA for one 

week in human iPS neuronal cultures was sufficient to lead to significant reduction in levels 

of tau protein (Fig. 11A). AnkG immunostaining revealed that the AIS length was increased 

in human neurons with tau knockdown. The AIS starting location was unchanged with tau 

knockdown. The extent of reduction of the AIS length in response to KCl appeared to be 

larger in human neurons with tau knockdown (Fig. 11B, C). Although these data are 

preliminary, they suggest a restrictive role of tau in determining the AIS length in both static 

and dynamic states.   
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Figure 9. Differentiation of human iPSC-NGN2 stable line into neurons.  

(A) Schematic describing iPSC differentiation protocol into neurons. Inducible expression of 

NGN2 by doxycycline followed by incubation in serum-containing medium led to 

differentiation into neurons in 3 weeks. (B) AnkG and MAP2 immunostaining of polarized 

iPSC-derived neurons after 5 weeks of differentiation. (C) Representative images of AnkG 

and MAP2 immunostaining of iPSC-derived neurons with and without astrocytes after 5 

weeks of differentiation. (D) Pan-Nav and MAP2 immunostaining of polarized iPSC-derived 

neurons after 5 weeks of differentiation. Scale bars, 20 μm. 
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Figure 10. Activity-dependent AIS plasticity in human iPSC-derived neurons and its 

impairment in human iPSC-derived neurons with V337M tau mutation.  

(A) Representative images of AnkG and MAP2 immunostaining of WT and two V337M tau 

iPSC lines with either 10mM NaCl (control) or 10mM KCl treatment for 32 h after 5-6 weeks 

of differentiation. Short white lines indicate start and end locations of the AIS. Scale bars, 20 

μm. (B) Quantification of length and start location of AnkG immunostaining of WT and two 

V337M tau iPSC lines with either 10mM NaCl (control) or 10mM KCl treatment for 32 h 

after 5-6 weeks of differentiation. n = 28-165 cells/group from 1-2 independent experiments. 
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**p < 0.01, ***p < 0.001, one-way ANOVA with Tukey’s post hoc test. Values are mean  

SEM. 
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Figure 11. Activity-dependent AIS plasticity in human iPSC-derived neurons with tau 

knockdown.  

(A) Representative images and quantification of tau knockdown by hTau immunostaining of 

human iPSC-derived neurons incubated with either 1μM control siRNA or 1μM tau siRNA 

for 1 week after 5 weeks of differentiation. Scale bars, 20 μm. ***p < 0.001, unpaired student 

t-test. (B,C) Representative images and quantification of AnkG and MAP2 immunostaining 

of human iPSC-derived neurons incubated with either 1μM control siRNA or 1μM tau siRNA 

for 1 week after 5 weeks of differentiation. Each group was treated with either 10mM NaCl 

(control) or 10mM KCl treatment for 32 h. Short white lines indicate start and end locations 

of the AIS. Scale bars, 20 μm. n = 39-48 cells/group from 1 experiment. **p < 0.01, ***p < 

0.001, one-way ANOVA with Tukey’s post hoc test. Values are mean  SEM. 
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CHAPTER 5 

Conclusion and Discussion 

 

This study shows that AD-relevant acetylation of tau at K274 and K281 has a critical role in 

the somatodendritic mislocalization of tau. A mutant tau (K274/281Q) that mimics 

acetylation had reduced affinity for MTs and increased MT dynamics in the AIS. AIS-specific 

cytoskeletal proteins were downregulated in the brain both in transgenic mice expressing 

K274/281Q tau and in human AD patients. Destabilization of the AIS cytoskeleton resulted in 

mislocalization of K274/281Q tau into the somatodendritic compartment. Pharmacological 

stabilization of MTs prevented tau mislocalization. Our findings support aberrant tau 

acetylation as a novel mechanism by which pathogenic tau is mislocalized in the 

pathogenesis of neurodegenerative diseases. Characterization of the AIS in human iPSC-

derived neurons reveals aberrant AIS location and impaired AIS plasticity in V337M tau 

neurons.  

