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Editorial on the Research Topic

Tau Pathology in Neurological Disorders

The histological alterations now known as neurofibrillary tangles (NFTs) were first described in
1906 by Alois Alzheimer using light microscopy and silver staining (1); in the late 1960’s it was
shown by electron microscopy that they were made of paired helical filaments (PHFs) and a small
percentage of straight filaments (SFs) (2, 3). Around this time, it was also shown that abundant
NFTs were associated with cognitive decline (4, 5). Between 1985 and 1991 it was shown by
immunohistochemistry, biochemical approaches and molecular cloning that PHFs and SFs are
made of hyperphosphorylated tau protein (6–11) a microtubule-associated protein first described
in 1975 (12). Tau filaments from Alzheimer’s disease were shown to be made of a structured core
and the less structured fuzzy coat (10, 13, 14). These pioneering accomplishments paved the way to
further recognize the complexity of tau translation and splicing leading to the identification of the
different tau isoforms in the healthy brain and modification such as phosphorylation, truncation
and conformational changes in neurodegenerative diseases (7, 15–18). In normal human brain, six
tau isoforms are expressed from a single gene by alternative mRNA splicing (19, 20). They differ
by the presence or absence of two amino-terminal inserts and an extra repeat of 31 amino acids
in the C-terminal region. Depending on its presence, one can divide tau isoforms into two groups,
three isoforms with three repeats and three isoforms with four repeats. Both groups of isoforms
are expressed at similar levels in normal brain. The repeats and some adjoining sequences make
up the microtubule-binding region of tau. They also form part of the filament core, suggesting
that physiological function and pathological assembly are mutually incompatible. In Alzheimer’s
disease, all six tau isoforms are present in PHFs and SFs (15). Electron microscopy and image
reconstruction showed that tau filaments from Alzheimer’s disease are made of two identical
C-shaped protofilaments (21). However, the resolution was insufficient to see individual amino
acids. This changed in 2017, when the structure of the Alzheimer tau fold was obtained at near-
atomic resolution using electron cryo-microscopy (cryo-EM) (22). The same tau fold has been
described in multiple individuals with Alzheimer’s disease (23), as well as in some cases with prion
protein amyloidosis (24) and in primary age-related tauopathy (PART) (25). Different tau folds
have been described in Pick’s disease (23), chronic traumatic encephalopathy (26), and corticobasal
degeneration (27).
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These findings tell us that Alzheimer NFTs are made of
filamentous tau, but they do not say anything about the relevance
of tau assembly for the disease process. This required human
genetics. In June 1998, three publications reported mutations
in MAPT, the tau gene, in familial forms of frontotemporal
dementia (28–30). Even though MAPT mutations do not cause
Alzheimer’s disease, these findings proved that dysfunction of tau
protein is sufficient to cause neurodegeneration and dementia.
To date, 65 missense, deletion and intronic mutations in MAPT
have been shown to cause disease. Gene dosage mutations have
also been reported (31). Importantly, filamentous tau assemblies
were present in all cases. Depending on themutations, assemblies
are made of either 3R, 4R, or 3R+4R tau. Similar findings have
been described for idiopathic human tauopathies. Thus, Pick’s
disease is a 3R tauopathy, whereas progressive supranuclear
palsy, globular glial tauopathy, corticobasal degeneration, and
argyrophilic grain disease are 4R tauopathies. Alzheimer’s
disease, familial British dementia, familial Danish dementia,
chronic traumatic encephalopathy and Guam-Parkinsonism-
Dementia are 3R+4R tauopathies.

In 2009, it was shown that assembled tau exhibits prion-
like properties in experimental systems (32, 33). It is now well-
established that a tau seed can induce the assembly of monomeric
protein, but it remains to be established what role the prion-
like spreading of assembled tau plays in human brain. Although
the staging of tau pathology is associated with development of
dementia (34–37) and is consistent with prion-like spreading, it
cannot prove its existence. Perhaps the best evidence for prion-
like spreading in human brain comes from a study showing
the absence of assembled tau in denervated frontal cortex from
Alzheimer’s disease (38). Using sucrose gradient fractionation of
the brains frommice transgenic for humanmutant P301S tau and
a cellular assay, it has been shown that small tau filaments are
the most potent seeds (39). It remains to be determined which
species of assembled tau cause neurodegeneration. It has been
suggested that tau oligomers may play an important role (40–42).
Current knowledge also suggests that the intercellular transfer of
tau aggregates is dependent on the tau species (43) and is likely
mediated through mechanisms such as the release of tau seeds
into the extracellular space in a free form or within vesicles, such
as exosomes, which enter recipient neighboring cells by fluid-
phase or receptor-mediated endocytosis or by vesicle fusion. The
transfer of tau seeds to recipient cells can also occur through
nanotubes [reviewed in (44)]. The recipient cells can be either
neurons or other brain cell types such as microglia, astrocytes,
oligodendrocytes and endothelial cells as highlighted in this
Research Topic.

Notwithstanding that the presence and importance of tau
and its modifications in neuropathology were first studied
in Alzheimer’s disease, tau inclusions are also represented in
other neurodegenerative diseases grouped under the umbrella
term “tauopathies.” The strong association between NFTs
and cognitive capabilities in the continuum of Alzheimer’s
disease, and observed also in Down syndrome, was described
in a wealth of literature (34, 45–57). These observations
were also corroborated by the recent report of an autosomal
dominant Alzheimer’s disease case who presented mild cognitive

impairment at the age of 70, 3 decades later of what
expected in the family and who presented with extreme
amyloid burden but minimal tau pathology (58). In addition
to Alzheimer’s disease, tau pathology has been described in
other neurodegenerative diseases which lack significant Aβ

pathology including Pick’s disease, progressive supranuclear
palsy, corticobasal degeneration, and frontotemporal dementia
and parkinsonism linked to chromosome 17, among others
(30, 59–62) [reviewed in (63, 64)]. In consequence the term
“tauopathy” used to describe the pathology in a family
with MAPT mutation (61) encompassing now all the above
neurodegenerative diseases.

Still, despite the colossal amount of knowledge on tau
biology gathered so far, significant questions related to how tau
transitions from the homeostatic into the disease state remain
at least partially unanswered: (1) How do the differential levels
of tau post-translational modifications and aggregation affect
tau propagation and its biological activity? (2) What is the
contribution of tau regions outside the microtubule binding
domain to tau physiology and pathology? (3) Which factors
define the phenotypic heterogeneity of tauopathies; is miRNA-
mediated regulation of tau involved? (4) What are the functional
consequences of tau interaction with cellular organelles such
as the nucleus and mitochondria? (5) How and how much
does the transmission of tau to non-neuronal cells contribute to
tauopathy progression and what is the functional consequence
of such transmission in the recipient cells? (6) What is the
contribution of tau pathology to the malfunction of the brain
vasculature and neurovascular unit in Alzheimer’s disease? (7)
To which extent does tau intersect with other pathologies to
drive neurodegeneration and cognitive dysfunction? (8) How
does the current knowledge of tau biology translate into tau-
targeted therapies, and can these be of benefit in tauopathies
other than Alzheimer’s?

We present this Research Topic and e-book to provide an
insight into some of these questions and highlights the most
recent advances in understanding the molecular and cellular
mechanisms underlying the evolution of tau pathology in
Alzheimer’s disease and in other tauopathies.

In this Research Topic, the extent of tau post-translational
modifications, the assembly states and conformations of tau,
the distribution of tau in different cell types, the spreading of
tau to cells and tissues and the toxic effects of abnormal tau
are comprehensively reviewed by Kang et al. who conclude that
“although heterogeneity [of tau biology] in the here and now is
an inconvenient truth, embracing this effect, defining its origins
and then adjusting approaches may pave the way for more
sophisticated testing and more realistic interventions.”

The extent of tau post-translational modifications across
tauopathies, their frequency, and their effect on tau function,
aggregation and degradation are further reviewed by Alquezar
et al. It is noteworthy that the vast number of sites on the
tau protein that can be targeted by specific modifications,
often on the same amino acid residue, opens the door for
a competition between post-translational modifications that
defines a dynamic code regulating tau function, aggregation and
degradation and could therefore explain the heterogeneity of
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tauopathies. The significance of tau phosphorylation is further
emphasized by Duquette et al. who discuss that the pattern
of tau hyperphosphorylation varies greatly in physiological
and pathological conditions. Tau hyperphosphorylation appears
mainly protective and reversible in brain development and in
hibernating animals. However, in pathological conditions the
pattern of tau hyperphosphorylation is disease-specific in the
same way as the atomic structure of their intrinsic tau filaments
as revealed by cryo-EM.

The disease-specificity of tau phosphorylation is further
highlighted in amyotrophic lateral sclerosis (ALS) and in ALS
frontotemporal spectrum disorder (ALS-FTSD) as reviewed by
Strong et al. where the distinctive pathological phosphorylation
at Thr175 promotes exposure of the phosphatase activating
domain in the tau N-terminus thereby activating GSK3β-
mediated phosphorylation at Thr231 leading to the formation
of tau oligomers. Indeed, it has been shown that tau
phosphorylation and aggregation are intimately linked and tau
hyperphosphorylation by proline-directed stress kinases, such
as GSK3β favors tau oligomerization (65). Novel information
regarding the reason for which oligomeric tau might be more
neurotoxic than fibrillar tau is provided by Jiang et al. Using
a seeding assay in primary neuron cultures expressing human
4R0N tau Jiang et al. demonstrate that oligomeric seeds of
tau show a greater co-localization with RNA binding proteins
associated with stress granules, an element that could contribute
to increased pathology.

The molecular organization of the tau protein in relation to
the functional interactions of diverse tau regions, including the
particular features of the tau non-microtubule binding region
are eloquently reviewed by Brandt et al. Of relevance, tau
knockout in mouse models results in a several of effects, with
only some of them related to microtubule-dependent processes.
This highlights the role of the N-terminal region of tau in the
organization and function of membrane organelles, such as the
plasma membrane (66, 67) and synaptic vesicles as well as its
involvement in tauopathies.

Tau aggregates are mostly found within neurons where they
disrupt synaptic plasticity, cell signaling, and DNA integrity
eventually leading to cell death. Indeed, stress and pathological
conditions promote tau accumulation in cellular compartments
other than axons which are considered their main sub-cellular
localisation. As such, tau can also be found in the soma,
the dendrites, and the nucleus where it can interact with
nuclear components. As reviewed by Diez and Wegmann, the
dual localisation of tau in cytoplasm and nucleus suggests the
transport of tau between the two compartments by mechanisms
still to be defined given the absence of nuclear localisation signals.
The nuclear tau interaction with DNA appears to be regulated
by its phosphorylation and it has been suggested as protective
of double stranded DNA breaks and participant of regulation of
gene expression.

Such nuclear localization may also promote chromosome
stability. On the other hand, cytoplasmic tau could alter the
structure of the nuclear envelope and promote the aggregation
of nucleoporins in the cytoplasm. This would alter the

nucleocytoplasmic protein transport and therefore impacting
major cellular signaling pathways. In response to stress nuclear
tau can also translocate to the nucleolus and be found in stress
granules in the cytoplasm as revealed in ALS and ALS-FTSD
and discussed by Strong et al. Moreover, tau pathology impacts
negatively adult hippocampal neurogenesis in both Alzheimer’s
disease and tau mouse models as summarized by Houben et al.
This provides a new insight on a less documented tau-related
pathological pathway leading to cognitive deficits. However, the
studies carried so far have produced conflicting results.

The presence of tau aggregates is being increasingly reported
in non-neuronal brain cells. Whether such aggregates derive
directly from the intracellular microtubule tau detachment of
glial expressed tau or from the glial uptake of neuronal tau
is still a matter of debate (68–70). It is well-established that
astrocytes play a critical role in supporting neuronal function
and that pathological astrocytic changes are associated with
and precede neuronal loss in Alzheimer’s disease and overt
tau aggregation in mouse models of tau aggregation (71).
Interestingly, while tau deposition in astrocytes is mostly seen
in aging, it can also be found in tauopathies, although with
varying frequency according with the disease condition, as
reviewed by Reid et al. This deposition of tau impacts the
function of astrocytes through mechanisms which includes
disruption of calcium signaling, gliotransmitters release, and
immune responses consequentially affecting neuronal function.
In addition, astrocytes may participate in the spreading of tau via
the astrocytic water channel aquaporin-4 (AQP4) involved in the
elimination of aberrant proteins.

The disruption of astrocytic and microglial function by
tau may also participate in vascular dysfunction, an early
characteristic of Alzheimer’s disease (72). Canepa and Fossati
discuss studies in vitro, in animal and human supporting
the view that tau has deleterious effects on cellular and
molecular pathways in vascular and immune cells which lead
to the dysregulation of the neurovascular unit. These authors
also propose mechanisms mediating the effects of tau on
the cerebrovasculature, including tau-induced mitochondrial
dysfunction which would lead to increased reactive oxygen
species and decreased ATP production and caspase activation.
Further to it, Bryant et al. provide novel data showing that
microvessels isolated from the dorsolateral prefrontal cortex of
Alzheimer’s subjects display extensive tau pathology (Braak V/VI,
B3) and a strong upregulation of endothelial senescence and
leukocyte adhesion-related genes.

The disease-specificity of tau accumulation in glia and
the role of oligodendrocytes in tau spreading is further
highlighted by Zareba-Paslawska et al. Using a humanized tau
mouse line overexpressing all six human tau isoforms in a
murine tau knockout background inoculated with insoluble
tau extracts from corticobasal degeneration brain homogenates,
they show a 4R-tau dependent spreading primarily mediated
by oligodendrocytes.

Given the critical role of tau in Alzheimer’s and other
tauopathies, understanding how tau expression, splicing, post-
translational modifications and aggregation are regulated is
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essential. Boscher et al. describe the involvement of microRNAs
(miRNAs) in such regulation. In particular, loss of the miR-
132/212 cluster is strongly associated with memory decline and
increased tau pathology. Intriguingly, Boscher et al. show that
deletion of the miR-132/212 in PS19 mice, a model of tauopathy,
had little effects on disease phenotypes with divergent effects on
tau biology. They also discuss potential pitfalls explaining these
observations including the lack of adequate tools and animal
models to study the involvement of miRNAs in tau pathology.

As evidenced in this Research Topic, because of its key
function and its dysregulation and aggregation in Alzheimer’s
and other tauopathies, tau has become an attractive target
for therapy. Existing tau-targeting approaches, their advantages
and limitations were elegantly summarized by Masnata et al.,
with an emphasis on their potential in treating Huntington’s
disease, a secondary tauopathy. Some approaches target tau
phosphorylation using kinase inhibitors, phosphatase activators
or immunotherapy targeted at tau phosphorylation at sites that
are either hyperphosphorylated or exclusively phosphorylated
in Alzheimer’s. In the particular case of immunotherapy, a
few factors must be considered when designing antibodies
including the differential toxicity of tau seeds and the disease-
specificity of tau hyperphosphorylation, which precludes the use
of immunotherapy targets across tauopathies as discussed by
Duquette et al.

The disease-specific characteristics of tau aggregates across
tauopathies as revealed by cryo-EM, their trans-cellular
propagation and the information gathered from models used
to study tau aggregation further prompted the development
of approaches targeting tau self-assembly as discussed by
Oakley et al. and by Masnata et al. The present most promising
avenues include tau aggregation inhibitors, and active or passive
immunisation against either post-translational modifications
facilitating tau aggregation and conformationally altered forms
of tau or aggregated tau, thus preventing the formation of PHFs.

Tau spreading could also be targeted by inhibiting tau
receptors favouring spreading. A recent study by Rauch et al.
(73) showed that neuronal surface low-density-lipoprotein-
receptor-related protein-1 (LRP1) mediates internalization
and spreading of both physiological tau and pathogenic
tau oligomers, suggesting that LRP1 could be a suitable
target for intervention. Through their commentary on the
paper by Rauch et al., Fearon and Lynch highlight the
potential and limitations of LRP1 as a key player in tau
physiology and its potential as a therapeutic target for
tauopathies. As previously suggested in Fearon and Lynch’s
the in vitro and animal data do not always translate to
human studies.

Other approaches to mitigate the deleterious effects of
pathological tau are being examined such as modulating
MAPT gene expression. As revealed in preclinical studies, the
restoration of physiological miRNA levels could also provide an
attractive alternative.

As emphasized in several contributions to this Research Topic,
models mimicking tau biology in physiological and pathological
conditions, while allowing testing potential therapeutics they

present considerable limitations. To overcome these limitations
Shamir et al. introduce a neuron-like in vitro model of human
origin which shows the expected toxicity of human-derived PHF-
enriched tau and enables studies on the internalization and
interaction of tau antibodies with pathological tau.

A significant limitation of mouse tauopathy models is that
while mouse models provide invaluable insight into tau biology
and pathology, they do not recapitulate the human tau splicing
into six isoforms and the human 3R/4R ratio [reviewed in (74,
75)]. There are a few mouse models which mimic human tau
pathology leading to brain atrophy such as the PS19 and the
P301S tau (76, 77). More recently, P301S tau transgenic mice
with targeted replacement of endogenous ApoE with human
ApoE revealed the important role of ApoE in regulating tau-
mediated neurodegeneration. In this model, the expression of the
human ApoE4 protein caused the most severe tauopathy leading
to human-like brain atrophy (78). In this regard rat models of
tauopathy display significant advantages (74). For example, the
McGill-R962-hTau rat model of tauopathy, as similar models
under development, overexpresses the longest isoform of human
tau (2N4R) with the P301S mutation causative of FTDP-
17 under the control of the CaMKII alpha gene promoter.
These rats progressively develop human-like tau pathology
and related phenotype with tau hyperphosphorylation and
conformationally-altered tau, resulting in NFT-like inclusions
and neuroinflammation followed by neuronal loss, marked
by brain atrophy, ventricular dilation, demyelination, and
cognitive impairment (79). Of relevance to the study of the
human-like tauopathy and therapeutics rats are genetically and
physiologically closer to humans than mice and unlike mice they
display all six human tau isoforms, although not at the same
ratio. Furthermore, the rat endogenous ApoE protein has a high
homology with the human ApoE4 protein.

CONCLUSION

This collection of reviews covers a wide variety of progresses
regarding the participation of the tau protein in a diversity
of neurodegenerative conditions. These contributions bring
new ideas regarding physiological and pathological molecular
mechanisms involving this multi-faceted microtubule-associated
protein. These contributions offer an excellent background to
further define the differential pathological aspects of diverse
tauopathies. It supports the analysis of tau-mediated glia-neuron
interactions and their impact in the homeostatic maintenance of
the brain vascular bed. The main future challenge in the field will
remain the development of effective therapeutics able to halt or
delay the devastating consequences of brain tau pathology. This
e-book should be of much assistance to conceive and investigate
novel therapeutic approaches of eventual clinical value.
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Alzheimer’s Disease (AD) is associated with neuropathological changes, including

aggregation of tau neurofibrillary tangles (NFTs) and amyloid-beta plaques. Mounting

evidence indicates that vascular dysfunction also plays a key role in the pathogenesis and

progression of AD, in part through endothelial dysfunction. Based on findings in animal

models that tau pathology induces vascular abnormalities and cellular senescence, we

hypothesized that tau pathology in the human AD brain leads to vascular senescence. To

explore this hypothesis, we isolated intact microvessels from the dorsolateral prefrontal

cortex (PFC, BA9) from 16 subjects with advanced Braak stages (Braak V/VI, B3)

and 12 control subjects (Braak 0/I/II, B1), and quantified expression of 42 genes

associated with senescence, cell adhesion, and various endothelial cell functions.

Genes associated with endothelial senescence and leukocyte adhesion, including

SERPINE1 (PAI-1), CXCL8 (IL8), CXCL1, CXCL2, ICAM-2, and TIE1, were significantly

upregulated in B3 microvessels after adjusting for sex and cerebrovascular pathology.

In particular, the senescence-associated secretory phenotype genes SERPINE1 and

CXCL8 were upregulated by more than 2-fold in B3 microvessels after adjusting for sex,

cerebrovascular pathology, and age at death. Protein quantification data from longitudinal

plasma samples for a subset of 13 (n = 9 B3, n = 4 B1) subjects showed no significant

differences in plasma senescence or adhesion-associated protein levels, suggesting

that these changes were not associated with systemic vascular alterations. Future

investigations of senescence biomarkers in both the peripheral and cortical vasculature

could further elucidate links between tau pathology and vascular changes in human AD.

Keywords: Alzheimer’s disease, tau pathology, neurofibrillary tangles, vascular dysfunction, endothelial

senescence, gene expression, plasma biomarkers

INTRODUCTION

Vascular dysfunction has become increasingly implicated in the pathogenesis of Alzheimer’s
Disease (AD) (1, 2). Cerebrovascular diseases including cerebral amyloid angiopathy (CAA) and
atherosclerosis often co-present with AD (3–5), and reduced cerebral blood flow in the human AD
brain is associated with both cognitive decline (6, 7) and tau accumulation (8–10). Proper function
of the neurovascular unit, which is comprised primarily of endothelial cells, mural cells, and
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astrocytic endfeet, is essential for nutrient supply and protection
from peripheral blood molecules via the blood-brain barrier
(BBB). Impaired cerebral blood flow represents a key mechanism
in neurodegeneration as it contributes to neuronal injury (11)
and the accumulation of amyloid beta aggregates (12).

One of the neuropathological hallmarks of AD is the
aggregation of phosphorylated tau protein into neurofibrillary
tangles (NFTs). Several lines of research indicate that tau
pathology may interact with endothelial cell changes to drive
vascular impairment in AD. Senescence is a complex process in
which cells irreversibly cease proliferating, change morphology,
and present the senescence-associated secretory phenotype
(SASP) (13). In neurons, cellular senescence and tau NFT
formation have been reported to exhibit a positive feedback
relationship (14, 15), and suppression of senescence prevents
tau aggregation in vivo (15). Moreover, endothelial senescence is
associated with vascular dysfunction via BBB disruption (16, 17),
increased vascular stiffness (18, 19), and aberrant neurovascular
coupling (10, 20–22).

The SASP profile includes pro-inflammatory cytokines, cell
cycle regulators, and pro-angiogenic factors (13, 23, 24), which
propagate senescence via autocrine and paracrine signaling
(25, 26). This profile phenocopies, to some extent, changes we
have observed in the microvasculature of tau-overexpressing
transgenic (Tg4510) mice (27). We therefore examined whether
endothelial senescence contributes to microvascular alterations
in tau-related neurodegenerative disease. To investigate this
hypothesis, we isolated intact microvessels from the dorsolateral
prefrontal cortex (PFC, Brodmann area 9) of 16 AD and 12
control cases and measured expression of 42 genes related to
senescence, cell adhesion, and general endothelial cell functions.
Since many of the senescence-associated biomarkers are secreted,
we also investigated whether changes in plasma protein levels
could be detected in AD subjects in the years before death.

MATERIALS AND METHODS

Subject Information
Twenty-eight cases were selected from the Neuropathology
Core of the Massachusetts Alzheimer’s Disease Research Center.
Thirteen of the subjects also had longitudinal plasma sample
collection over several years; these cases are indicated with an
asterisk in the Plasma column in Table 1. All cases were assessed
by a neuropathologist and scored for Alzheimer’s Disease (AD)
neuropathology burden according to the NIA-AA guidelines
(28). Control cases (n = 12) were defined as subjects with a
Braak neurofibrillary tangle (NFT) score of 0/I/II (B1) and were
classified as low AD probability. One of the B1 subjects exhibited
Lewy BodyDisease with Primary Age-Related Tauopathy and one
exhibited Progressive Supranuclear Palsy pathology, as labeled in
Table 1. AD cases (n = 16) were defined as subjects with a Braak
NFT score of V/VI (B3) indicating extensive tau pathology in the
neocortex, with NIA-AA classification as intermediate or high
AD probability. B3 subjects did not exhibit Lewy bodies, though
6 out of 16 had evidence of TDP-43 inclusions in the amygdala
and hippocampus.

Cerebral Microvessel Isolation
We adapted this protocol for intact cortical microvessel isolation
from Boulay et al. (29) and Hartz et al. (30), which is designed
to protect the intercellular connections between endothelial
cells and mural cells. All steps for microvessel isolation were
performed on ice under RNAse-free conditions. Approximately
200mg of frozen postmortem dorsolateral prefrontal cortex
(PFC, Brodmann area 9) tissue was measured by a histologist
for each case. Meninges were removed from the cortical surface
and the cortical tissue was sliced into ∼2mm sections using a
sterile razor blade in Hank’s Balanced Salt Solution (HBSS) and
HEPES buffer. The tissue sections were manually dissociated
with a dounce homogenizer and centrifuged for 10min at
2,000 g in 4◦C. The pellet was resuspended in a dextran solution
and centrifuged at 4,400 g for 15min at 4◦C. A myelin layer
formed atop the supernatant, which was removed by inverting
the centrifuge tube and carefully blotting the inside walls. The
pellet was resuspended in the HBSS-HEPES buffer with RNAse-
free bovine serum albumin (BSA) and filtered over a 20µm
mesh filter (Millipore) to collect microvessels. Microvessels were
collected from the filter by gently stirring the filter in HBSS-
HEPES-BSA buffer. The collected microvessels were washed and
spun twice at 2,000 g for 5min at 4◦C. The supernatant was
discarded and the pellet containing isolated microvessels was
stored at−80◦C prior to RNA isolation.

RNA Isolation and RT-qPCR
Frozen microvessel pellets or 25mg of whole tissue was
resuspended in RLT buffer (Qiagen) and sonicated for 20 pulses
at 10% amplitude to lyse cells. The lysed cells were then
centrifuged at 13,000 rpm for 3min to pellet out residual cellular
debris. RNA was extracted using the RNeasy Mini Kit (Qiagen)
and was eluted in 30 µl of nuclease-free water. RNA was assessed
using the NanoDrop spectrophotometer (ThermoFisher) and
diluted to a standard concentration of 20 ng/µl for each sample.
cDNA was synthesized using the RT2 HT First Strand kit
(Qiagen) and was combined with RT2 SYBR Green Mastermix
fluorescent dye (Qiagen). The cDNA reaction mix was loaded
into a custom 96-well RT2 Profiler Array with pre-loaded
primers. Each plate contained 42 genes of interest (Table 2),
three housekeeping genes, a Human Genomic DNA Control
(HGDC), a Reverse Transcription Control (RTC), and a Positive
PCR Control (PPC). Two samples were run per plate. The plate
was covered with a plastic seal to prevent sample evaporation
and briefly spun at ∼400 rpm to remove bubbles. The qPCR
reactions were performed using the BioRad CFX96 Real-Time
Detection System. The sequence began with a 10-min incubation
at 95◦C to activate the DNA polymerase enzyme. Fluorescence
data collection then commenced with 40 cycles of alternating 15 s
at 95◦C and 60 s at 60◦C.

The 11CT relative quantification method was used to
calculate gene expression (59). First, positive controls for reverse
transcription and PCR (RTC and PPC) were analyzed for each
sample according to manufacturer instructions. Gene Ct (cycle
threshold) results were quality filtered to remove any data
points with a Ct value greater than the sample Ct for the
genomic DNA (HGDC) control primer. Any reaction with no
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TABLE 1 | Description of the 28 subjects included in this study.

Subject ID Plasma ABC-

Amyloid

ABC-Braak ABC-CERAD ABC-burden Age at death ApoE Neuropathology

notes

Cerebrovascular

pathology

AD01 2 3 2 Intermediate 80–90 e2/e3

AD02 2 3 2 Intermediate 80–90 e3/e3

AD03 3 3 1 Intermediate >90 e4/e3

AD04 2 3 2 Intermediate 80–90 e3/e3 CVD, INF

AD05 2 3 2 Intermediate 80–90 e3/e3

AD06 2 3 2 Intermediate 80–90 e3/e3

AD07 * 3 3 3 High 70–80 e4/e4

AD08 * 3 3 3 High 60–70 e4/e3

AD09 * 3 3 2 High >90 e4/e3 CVD, CAA

AD10 * 3 3 2 High 80–90 e4/e3 Hippocampal

Sclerosis

AD11 * 3 3 3 High 80–90 e4/e4

AD12 3 3 3 High 70–80 e4/e3 CVD

AD13 * 3 3 3 High 80–90 e4/e3

AD14 * 3 3 2 High 80–90 e4/e3 CVD, CAA

AD15 * 3 3 3 High 60–70 e4/e3 CAA

AD16 * 3 3 2 High >90 e2/e3 CVD, CAA

CTRL01 0 0 0 Not AD 50–60 e3/e3

CTRL02 * 0 0 0 Not AD >90 e3/e3 PSP

CTRL03 0 1 0 Not AD 80–90 e3/e3

CTRL04 0 1 1 Not AD >90 e2/e3

CTRL05 0 1 1 Not AD >90 e3/e3 CVD

CTRL06 * 0 1 0 Not AD >90 e3/e3 CVD, INF

CTRL07 0 1 0 Not AD >90 e3/e3

CTRL08 0 1 0 Not AD 70–80 e3/e3

CTRL09 * 0 1 0 Not AD >90 e3/e3 INF

CTRL10 2 1 1 Low >90 e3/e3 CVD

CTRL11 1 1 1 Low 70–80 e3/e3 CAA

CTRL12 * 1 1 0 Low >90 e3/e3 LBD, PART CVD,

Arteriolosclerosis

These 28 subjects were selected for microvascular gene expression analysis. Age at death is binned by decade per journal policy. An asterisk in the “Plasma” column indicates the

subject also had longitudinal plasma collection for protein quantification. PSP, progressive supranuclear palsy; LBD, Lewy-body dementia; PART, primary age-related tauopathy; CVD,

cerebrovascular disease; INF, infarcts; CAA, cerebral amyloid angiopathy.

fluorescence detection by 40 qPCR cycles was reported as not
detected, and any gene with undetectable expression in more
than 25% of samples in total was excluded. Three reference genes
were included in the RT2-Profiler array: ACTB, GAPDH, and
PGK1. The geometric mean of the reference gene Ct values was
calculated for each subject and subtracted from the Ct value
of each target gene, yielding 1CT values. For each gene, the
average 1CT value in B1 subjects was then subtracted from
each sample’s 1CT value to obtain 11CT values. The relative
quantification (RQ) value was calculated as 2−11CT, which was
then log2-transformed to yield fold changes.

Cell-type specific genes were included to verify the presence of
vascular cells in microvessel isolates and compared to bulk RNA
measures from total cortex. Using the endothelial cell marker
PECAM1 (CD31) and the vascular smooth muscle cell marker

ACTA2, we confirmed these cells are significantly enriched in
isolated microvessels compared to total cortex homogenate in 16
representative samples (Supplementary Figure 1A). Astrocytes
(ALDH1L1) were not enriched in isolated microvessels
compared with total cortex, and microglial (ITGAM) cell
composition was not statistically different. There was also
no statistical difference in cell composition between B1 vs.
B3 microvessels when examining all n = 28 microvessel
samples (Supplementary Figure 1B). Overall, endothelial cell
and vascular smooth muscle cell expression was greater than
astrocyte and microglia expression in isolated microvessels.

Plasma Proteomics
For 13 of the subjects (n = 4 B1, n = 9 B3), plasma was
collected at two or three time points spaced at ∼1-year intervals
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TABLE 2 | Gene and protein biomarkers analyzed in this study.

Hypothesis-driven

functional group

Description References Genes

(n = 42)

Proteins

(n = 22)

Senescence-

associated

The endothelial senescence-associated secretory phenotype (SASP), a suite of inflammation-

and angiogenesis-associated genes upregulated in endothelial senescence.

(13, 23, 24, 31) CDKN1A

CDKN2A

CSF2

CXCL1 CXCL1

CXCL2

CXCL8 IL8

IL6 IL6

SERPINE1 PAI-1

Cell adhesion

molecules

These genes encode cell adhesion proteins active in the cerebrovascular endothelium to

mediate endothelial-leukocyte adhesion, a process central to the inflammatory response.

(32–34) EMCN

ICAM1 ICAM-1

ICAM2 ICAM-2

MAdCAM1

SELE SELE

SELP SELP

VCAM1 VCAM1

Endothelial cell markers These genes are specifically expressed in endothelial cells and facilitate various endothelial cell

functions.

(35–42) NOSTRIN

PECAM1 PECAM1

SLC2A1

TEK TIE2

TIE1 TIE1

VWF VWF

Junction proteins These genes encode proteins that are integral to the formation of endothelial gap junctions and

tight junctions, which mediate vasodilation and enable strict regulation of molecular transport

across the BBB.

(43–45) CDH5 CDH5

CLDN5

ESAM

GJA1

OCLN

TJP1

VEGF/Notch pathway These genes encode part of an angiogenesis-regulating protein network that exhibits aberrant

expression in the AD cerebral vasculature.

(46–50) ADGRL4

DLL4

ENG ENG

FLT1

KDR VEGFR-2

VEGFA VEGFA

Cell stress HMOX1 and NOS3 are upregulated in endothelial cells in response to cell stressors including

oxidative stress and hypoxia.

(51, 52) HMOX1 HO-1

NOS3 NOS3

Plasmin/APOE

pathways

In this pathway, LRP1 binds the plasmin activators tPA (encoded by PLAT) and uPA (encoded

by PLAU), as well as APOE, for internalization and proteolysis. The regulation of this system is

implicated in BBB integrity and proper clearance of amyloid-beta.

(53–55) APOE

LRP1

PLAT tPA

PLAU uPA

Other cell markers ALDH1L1, ACTA2, and ITGAM (aka CD11b) are putative markers of astrocytes, smooth

muscle cells, and microglia, respectively.

(56–58) ALDH1L1

ITGAM ITGAM

ACTA2

The roles of these genes and proteins were classified into hypothesized functional groups according to potential contributions to vascular dysfunction in the human AD brain, with

corresponding references. Gene and corresponding protein names are listed.
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(Table 1, labeled with asterisks). Plasma was sent to Olink
Proteomics for protein quantification using 92-plex antibody
labeling with a proximity extension assay. Quantification results
were normalized and log-2 transformed and were reported
as Normalized Protein eXpression (NPX) values. Twenty-two
of the biomarkers analyzed via RT-qPCR were also included
in the Olink protein panels (Table 2). Quality control was
applied by eliminating any data points with an NPX value
below the manufacturer-specified protein limit of detection
(LOD) threshold.

Statistical Analysis
All statistical analyses and data visualizations were performed
with R (v4.0.0). A significance level was set at p < 0.05, and
correction for multiple comparisons was applied where necessary
using the Benjamini-Hochberg (BH) False Discovery Rate (FDR)
(60). This was calculated with the p.adjust() function in R using
the “stats” package (v4.0.0).

Univariate comparisons were conducted using Welch’s two-
way unpaired t-test using the t.test() function from the R “stats”
package. To test the robustness of a given result, bootstrapped
iterations were performed in which 75% (12/16) of B3 and 83%
(10/12) of B1 subjects were randomly sampled 1,000 times, and
the sample estimates were computed (61). The average fold
change difference and proportion of significant iterations (p <

0.05) were reported to summarize bootstrapped iteration results.
Regression models were implemented using the lm() function
from the R “stats” package and results were reported using
the tidy.lm() function from the “broom” R package (v0.5.6).
ANOVA and Tukey’s post-hoc HSD test were implemented
using the aov() functions from the R “stats” package and the
tukey_hsd() function from “rstatix” (v0.6.0). Note: Missing data
were excluded on a gene-wise basis for t-test and regression
analyses, though imputation with the highest Ct value per gene
was also examined (62).

Principal component analysis (PCA) was implemented using
the “FactoMineR” (v2.3) and “factoextra” (v1.0.7) packages in
R. As PCA requires complete data, missing data were imputed
on a gene-wise basis with the highest observed Ct value for
the corresponding gene (62). Fold change data were centered
to have a mean of zero before PCA was applied using the
prcomp() function in FactoMineR. The proportion of variance
per principal component (PC) as well as cumulative variance
were examined with a Scree plot to determine how many
components would be further analyzed.

RESULTS

Senescence-Associated Genes Are
Upregulated in B3 PFC Microvessels
We isolated intact microvessels from the dorsolateral prefrontal
cortex (PFC, BA9) to examine gene expression changes related to
the extent of AD-related tau pathology. Enrichment of vascular
transcripts in microvessel preparations was first verified by RT-
qPCR (see Methods, Supplementary Figure 1). The PFC was
selected as a Braak III/IV (B2) region, meaning it does not
generally exhibit tauNFT pathology in early-stage AD (63). Braak

0/I/II (B1) subjects are therefore unlikely to present any PFC tau
pathology, while Braak V/VI (B3) subjects are likely to have a
high tau NFT burden in the PFC (64).

To assess gene expression associated with senescence,
cell adhesion, and endothelial cell function, we measured
expression of 42 genes classified into eight hypothesis-
driven functional groups (Table 2). These eight classes
were proposed based on literature reviewed in Table 2. Of
the 42 genes measured, CDKN2A and SELP were excluded
due to undetectable expression in more than 25% of samples
(defined as no fluorescence detection by 40 cycles or a Ct
value above the Human Genomic DNA Contamination Ct
value) (Supplementary Figure 2). For the remaining 40 genes,
heatmap visualization of log2 fold changes showed an observable
hotspot of senescence-associated gene upregulation in B3
PFC microvessels (Figure 1). The average functional group
fold change value was calculated per subject (excluding the
non-endothelial cell markers) which confirmed a 2.5-fold
increase in senescence-associated gene mRNA in B3 microvessels
(Figure 2A; p = 0.0030, BH-FDR = 0.0208, 95% CI: [0.5019,
2.1442]). Additionally, expression of cell adhesion genes was
increased by 1.9-fold in B3 microvessels compared to B1
microvessels (Figure 2A; p = 0.0161, BH-FDR=0.0562, 95%
CI: [0.1945, 1.7123]). Missing values were omitted from these
mean fold change calculations, though very similar results were
obtained by imputing missing values with the highest Ct value
of the gene. The other functional groups examined did not
exhibit differential expression in B1 vs. B3 PFC microvessels
(Figure 2B).

Sex, cerebrovascular pathology, and age can contribute to AD
neurodegeneration, both directly and via tau pathology (65).
To adjust for these important and potentially confounding
covariates, stepwise multiple regression models were
implemented to compare senescence-associated and cell
adhesion mean fold changes between B3 vs. B1 samples
(Figure 2C). We created the binary variable “Cerebrovascular
pathology” to indicate presence or absence of at least one of
cerebral amyloid angiopathy (CAA), cerebrovascular disease
(CVD), and infarcts in the subject’s neuropathology report
(Table 1). Senescence-associated gene expression was still
significantly increased in B3 microvessels compared to B1
after adjusting for sex, cerebrovascular pathology, and age.
Cell adhesion gene expression was significantly increased in
B3 microvessels after adjusting for sex and cerebrovascular
pathology but not age at death, indicating that microvascular
adhesion gene expression may be related to age. We note there
was no statistical difference in the age at death between B1 and
B3 subjects (Supplementary Figure 3).

IL-8, PAI-1, and TIE1 Demonstrate Robust
Upregulation in B3 PFC Microvessels
Independent of Age, Sex, and
Cerebrovascular Pathology
After observing the general upregulation of senescence-
associated and cell adhesion functional group genes in B3
PFC microvessels, we next investigated changes in individual
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FIGURE 1 | Senescence-associated genes form a fold change hotspot in prefrontal cortex microvessels isolated from high-Braak (B3) vs. low-Braak (B1) samples.

Differential gene expression between microvessels isolated from B3 vs. B1 samples, grouped by hypothesis-driven gene function groups. Values reflect

log2-transformed fold change values relative to the B1 subject mean expression per gene. Relative quantification was performed such that the mean of B1 fold

changes is zero for each gene. For this visualization, missing data were imputed with the ABC-Braak group mean fold change for the gene.

genes. Of the 40 genes that we measured in PFC microvessels
which passed quality control filtering, 11 were significantly
upregulated (with p < 0.05, BH-FDR<0.20): CXCL8 (IL8),
SERPINE1 (PAI-1), CXCL1, CXCL2, CSF2, CDKN1A, ICAM-
2, MAdCAM-1, SELE, TIE1, and DLL4 (Figure 3A). With
the exception of CDKN1A, all of the senescence-associated
genes in this group exhibited greater than a 2-fold average
increase in mRNA expression in B3 microvessels. Further,
these results were robust for CXCL8 (IL-8), SERPINE1 (PAI-1),
CXCL1, CXCL2, TIE1, and ICAM-2, which were significantly
upregulated (p < 0.05) in 62–94% of 1,000 bootstrapped
iterations (Supplementary Figure 4). Missing values were
excluded on a gene-wise basis for these comparisons, though
these six genes were still significantly upregulated after imputing
missing values with the highest Ct value of the gene.

For each of these six robustly upregulated genes, individual
linear models were fit to regress gene fold change on ABC-Braak
score, with stepwise inclusion of sex, cerebrovascular pathology,
and age as covariates. The increased expression in B3 samples
remained significant for all six genes after adjusting for sex
and cerebrovascular pathology, indicating their upregulation was
independent of these factors (Figure 3B). However, with the

inclusion of age at death in the regression model, only CXCL8
(IL-8), SERPINE1 (PAI-1), and TIE1 were still significantly
upregulated in B3 microvessels, suggesting their upregulation
was age-independent. For the other three genes (ICAM-2,
CXCL1, CXCL2), elevated expression in B3 PFC microvessels
may be associated with age.

Tau Pathology and Cerebrovascular
Pathology Interact to Increase Microvessel
MAdCAM-1 Expression
Approximately half of both the B1 and B3 subjects exhibited
at least one form of cerebrovascular pathology (Table 1),
which is consistent with population-based studies in elderly
demented and non-demented individuals (66, 67). Given
the documented association between tau pathology and
cerebrovascular pathology (68–70), we investigated whether the
two interact in association with microvessel gene expression.
Two-way ANOVA revealed an interaction between tau pathology
and cerebrovascular pathology in MAdCAM-1 expression in
PFC microvessels, which was significant prior to adjusting for
multiple comparisons (Supplementary Figure 5A). Post-hoc
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FIGURE 2 | Senescence- and adhesion-associated genes are significantly upregulated in prefrontal cortex microvessels isolated from B3 vs. B1 subjects. (A)

Senescence-associated genes are significantly upregulated in B3 cerebral microvessels with a log2 fold change of 1.323; Welch’s unpaired t-test, p = 0.0030

(BH-corrected FDR 0.0208), 95% CI for B3 log2 fold change: 0.5019, 2.1442. Cell adhesion genes are also significantly upregulated with a log2 fold change of 0.953;

Welch’s unpaired t-test, p = 0.0161 (BH-FDR 0.0562), 95% CI for B3 log2 fold change: 0.1945, 1.7123. (B) Volcano plot showing t-test results. Dashed vertical lines

denote magnitudes of 2-fold change and the dashed horizontal line denotes the cutoff for p < 0.05. (C) Stepwise multiple regression models were applied to

senescence-associated and cell adhesion functional groups to measure the association between Braak stage and functional group average fold change. The first row

indicates the independent variables upon which the average fold change was regressed per model for each functional group. Within each model, the ABC-Braak term

regression coefficient (β1), p-value, and BH-FDR are reported. Significant ABC-Braak β1 terms are denoted with **p < 0.01, *p < 0.05.

analysis via Tukey’s HSD test revealed that MAdCAM-1 mRNA
expression was upregulated by more than 16-fold (4 log2-fold)
in B3 subjects with cerebrovascular pathology compared to all
other subjects (Figure 4, Supplementary Figure 5B). Of note,
the top three MAdCAM-1 expression values correspond to B3
subjects with concomitant cerebral amyloid angiopathy (CAA)
and general cerebrovascular disease (CVD). However, we note
that the two-way ANOVA was not significant for MAdCAM-1
when missing values were imputed with the highest MAdCAM-1
Ct value.

Endothelial Senescence-Associated and
Cell Adhesion Gene-Driven Principal
Component Composite Score
Distinguishes B3 vs. B1 Microvessels
To explore patterns of gene covariance in B1 vs. B3 cortical
microvessels, principal component (PC) analysis was applied
to centered fold change values for all 40 genes. The first

two PCs collectively explained 51.2% of variance across the
samples (Supplementary Figure 6). The top contributors to the
first principal component (PC1), defined as those with more
than one standard deviation above the mean contribution,
included senescence-associated genes (IL6, CXCL8, CSF2) and
cell adhesion genes (SELE and MAdCAM-1) (Figure 5A). As
these genes are associated with endothelial dysfunction and/or
senescence (23, 24, 31, 71–73), we hypothesized that PC-
derived composite gene expression scores (a.k.a. PC composite
score) would distinguish B3 from B1 microvessels. Indeed, the
PC scores from the first and second principal components
show partial separation of the B1 and B3 sample clusters,
primarily along the PC1 axis (Figure 5B). This difference
was statistically significant for the PC1 composite score, with
B3 samples exhibiting significantly larger composite scores
(Welch’s unpaired t-test, p = 0.0064, 95% CI: [1.477, 7.956];
Figure 5C).

Four of the five genes driving fold change composite
scores—CXCL8 (IL8), CSF2, SELE, and MAdCAM-1—were
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FIGURE 3 | Eleven genes related to senescence, adhesion, endothelial cell function, and VEGF/NOTCH pathways are significantly upregulated in PFC capillaries from

B3 samples relative to B1 samples. (A) 11 genes show significant upregulation in B3 vs. B1 microvessels. Welch’s unpaired t-test results are shown: **p < 0.01, *p <

0.05, all BH-FDR < 0.2. Plots are shaded by hypothesis-driven functional group. (B) Stepwise multiple regression models were applied to each of the 6

most-consistently upregulated genes to measure the association between Braak change and log2 fold change, adjusting for potential confounders. The first row

indicates the independent variables upon which the log2 fold change was regressed per model for each gene. Within each model, the ABC-Braak term regression

coefficient (β1), p-value, and BH-FDR are reported. Significant ABC-Braak β1 terms are marked in bold with **p < 0.01, *p < 0.05.

identified as upregulated in B3 microvessels, with CXCL8
(IL8) upregulation particularly pronounced after adjusting
for age, sex, and cerebrovascular pathology (Figure 3).
By contrast, IL6 upregulation did not reach significance
in B3 microvessels. Its strong contribution to the gene
composite score that separated B1 vs. B3 microvessels
may indicate that IL-6 is associated with ABC-Braak
differences in the context of other senescence-associated
and cell adhesion genes. Of note, IL6 expression differences
were not driven by any other neuropathological variable,
sex, APOE genotype, or cerebrovascular pathology
(Supplementary Figure 7). Furthermore, PCA composite
scores did not improve separation B1 vs. B3 microvessels
based on these other covariates relative to ABC-Braak scores
(Supplementary Figure 8).

NOS3 Antemortem Plasma Protein
Expression Is Associated With Postmortem
Cortical Microvessel Gene Expression
The cerebral vasculature interacts with the peripheral vasculature
via plasma proteins and soluble blood factors (74). Therefore,
we compared postmortem PFC microvessel gene expression
with antemortem plasma protein expression in a subset of
13 subjects with both metrics available (Table 1, subjects with
asterisks). In total, 22 proteins overlapped with cognate genes
measured in our qPCR assay (Table 2), though SELP was not
analyzed as it was excluded from qPCR analysis due to a high
proportion of missing data. Protein expression was quantified as
Normalized Protein eXpression (NPX), a log2-transformed unit
that enables inter-subject comparison within a given protein. Of
note, two ITGAM values were omitted as they were below the
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FIGURE 4 | MAdCAM-1 upregulation demonstrates interaction between Braak stage and presence of cerebrovascular pathology. ANOVA with interaction

demonstrated significant interaction between a high Braak score (B3) and presence of cerebrovascular pathology in MAdCAM1 expression out of all 40 genes

quantified. Data shown in the boxplot reflect Tukey’s HSD post-hoc test results, with **p < 0.01, *p < 0.05. A total of 6 samples did not have detectable expression,

with an even distribution of missing data across the four groups. The number of samples with detected MAdCAM-1 expression per group are indicated at the bottom

of the boxes.

manufacturer-specified limit of detection (see Methods). Protein
expression was measured longitudinally in two or three plasma
samples per subject, though we focused here on the final plasma
samples to minimize pre-mortem intervals.

Univariate regression revealed that NOS3 postmortem
microvessel expression was significantly associated with
antemortem plasma expression (Figure 6A; NPX β1 = 1.022, p=
0.0024, BH-FDR= 0.0511, R2 = 0.58). However, the pre-mortem
interval ranged from 1 month to 6.7 years among samples. To
account for this variability, we included pre-mortem interval
as a covariate in a subsequent multiple regression. This still
yielded a significant linear relationship between NOS3 plasma
NPX and PFC microvessel gene fold change (NPX β1 = 1.070,
p = 0.0031, BH-FDR = 0.0660). For visualization, the gene
fold change values were adjusted for the partial residual of the
model, which demonstrated a strong linear association between
antemortem plasma NPX and postmortem gene expression (R2

= 0.94, Figure 6B).

Plasma Senescence-Associated Protein
Levels Are Not Associated With
Postmortem Severity of AD-Related
Neuropathological Changes
Six of the genes that were upregulated in B3 microvessels were
also quantified in plasma as secreted proteins: IL8 (CXCL8),
PAI-1 (SERPINE1), CXCL1, TIE1, ICAM-2, and SELE. We
reasoned that the changes seen in the CNS microvessels

might reflect systemic vascular factors, which might then be
observed in the plasma; alternatively, CNS-only microvascular
changes may be difficult to detect in the systemic circulation.
We therefore investigated whether these biomarkers exhibited
protein expression differences in B1 vs. B3 antemortem plasma.
Univariate analysis comparing the protein NPX from the final
plasma sample between B1 vs. B3 samples failed to yield any
significant results (Figure 7A) as measured via t-test and linear
regression. Similarly, multivariate analysis adjusting for sex,
age at visit, and pre-mortem interval yielded no significant
differences in protein NPX by Braak score. While the magnitude
of NPX measurements cannot be directly compared between
proteins, their relative changes from baseline can be compared
to assess temporal stability. Plasma time points differed between
subjects, with an average of 1.30 years (±0.38) between plasma
samples per subject. To that end, PAI-1 levels exhibited the
greatest fluctuations from baseline across all subjects, followed by
CXCL1 (Figures 7B,C). By contrast, TIE1 plasma levels remained
the most stable over time across all subjects.

None of the other 15 plasma proteins assayed in this study
showed statistically different plasma levels in B1 vs. B3 subjects.
Further descriptive and exploratory analyses were carried out
to examine effects of age and pre-mortem interval duration
on plasma protein levels. In a multiple regression of plasma
protein NPX on ABC-Braak, age at visit, and pre-mortem
interval duration, IL6, IL8, and ITGAM exhibited negative slopes
between pre-mortem interval vs. plasma NPX before adjusting
for multiple comparisons (Table 3). This indicates that subjects
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FIGURE 5 | Principal component composite gene scores in B3 vs. B1 microvessels show variance driven by senescence and adhesion genes. (A) PC loadings are

plotted for each gene in PC1 (x-axis) and PC2 (y-axis). The rightmost shaded region contains the genes considered to be top contributors to PC1, with their percent

contribution at least one standard deviation above the mean contribution. Genes immediately adjacent to this top contributor subset are also labeled. Point and text

colors correspond to each gene’s hypothesis-driven functional group, listed on the right. (B) Samples are plotted by PC1 and PC2 composite gene fold change

scores, with geometric encircling to outline B1 vs. B3 group boundaries. (C) Boxplots show PC1 composite gene fold change scores in B1 vs. B3 PFC microvessels.

Welch’s unpaired t-test was applied to compare B1 and B3 composite scores, with ** indicating p < 0.01. Composite gene fold change scores are significantly larger

in B3 vs. B1 microvessels (p = 0.0064, 95% CI: [1.477, 7.956]).

with longer pre-mortem intervals generally had lower IL6, IL8,
and ITGAM plasma protein levels. IL6 also exhibited a positive
slope between age vs. plasma NPX, as did CXCL1, suggesting that
IL6 and CXCL1 plasma secretion may increase with age.

DISCUSSION

Tau pathology leads to senescence-associated transcriptomic
changes (14, 15, 27) and subsequent vascular alterations in the
mouse cortex, including transient capillary occlusion (27). Such
intermittent episodes of capillary blockage arise from leukocyte
adhesion in the endothelium, a phenomenon also reported in
an APP-PS1 mutant mouse model of AD (75), as well as in

chronic hypoperfusion (76) and traumatic brain injury (77, 78).
This may be related to imbalanced capillary transit in AD,
which can impair neuronal oxygenation even in the absence
of gross reductions in cerebral blood flow (79, 80). Senescent
endothelial cells secrete factors that attract peripheral leukocytes
(81, 82) and upregulate surface leukocyte adhesionmolecules (24,
73, 83, 84). Moreover, transcriptomic (85) and proteomic (86)
analyses of human AD cortical microvessels have demonstrated
upregulation of pathways related to senescence, including
inflammation, leukocyte migration, and cell adhesion. However,
this is the first study to directly examine the relationship between
AD-related tau pathology and vascular senescence in both the
cerebral vasculature and peripheral blood.
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FIGURE 6 | NOS3 antemortem plasma expression is significantly associated with postmortem NOS3 gene expression in PFC capillaries of both B1 and B3 subjects.

(A) Univariate regression of NOS3 plasma NPX (from final plasma sample per subject) vs. postmortem microvessel gene log2 fold change demonstrated a significant

association between NPX and log2 fold change (β1 =1.022, p = 0.0024, BH-FDR = 0.0511). The shaded region indicates the 95% confidence interval of the

regression slope. (B) After adjusting for years until death in multiple regression, there is still a significant association between NOS3 plasma NPX and postmortem

capillary gene log2 fold change (β1 = 1.070, p = 0.0031, BH-FDR = 0.0660). For visualization, the adjusted log2 fold change values were calculated as the NPX β1

coefficient plus the partial residual associated between plasma NPX and years until death.

We report robust upregulation of the senescence- and
leukocyte adhesion-associated genes CXCL8 (IL8), SERPINE1
(PAI-1), CXCL1, CXCL2, ICAM-2, and TIE1 in B3 cortical
microvasculature. Interestingly, these genes are also involved
in DNA damage response (DDR) signaling, a pathway that
potently mediates cellular senescence (87–89). The pronounced
upregulation of CXCL8 and SERPINE1 in B3 microvessels
is notable, given their reported upregulation in senescent
endothelial cells (23, 24, 90–92) and synergistic roles in
leukocyte-endothelial adhesion (93). ICAM-2 also mediates
leukocyte-endothelial adhesion in cerebral vasculature (94),
and neurons upregulate ICAM-2 with the formation of tau
NFTs (95). Tau burden and cerebrovascular pathology also
appeared to additively interact with regard to microvascular
expression of MAdCAM-1, a leukocyte adhesion molecule
that is upregulated in the CNS following chronic vascular
inflammation (96–98). Since MAdCAM-1 detection was variable
across samples, future studies in a larger cohort are warranted to
clarify the relationship between MAdCAM-1, tau pathology, and
cerebrovascular pathologies.

One marker of cerebrovascular dysfunction is impaired
blood-brain barrier (BBB) integrity, a phenomenon that has
been linked to tau misfolding and aggregation (16, 99, 100).
However, tau-independent BBB dysfunction is also observed
with cognitive decline (101), possibly in relation to APOE
ε4-associated BBB impairment in the hippocampus and medial
temporal lobes (102). The BBB is comprised largely of endothelial
cell tight junctions, supported by tight junction proteins such
as OCLN, CLDN5, CDH5, and TJP1. We report here no
change in gene expression of these four tight junction markers

with tau progression in the AD cortical vasculature. This is a
departure from previous reports of reduced cerebrovascular
tight junction protein expression in AD (103) as well as the
Parkinsonism–dementia complex of Guam (Guam PDC)
tauopathy (104). However, Yamazaki et al. (17) showed that
senescent endothelial cells exhibit aberrant tight junction
protein localization without differences in overall tight junction
protein expression, possibly reconciling this discrepancy.
Furthermore, the assembly and localization of such tight
junction proteins is largely influenced by post-transcriptional
modifications (105).

Antemortem plasma protein expression did not associate
with postmortem brain microvascular gene expression in
this small sample, with the exception of NOS3. NOS3 is the
endothelial source of nitric oxide (NO), a potent vasodilator that
mediates vascular homeostasis and cerebral blood flow (106).
While the association between gene and protein expression is
generally tenuous, even within the same CNS cell type (107),
future analysis in a larger cohort could determine the utility
of NOS3 as a peripheral readout of cerebrovascular health.
Of note, the temporal stability of a peripheral biomarker
is an important consideration for its utility in studying the
pathogenesis and prediction of AD. This is particularly relevant
for PAI-1, which greatly fluctuated over time in both B1 and
B3 plasma, possibly owing to its reported circadian variations
(108) and cell surface binding after secretion (109). Furthermore,
observed discrepancies in senescence-associated secretory
phenotype (SASP) biomarker expression in cerebral vasculature
vs. peripheral blood may be attributable to mismatches in
transcriptional and translational upregulation.

Frontiers in Neurology | www.frontiersin.org 11 September 2020 | Volume 11 | Article 57595322

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


Bryant et al. Cerebrovascular Senescence in Alzheimer’s Disease

FIGURE 7 | B1 vs. B3 subject plasma expression of protein biomarkers corresponding to genes upregulated in B3 cortical PFC microvessels. (A) NPX values from

each subject’s last plasma sample for CXCL1, ICAM-2, IL8, PAI-1, SELE, and TIE1. B1 samples are shown in blue and B3 samples are shown in red. Welch’s

unpaired t-test p-values are shown above the boxes. (B) Plasma NPX values across three longitudinal samples per subject for CXCL1, ICAM-2, IL8, PAI-1, SELE, and

TIE1. B1 samples are shown in blue and B3 samples are shown in red. Squares represent the ABC-Braak group mean NPX value at the corresponding plasma

sample time point (which is an arbitrary unit, relative to each subject). (C) Relative plasma NPX change from baseline for CXCL1, ICAM-2, IL8, PAI-1, SELE, and TIE1.

Values on the y-axis represent net change in plasma NPX from the first plasma sample, which is set to zero for all subjects for visualization. Squares represent the

ABC-Braak group mean change in NPX at the corresponding plasma sample time point. Scales are fixed for all six proteins to compare relative temporal stability.

TABLE 3 | Age and pre-mortem interval significantly influence plasma NPX

expression.

Protein Regression term β1 p-value BH-FDR

CXCL1 Age at visit 0.0716 0.0475 0.5990

IL6 Age at visit 0.1015 0.0292 0.4604

IL6 Pre-mortem interval −0.5339 0.0059 0.3745

IL8 Pre-mortem interval −0.2469 0.0257 0.4604

ITGAM Pre-mortem interval 0.1047 0.0253 0.4604

Results shown are significant terms in multiple regression of plasma protein NPX on

ABC-Braak score, age at visit, and pre-mortem interval. FDR calculations were based

on n = 63 comparisons (21 proteins with 3 regression terms in model: NPX, age, and

pre-mortem interval).

One advantage of this study includes the preservation of
the intercellular milieu in the neurovascular unit by isolating
intact cortical microvessels. Additionally, the use of tau pathology
scores, microvascular gene expression, and plasma protein
levels from the same subjects enabled direct comparison across
modalities. However, this study is limited by its small sample size,
particularly in the plasma protein subgroup, with a bias toward
AD samples. We included potential confounders such as sex,
age, and cerebrovascular pathology in statistical models, though
their roles in tau pathology and vascular dysfunction cannot be
excluded. Additionally, AD commonly presents with other co-
morbidities, including TDP-43 proteinopathy and Lewy body
disease (110–112); future studies are warranted to compare tau-
related vascular changes with and without such co-morbidities.
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Due to insufficient statistical power and a high degree of
multicollinearity in this dataset, we did not adjust for APOE
genotype nor for amyloid-beta burden, the effects of which
also cannot be ruled out here. However, we note that the
transcriptional changes shown in human AD cortical vasculature
here are similar to those observed in the Tg4510 mouse model
(15, 27), which exclusively over-expresses pathological tau.
Future studies investigating individuals with high NFT burden
but low amyloid accumulation, as seen in Primary Age Related
Tauopathy (PART) (113), will be needed to confirm the specificity
of these changes.

Looking forward, a larger sample size with evenly distributed
pre-mortem intervals may reveal changes in the systemic
vasculature that associate with cortical microvessel gene
expression and tau pathology. Alternatively, rapidly advancing
tau-PET neuroimaging represents a viable technique to track
peripheral biomarker changes with tau accumulation in the AD
brain. Tau tracer uptake correlates with the Braak stages of
tau pathology progression in AD (114–116), and Ashton et al.
(117) recently showed that tau-PET can be used to compare
antemortem plasma protein expression and antemortem tau
pathology. Real-time investigations of senescence-associated
biomarker secretion in plasma and cerebral tau accumulation
could better elucidate their relationship to vascular dysfunction
in AD.

In conclusion, microvessels isolated from the human AD
prefrontal cortex with extensive tau pathology upregulate genes
involved in endothelial senescence and in recruiting leukocytes
to the endothelium, whichmay contribute to AD-related vascular
dysfunction and impaired cerebral blood flow. Future studies
could identify peripheral biomarkers that are associated with
vascular senescence and its relation to tau pathology in the
human AD brain.
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Tauopathies are a group of neurodegenerative diseases characterized by the

progressive accumulation across the brain of hyperphosphorylated aggregates of

the microtubule-associated protein tau that vary in isoform composition, structural

conformation and localization. Tau aggregates are most commonly deposited within

neurons but can show differential association with astrocytes, depending on the disease.

Astrocytes, the most abundant neural cells in the brain, play a major role in synapse and

neuronal function, and are a key component of the glymphatic system and blood brain

barrier. However, their contribution to tauopathy progression is not fully understood. Here

we present a brief overview of the association of tau with astrocytes in tauopathies. We

discuss findings that support a role for astrocytes in the uptake and spread of pathological

tau, and we describe how alterations to astrocyte phenotype in tauopathies may

cause functional alterations that impedes their ability to support neurons and/or cause

neurotoxicity. The research reviewed here further highlights the importance of considering

non-neuronal cells in neurodegeneration and suggests that astrocyte-directed targets

that may have utility for therapeutic intervention in tauopathies.

Keywords: tau, astrocyte, tauopathy, prion-like propagation, Alzheimer’s disease, glia

INTRODUCTION

Tauopathies are a heterogeneous group of neurodegenerative diseases in which the deposition of
hyperphosphorylated tau aggregates in affected brain regions accompanies synapse and neuron
loss (1, 2). Primary tauopathies exhibit tau aggregates as the predominant pathological hallmark
and include a diverse family of frontal-temporal lobar dementia (FTLD) subtypes referred to as
FTLD-tau, and progressive supranuclear palsy (PSP) and Pick’s disease (PiD). Alzheimer’s disease
(AD) is considered a secondary tauopathy owing to the presence of extracellular amyloid-beta (Aß)
plaques, and is the most common cause of dementia (1).

Tau proteins undergo several post-translational and other modifications in disease (2). Modified
forms of tau spreads from the original site of deposition to anatomically connected regions by a
“prion-like” mechanism, whereby tau proteopathic seeds passively recruit tau monomers (3). The
mechanisms underlying tau release, uptake and spread are not fully understood. It has long been
acknowledged that in some tauopathies astrocytes accumulate tau leading to characteristic disease
neuropathology. Accumulating evidence now suggests that astrocytes may actively participate in
tau spread and/or clearance mechanisms by actively internalizing tau. This review summarizes
the association of tau with astrocytes in tauopathies, and discusses the evidence implicating
astrocytes in tau spread, as well as the impact of tauopathy brain environments on physiological
astrocytic functions.
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TAU PROTEIN

Human tau is encoded by the MAPT gene on chromosome
17 which comprises 16 exons. Exons 2, 3, and 10 undergo
alternative splicing to produce the six main tau isoforms present
in the adult human central nervous system (CNS) (4). Alternative
splicing of exon 10 gives rise to tau isoforms containing
either three or four microtubule binding repeats (referred to
as 3R or 4R tau) in the C-terminal region, and alternative
splicing of exons 2 and 3 produces tau proteins with zero,
one or two inserts in the N-terminal tail (0N, 1N, or 2N
tau, respectively). A conserved proline-rich domain is found
between these two spliced regions and is known to be important
for tau interactions with other proteins, including actin (5).
Tau isoforms are developmentally regulated; the shortest 0N3R
isoform is expressed in the fetal brain whereas in the adult
human brain 3R and 4R isoforms are equally represented (6).
Tau has a number of key functions, the most recognized of
which is stabilizing microtubules in the axons of neurons,
however tau roles in other important physiological functions
such as axonal transport, DNA protection, cell signaling at the
membrane, and synaptic vesicle release, have been described
(2, 7). Tau is primarily expressed in neurons (8), but is
known to be expressed to a lesser extent in glial cells (9–
12).

Monomeric tau is water soluble and resists aggregation (7).
In tauopathies, tau undergoes extensive post-translational
and other modifications including, but not limited to,
phosphorylation, acetylation, nitration, SUMOylation,
glycosylation, ubiquitination, cleavage, and aggregation
(2). The best studied of these is phosphorylation. There
are 85 potential phosphorylation sites in 2N4R tau (13)
and increased phosphorylation of tau, alongside other tau
modifications, can reduce tau affinity for microtubules,
increase cytoplasmic tau concentrations and promote
tau oligomerisation and aggregation (2). Differential
extents of tau modifications lead to the accumulation of
heterogeneous pools of modified tau between, and within,
different tauopathies. Recently, Dujardin et al. (14) found
variations in the relative abundance of soluble, oligomeric
and seed-competent species of hyperphosphorylated tau in
tauopathy brain. Specific post-translational modifications
were found to influence tau seeding capacity, and tau
seeding potential strongly correlated with the rate of clinical
symptoms/disease progression.

The isoform composition of tau aggregates, as well as the
structure of tau filaments, also differs between tauopathies.
In AD, both paired helical and straight filaments contain
identical protofilament cores comprising residues 306–
378 that define the aggregatory seed/core (15). This
structure differs from the folds of tau filaments observed in
Pick’s disease (16) and tau filaments of chronic traumatic
encephalopathy (CTE) have a unique hydrophobic core
(17). A novel fold in corticobasal degeneration (CBD) tau
has now also been discovered (18). These features may be
important for the tau lesions that arise in different tauopathies
(Table 1).

ASTROCYTES IN HEALTH AND DISEASE

Astrocytes are organized into distinct domains, and each
astrocyte can connect with thousands of neurons, allowing
them to coordinate synaptic activity in the CNS (45, 46).
Astrocytes were long considered as supporting cells in the
brain, providing metabolic and nutritional support for neurons.
However, astrocytes are critical for neuronal function due to
their ability to sense changes in neuronal activity through their
complement of cell surface receptors, and to modulate neuronal
activity by releasing gliotransmitters and gliomodulators, as well
as controlling the availability of glutamate, GABA, and energy
substrates (45, 47, 48). Hence, astrocytes are now known to be
actively involved in synaptic transmission (49), neural circuit
maintenance (50) and long-term potentiation (51). In addition,
astrocytic end-feet are a structural component of the blood-
brain barrier (BBB), and together with endothelial cells and
pericytes have a central role in the regulation of blood flow (52).
Furthermore, astrocyte end-feet are crucial for the glymphatic
system of the brain, a perivascular network that allows for
exchange of interstitial and cerebrospinal fluid (CSF), providing
a route for clearance of molecules and proteins including
Aβ (53, 54).

In neurodegenerative disease brain, astrocytes undergo
pathological changes in responses to changes in the local
brain environment that precede neuronal loss (55). These
morphologically and functionally modified astrocytes are
often termed “reactive.” Reactive astrocytes show considerable
heterogeneity related to their localization in the brain and the
severity and length of injury/insult to their local environment
(56). Reactive astrocytes are traditionally characterized by
increased levels of glial fibrillary acidic protein (GFAP), which
allows cytoskeletal andmorphological arrangements as astrocytes
alter their function (57, 58). The accumulation of GFAP-
immunopositive astrocytes is common in neurodegenerative
diseases. For example, reactive astrocytes are often found
surrounding plaques in AD (59, 60). Indeed, levels of GFAP-
reactive astrocytes are closely associated with dementia in AD
(61). While increased GFAP is also found in aged brain (62), new
evidence suggests that there are subgroups of astrocytes, with
varying levels of GFAP expression, that distinguish aging from
AD, at least in mice (63). Alterations in GFAP expression have
also been noted in primary tauopathies including PSP, PiD and
corticobasal degeneration (CBD) (24).

Functional changes in reactive astrocytes are well-
documented and include impaired gliotransmitter release
(64), alterations in calcium signaling (65), deficient ability to
regulate glutamate levels at neuronal synapses and aberrant
GABA release (58). In addition, astrocytes are now recognized
to contribute to neuroinflammatory responses that accelerate
the progression of neurodegenerative diseases (59, 66, 67). For
example, reactive astrocytes increase their production and release
of pro-inflammatory cytokines, complement components, and
reactive oxygen species, alongside downregulating anti-
inflammatory, and repair proteins to induce neurotoxicity in
diseased environments (59, 68–70). Recent seminal findings
proposed that astrocytes respond to their local environment by
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TABLE 1 | Overview of the main clinical, genetic, molecular, and pathological features of tauopathies, including description of astrocyte abnormalities.

Disease PiD PSP CBD AGD GGT ARTAG AD PART CTE

Common clinical

symptoms

Aphasia, several

behavioral changes

including and

personality changes,

cognitive changes at

later stages of

disease.

Balance and

motor deficits,

dysphagia and

aphagia.

Motor problems

(often one-sided),

aphagia, dysphagia.

Amnestic mild

cognitive

impairment often

accompanied by

neuropsychiatric

symptoms.

Behavioral changes,

mood swings,

short-term memory

loss.

Often no cognitive

impairment or

dementia related

symptoms. Focal

pathology may

correlate with

specific deficits,

especially in the

presence of

co-pathology.

Dementia;

progressive episodic

memory deficits;

navigational and

multi-tasking

difficulties; diverse

behavioral and

personality changes.

Associated with

cognitive

impairment and

mild AD-like

symptoms.

Behavioral changes,

mood swings,

short-term memory

loss.

MAPT cause/risk Mostly sporadic;

MAPT mutations

(exon 9, 10, 11, 12,

13 and intron 9, 10).

Mostly sporadic,

H1/H1c MAPT

haplotype

increases risk;

MAPT mutations

(exon 1, 10, and

intron 10);

Mostly sporadic;

H1 MAPT haplotype

increases risk;

MAPT mutations

(exon 10, 13 & intron

10);

H1 MAPT

haplotype may

increase risk;

MAPT mutations

(exon 10)

H1 MAPT haplotype;

MAPT mutations

(exons 1, 10, 11,

intron 10).

Depending on

sub-type and

classification

Mostly sporadic;

APP, PSEN1,

PSEN2;

No MAPT mutations

Depending on

sub-type and

classification

Unknown (external

causes)

Primary tau

isoforms that

accumulate in

lesions

3R 4R 4R 4R 4R 4R 3R & 4R 3R & 4R 3R & 4R

Affected brain

regions

Frontal and temporal

cortices.

Precentral cortex,

subcortex (globus

pallidus,

substantia nigra,

pontine nuclei,

subthalamic

nuclei).

Frontal and temporal

cortices.

Medial temporal

lobe.

Frontal, precentral

and/or temporal

cortices.

Gray and/or white

matter,

perivascular,

subpial,

subependymal.

Entorhinal cortex

and hippocampus,

spreading to most

regions except the

cerebellum.

Entorhinal cortex,

hippocampus.

Begins focally at

depths of cerebral

sulci, spreads widely

to frontal temporal

lobes.

Hallmark

astrocytic tau

pathology

Ramified Tufted Astrocytic plaques Thorn-shaped &

granular

fuzzy/bush-like

Globular inclusions Thorn-shaped &

granular fuzzy

None None Astrocytic tangles

and some

thorn-shaped

astrocytes.

Cellular localization

of astrocytic tau

inclusions

Asymmetric 3R

(predominant) or 4R

tau inclusions in cell

bodies & proximal

processes.

Symmetric 4R tau

inclusions in

proximal

processes.

4R tau in distal

processes and end

feet; thread-like

processes are also

common.

4R tau inclusions

and diffuse

staining in cell

bodies &

proximal-distal

processes.

4R globular tau in

cell bodies &

proximal processes.

4R tau inclusions

and diffuse

staining in cell

bodies & proximal

processes.

n/a n/a Irregular p-tau

lesions (around small

vessels).
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adopting “A1-neurotoxic” or “A2-neuroprotective” phenotypes
(71). Secretion of Il-1α, TNFα, and C1q by microglia in response
to damage, induces astrocytes to upregulate their expression
of a specific cluster of “A1” genes, lose their trophic and
synaptic support for neurons, and induce neuron death (71).
Markers of A1 astrocytes are upregulated in AD and other
neurodegenerative diseases (71), strongly implicating microglia-
astrocyte communications in neurodegeneration. However, it
is likely that there is a spectrum of reactive astrocyte states in
different brain regions, throughout aging and disease progression
(63, 72), similar to dynamic microglial responses in disease (25).

THE ASSOCIATION OF ASTROCYTES

WITH TAUOPATHY

Tau aggregates accumulate in both neurons and astrocytes in
different tauopathies. In AD, tau aggregates containing both
3R and 4R tau deposit as intraneuronal neurofibrillary tangles
and there is scant evidence of astrocytic tau inclusions (73).
In contrast, astrocytic tau pathology is the defining feature of
several FTLD-tau subtypes (Table 1). In PSP, a neuropathological
diagnosis criterion is “tufted” astrocytes that show 4R tau
aggregates in their proximal processes (26, 74). CBD has
extensive clinical overlap with PSP. In CBD, astrocytic plaques
containing 4R tau deposits that mark distal and end processes
are an exclusive feature in most (19), but not all cases (75).
Thread-like tau-positive astrocytic processes are also common
in CBD (21, 27). Argyrophilic grain disease (AGD) is a rare
tauopathy that is characterized by 4R tau-immunopositive
astrocytes, described as thorn-shaped and fuzzy/bush-like, in the
medial temporal lobe (19, 28, 30). In contrast, PiD is typically
characterized by neuronal 3R tau inclusions, predominantly in
granular neurons in the hippocampus, frontal and temporal
cortices (22, 23). “Ramified” astrocytes immunopositive for tau
have also been reported in PiD, but they are not considered a
major pathological hallmark of the disease (21, 24). Several rarer
tauopathy subtypes that show 4R tau-immunopositive globular
inclusions, predominantly in oligodendrocytes, and more rarely
in the cytoplasm, and proximal processes of astrocytes, are
collectively termed globular glial tauopathy (GGT) (31).

A spectrum of FTLD-tau subtypes that accumulate both 3R
and 3R tau in neurofibrillary tangles (NFTs), typically occurring
in cognitively normal aged individuals, is referred as primary
age-related tauopathy (PART) (40, 41). Depending on the co-
occurrence of Aß pathology, PART can be histologically classified
as “definite PART” in the absence of Aß deposits, or “possible
PART” when a limited number of Aß deposits are present (40).
Although the neuropathological characteristics of PART can
overlap with other tauopathies, particularly AD, PART shows a
lower threshold of amyloid load, and appears to have a more
limited impact on cognition (40, 76). Tau pathology in PART
is predominantly neuronal and found in the CA2 hippocampal
subfield, with little evidence of astrocytic tau deposits (40, 77).
In contrast, age-related tau astrogliopathy (ARTAG) describes a
spectrum of abnormal tau pathology, predominantly in the aged
brain, that is characterized by thorn-shaped and granular or fuzzy

astrocytes containing phosphorylated tau (32, 33). ARTAG can
present alongside more typical tau pathology in tauopathies such
as CBD (33, 34), but is not always linked with dementia (78).
In a recent detailed review, Kovacs (34) describe two distinct
distribution patterns of ARTAG. They describe ARTAG as a
consequence of repeated mechanical damage (related to CTE),
or chronic damage such as blood-brain barrier dysfunction.
Furthermore, they propose that the location and type (white vs.
gray matter) of ARTAG pathology may result in decompensation
of cognitive functions, the rate of which may be influenced by co-
existing pathologies (34). It is important to note that the presence
of astrocytic tau accumulations in the absence of dementia may
suggest that tau-containing astrocytes are not damaging in tau-
associated neurodegeneration, or at least in ARTAG, and may
internalize tau aggregates as a means of clearing damaging
protein species.

Finally, chronic traumatic encephalopathy (CTE) is caused by
mild repetitive head injuries. 3R and 4R tau-positive aggregates
are common in CTE, however the tau aggregates that accumulate
in astrocytes are predominantly 4R and localize in astrocytes near
small vessels in the cerebral sulci of the frontal and temporal
cortices (42, 43, 79). Thorn-shaped astrocytes are also observed
subpial and periventricular regions, an interesting link to ARTAG
(34, 44).

DO ASTROCYTES CONTRIBUTE TO TAU

PATHOLOGY SPREAD?

Neurofibrillary tangles have long been acknowledged to follow
a stereotypical temporospatial pattern of spread from the
entorhinal cortex as AD progresses (38). Recent evidence
indicates that differences in the tau species that deposit
in characteristic tau lesions may confer specific neuronal
vulnerabilities and/or prion-like spread of tau (14, 80). Mouse
models that express wild-type 3R and 4R human tau isoforms in
appropriate ratios recapitulate the same cell type vulnerabilities
that typify human tauopathies when injected with human tau
extracts, including the development of tufted astrocytes in PSP
tau-injected mice, and astroglial plaques in CBD tau-injected
mice (81). These data raise the possibility that astrocytes actively
contribute to the spread of pathological forms of tau, particularly
in PSP and CBD. That tau spreads in a prion-like manner
trans-synaptically along anatomical connections was elegantly
shown in transgenic mice in which mutant human (P301L)
FTLD-causing tau expression was restricted to layer II neurons
in the entorhinal cortex. Following local tau aggregation, tau
“seeds” were found to spread to the hippocampus and onwards
as mice aged (82, 83). Notably, PHF1-positive tau was detected
in GFAP-positive astrocytes in the hippocampus of older mice,
suggesting that astrocytes internalize and may contribute to tau
spread (82) (Figure 1).

Heparan sulfate proteoglycans (HSPGs) are a well-conserved
group of proteoglycans expressed on the cell surface of astrocytes
and neurons (84, 85) that mediate targeted endocytosis (84),
including that of purified prion proteins in vitro (86, 87). HSPGs
were recently shown to interact with protein aggregates including
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FIGURE 1 | Astrocytic mechanisms that may contribute to spread of tau pathology. (1) Tau monomers and aggregates are released from neurons via various

mechanisms, including from the pre-synapse, (2) Astrocytes have specific HSPGs and receptors such as LDR1 that may mediate the uptake of tau aggregates, (3)

These aggregates may be internalized and processed by various mechanisms, include lysosomal degradation, (4) Disruption of AQP4 in perivascular astrocytic

end-feet may contribute to the disrupted tau clearance and the accumulation of tau aggregates in the CNS. HSPG, heparin sulfate proteoglycan; LDR1, low density

lipoprotein receptor-related protein 1; AQP4, aquaporin-4.

α-synuclein, Aβ and tau (88–90). HSPGs regulate the uptake
of synthetic tau fibrils (89) and human brain-derived tau (91)
in human immortalized cell lines and mouse primary neuronal
cultures. HSPGs vary in the length of their glycosaminoglycan
chains and sulfation patterns, properties that are important
for tau uptake in human embryonic kidney cells (92) and
human iPSC derived neurons (93). Interestingly, tau fibrils
are efficiently internalized in a HSPG-dependent manner by
primary astrocytes exogenously expressing transcription factor
EB (TFEB), a master regulator of lysosomal biogenesis (94). In
contrast, monomeric tau appears to be taken up by astrocytes
using an HSPG-independent mechanism (95). Together this
suggests that multiple mechanisms are involved in tau uptake
by astrocytes, that may be specific to tau aggregation state
or conformation, as well as the HSPG profile of the cell
type (96).

HSPGs can also partner with cell surface receptors to mediate
the intake of protein aggregates. For example, HSPGs interact
with members of the low-density lipoprotein receptor (LDLR)

such as LRP1, to facilitate Aβ uptake and degradation by
astrocytes (97, 98). Knockdown of LRP1 was recently shown to
block the uptake of monomeric and oligomeric tau in a human
neuroglioma cell line, and partially inhibit uptake of sonicated tau
fibrils (99), warranting further investigation into how astrocytic
LRP1 may mediate tau uptake and spread in tauopathies.

Astrocytes are an integral part of the glymphatic system
of the brain, a clearance system of soluble proteins and
solutes. The astrocytic water channel aquaporin-4 (AQP4),
expressed at the astrocyte end feet, facilitates this process
and is important for Aβ clearance (53, 100). Disruption
to AQP4 may also contribute to tauopathy progression. In
a mouse model of CTE, knockout of AQP4 exacerbated
neurofibrillary tau pathology and neurodegeneration (101).
Distinct phosphorylation marks in AQP4 have been reported
in human post-mortem ARTAG samples relative to controls
(102) that are suggested to increase water permeability of AQP4.
However, the functional implications of these modifications
in ARTAG remain to be explored (103, 104). A recent
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transcriptional analysis of cognitively-impaired subjects and
controls showed that components of the dystrophin-associated
complex, which anchors AQP4 at the perivascular astrocytic
end foot, are associated with phosphorylated tau levels in
the temporal cortex (54). This analysis also revealed other
astrocyte endfoot candidate genes that significantly correlate
with temporal cortex tau pathology. The authors speculate
that endfoot functions of astrocytes may play a role in the
accumulation of tau aggregates throughout the brain. Although
AQP4 might contribute to the clearance of aberrant proteins
early in the disease process, this function could become impaired
at later stages, hindering the clearance of pathogenic tau.

TAU EFFECTS ON ASTROCYTE FUNCTION

In addition to potential roles in tau spread, internalization
of pathological forms of tau has been shown to disrupt a
myriad of astrocytic functions, central for the maintenance
and support of neurons. Oligomeric tau uptake alters calcium
signaling and gliotransmitter release (e.g. ATP) via Ca2+-
dependant mechanisms, to disrupt post-synaptic currents and
downregulate pre- and post-synaptic markers in neuronal-
astrocyte co-cultures (64), together suggesting that tau-induced
changes to astrocyte function are toxic to neighboring neurons,
at least in vitro. Astrocytes isolated from a transgenic tauopathy
model (P301S) expressing a 4R mutant tau isoform also
acquired early functional deficiencies that impaired their
ability to support neurons in culture (105). Astrocytes from
mouse models of tauopathies also show altered expression
of neuronally regulated genes (106), indicating that the
accumulation of abnormal tau species is sufficient to drive
transcriptional and likely functional changes in astrocytes,
via altered neuron-astrocyte interactions. In addition, human
astrocytes differentiated from iPSCs harboring FTD-causing
MAPT mutations display an increased vulnerability to oxidative
stress and elevated protein ubiquitination, alongside disease-
associated transcriptomic alterations (107).

The immune-related functions of astrocytes are a major
contributor to neuroinflammatory response that directly
alter neuronal integrity in neurodegenerative diseases (52).
In particular, the complement cascade, which also involves
microglia, has an important role in the accumulation of beta-
amyloid pathology (108, 109). C3 is a major component
of the complement cascade and is highly expressed in
reactive astrocytes (71). C3, as well as its downstream
receptor C3aR1, that is mainly expressed by microglia,
(9), is upregulated in postmortem tauopathy brain and
correlates with cognitive decline during disease progression
(110). Levels of C3 also correlate with tau amounts in AD
CSF (111). Ablation of C3aR or C3 in mouse models of
tauopathy reversed neuronal loss and neurodegeneration
(110, 111), alongside reduced numbers of GFAP-reactive
hypertrophied astrocytes being apparent upon C3aR knockout
(110). These data indicate that complement activation
downstream of astrocyte reactivity may be an important
driver of tauopathy.

Astrocytes, together with microglia, are also hypothesized to
induce synaptic loss and neurotoxicity in tauopathies, as they
do during development (112), through dysregulated synaptic
pruning (113). Sleep deprivation is common in AD (114),
where it is believed to be both a cause and consequence of
neurodegenerative changes (114). Sleep deprivation leads to
enhanced tau release and spread (115), alongside astrocyte-
mediated synapse elimination (116). It is therefore possible
that astrocyte engulfment of tau-containing synapses may
be one route by which astrocytes contribute to tau spread
in AD.

Ultimately, cross-talk between astrocytes and microglia forms
part of a complex innate immune response that may be
exacerbated during tauopathies in response to protein aggregates.
Deeper investigation of these pathways may reveal novel targets
that can be exploited to slow or halt disease progression.

DISCUSSION

Recent evidence has highlighted that altered astrocyte functions
have detrimental consequences for neurons and may be a
driver of neurodegenerative diseases. Astrocytes are closely
associated with the accumulation of pathological forms of tau
in tauopathies. There is some evidence that astrocytes internalize
tau aggregates, viamechanisms that are not yet fully understood,
and contribute to tau pathology spread across the brain and
tau aggregate clearance via the glymphatic system. However,
astrocytes show significant regional heterogeneity andmore work
is needed to better understand the contribution of different
astrocyte subtypes in affected brain regions at different disease
stages. Such understanding may aid in the development of
astrocyte-targeted therapies for tauopathies. Astrocyte-targeted
therapeutic approaches have been well-described elsewhere
including by Sadik and Liddelow (70), and could include
antagonists that prevent tau uptake by astrocytes to reduce
tau spread, agents that prevent the release of neurotoxic
astrocyte secretions or their uptake by neurons, or therapies
that restore physiological astrocyte functions including their
trophic support for neurons and synapses, maintenance of the
blood brain barrier, and roles in the glymphatic clearance of
protein aggregates.
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Tau is a cytosolic microtubule binding protein that is highly abundant in the axons of

the central nervous system. However, alternative functions of tau also in other cellular

compartments are suggested, for example, in the nucleus, where interactions of tau with

specific nuclear entities such as DNA, the nucleolus, and the nuclear envelope have been

reported. We would like to review the current knowledge about tau–nucleus interactions

and lay out possible neurotoxic mechanisms that are based on the (pathological)

interactions of tau with the nucleus.

Keywords: tau protein, Alzheimer’s disease, neurodegenerative diseases, nuclear pore complex,

nucleocytoplasmic transport

INTRODUCTION

Tau is a predominantly neuronal protein and, as a representative of the microtubule-associated
protein family (1), contributes to the stabilization of microtubules (MT) and the modulation
of their dynamics (2, 3). In neurodegenerative diseases such as Alzheimer’s disease (AD),
frontotemporal dementia with Parkinsonism on chromosome 17, Pick’s disease, and others,
intraneuronal aggregates of hyperphosphorylated tau are a hallmark pathological feature (4, 5),
and their appearance correlates well with neuronal loss in these diseases (6–8). The filamentous
tau aggregates found in human brain are amyloid-like and have a high β-sheet content; however,
the architecture of their fibril core differs to some degree between aggregates from different
tauopathies (9–12). In vitro aggregation of tau into filamentous aggregates can efficiently be induced
by polyanionic co-factors such as heparin (13, 14), RNA (15), and arachidonic acid (16). However,
small soluble oligomeric tau species also appear to contribute to synaptic dysfunction and cell death
in tauopathies (17, 18) and are considered to mediate neurotoxicity before neurofibrillary tangle
(NFT) formation (19, 20).

Monomeric tau is a highly soluble, intrinsically disordered protein that comprises four different
major domains: the acidic N-terminal half (projection domain) projects from the MT surface and
the proline-rich domain, which harbors a SH3-protein binding site (21, 22); the function(s) of
these parts of the tau protein are rather uncertain, and they thus may play a role in alternative
tau functions. The basic repeat domain containing four ∼30-amino-acid-long pseudorepeats is
responsible for MT binding (23–26) and aggregation of tau (25, 27). The role of the shorter C-
terminal end is unknown. In the human central nervous system (CNS), tau exists in six isoforms,
which carry three or four pseudo-repeats in the repeat domain (3R and 4R isoforms) and zero, one,
or two repeats in the N-terminal half (0N, 1N, or 2N isoforms) and are generated by the alternative
splicing of exon 2, exon 3, and exon 10 in a 6-kb mRNA transcript.

The amino acid sequence of tau harbors 85 putative phosphorylation sites (28, 29) and various
sites for other post-translational modifications (PTMs) such as acetylation, methylation, and
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glycosylation (30, 31), which enable a complex regulation of tau’s
binding to MTs and its other functions (32). Phosphorylation is
by far the most studied PTM of tau, also for nuclear tau.

Tau is highly abundant in axons of the CNS (33), but under
stress and in pathological conditions, it can also be found in
the soma, the dendrites, and the nucleus (34). This unusual
cellular distribution of tau enables condition- and subcellular
environment-dependent interactions (35, 36), for example, with
the nucleus.

