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Tauopathies are a diverse group of diseases featuring progressive dying-back
neurodegeneration of specific neuronal populations in association with accumulation of
abnormal forms of the microtubule-associated protein tau. It is well-established that the
clinical symptoms characteristic of tauopathies correlate with deficits in synaptic function
and neuritic connectivity early in the course of disease, but mechanisms underlying these
critical pathogenic events are not fully understood. Biochemical in vitro evidence fueled
the widespread notion that microtubule stabilization represents tau’s primary biological
role and that the marked atrophy of neurites observed in tauopathies results from
loss of microtubule stability. However, this notion contrasts with the mild phenotype
associated with tau deletion. Instead, an analysis of cellular hallmarks common to
different tauopathies, including aberrant patterns of protein phosphorylation and early
degeneration of axons, suggests that alterations in kinase-based signaling pathways and
deficits in axonal transport (AT) associated with such alterations contribute to the loss
of neuronal connectivity triggered by pathogenic forms of tau. Here, we review a body
of literature providing evidence that axonal pathology represents an early and common
pathogenic event among human tauopathies. Observations of axonal degeneration in
animal models of specific tauopathies are discussed and similarities to human disease
highlighted. Finally, we discuss potential mechanistic pathways other than microtubule
destabilization by which disease-related forms of tau may promote axonopathy.

Keywords: axonal transport, Alzheimer’s disease (AD), chronic traumatic encephalopathy (CTE), pick’s disease,
progressive supranuclear palsy, corticobasal degeneration, neurodegeneration, animal models of tauopathies

INTRODUCTION

Proper brain function relies on appropriate connectivity between specific neuronal populations.
An essential cellular process underlying such connectivity involves the generation and continued
maintenance of molecular constituents within axons and dendrites (Conde and Caceres, 2009;
Rasband, 2010). Maintenance of axons is particularly challenging in neurons because of their
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large size and complex biochemical heterogeneity of discrete
functional compartments (i.e., nodes of Ranvier and synapses)
within this major neuronal subdomain (Morfini et al., 2001).
The axonal cytoskeleton features a polarized microtubule
organization, a characteristic that allows for bidirectional
transport of membrane-bounded organelles (MBOs) to and from
the neuronal soma (Baas et al., 2016). Specialized intracellular
transport events include the regulated delivery of MBOs from the
soma to the pre- and post-synaptic compartments, the removal
of old materials from these compartments, and the maintenance
of neurotrophic support, among many others (Morfini et al.,
2001). Long distance MBO trafficking events, collectively referred
to as axonal transport (AT), are mainly powered by the kinesin
and dynein superfamily of microtubule-based molecular motors
(Black, 2016; Morfini et al., 2016). To date, a large body of genetic
and experimental evidence indicates that maintenance of the
unique cytoarchitecture and connectivity of neurons depends on
appropriate functionality of major AT components, including
microtubules, molecular motors, and protein kinases involved
in their regulation (Gibbs et al., 2015; Morfini et al., 2016).
Accordingly, genetic mutations in specific molecular motor
protein subunits are implicated as potential causative factors for
various neurodegenerative diseases (Morfini et al., 2009; Kanaan
et al,, 2013; Brady and Morfini, 2017).

Tauopathies comprise a heterogeneous group of diseases,
including Alzheimer’s disease (AD), frontal temporal dementia
with parkinsonism linked to chromosome 17 (FTDP-17), chronic
traumatic encephalopathy (CTE), progressive supranuclear palsy
(PSP), corticobasal degeneration (CBD), and PicK’s disease (PiD)
(Arendt et al, 2016). Being originally limited to observations
derived from post-mortem brains at advanced disease stages,
much of the past research on tauopathies focused on mechanisms
linking aberrant accumulation of filamentous tau aggregates
to cognitive decline and neuronal cell death. However, the
recent development of animal models of tauopathies facilitated
the identification of much earlier pathogenic events. Detailed
pathological analysis of these models indicates that disease-
specific symptoms coincide with reductions in synaptic function
and neuronal connectivity that long precede the loss of
neurons (Morfini et al, 2009). Collectively, the available
evidence indicates that neurons affected in tauopathies follow
a dying back pattern of degeneration (Higuchi et al., 2002;
Kanaan et al, 2013; Brady and Morfini, 2017). Based on
this knowledge, interventions focused on maintenance of
neuronal connectivity, rather than prevention of cell death,
may represent a more pressing therapeutic need for tauopathies
(Cheng et al, 2010; Lingor et al, 2012). Identification of
disease-relevant mechanisms linking tau to axonal and neuritic
degeneration may provide specific molecular targets to improve
neuronal connectivity in human tauopathies (Kanaan et al,
2013).