Pathogenic mutations increase MT turnover and perturb MT stability in transgenic mice 

expressing human P301S or P301L tau (Zhang et al., 2005, 2012; Barten et al., 2012). 

However, little is known about the underlying mechanisms. In HeLa cells and primary 

neurons, our current study showed that acetyl-mimicking K274/281Q tau led to elevated MT 

movements compared with cells expressing WT tau, suggesting MT hyperdynamicity 

induced by tau acetylation.  

 Neurons are highly polarized cells and MT dynamics in a neuron varies depending on 

the subcellular location (Conde and Caceres, 2009). Unlike those in dendrites and distal 

axons, MTs in the AIS are highly stable (Leterrier et al., 2009; Konishi and Setou 2009). Tau 

acetylated at K274 and K281 reduces the stability of MTs in the AIS, as measured with site-

specific FRAP to monitor tubulin dynamics. Acetylated tau also destabilized the AIS 
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cytoskeleton in vivo. AnkG and βIV-spectrin are essential for AIS stability since depletion of 

either AnkG or βIV-spectrin dismantles the AIS (Jenkins and Bennett, 2001; Komada and 

Soriano, 2002; Hedstrom et al., 2008). TauKQ mice had reduced levels of the cytoskeletal 

proteins AnkG and βIV-spectrin in the AIS. AnkG and βIV-spectrin levels were also 

decreased in human AD brains, consistent with a report that the AIS filtering machinery was 

impaired in a mouse model of AD (Sun et al., 2014). The level of acetylated tau increases as 

AD pathology proceeds (Min et al., 2010) and, in particular, ac-K274 tau accumulates in 

human brains with tau inclusions (Fig. 6 A-D; Grinberg et al., 2013). In human AD brains, we 

found elevated levels of ac-K274 tau, which correlated negatively with the levels of AnkG 

and βIV-spectrin. Since the AIS cytoskeleton is critical for maintaining axonal-dendritic 

asymmetry (Rasband, 2010), the downregulation of AIS cytoskeletal proteins in mice and 

humans suggests that sorting of neuronal proteins that require polarized distribution may be 

impaired in AD brains with increased acetylated tau. 

How does acetylated tau destabilize MTs, AnkG, and βIV-spectrin in the AIS? MTs and 

the submembranous cytoskeleton appear to be both physically and functionally connected. 

MT bundles in the AIS are densely coated with an actin-based cytoskeletal network that 

contains AnkG and βIV-spectrin (Jones et al., 2014). EB1 and EB3 may connect MTs to 

AnkG, and EB1/3 knockdown leads to downregulation of AnkG in the AIS (Leterrier et al., 

2011). On the other hand, a mutation in ankyrin disrupts MT organization in C. elegans 

(Maniar et al., 2012). Tau interacts with EB1 and EB3 and augments their binding to MTs 

(Sayas et al., 2015). One likely mechanism could be that acetylated tau reduces EB1/3 

binding to MTs, leading to destabilization of MT and downregulation of AnkG and βIV-

spectrin in the AIS. Considering tau’s potential role in connecting MTs and actin-based 

cytoskeletal networks (Farias et al., 2002), it is also possible that, independently of EB1/3, 

the AIS submembranous cytoskeleton might be destabilized by altered direct binding of 
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acetylated tau to cytoskeletal networks consisting of actin, AnkG, and βIV-spectrin. These 

two models are not mutually exclusive. 

Our finding that MTs in the AIS are critical for axonal retention of tau is consistent with 

the notion that they form a retrograde barrier that keeps axonal tau from entering the 

somatodendritic compartment (Li et al., 2011). Acetylated tau destabilizes this MT-based 

barrier in the AIS and thus could enter the somatodendritic compartment. MT stabilization 

with EpoD restored this barrier function and prevented mislocalization of acetylated tau. 