The first indication of nuclear tau, in the form of short paired
helical filaments, came from transmission electron microscopy
of AD frontal lobe sections by Metuzals et al. (37), and until
today neither a physiological nor a pathological role of nuclear
tau is clearly established. Interactions of tau with the outer
neuronal envelope (NE) were recently suggested to induce
deficits in RNA and protein transport in and out of the
nucleus (38, 39). Regulated nucleocytoplasmic transport (NCT)
of cellular biomolecules—such as transcription factors, mRNA
and ribosomal RNA, and nuclear and cytosolic proteins—is
essential for major principles of cell survival and function, for
example, signal transduction, stress response, and proteostasis
(40–42). In the recent years, defective neuronal NCT has been
described in different neurodegenerative disorders (NDDs) like
amyotrophic lateral sclerosis (ALS), frontotemporal dementia
(FTD) (43, 44), Huntington’s disease (HD) (45, 46), and AD (38).

In this review, we summarize the interactions of tau with
the nucleus and discuss their potential role in pathology. After
introducing known and conceivable interactions of tau with
the nucleus—both of intranuclear as well as extranuclear tau,
either direct or indirect—we will summarize the findings of NCT
impairments in other NDDs and normal aging, aiming to gain
an overall mechanistic insight for NCT disruptions as a potential
culprit and therapeutic target in neurodegenerative diseases.

HOW DOES TAU INTERACT WITH THE

NUCLEUS?—KNOWN AND CONCEIVABLE

POINTS OF INTERACTION

Nuclear Tau Isoforms and

Post-translational Modifications
In the last three decades, several interactions of tau with the
nucleus were reported, and potential nuclear functions of tau
were suggested. Early indications of tau in the nucleus came
from Binder and colleagues who showed, by immunohistology,
that tau can be found in neuronal nuclei in the human brain—
both in healthy controls and in AD patients (47). Following
this observation, a number of studies showed tau in the nucleus
of neuronal cells [e.g., human neuroblastoma (48–50) and rat
cells (51)] in primary mouse neurons (52), in the mouse brain
(53–55), and also in non-neuronal cell lines (e.g., fibroblasts
and lymphocytes) (56, 57). In the nucleus, tau seems to be
predominantly localized to the nucleolus (49, 56, 58).

In adult mice, which express 4R but not 3R tau, isoform-
specific tau antibodies revealed that 1N4R tau is enriched in
the nuclear-enriched fraction of brain lysates (54). It remains
unclear how 1N4R tau gets into the nucleus because none of
the CNS tau isoforms carries a (known) nuclear localization

signal (NLS) that would enable its transport through nuclear
pores into the nucleoplasm. For now we can only speculate
about scenarios that would explain the occurrence of tau protein
in the nucleus: specific PTMs, e.g., phosphorylation or SUMO-
lation, alter the ability of transcription factors to interact with
nuclear transport factors and enable their nuclear import (59, 60);
a similar PTM-based mechanism could facilitate tau protein
transport from the cytosol through the nuclear pore into the
nucleoplasm. Another possibility could be nuclear targeting of
tau transcripts, which could direct tau mRNA into the nucleus,
where local transcription could produce tau protein. In fact, it has
been suggested that the majority of nuclear tau may be produced
by a less abundant 2-kb transcript that contains the entire tau
coding region (61). Transcription of both the 2- and 6-kb tau
mRNA starts at the same unique site at the start of exon 1;
however, the two transcripts utilize two alternate polyadenylation
sites downstream of exon 14 (62).

Both phosphorylated tau and tau dephosphorylated at certain
residues have been reported in the nucleus (47, 49, 63).
By immunofluorescence imaging and western blot using an
antibody specific for the absence of phosphate groups at residues
S195/198/199/202 (Tau-1 antibody), the majority of nuclear
tau appears to be dephosphorylated, at least at these residues
(48, 61). A pronounced accumulation of Tau-1 positive tau
in the nucleus was observed upon acute oxidative and heat
stress both in vitro and in vivo (52). Tau colocalizing with
the nucleolus also seems to be mostly non-phosphorylated
at residues S195/198/199/202 (Tau-1 positive) (56). However,
in models of tau-induced neurodegeneration, phosphorylated
nuclear tau appears to be associated with neurodegeneration (28,
64–66). In tau overexpressing SH-SY5Y cells—a model manifold
used to study nuclear tau—phospho-site-specific tau antibodies
revealed nuclear tau phosphorylated at specific sites such as S205,
T181, T212, S404, and others (29, 67).

On a general note, the detection of nuclear tau in the
mentioned studies relies mainly on the use of antibodies—
for example, Tau-1 (non-P S195/198/199/202/) and AT8
(pS202/205)—that may show some unknown cross-reaction
with other nuclear proteins. Therefore, more complementary
proteomics studies, as that’s performed by Ulrich et al. (29), will
be needed to clarify which tau isoforms and PTMs occur in
the nucleus. Furthermore, the biochemical detection of nuclear
tau is usually based on cellular fractionation protocols, in which
nuclear-enriched fractions are analyzed for their tau content;
from these data, it remains unclear whether tau is present
in the nucleoplasm or is associated with the inside or the
outside of the nuclear envelope. As of now, it also remains
unclear how nuclear tau (PTMs and isoforms) differs between
cell types, differentiation state, and host species and which
nuclear tau species may be relevant for neuronal function in the
human brain.

Intranuclear Tau: Interactions of Nuclear

Tau With Intranuclear Components
Tau–DNA Interactions
Different microtubule-associated proteins, such as tau and
MAP2, were shown to interact with DNA (68, 69). Tau–DNA

Frontiers in Neurology | www.frontiersin.org 2 September 2020 | Volume 11 | Article 105638

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


Diez and Wegmann Tau Interactions With the Nucleus

interactions appear to be, to some degree, nucleic acid sequence-
specific for single-stranded DNA, with some preference for
GC-rich regions, whereas some studies identified no or little
sequence specificity for tau binding to double-stranded DNA
(70); preferential binding of tau to AG-rich sequences was
also reported (55). For both ssDNA and dsDNA, tau binding
was reported to be facilitated by the minor DNA groove via
electrostatic interactions (2, 71, 72), similar to the DNA binding
mechanism of histones and other chromatin architectural
proteins (73–75), which may suggest a potential chaperone-like
function of tau for DNA folding (28, 75).

By nuclear magnetic resonance (NMR) spectroscopy, the tau
binding motif for DNA was assigned to the C-terminal half of
the proline-rich region and repeat 2 in the repeat domain of
human tau (76). Both of these regions in tau are commonly
phosphorylated in physiological and pathological conditions
(77), which indicates a potential role of phosphorylation (or
other PTMs in these regions) for the regulation of tau binding
to DNA. Interestingly, the tau-interacting regions in genomic
DNA of mouse primary neurons were found to be distributed
across different chromosomes and between genic and intergenic
regions as shown by chromatin immunoprecipitation with the
anti-tau antibody Tau-1 (55). Heat stress, which induces tau
phosphorylation at certain epitopes and de-phosphorylation
at others, induced an increase in nuclear tau and a global
dissociation and redistribution of tau on chromatin (55).
Interestingly, hypothermia also induces tau phosphorylation by
GSK3β and CDK5 (78) but it is—to our knowledge—not known
whether it changes the abundance of tau in the nucleus.

Heat-stress-induced nuclear tau is unphosphorylated at sites
T212, T231, T235, S262, S356, S396, and S404 (52), which
indicates that the binding of tau to negatively charged DNA
could be regulated by phosphorylation, similar to the MT
binding of tau. This idea is supported by in vitro NMR and
surface plasmon resonance (SPR) measurements that show a
pronounced reduction of DNA binding ability of phosphorylated
compared to unphosphorylated recombinant protein (75, 76). In
addition to electrostatic interactions, hydrophobic interactions
were found to further stabilize tau–DNA interactions (75, 76).

Suggested Functions of Tau–DNA Interactions
The physiological and the pathological roles of tau binding to
DNA are still unclear, and different potential functions have
been suggested. For example, the binding of tau to DNA seems
to induce a bending and associated conformational changes
in the DNA backbone, similar to what is commonly observed
for proteins that physically protect DNA from damage (28).
Accordingly, primary mouse neurons that are lacking tau show a
higher rate of DNA damage in Comet assays, which detects inter
alia single- and double-stranded DNA breaks (79). This suggests
that tau can protect DNA against oxidative and hyperthermic
stress, which indicates that tau may function as a protector of
genomic integrity under stress conditions (52). In hypothermic
mice, which show a transient increase in reactive oxygen species
in the brain, the presence of tau also protected against heat
shock, suggesting a role of tau in modulating double-strand
break DNA repair (53). Recently, tau’s involvement in DNA

damage response was further defined by Sola et al., who used
tau-knockout human neuroblastoma cells (tau-KO SH-SY5Y)
to shown that tau-deficient cells are less sensitive to DNA
damage-induced apoptosis mediated by p53 modulation (80).
A protective role of tau was also suggested on the chromatin
level: using immunostainings of fibroblasts from FTD patients
carrying the tau P301L mutation, Rossi et al. found chromosome
aberrations as well as chromatin and spindle abnormalities
and concluded that tau could promote chromosome stability
(67, 81). Changes in chromatin and in gene expression in
response to tau were also found in other studies (82, 83). For
example, the clustering of histone H3 trimethylated at lysine 9
(H3K9me3) and heterochromatin protein 1α (HP1α), markers
of heterochromatic DNA is disrupted in tau-deficient mice,
indicating that taumay be involved in the epigenetic regulation of
gene expression (84). Frost et al. provided a link between mutant
tau expression, oxidative stress, and heterochromatin relaxation:
upon human mutant tau P301L expression in Drosophila,
genes that were normally silenced by heterochromatin (such
as Ago3, the Drosophila homolog of human PIWIL1) had an
increased expression, and neurons showed cell cycle reactivation,
a condition that can drive the apoptosis of post-mitotic neuronal
cells (82).

A structure-building role of tau in the nucleus was
implicated by Sjöberg et al., who reported the binding of tau
to pericentromeric DNA in human fibroblasts, lymphoblasts,
and HeLa cells and suggested the involvement of tau in
nucleolar organization (85). With the nucleolus being the
center of ribosomal DNA (rDNA) metabolism and ribosomal
complex formation, tau could thus control the rate of ribosome
assembly and thereby influence RNA translation (86) or
“heterochromatize” (=silence) rRNA genes as observed for other
heterochromatin-associated proteins (85). SH-SY5Y cells also
showed that tau associates with nucleolar TIP5, a key factor in
heterochromatin stability and rDNA transcriptional repression,
suggesting a role of tau in rDNA silencing (50).

In summary, intranuclear tau may directly protect DNA
integrity, participate in DNA repair mechanisms, be involved in
gene regulation, or help to control ribosomal gene translation
and assembly.

Intranuclear Tau in Pathology
It has been shown that phosphorylation reduces the nuclear
localization of tau (63, 87) and its ability to bind and protect DNA
(29, 75, 76, 88), suggesting a potentially harmful loss of nuclear
function for hyperphosphorylated tau. The overall absence of
tau—and therefore also absence of nuclear tau—in tau-knockout
mice has been shown to alter the chromatin arrangement
and render neurons more vulnerable to heat stress (53). An
increase in cytosolic tau phosphorylation may also be upstream
of oxidative stress-induced DNA breakage (63, 82, 89). In any
case, nuclear tau alteration capable of disrupting the chromatin
organization or inducing DNA damage would dysregulate
neuronal gene expression (82), which ultimately could cause
neuronal death. However, it is yet unclear to what extent and
how intranuclear tau contributes to neurotoxicity and if disease-
associated tau mutations contribute to nuclear alterations.
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Extranuclear Tau: Interaction of

Cytoplasmic Tau With the Nuclear

Envelope
In NDDs like AD and tauopathies, a substantial amount of tau is
found in the somatodendritic compartment where it can interact
with the outside of the nucleus, the outer NE. The transport of
RNA and proteins across the NE is regulated by nuclear pores
and is essential for many cellular functions. In the following, we
introduce the architecture and the function of nuclear pores, and
then we will review what is known about interactions between
cytosolic tau and the nucleus, which can be of either direct or
indirect nature.

Nuclear Pore Complexes and Nucleocytoplasmic

Transport
The nucleus is enclosed by the NE, a double lipid bilayer
that separates the nuclear interior from the cytoplasm. The
outer nuclear membrane is continuously connected to the
endoplasmic reticulum membrane system. The inner nuclear
membrane is lined with the nuclear lamina, a fibrous meshwork
of lamin proteins that provides structural support to the NE
(90) and also serves as a scaffold for chromatin attachment (91).
The linker of nucleoskeleton and cytoskeleton (LINC) protein
complex contributes to nuclear stability and positioning by
physically linking the lamin-rich nucleoskeleton to the cytosolic
cytoskeleton that comprises inter alia actin microfilaments or
microtubules (92, 93). To allow for controlled macromolecular
trafficking of proteins and RNA between the nuclear interior and
the surrounding cytoplasm—a basic process essential for cellular
protein homeostasis—the NE is homogenously “perforated” by
nuclear pores, which are built by nuclear pore complexes (NPCs)
(94, 95). NPCs are among the largest cellular macromolecular
assemblies: vertebrate NPCs, for example, have a molecular
weight of∼120 MDa (96). Multiple copies of around 30 different
proteins, called nucleoporins (Nups), constitute the building
blocks of the NPC, yielding a total of ∼500–1,000 proteins
(97). The overall structure of the NPC is conserved across
different cell types; however, studies indicate that cells may
express unique combinations of NUPs to generate NPCs with
specialized functions (98). The center of the nuclear pore is
built by a complex cylindrical structure that displays a rotational
symmetry of eight subunits surrounding a central tube, through
which the nucleoplasm is connected to the cytoplasm and
where the exchange of macromolecules between these two
cellular compartments takes place (99). From the central pore,
largely unstructured, filamentous proteins extend into both the
cytoplasmic and the nuclear spaces. On the nuclear side of
the pore, eight protein filaments form a basketlike structure by
joining into a distal ring (96).

The different Nups are classified regarding their function and
location in the NPC (97, 99–101): (i) scaffold or coat Nups
determine the structure of the nuclear and the cytoplasmic rings
(e.g., Sec13, Seh1, Nup96, Nup75, Nup107, Nup160, Nup133,
Nup37, Nup43, and ELYS), (ii) transmembrane Nups or pore
membrane proteins (POMs) hold the NPC in position through
transmembrane domains that interact with the NE (NDC1,

POM210, and POM121), (iii) central channel Nups form the pore
of the NPC (Nup205, Nup188, Nup93, Nup155, Nup53, Nup54,
Nup58, Nup62, and Nup98), (iv) cytoplasmic ring/filament Nups
are projecting into the cytoplasm from the NPC (Rae1, Nu42,
Nup88, Nup214, DDX19, Gle1, and RanBP2/Nup358), and (v)
nuclear ring/basket Nups are involved in the organization of the
NPC cargo transport machinery by facilitating the recognition
and the binding of nuclear import and export factors on the
nuclear side of the NPC (Nup153, Nup50, Tpr). Of special
importance to the NCT of biomolecules through the nuclear pore
are the so called FG-Nups, which are central-channel Nups with
intrinsically disordered domains rich in phenylalanine-glycine
repeats (FG) (102–104). FG-Nups are attached to the nuclear
scaffold via coiled-coil protein motifs in their non-FG domains,
whereby their long FG-domain containing N-terminal parts
extends as unstructured polypeptides into the central channel;
here they create a hydrogel-like polymer brush that acts as
a selectively permeable diffusion barrier for the transport of
proteins and other biomolecules (95, 104–106). In their free
state in vitro, FG-rich Nups spontaneously undergo liquid–liquid
phase separation (LLPS) and form hydrogel-like droplets (107).
Small nonpolar molecules and ions <40 kDa can passively co-
partition into the Nup hydrogel phase and diffuse through the
nuclear pore, whereas polar or bigger macromolecules have to
be actively transported through the pore in an energy-dependent
manner (99, 105, 108).

Intriguingly, multiple proteins that aggregate and form
intracellular inclusions in NDDs with detectable NCT
impairment are able to also undergo LLPS, for example, the RNA
binding proteins FUS (109) and TDP-43 (44, 110), polyQ–Htt
(111, 112), and also tau (113–115). One may thus suspect a (mis)
functional connection between the liquid protein phase behavior
of Nups and these proteinopathic hallmark proteins—e.g., due
to co-phase separation, co-aggregation, or NTF loss or gain of
function—which in neurodegenerative diseases could then result
in NPC dysfunction with neurotoxic consequences.

Active NCT requires interactions between soluble nuclear
transport receptors (NTRs) and Nups in the central channel
of the NPC. The most common family of NTRs are the
karyopherins, also called importins or exportins depending on
their transport function into or out of the nucleus (96, 116).
Cargomolecules that are supposed to be shuttled into the nucleus
or exported from the nucleus are equipped with specific amino
acid sequences: a nuclear localization signal (NLS) mediates the
import, and a nuclear export signal (NES) mediates the export
from the nucleus. Notably, proteins that need to shuttle between
the nucleoplasm and the cytoplasm, such as the RNA-binding
proteins TDP-43 (117) and FUS (118, 119), can carry both a
NLS and a NES. The NCT of NTR-bound cargo molecules
further depends on the nucleocytoplasmic gradient of RanGTP
and RanGDP, with a high RanGTP concentration inside the
nucleus and high cytoplasmic levels of RanGDP (95, 120, 121).
If the RanGTP or the RanGDP gradient is destroyed, NCT is
not possible (122). In an import scenario, NLS-cargo is bound
to cytoplasmic importin-β–either directly or indirectly via the
adaptor karyopherin importin-α–and is then shuttled through
the NPC via hydrophobic interactions with FG-Nups (123).
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In the nucleus, the NLS-cargo is released when the importin
transport receptor interacts with intranuclear RanGTP (124). In
an export scenario, the exported NES-cargo is released into the
cytoplasm upon GTP hydrolysis of RanGTP by RanGAP1, a
GTPase-activating protein located on the cytoplasmic filaments
of the NPC (45).

Different NPCmodels try to explain themolecularmechanism
of nucleocytoplasmic transport. The “virtual gating/polymer
brush” model suggests that non-interacting FG-Nups extend
into the pore and form a polymer brush that functions as an
entropic diffusion barrier on both sides of the NPC. While
largemacromolecules are generally hampered fromNPC passage,
the binding of transport receptors to the FG-repeats in central
pore Nups can facilitate the translocation of their entrained
cargo (104). The “selective phase/hydrogel” model anticipates
the formation of a hydrogel-like molecular sieve that is formed
via hydrophobic interactions among FG-repeats (104, 122).
While smaller molecules can easily diffuse through the FG-Nup
hydrogel meshwork, larger biomolecules cannot penetrate the
hydrogel and are thus restrained. NTR–cargo complexes can bind
to and dissolve into the FG-Nup meshwork and therefore can be
translocated (125).

The regulated bidirectional transport of proteins and RNA
in and out of the nucleus is important for many key cellular
processes, for example, chromatin assembly, DNA metabolism,
RNA synthesis and processing, signal transduction, and ribosome
biogenesis. It is therefore obvious that any deregulation and
impairment of the NCT can have detrimental consequences
for the cell, leading to toxicity and cell death at worst (95).
For instance, loss of the nuclear–cytoplasmic Ran-gradient,
maintained by RanGAP1, can lead to cell death within minutes
(45, 126).

Interestingly, Nups have also been shown to be involved in
NCT-independent functions such as microtubule attachment
to kinetochores, regulation of genome organization and
gene expression, cell differentiation and development, RNA
processing, and quality control (45, 96, 100). FG-Nups like
Nup62, Nup153, and Nup98 are of special importance for
transcription and chromatin organization (127, 128). These
findings suggest that even disturbances at the level of the NPC
building blocks can have vast cellular consequences.

Tau-Induced Irregularities of the Nuclear Membrane
In AD, ALS, FTD, and HD, pronounced irregularities and
invaginations in the normally smooth neuronal NE have been
identified by immunohistology and electron microscopy of post-
mortem patient brain tissue (38, 39, 129–131).

In the case of tau, nuclear membrane abnormalities and
clumping of nuclear pores have been observed in the nuclei
of both NFT-neurons and neighboring pre-tangle (37, 132,
133). Alterations in the nuclear architecture were also observed
in SH-SY5Y cells overexpressing human tau in the cytosol
(134), which induced extensive lobulations in the NE and re-
arrangements of the filamentous lamin nucleoskeleton. However,
neither degradation of nuclear lamins nor cell death was
observed in these cells. Tau-induced lamin dysfunctions were
also shown in vivo in a Drosophila tau FTD-model, where they

seemed to occur downstream of aberrant tau phosphorylation
and led to neurotoxicity (135). Pathological tau was found to
overstabilize F-actin, which led to a disruption of the LINC
complex organization and thereby reduction and disorganization
of lamin in neurons. As a consequence of the lamin dysfunction,
relaxation of heterochromatic DNA was accompanied by
subsequent DNA damage, aberrant cell cycle activation, and
apoptosis (135). More recently, Frost and colleagues were
able to show that the observed FTD-mutant tau-induced NE
invagination can also cause a toxic accumulation of mRNA (39).
Interestingly, a defective nuclear lamina and NCT impairment—
similar to the NE distortions observed in neurons with tau
accumulation (38, 82, 135)—occurs also in the premature
aging disease Hutchinson-Gilford progeria syndrome (136),
suggesting that NE distortions could be a common phenotype in
neurodegenerative protein aggregation diseases and aging.

Two more indirect tau–nucleus interactions were recently
presented: Autosomal-dominant FTD-taumutations were shown
to cause microtubule-mediated deformation of the nuclear
membrane in human induced pluripotent stem cell (iPSC)-
derived neurons (131), which resulted in defective NCT, and
rod-like cytoplasmic tau aggregates at the nuclear envelope were
shown to distort the nuclear membrane in striatal neurons in
HD and in pre-tangle neurons in AD, and in mice expressing
FTD-mutant tauP310S (37, 137, 138).

Direct Interactions of Tau With the Nuclear Envelope
Evidence for a direct interaction of cytoplasmic tau with NPCs
was recently provided by Eftekharzadeh et al. (38). Hippocampal
neurons in post-mortem AD brain had a distorted NE and
abnormal irregular NPC distribution, and certain FG-Nups
accumulated in the cytoplasm of NFT-neurons (Figure 1). In
tangle-free neurons, phospho-tau accumulated at the nuclear
membrane. Using SPR of recombinant proteins and co-
immunoprecipitation of tau and Nup98 from human AD brain
tissue, a direct interaction of tau with the FG-Nups Nup98 and
Nup62 was shown. Interestingly, the C-terminal half of Nup98—
one of the most abundant Nups with the highest FG content
(107)—was able to trigger tau aggregation in vitro, suggesting a
possible contribution of soluble cytoplasmic Nup98 to tau tangle
formation (38). The C-terminal part of Nup98, which is usually
buried in the NPC scaffold, is highly negatively charged and
may therefore efficiently induce tau aggregation, similar to other
polyanionic macromolecules like heparin and RNA (13–15, 139).
In the same study, it was also shown that cytosolic tau can
induce neuronal NCT impairments (38). In tau-overexpressing
transgenic mice, primary mouse neurons, and human AD brain
tissue, the presence of phosphorylated tau in the neuronal soma
led to a depletion of nuclear Ran and an impairment of both
nucleocytoplasmic import and export of proteins. Notably, NCT
and Nup98 defects could be rescued in FTD-tau transgenic mice
by reducing soluble transgenic tau, suggesting a new pathogenic
mechanism, in which the somatodendritic accumulation of
tau enables abnormal interactions of tau with components
of the NPC and leads to NCT impairment, which is further
accompanied by cytoplasmic aggregation of nucleoporins.
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FIGURE 1 | Nuclear envelope distortion and cytoplasmic mislocalization of Nup98 in neurofibrillary tangles (NFTs) of Alzheimer’s disease (AD) brain. Human AD (Braak

V) and age-matched control brain sections were immunolabeled for phospho-tau (magenta; p-tau mix of anti-phospho-tau antibodies, pS199, pT205, pS262, pT231,

and pS409), Nup98 (green), and Dapi (blue). In AD cortex, NFTs filled with phospho-tau show a crinkled/distorted nuclear envelope (white arrows) and Nup98

accumulation in the cytosol. In control nuclei, Nup98 is localized evenly to the nuclear membrane.

Indirect Effects of Tau on the NCT
Despite the direct interaction of tau with Nups, indirect effects of
tau on the NCT have also been reported. For example, abnormal
cytoplasmic accumulation of NTF2, a RanGDP transporter and
key NCT factor, indicated an impaired NCT in the hippocampal
neurons of AD brains (133). In another study, importin-α1
localized to “Hirano bodies”—inclusions containing actin and
actin-associated proteins—in AD hippocampal neurons, whereas
control brains showed a diffuse cytoplasmic localization of
importin-α1 (133, 140). Notably, importin-α1 did not co-localize
with NFTs or amyloid-β plaques in AD brains and not with Lewy
bodies in PD brains.

The disease-associated depletion of Nups from NPCs, as
suggested by the cytoplasmic sequestration of Nup98 into NFTs
in AD brain (38), could deplete Nup98 from NPCs and lead to
NPC disassembly and loss of function. Unspecific clogging of the
nuclear pore by tau aggregates could comprise another tau–NPC
interaction, leading to NCT impairment.

Another concept for a potential indirect interaction of tau
with Nups is based on a study by Toda et al. (141): Nup153
associates with the transcription factor Sox2 to regulate the neural
fate of neural progenitor cells (141), whereby Nup153 binding
to both the 5′ and the 3′ ends of genes enables a bimodal gene
regulation. Other Nups also play a role in transcription regulation
(128, 142, 143). Even though the interaction of tau with Nup153
has not been investigated, disease-associated binding of tau to

Nups that play a role for transcription could induce tau-mediated
gene alterations in neurodegenerative diseases.

NCT IMPAIRMENT AS A GENERAL

CONCEPT IN NEURODEGENERATION?

In recent years, the disruption of neuronal NCT has been
observed in different neurodegenerative protein aggregation
diseases such as HD, ALS, and FTD (97, 144, 145) and
recently also as an effect of tau in AD (38). It has been
suggested that NCT failure is caused by pathological perinuclear
protein aggregation in general [e.g., artificial β-sheets, polyQ–Htt
fragments, cytoplasmic fragment of TDP-43 (146)]; however, the
molecular and the cellular mechanisms as well as the downstream
effects of disease-associated NCT impairment need to be further
investigated in order to identify similarities and differences across
diseases. Observations associated with NCT failure that are
common in different protein aggregation diseases seem to be, for
example, (i) the mislocalization of nuclear transport receptors
and nucleoporins (45, 147–149), (ii) the mislocalization and
the aggregation of RNA-binding proteins (149), and (iii) the
loss of chaperone activity exhibited by certain nuclear import
receptors (149, 150). In the following, we provide an overview
of nucleocytoplasmic trafficking defects in neurodegenerative
diseases other than AD.
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Nup Mutations Linked to NCT Impairment
Only few neurodegenerative-disease-relevant mutations have
been identified within proteins of the NPC/NCT machinery. A
missense mutation (Q391P) in the FG-Nup Nup62 was found
in autosomal recessive infantile bilateral striatal necrosis, a
fatal neurological disorder characterized by bilateral symmetric
degeneration of the basal ganglia, the caudate nucleus, and the
putamen (151). In ALS, two mutations in the human cytoplasmic
ring Nup Gle1 were shown to cause the depletion of Gle1 from
the NPC; Gle1 is essential for nuclear mRNA export (152).

NCT in Amyotrophic Lateral Sclerosis and

Frontotemporal Dementia
Most information about nuclear transport failure in
neurodegeneration comes from ALS and FTD research.
Accordingly, different recent review articles already cover this
topic in detail (97, 122, 144, 145, 153, 154), and we therefore give
only a short summary of what is known about NCT impairments
in the etiology of ALS/FTD.

ALS and FTD share some clinical, neuropathological, and
genetic features and therefore are classified in a common disease
spectrum with likely similar neurodegenerative pathways (155).
ALS is characterized by a progressive degeneration of motor
neurons, which leads to increasing muscle weakness and loss of
mobility. FTD, the second most frequent form of dementia, is
characterized by frontal and temporal lobe degeneration, which
clinically leads to social and behavioral changes (155). A common
abnormality in both ALS and FTD is the mislocalization of RNA-
binding proteins (RBPs) from the nucleus into the cytoplasmic
aggregates in the affected neurons (122). These RBPs include the
nuclear protein TAR DNA-binding protein of 43 kDa (TDP-43)
and fused in sarcoma (FUS) protein (149, 156, 157); for both
proteins, a nuclear loss-of-function and a cytoplasmic gain-of-
toxicity are discussed (149). Indications for NPC/NCT disruption
in ALS are evident from nuclear membrane irregularities and
abnormal NTR distribution inmotor neurons (122, 158, 159) and
in neurons with cytoplasmic TDP-43 inclusions in post-mortem
ALS tissue (160).

The most common genetic cause of ALS/FTD is a repeat
expansion of the chromosome 9 open reading frame 72 (C9orf72)
(97), which has been linked to NCT impairment on different
levels. In yeast and fly models of ALS/FTD C9orf72, different
Nups act as suppressors (e.g., Nup107, Nup50, and Nup98)
or enhancers (e.g., Nup62 and Gle1) of C9orf72-associated cell
toxicity (97, 161–163). Furthermore, RanGAP1 can directly
interact with the intronic hexanucleotide (G4C2) in the C9orf72
repeat expansion (147, 164), and it accumulates in cytoplasmic
punctae in the motor cortex of ALS C9orf72 patients in patient-
derived iPSC neurons (147, 165).

Besides C9orf72, familial ALS-associatedmutations in copper-
and zinc-superoxide dismutase (SOD1), in TDP-43, and in FUS
have been shown to causeNCT failure. For example, in transgenic
mutant SOD1 mice, the subcellular redistribution of importin-
β and importin-α from the nucleoplasm into the cytosol has
been reported (166). Additionally, misfolding of SOD-1 can
expose its normally buried NES-like sequence, which leads to

exportin-1-mediated nuclear export of misfolded SOD1 (167).
Cytoplasmic accumulation of Nups and RanGAP1 in stress
granules was also observed in ALS-SOD1 (42, 149).

In the case of ALS/FTD TDP-43, the pathological cytoplasmic
aggregation of TDP-43—an essential nuclear RNA-binding
protein and splicing regulator—is associated with mislocalization
and/or cytoplasmic aggregation of Nups and nuclear transport
factors, with a disruption of the nuclear membrane and NPCs,
and, consequently, with the reduction of nuclear protein import
and mRNA export (43). By proteomic analysis, components of
the NPC/NCT, predominantly FG-Nups (e.g., Nup62, Nup98,
and Nup153), scaffold Nups (e.g., Nup35 and Nup93), and
nuclear export factors such as Xpo5 and Nxf1 were shown to
co-aggregate with pathological cytoplasmic TDP-43. Notably,
TDP-43 toxicity and defective NCT function in neurons
overexpressing the C-terminal fragment of TDP-43 could be
rescued upon treatment with selective nuclear export inhibitors
(KPT-276 and KPT-335) (43).

For the nuclear RNA-binding protein FUS, about half of the
ALS/FTD mutations affect its NLS sequence, which leads to
disease-associated mis-localization, stress granule formation, and
aggregation of FUS in the cytoplasm (118, 153). In a Drosophila
model of human FUS overexpression in motor neurons,
neurotoxicity could be prevented by the downregulation of
Nup154 (fly ortholog of human Nup155) and exportin-1 (168),
supporting a role of the NCT for FUS toxicity in this model.
Elsewhere it was suggested that NCT proteins (e.g., exportin-1)
modulate FUS toxicity by acting on the mislocalization and the
aggregation of FUS itself (122).

In conclusion, comprehensive evidence suggests that NCT
dysregulation is a pathogenic driver of neurotoxicity in ALS and
neurodegeneration (153).

NCT in Huntington’s Disease
Huntington’s disease is caused by a CAG-repeat expansion
in exon 1 of the huntingtin gene, which leads to a long
polyglutamine (polyQ; n = 35–60+) stretch on the N-terminal
end of the Huntingtin protein (Htt) (169, 170). Htt is equipped
with an internal NLS and NES sequence and therefore can shuttle
between the nucleus and the cytoplasm (171–173). Under disease
condition, polyQ–Htt aggregates in the nucleus and the cytosol—
mostly in neurons of the striatum and the cortical regions, but
also in the hippocampus (169, 174, 175)—and thereby induces
neurotoxicity (45, 176).

Within intracellular polyQ–Htt aggregates, FG-repeat Nups of
the NPC cytoplasmic filaments (DDX19, RanBP2, and Nup214),
the nuclear basket (Nup153), and the central channel (Nup62)
have been identified (177). Another interactome study identified
RanGAP1, nucleoporin Sec13, and the mRNA export factor Rae1
(ribonucleic acid export 1) as interaction partners of polyQ–
Htt (178). Grima et al. confirmed the interaction of Nup62
and RanGap1 with intranuclear polyQ–Htt inclusions in HD
transgenic mouse and Drosophila models, primary neurons
expressing polyQ–Htt, HD patient-derived iPSC neurons, and
post-mortem human HD brain regions (45). In fact, multiple
NPC proteins were severely mislocalized and aggregated in the
cytosol, particularly those from the cytoplasmic ring/filaments
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(Nup88 and Gle1) and central channel. In neurons with polyQ–
Htt inclusions, both passive and active NCT and the Ran gradient
were disrupted. Importantly, treatment with the small molecule
nuclear export inhibitor KPT-350 as well as overexpression of
RanGAP1 were both able to restore the nucleocytoplasmic Ran
gradient (45), rescue cell death, and increase cell viability.

In addition to these molecular effects of polyQ–Htt aggregates
on Nups, polyQ–Htt dose- and age-dependent morphological
changes of the NE also occur in HD cell models with perinuclear
polyQ–Htt accumulation, in transgenic animal models, and
in postmortem HD brain (46, 176). Together these findings
show that polyQ–Htt-mediated NCT disruptions are a common
phenotype in HD (149, 179).

NCT Impairments in Normal Aging
Deficits in NCT have not only been linked to age-related
neurodegenerative diseases but also appears to be gradually
impaired in normal physiological aging (144). The correct
assembly, maintenance, and repair of NPCs, which are crucial
for cellular health and integrity (145), ask for intact protein
homeostasis, a process that is known to be progressively failing
during aging. In dividing cells, NPCs disassemble during mitosis
and rearrange afterwards in the newly formed cells (180). Rempel
et al. showed that NPC quality control is compromised in aging
mitotic cells, which results in decreased NPC function and
impaired transcription factor shuttling (181). The maintenance
of NPCs in long-lived post-mitotic cells, such as neurons, is
provided through the renewal of individual NPC subcomplexes,
whereby scaffold Nups remain assembled and installed in the
NPC during the entire cellular life span (144, 182). These Nups
have one of the highest protein lifetimes of organisms; however,
they therefore also contribute to NPC vulnerability in advanced
age, when molecular damage has accumulated over time. Indeed
a study from D’Angelo et al. showed that a subset of scaffolding
Nups is oxidatively damaged in aged cells and that the age-
related deterioration of NPCs provokes an increase in nuclear
permeability accompanied by leakage of cytoplasmic proteins
into the nucleus (182).

NCT Problems Related to Nuclear Import

Factors
Nuclear import factors do not only mediate active transport of
biomolecules through NPCs but also, in some cases, influence the
aggregation of their cargo proteins (183–186). The import factors
importin-4, importin-5, importin-7, and importin-β were shown
to act as chaperones for exposed basic domains of ribosomal
proteins, histones, and other cargos that would otherwise easily
aggregate in the polyanionic environment of the cytoplasm
(183). A loss of chaperone activity, for example, due to the
decrease of import factor RanBP17 with cellular age can lead to
NCT impairment, as shown by comparative transcriptomics in
fibroblasts and corresponding induced neurons from differently
aged donors (187).

Nuclear import factors have also been shown to reverse
aberrant liquid–liquid phase separation (LLPS) of proteins
and to disaggregate insoluble protein aggregates occurring
in neurodegenerative diseases (97, 149, 150). For example,

importin-α together with karyopherin-β can disassemble TDP-
43 aggregates (150). TNPO1 (= karyopherin-β2) suppresses FUS
LLPS and stress granule association (184, 185), whereby disease-
linked mutations in the FUS-NLS impair TNPO1 chaperoning
and enhance FUS aggregation (185).

THERAPEUTIC APPROACHES FOR NCT

FAILURE

Despite major evidence for NCT problems in ALS, FTD, HD,
and AD, up to now no therapeutic approach targeting nuclear
transport deficits exists for neurodegenerative diseases. Major
challenges in developing therapeutic strategies are given not only
by the high molecular and structural complexity of the NPC
but also by the importance of NCT for virtually all cellular
processes: an intact nucleocytoplasmic trafficking of RNA and
proteins is essential to change the transcription profile of a cell,
for example, as a response of changes in cellular, substrate, or
chemical environment; the NCT of biomolecules is both at the
end of all signaling cascades and at the beginning of all cellular
responses (40, 41, 188). Finding ways to rescue NCT disruption
in neurodegenerative proteinopathies thus holds a tempting new
opportunity to prevent neuronal death in these diseases but is
also a great challenge.

In the recent years, small molecule nuclear export inhibitors
were used with some success for therapeutically targeting
nucleocytoplasmic export in cancer and viral disease therapies;
however, the lack of compounds that inhibit the nuclear transport
of specific cargos compromises the development of therapeutic
strategies (153, 189). Disease-induced NPC disruptions often
cause an imbalance in the nucleocytoplasmic gradient of NTFs,
transcription factors, nuclear proteins, and RNA, which in
principle can, to some extent, be reverted by either increasing or
inhibiting nuclear import or export (97, 150). For example, it has
been shown that inhibition of nuclear import rescues the polyQ–
Htt toxicity in a yeast model (190), whereas inhibition of nuclear
export was neuroprotective in a cell model of ALS (43, 45, 147,
191). Structure-based design of inhibitors that target exportin-
1/CRM, the major receptor for the export of proteins out of the
nucleus, yielded selective inhibitors of nuclear export (KPT-350,
KPT-335, and KPT-276) that also proved successful in preclinical
models. However, due to the broad range of molecular cargos
shuttled out of the nucleus with the help of exportin-1/CRM1,
off-target effects and potential toxicity remain as important issues
when targeting this pathway (153, 192). A phase 1 safety trial
using the exportin1 inhibitor XPO1 has recently been launched
to investigate the safety and beneficial vs. the off-target effects
of exportin-1 inhibition in ALS patients (193). This trial will
hopefully also clarify whether targeting nucleocytoplasmic export
will be sufficient to alleviate pathological neuronal death in the
human brain.

In any case, since differences exist in the molecular and
the cellular disease mechanisms between neurodegenerative
diseases and aging seems to play a role for NPC function as
well, physiological and disease-specific NPC/NCT alterations
need to be investigated in more detail. For the development
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FIGURE 2 | Schematic illustration of potential tau–nucleus interactions leading to nucleocytoplasmic transport (NCT) impairment in tau-related neurodegeneration.

Under physiological conditions, cytosolic soluble tau is mainly localized to the neuronal axon to stabilize the microtubules. In stress conditions and in the context of

neurodegenerative diseases like Alzheimer’s disease and tauopathies, tau mislocalizes from the axon into the somatodendritic compartment where it gets in close

proximity to the nucleus. Acute stress, for example, via heat shock, transiently increases the amount of intranuclear tau, either by active transport of tau through the

nuclear pore complexes (NPC) or other unknown import mechanisms or by the enhanced expression and/or local translation of nuclear tau transcripts. Nuclear tau

binds and stabilizes DNA during the time of insult, undertaking a DNA-protective role. Under persistent stress—as in the context of neurodegenerative diseases—the

amount of hyperphosphorylated tau in the soma increases further and leads to different possible scenarios of tau-induced NCT disruption, which are accompanied

with nuclear envelope abnormalities (e.g., invaginations) and result in neurotoxicity: (1) soluble and/or aggregated tau binds and thereby clogs the nuclear pore,

resulting in cargo transport inhibition; (2) tau interacts with specific Nups of the NPC, leading to NPC disassembly and sequestration of Nups from the NPC into the

cytosol, resulting in nuclear pore leakiness and co-aggregation of cytoplasmic Nups with tau; (3) somatodendritic tau interacts with Nups that under physiological

conditions would associate with transcription factors to regulate gene expression. These interactions “distract” Nups and thereby indirectly affect gene expression.

of tau-targeted NCT-based therapies, we are still at the very
beginning, and systematic analyses of tau–NPC interactions and
their downstream effects are needed.

CONCLUSION

Whereas, the presence of tau inside the nucleus has been
reported for several years, tau interactions with the NE and
their consequences for neuronal NCT were described only
recently. NCT impairment and concomitant neurotoxicity in

tau-associated NDDs could result from different (hypothetical)
scenarios of tau interactions with nuclear pore complexes, with
individual Nups, or with NTRs (Figure 2). However, to decipher
the physiological role of tau in chromatin regulation and the
consequences of tau–NPC interactions in pathophysiological
conditions, we need to systematically identify tau–NPC, tau–
NTR, and tau–chromatin interactions in order to understand
the molecular mechanisms and the (dys) functional role of tau’s
interactions with the nucleus.

Furthermore, we want to acknowledge that the occurrence
of NCT problems in protein aggregation diseases (including
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tau-related ones) is a rather young observation; however, it
yet is a new interesting emerging field in disease neurobiology
that offers complementary interpretations to established disease
mechanisms associated with neuronal protein aggregation.
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In the past decade, several groups have reported that microRNAs (miRNAs)

can participate in the regulation of tau protein at different levels, including its

expression, alternative splicing, phosphorylation, and aggregation. These observations

are significant, since the abnormal regulation and deposition of tau is associated

with nearly 30 neurodegenerative disorders. Interestingly, miRNA profiles go awry

in tauopathies such as Alzheimer’s disease, progressive supranuclear palsy, and

frontotemporal dementia. Understanding the role and impact of miRNAs on tau biology

could therefore provide important insights into disease risk, diagnostics, and perhaps

therapeutics. In this Perspective article, we discuss recent advances in miRNA research

related to tau. While proof-of-principle studies hold promise, physiological validation

remains limited. To help fill this gap, we describe herein a pure tauopathy mouse model

deficient for the miR-132/212 cluster. This miRNA family is strongly downregulated

in human tauopathies and shown to regulate tau in vitro and in vivo. No significant

differences in survival, motor deficits or body weight were observed in PS19 mice lacking

miR-132/212. Age-specific effects were seen on tau expression and phosphorylation

but not aggregation. Moreover, various miR-132/212 targets previously implicated in

tau modulation were unaffected (GSK-3β, Foxo3a, Mapk1, p300) or, unexpectedly,

reduced (Mapk3, Foxo1, p300, Calpain 2) in miR-132/212-deficient PS19 mice. These

observations highlight the challenges of miRNA research in living models, and current

limitations of transgenic taumousemodels lacking functional miRNA binding sites. Based

on these findings, we finally recommend different strategies to better understand the role

of miRNAs in tau physiology and pathology.

Keywords: tau, microRNA, PS19, miR-132, tauopathies

INTRODUCTION

Tauopathies comprise a group of ∼30 neurodegenerative disorders characterized by the
pathological accumulation of hyperphosphorylated and insoluble tau in neurons and/or glia (1).
In humans, the MAPT gene encoding tau contains 16 exons, with the first exon as part of the
promoter region and last exons comprising the 3′ untranslated region (3′UTR). The tau mRNA
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transcript undergoes different steps of regulation including fine-
tuning of expression, alternative splicing of exons 2, 3, and 10,
and multiple levels of phosphorylation (1). These modifications
play a central role in tau function related to the binding
and stabilization of microtubules (2). While rare mutations
in the MAPT gene underlie familial forms of disease (e.g.,
frontotemporal dementia with parkinsonism-17), the majority
of tauopathies are sporadic and of unknown origin. The most
prevalent tauopathy is Alzheimer’s disease (AD), where tau
aggregates into neurofibrillary tangles (NFTs) in conjunction
with amyloid-β (Aβ) plaques (3). So far, it remains uncertain
which mechanisms surrounding tau biology contribute to brain
degeneration and clinical outcomes.

The small (∼21 nts) non-coding microRNAs (miRNAs)
play a fundamental role in brain development, function, and
survival (4, 5). They function as part of the endogenous RNA-
induced silencing complex (RISC) to control protein output.
This occurs by binding to mRNA transcripts within the 3′UTR
to promote translational repression or mRNA degradation.
Interestingly, the brain contains a rich repertoire of miRNAs,
some of which go awry in tauopathies. While affected miRNAs
have been associated with tau pathology in humans and
animal models, the cause-consequence relationship between
these factors remains ill defined. Nonetheless, specific miRNAs
have emerged as promising diagnostic and therapeutic targets
in tauopathies (6–8).

Several methods currently exist to study miRNA:mRNA
interaction and biological function (9). These range
from bioinformatic predictions, 3′UTR reporter assays,
overexpression and inhibition studies, to cross-linking
with immunoprecipitation (CLIP). The most common and
straightforward approach is introducing a mutation within
the miRNA target site (in particular the seed sequence)
to inhibit miRNA:mRNA binding and gene expression
regulation. This strategy is however quite challenging
in vivo with only one known report in the mammalian
brain (10), unrelated to tau. Most miRNA literature is
therefore based on indirect or artificial paradigms that await
physiological validation.

In this Perspective article, we provide an overview of advances
related to the regulation of tau by miRNAs. As the reader will
notice, the literature is promising but lacks consistency and in
vivo validation. To aid in this effort, we also describe herein
PS19 mice deficient for the miR-132/212 cluster. This is the
first description of a pure tauopathy mouse model genetically
deficient for specific miRNAs. Some paradoxical results obtained
in this model prompted us to address certain “barriers” regarding
experimental reproducibility and propose guidelines to help
move forward this line of research.

PERSPECTIVE ARTICLE

Evidence That tau Is a MicroRNA Target
The human MAPT gene produces two 3′UTR isoforms of 256
and 4,163 nucleotides in length (11). The longest isoform is
conserved and highly expressed in the brain (frontal cortex)
(12). Previous studies have shown that different domains within

the tau 3′UTR are important for mRNA structure, stability, and
transport (13–15). Since tau is a dose-sensitive gene candidate
(16, 17), and that its mis-regulation is associated with disease
(18), it seems logical that different regulatory mechanisms have
evolved to keep tau expression levels in check.

A simple search of common miRNA target site prediction
programs (e.g., targetscan.org) reveals several conserved binding
sites within the tau 3′UTR. Consistent with this, a handful of
miRNAs have been shown to bind to tau mRNA, including
miR-132 (19, 20), miR-34 (11), miR-186 (21), miR-219 (22),
miR-362 (23), and miR-766 (23). Most groups have relied on
3′UTR luciferase reporter assays and mutagenesis to confirm
gene expression regulation in vitro. One report could not confirm
the interaction between miR-132 and its corresponding seed
region however (11). Whether this is due to technical issues
(type of mutagenesis, miRNA titration) or unknown regulatory
mechanisms remains to be determined. Taken together, these
observations provide strong evidence that tau is a bone fide
miRNA target that now awaits in vivo validation using gene
editing technologies. Interestingly, the ratio between tau 3′UTR
isoforms seems to differ between healthy and AD brain (12,
24). Whether this results in altered miRNA regulation requires
further investigation.

MicroRNA Regulation of tau Pre- and

Post-translational Modifications: Unlimited

Possibilities?
As stated above, alternative splicing and phosphorylation are
key elements of tau regulation and function. Nearly 15 miRNAs
have been implicated so far in the indirect modulation of tau
(8, 25). These “tau modifier” genes are mostly kinases, and
include Gsk-3β [miR-132 (26), miR-125b (27), miR-124 (28),
miR-219 (29, 30), miR-138 (31)], Cdk5 [miR-125b (32, 33), miR-
26b (34), miR-195 (35)], Erk [miR-125b (32)], Itpkb [miR-132
(36)], Fyn [miR-369 (37), miR-106b (38)], and Rock1 [miR-146a
(39)]. Tau phosphatases include: Ppp1ca [miR-125b (32)] and
Ptpn1 [miR-124 (40)]. Other genes a priori unrelated to kinases
or phosphatases include p300 [miR-132 (26)], RbFox1 [miR-132
(26)], Nos1 [miR-132 (41)], BNDF [miR-322 (42)], RARα [miR-
138 (31)], Cacna1c [miR-137 (43)], Uchl1 [miR-922 (44)], and
HspB8 [miR-425 (45)].

The number of miRNA targets involved in tau splicing
(exon 10) is more limited. These include Ptbp1 [miR-132
(19)] and yet unidentified genes [miR-124, miR-9, miR-
153, miR-137 (19)]. Overall, while some miRNAs (miR-132,
miR-125b, miR-124) and target genes (GSK-3β, Cdk5) seem
recurrent, no clear pathway or trigger stands out and in vivo
validation is again largely lacking. To study miRNAs in living
organisms, especially in mammals, is particularly challenging
since most tau modifier genes contain several miRNA-binding
sites themselves (e.g., GSK-3β 3′UTR contains ∼100 putative
miRNA sites). Thus, the amount of potential miRNA:mRNA
networks surrounding tau biology seem almost limitless, at least
in appearance.

Indeed, bioinformatics and in vitro paradigms need to
be tested and experimentally validated using in vivo models
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recapitulating the cellular and miRNA-target interaction
networks occurring in human physiology and pathology.
Furthermore, not all miRNAs modulated in cultured cells
are biologically relevant since expressed at low or insufficient
levels in vivo (as with their target counterparts). Also, not
all target genes are sensitive to small changes in mRNA
transcript or protein levels (46–48). This said, it is likely
that only a limited number of miRNAs and dosage-sensitive
genes are involved in the physiological regulation of tau (see
also Barrier 2 below). This adds to other potential modes of
miRNA action implicating competitive endogenous RNAs
(ceRNA) (49) as well as cooperative binding and target
site competition (50). An important step will be to identify the
functional miRNA:mRNA pairs within the biological networks in
brain cells.

A Mouse Model to Study miRNA Deficiency

in Pure Tauopathies
Recent RNA deep-sequencing efforts have shown that ∼50–
100 miRNAs are expressed at moderate to high levels in
the mouse and human brain (51–53). Several of these are
enriched in neurons, glia, or other cell types (54). Given
the diversity of tau pathologies, selecting a candidate miRNA,
and biological model for functional studies is a daunting
task. Interestingly, accumulating studies highlight the potential
biological importance of specific miRNAs. For example, loss
of the miR-132/212 cluster shows a strong correlation with
memory decline, NFTs, and Braak (tau pathological) stages in
AD (20, 26, 51, 55–59). This cluster is also downregulated
in other tauopathies such as frontotemporal dementia (60)
and progressive supranuclear palsy (19). Deletion of the miR-
132/212 cluster, or inhibition of neuron-specific miR-132,
causes an increase in tau phosphorylation or aggregation
in 3xTg-AD and APP/PS1 mice (36, 41, 61). Inversely,
the brain delivery of miR-132 using viruses reduced tau
pathologies in 3xTg-AD (61) and PS19 (26) mice. While
promising, different target genes and underlying mechanisms
have been proposed, and therefore the mode of action
remains unresolved.

To further build on these findings, we investigated the effects
of genetically removing the miR-132/212 cluster in PS19 mice,
a model of pure tauopathy that overexpresses human tau with
a mutation (P301S) that causes FTD in humans (62). This
model develops motor deficits, tau deposition, and neuronal
loss between 6 and 12 months, with a high mortality rate at
late-stage disease.

We observed no significant differences in mouse survival
(Figure 1A) and motor deficits (Figure 1B) following miR-
132/212 deletion in PS19 mice (PS19 vs. PS19-KO). A trend
for increased body weight was seen in 11–12-month-old PS19-
KO females but not males (Figure 1C). A small but significant
increase in tau expression was seen in pre-symptomatic (3
months) PS19-KO mice with a trend in aged (12 months)
mice (Figure 1D). In contrast, tau phosphorylation at Ser422
and PHF1 (Ser396/Ser404) epitopes was reduced in aged PS19-
KO mice (Figure 1E). This was not attributed to changes

in body temperature known to influence tau phosphorylation
(63) (Figure 1F). Non-significant trends were noticed in tau
aggregation (sarkosyl-insoluble tau) in PS19-KO mice, owing to
∼20% of KO mice with more aggregates (Figure 1G and not
shown). In addition, no or minimal effects were seen on different
markers of brain integrity, including NeuN (neuron), Snap25
(presynaptic), PSD95 (postsynaptic), GFAP (astrocyte), and Iba1
(microglia) (Figure 1H). Taken together, the deletion of the miR-
132/212 cluster had nomajor effects on disease phenotypes tested
with divergent effects on tau biology.

We finally investigated a panel of miR-132/212 targets (other
than tau) previously associated with tau metabolism or disease,
including GSK-3β (26, 61), Mapk3/Erk1 (5, 64), Mapk1/Erk2
(5, 64), p300 (20, 26), Calpain 2 (26), Foxo1a (20), and Foxo3a
(20, 26). We observed no significant differences caused by miR-
132/212 deficiency on endogenous GSK-3β, Mapk1, and Foxo3a
in vivo at all ages of study (Figure 2A). On the other hand, and
unexpectedly, Mapk3, p300, Calpain2, and Foxo1a levels were
reduced in PS19-KO mice, albeit at different ages (Figure 2A).

Of note, we could confirm the regulatory effects of ectopic
miR-132 on all genes in cells (Figure 2B). Some cell-type specific
effects were noticed, however, including an upregulation of
p300 in miR-132-treated HEK293 cells. Representative miRNA
qRT-PCR quantification and Western blots of targets are shown
in Figure 2C. Inversely, inhibition of endogenous miR-132
in cells had only modest and sporadic effects on a subset of
target genes (Figure 2D). Representative results are shown
in Figure 2E. Clearly, some discrepancies exist in target gene
regulation by miRNAs depending onmodels and methodological
approach. Potential reasons for such paradoxes are
discussed below.

Barrier 1: Animal Models
To date, nearly 40 rodent models are available to study different
tau species, isoforms and mutations (Alzforum.org) (66). In all
cases, the study of human (or humanized) tau is essential to
model human pathologies including aggregation and deposition.
To our knowledge, only two rodent models contain the complete
human tau 3′UTR. These include hTau mice (67) and MAPT
knock-in mice (68). Obviously, only these or similar models can
validate the direct binding ofmiRNAs to human taumRNA.Only
a few studies have investigated the effects of miRNA deficiency
or overexpression on endogenous murine tau expression with
its native 3′UTR (36, 61), but with no direct confirmation using
miRNA seed mutagenesis or other techniques. Unfortunately,
no group has yet evaluated the contribution of the human
tau 3′UTR in disease progression and pathology in mice or
other animals.

Of note, most findings linkingmiRNAswith tau were obtained
in mice with human Aβ pathology (3xTg-AD, APP/PS1, 5xFAD)
(36, 39, 61, 69). This cannot be underestimated since miR-
132/212 deletion promoted tau aggregation in 3xTg-AD (61)
but not (robustly) in PS19 mice (Figure 1G). Of course, we
cannot exclude all other distinct features of each model (e.g.,
backgrounds, promoters, transgenes, disease onset) including
model-specific variations in gene expression networks. The fact
that PS19-KO mice display also lower tau phosphorylation
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FIGURE 1 | Characterization of PS19 mice lacking the miR-132/212 cluster. (A) Kaplan-Meier survival curves, (B) clasping scores, and (C) body weight of PS19 and

PS19-KO mice that are deficient for the miR-132/212 cluster. PS19 mice (JAX No. 008169) were bred with full miR-132/212 KO mice as before (61). Graphs were

divided by sex. No significant changes were observed between mouse models. Kaplan-Meier and one-way ANOVA. N = 6–16 mice per group. (D) Western blot

quantifications of cortical total tau expression and phosphorylation (Ser422 and PHF1 epitopes) (E) at different ages (3–12 months). N = 12–16 mice per group, mixed

sex. Unpaired t-test, where *P < 0.05, ***P < 0.001. (F) Rectal temperature at sacrifice. # denotes significant changes (multiple t-tests, P < 0.05) between PS19

males and females at 12 months. (G) Western blot quantifications of cortical sarkosyl-insoluble tau (Tau total and CP27) at different ages. N = 9–16 mice per group,

mixed sex. Unpaired t-test. (H) Western blot quantifications of cortical endogenous NeuN, Snap25, PSD95, GFAP, and Iba1 in 12-month-old PS19 and PS19-KO

mice. N = 9–10 mice per group, divided by sex. One-way ANOVA with multiple comparison, where *P < 0.05. Error bars represent SEM. In (D-G), the groups of mice

were analyzed separately per age.

and reduced (instead of increased) expression of some miR-
132 targets could be accountable to these and other factors as
well, including regulatory feedback loops and the absence of
the human tau 3′UTR. Fortunately, recent advances in gene
editing technologies in vivo (e.g., CRISPR-Cas9) and humanized
models (e.g., induced pluripotent stem cells, knock-in mice)
can help us to address these issues. The observation that other
miRNAs can modulate tau pathology in PS19 mice (40) also
opens the door to independent validation studies, that is, taking
into consideration the pros and cons of transgenic mice without
a human tau 3′UTR.

Barrier 2: Physiological Regulation of tau

and Other Targets
Proof-of-principle studies have shown that removing Dicer,
the major enzyme responsible for miRNA maturation, induced
significant changes in tau metabolism in both neurons (5, 19)
and glia (70). However, this approach is largely inadequate to

study single miRNAs and targets involved in tau regulation.
The function of individual miRNAs is typically (and historically)
inferred from overexpression studies in cells or animals, where
a single miRNA can regulate tens (up to hundreds) of targets
as predicted by bioinformatics tools. However, we know now
that most overexpression studies do not reflect physiological
context (47, 71–73). Indeed, they can result in the saturation
of miRNA maturation products, induce off-target effects, or
promote toxicity (74, 75). Lastly, and most importantly, gain-of-
function (GOF) tells if a miRNA can exert a specific function,
while loss-of-function (LOF) tests whether it is required for that
function (72).

Interestingly, recent genetic inactivation studies in C. elegans
suggest that some miRNAs function mainly through one or a
limited number of master genes (76). Proof-of-principle exists
in mice (for miR-155) but not yet in neuronal cells (77, 78).
If true, most of the genes (modestly) influenced by miRNAs
could be biologically “inactive” (47, 48). The results obtained
herein in vivo (Figure 2A), often in theoretical disagreement with
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FIGURE 2 | Analysis of miR-132 targets in vitro and in vivo. (A) Western blot quantifications of endogenous miR-132 targets (Gsk-3β, Foxo1, Foxo3a, Mapk1/Erk2,

Mapk3/Erk1, Calpain2, p300) in PS19 and PS19-KO mice at different ages in the cortex. All significant trends and changes indicate lower expression in KO mice. N =

6–15 per group, mixed sex. Unpaired t-test, where *P < 0.05. (B) Western blot quantification of endogenous miR-132 targets, including tau, in native human

SHSY-5Y, human HEK293, and murine Neuro2a cells. Cells were treated with 50 nM miR-132 mimics or scrambled control for 48 h prior to protein extraction. N =

2–4 experiments performed in triplicate. Results are shown as ratios between miR-132 over scrambled mimics (normalized to 1). Unpaired t-test, where *P < 0.05,

**P < 0.01, ***P < 0.001. (C) Upper panel: Ectopic miR-132 levels measured by qRT-PCR in each cell line. Relative to scrambled mimic control. Lower panel.

Representative western blot analyses. (D) Western blot quantifications of endogenous miR-132 targets. Here, cells were treated with 50 nM miR-132 inhibitors or

scrambled control for 48 h. Unpaired t-test, where *P < 0.05, **P < 0.01, ***P < 0.001. (E) Upper panel: Endogenous miR-132 levels measured by qRT-PCR in each

cell line following treatment. Relative to scrambled inhibitor control (normalized to 1). Lower panel. Representative western blot analyses. miRNA qRT-PCR were

normalized using RNU19 as before (61, 64). Blots were normalized to all proteins using Ponceau or Stain-Free technology. # denotes possible alternate splicing (65) or

phosphorylated form of targets. N.A., not available; N.D., not detected; GOF, gain-of-function; LOF, loss-of-function. Error bars represent SEM. In A, the groups of

mice were analyzed separately per age. See Supplementary Methods for additional details.

the mode of miRNA function, is somewhat in agreement with
this hypothesis, more so given the subtle or negligible effects
on tau aggregation and mouse phenotypes in PS19-KO mice.
Ideally, the selection of dosage-sensitive genes, combined with
prior documented effects on tau in vivo, would be important for
functional validation studies.

A variety of technical and other biological factors need
also to be considered in the future, including cell-type
specificity, spatiotemporal regulation, statistical power, and
potential compensation mechanisms from development or
aging. Other tau modifications (e.g., acetylation) (79) could
also influence its processing, expression, and analysis using
more conventional antibodies. Adapted tools and models are
now required to fully understand the regulation of tau by
individual miRNAs in its physiological milieu, and at the single
cell level.

Barrier 3: Biological State and Context
There is increasing evidence that cell or biological context also
influences miRNA function (80). The probability that miRNAs
regulate tau differently according to the pathological state of the
brain and peripheral system is therefore quite high. Contributing
factors include inflammation, oxidative stress, immune response,
and co-pathologies if present. Obviously, such systemic effects
are difficult to reproduce in single animal models and even
more in cells. And, of course, all of these factors influence
miRNA expression to some degree. Interestingly, changes in the
immune response and neuroinflammation are known to play a
role on tau pathology in PS19 mice (62, 81). While some of
these markers seem unaffected in PS19-KO mice (Figure 1H),
a detailed analysis remains to be done. The challenge now is to
decipher the individual and combined role of above-mentioned
factors on miRNA-mediated tau pathology during disease onset.
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Barrier 4: Cause or Consequence
Understanding why, where, and when miRNAs become
misregulated in tauopathies is key to elucidating their function
and potential use in diagnostics and therapeutics. Interestingly,
changes in miRNA levels occur at all stages of disease in
tauopathy mouse models. Examples include miR-142, miR-10,
miR-146, miR-155, miR-455, and miR-211 in THY-Tau22 mice
(82), miR-142 in Tg4510 mice (83), miR-132, miR-146a, miR-22,
and miR-455 in hTau mice (84), and miR-132 in PS19 mice (26).
These results suggest that human tau (wildtype or mutant) itself
can promote miRNA changes in the mammalian brain. The link
with human disease remains, at this stage, uncertain given that
most mouse models tested so far (THY-Tau22, Tg4510, PS19)
overexpress human mutant tau.

The identification of causal mutations or risk factors within
miRNA genes or binding sites provides an alternative strategy
to elucidate the cause and consequence relationship between
tau and miRNAs in humans. So far, there is little evidence
that MAPT 3′UTR polymorphisms are associated with AD risk
(85). Nevertheless, a role for 3′UTR polymorphisms in other
tauopathies cannot be excluded. Interestingly, a study recently
identified a polymorphism within the miR-142 promoter that
confers risk for AD (86). Given the complexity of MAPT
haplotypes and their importance in disease risk (87), one
cannot exclude also a role for miRNA-mediated regulation in
this context.

Another strategy to determine causality involves a cure or
relief of disease symptoms using miRNA therapeutics. MiRNA
mimics can rescue in part disease-related phenotypes in AD
and tauopathy mice (40, 61, 69). As inferred above, it will be
important to define a therapeutic window for the in vivo use
of miRNA oligonucleotides in humans. Note that a miRNA
replacement therapy, with the goal of restoring physiological
miRNA levels, could provide an attractive alternative to
overexpression per se. Taking into consideration all published
studies so far, candidate miRNAs for therapeutics include,
but are not limited to, miR-132, miR-142, miR-219, miR-455,
and miR-146.

CONCLUSION

To date, nearly 30miRNAs have been implicated in the regulation
of tau. The precise role and mode of action of individual miRNAs
remains however unsettled. So far, the miR-132/212 cluster
stands out for its potential role in regulating tau expression
(11, 20, 26, 36, 61), splicing (19), acetylation (26), secretion
(26, 88), proteolysis (26, 61), and aggregation (61). This adds to its

correlation with disease progression and cognitive impairments
in humans and mouse models. However, the choice of living
model(s) and hypothesis(es) that need to be addressed are critical.
Central elements of tau biology that have not yet been explored
is the role of miRNAs in tau function (e.g., microtubule binding,
DNA damage, gene expression, cell signaling) and propagation
(e.g., spreading and seeding). The importance of miRNAs in
familial tauopathies and many other sporadic tauopathies also
remain unexplored. Clearly, much more work is needed to fully
understand and appreciate the complexity of tau regulation by
miRNAs and other non-coding RNAs.
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Tau aggregates are pleiotropic and exhibit differences in conformation, structure, and

size. These aggregates develop endogenously but are also propagated among neurons

in disease. We explored the actions of two distinct types of tau aggregates, tau oligomers

(oTau) and tau fibrils (fTau), using a seeding assay in primary neuron cultures expressing

human 4R0N tau. We find that oTau and fTau elicit distinct patterns of tau inclusions

in the neurons and distinct molecular interactions. The exogenously applied oTau and

fTau both clear rapidly from the neurons, but both also seed intracellular inclusions

composed of endogenously produced tau. The two types of seeds elicit differential

dose–response relationships for seed uptake and the number of resulting intracellular

inclusions. Immunocytochemical studies show that co-localization with RNA binding

proteins associated with stress granules is much greater for seeds composed of oTau

than fTau. Conversely, co-localization with p62/SQSTM1 and thioflavine S ismuch greater

for fTau than oTau. These results suggest that oTau seeds inclusions that modulate

the translational stress response and are physiologically active, whereas fTau seeds

inclusions that are fibrillar and shunted to the autolysosomal cascade.

Keywords: tau oligomer, neurofibrillary tangle (NFT), image proceeding, RNA translation, stress, stress granules,

TIA1, PABP

INTRODUCTION

The microtubule association protein tau is one of the principal components of pathology in
Alzheimer’s disease and related disorders (ADRD) (1). Tau exists primarily in the axon under basal
conditions, with smaller amounts in the dendritic arbor. However, stress induces phosphorylation
of tau and localization to the somato-dendritic compartment (2, 3). As the stress persists, the tau
begins to accumulate as oligomers and then fibrils, ultimately forming neurofibrillary tangles, which
are a pathological hallmark of Alzheimer’s disease and other tauopathies.

Our understanding of the patterns and properties of tau aggregates has evolved steadily.
In vitro studies showed that tau exhibits an intrinsic affinity for RNA, an anionic agent, and
a tendency to fibrillize in the presence of anionic agents, including RNA, heparin sulfate,
dextran sulfate, and arachidonic acid (4–6). Aggregation of purified tau with anionic agents
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leads to an ordered assembly of tau into oligomers and
then fibrils, with formation of oligomers thought to be rate
limiting (7). However, the physiology of tau is quite different
because stress induces phosphorylation of tau at proline directed
serines and threonines, which accelerates oligomerization and
subsequent fibrillization, and also leads to the somatodendritic
accumulation of tau (8, 9).

Studies increasingly reveal remarkable differences in the
properties of tau aggregates. The evidence showing that tau
conformations differ among diseases is perhaps most evident in
the multiple Cryo-EM studies that have been recently published,
showing the structural differences among fibrils isolated from
brains of subjects with Alzheimer’s disease, Pick’s disease,
corticobasal disease, and chronic traumatic encephalopathy
(10–14). Although tau fibrils are the pathological hallmarks of
disease, some studies suggest that they are end-stage species that
might not be the actual tau aggregate responsible for toxicity
and neurodegeneration. Studies in transgenic mouse models
of tauopathy demonstrate that neurofibrillary tangles do not
induce degeneration on their own, and that neurons lacking
neurofibrillary pathology exhibit more functional deficits than
neurons containing neurofibrillary pathology (15–17).

Seeding and propagation studies provide a powerful means
to compare the biological actions of different conformations
of tau aggregates. Studies of tau propagation demonstrate the
presence of strains of tau aggregates that differ in their pattern
of propagation (18). Direct comparison of tau oligomers and
fibrils using an in vivo propagation assay demonstrates that both
species propagate robustly but that oligomeric tau (oTau) elicits
much more neurodegeneration (19). This study also showed a
striking association between tau oligomers and RNA binding
protein (RBP) pathology (19).

Multiple studies demonstrate associations between tau and
elements of RNA metabolism, including RBPs and ribosomal
proteins (20–27). Tau binds to ribosomal proteins (23, 24,
28). Tau plays a role in the nucleolus, possibly regulating
ribosome biogenesis during stress (29). Tau regulates the
formation of stress granules (SGs), which are an important
element of the translational stress response, and reducing
TIA1, a core SG nucleating RBP, delays progression in a
mouse model of tauopathy (20, 21). The link between tau
and stress is particularly important because stress induces
hyperphosphorylation, oligomerization, and somatodendritic
translation of tau, and stress is an inherent element of the
disease process. In contrast, tau fibrillization evolves more slowly
and is less tightly linked to physiological responses to stress.
These observations support a hypothesis that species such as tau
oligomers function as part of an integrated stress response and
affect neurons in a manner that differs from tau fibrils.

The current study directly compares the actions of oTau and
fibrillar tau (fTau) using a seeding assay in primary neuron
cultures expressing human 4R0N tau (tau containing 4 repeats
in the microtubule binding domain and 0 repeats in the amino-
terminal domain). We find oTau and fTau elicit distinct patterns
of tau inclusions in the neurons even though the exogenously
applied oTau and fTau clear rapidly from the neurons. We also
observe that oTau inclusions co-localize strongly with RBPs but

exhibit little thioflavine S reactivity, whereas fTau inclusions
co-localize strongly with thioflavine S reactivity but weakly with
RBPs. These results point to a distinct biological activity of oTau.

MATERIALS AND METHODS

Animals
Use of all animals was approved by the Boston University
Institutional and Animal Care and Use Committee. All animals
were housed in an IACUC-approved vivarium at Boston
University School of Medicine. Breeders of P301S/PS19 mice
were obtained from the Jackson Lab (stock no. 008169).
Generation F2 mice were bred in-house and aged to 9 months
for experiment. Timed pregnant C57BL/6 were purchased from
Charles River Laboratories and delivered at E-14, and then the
postnatal P0 pups were used for primary hippocampal cultures.

S1p and P3 Fractions Extraction From

PS19 Brain Tissue
The frozen hippocampus and cortex tissues (100–250mg)
were weighed and placed in a Beckman polycarbonate thick-
wall centrifuge tube (cat no. 362305). A 10 × volume of
homogenization buffer was then added to homogenize brain
tissue with TBS buffer (50mM Tris, pH 8.0, 274mM NaCl,
5mM KCl) supplemented with protease and phosphatase
inhibitor cocktails (Roche, cat no. 05892791001 and cat no.
04906837001), as described previously (20). The homogenate
was then ultracentrifuged at 28,000 rpm for 20min at 4◦C.
After that, the supernatant was aliquoted to new microfuge
tubes as S1 fraction (TBS-soluble). Then the pellet (P1 fraction)
was homogenized with buffer B (10mM Tris, pH 7.4, 800mM
NaCl, 10% sucrose, 1mM EGTA, 1mM PMSF), which was
∼5× volume of wet weight of the original tissue. The P1
homogenate was then ultracentrifuged at 22,000 rpm for 20min
at 4 ◦C. Next, the supernatant (S2 fraction) was aliquoted to a
new Beckman polycarbonate thick-wall tube and incubated with
1% Sarkosyl rotating in the bench top thermomixer at 37◦C for
1 h. After the incubation, the fraction mix was ultracentrifuged
at 55,000 rpm for 1 h at 4◦C. Then the sarkosyl-insoluble pellet
(P3 fraction) was resuspended with 50 µl TE buffer (10mM Tris,
1mM EDTA, pH 8.0). For the extraction of S1p fraction, the
supernatant (S1) fractions were ultracentrifuged a second time at
55,000 rpm at 4◦C for 40min. The TBS-extractable pellet (S1p)
fractions were then resuspended in 4 × volume of TE buffer
relative to the starting weight of the tissue homogenate.

The molecular weight of tau in these two fractions
(S1p and P3) was documented by native polyacrylamide
gel electrophoresis as described previously (19). Briefly, the
concentration of total tau was measured by immunoblot using
3–12% reducing SDS-PAGE gel by comparison with gradient
concentrations of recombinant tau ladders, using the tau-5
antibody (detecting total tau) by immunoblot. All the fractions
were then normalized and divided into fractions of 20µg/ml tau
for storage and future use.
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FIGURE 1 | The uptake and self-templating of tau oligomers and fibrils in primary neurons. (A) Scheme of experiment design with primary cultures, including the

preparation of tau oligomers and fibrils, cell culture plating, transduction, treatment, and harvest in a time course. (B) Immunoblot with Tau5 and Tau13 antibody was

used to confirm the expression of human tau in transfected C57 neurons. Data are shown as mean ± SEM, data analysis was by two-tailed t-test, **p < 0.01.

(C) Detection for the uptake of DyLight-488 conjugated tau oligomers and fibrils by recipient neurons after 1 h of treatment. The neurons were washed three times

with PBS before fixed by 4% PFA and subjected to immunofluorescence labeling. Green is the DyLight-488 conjugated tau oligomers and fibrils. Red is the Tau13

antibody labeled human tau, including the fractions added and the overexpressed human tau in the recipient neurons. Bright is the MAP-2 to label neuronal cells.

Scale bar 50µm. (D) The self-templating of tau aggregates in the recipient neurons. Detection for the uptake of DyLight-488 conjugated tau oligomers and fibrils by

recipient neurons after 24 h of treatment. At 24 h after the treatment of DyLight-488 conjugated tau oligomers and fibrils, the cells were washed with PBS three times

followed by fixation with 4% PFA. Then the digestion of DyLight-488 conjugated tau oligomers and fibrils as well as the self-templating of tau aggregates in the

recipient neurons were detected by immunofluorescence labeling. Green is the DyLight-488 conjugated tau oligomers and fibrils. Red is the Tau13 antibody labeled

human tau, including the fractions added and the overexpressed human tau in the recipient neurons. Bright is the V5-tagged human tau in the recipients. Scale bar

20µm. (E) The quantification for the dose response of tau oligomer and fibril uptake in the recipient neurons. The dosing was arranged at 0, 10, 20, 40, and 80 ng of

tau in each tau oligomer or fibril fractions. The dotted line showed the logistic growth of the accumulated tau oligomers and fibrils with non-linear fit. Data are shown

as mean ± SEM, data analysis was by two-way ANOVA, multiple comparison test by Fisher’s LSD, **p < 0.01 in comparison with oTau and fTau dosing groups. ##p

< 0.01 in comparison with the growth line between oTau and fTau dosing groups.

Primary Hippocampal Culture With P0 Pups
The sterilized 12-mm coverslips were placed into each well of a
24-well-plate and then coated with 1 mg/ml poly-D-lysine for 1 h
at room temperature in the culture hood. Then the plates were
washed three times with sterile biology-grade water and dried
in hood overnight. For the dissection of hippocampus from P0
pups, the pups were anesthetized via hypothermia by wrapping in
gauze and placing in aluminum foil pouch on ice. After the brain
was isolated from the skull, the meninges need to be completely
removed from the brain tissue and unfurl the hippocampus.

Then all the hippocampi were transferred into 15-ml conical
tubes with 5ml 0.25% Trypsin–EDTA supplemented with 150
µl DNase. The brain tissue was incubated in a 37 ◦C water
bath for 15min before being resuspended and triturated in
2ml plating medium (MEM Gibco no. 11090, 2.5% FBS,
1× penicillin/streptomycin, L-glutamine, 0.6% D-glucose). Then
the cells were passed through a 70-µm cell strain before cell
count. A total of 60,000 cells/coverslip were plated in 80 µl
medium (7.5 × 105 cells/ml) for a 24-well plate. Thirty minutes
later, 1ml of feeding medium (Neurobasal media, 1 × B27
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FIGURE 2 | oTau seeds propagate into small tau inclusions while fTau seeds propagate into large tau inclusions. (A,B) The hippocampal neurons were treated with

oTau (S1p) or fTau (P3) fractions for 24 h. Co-labeling of human tau (V5 tagged, red) in recipient neurons and the oligomeric tau marker TOMA2 (green) showed that

(Continued)
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FIGURE 2 | seeding of oTau induced accumulation of oligomeric tau, which is significantly higher than in the fTau group. The white arrows point to V5-tagged

inclusions present in the fTau group that showed little or no labeling with TOMA2. Data are shown as mean ± SEM, N = 20, data analysis was by one-way ANOVA,

multiple comparison test by Fisher’s LSD, **p < 0.01. Scale bar 20µm. (C,D) The hippocampal neurons were treated with oTau (S1p) or fTau (P3) fractions for 24 h.

Co-labeling of human tau (V5 tagged, red) in recipient neurons and the fibril tau marker Thioflavine S (green) showed that seeding of fTau induced accumulation of fibril

tau, which is significantly higher than in the oTau group. The white arrows point to V5-tagged inclusions present in the oTau group that showed little or no labeling with

Thioflavine S. Data are shown as mean ± SEM, N = 20, data analysis was by one-way ANOVA, multiple comparison test by Fisher’s LSD, *p < 0.05, **p < 0.01.

Scale bar 20µm. (E,F) Analysis of the size distribution of the propagated tau oligomers and fibrils (V5-positive inclusions).

supplement, 1 × penicillin/streptomycin, 1 × L-glutamine) was
added into each well.

Cell Transduction
For cell transduction, at day 2 of cell culture, neurons were
transduced with AAV1 vectors of human 4R0N WT tau at MOI
200. The culture medium was replaced ∼1/2 volume of feeding
media every 3–4 days for cell maintenance until ready to use for
experiment on days 14 to 21.

oTau (S1p) and fTau (P3) Fraction

Treatments
S1p and P3 stock solution (20µg/ml) were diluted in feeding
medium for each well in 24-well plates and added into the cells by
completely replacing the old medium. Then the cells were fixed
by 4% PFA or snap frozen in a time series (3, 24, 48, 96 h) for
further analysis.

Immunofluorescence Labeling of Fixed

Primary Culture
Cells on a 24-well coverslip were fixed with 0.5ml 4%
paraformaldehyde (PFA)/phosphate buffered saline (PBS) for
15min followed by washing three times in PBS. The cells were
then permeabilized in 0.5ml PBS/0.1% Triton X-100 (PBST) for
15–30min. Blocking was done in 0.5ml of 5% bovine serum
albumin (BSA)−5% donkey serum in PBST for 1 h. The primary
antibodies were diluted in 5% BSA/PBST and incubated with
the cells overnight at 4 ◦C. On the 2nd day, the neurons were
continued to be incubated in secondary antibodies, which were
diluted in 5% BSA/PBST, for 2 h at room temperature (RT). All
the secondary antibodies were purchased from Thermo Fisher
Scientific made in donkey and used for 1:800 dilution in labeling.
After secondary antibody, cells were incubated in DAPI diluted
1:10,000 in PBST (5 mg/ml stock solution) for 5min after
first wash. After washing three times with PBS, coverslips were
mounted onto glass microscope slides using 8–10 µl Prolong
Gold Antifade mounting media (Thermo Fisher Scientific, cat
no. P36930) per coverslip. Slides were naturally dried in fume
hood (or stored at 4◦C until ready to dry in fume hood). The
primary antibodies used in this study for immunocytochemistry
are as follows: MAP-2 (chicken, AVES, MAP, 1: 250), MAP-2
(rabbit, Millipore, AB5622, 1:1000), V5 (rabbit, Sigma-Aldrich,
V8137, 1:1000), CP-13 (mouse, provided by Peter Davies, 1:300),
TIA1 (rabbit, Abcam, ab40693, specifically lot no. GR3202325-
1, 1:400), PABP (rabbit, Abcam, ab21060, 1:400), EIF3η (rabbit,
Santa Cruz, sc-137214, 1:400), p62 (rabbit, Thermo Fisher
Scientific, PA5-27247, 1:400), TOMA2 (mouse, provided by
Dr. Rakez Kayed, 1:300), and Tau13 (mouse, provided by

Dr. NicholasM. Kanaan fromMichigan State University, 1:1000).
Images were captured by a Zeiss Axio Observer microscope in
Figures 1, 3, 5. Images were captured by Zeiss LSM700 confocal
microscope in Figures 2, 4.

Immunoblot
For p62 detection in primary culture, cell lysates were
collected from frozen cultures with RIPA lysis buffer. Then
40 µg of reducing and non-reducing protein samples was
separated by gel electrophoresis and transferred to 0.2-µm
nitrocellulose membranes using the Bolt SDS-PAGE system
(Life Technologies). Membranes were blocked in 5% non-fat dry
milk in PBS supplemented with 0.025% Tween-20 (PBST) for
1 h at RT, followed by incubation overnight at 4◦C in primary
antibody diluted in 5% BSA/PBST. Primary antibodies used were
as follows: Tau13 (mouse, provided by Dr. Nicholas M. Kanaan
fromMichigan State University, 1:5000); Tau 5 (mouse, provided
by Dr. Nicholas M. Kanaan from Michigan State University,
1:500); p62 polyclonal antibody (Invitrogen, cat no. PA5-27247);
GAPDH polyclonal antibody (Thermo Fisher Scientific, cat
no. PA1987). Membranes were then washed three times with
PBST and incubated in horseradish peroxidase–conjugated
secondary antibodies (Jackson ImmunoResearch) diluted in 1%
BSA/PBST at RT for 1 h. After incubation in secondary antibody,
membranes were washed three times in PBST and developed
using SuperSignal West Pico Chemiluminescent ECL substrate
(Thermo Fisher Scientific, cat no. 34080).

Image Analysis
To quantify Tau protein aggregates distribution as well as
evaluate the colocalization of the Tau protein and the TIA1
stress granules, we developed a customized MATLAB program
to process large amounts of immunofluorescence images
automatically (Supplementary Figure 1). This algorithm takes
the red-fluorescent image that mainly labels the Tau oligomers
and fibrils, and has the MATLAB program process the imaging
data according to the following procedures: (1) the single-
color RGB image is converted to a grayscale image with a
bit depth of 8; (2) the noisy background and features are
filtered out through the thresholding and the morphological
operation; (3) the grayscale image is then converted to a
binary image, and the residual filament structures, mostly from
the axons, are further removed from this binary image; (4)
based on post-processed binary images above, the distribution
of Tau protein locations and sizes are calculated, extracted,
and exported into a Microsoft Excel file for further statistical
analysis. For evaluation of the Tau protein/TIA1 (or PABP,
EIF3η) stress granules colocalization, the algorithm processes
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FIGURE 3 | oTau and fTau displayed distinctive propagation cycle in the recipient neurons. (A) The representative images of CP13 labeling showed the accumulation

of tau inclusions after 3, 24, 48, and 96 h of oTau or fTau seeding. The arrows and boxes highlight regions that are magnified 5-fold immediately below. Scale bar

50µm. (B) Quantification for the accumulation of tau inclusions after seeding of oTau and fTau in a time course of 24, 48, and 96 h after seeding. Dotted lines are the

logistic growth with non-linear fit of oTau and fTau in the time course. Data are shown as mean ± SEM, N = 30, data analysis was by two-way ANOVA, multiple

comparison test by Fisher’s LSD, **p < 0.01. (C) Immunoblots by V5 antibody after fractionation of S1p and P3 from cells treated with the exogenous seeds oTau or

fTau. Cell lysate was collected at 3, 24, 48, and 96 h of oTau or fTau seeding. After extraction of S1p and P3 fractions, 10 µg protein was loaded to the gel for

V5-positive tau detection. (D,E) Immunoblot quantification of V5-positive tau in S1p and P3 fraction of hippocampal cultures overexpressing human 4R0N WT tau,

treated with vehicle control, oTau, or fTau on day 14, and harvested at 3, 24, 48, and 96 h after treatment. Data are shown as mean ± SEM, N = 3, data analysis was

done by two-way ANOVA, multiple comparison test by Fisher’s LSD, *p < 0.05, **p < 0.01 in comparison with vehicle control.

the red-fluorescent images using the same program to obtain a
post-processed binary image. The algorithm also converts the
green-fluorescent images into another binary map. Then, the
algorithm calculates the overlapping between these two binary
images, which determines the percentage of colocalization. There
are several predefined parameters applied in the MATLAB
programs, which are optimized using iterative testing.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism
version 6.00 forWindows with two-sided α of 0.05. All group data
are expressed as mean ± SEM. Column means were compared
using one-way ANOVA with treatment as the independent
variable. Also, group means were compared using two-way
ANOVA with factors on genotype and fraction treatments,
respectively. When ANOVA showed a significant difference,
pairwise comparisons between group means were examined

by Tukey, Dunnett, or uncorrected Fisher’s LSD multiple
comparison test.

RESULTS

Seeding of Exogenous Oligomeric Tau

(oTau) and Fibrillar Tau (fTau) Fractions in

Recipient Primary Neurons
The experimental is shown in Figure 1A. We extracted the S1p
(mainly containing oligomeric tau) and P3 fractions (mainly
containing fibrillar tau) from PS19 P301S mice brain aged 9
months. The primary hippocampal neurons were plated on a
24-well plate and transduced with 4R0N human Tau AAV1 on
day 2. Overexpression of the 4R0N human tau was utilized
to create an abundant pool of endogenous tau that might
facilitate propagation. On day 14 of cell culture when the
neurons are mature, the cells were treated with S1p (oTau) or
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FIGURE 4 | Co-localization of small tau inclusions with stress granules. (A) Representative images showing the co-localization of phosphorylated tau inclusions CP13

(red) with TIA1 granules (green) at 3 h after oTau, fTau, or vehicle treatment in hippocampal neurons overexpressing human 4R0N tau. Co-stained markers are MAP-2

(violet) for neuron and DAPI (blue) for nucleus. Scale bar 20µm. (B) Pearson coefficient of correlation between CP13-positive tau with RBP TIA1 is graphed for

(Continued)
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FIGURE 4 | individual neurons using ImageJ. Data are shown as mean ± SEM, N = 20, data analysis was by one-way ANOVA, multiple comparison test by Fisher’s

LSD, *p < 0.05, **p < 0.01 in comparison with vehicle control. (C) Representative images showing the co-localization of phosphorylated tau inclusions CP13 (red)

with PABP granules (green) at 3 h after oTau, fTau, or vehicle treatment in hippocampal neurons overexpressing human 4R0N tau. Co-stained marker is MAP-2 (blue)

for neuron. Scale bar 20µm. (D) Pearson coefficient of correlation between CP13-positive tau with RBP PABP is graphed for individual neurons using ImageJ. Data

are shown as mean ± SEM, N = 10, data analysis was done by one-way ANOVA, multiple comparison test by Fisher’s LSD, *p < 0.05, **p < 0.01 in comparison with

vehicle control. (E) Representative images showing the co-localization of phosphorylated tau inclusions CP13 (red) with EIF3η granules (green) at 3 h after oTau, fTau,

or vehicle treatment in hippocampal neurons overexpressing human 4R0N tau. The right panel is the 5 × enlarged images to show the detail of co-localization. Scale

bar 20µm. (F) Pearson coefficient of correlation between CP13-positive tau with EIF3η is graphed for individual neurons using ImageJ. Data are shown as mean ±

SEM, N = 10, data analysis was done by one-way ANOVA, multiple comparison test by Fisher’s LSD, **p < 0.01 in comparison with vehicle control.

P3 (fTau) fractions dosing from 10 to 80 ng, and harvested at
the indicated time point for the experiment presented in this
article (Figure 1A). Immunoblot with Tau5 and Tau13 antibody
confirmed the expression of human tau in transfected C57
neurons (Figure 1B).

To detect the uptake of tau fractions by recipient neurons, the
cells were fixed at 1 h after DyLight-488 conjugated tau oligomers
or fibril fractions were introduced into the culture medium.
The result showed that both oTau and fTau were effectively
taken up by neurons (Figure 1C, green); immunocytochemistry
with the anti-human tau antibody, Tau13, showed the physical
relationship of the exogenous tau to the endogenous human
4R0N tau expressed in these neurons (Figure 1C, red). Next, we
repeated the experiment but the primary hippocampal neurons
were harvested after 24 h to characterize potential propagation
of tau fractions in the recipient neurons. Tau was identified
in these cultures by labeling with antibody to human tau
(tau13) as well as antibody to a V5 tag, which is also present
as part of the chimeric human 4R0N tau expressed in these
neurons. Fluorescence from the exogenously applied DyLight-
488 conjugated tau oligomers and fibrils had largely faded by
24 h after application (Figure 1D). However, at 24 h, both the
S1p and P3-treated groups showed the appearance of abundant
V5 positive tau inclusions, corresponding to endogenously
produced V5 tagged human tau (Figure 1D). Hippocampal
neuron cultures exposed to vehicle exhibited equally strong V5
labeling, but had very smooth labeling without the appearance of
inclusions (Figure 1D).