Abbreviations: PET, Positron emission tomography; DTI, Diffuse tensor imaging;
MRI, Magnetic resonance imaging; AD, Alzheimer’s disease; FTDP-17, Frontal
temporal dementia with parkinsonism linked to chromosome 17; CTE, Chronic
traumatic encephalopathy; PSP, Progressive supranuclear palsy; CBD, Corticobasal
degeneration; PiD, PicK’s disease.

EVIDENCE OF AXONOPATHY IN HUMAN
TAUOPATHIES

Degenerating axons follow a stereotypical set of morphological
changes, typically initiated by enlargement of areas known as
swellings or spheroid bodies (Raff et al., 2002). Concomitantly,
axons undergo thinning between spheroids, ultimately displaying
a beaded appearance as dystrophy progresses. This thinning
process continues until the axon becomes fragmented, and
eventually degraded (Zhou et al, 1998). Accordingly, the
extent of these progressive morphological changes can be used
to evaluate axonal degeneration in vivo and in vitro (Gatto
et al, 2015; Kneynsberg et al, 2016). Demyelination often
accompanies this process, highlighting the interdependence
among oligodendrocytes and their myelinated axon tract (Barres
et al., 1993).

Distinctive clinical and neuropathological features of specific
tauopathies including AD (reviewed in Masters et al., 2015);
FTDP-17, (reviewed in Ghetti et al., 2015); PSP, (Williams and
Lees, 2009); CBD, (reviewed in Kouri et al., 2011); PiD, (Mckhann
et al., 2001); and CTE, (reviewed in Kiernan et al,, 2015) are
reviewed elsewhere. Below, we provide a concise review of
independent studies in human brains, which collectively provide
strong evidence supporting the contention that axonal pathology
represents an early and critical pathogenic event common to
multiple human tauopathies (Table 1).

Alzheimer’s Disease (AD)

The strong focus on tau lesions in AD vyielded a large
body of data establishing axonal degeneration as a prominent
neuropathological hallmark of this disease (Kanaan et al,
2013). Tau inclusions within dystrophic neurites, known as
neuropil threads, are a robust neuropathological feature of AD
brains that appear before neurofibrillary tangles (NFTs) form in
neuronal somata (Kowall and Kosik, 1987; Ghoshal et al., 2002).
Immunohistochemical evidence demonstrates that pathological
forms of tau known to inhibit AT accumulate in neuropil
threads, suggesting localized disruption of cellular processes
critical for axonal maintenance in AD, including AT (Kanaan
et al., 2011; Combs et al., 2016a). Observations of abnormal
vesicle accumulations within dystrophic neurites of AD brains
provide further support for this notion (Praprotnik et al., 1996;
Dessi et al., 1997).

Consistent with AT deficits in AD, results from ultrastructural
and immunohistochemical analyses of AD brains reveal a clear
correlation between loss of synapses and the manifestation of
cognitive deficits (Dekosky and Scheff, 1990; Terry et al., 1991).
Highlighting the pathological relevance of these findings, brain
imaging studies in living AD patients document significant
atrophy of axon-rich white matter structures, suggesting that
axonal degeneration represents a prominent feature of the
disease. Brain regions affected in patients with mild cognitive
impairment, a well-established prodromal AD stage, mainly
include axonal projections in the perforant pathway and cortical
regions (Stoub et al., 2006; Huang and Auchus, 2007), where axon
demyelination also occurs (Sjobeck and Englund, 2003; Sjobeck
et al., 2005; Thara et al., 2010). In more advanced AD cases,
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TABLE 1 | Features of axonopathy in human tauopathies.

Disease

Affected brain regions

Tau pathologies

Neuronal/ Synapse Signs of axonal

In Vivo imaging

glial loss degeneration observations
Alzheimer’s Disease Entorhinal cortex, Neurofibrillary tangles, Primarily ~ Yes Dystrophic axons, axonal Progressive loss of white
hippocampus, cortex neuropil threads, neuritic neuronal swelling, demyelination matter in regions displaying
plagues tau pathology correlated
with clinical presentation
(PET and DTI)
Frontal Temporal Frontal and temporal Varies by case but can Both Yes Dystrophic axons, axonal White matter loss in
Dementia with cortices include neurofibrillary swelling, demyelination symptomatic and
Parkinsonism Linked to tangles and glial pathologies asymptomatic carriers of
Chromosome 17 resembling sporadic FTDP-17 mutations (PET
tauopathies and DTI)
Chronic Traumatic Frontal and temporal Neurofibrillary tangles, Both Yes Dystrophic axons, axonal White matter abnormalities
Encephalopathy cortices, hippocampus astrocytic plaques, coiled injuries following head injury  observed in some athletes
bodies, neuritic threads after mild traumatic brain
injury (DTI)
Progressive Supranuclear  Basal ganglia, internal Neurofibrillary tangles, Both Yes Dystrophic axons, axonal White matter loss
Palsy capsule, and thalamic globose tangles, tufted spheroids, demyelination corresponding to disease
fasciculus astrocytes, coiled bodies severity and symptomatic
presentation (DTI)
Corticobasal Frontal and parietal Astrocytic plaques, coiled Both Yes Dystrophic axons, swollen White matter loss
Degeneration cortices bodies, globose tangles, terminals, demyelination corresponding to clinical
neuritic threads presentations (DTl and MRI)
Pick’s Disease Frontal, temporal, and Pick bodies, neuropil Neuronal  Yes Varied thinning and Severe atrophy of cortical
parietal lobes; threads, ramified astrocytes  >glial thickening of axons, white matter (MRI)

