1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neuroscientist. Author manuscript; available in PMC 2021 September 17.

-, HHS Public Access
«

Published in final edited form as:
Neuroscientist. 2020 ; 26(5-6): 503-520. d0i:10.1177/1073858420916696.

The Accumulation of Tau in Postsynaptic Structures—A
Common Feature in Multiple Neurodegenerative Diseases?

Peter J. Teravskisli[2 Karen H. Ashel3l41.5LI6] Dezhi Liaol1ll']
[HuUniversity of Minnesota, Department of Neuroscience, Minneapolis, MN;

[2luniversity of Minnesota Medical School, Minneapolis, MN;
Bluniversity of Minnesota, Department of Neurology, Minneapolis, MN;

[IN. Budd Grossman Center for Memory Research and Care, University of Minnesota,
Minneapolis, MN;

Blinstitute for Translational Neuroscience, University of Minnesota, Minneapolis, MN;

[blGeriatric Research Education and Clinical Center, Veterans Affairs Medical Center, Minneapolis,
MN;

Abstract

Increasingly, research suggests that neurodegenerative diseases and dementias are caused not

by unique, solitary cellular mechanisms, but by multiple contributory mechanisms manifesting
as heterogeneous clinical presentations. However, diverse neurodegenerative diseases also share
common pathological hallmarks and cellular mechanisms. One such mechanism involves the
redistribution of the microtubule associated protein tau from the axon into the somatodendritic
compartments of neurons, followed by the mislocalization of tau into dendritic spines, resulting
in postsynaptic functional deficits. Here we review various signaling pathways that trigger the
redistribution of tau to the cell body and dendritic tree, and its mislocalization to dendritic
spines. The convergence of multiple pathways in different disease models onto this final common
pathway suggests that it may be an attractive pathway to target for developing new treatments for
neurodegenerative diseases.
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Introduction

Dementia refers to neuronal deterioration in the CNS leading to the inability to care for
oneself due to impaired cognition, including deficits in memory acquisition, encoding,
or consolidation, as well as behavioral abnormalities. Dementia occurs in a variety of
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neurodegenerative diseases, Alzheimer’s disease (AD) being the most prevalent disorder
(James and Bennett, 2019). AD is characterized by the presence of two histopathological
hallmarks, senile plaques and neurofibrillary tangles (NFT). Senile plaques are extracellular
deposits composed primarily of amyloid-beta (AB), the product of the proteolysis of

the C-terminus of the membrane protein, amyloid precursor protein (APP), by beta and
gamma secretase enzymes. NFT are intracellular inclusion bodies composed primarily

of paired helical filaments of the microtubule-associated protein (MAP) tau which has
been “hyperphosphorylated” at multiple residues not observed under normal physiological
conditions (Trojanowski and others, 1995). Given the presence of tau aggregates, AD is
classified as a member of the tauopathies, a broad family of neurodegenerative diseases
including frontotemporal dementia, Pick’s disease, chronic traumatic encephalopathy and,
more recently, Parkinson’s disease and Huntington’s disease. Dementia is a feature of all
tauopathies. Therefore, it is likely that tau plays a critical role in causing dementia.

Tau proteins were initially isolated in association with tubulin, purified from porcine

brains, and found in microtubule assemblies (Weingarten and others, 1975; Cleveland and
others, 1977). Tau binds microtubules through a series of weak interacting sites within

the microtubule binding repeat domain; its microtubule interactions are modulated both
positively and negatively by amino acid sequences in the adjacent proline rich region

(PRR) (Box 1) (Butner and Kischner, 1991; Goode and others, 1997). Tau is responsible,

in part, for microtubule stabilization and spacing (reviewed in Barbier and others, 2019;
Méphon-Gaspard and others, 2016). Tau consists of six isoforms due to alternative RNA
slicing (Box 1). Three isoforms contain four microtubule binding repeats (4R), and three
isoforms contain three microtubule binding repeats (3R). As illustrated in Box 1, the
primary tauopathy, frontotemporal dementia and parkinsonism linked to chromosome 17
(FTDP-17), is caused by genetic mutations in tau itself. Among secondary tauopathies,
including Alzheimer’s disease (AD), Parkinson’s disease dementia (PDD), Lewy body
dementia (LBD) and Huntington’s disease (HD), upstream triggers induce posttranslational
modifications of tau proteins, such as hyperphosphorylation, acetylation, and truncation
(Grundke-Igbal and others, 1986; Galloway and others, 1989; Vermersch and others,

1993; Spillantini and others, 2000; Kotzbauer and others, 2004; Cohen and others, 2011;
Fernandez-Nogales and others, 2014; Irwin and others 2017; Liu and others, 2019; reviewed
in Tan and others, 2019). At autopsy, the brains of patients with secondary tauopathies

often exhibit characteristic pathologies, such as AB-containing plaques, tau-containing NFT,
a-synuclein-containing Lewy bodies and TAR DNA binding protein 43 (TDP43) inclusions,
which appear to interact with each other at the cellular level (reviewed in Spires-Jones and
others, 2017). Over the past decade, there has been growing evidence that a myriad of
distinct pathological processes converges upon a common signaling pathway, in which the
redistribution and mislocalization of tau leads to neurological dysfunction.

In this review, we summarize current literature supporting tau redistribution and
mislocalization as a common signaling pathway that mediates synaptic and cognitive deficits
in neurodegenerative diseases. In disease models and human tissue, the normal gradient of
tau is inverted, such that tau becomes “redistributed” to the somatodendritic compartment,
where it is scarcely present under healthy conditions. Subsequent modifications of tau cause
it to “mislocalize” and accumulate in dendfritic spines. Within dendritic spines, tau mediates
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long-term depression (LTD)-like disruptions to AMPA receptor trafficking, resulting in
functional, electrophysiological deficits.