We proceeded to test the dose–response relationship
comparing the dose of exogenous tau applied (oTau or fTau)
and the resulting level of inclusion formation within the
neuron at 24 h. The area per cell covered by the granular
tau inclusions at 24 h were quantified after treatment with
0, 10, 20, 40, and 80 ng of oTau or fTau (Figure 1E). For
fTau, formation of intracellular tau granules increased up
to the 40 ng dose but not beyond (Figure 1E), whereas
formation of intracellular tau granules in response to oTau
increased linearly at all doses (Figure 1E). Application of
non-linear curve fitting by logistic growth analysis showed
plateauing for the fTau binding curve, which suggests
that the seeding of fTau is limited by the interaction with
the rate-limiting binding site or receptor-mediated entry
pathway. In contrast, seeding by oTau occurs through a
mechanism involving either a high abundance binding site or
an entry pathway that does not require binding to a specific
receptor (Figure 1E).

oTau Fractions Seed Small Tau Inclusions

While fTau Seed Large Tau Inclusions
We proceeded to compare the distribution of oligomeric,
TOMA2-positive tau inclusions with fibrillar, ThioS-positive tau
inclusion after exposure to oTau or fTau. The oTau-specific
antibody TOMA2 was used to map the distribution of tau
oligomers in the recipient neurons at 24 h after tau seeding of
oTau or fTau (Figure 2A). V5 antibody was used to label the
total tau expression and calculate the fraction of tau inclusions
that were TOMA2 positive. These results showed that oTau
seeded higher fraction TOMA2-positive tau oligomers than
fTau (Figure 2B). Meanwhile, Thioflavine S and V5 co-labeling
was performed to detect the fraction of tau inclusions that
exhibited fibrillar tau (Figure 2C). These results showed that
fTau fraction seeded a higher fraction of fibrillar tau than did
oTau (Figure 2D).

We also quantified the size distribution of the tau inclusions
in the recipient neurons after 24 h of oTau or fTau seeding. We
observed that the number of tau inclusions induced by oTau was
highest at the smallest diameters and steadily decreased with size
(Figure 2E). In contrast, inclusion induction by fTau peaked at a
larger size, with fewer inclusions at the very small or very large
size range (Figure 2F).

oTau and fTau Displayed Distinctive

Seeding Cycles in the Recipient Neurons
To determine the replication cycle of tau oligomers and fibrils in
the recipient neurons, we seeded the neurons with 40 ng of oTau
or fTau, which is a dose that produces similar levels of seeding
at 24 h. We then harvested cells over a time course of 3, 24, 48,
and 96 h after treatment. The hippocampal neurons were stained
with CP13 antibody (pSer202 Tau) to identify the tau inclusions
(Figure 3A). By quantifying the granular area in the individual
neurons that were treated with oTau and fTau fractions, we found
that the accumulation of fTau-induced inclusions plateaued
after 48 h, while the accumulation of oTau-induced inclusions
continued to grow past 48 h (Figure 3B).

Small oTau Inclusions Co-Localize to

Stress Granules in the Recipient Neurons
Our previous studies found that RNA binding protein TIA1
appeared to stabilize oligomeric tau and reduce conversion
into larger fibrillar tau tangles (20). Subsequent studies of
tau propagation in vivo also suggested that oTau selectively
co-localizes with RNA binding proteins (RBPs) linked to SGs,
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FIGURE 5 | Co-localization of large tau inclusions with p62. (A) Immunoblotting detecting p62 expression in neurons after oTau or fTau treatment. Each lane

represents an independent biological replicate. The immunoblotting was performed with cell lysate from hippocampal cultures overexpressing human 4R0N WT tau

(Continued)
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FIGURE 5 | and treated with vehicle, oTau, or fTau. The cells were harvested at 24 and 96 h after treatment. The p62 antibody was used to identify the expression

level of p62 protein. (B) Quantification of p62 immunoblot in cell lysate of hippocampal cultures overexpressing human 4R0N WT tau, treated with vehicle control,

oTau, or fTau on day 14, and harvested at 24 or 96 h after treatment. Data are shown as mean ± SEM, N = 4, data analysis was done by two-way ANOVA, multiple

comparison test by Fisher’s LSD, *p < 0.05, **p < 0.01 in comparison with vehicle control. (C) Representative images showing the co-localization of phosphorylated

tau inclusions CP13 (red) with p62 granules (green) at 96 h after oTau, fTau, or vehicle treatment in hippocampal neurons overexpressing human 4R0N tau. Co-labeling

marker is DAPI (blue) to show the cell nucleus. Scale bar 20µm. (D) Quantification of p62 fluorescence intensity in (C), which is the immunofluorescence labeling of

hippocampal cultures overexpressing human 4R0N WT tau, treated with vehicle control, oTau, or fTau on day 14, and harvested at 96 h after treatment. Data are

shown as mean ± SEM, N = 10, data analysis was done by one-way ANOVA, multiple comparison test by Fisher’s LSD, *p < 0.05, **p < 0.01. (E) Pearson

coefficient of correlation between CP13-positive tau with p62 is graphed for individual neurons using ImageJ. Data are shown as mean ± SEM, N = 12, data analysis

was done by one-way ANOVA, multiple comparison test by Fisher’s LSD, **p < 0.01 in comparison with vehicle control.

such as TIA1 (19). We preceded to quantitatively compare
the association of oTau and fTau with RBPs and SGs in
the hippocampal neuron seeding model. We quantified the
co-localization of propagated tau with RBPs, including TIA1,
PABP, and EIF3η. These RBPs are the key components of
SGs which have been found to play important roles in the
progression of neurodegenerative diseases (30). Hippocampal
neurons overexpressing human 4R0N tau were seeded with
oTau or fTau fractions (40 ng/well), and fixed at 3 h after
treatment. The cells were co-labeled with antibodies to phospho-
tau (CP13) and each RBP. In each case, the result showed
stronger co-localization of cytoplasmic RBPs with inclusions
induced by oTau than those induced with fTau (Figure 4).
The results for TIA1 showed that oTau induced strong TIA1
translocation from the nucleus into neuronal soma and co-
localization with oTau inclusions (Figures 4A,B); we also note
an overall increase in TIA1 fluorescence intensity in neurons
exposed to oTau and fTau. Co-labeling of CP13 with PABP also
showed stronger co-localization with oTau-induced inclusions
than with inclusions induced by fTau (Figures 4C,D). Labeling
with EIF3η also showed the same trend as with PABP; EIF3η
showed stronger co-localization with inclusions induced by oTau
in neuronal soma than those induced by fTau (Figures 4E,F); we
also note an overall increase in EIF3η fluorescence intensity in
neurons exposed to oTau and fTau. These results indicate that
RNA binding proteins co-localize with the oTau complex.

The Propagated Large Tau Inclusions

Co-Localize to p62 Foci in the Recipient

Neurons
Previous studies suggested that fibrillar tau aggregates are
recognized by p62/SQSTM1, which are then shunted toward
the autolysosomal cascade for degradation (31–33). The results
presented earlier suggest that fTau induces large, fibrillar tau
inclusions, whereas oTau induces smaller, non-fibrillar inclusions
(Figure 3). Because p62 recognizes fibrillar aggregates, we
hypothesized that the fibrillar inclusions stimulated by fTau
might also be recognized by p62. To test this hypothesis, we
harvested the hippocampal neurons at 24 and 96 h after oTau
or fTau treatment. Quantification of p62 expression in total cell
lysates by immunoblotting showed that there was significantly
more p62 expression at 96 h in the neurons seeded with fTau
than those seeded with oTau (Figures 5A,B). Next, we examined
the degree of co-localization of p62 with tau inclusions at
96 h after seeding with oTau or fTau tau. p62 inclusions were

strongly apparent in neurons seeded with either oTau or fTau,
and were increased over vehicle-treated neurons (Figures 5C,D).
Importantly, p62 was significantly more abundant and showed
more co-localization with tau inclusions in neurons seeded
with fTau than oTau (Figures 5C,D). These results support
the hypothesis that tau inclusions induced by fTau have more
fibrillar structures than those induced by oTau, leading to greater
recognition by p62 and potentially promoting increased shunting
through the autolysosomal cascade.

DISCUSSION

Protein aggregates show a strong propensity to seed and
propagate in cell culture and in vivo. Although the morphological
changes associated with varying conformers of these aggregates
are easily documented, little is known about the biological
activities of the varying conformers. In this study, we compared
the morphological and biological characteristics of two types of
tau aggregates, oTau and fTau. We used tau species generated
from 9-month-old P301S tau mice because the oTau generated
from these mice is associated with neurodegeneration and
previously shown to be toxic (19). We also used primary cultures
of hippocampal neurons expressing V5-tagged human tau to
increase the rate of seeding and to distinguish between the
exogenously applied tau species (that lack a V5 tag) and the
endogenously generated tau species that contain a V5 tag.
The exogenously applied oTau and fTau were both rapidly
transported into the neurons in a dose-dependent manner, but
then disappeared within 24 h, consistent with clearance of the
exogenous species. In contrast, the resulting inclusions that
formed showed labeling by the anti-V5 antibody, demonstrating
that these inclusions were predominantly generated from
endogenously produced 4R0N tau.

oTau and fTau exhibited striking differences in their uptake
and the characteristics of the inclusions subsequently seeded.
oTau showed a dose-dependent uptake that plateaued. Such
a plateau is typically consistent with receptor binding and
saturation of the binding site. Although we did not identify the
binding site, a recent study suggests that the lipoprotein receptor
LRP1 is an important mediator of tau propagation in vivo (34).
LRP1 might also mediate uptake of oTau in neuron culture
because it is also abundant in primary cultures of hippocampal
neurons (35). The uptake of fTau did not exhibit plateauing at
the doses used, although we cannot rule out plateauing at higher
doses of fTau. The lack of plateauingmight reflect uptake through
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a non-specific mechanism, such as heparin sulfate proteoglycans,
as has been reported previously. The differential uptake suggests
different mechanisms of uptake between the two species, which
has been noted for other aggregates, such as β-amyloid (36).
Once taken up, oTau and fTau also elicited different types of
inclusions, with the most abundant inclusions induced by oTau
being smaller than those induced by fTau. Previous studies of
tau seeding consistently note differences in the morphological
patterns of seeding associated with each strain of tau conformer
(18, 37).

The biological basis for the differing behaviors of tau
conformers is typically poorly understood, but in the current case
the differential patterns might be linked to clear differences in the
resulting processes associated with each type of aggregate. The
inclusions induced by fTau were observed to label with ThioS
and anti-p62 antibody. Such labeling indicates the presence of
amyloids that are recognized by the cell and targeted by p62 to
the autolysosomal system for degradation (38–40). The labeling
by both ThioS and anti-p62 antibody supports the hypothesis that
exogenous fTau seeds endogenous fTau. In contrast to the strong
ThioS labeling, the seeded fTau inclusions exhibit relatively
modest association with RBPs and SGs, which suggest that they
have proportionately modest activity toward the translational
stress response and RNA metabolism.

The behavior of oTau seeding contrasts sharply with that
of fTau. Inclusions seeded by oTau showed much stronger
association with RBPs associated with SGs, including TIA1,
PABP, and EIF3η, than with ThioS and p62. This is consistent
with previous work showing the association of tau with
SGs in cells, in mice, and in human brain (19, 20, 23–28).
Overexpressing tau induces SGs, whereas reducing tau appears
to inhibit SG formation (21). Studies of mice with reduced TIA1
showed a surprising reduction in oTau but increase in fTau
(20). The current study supports this putative linkage between
oTau and SG biology, and is consistent with a role for tau in
stimulating the translational stress response (30). It seems likely
that tau phosphorylation by proline-directed stress kinases, such
as GSK-3β, CDK5, and MARK/Par-1, represents an integrated
part of this biological pathway. These kinases are all activated
by stress, phosphorylation of tau by these kinases stimulates
its oligomerization, and phosphorylated oligomeric tau occurs
in concert with the translational stress response (9). Thus, tau
phosphorylation, tau oligomerization, and the translational stress
response are all linked and integrated.

A major question that remains to be definitively answered
is causation. Tau oligomerization could result as an unintended

byproduct of stress response or could occur as a biological
process designed to drive the stress response. It is noteworthy
that oligomerization is a normal common biological process that
drives many signaling pathways. For instance, oligomerization
is a necessary part in the activation of the proteins p53 and
p62 (40–43). However, disease-related accumulation of tau
oligomers might stimulate the translational stress response as
an indirect response to toxicity induced by tau oligomers.
Experiments showing that tau reduction protects against β-
amyloid toxicity represent a partial step suggesting a biological
role for tau in modulating stress, but more work must be
done to rigorously determine whether oligomerization of tau
presents a bona fide biological function or an unintended
toxic byproduct.
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Tau protein (MAPT) is classified as amicrotubule-associated protein (MAP) and is believed

to regulate the axonal microtubule arrangement. It belongs to the tau/MAP2/MAP4 family

of MAPs that have a similar microtubule binding region at their carboxy-terminal half. In

tauopathies, such as Alzheimer’s disease, tau is distributed more in the somatodendritic

compartment, where it aggregates into filamentous structures, the formation of which

correlates with cognitive impairments in patients. While microtubules are the dominant

interaction partners of tau under physiological conditions, tau has many additional

interaction partners that can contribute to its physiological and pathological role. In

particular, the amino-terminal non-microtubule binding domain (N-terminal projection

region, NTR) of tau interacts with many partners that are involved in membrane

organization. The NTR contains intrinsically disordered regions (IDRs) that show a strong

evolutionary increase in the disorder and may have been the basis for the development of

new, tau-specific interactions. In this review we discuss the functional organization of the

tau protein and the special features of the tau non-microtubule binding region also in the

connection with the results of Tau KO models. We consider possible physiological and

pathological functions of tau’s non-microtubule interactions, which could indicate that

interactions mediated by tau’s NTR and regulated by far-reaching functional interactions

of the PRR and the extreme C-terminus of tau contribute to the pathological processes.

Keywords: Alzheimer’s disease, membranes, microtubule-associated protein, tau, tauopathy

INTRODUCTION

Tau is a neuronal microtubule-associated protein (MAP) that is thought to be involved in the
regulation of axonal microtubule assembly. In the human genome, tau is encoded by a single gene
on chromosome 17q21 (1) and is expressed in several alternatively spliced isoforms. In the human
central nervous system (CNS), six different isoforms are present, which differ by the presence or
absence of three alternatively spliced exons, exon 2, 3, and 10 (2). The longest isoform in the CNS
is encoded by 11 exons and contains 441 amino acids. In the peripheral nervous system (PNS) and
the retina (retinal ganglion cells), also longer tau isoforms are present (3).
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Tau belongs to a family of structural MAPs that share
a conserved carboxy-terminal domain containing the
microtubule-binding region (MBR). Besides tau, the family
includes the neuronal MAP2 and the non-neuronal MAP4.
Bioinformatics analysis indicates that the genes of the two
neuronal MAPs, tau and MAP2, are the result of a gene
duplication event that occurred at the dawn of the vertebrates
(4). Since tau is enriched in the axon while MAP2 is mainly
localized to the somatodendritic part of neurons, the N-terminal
regions of the two proteins may provide the specific interactions,
which are involved in the differential subcellular localization of
the two MAPs. During neuronal development, tau localizes early
to the axonal compartment, whereas MAP2 becomes restricted
to the somatodendritic compartment at a later stage, at least in
cultured neurons (5–7).

During Alzheimer’s disease (AD) and other tauopathies,
tau aggregates in the somatodendritic compartment
into neurofibrillary tangles (NFTs) composed of tau
proteins with increased stoichiometry of phosphorylation
(“hyperphosphorylation”) (8). Dysregulation of tau splicing,
increased expression of longer tau isoforms containing exon
10, and disease-like tau modifications have been shown to be
associated with the development of tauopathies indicating a
major role of changes in tau expression and post-translational
modifications for disease development (9–11). It is noteworthy
that the lack of tau protein only causes subtle changes in the
corresponding mouse models and in particular does not have
a major influence on the stability of the axonal microtubules.
Even acute inactivation of tau in cultured nerve cells does
not affect the stability of neuronal microtubules (12). Thus,
the data strongly indicates that tau acts not as a stabilizer of
microtubules in the axon contrary to the view, which is still
quite common in the literature, but instead contributes to
regulating microtubule dynamicity (13). On the other hand,
the lack of tau reduces pathological changes in various mouse
models of AD, stress, excitotoxicity and autism (14–17). This
could indicate a “gain of function” mechanism of tau at
pathological conditions that is not associated with its role as
a microtubule-modulating protein. Bioinformatics analysis
showed a minimal interactome of 73 direct binding partners
(18), and 175 potential new and known tau interacting proteins
were recently identified byMALDI-TOFmass spectrometry (19).
Thus, tau appears to be a multifunctional protein with many
interaction partners, and pathological changes in its interactome
could contribute significantly to disease development in AD and
other tauopathies.

Four regions of tau protein can be distinguished on the basis
of sequence properties, the N-terminal projection region (NTR),
the proline-rich region (PRR), the microtubule-binding region
(MBR) and the carboxy-terminal region (CTR) (Figure 1). In
particular, the NTR protrudes from themicrotubule surface when
tau is bound to microtubules and could mediate interactions
with other cellular components. The NTR is acidic and highly
negatively charged at physiological pH, while the PRR and the
MBR are both very basic (Figures 2A,C). A striking feature that
distinguishes the regions is also the level of disorder. Intrinsically
disordered regions (IDRs) are characterized by the presence of

FIGURE 1 | Schematic representation of the tau-microtubule interaction. A

free molecule of tau is represented as one of the potential conformations of tau

(441 aa long CNS isoform) generated as described previously (20). The

different tau regions were mapped onto the model and color-coded as follows:

NTR (aa 1–171)—green; PRR (aa 172–243)—light blue; MBR (aa

244–368)—blue; CTR (aa 369–441)—dark blue. The structure of the MBR

binding to microtubules is based on PDB:6CVJ and PDB:6CVN structures

showing interactions of first two microtubule-binding repeats of tau, R1 and

R2, respectively (21). Further repeats, R3 and R4, were based on PDB:6CVN.

The rest of tau molecule was artistically rendered based on the free molecule

of tau. Binding to a single protofilament of a microtubule segment is depicted.

α-tubulin is shown in yellow and β-tubulin in dark gray. All 3D structures are

represented as surfaces and were visualized and rendered using PyMOL

(www.pymol.org).

low sequence complexity and amino acid compositional bias
(26, 27). Functionally, IDRs could be relevant because they offer
a large interaction area, are known to interact with many binding
partners, and are involved in cellular signaling and regulation
processes (18). The extent of disorder is highest for the NTR
and PRR where disorder-promoting residues except glutamine
are overrepresented (Figure 2B) (23). This indicates that in
particular the non-microtubule binding part of tau has a high
degree of binding promiscuity (Figures 2A,D). It is noteworthy
that the disorder extent of the NTR and PRR shows a strong
increase during vertebrate evolution, while the MBR and CTR
showed a negative trend (20).

Frontiers in Neurology | www.frontiersin.org 2 October 2020 | Volume 11 | Article 59005974

www.pymol.org
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Brandt et al. Tau—More Than a Cytoskeletal Protein

The projection domain of tau’s neural relative, MAP2, also
showed some regions of disorder, but displayed no apparent
trend in their change during evolution (28). The organization
and the different evolution of the tau sequence therefore suggest
that tau is a multifunctional protein in which the N-terminus
and the C-terminus have different interactions and contribute
to different signaling events that are probably relevant for its
physiological and pathological role. In fact, interactions between
different tau regions with many different proteins have been
found, which showed a certain degree of overlap. However,
also several interactions, which are specific for certain regions,
particularly with respect to the NTR and theMBRwere described
(Figure 3).

In this article, we want to examine the hypothesis that the
different regions of tau have distinct interactions and are involved
in various physiological functions and pathological alterations.
To this end, we are evaluating data on the functional interactions
mediated by the different regions of the tau protein, and are
also taking a closer look at studies of tau knockout animals that
could provide clues to non-microtubule-related functions of tau.
In addition, we discuss the role of possible pathological changes
in functional interactions that are mediated by the different
tau regions.

FUNCTIONAL INTERACTIONS OF

DIFFERENT TAU REGIONS

Tau as a Microtubule Binding Protein: The

MBR and CTR
Tau is an abundant protein in neurons of vertebrates where it is
enriched in the axonal compartment at physiological conditions.
Microtubules are the dominant interaction partner of tau, with
the majority of the tau population being bound to cellular
microtubules (31, 32). However, the interaction of tau with
axonal microtubules is remarkably dynamic (33). Tau rapidly
binds and detaches from the microtubule surface in cultured
neurons, a feature that has been termed “kiss and hop,” with a
mean dwell time of single tau molecules in the millisecond range
(Figure 1) (34).

Tau’s microtubule-binding region consists of three or four
repeat regions (RRs) dependent on the presence of the
alternatively spliced exon 10. Binding to microtubules occurs via
small groups of evolutionary conserved residues (35–37). The
MBR is highly positively charged at physiological pH due to
an overrepresentation of lysine residues (Figures 2A,B). On the
other hand, microtubules are negatively charged on their surface,
which is mostly due to the exposed acidic glutamate-rich C-
terminal regions of tubulin (E-hooks) (Figure 2C) (38, 39). Thus,
electrostatic interactions of the positively charged MBR with the
E-hooks is likely to play an important role in the tau microtubule
interaction. This is also consistent with a recent near-atomic
model of microtubule-tau interactions in which tau follows the
ridge on the microtubule surface defined by the H11 and H12
helices of α-tubulin (Figure 1) (21). Such an exposed binding site
is also consistent with the highly dynamic interaction of tau with
microtubules and the short dwell time (34).

In addition to the RRs, a highly conserved pseudorepeat
region (PRR) following the RRs on the C-terminal side strongly
contributes to microtubule binding in vitro and in cells (37,
40). The PRR is also present in the other members of the
tau/MAP2/MAP4 family suggesting that it acts as a general
modulator of the microtubule interaction in all members of this
protein family (40).

Post-translational modifications of tau, in particular
phosphorylation, affect tau’s binding to microtubules. The
phosphorylation of serine 262, which is located in the MBR and
forms hydrogen bonds with α-tubulin Glu434, greatly reduces
the binding of tau to microtubules (21, 41). However, most
phosphorylation sites that affect tau’s microtubule interaction are
located in two regions that flank the MBR at both sites (20). Most
of these sites are present in the PRR and the CTR, which show a
clear overrepresentation of serine residues followed by threonine
(Figure 2). Another post-translational modification of tau with
potential functional relevance is acetylation. Lysine residues are
typical spots for acetylation and are highly overrepresented in
the MBR. Acetylation leads to charge neutralization and has been
shown to impair the interaction of tau with microtubules (42). It
has been shown that tau itself has acetyltransferase activity and
can be acetylated through its own autocatalytic activity (43).

Several binding partners have been identified, whose
interactions have been mapped specifically to tau’s MBR. In
addition to microtubules these include heat shock proteins
(44–46), tau itself (47), actin (48–50), and end-binding protein
[EB2; (51)] [Figure 4; for a complete list with references see
Table 1.1. in (20)]. A new addition to the proteins that interacts
with tau’s MBR is low-density lipoprotein receptor-related
protein 1 (LRP1) which may be involved in the endocytosis of
tau and its subsequent spread (52). The interaction of tau with
LRP1 is mediated by lysine residues in the microtubule-binding
repeat region of tau, which mainly contribute to the positive
charge of the MBR (Figure 2B). Gene ontology (GO)-term
grouping shows that the majority of the interacting proteins are
associated with microtubule-dependent processes and signaling
mechanisms. Few interactions also show associations with cell
death mechanisms (Figure 3).

Membrane-Related Functions of the

Amino-Terminal Binding Domain of Tau
The most obvious peculiarity of the primary sequence of the N-
terminal region of tau is a high content of aspartate and glutamate
which makes this region highly acidic (Figures 2A,B). This is
in marked contrast to the PRR and the MBR, which are both
positively charged at physiological pH. Tau’s NTR shows also
the lowest degree of evolutionary conservation compared to the
other tau regions (4) except two conserved sequence motifs in the
extreme N-terminus, which may be involved in the interaction
with annexins [amino acids 6–13 and 27–34; (53)].

GO-term groupings of the proteins, that have been mapped
to specifically interact with the NTR reveals an enrichment of
proteins implicated in plasma membrane binding and function,
and endo-/exocytosis. The interaction of the NTR with a
variety of membrane-associated proteins is a unique feature
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FIGURE 2 | Physicochemical properties of tau and individual tau regions. (A) Isoelectric point, charge and disorder of full-length tau and the NTR, PRR, MBR, and

CTR. The estimated charge at pH 7 is color-coded from acidic (red) to basic (blue). The extent of disorder is indicated as gray value. (B) Differences in frequencies of

amino acids in tau and its four regions compared to the frequencies of amino acids encoded by the human genome according to (22). Overrepresented values are

indicated in green, underrepresented values in orange color. Amino acids are sorted from disorder-promoting to order-promoting; disorder-promoting amino acids are

underlined (23). (C) Electrostatic potential of tau and a microtubule protofilament. Electrostatic surface of tau was calculated with APBS Electrostatics Plugin (24). The

electrostatic potential is color coded from red (negative) to blue (positive) at physiological pH. (D) Extent of intrinsic disorder of tau. Disorder was predicted using

IUPred2A long (25). The extent of disorder was mapped onto the tau surface and indicated by white to black values as low or high disorder prediction, respectively.

compared to the other regions of tau. Respective proteins include
different annexins [A2, A5, and A6; (53, 54)], a multigene
family of Ca2+-regulated membrane binding proteins that
are thought to organize the interface between the cytoplasm
and the cytoplasmic face of cellular membranes (55). Other
membrane associated proteins are synaptic vesicle-associated
proteins, such as Synapsin-1 and Synaptotagmin-1 (54), which
modulate exocytosis and transmitter release (56). Recently, it has
also been shown that tau’s NTR interacts with synaptogyrin-3, an
integral membrane protein of synaptic vesicles (57). For several
interactions of the NTR with membrane components it has been
observed that binding is phosphorylation-dependent indicating
a potential regulation by signaling mechanisms. Generally,
membrane-associated tau appears to be less phosphorylated than
the cytosolic fraction (58–60). In vitro, also direct interaction
of tau with lipids has been reported but it appears that these
interactions are mainly mediated by the MBR and not the

NTR since it involves short amphipathic helices located in tau’s
microtubule-binding repeats (61–65).

The GO-term grouping shows that some of the interacting
proteins are also associated with signaling mechanisms. This
includes, for example, glycogen synthase kinase 3 beta (GSK3β)
(66), a proline-directed serine-threonine kinase that is involved
in regulating neuronal survival, plasticity and metabolism (67).
Tau itself is also a substrate for phosphorylation by GSK3β, which
appears to be the main tau kinase in vivo (68). Other proteins
in this group are several members of the 14-3-3 protein family
(54, 69), which are highly expressed in the brain. 14-3-3 proteins
are known to modulate the phosphorylation and interactions of
many proteins thereby having the potential to modulate a variety
of different cellular processes (70). However, it has also been
found that some members of the 14-3-3 protein family interact
with the PRR and MBR (71), indicating that this interaction may
not contribute to the region-specific functions of tau.
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FIGURE 3 | Functional specialization of tau regions with respect to their molecular interactions. (A) Genes coding for interaction partners of specific tau regions.

Curved lines show to which region of tau the interaction partner was mapped colored by regions, respectively. NTR (1–171), green; PRR (172–243), light blue; MBR

and CTR together (244–441), blue. (B) Summary representation of GO-terms for the interaction partners, which have been mapped to the different tau regions.

GO-term enrichment was performed by ClueGO plugin in Cytoscape (29, 30). Significantly enriched GO-terms (pV < 0.05) associated with Biological Processes were

identified using a right-sided hypergeometric test with Bonferroni correction. GO-term fusion was used to obtain the more representative terms. GO-terms were

grouped and color-coded as presented in the legend below.

The Proline Rich Region as a Module

Regulating Signaling
The proline rich region bridges the NTR with the MBR. As
the name indicates, the PRR is characterized by a high relative
content of proline (20% higher than the average distribution of
amino acids in human proteins; Figure 2B), which is known
for its exceptional conformational rigidity if incorporated in
proteins. The PRR is positively charged at physiological pH and
has the highest isoelectric point of all tau regions (Figure 2A).
This is due to a particular high relative content of guanidinium
groups (pKa of 12.5) due to the overrepresentation of arginine
(Figure 2B). The PRR also has the highest relative content
of serine making it tau’s prime region for phosphorylation,
followed by an above-average content of threonine. In fact, the
PRR contains 22 predicted phosphorylation sites of which 14
are serine residues (NetPhos 3.1 Server, Technical University
of Denmark).

GO-term groupings of the proteins that specifically interact
with the PRR show a remarkable enrichment of proteins that are
involved in signaling mechanisms. These include kinases, such
as the src-family non-receptor tyrosine kinase fyn (72), which
have also been shown to phosphorylate tau (73) and the protein
phosphatase PP2A/Bα (74). Another interacting protein is the
peptidyl-prolyl cis/trans isomerase NIMA-interacting 1 (Pin1),
which can regulate the tau conformation and function (75, 76).

Phosphorylation within the PRR can affect both the
interactions of the NTR and the MBR, suggesting that the

PRR can act as a signaling module for the function of both
regions. It has been shown that individual phosphorylation
events in the PRR, e.g., phosphorylation of Ser-214 by cAMP-
dependent protein kinase (PKA) reduces the interaction between
tau and microtubules and suppresses de novo microtubule
polymerization (77, 78). Phosphorylation-mimicking glutamate
clusters in the proline-rich region had a similar effect on
microtubules and were also sufficient to abolish the tau
association with the plasma membrane (79).

LESSONS FROM TAU KNOCKOUT

ANIMALS

Analysis of knockout animals can provide important information
on the function of a particular protein in a systemic context.
Thus, we screened the literature for publications, where tau
knockout animals have been characterized. A summary of
the studies and key results are shown in Table 1. Many of
the studies report changes in memory formation and anxiety-
related behavior, which could be caused by many deficits,
including changes in microtubule-dependent processes, endo-
or exocytosis, signaling mechanisms, or plasma-membrane
related functions.

Only few studies report effects, which can be directly related
to microtubule-dependent processes. In the first study with Tau
KO mice, an altered microtubule organization in small-caliber
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FIGURE 4 | GO-term representation of the individual genes coding for interaction partners that have been mapped to bind to specific regions of tau. GO-terms were

color-coded according to the groups as shown in Figure 3B.

axons was described (115). Other studies include a report
that showed that neurons from Tau KO animals were less
affected with respect to transport of Brain-derived neurotrophic
factor (BDNF), Beta-secretase 1 (BACE1), or neuropeptide Y
(NPY) after treatment with extracellular tau indicating that
endogenous tau can be modified by exogenous tau in such
a way that transport is impaired (92). In another study, it
was observed that Tau KO protects against Aβ-induced loss
of microtubules indicating that pathological conditions can
cause tau to actively disassemble microtubules (105). It is
however noteworthy that none of the studies report obvious
destabilization or disassembly ofmicrotubules in TauKO animals
indicating that stabilization of microtubules is not the primary
function of tau in neurons.

Several studies report changes, which can be interpreted
as being caused by disturbed plasma membrane binding and
function. In one study, a decrease in functional extrasynaptic
NMDA receptors was observed in Tau KO animals (82)
suggesting a participation of tau in anchoring of specific
transmembrane proteins of the post-synaptic plasma membrane.
In another study, a significant increase in the diameter of synaptic
boutons, small swellings that are found at the terminal ends of

axons, was observed in Tau KO animals (101). This observation
may also be related to a disturbance of plasma membrane
organization. Interestingly, one study reports that overexpression
of mutant amyloid precursor protein (APP) in Tau KO animals
leads to extensive formation of axonal spheroids (109). Spheroids
are axonal swellings with discontinuous or absence of myelin
sheaths, whichmay indicate that tau stabilizes the organization of
the axonal plasma membrane to support a functional interaction
with oligodendrocytes.

Quite some studies report changes in processes, which could
be related to disturbances in endo- or exocytosis. In one study
hippocampal hyperactivity, which was induced by expression
of APP with familial mutations, was found to be attenuated
by depletion of tau (90). In another study it was reported that
basal synaptic transmission in the hippocampus was decreased
in Tau KO mice (101) and one study reports impaired LTD
in Tau KO mice (104). In addition, several defects, such as
reduced susceptibility to excitotoxic seizures (87), age-dependent
hyperactivity and synaptic plasticity defects (88), or facilitation of
kainic acid-induced seizures (98) that have been observed in Tau
KO animals may be caused by changes in endo- or exocytosis.
In fact, also some of the systemic effects, such as changes in
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TABLE 1 | Summary and key results of studies using tau knockout animals.

Tau KO animal Experimental

approach

Change in Tau KO animals References

Scn1aRX/+ and Cntnap2−/− mice

× Tau KO mice (Dawson)

Diminished epilepsy, abnormally enlarged brains, and overactivation of the

phosphatidylinositol 3-kinase (PI3K)/Akt (protein kinase B).

(17)

Tau KO mouse Impaired contextual and cued fear memory. (80)

Tau KO mouse Fluid percussion

injury

Lower anxiety and improved motor function after recovery. (81)

Tau KO mouse Decrease in functional extrasynaptic NMDA receptors in the hippocampus. (82)

Transgenic mouse model of

α-synucleinopathy (TgA53T) × Tau

KO

Ameliorates cognitive dysfunction and concurrent synaptic deficits of TgA53T mice. (83)

Tau KO mice Increased ATP production and improved recognition memory and attentive capacity

of juvenile mice.

(84)

Tau KO mice Olfactory deficit correlated with accumulation of α-synuclein and autophagic

impairment.

(85)

Acute Tau KO Impaired motor coordination and spatial memory. (86)

Tau KO (tau1ex1) Reduced susceptibility to excitotoxic seizures. (87)

Tau KO on B6129PF3/J genetic

background

Age-dependent short-term memory deficits, hyperactivity and synaptic plasticity

defects.

(88)

Tau KO Hyperglycemic and glucose intolerance; reduced islet insulin content and elevated

proinsulin levels; increased epididymal fat mass and leptin levels; reduced glucose

production, and insulin resistance at later ages, leading to complete onset of diabetes.

(89)

Transgenic (J20) mice express

human amyloid precursor protein

(hAPP) with the Swedish (K670N,

M671L) and Indiana (V717F)

mutations under the control of the

PDGF β-chain promoter × Tau KO

mice (Dawson)

Hippocampal hyperactivity, but not mPFC hypoactivity, is attenuated by deletion of

tau; tau depletion failed to reverse the memory impairment induced by

over-production of APP in MWM; deletion of tau alleviated the hyperlocomotion

displayed by APP transgenics.

(90)

Tau KO Experimental

stroke, using a

middle cerebral

artery occlusion

with reperfusion

model

Protection from excitotoxic brain damage and neurological deficits. (16)

Tau KO Stress-driven

suppression of

neurogenesis

After exposure to chronic stress no reduction in DG proliferating cells, neuroblasts

and newborn neurons.

(91)

Tau KO (Dawson) Cortical cultures

Treatment with

extracellular tau

Much less affected transport of BDNF, BACE1 or NPY. (92)

Tau KO (Dawson) Heterozygous tau knockout, but not homozygous knockout, induced a selective loss

of VTA DA neurons at the early post-natal stage P0, which correlated with a similar

reduction in Otx2 expression and increases in prenatal cell death and the unactivated

compensation effect of MAP1A in Mapt+/− mice.

(93)

Tau KO (Dawson) Unilateral,

transient middle

cerebral artery

occlusion (MCAO)

Mice were protected against hemispheric reperfusion injury following MCAO at

3-months of age but not at 12-months.

(94)

Tau KO (Tucker) Impaired hypothalamic anorexigenic effect of insulin that is associated with energy

metabolism alterations.

(95)

Tau KO mice (Dawson) Increased locomotor activity in 5-months-old animals compared to human wild-type

expressing animals.

(96)

Tau KO mice Tau ablation blocks stress-driven anxious, anhedonic, and passive coping behaviors

as well as cognitive impairments; chronic unpredictable stress decreased NA and

5HT levels in WT, but not Tau-KO, animals; stress-driven structural remodeling of

hippocampal neurons depends on tau protein.

(15)

Tau KO mice (Dawson) Primary cultures of

hippocampal

neurons

Tau is required for normal interactions of RNA binding proteins in brain tissue and tau

promotes stress granules, while TIA1 promotes tau misfolding and insolubility.

(97)

(Continued)
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TABLE 1 | Continued

Tau KO animal Experimental

approach

Change in Tau KO animals References

Tau KO mice (Dawson) Tau facilitates kainic acid (KA)-induced seizures in vivo; tau facilitates ROS production

in response to excitotoxic insult in vivo.

(98)

Tau KO mice Stereotactic

injection of Aβ42

oligomers into the

hippocampal

dorsal CA1 area

bilaterally

Protection against Aβ-induced cognitive impairment, hippocampal neuron loss, and

iron accumulation.

(99)

Tau KO mice Primary cultures of

cortical neurons

Protection of mouse primary cortical neurons from loss of mitochondrial membrane

potential (19m) caused by low concentrations of Aβ42; absence of tau resulted in

significantly greater increases in Ca2+cyt in response to Aβ treatment.

(100)

Tau KO mice Basal synaptic transmission of mossy fibers measured by input output curves is

decreased; bouton diameter increase of ∼45%.

(101)

Tau KO mice on Bl6/129sv and Bl6

backgrounds

Complete tau reduction impairs the performance of mice in accelerated Rotarod test,

impairs the performance of mice in Pole test, impairs the performance of mice in

Openfield test, alters hindlimb clasping behavior at 12 months of age; motor deficits

are related to nigral degeneration.

(102)

Tau KO mice Treatment with streptozotocin did not lead to impaired hippocampal cognitive

behavior in Tau KO mice nor in reduction of PDS-95, synaptophysin and p-CREB.

(103)

Tau KO mice Impaired LTD but not LTP in Tau KO mice at 7–11 months of age. (104)

Tau KO mice Primary neurons Tau deficiency prevents AβO-induced polyglutamylation, spastin recruitment, and

TTLL6 transport into dendrites; tau deficiency does not protect against Aβ

association to dendrites and transient spine loss, but protects against loss of MTs,

neurofilament invasion, and loss of mitochondria.

(105)

Tau KO mice (Dawson) Primary cell culture Tau is required in cultured neurons for ectopic cell cycle re-entry (CCR) induced by Aβ. (106)

Tau KO mice (Dawson) Subtle motor deficits at 12–15 months of age connected to mild dopaminergic

deficits in Tau KO mice.

(107)

Tau KO mice (Dawson) Tau-knockout mice develop age-dependent brain atrophy, iron accumulation and

substantia nigra neuronal loss, with concomitant cognitive deficits and parkinsonism.

(108)

Tau KO mice (Dawson) and mice

expressing APP with the Swedish

mutation Tau KO background

Overexpression of mutant APP in tau knockout mice, elicits the extensive formation of

axonal spheroids and more severe cognitive deficits.

(109)

Tau KO mice Primary cultures of

cortical neurons

A significantly lower LDH release, with a peak delayed by 24 h, was detected in Tau

KO neurons after heat shock.

(110)

Tet/GSK3β mice on Tau KO

(Dawson) background

The toxic effect of GSK3 overexpression is milder and slower in the absence of tau. (111)

Tau KO mice (Dawson) A deficit in migration of newborn cells in the subgranular zone was observed in Tau

KO mice.

(112)

Tau KO mice Primary cultures of

hippocampal

neurons

Tau-depleted neurons showed no signs of degeneration in the presence of Aβ. (113)

Tau KO mice (Dawson) Primary cultures of

hippocampal

neurons

Inhibition of neuronal maturation. (114)

Tau KO mice (Harada) Altered microtubule organization in small-caliber axons. (115)

The following color code was used to assign results to the summary of GO-terms introduced in Figure 3: yellow: plasma membrane binding and function; red: apoptosis/cell death;

purple: endo- and exocytosis; green: signaling mechanisms; blue: microtubule-dependent processes.

memory- and anxiety-related behavior (80, 81, 86) could be
interpreted as a result of impaired neurotransmitter exocytosis.

Interestingly, also effects on survival of specific cell
populations have been reported. This includes a selective
loss of dopaminergic neurons in the ventral tegmental area
(VTA) and increased prenatal cell death (93), and degeneration
of neurons of the Substantia nigra (102) in Tau KO animals.
However, opposite effects have also been reported, in which the
absence of tau promotes cell survival after toxic attacks. Examples

are reports in which Tau KO protects against excitotoxic brain
damage (16) or against Aβ-induced loss of hippocampal
neurons (99).

Finally, also several reports support a role of tau inmodulating
signaling mechanisms. In particular it is striking that several
papers report impaired glucose metabolism and response to
insulin in Tau KO mice (89, 95). In addition, changes in ROS
production (98) and Ca2+ homeostasis (100) in response to
pathological conditions have been reported.
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Thus, the results of the analysis of Tau-KO animals
support a multifunctional role of Tau, whereby many of the
changes observed, in particular with regard to a disturbance
in the function and organization of the plasma membrane, to
endocytosis and exocytosis, to signaling mechanisms and to
the cell death mechanism, are very likely mediated by tau’s
N-terminal projection domain.

PATHOLOGICAL CHANGES OF

FUNCTIONAL INTERACTIONS OF THE

DIFFERENT TAU REGIONS

Tau pathology is associated with a decreased binding of tau to
axonal microtubules, a redistribution of tau from the axon to the
somatodendritic compartment and aggregation of tau protein in
NFTs. These events are joined by an increased phosphorylation
of tau at selected sites and death of affected neurons.
Since it is known that tau’s interaction with microtubules is
impaired by phosphorylation and familial tauopathy mutations,
potential pathological changes of interactions mediated by tau’s
microtubule binding region were long in the focus of research.
However, tau was also found to be present in a membrane-
enriched proteome from post-mortem human brain tissue in
AD (116) and has been implicated in the formation of toxic
complexes with phospholipids (64), suggesting that pathologic
changes in tau’s membrane interaction mediated by its NTR may
also have a central role in the disease process.

Pathological Changes of the Interactions

of the Microtubule Binding Region
Phosphorylation of tau at several sites is known to reduce the
interaction with microtubules. Most of the regulatory sites are
present in the PRR and the CTR, which flank tau’s microtubule
binding region on both sites. This is also reflected in PHFs
that have been isolated from patients with AD, where all of
the 10 major phosphorylation sites are located in the PRR and
the CTR (20, 117). In addition, Ser262 (which is located in
the MBR) has been identified as being phosphorylated in PHFs
(118), but appears to be only weakly phosphorylated during the
development of AD (119). Progressive phosphorylation during
AD has been correlated best for the AT8 site (Ser202/Thr205)
(120) but also Ser199 and Thr231, which belong to the
major phosphorylated sites in PHFs, show an increase during
progression of AD (119). All of these sites are located in the PRR
and combined phosphomimicking mutations of five major PHF
sites within the PRR (Ser198, Ser199, Ser202, Thr231, and Ser235)
suppress de novo microtubule polymerization (79). Thus, a
pathologic increase in tau phosphorylation at the PRR appears
to impair tau’s microtubule related activities. It should however
be noted that a phosphomimicking tau construct of 10 major
phosphorylation sites that have been identified in PHFs from AD
was still able to interact with microtubules, albeit with a reduced
dwell time (40). This indicates that phosphorylation-induced
changes in tau’s microtubule interaction may only partially
account for the development of tau pathology, at least with
respect to tau’s redistribution and toxicity. This is in agreement

with the view that tau is not amicrotubule stabilizer in the neuron
but a multifunctional MAP (121). It should also be noted that the
PRR, where many of the sites with increased phosphorylation in
AD are located, appears to act as a module that affects not only
microtubule-related activities but may regulate also interactions
and signaling events, which are mediated by the NTR. This
is exemplified by the observation that pseudophosphorylation
in the PRR abolished tau’s interaction with plasma membrane
components (59).

The MBR is also the region that mediates the tau-tau
interaction, possibly influencing the formation of tau aggregates.
The cores of PHFs and SFs from patients with AD are made
of protofilaments comprising residues 306–378 of tau protein
(122), which are located within the MBR and CTR. However,
the role of phosphorylation inmediating tau aggregation remains
unclear. While phosphorylation at different sites parallels
tau aggregation in the brain (119), at least in vitro, site
specific hyperphosphorylation inhibits, rather than promotes,
tau fibrillization (123). However, pseudophosphorylated tau at
Ser202 and Thr205 showed enhanced aggregation in vitro (124)
suggesting that some sites have specific effects on filament
formation. It is possible that other factors or modifications
promote tau aggregation. The ratio of cis/trans isoforms may
affect fibrillarization and in vitro data suggest that in particular
the trans isomer of a tau peptide is prone to aggregate (125).
Isomerization is regulated by the protein Pin1, which binds to the
PRR of tau. Also, proteolytic degradation of tau may influence
filament formation and several studies have provided evidence
that tau cleavage by metalloproteinases, caspases, or a lysosomal
cysteine proteinase induce tau aggregation (126–129).

Interaction with phospholipids or free fatty acids can also
induce the aggregation of full-length tau (62, 130) or a tau
fragment comprising the MBR (131). Interestingly, it has also
been reported that the NTR can contribute to tau polymerization
because a disease-associated R5L mutation in the NTR increases
tau polymerization (132). The presence of an N-terminal tau
fragment comprising the NTR and part of the PRR was also
shown to inhibit tau aggregation, which confirms that the
tau N-terminus plays a modulatory role in the aggregation
process (133).

Pathological Changes of the

Membrane-Related Interactions of Tau
Evidence from cell-free experiments indicated that phospholipids
induce changes in the tau conformation over the entire length
of the molecule, which affect the phosphorylation of tau and
its interaction with microtubules (134). Membranes facilitate
tau aggregation in vitro (135), and it has been shown that tau
binds to membranes via short amphipathic helices located in
its microtubule binding repeats (63). In addition, pathological
changes in membrane-related interactions of tau, mediated
by the NTR that does not bind to microtubules, could play
an important role in the redistribution of tau from the
axon to the somatodendritic compartment and may also be
involved in the induction of toxic effects. Tau’s interaction with
components of the plasma membrane is affected by mutations,
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which have been observed in familial forms of tauopathies,
or by phosphorylation at disease-relevant sites. Interestingly,
the Frontotemporal Dementia mutation R406W blocks tau’s
interaction with the membrane in an annexin A2-dependent
manner indicating that changes in the C-terminus (mutation
at position 406) affect an interaction, which is mediated by
the extreme N-terminus (136). A similar observation was made
with respect to phosphorylation, where pseudophosphorylation
of disease-relevant sites at the C-terminal region blocked
tau’s membrane interaction (79). It appears surprising that
changes in tau’s carboxy-terminal region selectively affect a
feature that is mediated by the opposite side of the molecule.
However, it has been shown previously that tau can adopt a
“paperclip” conformation, in which the amino- and carboxy-
terminal domains approach each other (137) and MS analysis
of the phosphorylation pattern have suggested that the R406W
mutation exerts long-range conformational effects on the
structure of tau (138). It should also be noted that although
pseudophosphorylation in the carboxy terminus of tau abolished
tau’s interaction with the membrane cortex, tau’s ability to
promote microtubule assembly remained unchanged (79). This
indicates that the interactions of the MBR and the NTR can
be influenced differently by disease-associated phosphorylation
events in different domains.

Increased phosphorylation as AD progressed was also
observed at Tyr18, a site located at the extreme N-terminus of tau
(119). Tyr18 is in the first exon of tau, which is also involved in
the interactionwith annexins, although this particular interaction
does not appear to be affected by phosphorylation at this position
(53). In the same region, familial tau mutations (R5H and
R5L) were also observed in tauopathies (139, 140). In fact,
phosphorylation at several tyrosine-residues including those in
the N-terminus (Tyr18, Tyr29, and Tyr219) have very recently
been shown to abolish tau aggregation and inhibit lipid-binding
properties of tau in vitro (65).

Besides tau’s interaction with plasma membrane components,
it has also been shown that tau binds to presynaptic vesicles in
AD patient brain. Human tau also interacts with synaptic vesicles
in a Drosophila model and tau mutations, which are associated
with familial forms of tauopathy, exhibit increased presynaptic
localization and lead to reduced synaptic transmission (141).
This suggests a presynaptic pathological role of tau, which is
associated with a changed disease-associated interaction with
synaptic vesicles mediated by the NTR of tau. Also, in this case,
the familial mutations were located in the C-terminal part of
tau (P301L, V337M, R406W) indicating that changes in the C-
terminus can affect interactions, which are mediated by tau’s
NTR. The pathologic effect on synaptic vesicles may not be
mediated via direct interaction with lipids since the same lab
has identified the transmembrane vesicle protein synaptogyrin-
3 as the binding partner of tau’s N-terminus on synaptic
vesicles (57).

It is also possible that tau oligomers, which have recently come
into the focus as the primary toxic pathological tau species, affect
membrane integrity and thereby exert toxic effects. In fact, it has
been shown that tau oligomers affect the integrity of artificial
phospholipid vesicles and decrease cell viability of a neuronal

model (142), however it is unclear, whether membrane-binding
properties of the NTR have a role in this process.

CONCLUSIONS

Tau was originally identified as a microtubule-associated protein,
but has been shown to have many additional interaction partners
and can be considered a multifunctional protein. Indeed, tau
knockout studies in mouse models show surprisingly small
changes that may be directly related to impaired microtubule
stability, impaired microtubule-dependent transport, or changes
in microtubule dynamics. Therefore, non-microtubule-related
functions mediated by the N-terminal region of tau could play
an important role with regard to the functions and malfunctions
of tau during tauopathies. There are several indications that
are based on the identity of region-specific interaction partners
or on the results of tau knockout studies that membrane-
related functions of the NTR can disrupt the organization
and function of the plasma membrane and other membrane
organelles, such as synaptic vesicles. In addition, there are
indications of disturbances in signal mechanisms and effects on
the survival mechanisms of the cells, which may be mediated
by the NTR. It is particularly noteworthy that post-translational
modifications or disease-associated mutations in other regions
of tau, such as the extreme C-terminus or the PRR, can affect
the function of the NTR, suggesting that far-reaching functional
interactions contribute to the pathological processes. Gain-in-
function mechanisms mediated by the N-terminal region of
tau could also explain the obvious paradox that knockout of
tau, despite the long-standing (and probably incorrect) dogma
of tau as a microtubule-stabilizing protein, has surprisingly
few functional consequences in animal models and that the
loss of tau can even increase resistance to stress and certain
pathological conditions.

The sequence of the N-terminus of tau shows due to the
presence of two alternatively spliced exons (exons 2 and 3) in
CNS tau isoforms and other exons that are only present in PNS
tau (e.g., 4A and 6) considerable variations (3). The PNS-specific
exon 4A also shows considerable differences in length between
humans, mice and rats. Therefore, it would also be important to
gain a better understanding of the role of the N-terminal variants
in terms of functional differences mediated by the regions of tau
not related to binding to microtubules.
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Tau accumulation is a prominent feature in a variety of neurodegenerative disorders

and remarkable effort has been expended working out the biochemistry and cell

biology of this cytoplasmic protein. Tau’s wayward properties may derive from

germline mutations in the case of frontotemporal lobar degeneration (FTLD-MAPT)

but may also be prompted by less understood cues—perhaps environmental or from

molecular damage as a consequence of chronological aging—in the case of idiopathic

tauopathies. Tau properties are undoubtedly affected by its covalent structure and in

this respect tau protein is not only subject to changes in length produced by alternative

splicing and endoproteolysis, but different types of posttranslational modifications that

affect different amino acid residues. Another layer of complexity concerns alternate

conformations—“conformers”—of the same covalent structures; in vivo conformers can

encompass soluble oligomeric species, ramified fibrillar structures evident by light and

electron microscopy and other forms of the protein that have undergone liquid-liquid

phase separation to make demixed liquid droplets. Biological concepts based upon

conformers have been charted previously for templated replication mechanisms for

prion proteins built of the PrP polypeptide; these are now providing useful explanations

to feature tau pathobiology, including how this protein accumulates within cells and

how it can exhibit predictable patterns of spread across different neuroanatomical

regions of an affected brain. In sum, the documented, intrinsic heterogeneity of tau

forms and conformers now begins to speak to a fundamental basis for diversity in

clinical presentation of tauopathy sub-types. In terms of interventions, emphasis upon

subclinical eventsmay be worthwhile, noting that irrevocable cell loss and ramified protein

assemblies feature at end-stage tauopathy, whereas earlier events may offer better

opportunities for diverting pathogenic processes. Nonetheless, the complexity of tau

sub-types, whichmay be present evenwithin intermediate disease stages, likely mitigates

against one-size-fits-all therapeutic strategies and may require a suite of interventions.

We consider the extent to which animal models of tauopathy can be reasonably enrolled

in the campaign to produce such interventions and to slow the otherwise inexorable

march of disease progression.

Keywords: cell-to-cell transmission, liquid-liquid phase separation, molecular heterogeneity, tauopathy,

transgenic mice, ubiquitin-proteasome system
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INTRODUCTION

Propelled by documentation of tau accumulation in a variety of
neurodegenerative disorders and a causal role in some instances,
as defined by MAPT mutation kindreds, the past two decades
of work has seen both remarkable efforts applied to this errant
cytoplasmic protein and new insights into its biology and
pathobiology. Some strides in understanding have been helped
by the availability of corresponding rodent models, but advances
in this period have also arisen from the emergence of new,
generalized biological techniques such as inducible pluripotent
stem cells, three-dimensional cell cultures, optogenetics, gene
editing, and cryo electron microscopy (cryo-EM)—to name but
a few. In the conceptual realm, prion replication mechanisms
of templated protein misfolding derived from study of the
prion protein (PrP) have been instrumental in considering how
tau disease events are perpetuated inside cells and also how
they might spread in an infection-like manner between cells.
Similarly, the new understanding that there are forms of protein
folding and assembly unrecognized by earlier textbook concepts
of secondary, tertiary and quaternary structure is also gaining
influence. Thus, the concept of liquid-liquid phase separation
(LLPS) of proteins arising from curiosity-driven insights into the
why’s and wherefore’s of low complexity domains in proteins has
been extended to encompass DNA-binding protein 43 (TDP-43),
heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) and
fused in sarcoma (FUS) in neurodegenerative diseases and now
tau itself. Here we recap the remarkable diversity of covalent
and conformational variants of tau in tauopathies and some
parallels in diverse cell biological effects, these including transit
within cells of the same lineage type and across cell lineages.
We present an emphasis upon subclinical events, noting that
irrevocable cell loss and ramified protein assemblies feature
at end-stage tauopathy, whereas earlier malleable events may
offer better targets for diverting disease processes. We also
discuss uses and limitations of animal models of tauopathy to
produce interventions and the trend toward use of low-expresser
rodent transgenicmodels as slower, yet potentiallymore accurate,
embodiments of disease pathogenesis.

In terms of the disease landscape to be considered here,
there are no <27 tauopathies described to date. Some
examples include frontotemporal lobar degeneration associated
with MAPT mutations (FTLD-MAPT), Pick’s disease (PiD),
corticobasal degeneration (CBD), progressive supranuclear palsy
(PSP), globular glial tauopathy (GGT) and argyrophilic grain
disease (AGD) (1, 2), with considerations of effects in different
cell lineages included in Section cell lineages harboring abnormal
forms of tau. All tauopathies share the common feature of tau
aggregation and deposition in the brain. They are also categorized
into two subgroups: primary and secondary. Primary tauopathies
are the diseases in which tau aggregation plays a prominent role
in disease pathogenesis. In secondary tauopathies, the disease is
fueled by defects of other proteins or by tissue trauma which
then lead (by means that are sometimes debated) to changes in
the repertoire of tau molecular species. Alzheimer’s disease (AD)
and the inherited prion disease Gerstmann–Sträussler–Scheinker
syndrome (GSS) may be classified as secondary tauopathies

(3). Arguably the most well-studied tau accumulations are
paired helical filaments (PHFs), the principal constituent of the
neurofibrillary tangles (NFTs) in AD patients. These filaments
consist of two structurally distinct parts: an external “fuzzy
coat” comprised of N- and C-terminal areas of the protein
that can be removed by treatment with the broad-spectrum
protease pronase and then a distinct pronase-resistant region,
closer to the center of the protein, containing the tandem
microtubule-binding repeats (4); the domain structure of tau will
be considered in more detail in Section tau physiology, spliced
forms and posttranslational covalent variations.

FTLD-MAPT [see (5)], as per its name, revolves around
MAPT mutations and is a neuropathological correlate of
frontotemporal dementia (FTD). With respect to the goal
of explaining tau diversity in chemical and cell biological
terms, as FTLD-MAPT is a primary tauopathy caused by
germline mutations, it seems potentially easier to understand
the pathogenic process than in cases of idiopathic (sporadic)
forms of AD and FTD that lack such mutations. In short,
it is perhaps an advantageous model for delineating steps in
disease progression. Even so, FTLD-MAPT pathogenesis is not
automatically straightforward, noting that cases harboring the
same mutation can have a diversity of clinical phenotypes
(6–8) including different neuropathological findings. Perhaps
surprisingly given a transcriptional profile defining tau mRNA
mainly in neurons, unusual forms of tau protein can be found in
astrocytes and oligodendrocytes (see below). This is generally the
case for FTLD-MAPT with different types of tau mutations and
the situation holds for the specific case of the P301L mutation,
a case which we have studied in detail using biopsy material
from an Iberian P301L kindred with a founder effect mutation
(9, 10). Due to the position of the P301L mutation in exon
10 encoding microtubule binding repeat 2, it only affects the
4R form of tau (Figure 1A); in this respect, it is notable that
P301L pathologies in astrocytes and oligodendrocytes resemble
other 4R-tauopathies such as CBD (11). In short, a recurring
observation for the FTLD-MAPT pathogenesis is phenotypic
heterogeneity. To begin to grapple with this diversity, we
will first consider some cardinal features of tau biochemistry
and cell biology.

TAU PHYSIOLOGY, SPLICED FORMS, AND

POSTTRANSLATIONAL COVALENT

VARIATIONS

Tau protein is a microtubule associated protein (MAP), encoded
by a single gene, MAPT, located on chromosome 17q21 of
the human genome and consisting of a total of 16 exons
(12) (Figure 1A). Tau mRNAs are mainly expressed in neurons
and exhibit a developmental change in the ratios of spliced
forms (13). Tau mRNAs and proteins have also been detected
in oligodendrocytes and astrocytes, but often to a lesser
extent (14–20). This observation presents an interesting twist
when considering the accumulation of aberrant and potentially
pathogenic tau protein in glial cell populations (as considered
further below). Primary transcripts ofMAPT undergo alternative
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FIGURE 1 | Schematic representation of MAPT and the splice isoforms of tau in the human brain. (A) Human MAPT contains 16 exons. Exons in turquoise boxes

(exons 1, 4, 5, 7, 9, 11, 12, 13) are constitutive, while the others are subject to alternative splicing. Exons 0 and 1 encode the 5′ untranslated sequences, and exon 14

is part of the 3′ untranslated region. Exon 4a, 6, and 8 are transcribed only in peripheral tissue, and alternative splicing of exon 2, 3, and 10 generates the six isoforms

of tau. Tau isoforms translated from mRNAs that include exon 10, which encodes an additional microtubule-binding motif, are commonly referred to as four-repeat

(4R) tau isoforms, whereas isoforms that exclude exon 10 are referred to as three-repeat (3R) tau isoforms. (B) Immunocytochemistry of tau (red) in primary

hippocampal neurons at 21 days in vitro culture using anti-tau monoclonal antibody (RTM47 detecting 2-44 amino acid) with microtubule-associated protein 2 (MAP2)

counter stains in blue and actin stain with TRITC-labeled phalloidin in gray. Yellow arrowheads indicate neuronal soma. Scale bars, 30µm and 10µm in the boxed

images. Image: L. Hromadkova.

splicing events which, upon translation, yield six protein isoforms
in the adult human brain. These spliced mRNA forms differ from
each other by the presence or absence of exons 2, 3, and 10.
Tau mRNAs that include exon 10, which encodes an additional
microtubule-binding repeat (repeat 2), are commonly referred to
as four-repeat (4R) tau spliced forms while mRNAs that exclude
exon 10 are referred to as three-repeat (3R) tau spliced forms
(Figure 1A). The distribution of spliced isoforms is inter-species
variable, affected by brain development stage and varies in both

temporal and spatial patterns on cellular and brain regional
levels (21–25).MAPT knock-out mice develop normally without
displaying any overt histological abnormalities, possibly due to
tau function being rescued by other MAPs, but morphological
phenotypes include a minor decrease in microtubule-stability of
small caliber axons and some effects on axonogenesis (26, 27).
Translation of these mRNAs yield a protein product distributed
predominantly in the neuronal axons, but also found in various
cellular locations.
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Seen in broad overview, tau is a soluble hydrophilic protein
described primarily as an essential factor for microtubule
assembly (28). The more acidic N-terminal region is mostly
involved in interactions with numerous tau binding partners
(even affecting its association with cell and nuclear membranes,
etc.) (29) while the positively charged C-terminal region
encompasses three or four imperfect repeat domains and plays
a crucial role in tau interactions with microtubule proteins
(although this region can also be involved in interactions with
other proteins) (30). Superimposed on this sketched ground-
plan, alternative splicing of exons 2, 3 to make mRNAs
encoding 0N, 1N, and 2N proteins isoforms can affect the
natively disordered N-terminal region in respect to its binding
properties with tau-interacting partners and, thus, even the
cellular distribution of the protein (23). The N-terminal can
itself be perceived as having sub-regions including an acidic
region subject to alternative splices and, most notably, a proline-
rich domain that can accept many phosphorylation events.
The C-terminal region is home to tandem microtubule-binding
repeats and subject to the 3R vs. 4R mRNA splicing already
noted. These microtubule-binding repeats are followed by a
C-terminal extension. Tau lacks any putative signal peptides,
transmembrane helices, lipidation or glycolipidation sites that
might integrate it into cell membranes and, while it is reported
to have short amphipathic helices that might allow it to interact
with membrane lipids (31), it is typically considered to be a
“cytoplasmic” protein, albeit one that can end up in different
cytoplasmic niches or compartments that abut the cytoplasm.

Despite an incomplete understanding of the functional
implications of tau distribution among various cellular
compartments, tau may be inferred to be multifunctional
(32). The most well-studied function is the ability to regulate
microtubule assembly and axonal transport of vesicles and
organelles (33, 34). Unlike MAP2 which is another major species
of MAPs found in the neuronal bodies and dendrites, tau is
abundant in the axon (35) (Figure 1B). Tau localization to
the other types of microtubule architectures such as growth
cones (36, 37) and mitotic spindles (38) are indicative of its
dynamic nature and functional repertoire extending beyond
axonal microtubule polymerization to encompass developing or
regenerating neurites and cell division processes. In neurons, tau
has been identified in the synapses (39, 40) andmight be involved
in the regulation of morphological plasticity of dendrites (41, 42).
Provocatively, tau can be released during neuronal activity, an
effect which is inferred to involve presynaptic events (43, 44). Tau
also binds to and protects neuronal DNA under stress conditions
(e.g., oxidative and mild heat stresses) (45, 46) and participates in
RNA metabolism through direct association with RNA-binding
proteins (47, 48).

Descriptions of biochemistry and cell biology need to consider
tau species as they behave physiologically vs. unequivocal disease-
associated forms of tau (and there are also versions that
might fall into to a middle ground). These issues are apparent
from the association of different diseases with 3R- and 4R-
tau and continue when one turns to another form of covalent
variation, namely post-translational modification (PTM). Tau
PTMs are striking and important and we have attempted to touch

upon physiological and pathological versions of these. PTM’s
are described in overview in Figure 2A and are inventoried
as follows:

Phosphorylation
Tau phosphorylation is arguably one of the most well-
known and abundant PTMs targeting this protein. With
85 potential phosphorylation residues in the longest human
isoform (441 amino acids) (45 Ser, 35 Thr, and 5 Tyr
residues) (56), this protein is a notable target for several
kinases and phosphatases. In consequence, tau’s phosphorylation
state represents the sum total of dynamic processes (57)
and, in turn, regulates different capabilities of tau such as
its interaction with the microtubule network and assembly,
modulation of cell polarity, axonogenesis, and subcellular
localization. Under-phosphorylated tau with phosphorylation of
∼1–3 residues is an efficient microtubule network stabilizer
whereas hyperphosphorylated tau can have less interaction with
microtubule proteins and hence can be more prone to misfolding
and consequent aggregation (58). Noting the caveat that some
phosphorylation sites are believed to have protective effects and
inhibit tau from aggregation and formation of toxic species
(59), a broad perspective is that imbalances between tau kinase
and phosphatase activities may trigger the non-physiological
tau phosphorylation with all the consequences leading to
neurodegeneration (60, 61).

A higher amount of phosphorylation in AD brains vs. control
brains is extensively documented; normal brain tau has 2–3 mole
of phosphate per mole of protein, but AD brains contain tau with
an∼3-fold greater stoichiometry (62). So far, 45 phosphorylation
sites were detected in insoluble aggregates of tau extracted from
AD brain, herein referred to as PHF-tau, several of them being
strictly AD-specific and some being shared with tau preparations
isolated from control brains (57, 63). Moreover, some clusters
of phosphorylation (e.g., Ser210-Thr217, Thr231-Ser238) are
involved in a hierarchy of events, meaning that phosphorylation
occurs sequentially with initial phosphorylation sites priming
subsequent phosphorylation events on nearby residues (64, 65).
The phosphorylation sites in PHF-tau are predominantly
located in the proline-rich domain and the regions flanking
the microtubule-binding domain (63, 65–68), and are involved
in alterations in tau microtubule binding dynamics and
interactions with other reactive partners. Four phosphorylated
residues occurring specifically in PHF-tau have been identified in
the microtubule-binding domain region (Ser258, Ser262, Ser289,
and Ser356) and were shown to have an impact on microtubule
binding capacity (69, 70). Some of the proposed mechanisms
of toxicity for hyperphosphorylated tau species include: mis-
sorting from axons to the somato-dendritic compartment,
disruption of intracellular proteostasis network, interference
with nuclear-cytoplasmic transport and dysregulation of
physiological functions by altering the repertoire of protein
interactors (71–74).

Proteolysis
As a result of proteolytic processing, generated fragments could
behave differently compared to the full-length protein regarding
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FIGURE 2 | Post translational modifications of the tau protein. (A) Phosphorylation residues. Phosphorylated residues found in pathological conditions are represented

in red, while phosphorylated residues in blue are observed in both normal and diseased conditions. (B) Proteolysis of tau. Potential pathological signatures of tau

fragments and the proteases in charge of the cleavage are presented. Further details are described in Table 1. (C) Acetylation residues. Acetylated Lys residues in

pathological conditions are represented on the longest isoform of human tau (2N4R). This specific modification mainly targets the residues in the core region (Pro-rich

domain and repeat domains). Cas, caspase; AEP, asparagine endopeptidase; ADAM10, disintegrin and metalloproteinase domain-containing protein 10.

(i) conformation, (ii) solubility, (iii) stability and half-life, (iv)
cell localization, and (v) interacting molecules. Under normal
circumstances, when tau is no longer needed, it can be efficiently
targeted for cytoplasmic degradation pathways such as the
ubiquitin-proteasome system (UPS) and autophagy-lysosome
system as an attempt to maintain proteostasis (75). However,
in disease conditions, tau can become the target of several
endoproteases and produce fragments of different sizes that
can be found within intracellular tau inclusions and can also
be detected in cerebrospinal fluid (CSF), interstitial fluid (ISF)
and plasma of patients with different tauopathies. Proteolytic
fragments of tau have been shown to be secreted in a variety of
cell systems and animal models [reviewed in (76)]. Generation of
some of these fragments has been correlated with accumulation
of pathologic tau entities and disease progression in several
animal models, as well as in post-mortem tissue extracted from
tauopathy patients. Moreover, the process of fragmentation

is likely superimposed on the phenomenon of tau spreading
(below) to generate species with more or less spreading
capability. Figure 2B and Table 1 summarize some of these
well-characterized cleavage events, the cognate protease and
potential relevance to disease conditions. The list of identified tau
fragments is longer though, entailing several orphan fragments
with corresponding proteases yet to be identified [reviewed
in (77)].

Several members of the caspase family of proteases have
been identified to cleave tau (caspases-1,−3,−6,−7, and−8) at
residue 421 (49). This truncated fragment has the propensity
to assemble into aggregates faster than the full-length protein
and can be detected in fibrillar pathologies of the brain of
AD patients (49). The 34 kDa fragment generated by caspase-
2, known as 1Tau314, is another well-studied caspase-cleaved
tau fragment (51, 78). This C-terminally truncated fragment
of tau mis-localizes to dendritic spines and causes cognitive

Frontiers in Neurology | www.frontiersin.org 5 November 2020 | Volume 11 | Article 59019991

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


Kang et al. Cellular Pathobiology of Tau Conformers

TABLE 1 | Proteolysis events and fragmentation of tau.

Cleavage site Identified

fragment

Protease Impacts of cleavage on disease pathogenesis References

D421-S422 1–421 (Tau-C) Cas-1, −3, −6, −7,

and −8

Faster aggregation rate compared to full-length tau. Found

associated with NFTs in AD brains and increased in AD,

FTD-tau, and PSP compared to control brain samples.

(49, 50)

D314-L315,

D421-S422 (in vitro)

1–314 (tau314) Cas-2 Lower propensity to aggregate compared to tau441. Impaired

synaptic transmission and drives hippocampal neuronal loss.

(51)

D25-Q26, R230-T231 26–230 (20–22 kDa) Cas-3 Exacerbating mitochondrial dysfunction. Caused

NMDAR-mediated cell death in rat CGCs.

(52)

N368-K369 1–368 Asparagine

endopeptidase

Reduced ability to induce microtubule polymerization,

triggered apoptosis. The C-terminal fragment has increased

propensity to aggregate into PHFs compared to tau441.

(53)

A152-T153 153–441 (Tau-A) ADAM10 Found in serum from patients with AD and inversely

correlates with cognitive test scores. Physical interaction with

tau is unclear.

(54)

R242-L243 243–441

(Tau-CTF24)

Calpain-1 Accelerates intracellular propagation of tau and has reduced

capacity for promoting microtubule assembly compared to

tau441.

(55)

The summary recaps tau fragments, proteases responsible for their generation and the impact on disease pathogenesis in animal models and human kindred.

Cas, caspase; CGCs, cerebellar granule cells; NMDAR, N-methyl-D-aspartate receptor (also known as the NMDA receptor); PHFs, paired helical filaments; ADAM10, disintegrin and

metalloproteinase domain-containing protein 10, a membrane-tethered protease.

dysfunction in an animal model of tauopathy (51). A recent
report indicates elevated levels of this fragment in cognitively
impaired human kindreds (78). A 35 kDa N-terminally truncated
tau fragment entailing the microtubule-binding repeat domains
was reported to be present in post-mortem brains of patients
diagnosed with tauopathies in which 4R isoforms predominate
(79). Minimal expression of this fragment in mice (Tau35) led
to tau neuropathology, deficits in cognitive and motor function,
muscle degeneration and impaired proteostasis (51, 80). Since
truncation of tau could facilitate subsequent conformational
changes and enhance aggregation, modulating this particular
PTM in different tauopathies could offer a new approach to
therapeutic intervention (80, 81).

Acetylation
The very first report on tau acetylation was from a study on
synthetic peptides spanning amino acids 160–182 and 264–287 of
the full-length (2N4R) tau, to generate acetylated-tau antibodies.
As a result of this study, Sirtuin 1 (SIRT1) was identified as a
deacetylase targeting tau (82). Partially akin to phosphorylation,
acetylation has a regulatory role on tau-microtubule interactions
(83). There are over 20 Lys residues that can be targeted for
acetylation, and acetylation of some appears to be of particular
pathological significance (Figure 2C) (82, 84, 85). Tau protein
can also undergo autoacetylation, by the help of catalytic Cys
residues in the microtubule binding region (86). By neutralizing
the repulsion of positively-charged Lys residues, acetylation
tends to make parallel stacking of β-strands more favorable
and hence promote tau aggregation (84, 87, 88). Physiological
investigations have revealed that acetylation of tau also affects
degradation of the protein (by inhibiting ubiquitination of
Lys residues) and hence slows the rate of protein turnover;
this is associated with attenuation of tau microtubule

binding and promotion of aggregation, especially into soluble
oligomers (89, 90).

O-glycosylation
O-glycosylation (or O-GlcNAcylation) is a dynamic process
that involves the addition of the β-d-N-acetylglucosamine
(GlcNAc) molecule to Ser or Thr residues of the target protein
via O-linkage. The two enzymes responsible for regulation
of this PTM are O-GlcNAc transferase and O-GlcNAcase
(91). It has been shown that O-GlcNAcylation can negatively
regulate tau phosphorylation in a site-specific manner in vitro
and in vivo (in cell models) (92). The balance between tau
hyperphosphorylation and O-glycosylation could also impact
the protein’s cellular localization (93). Moreover, tau tangles
isolated from AD patients are hyperphosphorylated and hypo-
O-glycosylated (92). However, it is still not fully clear whether
decreased O-GlcNAcylation of tau has any causative effect on
hyperphosphorylation or is simply a secondary effect (94). In fact,
increasing tau O-GlcNAcylation via inhibition of O-GlcNAcase
in JNPL3 tauopathy mouse model [mutant tau P301L under
the mouse PRNP promoter (95)] hindered tau aggregation
and decreased neuronal cell loss by impairing tau’s ability to
oligomerize and without affecting tau phosphorylation (96).

Other PTM’s
Beyond phosphorylation, proteolysis, acetylation and O-
glycosylation, multiple Lys residues occurring in tau molecule
(44 residues in human full-length tau variant 2N4R) may be
modified by other PTMs (ubiquitination, sumoylation, and
methylation), which can then play a role in tau assembly and
toxicity via participation in electrostatic and hydrophobic
interactions (87, 97). N-glycosylation, prolyl-isomerization,
nitration, polyamination, and oxidation are yet other PTMs
discussed in relation to the tau-mediated pathogenesis of AD.
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FIGURE 3 | Temporal evolution of conformer ensembles in the pathogenesis of a primary tauopathy. Conformers of protease-sensitive detergent-insoluble tau in

TgTauP301L mice are represented by different geometric shapes [modified from (107)]. Different coexisting combinations (i.e., ensembles) of conformers corresponding

to different CSA profiles are shown within the cloud outlines while the corresponding CSA traces of the samples are shown above these, with the y-axis representing

Fapp values and the x-axis representing increasing Gdn HCl concentrations up to 4.5M. Distinct CSA Types 2, 3, and 4 are present in the TgTauP301L mice; each curve

represents dissociation and unfolding in one individual. Fapp values are plotted as mean ± SEM (shades) for each denaturant concentration and assayed in triplicate.

Curve analysis was performed with non-linear regression and significance determined with generalized Wilcoxon test. Average ages (days ± SD) for CSA Types 1, 2,

3, and 4 were 535 ± 32, 649 ± 56, 629 ± 57, and 682 ± 82 days, respectively and for the types of fibrillar assemblies associated with the CSA profiles, see (107).

CSA Types 2–4 are seen in mice with statistically indistinguishable average ages and hence likely represent alternative pathways of ensemble evolution (blue arrows).

The closest equivalent human disease profiles to mouse CSA Types 2 and 3 are presented to the right of the CSA plots in the boxes with solid outlines; the initial

clinical diagnoses assigned to these FTLD-MAPT-P301L cases are shown (svPPA, semantic variant of primary progressive aphasia; bvFTD, behavioral variant of FTD;

bvFTD*, a bvFTD sub-variety). CSA indicates conformational stability assay; Fapp, indicates values of apparent fractional change.
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Even though each tau PTM is formed by a distinct mechanism
utilizing different enzymes, cofactors and chemical groups,
their net effect is to impact the protein’s function, its cellular
localization, and turnover (98, 99).

In terms of taking these concepts further, a particular case in
point relates to accumulating evidence that sites of tau cleavage
may be specific to individual or subgroups of tauopathies, it
then being likely that tau fragmentation events may impact the
evolution of collections (ensembles) of co-existing alternative tau
conformational species (51). This consideration opens a window
on the more general issue of non-covalent forms of variation
in tau that may impact physiological and pathophysiological
output measures.

ASSEMBLY STATES AND

CONFORMATIONS OF TAU

Prion Effects, Conformers, and Templated

Misfolding
Although the prion concept was formulated to refer to a
specific group of proteinopathies caused by misfolding of the
cellular prion protein (PrPC), other proteins were subsequently
discovered to undergo a similar process. Unlike PrPC which
is generated in the secretory pathway, these other proteins
such as URE2 and Sup35 in yeast, are located in the
cytoplasm. Today, the prion paradigm - according to which a
fundamental cause of specific disorders is the misfolding and
seeded aggregation of specific proteins—is a useful unifying
principle to explore the different facets of pathogenesis of many
age-related neurodegenerative diseases. In prion diseases, the
processes of protein replication (accumulation of misfolded
copies), toxicity and infectivity can be uncoupled in different
experimental paradigms, removing the constraint for extending
insights from prion disease to non-transmissible neurologic
syndromes. Tauopathies came to be considered in this broader
context following pioneering works starting in 2009 (100–102).
Proteins with this behavior [i.e., tau, alpha-synuclein (α-syn)]
have been referred to as “prion-like” or “prions” (103–105). This
nomenclature has also been applied to amyloid beta (Abeta)
(106), this AD pathogenesis-associated peptide deriving from
sequential endoproteolysis of a type I transmembrane protein
and secreted into the extracellular space.

As per the covalently heterogeneous forms of tau listed
above, accumulating evidence supports presence of multiple
conformationally distinct conformers (strains) of tau (107–
111). Acknowledging the existence of widely-used conformation-
specific tau antibodies (112) and noting heterogeneity in PrP
structure in prion strains (113), a conceptual approach deriving
from prion disease is to consider (i) alternative folding outcomes
as key determinants of heterogeneity in clinical presentation
of tauopathies and (ii) propagation of tau conformers by
templating as a mechanism underpinning the spread of disease-
associated forms. In our investigations, conformation-dependent
immunoassays (CDIs) and conformational stability assays
(CSAs) were utilized to appraise abnormally-folded tau. In this
procedure tau is first exposed to the protein denaturant guanidine

hydrochloride (Gdn HCl) and then exposed to europium-labeled
antibody against epitopes that are hidden under native conditions
in the absence of Gdn HCl (107, 113). Signal intensities in the
absence and presence of Gdn HCl give ratiometric values for how
an epitope is hidden in a misfolded molecule (CDI) and stepwise
addition of Gdn HCl in a conformational stability assay (CSA)
yields a characteristic profile for gradual chemical unfolding—
differences in stability profiles have been described for prions and
Abeta, providing evidence of strains with distinct conformations
(113–115). Most importantly, CDI ratios and CSA unfolding
conformational signatures are independent of the concentrations
of the misfolded species and the procedure does not involve
pre-purification or in vitro amplification steps that can alter
the in vivo conformational repertoire and biological properties
of strain isolates (116, 117). For PrP, CSAs differentiate strains
regardless of PTMs such as glycosylation and glycolipidation
(117–120). For tau we selected a monitoring antibody for epitope
occlusion located in the R3/R4 boundary of microtubule binding
repeats, an area less decorated by PTMs (121, 122) but also
considered to be conformationally remodeled in tau strains (123).
The tau CDI assay performed against recombinant full-length
human tau (tau441) that was deliberately misfolded into fibrils
demonstrated a broad linear range for these assays. Using human
FTLD-MAPT-P301L brain material derived from frontal cortex
and mouse P301L brain materials we found related, complex
unfolding patterns indicative of multiple co-existing conformers
(107), leading to a conclusion that the collection (ensemble)
of tau conformers seen at disease endpoint evolves from a
precursor population, a complex mixture of early misfolded
forms (Figure 3).

Oligomers
While descriptions of cryo-EM data on hallmark of tau fibrillar
assemblies present at end-stage are listed below, these assemblies
are not necessarily the neurotoxic entities leading to disease
and instead oligomers may fulfill this role (as considered in
section toxic effects of abnormal tau). Also, soluble, non-fibrillar,
oligomers are posited to be responsible for the spread of
pathology throughout the brain (124); active seeding capacity
may correlate poorly with fibrillar deposits seen by light
microscopy and high molecular weight soluble forms of tau
derived from size exclusion chromatography may be most
adept in in vitro seeding reactions (108–110, 125, 126). A
rare species of high molecular weight, soluble, phosphorylated
tau oligomers present in brain of transgenic tau mice, as well
as AD patient cortices are believed to be the endogenous
form of tau involved in propagation (127). In accordance
with this observation, tau seeding strongly correlates with the
amount of oligomeric and phosphorylated tau in post-mortem
brains of AD patients, strongly suggesting that oligomeric
hyperphosphorylated tau species act as seeds (128). Interestingly,
these soluble assemblies demonstrate substantial patient-to-
patient heterogeneity, perhaps because they include a larger
variety of PTMs in comparison to large, non-soluble fibrils. In
turn, these heterogeneities could relate to differences in clinical
measures such as rate of clinical decline amongst AD patients
(107, 128).
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For the foregoing discussions of oligomers, there is a
caveat concerning a range of definitions, terminology, and
methodologies used for these tau assemblies: dimers (disulfide
bond-dependent or -independent), multimers (trimer, tetramer,
etc.), granular aggregates or small filamentous protofibrils
[defined based on observations made in EM or atomic force
microscopy (AFM)] have all been considered within this
umbrella term.

Liquid-Liquid Phase Separation (LLPS) of

Tau
Disruptions of membraneless organelles (MLOs) can induce
neurodegenerative processes (129–133). MLOs, unlike canonical
membrane-bound cellular organelles such as secretory vesicles,
the endoplasmic reticulum and mitochondria, do not have an
enclosing membrane yet compartmentalize like oil droplets in
water (134). Intrinsically disordered proteins containing low
complexity domains and RNA molecules can bind to each other
and form liquid droplets, a phenomenon known as LLPS that
has been known to regulate reversible dynamics of MLOs in cell
milieu (134–136).

Alterations in the biophysical properties of MLOs became
evident in the context of amyotrophic lateral sclerosis
(ALS)/FTD. Pathogenic mutations in TDP-43, hnRNPA1
and FUS perturb disassembly of MLOs (e.g., stress granules)
and predispose to aggregate into amyloid-like fibrils (130–
133). Similarly, toxic dipeptide repeat proteins produced from
hexanucleotide repeat expansion in chromosome 9 open reading
frame 72 (C9ORF72) bind to low sequence complexity domains
in RNA-binding proteins; these binding events subsequently
interfere with physiological functions carried out by multiple
MLOs and in this way contribute to pathogenesis (129). More
recently, several lines of evidence suggest that intrinsically
disordered structure, inhomogeneous charge distribution,
hyperphosphorylation, and/or aggregation-prone mutations
allow tau to undergo LLPS under conditions of molecular
crowding (137–143). While the in vivo parameters and co-
factors involved in the LLPS of tau are not fully understood,
sustained conditions can coerce droplets to more solid-like
forms; for example, conversion to irreversible hydrogels and
amyloid-like fibrils in the presence of multivalent polymers (e.g.,
RNAs) or pathogenic mutations (137, 142). Presumably, the
liquid-solid phase transitions would, in turn, trigger regulated
cell death starting within the preclinical stage of tauopathies in a
similar way to ALS/FTD (129, 130). The molecular mechanism
underlying LLPS of tau remains challenging to assess in vivo, due
to the metastable and reversible property of liquid condensates.
Nonetheless, these findings indicate that the demixed state of tau
droplets can act as a possible toxic intermediator which occurs
in a transitional state between internalization and intracellular
tau propagation.

Tau Structures Deduced by Cryo-EM
Recent examples of a variety of atomic-level resolution structures
for tau fibrils obtained by cryo-EM examination of brain material
(87, 123, 144–146) represent milestones in the field as they
provide molecular coordinates for designed ligands and capture

in still-life variations in what some might term tau strains.
Knowledge at the structural level of tau fibrils before the cryo-
EM era was insufficient; although solid-state nuclear magnetic
resonance (NMR) and electron paramagnetic resonance (EPR)
were able to assign strands to certain peptides in synthetic
fibers, no atomic model was available (147). Cryo-EM studies of
tau fibrils obtained from brain of human patients with distinct
tauopathies [AD, PiD and chronic traumatic encephalopathy
(CTE)] have revealed that each tauopathy has characteristic
filament folds, which are conserved among individuals with
the same disease, yet different from structures obtained from
in vitro aggregation of recombinant tau (148–150). The first
report on cryo-EM structure of pathological tau (with 3.4-3.5
Å resolution) is based on atomic models of PHFs and straight
filaments (SFs) obtained from an individual AD patient. This
structure shows that the core of both tau filaments is made of
identical protofilaments (residues Val306-Phe378) which adopt
a combined cross-β/β-helix structure, and the two types of
filaments are ultrastructural polymorphs with differences in
their inter-protofilament packing (145). The ultrastructure of
tau filaments obtained from PiD and CTE came along next
(with resolution of 3.2 Å and 2.3 Å, respectively) (144, 146).
While the filament core in PiD (a 3R tauopathy) consists of
residues Lys254–Phe378 of 3R tau, the filaments in CTE entail
residues Lys274–Arg379 of 3R and Ser305–Arg379 of 4R tau
isoforms (144, 146). Nonetheless, this current repertoire of
folds is superficially narrower than for other types of analyses.
Besides technical considerations relating to sampling, there
may be intrinsic reasons for this disparity. It could be that
soluble tau oligomers exist in multiple conformations, but
only a subset of these conformations is represented by the
structures present in long-lived fibrils. Alternatively, despite a
few common ultrastructures, PTM patterns could add another
level of conformational diversity (107, 128). As an example,
ubiquitination of tau within the fibril forming core region
(Lys369–Glu380) can mediate fibril diversity (87).

CELL LINEAGES HARBORING ABNORMAL

FORMS OF TAU

Analyses of cell-free systems or purified protein from autopsy
material cannot encompass dynamic relationships applying to
genesis and turnover of tau conformers in living cells, nor
to the important situation in the sub-clinical phase of disease
where therapeutic interventions might best be applied before
irrevocable neuronal loss. In prion disease, strains made of
different conformers of the pathogenic infectious prion protein
(PrPSc) are often considered to have differing abilities to infect
cells; this effect has been studied by using endpoint-titrated
samples obtained by serial dilution (i.e., biologically cloned)
to infect susceptible animals, which are then in turn scored
for different neuropathological patterns of protein accumulation
(151). In a seemingly parallel set of observations to protein
structural assays, different tauopathies are known to be associated
with different cell populations. Thus, (i) 3R tauopathies include
PiD with 3R tau in neuronal cytoplasmic inclusions called

Frontiers in Neurology | www.frontiersin.org 9 November 2020 | Volume 11 | Article 59019995

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


Kang et al. Cellular Pathobiology of Tau Conformers

Pick Bodies (11); (ii) 4R tauopathies such as CBD include
glial cells of the cortex and white matter as well as neuronal
accumulation; similarly, in the case of PSP, there are tau tangles
in glia and neurons (152). Both CBD and PSP may also include
oligodendroglial tau inclusions (11); (iii) 3R+4R tauopathies also
exist and are most commonly represented by AD, with tau in
neuronal cell bodies as NFTs and within dystrophic neurites
lying nearby mature plaques. Noting these points and, because it
is known that experimentally-tractable FTLD-MAPT tauopathy
manifests in different cell populations sharing the same MAPT
genotype (108, 153, 154), it is likely that aspects of the cell biology
of tau remain to be discovered. It has been reported that synthetic
tau-preformed fibrils and pathological tau derived from brains
of AD patient are capable of causing tau aggregation in both
cultured cells and wild type mice (155, 156), and that the cell-
to-cell spread pattern of the seed-competent tau conformers in
the central nervous system (CNS) was determined by synaptic
connectivity (e.g., afferent and efferent connections) rather than
spatial proximity (156–159). Moreover, similar to prion strains,
tau conformers derived from distinct tauopathies including
AD, PSP, and CBD recapitulated their phenotype characteristics
of tau pathology; time-, dose-, and injection site-dependent
patterns of spreading and cell type-specific aggregation (159,
160) [also reviewed in (161)]. In prion diseases, a popular
idea is that different prion strains perpetuated by experimental
inoculation prefer to infect different cells (a concept commonly
called tropism) (151) but primary tauopathies derive from
germline mutations and contributions of exogenous infection
to this process may not exist or may be secondary events.
Nonetheless, for malformed tau emerging spontaneously within
the CNS, uptake by different cell lineages could play an active
role in selective propagation of tau strains, this arising as a
consequence of fundamental differences in endogenous processes
that distinguish neurons, oligodendrocytes and astrocytes. This
latter concept might begin to explain why conformer mixtures
can often be encountered within the same brain (107).