hippocampus

demyelination

white matter atrophy extends to the corpus callosum, where
the degree of atrophy directly correlates with cognitive decline
(Vermersch et al., 1996; Hampel et al., 1998). Diftuse tensor
imaging (DTI) techniques quantitatively measure water diffusion
within cellular structures to identify microstructural changes
in white matter that may not be evident with other imaging
techniques (Meerschaert et al., 2016). Significantly, results from
DTI studies show alterations in specific axonal tracts connecting
association cortices, while others involved with motor or visual
functions are largely spared. Again, the extent to which these
tracts are affected displays a close correlation with the degree of
cognitive decline (Bozzali et al., 2002).

Frontotemporal Dementia with
Parkinsonism Linked to Chromosome 17
(FTDP-17)

FTDP-17 represents a subgroup of inherited early-onset
tauopathies resulting from mutations in the gene encoding tau.
The discovery of FTDP-17 tau mutations demonstrated that
tau dysfunction alone suffices to cause neuronal dysfunction
and degeneration (Foster et al., 1997; Hutton et al., 1998), and
axonal pathology is seen in FTDP-17 brains. Specifically, positron
emission tomographic (PET) imaging studies in FTDP-17
patients show the accumulation of tau aggregates in white matter
areas (Wszolek et al., 1992). Interestingly, brain imaging studies
found white matter alterations in pre-symptomatic disease stages
(Rohrer et al.,, 2010; Dopper et al., 2014). Similar to neuropil
threads in AD, mutant tau aggregates localize within dystrophic
axons of FTDP-17 brains (Delisle et al., 1999; Murrell et al.,

1999; Lippa et al., 2000; Kouri et al., 2014). As discussed below,
animal models of specific FTDP-17 variants largely recapitulate
the axonopathy phenotype observed in affected human brains.

Chronic Traumatic Encephalopathy (CTE)

CTE is a neurodegenerative disease associated with repetitive
subconcussive and mild traumatic brain injuries (reviewed in
Blennow et al., 2016). Focal areas of neuronal and glial tau
inclusions at the depths of cortical sulci and in perivascular
regions are pathognomonic CTE lesions found in the frontal
and temporal cortices, as well as the hippocampus (Mckee
et al., 2012). Symptoms of diffuse axonal injuries, including
axonal swellings, unregulated calcium influx, and cytoskeletal
abnormalities are evident within the first 24 h after concussion
and may persist for weeks (Blumbergs et al., 1994; Maxwell
etal., 1995; Giza and Hovda, 2001). Tau-positive neuropil threads
also are a prominent neuropathological feature of CTE and
cognitive decline correlates with axonal atrophy in subcortical
white matter (Tokuda et al., 1991; Kraus et al., 2007; Mckee et al.,
2009). Pathological forms of tau, identified by conformation-
dependent tau antibodies, were recently found to localize within
axons of cortical white matter and neuropil threads in the
cholinergic basal forebrain (Kanaan et al., 2016; Mufson et al.,
2016). Using a PET tracer, protein aggregates, likely made up
of tau, were identified within white matter tracts of former
professional football players suspected of having CTE (Barrio
et al,, 2015). Membrane-associated proteins, including amyloid
precursor protein, accumulate in axons after traumatic brain
injuries, suggesting AT disruption may play a role in CTE
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pathogenesis (Uryu et al., 2007). Additionally, a multitude of DTI
studies have identified white matter changes in athletes at risk
for concussions or repetitive subconcussive impacts from several
sports, including boxing, football, soccer, ice hockey, as well as in
veterans exposed to blast trauma (Zhang et al., 2003; Koerte et al.,
2012a,b; McAllister et al., 2014; Petrie et al., 2014).