Axonal Localization of Tau in Healthy Neurons

The polarity of tau distribution:

To understand the process of tau redistribution to the somatodendritic compartment in
disease, it is helpful first to understand how healthy neurons maintain a gradient of tau. In
mature cultured neurons, tau is found along a gradient in which the highest concentrations
are in the distal segment of the axon, lower concentrations are found in the proximal
segment, and the lowest levels in the soma and dendrites (Black and others, 1996; Mandell
and Banker, 1996). While most studies of tau localization have been conducted in cultured
neurons, this phenomenon has been confirmed /n vivo. There is approximately three times
more tau in white matter than gray matter, in rat and bovine brains (Binder and others,
1985). This gradient is fully established concurrent with the elaboration of mature pre-

and postsynaptic features (Kosik and Finch, 1987). Even in earlier stages of neuronal
development, tau immunostaining is commonly used to indicate axon differentiation (Oliva
and others, 2006). Indeed, tau is essential to the stabilization of the growth cone (Black and
others, 1996), and isoform-specific tau polarization may be essential for the development
of mature postsynaptic structures (Zempel and others, 2017). However, external factors
and differential neurite outgrowth are likely upstream of tau polarization (Yamamoto and
others, 2012; reviewed in Yogev and Shen, 2017) and, aside from very minor structural and
functional abnormalities, tau is not necessary for healthy neuronal development (reviewed in
Ke and others, 2012).

Mechanisms underlying tau polarity:

The cellular mechanisms responsible for the axonal tau gradient are hotly debated; current
evidence points to multiple overlapping mechanisms (Figure 1). First, in transgenic mouse
models, exogenous human tau moves by slow (0.2-0.4 mm/day), anterograde axonal
transport (Zhang and others, 2004). This process is facilitated by tau phosphorylation by
GSK3p (an axonal kinase) (Cuchillo-Ibanez and others, 2008). Tau transport may result
from “piggybacking” on short microtubules in cultured cortical neurons, its rate of transport
is retarded by the “stutter-step” motion of this mechanism (Konzack and others, 2007;
reviewed in Scholz and Mandelkow, 2014). Tau has also been shown to interact with kinesin
short chains (Utton and others, 2005).

Second, tau is selectively degraded in the somatodendritic compartment by autophagy and
proteasomes. Pharmacologically inhibiting proteasomes or autophagy leads to a buildup

in dendrites of locally synthesized endogenous tau, which is phosphorylated at the Ser262/
Ser356 (Balaji and others, 2018) by MARK (Nishimura and others, 2004). Phosphorylation
of Ser262/Ser356 prevents tau from being polyubiquitinated and degraded, resulting in

its association with chaperone complexes (composed of p23, HOP, HSF1, CHIP, HSP90,
HSP70 and PIN1) that refold tau (Dickey and others, 2007). These data suggest that
dendritic tau potentially accumulates, in part, due to altered folding and resulted failure

of subsequent degradation pathways. Alternatively, we hypothesize that anomalies in the
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degradation pathway may lead to the retention of a subpopulation of tau via the actions of
MARK and chaperone complexes.

Third, tau is physically sequestered in axons in two ways: selective binding to axonal
microtubules, and a retrograde diffusion barrier. Biochemical /n vitro assays reveal that tau
binds more tightly to microtubules prepared from axons than dendrites, potentially due to
selective phosphorylation of dendritic tau (Kanai and Hirokawa, 1995). In culture, neurons
microinjected with biotinylated tau and imaged by electron microscopy show tau associating
with microtubules in axons and cytosolic elements in dendrites (Hirokawa and others, 1996).
Additionally, photoconversion studies of cultured neurons demonstrate that exogenous tau

is prevented from diffusing from the axon into the soma, whereas somatic tau can freely
diffuse into the axon (Li and others, 2011). This “tau diffusion barrier” appears to colocalize
with the cellular machinery of the axon initial segment (AlS), and knocking down individual
AIS constituent proteins increases retrograde tau diffusion (Zempel and others, 2017).

Active transport, dendritic degradation, and sequestration do not appear to be the sole
mechanisms responsible for creating the tau gradient, however. A fourth mechanism
involves the distribution of tau MRNA. Expressing exogenous tau cDNA lacking native
introns and untranslated regions (UTR) late in neuronal development leads to homogeneous
distribution throughout cultured neurons (Hoover and others, 2010; Kanai and Hirokawa,
1995). This effect is not a result of hyperexpression overwhelming tau sorting mechanisms:
even extremely low levels of expression (requiring the amplification of immunofluorescence
signals to observe) results in the presence of tau in the somatodendritic compartment
(Zempel and others, 2017).

Interestingly, endogenous tau retains its axonal gradient in the presence of exogenously
expressed tau in the mouse brain (Kubo and others, 2019). /n vitro evidence suggests that
tau mMRNA sorting may contribute to this observation. Early in development, endogenous
tau mMRNA is localized to the axon hillock (Litman and others, 1993). In the distal axons

of cortical neurons, tau mMRNA colocalizes within RNA granules with elongation factor 1A,
suggesting tau is actively translated in distal axons (Malmquist and others, 2014). This tau
mRNA localization mechanism is mediated by an AU-rich cis-acting 3’UTR signal (Aronov
and others, 2001; Behar and others, 1995). In addition, an oligopyrimidine tract sequence
in the terminal 5’UTR of tau mRNA selectively activates the mTOR-p70S6K pathway,
which induces local upregulation of mMRNA translation in the axon (Morita and Sobue,
2009). 5’ oligopyrimidine tract sequences have been shown to induce translational control
mechanisms in a diverse array of mMRNA molecules (Levy and others, 1991). This effect is
bolstered by a similar 5’UTR sequence found in CRMP2, another microtubule associated
protein localized in the axon (Morita and Sobue, 2009). Finally, the 3’UTR of tau mRNA
interacts with polysomal mRNA proteins including IMP1, HuD, and G3BP1, which inhibit
translation of tau mMRNA in HEK293 cells (Atlas and others, 2007). Thus, inhibiting tau
expression in select compartments and facilitating the transport of quiescent tau mMRNA to
the axon may also help maintain a spatial gradient of tau.