Pharmacological MT stabilization reduces tau binding to MTs (Kar et al., 2003; Samsonov et 

al., 2004), and EpoD dissociates tau from MTs (unpublished data). Increased diffusion of 

MT-free tau could contribute to circumvention of the MT-based barrier in the AIS (Li et al., 

2011). However, low-dose EpoD prevented acetylated tau from mislocalization – a finding 

that emphasizes the importance of MT stability in the barrier function for retention of axonal 

tau. Since the submembrane AIS cytoskeleton functions as a filter controlling cytoplasmic 

transport in a neuron (Song et al., 2009), reduction of AnkG and βIV-spectrin levels by 

acetyl-K274/281 tau might also contribute to tau mislocalization. MT stabilization with EpoD 

prevented tau mislocalization and thus might increase the stability of interconnected AIS 

submembrane cytoskeletal networks. Our findings suggest that acetylated tau has an active 

role in disturbing stability of MTs in the AIS, resulting in circumvention of MT-based barrier 

in the AIS and consequent somatodendritic mislocalization. 

EpoD administration in transgenic mice expressing human P301S or P301L protects mice 

against MT dysfunction and AD-like pathology (Zhang et al., 2005 and 2012; Barten et al., 

2012). Our transgenic mice expressing human K274/281Q Tau developed misfolded Tau 

recognized with MC1 antibody even in their young ages of 5 months. Intraperitoneal 

injection of 1mg/kg EpoD for 3 months significantly reduced this MC1-reactive Tau 

pathology, which is consistent with previous findings (Zhang et al., 2012; Barten et al., 2012).  
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Mechanisms underlying the beneficial effects of EpoD on the amelioration of tau 

pathology remain unclear. Since somatodendritic mislocalization of tau is accompanied by 

pathological features of tau such as hyperphosphorylation and aggregation of tau (Zempel 

and Mandelkow 2014), it is plausible that EpoD could reduce mislocalization of tau into the 

somatodendritc compartment, lowering risk of developing tau pathology. EpoD is shown to 

improve MT-based active transport in a tauopathy mouse model (Zhang et al, 2012). It is also 

possible that the effect of EpoD on improvement of active transport might contribute to 

amelioration of tau pathology because impaired active transport can lead to exacerbation of 

hyperphosphorylation and aggregation of tau (Falzone et al., 2010).  

Our novel finding that the AIS length is reduced in response to increased neural activity in 

human iPSC-derived neurons is consistent with the notion that the AIS is a target for 

homeostatic plasticity mechanisms against changes in neural activity (Grubb and Burrone, 

2010; Kuba et al., 2010; Evans et al., 2013). Reduction in the AIS length can be explained by 

the hypothesis that neurons become less excitable upon prolonged increased neural activity 

and require stronger stimulation to fire. Interestingly, unlike rodent cultured neurons, human 

neurons changed the AIS length rather than its location. This discrepancy might stem from 

different mechanisms underlying cytoskeletal rearrangement for AIS plasticity in human 

neurons compared to rodent neurons which require L-type calcium channels and calcineurin 

activation for AIS rearrangement (Evans et al., 2013) since composition of the AIS and its 

plasticity vary across different neuronal subtypes (Lorincz and Nusser, 2008; Evans et al., 

2013).   

We found that the AIS of V337M tau neurons started more distally than WT neurons. One 

possible interpretation would be that hyperexcitability in V337M neurons (unpublished data) 

leads to AIS shift and shortening as a homeostatic plasticity even in the condition without 

stimulation. On the other hand, this baseline change of AIS property in V337M tau neurons 
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might impair its AIS plasticity when external stimulation is applied. This was indeed the case 

in which the AIS of V337M neurons failed to change its length but showed proximal shift. It 

is conceivable that this AIS relocation towards the soma might contribute to further increase 

intrinsic excitability, leading to hyperexcitability in network levels as observed in AD mouse 

models (Roberson et al., 2007; Roberson et al., 2011; DeVos et al., 2013).  
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CHAPTER 6 

Future Directions 

 

To explore mechanisms of acetylated tau-mediated AIS destabilization. 

The current study demonstrated that acetylated tau increased MT dynamics and reduced the 

levels of AnkG and βIV-spectrin in the AIS. How acetylated tau leads to destabilization of the 

AIS can further be studied. A portion of K274/281Q tau appears to be detached from MTs 

and can therefore bind to other cytoskeleton in the AIS that does not normally interact with 

WT tau. This aberrant binding of K274/281Q tau might inhibit clustering of AIS cytoskeleton. 