Progressive Supranuclear Palsy (PSP)

In PSP, tau aggregates are observed in both neurons (NFTs
and globose tangles) and glial cells (tufted astrocytes and coiled
bodies) (Pollock et al., 1986; Hauw et al., 1994). The presence
of neuropil threads in PSP indicates the presence pathological
tau in axons, particularly in the basal ganglia, internal capsule,
and thalamic fasciculus (Hauw et al., 1990; Dickson, 1999).
Additionally, axonal spheroids are found in subcortical white
matter, the putamen, globus pallidus, and the subthalamic
nucleus (Probst et al., 1988; Ahmed et al., 2008). Extending
these findings, DTI studies in early PSP cases found evidence
of white matter degeneration within the pons, substantia nigra,
cerebellar peduncles, and corpus callosum and the degree of
atrophy in some of these regions correlates to disease severity
and onset of symptoms (Padovani et al., 2006; Knake et al.,
2010; Whitwell et al., 2011; Zhang et al., 2016). Interestingly, PSP
is characterized by abundant tau lesions termed coiled bodies
within oligodendrocytes, the cells responsible for generating
myelin sheaths in the central nervous system. Demyelination is
particularly evident in white matter tracts of PSP-affected brains,
directly correlating with tau burden in the superior cerebellar
peduncle and red nucleus. These findings suggest that tau-
induced oligodendrocyte dysfunction could indirectly contribute
to the axonal degeneration phenotype observed in PSP (Ishizawa
et al., 2000).

Corticobasal Degeneration (CBD)

The characteristic tau pathology of CBD includes astrocytic
plaques, occasional coiled bodies, and neuronal globose
inclusions that are primarily found in the frontal and parietal
lobes of the cerebral cortex, the cerebellum, and substantia nigra
(Rebeiz et al., 1968; Feany and Dickson, 1995). Neuropil thread
pathology is prominent in cortical gray and white matter, the
subthalamic nucleus, and the striatum of CBD brains (Ikeda
et al., 1994; Dickson, 1999). MRI and DTI-based studies find
significantly greater white matter abnormalities in CBD (Doi
et al,, 1999; Zhang et al, 2016). Additional studies identified
pathological changes in specific hand sensorimotor fiber tracts
in patients who manifested limb apraxia at early CBD stages
(Borroni et al., 2008), furthering the linkage between axonal
degeneration and specific symptomatic outcomes. The extensive
astroglial lesions in CBD and other tauopathies suggest that
pathological forms of tau may affect astrocyte-specific functions
critical to neuronal health, including sustained trophic support
(Figure 1C; Kahlson and Colodner, 2015).

Pick’s Disease (PiD)

PicK’s disease (PiD) is characterized by severe atrophy of the
frontal, temporal, and parietal lobes. Cytoplasmic neuronal
tau inclusions known as Pick bodies represent the major

neuropathological hallmark of PiD, and these are typically found
in the dentate gyrus of the hippocampus and frontal and
temporal cortices (Pollock et al,, 1986; Probst et al, 1996).
MRI studies of Pick’s disease cases document severe atrophy of
cortical white matter (Wang et al., 2006; Yamakawa et al., 2006).
Microscopic evaluation of post-mortem brain tissue reveals that
axons surrounding the dendrites of neurons in the affected
brain regions (e.g., polymorphic layer of the dentate gyrus)
often display pathological tau, in addition, glial tau pathology
is observed (Cochran et al., 1994; Probst et al., 1996). Neuritic
threads and spheroids are observed in mossy fibers projecting to
the dentate nucleus along with abnormal tau in cerebellar white
matter and other axons in PiD brains (Probst et al., 1996; Braak
et al, 1999). A marked loss of myelinated axons is observed in
subcortical white matter (Dickson, 1998) as well as perforant
pathway synaptic loss (Lippa, 2004). Accumulation of AT-related
molecules in Pick bodies (e.g., kinesin and synpatophysin)
suggests AT is impaired in PiD (Nakamura et al., 1994).
Collectively, results from ultrastructural,
immunohistochemical, and brain imaging-based studies
strongly implicate axonopathy and the consequent neural
disconnection as a pathogenic component common to all
tauopathies. Localization of pathological forms of tau within
dystrophic axons in each tauopathy further suggests alterations
in one or more cellular processes critical for axonal maintenance,
including AT (Morfini et al., 2002a; Kanaan et al., 2013).