Despite these interesting findings, new research utilizing both cultured neurons and
transgenic and knock-in mouse models challenges the role of MRNA sorting in creating
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the tau gradient. When human tau cDNA sequences lacking 5’ and 3’UTR, and driven

by the endogenous mouse tau promotor, were expressed in knock-in mouse models,

the exogenous tau was preferentially expressed in axons (Kubo and others, 2019). This
effect was accompanied by a dramatic reduction, during the first two postnatal weeks, in
both endogenous and knock-in tau expression (Kubo and others, 2019). When exogenous
human tau cDNA is transiently expressed using a tetracycline transactivator, rather than
constitutively expressed as in the earlier experiments described above, the exogenously
expressed tau localized to the axon in day-one cultured neurons, a process that depended on
the C-terminal component of the proline-rich region (PRR), and persisted into late neuronal
development (lwata and others, 2019). This PRR-based mechanism operates independently
of the retrograde diffusion barrier, mRNA signaling, or microtubule binding and suggests the
presence of an active mechanism that biases the transport of exogenous cDNA towards the
axon (lwata and others, 2019).

To reconcile several of the seemingly contradictory results presented above, we propose

a hypothetical temporal model (Figure 2). Early in development, tau is highly expressed
and homogeneously distributed throughout the nascent neuron. As one neurite begins to
take on axonal properties, an active protein transport mechanism emerges and sorts the
available, previously expressed tau protein into that neurite. As the axon reaches maturity,
this active transport mechanism is attenuated, and the newly formed AIS acts as a retrograde
diffusion barrier. Concurrently, tau transcription slows dramatically. Due to mRNA sorting
and upregulated axonal translation, the synthesis of new tau proteins occurs preferentially
in the axon. Gradually, in the somatodendritic compartment, the remaining tau protein
along with the small fraction of tau produced there is degraded, but this process can be
overwhelmed by exogenous tau expression, even at relatively low levels.

Loss of Axonal Polarity: Tau Redistribution to Somatodendritic

Compartments

Loss of tau polarity in tauopathies:

The neuropathological hallmark of tauopathies is the accumulation of insoluble tau
aggregates in the cell body and dendrites of diseased neurons (Goedert and others, 1989;
Pickering-Brown and others, 2004). In Alzheimer’s disease, tau aggregates also appear

in dystrophic neurites in the immediate vicinity of senile plaques (Tourtellotte and Van
Hoesen, 1991). These observations form the basis for the idea that the redistribution of

tau to the somatodendritic compartment is a key step in the pathogenesis of tauopathies.
Early research focused on deciphering mechanistic links between tau aggregation and
somatodendritic redistribution, but did not specifically address how this process led to
neurological dysfunction. Fifteen years ago, it became apparent that neuronal tau inclusions
(i.e., neurofibrillary tangles) could be dissociated from impaired memory function and
neuron loss (Santa Cruz and others, 2005). Since then, numerous reports have shown that
functional deficits can occur in the absence of tau inclusions (Grueninger and others, 2010;
Rocher and others, 2010; Sydow and others, 2011; Xu and others, 2014; Maeda and others,
2016). For example, in culture, Ap-induced calcium influx and tau redistribution has been
associated with spine loss, microtubule destruction, dendrite retraction (Zempel and others,
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2010), and neuronal cytotoxicity (Tackenberg and Brandt, 2009), in the absence of tau
aggregates. The pathways leading to these pathologies are diverse and only now becoming
understood; they appear to depend on the presence of tau in dendrites (Figure 3).

Conversely, tau inclusions do not cause functional deficits or neuron death (Santa Cruz and
others, 2005; Calignon and others, 2010; Rocher and others, 2010; Kuchibholtla and others,
2014); and, in multiple models of tauopathic dementia, cell death and functional deficits
occur prior to the detection of tau inclusions, or in the absence of tau inclusions entirely
(Gueninger and others, 2010; Hampton and others, 2010; Xu and others, 2014; Maeda and
others, 2016). Indeed, increasing tau aggregation propensity protects neurons from FTDP-17
mutation-induced cytotoxicity (d’Orange and others, 2018). Further, in postmortem AD
brain tissue, while tau inclusion density and extent are closely correlated with disease
duration and progression (Fukutani and others, 2000; Theofilas and others, 2018), neuron
death cannot be explained by tau inclusion burden alone (Gémez-Isla and others, 1997).
Finally, several FTDP-17 tau mutations cause dementia in the absence of appreciable tau
inclusion pathology in human tissue (Reed and others, 2001). Current evidence supports the
ability of soluble forms of tau to mediate the pathological effects of redistributed tau present
in the somatodendritic compartment.

Breakdown of the AIS diffusion barrier leading to the redistribution of tau:

Imaging studies of cultured neurons demonstrate that the AIS plays a critical role in
maintaining normal tau polarity by serving as a physical barrier that prevents the retrograde
diffusion of tau from the axons to the soma and dendrites (Li and others, 2011; Zempel
and others, 2017). Moreover, the AIS may actively transport newly synthesized tau into
the axon (Zempel and others, 2013). The AIS barrier depends upon microtubule stability
(Li and others, 2011). Tau acetylation destabilizes the cytoskeletal components of the AlS,
weakening the barrier, and allowing retrograde redistribution of tau into the soma and
dendrites (Sohn and others, 2016). Inhibition of HDACS increases the acetylation of tau at
Lys280 leading to tau redistribution into somatodendritic structures by weakening the AIS
barrier (Tseng and others, 2017; Zempel and others, 2017). Tau phosphorylation, induced
by the Pro301—Leu301 mutation linked to FTDP-17, also weakens the AIS barrier by
structurally modifying the AIS and shifting its location (Hatch and others, 2017).

Pathological effects on proteins other than tau also erode the integrity of the AIS diffusion
barrier. A activates GSK3p, which in turn phosphorylates a non-tau target, destabilizing
microtubules and breaking down the AIS diffusion barrier (Zempel and others 2017). Ap-
induced decreases in F-actin expression in the AlS also contribute to the disintegration

of the barrier (Zempel and others 2017). Interestingly, the application of A activates

the RhoA-mDial pathway and decreases HDACS activity, which destabilizes microtubules
by increasing their tyrosination but decreasing their acetylation (Tsushima and others,
2015; Pianu and others, 2014). Additionally, Ap-induced integrin signaling and RhoA
activation may cooperate to create a positive feedback loop resulting in focal adhesion
kinase-dependent cytotoxicity and microtubule glutamylation (Xu and others, 2009; Pianu
and others, 2014).
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Other factors leading to tau redistribution:

The FTDP-17 Arg406— Trp406 mutation interferes with the slow transport of tau along the
axon, which may contribute to a buildup of tau in the somatodendritic compartment (Zhang
and others, 2004). Additionally, inhibition of autophagy and proteasome function both
induce local tau redistribution to dendrites (Balaji and others, 2018). Other cellular stressors
including hydrogen peroxide, serum depravation, glutamate, ATP and glucocorticoids can
induce tau to redistribute to the dendritic shaft (Pinheiro and others, 2016; Zempel

and others, 2010). The Glu2019—Ser2019 LRKK2 mutation linked to PD induces tau
redistribution and GSK3p-mediated dendritic retraction in dopaminergic neurons (Lin and
others, 2010). A pathogenic strain of a-synuclein oligomers, correlated with idiopathic

PD pathology, induced tau pathology and the redistribution of tau to the somatodendritic
compartment (Guo and others, 2013). Tau accumulation in dendrites has also been observed
in studies of glaucoma (Chiasseu and others, 2016), suggesting a role for this mechanism in
non-dementia neuronal dysfunction, too.

Dendritic tau wreaks havoc:

Microtubule disassembly, simplification of the dendritic tree, retraction of dendritic arbors,
and loss of dendritic spines are some of the pathological changes that result from

the abnormal accumulation of tau in dendrites. Dendritic tau recruits Tubulin-Tyrosine-
Ligase-Like-6 (TTLL6), which polyglutamylates a-tubulin sidechains leading to spastin-
induced microtubule disassembly (Zempel and others, 2013), which in turn leads to the
simplification and retraction of dendritic arbors (Lin and others, 2010). Dendritic tau also
interacts with T-cell intracellular antigen 1 (TI1A1) to form large RNA stress granules, which
are associated with the retraction of dendrites (Vanderweyde and others, 2016).

Dendritic tau induces the loss of dendritic spines through several mechanisms. First,
phosphorylation of serine in KXGS motifs in the microtubule binding domain (detected
using an antibody that recognizes pSer262/pSer356) is a regular feature of spine loss
associated with dendritic tau, observed in three different experimental models—exogenous
tau expression in mature neurons, extracellular application of AB, and inhibition of
proteasome and autophagic proteolytic pathways (Balaji and others, 2018; Zempel and
others, 2013; Thies and Madelkow, 2007). The enzyme that phosphorylates KXGS motifs
is MARK (Mandelkow et al 2004). Surprisingly, overexpressing MARK rescues dendritic
spines (Zempel and others, 2013; Thies and Madelkow, 2007), and reducing MARK
increases AB-induced, tau-mediated changes in synaptic morphology (Lee and others, 2012),
presumably because phosphorylation of KXGS motifs reduces tau binding to microtubules,
thereby removing its interference with microtubule motors. Thus, dysregulation of
microtubule dynamics by dendritic tau, although not necessarily by hyperphosphorylated
tau, leads to spine loss.

In addition to the MARK pathway, Ap application and AD-associated mutant APP
expression also lead to the activation of a CAMKK2-AMPK pathway, which phosphorylates
tau at Ser262 and causes spine loss (Mairet-Coello and others, 2013). Moreover, a decrease
in the isomerase activity of Pinl may also mediate AB-induced loss of dendritic spines
(Stallings and others, 2018). Given the importance of MARK, Pinl, and phosphorylation
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at the Ser262/Ser356 epitope; it is likely that HSP90 and HSP70 chaperone complexes

(discussed above) are involved modulating the synaptotoxicity of dendritic tau, perhaps
allowing aberrant dendritic tau to escape selective proteasome degradation (Dickey and
others, 2007).

Second, deprivation of energy and growth factors is a toxic consequence of dysregulated
microtubule dynamics. Dendritic tau is associated with reduced concentrations of
mitochondria along dendritic shafts (Zempel and others, 2010), which is closely linked to
spine loss in mice (Kandimalla and others, 2018). GSK3p expression mimics AB-induced
spine loss via activation of CREB nuclear signaling and suppression of BDNF (DaRocha-
Souto and others, 2012), a growth factor necessary for spine maturation (Kellner and others,
2014).

Finally, small GTPases, including Rho, Cdc42 and Racl, are key regulators of
morphogenesis of dendritic spines (Luo and others, 1996; Nakayama and others, 2000;
Wiens and others, 2005). The three GTPases interact with each other and the maintenance
of normal actin cytoskeleton of cells requires the balanced regulation of the GTPases (Luo
2000 for review). Therefore, unsurprisingly, GTPases are necessary actors in the Ap/tau-
induced spine loss pathway (Borin and others, 2018). Treatment with AB40 increases RhoA
activity but decreases Racl activity (Petratos et al., 2008). At 6 months-of-age, the GTP
activity level of Racl is significantly decreased in the brains of mice that expressed the
APP Swedish (Lys670—Met670, Asn671—Leu671) mutation (Petratos and others, 2008).
However, in another study, Racl activity is aberrantly elevated in the hippocampal tissues
of AD patients and AD animal models; and pharmacological inhibition of Racl activity
ameliorated cognitive defects in APP/PS1 mice (Wu et al., 2019). All these results together
suggest that the disruption of balanced regulation of small GTPases contributes to spine loss
in the pathogenesis of AD and other tauopathies.

Beyond Tau Redistribution: Tau Mislocalization to Dendritic Spines

As discussed above, under pathological conditions tau redistributes to the somatodendritic
compartment, thereby providing the spatial proximity necessary for tau to directly modulate
dendritic spines. Dendritic spines are postsynaptic structures that mediate excitatory synaptic
transmission (Harris and Kater, 1994; Kennedy 2000; Hering and Sheng, 2001). They
undergo structural and functional changes underlying some forms of synaptic plasticity,
such as long-term potentiation (LTP) and long-term depression (LTD), which play key
roles in the most widely accepted model of learning and memory (Bliss and Collingridge,
1993; Malinow and others, 2000; Martin and others, 2000; Malinow and Malenka 2002).
Therefore, it was reasonable to examine the effects of tau on dendritic spines in tauopathies.
Ten years ago, two independent groups showed that the redistribution of soluble tau to

the somatodendritic compartment was not sufficient to disrupt synaptic function and impair
memory; tau must also accumulate in dendritic spines (Hoover and others, 2010; Ittner and
others, 2010).