Tissue Tropism of Tau Conformers (Glial

Tauopathies)
Tau expression is predominantly present in neurons, with lower
expression levels or signals below assay threshold applying to
oligodendrocytes and astrocytes (160, 162). In the secondary
tauopathy AD, tau aggregates are only found in neurons as
NFTs and neuropil threads, which are composed of both 3R
and 4R tau (163). On the other hand, abundant glial tau
deposits are found along with neuronal pathology in primary
tauopathies and in other subtypes of FTD/FTLD including
PiD, CBD, PSP, GGT, and AGD (1). The majority of glial tau
pathologies are observed in oligodendrocytes and astrocytes and,
in some instances, tau inclusions are also found inmicroglia (164,
165). Interestingly, in a neuronal tau knockdown mouse model
(TauKDncre;fl/fl), oligodendrocytic tauopathy spread through
adjacent brain regions, whereas astrocytic inclusions remained
confined to the injection site (160). The various deposition
morphologies of glial tau (1, 166) (described below) may have

functional correlates and could be drivers underlying the diverse
manifestations of neurodegenerative tauopathies.

Ramified inclusions are astrocytic tau fibrils found in PiD.
Thick processes and eccentric nuclei are accompanied with
ramified inclusions (167, 168).

Tufted tau inclusions are densely packed fibrils found in the
proximal processes surrounding astrocytic nuclei and are the
pathological signature of PSP. Morphologically, star-like tufts of
dense fibers emanate from the cell body (169, 170).

Coiled bodies are intracytoplasmic tau inclusions surrounding
the nucleus of oligodendrocytes that form coil-like or comma-
like inclusions. They are also common in many FTLD-subtypes
such as PSP, CBD, AGD, and FTLD-MAPT-P301L (169, 171,
172).

Astrocytic plaques are hallmarks of CBD and take the
forms of densely tau-immunoreactive stubby dilatations in distal
processes of astrocytes (173). The inclusions are comprised of
twisted and straight tubules with diameters of 15–20 nm (174).

Argyrophilic threads are tau-positive thread-like structures
in the processes of astrocytes and oligodendrocytes and are
prominent in CBD (11, 175).

Thorn-shaped inclusions are juxtanuclear assemblies with
tau-immunoreactivity and extension into the proximal processes
of astrocytic endfeet at the pial surface and around blood vessels
(173). These appear as argyrophilic masses with flame or thorn-
like shapes in both PSP and aging-related tau astrogliopathy
(ARTAG) (173, 176).

Globular oligodendrocytic and astrocytic inclusions comprise
insoluble globules and granular tau deposits emanating from the
cell body that are unique characteristics of GGT (11, 177, 178).

Pick-bodies are neuronal tau inclusions found in PiD and are
round in shape but to a lesser extent, Pick body-like inclusions

are also evident in both astrocytes and oligodendroglia in PiD
(167, 168).

Different manifestations of astroglial tau are recently reviewed
and summarized by Kovacs (166), along with a consideration
of potential precursor forms. These data point to a non-trivial
role for astroglial tau in pathogenesis of diverse diseases. On the
other hand, there seems to be a molecular conundrum regarding
the origins of the tau conformers fueling these diverse glial tau
pathologies, noting that glial expression of tau mRNA in human
tissue is much lower than in neurons and (16, 18) that tau
transgenic mice using the PRNP promoter (generally considered
to drive pan-neuronal expression) nonetheless accumulate
hyperphosphorylated and argyrophilic tau in astrocytes (154,
179).

Glial cells constitute roughly half of the cells of the human
CNS (180). In healthy conditions, they considerably influence
nervous system development, from neuronal birth, migration,
axon specification, and growth through circuit assembly and
synaptogenesis (181), while in CNS injury, they are responsible
for phagocytosis and elimination of microbes, dead cells, and
protein aggregates, as well as other particulate and soluble
antigens that may endanger the CNS (182, 183). The glial
pathologies could be contributed by a cell-to-cell transfer
initiated by exocytosis, budding from plasma membrane
and synaptic secretion of cellular and pathogenic tau to
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the extracellular space, these mechanisms having long been
considered as common mechanisms for disease progression in
most neurodegenerative diseases (184). A simple extrapolation
is that glial tau inclusions are derived from a neuronal
source by the active cellular process of efferocytosis; this is
a defense mechanism during the resolution of pathological
events that involves engulfment and clearance of dead and
dying cells by the professional phagocyte (e.g., microglia)
and non-professional phagocytes (e.g., oligodendrocytes,
astrocytes, neuronal progenitor cells) in the CNS (185).
This simple idea starts to address the conundrum presented
by most tau expression deriving from neurons, but is not
a comprehensive explanation; thus the syndrome called
ARTAG (166, 173) has astrocytic tau without neuronal tau
accumulation and oligodendroglial tau can be detected in young
to middle-aged TgTauP301L mice in the apparent absence of
neuronal tau inclusions, which may not appear until many
months later (108).

SPREAD OF TAU AT THE CELLULAR AND

TISSUE LEVEL

In early stages of most protein misfolding diseases, the
pathological changes, including aggregated protein accumulation
and neurological dysfunctions are restricted to confined regions
of the nervous system. However, as the disease progresses such
alterations spread throughout the CNS, suggesting the presence
of a cell biological spreading mechanisms for misfolded protein
species (186), with these not necessarily being synonymous with
conformational templating mechanisms, some of which may
take place inside cells. These general thoughts have become
embodied in the specific idea that neuropathological staging of
tauopathies originally mapped with phospho-specific antibodies
and conformation-dependent antibodies (187–190) reflects the
sequential spread of misfolded tau species, following patterns
of neuroanatomical connectivity rather than simple physical or
spatial proximity (191–193).

Generalized Transfer Processes Between

Homologous Cells
Intracellular depositions of abnormally folded proteins act
as dangerous molecular signals (DAMPs, damage associated
molecular patterns) causing stress conditions and provoking
diverse responses which can address burdens such as
accumulation of misfolded tau, α-syn, Abeta, TDP-43, and
PrPSc by upregulating proteolysis and/or secretion pathways
(184). Depending on the secretion pathways (e.g., membrane
fusion, ectosomes and exosomes), secreted tau can be found
as a free protein and/or within vesicles. However, secretion
is not the end of the story and nor is it necessarily a good
outcome for the tissue; once bound to the plasma membrane
of neighboring cells, tau conformers may yet be internalized
by endocytosis, pinocytosis or phagocytosis (regardless of the
type of the adjacent cell) (Figure 4) (184, 194). To complete this
process, extracellular tau conformers may be required to interact
with phosphatidylinositol 4,5 phosphate (PI(4,5)P2), cholesterol,

sphingolipids and/or heparan sulfate proteoglycans located at
the extracellular leaflet of the plasma membrane (195–197).
Secreted tau in a vesicular form (e.g., ectosomes and exosomes)
can fuse to the plasmamembrane or get endocytosed by recipient
cells. Exosomes are released on the exocytosis of multivesicular
bodies following inward budding of the outer endosomal
membrane. Ectosomes are formed by outward budding of the
plasma membrane and can deliver larger cargos (194, 198).
Heparan sulfate proteoglycan-mediated macropinocytosis is
another type of endocytosis that is the preferred entry for
tau monomers and oligomers (197, 199). Pathogenic tau
conformers can also travel directly between cells via tunneling
nanotubes, these being actin-rich membranous protrusions
that allow for intercellular transport of various cargos not
only between neurons but also astrocytes (200). However,
it remains unclear how the internalized tau conformers in
recipient cells escape from endosomal (or lysosomal) processing
and in turn encounter endogenous substrates for templated
fibrillization (161).

Heterologous Transfers
In terms of different lineage origins for donor and recipient
cells, there is an emerging stream of literature from seeding
paradigms illustrating different pairwise combinations. Indeed,
one might imagine six permutations of heterologous one-way
transfer of abnormal tau between neurons, astrocytes and
oligodendrocytes. While the issue of MAPT gene expression
crops up again here, i.e., the ability of all three lineages in the
human brain or transgenic mouse models to express different
spliced tau mRNAs (given native tau substrate is required
for propagation by templated misfolding), some permutations
are already established. In one experimental configuration, the
source of malformed tau can derive from a clinical syndrome
with multiple affected lineages, hence a heterogeneous tau
source, which then allows for the detection of responses in
different recipient lineages. Using source material from tau
transgenic mice with extensive pathology or from human
disease tissue, induced tau pathologies after seeding into
indicator mice are not restricted to neurons but also include
astrocytic and oligodendrocytic inclusions. Seeding experiments
using stereotaxic injections into different neuroanatomical
areas (for example, into the corpus callosum, to examine
oligodendrocyte responses) allow insight into lineage tropism
effects, the contribution of neuroanatomical pathways and
trans-synaptic spread and comparisons with staging schemes
derived solely from examination of human brain material
(100, 158, 159, 169, 187, 188, 201–203).

Tissue Level Effects; Role of the

Glymphatic System
Emerging evidence suggests the existence of a mechanism
underlying solute clearance from the brain’s extracellular space,
this being termed the glymphatic pathway. Unlike traditional
degradation processes including autophagy and UPS, this
pathway conveys protein aggregates from the parenchyma to
the CSF as a highly organized fluid transport and clearance
system (204–206). This pathway facilitates the flow of CSF
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FIGURE 4 | Spread of pathogenic tau conformers and glial tauopathy. Under disease conditions, tau is dissociated from axonal microtubule structure, aggregated (or

condensed) and relocalized in somato-dendritic compartments. The pathogenic tau conformers enhance cytoplasmic proteostasis pathways and promote secretion

machinery, such as ectosomes (A) and exosomes (B), which aim to get rid of the cellular burdens. Oligodendrocytes transmit tau pathology through their own

processes near the formation of the myelin sheath (C). Tau conformers also spread to neighboring neurons and astrocytes via post-synaptic clefts and astrocytic

processes, respectively (D). Intracellular tau aggregates are sensed by pattern recognition receptors (e.g., NLRP3) and primed microglia (E). The reactive microglia

amplify innate immune responses by releasing pro-inflammatory effector molecules (e.g., tau-NLRP3-inflammasomes, cogwheel shapes in yellow) (F) and

subsequently induce pyroptosis which is an inflammatory form of regulated cell death (G). Extracellular tau conformers transferred to astrocytes through both

ingestion and phagocytosis (H), appearing as diverse tau pathologies. Tau immunoreactivities are also found in perivascular astrocyte end-feet, indicating that

astrocytic tau inclusions could be drained through glymphatic system which is a fluid-clearance pathway in the brain tissue (I). Tau conformers are shown as black

dots in various sizes. Solid line arrows indicate experimentally proven pathways (published), while dotted line arrows indicate pathways as yet unidentified.

to arterial perivascular space and subsequently into the
brain interstitium which contains pathogenic tau conformers
released from neurons and glia. The flow then migrates
toward the venous perivascular spaces, clearing solutes from
the neuropil into meningeal and cervical lymphatic drainage
vessels. The astrocytic aquaporin-4 (AQP4) water channels
localized in astrocytic end feet play an important role in
CSF-ISF exchanges in both periarterial and perivenous spaces
(207). Animals lacking AQP4 gene expression exhibit a ∼70%
reduction in interstitial solute clearance compared to wild-
type control mice (205). Depletion of AQP4 also exacerbated
neuropathology by increasing levels of phosphorylated tau and
reactive gliosis in a mouse model of traumatic brain injury
(TBI) (204). Pharmacological inhibition of AQP4 using TGN-
020 (N-1,3,4-thiadiazol-2-yl-3-pyridinecarboxamide) impaired
glymphatic CSF-ISF exchange and tau protein clearance in
rTg4510 tau transgenic mouse model (208). Given that thorn-
shaped tau inclusions at astrocytic end-feet are hallmarks in both
PSP and ARTAG (166, 173), these data may suggest an intriguing
connection (or competition) between pathologic spread of toxic
tau conformers vs. inactivation of proteinaceous pathological

tau seeds (Figure 4) (184, 207). Further studies are needed
to substantiate the dual and opposing roles of glial cells in
tauopathies, being both beneficial and detrimental.

TOXIC EFFECTS OF ABNORMAL TAU

Although results obtained from numerous studies indicate that
misfolded protein aggregates are toxic to neurons in vitro
and in vivo, the molecular mechanism(s) through which they
induce their toxicity is not always well-established. This is
partially due to the heterogeneity of aggregated and misfolded
proteins species. Since misfolded proteins can co-exist in several
distinct forms with different features and characteristics, they
might each induce neurotoxicity in their own idiosyncratic
ways. These general considerations about neurodegenerative
disease very much apply to tau, a protein with impressive
diversity of covalent forms and conformers and an ability to
assemble into supramolecular structures in neuronal, astrocytic
and oligodendroglial lineages.
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It is known that the neuronal loss in AD patients exceed
the number of NFTs (89), and neurons containing NFTs are
functionally intact in vivo (209, 210). Moreover, some studies
in animal models have shown that overexpression of tau can
lead to cell death and synaptic dysfunction in the absence of tau
filaments (211). In fact, reducing tau overexpression in mutant
tau transgenicmice (rTg4510) decreases neuronal cell loss despite
progressive formation of tau tangles (212). At the same time,
the onset of clinical symptoms in AD and PSP brains correlate
with elevated levels of multimeric, soluble assemblies, known
as tau oligomers. Empirically, one way to test for toxicity is
by direct injection of purified material and here it is noted
that injection of oligomers into the brain of wild-type mice,
rather than monomers or fibrils cause cognitive, synaptic, and
mitochondrial abnormalities (126, 213). Collectively, these points
suggest that formation of tau tangles (or tangle-like structures) is
not essential for neuronal loss and that tau-induced neurotoxicity
is in fact dependent upon the formation of non-filamentous,
aggregate intermediates known as tau oligomers (89, 214).

Inflammation and Gliosis
Since brain tissue is immune-privileged with the restricted access
of immune cells through blood-brain barrier, resident microglia,
monocyte and astrocytes are the major effector cells of the
innate immune defense against microbial infection, brain injury
and neurodegenerative disorders (215). Neuroinflammation in
various proteinopathies, where protein aggregates are causing
cell damage, is induced by CNS-resident and/or potentially
blood-derived innate immune cells. On the other hand, adaptive
immune cells such as B and T lymphocytes drive the pathological
processes (216) in microbial infections and autoimmune disease
(e.g., encephalitides and multiple sclerosis, MS).

The components of the innate immune system have their
own inherent protective and defensive functions against various
danger signals (DAMPs) as well as pathogens (pathogen-
associated molecular patterns, PAMPs), while excessive or non-
resolving immune responses have the opposite effect and may
damage the host (217, 218). Pathogenic protein conformers
in various neurodegenerative diseases have been reported to
activate chronic neuroinflammation through pattern recognition
receptors which are important sensors of innate immunity
found in most CNS cells. For example, oligomeric forms of
Abeta and α-syn induce NF-κB-dependent pro-inflammatory
gene expression by binding to cell surface receptors such as
receptor for advanced glycation end products (RAGE), toll-like
receptor (TLR)-2 and TLR-4 (219–222). Extracellular soluble
forms of Abeta are internalized into microglia by binding to
a protein, triggering receptor expressed on myeloid cells 2
(TREM2), which is capable of promoting phagocytic activity
via regulation of C/EBPα and CD36 expression (223). It is
known that aggregation-prone proteins including Abeta, α-syn,
TDP-43, and superoxide dismutase 1 (SOD1) along with other
DAMPs, such as ATP and lysophosphatidylcholine can activate
intracellular inflammasomes following interleukin 1 beta (IL-1β)
release (224–229).

Concerning tauopathies, there is increasing evidence that
inflammasome-mediated gliosis and innate immune responses

are recurrent features (230, 231). One may speculate that
pathogenic tau conformers taken up into glial cells could
act as endogenous DAMPs and be recognized by cytoplasmic
pattern recognition receptors such as inflammasomes (232,
233), molecular assemblies which are expressed and activated
in different types of CNS-resident cells (231, 234). There is
a critical role for the inflammasome-mediated innate immune
responses in tau pathogenesis, given that exogenously and non-
exogenously seeded tau could activate inflammasomes (232,
233). Upon activation, inflammasome components referred to as
PYD and CARD form protein filaments. These polymerization
steps are conserved signaling cascades in innate immunity
and inflammation (233, 235) and are somewhat “prion-like”
as assembly of the ASC specks can transfer to neighboring
cells (Figure 4) (236, 237). In transgenic mice expressing
human MAPT-P301S tau (MAPTP301SPS19), the ablation of
senescent astrocytes and microglia prevents gliosis, deposition of
tangle-like structures, degeneration of cortical and hippocampal
neurons, indicating the role of dysregulated glial cells that could
initiate and exacerbate tau pathology (238).

Disruption of Cellular/Axonal Transport
Growing evidence suggests that defective neuronal and axonal
transport due to early axonal dysfunction could play a
contributory role in several neurodegenerative diseases. Standing
somewhat in contrast to the lack of deficits in tau knock-out mice
(26, 27, 239, 240), there are reports to this effect for tauopathies
at their early disease stages (214, 241, 242). In fact, several
studies have demonstrated that the most common tauopathies
are characterized by several features that point to a significant
role for axonal dysfunction that may originate from deficits
in fast axonal transport (243–246). One report has proposed
that tau oligomers disrupt microtubule stability and trafficking,
thus affecting organelle distribution, and inducing toxicity (247).
Oligomers can also cause dramatic displacement of endogenous
axonal tau into the somato-dendritic compartments, and, in turn
dysregulation of microtubule-based fast axonal transport (248).

Disruption of Nuclear Cytoplasmic

Transport
Declines in the structural integrity of nuclear pore complex
(NPC) and the efficiency of nuclear-cytoplasmic transport (NCT)
have been reported in neurodegenerative disorders including
FTD, ALS, Huntington’s disease and tauopathies (71, 74, 249–
254). The constant flow of protein and RNA species is critical
for transcriptional regulation, signal transduction, cell growth,
and cell cycle (255, 256); these molecular transportation events
occur through the NPCs, which are one of the largest embedded
macromolecular assemblies of the nuclear envelope and form a
channel by fusing the outer and inner nuclear envelope leaflets
(256–258). NCT through these pores is mediated by around 30
different nucleoporins (NUPs), which are protein building blocks
of NPCs and have remarkably long-lifespans (259).

Nuclear localization of tau species and their interaction with
DNA have suggested a protective role in genome surveillance
for normal cells. Conversely, in disease conditions such as
AD, an alteration of these functions might enhance genomic
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vulnerability and neurodegeneration (32). More recently,
impairment of NCT has been reported in transgenic mice
expressing P301L tau and in AD brains, wherein mislocalization
of NUPs is observed with aggregated tau. Concomitant decreases
in the levels of NUPs, especially NUPs rich in phenylalanine-
glycine repeats (e.g., NUP-98), suggest deterioration of NPC
function (71). Others have shown that pathogenic mutations
in MAPT caused mislocalization of tau into the somato-
dendritic compartment and deformation of nuclear membrane
as appraised by lamin B staining of nuclear lamina, consequently
interfering with NCT (74). P301S and P301L mutant forms
of tau may induce mitotic spindle defects during cell division
and produce aneuploid cells prone to apoptosis, with these
inferences being supported by analyses of brain cell suspensions
derived from corresponding transgenic mice (260). Since the
aneuploidy-mediated regulated cell death requires cell division,
this type of pathogenic event may be more relevant to glial
tau pathologies.

DISCUSSION

An emerging area of consensus is the remarkable level of
diversity of tau, with implications for the lab, for the clinic
and for pharmaceutical companies. In the human context—
as briefly inventoried here—there are different tauopathies,
but as noted above, heterogeneity can also be evident within
a given disease entity having the exact same MAPT protein
coding sequence, as noted above and recently illustrated for
FTLD-MAPT-P301L cases (107). An analogous effect is now
documented for AD with wild-type human tau isoforms (128).
This effect/challenge being accepted, therapeutic approaches
using small molecule compounds might nonetheless need to
pass the checkpoint of validation in animal models. Perhaps
surprisingly, close inspection of mouse models of tauopathy can
reveal heterogeneity too.

One general way to explain heterogeneity in biological
systems is via the action of modifier genes. Allelic forms of
the apolipoprotein E (ApoE) gene are potent modifiers for
both genetic and sporadic forms of AD, but in the context
of FTLD, citations for their impact are sparse. Also, for use
of animal models of tauopathy, there are no high frequency
polymorphisms in mice equivalent to the human ApoE e2, e3,
and e4 forms affecting residues 112 and 158. While a mouse
variant in residue 163 has been described that may originate from
the DBA/2 background (261), in our own studies phenotypic
heterogeneity was observed in TgTauP301L mice inbred to three
backgrounds other than DBA/2 (108). For these transgenic mice,
we considered whether a somatic mutation of the MAPT-P301L
transgene might offer an explanation for heterogeneity in the
CNS phenotypes but a PCR assay for genome rearrangements
(262) failed to yield evidence for re-integrated transgene copies
in brain genomic DNA—this assay had a detection limit for
altered transgenes 1,300x below the level of an endogenous
single-copy gene (107). We concluded that variations in the
nuclear genome are unlikely causes of disease heterogeneity.
While another type of genome, the microbiome, might ultimately

have a bearing upon phenotypic heterogeneity, its association
with FTD and FTLD has been less explored than in the
context of Parkinson’s disease (PD) and accumulation of α-
syn (263, 264). One might then conclude that heterogeneity
of tau species observed in the lab recapitulates an intrinsic
biological effect and not a distortion arising in the course of
animal modeling.

A widespread assumption when using models has been
that animals of the same age and genotype are phenotypically
identical; indeed, one might not embark upon testing a
therapy in a model if not subscribing to this unwritten
assumption. However, while this view may have originated from
an earlier era with extensive use of over-expresser transgenic
mouse lines with a compressed timescale for pathogenesis
and hence lower husbandry costs, it may be inadequate
and need reconsideration (265, 266). Instead, deviations from
homogeneity in slow pathogenesis models might be telling us that
processes are nuanced enough in these animals to capture the
very same biological mechanisms that are driving heterogeneity
in human tauopathies. In terms of the molecular mechanisms
driving heterogeneity, there is no shortage of possibilities. As
inventoried in the section on tau physiology, spliced forms
and posttranslational covalent variations, there is a thicket of
PTMs for tau (phosphorylation, acetylation, O-glycosylation,
ubiquitination, etc.), quite beside the protein having six different
primary structures due to alternative RNA splicing. Additional
layers of complexity might be imparted as tau transits between
cell lineages and neuroanatomical areas, across synapses, across
areas of the extracellular matrix with different surveilling cells
(Sections cell lineages harboring abnormal forms of tau, spread
of tau at the cellular and tissue level, and toxic effects of abnormal
tau), all or any of which might impose different spectra of
PTM enzymes and proteostatic environments. Nonetheless, as
tauopathies (a) can be devastating and are a considerable burden
on the healthcare system and (b) can occur in the context of
comorbidities, means must be sought to stratify these variations
to deal with the most important entities. In practical terms, the
complex landscape of tau biology can be approached by placing
a focus on a foreground species, e.g., ones that are thought to be
particularly toxic. Thus, although heterogeneity in the here and
now is an “inconvenient truth,” embracing this effect, defining its
origins and then adjusting approachesmay pave the way for more
sophisticated testing and more realistic interventions.
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Tau plays an important pathological role in a group of neurodegenerative diseases

called tauopathies, including Alzheimer’s disease, Pick’s disease, chronic traumatic

encephalopathy and corticobasal degeneration. In each disease, tau self-assembles

abnormally to form filaments that deposit in the brain. Tau is a natively unfolded protein

that can adopt distinct structures in different pathological disorders. Cryo-electron

microscopy has recently provided a series of structures for the core of the filaments

purified from brain tissue from patients with different tauopathies and revealed that

they share a common core region, while differing in their specific conformation. This

structurally resolvable part of the core is contained within a proteolytically stable core

region from the repeat domain initially isolated from AD tau filaments. Tau has recently

become an important target for therapy. Recent work has suggested that the prevention

of tau self-assembly may be effective in slowing the progression of Alzheimer’s disease

and other tauopathies. Here we review the work that explores the importance of tau

filament structures and tau self-assembly mechanisms, as well as examining model

systems that permit the exploration of the mode of action of potential inhibitors.

Keywords: tau, tauopathies, Alzheimer’s disease, tau aggregation inhibitors, in vitro models, self-assembly,

filaments

INTRODUCTION

Newly synthesized and unfolded proteins must undergo a carefully controlled folding process
to produce their specific biologically active conformation, known as the native state. This is a
specific 3D structure required for correct protein function and is encoded in the amino acid
sequence (1). This folding process can be thought of as following an energy landscape whereby
the unfolded polypeptide folds to form the native state, the most thermodynamically stable
configuration for the polypeptide (2). The unfolded proteins at the top of the landscape are
initially driven by hydrophobic collapse to form secondary structure and further intramolecular
contacts, such as covalent bonds and hydrogen bonds, help the proteins reach their native state
(3, 4). Alternatively, proteins can form misfolded intermediates, which can go on to generate a
pathological conformation leading to the formation of amyloid fibrils. However, multiple diseases
are associated with stable aggregates that have formed as a result of the assembly of misfolded
proteins and dysfunctions in the protective mechanisms, such as the molecular chaperones (1, 2, 5).
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Contrary to the native state, where hydrophobic residues are
protected, misfolded proteins have exposed hydrophobic
residues. This facilitates the formation of hydrophobic
interactions between misfolded proteins and drives the self-
assembly of proteins into protein amyloid (6). Amyloid fibrils are
composed of assembled peptides formed of β-sheets with a typical
cross-β structure, which is common for all amyloid, regardless
of the amino acid sequence and native structure of the precursor
protein (7). The conversion of soluble, monomeric protein
into amyloid fibrils includes the production of partially folded
intermediates, which have become a focus for understanding
pathogenesis of disease in recent years (8–11). These include
dimers, trimers, tetramers, oligomers, and protofilaments
(12–15). Mature amyloid fibrils are made of several individual
protofilaments (16). The accumulation of amyloid fibrils,
and their related intermediates, are strongly associated with
cellular dysfunction and are common pathological hallmarks for
neurodegenerative diseases, such as Alzheimer’s disease (AD),
Parkinson’s disease and Huntington’s disease.

Each neurodegenerative disease has its own disease-specific
protein that forms disease-specific amyloid fibrils. Nevertheless,
there is a group of neurodegenerative diseases, known as
tauopathies, that are characterized by the presence of amyloid
fibrils consisting entirely of self-assembled tau protein. Filaments
that accumulate in the various tauopathies differ in the specific
fibril structure as a result of tau aggregation, but this highlights
an opportunity where an understanding of tau self-assembly
in one tauopathy, may benefit our research in investigating
another tauopathy.

TAU PROTEIN IN DISEASE

Physiological Expression and Function
Human tau protein is encoded by the MAPT gene located on
chromosome 17 and is expressed in the central nervous system
as a family of six isoforms. These isoforms are the product of
alternative mRNA splicing of transcripts from MAPT, resulting
in proteins of varying amino acid lengths from 352 to 441.
They differ by the presence of zero, one or two N-terminal
inserts encoded by exons 2 and 3 (0N, 1N, 2N), and the
inclusion or absence of the second 31 amino acid microtubule-
binding repeat (R2) in the C-terminal half (encoded by exon
10). Inclusion of exon 10 results in the production of three
tau isoforms each having four repeats (4R) and the absence of

Abbreviations: AD, Alzheimer’s disease; 4R, four-repeats; 3R, three-repeats;
FTDP-17, frontotemporal dementia with parkinsonism-linked to chromosome 17;
Aβ, amyloid beta; FTD, frontotemporal dementia; PiD, Pick’s disease; CTE, chronic
traumatic encephalopathy; CBD, corticobasal degeneration; PART, primary age-
related tauopathy; PSP, progressive supranuclear palsy; AGD, argyrophilic grain
disease; cryo-EM, cryo-electron microscopy; NFT, neurofibrillary tangle; PHF,
paired helical filament; SF, straight filament; mAb, monoclonal antibody; bvFTD,
behavioral-variant frontotemporal dementia; NPF, narrow Pick filament; WPF,
wide Pick filament; PTM, post-translational modification; MTBR, microtubule-
binding region; TAI, tau aggregation inhibitor; MT, methylthioninium; LMT,
leuco-methylthioninium; MTC, methylthioninium chloride; LMTM, leuco-
methylthioninium bis(hydromethanesulfonate).

exon 10 produces three isoforms having only three repeats (3R)
(Figure 1) (23, 24).

Tau is a family of microtubule-associated proteins responsible
for promoting and stabilizing the microtubule network (25,
26). These functions are facilitated by the microtubule-binding
domain in the C-terminal domain, with 4R isoforms shown
to be better at promoting microtubule assembly and binding
to microtubules than the 3R isoforms (27). Microtubules are
essential for a range of cellular processes for the maintenance
of neuronal morphology, such as intracellular transport of
organelles, cell division and signal transduction (28). It is
important to note that the different isoformsmay be differentially
localized depending on the developmental stages, tissues, cell
lines, brain regions and intracellular compartments (29–34). For
instance, in the murine brain, 1N tau isoforms are overexpressed
in the pituitary gland, compared to the cortex or hippocampus
and under-expressed in the olfactory bulb. The 2N isoforms are
enriched in the cerebellum compared to any other brain region,
but are under-expressed in the olfactory bulb; the 0N isoforms
are the predominantly expressed isoforms in the olfactory
bulb and cortex (34). Intracellularly, in the murine brain, 1N
isoforms predominate in the nuclear fraction and 0N isoforms
predominate in the cell body/axons (34). In human immortalized
cells, like SH-SY5Y neuroblastoma cells, tau may localize to
the nucleus or cytoplasm depending on whether the cells are
differentiated or not (35). Moreover, it has been shown that the
3R isoform of tau is preferentially localized to the nucleolus (29).

Tau has been observed to bind nucleic acids, suggesting the
involvement of tau in chromatin remodeling. This interaction
with DNA indicates that tau proteins may play a role in
protection against reactive oxygen species (36, 37), ribosome
stability and miRNA activity (38). It has also been shown that
tau plays a role in nucleolar transcription and participates in
the nucleolar stress response (39, 40). These roles seem to be
important in the pathogenesis of tauopathies. For example, tau
pathology has been shown to impair nucleocytoplasmic transport
in AD and frontotemporal dementia (41, 42), induce nuclear
envelope invagination in AD (43, 44), induce neurodegeneration
through global chromatin relaxation (45), and transposable
element dysregulation in AD (46). These studies emphasize the
importance of a nuclear role for tau in tauopathies.

Tauopathies
Tauopathies are clinically, biochemically and morphologically
heterogenous neurodegenerative diseases characterized by the
deposition of abnormal aggregates of tau in the brain (47).
In each tauopathy, tau self-assembles via the repeat domains
to form a disease-specific conformation, which associates to
form disease-specific amyloid fibrils. It is widely recognized
that the accumulated tau pathology seen in tauopathies is
directly associated with cognitive decline and clinical dementia
in patients suffering with these diseases (48–56). The importance
of tau in neurodegeneration was emphasized when it was
discovered that dominantly inherited mutations in MAPT
cause frontotemporal dementia with parkinsonism-linked to
chromosome 17 (FTDP-17) (57–59). Unlike AD, FTDP-17 is not
characterized by the presence of amyloid β (Aβ) peptide plaques
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FIGURE 1 | Full-length tau (isoform 2N4R) containing two N-terminal inserts (N1 and N2), two proline-rich regions (P1 and P2) and four microtubule-binding repeats

(R1–R4). Antibody AT8 recognizes an epitope dependent on phosphorylation at Ser201 and Thr205. The 6 residue PHF (306–311) and PHF6* (17–22) fragments are

from repeat regions R3 and R2, respectively.

but patients exhibit cognitive decline. Pathologically aggregated
tau is therefore sufficient, in the absence of Aβ to result in
neurodegeneration and dementia in the absence of Aβ (60).

Tauopathies include AD, frontotemporal dementia (FTD:
which includes Pick’s disease (PiD) as a sub-type), chronic
traumatic encephalopathy (CTE), corticobasal degeneration
(CBD), primary age-related tauopathy (PART), progressive
supranuclear palsy (PSP), and argyrophilic grain disease (AGD).
Table 1 outlines key features of the tau aggregates associated
with different tauopathies. They can be classified into primary
or secondary depending on whether tau aggregates represent the
sole molecular lesion, or if the disease is associated with other
pathological features, such as Aβ plaques in AD (73). Tauopathies
can be further distinguished by the tau isoforms present in their
filaments, with AD and CTE comprising all six isoforms (3R and
4R), CBD, PSP, and AGD only comprising only 4R isoforms, and
PiD only containing 3R isoforms (67).

Characteristics of Tau Aggregates
For each tauopathy, revealing the unique molecular signatures
for the disease-specific fibrils is a vital step toward understanding
key assembly mechanisms and interactions. Recent cryo-electron
microscopy (cryo-EM) studies have revealed the atomic structure
of the tau fibrils associated with AD, PiD, CTE, and CBD. In this
section we explore the similarities and differences between the
molecular structures of these aggregates (Figure 2).

Alzheimer’s Disease (AD)
AD is the leading cause of dementia and is characterized
by the presence of extracellular amyloid plaques, composed

of Aβ peptide, and intracellular neurofibrillary tangles
(NFTs), composed of tau (74–76). The accumulation of these
pathological hallmarks causes progressive neurodegeneration
in the neocortex, hippocampus and cingulate gyrus, leading to
cognitive decline (77).

NFTs are composed of two types of fibrils: paired helical
filaments (PHFs) and straight filaments (SFs) (49, 78–80).
In AD, PHFs predominate (90%), whereas filaments in PiD
are predominately SFs (95%). Initial proteolytic cleavage and
antibody labeling studies established that PHFs isolated from
AD brain tissue comprise of a core that is resistant to a
broad-spectrum exo-protease (Pronase), which is covered with
a Pronase-sensitive “fuzzy coat” (74, 81). Pronase treatment
removes the “fuzzy coat” leaving the intact PHF-core, which
reacts with monoclonal antibody 423 (mAb 423) that recognizes
tau truncated at E391 (82). These experiments confirmed that
tau is the major structural component of the PHF core (83–85).
Negative-stain electron microscopy further revealed that the core
comprises of a double helical stack of C-shaped subunits, with
the N- and C-terminal regions projecting away from the core in
a disordered manner to form the “fuzzy coat” (86).

In a recent cryo-EM study, Fitzpatrick and colleagues solved
the structure of the shared common structural core of PHFs
and SFs, consisting of residues V306—F378, indicating the
inclusion of R3 and R4 repeats plus an additional 10 amino
acids at the C-terminus (62). This allows for the incorporation
of all six tau isoforms. Labeling with an R2-specific epitope
antibody (anti-4R, raised against V275-C291 of R2) was used to
suggest the absence of R2 from the core, although R2 sequences
were identified in core PHF characterized biochemically (84).
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TABLE 1 | List of tauopathies and details of their associated tau pathology.

Tauopathy Primary or

secondary

tauopathy

Tau pathology Filaments Filament core structure

(Figure 2)

Tau isoforms

in filaments

Alzheimer’s Disease (AD)

(62, 63)

Secondary

(with

amyloid-beta

plaques)

Neurofibrillary tangles

(NFTs)

Paired helical filaments (PHFs):

longitudinal spacing between

crossovers of 65–85 nm and a

width of 7 nm at the narrowest parts

and 15 nm at the widest section

Straight filaments (SFs): 10 nm wide

with crossovers distances ranging

from 70–90 nm

Alzheimer fold: Identified by

Fitzpatrick and colleagues,

consisting of residues 306-378 of

3R and 4R tau (all R3 and R4

repeats, and 10 amino acids after

R4). Eightβ-strands adopting a

C-shaped architecture

3R/4R

Pick’s Disease (PiD)/Frontal

temporal dementia (FTD)

(64)

Primary Pick bodies Narrow Pick filaments (NPFs):

helical twist with a crossover

distance of ∼100 nm and a width of

5–15 nm

Wide Pick filaments (WPFs): helical

twist with a crossover distance of

∼100 nm and a width of 5–30 nm

Pick fold: Identified by Falcon and

colleagues, consisting of residues

254–378 of 3R tau (C-terminal part

of R1 repeat, all R3 and 4R repeats,

and 10 amino acids after 4R). Nine

β-strands pack together in a

hairpin-like fashion

3R

Chronic traumatic

encephalopathy (CTE) (65)

Primary NFTs and glial tangles

(GTs)

CTE type I filaments: Predominant

helical filaments widths of 20–25 nm

and crossover spacing of

65–80 nm.

CTE type II filaments: pronounced

helical twists with widths of

15–30 nm.

Paired helical filaments (PHFs)

CTE fold: Identified by Falcon and

colleagues, consisting of residues

274–379 for 3R tau, 305–379 for

4R tau. Eight β-strands adopting a

C-shaped architecture in a more

open configuration than the

Alzheimer fold, consisting of a

hydrophobic cavity

3R/4R

Corticobasal degeneration

(CBD) (66)

Primary NFTs, coiled bodies,

argyrophilic threads

and astrocytic plaques

Type I/narrow filaments: Consist of

a single protofilament with a helical

twist with a crossover distance

∼100 nm, width of 8 nm (min) and

13 nm (max)

Type II/wide filaments: Consist of a

pair of identical protofilament of type

I, with a helical twist with crossover

distance of ∼140 nm and a width of

8 nm (min) and 26 nm (max)

CBD Fold: Identified by Zhang and

colleagues, consisting of residues

274–380 of 4R tau (last residue of

R1 repeat, all R2, R3, and R4

repeats, and 12 amino acids after

R4 repeat). Eleven β-strands form a

four-layered structure containing a

hydrophilic cavity

4R

Frontotemporal dementia

with parkinsonism linked to

chromosome 17 (FTDP-17)

(67)

Primary Massive neuronal and

glial tau deposits

Tau protofilament is an 11–12 nm

diameter tubule

Not yet resolved 4R, 3R, or

3R/4R

Progressive supranuclear

palsy (PSP) (68)

Primary Tau-positive NFTs,

neuropil threads and

tau deposits in

astrocytes (tufted

astrocytes and

oligodendroglial coiled

bodies)

13–14 nm diameter straight tubules,

two pair along longitudinal axes,

show periodic narrowing at

220–400 nm and diameters of

22–24 nm (max) and 11–12 nm

(min)

Not yet resolved 4R

Primary age-related

tauopathy (PART) (69)

Primary NFTs Tau fibrils display a typical PHF

morphology

Not yet resolved 3R/4R

Argyrophilic grain disease

(AGD) (70–72)

Primary Argyrophilic grains,

oligodendrocytic coiled

bodies and

pre-neurofibrillary

tangles

9–18 nm diameter straight filaments

or 25 nm diameter tubules

Not yet resolved 4R

The core structure is an in-register parallel β-sheet formed
by a β-bend and a β-helix motif linked by β-strands, which
forms the previously identified C-shape (termed Alzheimer’s
fold) (Figure 2). In addition, these findings have confirmed the
presence of the hexapeptide, 306VQIVYK311 (PHF6) in the core

of AD filaments, located in the N-terminal part of the cross-β
structure and that packs through a heterotypic, non-staggered
interface with the opposing residues 373THKLTF378 (Figure 2).
PHF6 has been considered essential for tau self-assembly (87, 88).
PHFs and SFs are formed from two identical protofilaments
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FIGURE 2 | Cryo-electron microscopy structures of ex-vivo filaments from AD (6hre, 6hrf), PiD (6gx5), CTE (6nwq, 6nwp), and CBD (6tjx) depicting a single layer slice

through the filament with a view down the filament axis using cartoon ribbons in Pymol (61). Key regions are highlighted in color as stick representations. Structures

have been arranged to highlight comparisons of key region positions. The primary sequence is shown below, highlighted in the same colors for each region. Cys322 is

highlighted in yellow as a stick representation. Pink box signifies AD PHF-core dGAE sequence 297–391. Gray outline signifies region resolved by CryoEM for AD PHF.

Blue 342–349 is found at the β-helical bend in AD PHF and SF as well as CTE-I and -II, but is found at the dimer interface for CBD-I and -II and at a kink in PiD. Red

332–336 is found at the dimer interface for AD PHF and for CTE-II interface, while purple 323–329 is found at the dimer interface for CTE-I. Orange 306–311 (PHF6)

interdigitates with cyan 373–378 across the sheets between the N- and C- terminal ends of the core in AD PHF, AD SF and CTE-I and II. However, in PiD and CBD-I

and II, 306–311 interdigitates with 336–340. In the recently solved CBD structures, black 275–280 (PHF6*) interdigitates with cyan 373–378. Green is found at the

N-terminus of PiD. Pink arrow points to the absence of R2 in PiD narrow filament structure. AD: (62, 63) PiD (64); CTE: (65); CBD: (66).

that differ in the way they are packed, displaying ultrastructural
polymorphism (62); PHF protofilaments are paired base-to-base,
whereas SF protofilaments are paired back-to-base (Figure 2).

Pick’s Disease (PiD)
PiD, an uncommon subtype of FTD, is a neurodegenerative
disorder characterized by the presence of tau-positive filaments,
contained in lesions originally described as Pick’s bodies
found throughout the limbic and neocortical regions. PiD
presents clinically with a combination of aphasia and behavioral
abnormalities. The most prevalent FTD syndrome is behavioral-
variant FTD (bvFTD) and is characterized initially by personality
changes and impairment in judgement in the absence of
memory impairment. The broader class of frontotemporal lobar

degeneration disorders includes primary progressive aphasia,
corticobasal syndrome, and a Parkinsonian syndrome (89).

Cryo-EM distinguished narrow and wide Pick filaments
(NPFs and WPFs, respectively), with NPFs being the primary
filament observed (64). NFPs are composed of a single
protofilament with a Pick tau filament fold (termed the Pick
fold) (Figure 2). Whereas, the WPFs are seen to be two NPF
protofilaments interacting at their distal tips. As in AD, these
filaments are composed of a Pronase-resistant core surrounded
by a “fuzzy coat” of disordered N- and C-terminal projections,
which are removed after Pronase treatment. The Pick fold
encompasses the core region, which consists of residues K254—
F378 of 3R tau, including the C-terminal part of R1, all of
R3 and R4, and 10 amino acids after R4. This confirmed the
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selective incorporation of 3R tau only in Pick body filaments.
The core structure consists of 9 β-strands arranged into four
cross-β packing stacks and connected by turns and arcs, which
creates an elongated structure that is distinct from the C-shaped
sub-structure of protofilaments seen in AD (Figure 2) (64).

Chronic Traumatic Encephalopathy (CTE)
CTE is a neurodegenerative tauopathy associated with repeated
head trauma, identified in former participants of contact
sports (boxing, American football, and soccer), ex-military
personnel, and victims of severe physical abuse (90–93). CTE
is characterized by an abundance of hyperphosphorylated tau
protein within NFTs and glial tangles, with tau aggregates
forming in cortical layers II and III (94–97).

Falcon and colleagues found two novel filament structures
in CTE brain tissue (termed CTE type I and CTE type II
filaments), which are ultrastructural polymorphs that share
protofilaments, but with a different protofilament interface
(Figure 2). In addition to these, they found a small fraction
of filaments that were identical to AD PHFs (65). With the
use of antibody labeling, it has been shown that all six tau
isoforms in a hyperphosphorylated state are incorporated into the
protofilaments similar to AD (76). The core of the protofilaments
consists of residues K274-R379 of R3 tau and S305-R379 of
R4 tau to form a C-shaped conformation, termed the CTE
fold, which resembles the Alzheimer’s fold (Figure 2). However,
due to a different β-strand packing in the β-helix motif and a
hydrophobic cavity, absent in AD filaments, CTE protofilaments
have a more open C-shape conformation than seen in AD
(see Figure 2). The hydrophobic cavity contains an additional
density that is not connected to the density of the tau molecules,
suggesting it is not covalently linked and does not appear to
be a post-translational modification (PTM) (65). The authors
suggest candidatemoleculesmight be non-polar sterols and sterol
derivatives, or fatty acids. The hydrophobic cavity containing
the additional density has highlighted the structural differences
seen in tauopathy filaments, as well as identifying a potentially
important step in the pathogenesis of CTE. With the presence of
tau inclusions around blood vessels in CTE, the authors suggest
the additional density represents cofactors that may be involved
in the initiation of tau aggregation in CTE, which may enter the
brain after head trauma or other mechanisms (65).

Corticobasal Degeneration (CBD)
CBD is a neurodegenerative tauopathy characterized by neuronal
and glial deposits of hyperphosphorylated tau throughout the
somatosensory, premotor, supplementary motor cortices, basal
ganglia and brainstem (98). Patients present with motor and
cognitive decline, including corticobasal syndrome, Richardson
syndrome, and Alzheimer’s-like dementia (99).

Zhang and colleagues have revealed two unique filaments
that comprise the neuronal and glial deposits of CBD, termed
type I (narrow) and type II (wide) CBD filaments (66). Type
I CBD filaments are composed of a single protofilament with
a helical twist that adopts a previously unknown four-layered
fold, while type II CBD filaments consist of a pair of identical
protofilaments of type I, exhibiting helical twists and related by

mirror symmetry. Type I and II filaments contain a common
protofilament, consisting of a core structure composed of
residues K274-E380, which covers the last residue of R1, all
of R2-R4, and 12 amino acids after R4. The core consists of
11 β-strands that are connected by turns and arcs to form a
previously unknown four-layered structure, termed the CBD fold
(Figure 2). Like the CTE fold, the CBD cryo-EM map contains
additional density that the authors suggest may be composed
of non-proteinaceous, polyanionic molecules. Unlike CTE, the
additional density in CBD is contained in a hydrophilic cavity.
The authors have suggested that these molecules may enter the
brain from the periphery and aid the formation of the CBD fold
and filaments, as in the hypothesis of Falcon and colleagues for
CTE filament assembly (65, 66).

Identifying the different conformations of tau folds in these
different diseases has been a pivotal step in our understanding
of tau aggregates and the important interactions involved in tau
self-assembly. These structures have demonstrated the ability of
tau to form distinct molecular conformations that could account
for the structural diversity of tau aggregates within the different
tauopathies. The structural differences seen in tau filaments from
AD and CTE indicate that tau isoform composition is not the sole
determinant of conformation, and that the distinct tau structures
observed are the result of precise disease-specific processes (62,
65, 100).

AD is the most prominent tauopathy, thought to account for
around 60–70% cases of dementia worldwide and is expected
to affect 100 million patients by 2050 (101). The remainder of
this review will focus on tau assembly observed in AD and
the use of in vitro models of tau aggregation. However, it is
important to consider the potential significance and relevance of
tau self-assembly findings in AD research for other tauopathies.

Tau Self-Assembly in AD
Full-length recombinant tau shows very little intrinsic tendency
to aggregate in vitro, due to its hydrophilic nature and absence
of PTMs that may promote aggregation (102, 103). Our
understanding of tau aggregation has come mostly from in
vitro studies using tau models, in which exogenous additives
are required to initiate tau aggregation, or fragments of tau
that can spontaneously aggregate. Additives include polyanionic
factors, such as heparin or RNA (104–106), and arachidonic
acid (107). Early studies demonstrated that pathological tau-
tau binding through the repeat domain instigates the formation
of the proteolytically stable structure of the PHF core (108,
109). This process exhibits a “prion-like” characteristic, whereby
aggregation of tau seems to be auto-catalytic and self-propagating
(110). Tau protein undergoes repeated binding and proteolytic
digestion cycles, leading to the accumulation of a PHF-core tau
fragment at the expense of native tau. The accumulating fragment
lacks the N-terminus and terminates at the C-terminus at E391
(108) (Figure 3). Key regions that drive filament formation are
thought to be the hexapeptides 306VQIVYK311 (PHF6) and
275VQIINK280 (PHF6∗), (highlighted in Figure 1) (87, 88). PHF6
has been suggested as essential for tau self-assembly (87, 111)
and cryo-EM has revealed its presence in the core region, where
it packs through a heterotypic, non-staggered interface with
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FIGURE 3 | In vitro tau aggregation by autocatalytic propagation. Native tau misfolding (yellow) is triggered by unknown cellular components (gray surface) initiating a

structural conversion. This misfolded tau (yellow) acts as a seed that binds full-length, native tau (cyan) and converts the repeat domain into a proteolytically stable

conformational replicate (cyan). This process repeats (white), leading to formation of elongated fibrils (6 layers shown). Excess regions of tau outside the core (fuzzy

coat) are removed prior to or during conversion or after assembly (exact details unknown). The structure of a single protofilament is shown for simplicity, although

dimerization is an important step for AD PHF formation. Single chain layers are shown in yellow, cyan and white. The morphological detail is created using a single

layer and chain of 6hre.pdb as a template and Pymol was used to prepare a surface representation (61).

373THKLTF378 (62) (Figure 2). However, it has been suggested
that PHF6∗ is a more powerful driver of 4R tau aggregation and
a superior target for inhibiting assembly of 4R tau (112).

It is not known what initiates the self-assembly of tau protein
in vivo. Lipofuscin deposits have been suggested as a substrate
thatmight capture tau and induce a stable conformational change
in the protein. Lipofuscin is composed of undigested products of
mitochondrial turnover as a result of a dysfunctional endosomal-
lysosomal pathway (109, 113, 114). Alternatively, tau on its own,
either as oligomers or short fibrils, can initiate or seed the
recruitment of monomers in tau self-assembly (115, 116). This
process is discussed later in this review.

The events or factors that initiate the process of autocatalytic
aggregation of tau protein remain unclear. No differences in the
primary amino acid sequence have been identified in the tau
fragment extracted from PHF preparations, which indicates that
any pathological processing of tau associated with PHF assembly
must be induced by conformational or post-translational changes
in the protein (75, 117, 118).

Tau exists as a natively unfolded protein and is subject to
many PTMs, such as phosphorylation and truncation, which
affect its biological function. Nonetheless, aberrant PTMs may be
associated with preventing tau function by inhibiting tau-tubulin
binding, while promoting pathological tau self-assembly (119–
122). Understanding these PTMs is extremely important when
studying the key initiation mechanism of tau self-assembly and
are therefore important when considering reliable tau models.

Phosphorylation

Tau is a phosphoprotein and exists in a dynamic equilibrium
between a microtubule-bound and -free state, controlled by the

extent of its phosphorylation. Tau contains up to 85 potential
phosphorylation sites, with the main kinases responsible for tau
phosphorylation identified as GSK3β, CDK2, CDK5, CaMKII,
and PKA. The major phosphatases, that dephosphorylate tau
include PP2A, PP2B, PP2C, with PP2A considered the main
phosphatase (123–125).

PHFs from AD brains were shown to contain all six
isoforms in a hyperphosphorylated state (84) and PHF-tau
contains 4–5-fold more phosphorylated residues than tau from
healthy control brains, taken by some to indicate an association
between hyperphosphorylation of tau with tau assembly in
AD (126, 127). In conjunction with this, higher levels of
extracellular hyperphosphorylated tau are measured in patients
with AD (128). Hyperphosphorylation of tau may drive some
disease-relevant features such as a lower binding affinity for
microtubules; reduced biological activity; mis-localization within
the cell; increased ability to aggregate into PHFs; and to
contribute to neuronal death (49, 129–138). It has been argued
that tau phosphorylation could be the trigger of its self-
assembly, with an increase in tau phosphorylation observed
prior to the formation of tau aggregates (139–143). On the
other hand, biochemical studies of tau accumulation in the
course of disease do not suggest the existence of a soluble
pool of free phosphorylated tau prior to aggregation (144), and
indeed the appearance of soluble forms of hyperphosphorylated
tau becomes measurable in the cortex only at advanced stages
of pathology (56). Other studies have suggested that it is
not the overall phosphorylation state of tau that may trigger
aggregation, but the phosphorylation of specific sites. Combined
phosphorylation of S202/T205/S208 sites in the AT8 epitope
(shown in Figure 1), with the lack of phosphorylation at S262,
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contributes to filament formation (145). In contrast, Zhou and
colleagues observed a dramatic increase in the phosphorylation
sites, including S262, in association with the formation of high
molecular weight oligomers of tau in AD brains (146). In
addition, Tepper and colleagues suggested that phosphorylation
of tau in cells promotes oligomer formation but not filaments
(147). Alternatively, phosphorylation may be secondary to
formation of oligomers and consequent mis-sorting of tau (110).

The involvement of tau phosphorylation in tau assembly is
supported by the observation that there is a 50% reduction in
the prominent phosphatase, PP2A, observed in AD brains (124).
Dephosphorylation of PHFs isolated from AD brains results in
their dissociation and disaggregation (148), as well as restoring
normal tau function to promote assembly of microtubules and
abolishing its pathological self-assembly (131, 149). These studies
support an association between hyperphosphorylated tau and
its self-assembly into PHFs. However, other groups have shown
conflicting results. Initial studies of the PHF core revealed
that, after Pronase treatment, PHFs were not recognized by
phosphorylation-dependent antibodies (74, 81). Other studies
have shown that only a minor proportion of PHF-tau is
either full-length or hyperphosphorylated (<5%) (150) and tau
species isolated from the proteolytically stable PHF-core are
not phosphorylated (151). This suggests that the sites of tau
phosphorylated in the PHFs are located only in the “fuzzy
coat” and are not structural components of the PHF-core. This
has been further supported by Arkhamia and colleagues, who
showed that phosphorylation occurs largely in the “fuzzy coat”
region of CBD and AD filaments using mass spectrometry (152).
Furthermore, the structural core revealed by cryo-EM comprises
regions downstream of key phosphorylation sites such as the AT8
epitope (153–155) (Figure 2). Additional studies have questioned
the role of phosphorylated tau in the mechanism of tau self-
assembly. Studies have implied that hyperphosphorylation of
tau inhibits tau-tau binding (109, 156), inhibits its aggregation
(157), and is not sufficient for filament propagation in cellular
models (158, 159).

Truncation

Tau is sensitive to proteolytic digestion that is facilitated by a
group of proteases. Tau is a substrate for a variety of proteases,
such as caspase (160), calpain (161), cathepsin (162), and
thrombin (163). As previously stated, initial studies identified
truncated tau as the structural component of the Pronase-
resistant PHF core (74, 81). Truncation of tau protein can act
as a driver of tau self-assembly in the process of autocatalytic
propagation by removal of occluding N- and C-terminal domains
of the molecule (Figure 3) (108, 110). As a natively unfolded
protein, tau has little tendency to aggregate in physiological
conditions (103). However, there is evidence that tau can change
its conformation into a “paperclip” loop, by folding its N- and
C-terminal regions back onto the microtubule-binding repeats,
thought to inhibit or protect against pathological aggregation
(164). Tau fragments truncated at both N- and C-termini that
contain the microtubule-binding repeats are more prone to form
aggregates, probably because the protective “paperclip” loop has
been disrupted (165). It has been suggested that truncated tau can

facilitate the assembly of full-length tau for fibril formation and is
the driving force behind NFT formation (47, 160, 166, 167). The
self-assembly of truncated tau observed with the in vitro model
dGAE form fibrils that structurally resemble PHFs in ADwithout
inducers (168, 169); dGAE is one of the PHF-core tau species
isolated from AD brain tissue (74, 84).

PHF-core tau isolated from Pronase-treated PHF preparations
from AD brain comprises a number of different fragments
encompassing residues 297–391 and 264–359 from the repeats
R2–R4 and repeats (R1–R3) of the 4-repeat isoform, and residues
266–391 of the 3-repeat isoform (74, 82, 83). The 296-390
fragment binds full-length 4-repeat tau with high affinity (156)
and generates the species terminating at E391 in vitro (108).
Tau C-terminally truncated at E391 is found in early amorphous
deposits in AD brain tissues and the epitope becomes occluded
as filaments form (170). Tau truncated at E391 was identified
in PHFs isolated from AD brains after-Pronase treatment using
mAb 423, which recognizes the C-terminal E391 in PHFs, but
not normal adult tau proteins (85, 171). The E391 truncation and
truncations at homologous positions in other isoforms, therefore
represent the proteolytically stable footprint of the high affinity
core-tau aggregation domain (82).

Tau truncated at D421 is produced by caspase activity, which
is elevated in AD brains (172, 173). It has been shown that
Aβ (1–16, 23–48) peptide exposure can trigger caspase cleavage
of tau to produce the N-terminal tau 1–421 fragment, which
assembles more readily into filaments than full-length tau. This
study suggests a possible link between Aβ, induction of tau
PTMs and the initiation of tau self-assembly into filaments
(160). In addition, studies have indicated that caspase-mediated
truncation of tau at D421 may precede hyperphosphorylation
and aggregate formation in AD, PiD and PSP, which may
be an important step in understanding tau self-assembly for
tauopathies (174–177). Studies have also demonstrated that tau
truncated at D421 may become an effector of apoptosis, further
linking pathological tau to neurodegeneration (178, 179).

On the other hand, an in vivo study using the P301S transgenic
mouse model demonstrated that hyperphosphorylation precedes
the truncation of tau at D421 and that truncation occurs after
filament formation (180). This suggests that this particular
truncation is not necessary for filament formation. Further
studies indicate that phosphorylation and N-terminal truncation,
but not C-terminal truncation, are more significant in the
formation of oligomeric tau species (146). This further
demonstrates the complexity of tau self-assembly and highlights
the gaps in our understanding of the initial steps in the formation
of aggregates. Identifying an in vitro model that can accurately
replicate the pathological processing of tau in AD brains will
greatly assist in studies on tau self-assembly, as well as other
important aspects of tau pathology, such as its propagation
throughout the brain.

Trans-cellular Propagation of Tau and

Seeding
If tau pathology were restricted to affected neurons, then the
damage induced by tau would be self-limiting. As discussed
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earlier, propagation of tau is thought to be through a prion-
like mechanism, which utilizes an initial seed to recruit normal
monomeric tau and is able to facilitate autocatalytic amplification
(110). The initial seed could be undigested cellular components,
such as lipofuscin deposits (109), or it could be tau in an
oligomeric state. Recent studies have supported the proposal that
tau itself can undergo active cell-to-cell (trans-cellular) transfer
and initiate the propagation of tau aggregates in previously
unaffected neurons, whereby it seeds further tau aggregation
(181, 182). Understanding the mechanism whereby pathological
tau can spread throughout the brain is a major focus for
dementia research and offers the potential of being an important
therapeutic target for attenuating the progression of tauopathies.

Initial studies observed the formation of intracellular tau
aggregates after tau was applied extracellularly, demonstrating
the ability of tau to seed assembly in adjacent cells in vitro
(183) and in vivo (184). It was further shown that intracellular
tau aggregates are released and taken-up by co-cultured
cells, whereby the internalized aggregates induced assembly
of intracellular tau and promoted fibrillization, demonstrating
prion-like propagation of tau (115, 181, 182). Additional
studies have shown that the trans-cellular propagation of
tau is facilitated by synaptic connections between neurons
(trans-synaptic propagation) that seems to be stimulated by
depolarization during neuronal activity, which can accelerate
the spread of tauopathy (185–191). The spread of tau through
trans-synaptic propagation via specifically connected neurons
may explain the stereotypical staging of tau pathology seen
in AD (192). However, the mechanisms that facilitate tau
intercellular propagation through secretion and uptake are not
fully understood. Several studies indicate that tau secretion is
enabled via vesicles known as exosomes (193–196) and ectosomes
(188). Microglial cells may also promote tau propagation through
exosome-dependent mechanisms (197). In contrast to these
findings, a study indicated the secretion of tau is an exosome-
independent process, requiring heat shock cognate 70, chaperone
DnaJ and synaptosomal associated protein 23 (198). The secreted
pathological tau is required to undergo cellular uptake to gain
entry into neighboring cells, which has been linked to multiple
cellular uptake mechanisms. These include receptor-mediated
endocytosis (199), dynamin-driven endocytosis (187), and actin-
dependent proteoglycan-mediated micropinocytosis (200).

In addition to the mechanisms that govern intercellular
propagation, it is becoming increasingly important to consider
the species of tau that is responsible for initiating seeding.
Proteolytically stable oligomers have been the mostly widely
documented species responsible for intercellular self-propagating
tau and have the greatest seeding activity for initiating the
self-assembly cascade of tau in unaffected brain regions (115,
183, 184, 187, 201). Recent work has shown that the dGAE
fragment in soluble form can be internalized into neuronal
cells and can recruit endogenous tau (202). There is also
some evidence for fibril-induced tau propagation (203, 204).
Nonetheless, oligomeric tau is still thought to be the key species
that gives tau pathology its “prion-like” characteristic.

Recognizing the self-propagating nature of tau and the seeding
abilities of different tau species in tauopathies has opened up

new possibilities for therapeutic targets and interventions for
the treatment of tauopathies. The anti-tau antibody infusions
and small molecules to disrupt the propagating mechanism
of tauopathies are attractive therapeutic strategies. These
therapeutic targets will be discussed later in the review.

Although NFTs are considered histopathological hallmarks
of AD, there is increasing evidence that the cytotoxicity
associated with tauopathies may not be as a result of these larger
aggregates. In addition to trans-cellular propagation, oligomers
are associated with the molecular dysfunctions that underlie
neurodegeneration and the cognitive decline seen in patients. In
vivo tau-overexpression studies have demonstrated neuronal loss,
behavioral abnormalities, and synaptic dysfunction occurring
in the absence of NFTs (205–212). These studies indicate a
pathological role for pre-tangle tau species in the dysfunction
of neurons. This has been further supported by evidence that
injection of tau oligomers into wild-type mice induces memory
impairment, synaptic loss, and mitochondrial dysfunction, that
are not seen with monomer or fibril injections (213). In addition,
following a decrease in oligomeric tau levels, improved cognitive
function suggests the potential of anti-tau antibody infusions as
a therapeutic approach (214). In response to these findings, it
has been proposed that mature tau fibrils could be a protective
response to absorb the more toxic oligomeric species, eventually
inducing their clearance via protease activity or autophagy
(215, 216). However, the oligomers formed through the repeat
domain are proteolytically stable and hence resist proteolytic
and autophagic activity, and are therefore able to propagate
between neurons and induce cytotoxicity. Tau-induced
neurodegeneration may be due to an increase in oligomers
rather than due to the accumulation of PHF in NFTs. This
concept has been proposed for other neurodegenerative diseases,
but still remains to be validated with respect to tau and AD (217).

Investigating the molecular mechanisms underlying
protein self-assembly has been an important focus for further
understanding of neurodegeneration and identifying therapeutic
targets. Generating a reliable in vitro model that can accurately
replicate the protein self-assembly and associated cytotoxicity
that occurs in tauopathies will further our understanding of
the underlying principles of aggregation and the potential for
therapeutic targets. However, it presents a huge challenge to
create an in vitromodel that will effectively replicate pathological
processing of tau that occurs in vivo, whilst also modeling other
aspects of interest, such as the production of representative
oligomeric species.

Models of Tau Aggregation
Brain-derived materials are inherently variable, and variations
are difficult to control. Hence, there is a need for an in vitro
system using synthetic tau that can recapitulate the pathological
self-assembly of tau observed in the brains of tauopathy patients.
Due to its hydrophilic nature, recombinant tau shows very little
tendency to aggregate, making it a difficult protein for study of its
aggregation and cytotoxicity mechanisms (102). Thus, multiple
tau models have been developed that exhibit a higher tendency to
aggregate and enable effective in vitro research. Here we discuss
some of these models, summarized in Figure 4.
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Full-Length Tau (T40, 2N4R)
The largest tau isoform, also known as full-length tau or
T40 (441 residues), incorporates both N-terminal inserts and
four microtubule-binding repeats (2N4R tau: Figure 4). The
full-length tau in vitro model will be referred to as T40
for this section of the review. This isoform has been used
extensively to study the role of tau in disease. Tagging T40
with diverse fluorescent proteins (GFP, YFP, and CFP) has
been a useful tool to visualize tau aggregation in vitro and
further our knowledge of tau assembly (153, 218). Frost and
colleagues used fluorescently tagged endogenously expressed T40
in their studies to demonstrate tau propagation and seeding,
as summarized earlier. They showed that tau-YFP does not
readily aggregate within the cell but, when they introduced
tau as a pre-assembled aggregate into the cell, it induced
fibrilization of the tau-YFP (183). Groups have been able to
develop cell-based models that can monitor and quantify tau
assembly by utilizing fluorescence resonance energy transfer and
biomolecular fluorescence complementation technology using
T40 (154). Using these techniques, groups were able to achieve
spatial and temporal resolution of tau aggregation in living cells
following hyperphosphorylation (219), and demonstrating the
role of GSK3β and caspase cleavage in intermolecular association
of tau (220, 221).

Many investigators have used T40, either as a monomer or
having induced filament assembly by the addition of cofactors,
such as heparin (104, 105, 155), RNA (106), or fatty acids
(107). T40 filaments resemble those found in AD brains. These
cofactors enhance tau aggregation by inducing a conformational
change from mostly random coil to β-sheet structure in the
microtubule-binding domain containing the hexapeptide motifs
thought to be necessary for assembly (87, 88, 222, 223). Heparin-
induced filaments have become an important tool used to study
pathological tau aggregation, such as investigating the effects of
MAPT mutations on tau assembly (224, 225) and investigating
potential aggregation inhibitors (226–228). They have provided
a platform to characterize the progressive fibrilization of
tau, through monomeric aggregation into intermediate species

and ultimately into filaments (229). In addition, heparin-
induced aggregates of T40 were used to support the role
of PHF6∗ hexapeptide (275VQIINK280) as a potent driver of
aggregation and seeding for full-length tau, suggesting that it
is a superior target for inhibition when compared to the PHF6
hexapeptide (112). Crespo and colleagues have used heparin-
induced filaments to produce an assay, which they claim to be
highly reproducible and closely mimicking in vivo tau misfolding
and aggregation (230). They suggest that the assay will enable
mechanistic studies on tau pathogenesis and can be utilized for
evaluating candidate drugs during screening processes.

These studies illustrate the importance of full-length tau as
a tool in understanding of both physiological and pathological
tau. However, T40 may not be a reliable model for AD research.
Evidence shows that heparin-induced tau has reduced seeding
activity compared to tau from the brains of mice expressing
human P301S tau (231). Additional studies have shown structural
differences in tau filaments seeded using tau from AD brains and
recombinant tau assembled with heparin (159). Recently, Fichou
and colleagues reported that heparin-induced tau filaments do
not reproduce the main structural features seen in filaments
from AD brains, such as the C-shape Alzheimer’s fold and
the anti-parallel β-sheet structure between 303–347 and 349–
378 (100). Moreover, cryo-EM revealed that heparin-induced
filaments of 4R (full-length) tau are polymorphic, adopting
at least four different conformations, with 3R tau adopting a
conformation of its own (232). All of these conformations are
structurally distinct, consisting of an ordered core structure,
which is very different to those characterized using cryo-EM
of filaments from AD, PiD, CTE, and CBD. The studies also
revealed that these filaments lack essential features of AD
PHFs, such as the interface between PHF6 and its opposing
residues 373–378. These findings indicate that heparin-induced
filaments of T40 tau are both structurally heterogeneous and
distinct from those found in the disease brain, challenging their
reliability for use in a tau self-assembly model or as an assay for
screening potential inhibitors. As noted above, heparin-induced
filaments from full-length tau were used as a basis for inferring

FIGURE 4 | Positioning of tau fragments used as models for studying tau biology showing full-length T40 in relation to the AD cryo-EM derived structure (shown in

red). dGAE covers I297—E391, incorporating a C-terminal portion of R2, R3, and R4 (shown in pink). The C-terminal E391, recognized by mAb 423, is absent in dGA,

a fragment ending in A390. K18 (Q244—E372) covers all four repeat domains; K19 covers the same region but lacks residues 275–305 (R2) encoded by exon 10 in

4R isoform.
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the importance of PHF6∗ in assembly (112). Recent cryo-EM
structures of the heparin-induced filaments indicate that the
PHF6∗ region is located in the cryo-EM core of T40 filaments
forming a contiguous β-strand, whereas it not found within
the core of AD filaments. It is however visible within the core
of the recent cryo-EM structure for CBD filaments at the far
N-terminal end (residues 274–280), so it may yet be resolved
in more detailed PHF structures (Figure 2). This illustrates a
potential disadvantage of the heparin-induced T40 model for
investigating tau self-assembly. This model produces filament
structures that are distinct from those so far characterized from
tauopathies andmay have a different mechanism of self-assembly
and highlighting factors that are not applicable for tauopathies.

Nevertheless, it is important to consider what we can learn
from these heparin-induced filaments. Even though there are
structural differences between such filaments and tauopathy
filaments, they do exhibit similarities. They are composed of tau
molecules that form cross-β structures through parallel stacking
of β-strands along the helical axis. The β-strands contain short
loop regions and the filament structures share a common pattern
of β-strand formation (232). Studying the formation of these
filaments may shed light on key assembly processes, or they
could be more relevant for other tauopathy filaments that have
not been solved yet, such as PSP. In addition, cofactor-induced
aggregates spontaneously disassemble into monomers when the
cofactor is removed (233). The authors of these studies have
proposed that unknown cofactors may play a role in tau self-
assembly in tauopathies and these could provide a potential
therapeutic target.

Overall, T40 has been used extensively to model tau assembly.
It has been extremely useful in uncovering the role of tau,
both physiologically and in pathology. The use of heparin
to induce aggregation of tau into filaments that may have
some resemblance to disease-like filaments has made it an
attractive model when investigating tau self-assembly. Given
the recent evidence of structural dissimilarities from native
filaments, T40 heparin-induced filaments should be used with
caution in structure-based studies for drug design and antibody
development, where structural accuracy is essential. This does not
preclude the use of T40 in assembly assays, but rather reveals
that the unique structures of heparin-induced T40 filaments
differ from the pathologic filaments. The use of full-length
tau in the generation of filaments should still be open to
further investigation, using a range of biophysical techniques to
determine the mechanism of initiation of aggregation. Future
research may unveil a novel mechanism for induction of
aggregation of T40 which may make it a more suitable candidate
for the investigation of tau self-assembly.

Repeat Domain Models (K18/K19)
Since the microtubule-binding repeats domain were shown to
compose the core region of PHFs and facilitate the pathological
tau-tau binding (74), it has been common practice to use
tau fragments that only comprise of the microtubule-binding
domain. Some groups simply refer to them as the microtubule-
binding region (MTBR) and specify whether they use the 3R
or 4R isoforms. Others use two model peptides, termed K18

and K19. K18 represents all four-repeat domain and contains
residues 244–372, while K19 is similar to K18 but lacks the
second repeat (missing residues 275–305) absent from 3R
tau isoforms (Figure 4) (234, 235). As stated previously, tau
fragments including MTBR and truncated at both N- and C-
termini are more prone to form aggregates than full-length tau
(165) and aggregation can be further stimulated by including
mutations or adding cofactors, such as heparin (102, 236). They
produce filaments that resemble AD PHFs in terms of fiber
morphology and β-sheet content (87, 88, 227), which provided
the basis for using MTBR in tau assembly studies.

As mentioned previously, the Diamond group have used full-
length tau in their study on the propagation and seeding of
tau (183). The full-length tau did not aggregate spontaneously
in cells, so they utilized a MTBR fragment similar to K18,
corresponding to residues 243–375. They were able to prepare
in vitro aggregates of the MTBR fragment with arachidonic
acid, which readily entered cells and induced aggregation of
intracellular T40-YFP. This demonstrated that T40 does not
readily aggregate in cells, but internalized MTBR aggregates
were able to induce fibrilization of the intracellular T40-YFP.
These studies also used the expression of mutant forms of the
MTBR models to further our understanding of tau propagation.
Multiple K18 mutants, labeled with YFP or CFP, were used to
demonstrate that the secretion of fibrils into the extracellular
space leads to the internalization of these fibrils by other cells
and the aggregation of the intracellular tau, supporting the
concept of trans-cellular propagation of tau aggregates (181). The
authors advocate the use of the K18 construct on the grounds
that it reliably forms fibrils in cultured cells and aggregation
potential can be modulated with the introduction of specific
mutations. This includes the combined P301L and V337M
mutant (termed LM), enabling efficient formation of intracellular
aggregates and providing an effective model of tau propagation.
In addition, the expression of the aggregation-competent MTBD
fused to YFP was utilized to confirm the prion-like nature of
tau (182). Similar to T40, filaments can be prepared using K18
and K19 with the addition of cofactors. The Mandelkow group
have used the heparin-induced aggregation of K19 extensively
as a model in investigating inhibitors of tau polymerization.
They have utilized the K19 model to screen a library of
200,000 compounds in the search for potential inhibitors of tau
aggregation, and therefore potential therapeutic agents. They
were able to identify rhodamines, phenylthiazolyl-hydrazides,
N-phenylamines, anthraquinones and benzothiazoles (237–239)
and aminothienopyridazines as a novel class of tau assembly
inhibitors (240, 241). They also utilized the K18 and K19
fragments to identify the hexapeptide motifs considered to be
essential for tau aggregation, PHF6 and PHF6∗ (87, 88).

Although these studies have proved informative in tau self-
assembly studies, it is now possible to compare filaments
composed of K18 and K19, with genuine filaments isolated from
AD brains. The cryo-EM of PHFs has shown that the N-terminal
cross-β structure is formed by the PHF6 hexapeptide, which is
essential for assembly of tau (87, 88) (Figure 2). PHF6 packs
against its opposing residues 373–378, which are not present
in the K18 and K19 fragment because they terminate at E372
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(62, 234). Thus, filaments composed of K18 and K19 fragments
cannot be said to reproduce the Alzheimer’s fold resolved in
PHFs and SFs derived from AD brains. In addition, since K18
and K19 terminate at E372, these fragments lack the C-terminus
after the MTBR, that has been shown to contribute to the core
region of filaments seen in AD, PiD, CTE, and CBD (in AD
this extends to residues 378, in PiD to 378, in CTE to 379, and
in CBD to 380), which casts further doubt on the use of such
filaments as models for assembly assays. As stated previously,
the use of heparin to induce K18 and K19 filaments must be
used with caution, as it has been shown that heparin-induced
filaments are highly heterogenous and differ from those seen in
tauopathies (232).

dGAE Model
dGAE is a 95 amino acid truncated form of tau protein
corresponding to residues 297–391 encompassing part of R2,
and R3 and R4 from full-length 2N4R tau (Figures 2, 4). The
fragment corresponds to one of the species isolated from the
proteolytically stable AD PHF core preparations (74, 82, 84). The
terminology of dGAE refers to the three C-terminal residues,
glycine (G), alanine (A), and terminating with glutamate (E),
E391; the initial letter corresponds to the N-terminal residue
which for “d” refers to I297 (82). Tau truncated at E391 was
identified as being part of the Pronase-resistant core during
initial proteolytic and antibody studies, which is recognized by
mAb 423 (Figure 2). PHFs isolated from AD brain without
Pronase are also recognized by mAb 423, but require a higher
concentration of antibody (82). mAb 423 immunoreactivity can
also be revealed in intracellular tangles following treatment
with formic acid in dystrophic neurites and in granulovacuolar
degeneration in AD brain sections (170, 242, 243) supporting the
view that C-terminal truncation at E391 is not a Pronase artifact.
Rather, digestion by endogenous proteases may be one of the
events leading to PHF formation and depends on a particular
configuration of tau found in partially assembled precursors,
and also in fully assembled PHFs. The dGAE peptide and
other core peptides were proposed as representing an integral
part of the stable core region in PHFs (82, 108, 170, 244,
245) and has now been confirmed as encompassing slightly
shorter PHF ordered core region (304–380) resolved using
cryo-EM (62) (Figure 2).

dGAE was chosen for further study because it is also similar
to repeats R1/R3/R4 from the 3-repeat isoform apart from 3
residues near the N-terminus (L/I, Q/V, K/S in the 3-repeat
and 4-repeat isoforms, respectively) and is therefore likely to
be representative of the behavior of both isoforms (Figure 2).
Studies of the assembly properties of the dGAE peptide has
revealed that it has the ability to self-assemble spontaneously
in physiological conditions in vitro, without the need for added
cofactors, such as heparin. Self-assembled dGAE filaments have
been shown to share characteristics of amyloid fibrils, displaying
β-rich structure and giving a cross-β X-ray fiber diffraction
pattern (168), as well as closely resembling PHFs in AD brains
(169). Transmission electron microscopy revealed no significant
variations between dGAE filaments and no significant variations
between dGAE filaments and AD filaments. Atomic force

microscopy also demonstrated that dGAE forms filaments that
share macromolecular characteristics with PHFs fromAD brains.
These results suggest that dGAE functions as a consistent and
reliable model for understanding pathological tau self-assembly
and for screening inhibitors and understanding their mode
of action.

Disulphide crosslinking between dimers was proposed to be
an essential part of tau assembly and propagation (102, 246–248).
Disulphide cross-linkages are formed between cysteine residues,
located on tau at C291 and C322 (numbering for 2N4R tau), in
which C322 exists in all tau isoforms, whereas C291 is only found
in 4R tau isoforms. The assembly of filaments from dGAE was
found to be enhanced in conditions unfavorable for disulphide
crosslinking formation and with a variant lacking the cysteine
residue all together, dGAE-C322A (168). The authors concluded
that assembly of dGAE is independent of disulphide crosslinking
and suggested that the formation of disulphide bonds competes
with crucial conformations required for filament formation. This
is at odds with previous suggestions that disulphide-linked dimer
formation is an important step in filament formation, but is
consistent with the structure of ex vivo PHFs by cryo-EM (62).
This shows that the C322 residue is buried between sheets
and would be inaccessible for disulphide crosslinking (62, 168)
(Figure 2). This evidence suggests that dGAE provides a more
accurate representation of pathological tau in AD, in comparison
to the models used in previous studies (1N3R, 1N4R, and K18),
which require exogenous heparin for assembly. In addition,
Al-Hilaly and colleagues identified two monomeric isoforms of
dGAE, one with a gel mobility of 10 kDa and the second with
a mobility of 12 kD. The same doublet was seen in the proteins
extracted from the core region of PHFs isolated from AD brain
tissue, which first lead to the identification of truncated tau as a
structural component of the PHF cores (74, 168).

The dGAE fragment has also been utilized for the
investigation of tau aggregation inhibitors (TAI). dGAE, and a
fragment similar to dGAE but lacking the E391 residue (dGA),
were used in the study which identified the methylthioninium
(MT) moiety as the first TAI (108). Since then, other groups
have attempted to understand the mechanisms of MT action
by using heparin-induced filaments composed of the MTBR
fragments, K18 and K19 (249, 250). These studies hypothesized
that the TAI activity of MT requires cysteine oxidation, which
was consistent with the previous proposals stating that tau
assembly was dependent on disulphide crosslinking. However,
a recent study using the dGAE fragment has shown that MT
acts optimally as a TAI in its reduced form as leuco-MT (LMT)
rather than the oxidized form at MT+ (251). The evidence that
LMT is the active form of MT required to inhibit pathological
aggregation of tau is at odds with the proposal that its action
depends on the oxidation of cysteine residues (249, 250). The
ability of LMT to act as a TAI is also consistent with an earlier
study showing that dGAE assembly into PHFs is independent
of disulphide crosslinking. In addition, circular dichroism has
revealed that heparin interacts with MT. This confounds studies
aiming to understand how LMT acts, and further supports the
use of dGAE for such studies (251). LMT will be discussed in
more detail later in the review.
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We can only compare dGAE and AD filaments directly once a
structure has been resolved for dGAE through the use of cryo-
EM or solid-state nuclear magnetic resonance. As previously
mentioned, the filaments seen in CTE share similar morphology
with AD filaments, but cryo-EM revealed subtle ultrastructural
differences, which could be the case for dGAE filaments and
PHFs. However, the studies to date highlight the use of dGAE
as a reliable in vitromodel able to replicate tau self-assembly in a
controllable manner. It may therefore prove to have broader use
as a relevant tool for the investigation of assembly mechanisms
and the potential therapeutic targets.

ALZHEIMER’S DISEASE THERAPIES

TARGETING TAU SELF-ASSEMBLY

The clear involvement of tau self-assembly as a driving force
behind the clinical progression of AD, as well as other
tauopathies, has established it as an attractive target for potential
therapies. Treatments for AD are extremely limited and offer
only temporary symptomatic relief based on neurotransmitter
enhancement, without providing disease-modifying activity.
Extensive clinical studies have resulted in over 400 failed trials
since the last AD treatment was approved in 2003 (47, 252).
Targeting tau self-assembly to reduce disease progression has
resulted in promising results and may provide much-needed
disease-modifying treatment options for AD. Here we discuss
some of the treatment options targeting tau self-assembly in AD,
utilizing small molecule and immunotherapy approaches.

Tau Aggregation Inhibitors (TAI)
Low molecular weight compounds offer a promising approach
for inhibiting the formation of oligomers and fibrils by blocking
tau-tau interactions. The microtubule-binding domains have
been shown to be responsible for the pathological tau-tau
binding, but also facilitating the tau-tubulin binding required
for physiological tau function (27, 108). Thus, TAIs should
inhibit pathological tau-tau binding whilst not affecting the
physiological tau-tubulin interaction, although both occur
through the repeat domain. Potential side-effects are extremely
important to consider for compounds destined for clinical
trials. Wischik and colleagues demonstrated the first TAI to
be MT, a diaminophenothiazine. Since then, other compounds
have been shown to exhibit TAI activity, such as the potential
TAIs identified by the Mandelkow research group, mentioned
previously (237–239). None of these potential TAIs have yet
reached clinical testing. Both the oxidized MT+ and reduced
LMT forms of MT have shown promising results in Phase 2 and
Phase 3 clinical trials, respectively.

Methylthioninium chloride (MTC, commonly known as
methylene blue) was originally synthesized at the end of the
nineteenth century for the treatment of malaria, and since then
has had a long history of clinical applications. Importantly for
AD research, Wischik and colleagues reported MTC as the first
TAI, demonstrating its ability to reverse the proteolytic stability
of PHFs isolated from AD brain and selectively inhibiting tau
self-assembly, without affecting normal tau-tubulin interactions

(108). Additional in vitro and in vivo studies have confirmed
MTC as an effective TAI (245, 251, 253). As noted above,
it is actually the LMT form which is the active species
responsible for TAI activity in the dGAE model of pathological
tau assembly. Other studies have suggested that MTC induces
degradation of tau aggregates by promoting the proteasomal
(254) and macroautophagic (255, 256) clearance systems.
The MT moiety has also shown potential for ameliorating
mitochondrial dysfunction and reducing oxidative stress, by
acting as an alternative electron carrier for the electron transport
chain in oxidative phosphorylation (257–264). In vivo studies
have confirmed that both MTC and a stabilized form of LMT
[LMTM, leuco-methylthioninium bis(hydromethanesulfonate)]
are able to preserve cognitive function and reducing behavioral
deficits associated with pathological tau aggregation in tau
transgenic mouse models (253, 265, 266). In cell models, LMTM
was shown to block the templated conversion of full-length
tau into the truncated 12 kDa form analogous to dGAE (245).
Likewise, the tau species used in the Melis and colleagues
study to produce tau aggregation pathology in mice depends
on the overexpression of a truncated form of tau analogous to
dGAE (253).

The pharmacology of MTC is complex, existing as a redox
molecule in equilibrium between its reduced LMT form and its
oxidized MT species and dependent on the local environment
(253). Because its redox potential is close to zero the MT
moiety is able to act as an electron carrier between Complex II
and Complex IV in the electron transport chain, permitting it
to enhance mitochondrial function (257, 267). However, when
administered as MTC, the MT moiety needs to be reduced
to its uncharged LMT form to permit efficient absorption and
distribution to the brain (265). As noted above, MTC is optimally
effective as a TAI when converted to LMT in a reducing
environment, implying that LMT is the active species required
for inhibition of tau aggregation (251). Optimizing the clinical
effectiveness of LMT has been a challenge in clinical trials. The
MT moiety was first tested clinically in a pure, oxidized MTC
form under the name RemberTM (TauRx Theraputics) in Phase
2 clinical trial in mild-to-moderate AD. This showed significant
efficacy compared with placebo in terms of reduction in cognitive
decline and prevention of decline in brain metabolism as shown
by HMPAO-SPECT scan which measures cerebral blood flow
(268). However, MTC was found to suffer from dose-linked
absorption limitations (268) arising from the need for the body
to convert MT+ to the active LMT form required for efficient
absorption and distribution to the brain (265). A stabilized
form of the reduced LMT was developed which permits direct
administration of LMT as the mesylate salt, LMTM. LMT has
recently been assigned the International Nonproprietary Name
“hydromethylthionine.” LMTM retains TAI activity in vitro
and in vivo (245, 253), whilst exhibiting superior pharmaceutic
properties (265). Results from Phase 3 trials with LMTM have
shown promising results with exposure-dependent reduction in
cognitive decline and progression of brain atrophy as measured
by MRI. LMTM was found to produce better outcomes when
given as a monotherapy than as an add-on to symptomatic AD
treatments (269, 270). However, a recent report has demonstrated
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that there is similar exposure-dependent activity whether LMTM
is administered as a monotherapy or as an add-on, but that the
overall effect was reduced by about half as add-on (271). This
impairment in the activity of LMTM by symptomatic AD drugs
could be reproduced in a tau transgenic mouse model for AD,
and was found to depend on the brain’s homeostatic responses
to the activating affects that symptomatic drugs depend on for
their ability to boost cognitive function temporarily (267). The
concentration-dependent effects showed that LMTM requires a
substantially lower dose for pharmacological activity than found
for MTC (271). Currently, TauRx is undertaking a new clinical
trial (LUCIDITY) which aims to confirm the treatment effects
of LMTM on cognitive decline and brain atrophy in mild-to-
moderate AD.

Interestingly, LMTM was found to have an almost identical
exposure-response profile in a large Phase 3 clinical trial of
bvFTD as that seen for AD (272). Fewer than half of bvFTD
patients have tau aggregation pathology, with the remainder
exhibiting pathological aggregation of TARDNA binding protein
43, TDP-43. LMTM was found to have activity in mouse
model of FTD expressing full-length human tau carrying
mutations at P301S and G335D (253). The fact that LMTM
has similar pharmacological activity in both AD and bvFTD
raises the possibility that the subtle folding differences in the
tau filament core in the two diseases may not be important for
pharmacological activity for this drug. There is as yet no in vitro
model for Pick-like tau aggregation as distinct from AD-like tau
aggregation to permit examination of this question. However,
this example illustrates again the importance of developing
reliable and reproducible models that can be used to study
distinct mechanisms of aggregation and activity of TAIs.

Curcumin is another compound that has been reported to
exhibit TAI properties. Curcumin is a natural polyphenol isolated
from the Indian spice turmeric, which has been reported to
inhibit assembly of tau (273–275) and Aβ (276). However,
curcumin has poor bioavailability and had no effect on cognition
or cerebrospinal fluid biomarkers in a Phase 2 trial (277, 278).
Therefore, a derivative of curcumin, PE859, has been synthesized
that exhibits higher inhibitory activity against tau and Aβ

assembly in vitro, with high absorption and penetration of the
blood brain barrier. Oral administration of PE859 delays onset
and progression of motor dysfunction in JNPL3 human P301L
tau transgenic mouse (279). Further investigation illustrated the
effects of PE859 in vivo, demonstrating its dual aggregation
inhibitory activity and ameliorating cognitive dysfunction in the
senescence-accelerated mouse prone 8 (SAMP8), which show
age-related deficits in memory and learning (280). Okuda and
colleagues were also able to show that PE859 is protective with
respect to Aβ-cytotoxicity in vitro. The potential for combined
anti-aggregation activity for tau and Aβ makes PE895 an
attractive candidate for clinical trials.

Immunotherapy
The potential use of immunotherapy to combat protein self-
assembly was initially recognized with studies using antibodies
targeting Aβ peptide, which resulted in attenuating Aβ

pathology through preventing aggregation and removing existing

aggregates (281, 282). The use of successful immunization,
passive and active, against pathological tau was first reported
using an antibody targeting phospho-tau peptide encompassing
the pS396/404 epitope. The passive and active use of this
antibody therapy reduced pathological tau levels in mouse
models, while attenuating behavioral phenotypes associated with
tauopathies (283–285). In addition, the potential of an antibody-
based therapy for tau pathology was investigated by Kfoury and
colleagues who used amonoclonal antibody against the tau repeat
domain, HJ9.3 (epitope 306–321), to inhibit the trans-cellular
propagation of tau aggregation (181). Research has continued to
investigate the use of antibody therapies to inhibit tau assembly
and propagation, which has led to the inclusion of active and
passive immunizations in clinical trials.