ANIMAL MODELS OF TAUOPATHIES

Models of tauopathy using the expression of specific tau variants
include transgenic mice and viral vector-mediated gene delivery
of tau-encoding cDNA constructs in rodent brains, among
others (Ballatore et al., 2007; LaFerla and Green, 2012; Combs
et al., 2016b). As discussed below, these animal models exhibit
characteristics reminiscent of those seen in human tauopathies,
further supporting a role of axonopathy in the disease process.
Several transgenic tauopathy models were produced over
the years, which replicate selected cardinal features of human
tauopathies (Gotz et al., 2007). The early animal models are
based on expression of wild-type human 4R (Gotz et al,
1995) and 3R (Brion et al., 1999) tau variants and these mice
show only mild phenotypes. However, tau transgenic mice with
stronger gene promoters produce a clear neurodegenerative
phenotype and many of these transgenic models (e.g., the T44
and ALZ17 lines) feature tau pathology mainly in the brainstem
and spinal cord (Ishihara et al., 1999; Spittaels et al., 1999;
Probst et al., 2000). Axonopathy in these models manifests in
the form of axonal spheroids, axonal neurofilament- and tau-
immunoreactive inclusions (Spittaels et al., 1999). Expanding
on these early models, the 8c transgenic mouse line expresses
a human tau gene cassette that produces all six human tau
isoforms and these mice display signs of axonopathy including
axonal swellings and spheroids, but do not develop NFTs
(Duff et al.,, 2000). The 8c line was later crossed with a tau
knockout line to produce mice that exclusively express human
tau isoforms in the absence of endogenous mouse tau (Tucker
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FIGURE 1 | Potential mechanisms contributing to tau-induced axonal degeneration in tauopathies. (A) Pathological forms of tau include phosphorylated tau, tau
oligomers, and tau filaments, all of which feature increased exposure of the PAD (blue region of tau) (Kanaan et al., 2011). In contrast, this domain is hidden in soluble
tau monomers, which feature a paperclip conformation (Jeganathan et al., 2008). Depending on the specific tauopathy, pathological tau is present in neurons (brown
cell), astrocytes (purple cell, C) and oligodendrocytes (blue cell, D). (B) Pathological conformations of tau impair axonal transport through activation of a
phosphotransferase-based signaling pathway that promotes detachment of transported cargoes from the motor protein conventional kinesin. (C,D) Accumulation of
pathological tau may also interfere with cellular processes involved in trophic support by astrocytes and oligodendrocytes, ultimately resulting in axonal dysfunction
and demyelination. (E) Disease-related modifications of tau (e.g., phosphorylation) that reduce its binding to microtubules may promote aberrant katanin-mediated
microtubule severing. (F) Disease-related forms of tau can alter Ca?* homeostasis through various mechanisms, including abnormal modulation of ion channel
activity, the endoplasmic reticulum and/or mitochondrial Ca2t buffering. Enhanced Ca?™t levels may in turn increase calpain activity, leading to abnormal cleavage of
cytoskeletal proteins. Together, these mechanisms represent the multifaceted pathways by which tau that likely contributes to axonopathy.

et al., 2001). Interestingly, mice resulting from this cross show
early accumulation of pathological tau within axons (e.g., CP13
positive phospho-tau), before such changes are detected in
neuronal somata (Andorfer et al., 2003). Thus, overexpression of
exogenous human tau alone suffices to cause axonopathy, which
appears inconsistent with microtubule destabilization playing
a role in tauopathies. Instead, these observations suggest that
exogenous transgenic tau promotes a toxic gain of function that
affects the maintenance of axons (Kanaan et al., 2011).

After the discovery of autosomal dominant tau mutations
in FTDP-17 families (Hutton et al, 1998), several groups
generated transgenic mice expressing FTDP-17-related mutant
forms of tau. Unlike wild-type tau expressing models, these
mice successfully recapitulate NFT-like inclusions typical of

tauopathies (Lewis et al., 2000; Gotz et al., 2001; Allen et al.,
2002). P301L tau remains the most commonly studied FTDP-
17 mutation (Dumanchin et al., 1998; Hutton et al., 1998; Rizzu
et al., 1999), and several transgenic mouse models are based on
expression of this mutant form of tau. JNPL3 transgenic mice for
example, feature expression of 4R/ON P301L tau under control of
the mouse prion promoter (Lewis et al., 2000). Interestingly, these
mice feature not only NFT-like and pre-tangle tau inclusions,
but also axonal spheroids and degenerated myelinated axonal
tracts, predominantly in the spinal cord (Lewis et al., 2000; Lin
et al., 2003, 2005). In rTg4510 mice, the P301L tau transgene
is downstream of a tetracycline operon-responsive element
(TRE), and they express a tetracycline-controlled transactivator
(tTA) that is under control of the Ca?*-calmodulin kinase
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II-a (CaMKIla) promoter, which provides relatively selective
expression of tau in forebrain neurons (Mayford et al.,, 1996;
Santacruz et al., 2005; Spires et al., 2006). Accordingly, mutant
tau expression can be suppressed through doxycycline treatment,
thus providing spatial and temporal control of tau expression
(Santacruz et al., 2005). Interestingly, signs of axonopathy in
the rTg4510 model are comparable to those in JNPL3 mice,
including swollen axons, NFT-like inclusions, myelin loss, and
accumulation of mitochondria in swollen axons (Ludvigson et al.,
2011). The rTgTauEC model uses a similar Tet-Off system as the
rTg4510 model. However, tTA expression is controlled by the
neuropsin promoter (de Calignon et al., 2012), which restricts
mutant tau expression to a subset of entorhinal cortex (EC)
neurons (Yasuda and Mayford, 2006). In this model, initial signs
of axonopathy include strong Alz50 immunoreactivity [Alz50
is an antibody that recognizes a pathological tau conformation
(Carmel et al., 1996)] within axonal terminals of the outer
two-thirds molecular layer of the dentate gyrus, followed by
age-dependent axonal degeneration and loss of hippocampal
neurons (de Calignon et al., 2012). Microglia activation and
astrogliosis is observed in rTgTauEC mice, suggesting that
glial dysfunction might exacerbate axonopathy in this model.
Additionally, the rTgTauEC model shows spread of pathological
tau through interconnected neurons, suggesting transsynaptic
release of misfolded or aggregated tau into the synaptic cleft
and uptake by downstream neurons (de Calignon et al., 2012).
Based on these observations, it is reasonable to posit that synaptic
and axonal degeneration may not only be a primary source
of neuronal disconnection, but also promote the release and
spread of pathological tau species through synaptically connected
networks (reviewed in Walsh and Selkoe, 2016).