Early studies of tau mislocalization to dendritic spines were conducted using mouse
and cellular models of FTDP-17 and AD (reviewed in Liao and others, 2014). More
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recent studies implicate this pathogenic process in two other neurodegenerative conditions:
synucleinopathy (Teravskis and others, 2018; Singh and others, 2019; Smith and others,
2019) and Huntington’s disease (Liu and others, 2019) (Figure 4). It will be important to
determine whether this pathological mechanism occurs in other forms of dementia, such as
those related to traumatic brain injury, vascular, and TDP-43 lesions. If so, then identifying
and targeting specific molecules in this signaling pathway could prove beneficial in treating
memory loss and dementia in a wide variety of neurodegenerative conditions. Several key
signaling molecules have been identified, and are discussed in the following sections.

Using mouse and cellular models of FTDP-17, several steps in the process by which the
mislocalization of tau to dendritic spines leads to synaptic dysfunction have been delineated
(Figure 5). The FTDP-17-linked tau mutation P301L increases the amount of tau proteins
in dendritic spines in cultured rat hippocampal neurons and postsynaptic density (PSD)
fractions from mouse brain (Hoover and others, 2010). Under conditions in which tau

is expressed at low levels (e.g., in cells transfected using calcium-phosphate), mutant

tau mislocalizes to dendritic spines, but wild-type tau generally remains in the dendritic
shaft. The mislocalization of tau to dendritic spines depends on its phosphorylation by
proline-directed kinases (Hoover and others, 2010; Xia and others, 2015). Specifically,
phosphorylation at Ser396 and Ser404 in the C-terminal domain of tau by CDK5 or GSK3p
suffices to induce mislocalization to dendritic spines (Teravskis others, 2019).

Cleavage at Asp314 (D314) to generate Atau314 is another necessary step for tau to
mislocalize to dendritic spines (Zhao others, 2016). The enzyme that cleaves tau at D314

is caspase-2; mutant tau P301L does not mislocalize to spines in neurons cultured from
caspase-2 knock-out mice (Zhao and others, 2016). The upstream activators of caspase-2 are
unknown, but may involve endoplasmic reticulum stress (Upton and others, 2008; Bronner
and others, 2015). While the activation of caspase-2, GSK3p and CDKS5 is required for tau
mislocalization to dendritic spines (Hoover and others, 2010; Zhao and others, 2016), they
also affect non-tau targets (Xu and others, 2019; Zempel and others 2017). How these targets
interact with tau during pathological progression of neurodegenerative diseases remains an
open question.

The accumulation of tau in dendritic spines is associated with deficits in spatial memory
tasks, a decrease in the strength of AMPA receptor-mediated synaptic responses, and

the loss of surface glutamate receptors on dendritic spines (Hoover and others, 2010).

The accumulation of full-length tau or Atau314 in spines is necessary but insufficient to
induce synaptic dysfunction and memory deficits (Teravskis and others, 2019; Zhao and
others, 2016; Ittner and others, 2010). Additional post-translational modifications of tau are
required. The known modifications include phosphorylation of at least one of five residues
(Ser202, Thr205, Thr212, Thr217 and Thr231) in the PRR of the N-terminal domain
(Teravskis and others, 2019) and acetylation of Lys274 and Lys281 (Tracy and others, 2016).

The final steps by which the presence of hyperphosphorylated tau in dendritic spines
results in AMPA receptor internalization are incompletely established. A known step is
the activation of calcineurin, which dephosphorylates Ser845 in the GIuA1 receptor subunit;
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AMPA receptor internalization induced by mutant tau P301L does not occur in the presence
of the calcineurin inhibitor FK506 (Miller and others, 2014). Calcineurin plays an important
role in the normal neurobiology of LTD; the dephosphorylation of Ser845 in GluAl
receptors promotes LTD (Lee and others, 2010). AMPA receptors are also internalized in
models of chronic opioid exposure, a process that likewise involves calcineurin (Kam and
others, 2010).

The internalization of GluAl, GluA2/3, and NR1 receptor subunits can occur in the absence
of spine loss (Hoover and others, 2010), suggesting that the loss of spines commonly
observed in models of tauopathy involves pathways other than calcineurin-mediated GIuA1
receptor internalization. What those pathways are remains unclear.

Alzheimer’s disease (AD):

The mislocalization of tau to dendritic spines mediates synaptic dysfunction not only in
models of primary tauopathy, expressing mutant tau linked to FTDP-17, but also in models
of secondary tauopathy, expressing wild-type tau. The best studied are models of familial
and sporadic AD relying on the expression of mutant APP or presenilins or the application
of amyloid-beta oligomers. Two complementary assessments of the role of tau in dendritic
spines have emerged. In one, tau mediates the over-activation of NMDA receptors; in the
other, tau mediates the deactivation of NMDA receptors. The reconciliation of these two
divergent signaling pathways in Alzheimer’s disease remains unresolved.

Tau mediates the phosphorylation of the NMDA receptor subunit NR2B at Tyr1472 by fyn
in APP transgenic mice (Ittner and others, 2010). In synaptosomes from APP23 transgenic
mice, which overexpress APP with the Swedish mutation, levels of fyn and Tyr1472-
phosphorylated NR2B are significantly higher than in transgene-negative littermates (Ittner
and others, 2010). These increases are associated with cognitive deficits and were absent

in tau knock-out mice as well as transgenic mice expressing Atau74 (truncated at aa255,
missing the whole microtubule binding domain and the C-terminal tail) (Ittner and others
2010). Atau74 binds fyn but cannot enter dendritic spines, thereby sequestering fyn in the
dendritic shaft (Ittner and others 2010). Although not shown, the authors assumed that
full-length tau enters dendritic spines, bringing fyn along with it. Later, imaging experiments
in primary hippocampal cultures prepared from mice expressing APP bearing the Swedish
mutation and rat hippocampal neurons exposed to oligomeric Ap provided direct evidence
for tau mislocalization to and accumulation in dendritic spines in AD (Frandemiche and
others, 2014; Miller and others, 2014; Amar and others, 2017;). AB-induced mislocalization
of tau to dendritic spines depends on tau phosphorylation (Miller and others, 2014).