Active

Active immunization induces the host immune system to
stimulate an antibody response and produces an immunological
memory with a long-lasting effect (47). However, eliciting
an immune response to a native protein poses the risk of
adverse immune reactions, which may affect normal tau and its
physiological functions (278). Active immunotherapy has been
shown to be effective in reducing pathological tau assembly and
the production of pathological tau aggregates (17–19, 283, 286,
287). AADvac1 is an active vaccine in clinical trials consisting
of a synthetic peptide derived from amino acids tau 294–305
coupled to keyhole limpet hemocyanin with an N-terminal
cysteine (19). It originated from in vitro studies of monoclonal
antibody DC8E8, which binds to a 6 amino acid sequence motif
(HXPGGG) present four times within the MTBR, preventing tau
oligomerization (20). Transgenic tauopathy rat studies showed
that immunization induced tau antibodies that bind to tau in
the brain, reduced tau pathology and ameliorated behavioral
deficits (19). Phase 1 trials of AADvac1 showed that 29 of 30
patients developed an immunoglobulin G response to the tau
peptide component of AADvac1 and against pathological tau
151–391/4R. Two patients withdrew due to adverse events, one
from a viral infection that lead to a seizure, thought to be due
to the vaccine, and the other an episode of microhemorrhage in a
patient with a history of this condition (21). The immunogenicity
of AADvac1 has prompted a larger phase 2 trial, which
is underway to further assess its safety and effectiveness in
alleviating clinical symptoms, and its effect on AD biomarkers
in the blood and CNS (278).

Passive

In passive immunization, monoclonal antibodies or immune
serum are administered directly to subjects. This tends to offer
a more transient effect than active immunization, but can be
useful in minimizing risks associated with active immunization
(278). The use of passive immunization has been shown not to
be limited to targeting extracellular tau. Studies have shown that
anti-tau antibodies are able to penetrate the blood brain barrier
and also to enter neurons, where they can target intracellular
pathological tau and tau aggregates (17, 22, 283, 288–290).
Having seen promising results with passive immunization, a
number of vaccines targeting various tau epitopes are being
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developed. BIIB092 (also known as BMS-986168) is a vaccine
currently focused as a PSP treatment, rather than AD. It targets
an N-terminal fragment present in extracellular tau (eTau) which
was originally observed to be secreted from neurons derived from
stem cells of familial AD patients (291). Bright and colleagues
showed a correlation between eTau and Aβ in vitro and in
vivo, whereby addition of eTau induced hyperactivity of neurons
and increased Aβ production, whereas targeting eTau with an
antibody recognizing residues 9–18 of eTau blocked these effects.
Two phase 1 trials were completed in patients with PSP and
healthy individuals and there is now a Phase 2 trial consisting
of 400 patients with PSP. RG7345 is a humanized antibody
that targets a specific tau phosphorylated epitope at S422 that
has been found enter neurons and reduce tau pathology in
transgenic mice (289). However, after a Phase 1 trial it was
discontinued by its developer (Biogen), presumably due to an
unfavorable pharmacokinetic profile, as it was showing a good
safety profile (278).

DISCUSSION

The inability of recombinant full-length tau to self-assemble
has limited its experimental use and has created a considerable
challenge in tauopathy research. To overcome this problem,
research groups have developed different in vitro tau models
in the hope of replicating the pathological aggregation of tau
observed in tauopathies. However, this has produced a number
of inconsistent findings, such as the contribution of PTMs to
assembly propensity and the importance of intrinsic tau features

in the assembly process. This illustrates the problem of the lack
of a general in vitro tau model tau self-assembly. The recent cryo-
EM studies revealing the structures core of filaments associated
with tauopathies have further highlighted the complexity of
tau self-assembly and the challenge in developing a reliable in
vitro tau model. Development of a generally agreed model that
consistently produces a reliable representation of pathological tau
aggregation will aid in identifying and understanding the key
features and mechanisms involved in tau self-assembly. This is
essential for identifying therapeutic targets for the development
of effective disease-modifying treatments.
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Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder

characterized by severe motor, cognitive and psychiatric impairments. While motor

deficits often confirm diagnosis, cognitive dysfunctions usually manifest early in the

disease process and are consistently ranked among the leading factors that impact the

patients’ quality of life. The genetic component of HD, a mutation in the huntingtin (HTT)

gene, is traditionally presented as the main contributor to disease pathology. However,

accumulating evidence suggests the implication of the microtubule-associated tau

protein to the pathogenesis and therefore, proposes an alternative conceptual framework

where tau and mutant huntingtin (mHTT) act conjointly to drive neurodegeneration and

cognitive dysfunction. This perspective on disease etiology offers new avenues to design

therapeutic interventions and could leverage decades of research on Alzheimer’s disease

(AD) and other tauopathies to rapidly advance drug discovery. In this mini review, we

examine the breadth of tau-targeting treatments currently tested in the preclinical and

clinical settings for AD and other tauopathies, and discuss the potential application of

these strategies to HD.

Keywords: tauopathy, tau hyperphosphorylation, cognitive deficits, tau-targeting treatments, tau aggregation

inhibitors, tau immunotherapy, microtubule stabilizers, gene silencing

HUNTINGTON’S DISEASE: A SECONDARY TAUOPATHY

Tau is an important microtubule-associated protein primarily expressed in neurons and known
to mediate a plethora of cellular functions such as microtubule dynamics, neurite outgrowth,
intracellular trafficking and synaptic plasticity (1–3). These activities are tightly regulated by
post-translational modifications of tau, including phosphorylation and dephosphorylation (4–6),
acetylation (7, 8), glycosylation (9), O-GlcNAcylation (10), nitration (11), sumoylation (12)
and truncation (13). However, while phosphorylation is an essential mechanism regulating the
biological activities of tau, abnormally hyperphosphorylated tau (p-tau) can form neurofibrillary
tangles (NFTs) and/or neuropil threads (NTs) (14) that interfere with these fundamental
mechanisms. This has been classically associated with Alzheimer’s disease (AD) or with diseases
caused bymutations of the tau gene (MAPT) such as Frontotemporal dementia with parkinsonism-
17 (15, 16) (Table 1). More recently, similar tau dysregulations have been reported in Huntington’s
disease (HD) (27, 31, 32, 42, 55, 64, 83, 84) [reviewed in (33, 85)]; a disorder driven by an autosomal
dominant pattern of inheritance and caused by a pathological CAG repeat expansion exceeding
35 in exon 1 of the huntingtin (HTT) gene (86) coding for the huntingtin (HTT) protein. This
CAG elongation leads to the production of mutant huntingtin (mHTT) (87–90) which confers
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TABLE 1 | Tau pathology and therapeutic strategies in AD and HD.

Evidence of tau dysfunction
Target

Therapeutic
approachAlzheimer’s disease Huntington’s disease

• A90V (17), G213R (18), K280del (19), A152T (20), V287I

(18), A297V (18), S318L (18), A41T (21).

• H1 and H1c haplotypes may be risk factors for AD

(22–25); H2 haplotype may be protective against

AD (23).

• No MAPT mutations identified in GWAS studies (26).

• Accelerated cognitive decline in H2 haplotype

carriers (27).

MAPT

polymorphism

and mutations

Modulation of MAPT

gene expression
• Tau tangles composed of 3R and 4R tau (28).

• Shift from 4R to 3R tau-enriched NFTs in hippocampus

(29).

• ↑ 3R tau in brainstem with disease progression (30).

• Cortex and striatum of HD patients: ↑ 4R/3R mRNA

ratio (31, 32); ↑ 4R/3R tau protein (27, 31–33); ↓ 3R tau

protein (27, 31).

• Cortex and striatum of R6/1 and HD94 mice: ↑ 4R/3R

mRNA ratio; ↑ 4R and ↓ 3R tau protein (31).

Tau isoforms

• Tau aggregates associated with severity of symptoms

and disease progression (34, 35).

• Presence of NFTs in several AD brain regions:

transentorhinal region, hippocampus, neocortex (36).

• Transcellular propagation of tau in vitro (37, 38) and

spread between brain regions in vivo (39–41).

• Propagation and deposition of tau inclusions in a

sequential pattern in AD patients, from transentorhinal

(stage I) to the isocortex (stage V–VI) (36).

• Presence of NFTs in post-mortem HD brain tissue

(27, 42–46).

• Acquisition of tau inclusions, NFTs, NTs and increased

4R/3R tau in healthy fetal neural allografts in HD

recipients (42).

Tau pathological

deposits and

propagation

Inhibition of tau

aggregation and/or

tau immunotherapies

• GSK-3β (47–49), CDK5 (49, 50), PKA, Erk1/2,

JNK1/2/3, p38, CK1 (51), TTBK1, DYRK1A (52, 53)

MARK, PKB, PKC, CaMKII, SFK, c-Abl [all reviewed

in (54)].

• GSK-3β (55, 56), CDK5 and CaMKII (56).
Tau-targeting

kinases
Targeting

hyper-p-tau

• PP1, PP2A, PP2B, PTEN, PP5 (57–60). • PP1 and PP2A (56), PP2B (56, 60) Tau-targeting

phosphatases

• Tau phosphorylation in AD brain tissue: S202, T231,

S199, Y18, S262, S356 [For a detailed account on

phosphorylation sites, see (61, 62)].

• ↑ phosphorylation at Y18, T231 and S199 in

post-mortem brain tissue (63).

• ↑ phosphorylation at Y18 and T231 in isocortex and

transentorhinal cortex depending on Braak stages (63).

• Tau phosphorylation in HD brain tissue: S396, S404,

T205, S199 (32) and S202 (AT8 antibody) (42, 43).

• ↑ p-tau in cortex and striatum of HD patients (27, 32).

• Detection of hyper-p-tau S202 and T205 in healthy fetal

neural allografts in two HD patient recipients (42).

• ↑ hyper-p-tau in the brains of R6/2 (56, 64), zQ175 (64)

and 140CAG knock-in (56) mouse models of HD.

Disease-

associated p-tau

sites

Targeting

hyper-p-tau

and/or tau

immunotherapies

• Prevention of in vitro microtubule assembly (65) and

depolymerization (66, 67) by p-tau isolated from human

AD brain tissue.

• Reduced microtubule density and axonal degeneration

in neuronal cultures (68, 69), in Tg mice expressing h-tau

(70) or PS19 tau (71), and in AD patients (72).

• Contribution of tau-dependent loss of microtubule

stability to cognitive deficits in tau 3xTg and rTg4510

mouse models (73).

• Tau-related microtubule destabilization is accompanied

by Aβ-induced neurodegeneration (74–77).

• Binding of mHTT to microtubules, defects in axonal

transport, mitochondrial and vesicular dynamics in

primary neurons (78–81).

• Reduction of BDNF axonal transport by mHTT in

NG108-15 cells, resulting in neuronal loss (82).

• Recruitment of mHTT to microtubules by tau (56)
Microtubule

dysfunction
Stabilizing

microtubules

Aβ, Amyloid-beta; AD, Alzheimer’s disease; BDNF; brain-derived neurotrophic factor; CaMKII, Ca2+/calmodulin-dependent protein kinase II; CDK5, cyclin-dependent kinase-5; CK1,

Casein kinase 1; DYRK1A, Dual specificity tyrosine-phosphorylation-regulated kinase 1A; Erk1/2, extracellular signal-regulated protein kinases 1 and 2; GSK-3ß, glycogen synthase

kinase-3; h-tau, human tau; HD, Huntington’s disease; hyper-p-tau, hyperphosphorylated tau; JNK1/2/3, c-Jun N-terminal Protein Kinase 1/2/3; MARK, MAP/microtubule affinity-

regulating kinase; mHTT, mutant huntingtin; mRNA, messenger RNA; NFTs, neurofibrillary tangles; NTs, neuropil threads; p-tau, phosphorylated tau; PKA, protein kinase A; PKB, protein

kinase B; PKC, protein kinase C; PP1, protein phosphatase 1; PP2A, protein phosphatase 2A; PP2B, protein phosphatase 2B; PP5, serine/threonine-protein phosphatase 5; PTEN,

phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase; S, serine; SFK, Src Family Kinase; T, threonine; Tg, transgenic; TTBK1, tau-tubulin kinase 1; Y, tyrosine.

a cytotoxic activity to this newly formed protein. This
includes sequestration of transcription factors, mitochondrial
dysfunction, induction of apoptotic cell death and alteration of
the ubiquitin-proteasome system (UPS) (88–90).

While the diagnosis of HD is based on motor features
(typically chorea), patients exhibit early and progressive

cognitive impairments that impact activities of daily living
along with psychiatric disturbances that can evolve to frank
psychosis (91, 92). Notably, carriers of the H2 MAPT haplotype
allegedly experience more rapid cognitive decline than those
with an H1 haplotype (27). This is of particular interest since
the MAPT haplotype has been proposed as a risk factor for
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other neurodegenerative disorders such as AD, Parkinson’s
disease (PD) and PD-associated dementia (22, 23, 93). Along
these lines, data collected by Positron Emission Tomography
(PET) have allowed to establish correlations between tau and
cognitive decline, with tau deposits more closely related with
cognitive dysfunction in AD patients than amyloid β (Aβ) (94).
Furthermore, both PET and cerebrospinal fluid (CSF) measures
of tau, but not Aβ, have been linked to worsening cognition in
AD (95). Similarly, the CSF of HD patients contains increasing
levels of total tau (t-tau) with disease progression, which correlate
with a decline in motor and cognitive functions (96). While a
couple of studies have found discrepancies between the levels of
CSF t-tau and cognitive decline (96, 97), a correlation between
CSF t-tau and mHTT has been reported (97).

In agreement with the concept that HD meets the criteria
of a secondary tauopathy is the fact that the cardinal features
of tauopathies—misfolding, hyperphosphorylation, NFTs and
NTs—have all been identified in post-mortem brain tissue
derived from HD patients (27, 43–46, 98–100) [reviewed in
(33, 85)]. For example, an increased 4R/3R tau isoform ratio
has been observed in HTT mutation carriers (31, 32) at late
disease stages (3 and 4) (32). In particular, nuclear rod-like tau
deposits composed of the 4R tau isoform are more abundant
in striatal and cortical tissues of HD patients, while they are
virtually undetectable in the brains of control individuals (31).
Both abnormal p-tau and mHTT aggregates can be located
within neurons (27), although they rarely colocalize (98) or
co-precipitate in HD brain homogenates (31).

Collectively, these findings suggest an association between
altered tau biology and HD pathology. However, whether
tau impairments have a causative effect on the manifestation
of certain aspects of the disease, such as cognitive decline,
has yet to be established. A closer look at the evidence of
tau dysfunction in HD allows us to explore rather uncharted
territories in therapeutic development for this condition. Taking
advantage of the discoveries and therapeutics designed to
attenuate tau dysfunction in AD (101), as a significant number
of preclinical studies and clinical trials have already been
initiated, may indeed prove to be useful in HD as well. There
is a broad diversity of approaches (Figure 1), which include
decreasing tau phosphorylation, inhibiting tau aggregation and
reducing pathological forms of tau using microtubule stabilizing
compounds, immunotherapies or silencing of the MAPT
gene (Figure 1), which could all serve treatment purposes. In
the following sections, we present the multiple therapeutic
approaches to target tau, describe the treatments that have
reached clinical trials and discuss their potential application
to HD.

THERAPEUTIC STRATEGIES TO TARGET

PATHOLOGICAL FORMS OF TAU

Targeting Tau Hyperphosphorylation
Tau function depends on its phosphorylation state.
Hyperphosphorylation generates negatively charged repulsive
forces which impede functional interactions with microtubules,
leading to their destabilization and subsequent cell death

(5, 6, 102). Recent studies have reported an increase in
p-tau levels in the cortex and striatum of post-mortem
brain tissue derived from HD patients (27, 32). More
specifically, hyperphosphorylation of tau has been detected
at 5 distinct epitopes—S396, S404, T205, S202, and S199
residues—(32, 42, 43), and S202 and T205 were found
in neuronal inclusions (27) (Table 1). The association of
tau hyperphosphorylation in various forms of tauopathies
(4, 103, 104), as well as in HD, suggests that approaches aiming at
restoring normal levels of p-tau could improve disease outcome
(Figure 1); approaches that have already been extensively tested
in AD models (105–108). One of the strategies to reduce p-tau
levels is to modulate the activity of tau-targeting kinases and
phosphatases. The physiological function of the tau protein is
facilitated by the orchestrated activity of these enzymes through
phosphorylation and dephosphorylation at the threonine and
serine residues (109). A number of small molecule inhibitors of
protein kinases or activators of phosphatases have been studied
in pre-clinical and clinical settings and are presented in the
following section.

Kinase Inhibitors
Small molecules, which have the ability to reduce tau
hyperphosphorylation, have been among the first tau-targeted
treatments developed for AD. This evolved from the evidence
that kinases, such as cyclin-dependent-like kinase 5 (CDK5) and
glycogen synthase kinase 3 beta (GSK-3β), are altered in patients
and animal models of the disease (49, 110–114) (Table 1). In a
transgenic (Tg) HD mouse model that expresses exon 1 of the
human HTT gene, with approximately 125 CAG repeats (R6/2)
(115), a knock-in chimeric HD mouse model, that expresses a
human HTT exon 1/ mouse Htt with 140 CAG repeats (KI140)
(116), as well as in patients, the levels and activity of CDK5 and
GSK-3β have been found to be dysregulated (55, 56), suggesting
that redirecting kinase inhibitors levels/activity could potentially
abrogate tau hyperphosphorylation observed in HD.

CDK5 inhibitors, such as Flavopiridol (Alvocidib) and
Roscovitine (Seliciclib), have been tested in AD preclinical
studies. Flavopiridol efficiently inhibits CDK5 and improves
synaptic plasticity as well as motor behavior in mice injected
with Aβ oligomers (117). Roscovitine (Seliciclib) prevents tau
phosphorylation in aNiemann-Pick Type C diseasemousemodel
(118), which is characterized by CDK5 dysfunction that triggers
tau hyperphosphorylation (119). However, CDK5 inhibitors have
yet to be tested in the clinical setting and further investigation is
therefore needed to determine if they can, in effect, ameliorate
tau-associated pathology in either, or both, AD and HD.

GSK-3β inhibitors form another class of compounds, which
have been tested in preclinical and clinical contexts. Among
the GSK-3β inhibitors, Tideglusib and lithium have shown
improvements in AD Tg mouse models that express either four
familial AD mutations (FTDP-17 G272V, P301L, and R406W,
referred to as VLW mice and VLW mice overexpressing GSK-
3β) (120, 121), three familial AD mutations (APP Swedish,
MAPT P301L and PSEN1 M146V) (3xTg-AD) (122), AD-
related mutations (APP Swedish crossed with Tau VLW) (108)
or the MAPT mutation P301L alone (123). Tideglusib and
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FIGURE 1 | Schematic representation of mechanistic interventions using tau-targeting therapies. The MAPT gene encodes for the protein tau, which undergoes

post-translational phosphorylation and dephosphorylation that regulate its affinity for microtubules and ensure its functional role as a microtubule stabilizer. When tau

undergoes hyperphosphorylation, generally via an abnormal stimulus, it loses its affinity for microtubules and accumulates into the cytoplasm or exits the cells. When

released from the microtubules, intracellular hyperphosphorylated tau proteins self-assemble into aggregates of increasing complexity, and ultimately produce large

pathological aggregates and NFTs. At each step of the process, drug targets have been identified and a variety of therapeutic approaches have been designed and

tested in preclinical and/or clinical studies. A first strategy leverages the use of ASO (e.g. BIIB080) to control MAPT gene expression and reduce tau synthesis.

Alternatively, pathological tau hyperphosphorylation can be reversed with kinase inhibitors (e.g. Tideglusib or lithium) or phosphatases activators (e.g. Memantine), and

tau loss of function can be counterbalanced with microtubule stabilizers (e.g. Taxane derivatives, Davunetide, or Epothilones). Furthermore, immunization-based

strategies offer an interesting approach to sequester and degrade p-tau before aggregation, using peptides that mimic a specific p-tau amino acid sequence (e.g.

ACl-35 or AADvac-1), active or passive immunization to target either intracellular (e.g. LY3303560) or extracellular tau (e.g. RO7105705, C2N-8E12 or BMS-986168).

Lastly, tau aggregation inhibitors, such as Methylene blue, provide an additional means by which to eliminate tau aggregates and restore cellular health. ASO,

antisense oligonucleotide; CDK5, cyclin-dependent kinase-5; GSK-3ß, glycogen synthase kinase-3; hyper p-tau, hyperphosphorylated tau; MAPT,

microtubule-associated protein tau; P, phosphate; PP2A, protein phosphatase 2A; p-tau, phosphorylated tau.

lithium considerably reduce phosphorylation and aggregation
of tau, decrease neuroinflammation and neuronal death and
improve learning and memory abilities (108, 120–123). Both
drugs have also been tested in phase I and II clinical trials
for AD with overall positive results, demonstrating safety,
tolerability and improved cognition in comparison to placebo-
treated individuals (124) [reviewed in (125)]. The therapeutic
potential of lithium has further been evaluated in the R6/2
mouse model and in HD patients, and studies have reported
encouraging results (126–128) [reviewed in (129)]. Lithium
was found to regulate HD-associated pathological processes
such as glutamate excitotoxicity, altered levels of neurotrophic
and growth factors and transcriptional dysregulation (130–133)

[reviewed in (129)]. For example, lithium increased levels of
brain-derived neurotrophic factor (BDNF) and nerve growth
factor (NGF) in several brain regions of an animal model of
mania generated with ouabain or wild-type animals, as well as in
wild-type cultured neurons (133–136). Furthermore, exposure to
lithium mediated significant transcriptional changes connected
to signal transduction (e.g., mTOR and Wnt-related signaling)
in the corpus callosum of wild-type rats (137), as well as
transcription factors and genes related to metabolism in the
substantia nigra pars compacta of parkinsonian mice (induced
by the neurotoxin MPTP) (138). Clinical studies showed that
motor abnormalities were not improved in most HD patients
treated with lithium, but some reports suggest an amelioration
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of cognitive disturbances and mood disorder (139, 140). The
positive outcomes on non-motor impairments suggest a potential
benefit of lithium treatment in HD individuals, especially for
patients in early stages of disease, when cognitive and psychiatric
symptoms are predominant. However, it is unclear whether the
administration of lithium diminishes GSK-3β activity and p-tau
levels, as conflicting findings on GSK-3β levels in post-mortem
tissues of HD patients have been reported. Indeed, GSK-3β
levels and activity have been shown to be intrinsically decreased
in the striatum and cortex of HD individuals (83, 141), while
increased GSK-3β levels weremeasured in the hippocampus (55).
These discrepancies may reflect a dynamic molecular response at
different disease stages, or suggest the differential alteration of
GSK-3β levels in specific brain regions. Evaluation of p-tau in
the CSF or imaging with p-tau PET tracers could help identify
whether the beneficial effects of lithium are directly related to a
reduction of p-tau levels.

Phosphatase Activators
Since tau phosphorylation is a reversible process, triggering tau
dephosphorylation at serine and threonine residues could reduce
hyperphosphorylation. Phosphatases [described extensively in
(57)] catalyze the interconversion reactions of tau, from
phosphorylated to dephosphorylated states, thereby regulating
the degree of tau phosphorylation. Several studies have
demonstrated that the activity of protein phosphatase 2A (PP2A)
and serine/threonine-protein phosphatase (PP2B) is decreased
in AD mouse models and patients (58, 142) [reviewed in (59)],
as well as in both Tg and knock-in HD mouse models (56, 64,
143) (Table 1). The Tg mouse line used in the aforementioned
studies was the R6/1, which expresses the exon 1 of the
human HTT gene containing approximately 114 CAG repeats
(115) and the R6/2 model, described above. The knock-in
mouse lines discussed above were KI140 and zQ175, which
respectively express human HTT exon 1 with approximately 140
and 188 CAG repeats inserted in the mouse Htt (116, 144).
Furthermore, PP2A is an important phosphatase known to
regulate the activity of the GSK-3β and other kinases implicated
in tau pathological modifications (145), and dysregulation
of PP2A activity leads to cellular dysfunction including
cytoskeletal alterations, impairment of synaptic function and tau
mislocalization (146–149). Activation of the phosphatase PP2A
has been shown to reduce abnormal phosphorylation of tau in the
brain and ameliorate AD pathology (150, 151), suggesting that
PP2A phosphatase activators could likely restore physiological
levels of tau phosphorylation in patients.

Memantine is a small molecule that has been found to
reverse tau hyperphosphorylation. It enhances PP2A activity,
improves neuronal viability (152) and reduces glutamate
excitotoxicity in GABAergic neurons by acting as a N-
methyl-D-aspartate (NMDA) receptor antagonist (153).
Furthermore, Memantine mitigates lipopolysaccharide-induced
neurodegeneration in mixed rat primary cultures by attenuating
the microglial inflammatory response (154). It therefore appears
that Memantine is a multifunctional molecule that acts on
several cell types and on tau-independent molecular targets,
although additional studies are needed to determine if tau

directly promotes the beneficial effects of Memantine. Clinical
studies indicated that Memantine improves attention, agitation,
delusion, global well-being, daily functions and independence
in patients with mild cognitive decline (106, 107). There are 87
Memantine clinical trials listed on clinicaltrials.gov, all aiming
to treat dementia associated with neurodegenerative diseases,
including HD. Thus far, a small pilot (155) and one case study
(156) have reported that Memantine improves motor, but not
cognitive deficits, in HD patients. However, it may be premature
to conclude from these small-scale studies, especially given the
fact that both trials were based on the selection of patients in
advanced stages of disease that may have further tainted the
true potential of Memantine. Hence, Memantine is currently
under investigation in the clinical trial MITIGATE-HD, which
recruited a large number of pre-manifest HD, early HD and
control individuals providing a better opportunity to investigate
this compound as a treatment for cognitive impairments.
However, the secondary outcome measures of the MITIGATE-
HD study do not include CSF t-tau or p-tau nor tau PET imaging
evaluation and it will therefore not be possible to determine
whether the improvement in cognition, if any, is due to the
ability of Memantine to reduce tau hyperphosphorylation.

Views on Targeting Pathological Forms of P-Tau
Although targeting the mechanisms of
phosphorylation/dephosphorylation of tau is a seemingly
logical strategy, several limitations should be considered. Based
on the outcomes of AD clinical trials, the major drawback
is the dysregulation of essential kinases and phosphatases
responsible for the post-translational modifications of unrelated
tau substrates. For instance, GSK-3β phosphorylates more
than 100 substrates, while PP2A has more than 300 known
targets. Furthermore, both enzymes are themselves regulated
by a number of signaling pathways (157, 158). Pharmacological
alterations of these complex signaling pathways may lead
to activation of compensatory mechanisms, which would in
turn generate unpredictable outcomes (158). For example,
pharmacological activation of the PP2B phosphatase could
promote dephosphorylation of mHTT at serine 421, leading to
the disruption of axonal transport and cellular distribution of
important neurotrophic factors (159). Small molecules aimed
at specifically targeting the multi-substrate enzymes involved in
tau phosphorylation are accompanied by decisive limitations,
which constrain their use in the treatment of HD and other
tauopathies. However, the promising clinical results obtained
with lithium and Memantine do warrant further investigation in
the context of HD.

Inhibiting the Formation of Tau Aggregates
When hyperphosphorylated tau detaches from the microtubules,
it relocates to the somatodendritic compartment and self-
assembles into increasingly complex aggregate species. This
process begins with soluble oligomers which grow into pre-fibrils
and ultimately form insoluble NFTs (66) [reviewed in (160)].
These NFTs accumulate with disease progression in AD (34, 161,
162) as well as in HD (44–46, 99) (Table 1), and therapeutic
strategies to prevent tau aggregation have therefore become a
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major focus of research (Figure 1). However, the perspective
that accumulation of NFTs causes neurodegeneration has been
more recently challenged (163, 164) [reviewed in (165)]. Indeed,
mislocalized, soluble misfolded, soluble hyperphosphorylated
forms of tau and tau oligomers are emerging as candidate
neurotoxic entities (166–168). For example, the mislocalization
of tau to dendritic spines has been established in AD and
seemingly induces synaptic impairments in rTg4510 and P301S
tau mouse models (167, 169–171) as well as the loss of
dendritic spines in AD patients (172). Spinal alterations have
been observed in R6/2 mice (173), but the relationship between
tau and spine instability in HD remains to be elucidated.
Additionally, as observed in AD and HD, pre-tangles and NFTs
have been identified in several brain regions, predominantly in
the putamen, cortex and hippocampus (22, 27, 43, 44, 46, 98–
100). It is therefore reasonable to anticipate that inhibiting tau
aggregation at early and late stages of fibrillization may improve
HD-related neurotoxicity and, on a larger scale, cognitive deficits.

The design of inhibitors of tau aggregation has already
generated a significant number of small molecules for drug
screening. Among 3,000 anti-tau aggregation molecules studied,
fibrillization inhibitors have been identified as the most effective
in preventing the formation of NFTs in Tg animals expressing
mutated human tau [reviewed in (174)]. For example, Methylene
Blue and its derivatives have been shown to stabilize tau in
a conformation that prevents its fibrillization (175), but other
neurotoxic forms of tau, such as oligomers, do not appear
to be affected (164, 176). Nonetheless, treatment of JNPL3
Tg mice expressing the P301L tau mutation results in the
amelioration of cognitive deficits (177) and Methylene Blue
is the only tau-targeting treatment that has reached phase III
in AD. Importantly, this drug can inhibit the aggregation of
other self-assembling proteins including mHTT (178), decrease
the formation of mHTT inclusion bodies in primary mouse
neurons and R6/2 mice, and improve motor deficits in these
animals (178).

Views on Inhibiting the Formation of Tau Aggregates
The current state of the field offers histological evidence of
tau aggregation in post-mortem HD brain tissue, but available
experimental animal models do not recapitulate pathological tau
inclusions. Establishing alternative models that reproduce key
features and molecular dysfunctions of HD is a prerequisite to
evaluate the contributions of tau aggregates to pathology as well
as the potential of anti-tau aggregation therapies. Additionally,
it is becoming increasingly clear that pathological forms do
not solely consist of NFTs, but include aggregate intermediates
and soluble post-translationally modified tau. Considering the
similarities among tauopathies, an efficient therapeutic approach
for HD should therefore target multiple tau species, including
oligomers and hyperphosphorylated forms of the protein (27).

Tau Immunotherapies
Tau-based immunotherapies refer to the neutralization and
clearance of the tau protein by host-generated antibodies
(active immunization) or by the administration of tau-specific
antibodies (passive immunization). Immunotherapies can be
designed to target a variety of tau species, including t-tau,

hyperphosphorylated tau, extracellular tau, oligomeric tau or tau
fragments (Figure 1) (165, 179–181). This approach provides
greater precision and flexibility to therapeutic designs, but
a successful clinical outcome relies on the identification of
the exact pathological forms of tau responsible for a specific
phenotype. Multiple forms of tau are potential candidates for
immunotherapies in HD, including tau aggregates (27), p-tau
(27, 32), tau oligomers (27) and caspase-2 cleaved 1tau314
(84). Each form appears to be associated with distinct disease
phenotypes/stages, and tau hyperphosphorylation at S396, S404,
T205, and S199 epitopes has been observed in stage 4HD patients
(32). The presence of tau oligomers (T22 and TOMA positive
staining) has also been detected in the putamen of stage 4 HD
patients (27). Caspase-2 cleaved 1tau314 protein is a form of
tau associated with dementia in Lewy body disease (182) and
is found in greater concentrations in the caudate nucleus and
prefrontal cortex of HD subjects when compared to healthy
controls (84). The following paragraphs will survey the available
literature to propose additional therapeutic frameworks for the
next generation of HD drugs.

Active Immunization
Active immunization by exposure of the host immune system
to pathological forms of tau has also been considered to
induce a long-lasting anti-tau immunity. Several peptides have
been designed using tau pathological forms such as p-tau
(181, 183), oligomers (180, 184) and truncated tau (185).
Immunization of animals recapitulating AD features can result
in pathophysiological and behavioral improvements (181), with
the host-generated antibodies depict specific recognition of
p-tau (181). Based on these findings, two anti-tau vaccines
have been tested in AD clinical trials; one targeting S396
and S404 phosphorylated tau (ACI-35) (186) and the other
targeting the pathological N-truncated form of tau (AADvac-1
or Axon peptide 108 conjugated to keyhole limpet hemocyanin)
(187). Importantly, the ACI-35 vaccine was designed against
pathological forms of tau also found in HD patients and
further investigations could establish its potential as a candidate
immunotherapy to ameliorate cognitive deficits in this patient
population (27, 99).

Passive Immunization
Passive immunization is achieved by administering pre-formed
antibodies to recognize a specific antigen and constitutes an
alternative immunization approach that does not solely rely
on the immune system of the host. Antibodies can further
be engineered to express desirable properties and bind tau
within intracellular and/or extracellular compartments. Several
antibodies have been designed to target various forms of tau
and the promising antibodies that have reached clinical trials are
discussed below.

Passive immunization to target intracellular tau
Following peripheral administration, anti-tau antibodies are
able to cross the blood brain barrier to reach neuronal and
non-neuronal elements. The antibodies are internalized by
neurons via receptor-mediated endocytosis (188), bind tau and
the emerging tau-antibody complex is subsequently degraded
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through the proteasomal system (189). A significant number of
tau passive immunotherapies have been designed to target p-
tau, and the anti-tau pS202 monoclonal antibody (named CP13)
has thus far demonstrated a superior efficacy compared to other
anti-p-tau antibodies (190). Indeed, CP13 reduces soluble and
insoluble total and p-tau levels in the cortex and hindbrain of a Tg
mouse model expressing the human P301L mutation and which
is characterized by a severe tauopathy (190). In HD, increased
pS202 levels correlate with alterations in tau phosphorylation in
both R6/2 and zQ175mousemodels (56, 64), as well as in patients
(27, 42, 43). In addition to p-tau, antibodies have been designed
to target other pathological forms of the protein. The humanized
antibody LY3303560 (also referred to as Zagotenemab) is derived
from a monoclonal antibody used in histology (MC1) to identify
pathological conformations of tau (191) in both AD (191)
and HD human brain tissue (33). It has also demonstrated
greater affinity toward soluble tau aggregates compared to tau
monomers in vitro (179). This immunotherapy is safe and well-
tolerated in humans, as established by the successful completion
of a phase I and an ongoing phase II clinical trial evaluating
its efficacy in AD (192). CP13 and LY3303560 are therefore
attractive immunotherapy candidates that could be tested for
efficacy in preclinical models of HD. Animal models such as
zQ175 or KI140 mice recapitulate a slow disease progression
and the gradual acquisition of molecular and behavioral HD
phenotypes, and could therefore provide a suitable experimental
system to evaluate the benefits of immunotherapies on HD-
related cognitive as well as motor deficits (116, 144).

Passive immunization to target extracellular tau
In addition to neurotoxic effects resulting from post-translational
modifications, tau has been suggested to adopt prion-like
properties that result in its transcellular propagation through
the extracellular milieu, to ultimately seed pathology in healthy
recipient cells (193). Evidence from cellular (194, 195) and animal
models (39–41), as well as post-mortem tissue (36, 161, 162),
support this hypothesis (Table 1). For example, a single injection
of AD brain homogenate in the cortex or hippocampus of a
naïve mouse induces endogenous tau misfolding and aggregation
with detrimental consequences on physiological functions and
behavior (41). Extracellular tau is particularly efficient in
corrupting functional endogenous tau and initiating pathological
aggregates that lead to the formation of NFTs (196). A number
of mechanisms of tau spreading have been identified and include
cytoplasmic exchange by tunneling nanotubes (197), as well as
transsynaptic (198) or transcellular propagation via exocytosis
and endocytosis (194, 195, 199). Several antibodies targeting
extracellular tau have been designed to prevent transcellular
propagation and seeding of tau-related pathology. Antibodies
are now available to recognize a diversity of extracellular tau
isoforms and fragments. The antibody C2N-8E12 (also referred
to as ABBV-8E12) recognizes the isoform tau-F (441 aa) (200),
while the antibody RO7105705 (also referred to as Semorinemab)
binds the N-terminus of all six tau isoforms (201). Gosuranemab
(also referred to as BMS-986168) was engineered using a tau
fragment released into the conditioned media prepared from AD
patient-derived cortical neurons (202, 203). Despite differences

in the targeted epitopes, all of these antibodies have been shown
to ameliorate tau pathology and behavioral deficits in mouse
models that expressMAPTmutations (JNPL3, P301L and P301S)
(203–206). These observations suggest that reducing extracellular
levels of tau is a promising strategy to improve AD pathology.
Favorable to their use is the fact that antibodies tested in phase
I clinical trial have met safety and tolerability criteria (207)
[reviewed in (208)]. Similar routes of tau propagation have been
suggested to occur in HD patients who received fetal grafts to
replace cell loss generated by the disease process (42). However,
these observations originate from post-mortem analyses on a few
rare cases and more definitive evidence is needed to conclude
that tau can indeed propagate in the HD brain. Furthermore,
HD patients have lower concentrations of t-tau in the CSF in
comparison to AD affected individuals, (96, 97, 209–212), and
whether CSF t-tau levels truly reflect extracellular tau load in
the central nervous system (CNS) of HD patients remains to
be elucidated.

Views on Tau Immunotherapies
Research in the field of immunotherapy has made significant
progress in the development of anti-tau treatments for
AD and is gaining momentum in HD [reviewed in (101,
213)]. Antibody-based therapies have the distinct advantage
of being highly specific to the selected epitopes and can
target intracellular or extracellular tau both in the periphery
and in the CNS. Antibodies have a low molecular weight
and are therefore suitable for nanocarrier-based delivery
approaches to reduce their degradation, mitigate the host
immune response and control the rate of antibody release
(214). Furthermore, administration of tau-targeting antibodies
by injection is a straightforward and safe procedure (207).
Based on the concept that mHTT can propagate between cells
and template pathology in a prion-like fashion, active and
passive immunization strategies targeting extracellular mHTT
are attracting interest (215–222) [extensively reviewed in (213)],
and could be tested in parallel to a tau, or mHTT/tau
combined immunization. Furthermore, halting accumulation
and propagation of pathogenic proteins in HD patients at
early stages of the disease, before they are afflicted by
neurodegeneration and cognitive dysfunction, may provide the
most effective protection.

However, a major limitation of current studies is that the
majority of tau-related dysregulations have not been reported
in premanifest or early-stage diseased patients. As a result,
the association of pathological forms of tau with late stage
disease could cast doubts on the validity of targeting tau in
HD (32). A broad investigation on a larger population of HD
patients, matched for age, sex and CAG repeat length, would
provide more accurate information on the progression of tau
pathology. In particular, future studies could take advantage of
the technological advances achieved with PET scans and specific
anti-tau ligands (223), to enable the analysis of pathological
tau in the brain of living patients with a degree of specificity
that is not possible with post-mortem analyses. By doing so,
tau abnormalities could be directly compared to cognitive
performance and importantly, changes over time. For instance,
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the PET ligand [18F]MK-6240, which has already been validated
in AD, is a new generation tau ligand with high sensitivity for
NFTs and negligible off-target binding (224), which makes it
ideal for defining the extent of tau pathology in HD brains and
investigating its relationship with cognitive profile.

MITIGATION OF TAU-INDUCED CELLULAR

ALTERATIONS BY STABILIZING

MICROTUBULES

Structural and functional damage to the neuronal cytoskeleton
constitutes a key event in the pathogenesis of tauopathies (225–
227). Therefore, microtubule-stabilizing small molecules have
been developed and studied as a therapeutic approach to treat
tauopathies (Figure 1). Alterations of microtubule-dependent
axonal transport is a characteristic of HD pathology (78, 79) and
could result from the independent, but coordinated effects of
mHTT and tau (Table 1). mHTT has been shown to interact with
and destabilize microtubules, resulting in alterations of axonal
transport and loss of neuronal viability (78, 79, 228). Tau has
further been found to recruit mHTT to the microtubule network
(56), which could precipitate the destabilization of microtubules.
For example, microtubule stabilization using the small molecule
Taxol, a semisynthetic taxane derivative, inhibits the entry of
mHTT into the nucleus and increases neuronal survival in HD
primary striatal and cortical neurons (78). These observations
suggest that tau and mHTT can both induce microtubule
destabilization, which support the restoration of microtubule
functions as a therapeutic approach for HD.

The cytoskeleton stabilizing agents Epothilone and Taxane
derivatives have been found to interact with tubulin, restore
rapid axonal transport, and alleviate cognitive and motor
impairments in mouse models of tauopathies (T44 tau Tg
mice; PS19 tau Tg mice) (71, 229). However, the Epothilone
D phase I clinical trial was discontinued due to toxicity and
severe side-effects were reported for taxoid TPI 287 (abeotaxane)
(230). On the other hand, the microtubule-stabilizing peptide
Davunetide (NAP) (231, 232) was well-tolerated in preclinical
toxicology and clinical safety studies (233). NAP demonstrated
highly potent neuroprotective properties by reducing the activity
of the microtubule-severing protein katanin (234), inhibiting
programmed cell death and restoring mitochondrial function
in the PD-related A53T α-synuclein SH-SY5Y cell culture
model (235). In a Tg schizophrenia mouse model (activity-
dependent neuroprotective protein (ADNP)+/− Tg mice),
intranasal administration of NAP decreased brain levels of p-
tau and improved cognition (236). The treatment of patients
suffering from mild cognitive impairments with NAP showed
improved attention and working memory (233). However, no
improvement of cognitive deficits was observed in Progressive
Supranuclear Palsy (PSP) patients treated with NAP, which could
be partly explained by an ineffective dosage (237).

Views on Stabilizing Microtubules
The regulation and restoration of microtubule function is an
attractive strategy substantiated by promising preclinical results.

Epothilone and Taxane derivatives were approved by the FDA in
the early 1990s [history reviewed in (238)] as chemotherapies to
treat aggressive cancers and despite significant side-effects, they
are among the most relied upon therapies to treat solid tumors
(239, 240). In the case of neurodegenerative diseases, the toxicity
of microtubule-stabilizing agents is a major drawback that may
limit their clinical use, altogether. However, new microtubules
stabilizing agents such as Davunetide and others [reviewed in
(241)] exhibit promising disease-mitigating outcomes in animal
models, with more manageable side-effects in clinical trials,
and could therefore be the new frontier in the search for
microtubules stabilizing strategies to ameliorate tau pathology in
neurodegenerative diseases, including HD.

MODULATION OF MAPT GENE

EXPRESSION

Mutations in the MAPT gene have been associated with
neurodegenerative diseases such as Frontotemporal dementia
(20, 242–245), PSP (245) and AD (17–21); diseases characterized
by abnormal accumulation of pathological forms of tau and
that further correlate with cognitive deficits. Impaired alternative
splicing of exon 10 of theMAPT gene leads to an imbalance in the
amount of 3R and 4R tau isoforms within cells, and a change in
3R to 4R ratio has been associated with specific tauopathies. For
instance, NFTs are found to be immunopositive for both 4R and
3R in AD (28), while patients with Pick’s disease predominantly
express the 3R tau isoform (246). As a result, temporarily altering
MAPT expression or splicing using antisense oligonucleotides
(ASO) has been considered (Figure 1) (247). To our knowledge,
noMAPT mutations have been associated with HD, but patients
express lower 3R and increased 4R tau mRNA and protein levels
(32) and the 4R isoform is enriched in tau nuclear rods found in
the striatum (31). Therefore, selectively reducing the levels of 4R
tau without altering the overall expression of tau protein in HD
could restore protein homeostasis (31, 32).

Tau is involved in essential cellular functions (248) and as
a result, tau silencing could raise safety concerns that would
limit its translation to the clinic. Studies in tau knock-out animal
models have demonstrated that loss ofMapt causes cognitive and
motor deficits in an age- and strain-dependent manner (249). A
marked reduction in the number of dopaminergic neurons was
observed in the substantia nigra pars compacta ofMapt −/− mice,
which correlated with PD-like motor deficits in 12-month old
animals (249, 250). However, the partial or total downregulation
of the Mapt gene in the R6/1 Tg (115 CAG repeats) HD mouse
model improves motor behavior and does not induce significant
side-effects (31). Furthermore, the reduction of tau protein levels
using the ASO BIIB080 prevents NFTs deposition and clears
pre-existing tau aggregates, mitigates neuronal loss, ameliorates
behavior (nesting) and extends the survival of PS19 Tg mice
expressing the disease-associated P301S tau mutation (251). In
non-human primates, ASO BIIB080 reduces tau mRNA and
protein levels in the brain, spinal cord and CSF (251). These
promising results enabled the advancement of ASO BIIB080 to
phase I clinical trial that is currently ongoing (252).
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Views on Modulating MAPT Gene

Expression
Modulation of gene expression is a novel therapeutic avenue
to treat tauopathies and mRNA-targeting strategies using ASO
have recently been proposed as a potential treatment for HD
(253). The preliminary results of a clinical trial on IONIS-
HTTRx, an ASO drug that targets HTT, reported a sharp
decrease in mHTT CSF levels with no serious adverse events
(254, 255). To our knowledge, silencing more than one gene
via ASOs has never been tested, but lowering both HTT
and tau expression levels in HD patients has recently been
proposed (256). However, gene silencing and modification of
gene expression are novel technologies with only a few treatments
approved for clinical use. For instance Fomivirsen, an antisense
antiviral drug for the treatment of retinitis cytomegalovirus,
was the first antisense drug approved by the FDA in 1998
(257), and the second ASO therapy to reach the market
(Mipomersen, to treat familial hypercholesterolemia) was FDA
approved only 15 years later. As of today, little is known about
the possible long-term consequences of modulating protein
levels with ASOs, and it is essential to extensively investigate
whether modulation of both MAPT and HTT expression could
ameliorate disease outcome in HD patients without inducing
long-lasting side-effects.

ADDITIONAL TAU-TARGETING

APPROACHES

In addition to phosphorylation, tau can undergo a number
of post-translational modifications such as glycosylation (9),
acetylation (7), truncation (258), glycation (259), nitration
(260) and ubiquitination (261) [reviewed in (262)]. These
modifications have been associated with tauopathies and mainly
investigated in AD brains, with observation of increases in
acetylated (7), caspase-truncated (263) and N-glycosylated forms
of tau (9). Several molecules have been tested in preclinical
and clinical studies to target these different disease-associated
post-translational modifications. For example, Salsalate is a
nonsteroidal anti-inflammatory drug that decreases t-tau levels
and acetylated tau at the K174 residue, ameliorates hippocampal
atrophy and memory deficits in PS19 Tg mice (8), and
has consequently advanced to phase 1 PSP clinical trial
(264). It remains undetermined whether tau post-translational
modifications, such as acetylation or glycosylation, occur in HD
and only a broader understanding of all forms of tau alterations
in the disease would support the exploration of these additional
tau-targeting approaches.

Another aspect of pathology is the impairment of protein
degradation via alterations of the UPS, which has been observed
and associated with tauopathies, and proposed to mediate the
accumulation of tau within cells (265, 266) [reviewed in (267)].
The search for drugs that increase the degradation of tau by
activating the UPS led to the identification of Rolipram (268).
Rolipram has been found to activate the UPS by stimulating
the protein kinase A (PKA)/cAMP pathway in ex vivo cortical
brain slices of rTg4510 mice and to reduce both t-tau and

insoluble tau levels (266). Rolipram also decreases t-tau and p-tau
levels in a Tg mouse model of early-stage tauopathy expressing
the proteasome 26S-targeted fragment (rTg4510:Ub-G76V-
GFP) and improves reversal learning behavior in experimental
animals (266).

Disease-associated post-translational modifications of tau, as
well as dysfunction of the UPS, are compelling alternatives to
explore for the treatment of tauopathies. In contrast to the
therapeutic strategies discussed in sections Therapeutic Strategies
to Target Pathological Forms of Tau, Mitigation of tau-induced
cellular alterations by stabilizing microtubules, Modulation of
MAPT Gene Expression of this review, the relevance of these
pathways remains to be demonstrated in models of HD, and
the functional and mechanistic contributions of UPS dysfunction
to HD pathology are unclear (269). HD-related alterations
of the UPS have been hinted at, with early studies showing
sequestration of UPS components withinmHTT inclusion bodies
(87, 270) in Tg HD mouse models (R6/1, R6/2 and R6/5 Tg
- 130-155 CAG repeats) (87) as well as in human brain tissue
(270). However, further characterization suggested that UPS
impairments could be a transient phenotype, as global UPS
activity was not significantly impaired in the R6/2 model and in
the HD94 mouse model that expresses mHTT fragments under
a tetracycline-responsive system (271, 272). An explanation
for these seemingly contradictory findings was proposed by
Schipper-Krom et al. who suggested that proteasome recruitment
into inclusion bodies is a dynamic and reversible process,
that does not inhibit the catalytic activity of the sequestered
proteasome units (273), thus supporting observations that the
UPS activity may not be impaired in HD mouse models.
Nonetheless, pharmacological and genetic modulation of the
proteasome activity suggest its implication in mHTT aggregation
and cell survival, as a reduced activity is associated with
increased aggregation (88, 274) and increased activity promotes
the survival of HD striatal neurons (275).

CONCLUSION

HD patients and their families carry a heavy emotional
and financial burden as they face the challenges of a very
complex disease, which manifests with a blend of motor,
neuropsychiatric and cognitive deficits. Efficient symptomatic
treatments, and more importantly disease-modifying therapies,
are urgently needed. The diversity of symptoms and difficulty
to target the root of the disease, a mutation in the HTT gene,
suggests that combinatorial therapies that attenuate multiple
dysfunctional proteins and pathways may ultimately be the
best strategy to tackle the complex portrait of HD (Table 1).
Here, we have reviewed compelling evidence suggesting that
HD patients develop features of tauopathies and tau-related
dysfunctions. These include the (i) altered exon 10 splicing of
MAPT (31, 32), (ii) correlations between H2 MAPT haplotype
and severity of cognitive decline (27), (iii) dysfunction of
tau-targeting kinases and phosphatases (55, 56, 64, 83), (iv)
increased soluble hyperphosphorylated tau (32), (v) altered
levels of t-tau in the brain and CSF (32, 96, 97, 209), and
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(vi) presence of brain NFTs (27, 98, 99). The accumulating
evidence of tau pathology encompasses broad dysregulations
at the genetic and molecular levels, in CNS tissue and
associated biological fluids, and therefore argue in favor of the
classification of HD as a secondary tauopathy. In-depth studies
are now needed to determine if tau dysfunction directly causes
some of the features associated with HD, and in particular
cognitive deficits.

Therapeutic approaches targeting tau pathology have been
initially designed to treat AD (Figure 1) (101) or primary
tauopathies such as PSP (276), based on a large body of
evidence suggesting a strong connection between alterations
of tau function and cognitive decline [extensively reviewed in
(277)]. HD pathology is also associated with both pathological
forms of tau and cognitive impairments, thus tau-targeting
therapies may offer a completely new angle to treat HD-
associated cognitive dysfunction. A diversity of tau-targeting
methodologies has been developed, from small molecules to
immunotherapies andmodulation of gene expression using ASO.
These therapies are at various stages of drug development,
providing exciting and hopeful prospects toward the betterment
of the HD condition.
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There is increasing acceptance that amyotrophic lateral sclerosis (ALS), classically

considered a neurodegenerative disease affecting almost exclusively motor neurons,

is syndromic with both clinical and biological heterogeneity. This is most evident

in its association with a broad range of neuropsychological, behavioral, speech

and language deficits [collectively termed ALS frontotemporal spectrum disorder

(ALS-FTSD)]. Although the most consistent pathology of ALS and ALS-FTSD is a

disturbance in TAR DNA binding protein 43 kDa (TDP-43) metabolism, alterations in

microtubule-associated tau protein (tau) metabolism can also be observed in ALS-FTSD,

most prominently as pathological phosphorylation at Thr175 (pThr175tau). pThr175 has

been shown to promote exposure of the phosphatase activating domain (PAD) in the

tau N-terminus with the consequent activation of GSK3β mediated phosphorylation at

Thr231 (pThr231tau) leading to pathological oligomer formation. This pathological cascade

of tau phosphorylation has been observed in chronic traumatic encephalopathy with ALS

(CTE-ALS) and in both in vivo and in vitro experimental paradigms, suggesting that it is of

critical relevance to the pathobiology of ALS-FTSD. It is also evident that the co-existence

of alterations in the metabolism of TDP-43 and tau acts synergistically in a rodent model

to exacerbate the pathology of either.

Keywords: TDP-43, phosphorylation, traumatic encephalopathy, motor neuron, frontotemporal

INTRODUCTION

Our understanding of the pathobiology of amyotrophic lateral sclerosis (ALS) has evolved
dramatically since its first description as a clinicopathological entity in 1874 by Charcot as a
disorder of progressive muscular atrophy associated with spasticity (1). ALS was once considered a
disorder restricted to the degeneration of the descending supraspinal motor neurons and those
lower motor neurons subserving bulbar and spinal motor functions, with specific sparing of a
number of functions (including cognition). This concept, however, has been replaced by the
understanding that ALS is a multisystems disorder for which motor neuron dysfunction is one
aspect of a much larger picture (2, 3).

Given this, it is not surprising that ALS is now considered to be syndromic with clinical
manifestations that reflect not only a range of underlying genetic and biochemical impairments
consistent with prominent disruptions in RNA metabolism and protein degradation pathways,
but also with considerable non-motor involvement (4). This latter aspect has become increasingly
evident as our recognition and understanding of the neuropsychological manifestations of ALS
has grown. While there has also been remarkable growth in our understanding of the perturbed
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biochemistry underlying this aspect of the disorder, there remains
a tremendous amount that is unknown. In this review, we
will discuss the nature of the phenotypic heterogeneity of
ALS as it applies to associated syndromes of frontotemporal
dysfunction that can be associated with ALS, explore the
nature of the proteinopathies that are thought to underlie
the process including a critical analysis of perturbations in
microtubule associated protein tau (tau) metabolism, and
consider a conceptual framework in which synergism amongst
co-expressed toxic proteins can drive disease phenotype.

CONTEMPORARY CONCEPTUALIZATION
OF THE CLINICAL AND
NEUROPATHOLOGICAL FEATURES OF
ALS

The classic clinical and neuropathological description of ALS
hinges on the evidence of motor system degeneration in
which the loss of lower motor neurons drives progressive
muscle atrophy while the loss of upper motor neurons is
predominantly, but not exclusively, manifested as spasticity.
The loss of motor function culminates in respiratory failure
in the majority of individuals within 3 and 5 years of
symptom onset, although there is wide variability in survivorship
(5). Degenerating motor neurons in ALS classically bear the
neuropathological hallmark of neuronal cytoplasmic inclusions
(NCIs) composed largely of cytoskeletal proteins, predominantly
of the neuronal intermediate filament family (6). Ubiquitination
of these proteins is consistent with the concept of impaired
proteasomal degradation in ALS as a key pathological process.

This classical conceptualization of ALS has been significantly
altered through two fundamental observations: firstly, that
widespread frontotemporal dysfunction can occur in a significant
proportion of patients (7–11); and secondly, that a fundamental
alteration in RNA metabolism, at multiple levels, is a core
biological process for the majority of ALS cases (12). This latter
postulate is supported by the observation of NCIs composed
of a broad range of RNA binding proteins not only within
degenerating motor neurons, but within cortical and subcortical
neurons in ALS. It was these observations that have now provided
a unifying linkage between the twomajor clinical aspects of ALS–
progressive motor neuron degeneration and frontotemporal
dysfunction. The key breakthrough that led to this transformative
understanding of ALS was the discovery that TDP-43 (TAR
DNA binding protein, or transactive response DNA binding
protein 43 kDa) accumulates in degenerating motor neurons and
within degenerating cortical neurons in frontotemporal lobar
degeneration (FTLD) (13, 14). This protein is a DNA/RNA
binding protein that is vital to stress and injury responses and
is intricately involved in the regulation of RNA metabolism
(15, 16). While pathological neuronal and glial cytoplasmic
and nuclear inclusions of TDP-43 are now considered to be
the neuropathological hallmark of ALS, multiple RNA binding
proteins can aggregate as pathological NCIs in ALS, often within
the same motor neurons, and often colocalizing to the same
aggregates (17–24). This lends support to the broader concept

of ALS as a disorder of RNA metabolism in which a diverse
array of RNA binding proteins can be involved, likely in several
different mechanisms ranging from mutations resulting in gain-
or loss-of-function of RNA binding proteins [including fused in
sarcoma (FUS) and TDP-43] to also including those proteins in
which ALS-associated mutations confer novel RNA interacting
capacity [for instance as observed with mutations in copper/zinc
superoxide dismutase (mtSOD1)] (25–27). This is consistent
with the conceptualization that ALS is syndromic and reflective
of a significant biological heterogeneity underlying not just its
pathobiology, but also its phenotypic expression.

Nowhere is this more evident than in our understanding
and acceptance that individuals with otherwise classical ALS
can be affected by a range of neuropsychological, behavioral,
speech, and language deficits. These can range from mild to
severe impairment, including frontotemporal dementia (FTD)
(28, 29). These deficits are encapsulated in the most recent
diagnostic criteria under the rubric of the “frontotemporal
spectrum disorder” of ALS (ALS-FTSD) (7). Applying these
criteria, less than half of ALS patients have a pure motor
neuron disorder in which there is no evidence of degeneration
outside of the motor system, and for whom the El Escorial
or Awaji criteria are fully met (30, 31). Amongst the
remaining patients, ∼15% will also suffer from, or will have
presented with, a FTD that meets the Rascovsky et al.
criteria for diagnosis, including progression (32, 33). The
remaining patients will exhibit one or more features of
behavioral impairment, cognitive or executive dysfunction,
speech, and/or language impairments, and in some cases, a
mixture thereof but at levels insufficient for a diagnosis of
FTD. Approximately 2% of ALS patients can also be affected
by a non-FTD dementia such as Alzheimer’s disease or vascular
cognitive impairment. Finally, there is also a subgroup of
patients with frontotemporal lobar degeneration (FTLD, the
neuropathological correlate of the FTD) in whom motor
neuron degeneration, typically marked by pathological TDP-43
inclusions, is only obvious postmortem.

It is this broad range of clinical deficits that has led to the
current thinking that ALS and FTD are but two points on
a disease continuum, with ALS-FTSD residing between these
two extremes (34). Where along this continuum a patient
will manifest is simply the clinical reflection of where the
greatest burden of disease is impacting at that moment in
time, both in terms of the extent of pathology present but also
on the nature of disruption of the affected neural networks.
This conceptualization is supported by the observation that
the neuropathological hallmark of the vast majority of ALS
cases, regardless of the presence or absence of ALS-FTSD, is
the presence of pathological cytoplasmic TDP-43 inclusions
reflective of disruption in the metabolism of TDP-43 and thus
sharing a feature in common with a subset of FTD patients
(35, 36).

To this end, the pathological characterization of FTLD is based
on the primary protein associated with the neuropathology.
Using this classification, approximately half of which are FTLD-
TDP (37) and slightly less than half are tau predominant
pathology (FTLD-tau) (36). The remaining minority of cases
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demonstrate neither, but rather pathology driven by alterations
in the FET family of proteins [FUS; Ewing’s Sarcoma (EWS) and
TATA-binding protein-associated factor 15 (TAF15)] metabolism
or with evidence for impaired ubiquitin-conjugated of proteins
(FTLD-UPS) (37). The challenge with this categorization is that
there is increasing evidence to support overlaps amongst these
pathologies, and in particular between TDP-43 and tau (38). As
will be discussed, there is evidence to suggest that this underlies
the pathobiology of ALS-FTSD.

PATHOLOGICAL TAU METABOLISM IN
ALS-FTSD

Tau is an intrinsically disordered, highly conserved protein that
is primarily enriched in axons of central neurons and whose
primary function is to stabilize and promotemicrotubule stability
(39–42). The MAPT gene located on chromosome 17q21 that
encodes for human tau contains 16 exons, of which exons 2
and 3 encode for N-terminus insertions of 29 amino acids
in length while exon 10 encodes for one of four microtubule
binding repeats (Figure 1). Through alternative splicing of the
tau mRNA, tau can therefore exist as 6 isoforms ranging from
352 to 441 amino acid residues with apparent molecular weights
of 48–67 kDa (predicted 36–45 kDa without modifications) and
characterized by the presence or absence of one or two N-
terminus inserts (yielding 0N, 1N, or 2N isoforms) accompanied
by the expression of either 3 or 4 microtubule binding repeats
(3R or 4R) (48). Tau is a largely unstructured soluble protein that
in vitro takes on a “paperclip” conformation such that the N-
terminus, C-terminus, and microtubule binding region (MTBR)
are in close approximation (Figure 1C) (43–46, 49, 50). The
relative expression of 3R to 4R isoforms is highly regulated and
when altered is associated with a range of neurodegenerative
disease states characterized by FTLD with pathological tau
deposition (36). Tau undergoes extensive post-translational
modification, with phosphorylation arguably being the most
crucial to its interaction with microtubules (48, 51). Site specific
tau phosphorylation modulates the interaction between tau and
microtubules, with pathological phosphorylation dissociating
the two and giving rise to elevated soluble tau isoforms
which are then free to dimerize into stable tau oligomers,
which then continue to polymerize into protomers and lead to
fibril formation.

While the primary function of tau is to promote microtubule
stability, tau also appears to be involved in several other non-
cytoskeletal related activities within cells. Phosphorylation
of tau plays a role in determining the localization of tau
throughout neurons, with soma localized tau exhibiting high
levels of phosphorylation, and a gradual loss of phosphorylation
occurring as tau is located closer to the growth cone of an
axon (52). It was originally thought that tau phosphorylation
was altered as tau was transported through the cell; however,
evidence also supports a model in which new tau is synthesized
and immediately phosphorylated, with this pattern of
phosphorylation dictating where in the cell that tau will
ultimately be localized (49, 53, 54).

A tau isoform that lacks phosphorylation at S195-S202 is
localized to the nucleus, where it is involved in DNA binding
(either through association with AT-rich DNA, or with the minor
groove of AT-rich DNA sequences) (55, 56), heterochromatin
stability, transcription repression of ribosomal DNA, long
non-coding RNA production, or possibly in repressing gene
expression (55, 57, 58). The isoform of tau expressed is also
important in that compartmentalization appears to prefer one
isoform type to another, with isoforms bearing 0N or 2N
preferentially located outside of the nucleus, while 1N isoforms
are found preferentially in the nucleus (59).

In response to cell stress, nuclear tau translocates to the
nucleolus, where it is postulated to increase RNA binding protein
interactions with TIA1 (T-cell intracellular antigen) (60). Cell
stress also elicits the formation of stress granules (SG) within
neurons. TIA1 translocates to SG in the cytosol, where these
TIA1 positive SG have been detected to localize with tau that
is highly phosphorylated, or “hyper” phosphorylated. However,
not all SG are TIA1 positive, and other populations of SG do not
appear to colocalize with hyperphosphorylated tau, for example
the G3BP1-positive SG (61). SG formation has been noted to
be upregulated in ALS, with both TDP-43 and FUS proteins
playing important roles in the formation and maintenance of
SG [reviewed in (62)]. Proteins with low complexity/highly
disordered domains appear to be integral to SG formation,
and dysregulation of the expression of these proteins, the
presence of mutations, or alterations in the localization of these
proteins appear to have a profound effects on SG dynamics in
neurodegenerative disease including ALS and FTLD [reviewed in
(63, 64)]. The role(s) of tau in SG formation is unclear; however
evidence shows that if tau is overexpressed there is an increase in
SG formation (65–67). There is also evidence suggesting that the
deposition of tau can induce the condensation of RNA binding
proteins through liquid-liquid phase separation (LLPS). LLPS
has been shown to involve highly disordered protein domains
[including the DNA/RNA binding protein TDP-43 (68)] that
tend to fall into an insoluble state spontaneously when in high
enough concentrations. Tau can experience LLPS and as such
may induce the formation of toxic tau conformations (69–72).
It would not be unreasonable to postulate that tau may help to
initiate LLPS of RNA binding proteins that are contained within
the same SG. Consistent with this concept, there is evidence
that the RNA binding proteins Musashi 1 and 2 (MSI 1 and
MSI 2, respectively), both highly expressed in mature neurons,
form intranuclear complexes with oligomeric tau proteins in
a concentration dependant manner (73). In doing so, these
complexes significantly impair nucleocytoplasmic transport of
NLS-containing cargo, a process that has been postulated to
fundamental to the pathobiology of ALS and FTD (74). It is of
direct relevance therefore that both intracellular and extracellular
MSI 1 and MSI 2 complexes are present in both ALS and FTD
cortical tissue, and that this occurs in the presence of increased
oligomeric tau (73). It is often inferred that the metabolism of
tau protein is altered in any given disease process based largely
on the presence of tau immunoreactive NCIs; the finding that
this immunoreactivity is also for specific tau phospho epitopes
normally observed in the presence of a disease state supports this.
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FIGURE 1 | Schematic representations of MAPT gene and tau. (A) Tau is encoded by a single gene on chromosome 17q.31, with 16 exons, including the

alternatively spliced exons 2, 3, 4a, 6, 8, and 10. Start and stop codons are located in exons 1 and 13, respectively. Exons 2, 3, and 10 are alternatively expressed in

the adult human brain, giving rise to 6 tau isoforms based on the inclusion of 0, 1, or 2 N-terminus inserts encoded by exons 2 or 3 (exon 2 can be alternatively

(Continued)
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FIGURE 1 | spliced independent of exon 3, while exon 3 is always expressed with an exon 2 encoded insert) with 3 or 4 microtubule binding repeats (MTBR)

depending on the expression of an exon 10 encoded repeat. As such, the 6 isoforms are described as 0N, 1N, or 2N with either 3R or 4R MTBRs. Exon 4A and 6 are

expressed in the peripheral nervous system giving rise to additional tau isoforms. To date, exon 8 does not appear to be expressed. (B) Using numbering based on

the 2N4R isoform of tau of 441 amino acid residues, tau has four major domains, including the N-terminus domain (residues 1–165) with the phosphatase activating

domain (PAD) localized to the extreme N-terminus region, a proline rich domain (PRR, residues 166–242), a microtubule assembly domain (residues 243–367)

consisting of either 3 or 4 microtubule binding repeats (R1 thru R4, each of ∼31 amino acid residues), and a C-terminus domain (residues 368–441). (C) Schematic

representation of the proposed paperclip conformation of soluble tau in which the N-terminus domain, C-terminus domain, and MTBR are in close approximation.

Schematic illustrations based on the following references: (43–47).

This is further augmented by the biochemical characterization
of the tau protein following separation into detergent soluble
or insoluble fractions, with characterization then based on the
relative preponderance of either or both the 3R or 4R isoforms.
However, the deposition of tau protein can be either a primary
process as in neurodegeneration or a secondary process as in a
stress response (60, 61, 75).

In the following, we will examine the neuropathological,
biochemical, and experimental evidence in support of
pathological tau metabolism amongst a subset of ALS patients.

Neuropathological and Biochemical
Evidence of Altered Tau Metabolism in ALS
Tau dysmetabolism has been most clearly documented in the
Western Pacific variant of ALS in which affected individuals
developed either a Parkinson-Dementia-ALS complex or ALS
alone, at rates several thousand fold greater than observed
amongst the rest of the world (76). The characteristic
neuropathological feature was the widespread deposition of
tau protein throughout the neuroaxis, including spinal motor
neurons (77, 78). This latter feature is not traditionally observed
in other ALS variants with the exception of those individuals
with chronic traumatic encephalopathy (CTE) who also develop
clinical and electrophysiological features consistent with a
diagnosis of ALS (CTE-ALS) (79–81).

Beyond this, the evidence for alterations in tau metabolism in
ALS has been scant and largely limited to individual case reports
or unique inherited disorders in which ALS has been described
amongst a broader range of neurological and neuropathological
deficits or in association with rare MAPT mutations (82–87).
However, two instructive exceptions drawn from the spectrum of
genetic mutations associated with ALS, ALS-FTD and FTD are
the pathological hexanucleotide expansions of C9orf 72 and the
ALS-associated mutations of FUS (88–90). Both provide further
support for the concept of a biological continuum underlying
the pathogenesis of ALS and FTD in addition to insights into
mechanisms of altered tau metabolism.

Pathological hexanucleotide repeat (GGGGCC)n expansion
of C9orf 72 is the most common hereditary molecular cause of
ALS, ALS-FTD and FTD. The neuropathological hallmark of the
associated FTLD includes foci of dinucleotide-peptide repeats
(DPRs) in specific neuronal subpopulations in association with
more widespread pathological TDP-43 deposition [reviewed in
(36, 91)] in the absence of an associated tauopathy or when
present, as a non-specific finding (92). Although the exact
mechanism by which these pathological expansions give rise to
a toxic variant of C9orf 72, there is evidence to support a role

in fundamentally altering RNA metabolism through a variety
of avenues [reviewed in (91)]. However, there is also emerging
evidence that pathological C9orf 72 expansion may act in a
synergistic manner to increase the propensity for tau pathology
by increasing cdk5-mediated tau phosphorylation, including
pathological phosphorylation (93–95).

In contrast, mutations in FUS are an uncommon molecular
cause of familial ALS, rarely observed in sporadic ALS, and found
in only a single case report in consanguineous twins with FTD
(17, 18, 90, 96–98). While FUS has an array of both cytoplasmic
and nuclear functions, it plays a critical role in regulating
alternative splicing through its association with the spliceosome,
including in regulating the physiological splicing of MAPT exon
10 (99). The loss of FUS activity results in the preferential
inclusion of exon 10 and an increased expression of 4R tau
(100). FUS forms a complex with splicing factor, proline- and
glutamine-rich (SFPQ) through an RNA-dependant interaction
such that the loss of either FUS or SFPQ results in the preferential
expression of 4R tau and an accompanying increase in ptau
expression, including pathological tau isoforms (101–103). The
importance of this is highlighted by the finding of reduced
interactions between FUS and SFPQ across a broad range of
FTLDs, including ALS-FTD (102). The recent report of a single
atypical case of sporadic ALS manifesting with predominantly
upper motor neuron dysfunction with extrapyramidal features
who at autopsy demonstrated pyramidal neuron FUS basophilic
inclusions that colocalized with AT8 tau immunoreactivity in
motor neurons, in addition to a 4R predominant tauopathy,
provides support for such a proposed role of FUS in contributing
to alterations in tau metabolism in ALS (104).

More recently, a 17 kDa neurotoxic tau fragment (tau45−230)
has been observed in extracts of both the brain and ventral spinal
cord of sporadic ALS patients, but not in controls (105, 106). This
fragment is generated by calpain cleavage of full length tau and
has been observed both in vitro and in vivo across a broad range
of tauopathies (107, 108).

Both tau immunoreactive inclusions and pathological
tau phosphorylation disproportionate for age have been
observed in ALS patients affected with cognitive or executive
dysfunction (ALSci), typically in the form of dystrophic neurites,
neurofibrillary tangle-like structures and pre-tangles, neuritic
granules, and tau-immunoreactive tufted astrocytes (109–111).
Tau isolated from mesial frontal cortex and subcortical at
postmortem demonstrates a significantly greater propensity
for fibril formation in a thioflavin S assay, partitions into the
sarkosyl-insoluble fraction as all 6 isoforms (distinguishing it
from Alzheimer’s disease tau, 3R or 4R tau disorders), and is
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pathologically phosphorylated at Thr175 (pThr175tau) (112).
Using a polyclonal antibody recognizing pThr175tau, widespread
tau deposition, sparing the motor neurons, was observed to be in
association with a diffuse increase in TDP-43 immunoreactivity
(110). In the same study, it was also observed that of those
patients without evidence of neuropsychological impairment,
approximately half demonstrated pThr175tau immunoreactive
pathology although significantly less pronounced than observed
in those with evidence of ALS-FTSD. Of note, the active
isoform of GSK3β (pGSK3β) was also upregulated in those
regions most extensively affected with tau pathology (113).
The observation of pThr175tau pathology was subsequently
confirmed in a separate cohort of motor neuron disease (MND)
patients with concomitant FTD, including approximately 10%
with non-descript neuronal aggregates and as with the earlier
study, associated with pathological TDP-43 expression (114).
Although not examined for the pThr175tau phospho epitope,
ptau (pSer396, pSer214, and pSer404) has been described in ALS
cervical spinal cord and motor cortex in the cytosol and nuclei
of motor neurons as diffuse immunoreactivity in the absence of
fibril formation (115). The presence of nuclear tau in this latter
series may be reflective of a neuronal stress response although no
comment was made with respect to the presence or absence of
nucleolar tau staining. To date, no other tau phospho-epitopes
have been examined or characterized in either ALS or ALS-FTSD
to this extent.

In addition to this evidence supporting alterations in tau
metabolism in sporadic ALS, a subset of CTE patients (in whom a
tauopathy is the neuropathological hallmark) will have evidence
of ALS either antemortem with clinical or electrophysiological
evidence of diffuse motor neuron degeneration, or at autopsy
(80, 81, 116). Amongst these patients, pThr175tau, pThr231tau,
and oligomeric tau (T22) immunoreactive inclusions are readily
observed in both cortical and spinal motor neurons (79).

Given the broad array of pathological site specific tau phospho
epitopes associated with a range of neurodegenerative disorders,
the observation of pThr175tau immunoreactive inclusions
suggests but does not prove that phosphorylation at this epitope
is also pathologically important amongst a number of tauopathies
(117). However, pThr175tau is not observed in fetal human tissue
although tau exhibits significantly higher molar phosphorylation
in the fetus, nor is it observed in the healthy aged (117, 118).
Hence, its presence suggests a role in the genesis of pathological
tau fibrils.

Elevations in cerebrospinal fluid tau and/or TDP-43 have been
widely documented and suggested as potential biomarkers for
ALS although for the former these have in general reflected
total tau (119, 120). However, others have failed to find similar
increases in either CSF total tau or ptau levels in ALS patients
(121–124). Thus, it remains unclear if CSF tau can be used as a
surrogate marker for a concomitant tauopathy in ALS.

Experimental Evidence in Support of
Alterations of Tau Metabolism in ALS
Supporting the hypothesis of pathological significance of
pThr175tau, the introduction of a pseudophosphorylated 2N4R

human tau construct mimicking pThr175tau (Thr175Asp-tau)
induces pathological tau fibril formation in both HEK293T
and Neuro2a cells, significantly more so than when either
wild-type human tau or tau in which phosphorylation at
Thr175 was inhibited (Thr175Ala-tau) were expressed (125).
The induction of pathological tau fibril formation in vitro
was dependent on up-regulation of pGSK3β activity, which in
turn induced phosphorylation at Thr231tau (pThr231tau)—one of
several key phosphorylation sites in the cascade of driving tau
oligomer formation (Figure 2) (126). The activation of GSK3β
is dependent on the dephosphorylation of pSer9 which removes
inhibition, allowing for GSK3β activity on its substrate (127, 128).
We have shown that the phosphorylation of Thr175 of tau is
associated with an enhanced exposure of the N-terminus of tau,
increasing access to the tau phosphatase activating domain (PAD)
located at amino acids 2–18 (129, 130). PAD exposure activates
protein phosphatase-1 (PP1) which dephosphorylates pSer9 of
GSK3β enhancing GSK3β activity through a relative increase in
exposure of pTyr216 while phosphorylation of tau residue 18
(Y18) by the non-receptor tyrosine kinase fyn inhibits the PP1-
GSK3β cascade (129, 131). While it remains unknown how tau
phosphorylation at Thr175 leads to an increased PAD exposure,
Thr175 resides within the proline-rich domain of tau in which the
phosphorylation of other amino acids induces an opening of the
tau paperclip conformation, leading to increased PAD exposure
(43, 46, 47, 132). It is reasonable to anticipate that pThr175 would
act similarly.

PAD exposure has been observed to be a common feature of
the pathological inclusions across a broad range of tauopathies
(133) and has been associated with neurotoxicity through the
inhibition of fast axonal transport as an early contribution
to the process of neurodegeneration (130, 133–135). In this
mechanism, PAD exposure and activation of GSK3β results in
phosphorylation of the kinesin light chain which promotes the
release of cargo from kinesin 1 (130).

In addition, pThr231tau can exist in either trans or cis
conformation (trans-pThr231 and cis-pThr231, respectively), in
which cis-pThr231 is specific to the induction of tau pathology
and cannot be readily degraded, in contrast to trans-pThr231

(136). Under normal physiological conditions, the isomerase
peptidyl-propyl cis-trans isomerase NIMA-interacting 1 (PIN1)
catalyzes the isomerization of cis-pThr231 to trans-pThr231,
allowing for the dephosphorylation of this site by PP2A (protein
phosphatase 2) and the subsequent ability for tau to exert its
physiological activity in microtubule polymerization (137, 138).
The pathological relevance of cis-pThr231 is highlighted by its
observation in association with pathological tau deposition in AD
and CTE (both experimental and human) (139). In accordance to
this, it has also been demonstrated that there are reduced levels
of PIN1 in human AD brains, resulting in decreased activity and
thus the inability to isomerize cis-tau (138, 140). Additionally,
genetic polymorphisms resulting in a decrease in PIN1 levels
are associated with an increased risk of late-onset AD, whereas
another polymorphism which leads to increased PIN1 expression
has a neuroprotective effect (141, 142). The relative expression of
cis vs. trans-tau and PIN1 activity in ALS or ALS-FTSD has not
been examined to date.
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FIGURE 2 | Schematic of proposed mechanism for the toxicity of pThr175tau. Under normal physiological conditions, tau is thought to exist in a closed paperclip

conformation. Following phosphorylation of Thr175 by a kinase or kinases yet to be defined, the closed paperclip structure opens sufficiently to allow for exposure of

the PAD which in turn activates protein phosphatase 1 (PP1). PP1 in turn dephosphorylates Ser9 of GSK3β, allowing for increased pGSK3β by unmasking pTyr216.

pGSK3β in turn phosphorylates Thr231tau in a process that does not require priming by phosphorylation of Ser235tau. It is not known whether pThr231 exists in either

the cis or trans isoform, but our evidence suggests that the presence of pThr231 is associated with increased tau oligomer formation and its subsequent

polymerization into tau fibrils.

In vivo Evidence of pThr175 Toxicity
It had been previously observed that the use of somatic gene
transfer of tau harboring the P301L mutation that is causal
for frontotemporal dementia with parkinsonism (FTDP-17)
using a recombinant adeno-associated virus (rAAV9) injected
into the hippocampus of rats induced both tau pathology and
impairments in spatial working memory (143). Given this,
we examined whether Thr175Asp-tau, when inoculated using
somatic gene transfer with rAAV9 could similarly induce both
pathology and behavioral deficits in rats. We observed that when
Thr175-Asp tau was inoculated into the hippocampus of young
adult female Sprague-Dawley rats, tau pathology was evident
as early as 1 month post inoculation and consistently so by
1 year post-inoculation (144). While this was not associated
with a behavioral or motor phenotype, it was observed that the
burden of neuropathology was localized to the CA2 region, a
region for which the testing paradigm employed was insensitive.
It was of note however that the induction of tau pathology
was accompanied by an upregulation of TDP-43 expression in
this model.

Given the observation of pThr175tau, pGSK3β, pThr231tau,
and oligomeric tau in affected neurons of individuals with
CTE-ALS, we also examined whether a single subconcussive
injury administered to Sprague-Dawley rats would also induce
pathological tau fibril formation. Indeed this was the case,

suggesting that this specific pathway of pathological tau fibril
formation was a primary event (79).

As has been alluded to, concomitant pathologies of both
TDP-43 and tau are increasingly recognized, including AD
and the aforementioned ALS, CTE-ALS and in vivo models
of pThr175 tau pathology (145–147). To begin to understand
how these two pathologies inter-relate, we repeated the
somatic gene transfer AAV9 hippocampal inoculums in rats
also expressing the ALS-associated mutant human TDP-43
(TDP-43M337V). In these rats, constitutive cholinergic neuronal
expression was driven by a ChAT promoter with a tTA-
dependant tetracycline response element driver (148, 149). In
the presence of doxycycline, no mtTDP-43 expression occurred
whereas ChAT-tTA/TRE-TDP-43M337V rats, in the absence of
doxycycline, developed a fulminant motor phenotype with
prominent motor neuron NCI formation. Six months following
stereotactic hippocampal inoculums of rAAV9 GFP-tagged
tauT175D2N4R, a 50%withdrawal of doxycycline was undertaken.
Rats were sacrificed 30 days later. Within 3 weeks, all ChAT-
tTA/TRE-TDP-43M337V rats had developed motor deficits. At
30 days, a 2-fold increase in the extent of tau pathology
was observed in the hippocampus of those rats inoculated
with the pseudophosphorylated tau. This was associated with
immunoreactivity to a monoclonal antibody recognizing tau
phosphorylated at Ser202 and Thr205 (AT8) (150), suggesting that
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the tau construct had been further modified to a pathological
tau phospho-isoform in the presence of the mutant TDP-43.
There was also a trend toward an increase in the extent of spinal
motor neuron pathology, a finding that may serve to explain
the shortened survival in ALS-FTSD patients when contrasted to
patients with ALS alone (151).

This inter-relationship between tau and TDP-43 has
been further characterized in a murine model of CTE
using a repetitive mild traumatic brain injury (rmTBI) in
C57Bl6 mice using a repeated weight drop. In this model,
a prominent tauopathy developed, including cis-ptau
accumulations at 6 months post injury in association with
tau oligomers, tangles, and TDP-43 immunoreactive NCIs
(139). As described earlier, the cis conformation of pThr231tau
prevents pThr231 dephosphorylation and the ability of tau
to stabilize microtubules. The intraperitoneal administration
of a monoclonal neutralizing antibody to cis-ptau eliminated
the pathological tau accumulation and subsequent TDP-43
pathology, suggesting a linkage between the two pathologies.
However, the induction of TDP-43 pathology may in this
case represent a physiological stress response marked by an
upregulation in its expression as previously observed following
axonal injury, and thus only indirectly linked to the induction of
the tau pathology (15).

Of note, both tau tubulin kinase 1 (TTBK1) and tau
tubulin kinase 2 (TTBK2) have been shown to extensively
phosphorylate both TDP-43 (152) and tau (153, 154). Both
kinases have been observed to co-localize with TDP-43 and
tau aggregates in FTLD-tau and FTLD-TDP cases (152, 155).
These observations provide further support for the concept of a
pathological commonality underlying these two proteinopathies
and a mechanism to drive both pathological tau and TDP-43
phosphorylation concomitantly (156).

CONCLUSIONS

The conventional concept of ALS as a pure motor neuron
disorder and a discrete disease has long been replaced
by one of a multisystem disorder that is syndromic in
nature and for which progressive neuropsychological deficits,
including a frontotemporal spectrum disorder, are common.
As this conceptualization of ALS has evolved, so too has our
understanding of its underlying pathobiology as reflected in the
broad range of not only causative gene mutations associated
with both familial and sporadic variants of the disorder, but
the broad range of protein aggregates which typify its pathology
(4). Embedded within this has been the recognition that FTD
and ALS are increasingly recognized to share not only a clinical
phenotypic spectrum, but also an underlying pathobiology as
reflected not only in alterations in the metabolism of TDP-43, but
increasingly in the metabolism of tau.

While the classical role of tau is the stabilization of
microtubules through interactions mediated by its MBTR, there
is increasing evidence to suggest a much broader repertoire
of function of tau under both normal physiological states as
well as in response to stress. These functions are critically
dependant on a complex array of determinants including the
somatopically-specific subcellular distribution of individual tau

isoforms that includes an emerging role in gene expression and
inter-relationships with RNA binding proteins, the impact of
cellular stress upon tau expression, the conformational structure
of tau and the extent of its post-translational modification
(44, 49, 157). Although a broad array of post-translational
modifications and their relationship to specific disease states
have been well-characterized [reviewed in (44)], we have focused
on the specific role of pathological phosphorylation at Thr175

and the mechanisms by which this culminates in the generation
of oligomeric tau and a subsequent tauopathy, including a
synergistic role with pathological TDP-43 deposition.

However, several pivotal questions remain in order to further
clarify the role of alterations in tau metabolism in ALS, including:

• In the context of understanding that ALS-FTSD represents
a broad array of neuropsychological, behavioral, speech, and
language deficits, and that our initial studies characterizing
pThr175-tau expression were undertaken in ALS patients with
cognitive impairment (ALSci) while those of Behrouzi et al.
were undertaken of individuals with FTD and ALS (114),
clarifying the spectrum of clinicopathological correlates to
ALS-FTSD and whether alterations in tau metabolism are
specific to one or more variants within the spectrum;

• Linked to this, further defining the nature of TDP-43
deposition in ALS-FTSD in tau NCI-bearing neurons with
a view to understanding whether the TDP-43 accumulation
bears hallmarks of pathological tau deposition or that observed
in a stress response;

• Identifying the kinase or kinases responsible for the induction
of phosphorylation at Thr175, the conditions under which the
pathway becomes activated, and whether these differ amongst
the range of FTLDs in which pThr175tau has been observed;

• Determining whether the pThr231tau exists in either cis or
trans conformation and the associated activity of PIN1 in ALS-
FTSD and its in vivo model as demonstrated using somatic
gene transfer with rAAV9, including in the presence or absence
of pathological ALS-associated TDP-43 mutations;

• Further understanding the inter-relationships between
alterations in the expression of specific tau isoforms and
alterations in TDP-43metabolism, in particular in relationship
to the role of TDP-43 in mediating gene expression through
its nuclear functions as an RNA binding protein; and

• Determining whether therapeutic strategies targeted toward
restoring physiological tau/microtubule interactions would be
of therapeutic benefit in ALS-FTSD.

AUTHOR CONTRIBUTIONS

MS: conceptualization and original draft preparation. MS, ND,
and KV: writing, review, and editing. All authors have read and
agreed to the published version of the manuscript.

FUNDING

Portions of this research were funded by the Ontario
Neurodegeneration Research Initiative (ONDRI) funding
and the National Hockey League Players Association (NHLPA).

Frontiers in Neurology | www.frontiersin.org 8 November 2020 | Volume 11 | Article 598907156

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


Strong et al. Tau in ALS

REFERENCES

1. Charcot JM, Joffroy A. Deux cas d’atrophie musculaire progressive avec
lésions de la substance grise et des faisceaux antérolatéraux de la moelle
épinière. Arch Physiol Norm Pathol. (1869) 2:354–744.

2. Strong MJ. The evidence for ALS as a multisystems disorder
of limited phenotypic expression. Can J Neurol Sci. (2001)
28:283–98. doi: 10.1017/S0317167100001505

3. Strong MJ. Revisiting the concept of amyotrophic lateral sclerosis as a
multisystems disorder of limited phenotypic expression. Curr Opin Neurol.

(2017) 30:599–607. doi: 10.1097/WCO.0000000000000488
4. Masrori P, Van Damme P. Amyotrophic lateral sclerosis: a clinical review.

Eur J Neurol. (2020) 27:1918–29. doi: 10.1111/ene.14393
5. Strong MJ. The basic aspects of therapeutics in amyotrophic lateral sclerosis.