Glial contributions to axonopathy are an active area of
research, and models that selectively overexpress tau in glial
cells are valuable models of tauopathies. One such model
expresses 4R/IN P301L tau specifically in oligodendrocytes,
achieved by controlling expression through the 2,3'-cyclic
nucleotide 3’ phosphodiesterase promoter. These mice displayed
oligodendrocyte tau inclusions, AT deficits that preceded axonal
degeneration, and deficits in myelination (Higuchi et al., 2005).
This model highlights the importance of oligodendrocytes on
axonal maintenance because tau inclusions appear to promote
deficits in oligodendrocyte function that in turn indirectly
contribute to axonopathy (Figure 1D; Chin and Goldman, 1996;
Dickson et al., 1996).

Viral vector-mediated gene delivery facilitates the
introduction of exogenous genes with extensive spatial and
temporal control over its expression. In wild-type mice,
injection of recombinant adeno-associated viral (rAAV) vectors
encoding P301L tau into the EC (Siman et al, 2013, 2015)
or the hippocampus (Jaworski et al., 2009, 2011) results in
axonal degeneration. Injected mice display accumulation of tau
phosphorylated at the AT8 epitope within synapses, degeneration
of axons in the performant pathway and spread of P301L tau into
the dentate gyrus (Siman et al., 2013). Similar to some transgenic
tau models, rAAV-based tauopathy models also display reactive
gliosis around degenerating axons, which may contribute to
axonal pathology (Siman et al, 2013, 2015). Furthermore,

injection of an rAAV vector encoding pseudophosphorylated
ATS8 tau in the EC led to early signs of axonopathy, including the
development of spheroids and a swollen morphology (Combs
et al., 2016b). Similarly, lentiviral vectors encoding wild-type or
P301L tau induce markers of axonopathy when injected in the
rat hippocampus, that includes a time-dependent increase in
swollen, fragmented, and dystrophic axons, as well as microglial
activation (Caillierez et al., 2013; Hebron et al., 2014).

Collectively, data from various animal models of tauopathy
reveal axonal degeneration as a prominent pathological feature,
and further suggest there is a contribution to this phenotype
from glial cells. Based on their resemblance to this specific aspect
of human tauopathies, these animal models may help define
mechanisms and specific molecular components mediating the
toxic effect of pathogenic tau on axonal maintenance and
function.

PATHOGENIC MECHANISMS LINKING
ABNORMAL TAU TO AXONOPATHY

The initial discovery of tau protein was based on biochemical
procedures that revealed its ability to associate with purified
microtubules and modulate their dynamic growth behavior in
vitro (Weingarten et al., 1975; Cleveland et al., 1977a,b). These
biochemical properties of tau quickly led to its designation
as a microtubule-associated protein, and the suggestion that
microtubule stabilization represents tau’s primary functional
role in neurons (Weingarten et al, 1975; Cleveland et al,
1977a,b). Several subsequent reports document various effects
of tau on microtubule dynamics in cultured cell lines (reviewed
in Feinstein and Wilson, 2005). By extension, microtubule
destabilization resulting from loss of tau function is widely
believed to represent a major mechanism underlying neuronal
dysfunction and degeneration in human tauopathies (Guo et al.,
2017). However, direct experimental evidence that tau is required
for the maintenance of microtubule stability in cultured primary
neurons or in neurons in vivo has yet to be provided.
Collectively, data from the available four transgenic tau
knockout mouse lines (reviewed in Ke et al., 2012) reveal
little to no effect on behavior, cognition, and neuropathology
associated with germline removal of the tau gene (Harada
et al., 1994; Dawson et al., 2001; Tucker et al., 2001; Fujio
et al, 2007; Morris et al., 2011; van Hummel et al., 2016).
These findings are inconsistent with a critical role for tau in
sustaining microtubule stabilization in vivo. Furthermore, axonal
development is normal in cultured primary neurons obtained
from some tau knockout mice (Harada et al, 1994; Takei
et al., 2000). Deleterious effects of removing tau documented
so far are limited to mild behavioral and parkinsonian-like
deficiencies with advancing age in a couple of mouse lines
(Tkegami et al., 2000; Lei et al., 2014), alterations in microtubule
density limited to small caliber cerebellar parallel fibers in one
model (Harada et al., 1994), and delayed neurite development
in cultured neurons from another (Dawson et al, 2001).
Additional experiments using primary cultured neurons show
that immunodepletion of axonal tau does not lead to appreciable

Frontiers in Neuroscience | www.frontiersin.org

October 2017 | Volume 11 | Article 572


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Kneynsberg et al.