Additional studies of fyn have further clarified its role. Fyn is not required for P301L-
induced tau mislocalization to spines (Xia and others, 2015). Rather, super-resolution
microscopy reveals that tau P301L immobilizes fyn in nanodomains within dendritic spines
(Padmanabhan and others, 2019). Furthermore, AB activates NMDA receptors, which in
turn results in tau phosphorylation and the formation of fyn-PSD95-tau-NMDA receptor
complexes in dendritic spines (Mondragdn-Rodriguez and others, 2012).
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Like AMPA receptors discussed above, NMDA receptor clustering is significantly decreased
in an FTDP-17 P301L mouse model, supporting a loss of NMDA receptor function (Hoover
and others, 2010); however, the effects of Ap on NMDA receptor clustering has not been
examined. The discrepancy between the findings of the activation of NMDA receptors
(Ittner and others, 2010) on the one hand, and the deactivation of NMDA receptors (Hoover
and others, 2010) on the other, may arise from additional roles of A beyond inducing
phosphorylation-dependent tau mislocalization to dendrites and dendritic spines. In support
of this interpretation, NR2A has been linked to Ap-induced spine loss, whereas NR2B is
implicated in Ap-induced excitotoxicity (Ittner and others, 2010; Tackenberg and Brandt,
2009; Tackenberg and others, 2013).

Acetylation of tau is required for somatodendritic redistribution in AD models (Sohn
and others, 2016). It is likely that truncation by caspase-2 at Asp314 is involved in tau
mislocalization to dendritic spines because the levels of Atau314 in the inferior temporal
gyrus are elevated in humans with mild cognitive impairment and AD (Zhao and others,
2016). In addition, J20 APP transgenic mice lacking caspase-2 do not exhibit memory
deficits or changes in dendritic spine morphology (Pozueta and others, 2013). However,
direct evidence is lacking.

Lewy Body Dementia (LBD):

LBD is a member of the family of a-synucleinopathies, which includes PD, and

is the second most common form of dementia behind AD. a-synuclein inclusions
characterize LBD and PD neuropathologically. Because a.-synuclein is highly enriched
within presynaptic terminals, it is not surprising that one pathogenic mechanism involves
presynaptic dysfunction (Nemani and others, 2010; Burré 2015; Larson and others, 2017).

In recent years, results in human brain specimens and experimental models implicate a role
for tau, in addition to a-synuclein. The severity of tau pathology—based on four-level Braak
staging (Braak and Braak, 1996), and continuous global assessment of NFT load—was
shown in a retrospective study of 213 patients with synucleinopathy to correlate inversely
with the age of onset of both motor and cognitive symptoms and a shorter survival period
following the onset of symptoms (Irwin and others, 2017). Levels of Atau314 and caspase-2
are elevated in the superior temporal gyrus of patients with LBD (Smith and others, 2019),
suggesting that tau may mislocalize to dendritic spines, since the generation of Atau314

is associated with this process (Zhao and others, 2016). However, direct evidence for this
pathway is currently lacking.

More recent studies have begun to elucidate the signaling pathway mediating a-synuclein-
induced post-synaptic deficits (Teravskis and others 2018; Singh and others 2019). Tau and
a-synuclein pathologies frequently coexist in the Contursi kindred who carry the A53T a-
synuclein point mutation (Duda and others, 2002). Like P301L-induced tau mislocalization
to dendritic spines, the postsynaptic deficits induced by A53T a-synuclein depend on

tau phosphorylation and mislocalization to dendritic spines (Teravskis and others 2018).
As in APP transgenic mice (Roberson and others, 2007), age-dependent spatial learning
and memory deficits in transgenic mice expressing A53T a-synuclein are rescued by the
deletion of tau (Singh and others 2019). Taken together, these results together support
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the hypothesis that tau mislocalization to dendritic spines plays an important role in PD
dementia and Lewy body dementia.

For reasons that are unclear, transgenic mice expressing mutant A30P or E46K a-synuclein,
which are also linked to PD, do not exhibit tau-dependent postsynaptic changes. Therefore,

it will be important to examine models of idiopathic Lewy body diseases to understand

the extent to which tau-mediated post-synaptic dysfunction contributes to dementia in these
disorders.

Huntington’s disease:

Huntington’s disease is a progressive neurodegenerative disease caused by expanded CAG
trinucleotide repeats at the N-terminus of IT15 encoding the huntingtin (HTT) protein

(The Huntington’s Disease Collaborative Research Group, 1993). Tau proteins colocalize
with HTT proteins, and hyperphosphorylated, aggregated tau proteins detected by the AT8
antibody have been found in the somatodendritic compartments of cortex and striatum of
Huntington’s disease patients (\Vuono and others 2015). The level of Atau314 is increased
in Huntington’s disease patients (Liu and others, 2019), and genetic ablation of either

tau (Fernandez-Nogales and others, 2014) or caspase-2 (Carroll and others, 2011), which
generates Atau314 (Zhao and others, 2016), ameliorates cognitive and motor deficits of HD
mice. These findings support the hypothesis that the accumulation of tau in dendritic spines
contributes to the pathogenesis of HD.

Synaptic plasticity:

Interestingly, following electrical and chemical LTP induction, exogenous tau also
mislocalizes to dendritic spines, resulting in changes in synaptic strength (Frandemiche and
others, 2014). LTD is associated with increased phosphorylation of Ser396/Ser404, and is
impaired in tau knock-out mice (Regan and others 2015). LTD is abrogated in mice lacking
caspase-2 (Xu and others, 2019). As phosphorylation of tau at Ser396/Ser404 and caspase-2
cleavage of tau at Asp314 play essential roles in tau mislocalization to dendritic spines
(Teravskis and others 2019; Zhao and others, 2016), these results suggest that these cellular
pathways also participate in synaptic plasticity under physiological conditions. Tau is likely
present in the postsynaptic domains of “healthy” neurons, as it is detected in the gray matter
of the brain, albeit at levels three times lower than in white matter (Binder and others,
1985), providing the necessary spatial presence for tau to engage in the aforementioned
physiological processes. We speculate that neurodegenerative disease processes may exploit
and corrupt normal, physiological processes via tau; tau hyperphosphorylation and cleavage
may aberrantly suppress excitatory synaptic transmission by over-activating the signaling
cascade that leads to LTD, or alternatively, by disrupting an early phase of the LTP pathway.