Pharmacol Ther. (2003) 98:379–414. doi: 10.1016/S0163-7258(03)00040-8
6. Strong MJ, Kesavapany S, Pant HC. The pathobiology of amyotrophic

lateral sclerosis: a proteinopathy? J Neuropathol Exp Neurol. (2005) 64:649–
64. doi: 10.1097/01.jnen.0000173889.71434.ea

7. Strong MJ, Abrahams S, Goldstein LH, Woolley S, Mclaughlin P,
Snowden J, et al. Amyotrophic lateral sclerosis - frontotemporal
spectrum disorder (ALS-FTSD): revised diagnostic criteria.
Amyotr Lateral Scler Frontotemporal Degener. (2017) 18:153–
74. doi: 10.1080/21678421.2016.1267768

8. Elamin M, Phukan J, Bede P, Jordan N, Byrne S, Pender N,
et al. Executive dysfunction is a negative prognostic indicator
in patients with ALS without dementia. Neurology. (2011)
76:1263–9. doi: 10.1212/WNL.0b013e318214359f

9. Phukan J, Elamin M, Bede P, Jordan N, Gallagher L, Byrne S, et al.
The syndrome of cognitive impairment in amyotrophic lateral sclerosis:
a population-based study. J Neurol Neurosurg Psychiatry. (2012) 83:102–
8. doi: 10.1136/jnnp-2011-300188

10. Montuschi A, Iazzolino B, Calvo A, Moglia C, Lopiano L, Restagno G,
et al. Cognitive correlates in amyotrophic lateral sclerosis: a population-
based study in Italy. J Neurol Neurosurg Psychiatry. (2015) 86:168–
73. doi: 10.1136/jnnp-2013-307223

11. Oh SI, Park A, Kim HJ, Oh KW, Choi H, Kwon MJ, et al. Spectrum
of cognitive impairment in Korean ALS patients without known genetic
mutations. PLoS ONE. (2014) 9:e87163. doi: 10.1371/journal.pone.0087163

12. Strong MJ. The evidence for altered RNAmetabolism in amyotrophic lateral
sclerosis (ALS). J Neurol Sci. (2010) 288:1–12. doi: 10.1016/j.jns.2009.09.029

13. Arai T, HasegawaM, AkiyamaH, Ikeda K, Nonaka T,Mori H, et al. TDP-43 is
a component of ubiquitin-positive tau-negative inclusions in frontotemporal
lobar degeneration and amyotrophic lateral sclerosis. Biochem Biophys Res

Commun. (2006) 351:602–11. doi: 10.1016/j.bbrc.2006.10.093
14. Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC,

Chou TT, et al. Ubiquitinated TDP-43 in frontotemporal lobar
degeneration and amyotrophic lateral sclerosis. Science. (2006)
314:130–3. doi: 10.1126/science.1134108

15. Moisse K, Volkening K, Leystra-Lantz C, Welch I, Hill T,
Strong MJ. Divergent patterns of cytosolic TDP-43 and neuronal
progranulin expression following axotomy. Brain Res. (2009)
1249:202–11. doi: 10.1016/j.brainres.2008.10.021

16. Wang IF, Wu LS, Chang HY, Shen CKJ. TDP-43, the signature protein
of FTLD-U, is a neuronal activity responsive factor. J Neurochem. (2008)
105:797–806. doi: 10.1111/j.1471-4159.2007.05190.x

17. Kwiatkowski TJ Jr, Bosco DA, Leclerc AL, Tamrazian E, Vanderburg
CR, Russ C, et al. Mutations in the FUS/TLS gene on chromosome
16 cause familial amyotrophic lateral sclerosis. Science. (2009) 323:1205–
8. doi: 10.1126/science.1166066

18. Vance C, Rogelj B, Hortobágyi T, De Vos KJ, Nishimura AL,
Sreedharan J, et al. Mutations in FUS, an RNA processing protein,
cause familial amyotrophic lateral sclerosis type 6. Science. (2009)
323:1208–11. doi: 10.1126/science.1165942

19. Couthouis J, Hart MP, Shorter J, Dejesus-Hernandez M, Erion R, Oristano
R, et al. A yeast functional screen predicts new candidate ALS disease genes.
Proc Natl Acad Sci USA. (2011) 108:20881–90. doi: 10.1073/pnas.1109434108

20. Collins M, Riascos D, Kovalik T, An J, Krupa K, Krupa K, et al. The
RNA-binding motif 45 (RBM45) protein accumulates in inclusion bodies in

amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration
with TDP-43 inclusions (FTLD-TDP) patients. Acta Neuropathol. (2012)
124:717–32. doi: 10.1007/s00401-012-1045-x

21. Droppelmann CA, Keller BA, Campos-Melo D, Volkening K,
Strong MJ. Rho guanine nucleotide exchange factor is an NFL
mRNA destabilizing factor that forms cytoplasmic inclusions
in amyotrophic lateral sclerosis. Neurobiol Aging. (2013)
34:242–62. doi: 10.1016/j.neurobiolaging.2012.06.021

22. Keller BA, Volkening K, Droppelmann CA, Ang LC, Rademakers R, Strong
MJ. Co-aggregation of RNA binding proteins in ALS spinal motor neurons:
evidence of a common pathogenic mechanism. Acta Neuropathol. (2012)
124:733–47. doi: 10.1007/s00401-012-1035-z

23. Ash PE, Bieniek KF, Gendron TF, Caulfield T, Lin WL, Dejesus-Hernandez
M, et al. Unconventional translation of C9ORF72 GGGGCC expansion
generates insoluble polypeptides specific to c9FTD/ALS. Neuron. (2013)
77:639–46. doi: 10.1016/j.neuron.2013.02.004

24. Mori K, Arzberger T, Grasser FA, Gijselinck I, May S, Rentzsch K, et al.
Bidirectional transcripts of the expanded C9orf72 hexanucleotide repeat
are translated into aggregating dipeptide repeat proteins. Acta Neuropathol.

(2013) 126:881–93. doi: 10.1007/s00401-013-1189-3
25. Ge WW, Wen W, Strong WL, Leystra-Lantz C, Strong MJ. Mutant

copper/zinc superoxide dismutase binds to and destabilizes human low
molecular weight neurofilament mRNA. J Biol Chem. (2005) 280:118–
24. doi: 10.1074/jbc.M405065200

26. Lagier-Tourenne C, Polymenidou M, Cleveland DW. TDP-43 and FUS/TLS:
emerging roles in RNA processing and neurodegeneration. HumMol Genet.

(2010) 19:R46–64. doi: 10.1093/hmg/ddq137
27. Lagier-Tourenne C, Cleveland DW. Rethinking ALS: the FUS about TDP-43.

Cell. (2009) 136:1001–4. doi: 10.1016/j.cell.2009.03.006
28. Strong MJ. The syndromes of frontotemporal dysfunction in

amyotrophic lateral sclerosis. Amyotroph Lateral Scler. (2008)
9:323–38. doi: 10.1080/17482960802372371

29. Bak TH, Hodges JR. Motor neurone disease, dementia and aphasia;
coincidence, co-occurrence or continuum? J Neurol. (2001) 248:260–
70. doi: 10.1007/s004150170199

30. Brooks BR, Miller RG, Swash M, Munsat TL. El Escorial revisited:
revised criteria for the diagnosis of amyotrophic lateral sclerosis.
Amyotroph Lateral Scler Other Motor Neuron Disord. (2000) 1:293–
9. doi: 10.1080/146608200300079536

31. de Carvalho M, Dengler R, Eisen A, England JD, Kaji R, Kimura J, et al.
The Awaji criteria for diagnosis of ALS. Muscle Nerve. (2011) 44:456–
7. doi: 10.1002/mus.22175

32. Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH,
Neuhaus J, et al. Sensitivity of revised diagnostic criteria for the
behavioural variant of frontotemporal dementia. Brain. (2011) 134:2456–
77. doi: 10.1093/brain/awr179

33. Lomen-Hoerth C, Anderson T, Miller B. The overlap of amyotrophic
lateral sclerosis and frontotemporal dementia. Neurology. (2002) 59:1077–
9. doi: 10.1212/WNL.59.7.1077

34. Lillo P, Savage S, Mioshi E, Kiernan MC, Hodges JR. Amyotrophic
lateral sclerosis and frontotemporal dementia: a behavioural
and cognitive continuum. Amyotroph Lateral Scler. (2012)
13:102–9. doi: 10.3109/17482968.2011.639376

35. Cykowski MD, Powell SZ, Peterson LE, Appel JW, Rivera AL,
Takei H, et al. Clinical significance of TDP-43 neuropathology in
amyotrophic lateral sclerosis. J Neuropathol Exp Neurol. (2017)
76:402–13. doi: 10.1093/jnen/nlx025

36. Irwin DJ, Cairns NJ, Grossman M, McMillan CT, Lee EB, Van Deerlin
VM, et al. Frontotemporal lobar degeneration: defining phenotypic
diversity through personalized medicine. Acta Neuropathol. (2015) 129:469–
91. doi: 10.1007/s00401-014-1380-1

37. Mackenzie IR, Neumann M. Molecular neuropathology of frontotemporal
dementia: insights into disease mechanisms from postmortem
studies. J Neurochem. (2016) 138(Suppl. 1):54–70. doi: 10.1111/
jnc.13588

38. Chornenkyy Y, Fardo DW, Nelson PT. Tau and TDP-43 proteinopathies:
kindred pathologic cascades and genetic pleiotropy. Lab Invest. (2019)
99:993–1007. doi: 10.1038/s41374-019-0196-y

Frontiers in Neurology | www.frontiersin.org 9 November 2020 | Volume 11 | Article 598907157

https://doi.org/10.1017/S0317167100001505
https://doi.org/10.1097/WCO.0000000000000488
https://doi.org/10.1111/ene.14393
https://doi.org/10.1016/S0163-7258(03)00040-8
https://doi.org/10.1097/01.jnen.0000173889.71434.ea
https://doi.org/10.1080/21678421.2016.1267768
https://doi.org/10.1212/WNL.0b013e318214359f
https://doi.org/10.1136/jnnp-2011-300188
https://doi.org/10.1136/jnnp-2013-307223
https://doi.org/10.1371/journal.pone.0087163
https://doi.org/10.1016/j.jns.2009.09.029
https://doi.org/10.1016/j.bbrc.2006.10.093
https://doi.org/10.1126/science.1134108
https://doi.org/10.1016/j.brainres.2008.10.021
https://doi.org/10.1111/j.1471-4159.2007.05190.x
https://doi.org/10.1126/science.1166066
https://doi.org/10.1126/science.1165942
https://doi.org/10.1073/pnas.1109434108
https://doi.org/10.1007/s00401-012-1045-x
https://doi.org/10.1016/j.neurobiolaging.2012.06.021
https://doi.org/10.1007/s00401-012-1035-z
https://doi.org/10.1016/j.neuron.2013.02.004
https://doi.org/10.1007/s00401-013-1189-3
https://doi.org/10.1074/jbc.M405065200
https://doi.org/10.1093/hmg/ddq137
https://doi.org/10.1016/j.cell.2009.03.006
https://doi.org/10.1080/17482960802372371
https://doi.org/10.1007/s004150170199
https://doi.org/10.1080/146608200300079536
https://doi.org/10.1002/mus.22175
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1212/WNL.59.7.1077
https://doi.org/10.3109/17482968.2011.639376
https://doi.org/10.1093/jnen/nlx025
https://doi.org/10.1007/s00401-014-1380-1
https://doi.org/10.1111/jnc.13588
https://doi.org/10.1038/s41374-019-0196-y
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Strong et al. Tau in ALS

39. Weingarten MD, Lockwood AH, Hwo SY, Kirschner MW. A protein factor
essential for microtubule assembly. Proc Natl Acad Sci USA. (1975) 72:1858–
62. doi: 10.1073/pnas.72.5.1858

40. Baas PW, Pienkowski TP, Cimbalnik KA, Toyama K, Bakalis S, Ahmad FJ,
et al. Tau confers drug stability but not cold stability to microtubules in living
cells. J Cell Sci. (1994) 107:135–43.

41. Caceres A, Kosik KS. Inhibition of neurite polarity by tau antisense
oligonucleotides in primary cerebellar neurons. Nature. (1990) 343:461–
3. doi: 10.1038/343461a0

42. Knops J, Kosik KS, Lee G, Pardee JD, Cohen-Gould L, McConlogue L.
Overexpression of tau in a nonneuronal cell induces long cellular processes.
J Cell Biol. (1991) 114:725–33. doi: 10.1083/jcb.114.4.725

43. Jeganathan S, von BM, Brutlach H, Steinhoff HJ, Mandelkow E.
Global hairpin folding of tau in solution. Biochemistry. (2006) 45:2283–
93. doi: 10.1021/bi0521543

44. Arendt T, Stieler JT, Holzer M. Tau and tauopathies. Brain Res Bull. (2016)
126:238–92. doi: 10.1016/j.brainresbull.2016.08.018

45. Li D, Scarano S, Lisi S, Palladino P, Minunni M. Real-time tau protein
detection by sandwich-based piezoelectric biosensing: exploring tubulin as
a mass enhancer. Sensors. (2018) 18:946. doi: 10.3390/s18040946

46. Zabik NL, Imhof MM, Martic-Milne S. Structural evaluations of tau protein
conformation: methodologies and approaches. Biochem Cell Biol. (2017)
95:338–49. doi: 10.1139/bcb-2016-0227

47. Jeganathan S, Hascher A, Chinnathambi S, Biernat J, Mandelkow EM,
Mandelkow E. Proline-directed pseudo-phosphorylation at AT8 and PHF1
epitopes induces a compaction of the paperclip folding of Tau and generates
a pathological (MC-1) conformation. J Biol Chem. (2008) 283:32066–
76. doi: 10.1074/jbc.M805300200

48. Fichou Y, Al-Hilaly YK, Devred F, Smet-Nocca C, Tsvetkov PO, Verelst
J, et al. The elusive tau molecular structures: can we translate the
recent breakthroughs into new targets for intervention? Acta Neuropathol

Commun. (2019) 7:31. doi: 10.1186/s40478-019-0682-x
49. Zempel H, Mandelkow E. Lost after translation: missorting of Tau protein

and consequences for Alzheimer disease. Trends Neurosci. (2014) 37:721–
32. doi: 10.1016/j.tins.2014.08.004

50. Mukrasch MD, Bibow S, Korukottu J, Jeganathan S, Biernat J, Griesinger C,
et al. Structural polymorphism of 441-residue tau at single residue resolution.
PLoS Biol. (2009) 7:e34. doi: 10.1371/journal.pbio.1000034

51. Martin L, Latypova X, Terro F. Post-translational modifications of tau
protein: implications for Alzheimer’s disease. Neurochem Int. (2011) 58:458–
71. doi: 10.1016/j.neuint.2010.12.023

52. Mandell JW, Banker GA. A spatial gradient of tau protein
phosphorylation in nascent axons. J Neurosci. (1996) 16:5727–
40. doi: 10.1523/JNEUROSCI.16-18-05727.1996

53. Hoover BR, Reed MN, Su J, Penrod RD, Kotilinek LA, Grant MK,
et al. Tau mislocalization to dendritic spines mediates synaptic
dysfunction independently of neurodegeneration. Neuron. (2010)
68:1067–81. doi: 10.1016/j.neuron.2010.11.030

54. Stamer K, Vogel R, Thies E,Mandelkow E,Mandelkow EM. Tau blocks traffic
of organelles, neurofilaments, and APP vesicles in neurons and enhances
oxidative stress. J Cell Biol. (2002) 156:1051–63. doi: 10.1083/jcb.200108057

55. Sultan A, Nesslany F, Violet M, Begard S, Loyens A, Talahari S, et al.
Nuclear tau, a key player in neuronal DNA protection. J Biol Chem. (2011)
286:4566–75. doi: 10.1074/jbc.M110.199976

56. Wei Y, Qu MH, Wang XS, Chen L, Wang DL, Liu Y, et al.
Binding to the minor groove of the double-strand, tau protein
prevents DNA from damage by peroxidation. PLoS ONE. (2008)
3:e2600. doi: 10.1371/journal.pone.0002600

57. Benhelli-Mokrani H, Mansuroglu Z, Chauderlier A, Albaud B, Gentien
D, Sommer S, et al. Genome-wide identification of genic and intergenic
neuronal DNA regions bound by Tau protein under physiological and stress
conditions. Nucleic Acids Res. (2018) 46:11405–22. doi: 10.1093/nar/gky929

58. Bukar Maina M, Al-Hilaly YK, Serpell LC. Nuclear Tau and its potential role
in Alzheimer’s disease. Biomolecules. (2016) 6:9. doi: 10.3390/biom6010009

59. Liu C, Gotz J. Profiling murine tau with 0N, 1N and 2N isoform-
specific antibodies in brain and peripheral organs reveals distinct subcellular
localization, with the 1N isoform being enriched in the nucleus. PLoS ONE.
(2013) 8:e84849. doi: 10.1371/journal.pone.0084849

60. Maina MB, Bailey LJ, Wagih S, Biasetti L, Pollack SJ, Quinn JP, et al. The
involvement of tau in nucleolar transcription and the stress response. Acta
Neuropathol Commun. (2018) 6:70. doi: 10.1186/s40478-018-0565-6

61. Silva JM, Rodrigues S, Sampaio-Marques B, Gomes P, Neves-Carvalho
A, Dioli C, et al. Dysregulation of autophagy and stress granule-related
proteins in stress-driven tau pathology. Cell Death Differ. (2019) 26:1411–
27. doi: 10.1038/s41418-018-0217-1

62. Fernandes N, Eshleman N, Buchan JR. Stress granules and ALS:
a case of causation or correlation? Adv Neurobiol. (2018) 20:173–
212. doi: 10.1007/978-3-319-89689-2_7

63. Li YR, King OD, Shorter J, Gitler AD. Stress granules as crucibles of ALS
pathogenesis. J Cell Biol. (2013) 201:361–72. doi: 10.1083/jcb.201302044

64. Fan AC, Leung AK. RNA granules and diseases: a case study of
stress granules in ALS and FTLD. Adv Exp Med Biol. (2016) 907:263–
96. doi: 10.1007/978-3-319-29073-7_11

65. Meier S, Bell M, Lyons DN, Ingram A, Chen J, Gensel JC, et al. Identification
of novel tau interactions with endoplasmic reticulum proteins in Alzheimer’s
disease brain. J Alzheimers Dis. (2015) 48:687–702. doi: 10.3233/JAD-150298

66. Vanderweyde T, Yu H, Varnum M, Liu-Yesucevitz L, Citro
A, Ikezu T, et al. Contrasting pathology of the stress granule
proteins TIA-1 and G3BP in tauopathies. J Neurosci. (2012)
32:8270–83. doi: 10.1523/JNEUROSCI.1592-12.2012

67. Vanderweyde T, Apicco DJ, Youmans-Kidder K, Ash PEA, Cook C,
Lummertz da Rocha E, et al. Interaction of tau with the RNA-binding
protein TIA1 regulates tau pathophysiology and toxicity. Cell Rep. (2016)
15:1455–66. doi: 10.1016/j.celrep.2016.04.045

68. Babinchak WM, Haider R, Dumm BK, Sarkar P, Surewicz K, Choi
JK, et al. The role of liquid-liquid phase separation in aggregation
of the TDP-43 low-complexity domain. J Biol Chem. (2019) 294:6306–
17. doi: 10.1074/jbc.RA118.007222

69. Hernandez-Vega A, Braun M, Scharrel L, Jahnel M, Wegmann S, Hyman
BT, et al. Local nucleation of microtubule bundles through tubulin
concentration into a condensed tau phase. Cell Rep. (2017) 20:2304–
12. doi: 10.1016/j.celrep.2017.08.042

70. Wegmann S, Eftekharzadeh B, Tepper K, Zoltowska KM, Bennett RE,
Dujardin S, et al. Tau protein liquid-liquid phase separation can initiate tau
aggregation. EMBO J. (2018) 37:e98049. doi: 10.15252/embj.201798049

71. Ambadipudi S, Biernat J, Riedel D, Mandelkow E, Zweckstetter
M. Liquid-liquid phase separation of the microtubule-binding
repeats of the Alzheimer-related protein Tau. Nat Commun. (2017)
8:275. doi: 10.1038/s41467-017-00480-0

72. KanaanNM,Hamel C, Grabinski T, Combs B. Liquid-liquid phase separation
induces pathogenic tau conformations in vitro. Nat Commun. (2020)
11:2809. doi: 10.1038/s41467-020-16580-3

73. Montalbano M, McAllen S, Puangmalai N, Sengupta U, Bhatt
N, Johnson OD, et al. RNA-binding proteins musashi and tau
soluble aggregates initiate nuclear dysfunction. Nat Commun. (2020)
11:4305. doi: 10.1038/s41467-020-18022-6

74. Kim HJ, Taylor JP. Lost in transportation: nucleocytoplasmic transport
defects in ALS and other neurodegenerative diseases.Neuron. (2017) 96:285–
97. doi: 10.1016/j.neuron.2017.07.029

75. van der Harg JM, Nolle A, Zwart R, Boerema AS, van Haastert ES,
Strijkstra AM, et al. The unfolded protein response mediates reversible
tau phosphorylation induced by metabolic stress. Cell Death Dis. (2014)
5:e1393. doi: 10.1038/cddis.2014.354

76. Garruto RM. Amyotrophic lateral sclerosis and parkinsonism-dementia of
guam: clinical, epidemiological and genetic patterns. Am J Human Biol.

(1989) 1:367–82. doi: 10.1002/ajhb.1310010317
77. Hirano A. Neuropathology of amyotrophic lateral sclerosis and

parkinsonism-dementia complex on Guam. In: Luthy L, Bischoff A,
editors. Proceedings of the Fifth International Congress of Neuropathology.
Amsterdam: Excerpta Medica (1966). p. 190–4.

78. Hirano A, Malamud N, Elizan TS, Kurland LT. Amyotrophic lateral sclerosis
and parkinsonism-dementia complex on Guam. Further pathologic studies.
Arch Neurol. (1966) 15:35–51. doi: 10.1001/archneur.1966.00470130039004

79. Moszczynski AJ, Strong W, Xu K, McKee A, Brown A, Strong MJ.
Pathological Thr175 tau phosphorylationin CTE and CTE with ALS.
Neurology. (2018) 90:e380–e7. doi: 10.1212/WNL.0000000000004899

Frontiers in Neurology | www.frontiersin.org 10 November 2020 | Volume 11 | Article 598907158

https://doi.org/10.1073/pnas.72.5.1858
https://doi.org/10.1038/343461a0
https://doi.org/10.1083/jcb.114.4.725
https://doi.org/10.1021/bi0521543
https://doi.org/10.1016/j.brainresbull.2016.08.018
https://doi.org/10.3390/s18040946
https://doi.org/10.1139/bcb-2016-0227
https://doi.org/10.1074/jbc.M805300200
https://doi.org/10.1186/s40478-019-0682-x
https://doi.org/10.1016/j.tins.2014.08.004
https://doi.org/10.1371/journal.pbio.1000034
https://doi.org/10.1016/j.neuint.2010.12.023
https://doi.org/10.1523/JNEUROSCI.16-18-05727.1996
https://doi.org/10.1016/j.neuron.2010.11.030
https://doi.org/10.1083/jcb.200108057
https://doi.org/10.1074/jbc.M110.199976
https://doi.org/10.1371/journal.pone.0002600
https://doi.org/10.1093/nar/gky929
https://doi.org/10.3390/biom6010009
https://doi.org/10.1371/journal.pone.0084849
https://doi.org/10.1186/s40478-018-0565-6
https://doi.org/10.1038/s41418-018-0217-1
https://doi.org/10.1007/978-3-319-89689-2_7
https://doi.org/10.1083/jcb.201302044
https://doi.org/10.1007/978-3-319-29073-7_11
https://doi.org/10.3233/JAD-150298
https://doi.org/10.1523/JNEUROSCI.1592-12.2012
https://doi.org/10.1016/j.celrep.2016.04.045
https://doi.org/10.1074/jbc.RA118.007222
https://doi.org/10.1016/j.celrep.2017.08.042
https://doi.org/10.15252/embj.201798049
https://doi.org/10.1038/s41467-017-00480-0
https://doi.org/10.1038/s41467-020-16580-3
https://doi.org/10.1038/s41467-020-18022-6
https://doi.org/10.1016/j.neuron.2017.07.029
https://doi.org/10.1038/cddis.2014.354
https://doi.org/10.1002/ajhb.1310010317
https://doi.org/10.1001/archneur.1966.00470130039004
https://doi.org/10.1212/WNL.0000000000004899
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Strong et al. Tau in ALS

80. McKee AC, Cantu RC, Nowinski CJ, Hedley-Whyte ET, Gavett BE, Budson
AE, et al. Chronic traumatic encephalopathy in athletes: progressive
tauopathy after repetitive head injury. J Neuropathol Exp Neurol. (2009)
68:709–35. doi: 10.1097/NEN.0b013e3181a9d503

81. Mez J, Daneshvar DH, Kiernan PT, Abdolmohammadi B, Alvarez VE,
Huber BR, et al. Clinicopathological evaluation of chronic traumatic
encephalopathy in players of American football. JAMA. (2017) 318:360–
70. doi: 10.1001/jama.2017.8334

82. Dobson-Stone C, Luty AA, Thompson EM, Blumbergs P, Brooks
WS, Short CL, et al. Frontotemporal dementia-amyotrophic lateral
sclerosis syndrome locus on chromosome 16p12.1-q12.2: genetic,
clinical and neuropathological analysis. Acta Neuropathol. (2013)
124:523–33. doi: 10.1007/s00401-013-1078-9

83. Nakamura S,Wate R, Kaneko S, Ito H, OkiM, Tsuge A, et al. An autopsy case
of sporadic amyotrophic lateral sclerosis associated with the I113T SOD1
mutation. Neuropathology. (2014) 34:58–63. doi: 10.1111/neup.12049

84. Orrell RW, King AW, Hilton DA, Campbell MJ, Lane RJ, de Belleroche
JS. Familial amyotrophic lateral sclerosis with a point mutation of
SOD-1: intrafamilial heterogeneity of disease duration associated with
neurofibrillary tangles. J Neurol Neurosurg Psychiatry. (1995) 59:266–
70. doi: 10.1136/jnnp.59.3.266

85. Soma K, Fu YJ, Wakabayashi K, Onodera O, Kakita A, Takahashi
H. Co-occurrence of argyrophilic grain disease in sporadic
amyotrophic lateral sclerosis. Neuropathol Appl Neurobiol. (2012)
38:54–60. doi: 10.1111/j.1365-2990.2011.01175.x

86. Takeuchi R, Toyoshima Y, Tada M, Tanaka H, Shimizu H, Shiga A, et al.
Globular glial mixed four repeat tau and TDP-43 proteinopathy with motor
neuron disease and frontotemporal dementia. Brain Pathol. (2016) 26:82–
94. doi: 10.1111/bpa.12262

87. Origone P, Geroldi A, Lamp M, Sanguineri F, Caponnetto C, Cabona
C, et al. Role of MAPT in pure motor neuron disease: report of a
recurrent mutation in Italian patients. Neurodegener Dis. (2018) 18:310–
4. doi: 10.1159/000497820

88. Renton AE, Majounie E, Waite A, Simon-Sanchez J, Rollinson S,
Gibbs JR, et al. A hexanucleotide repeat expansion in C9ORF72 is the
cause of chromosome 9p21-linked ALS-FTD. Neuron. (2011) 72:257–
68. doi: 10.1016/j.neuron.2011.09.010

89. Dejesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M,
Rutherford NJ, et al. Expanded GGGGCC hexanucleotide repeat in
noncoding region of C9ORF72 causes chromosome 9p-linked FTD and ALS.
Neuron. (2011) 72:245–56. doi: 10.1016/j.neuron.2011.09.011

90. Ferrer I, Legati A, Garcia-Monco JC, Gomez-Beldarrain M, Carmona
M, Blanco R, et al. Familial behavioral variant frontotemporal dementia
associated with astrocyte-predominant tauopathy. J Neuropathol Exp Neurol.
(2015) 74:370–9. doi: 10.1097/NEN.0000000000000180

91. Vatsavayai SC, Nana AL, Yokoyama JS, Seeley WW. C9orf72-FTD/ALS
pathogenesis: evidence from human neuropathological studies. Acta

Neuropathol. (2019) 137:1–26. doi: 10.1007/s00401-018-1921-0
92. Tacik P, Sanchez-Contreras M, Rademakers R, Dickson DW, Wszolek ZK.

Genetic disorders with tau pathology: a review of the literature and report of
two patients with tauopathy and positive family histories. Neurodegener Dis.
(2016) 16:12–21. doi: 10.1159/000440840

93. Bieniek KF, Murray ME, Rutherford NJ, Castanedes-Casey M, Dejesus-
Hernandez M, Liesinger AM, et al. Tau pathology in frontotemporal
lobar degeneration with C9ORF72 hexanucleotide repeat expansion. Acta
Neuropathol. (2013) 125:289–302. doi: 10.1007/s00401-012-1048-7

94. King A, Al-Sarraj S, Troakes C, Smith BN,Maekawa S, IovinoM, et al. Mixed
tau, TDP-43 and p62 pathology in FTLD associated with a C9ORF72 repeat
expansion and p.Ala239Thr MAPT (tau) variant. Acta Neuropathol. (2013)
125:303–10. doi: 10.1007/s00401-012-1050-0

95. He H, Huang W, Wang R, Lin Y, Guo Y, Deng J, et al.
Amyotrophic lateral sclerosis-associated GGGGCC repeat expansion
promotes tau phosphorylation and toxicity. Neurobiol Dis. (2019)
130:104493. doi: 10.1016/j.nbd.2019.104493

96. Sproviero W, La Bella V, Mazzei R, Valentino P, Rodolico C,
Simone IL, et al. FUS mutations in sporadic amyotrophic lateral
sclerosis: clinical and genetic analysis. Neurobiol Aging. (2012)
33:837.e1–5. doi: 10.1016/j.neurobiolaging.2011.10.005

97. Lai SL, Abramzon Y, Schymick JC, Stephan DA, Dunckley T, Dillman A, et al.
FUS mutations in sporadic amyotrophic lateral sclerosis. Neurobiol Aging.
(2011) 32:550.e1–4. doi: 10.1016/j.neurobiolaging.2009.12.020

98. Lattante S, Rouleau GA, Kabashi E. TARDBP and FUS mutations associated
with amyotrophic lateral sclerosis: summary and update.HumMutat. (2013)
34:812–26. doi: 10.1002/humu.22319

99. Orozco D, Edbauer D. FUS-mediated alternative splicing in the nervous
system: consequences for ALS and FTLD. J Mol Med. (2013) 91:1343–
54. doi: 10.1007/s00109-013-1077-2

100. Orozco D, Tahirovic S, Rentzsch K, Schwenk BM, Haass C, Edbauer D. Loss
of fused in sarcoma (FUS) promotes pathological Tau splicing. EMBO Rep.

(2012) 13:759–64. doi: 10.1038/embor.2012.90
101. Ishigaki S, Sobue G. Importance of functional loss of FUS in FTLD/ALS.

Front Mol Biosci. (2018) 5:44. doi: 10.3389/fmolb.2018.00044
102. Ishigaki S, Riku Y, Fujioka Y, Endo K, Iwade N, Kawai K, et al. Aberrant

interaction between FUS and SFPQ in neurons in a wide range of FTLD
spectrum diseases. Brain. (2020) 143:2398–405. doi: 10.1093/brain/awaa196

103. Ishigaki S, Fujioka Y, Okada Y, Riku Y, Udagawa T, HondaD, et al. Altered tau
isoform ratio caused by loss of FUS and SFPQ function leads to FTLD-like
phenotypes. Cell Rep. (2017) 18:1118–31. doi: 10.1016/j.celrep.2017.01.013

104. Wharton SB, Verber NS, Wagner BE, Highley JR, Fillingham DJ, Waller
R, et al. Combined fused in sarcoma-positive (FUS+) basophilic inclusion
body disease and atypical tauopathy presenting with an amyotrophic lateral
sclerosis/motor neurone disease (ALS/MND)-plus phenotype. Neuropathol
Appl Neurobiol. (2019) 45:586–96. doi: 10.1111/nan.12542

105. Vintilescu CR, Afreen S, Rubino AE, Ferreira A. The neurotoxic
TAU45-230 fragment accumulates in upper and lower motor neurons
in amyotrophic lateral sclerosis subjects. Mol Med. (2016) 22:477–
86. doi: 10.2119/molmed.2016.00095

106. Lang AE, Riherd Methner DN, Ferreira A. Neuronal degeneration,
synaptic defects, and behavioral abnormalities in tau45−230 transgenic mice.
Neuroscience. (2014) 275:322–39. doi: 10.1016/j.neuroscience.2014.06.017

107. Ferreira A, Bigio EH. Calpain-mediated tau cleavage: a mechanism leading
to neurodegeneration shared by multiple tauopathies. Mol Med. (2011)
17:676–85. doi: 10.2119/molmed.2010.00220

108. Park SY, Ferreira A. The generation of a 17 kDa neurotoxic
fragment: an alternative mechanism by which tau mediates
beta-amyloid-induced neurodegeneration. J Neurosci. (2005)
25:5365–75. doi: 10.1523/JNEUROSCI.1125-05.2005

109. Yang W, Sopper MM, Leystra-Lantz C, Strong MJ. Microtubule-
associated tau protein positive neuronal and glial inclusions
in amyotrophic lateral sclerosis. Neurology. (2003) 61:1766–
73. doi: 10.1212/01.WNL.0000099372.75786.F8

110. Yang W, Strong MJ. Widespread neuronal and glial hyperphosphorylated
tau deposition in ALS with cognitive impairment. Amyotroph Lateral Scler.

(2012) 13:178–93. doi: 10.3109/17482968.2011.622405
111. Yang W, Ang LC, Strong MJ. Tau protein aggregation in the frontal and

entorhinal cortices as a function of aging. Dev Brain Res. (2005) 156:127–
38. doi: 10.1016/j.devbrainres.2005.02.004

112. Strong MJ, Yang W, Strong WL, Leystra-Lantz C, Jaffe H, Pant HC. Tau
protein hyperphosphorylation in sporadic ALS with cognitive impairment.
Neurology. (2006) 66:1770–1. doi: 10.1212/01.wnl.0000218161.15834.db

113. Yang W, Leystra-Lantz C, Strong MJ. Upregulation of GSK3beta expression
in frontal and temporal cortex of ALS with cognitive impairment (ALSci).
Brain Res. (2008) 1196:131–9. doi: 10.1016/j.brainres.2007.12.031

114. Behrouzi R, Liu X, Wu D, Robinson AC, Tanaguchi-Watanabe S, Rollinson
S, et al. Pathological tau deposition in motor neurone disease and
frontotemporal lobar degeneration associated with TDP-43 proteinopathy.
Acta Neuropathol Commun. (2016) 4:33. doi: 10.1186/s40478-016-
0301-z

115. Stevens CH, Guthrie NJ, van Roijen M, Halliday GM, Ooi L. Increased
tau phosphorylation in motor neurons from clinically pure sporadic
amyotrophic lateral sclerosis patients. J Neuropathol Exp Neurol. (2019)
78:605–14. doi: 10.1093/jnen/nlz041

116. McKee AC, Cairns NJ, Dickson DW, Folkerth RD, Keene CD, Litvan I,
et al. The first NINDS/NIBIB consensus meeting to define neuropathological
criteria for the diagnosis of chronic traumatic encephalopathy. Acta

Neuropathol. (2016) 131:75–86. doi: 10.1007/s00401-015-1515-z

Frontiers in Neurology | www.frontiersin.org 11 November 2020 | Volume 11 | Article 598907159

https://doi.org/10.1097/NEN.0b013e3181a9d503
https://doi.org/10.1001/jama.2017.8334
https://doi.org/10.1007/s00401-013-1078-9
https://doi.org/10.1111/neup.12049
https://doi.org/10.1136/jnnp.59.3.266
https://doi.org/10.1111/j.1365-2990.2011.01175.x
https://doi.org/10.1111/bpa.12262
https://doi.org/10.1159/000497820
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1097/NEN.0000000000000180
https://doi.org/10.1007/s00401-018-1921-0
https://doi.org/10.1159/000440840
https://doi.org/10.1007/s00401-012-1048-7
https://doi.org/10.1007/s00401-012-1050-0
https://doi.org/10.1016/j.nbd.2019.104493
https://doi.org/10.1016/j.neurobiolaging.2011.10.005
https://doi.org/10.1016/j.neurobiolaging.2009.12.020
https://doi.org/10.1002/humu.22319
https://doi.org/10.1007/s00109-013-1077-2
https://doi.org/10.1038/embor.2012.90
https://doi.org/10.3389/fmolb.2018.00044
https://doi.org/10.1093/brain/awaa196
https://doi.org/10.1016/j.celrep.2017.01.013
https://doi.org/10.1111/nan.12542
https://doi.org/10.2119/molmed.2016.00095
https://doi.org/10.1016/j.neuroscience.2014.06.017
https://doi.org/10.2119/molmed.2010.00220
https://doi.org/10.1523/JNEUROSCI.1125-05.2005
https://doi.org/10.1212/01.WNL.0000099372.75786.F8
https://doi.org/10.3109/17482968.2011.622405
https://doi.org/10.1016/j.devbrainres.2005.02.004
https://doi.org/10.1212/01.wnl.0000218161.15834.db
https://doi.org/10.1016/j.brainres.2007.12.031
https://doi.org/10.1186/s40478-016-0301-z
https://doi.org/10.1093/jnen/nlz041
https://doi.org/10.1007/s00401-015-1515-z
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Strong et al. Tau in ALS

117. Moszczynski AJ, Yang W, Hammond R, Ang LC, Strong MJ.
Threonine175, a novel pathological phosphorylation site on tau protein
linked to multiple tauopathies. Acta Neuropathol Commun. (2017)
5:6. doi: 10.1186/s40478-016-0406-4

118. Kenessey A, Yen SH. The extent of phosphorylation of fetal tau is comparable
to that of PHF-tau fromAlzheimer paired helical filaments. Brain Res. (1993)
629:40–6. doi: 10.1016/0006-8993(93)90478-6

119. Süssmuth S, Tumani H, Ecker D, Ludolph AC. Amyotrophic lateral
sclerosis: disease stage related changes of tau protein asn S100 beta in
cerebrospinal fluid and creatine kinase in serum. Neurosci Lett. (2003)
353:57–60. doi: 10.1016/j.neulet.2003.09.018

120. Bourbouli M, Rentzos M, Bougea A, Zouvelou V, Constantinides VC,
Zaganas I, et al. Cerebrospinal fluid TAR DNA-binding protein 43 combined
with tau proteins as a candidate biomarker for amyotrophic lateral sclerosis
and frontotemporal dementia spectrum disorders. Dement Geriatr Cogn

Disord. (2017) 44:144–52. doi: 10.1159/000478979
121. Paladino P, Valentino F, Piccoli T, Piccoli F, La Bella V. Cerebrospinal fluid

tau protein is not a biological marker in amyotrophic lateral sclerosis. Eur J
Neurol. (2009) 16:257–61. doi: 10.1111/j.1468-1331.2008.02405.x

122. Sjogren M, Davidsson P, Wallin A, Granerus AK, Grundstrom E, Askmark
H, et al. Decreased CSF-beta-amyloid 42 in Alzheimer’s disease and
amyotrophic lateral sclerosis may reflect mismetabolism of beta-amyloid
induced by disparate mechanisms. Dement Geriatr Cogn Disord. (2002)
13:112–8. doi: 10.1159/000048642

123. Jiménez-Jiménez FJ, Hernánz A, Medina-Acebrón S, de Bustos F, Zurdo
JM, Alonso H, et al. Tau protein concentrations in cerebrospinal fluid
of patients with amyotrophic lateral sclerosis. Acta Neurol Scand. (2005)
111:114–7. doi: 10.1111/j.1600-0404.2005.00370.x

124. Brettschneider J, Petzold A, Sussmuth SD, Ludolph AC, Tumani H. Axonal
damage markers in cerebrospinal fluid are increased in ALS. Neurology.
(2006) 66:852–6. doi: 10.1212/01.wnl.0000203120.85850.54

125. Gohar M, Yang W, Strong WL, Volkening K, Leystra-Lantz C, Strong MJ.
Tau phosphorylation at 175Thr leads to fibril formation. Implications for the
tauopathy of amyotrophic lateral sclerosis. J Neurochem. (2009) 108:634–
43. doi: 10.1111/j.1471-4159.2008.05791.x

126. Moszczynski AJ, Gohar M, Volkening K, Leystra-Lantz C, Strong W, Strong
MJ. Thr175-phosphorylated tau induces pathologic fibril formation via
GSK3beta-mediated phosphorylation of Thr231 in vitro. Neurobiol Aging.
(2015) 36:1590–9. doi: 10.1016/j.neurobiolaging.2014.12.001

127. Frame S, Cohen P. GSK3 takes centre stage more than 20 years after its
discovery. Biochem J. (2001) 359:1–16. doi: 10.1042/bj3590001

128. Hughes K, Nikolakaki E, Plyte SE, Totty NF, Woodgett JR. Modulation of
the glycogen synthase kinase-3 family by tyrosine phosphorylation. EMBO.

(1993) 12:803–8. doi: 10.1002/j.1460-2075.1993.tb05715.x
129. Hintermayer MA, Volkening K, Moszczynski AJ, Donison N, Strong MJ.

Tau protein phosphorylation at Thr(175) initiates fibril formation via
accessibility of the N-terminal phosphatase-activating domain. J Neurochem.
(2019) 2019:e14942. doi: 10.1111/jnc.14942

130. Kanaan NM, Morfini GA, LaPointe NE, Pigino GF, Patterson KR, Song Y,
et al. Pathogenic forms of tau inhibit kinesin-dependent axonal transport
through a mechanism involving activation of axonal phosphotransferases.
J Neurosci. (2011) 31:9858–68. doi: 10.1523/JNEUROSCI.0560-11.2011

131. Kanaan NM, Morfini G, Pigino G, LaPointe NE, Andreadis A, Song
Y, et al. Phosphorylation in the amino terminus of tau prevents
inhibition of anterograde axonal transport. Neurobiol Aging. (2012) 33:826–
30. doi: 10.1016/j.neurobiolaging.2011.06.006

132. Avila J, Jimenez JS, Sayas CL, Bolos M, Zabala JC, Rivas G, et al. Tau
structures. Front Aging Neurosci. (2016) 8:262. doi: 10.3389/fnagi.2016.00262

133. Combs B, Kanaan NM. Exposure of the amino terminus of tau is a
pathological event in multiple tauopathies. Am J Pathol. (2017) 187:1222–
9. doi: 10.1016/j.ajpath.2017.01.019

134. Ward SM, Himmelstein DS, Lancia JK, Binder LI. Tau oligomers and tau
toxicity in neurodegenerative disease. Biochem Soc Trans. (2012) 40:667–
71. doi: 10.1042/BST20120134

135. Kanaan NM, Cox K, Alvarez VE, Stein TD, Poncil S, McKee
AC. Characterization of early pathological tau conformations and
phosphorylation in chronic traumatic encephalopathy. J Neuropathol

Exp Neurol. (2016) 75:19–34. doi: 10.1093/jnen/nlv001

136. Nakamura K, Greenwood A, Binder L, Bigio EH, Denial S,
Nicholson L, et al. Proline isomer-specific antibodies reveal the early
pathogenic tau conformation in Alzheimer’s disease. Cell. (2012)
149:232–44. doi: 10.1016/j.cell.2012.02.016

137. Lu KP, Hanes SD, Hunter T. A human peptidyl-prolyl isomerase essential for
regulation of mitosis. Nature. (1996) 380:544–7. doi: 10.1038/380544a0

138. Lu PJ, Wulf G, Zhou XZ, Davies P, Lu KP. The prolyl isomerase Pin1 restores
the function of Alzheimer-associated phosphorylated tau protein. Nature.
(1999) 399:784–8. doi: 10.1038/21650

139. Albayram O, Kondo A, Mannix R, Smith C, Tsai CY, Li C, et al. Cis P-tau is
induced in clinical and preclinical brain injury and contributes to post-injury
sequelae. Nat Commun. (2017) 8:1000. doi: 10.1038/s41467-017-01068-4

140. Liou YC, Sun A, Ryo A, Zhou XZ, Yu ZX, Huang HK, et al. Role of the prolyl
isomerase Pin1 in protecting against age-dependent neurodegeneration.
Nature. (2003) 424:556–61. doi: 10.1038/nature01832

141. Ma SL, Tang NL, Tam CW, Lui VW, Lam LC, Chiu HF, et al. A
PIN1 polymorphism that prevents its suppression by AP4 associates with
delayed onset of Alzheimer’s disease. Neurobiol Aging. (2012) 33:804–
13. doi: 10.1016/j.neurobiolaging.2010.05.018

142. Segat L, Pontillo A, Annoni G, Trabattoni D, Vergani C, Clerici M, et al. PIN1
promoter polymorphisms are associated with Alzheimer’s disease. Neurobiol
Aging. (2007) 28:69–74. doi: 10.1016/j.neurobiolaging.2005.11.009

143. Mustroph ML, King MA, Klein RL, Ramirez JJ. Adult-onset focal expression
of mutated human tau in the hippocampus impairs spatial working memory
of rats. Behav Brain Res. (2012) 233:141–8. doi: 10.1016/j.bbr.2012.04.034

144. Moszczynski AJ, Gopaul J, McCunn P, Volkening K, Harvey M, Bartha
R, et al. Somatic gene transfer using a recombinant adenoviral vector
(rAAV9) encoding pseudophosphorylated human Thr175 tau in adult rat
hippocampus induces tau pathology. J Neuropathol Exp Neurol. (2018)
77:685–95. doi: 10.1093/jnen/nly044

145. McKee AC, Gavett BE, Stern RA, Nowinski CJ, Cantu RC, Kowall
NW, et al. TDP-43 proteinopathy and motor neuron disease in chronic
traumatic encephalopathy. J Neuropathol Exp Neurol. (2010) 69:918–
29. doi: 10.1097/NEN.0b013e3181ee7d85

146. Josephs KA, Murray ME, Whitwell JL, Parisi JE, Petrucelli L, Jack CR, et al.
Staging TDP-43 pathology in Alzheimer’s disease. Acta Neuropathol. (2014)
127:441–50. doi: 10.1007/s00401-013-1211-9

147. Josephs KA, Whitwell JL, Weigand SD, Murray ME, Tosakulwong N,
Liesinger AM, et al. TDP-43 is a key player in the clinical features
associated with Alzheimer’s disease. Acta Neuropathol. (2014) 127:811–
24. doi: 10.1007/s00401-014-1269-z

148. Zhou H, Huang C, Chen H, Wang D, Landel CP, Xia PY, et al. Transgenic
rat model of neurodegeneration caused by mutation in the TDP gene. PLoS
Genet. (2010) 6:e1000887. doi: 10.1371/journal.pgen.1000887

149. Moszczynski AJ, Harvey M, Fulcher N, de Oliveira C, McCunn P, Donison
N, et al. Synergistic toxicity in an in vivo model of neurodegeneration
through the co-expression of human TDP-43(M337V) and tau(T175D)
protein. Acta Neuropathol Commun. (2019) 7:170. doi: 10.1186/s40478-019-
0816-1

150. Goedert M, Jakes R, Vanmechelen E. Monoclonal antibody AT8
recognises tau protein phosphorylated at both serine 202 and threonine
205. Neurosci Lett. (1995) 189:167–9. doi: 10.1016/0304-3940(95)1
1484-E

151. Olney RK, Murphy J, Forshew D, Garwood E, Miller BL, Langmore S,
et al. The effects of executive and behavioral dysfunction on the course
of ALS. Neurology. (2005) 65:1774–7. doi: 10.1212/01.wnl.0000188759.8
7240.8b

152. Liachko NF, McMillan PJ, Strovas TJ, Loomis E, Greenup L, Murrell JR, et al.
The tau tubulin kinases TTBK1/2 promote accumulation of pathological
TDP-43. PLoSGenet. (2014) 10:e1004803. doi: 10.1371/journal.pgen.1004803

153. Sato S, Cerny RL, Buescher JL, Ikezu T. Tau-tubulin kinase 1
(TTBK1), a neuron-specific tau kinase candidate, is involved
in tau phosphorylation and aggregation. J Neurochem. (2006)
98:1573–84. doi: 10.1111/j.1471-4159.2006.04059.x

154. Tomizawa K, Omori A, Ohtake A, Sato K, Takahashi M. Tau-
tubulin kinase phosphorylates tau at Ser-208 and Ser-210,
sites found in paired helical filament-tau. FEBS Lett. (2001)
492:221–7. doi: 10.1016/S0014-5793(01)02256-6

Frontiers in Neurology | www.frontiersin.org 12 November 2020 | Volume 11 | Article 598907160

https://doi.org/10.1186/s40478-016-0406-4
https://doi.org/10.1016/0006-8993(93)90478-6
https://doi.org/10.1016/j.neulet.2003.09.018
https://doi.org/10.1159/000478979
https://doi.org/10.1111/j.1468-1331.2008.02405.x
https://doi.org/10.1159/000048642
https://doi.org/10.1111/j.1600-0404.2005.00370.x
https://doi.org/10.1212/01.wnl.0000203120.85850.54
https://doi.org/10.1111/j.1471-4159.2008.05791.x
https://doi.org/10.1016/j.neurobiolaging.2014.12.001
https://doi.org/10.1042/bj3590001
https://doi.org/10.1002/j.1460-2075.1993.tb05715.x
https://doi.org/10.1111/jnc.14942
https://doi.org/10.1523/JNEUROSCI.0560-11.2011
https://doi.org/10.1016/j.neurobiolaging.2011.06.006
https://doi.org/10.3389/fnagi.2016.00262
https://doi.org/10.1016/j.ajpath.2017.01.019
https://doi.org/10.1042/BST20120134
https://doi.org/10.1093/jnen/nlv001
https://doi.org/10.1016/j.cell.2012.02.016
https://doi.org/10.1038/380544a0
https://doi.org/10.1038/21650
https://doi.org/10.1038/s41467-017-01068-4
https://doi.org/10.1038/nature01832
https://doi.org/10.1016/j.neurobiolaging.2010.05.018
https://doi.org/10.1016/j.neurobiolaging.2005.11.009
https://doi.org/10.1016/j.bbr.2012.04.034
https://doi.org/10.1093/jnen/nly044
https://doi.org/10.1097/NEN.0b013e3181ee7d85
https://doi.org/10.1007/s00401-013-1211-9
https://doi.org/10.1007/s00401-014-1269-z
https://doi.org/10.1371/journal.pgen.1000887
https://doi.org/10.1186/s40478-019-0816-1
https://doi.org/10.1016/0304-3940(95)11484-E
https://doi.org/10.1212/01.wnl.0000188759.87240.8b
https://doi.org/10.1371/journal.pgen.1004803
https://doi.org/10.1111/j.1471-4159.2006.04059.x
https://doi.org/10.1016/S0014-5793(01)02256-6
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Strong et al. Tau in ALS

155. Taylor LM, McMillan PJ, Liachko NF, Strovas TJ, Ghetti B, Bird TD,
et al. Pathological phosphorylation of tau and TDP-43 by TTBK1
and TTBK2 drives neurodegeneration. Mol Neurodegener. (2018)
13:7. doi: 10.1186/s13024-018-0237-9

156. Taylor LM, McMillan PJ, Kraemer BC, Liachko NF. Tau tubulin
kinases in proteinopathy. FEBS J. (2019) 286:2434–46. doi: 10.1111/feb
s.14866

157. Barbier P, Zejneli O, Martinho M, Lasorsa A, Belle V, Smet-Nocca C, et al.
Role of tau as a microtubule-associated protein: structural and functional
aspects. Front Aging Neurosci. (2019) 11:204. doi: 10.3389/fnagi.201
9.00204

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Strong, Donison and Volkening. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurology | www.frontiersin.org 13 November 2020 | Volume 11 | Article 598907161

https://doi.org/10.1186/s13024-018-0237-9
https://doi.org/10.1111/febs.14866
https://doi.org/10.3389/fnagi.2019.00204
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


ORIGINAL RESEARCH
published: 26 November 2020

doi: 10.3389/fneur.2020.602292

Frontiers in Neurology | www.frontiersin.org 1 November 2020 | Volume 11 | Article 602292

Edited by:

Sonia Do Carmo,

McGill University, Canada

Reviewed by:

Neil Cashman,

University of British Columbia, Canada

Abby Olsen,

Brigham and Women’s Hospital and

Harvard Medical School,

United States

*Correspondence:

Einar M. Sigurdsson

einar.sigurdsson@nyumc.org

Specialty section:

This article was submitted to

Dementia and Neurodegenerative

Diseases,

a section of the journal

Frontiers in Neurology

Received: 02 September 2020

Accepted: 02 November 2020

Published: 26 November 2020

Citation:

Shamir DB, Deng Y, Wu Q, Modak S,

Congdon EE and Sigurdsson EM

(2020) Dynamics of Internalization and

Intracellular Interaction of Tau

Antibodies and Human Pathological

Tau Protein in a Human Neuron-Like

Model. Front. Neurol. 11:602292.

doi: 10.3389/fneur.2020.602292

Dynamics of Internalization and
Intracellular Interaction of Tau
Antibodies and Human Pathological
Tau Protein in a Human Neuron-Like
Model

Dov B. Shamir 1, Yan Deng 2, Qian Wu 1, Swananda Modak 1, Erin E. Congdon 1 and

Einar M. Sigurdsson 1,3*

1Department of Neuroscience and Physiology, Neuroscience Institute, New York University Grossman School of Medicine,

New York, NY, United States, 2Microscopy Core, New York University Grossman School of Medicine, New York, NY,

United States, 3Department of Psychiatry, New York University Grossman School of Medicine, New York, NY, United States

We and others have shown in various in vivo, ex vivo and cell culture models that

several tau antibodies interact with pathological tau within neurons. To further clarify this

interaction in a dynamic human model, we differentiated SH-SY5Y cells with retinoic acid

and BDNF to create a neuron-like model. Therein, tau antibodies were primarily taken

up by receptor-mediated endocytosis, and prevented toxicity of human brain-derived

paired helical filament-enriched tau (PHF). Subsequently, we monitored in real-time the

interaction of antibodies and PHF within endocytic cellular compartments. Cells were

pre-treated with fluorescently-tagged PHF and then incubated with tau antibodies, 4E6,

6B2, or non-specific isotype control IgG1 labeled with a pH sensitive dye. The uptake

and binding of the efficacious antibody, 4E6, to PHF occurred mainly within the soma,

whereas the ineffective antibody, 6B2, and ineffective control IgG1, were visualized via

the processes and showed limited colocalization with PHF within this period. In summary,

we have developed a neuron-like model that clarifies the early intracellular dynamics of

the interaction of tau antibodies with pathological tau, and identifies features associated

with efficacy. Since the model is entirely human, it is suitable to verify the therapeutic

potential of humanized antibodies prior to extensive clinical trials.

Keywords: Alzheimer’s disease, tau, PHF, antibodies, immunotherapies, live imaging

INTRODUCTION

Immunotherapies targeting pathogenic peptide/protein aggregates are at different stages of
development as potential treatment for Alzheimer’s disease (AD) and other neurodegenerative
diseases (1–4). Our laboratory pioneered targeting pathological tau protein with active and passive
immunotherapies for AD and other tauopathies (5, 6), which have been validated and extended by
other groups over the last several years and now entered clinical trials (1–4). Antibody-mediated
clearance of tau likely involves several mechanisms, which may include: (a) microglia activation
and phagocytosis (7–10), (b) neutralization of tau in the extracellular space (11, 12), and (c)
intracellular sequestration/degradation of tau within neurons (5, 7, 13–24). Our group and others
have focused on elucidating these mechanisms in various cell culture, ex-vivo, and in-vivo mouse
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models. To validate humanized antibodies for clinical trials,
models of human origin should ideally be employed, and live
imaging at the early stages of treatment may provide valuable
insight into the mechanisms involved that cannot be obtained
by other means. Not much is known about the interaction and
internalization of pathological tau and its antibodies in the first
hours of treatment.

We previously showed that colocalization of tau with
antibodies is primarily within the soma of neurons using in vivo,
ex vivo and culture models of mouse origin (5, 7, 12, 14, 16,
22, 23). Regarding the specific antibodies examined herein, 4E6
and 6B2, we have previously shown that both are readily taken
up into tauopathy mouse neurons in brain slices and primary
culture models, where they colocalize with tau primarily in the
endosomal lysosomal system, and clear soluble tau, with 4E6
more consistently being effective in clearing pathological tau and
preventing its toxicity (7, 12, 14, 23). However, only 4E6 and not
6B2 is effective in clearing tau pathology in vivo (12, 22), which
is associated with cognitive improvements (12). In addition,
we have previously shown extensive internalization of the 6B2
antibody and pathological tau derived from human brain in non-
differentiated neuroblastoma model using flow cytometry (19).

In the prior mouse studies, we showed that both the effective
4E6 tau antibody and the relatively ineffective 6B2 tau antibody
could localize with somatic intraneuronal tau in mouse brain
slices and in mouse primary neurons following an incubation for
24 h or longer. Those findings do not provide insight into why
the former is effective and the latter ineffective. Therefore, we
set out to determine with live imaging if earlier cellular events,
like temporal and spatial differences, might provide better insight
into this important issue as both antibodies are clearly taken up
into the endosomal-lysosomal system. For early high throughput
screening, differentiated neuroblastoma cells are preferred over
primary neurons for live imaging as they are less sensitive to the
conditions for such analysis. Therefore, we established a neuron-
like tauopathy model of human origin that shows the expected
neuro- and synaptotoxicity of human-derived paired helical
filament (PHF)-enriched pathological tau, and the prevention
of its deleterious effect by a tau antibody. Importantly, naïve
and differentiated cells utilize different mechanisms of antibody
uptake and the tau antibody is only effective in the differentiated
more neuron-like cells. Furthermore, live imaging revealed that
in differentiated neurons pre-treated with PHF-tau, 4E6 tau
antibody, which prevents PHF-tau toxicity, rapidly colocalized
with PHF-tau within the soma. In contrast, 6B2 tau antibody and
control IgG1, which do not prevent PHF-tau toxicity, were taken
up via the neuronal processes and did not colocalize with PHF-
tau within this timeframe. This model and experimental design
should provide valuable insight into the efficacy and mechanisms
of action of tau antibodies that are candidates for clinical trials.

MATERIALS AND METHODS

Paired Helical Filament (PHF) Protein

Preparation
Human brain slices from subjects with extensive amyloid-β
plaques and neurofibrillary tangles were enriched for PHF for

the experiments. Brain slabs were homogenized and prepared
as described by us and others (12, 18, 19, 25, 26), and the
enriched PHF had similar properties with regard to western
profile, ratio of 3R/4R tau and toxicity in culture. Briefly, the
brain tissue was homogenized and prepared in buffer [pH
6.5; 0.75M NaCl, 1mM EGTA, 0.5mM MgSO4, and 100mM
2-(N-morpholino) ethanesulfonic acid] along with protease
inhibitor cocktail (Roche) and centrifuged at 11,000 x g for
20min at 4◦C. Supernatant was subsequently centrifuged in
an ultracentrifuge at 100,000 x g for 60min at 4◦C. The
pellet was then resuspended in paired helical filament (PHF)
extraction buffer containing sucrose (10mM Tris; 10% sucrose;
0.85M NaCl; and 1mM EGTA, pH 7.4) and spun at 15,000
x g for 20min at 4◦C. The pellet was extracted again in
the sucrose buffer at the same low-speed centrifugation. The
supernatants from both sucrose extractions were pooled and
subjected to 1% sarkosyl solubilization by briefly heating it
and then stirring at ambient temperature, and then centrifuged
at 100,000 x g for 60min at 4◦C in a Beckman 60 Ti rotor
(Beckman Coulter; Fullerton, CA). The resulting pellet was re-
suspended in 50mM Tris-HCl (pH 7.4), using 0.5mL of buffer
for each milligram of initial weight of brain sample protein.
It was then dialyzed in PBS overnight at 4◦C, using a 3,500
MW cassette (Thermo Scientific), and designated the PHF
enriched preparation.

Antibodies and Fluorescence Labeling
In this study we used tau antibodies, 6B2 and 4E6, that have
been generated against the Tau386-408[P-Ser396, 404] region.
These IgG1κ mouse antibodies were previously characterized
by our laboratory (7, 12, 14, 16, 19, 22, 23, 27). As a control,
a non-specific mouse IgG1κ (IgG1, eBioscience) antibody
was used. The antibodies were tagged with Cypher5E (GE
Healthcare) fluorescent marker where mentioned. Cypher5E
is a pH sensitive dye, and only fluoresces within acidic
compartments, like endosomes or lysosomes. The PHF-enriched
brain fraction was tagged with Alexa Fluor 488 (Invitrogen)
where mentioned. All tagging was performed as outlined in the
manufacturer’s instructions.

Cell Culture and Differentiation
SH-SY5Y human neuroblastoma cells were obtained fromATCC.
Cells were cultured in complete media (Dulbecco’s Modified
Eagle Medium (DMEM) with GlutaMAX (Invitrogen), 10%
heat inactivated fetal bovine serum (FBS), 10,000 Units/mL
Penicillin, and 10,000µg/mL streptomycin. Cells were plated
at 4 × 102 cells/mm2, allowed to recover for 3 to 5 days
before each experiment, and grown in an incubator with 5%
CO2 at 37◦C.

Cells were maintained, prior to differentiation or treatment,
in complete media. The cells were double-differentiated as
described by other groups (28–30), by adding 10µM retinoic
acid (RA, Sigma Aldrich) and 1% FBS for 5 days. Then after
two washes in DMEM media, they were treated with 50 ng/mL
brain-derived neurotrophic factor (BDNF, Alomone Labs) for
at least 2 days. For all experiments, the differentiated cells
(DC) were then treated with the BDNF media, while non-
differentiated cells (NDC) were grown and treated in DMEM

Frontiers in Neurology | www.frontiersin.org 2 November 2020 | Volume 11 | Article 602292163

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


Shamir et al. Cellular Dynamics of Tau Antibodies

media with 1% fetal bovine serum (FBS). For characterization
experiments, both cell types were treated with 5µg/mL 6B2
tau antibody for 24 h, and for clathrin receptor inhibition
studies, followed by increasing amounts of inhibitor, Dynasore
(0–5µg/mL). For PHF dose response studies, SH-SY5Y were
treated with tagged PHF (0–10µg/mL) for 24 h, washed, and
then incubated for another 24 h. For pre-incubation studies
analyzed using Western blot, cells were pre-treated with PHF
(1 or 10µg/mL) for 24 h, then washed with DMEM to remove
remaining extracellular PHF, and subsequently incubated with
5µg/mL tau antibodies (6B2 or 4E6) or IgG1 control for another
24 or 120 h.

Western Blot
All cell lysates analyzed using Western blot were incubated
with non-tagged antibodies (6B2, 4E6, and IgG1) and/or
PHF. Prior to cell lysis, cells were thoroughly washed with
PBS. In preliminary studies, we verified by confocal imaging
using fluorescently labeled antibodies and PHF that this
method cleared all extracellular antibodies/PHF. Under our
conditions, trypsin digestion had the same effect but did
damage the cell membranes to a variable degree, which
included some membrane rupture and extracellular release
of its contents including antibodies and PHF. Hence, we
opted for the milder repeated PBS wash. All samples were
then homogenized in RIPA buffer and prepared as described
previously (7). Samples were boiled and loaded onto 10%
SDS-PAGE gels, electrophoresed, and then transferred to
nitrocellulose membranes, which were blocked in 5% milk
with 0.1% TBS-T. Blots were then probed for total tau (Dako
polyclonal antibody), NeuN (Millipore polyclonal antibody),
synaptophysin (Sigma Aldrich monoclonal antibody), PSD-
95 (UC Davis NeuroMab, monoclonal antibody), or GAPDH
(Abcam polyclonal antibody) primary antibodies overnight at
4◦C, washed and then probed with anti-horseradish peroxidase
(HRP) conjugated rabbit or mouse secondary antibody (Pierce)
for 1 h. For antibody uptake detection, membranes were
incubated with an anti-mouse IgG1 HRP-conjugated secondary
antibody with specificity against the heavy chain (Bethyl
Laboratories), and signal was detected with an ECL substrate
(Thermo Scientific). Images of immunoreactive bands were
then acquired, normalized relative to internal controls and
quantified using the Fuji LAS-4000 imaging system. For
immunoprecipitation studies, blots were incubated with anti-
CD16 (Santa Cruz, RRID: AB_2104020), anti-CD32 (Santa
Cruz, RRID: AB_2103599) polyclonal antibodies overnight at
4◦C. All blots were washed and probed with a fluorescent
anti-rabbit secondary antibody at a 1:10,000 dilution (LI-COR,
RRID:AB_621843), and bands were visualized using a LI-COR
Odyssey CLX reader.

Immunoprecipitation
Neuroblastoma SH-SY5Y cells were maintained and
differentiated as described above. Primary neurons were
prepared from a wild type pup at postnatal day 0 as previously
described (12, 14, 23). All of the samples were homogenized
in RIPA buffer (50mM Tris-HCl (pH 7.4), 150mM NaCl,

1mM ethylenediaminetetraacetic acid (EDTA), 1mM
phenylmethylsulfonyl fluoride (PMSF), 1mM NaF, 1mM
Na3VO4, 1µg/ml complete protease inhibitor cocktail (Roche
Applied Science) and assayed for protein concentration. Equal
amounts of total protein from each sample was then used
for immunoprecipitation.

Immunoprecipitation was carried out using a magnetic
Dynabead kit (ThermoFisher) per manufacturer’s instructions.
Briefly, beads were incubated with an antibody recognizing
mouse FcγII/III receptors (eBioscience). Beads were then washed
and equal amount of protein from each sample was added.
Following incubation, the beads were then washed again, and
the target protein eluted. O+ buffer [62.5mM Tris-HCl (pH
6.8), 5% glycerol, 5% β-mercaptoethanol, 2.3% SDS, 1mMEDTA,
1mM ethylene glycol bis(2-aminoethyl) tetraacetic acid (EGTA),
1mM PMSF, 1mM NaF, 1mM Na3VO4 and 1µg/ml complete
protease inhibitor cocktail (Roche Applied Science)] was added
and samples were boiled before loading them onto an SDS gel
for immunoblotting.

RNA Extraction and PCR
Cells were washed thoroughly with PBS and then lysed and
total RNA extracted using a kit as described by manufacturer’s
instructions (Sigma). RNA was then converted to cDNA
using reverse transcriptase kit according to manufacturer’s
instructions (Invitrogen). The cDNA samples were then
amplified by PCR using the following primers from Sigma;
FcγR2A (NM_001136219), FcγR3A (NM_000569), FcγR3B
(NM_001244753), and Actin (NM_001101). All amplified
samples were run on a 2% agarose gel and their predicted
size confirmed by DNA ladders. DNA bands, representing the
extracted RNA, were stained with ethidium bromide, imaged
by Protein Simple, Alpha-Imager HP system, and analyzed
using ImageJ.

Flow Cytometry
All cells analyzed with flow cytometry were incubated with tagged
PHF, and prepared for flow cytometry as previously described
(19). Cells were analyzed using FlowJo for Alexa Fluor 647
positive cells. Median fluoresence intensity (MFI) values were
obtained for fluorescent signals.

Immunohistochemistry and Cell Staining
Coverslips were coated with Pluripro protein matrix (Cell
Guidance Systems) as directed by the manufacturer. Cells
were plated onto coverslips at 4 × 102 cells/mm2, and then
allowed to recover for 2 days. For characterization studies, NDC
and DC were co-incubated with Dextran (10,000 MW, Alexa
Fluor 568, Invitrogen) and 20µg/mL Alexa Fluor 488 tagged
6B2 tau antibody. Prior to fixation, cells were incubated with
Hoechst nuclear staining, as described by the manufacturer
(Invitrogen), then fixed with 4% paraformaldehyde,
and coverslipped.

Live Cell Imaging
Chamber glasses (Nunc) were coated with Pluripro protein
matrix (Cell Guidance Systems) as directed by the manufacturer.

Frontiers in Neurology | www.frontiersin.org 3 November 2020 | Volume 11 | Article 602292164

https://scicrunch.org/resolver/RRID:AB_2104020
https://scicrunch.org/resolver/RRID:AB_2103599
https://scicrunch.org/resolver/RRID:AB_621843
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Shamir et al. Cellular Dynamics of Tau Antibodies

Cells were plated onto these glasses at 2 × 102 cells/mm2 and
allowed to recover for 2 days. Cells were then differentiated as
described above. For all pre-incubation studies, cells were then
treated with 50µg/mL fluorescently tagged PHF for 16 h. Prior
to live imaging for all experiments, Hoechst nuclear dye was
incubated with the live cells as directed by the manufacturer
(Invitrogen). Cells were then washed and placed into complete
media with no phenol red-DMEM and HEPES (Invitrogen) with
BDNF for differentiated cells.

As previously described for time-lapse studies by our group
(31), following Hoechst staining, cells were then incubated with
tagged 20µg/mL 4E6, 6B2, IgG1, or 50µg/mL PHF for 140–
150min, which was added to the chamber glasses within the
first 5min of observation in the live imaging chamber. Cells
were imaged every 5min for up to 140–150min. Chamber
glasses were analyzed using an API DeltaVision PersonalDV
system with Olympus PlanApo N 60x/1.42 oil lens, standard
fluorescent filterset and full environmental control device. The
internal density (IntDen) of either the antibody or PHF signal
of the whole image was extracted using ImageJ. In these time-
lapse studies, colocalization analysis of the antibody-dextran

and time-lapse images were conducted using ImageJ’s Intensity
Correlation Analysis plugin as previously described by us and
others (16, 22, 32–34). Degree of colocalization coefficient
(R2) and product of difference from the mean (PDM) images
of corresponding experimental groups were calculated and
displayed, where pixels in yellow indicate colocalizing in both
channels and blue indicates a negative correlation.

Statistics
All quantified Western blot, flow cytometry, PCR, or live
imaging data was analyzed using GraphPad Prism 6. ANOVA
or Student’s t-test were used to compare results of different
samples. For three or more groups, one- or two-way ANOVA
was used, depending on the number of variables, followed by
Bonferroni post hoc test. Student’s t-test was one or two-tailed as
specified, depending on the analyzed parameters. The coefficient
of determination (r2) and trend line were generated for degree
of colocalization coefficient (R2) vs. time data in the live time-
lapse imaging studies, which was further analyzed using Pearson
correlation coefficient.

FIGURE 1 | Double differentiation transforms SH-SY5Y cells into a more neuronal-like state, with increase in tau levels and decrease in antibody uptake. Differentiated

and non-differentiated SH-SY5Y cells (DC and NDC) were analyzed using live imaging microscopy, or lysed and collected for Western blot analyses. (A) Shows live

imaging of NDC and DC from the bright-field channel, with nuclei in blue. DC have smaller cell bodies, and longer processes than their NDC counterparts. (B) Shows

representative total tau and GAPDH Western blots of both cell types with quantification of total tau normalized to GAPDH. DC have significantly more total tau protein

than NDC (215% increase, **p = 0.006, n = 11–12, t-test, two-tailed). DC and NDC were also treated with tau antibodies (6B2 and 4E6) for 24 h. Cells were then

lysed and collected for Western blot analyses, and probed with an anti-mouse IgG1-HRP to measure antibody uptake. Anti-mouse IgG1 signal was normalized to

GAPDH. (C) Shows representative Western blots of NDC and DC samples where the IgG1 antibodies (6B2 and 4E6) appear to have slightly different weights, which

may be due to their slightly different isoelectric points (∼6.8 and ∼6.5, respectively), and may explain why they run on the gel differently. (D,E) Shows the quantified

results of the Western blots. Uptake of the 6B2 tau antibody (45% reduction, **p = 0.005, n = 10–12, t-test, two-tailed) and the 4E6 tau antibody (83% reduction,

****p < 0.0001, n = 8, t-test, two-tailed) were less in DC compared to NDC. Note that the blot lanes in (B,C) are from the same blots, respectively. The lines show

where excess test lanes where sectioned out. All scatter bar graphs are mean ± SEM.
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FIGURE 2 | Subtypes of Fcγ receptors are transcribed in NDC and DC. NDC and DC were kept at basal conditions as described in Figure 1. Cells were lysed, and

RNA was extracted. Total RNA was then subject to reverse transcriptase to generate cDNA, and it subsequently amplified by PCR with FcγR2A, FcγR3A, FcγR3B,

and actin primers. All amplified samples (FcγR2A = 3,894 base pairs (bp), FcγR3A = 81 bp, FcγR3B = 1,631 bp, Actin = 189 bp. were run on a 2% agarose gel and

imaged for quantification and analysis. (A) Shows representative mRNA expression of indicated genes on an agarose gel. (B) Shows quantification of those gels. DC

expressed more of FcγR2A (74% increase, *p < 0.05, n = 4, Students t-test, two-way) and FcγR3B (82% increase, **p < 0.01, n = 8, Students t-test, two-way) but

less of FcγR3A (27% reduction, **p < 0.01, n = 8, Students t-test, two-way), compared to NDC. Actin was unchanged between the cell models. All scatter plots are

mean ± SEM.

RESULTS

Differentiation of SH-SY5Y Neuroblastoma

Cells Increases Tau Levels and Decreases

Antibody Internalization
In prior studies we used several different modeling approaches to
examine the efficacy and mechanism of action of tau antibodies.
The tau antibodies used herein were generated against Tau386-
408[P-Ser396, 404], a prominent pathological epitope in AD and
other tauopathies, and have been characterized previously to
some extent, showing the efficacy of the 4E6 antibody and relative
lack thereof for the 6B2 antibody (7, 12, 14, 16, 19, 22, 23, 27).
To better understand the mechanism of action and further clarify
the dynamic interaction between tau antibodies and pathological
tau, we expanded our research toward alternative culture models,
focusing initially on non-differentiated SH-SY5Y cells (NDC),
which with the help of flow cytometry provided quantitative
insight into uptake and colocalization of the antibodies and
their target (19). To improve this model by rendering it more
neuron-like, we differentiated these cells with retinoic acid and
BDNF as previously described (23, 28–31, 35–37). As expected,
differentiated cells (DC) had smaller cell bodies, and elongated
processes (Figure 1A) compared to NDC, as well as increased
total tau levels on Western blots (215% increase, p < 0.01,
Figure 1B). To clarify that DC could take up tau antibodies, both
types of cells were treated with the 6B2 or 4E6 tau antibody for
24 h and then analyzed onWestern blots, which revealed that DC
took up less 6B2 or 4E6 than NDC (6B2; 45% reduction, p< 0.01,
Figures 1C,D; 4E6; 83% reduction, p < 0.0001, Figures 1C,E).
We then showed the efficacy of the 4E6 antibody in preventing
toxicity of human brain-derived paired helical filament (PHF)-
enriched tau protein in DC, whereas it was ineffective in
NDC, presumably because the latter model does not have a

fully developed clearance system (Supplementary Figure 1). The
6B2 tau antibody was ineffective in both models and neither
antibody was toxic on their own (Supplementary Figure 1).
PHF cytotoxicity is associated with decreases in NeuN levels on
Western blots as described previously by us (12, 23) and others
(35, 38–42).

Differentiated SH-SY5Y Cells Express a

Different Repertoire of Fc Receptors

Compared to Non-differentiated Cells
In prior studies in mouse neurons, we concluded that Fcγ
receptors (FcγR) were the primary mechanism of uptake of
tau antibodies because it could be blocked by Dynasore, an
inhibitor of clathrin (receptor)-mediated endocytosis and by
an antibody against Fcγ2/3 receptors (mouse BD Fc BlockTM)
(14). We first confirmed that Dynasore prevented antibody
uptake in DC, whereas it was ineffective in NDC because its
uptake is primarily bulk-mediated as supported by dextran-
colocalization studies (Supplementary Figure 2). We did not
test the Fcγ2/3 blocking antibody because it is made for
mouse receptors and therefore unlikely to work in this human
culture model. To clarify if these same receptors were expressed
in SH-SY5Y cells, we measured their mRNA expression of
Fcγ receptors (FcγR) under basal conditions using PCR and
quantitative analysis. DC expressed more of FcγR2A (74%
increase, p < 0.05), and FcγR3B (82% increase, p < 0.01),
and less of FcγR3A (27% reduction, p < 0.01), compared
to NDC, with actin levels being comparable in both models
(Figures 2A,B). Expression of FcγR3A and B was detected
consistently in different batches of cells, whereas FcγR2A was
not detected in all batches. FcγR2 and FcγR3 expression
was further confirmed by immunoprecipitation/western blots
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FIGURE 3 | Subtypes of Fcγ receptors are expressed in NDC and DC. Cells were evaluated for presence of FcRs via Western blot and immunohistochemistry. All

cells were kept at basal conditions. For Western blot, cells were lysed and equal amounts of protein were added to immunoprecipitation (IP) beads bound to an

anti-mouse CD16/32 antibody. Following IP, the samples were subjected to immunoblotting, and the blots probed with antibodies recognizing CD16 and CD32, or

fluorescent secondary alone (Sec. Alone). (A) Using both antibodies, the signal is similar in the undifferentiated and differentiated neuroblastoma cells. A band is visible

in the lane containing primary neuron samples indicating the presence of receptors on these cells. No signal was visible when the blot was probed with only the

fluorescent secondary antibody. For immunohistochemistry, cells were fixed, washed, stained for surface bound Fcγ receptors (FcγR); CD16 (FcγR3) and CD32

(FcγR2), and then imaged using confocal microscopy. Cell images were enlarged further 4x from original file size. (B,C) Analysis of images revealed diffuse staining of

both FcγR in or near the soma for DC and NDC. DC showed staining as well in distal processes and neurites, which are not developed in NDC.
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FIGURE 4 | 4E6 tau antibody prevents cytotoxicity and synaptotoxicity in PHF pre-treated DC. To further promote a pathological state and clarify antibody efficacy

following long-term treatment, DC were pre-treated with higher PHF concentration (10µg/mL) for 24 h, washed with DMEM, and subsequently treated with 6B2, 4E6,

or IgG1 for 120 h (n = 7–12 per group). Cells were then lysed and collected for Western blot analyses, and probed for NeuN, synaptophysin, and PSD-95. (A) Shows

representative Western blots of DC treated with 10µg/mL PHF and/or 5µg/mL antibodies, compared to untreated controls. (B) PHF (10µg/ml) was cytotoxic (65%

reduction in NeuN levels, ****p < 0.0001, One-way ANOVA, Bonferroni post hoc test). Subsequent 4E6 incubation for 120 h significantly increased NeuN levels back

to control levels (****p < 0.0001), while 6B2 and IgG1 had no effect. (C) Likewise, PHF showed a strong trend for synaptotoxicity (39% decrease in the presynaptic

marker synaptophysin). Subsequent 4E6 incubation for 120 h significantly increased synaptophysin levels compared to the PHF group (106% increase, **p < 0.01,

One-way ANOVA, Bonferroni post hoc test), while 6B2 and IgG1 had no effect. (D) The postsynaptic marker PSD-95 was not altered overall or between the groups.

Note that the blot lanes in the individual blots are from the same blot. The lines show where excess test lanes where sectioned out. All scatter bar graphs are

mean ± SEM.

and confocal microscopy. FcγR2 (CD32) and FcγR3 (CD16)
protein was detected in equal amounts in both cells types via
Western blot following immunoprecipitation (Figure 3A). All
FcγR were localized at the cell body for NDC (Figure 3B), as
they have no processes, while they could be visualized in the cell
body and distal processes for DC (Figure 3C). These different
expression levels, in addition to other mechanistic differences
(Supplementary Figure 2), may explain why NDC and DC take
up tau antibodies to different degrees.

Long-Term Tau Antibody Treatment

Prevents Neuro- and Synaptotoxicity in

Differentiated Cells
To further clarify PHF toxicity and antibody efficacy, DC
were treated with PHF (10µg/mL), which creates a more
homogenous pathological condition than lower doses

(Supplemental Figure 3), for 24 h. Cells were subsequently
treated with antibodies (5µg/mL) for 120 h, followed by
Western blot analyses (Figure 4A). The groups differed overall
(p < 0.0001). PHF was clearly toxic as assessed by the decreased
NeuN levels at 144 h compared to untreated control (65%
reduction, p < 0.0001, Figure 4B). The 4E6 tau antibody
prevented PHF toxicity as NeuN levels were similar to untreated
control values (p < 0.0001), compared to the PHF group.
There was a trend for the 6B2 tau antibody to prevent PHF
toxicity (p = 0.101), whereas IgG1 had no effect on PHF toxicity
(p= 0.988) (Figure 4B). In addition, synaptophysin and PSD-95,
which are pre- and post-synaptic markers, were measured to
assess synaptic integrity. Synaptophysin levels differed overall
between the groups (p < 0.0016). They trended downward due
to PHF toxicity (39%, Figure 4C), and 4E6 prevented this as
following its incubation this marker went back to untreated
control levels (p = 0.0018), compared to the PHF group. There
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FIGURE 5 | 4E6 tau antibody is time-dependently taken up into the soma of DC in a saturable process. Prior to imaging, DC were incubated with a nuclear stain,

Hoechst, washed, and then placed in non-phenol red DMEM with HEPES. Subsequently, DC were treated with 20µg/mL Cypher5E (a pH sensitive dye)-tagged 4E6

tau antibody for up to 140min. Cells were analyzed using live time-lapse imaging at 5min intervals. Time points for analyses were chosen from the first time point with

positive antibody signal. (A) Shows representative still images from the live imaging from the 55 to 150min time points, with all analyzed channels. The 4E6-Cypher5E

signal increased over time as the antibody enters more acidic compartments within the cell (endosomes to lysosomes). At 90min there was increased background

noise, due to the relatively low antibody signal, but it was gone near 100min. (B,C) The 150min Merge + Brightfield images were magnified to show more detailed

morphology and localization of the 4E6 tau antibody in the cells. Most of the antibody signal was localized in the soma of the cells, and was peri-nuclear as indicated

by the white arrows. (D) Quantification of the 4E6 tau antibody signal from the Cy5 channel from the Internal Density (IntDen) of the entire frame from 0 to 150min. The

4E6 signal increased over time, and plateaued near 90–100min.
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FIGURE 6 | 6B2 tau antibody is time-dependently taken up into the neurites of DC. Prior to imaging, DC were incubated with a nuclear stain, Hoechst, washed, and

then placed in non-phenol red DMEM with HEPES. Then, DC were treated with 20µg/mL Cypher5E-tagged 6B2 tau antibody for up to 150min. Cells were analyzed

using live time-lapse imaging at 5min intervals. Time points for analyses were chosen from the first time point with positive antibody signal. (A) Shows representative

still images from the live imaging from the 50 to 150min time points, with all analyzed channels. The 6B2-Cypher5E signal increased over time. At 90min there was

increased background noise, due to the relatively low antibody signal, but it was gone near 100min. (B,C) The 150min Merge + Brightfield images were magnified to

show more detailed morphology and localization of 6B2 tau antibody in the cells. Most of the antibody signal was localized in the neurites of the cells as indicated by

the white arrows. (D) Quantification of the 6B2 tau antibody signal from the Cy5 channel from the Internal Density (IntDen) of the entire frame from 0 to 150min. The

6B2 signal increased over time, and plateaued near 105min.
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FIGURE 7 | IgG1 antibody is time-dependently taken up into the neurites of DC. Prior to imaging, DC were incubated with a nuclear stain, Hoechst, washed, and then

placed in non-phenol red DMEM with HEPES. Subsequently, DC were treated with 20µg/mL Cypher5E-tagged IgG1 antibody for up to 150min. Cells were analyzed

(Continued)
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FIGURE 7 | using live time-lapse imaging at 5min intervals. Time points for analyses were chosen from the first time point with positive antibody signal. (A) Shows

representative still images from the live imaging from the 50 to 150min time points, with all analyzed channels. The IgG1-Cypher5E signal increases over time. (B,C)

The 150min Merge + Brightfield images were magnified to show more detailed morphology and localization of 4E6 tau antibody in the cells. The greater majority of

the antibody signal was localized in the neurites of the cells as indicated by the white arrows. (D) Quantification of the IgG1 antibody signal from the Cy5 channel from

the Internal Density (IntDen) of the entire frame from 0 to 150min. The IgG1 signal increased over time, and plateaued near 120min.

was a trend for the 6B2 tau antibody to prevent this type
of PHF toxicity (p = 0.257), whereas IgG1 had no effect on
synaptophysin (p > 0.999). Lastly, the post-synaptic marker
PSD-95 was not significantly affected by PHF or subsequent
antibody treatments (Figure 4D). Briefly, these findings are
in line with our prior work showing efficacy of 4E6 and lack
thereof for 6B2 in preventing tau toxicity in primary mouse
neurons and in a transgenic mouse model (12). Hence, these
findings validated the use of this DC model for subsequent live
imaging studies.

4E6 Tau Antibody Is Taken Up Into the

Soma of Differentiated Cells Whereas 6B2

and IgG1 Enter via Neuronal Processes as

Assessed by Live Imaging
Wehad previously shown that both the effective 4E6 tau antibody
and the ineffective 6B2 tau antibody could localize with somatic
intraneuronal tau in mouse brain slices and in mouse primary
neurons following an incubation for 24 h or longer. Those
findings do not provide insight into why the former is effective
and the latter ineffective. Therefore, we set out to determine with
live imaging if earlier cellular events might provide better insight
into this important issue. DC are preferred over primary neurons
for live imaging as they are less sensitive to the conditions for
such analysis. The DC were treated for up to 150min with 4E6
or 6B2 tau antibodies or control IgG1 (20µg/mL), which were
tagged with a pH sensitive dye (Cypher5E). This is an ideal dye
as it is only detectable in acidic compartments within the cell.
Its signal therefore confirms intracellular location as opposed
to extracellular detection. Larger amounts of antibodies were
used than in prior experiments to enhance detection by live
imaging under the shorter time period. Antibody internalization
was monitored using time-lapse live imaging, which revealed
that antibody uptake was time-dependent (Figure 5A). 4E6 tau
antibody signal was primarily detected in the soma, and was peri-
nuclear (Figures 5B,C). In addition, the signal began to plateau
near 90min after incubation began (Figure 5D), suggesting a
saturable process. Both 6B2 tau antibody and IgG1 were also
taken up in a time-dependent manner (Figures 6A, 7A), and
distinctly localized in the neurites and more distal processes of
the DC, with limited visibility in the soma (Figures 6B,C, 7B,C).
6B2 signal increased over time and plateaued near 100min,
while IgG1 did not have as a distinct plateau over the same
period (Figures 6D, 7D), suggesting that its uptake may not have
reached capacity. These finding indicate that the dynamics of the
uptake of the two tau antibodies and its control antibody are
different and needed to be examined further for their interaction
with pathological tau protein for a possible insight into their
efficacy or lack thereof.

Live Imaging Reveals Dynamics of 4E6

Co-localization With PHF in Differentiated

Cells
We have previously shown that added PHF-tau is readily
detected intracellularly in NDC and in primary mouse neurons
after 24 h incubation, and that it takes at least 48 h for it
to result in measurable toxicity (12, 19). Likewise, in these
models, treatment with tau antibodies for 24 h results in robust
intraneuronal colocalization with the PHF. To clarify the earliest
interaction between PHF and tau antibodies under the time-
lapse live imaging conditions described above, DC were pre-
incubated with 50µg/mL Alexa Fluor 488 tagged-PHF for
16 h, and were subsequently treated with 20µg/mL Cypher5E
tagged-4E6, 6B2, or IgG1 isotype control antibodies for up
to 150min (Figures 8–10, See Supplementary Videos 1–3 for
detailed view). Larger amounts of PHF and antibodies were
used than in prior experiments to enhance detection by live
imaging under the shorter time conditions. Antibody and PHF
internalization was closely monitored using time-lapse live
imaging. These images showed an increase over time of all
antibodies’ signal (Figures 8A, 9A, 10A), which began to plateau
at 75, 100, and 110min for 4E6, 6B2, and IgG1, respectively
(Figures 8B, 9B, 10B). Note that the cells had been pretreated
with PHF-tau, and the PHF signal stayed relatively constant for
up to 150min for all antibodies (Figures 8C, 9C, 10C).

Importantly, co-localization with PHF was primarily found
within the soma for 4E6, similar to the live imaging results with
4E6 alone (Figure 5), and increased over time (Figures 8A,D,E).
6B2 and IgG1 did not colocalize with PHF, as the antibody
signal was primarily within the neurites, similar to the live
imaging with those antibodies alone (Figures 6, 7), whereas
the PHF was mainly in the soma (Figures 9A,D,E, 10A,D,E).
This was further confirmed by colocalization analysis (R2),
which increased rapidly for 4E6 and showed a strong positive
correlation over time (r2 = 0.969, p = 0.0157, Figure 8F),
but poor or non-existent correlation for 6B2 and IgG1 over
time (Figures 9F, 10F). These pronounced internalization and
localization differences fit nicely with the efficacy divergence
between the two tau antibodies, and indicate that this type
of live imaging is helpful to identify promising therapeutic
tau antibodies.

DISCUSSION

Tau immunotherapies have been shown to be effective in various
models (1–4). Despite these advances, mechanistic and dynamic
insight into the uptake and interaction of pathological tau
protein and tau antibodies has been relatively limited. Here,
we show that differentiated human SH-SY5Y neuron-like cells
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FIGURE 8 | Time-lapse live imaging shows a strong correlation between PHF and 4E6 in pre-treated DC. DC were pre-incubated with 50µg/mL tagged PHF-AF488

for 16 h, washed, incubated with Hoechst stain, washed again, and then incubated with Cypher5E-tagged 4E6 tau antibody for up to 140min. Cells were analyzed

(Continued)
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FIGURE 8 | using live time-lapse live imaging at 5min intervals. (A) Shows still frames from the live imaging of the 55–140min time points, with all analyzed channels.

The 4E6-Cypher5E signal increased over time, while the PHF signal did not change. In addition, an intensity co-localization analyses was performed between the 4E6

and PHF signals, which generates a co-localization heat map and intensity correlation coefficient (R2). The colocalization heat map (PDM) showed increasing intensity

over time, as indicated by the yellow color, which depicts greater colocalization. Internalization of 4E6 occurred primarily in the soma, and was peri-nuclear, while the

PHF resided in the soma at the beginning of the experiment. (B) Shows quantification of the 4E6-Cypher5E signal, where the signal increased over time, and began to

plateau near 75min. (C) Shows quantification of the PHF-AF488 signal, which showed no change within the 140min. (D,E) The 140min Merge and Merge +

Brightfield images were magnified to show more detailed morphology and localization of 4E6 tau antibody and PHF co-localization in the cells. Most of the antibody

signal was localized in the soma of the cells, and was peri-nuclear as indicated by the white arrows. (F) Shows the intensity correlation coefficients of PHF and 4E6

(R2
= −0.05 to 0.232), which increased linearly, and correlated well over time (r2 = 0.969, p = 0.0157, Pearson, two-tailed).