Axonal Degeneration in Tauopathies

alterations in axonal microtubule content or dynamics (Tint
et al., 1998); thus, extending findings from tau knockout mice.
Tau-independent mechanisms for microtubule stabilization,
including post-translational modifications of tubulin and the
existence of additional microtubule-associated proteins, could
explain the marginal impact of tau deletion on microtubule
stability (Song and Brady, 2015; Matamoros and Baas, 2016).

Available experimental evidence suggests that tau performs
functions other than microtubule stabilization in neurons.
Numerous studies suggest a role for tau in multiple cellular
processes and compartments, some of which may not include
microtubule interactions. The functional repertoire of tau
includes microtubule-actin cytoskeleton interactions (Selden and
Pollard, 1986; Liu et al,, 1999), regulation of AT (LaPointe
et al, 2009; Kanaan et al, 2011), nuclear and nucleolar
functions (Papasozomenos and Binder, 1987; Loomis et al., 1990;
Sultan et al,, 2011), end-binding protein regulation (Ramirez-
Rios et al., 2016), cytoskeleton-plasma membrane interactions
(Brandt et al., 1995), RNA-binding protein and stress granule
regulation (Vanderweyde et al., 2016), as well as scaffolding of
phosphotransferases (Lee et al, 1998; Liao et al., 1998; Ittner
et al., 2010; Kanaan et al., 2013). Supporting this later role, a
number of protein kinases and phosphatases reportedly interact
with tau including PP1 (Liao et al., 1998), GSK3f (Sun et al,
2002), Cdk5 (Li et al., 2006), Fyn (Lee et al., 1998), and others
(Liu et al,, 2016). Together, these reports support a role for
tau as a scaffolding protein that targets phosphotransferases to
microtubules; thus, facilitating their interaction with specific
microtubule-associated protein substrates (e.g., motor proteins)
(reviewed in Morfini et al., 2002b; Kanaan et al., 2013).
Experimental evidence also suggests such a role may extend
to the dendritic compartment, where tau appears to regulate
localization and activity of the tyrosine protein kinase Fyn (Xia
et al,, 2015; Lau et al,, 2016). Collectively, the available evidence
supports a broader functional repertoire for tau unrelated
to microtubule stabilization, providing clues to the potential
mechanisms by which pathogenic forms of tau may promote
axonopathy (Figure 1).

The dependence of axons on proper anterograde and
retrograde AT is evident because mutations in selected
conventional kinesins or cytoplasmic dynein subunits suffice to
promote dying-back degeneration of neurons (Morfini et al,
2009). Providing an explanation for the axonal degeneration
phenotype observed in tauopathies, multiple independent studies
documented deficits in AT triggered by pathogenic forms of tau,
including oligomeric tau (Higuchi et al., 2005; Gotz et al., 2006;
Cox et al., 2016; Swanson et al., 2017). Several mechanisms are
proposed to mediate this toxic effect. The early observation that
tau overexpression leads to alterations in intracellular trafficking
of cellular organelles in cultured cell lines suggested that tau
inhibits AT (Stamer et al., 2002). In vitro studies using purified
components of the AT system further supported a model where
tau would elicit this effect by competing with conventional
kinesin heavy chain subunits for microtubule binding (Seitz
et al., 2002; Mandelkow et al., 2003). However, studies in the
squid axoplasm preparation reveal that even supraphysiological
(i.e., ~20-fold higher) levels of human tau monomers do not

negatively impact AT (Morfini et al., 2007). Pulse chase studies
in vivo extend the conclusions from squid axoplasm studies to
mammalian neurons, showing normal AT rates in the optic nerve
of tau-overexpressing mice (Yuan et al., 2008).

The highly dynamic nature of the interaction between tau and
microtubules in vitro and in situ also appears inconsistent with
the notion that tau physically blocks motor proteins (Samsonov
et al., 2004; Janning et al., 2014; Stern et al., 2017). Recent
work suggests that disease-related phosphorylation does not
cause tau to fall off microtubules as the off-rate is unaffected by
pseudophosphorylation at the PHF1 site (i.e., S396 and S404),
but may reduce microtubule binding by decreasing the on-rate
(Niewidok et al., 2016). The highly dynamic conformational
flexibility of tau likely facilitates its interaction with a large
repertoire of binding partners (Jeganathan et al., 2006; Uversky,
2015; Stern et al., 2017) (reviewed in Bakota et al., 2017).
Further, tau’s role as a scaffolding protein and the recruitment of
phosphotransferases to the microtubule cystoskeleton associated
with this function could in turn be subject to phosphoregulation.