The chronology of synaptic dysfunction and neuronal loss:

A quantitative morphometric analysis of electron microscopic images of brain tissues

from AD patients, who were younger than 65 years old, demonstrated that synapse loss

was more substantial than neuronal loss, suggesting that synaptic damages occur before
overt neurodegeneration (Davies and others 1987). In an FTDP-17 mouse model, synaptic
dysfunction and tau mislocalization preceded loss of dendritic spines and overt brain atrophy
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(Hoover et al., 2010). Based upon the above studies and other publications, we propose

a hypothetical chronology of tau-mediated synaptic dysfunction, spine loss, and neuronal
death (Figure 6). Notably, however, the causal relationship between tau-mediated synaptic
dysfunction, spine loss, overt dendritic pathology, and neuronal death is not entirely clear.
AP has been shown to induce spine loss via the activation of caspase-2 (Pozueta and others,
2013), and caspase-3 (D’Amelio and others, 2011). Nevertheless, in vivo imaging has shown
that NFT-bearing neurons in transgenic animals expressing human P301L tau have increased
caspase activation in the absence of acute neuronal toxicity and cell death (Spires-Jones

and others, 2008). Similarly, pathogenic Ap production 7 vivo activates caspase-3 in the
absence of overt cell death (D’Amelio and others, 2011). These findings accord with

studies demonstrating that NFT pathology is not sufficient for behavioral deficits or cell
death in inducible models of tauopathy (Santa-Cruz and others, 2005; Calignon and others,
2010; Rocher and others, 2010; Kuchibholtla and others, 2014). Localized mitochondrial
stress results in spine loss via the activation caspase-3; however, proteasomal degradation

of activated caspase-3 limited its ability to induce cell death (Ertirk and others, 2014).
These lines of evidence suggest that caspase-induced dendritic pathology can develop in the
absence of neuron death.

Conclusion

Neurodegenerative diseases and dementia are complex, multifactorial diseases with multiple
etiologies, manifestations, and pathogenic mechanisms. However, there appear to be some
shared molecular mechanisms causing neurological dysfunction, one of which we describe
here. This common mechanism entails the redistribution of tau to the somatodendritic
compartment, followed by the mislocalization of tau to dendritic spines. Evidence for this
two-step sequence has been observed in a variety of disease models and diseases, including
AD, FTDP-17, PDD, LBD and HD (Figure 6). Future studies will establish the relevance

of this pathogenic signaling pathway across a broad range of neurological conditions and
cellular stress.

Our current model stipulates a specific sequence of events by which hyperphosphorylated
tau leads to synaptic and cognitive deficits. This model differs from models in which
hyperphosphorylated tau leads to insoluble aggregates and neurofibrillary tangles. In our
model, hyperphosphorylated tau need not form insoluble aggregates, which potentially
explains why dementia may occur even in tauopathies lacking classical NFT pathology.
Molecules in the signaling pathway such as caspase-2, GSK3p, and CDKS5 are promising
pharmacological targets for future treatments of neurodegenerative diseases.
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The MAPT gene is located on the long arm of chromosome 17 and contains sixteen
exons. Exons 0, 1, and 16 are untranslated and three exons (exon 2, 3, and 10) are
alternatively spiced to generate mRNA coding for six tau isoforms. The remaining exons
are constitutive. The full-length tau isoform contains two N-terminal domains (2N) coded
by exons two and three, and four homologous and well-conserved repeat domains (4R).
The three tau isoforms lacking exon 10 (2N3R, 1N3R, and ON3R) are predominant in
human fetal development. In adult neurons, all six tau isoforms are expressed including
isoforms 2N4R, 1N4R, and ON4R, which are absent in fetal neurons.

Tau contains little secondary structure and is considered a “natively unfolded” protein.
Early protease cleavage studies of tau revealed two functional domains separated by

the chymotrypsin cleavage point (Y197-S198): An N-terminal projection domain, which
interacts with cytosolic and membrane associated proteins, and a C-terminal assembly
domain, which interacts with microtubules. Alternatively tau may be divided into four
domains based on its primary structure. First, the acidic N-terminal tail “projects” away
from the microtubule and has been implicated in binding membrane associated proteins
including apolipoprotein 1A and synaptophysin (a presynaptic protein implicated in
presynaptic vesicle release) as well as facilitating a signaling cascade that inhibits
microtubule transport. Second, tau contains a proline rich region (PRR), which contains
a plurality of putative tau phosphorylation sites. Third, the microtubule binding domain,
which encompasses the four repeat domains, associates with microtubules via KGXS
sequences contained in each repeat. Finally, the C-terminal tail has been implicated in
both microtubule binding and signaling.

The C-terminal and N-terminal tails of tau can curl back upon the repeat domains to form
“closed” and “paperclip” structural configurations, potentially modulating microtubule
spacing and microtubule binding.

Tau has been shown to be subject to many post-translational modifications

including phosphorylation, truncation, acetylation, N-glycocylation, nitrogenation, and
ubiquitination The above figure illustrates the phosphorylation sites and acetylation sites
associated with tau missorting to dendrites and missorting to dendritic spines.

For a complete review of the structure and function of tau, see Guo and others, 2017.
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Figure 1:
Mechanisms underlying the axonal localization of tau in healthy neurons. (a) The MAPT

gene codes for 5” and 3’UTR signals critical to tau mRNA sorting and selective translation
in the axon. After a short burst of expression early in development, tau mRNA transcription
is significantly reduced with neuronal maturation by an unknown antenatal mechanism. Tau
mRNA may be preserved by the contribution of IMP1, HuD, and G3BP1 during transit to
the axon and those proteins may contribute to suppressing expression in the somatodendritic
compartment. (b) Tau mRNA undergoes active translation in RNA granules in the axon.