Co-immunoprecipitation of WT and K274/281Q tau can be performed to examine whether 

their binding affinity for AIS cytoskeleton differs. Whether destabilization of AnkG and βIV-

spectrin leads to that of MTs can be determined by knockdown of AnkG or βIV-spectrin by 

RNAi and then measuring MT dynamics in the AIS in primary neurons. Immunostaining of 

AnkG or βIV-spectrin after MT-stabilizing drug EpoD injection in tauKQ transgenic mice can 

determine whether MT stability is critical for maintaining steady levels of AnkG or βIV-

spectrin.  

 

To explore neuronal excitability in human V337M tau neurons.  

The current study demonstrated that both static and dynamic features of the AIS were altered 

in human iPSC-derived V337M tau neurons compared to WT neurons. AIS location was 

shifted distally and activity-dependent shortening of the AIS did not occur in human V337M 

tau neurons. Neuronal excitability of human V337 tau neurons that can be affected by the 

altered AIS characteristics needs more investigation. The AIS is the subcellular compartment 

that initiates action potentials because it has high density of Na
+
 channels which makes it the 

lowest threshold site for initiation of action potentials. Of note, distinct distribution of 
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subtypes of Na
+
 channels within the AIS is the key to determining the properties of action 

potentials (Hu et al., 2009), suggesting the importance of location of Na
+
 channels in 

neuronal excitability. Studying the role of AIS in neuronal excitability in cultured neurons can 

be limited due to the variability of ion channel composition at the AIS across different 

subtypes of neurons (Lorincz and Nusser, 2008). Using human iPSC-derived neurons can 

bypass this obstacle because they are homogenous glutamatergic excitatory neurons. To 

compare intrinsic excitability of WT and V337M tau neurons, current threshold for 

generating action potential and firing frequency as well as basic membrane properties such as 

membrane resistance and capacitance can be analyzed. Using somatic patch cell recordings, 

functional details of action potential can be analyzed (Wimmer et al., 2010). The first and 

second derivatives of action potential trace can help differentiate the somatic and AIS 

contribution to action potentials. Immunostaining of the AIS with fixation immediately after 

recording can be analyzed to correlate neuronal excitability and AIS location or length.  

 

To explore ultrastructure of the AIS cytoskeleton in human V337M tau neurons.  

Super-resolution imaging studies have revealed detailed spatial relationship between AIS 

components such as cytoskeleton and ion channels. The platinum replica electron microscopy 

shows dense submembranous coat of the AIS cytoskeleton, including actin filaments are 

considered dynamic cytoskeleton that contributes to AIS remodeling upon external stimuli 

(Jones et al., 2014). The stochastic optical reconstruction microscopy (STORM) uncovers 

highly organized periodic distribution of actin, βIV-spectrin, and Na
+
 channels in the AIS (Xu 

et al., 2013). To better understand structural abnormality of the AIS in V337M tau neurons, 

the STORM imaging for AIS cytoskeleton and ion channels can be performed in WT and 

V337M tau neurons. Collaboration with Ke Xu lab at UC Berkeley has recently been set out 

to explore ultrastructure of the AIS in WT and V337M tau neurons. Although the 
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involvement of Ca
2+

 influx and calcineurin in AIS plasticity has been revealed (Grubb and 

Burrone, 2010; Evans et al., 2013), how these signals lead to cytoskeletal rearrangement in 

the AIS is still unknown. A recent study by Evans et al. (2015) demonstrates that short-term 

AIS plasticity displays a shortening of the AIS instead of distal shift of the AIS as described 

in rat neuronal cultures with prolonged stimulation (Grubb and Burrone 2010; Evans et al., 

2013). The longitudinal analysis of STORM imaging of the AIS in stimulated conditions with 

KCl treatment may provide clues on understanding mechanisms underlying activity-

dependent AIS cytoskeletal rearrangement. Dual color STORM imaging of tau and the AIS 

cytoskeleton can also be performed to explore spatial relationship and possible interactions 

between tau and cytoskeleton in the AIS.  
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