The major motor proteins responsible for AT, conventional
kinesin and cytoplasmic dynein, are regulated by specific protein
kinases providing a novel mechanism linking pathological forms
of tau to deficits in AT (Kanaan et al., 2013; Gibbs et al., 2015;
Brady and Morfini, 2017). Unlike soluble tau monomers, tau
aggregates inhibit anterograde AT in the isolated squid axoplasm
when perfused at physiological levels (LaPointe et al., 2009).
Remarkably, this effect is dependent upon amino acids 2-18
in the extreme amino terminus of tau, a motif termed the
phosphatase-activating domain (PAD) (Kanaan et al, 2011).
PAD is sufficient to activate protein phosphatase 1 (PP1)
and GSK3 in a manner independent of microtubule binding
(Kanaan et al, 2011). PP1 reportedly activates GSK3p by
dephosphorylating the autoinhibitory residue (Ser 9), causing
its activation (Morfini et al., 2004). Active GSK3 in turn
phosphorylates kinesin light chain subunits of conventional
kinesin, promoting release of transported cargoes from this
motor protein (Morfini et al., 2002b). Systematic evaluation of the
effects that numerous tau construct variants elicit on AT reveals
that different pathological changes (e.g., mutations, aggregation,
oligomerization and phosphorylation) promote increased PAD
exposure (Figure 1A; Kanaan et al., 2012). Given the unique
dependence of axons on sustained AT, these studies highlight
a specific kinase-dependent mechanism by which pathological
forms of tau may cause axonal dysfunction, further supporting
a role of tau as a modulator of protein kinases involved in
AT regulation (Figure 1B). More recent studies provide further
support for this mechanism in mammalian neurons by showing
that amyloid-p oligomer-mediated impairments in AT require
both tau and specific phosphotransferases (Decker et al., 2010;
Vossel et al, 2015). Additionally, phosphorylation of tau at
specific epitopes modulates both its dynamic behavior and its
effect on AT (Kanaan et al., 2012; Tiernan et al., 2016; Stern et al.,
2017). For example, tyrosine 18 phosphorylation within PAD by
non-receptor kinases blocks the inhibitory effect of pathogenic
tau on anterograde AT (Kanaan et al, 2012). In contrast,
phospho-mimicking residues within the proline-rich region and
the C-terminus confer a toxic effect on anterograde AT upon wild
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type tau monomers (Kanaan et al.,, 2011; Tiernan et al., 2016;
Stern et al., 2017). Interestingly, tau-induced toxicity in cultured
cortical astrocytes is associated with kinesin-dependent transport
deficits (Yoshiyama et al., 2003), suggesting that tau may impair
microtubule-dependent transport in glial cells as well.

In addition to the mechanisms above, mechanisms linking
pathological tau to Ca®" dysregulation may negatively impact
axonal connectivity (Figure 1F). For example, injection of
wild-type tau in the squid giant synapse promotes release of
Ca’* from the endoplasmic reticulum, leading to inhibition
of synaptic vesicle exocytosis and synaptic transmission
through a mechanism involving PAD exposure and GSK3
activation (Figure 1F; Moreno et al., 2016). Oligomeric tau is
particularly toxic to synaptic function, causing impaired long-
term potentiation (Fa et al., 2016) and long-term depression
(Decker et al., 2015) in cultured neurons and mouse brain slice
cultures, as well as memory deficits in living mice (Fa et al,
2016). Studies also show that tau oligomers can cause Ca’*
imbalance and cell death in induced pluripotent stem cells
(Imamura et al., 2016), and tau may further increase Ca™t levels
by directly inhibiting plasma membrane Ca?>* ATPase (Berrocal
et al,, 2016). Besides the endoplasmic reticulum, mitochondria
are a main source of Ca>* buffering in cells (Werth and Thayer,
1994). Interestingly, P301L mutant tau reduces the number of
axonal mitochondria (Rodriguez-Martin et al., 2016) and the
N-terminal domain of tau may stimulate autophagic turnover
of mitochondria in neurons (Amadoro et al., 2014). Reduced
numbers and/or dysfunction of axonal mitochondria could
in turn promote abnormal Ca®t levels (reviewed in Eckert
et al, 2014). Ultimately, pathogenic tau-mediated increases
in Ca?* levels may promote abnormal activation of calcium-
activated proteases and proteolysis of critical cytoskeletal protein
components (Figure 1F; Yin et al., 2016). Consistent with
this notion, increased calpain activation occurs in AD and
other tauopathy brains (Adamec et al, 2002), and inhibition
of calcium activated protease reduces axonal degeneration
in the P301L transgenic mouse model (Rao et al, 2014).
Interestingly, studies suggest that microtubules devoid of tau
are more vulnerable to degradation by the microtubule-severing
protein katanin, providing another route by which abnormal
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