The 5’UTR oligopyramidal tract signals of tau and CRMP2 mRNA encourage selective
translation via an mTor-p70S6K mechanism. (c) Once translated, tau protein can bind axonal
microtubules (d), tau isoform and posttranslational modifications have been shown to have
differential effects on microtubule binding that may contribute to efflux from the axon
through a retrograde diffusion barrier associated with the axon initial segment (AIS) (e). Tau
translated in the somatodendritc compartment can freely diffuse into the axon, or may be
involved in an unknown active transport mechanism (f). Alternatively, somatodenritic tau is
degraded by proteasome and lysosome proteolytic mechanisms, potentially regulated by the
interplay of MARK and Pinl within a chaperone protein refolding pathway (g-h). Finally,
tau may progress into the distal axon via slow transport on microtubule segments or by
kinesin motor transport, regulated by GSK3p (i).
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Figure 2:
Hypothetical model of the temporal relationship between sorting mechanisms and

endogenous and exogenous tau expression. (Top row) Diagrams of endogenous tau (green)
and exogenous tau (blue) distribution in a developing cultured hippocampal neuron.

While tau is initially uniformly distributed throughout the cellular sphereoid and early,
undifferentiated neuronal processes, sorting begins once one of the processes takes on
axonal character, and is complete with the elaboration of mature postsynaptic morphology.
This is dependent on two mechanisms (1) a drop in mRNA levels and new tau expression
shortly after birth, and (2) the initiation of tau sorting mechanisms upon development of
axonal characteristics. However, the high expression levels of exogenous tau overcome these
sorting mechanisms, especially in the absence of mMRNA sorting signals.
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Figure 3:

Causes and consequences of tau redistribution to dendrites. (a) Multiple triggers encourage
the misprocessing of APP leading to the accumulation of pathogenic A species. Ap
increases intracellular calcium concentration and acts through multiple mediators to change
the post-translational modification state of tau. (b) Aside from Ap, multiple mechanisms can
induce changes in tau that lead missorting to dendrites. (c) Once tau has been redistributed
into dendrites it effectuates multiple pathologies including disrupting microtubules leading
to dendritic retraction and transport dysfunction, undergoing misfolding and aggregation,
and mediating cytotoxicity. (d) The primary result of tau redistribution to dendrites is
dendritic spine loss, which has been associated with multiple protein signaling cascades as
well as potential disruption of BDNF spine stabilization and spinogenesis. This may or may
not be associated with tau-induced dendritic microtubule transport dysfunction.
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AMPA receptor deficits

AMPA receptor deficits

Multiple pathways in multiple disease models lead to tau mislocalization to dendritic
spines. Models of AD, HD, PDD, FTDP-17 and LBD all implicate tau mislocalization

to dendritic spines via phosphorylation or acetylation posttranslational modifications. The
phosphorylation pattern of tau leading to mislocalization may be different in each condition.

Neuroscientist. Author manuscript; available in PMC 2021 September 17.

enrichment



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Teravskis et al.

@ s ©) —— (©)

Normal Dendritic Spine Phosphorylation-Induced
Mislocalization

ER Stress
N
T "

Page 28

Acetylation-Induced
Mislocalization

(A Full-Length Tau & Phospho-Tau @ ATau3l4 @ AMPA Receptor
s S845
== Micowbule A\ Gsk3p/Caks (5 Caspase2 AMPA Receptor
mp® , F-Actin, M TauKinase @D Calcineurin
22 Actin Monomers

A ack274,ac281 Tau

n Tau Acetyl-transferase

0 «ira

Figure5:

Tau mislocalization to dendritic spines and AMPA receptor functional deficits are

mediated by sequential phosphorylation in two domains and acetylation posttranslational
modifications. (a) Under normal conditions, tau is excluded from the dendritic spines. The
AMPA receptor subunit GIuAL is phosphorylated at Ser845 and the population of AMPA
receptors in the postsynaptic membrane is stable. F-actin polymerization supports KIBRA-
mediated, activity-induced insertion of AMPA receptors into the postsynaptic membrane,
promoting memory formation via long-term potentiation (LTP). (b) In FTDP-17, AD, LBD,
PDD and HD, tau is phosphorylated by CDKS5 or GSK3p in the C-terminal domain at
Ser396 and Ser404 residues resulting in mislocalization to dendritic spines. Mislocalization
alone is insufficient to result in functional deficits; separate phosphorylation in the proline
rich region (PRR) activates a signaling cascade in which calcineurin dephosphorylates
GIuALl at Ser845 leading to AMPA receptor internalization and deficits in excitatory
synaptic transmission resembling long-term depression (LTD). This pathway requires the
activity of caspase-2 resulting the abnormal cleavage of tau at Asp314 creating Atau314,
which mislocalizes to dendritic spines but cannot induce synaptic deficits without some
other cellular stressor. (c) In human AD, tau is abnormally acetylated at residues Lys274 and
Lsy281 by an unknown acetyltransferase. Acetylation at these sites results in mislocalization
to dendritic spines, actin depolymerization, and reduced KIBRA activity resulting in
decreased AMPA receptor insertion into the postsynaptic membrane during LTP induction.
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Figure6:
Illustration of the tau missorting sequence. (a) In healthy neurons, tau (green) is (al)

localized to the axon at levels three times greater than the soma and dendrites. (a2) While tau
is largely excluded from dendritic spines, the small amount of tau located in the soma and
dendrites may enter the spines and facilitate synaptic strengthening during LTP induction.
After pathogenic insults from multiple disease mechanisms, (b3) tau is redistributed into
the soma and dendrites of neurons due to the breakdown of tau sorting mechanisms or

tau modifications leading to evasion of those mechanisms. However, (b4) dendritic tau

does not mislocalize to dendritic spines. Once in the dendritic shaft, (c5) phosphorylation,
truncation, and acetylation of tau lead to further mislocalization into the dendritic spines.
(c6) Tau, redistributed in the soma and dendrites, begins to aggregate to form tau inclusions.
Somatodendritic tau redistribution leads to (d7) dendritic spine loss, and (d8) retraction of
neuritic processes. (d9) Tau mislocalization to dendritic spines leads to AMPA receptor
signaling deficits due to LTD-like AMPA receptor internalization and the failure of LTP
induction mechanisms. (e) Ultimately, somatodendritic tau contributes to cytotoxicity and
cell death. Notably, overt tau pathology and neuron loss have been shown to be dissociated,
even in the presence of pro-apoptotic signals, suggesting that cell death may result from the
contribution of an independent pathway.
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