(DC) treated with human brain-derived pathological tau, is a
suitable and expeditious alternative model to assess and clarify
tau antibody efficacy, compared to the more time consuming
and more expensive to maintain in-vivo and induced pluripotent
stem cell models. It is well documented that differentiated SH-
SY5Y cells (DC) have improved expression of neuronal markers
and morphology compared to their non-differentiated (NDC)
counterparts (28–30). This DC model is more scalable than
both primary mouse neurons and stem cell models, In addition,
live time-lapse imaging of this model is more feasible than in
those other culture models, and it provides a valuable temporal
and spatial insight into the interaction of pathological tau and
potential antibody therapies. Specifically, live imaging can be
used as a rapidmeans of analysis of an antibody’s: (a) effectiveness
to enter neurons; (b) colocalization with its target; (c) subcellular
location, and; (d) its association with its target over time.

To create a more physiological cell culture system, a double-
differentiated protocol was employed, as described previously by
us (23, 31, 36, 37), and other groups (28–30), to differentiate SH-
SY5Y neuroblastoma cells with increased neuronal expression
and morphology These cells are characteristically different
from their NDC counterparts with: (1) improved neuronal
morphology; (2) decreased antibody uptake; and (3) increased
tau levels (Figure 1). In addition, we showed that the neuronal
marker NeuN is a sensitive way to measure PHF toxicity in
these models, as we had previously shown in primary mouse
neurons (12, 23), and others have used as well to assess
neurotoxicity (35, 38–42). We have previously discussed that
NeuN is expressed throughout the neuron, and that the PHF
toxicity likely reflects more retraction of neuronal processes
than overt cell death within the analyzed time period (12). PHF
(1µg/mL) was cytotoxic to both human cell lines as measured
after 48 h incubation as NeuN levels decreased by 53 and 37%,
in NDC and DC, respectively. Importantly, 4E6 tau antibody
treatment in PHF pre-incubated DC prevented PHF toxicity, but
it was ineffective in NDC (Supplementary Figure 1). These DC
results are in agreement with findings in primarymouse neuronal
cultures under similar conditions (14).

Several human and mouse subtypes of FcγRs exist and are
found on various cell types (43). Likewise, several human and
mouse IgG isotypes exist with different functions (43). The
nomenclature of these receptors and isotypes is not the same
for these species, which complicates their comparison. Briefly,
regarding tau antibody therapy studies, it is important to keep
in mind that most anti-tau mouse monoclonals are of the IgG1
isotype, like the antibodies in this particular study. However,

effector function for microglial and macrophage phagocytosis
is mainly confined within mouse IgG2a binding to mouse
FcγR1 but is limited for mouse IgG1. In contrast, human IgG1
has a strong phagocytic effector function linked to human
FcγR1. These differences are though not relevant in the current
neuron-like DC model or in mouse primary neuronal cultures
because they do not have phagocytic activity. We have previously
demonstrated that blocking mouse FcγR1 or phagocytosis has no
effect on IgG1 antibody uptake in mouse brain slices or in mouse
primary neuronal culture (14). We have also repeatedly shown
that the 4E6 IgG1 mouse monoclonal antibody used herein is
readily taken up both in mouse neurons (7, 12, 14, 22, 23) and
in human NDC (19) and DC in the present article. In contrast,
its human IgG1 Fc chimera (c4E6) is poorly taken up in both
mouse primary neurons and in human DC because its charge is
very different from the mouse IgG1 isotype (23).

Considering that we have previously linked neuronal uptake
of antibodies to FcγR2/3 (7), examining their expression in this
model was warranted. The mRNA and protein expression levels
of FcγR is generally greater in DC than in NDC (Figures 2, 3),
which aligns nicely with the main antibody uptake pathway
in DC being receptor-mediated, whereas in NDC it is bulk-
mediated (Supplementary Figure 2). Expression of the FcγR3
subtypes was seen consistently in different cell batches but
not always for FcγR2. This phenomenon needs to be further
examined, and it may depend on cell passage. Lastly, the
proposed mechanism of action in DC is in agreement with our
prior work, revealing that antibody uptake in primary mouse
neuronal cultures is mainly receptor-mediated – presumably
FcγR2/3-mediated based on blocking studies - while bulk-
mediated endocytosis was involved to a lesser extent (14). For
all these reasons, and their more neuronal properties, DC are
a better model than NDC for future studies in this field, and
compares favorably to other models used/developed by our
laboratory. Other groups have reported involvement of FcγR in
uptake of antibodies targeting tau and α-synuclein in different
models (17, 44).

Furthermore, to enhance tau pathology in DC, we increased
the PHF dosage to 10µg/mL, which also generates a more
homogeneous cellular pathology (Supplementary Figure 3). We
subsequently treated the cells with antibodies for a longer time
period (120 h) to better reflect their efficacy in preventing PHF
cytotoxicity. As expected, these experiments showed a more
pronounced PHF cytotoxicity as measured by NeuN levels
(65%), which was prevented by the 4E6 tau antibody, while
6B2 trended this way, and IgG1 had no effect (Figure 4). This

Frontiers in Neurology | www.frontiersin.org 13 November 2020 | Volume 11 | Article 602292174

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


Shamir et al. Cellular Dynamics of Tau Antibodies

FIGURE 9 | Time-lapse live imaging shows PHF and 6B2 in pre-treated DC, but in separate compartments. DC were pre-incubated with 50µg/mL tagged

PHF-AF488 for 16 h, washed, incubated with Hoechst stain, washed again, and then incubated with Cypher5E-tagged 6B2 tau antibody for up to 150min. Cells were

(Continued)
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FIGURE 9 | analyzed using live time-lapse imaging at 5min intervals. (A) Shows still frames from the live imaging of the 55–150min time points, with all analyzed

channels. The 6B2-Cypher5E signal increased over time, while the PHF signal did not change. In addition, an intensity co-localization analyses was performed

between the 6B2 and PHF signals, which generates a co-localization heat map and intensity correlation coefficient (R2). The colocalization heat map (PDM) showed

no change in intensity over time. Internalization of 6B2 occurred primarily in the neurites, while the PHF resided in the soma. (B) Shows quantification of the

6B2-Cypher5E signal, where the signal increased over time, and began to plateau near 100min. (C) Shows quantification of the PHF-AF488 signal, which showed no

change within the 150min period. (D,E) The 150min Merge and Merge + Brightfield images were magnified to show more detailed morphology and localization of

6B2 tau antibody and PHF in the cells. Most of the antibody signal was localized in the neurites of the cells, and did not colocalize with PHF, as indicated by the white

arrows. (F) Shows the intensity correlation coefficients of PHF and 6B2 (R2
= 0.058 to −0.059), which did not correlate over time (r2 = 0.5334).

study confirmed the efficacy differences between 4E6, 6B2, and
IgG1 control as we have seen in vivo and in primary mouse
neuronal cells (12, 22), further supporting the predictive validity
of this human cellular model. PHF-induced synaptotoxicity as
revealed by a decrease in synaptophysin, a presynaptic marker,
mirrored PHF-induced reduction in NeuN. Importantly, as for
NeuN, synaptotoxicity was prevented with 4E6 tau antibody
treatment, but not with 6B2 or IgG1. Interestingly, PHF was not
toxic to the post-synapse as reflected by the lack of change in
PSD-95 levels following PHF incubation. This is not particularly
surprising because postsynaptic degeneration (loss of PSD-95)
is a later phenomenon than presynaptic degeneration (loss of
synaptophysin) in AD and related models (45–47). In addition,
it has been shown that TrkB, a receptor of BDNF, and PSD-
95 complex together within the post-synapse (48–51), and when
bound to BDNF a positive feedback loop leads to an increase
in PSD-95 (52, 53). The SH-SY5Y neuroblastoma cells are
differentiated with an artificially high level of BDNF (50 ng/mL)
(28–30), which is much lower in the interstitial space of the
brain under physiological or pathological states (54). As a result,
the BDNF concentration in our DC model may saturate the
PSD-95 levels.

The establishment of DC as a suitable model for PHF
toxicity and its prevention by tau antibodies paved the way
for the live time-lapse imaging studies. Specifically, to explore
internalization and interaction of tau antibodies and their
pathological targets in the immediate aftermath of adding
these reagents to the cultures. Our findings indicate that their
internalization and subsequent interaction occurs in different
sub-cellular locations, depending on the antibody used. In
cells treated only with the 4E6 tau antibody, the antibody
was preferentially taken up directly into the soma. Its signal
increased over time and plateaued at about 90min, suggesting a
receptor-mediated process (Figure 5). As shown in Figures 3B,C,
the soma has high density of Fc receptors. For the 6B2 tau
antibody and IgG1, uptake into the cells was less prominent and
internalization was more extensive in the processes compared
to 4E6 (Figures 6, 7). All three antibodies are likely primarily
taken up via receptor-mediated process because it is a saturable
process, and considering our prior work on elucidating their
uptake mechanisms (7, 12, 14, 16, 19, 22, 23, 27). This careful
frame-by-frame examination of the video files indicated that the
uptake of the 4E6 antibody was predominantly directly into the
soma, whereas in contrast 6B2 and IgG1 showed prominent
uptake via the neuronal processes. The different primary path
of uptake for 6B2 and control IgG1 under these live imaging
conditions provides insight into why they are therapeutically

ineffective, as further confirmed under the PHF-pre-treated
conditions discussed below.

In the PHF pre-treated cells, 4E6 antibody uptake was
fast, while the PHF signal stayed constant. The degree of
colocalization increased rapidly over time in a highly correlated
fashion (r2 = 0.969). This indicates a dynamic antibody being
directed to a static target (Figure 8, Supplementary Video 1).
However, the scenario was different for 6B2 or IgG1, as
those antibodies showed minimal if any colocalization
with PHF during the incubation period (Figures 9, 10,
Supplementary Videos 2, 3). Furthermore, the uptake of these
antibodies began to plateau later (100–110min), compared to
4E6 (75min). In addition, most of the 6B2 and IgG1 antibodies
seemed to reside within the neurites, similar to antibody alone
controls, and were not detected immediately in the soma, unlike
4E6. A possible explanation for these differences is that 4E6
taken up via somal Fc receptors binds to PHF there in the
endosomal/lysosomal system, and is therefore quickly visualized.
On the other hand, 6B2 or IgG1 are either not taken up via
that somal pathway or do not interact with PHF there and are
therefore recycled out of the cell and not seen until they come in
through the processes. Transport via that pathway takes longer
leading to delayed uptake signal. As we have shown in previous
studies (14), 4E6 is taken up into primary mouse neurons mainly
through receptor-mediated endocytosis (∼80%), while the
remainder is bulk-mediated (∼20%). Together, these findings
indicate that 6B2 and IgG1 are internalized through the neurites,
while 4E6 is primarily internalized via the soma.

In previous studies, we have shown that tau antibodies can
enter tauopathy neurons in a mouse brain within 1 h after
intracarotid injection (5). In addition, tau antibodies colocalize
strongly with neuronal pathological tau when analyzed at 2 h
in ex vivo mouse slice culture models (7, 13), and at 24 h
in primary mouse neurons (12). Our live time-lapse imaging
technique is in agreement with these previous studies, as tau
antibodies were internalized into neurons within 50min after
treatment. In addition, we demonstrated the convergence of tau
antibody and its pathological PHF target within 90 to 115min.
Interestingly though, under the current live imaging conditions,
4E6 but not 6B2 colocalizes with endosomal/lysosomal tau. This
clarifies 4E6’s efficacy in clearing tau, preventing its toxicity and
lack thereof for 6B2 as shown here and previously in vivo in a
tauopathy mouse model and in primary mouse neurons (12).

Until now, the dynamics behind the efficacy differences
between the two antibodies had been unexplained. It cannot
relate to isotype because both antibodies are IgG1. Furthermore,
both 4E6 and 6B2 have similar overall charge (∼6.5 and ∼6.8,
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FIGURE 10 | Time-lapse live imaging shows PHF and IgG1 in pre-treated DC, but in separate compartments. DC were pre-incubated with 50µg/mL tagged

PHF-AF488 for 16 h, washed, incubated with Hoechst stain, washed again, and then incubated with Cypher5E-tagged IgG1 isotype control antibody for up to

150min. Cells were analyzed using live time-lapse imaging at 5min intervals. (A) Shows still frames from the live imaging of the 55–150min time points, with all

(Continued)
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FIGURE 10 | analyzed channels. The IgG1-Cypher5E signal increased over time, while the PHF signal did not change. In addition, an intensity co-localization analyses

was performed between the IgG1 and PHF signals, which generates a co-localization heat map (PDM) and intensity correlation coefficient (R2). The colocalization heat

map showed no change in intensity over time. Internalization of IgG1 occurred primarily in the neurites, while the PHF resided in the soma. (B) Shows quantification of

the IgG1-Cypher5E signal, where the signal increased over time, and began to plateau near 110min. (C) Shows quantification of the PHF-AF488 signal, which

showed no change within the 150min period. (D,E) The 150min Merge and Merge + Brightfield images were magnified to show more detailed morphology and

localization of IgG1 and PHF in the cells. Most of the antibody signal was localized in the neurites of the cells, and did not colocalize with PHF, as indicated by the

white arrows. (F) Shows the intensity correlation coefficients of PHF and IgG1 (R2
= −0.047 to −0.046), which did not correlate over time (r2 = 0.0069).

respectively), reflected in their prominent neuronal uptake as
reported previously (7, 12). However, their affinities for various
forms of tau differ substantially with 6B2 having much higher
affinity for the tau peptide epitope and aggregated tau whereas
4E6 binds primarily to soluble pathological tau (7, 12). Hence,
a possible explanation may be that in the PHF pre-treated DC,
6B2 may be binding to extracellular PHF that is present in such
small quantities that it does not emit a detectable fluorescent
signal. The source of the PHF may be trace amounts that remain
after extensive washes following PHF pre-incubation, and/or
PHF secreted from the neurons following uptake. This may in
effect neutralize the 6B2 and it cannot then interact with more
toxic soluble forms of tau within the cell. This 6B2-PHF complex
may be preferentially taken up via the neurites, possibly by bulk-
endocytosis, as shown previously for recombinant or mouse
derived purified tau alone (55–57). As IgG1 does not have an
affinity for tau, it is not retained in the soma if it is taken up
there, and therefore rapidly recycled out of the cells and not
detected. The IgG1 signal within the neurites is likely the result
of non-specific uptake as highlighted by the lack of colocalization
with PHF throughout the experiment. The possible interaction
of 6B2 with trace amounts of extracellular PHF can be seen as an
artifact of this model but it may also indicate that extracellular
interaction of an antibody with pathological tau neutralizes the
antibody so that it cannot prevent intracellular tau toxicity and
promote tau clearance.

A more straightforward explanation for the contrasting
efficacies of 4E6 and 6B2 relates to the differences in their initial
location and uptake within the cell, which is comparable without
or with PHF in the system (Figures 5, 6 and 8, 9, respectively).
We previously showed that both antibodies are taken up into
tauopathy brain slices, with the key difference being that 4E6
primarily colocalized with tau in the endosomal-lysosomal
system, whereas 6B2 showed more diffuse cytoplasmic staining
(7). Here, only antibodies in the endosomes/lysosomes are
visualized and because 6B2 shows minimal colocalization with
tau within this degradation system, it likely explains its lack of
efficacy in the different culture models, and in vivo in promoting
tau clearance and preventing its toxicity and related cognitive
impairments (12, 22). The endosomal/lysosomal compartment
is acidic, the pH of the cytosol is neutral and thus any 6B2
bound to cytosolic tau would not be seen here using the CypHer5
dye, and further investigation into this compartment may be
warranted. It should be noted though that we previously reported
colocalization of 6B2 and tau within endosome/lysosomes in
NDC after 24 h antibody incubation (18). However, as shown
here that primitive model system cannot be used to assess

efficacies of tau antibodies, presumably because it does not have
efficient lysosomal degradation system and likely relies more on
exocytosis for clearance. In addition, the high affinity interaction
of 6B2 with tau may make it more difficult to degrade the
6B2-tau complex, whereas the lower affinity interaction of 4E6
with tau may promote tau disassembly and facilitate access
of lysosomal enzymes to degrade tau. Overall, live imaging
of these early events within a few hours allows for rapid
prediction of antibody efficacy prior to lengthier studies in
other models.

In summary, we have demonstrated that tau antibody 4E6
prevents PHF toxicity in human neuroblastoma DC, while tau
antibody 6B2 or control IgG1 control do not, which mirrors our
prior findings in other ex vivo and in vivomouse models (12, 22).
Furthermore, the live imaging herein provides an important
new insight into the mechanisms behind this efficacy difference.
Time-lapse live imaging in DC up to 150min showed that the
interaction of PHF and 4E6 tau antibody is dynamic and robust,
with rapid colocalization within the soma of the cell, whereas this
was not seen for 6B2 or IgG1 control. These qualitative results
were supported by our quantitative evaluation of the PHF and
antibody signals using colocalization analyses. These findings,
and the distinct differences between 4E6 vs. 6B2, or IgG1, support
the predictive validity of this assay and method of analysis.
In particular, this entirely human model is ideal to examine
efficacy of humanized antibodies prior to lengthy clinical trials,
for which alternative mouse models are likely not appropriate.
In conclusion, this overall approach is very useful to clarify the
mechanisms of tau immunotherapies, and to evaluate clinical
candidate tau antibodies for their effectiveness at entering cells
and finding their pathological target.
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Supplementary Figure 1 | 4E6 tau antibody prevents PHF toxicity in DC, but not

in NDC. NDC or DC, maintained as described above, were pre-treated with PHF

(1µg/mL) for 24 h, washed with DMEM, and subsequently treated with tau

antibodies (6B2 or 4E6) for 24 h. Cells were then lysed, collected for Western blot

analyses, and probed for NeuN. (A,B) Shows representative Western blots of

NDC and DC treated with PHF and antibodies, compared to untreated controls.

(A) Shows the quantified NeuN data from the Western blots for NDC samples,

where PHF toxicity decreased NeuN levels (53% decrease, ∗∗p < 0.001, n = 7–8,

One-way ANOVA, Bonferroni post hoc test). Tau antibodies had no effect in NDC.

(B) Shows quantified NeuN data for DC samples, where PHF toxicity decreased

NeuN levels (37% decrease, ∗∗p < 0.01, n = 12, One-way ANOVA, Bonferroni

post hoc test), which was prevented by 4E6 resulting in NeuN levels comparable

to controls. ∗∗∗∗p < 0.0001 compared to PHF alone. Note that the blot lanes in

(A,B) are from the same blots, respectively. The lines show where excess test

lanes where sectioned out. (C) Shows representative Western blots from DC

treated with 4E6 and 6B2. Quantitation shows no significant difference observed

in the NeuN levels for cells treated with 4E6 and 6B2 at 5 and 10µg/ml each for a

duration of 24 h when compared to the untreated control cells demonstrating no

neurotoxic effect of antibody treatment alone. All scatter bar graphs are

mean ± SEM.

Supplementary Figure 2 | DC take up tau antibodies through receptor-mediated

endocytosis. NDC and DC were co-incubated with 300µg/mL 10,000 MW Alexa

568 tagged Dextran and 20µg/mL Alexa 488 tagged 6B2 tau antibody for 24 h.

Cells were then washed, incubated with Hoechst stain to visualize nuclei, washed,

and fixed with paraformaldehyde for microscopy. (A,B) Shows confocal

microscopy images of NDC and DC, respectively. The merge panel exemplifies the

pronounced co-localization of dextran and tau antibody in NDC, while there was

significantly less co-localization in DC. Both sets of images were analyzed for

intensity correlation coefficient between the dextran and 6B2 signals. The

colocalization analyses revealed strong colocalization in NDC as seen by the

merged image, and strong intensity correlation between 6B2 and dextran

(R2
= 0.729), while limited colocalization was seen in DC as reflected by a weak

intensity correlation coefficient (R2
= 0.123). As indicated in the differentiated

merged blow-up image, the green dots are much more prominent than the

orange/yellow dots that reflect colocalization. Also, since the differentiated cells

take up much less dextran because of their limited bulk-endocytosis, the red dots

are smaller and not well discerned from the yellow/orange dots to the naked eye.

In parallel, 6B2 tau antibody (5µg/mL) and increasing doses of a

clathrin-mediated endocytosis inhibitor, Dynasore (1–5µg/mL) or vehicle (DMSO)

were co-incubated with NDC or DC for 24 h. Cells were then lysed and collected

for Western blot analyses. (C,D) Shows representative Western blots of NDC and

DC treated with Dynasore and probed for anti-mouse IgG1 and GAPDH. (E,F)

Shows the quantified results of the Western blots where the anti-mouse IgG1

signal was normalized to GAPDH. In NDC, Dynasore did not significantly affect

antibody uptake at any dose, whereas it did in DC at the 5µg/mL dosage (39%

decrease, ∗p = 0.04, n = 7–8, t-test, one-tailed) compared to the vehicle control.

All scatter bar graphs are mean ± SEM.

Supplementary Figure 3 | PHF is dose-dependently taken up by NDC. NDC

were treated with 0–10µg/mL Alexa Fluor 647 tagged PHF-tau for 24 h. Cells

were then collected and examined with flow cytometry. (A) Cells were gated for

viable and singlet cells. (B) Furthermore, cells were analyzed for Alexa Fluor 647

positive cells, generating histograms for each sample, % of PHF positive cells and

Median Fluorescence Intensity (MFI). (C) Shows dose-dependent increase in

percent PHF positive cells, which plateaued between 1 and 10µg/mL. (D)

Quantification of MFI of the Alexa Fluor 647-tagged PHF, normalized to the

0µg/mL dosage, which shows a dose-dependent increase in the intracellular PHF

signal. All plots are mean ± SEM.

Supplementary Video 1 | Time-lapse live imaging shows time-dependent

colocalization of PHF and 4E6 in pre-treated DC. DC were pre-incubated with

50µg/mL tagged PHF-AF488 for 16 h, prepared for live imaging as described

above, and subsequently treated with 20µg/mL Cypher5E (a pH sensitive

dye)-tagged 4E6 tau antibody for up to 140min. Time dependent internalization of

4E6 occurred primarily in the soma, and progressively co-occupied areas where

PHF resided in the soma since the beginning of the experiment. Colocalization

increased over time, as indicated by the yellow color.

Supplementary Video 2 | Time-lapse live imaging shows 6B2 uptake in

pre-treated DC, but it does not colocalize with PHF. DC were pre-incubated with

50µg/mL tagged PHF-AF488 for 16 h, prepared for live imaging as described

above, and subsequently treated with 20µg/mL Cypher5E (a pH sensitive

dye)-tagged 6B2 tau antibody for up to 150min. Time-dependent internalization

of 6B2 occurred primarily in the neurites, while PHF resided in the soma since the

beginning of the experiment.

Supplementary Video 3 | Time-lapse live imaging shows IgG1 uptake in

pre-treated DC, but it does not colocalize with PHF. DC were pre-incubated with

50µg/mL tagged PHF-AF488 for 16 h, prepared for live imaging as described

above, and subsequently treated with 20µg/mL Cypher5E (a pH sensitive

dye)-tagged IgG1 control antibody for up to 150min. Time-dependent

internalization of IgG1 occurred primarily in the neurites, while PHF resided in the

soma since the beginning of the experiment.
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A Commentary on

LRP1 Is a Master Regulator of Tau Uptake and Spread

by Rauch, J. N., Luna, G., Guzmann, E., Audouard, M., Challis, C., Sibih, Y. E., et al. (2020). Nature
580, 381–385. doi: 10.1038/s41586-020-2156-5

Although present as a physiological intracellular protein, pathological aggregation of microtubule-
associated tau plays a central role in the pathophysiology of neurodegenerative disease including
progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), frontotemporal dementia
(FTD), chronic traumatic encephalopathy (CTE), and Alzheimer’s disease (AD)—the tauopathies
(1). Remarkably, autopsy of patients with tauopathies shows spared gyri often adjacent to
devastated gyri (2). Moreover, the topography of neurodegeneration often dictates the clinical
syndrome. Why are some brain regions devastated and others spared in the tauopathies? Perhaps
abnormal protein spreads within certain pathways but spares others. Like other proteinopathies,
animal, and cell models demonstrate spreading of the pathogenic protein from cell to cell in a
prion-like fashion. The mechanism of interneuronal spread of tau is poorly understood.

In their recent study, Rauch and colleagues showed that neuronal surface low-density-
lipoprotein-receptor-related protein-1 (LRP1), mediates internalization of both physiological tau
and pathogenic tau oligomers, and hence, their subsequent neuronal spread (3). The investigators
demonstrate that LRP1 loss reduces internalization of tau in cell culture. This interaction occurs
via lysine residues within the tau microtubule-binding region (MTBR). Chemical blockade of
these residues prevents tau endocytosis. The authors then used a murine model of tau spread that
discriminates between transduced neurons expressing human tau (hTau) and neurons that receive
hTau through spread. They demonstrated that downregulation of LRP1 and subsequent expression
of mutant tau limits the spread of tau compared to LRP1-wild-type mice.

There are no disease-modifying treatments for the tauopathies, although there are currently
92 clinical trials ongoing (4). Several approaches targeting physiological and pathological tau
have been tried, including inhibition of tau aggregation, active and passive immunotherapies
and tau silencing with antisense oligonucleotides (5). Many target either monomeric, aggregated,
phosphorylated, or conformationally altered forms of tau (5). The discovery that LRP1 is a
gatekeeper for transmission of both physiological and pathological tau is highly relevant for
these trials. There are, however, some caveats: whether pathogenic tau spread is associated
with subsequent neurodegeneration was not assessed; effects of fibril conformation, selective
vulnerability of specific brain regions, tau mutations and background genomics, other pathogenic
proteins, immune processes, and glial pathology may all complicate the neurodegenerative picture
in humans compared with the otherwise healthy mouse brains used by Rauch et al. (3).
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Furthermore, it remains unclear why neurodegeneration
occurs in tauopathies associated with an abnormal ratio of 3-
repeat (3R) to 4-repeat (4R) tau (either an excess of 3R or an
excess of 4R tau). Since the LRP1-interacting tau residues are
located within the MTBR, the ratio 3R to 4R tau in vivo may
be highly relevant to LRP1’s pathophysiological role. Although
there were no differences in tau uptake between the six main
tau isoforms, much of Rauch and colleagues’ ligand-binding data
refers to 4R tau (3). There is growing evidence, however, of
a much wider range of specific tau conformational structures
among the tauopathies (6). If LRP1 binds and transmits
specific tau conformations differently, these findings may have
greater relevance for specific tauopathies where post-translation
modifications or other factors impact conformation.

Interestingly, astrocytic LRP1 clears Aβ42 amyloid across
the blood brain barrier (BBB), reducing its cortical deposition
(7). Whether LRP1 also clears tau across the BBB was not
studied. Although tau deposition probably occurs later than Aβ42
amyloid in AD, its distribution correlates more closely with
the clinical syndrome. Conversely, Aβ42 amyloid deposition is
not a prominent feature in the primary tauopathies (such as
PSP, CBD and FTD). Rauch and colleagues study was limited
to LRP1-mediated neuronal spread of tau. Given that many
tauopathies have significant glial pathology, the effect of LRP1 on
BBB clearance and transmission of tau in other cells types must
be investigated.

However, an amyloid precursor protein (APP) mouse model
demonstrated that LRP1 enhances production of Aβ42 amyloid
via APP processing and that this effect outweighs BBB
clearance of Aβ42 amyloid (8). This dual role of LRP1 in AD
pathophysiology is therefore complex and can be modulated
by other proteins. The presence of Aβ42 amyloid increases
ectodomain shedding of the low density lipoprotein receptor and
LRP1 in human brain endothelial cells, reducing Aβ42 amyloid
clearance across the BBB (9). The effect of Aβ42 amyloid on
LRP1-related APP processing or LRP1-related tau transmission
has not been studied, but tau transmission may be similarly
reduced by LRP1 shedding. Apolipoprotein E (APOE) also binds
LRP1 and Rauch and colleagues demonstrated that tau competes
with APOE isoforms for LRP1 binding (3). When Aβ42 amyloid
is present with different APOE isoforms (APOE ε2, APOE ε3,
and APOE ε4), LRP1 shedding is isoform-dependent with greater
LRP1 shedding occurring in the presence of APOE ε4 and

lesser shedding occurring in the presence of APOE ε2 (9). The
possession of the APO ε4 allele is the strongest genetic risk
factor for late-onset AD (10). However, the APOE ε2 allele is
associated with increased tau pathology in mouse models and
in brains of patients with PSP and CBD (11). Thus, APOE ε4
may increase Aβ42 amyloid cortical accumulation (subsequent
tau spread may be through alternative mechanisms) while APOE
ε2 may facilitate clearance of Aβ42 amyloid and spreading of
tau in the primary tauopathies. The effect of APOE on LRP-1-
related APP processing has not been studied. Although APOE
competes with tau for LRP1, Rauch and colleagues did not show a
difference in neuronal tau transmission between APOE isoforms
in vitro. The effects of APOE isoforms on tau transmission
in astrocytic or endothelial cells and in vivo, however, may
be a more appropriate comparison. Multiple factors including
APOE isoforms, tau conformational strains and the epichaperone
system might therefore modulate tau transmission via LRP1,
partially explaining the diverse neuropathologies and clinical
syndromes found in different tauopathies. The distribution of
LRP1 in vulnerable brain regions in specific tauopathies would
be of great interest in this respect.

Rauch and colleagues provide new insight into tau physiology
and potential therapeutic targets for tauopathies: LRP1; the
associated lysine residues within the MTBR; and the yet
unstudied processes downstream of this LRP1-tau interaction.
Given the complex modulating effect of other proteins on LRP1
transmission, a more direct target may be the MTBR lysine
residues. Indeed, antibodies directed against the MTBR (E2814
and DC8E8) show promise in preclinical studies by reducing
tau internalization (4). However, in vitro and animal data do
not always translate to human studies. With numerous failed
clinical trials, no community understands this greater than the
neurodegenerative fraternity. Success of any future treatment
will not rely solely on reduced tau transmission, but on reduced
neurodegeneration and motor/cognitive impairment in these
relentlessly progressive conditions.
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Post-translational modifications (PTMs) on tau have long been recognized as affecting

protein function and contributing to neurodegeneration. The explosion of information

on potential and observed PTMs on tau provides an opportunity to better understand

these modifications in the context of tau homeostasis, which becomes perturbed

with aging and disease. Prevailing views regard tau as a protein that undergoes

abnormal phosphorylation prior to its accumulation into the toxic aggregates implicated

in Alzheimer’s disease (AD) and other tauopathies. However, the phosphorylation of

tau may, in fact, represent part of the normal but interrupted function and catabolism

of the protein. In addition to phosphorylation, tau undergoes another forms of post-

translational modification including (but not limited to), acetylation, ubiquitination,

glycation, glycosylation, SUMOylation, methylation, oxidation, and nitration. A holistic

appreciation of how these PTMs regulate tau during health and are potentially hijacked

in disease remains elusive. Recent studies have reinforced the idea that PTMs play

a critical role in tau localization, protein-protein interactions, maintenance of levels,

and modifying aggregate structure. These studies also provide tantalizing clues into

the possibility that neurons actively choose how tau is post-translationally modified,

in potentially competitive and combinatorial ways, to achieve broad, cellular programs

commensurate with the distinctive environmental conditions found during development,

aging, stress, and disease. Here, we review tau PTMs and describe what is currently

known about their functional impacts. In addition, we classify these PTMs from the

perspectives of protein localization, electrostatics, and stability, which all contribute

to normal tau function and homeostasis. Finally, we assess the potential impact of

tau PTMs on tau solubility and aggregation. Tau occupies an undoubtedly important

position in the biology of neurodegenerative diseases. This review aims to provide an

integrated perspective of how post-translational modifications actively, purposefully, and

dynamically remodel tau function, clearance, and aggregation. In doing so, we hope

to enable a more comprehensive understanding of tau PTMs that will positively impact

future studies.

Keywords: phosphorylation, acetylation, ubiquitination, methylation, sumoylation, glycosylation, glycation,

proteolysis
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INTRODUCTION

Post-translational modifications (PTMs) refer to the
modifications that occur in a protein either shortly after its
translation by ribosomes or after its folding and localization
are complete (1). These modifications are usually catalyzed by
enzymes and involve the addition of chemical groups, sugars,
or proteins to specific residues of the targeted protein. Nearly
all cellular processes can be regulated via PTMs. Therefore,
PTMs provide a means for the natural increase in the proteome
complexity and allow one gene to encode a variety of distinct
protein molecules with distinct functional roles, known as
proteoforms (2). PTMs alter the charge and hydrophobicity
(electrostatics) of a protein, which in turn induces structural
changes that influence protein function, protein-protein
interactions, and protein aggregation (3, 4). In this way, PTMs
also can affect the clearance of proteins by regulating the
functionality of degrons, peptide sequences that target a protein
for degradation (5). Essentially all proteins in eukaryotes,
including the “intrinsically disordered” or “natively unfolded”
proteins that tend to aggregate in neurodegenerative diseases,
are susceptible to PTMs (3, 6, 7). Unlike folded proteins, natively
unfolded proteins do not have a well-defined three-dimensional
structure and exist as an ensemble of dynamically fluctuating
conformations. The lack of tertiary structure makes natively
unfolded proteins more vulnerable to PTMs (8).

Tau is a classic example of a natively unfolded protein (7, 9)
that can be modified by a myriad of PTMs. Tau is a microtubule-
binding protein found in neurons and glial cells, and is primarily
involved in the stabilization of the cytoskeleton (10). Based on
its interaction with microtubules and on the basis of its amino
acid composition, the primary structure of tau can be divided
into an N-terminal projection domain, a proline-rich region, a
repeat region, and a C-terminal domain (11) (Figure 1). Tau
has six different isoforms in human brain that differ from each
other in the number of N-terminal inserts and either contain
or lack one repeat (R2) of the four repeats (R1-R4) present in
the microtubule-binding domain region. Because of its ability to
bind to microtubules, the main function of tau is thought to be
the modulation of microtubule dynamics, which consequently
affects neurite outgrowth, axonal transport, and synapsis (12–
14). Recent studies have shown that tau also interacts with
several cell membranes, including the plasma membrane, the
endoplasmic reticulum, and Golgi (15–17). Tau may also regulate
intracellular signaling cascade via interactions with proteins such
as 14.3.3, Pin-1, and Fyn (18), suggesting a role for tau in cell
signaling (18). Although tau is primarily an axonal protein, it
can be found within neuronal nuclei where it binds to either
DNA or RNA and regulates gene expression (19–21). Under
certain pathological circumstances, tau loses its function as a
microtubule-binding protein and accumulates in the cytosol
of affected cells, forming first “pre-tangles” and then insoluble
cytosolic inclusions or aggregates composed of fibrillar forms of
tau known as neurofibrillary tangles (NFTs).

Diseases associated with the presence of tau inclusions in
the brain are collectively referred to as tauopathies and include
a diverse group of neurodegenerative diseases with distinct

pathological characteristics (Figure 1). Tau-immunopositive
intracellular aggregates are the pathognomonic hallmark of
tauopathies (22). However, the forces driving tau, especially
non-mutant, wild-type tau, into intracellular aggregates are
incompletely understood. The cellular protein homeostasis (or
proteostasis) network is fundamental to the proper functioning
of tau and prevents the accumulation of tau aggregates. In
principle, proteostasis encompasses the entire life cycle of a
protein such as tau, including synthesis, proper folding, post-
translational processing, and degradation. Thus, PTMs are a key
contributor to tau proteostasis and thereby could regulate tau
function, levels, and aggregation.

The same PTMs that regulate tau function also have the
ability to induce alterations in its clearance, conformation, and
aggregation potential (23). However, not all tau PTMs are
“pathological”. Many PTMs have been identified in tau extracted
from healthy brains, suggesting a normal role for PTMs in tau
function (24). Among all tau PTMs, phosphorylation is the
most studied, and traditionally, it was thought that increased
phosphorylation was the trigger for tau intracellular aggregation
(25). However, a growing body of evidence suggests that other
PTMs also considerably regulate tau function and may even
precede phosphorylation in the sequence of events leading to tau
inclusions formation.

In this review, we first provide a synopsis of the many
tau PTMs that impact its function and potentially contribute
to dysfunction (section Effects of PTMs on Tau Function
and Dysfunction). We then fold this information into an
integrated discussion of how PTMs can regulate tau degradation
(section Effect of PTMs on Tau Degradation) and aggregation
(section Effect of PTMs on Tau Solubility and Aggregation). A
rarely discussed but critically important subject, cross-talk, and
competition between PTMs, is considered next (section Cross-
Talk and Competition Between PTMs). Finally, we summarize
strengths and limitations of current approaches to the study
of PTMs (section Approaches and Limitations) and provide
concluding remarks (section Concluding Remarks).

EFFECTS OF PTMs ON TAU FUNCTION

AND DYSFUNCTION

The main role of PTM addition to any protein, including
tau, is to regulate and increase functional diversity usually
by altering electrostatics and/or structure. Approximately 35
percent of the amino acid residues in tau are susceptible to
modification peri- or post-translationally. These residues are
serine (S), threonine (T), tyrosine (Y), lysine (K), arginine (R),
asparagine (N), histidine (H), and cysteine (C). Like other
proteins, tau undergoes PTMs that involve the addition of
small chemical groups or peptides on different side chains of
tau: phosphorylation on S, T, or Y; acetylation, ubiquitination,
SUMOylation, and glycation on K; methylation on K or R;
O-GlcNAcylation on S and T, N-glycosylation on nitrogens,
nitration on Y and oxidation on carbons (Figure 2). Tau can
also undergo protonation on histidine residues and proteolytic
cleavage (or truncation), although these modifications are often
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FIGURE 1 | Post-translational modifications are found throughout tau and associate with all tauopathies. (A) Schematic representation of the structural features of

2N4R tau protein. Tau exists in 6 isoforms generated by the alternative splicing of exons 2, 3, and 10 of the MAPT gene. The isoforms include 0, 1, or 2

amino-terminal inserts (blue rectangles) and three (3R) or four (4R) microtubule-binding potential repeat domains (green rectangles). (B) Pathological and genetic

classification of tauopathies as they relate to post-translational modifications (PTMs). Primary tauopathies fall under the umbrella pathological term frontotemporal

lobar degeneration with tau inclusions (FTLD-Tau) and include Pick’s disease (PiD), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and

frontotemporal dementia with parkinsonism (FTDP-17). Alzheimer’s disease, a secondary or mixed tauopathy, is characterized by the presence of extracellular

inclusions containing Amyloid β (Aβ) protein. Tauopathies are also classified depending on tau isoform composing the intracellular inclusions. PiD is a 3R-predominat

tauopathy, PSP, and CBD are 4R tauopathies and FTDP-17 and AD are 3R:4R tauopathies. The PTMs observed in tau, the targeted residues and the disease where

they have been observed is also shown.

not considered alongside traditional PTMs. The implications of
all of these modifications will be discussed in this section.

The clustering of PTMs within short sequence motifs and
functional domains suggests that tau function and subcellular
localization could be regulated by a complex interplay between
different PTMs (Figure 3). Since some modifications have been
found only in the tau aggregates associated with disease (26, 27),
it has been suggested that these modifications may be regulating
tau dysfunction. Although a hypothetical sequence of events has
been proposed to occur during the formation of tau inclusions
(28, 29), what remains elusive is which PTMs actually drive
tau self-association vs. those that are simply part of normal tau
function and captured or trapped as “bystanders” in aggregates.
The transformation from healthy (functional) to aggregated
(or pathological) tau is most likely not a consequence of a
single PTM, but rather a combination of the intrinsic structural
alterations and extrinsic cellular conditions that may ultimately
constitute pathogenicity. Below, we describe the PTMs that have
been observed in tau and their potential impacts on tau function
and dysfunction.

Phosphorylation
Protein phosphorylation is one of the most common PTMs
in the proteome (30). Phosphorylation involves the reversible
addition of a phosphate (PO4) group to the polar group
of serine, threonine or tyrosine amino acid residues (31)
(Figure 2). Protein kinases and phosphatases, the enzymes
responsible for phosphorylation and dephosphorylation,
respectively (32), coordinate the phosphorylation status of
proteins. Phosphorylation alters protein electrostatics by
introducing a negatively charged, hydrophilic group, resulting
in an overall more hydrophilic protein. As a consequence
of this increased hydrophilicity, phosphorylation imparts
conformational changes, and regulates some important
protein functions including protein-protein interactions,
signaling cascades, and protein degradation (5, 33).
Phosphorylation is involved in essential cellular functions
such as metabolism and intracellular signaling, and therefore, is
fundamental to several normal cellular processes. However,
abnormal phosphorylation has also been described as
one of the primary causes for the alteration of a variety
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FIGURE 2 | Relative frequency of post-translational modifications on tau. The

2N4R isoform of tau contains 441 amino acid residues, around 35 percent of

which can potentially undergo PTMs. These residues include serine (forty-five),

threonine (thirty-five), tyrosine (five), asparagine (three), arginine (fourteen), and

lysine (forty-four). The most common PTMs in tau are shown on the y-axis of

the bar plot. The x-axis of the plot shows the percentage of amino acid

residues with solid bars showing the sites that have been identified within total

potential sites shown in shaded bars. The functional groups associated with

each PTM are also shown next to each bar. Since all potential phosphorylation

sites have been identified, the shaded bar is completely masked by the solid

bar. Similarly, in case of N-glycosylation, the specific N-glycosylation sites have

not been reported and therefore, only potential sites represented by shaded

bar have been shown.

of structural, functional, and regulatory proteins under
disease conditions.

The longest isoform of tau, known as 2N4R tau, has 85
potential phosphorylation sites (44 S, 35 T, and five Y) (34).
Therefore, almost 20 percent of tau has the potential to become
phosphorylated (Figures 2, 3). Of these sites, ∼20 residues have
been found to undergo phosphorylation in tau extracted from
healthy brains (35, 36). In contrast, around 44 residues, some of
which overlap with residues found in tau from healthy brains,
have been identified as “abnormally” hyperphosphorylated in
individuals with a tauopathy (25). Phosphorylation of serine and
threonine residues is associated with the completion of degrons
(or degradation-signaling motifs) and the subsequent clearance
of tau (for a more extensive discussion about phosphodegrons,
see section Effect of PTMs on Tau Degradation). If tau
degradation is blocked, then these normally transient phospho-
sites would persist, even though they are a part of the normal
metabolism of tau. Thus, the phosphorylation observed in tau
extracted from diseased brains could either occur abnormally
as part of disease pathogenicity or be a found as a normal
event to promote the normal, but interrupted, clearance of
tau. Additionally, it is also possible that many other tau
phosphorylation sites exist that have not been identified in post-
mortem human brainmaterial due to rapid dephosphorylation of
tau (37).

As a dynamic and highly regulated process, tau
phosphorylation requires a balanced interplay of kinases and

phosphatases. Several serine/threonine kinases phosphorylate
tau, including glycogen synthase kinase 3 (GSK3β), cyclin
dependent kinase 5 (cdk5), casein kinase 1 (CK1), cyclic AMP-
dependent protein kinase (PKA), p42/p44 MAPKs (ERKs 1/2),
protein kinase C (PKC), calmodulin-dependent protein kinase
II (CaMKII), the brain-specific kinases 1 and 2, the tau-tubulin
kinases 1 and 2, and somemicrotubule affinity-regulating kinases
(MARKs; also known as PAR1 kinases) (38). Furthermore, tau
can be phosphorylated by tyrosine kinases, such as the SRC
family members (LCK, SYK, and FYN) and the ABL family
members (ARG and ABL1) (39). FYN, SYK, and ABL kinases
phosphorylate tau at the Y18, Y197, and Y394 residues (40),
which have been associated with tau aggregation and AD
pathology (41).

Tau can be dephosphorylated by protein phosphatases (PP)
1, 2A, 2B, 2C, and 5 (25). Among these phosphatases, PP2A
accounts for around 70 percent of all tau dephosphorylation in
the human brain (42). Interestingly, PP2A also dephosphorylates
and modulates the activity of components along the ERK1/2
MAPK cascade that leads to GSK3β activation (43), suggesting
potential feedback cycles. As phosphorylation is one of the most
studied PTMs in tau, the kinase pathways implicated in tau
phosphorylation have been extensively reviewed elsewhere (44).
The regulation of the phosphorylation status of tau is essential to
maintain the biological function of the protein.

The change in tau electrostatics associated with
phosphorylation may have a critical role in the regulation
of tau function, localization, and interaction with other
molecules. The phosphorylation status of tau is developmentally
regulated, implying the significance of phosphorylation in the
regulation of specific function of tau in each developmental
stage (45, 46). Tau phosphorylation inside the microtubule-
binding domain (e.g., S262/S214) and/or the proline-rich (e.g.,
T231) domain reduces the affinity of tau for negatively charged
microtubules (47–50). Binding of tau stabilizes microtubules,
therefore tau phosphorylation regulates neuronal functions such
as axonogenesis and neurite outgrowth (47, 51–53). Additionally,
it has been reported that the specific phosphorylation of tau
by FYN kinases induces the relocation of tau from the axon to
dendrites (54). However, the effects of tau relocation in neuronal
function are not yet well-understood. Additionally, tau interacts
with the kinesin-associated protein JIP1 (JUN N-terminal
kinase-interacting protein 1) only when phosphorylated, thereby
impairing the formation of the kinesin complex that mediates
axonal transport (55).

Since phosphorylation regulates the biological functions
of tau, inappropriate phosphorylation may be an important
contributor to the pathogenesis of tauopathies. The abnormal
phosphorylation in several residues inside the KXGS motif (25)
and the proline-rich domain (47, 56–58) has been identified in
NFTs of tauopathy patients brains. Aberrant tau phosphorylation
at these motifs may pose detrimental consequences for neurons,
such as the impairment of neurite outgrowth (59) and the
deregulation of axonal transport (60, 61), which may lead
to synaptic dysfunction and neurodegeneration (62–64). The
phosphorylation at residues outside of the microtubules-binding
and proline-rich domains does not interfere with the ability of tau
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FIGURE 3 | Tau undergoes diverse post-translational modifications that often compete for the same amino acid residues. Diagram showing the polypeptide chain of

the longest tau isoform 2N4R tau along with individual amino acid residues highlighting different regions/domains. The N-terminal inserts are represented with blue

residue borders, proline-rich domain is represented with purple residue borders, microtubule-binding domains are represented with green residue borders (R1, R3, R4

in dark green, and R2 in light green), and disease-associated amino acid variants are highlighted in red text. The vertical black line between residues is shown for

distinction between two N-terminal inserts and four microtubule-binding repeats. The colored dots represent the PTMs identified in tau (WT and mutant) in vitro and in

vivo. The color code for PTMs is as follows: phosphorylation (light blue), acetylation (pink), methylation (green), glycation (yellow), ubiquitination (red), O-GlcNAcylation

(orange), SUMOylation (dark blue), and nitration (purple). N-glycosylation is omitted as no specific sites have been identified. The KXGS microtubule-binding motifs are

shown in pink boxes. The canonical and potential KFERQ motifs are represented with dark blue and light blue boxes, respectively. The phosphodegron motifs are

highlighted with green boxes.

to bind microtubules. Some of these residues such as S396, S404,
and S422, have been found abnormally “hyperphosphorylated”
in diseased brains (57, 65), and it has been suggested that
phosphorylation at these residues may influence tau aggregation
(66). While substantial published work suggests that tau
phosphorylation may contribute to development of tauopathies,
the exact mechanism behind how phosphorylation regulates tau
function and aggregation in vivo is still unknown. To unravel
the role of abnormal tau phosphorylation in tauopathies, it
will be necessary to better understand the broader impacts of
phosphorylation on normal tau function.

Acetylation
The acetylation of mammalian proteins involves the N-
terminal addition of an acetyl group from acetyl coenzyme
A (Ac-CoA) to the lysine residue of a polypeptide chain

(67) (Figure 2). Acetylation was first described on histone
proteins, therefore the associated enzymes are known as histone
acetyl transferases (HATs) and histone deacetylases (HDACs),
although they are less discriminating in their targets than
their names would suggest (67). Acetylation is considered
an essential modification that plays critical roles in the
function of diverse proteins, including p53 and tubulin (68).
The addition of an acetyl group neutralizes the positive
charge of lysine residues, thereby eliciting its downstream
molecular impacts on protein structure and protein-protein
recognition. Among its functional roles, acetylation is perhaps
best known to regulate gene expression via modification of
histone structure and chromatin accessibility (69). However,
the acetylation of non-histone proteins regulates a range of
cellular processes such as DNA damage repair, cell division,
signal transduction, protein folding, autophagy, and metabolism
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(70). Incorporation of an acetyl group onto lysine residues
prevents other modifications and thus, acetylation also can
block the processes regulated by ubiquitination, SUMOylation,
methylation, and glycation.

Acetylation has recently arisen to challenge the predominance
of phosphorylation as the key PTM on tau. The longest isoform
of tau protein (2N4R) contains 44 lysine residues and thus,
10 percent of the protein has the potential to be modified by
acetylation (Figure 3). Among all HATs implicated in protein
acetylation, p300 and its close homolog CREB-binding protein
(CBP) appear competent to acetylate tau in vitro (71, 72).
Moreover, the histone deacetylase 6 (HDAC6) (36, 73) and
the NAD+-dependent sirtuin 1 deacetylase (SIRT1) (72) are
the major tau deacetylases. Interestingly, these two HDACs
have seemingly opposing effects on tau: while tau deacetylation
by SIRT1 has a protective role against tau accumulation, the
deacetylation of tau by HDAC6 contributes to the increase
of tau phosphorylation and aggregation in vitro (74, 75). Tau
has also been shown to undergo acetyl-coenzyme A–induced
auto-acetylation in vitro (76). However, the role of tau as
acetyltransferase remains somewhat controversial, given that
other groups have not consistently identified tau acetylation in
absence of HAT enzymes (26, 76, 77).

Tau acetylation was first recognized in the context of
neurodegeneration in mouse models of neurodegenerative
disease (72, 78), and subsequently in brain lysates from AD
patients at early/moderate Braak stages (79). The dysregulation
of the HATs and HDACs involved in tau acetylation was also
found in diseased brains (79, 80). However, the underlying
abnormalities of HAT and HDAC activity may be both context
and disease specific. In this regard, while increased p300/CBP
HAT activity was observed in the brains of FTLD-tau patients
(80), p300/CBP levels, and activity were found to be lower in
the frontal cortex and hippocampus of AD patients (81) and
in a mouse model of AD (82). Although these reports failed to
show the effect of p300/CBP dysregulation in tau acetylation,
they suggest that the role of p300/CBP in tau acetylation may
vary between different tauopathies such as FTLD-Tau and AD.
Furthermore, the levels and activity of HDACs have also been
measured in patients’ brains. It has been observed that the
expression of SIRT1 is reduced in AD patients (83, 84) while
the levels of HDAC6 are increased (73), confirming that these
enzymes have opposite effects on tau function and dysfunction.
Altogether, this evidence demonstrates that tau acetylation may
have a key role in tauopathies.

As with phosphorylation, to fully understand the role of
acetylation in tau dysfunction, one must necessarily understand
its role in the normal function of tau. While the neutralization
of positively charged lysine residues by acetylation appears
crucial for regulation of tau, the downstream functional impacts
of this regulation seem to be residue specific. For example,
acetylation at lysine residue K280 weakens the binding of tau
to negatively charged microtubules, potentially destabilizing
microtubule networks (26, 27, 85). This contrasts with acetylation
at K174, which induces tau aggregation without affecting
tau-microtubule binding (79). Finally, HDAC6-regulated tau
acetylation at KXGSmotif-associated K259, K290, K321, or K353

residues suppresses both tau phosphorylation and aggregation
(36). Unlike acetylation of lysine residues that have been
identified only in tauopathy brains (26, 79, 86, 87), the acetylation
at these four residues occurs in normal tau but is reduced in
tauopathy brains (36). Since acetylation has emerged as a key
PTM in the regulation of tau function and dysfunction, mapping
all the acetylation sites on tau in different biological contexts
will help to delineate the ultimate roles and consequences of
each modification.

Acetylation on tau is particularly interesting because many
lysine residues that are targets for acetylation are also
targets for other PTMs, including ubiquitination, SUMOylation,
methylation, and glycation (78, 88, 89) (Figure 3). Therefore, a
potential rivalry between PTMs could exist, where the addition
of one chemical group to a given residue blocks the addition
of another, suggesting multilayered avenues for the regulation
of the biology of the protein (88). While the cross-talk between
PTMs will be extensively discussed in section Cross-Talk and
Competition Between PTMs, below we review the role of other
lysine-associated PTMs in tau function.

Ubiquitination
Covalent modification of proteins with ubiquitin (Ub)
(ubiquitination or ubiquitylation) represents one of the
most common PTMs in mammalian cells (Figure 2). The
small, 76 residues, protein ubiquitin is nearly ubiquitously
found in eukaryotes (ergo its name) and is used to modify
activity, localization, or stability of other proteins (90, 91).
Ubiquitination involves a multi-step process carried out
sequentially by activating (E1), conjugating (E2), and ligating
(E3) enzymes and has been reviewed elsewhere (92). Similar to
acetylation, ubiquitination occurs on lysine residues. In case of
ubiquitination, the C-terminal carboxyl group of a lysine in the
ubiquitin sequence itself is covalently attached to the ε-amino
group on a lysine of the “target” protein. Substrates can be
modified with a single ubiquitin (monoubiquitination) or with
polymeric Ub chains of variable length (polyubiquitination).
The ubiquitin protein contains seven lysine residues. Therefore,
the nomenclature around ubiquitination is based upon which of
these seven lysine residues serves as the initial link to the target
protein (i.e., ubiquitinated chains are called K6, K11, K27, K29,
K33, K48, or K63) (93). The type of ubiquitin chain determines
the biological effects of these modifications. Chains linked
through K6, K27, and K33 are often involved in cell proliferation,
DNA damage repair, and innate immunity (91). Other linkages
are directly related with protein degradation. In this regard,
K48 chains generally target substrates for degradation by the
26S proteasome (94), whereas K63-polyubiquitinated proteins
are directed to the degradation by the autophagy-lysosomes
pathway (93–96).

As a protein rich in lysine residues, tau has a high
susceptibility toward ubiquitination. Out of a total of 44 lysine
residues, 17 residues of the 2N4R tau isoform have been
found ubiquitinated with most of them located in the tau
microtubule-binding domain (78, 97). The main role of tau
ubiquitination appears to be the regulation of tau clearance
by the proteasomal or lysosome-autophagy systems (98). E3
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ligases confer ubiquitin residues to target proteins (99). Among
∼600 E3 ligases encoded by the human genome, only three
appear competent to ubiquitinate tau: the C-terminus of the
Hsc70-interacting protein (CHIP), the TNF receptor-associated
factor 6 (TRAF6), and axotrophin/MARCH7 (100–102). Each
of these E3 ligases ubiquitinates tau through different linkages
and at different residues, suggesting that each ligase modulates
tau degradation by different mechanisms. CHIP ubiquitinates
tau through K48 or K63 linkages and thus, regulates tau
degradation via both proteasomal and autophagy systems (102–
104). On the other hand, the E3 ligase TRAF6 ubiquitinates
tau via K63 linkages (100), suggesting that ubiquitination
mediated by this enzyme may regulate the degradation of
tau in the autophagy-lysosomes pathway only (100, 105–107).
Additionally, in vitro experiments have shown that tau can be
monoubiquitinated by axotrophin/MARCH7 (101). However,
the effect of monoubiqutination by axotrophin/MARCH7 on tau
function and degradation is not yet well-understood.

While E3 ligases attach ubiquitins, deubiquitinases (dUbs)
remove them. The cysteine protease Otub1 is the only dUb
that has been shown to target tau. Outb1 removes the K48
polyubiquitin chains from endogenous tau, preventing tau
degradation in primary neurons derived from a transgenic
mouse model (108) and thus implying an important role in the
regulation of tau ubiquitination.

Ubiquitin has been found in aggregated tau extracted from
the brains of tauopathy patients. However, whether ubiquitin
is causal, contributory, or simply a bystander in aggregation
remains to be seen. Tau isolated from human AD brains has been
shown to be monoubiquitinated at K254, K257, K311, and K317
(109) and polyubiquitinated at K254, K311, and K353 residues
(110). Tau was also found to be ubiquitinated at K290 in a mouse
model of AD (78). Interestingly, insoluble tau from AD brains is
modified predominantly by K48 linkage (110), whereas soluble
tau can also be ubiquitinated via K63 polyubiquitin conjugation
(102), suggesting that soluble and aggregated tau are degraded
by different pathways. While ubiquitin is a component of tau
aggregates found in the brains AD patients (109, 111–113), tau
“pre-tangles” did not exhibit positive ubiquitin immunostaining
(114–116). Moreover, it has been shown that tau phosphorylation
precedes ubiquitination in the NFTs of AD patients and that the
formation of paired helical filaments precedes tau ubiquitination
in vitro (109, 114), suggesting that ubiquitin may be linked
to tau after the formation of the fibrillar inclusions. This
finding potentially supports ubiquitination as a compensatory
response to tau accumulation. In contrast, other groups have
reported that both mono- and polyubiquitination contribute
to the formation of insoluble protein inclusions present in
neurodegenerative diseases (96, 117) and that the induction of tau
ubiquitination in cell cultures increases aggregation (102). The
somewhat contradictory nature of the current literature around
ubiquitination suggests that whether this modification is causal,
consequential, bystander, or context specific in disease remains to
be sorted.

SUMOylation
In SUMOylation, the small ubiquitin-like modifier protein
SUMO is transferred to the terminal amino group of lysine side
chains of the target protein by an ATP-dependent enzymatic
cascade. Analogous to ubiquitination, this SUMOylation cascade
involves an E1 activating enzyme, an E2 conjugating enzyme,
and an E3-type ligase (Figure 2) (118, 119). SUMO groups
can be removed by specific proteases known as SUMO-specific
proteases/isopeptidases (SENPs). Three main SUMO isoforms
are expressed in cells: SUMO1, SUMO2, and SUMO3, of which
SUMO2 and SUMO3 are more similar to each other and are
different from SUMO1 (120).

SUMO is predominantly found in the nucleus and thus,
SUMOylation plays a crucial role in many nuclear processes
such as gene expression, genome stability (121), DNA damage
response (122), protein trafficking (123), and cell cycle control
(124). SUMOylation has emerged as an essential regulator
of neuronal function with a growing evidence suggesting
that SUMOylation of proteins inside and outside the nucleus
plays an important role in neurodegenerative diseases (125).
Alterations in protein SUMOylation are observed in a wide
range of neurological and neurodegenerative diseases including
tauopathies (126–128), and several extranuclear disease-
associated proteins including tau have been shown to be directly
SUMOylated (125).

In vitro studies have demonstrated that tau can be
SUMOylated. Specifically, it has been found that tau is
monoSUMOylated in vitro at the K340 residue, which is
located within the microtubule-binding domain (128, 129).
Tau becomes available for SUMOylation only after it is released
from microtubules (129), suggesting that SUMOylation may
be a secondary PTM that occurs after phosphorylation and/or
acetylation. However, little is known about how SUMOylation
interferes with the formation of tau inclusions in tauopathies.
Tau SUMOylation at K340 inhibits tau ubiquitination and the
subsequent proteasome-dependent degradation, suggesting that
SUMOylation may block tau degradation and therefore induces
tau accumulation and aggregation (128). In contrast, previous
evidence indicates that the inhibition of the proteasome pathway
stimulates tau ubiquitination and eliminates tau SUMOylation
(129), suggesting that SUMOylated tau can be degraded by
other pathways such as autophagy. In this context, a more
recent study has demonstrated that SUMO1 labels lysosomes in
oligodendrocytes from PSP patients containing tau inclusions
(127), an indicator that SUMOylation may be regulating
autophagy-lysosomes pathway in tauopathies. Additionally, the
activation of autophagy-lysosomes pathway appears to reduce
tau SUMOylation, tau inclusions and cortical atrophy associated
with the rTg4510 mouse model of tauopathy (130). Despite
the role of SUMOylation in tau function and dysfunction not
being completely understood, substantive evidence support
SUMOylation competing with ubiquitin for lysine residues in
tau, with consequences on tau clearance in the proteasome
and/or autophagy-lysosomes systems.
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Methylation
Methylation is a biochemical process that involves the transfer
a methyl group (CH3) to DNA or protein targets (Figure 2).
DNA methylation was discovered contemporaneously with the
discovery of DNA as genetic material (131, 132). On DNA,
methylation is regarded as an epigenetic means of regulating
gene expression through blocking transcription factor binding or
recruiting transcriptional repressors (133). Protein methylation
was first described in histones. This was followed by decades
of limited interest until the physiological role for protein
methylation was documented in the late 1990s and non-histone
proteins were also found to be methylated (134). Currently,
methylation is fourth on the list of PTMs in terms of overall
abundance in the proteome, with more than 18,000 methylation
sites described in ∼7,400 proteins (135). The N-methylation of
histone and non-histone proteins occurs primarily on lysine and
arginine residues. In the process of DNA or protein methylation,
methyl groups from an S-adenosyl methionine (SAM) donor are
conferred by methyltransferases and removed by demethylases
(136). Lysine residues can be methylated up to three times,
resulting in a mono-, di-, or trimethyl-lysine, which each give
rise to distinctive biological consequences. Indeed, although
the methyl group is one of the smallest post-translational
modifications, each methylation event removes a proton from
the ε-amino group and thereby decreases the hydrogen-bonding
potential of lysine. Therefore, methylation also increases the
hydrophobicity and bulkiness of lysine side-chains. Based on the
electrostatic properties of methylation, this PTM has been shown
to regulate different aspects of proteins function such as protein–
protein and protein–nucleic acid interactions, protein stability,
subcellular localization, and enzyme activity, which in turn
affect essential cellular processes including transcription, protein
synthesis, signal transduction, and metabolism (137, 138).

Tau methylation is a relatively recent discovery (89). Results
from mass spectrometric analyses show that several lysine
residues are methylated on tau extracted from either healthy
individuals or AD patient brains (89, 139–141). Moreover,
in mouse models tau is also methylated at arginine residues
R126, R155, and R349 (78). The number of methyl residues in
tau protein is relatively low compared to other modifications
such as phosphorylation and acetylation (140). Tau from
both healthy and AD patient brains can be mono and
dimethylated (141, 142). Interestingly the methylation status of
tau changes qualitatively with aging and disease progression
(89, 140, 143). Inherent in this finding is the possibility
that aging alone, rather than disease per se, dictates tau
methylation, analogous to the “Aging Clock” described for DNA
methylation (144).

Until now, the specific enzymes involved in tau methylation
have not been identified, and the exact role of methylation
in tau function and pathogenesis is unclear. Methylation
changes the electrostatics of tau protein. Given that tau is
methylated within the KXGS motifs, regions that are essential
for interactions with microtubules, lysine methylation may
suppress tau’s microtubule-binding function (139). Since tau
aggregates from AD patients are methylated (89), it has also been
suggested that methyl residues can bind to tau after aggregation

and perhaps impair ubiquitination and UPS-mediated
degradation (89). Future investigation of site-dependent
tau methylation in vivo, and determination of its relationship
to the DNA methylation “Aging Clock”, would advance our
understanding of the role of this modification in tau function
and pathology.

Glycosylation and Glycation
Glycosylation involves the addition of carbohydrate chains to
proteins and lipids, of which we will focus on the former. Protein
glycosylation is classified into two subtypes depending on the
type of reaction involved: enzymatic glycosylation and non-
enzymatic glycosylation (aka glycation). Enzymatic glycosylation
typically occurs on secreted proteins or those that remain
in membrane-bound organelles, hence this process occurs in
the endoplasmatic reticulum (ER)/Golgi system. In addition,
a specialized enzymatic glycosylation called O-GlcNAcylation
occurs almost exclusively on cytoplasmic and nuclear (non-
secreted) proteins (145). Given that the addition of sugar
groups has steric effects on proteins, both enzymatic and non-
enzymatic glycation have been described to play a major role
in determining the structure and stability of proteins (146).
However, while enzymatic glycosylation is an important PTM
that exerts functional effects on glycoproteins, glycation typically
results in dysfunctional or defective biomolecules (146, 147).
Both enzymatic and non-enzymatic glycosylation of tau function
are discussed below.

Enzymatic Glycosylation
Enzymatic glycosylation is a process in which glycosyltransferase
enzymes attach activated sugar donor groups (monosaccharides)
to proteins via covalent, glycosidic linkages (148–150). Sugar
groups are linked to either asparagine (N-glycosylation) or
serine/threonine (O-glycosylation) residues (Figure 2) (146). N-
glycosylation begins as a co-translational event in the ER.
There, the oligosaccharyltransferase enzyme adds an immature
polysaccharide to a nascent polypeptide chain. After the further
maturation of this polysaccharide, the resulting glycoprotein
is transferred to the Golgi apparatus, where the sugar groups
acquire an even more complex structure during a process called
“terminal glycosylation” (149). Conversely, O-glycosylation is
achieved post-translationally in the cis-Golgi compartment (151).
N- and O-glycosylation also differ in the linker-residue of
the targeted protein. N-glycosylation is characterized by the
enzymatic addition of N-glycans to asparagine residues in the
sequence N-X-S/T (where X is any amino acid except P or D),
being X any amino acid except proline (149). O-glycosylation
occurs on S/T residues with a β-turn in the proximity of a
proline residue, however the O-glycosylation domains are not
exactly defined (152). Both N- and O-glycosylation impact the
structure, stability, folding, oligomerization, and solubility of
glycoproteins (143, 153, 154).

Some proteins can additionally undergo a specialized and
highly dynamic form of O-glycosylation called O-GlcNAcylation
or O-GlcNAc. O-GlcNAcylation differs from other types of
glycosylation in that the glycan is not further processed after
the addition of a single GlcNAc to S/T residues. It also occurs
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almost exclusively on intracellular (nuclear and cytoplasmic)
rather than secreted proteins (151). O-GlcNAcylation is highly
regulated by two enzymes, O-GlcNAc transferase (OGT) and
O-GlcNAcase (OGA) that add and remove sugar groups,
respectively (145). Because O-GlcNAcylation affects S/T residues,
many known O-GlcNAcylation sites are nearby or overlapping
with phosphorylation sites and thus it has been suggested that
these two post-translational modifications can regulate each
other (145, 155–159).

Enzymatic glycosylation may contribute to tauopathies by
modifying proteins other than tau, such as APP and the β-
site APP-cleaving enzyme 1 (BACE1). APP and BACE1 have
been found to be O-glycosylated (160–162) and N-glycosylated
(163, 164) in tauopathy patients’ brains. Tau also has the potential
to be modified by N-glycosylation and by the specialized form
of O-glycosylation, O-GlcNAcylation (165, 166). Interestingly,
to date tau has been found to be N-glycosylated only in AD
subjects (167–169), while O-GlcNAcylation levels are relatively
elevated in brains from normal controls (155, 166, 170). To date,
at least five O-GlcNAc sites have beenmapped in tau (T123, S208,
S238, S400, and one of S409/412/413) (171–173) and all of them
are also susceptible to phosphorylation. Therefore, it has been
speculated that O-glycosylation may compete with or protect
from phosphorylation (155, 174). Since tau O-GlcNAcylation is
decreased in diseased brain (155, 170), it has been suggested that
this PTMs has a protective role. This hypothesis is potentially
supported by the fact that that O-GlcNAcylation increases
the interaction of tau with microtubules (175), increases tau
degradation (166), and suppresses tau aggregation (171, 175,
176).

Despite tau being N-glycosylated, the exact residues have not
been identified. Furthermore, the relevance of N-glycosylation
in tau function is a matter of debate since tau is a cytosolic
protein, but the N-glycosylation process occurs in the ER-Golgi
system (177). Therefore, tau N-glycosylation is thought to be
associated with aberrant subcellular localization of tau. However,
the mechanisms and consequences behind tau relocation are still
elusive. It has been proposed that N-glycosylation precedes and
accelerates tau phosphorylation (169), either by suppressing tau
dephosphorylation (178) and/or inducing tau phosphorylation
by protein kinase A (PKA) (169, 178). While a direct impact
of tau N-glycosylation on microtubule polymerization and
stability has not been observed (167), the removal of N-
glycans and phosphate groups of tau seems to restore its
microtubule polymerization activity (164). Although little is
known about the role of N-glycosylation in tau biology, this
evidence suggests that aberrant N-glycosylation of tau may be
involved in neurodegenerative disease pathogenesis.

Glycation or Non-enzymatic Glycosylation
Glycation (or non-enzymatic glycosylation) is a PTM in which
sugars or sugar-derived metabolites are covalently attached to
the side chain of lysine residues (Figure 2). The glycation
process involves a set of chemically heterogeneous modifications
that lead to the formation of advanced glycation end-products
(AGEs) (179). AGEs are produced by the irreversible cross-link
between glycated and non-glycated proteins and are considered

glycotoxins with significance in aging and age-related diseases
(180–182). Both early stage glycation and AGEs have been shown
to impair protein activity. Moreover, AGEs deposition has been
shown to correlate with age and disease progression in AD (183).
Although the study of AGEs is an active area of investigation in
the field of aging research (184), it is still unknown how proteins
are selected to be glycated and the biological role of glycation in
neurodegeneration is not well-understood (185).

Thirty-two lysine residues in 2N4R tau have been identified in
vitro as potential glycation sites (186, 187) (Figure 3). Although
most of these sites were detected in both 3R and 4R isoforms,
K280 and K281 are absent in the 3R tau, and this difference
seems sufficient to slow the glycation of 3R relative to 4R isoforms
(186, 187). In AD, glycation has been detected in aggregated tau
purified from human AD brains but not in soluble tau (188).
The molecular functions for glycation, the sites of these reactions
and whether or how they contribute to tau aggregation remain
subjects for debate. Since the glycation of tau in microtubule
binding domains reduces tau affinity for microtubules in vitro
(189), it has been suggested that glycation sterically blocks
tau-microtubule interactions. Glycation may also induce the
accumulation of tau by blocking the ubiquitination of tau at
lysine residues and consequently its degradation (189, 190).
Furthermore, the late glycosylation product known as AGEs have
also been found colocalized with pathological tau aggregates in
the brain of sporadic AD cases (191). Similarly, AGEs colocalize
with NFTs from PSP, PiD, and ALS patients (180, 191). Although,
the role of glycosylation in tau function is not well-understood,
evidence presented here implies that this PTM can play an
important role in tauopathies.

Proteolysis
Proteolysis refers to the breakdown of proteins into peptides and
amino acids through the hydrolysis of peptide bonds via the
action of proteases. Most proteases are highly specific and cleave
their protein substrates from the N-terminus (aminopeptidases),
C-terminus (carboxypeptidases), or more centralized regions
(endopeptidases) of a protein. Furthermore, based on their
catalytic mechanisms for substrate hydrolysis and the residues
associated with their active sites, proteases are categorized into six
types: aspartyl, cysteine, glutamic, metallo, serine, and threonine
proteases. Proteolysis is a critical modification that can lead to
alterations in protein function with important outcomes in many
biological processes including signaling pathways and apoptosis.
It can regulate the concentration of a protein, transform a
protein into an active form, or process a protein to provide the
amino acids required to synthesize a different protein. Proteolysis
also plays an important function in removing damaged or
unnecessary proteins from cells.

Several cytosolic proteases responsible for tau proteolysis
have been identified, including caspases, calpains, and thrombin
(192). Caspases are a family of evolutionarily conserved cysteine-
dependent proteases that cleave proteins after specific aspartic
acid residues (193). These proteases play a crucial role in
important biological process such as apoptosis and inflammation
(194). Thirteen different caspases have been described in humans,
and their functional classification is reviewed elsewhere (193).
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The role of proteolysis in tau function is incompletely
understood. Tau proteolysis could be protective and may
promote the removal of abnormal tau or could favor the
abnormal accumulation of cleaved tau in the cell (195). It is also
possible that tau cleavage is neither protective nor damaging,
but is merely a bystander effect of tau accumulation. The
proteolytic cleavage of tau has been observed both in vitro
and in vivo (192, 195). Prior research on tau proteolysis has
also shown that the proteolytic cleavage of tau precedes its
aggregation in vitro (196–198). Furthermore, the N-terminal
truncation of tau has been shown to alter the cellular
localization of the protein from the cytosol to the nucleus
(199), indicating a possible link between proteolysis and tau
localization. Given that it has been shown that tau fragments
induce death in cultured neurons (200), it has been suggested
that tau cleavage may induce neurodegeneration. However, the
toxic nature of tau fragments has not been demonstrated in
vivo and therefore, it remains unclear if these fragments are
indeed toxic.

The in vitro cleavage of tau by caspase-3,−7,−8, and less
efficiently by caspases-1, and−6 resulting in the formation of
an N-terminal fragment, tau1-421 (Tau-C3) (198, 201, 202)
has been demonstrated. Tau-C3 fragment has been observed
in AD brains (198) and interestingly, the active forms of both
caspase-3 and caspase-6 are elevated in AD brains compared to
control brains (203–205). While the exact function of Tau-C3
fragment is unknown, it has been shown that Tau-C3 fragment
induce toxicity in neuronal cultures (201, 206, 207), and that
the caspase-mediated tau cleavage precedes tangle formation in
tau transgenic mice (Tg4510) (208). However, whether caspase-
mediated cleavage of tau is toxic or protective for the neurons still
remains a matter of debate.

While the proteolytic cleavage of tau by caspases has
been extensively studied, the cleavage of tau by calpains
and thrombin remains elusive. Calpains are calcium-activated
cytosolic cysteine proteases implicated in a variety of calcium
associated cellular functions like cell proliferation, migration,
invasion, apoptosis, and signal transduction (209). Dysregulation
of calcium homeostasis has been proposed to induce abnormal
activation of calpains in a number of neurodegenerative diseases
(209). The cleavage of tau by calpains, has been demonstrated
in vitro and in neuronal cultures (210, 211). According to a
recent study, calpain-mediated cleavage events are considered a
part of normal tau protein processing (212). However, there are
studies that have suggested that calpain-mediated proteolysis of
tau may induce toxicity, as seen in cell cultures and a Drosophila
tauopathy model (210, 213). Thrombin is a cytosolic serine
protease that is expressed within neurons and astrocytes (195).
The cleavage of tau by thrombin has been shown in vitro and in
cell models of tauopathy (214, 215). Based on cell culture-based
studies, thrombin cleavage products of tau are believed to be
potentially pathogenic (216, 217). However, due to contradictory
reports and lack of in vivo evidence for tau proteolysis mediated
by these enzymes, the relevance of thrombin, and calpains in tau
function remains unclear. Naturally, tau cleavage also occurs in
the proteasome and lysosomes, which will be discussed further in
section Effect of PTMs on Tau Degradation.

Other PTMs
In addition to the PTMs discussed above, several other post-
translational modifications occur on tau, which are less well-
recognized. Below, we discuss three different tau PTMs that fall
in this category: protonation, oxidation, and nitration.

Protonation
Protonation involves enzyme-independent, rapid, and reversible
addition or removal of protons. Protonation adds a positive
charge to otherwise uncharged amino acid side chains and
therefore can lead to dynamic changes in protein conformation
and function (218). The optimum protonation state of a protein
is critical to its functioning. Dysregulation in local pH can lead to
disruption in the protonation state of a protein and has recently
been shown to have implications with neurodegenerative diseases
(219, 220). Among several protein sites that can participate in the
protonation/deprotonation process, only a few can significantly
undergo this modification within the normal cytosolic pH range.
Histidine side chains, with a nominal pKa of ∼6.5, are among
the most attractive residues for protonation within cytosolic
pH range.

Tau contains highly-conserved histidine residues near the
C-terminus of each microtubule-binding tau repeat (Figure 3)
(221). These residues have been proposed to act as pH
sensors and influence tau–microtubule interaction within the
physiological intracellular pH range (221). The histidines are
positively charged at pH <7.5 and show increased tau-
microtubule binding (221). However, at pH >7.5, histidine
residues in tau are deprotonated and bind microtubules with
lower affinity (221). Furthermore, it has been proposed that
a highly conserved histidine residue, H299 (Figure 3), near
the R2 C-terminus seems to contribute to tau–microtubule
binding. The labile nature and minimal molecular weight change
of protonation renders it difficult to detect by traditional
approaches, such as mass spectroscopy or gel electrophoresis,
used to detect PTMs. Nonetheless, given its effects on protein
structure, solubility and function, protonation should be
considered as a post-translational protein modification like the
others in this review.

Oxidation
Like protonation, protein conformation is also sensitive to
oxidation-reduction (redox) changes. Redox homeostasis is
achieved by the regulation of appropriate levels of reactive
oxygen (ROS) and nitrogen (RNS) species, that are considered
important physiological regulators of intracellular signaling
pathways (222). The dysregulation of ROS is a major contributor
to oxidative damage and it has been proposed that age-related
accumulation of oxidized proteins may contribute to the aging
process (223). However, the importance of protein oxidation
in the progression of aging still remains poorly understood.
Cysteine residues are the prime amino acid that can exist in
oxidized or reduced states. The unique properties of cysteine
side chain allows it to undergo various oxidative PTMs, which
can potentially have diverse regulatory effects. The oxidation of
cysteine residues leading to disulfide bond formation is one of the
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well-established mechanisms underlying the redox regulation of
protein conformation and hence its function.

On tau, there exists a pair of cysteine residues that can
undergo oxidation (Figure 3). While the effect of oxidation on
tau function is unknown, its role in tau aggregation has been
studied in vitro (224) and is discussed in section Effect of PTMs
on Tau Solubility and Aggregation of this review. Tau oxidation
has only been described in vitro, and therefore the status of
oxidized tau in vivo remains unclear.

Nitration
Nitration involves the addition of nitrogen dioxide (NO2) onto
tyrosine residues. The mechanism underlying protein nitration is
not clear but it most likely involves the presence of ROS/RNS-
like peroxynitrite and therefore nitration can also occur during
oxidative damage (225). Several lines of evidence suggest a role of
nitration in physiological processes like signal transduction (226,
227). Additionally, increased protein nitration has been identified
in a large variety of diseases and have also been implicated in the
process of aging (227).

The 2N4R tau isoform has five tyrosine residues, and the
nitration at four of them has been shown in vitro: Y-18, Y-
29, Y-197, and Y-394 (Figure 3). These studies have shown that
residues Y-18 and T-29 are more susceptible toward nitration
than residues Y-197 and Y-394. The nitration of tau at Y-
197 has been observed in the healthy brain and therefore has
been proposed to have important physiological functions (228).
However, the nitration of Y-18, Y-29, and Y-394 has only been
observed in AD or other tauopathies (229). It is believed that
nitration of these tyrosine residues alters tau conformation and
reduces its ability to bind to microtubules (230). While there are
some interesting insights on tau nitration, most of these studies
are based on in vitro experiments. Therefore, studies focusing on
this PTM will provide additional useful insights into its role in
tau pathobiology.

EFFECT OF PTMs ON TAU DEGRADATION

Protein degradation is important for the maintenance of
proteostasis and for preventing the accumulation of misfolded
or aggregated protein species (231). There are two major
protein degradation systems in the cell: the ubiquitin-proteasome
system (UPS) and the autophagy-lysosomes pathway (231).
Both protein degradation pathways are key effectors of the
proteostasis network and are strongly influenced by PTMs.
Protein clearance is highly regulated and utilizes ubiquitin
as a tag for direct protein degradation in both proteasomal
and autophagy systems. However, other PTMs also affect the
process of protein degradation indirectly. This is the case for
phosphorylation and acetylation, both of which can modify
amino acid sequences known as degrons, which are important
for protein degradation.

A subset of degrons are regulated by phosphorylation and
thus are called phosphodegrons (232, 233). Phosphodegrons
are short linear amino acid sequences, D/E-S/T-GXX-S/T-P or
LL-S/T-PXX-S/T-P, where the phosphorylation of S/T residues
promotes protein clearance through stimulation of subsequent

ubiquitination and proteasomal degradation (232, 233). Proteins
can also contain other motifs that promote degradation by
the autophagy-lysosomes system. These pentapeptide motifs
are known as KFERQ motifs as they are composed of
one or two positively charged residues (K, R), one or two
hydrophobic residues (I, L, V, F), one negatively charged
residue (D, E), and one bookending glutamine (Q) (234).
“Canonical” KFERQ motifs are complete without modification
while “potential” KFERQ motifs require completion via a
PTM such as phosphorylation (235) or acetylation (234, 236)
(Figure 3).

Tau homeostasis is typically maintained via degradation by
both UPS and autophagy-lysosome systems (96, 110). Yet at some
point in the pathobiology of tauopathies, the local concentration
of tau must increase to favor the formation of fibrils, oligomers,
and aggregates. Does self-association of potentially abnormally
modified tau lead to damage and subsequent impairment of
protein degradation systems? In this model, tau accumulation
is causal for neurodegenerative disease. Or, alternatively, does
tau accumulation result from decreased efficiency or failure of
the protein degradation systems? In this case, tau accumulation
is a consequence of other pathobiology in neurodegeneration.
This type of binary, chicken, or egg approach to the genesis of
tauopathies may be over-simplifications of a complex, biological
milieu that combines aspects of both tau accumulation as cause
and consequence. Nonetheless, the answers to these questions are
key, as they dictate certain nodes to target for disease therapy. In
this section, we will delineate the pathways for tau clearance and
describe how PTMs could play active roles in these processes.

Tau Clearance by the

Ubiquitin-Proteasome Pathway
The UPS pathway is responsible for the clearance of soluble,
intracellular proteins (237, 238). The proteasome is a highly
organized and complex molecular machinery responsible for
the selective and efficient degradation of client proteins, whose
basic science and function has been reviewed elsewhere (239–
242). The 26S proteasome is responsible for the majority of
protein clearance in mammalian cells and degrades proteins
that are tagged with polyubiquitin chains (195). Therefore,
the fact that tau is a target of ubiquitination (as discussed
above) (109, 110) suggests that it can be degraded by
the proteasome.

While ubiquitination is the proximal signal for protein
degradation in the UPS, other PTMs such as phosphorylation are
often required for tau ubiquitination to occur (243). For example,
tau phosphorylated at proline-directed serine/threonine sites
is selectively ubiquitinated by CHIP (103, 243), and thus
phosphorylation in these sites increases tau ubiquitination
and UPS-mediated degradation. Given that tau has six
phosphodegron sequences (Figure 3), phosphorylation also
regulates the ubiquitination and degradation of tau through this
means (233). Phosphorylation of tau degrons is highly regulated
by different kinases such as cdk5 and GSK3β (244), which work
together in order to phosphorylate tau at specific residues and
prepare the molecule for ubiquitination and degradation (245).
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However, phosphorylation of tau at alternative sites prevents
ubiquitination and clearance. As a case in point, phosphorylation
of tau at the KXGS motifs in the C-terminal microtubule
binding repeat domains seems to prevent the ubiquitination and
degradation of tau (243).

The dysfunction of the UPS and its related PTMs are
associated with the development of tauopathies. Insoluble tau
aggregates isolated from human AD brains contain proteasome
subunits (246). Ubiquitin ligases such as CHIP and TRAF6 also
colocalize with tau in AD brains (102, 103). Ubiquitinated tau
is a component of NFTs (246). Further, a recent study from our
group showed that the PSP-related A152T tau variant increases
tau phosphorylation at threonine 153, potentially interfering
with recognition of the local phosphodegron and thereby UPS
degradation (233). Impairment of UPS activity has also been
observed in postmortem human AD brains (246–250). While
together these data implicate the UPS in tauopathies, they
nonetheless represent correlative, rather than causal evidence.
To our knowledge, no studies have established UPS failure
as necessary and sufficient in promoting tau accumulation,
aggregation, neuronal loss, and neurodegeneration.

Tau Clearance by Autophagy
Autophagy is the process by which unnecessary or damaged
cellular components are proteolytically degraded in the
endosomal-lysosomal pathway. Based on the mechanisms
by which the substrate is delivered for degradation, there
are three major types of autophagy: chaperone-mediated
autophagy (CMA), endosomal microautophagy (e-MI), and
macroautophagy. Long-lived proteins or protein aggregates
that are too large to be processed through the proteasome are
typically degraded via autophagy (242). Tau, being a long-lived
protein, is anticipated to be degraded in lysosomes (242) and
indeed, it has been shown that both soluble and insoluble tau
can be degraded by the three forms of autophagy (251, 252).
Furthermore, it has been observed that the use of autophagy
inhibitors, such as ammonium chloride (NH4Cl), chloroquine,
and 3-methyladenine (3-MA), as well as the inhibition of
lysosomal proteases, delays tau clearance, and enhances
tau accumulation (253–255), confirming the importance of
autophagy in tau degradation.

Not only is tau cleared by autophagy, but PTMs play
distinct roles in modulating these processes. Within the amino
acid sequence of the tau protein are found two KFERQ
motifs (336QVEVK340 and 347KDRVQ351) (Figure 3). These
consensus sequences direct tau toward either chaperone-
mediated autophagy or endosomal-microautophagy (252, 256).
In addition to the two canonical KFERQ motifs, tau contains
four potential KFERQ motifs that can become canonical in the
presence of phosphorylation, acetylation, or a combination of
both (Figure 3) (KFERQ finder) (234), emphasizing that PTMs
play an important role in the degradation of tau by these
two systems. CMA-mediated protein degradation is a selective
form of protein clearance in which the KFERQ motifs are
recognized by the Hsc70 chaperone. Upon recognition, the
proteins are transported to the lysosomal lumen after binding to
the lysosome-associated membrane protein-2 (LAMP-2) (257).

Tau protein can be efficiently degraded by CMA as long as the
KFERQ motifs are not blocked by PTMs (252).

In addition to initiating CMA, the binding of Hsc70 to
KFERQ motifs also targets cytosolic proteins for selective
degradation by e-MI. This form of protein degradation occurs
in late endosomes/multivesicular bodies instead of lysosomes
and involves sequestering substrate proteins into intraluminal
vesicles budding in toward the lumen of multivesicular
endosomes (234, 256). Unlike CMA, in mammals, the presence
of KFERQ motifs is necessary but not sufficient for e-MI (256).
In addition to protein cargo delivery by Hsc70, the e-MI pathway
relies on the ESCRT (endosomal sorting complexes required
for transport) I and III complexes that are required for the
formation of vesicles which internalizes the cytosolic cargo (256).
A recent study has analyzed the influence of two different
PTMs, oxidation and phosphorylation, on the e-MI-dependent
degradation of tau (251). A substantial decrease in the association
and internalization of tau in late endosomes via e-MI was
observed upon oxidation of mutant tau, which suggests that the
oxidation of tau at C291/C322 is a prerequisite for completing
the internalization of tau through e-MI (251). Moreover, in
the same study, the authors found that phosphorylating tau at
S262, S293, S324, and S356 inside microtubule-binding domains
diminishes its degradation by e-MI (251). In contrast, another
study showed e-MI mediated degradation of total tau and of
specific phosphorylated species (258). Thus, PTMs regulate the
clearance of tau degradation by both CMA and e-MI.

Non-soluble, larger or aggregated species of tau are cleared
via macroautophagy, a form of autophagy that involves the
sequestration of cytoplasmic cargo into double-membrane
vesicles known as autophagosomes, which fuse with the lysosome
to degrade its contents (259). Several reports have confirmed
that tau aggregates can be degraded by macroautophagy. For
example, the aggregates generated by the overexpression of the
tau repeat domain with an FTD-17 mutation (TauRD1K280)
(252) as well as the proteolytically cleaved tau isoform D421
(Tau-C3) (260) are degraded by macroautophagy in cell models
of tauopathy. Interestingly, tau phosphorylated at KXGS motifs
escapes degradation by the UPS but is efficiently degraded
by macroautophagy (252), suggesting the that wild type tau
can also be degraded by macroautophagy. As PTMs contribute
to tau aggregation (see section Effect of PTMs on Tau
Solubility and Aggregation), they likely regulate tau clearance
via macroautophagy.

Failure of tau degradation by the autophagy-lysosomes
pathway has been linked to tauopathies. For example, there
are several studies suggesting a defect in macroautophagy in
tauopathy patients (261–263). Furthermore, it has been shown
that tau in NFTs colocalizes with lysosomes and lysosomal
markers in human AD, CBD, and PSP brains (263–267),
suggesting that tau is directed toward macroautophagy but
fails to be degraded. Moreover, evidence from mouse and
Drosophila models of FTLD-Tau indicates that the microtubule
destabilization associated with the abnormal phosphorylation
of tau leads to the disruption of the axonal vesicle transport
by impairing the dynein-dynactin complex, vesicle trafficking,
and autophagic flux (268, 269). Alterations in CMA may
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also contribute to tauopathies, since it has been described
that tau carrying the FTD-related mutation P301L reduces
tau’s susceptibility for degradation by CMA (251). Overall, the
regulation of the autophagy-lysosomes pathway seems to be
essential for maintaining tau homeostasis in health and disease,
and PTMs in tau influence the autophagic degradation of tau in
multiple ways.

EFFECT OF PTMs ON TAU SOLUBILITY

AND AGGREGATION

The degradation pathways discussed above represent a major
component of the proteostasis network and ensure that, under
normal conditions, tau is maintained in an optimally functional
state (231). However, in tauopathies, there is a breakdown in
tau homeostasis that in turn leads to aberrant accumulation,
misfolding, and aggregation of tau (45, 242, 270). Recent studies
suggest that PTMs contribute in sometimes surprising ways to
altering tau solubility and thereby promoting its aggregation.

Various biophysical techniques have demonstrated that
under physiological conditions, tau exists in a “natively
unfolded” or “intrinsically disordered” state (45, 271, 272).
Despite being intrinsically disordered, tau shows a preference
for global interactions between its negatively charged N-
terminus and positively charged repeat domains, leading
to an energetically favored “paperclip” like conformation
(273). In contrast to soluble tau, tau aggregates are
composed of β-sheet rich structures known as amyloid
fibrils (274–277). Amyloid fibrils are highly heterogeneous
in nature and are not easily amenable to study via
traditional methods used in structural biology. Recent
breakthroughs in cryo-electron microscopy (cryo-EM)
technology, however, have made it possible to determine
high resolution three-dimensional structure of tau amyloid
fibrils (278, 279). Determination of the atomic structures
of tau aggregates may provide a better understanding of
the mechanisms underlying their formation, spreading,
and clearance.

To date, cryo-EM has elucidated the structure of tau filaments
isolated from brains of patients with several different forms
of tauopathies (279–284). According to these studies, each
tauopathy is associated with a unique tau filament fold (279). The
origin of such structural specificity is not yet known, but could
emanate from PTMs (279). For example, tau is phosphorylated at
S262 in tau filaments extracted from AD and CBD brains, but
not in the filaments of PiD patients (11). Consistent with this
phospho-modified residue contributing to aggregate structure,
S262 is present in the tau filament core in PiD but not AD (279).
Therefore, distinctive patterns of post-translational modification
in different tauopathies may underlie not only the structural
specificity of amyloids observed in cryo-EM structures, but could
even contribute to selective vulnerability to these diseases.

To understand the fundamental role of PTMs in tau
aggregation, it is important to account for the influence of
PTMs over the charge composition and distribution within a
polypeptide chain. The net charge on any protein is dependent

on the content of ionizable groups. Net charge is 0 when
the pH of the surrounding environment equals that protein’s
isoelectric point (pI). Similarly, net charge is positive at a pH
below pI, and is negative at pH above its pI. Tau contains
around 29 percent charged residues, has low hydrophobicity and
has a low net charge of +2 at physiological pH. While tau is
overall slightly positively charged, the amino-terminal residues
(including the two N-terminal inserts) are more negatively
charged, themicrotubule-binding repeat region is predominantly
positive, and the distal carboxy-terminal residues are mostly
neutral (285). Such asymmetric distribution of charges has
been proposed to play a crucial role in tau interactions with
microtubules and other binding partners (45). It may also explain
the inability of tau to undergo aggregation in vitro without
polyanionic aggregation inducers (286–288). The inducers of tau
aggregation are not typically present in neurons but their effect
may be achieved through the masking of charged residues in tau
via PTMs.

PTMs that make tau more negatively charged are
phosphorylation, acetylation, and nitration. These PTMs, when
present in themicrotubule-binding domains, have been proposed
to initiate tau aggregation by first weakening its interaction with
negatively charged microtubules (26, 45, 289, 290) The reduced
affinity of tau toward microtubules upon these modifications
would increase the “free” pool of soluble modified tau molecules
that might have a higher tendency to self-assemble into
aggregates, as has been observed in case of phosphorylated
tau (189, 291). The aggregation might be further promoted by
electrostatic interactions between negatively charged, modified
tau and positively charged, unmodified tau. The effects of
phosphorylation on tau aggregation, however, seem to be
site-dependent. For example, phosphorylation sites close to the
N-terminus tend to prevent tau aggregation but phosphorylation
sites in the vicinity of the C-terminus and microtubule-binding
region seem to accelerate filament formation in vitro (285).
A similar site-dependence has been observed in tau nitration,
where depending on the residues that are modified, nitration
can either promote or inhibit tau aggregation (230, 289).
Interestingly, the core of tau filaments isolated from tauopathy
patients contains multiple lysine residues that are susceptible to
acetylation (280, 281, 283). Since the microtubule binding region
constitutes a major part of the core of tau filaments, acetylation
of lysine residues in this region likely plays an important role in
the assembly of tau filaments.

Unlike phosphorylation, acetylation, and nitration that alter
the charge of tau, methylation preserves the positive charge
on lysine residues for a neutral effect on net charge of
the protein. The role of methylation in tau aggregation is
controversial and it is unclear whether tau methylation induces
tau aggregation or has a protective role. While some studies have
remarked that methylation at lysine residues facilitates abnormal
protein aggregation (292, 293), further experimentation using
recombinant tau has shown opposite results, demonstrating that
methylation reduces the tendency of tau toward aggregation and
promotes tubulin assembly (141). Interestingly, the methylation
status of tau changes from dimethyl- to monomethyl-lysine
with aging and disease (140). Therefore, it is possible that high
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stoichiometry (number of methyl groups/protein molecule) of
methylation reduces the propensity of tau toward aggregation in
vitro and promote tubulin assembly (140).

Another important modification in tau that does not affect
charge but can affect tau aggregation is oxidation. The oxidation
at one of the two cysteine residues C-322 (present in R3 repeat)
(Figure 3) seems to promote tau aggregation into paired helical
filaments (224). However, aggregation is inhibited under reduced
conditions, upon mutation of cysteine to alanine and upon the
formation of an intramolecular disulfide bond between C-322
and C-291 (224, 294).

While the PTMs described above involve the addition
of small chemical groups to tau, other PTMs involve the
addition of large sugar groups (glycosylation and glycation)
and protein macromolecules (ubiquitination and SUMOylation)
(Figure 2). These large molecules can have profound steric
effects on the native conformation of tau and therefore can
strongly influence misfolding and aggregation. The mechanisms
by which glycation and glycosylation regulate tau solubility
and aggregation are poorly understood. Glycation appears to
promote the polymerization and stabilization of aggregated tau
(295). Additionally, the N-glycosylation of tau is thought to be
associated with maintaining the structure of NFTs (167). On the
other hand, O-GlcNAcylation has been proposed to protect tau
against aggregation (175). In fact, a study on tau peptides has
shown that O-GlcNAcylation in proline-rich sequences favors a
more disordered or extended conformation of tau (296).

Like sugars, the effects of ubiquitin and SUMO addition to
tau on aggregation propensity have not been extensively studied.
However, both mono- and polyubiquitination can contribute
to the formation of insoluble tau inclusions (96, 117). In
addition, a recent cryo-electron microscopy (cryo-EM) and
mass spectrometry-based study performed on tau filaments
isolated from the brains of tauopathy patients, has proposed that
incorporation of ubiquitin into tau filaments mediates specific
inter-protofilament packing by providing additional contacts
between tau molecules in each protofilament via ubiquitin chains
(282). SUMOylation is analogous to ubiquitination and has been
shown to decrease the solubility of tau (128). However, the
mechanisms by which SUMOylation reduces tau solubility and
most likely promotes its aggregation, remain unknown.

Overall, PTMs on tau critically influence the assembly of
natively unfolded tau into highly ordered β-sheet rich aggregates.
It is likely that PTMs drive this process by altering the distinctive
charge distribution on tau. It is worth emphasizing that while
PTMs undoubtedly affect tau solubility and intermolecular
interactions, the effect of PTMs on processes such as protein
localization and degradation would also contribute, in a discrete
and upstream manner, to when, how and why tau aggregation
events occur.

CROSS-TALK AND COMPETITION

BETWEEN PTMs

The PTM code hypothesis proposes that the combination
of PTMs in proteins generates a dynamic “code” that can

be translated into complex biological consequences (297).
This hypothesis may apply to tau since it undergoes many
modifications, often targeting the same amino acid residue
(Figure 3). Such heterogeneity and competition between PTMs
suggest that tau function and aggregation could be a consequence
of the combination of several PTMs and/or the substitution of
one PTM by another at the same position. In this regard, and
based on the evidence described above, it is likely that while some
PTM ensembles are essential for the regulation of tau function
and degradation, others are more deterministic for formation of
tau aggregates (Figure 4).

One level at which competing biological outcomes can be
coded is via competition of different PTMs for the same
amino acid. For example, S and T residues are modified
by phosphorylation and O-GlcNAcylation. O-GlcNAcylation
in some S/T residues protects tau from phosphorylation and
thus blocks the effects of phosphorylation, which impacts
microtubule-binding affinity and aggregation propensity, on
these residues (155, 165, 298).

Perhaps even more interesting are lysine residues, which are
susceptible to five different PTMs—acetylation, ubiquitination,
methylation, SUMOylation, and glycation. Each one of these
modifications have potentially different consequences for tau
structure, function and aggregation. Since ubiquitination occurs
on lysine residues, other lysine-based PTMs may prevent
ubiquitination and therefore impair tau degradation (128, 139).
In fact, many lysine residues that competent for ubiquitination
are also targets for other PTMs (Figure 3). For example, K254
residue in tau can undergo ubiquitination and methylation. In
fibrillar tau, K254 was found to be primarily methylated and
ubiquitinated to a lesser extent, suggesting that methylation may
block UPS-mediated tau degradation and lead to an increase in
tau levels (89). Like methylation, acetylation could potentially
prevent lysine ubiquitination, resulting in the insufficient
turnover endogenous tau (72). The veritable log jam of PTMs
that can be found on lysine residues marks this amino acid as
a particularly interesting and likely important site at which cells
orchestrate the biological outcomes they wish to achieve with tau
and other proteins.

In addition to competition, crosstalk between PTMs can also
be achieved through cooperativity. Some studies suggest that
certain PTMs make tau more amenable to other modifications.
In vitro tau SUMOylation seemingly enhances phosphorylation
at residues such as T231 and S262 (128). Other studies have
shown that tau methylation at K267 may result in subsequent
and possibly abnormal phosphorylation of tau at S262 (89).
It has also been proposed that N-glycosylation precedes
tau phosphorylation (299). In each of these cases, though,
a reasonable alternative interpretation is that SUMOylation,
methylation, or N-glycosylation may impair tau clearance,
enhancing the half-life of tau in the cytosol, and thus, providing
more opportunities for phosphorylation.

On the other hand, phosphorylation can also affect the
propensity of tau for other PTMs. For example, in specific
experimental conditions the in vitro phosphorylation
of tau in the microtubule binding domain activates tau
autoacetyltransferase activity and therefore promote its

Frontiers in Neurology | www.frontiersin.org 14 January 2021 | Volume 11 | Article 595532198

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


Alquezar et al. PTMs as Dynamics Transformers of Tau Homeostasis

FIGURE 4 | Post-translational modifications on tau impact tau function, degradation, and aggregation. PTMs can both promote and inhibit tau function, clearance,

and aggregation. A non-exhaustive list of examples are illustrated here. In many cases, it is likely that cross-talk and competition between PTMs results in the specific

and dynamic regulation of tau.

acetylation (76). Furthermore, a protective role of the
switch between tau phosphorylation and acetylation has
been described. The acetylation of tau at KXGS motifs
inhibits phosphorylation and thus prevents the detachment
of tau from microtubules and its aggregation (34, 247).
Additionally, the phosphorylation of tau at S422 seems to
precede and block the cleavage of tau at D421 by caspase-3 (300),
suggesting that phosphorylation at S422 could be a protective
mechanism for the inhibition of the caspase-mediated cleavage
of tau.

Taken together, the current literature suggests that crosstalk,
combinations, and competition between PTMs play a
critical role in tau function, degradation, and aggregation.
An old truism states that “We are the company we keep.”
If so, then future studies dedicated to documenting and
decoding ensembles of tau PTMs will rise in importance
in regards to understanding and developing interventions
for tauopathies.

APPROACHES AND LIMITATIONS

The complete understanding of the role of PTMs in tau
function and dysfunction is obstructed by several limitations
in the methodology and models used. Historically, PTMs were
identified using immunochemistry-based approaches. Using this
method, several phosphorylation sites were identified and thus,
a large number of anti-phospho tau antibodies are available
(301). While immunochemistry methods are routinely used and
are highly effective for the characterization tauopathies, they do
not provide a comprehensive and quantitative description of
PTMs, nor do they distinguish between single molecules with

many PTMs vs. many molecules with single PTMs (302). Some
of these problems can be solved by the use of quantitative
mass spectrometry (MS) and nuclear magnetic resonance (NMR)
spectroscopy, which provide a more detailed description of
PTMs and allow the simultaneous analyses of a variety of
PTMs (89, 110, 303–308). However, most of these methods are
biased toward the peptides of highest intensity, and prevent the
accurate determination of site-specific stoichiometry, associated
site-specific dynamics and identification of labile PTMs like
protonation (302). The high percentage of PTM sites in tau adds
to the complexity, making it incredibly challenging to design and
carry out such studies. To overcome some of these challenges,
analytical methods including one known as FLEXITau (Full-
Length Expressed stable Isotope-labeled tau) have been recently
developed (309). This method allows for unbiased analyses of
tau PTMs in a more quantitative manner. In this regard, a study
using FLEXITau has reported 95 PTMs on tau isolated from
postmortem human tissue from AD and has demonstrated that
these modifications occur in an ordered manner and lead to tau
aggregation (310).

The choice of models to use for studying PTMs also influences
the understanding of the effect of PTMs in tau biology. The vast
majority of PTMs have been identified in vitro, using biochemical
assays where purified tau protein was incubated with specific
enzymes (71) or using tau/enzymes overexpression systems in
cell models (128). Some PTMs have also been confirmed or
identified in vivo using tauopathy mouse models. However, most
of these models are based on the expression of mutant forms
human tau, and whether those findings and insights into PTMs
extends to wild-type tau and sporadic tauopathies remains to be
seen (79).

Frontiers in Neurology | www.frontiersin.org 15 January 2021 | Volume 11 | Article 595532199

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


Alquezar et al. PTMs as Dynamics Transformers of Tau Homeostasis

Tau PTMs have also been studied in post-mortem human
brains using immunochemistry techniques and cryo-EM (282).
It is important to keep in consideration that some PTMs can
be lost or degraded during the process of brain extraction,
fixation, storage, and analysis. Therefore, it is possible that in
studies performed on human brain extracts, some tau PTMs may
not be identified because of the caveats associated with brain
preparation processes (37).

The cross-talk between PTMs is very important for the
regulation of function, structure, and degradation of the proteins.
Many studies on tau PTMs have focused only on one type of
modification. Extrapolation of results obtained from single PTM
studies lack context in regard to cross-talk and competition.
As a result, a major caveat of many studies is the inability to
differentiate between causes, consequences and bystander effects
of these PTMs. The understanding of and solution to these
limitations may enable the discovery of a “PTM code” in tau that
will help to define sensitive biomarkers and lead to insights into
disease pathobiology. In addition, unravelling the specific effects
of PTMs in tau biology will pave the road toward new therapeutic
approaches for tau-related neurodegenerative diseases.

CONCLUDING REMARKS

PTMs are essential to the normal function of tau and therefore
alterations in the pattern of PTMs has the potential to lead
to tau dysfunction, accumulation, and abnormal aggregation.
PTMs exert their function either through altering protein
electrostatics or conferring steric alterations. Among all tau
PTMs, phosphorylation has been studied most extensively and

historically, was thought to hold primacy in regulating tau
function and pathogenesis of tauopathies. However, increasing
evidence suggests that many other PTMs contribute to dynamic
regulation of tau. Cross-talk and competition between PTMs, in
particular at lysine residues, introduce an intriguing new layer of
complexity to orchestration of tau function and dysfunction. At
the same time, combinatorial ensembles of PTMs may emerge as
a means by which cells achieve differential biological outcomes
involving tau. As a robust and fast-moving area of investigation,
tau post-translational modification will likely impact the basic,
pre-clinical, and clinical-translational aspects of tau biology in
interesting ways for years to come.
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Tau protein, a neuronal microtubule-associated protein, becomes hyperphosphorylated

in several neurodegenerative diseases called tauopathies. Hyperphosphorylation of tau

is correlated to its redistribution from the axon to the somato-dendritic compartment at

early stages of tauopathies. Interestingly, tau hyperphosphorylation begins in different

regions of the brain in each tauopathy. In some regions, both neurons and glial

cells develop tau hyperphosphorylation. Tau hyperphosphorylation is also observed

in physiological conditions such as hibernation and brain development. In the first

section of present article, we will review the spatiotemporal and cellular distribution of

hyperphosphorylated tau in the most frequent tauopathies. In the second section, we

will compare the pattern of tau hyperphosphorylation in physiological and pathological

conditions and discuss the sites that could play a pivotal role in the conversion of

non-toxic to toxic forms of hyperphosphorylated tau. Furthermore, we will discuss

the role of hyperphosphorylated tau in physiological and pathological conditions and

the fact that tau hyperphosphorylation is reversible in physiological conditions but not

in a pathological ones. In the third section, we will speculate how the differences

and similarities between hyperphosphorylated tau in physiological and pathological

conditions could impact the elaboration of therapies to prevent tau pathology. In the

fourth section, the different therapeutic approaches using tau as a direct or indirect

therapeutic target will be presented.

Keywords: tau protein, hyperphosphorylation, tauopathies, microtubules, Alzheimer’s disease

TAU PROTEIN AND ITS ROLE IN TAUOPATHIES

Tau is mainly a neuronal microtubule-associated protein encoded by the MAPT gene on human
chromosome 17q21 (1). The MAPT gene has 16 exons; three of them are subject to alternative
splicing (exons 2, 3, and 10), giving rise to the six isoforms in human adult brain (2, 3). Tau has four
functional domains: an amino-terminal projection domain (up to two amino-terminal inserts), a
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proline-rich region, the microtubule-binding domain (three or
four microtubule-binding repeats), and the carboxy-terminal
region (Figure 1) (4). Alternative splicing of exon 10 produces
isoforms with either three or four microtubule-binding repeats
named 3R and 4R isoforms (2). Tau is mainly localized to
the axon and plays a role in maintaining neuronal integrity
and axonal transport by regulating microtubule assembly and
dynamics (5, 6). Its presence in dendrites and nuclei of neurons
indicates its involvement in synaptic signaling and genome
stability (7). Tau is expressed at very low levels in astrocytes
and oligodendrocytes where its role in microtubule assembly and
stability remains poorly characterized (7–9).

Tau undergoes several post-translational modifications
in physiological conditions; phosphorylation being the
predominant modification. Most of these modifications impact
tau function and contribute to the heterogeneity of tau forms
found in developing and adult brain (7). In neurodegenerative
diseases called tauopathies, tau becomes hyperphosphorylated
destabilizing its interaction with microtubules, accumulates
and self-aggregates in insoluble filaments (7, 10). This
aggregation of tau is correlated to neurodegeneration (11, 12).
The exact role of other post-translational modifications
(glycation, O-GlcNAcylation, nitration, acetylation, methylation,
SUMOylation, ubiquitylation, oxidation, and truncation) in
aggregation is increasingly investigated (12, 13).

In Alzheimer’s disease (AD), both tau and amyloid-beta (Aβ)
pathologies are landmarks of the disease whereas in primary
tauopathies, tau pathology is the main neuropathological

FIGURE 1 | Schematic representation of tau isoforms in human adult brain. Tau isoforms (0N3R, 1N3R, 2N3R, 0N4R, 1N4R, 2N4R) are generated by alternative

splicing of exons 2, 3, and 10. Two inserts N1 and N2 (brown boxes) near the N-terminus of tau are produced by exons 2 and 3, respectively. Absence of N1 and N2

gives rise to 0N isoforms, whereas inclusion of N1 produces 1N isoforms and inclusion of both N1 and N2 results in 2N isoforms. The proline-rich region is indicated in

yellow. R1–R4 (orange boxes) represent the four microtubule- binding repeats, R2 being encoded by exon 10. The exclusion or inclusion of exon 10 results in isoforms

with three or four microtubule-binding repeats named 3R and 4R isoforms.

landmark (14–17). Frontotemporal lobar degeneration with
predominant tau pathology (FTLD-tau) comprises primary
tauopathies affecting the frontal and temporal lobes. This
classification encompasses Pick’s disease (PiD), progressive
supranuclear palsy (PSP), corticobasal degeneration (CBD),
globular glial tauopathies (GGT), and argyrophilic grain
disease (AGD). The distribution of cellular tau (neuronal,
glial, or mixed), the conformation of tau filaments, and the
spatiotemporal pattern distinguish these tauopathies (7, 15).
The diagnosis of tauopathies can be challenging. In the
aging brain, neurodegenerative diseases frequently coexist and
overlapping pathological features are common (14, 18). The
clinical phenotype depends on the brain regions affected and not
necessarily on the molecular changes occurring at the cellular
levels. Thus, while some phenotypes are more frequent in a
specific disease, there is a weak correlation between the clinical
symptoms and the disease involved.

Tau contains 85 phosphorylation sites. Ten sites are
phosphorylated in human control brain whereas in AD brain,
55 sites become phosphorylated (19, 20). Proline directed and
non-proline directed kinases were shown to contribute to tau
hyperphosphorylation. Phosphatase 2A (PP2A) is the main
tau phosphatase and the decrease of its activity in AD brain is
believed to contribute to tau hyperphosphorylation (21, 22).
Tau hyperphosphorylation is correlated to its redistribution
in the somato-dendritic compartment observed at early stages
of tau pathology (12). Tau hyperphosphorylation is also
observed in physiological conditions. Both in brain development
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and hibernation, tau is hyperphosphorylated. In the present
article, we will firstly review the spatio-temporal and cellular
distribution of hyperphosphorylated tau in tauopathies. Then
we will compare the pattern of tau hyperphosphorylation in
tauopathies and physiological conditions. Lastly, we will discuss
how the similarities and differences of tau hyperphosphorylation
in tauopathies and physiological conditions impact the
elaboration of therapies to prevent tau hyperphosphorylation
and aggregation.

SECTION (1) THE SPATIOTEMPORAL AND

CELLULAR DISTRIBUTION OF

HYPERPHOSPHORYLATED TAU VARIES IN

DIFFERENT TAUOPATHIES

Tau pathology is found in several neurodegenerative diseases that
are listed in Tables 1, 2. In the present section, we will review the
spatiotemporal pattern of the propagation of tau pathology and
the cellular distribution of hyperphosphorylated tau in AD and
the three most studied primary tauopathies: PSP, CBD, and PID.
Most of the PSP, CBD, and PID cases are sporadic frontotemporal
lobar degeneration (FTLD) with tau-immunoreactive inclusions

(FTLD-tau). However, some cases affected by one of these
diseases present a mutation in the MAPT gene. Forrest and al
found that 59% of their MAPT cases could be pathologically
subclassified as other sporadic tauopathies including PSP, CBD,
and PiD (23). PSP and CBD are 4R-tauopathies given that tau
aggregates are solely composed of 4R isoforms in these diseases
whereas PID is a 3R-tauopathy because of its tau aggregates
composed of 3R isoforms. Each disease is characterized by unique
type of tau filaments (24). In recent studies, the atomic structure
of tau filaments in AD, PID, and CBD was analyzed by Cryo-EM
(25–27). In each of these diseases, the extent of the ordered cores
of the different folds varies.

ALZHEIMER’S DISEASE (AD)

AD is considered a secondary tauopathy because tau pathology
is not the sole neuropathological landmark of the disease.
Extracellular Aβ plaques are found in AD and are believed to
trigger the disease whereas tau pathology would contribute to
the progression of the disease by playing a central role in Aβ

toxicity (9, 28, 29). In AD, tau pathology is predominant in
neurons. Tau filaments are composed of 3R and 4R isoforms and
formed neurofibrillary tangles (NFTs). Six stages (Braak stages)

TABLE 1 | Pathological characteristics of tauopathies.

Tauopathy Neuronal or glial Tau isoform Tau filament structure Main pathologic features of

tau inclusions

Other microscopic

pathological anomalies

Pick’s disease Neuronal > glial 3R 15–18 nm diameter straight filaments

and 22–24 nm twisted

Pick bodies (round neuronal

inclusions)

Ramified astrocytes

Ballooned neurons (possibly

secondary to tau pathology)

Progressive

supranuclear palsy

Both 4R 15–18 nm diameter straight filaments NFT

Pretangles

Neuropil threads

Tufted astrocytes

Coiled bodies

Corticobasal

degeneration

Both 4R 24 nm diameter twisted filaments Neuropil threads

Pretangles

Astrocytic plaques

Coiled bodies

Ballooned neurons (possibly

secondary to tau pathology)

Chronic traumatic

encephalopathy

Both 3R + 4R 20–25 diameter paired helical

filaments

NFT

Pretangles

Astrocytic tangles

TDP-43 inclusions (unknown if

triggered by tau or involved in tau

accumulation)

Globular glial

tauopathies

Both 4R Paired helical filaments and straight

filaments

Spherical neuronal cytoplasmic

inclusions

Globular oligodendroglial and

astroglial inclusions

Primary age-related

tauopathy

Neuronal > Glial 3R + 4R Paired helical filaments and straight

filaments

Coiled bodies (unknown if related

to PART or normal aging)

Argyrophilic grain

disease

4R 9–18 nm diameter straight filaments

and 25 nm filaments forming compact

bundles (grains)

Argyrophilic grains

Pretangles

Coiled bodies

Diffuse granular

astrocytic immunoreactivity

Ballooned neurons (possibly

secondary to tau pathology)

Alzheimer’s disease Neuronal 3R + 4R 8–20 nm diameter paired helical

filaments

15 nm diameter straight filaments

NFT

Neuropil threads

Amyloid-beta plaques (primary

neurodegenerative process with

intricate relation with tau toxicity)

NFT, neurofibrillary tangles.
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TABLE 2 | Spatiotemporal pattern of accumulation of tauopathies.

Tauopathy Spatiotemporal pattern of neuronal tau accumulation Main clinical phenotypes

Early or pre-clinical Mild stage Late-stage

Pick’s disease Limbic system

Neocortical

frontotemporal cortex

Basal ganglia

Brainstem

Noradrenergic/serotonergic

nuclei

Dentate nucleus

Sensory tract of the spinal cord

Pre-motor cortex

Pre-cerebellar nuclei

Primary visual cortex

bvFTD

nfaPPA

Progressive

supranuclear palsy

Globus pallidus

Substantia nigra

Subthalamic nucleus

Brainstem, cerebellum (dentate

nucleus), posterior frontal lobe

Association cortices PSP-RS

PSP-P

PSP-CBS

bvFTD

nfaPPA

Corticobasal

degeneration

Anterior frontal cortex

Basal ganglia

Posterior frontal and parietal

cortices

Higher tau burden in

same regions as

early/mild stage

Midbrain and pons

CBS

bvFTD

nfaPPA

RS

Chronic traumatic

encephalopathy

Depth of sulci in frontal

lobe

Nucleus basalis

Meynert

Locus coeruleus

Superficial cortical layers

Nucleus basalis Meynert

Locus coeruleus

Amygdala

Hippocampus

Temporal, parietal and

insular cortices

Diencephalon

Brainstem

Spinal cord

Cognitive dysfunction

Emotional dysregulation

Behavior change

Motor disturbance

Globular glial

tauopathies

(Unknown temporal pattern)

Frontal and temporal lobes

Motor cortex

Corticospinal tracts

bvFTD

bvFTD + MND

MND

PSP-RS

CBS

Primary age-related

tauopathy

Transentorhinal region Limbic structures

(entorhinal and hippocampus)

Rarely neocortex is

affected

Amnestic mild cognitive

changes

Argyrophilic grain

disease

Ambient gyrus and

CA1 of hippocampus

Amygdala

Medial temporal lobe

Insular cortex

Anterior cingulum

Nucleus accumbens

Septal nuclei

Hypothalamus

Gyri recti

Amnestic mild cognitive

changes

Behavior and psychiatric

symptoms

bvFTD

Alzheimer’s disease Transentorhinal region Limbic structures (entorhinal and

hippocampus)

Isocortical From amnestic cognitive

changes to dementia

bvFTD, behavioral variant of frontotemporal dementia; nfaPPA, non-fluent-agrammatic variant of primary progressive aphasia; CBS, corticobasal syndrome; RS, Richardson syndrome;

PSP, progressive supranuclear palsy; MND, motor neuron disease.

of tau pathology can be observed in AD (30). NFTs are first
detected in the transentorhinal region and then extend to the
entorhinal and hippocampus at stages I and II. At stages III
and IV, NFTs propagate to the neocortical high-order associative
areas. In stages V and VI, primary and secondary fields of the
neocortex present NFTs. The extent of cognitive decline usually
correlates with the accumulation of neocortical tau (31).

PROGRESSIVE SUPRANUCLEAR PALSY

(PSP)

PSP is an adult-onset disorder that presents cognitive impairment
associated with behavioral changes, akinetic rigid syndrome, and
prominent oculomotor dysfunction (32). The most prevalent
clinical form is Richardson syndrome. The tau filaments that

form NFTs are exclusively composed of 4R isoforms (9).
Tau aggregates are also found in glial cells. Tufted astrocytes
containing 4R tau aggregates are a specific neuropathological
landmark of PSP (9). In oligodendrocytes, coiled bodies
composed of 4R tau isoforms are also observed (9, 33). The
pattern of tau pathology propagation differs for each cell type
(neurons, astrocytes, or oligodendrocytes). Kovacs et al. have
divided into six stages the pattern of tau pathology in the
Richardson syndrome (34). NFTs firstly begin in the globus
pallidus, substantia nigra, and subthalamic nucleus and secondly
spread to the brainstem. Thirdly, NFTs are observed in the
striatum, dentate nucleus and amygdala. Fourthly, NFTs are
noted in the frontal lobe. In the fifth and sixth steps, NFTs
develop in the parietal, temporal, and occipital lobes (34, 35).
Interestingly, astroglial and oligodendroglial tau pathologies
precede neuronal tau pathology in some brain regions. The
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oligodendroglial coiled bodies are detected in the globus pallidus
at early stages of the disease before NFTs are observed in this
region (34). Similarly, the aggregates of tau in astrocytes develop
in the striatum before NFTs are noted. In the subsequent steps,
astrocytic and oligodendroglial tau pathologies follow a distinct
pattern of propagation for finally reaching the neocortex.

CORTICOBASAL DEGENERATION (CBD)

CBD is a tauopathy known for its asymmetric cortical atrophy
(36, 37). Corticobasal syndrome (CBS) is the main clinical
phenotype and comprise of asymmetric cortical signs (apraxia,
hemineglect, alien limb, aphasia) and asymmetric parkinsonism
or dystonia (18). In most neurons, tau staining is diffuse or
granular resembling a pre-tangle stage. Both neuronal and
glial thread-like tau-positive structures in the white and gray
matter are observed in CBD. Tau-positive astrocytic plaques are
the major neuropathological lesions of CBD. Neuronal loss is
observed in focal cortical regions and in the substantia nigra (38).
In CBD, the accumulation of tau follows a rostrocaudal gradient
(37). It usually starts in the anterior frontal cortex with a higher
ratio of astrocytic plaques compared to neuronal tau pathology. It
evolves posteriorly and caudally with accumulation in the parietal
cortex and brainstem structures. With the progression of the
disease, neuronal tau burden increases, and there is an inversion
of the ratio, with neuronal tau pathology being more prevalent
than astrocytic plaques (37).

PICK’S DISEASE (PID)

PiD is the sole tauopathy presenting neuronal inclusions
uniquely composed of 3R isoforms (39). Symptoms and signs are
commonly related to the affected frontal lobe and comprise of
changes in behavior and personality, apathy, or progressive non-
fluent aphasia. Pick bodies are fibrillar intra-neuronal spherical
inclusions composed of 3R tau isoforms (9). The propagation
of tau pathology occurs in 4 sequential steps. Firstly, tau
pathology begins in the dentate gyrus of the hippocampus,
the frontotemporal neocortical regions and the angular gyrus.
Secondly, tau accumulates in the basal ganglia, the brainstem’s
noradrenergic and serotonergic nuclei, the dentate nucleus, and
the sensory tract of the spinal cord. Thirdly, tau pathology
is found in the pre-motor cortex and pre-cerebellar nuclei,
and fourthly, in the primary visual cortex (39). Other tau
pathologic features include ramified astrocytes and globular
oligodendroglial coiled inclusions. However, it remains unclear
if tau pathology in glial cells precedes neuronal tau pathology as
noted in PSP.

Pattern of Tau Phosphorylation in

Tauopathies
In a recent study using mass spectrometry (MS), 55
phosphorylated sites were identified in two cohorts of AD
(20). The highest frequency of phosphorylation was noted in
the proline-rich region between the amino acids (a.a.) 195–
209 and a.a. 212–224 and in the C-terminus in a.a. 396–406.

Interestingly, insoluble tau aggregates were found in controls.
High frequency phosphorylation sites in control insoluble
tau were identified as threonine (T)181 and T231 and lower
frequency of phosphorylation at serine (S)198, S199, S202, and
T205 were observed in 20–40% of controls indicating that these
sites could represent early stages of the disease. These results
fit with previous studies where it was reported that T231 and
S202/Thr205 were phosphorylated at early stages of AD (40–44).
At intermediate stages of AD, 6 additional sites (S199, S202,
T212, T217, S237, and S262) were identified in the proline-rich
region and one in the C-terminal at S396 (20). The number of
phosphorylation sites increased as the disease progresses to reach
55 at late stages indicating that the number of phosphorylation
sites is associated with disease stages. Interestingly, no difference
of phosphorylation of tau present in the soluble fraction was
found between AD and controls as noted by others (20, 45).
Tau found in the low molecular weight (monomers) and in the
sarkosyl-soluble fractions (monomers) was seed incompetent
while tau found in the high molecular weight (oligomers) and in
the sarkosyl-insoluble fractions (fibrils) was seed competent.

Sixteen sites phosphorylated in AD were detected in PSP
(46). The pattern of tau hyperphosphorylation has not been
investigated at different stages of PSP. However, S202/T205 and
T231, early sites in AD, are also phosphorylated in PSP (46, 47).
As mentioned for PSP, the phosphorylation sites investigated
until now for CBD and PiD are also found in AD (38, 39, 48, 49).
In contrast to AD and PSP, some studies reported that there was
no increase in tau phosphorylation at S262/S356 in PiD (48, 49).
This was contradicted in another study (39). However, in a recent
study where Cryo-EM was used to analyze the atomic structures
of tau filaments in PiD, no phosphorylation at S262 or S356 was
found (26).

SECTION (II) COMPARISON OF THE

PATTERN OF TAU

HYPERPHOSPHORYLATION IN

PHYSIOLOGICAL AND PATHOLOGICAL

CONDITIONS

In both brain development and hibernation,
hyperphosphorylated tau is present. Three important points
will be compared between these physiological conditions
and tauopathies in the present section (1) the pattern of tau
hyperphosphorylation; (2) the role of hyperphosphorylated tau;
and (3) the reversibility of tau hyperphosphorylation during
brain development and hibernation but not in tauopathies.

Pattern of Tau Hyperphosphorylation

During Brain Development
Several groups reported that tau is hyperphosphorylated during
fetal and post-natal brain development of rodents at sites similar
to those observed in AD and primary tauopathies (50–54). This
hyperphosphorylation was not correlated to neuronal cell death
as noted in tauopathies. Few studies reported that tau is also
hyperphosphorylated in human fetal brain (55, 56). However,
the most limiting factor of these studies was the small number
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of individuals included in their analysis. In a recent study,
tau phosphorylation was examined in 20 human fetal brains
aged from 14 to 38 post-conceptional weeks and compared
to that in tauopathies (AD, PSP, CBD, FTLD-tau), using a
combination of immunohistochemistry and immunoblotting
analysis (57). The authors showed that tau in human fetal brain
is highly phosphorylated but its phosphorylation pattern differs
from that of AD and primary tauopathies. Some sites such as
S202, S214, and S396/S404 were strongly positive in a high
percentage of cases as noted in AD and primary tauopathies.
Other sites such as T231 found in high frequency at early
stages of AD and S202/T205, less frequently phosphorylated
at early stages of AD, were phospshorylated in a very low
number of cases (20). All fetal brains were negative to S409, a
site highly phosphorylated in AD. Interestingly, in this recent
study, phospho-tau positive aggregates were found in fetal
human brain. These aggregates were positive to T214 and
weakly immunoreactive to the antibodies CP13 (S202) and
PHF-1 (S396/S404). These aggregates apparently non-toxic were
negative for thioflavin S staining indicating that they were seed-
incompetent. Interestingly, in AD brain, S214, S396, and S404
were only found in seed competent tau fractions whereas S202
was found in seed incompent fractions (20). From the above
observations, one can speculate that S202 could be one of the
pivotal sites in preventing tau seeding activity.

The above studies revealed that in fetal brain, human tau
is hyperphosphorylated at multiple epitopes, some of them
overlapping with those seen in tauopathies. Human fetal tau
appears to be able to form aggregates that are not seed
competent. The function of such aggregates remains to be
determined. All together, the above observations indicate that it
is not hyperphosphorylation per se that is toxic but rather the
phosphorylation of specific residues and/or the cellular context
(development vs. aging) that seem to dictate the toxicity of
tau. Further studies are needed to confirm this using more
accurate methods such as MS to obtain the full picture of tau
phosphorylation sites in fetal brain.

None of the studies mentioned above examined the distinct
phosphorylation pattern of each tau isoform. This is an important
point to consider since the pattern of tau isoforms is differently
regulated in fetal and adult human brains. Only the smallest
tau isoform is present in fetal brain whereas all 3R and 4R tau
isoforms are found in the adult brain at a ratio of 1:1 (2, 55, 58–
60). In rodents, a switch from 3R to 4R is observed during
the development resulting in the sole presence of 4R isoforms
in adult brain (55, 58, 60, 61). Interestingly, the developmental
switch of tau isoforms and the changes of their phosphorylation
occur 2–3 weeks postnatally, corresponding to the critical period
of neuronal plasticity (62, 63). The 4R tau isoforms present
the strongest microtubule-binding, -assembling and -stabilizing
abilities and therefore a decrease of their phosphorylation is
believed to increase their binding to microtubules, a crucial step
for stabilizing the novel established connections in developing
brain (64–66).

The difference of phosphorylation between tau isoforms
remains poorly characterized. The distinct phosphorylation
profile of tau isorforms was recently examined in vivo in mouse

brain (67). This study, using a combination of the Phostag
technology and 3R-/4R-specific antibodies, was the first one to
report the differences between 3R and 4R phosphorylation in
vivo although the phosphorylation sites that differ between 3R
and 4R were not identified. During mouse brain development,
3R isoforms that were highly phosphorylated are replaced by
the 4R isoforms presenting lower phosphorylation levels than
3R. The phosphorylation levels of both 3R and 4R isoforms
decreased during brain development, the dephosphorylation of
4R being less important than that of 3R. A similar pattern
of phosphorylation was observed for human 3R and 4R
isoforms in knock-in mice indicating that in human brain,
3R and 4R isoforms could also display different profiles of
phosphorylation. One has to take into consideration all these
observations to compare the phosphorylation state of tau during
brain development with that observed in tauopathies for the
identification of the sites linked to tau toxicity.

Tau Hyperphosphorylation Associated With Axonal

Outgrowth and the Establishment of Synaptic

Contacts in Brain Development
During brain development, tau hyperphosphorylation is
correlated to the growth of the axon and its suppression results
in a reduced axonal length (68, 69). In developing Drosophila,
tau was shown to be necessary for formation of synaptic contacts
(70). Hyperphosphorylation of tau is believed to occur for
decreasing microtubule stability and thereby allowing axonal
growth in developing brain (71–73). Interestingly, axonal and
dendritic sprouting was observed in AD indicating that neurons
might attempt to re-growth their axon and re-establish synaptic
contacts (74, 75). Tau hyperphosphorylation at early stages of
tauopathies could be part of global reaction intended for re-
starting developmental programs. Consistent with this, several
studies have reported that markers of cell cycle are increased in
AD brain (76). Interestingly, recent studies have shown that tau
could be involved in cell cycle (77).

Pattern of Tau Hyperphosphorylation in

Hibernating Animals
Hibernation is a biological and adaptive process used by several
mammalian species to survive in inhospitable environmental
conditions. It is a powerful physiological strategy to restrict
energy expenditure and compensate for periodically limited
energy supply (78, 79). During hibernation, animals enter a
hypometabolic state, called torpor, characterized by extreme
changes: a blood-flow reduction, a decrease in brain and body
temperature and an immune and metabolically depressed state
(79–81). In the torpor state, the metabolic rate can be as
low as 5% of that in normal euthermic state (81). Multiple
periods of torpor lasting 3–4 days are periodically interrupted
by short arousal periods of activity (usually <1 day) in which
the animals return to euthermia and normal metabolism, blood
flow and body temperature (80, 81). The accumulation of
hyperphosphorylated Tau at S/T residues has been reported
in several obligate and facultative hibernator species, as Arctic
ground squirrels or Syrian hamsters during torpor (82–86).
Hyperphosphorylation of tau were also found in neurons of
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hibernating European ground squirrels but totally disappeared as
tau phosphorylation was fully reversed (82). Although the pattern
of hyperphosphorylated tau is similar to the one in AD it appears
to be non-toxic as no apparent neuronal damages were observed
(79). Five phosphorylation sites (T181, S199, S202, T231, and
S404) detected in hibernating animals were also found in tau seed
incompetent fractions isolated from AD brain and another five
sites (T205, S212, T214, S262, and S396) were found in competent
tau seed competent fractions (20). This could indicate that in this
physiological context, the phosphorylation sites preventing tau
seeding activity override the effects of the sites favoring seeding.

In hibernating animals, hyperphosphorylation of tau is linked
to synaptic deafferentation (79). In hibernating golden hamster,
a regression of the dendritic spines on apical dendrites but
not on basal dendrites of hippocampal neurons was noted
(87). Interestingly, these changes were not linked to memory
impairment. To explain this, the authors proposed that only
unstable spines were removed whereas stable spines were spared.

Tau Hyperphosphorylation Associated With

Protective Mechanisms in Hibernating Animals
Torpor in hibernating animals shares several abnormalities
observed in AD such as same populations of neurons developing
tau hyperphosphorylation, alterations of synaptic connections
and cognitive impairment. The hibernation is a process requiring
several biological mechanisms, which permit the regulation
and adaption of the neural system (88). During torpor,
neuronal structural changes have been reported, such as changes
in dendritic spines and synaptic connections, in the Golgi
apparatus morphology and alterations of microglial cells (89–
93). Interestingly, all these changes are reversible. This very fast
transition from torpor to arousal requires different remodeling
of the brain such as reorganization of membranous organelles
and synaptic formation (82, 93–95). In a recent study, the global
metabolic changes in Syrian hamster brain during hibernation
were analyzed (96). They have identified significant differences in
more than 300 metabolites, providing new insights on adaptive
and neuroprotective brain processes that are occurring during
hibernation and arousal. For example, an increase of brain
cryoprotectants such as theitol were increased during torpor
whereas an increase of neuroprotective agents such as L-carnitine
and acylcarnitine proposed as therapy for AD were elevated
during arousal (97, 98). All these changes allow neurons to resist
to damages upon cerebral ischemia during torpor and rapid
reperfusion during arousal.

Hypometabolism is observed in hibernating animals as well
as in AD and primary tauopathies. Some fluorodeoxyglucose
positron emission tomography (PET) studies have detected
hypometabolic states in isocortical brain areas of patients
at preclinical stages of AD and patients with probable AD
(subjects at risk) (99, 100). These abnormally low rates of
cerebral glucose metabolism occur several decades before the
possible onset of dementia and seem to predict cognitive decline
(101, 102). Siegfried Hoyer was the first one to propose that
hypometabolic states could eventually lead to AD pathology
(103–106). In hibernating animals, the hypometabolic state
corresponds to a reduction of energy supply and requirements,

low neuronal activity and regression of synaptic connections.
The neuronal activity is also drastically reduced (107–112). Some
groups reported with electroencephalographymeasurements that
almost no brain activity is present in the hibernating brain
(110, 113, 114).

It was proposed that tau would play a role in regulating
neuronal activity during the hypometabolic state. Indeed, the
localization of tau at the synapse and its interaction with
post-synaptic proteins modulating the insertion of receptors,
in particular AMPA and NMDA receptors, at the plasma
membrane make it a plausible player in regulating neuronal
activity (115). Hyperexcitability is noted during cooling phase
of hibernation as observed at early stages of AD (116, 117).
Tau was shown to contribute to hyperexcitability in mouse
models of epilepsy (118–120). Its suppression could abolish
hyperexcitability in thesemodels (119). The taumutation V337M
linked to frontotemporal dementia was reported to increase
neuronal activity by altering the axonal initial segment plasticity
(121). Bin1, a protein involved in AD pathogenesis, was shown
to regulate tau-dependent hyperexcitability in hippocampal
neurons (122). Lastly, two tau mutations, 1280 and A152T,
were reported to induce hypoexcitability and hyperexcitability,
respectively, in neuronal cultures (123). Collectively, the above
observations strongly support the contribution of tau in the
regulation of neuronal activity in physiological and pathological
conditions. Hyperphosphorylated tau in AD has recently
been suggested to represent some compensatory response to
suppress excitatory/inhibitory imbalance at initial stages of
the disease. If this imbalance lasts too long, such as under
conditions of uncontrolled prolonged hypometabolism, it may
become pathological triggering a cascade of events leading to
neurodegeneration. All together, the above observations indicate
that the increase of tau phosphorylation at early stages of AD
could be a physiological reaction to a reduced brain metabolic
rate that is required for modulating neuronal activity.

Tau Hyperphosphorylation Is Reversible

During Brain Development and Hibernation
In humans, the hyperphosphorylation and aggregation of
tau were frequently detected under the age of 30 in a
systematic survey of more than 2 300 non-selected autoptic
cases aged between 1 and 100 years (124, 125). The authors
suggested that this might be the initial step of tauopathies.
Moreover, in 2010, the National Institute on Aging and the
Alzheimer’s Association convened an international workgroup
and regrouped some evidence suggesting that the pathological
process begins at least years or decades before the onset of
clinical impairment (126). These observations indicate that tau
hyperphosphorylation is non-reversible in human adult brain
leading to neurodegeneration. This fits with the decrease of
phosphatase activity in AD brain (21, 127, 128).

During brain development and hibernation, tau
hyperphosphorylation is transient and reversible. The highly
phosphorylated tau is dephosphorylated around birth and during
post-natal brain development to remain less phosphorylated
in normal adult brain (51, 56). The role of decreasing tau
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phosphorylation during brain development is most likely to
increase its binding to microtubules (71–73). In most studies,
the hyperphosphorylation of Tau during torpor has been shown
to be rapidly and fully reversed after arousal in hibernating
animals (79, 82, 85, 86). However, a group reported that in Arctic
ground squirrel, some sites were dephosphorylated in arousal
animals while others remained phosphorylated, indicating a
reversible phosphorylation at selective sites (84). Similarly, tau
hyperphosphorylation was shown to be partially reversed in a
model inducing a hypothermic torpor-like state (129). Although
hypothermia could contribute to tau hyperphosphorylation
during hibernation, it was clearly demonstrated that it was not
sufficient and that tau phosphorylation is regulated by other
mechanisms that remain to be identified.

As mentioned above, during hibernation, multiple periods
of torpor lasting few days are periodically interrupted by short
arousal periods of activity lasting hours in which the animals
return to euthermia and normal metabolism, blood flow and
body temperature (80, 81, 130, 131). The reasons for the repeated
arousals are still not entirely clear, but it is believed that
they allow repair of neuronal damages caused by prolonged
hypometabolism and brain inactivity. Interestingly, aged black
bears show permanent accumulation of hyperphosphorylated
tau at a pretangle-like stage (132). This might be explained by
the fact that their hibernation is a continuous torpor period,
which is not interrupted by spontaneous arousal. Collectively,
the above observations in hibernating animals indicate that
tau hyperphosphorylation could be part of neuroprotective
reaction but if it is not interrupted by normal periods of tau
phosphorylation as noted during arousal in hibernation, it could
become permanent making neurons more vulnerable to insults
and neurodegeneration as noted in tauopathies.

SECTION (III) IMPLICATIONS OF

SIMILARITIES AND DIFFERENCES IN TAU

HYPERPHOSPHORYLATION BETWEEN

PHYSIOLOGICAL CONDITIONS AND

TAUOPATHIES IN THE ELABORATION OF

THERAPIES

Three main observations on hyperphosphorylation of tau
during brain development and hibernation could impact the
elaboration of therapies to prevent tau pathology and/or slow
down its propagation in the brain. Firstly, the comparison of
tau phosphorylation sites between physiological conditions and
tauopathies indicates that the combination of phosphorylation
sites is most likely a determinant factor in the toxicity
mediated by hyperphosphorylated tau and therefore this
should be taking into consideration when designing tools to
neutralize phosphorylated forms at specific sites. Secondly, tau
hyperphosphorylation is not found in glial cells in physiological
conditions as noted in primary tauopathies indicating that they
could play important role in the process of neurodegeneration.
Thirdly, all tauopathies are linked to aging.

Therapies Targeting Tau Phosphorylation

Sites
Examining tau hyperphosphorylation in brain development
and hibernation revealed that some sites could be protective
preventing tau from forming toxic seed-competent aggregates.
However, it is important to mention that a full characterization
of tau phosphorylation sites using an approach such as MS
is needed to identify the key sites involved in the shift from
non-toxic to toxic tau species. Based on what it is known so
far, it is clear that the combination of phosphorylation sites
is a determinant factor in tau aggregation propensity. For
example, in a recent study, it was reported that the amount of
phosphorylation on doubly phosphorylated T231 and S235 and
on singly phosphorylated S262, positively correlated with seeding
capacity of tau whereas some phosphorylation sites negatively
correlate with tau seeding such as the single phosphorylation
within the clusters of sites contained in peptides S198/S199/S202
or S400/T403/S404 (133). This indicates that phosphorylation at
specific sites likely results in conformational changes impacting
tau seeding activity. Tau phosphorylation on tyrosine residues
can also impact tau aggregation capacity. It was recently reported
that tau phosphorylation at tyrosine (Y)18, Y29, Y197 at the
N-terminal or at Y310 is sufficient to reduce tau aggregation
(134). NMR indicates that there is a local decrease of beta-
sheet propensity of tau’s PHF6 domain when these sites are
phosphorylated. In contrast, Briner et al. showed that the single
phosphorylation at Y18 increases tau aggregation in vitro in
presence of heparin (135). Lastly, tau phosphorylation at T205
was shown to be protective against Aβ in transgenic mice
(136). From the above observations, one can conclude that
specific pattern of tau phosphorylation can be either beneficial
or detrimental to neurons and therefore to merely decrease
global tau phosphorylation could result in undesired effects
compromising neuronal survival.

Glial Cells: An Unexplored Target
In some tauopathies, both neurons and glial cells are affected
(Figure 2). It is still unclear if the increase of tau in glial cells
is caused by dysfunction of the degradative mechanisms and/or
the uptake of tau released by neurons. In PSP, tau pathology
develops earlier in glial cells than in neurons in the globus
pallidus and striatum (34). Hyperphosphorylated tau is not found
in glial cells in developing brain and hibernation indicating
that tau accumulation in these cells represents a pathological
condition. Consistent with this, tauopathies developing tau
pathology in glial cells such as PSP and CBD present a disease
progression faster than AD where tau pathology is mainly found
in neurons. In a recent study, it was reported that the uptake of
extracellular tau oligomers by astrocytes, altered the intracellular
Ca2+ signaling and Ca2+-dependent release of gliotransmitters
resulting in synaptic dysfunction (137). Glial cells could also
contribute the propagation of tau pathology in the brain. It was
reported that microglia can facilitate tau pathology propagation
between neurons by phagocytosing and exocytosing tau protein
(138). Astrocytes were shown to decrease the spreading of tau
pathology by taken up extracellular tau and targeting it for
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degradation in a mouse model (139). However, in PSP and CBD,
the tau taken up by astrocytes might be exocytosed instead of
degraded allowing the propagation of tau pathology in the brain.

The fact that glial cells are affected earlier than neurons in
some brain regions could indicate that the insults triggering
the disease altered the functioning of glial cells more than
that of neurons in these regions. The mechanisms leading
to tau pathology in glial cells remain poorly characterized.
As shown for neurons, tau is believed to be attached
to microtubules and to regulate their assembly in glial
cells (140). This is supported by studies reporting that the
overexpression of human tau in primary rat astrocytes induced
selective destruction of detyrosinated microtubules while in
oligodendrocytes, alterations of microtubule network were noted
(141, 142). From this, one can speculate that microtubules might
be a key element in the development of tau pathology in both
neurons and glial cells. The most popular hypothesis is that tau
becomes hyperphosphorylated and detaches from microtubules
decreasing their stability (Figure 3) (12). However, the opposite
could also occur, meaning microtubules become unstable and
this weakens the binding of tau favoring its detachment. Indeed,
microtubules are very sensitive to external forces and factors
modulating cellular functions. Mutations in the tubulin gene
are linked to severe developmental neurological disorders called
tubulinopathies (143). Microtubules present in both neurons and
glial cells might be involved in the initial phase of the disease.
Under normal conditions, alternating cycles of phosphorylation
and dephosphorylation regulate tau binding to microtubules.
These cycles could be altered in tauopathies leading to tau
hyperphosphorylation (144). Another possibility could be that
during early stages of tauopathies presenting glial tau pathology,
glial cells can proliferate involving the depolymerization of
microtubules during this process. This depolymerization would
result in tau detachment frommicrotubules and thereby its access
to kinases would be increased as well as its phosphorylation
levels. At late stages of AD, it was reported that astrocytes become
senescent implying that they stop to divide (145). In such a
cellular context, tau binding to microtubules could be blocked
making irreversible its detachment from microtubules and its
hyperphosphorylation state.

Targeting the Aging Process
The fact that tau hyperphosphorylation does not exert any toxic
effects during brain development and hibernation could indicate
that the cellular context plays a pivotal role in determining
whether hyperphosphorylated tau is part of either a response
supporting neuronal survival or a response compromising
neuronal survival. Four of the main changes occurring in aging
could contribute to tau hyperphosphorylation. Firstly, it is well-
documented that the efficacy of the two systems involved in tau
degradation, the proteasome and the autophagy, is significantly
decreased in aging favoring the accumulation of phosphorylated
tau (146). Secondly, the combination of a decrease of energy
supply and a decrease of clearance of damaged organelles could
contribute to the triggering of tau pathology in aging. For
example, the accumulation of dysfunctional mitochondria could
restraint the supply of energy in aged cells (147). The inhibitors

of the mitochondrial complex I, rotenone and annonacin, were
shown to induce tau pathology in rat striatal neurons and glial
cells indicating that mitochondrial dysfunction in aging could
favor tau pathology (148, 149). Thirdly, changes leading to a
progressive increase in vascular resistance and decrease in tissue
levels of oxygen and glucose are noted in aging (150). Chronic
hypoxia was shown to induce tau hyperphosphorylation in a rat
model (151). Fourthly, aging could favor the propagation of tau
pathology in the brain. A decrease of glymphatic system, the
brain’s metabolite clearance system connected to the peripheral
lymphatic system is impaired in aging (152). This system was
recently shown to contribute to the clearance of extracellular tau
from the brain, the pool of tau believed to be involved in the
propagation of tau pathology in the brain (153).

SECTION (IV) HYPERPHOSPHORYLATED

TAU: DIRECT OR INDIRECT THERAPEUTIC

TARGET

Several clinical trials that directly target tau are currently
active. The main ones are testing tau immunotherapy for
sequestration of pathological tau species (154). Such an approach
allows to specifically either target a phosphorylation epitope,
a conformational state or a peptidic sequence of tau (155,
156). The epitope S396/S404 was reported to be an efficient
therapeutic target. Two vaccines targeting this epitope, one
active (ACI-35, ISRCTN13033912) and one passive (Lu AF87908,
NCT04149860) are presently in clinical trials (154). An antibody
directed against cis-phosphorylated T231 (NCT04096287) is also
tested while the vaccine targeting S422 has been discontinued
(157). Phosphorylation of tau at certain sites was solely noted in
seed competent tau fractions isolated from AD brain (133). More
precise identification of the sites involved in the conversion of
non-competent to competent seed forms is needed to develop
antibodies that could prevent formation of competent seed
forms. Epitopes may not be accessible on the majority of tau
seeds and therefore an analysis of the atomic structure of
such tau species is needed to reveal the epitopes that could
be easily accessed by an antibody. Furthermore, one group
reported that preventing tau seeding and blocking tau toxicity
are not necessarily linked. This was shown using an antibody
directed against phosphorylated T212/S214 epitope that could
prevent tau seeding but not tau toxicity indicating that seeding
could be neuroprotective (158). Another aspect worthy of
consideration is that some antibodies only act on extracellular
tau to refrain the spreading of tau (159). The characterization
of tau phosphorylation sites in CSF by MS has revealed that tau
phosphorylation varies depending on the evolution stages of the
disease (160). In such a case, different antibodies will have to
be used to neutralize these tau species during the progression of
the disease.

Phosphorylation epitopes that are shared between the
tauopathies could be used to design antibodies that should work
for all tauopathies unless these epitopes are rendered inaccessible
to antibodies because of tau conformation. Indeed, the analysis
of tau atomic structure using Cryo-EM has revealed that tau
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FIGURE 2 | Therapeutic strategies for prevention of tau pathology in tauopathies. Illustration of the spatiotemporal pattern of the propagation of tau pathology in

Alzheimer’s disease (AD) and Progressive supranuclear palsy (PSP). Six stages (I–VI) of tau pathology can be observed in both diseases (top blue arrow). The affected

regions in the brain are indicated by spiky circles. Tau pathology begins in distinct regions in each of these tauopathies and propagates differently. Tau pathology is

predominant in neurons in AD brain while neurons and glial cells are affected in PSP. Different toxic forms of tau are observed during the course of the disease. They

present a low toxicity (pink in AD and yellow in PSP) at early stages of the disease and high toxicity (dark red in AD and brown in PSP) at late stages of the disease.

These forms are distinct in AD (yellow to brown) and PSP (pink to dark red). A therapeutic molecule should be designed for each toxic form of tau (yellow, brown, pink,

and dark red dots). The therapeutic strategy should also be adapted to the stages of disease as tau forms vary during the course of the disease. Because the toxic

forms of tau differs in AD and PSP, a molecule not specific to these forms (blue dot, common treatment) might be inefficient and even detrimental to patients by

affecting forms of tau that are not toxic.

filaments are distinct in AD, PiID and CBD (24). These analyses
revealed that some phosphorylation sites could dictate which
tauopathie will develop. Falcon et al. (26) reported that Pick body
filaments are not phosphorylated at S262/or S356 and proposed
that S262 could be protective against PiD (26). A similar
conclusion was found for other post-translational modifications.
Using Cryo-EM, it was also shown that deamidation of
asparagine (N) 279 was present in AD but not in CBD or PSP
indicating that as noted for phosphorylation, this modification
can dictate the type of disease that will develop (27). This
indicates that when targeting either a specific phosphorylation
site or any another post-translational modification site, it will
be important not to induce a shift from one disease to another.
Cryo-EM analysis of hyperphosphorylated tau aggregates in
developing brain and in hibernating animals could help to
identify the key sites preventing the formation of toxic tau
species. Tau conformation might also change throughout the
disease evolution, and the affinity of the antibody for a specific
conformation as well reducing its affinity for tau (Figure 2) (156).

In several clinical trials, hyperphosphorylated tau is an
indirect target. In most of these trials, either the inhibition of tau

kinases or the activation of PP2A, the main tau phosphatase is
tested (161). Tau is phosphorylated by several proline-directed
and non-proline-directed kinases (4). One can expect that the
inhibition of a sole kinase might not be sufficient to completely
prevent tau hyperphosphorylation. Lithium carbonate, a GSK-3
inhibitor, (NCT0318528) and Nilotinb, an inhibitor of Tyrosine
kinase Ab1 (NCT02947893) are presently in Phase IV and
Phase II, respectively. The phosphatase PP2A can directly and
indirectly by regulating the activity of tau kinases modulate
tau phosphorylation (162). PP2A activity is decreased in AD
brain and therefore several therapeutic strategies have been
elaborated to increase its activity (161). PP2A activity can
be increased by inhibition of its endogenous inhibitors, IPP2A1
and IPP2A2 (163, 164). PP2A activity can also be increased by
preventing its inhibitory demethylation by methyl transferase
or phosphotryosinylation at T307 by src kinase (165, 166).
Compounds that can increase PP2A activity such as Metformin
(NCT01965756), an anti-diabetic drug, and sodium selenite
(ACTRN12611001200976), which enhance PP2A activity by
promoting the stabilization of its catalytic subunit PP2Ac,
are currently in Phase II. So far, the same sites were found
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FIGURE 3 | Role of tau and its phosphorylation in microtubule dynamics. Microtubules, composed of tubulin, are found in both neuronal and glial processes

(astrocytes and oligodendrocytes) as indicated by brown squares. Illustration of three scenarios on how tau plays a role in microtubule dynamics within neurons and

glial cells. Tau promotes assembly and stabilization of microtubules (A,B). (A) When tau becomes hyperphosphorylated, it reduces its binding to microtubules

resulting in its detachment. Microtubules are destabilized upon the loss of tau at their surface. (B) External forces and factors destabilize microtubules, leading to the

detachment of tau increasing its access to kinases, which results in its hyperphosphorylation. (C) Tau binding does not stabilize microtubules but instead increases

their dynamics. The detachment of tau from microtubules and its hyperphosphorylation is associated with an increase of microtubule stabilization.

to be phosphorylated in neurons and glial cells (34). This
could signify that the kinases and phosphatases involved in
tau hyperphosphorylation are shared by neurons and glial
cells and therefore any strategy targeting either tau kinases or
phosphatases should work in both neurons and glial cells in
tauopathies where these two types of cells are affected.

Tau phosphorylation can be regulated by other post-
translational modifications. O-GlcNAcylation was shown to
regulate tau phosphorylation (167). In AD brain, the decrease
of O-GlcNAcylation of tau was correlated to an increase
of tau phosphorylation (168, 169). The inhibition of O-
GlcNAcase, the enzyme that removes the O-GlcNAc moieties
is tested as an approach to decrease tau phosphorylation. Such
inhibitors (AsceNeuron) are presently in Phase I. However, since
100 of proteins undergo O-GlcNAcylation, secondary effects
could be triggered by these inhibitors. In a recent study, it
was demonstrated that HDAC6 reduce tau acetylation and
phosphorylation in the microtubule-binding domain (170). Its
suppression in transgenic mice reduces their survival correlated
to accelerated tau pathology and cognitive decline revealing
HDAC6 as a potential therapeutic target.

At early stages of the disease, tau detachment from
microtubules in both neurons and glial cells could be reversible
and therefore therapy aiming at increasing tau binding to
microtubules could be efficient in stopping the disease. On one
hand, if tau first detaches from microtubules because of its
hyperphosphorylation, an effective therapy would be to prevent
this hyperphosphorylation. On the other hand, if changes in
microtubule dynamics trigger the detachment of tau from them,
the therapy should act on microtubules instead of tau. This
avenue was explored by using drugs that stabilize microtubules.
Promising results were obtained in tau mouse models but no
beneficial effect was observed in humans (171–173). This could
be explained by the fact that a recent study reported that tau
does not stabilize microtubules but exerts the opposite effect
(Figure 3). Indeed, the suppression of tau was associated with
an increase of microtubule stabilization in rat cortical neurons
(174). The controversy on the stabilizing effects of tau on
microtubule needs to be resolved before the elaboration of an
efficient therapy.

The interactome of hyperphosphorylated tau was recently
characterized (175). In particular, the interactome of
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phosphorylated tau found in NFTs microdissected from patients
with advanced AD was compared to that of phosphorylated
tau immunopurified with the PHF-1 (S396/S404) antibody.
Seventy-five proteins of the 125 proteins interacting with
immunopurified tau were present in NFTs. These proteins
were involved in phagosome maturation, the regulation of
synaptic plasticity, DNA binding proteins and members of the
14-3-3 family. From these data, it is reasonable to speculate
that these interactions are modulated by tau phosphorylation
state and therefore could be modulated during the progression
of the disease. The manipulation of tau phosphorylation by
any treatment should take this into account for not favoring
interactions that are detrimental to neurons.

Lastly, a recent study revealed that excitatory neurons having
a selective vulnerability to tau pathology present an elevated
expression of tau aggregation-prone proteins and a decreased
expression of tau aggregation protector proteins (176). This
indicates that a therapy targeting one of these groups of proteins
could be beneficial for all tauopathies. Furthermore, these
proteins were higher in neurons than in glial cells explaining why
neurons are more affected by tau pathology than glial cells in the
most frequent tauopathies (176). However, in tauopathies where
glial cells are affected before neurons and in tauopathies where
only glial cells are affected, the therapy developed for preventing
tau pathology in neurons might not be efficient unless it is
demonstrated that the same proteins favoring tau aggregation or
aggregation protector proteins can play similar roles in glial cells.

From the above observations, one can speculate that therapies
targeting mechanisms involved in tau hyperphosphorylation
such as the inhibition of tau kinases would be efficient in all
tauopathies but a lot more complex to elaborate because of their
secondary effects on substrates other than tau. Using tau as a
direct target appears to be themost achievable approach although
the diversity of pathological tau forms implies the adaptation of a
therapy for a each tauopathy. The success of the direct approach
relies on a full characterization of tau phosphorylation sites and
its other post-translational modifications in both physiological
and pathological conditions to identify the pivotal sites in the
conversion from non-toxic to toxic species. Furthermore, as
revealed in a recent study, tau phosphorylation varies during
the progression of AD indicating that the strategy applied at
early stages of the disease will be different from that applied at
later stages.
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Alzheimer’s disease (AD) is a chronic neurodegenerative disorder and the most prevalent

cause of dementia. The main cerebral histological hallmarks are represented by

parenchymal insoluble deposits of amyloid beta (Aβ plaques) and neurofibrillary tangles

(NFT), intracellular filamentous inclusions of tau, a microtubule-associated protein. It is

well-established that cerebrovascular dysfunction is an early feature of AD pathology,

but the detrimental mechanisms leading to blood vessel impairment and the associated

neurovascular deregulation are not fully understood. In 90% of AD cases, Aβ deposition

around the brain vasculature, known as cerebral amyloid angiopathy (CAA), alters blood

brain barrier (BBB) essential functions. While the effects of vascular Aβ accumulation are

better documented, the scientific community has only recently started to consider the

impact of tau on neurovascular pathology in AD. Emerging compelling evidence points

to transmission of neuronal tau to different brain cells, including astrocytes, as well as to

the release of tau into brain interstitial fluids, which may lead to perivascular neurofibrillar

tau accumulation and toxicity, affecting vessel architecture, cerebral blood flow (CBF),

and vascular permeability. BBB integrity and functionality may therefore be impacted

by pathological tau, consequentially accelerating the progression of the disease. Tau

aggregates have also been shown to induce mitochondrial damage: it is known that

tau impairs mitochondrial localization, distribution and dynamics, alters ATP and reactive

oxygen species production, and compromises oxidative phosphorylation systems. In

light of this previous knowledge, we postulate that tau can initiate neurovascular

pathology in AD through mitochondrial dysregulation. In this review, we will explore

the literature investigating tau pathology contribution to the malfunction of the brain

vasculature and neurovascular unit, and its association with mitochondrial alterations

and caspase activation, in cellular, animal, and human studies of AD and tauopathies.

Keywords: tau, neurovascular unit, mitochondria, caspases, Alzheimer’s disease, tauopathies, vascular

dysfunction

INTRODUCTION

Alzheimer’s Disease, Neurovascular Unit and Blood-Brain Barrier

Dysfunction
Alzheimer’s disease (AD) is a progressive and deadly neurodegenerative disorder recognized by
the World Health Organization as the most prevalent form of dementia (1). AD initial symptoms
typically manifest as mild cognitive impairment (MCI). Although MCI does not always convert
to AD or dementia, a percentage of MCI cases will worsen over the years, eventually progressing
to the severe cognitive decline, emotional and behavioral changes, visuospatial and motor deficits,
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characteristics of late-stage AD (2). These devastating cognitive
and physical aspects are correlated with neuronal loss and
extensive brain atrophy, predominantly in the hippocampus
and cortex (3). The most studied and scientifically confirmed
neuropathological hallmarks of AD are senile plaques (SP)
and neurofibrillary tangles (NFT) in association with neuronal
degeneration, loss of synapses, neuroinflammation, and oxidative
stress (4). Furthermore, conspicuous studies indicate that brain
vascular dysregulation is an early feature of AD, contributing
to the progression of the pathology, and suggesting a tight
link between cerebrovascular alterations and neurodegeneration
(5–8). SP are abnormal parenchymal insoluble deposits of
amyloid-beta (Aβ), which derives from amyloid precursor
protein (APP) processing. Aβ monomers aggregate into more
complex species (oligomers and protofibrils) which represent
the toxic species for most brain cells (9, 10) and eventually
form fibrils (11). Interestingly, Aβ accumulation also takes place
around the brain micro- and macro-vasculature, in a well-
described AD pathological feature known as cerebral amyloid
angiopathy (CAA) (12), which leads to severe cerebral vascular
dysfunction (CVD) (10, 13–16). NFT are intracellular inclusions
of paired helical filaments (PHF) of the microtubule-associated
protein (MAP) tau. Physiologically, specific phosphorylation
and dephosphorylation events regulate tau microtubule (MT)-
binding property, thus modulating tau functions, including
promoting MT assembly and dynamics, and maintaining
neuronal spatial organization and stability (17, 18). In AD brains,
tau phosphorylation levels are 3–4-fold higher compared to non-
demented adult brains (19, 20), and phosphorylation facilitates
tau aggregation, causing cell morphology, functionality, and
viability disruption. Besides the documented effects of Aβ

deposition around cerebral blood vessels (BVs), recent evidence
indicates that tau pathology induces CVD (21–23), and that the
presence of hippocampal perivascular tau strictly correlates with
blood brain barrier (BBB) permeability and loss of integrity (24),
prompting new questions to elucidate the molecular mechanisms
through which tau toxicity affects the cerebral vasculature, in
both AD and other tauopathies.

The BBB is a highly specialized and selective semipermeable
interface between the central nervous system (CNS) and the
peripheral circulation, regulating the entrance of blood specific
components into the brain and the clearance of potentially
neurotoxic substances from the CNS to the blood. The morpho-
functional unit, which includes the BBB and is responsible for
maintaining its unique properties, is the neurovascular unit
(NVU). The NVU is constituted by endothelial cells (ECs)
that form the BVs and are strongly attached to each other via
a complex network of sealing proteins named tight junctions
(TJs) (25), by the surrounding smooth muscle cells (SMC)
or pericytes, together with neurons, astrocytes, and microglia
cells (8, 26–28). BV-surrounding cells influence and co-operate
in maintaining the structural and functional BBB phenotype
(26). Astrocytes are the major glial cell type (∼98%) at the
parenchymal basal membrane of the microvasculature (29), with
microglial cells occupying the remaining surface. In addition
to their contribution to BBB maintenance and permeability,
astrocytes are considered immunocompetent cells, playing a

central role in detecting detrimental signals following which
they start secreting cytokines and chemokines, boosting innate
and adaptive immune cell activation and trafficking, and thus
affecting BBB function (30). Microglia are brain innate resident
immune cells, involved in the active surveillance of CNS.
When exposed to pathogens, tissue damage or toxic substances,
microglial cells become activated, releasing pro-inflammatory
cytokines, chemotactic factors, and mediate adaptive immunity,
acting as antigen-presenting cells (31, 32). If activated, they
can interact with cerebral microvasculature, and increase
capillary permeability by producing reactive oxygen species
(ROS), and promoting monocyte and lymphocyte migration
through the BBB (33, 34). Importantly, the extensive astrogliosis
and microgliosis present in AD brains (35–38), may further
exacerbate vascular dysfunction. Morphologically, AD brains
display BBB changes such as reduced microvascular density,
increased capillary tortuosity and fragmentationwith fewer intact
branches, atrophic string vessels, and changes in vessel diameter
(8, 39, 40), that impair vascular fitness causing decreased cerebral
blood flow (CBF), hypoxia, dysregulated nutrient and oxygen
transport to the CNS, and disrupted cerebral clearance. As a
consequence, amplification of cellular stress, accumulation of
toxic metabolic waste, uncontrolled detrimental inflammatory
response and infiltration of blood-borne molecules and cells
occur, eliciting neurodegenerative processes and progressive
decrease in cognitive functions (8, 41, 42). All together, these
data provide a strong evidence of the connection between
BBB malfunction and AD, although the leading molecular
mechanisms triggering CVD have not been fully elucidated.

While Aβ aggregation and deposition have long been
associated with cerebrovascular alterations in AD, the scientific
community has recently started to consider the role of tau in
BBB dysfunction, supported by a rapidly growing literature that
confirms CVD in other tauopathies.

Here, we will review what is known about tau and
neurovascular dysregulation, exploring and providing
perspective on some of the possible molecular events through
which tau may exert its toxicity on the NVU.

Tau and Its Transmission
The MAPs family includes three classes of polypeptides
predominantly expressed in neurons: MAP1, MAP2, and tau.
WhileMAP1 andMAP2 have been largely found in dendrites, tau
has been detected mainly in axons (43, 44), where it is involved in
primary functions, including neuronal development control (45–
47), vesicular and axonal transport (48, 49), and neuronal polarity
maintenance (50), amongst others. Structurally, tau presents
a basic proline-rich region (aa155–242) which contains serine
(S), threonine (T), and tyrosine (Y) potential phosphorylation
sites (51). In physiological state, tau is phosphorylated or
dephosphorylated based on the balance of kinase (e.g., GSK3β
and CDK5) and phosphatase (e.g., PP1, PP2A, B and C) activities
(47, 52–55). This equilibrium confers tau the ability to bind
and stabilize tubulin polymerization, requisite condition for
maintaining axonal and dendritic shape, and thus functionality
(56, 57). Due to hyperphosphorylation, tau MT-binding property
is lost, inducing its oligomerization and the formation of
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PHF which progressively aggregate into NFT (58, 59). As
a consequence, alterations of cytoskeleton architecture occur,
leading to axonal transport disruption, synaptic dysfunction,
and eventually neuronal cell death (47, 60–62). Indeed, a
characteristic brain accumulation of highly phosphorylated tau
is found in AD, and other tauopathies, such as progressive
supranuclear palsy (PSP), Pick’s disease (PiD), corticobasal
degeneration (CBD), and frontotemporal dementia FTD (63).

Although research in neurodegenerative disorders focuses
mainly on tau hyperphosphorylation, it is relevant to mention
that tau can also be subject to concurrent or alternative post-
translational modifications (PTMs), including N- and C-terminal
proteolytic cleavage (truncation), nitration, glycosylation,
acetylation, glycation, ubiquitination, or polyamination (64),
that exacerbate tau pathology. For instance, in AD human brains,
C-terminal tau fragments generated by caspase-3 cleavage at
aspartic acid residue 421 (D421) have been detected (65).
Considerable evidence shows that caspase-3-truncated tau
species are particularly prone to phosphorylation (65), and that
caspase-dependent cleavage process increases tau propensity
to self-aggregate, boosting the rate of tau polymerization and
NFT assembly (45, 47, 59, 66), and fostering dendritic spine loss,
synaptic impairment and memory deficits (67, 68). Similarly,
caspase-6 activity derived N-terminal truncated tau segments
have been found in AD cerebral tissue (69).

Collectively, these data indicate that misfolded conformations
of tau facilitate the development of aggregates that appear to be
crucial for neuronal demise in AD and other tauopathies.

In the last decade, a wealth of studies has suggested that
misfolded tau spreads in a prion-like manner in tauopathy brains
(70–72). The hypothesis of the prion-like propagation has been
proposed from the observation that the progressive accumulation
of tau appeared to spread in a foreseeable pattern, along known
anatomically connected neuronal networks (73), analogously to
that reported for prion proteins (72).

Albeit tau is an intracellular protein, both tau and P-tau can
also be detected in brain interstitial fluid (74), cerebrospinal
fluid (CSF) (75), and, as shown more recently, in blood (76–
79). In AD patients, CSF and plasma tau and phosphorylated
tau (P-tau) concentrations are significantly higher compared to
healthy controls. Since tau in biofluids is considered to be for the
most part neuron-derived, CSF and plasma tau concentrations
typically represent the intensity of neurodegeneration (76, 78,
80, 81). CSF P-tau, on the other hand, is an established AD
biomarker also used in clinical trials, reflecting more specifically
the progression of tau pathology and correlating with cognitive
dysfunction. Recently, plasma P-tau181 and P-tau217 have also
been proposed as novel biomarkers for AD (82–84). Although
blood tau and P-tau fragments are of great interest as biomarkers,
these peptides are present at very low concentrations in the
circulation (in the low pg/ml), and it is still unknown if
circulating tau species may be able to induce toxic effects on
the vasculature, both in the brain and in the periphery. In
particular, more studies are needed to clarify any possible toxic
effects of blood P-tau, especially in conditions in which cerebral
vessels are already dysfunctional. On the other hand, CSF P-
tau, present at higher concentrations in the perivascular spaces,

may be a likely contributor to neurovascular pathology, especially
in situations in which perivascular clearance is compromised,
which may facilitate its accumulation around brain vessels (85–
87). Interestingly, it has been reported that, besides prompting
intracellular toxicity, tau can be secreted and taken up by
healthy neurons (88–90), indicating that extracellular or CSF
P-tau may be critical for the progression of tau pathology.
Recent studies in the AD field have demonstrated that seed-
competent tau spreads along neural connections, is detected in
synaptosomes and white matter axons, and that tau seeding
precedes the presence of hyperphosphorylated tau in synaptically
connected regions (91–94). To further elucidate the propagating
properties of tau, many studies have investigated the potential
molecular processes involved. Numerous neuronal mechanisms
have been identified as non-mutually exclusive sources of
extracellular tau, including synaptic secretion (95), direct
unconventional translocation across the plasma-membrane (96,
97), release in extracellular vesicles such as exosomes (98–100)
and ectosomes (101), or tunneling nanotubes (TNTs) (102, 103).
In pathological conditions, neuronal deterioration may also
account for extracellular tau which is internalized by neighboring
cells via bulk endocytosis (88, 89, 104, 105), clathrin- (106, 107)
or low-density lipoprotein receptor related protein 1 (LRP1)-
mediated endocytosis (108), micropinocytosis by heparin sulfate
proteoglycans (90, 109–111) or TNTs (102, 103) (Figure 1).
Following cellular entry of tau, neurons can seed physiological
monomers, perpetuating the pathological process (112). It has
also been demonstrated that neuronal activity can induce tau
release (95), enhancing intercellular spread of tau (113).

As mentioned above, AD and tauopathy brains display
widespread astrogliosis and microgliosis, which closely correlate
with the areas of neurodegeneration (114, 115). Intriguingly,
several studies have reported the accumulation of toxic tau
in astrocytes and microglia in different tauopathies (116–121).
Endogenous glial tau expression has been reported (122, 123),
although at much lower levels compared to neurons (124).
Therefore, it has been postulated that the intracellular presence
of tau in these cell types may be, at least in part, explained
by its internalization from the extracellular milieu. Recent
evidence has demonstrated that astrocytic tau uptake occurs
via micropinocytosis, followed by enhanced lysosomal pathways
(125). It is likely that, in pathological conditions, tau engulfed
astrocytes exhibit dysregulated clearance mechanisms, further
intensifying tau propagation and toxicity. Additionally, it is
known that microglia have the competence to phagocytize
tau (126–132), and the presence of microglial aggregated
or hyperphosphorylated tau has been observed in mice ad
humans with tau pathology (119, 120, 126–128, 131, 133). The
microglial process of tau internalization seems to be mediated
by CX3CR1 receptor (120, 133). More importantly, at the site
of tau colocalization with astrocytes and microglia, several pro-
inflammatory cytokines have been detected (134), indicating a
high neuroinflammatory state. During inflammation, reactive
glial cells continuously secrete cytokines and chemokines, which
further recruit and activate innate and adaptive immune cells
(30–32), initiating a feed-forward detrimental inflammatory
response, feature of AD and tauopathies (4, 134), which may
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FIGURE 1 | Molecular mechanisms underlying neurovascular tau toxicity in AD and other tauopathies. Neuronal transmission through (1) tunneling nanotubes (TNTs),

(2) exosomes, (3) ectosomes, or (4) plasma membrane may account for extracellular tau, which can be internalized by neighboring neurons via (5) low-density

lipoprotein receptor (LRP), (6) clathrin-mediated endocytosis, (7) micropinocytosis by heparin sulfate proteoglycans, or (1) TNTs. Tau is also detected in brain interstitial

fluids, cerebrospinal fluid (CSF) and in blood, reflecting the intensity of neurodegeneration. Inside the neuron, hyperphosphorylated tau promotes microtubules

disassembly, aggregates into oligomers and paired helical filaments (PHF) which, in turn, accumulate, leading to neurofibrillary tangles (NFT) deposition.

Phosphorylated tau can interact with mitochondrial proteins, such as Drp1, triggering excessive mitochondrial fission and mitochondrial dysfunction, including

elevated ROS production, Ca2+ homeostasis dysregulation, decreased ATP production, and ultimately caspase activation. Caspase-3 cleaved tau facilitates tau

phosphorylation and self-aggregation, further exacerbating tau pathology. Tau can propagate to astrocytes and microglia, and be internalized via micropinocytosis and

CX3CR1, respectively. In astrocytes, the accumulation of tau fibrils around the nucleus confers the characteristic tufted phenotype. Tau pathological species, through

astrocytic end-feet and interstitial fluids, may spread to endothelial cells and pericytes, inducing blood brain barrier (BBB) disruption and permeability to blood-borne

components, including peripheral blood monocyte-derived macrophages (PB-MoM), immunoglubulins (IgGs and IgMs), and α2-macroglobulin (α2M). Moreover, the

presence of tau within glial cells induces the secretion of several pro-inflammatory cytokines and chemokines, such as IL-1β,−6, - 8,−10, IFNγ, and MCP-1, initiating

a high inflammatory state, which contributes to BBB integrity loss.
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also affects neurovascular and BBB function. Another hypothesis
proposes that tau toxicity might be mediated by the brain
vasculature, considering that vascular dysfunction, dendritic
deterioration and inflammation take place before neuronal loss
in a mouse model of tau-induced neurodegeneration (135) or
before tau phosphorylation in a salt-rich diet model (136).
In turn, tau toxicity may also be in part responsible for the
vascular dysfunction present in AD and related disorders. In
confirmation of this, considerable studies have shown that tau
pathology triggers alterations of BVs and vascular inflammation
(23, 135, 137–139), which may be induced by tau oligomers
and fibrils deposition around the microvasculature (23, 24, 140).
Moreover, tau-induced neuroinflammation can additionally
damage BBB, leading to the infiltration of peripheral immune
cells and endothelial signaling molecules expression (141, 142),
which keep glial cells active (22, 143), worsening inflammation,
neurovascular pathology, and consequentially neuronal activity.

All together, these results suggest how tau toxicity may
propagate from neurons to NVU components, and potentially
activate harmful mechanisms that interfere with neurovascular
function and inflammation, exacerbating neurodegeneration.

TAU AND NEUROVASCULAR

DYSFUNCTION

Cell Studies
As previously described, the BBB is a dynamic and extremely
specialized barrier which physically separates CNS and systemic
circulation. The NVU is a complex functional unit including the
BBB and is responsible for its properties and health. ECs, mural
cells (including vascular smooth muscle cells and pericytes),
astrocytes, microglia and neurons (26, 144) compose the NVU
and contribute to its functions. Multiple studies have confirmed
NVU abnormalities in AD, describing CVD as an early event
in AD pathology, and establishing a direct correlation between
brain vasculature dysregulation and neurodegeneration (5–8).
The potential molecular pathways linking tau toxicity and
neurovascular dysfunction have recently started to be evaluated,
both in vitro and in vivo (Table 1). As reported below, a growing
body of literature shows that other tauopathies, in addition to
AD, also display severe cerebrovascular changes (22, 24, 28, 142,
145–149) (Table 2).

A recent study has demonstrated that primary rat brain ECs
(RBEC) exposed to human oligomeric tau dramatically increase
the expression of genes related to inflammation, endocytosis,
angiogenesis, blood coagulation, and vasoconstriction (142). The
authors have also observed upregulated expression of genes
involved in diapedesis, the process of immune cell migration
across the endothelial wall from the blood circulation to brain
parenchyma. Using RBEC monolayers as an in vitro BBB model,
they have analyzed tau-induced transmigration of peripheral
blood monocyte-derived macrophages (PB-MoM) isolated from
rat. When RBEC are incubated in conditioned media (CM) of
astrocytes previously challenged with tau, a 3-fold accelerated
transmigration of PB-MoM has been detected. In the same

conditions, EC pre-treatment with monoclonal antibodies anti-
ICAM-1 and anti-VCAM-1 reduces PB-MoM transmigration,
indicating that these specific endothelial adhesion molecules
may play a role in tau-induced trafficking of blood cells
across BBB (142). The effects of human truncated tau have
been evaluated in a similar in vitro model of BBB, consisting
of a co-culture of primary RBEC and mixed rat primary
astrocyte (85–90%)-microglia (10–15%) cultures (22). When
tau is added to the abluminal compartment of the co-culture
chamber, where astrocytes and microglia are seeded, a significant
decrease of trans-endothelial electrical resistance (TEER) has
been observed, concomitantly with an augmented mannitol
permeability through the BBB, in contrast to controls. The
measurement of pro-inflammatory molecules indicates that BBB
breakdown is likely mediated by TNF-α and the chemokine
MCP-1, which are abundantly released by glial cells, following
tau treatment (22). A different in vitro study confirmed the
harmful effect of tau onNVU components, showing that cultured
rat microglia, transfected with human tau40, were significantly
activated compared to control. Activation was confirmed by
higher ability of migration, enhanced phagocytosis and increased
CM levels of nitric oxide (NO), and IL-1β, IL-6, TNF-α, and IL-
10 inflammatory cytokines (145), which may act as mediators
of tau-induced BBB dysfunction. Indeed, if on one hand IL-1β
and TNF-α regulate the expression of endothelial TJ proteins
(156, 157), on the other hand, stimulation of ECs with both
TNF-α and IFN-γ increases the level of adhesion molecules, such
as ICAM-1 and VCAM-1 (158–161), facilitating immune cell
paracellular migration to cerebral parenchyma and amplifying
tau-triggered toxicity.

Overall, these in vitro studies point to deleterious effects of
tau on vascular and immune cellular and molecular pathways
responsible for NVU function. These effects and the main
respective references are summarized in Table 1.

Animal Studies
Several in vivo studies have contributed to corroborate the
impact of tau pathology on the brain vasculature and NVU
(Table 1). In one of these studies, as a model of tauopathy,
wild-type mice have been injected with recombinant adeno-
associated virus (AAV) vector to express mutant tau P301L
(encoding for familial FTD tau protein), specifically in neurons
(135). Compared to control littermates, AAV-tauP301L–injected
animals displayed significantly increased capillary thickness as
early as 10 days after injection, with many BVs within the CA1
region of the hippocampus surrounded by swollen astrocytes,
most likely participating in the substantial constriction of the
capillaries. Interestingly, in these animals, neurodegeneration
coincided with microgliosis, which occurred 3–6 weeks following
injection, demonstrating that tau-mediated vascular defects
preceded neuronal loss. In concomitance with the onset of
neurodegeneration, BBB integrity was further compromised, as
parenchymal IgGs, IgMs, and α2-macroglobulin were detected
(135). In aged (12–15-month-old) tetracycline inducible rTg4510
mice, which overexpress tau P301L protein, a variety of vascular
abnormalities have been described, mainly in hippocampus
and cortex. Progressively with age, rTg4510 animals exhibited
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TABLE 1 | Effects of tau on the NVU in vitro and in vivo models.

In vivo/in vitro model Tau isoform Effects References

RBEC (primary rat brain

ECs)

Human oligomeric tau Increased expression of genes related to inflammation,

endocytosis, angiogenesis, blood coagulation, vasoconstriction,

and diapedesis. Accelerated peripheral blood monocyte-derived

macrophages transmigration, when RBEC are exposed to

conditioned media of astrocytes pre-treated with tau. Reduced

peripheral blood monocyte-derived macrophages transmigration,

when RBEC are treated with antibodies anti-ICAM1 and

anti-VCAM1.

(142)

co-culture RBEC + primary

rat astrocytes and microglia

Human truncated tau RBEC show decreased TEER and augmented mannitol

permeability, when tau is added to the abluminal (glial) side. Glial

cells increase TNF-α and MCP-1 release.

(22)

rat microglia Human tau40 Higher rate of migration, enhanced phagocytosis and release of

NO, IL-6, IL-1β, TNF-α, and IL-10.

(145)

WT FVB/NJ mouse AAV-P310L tau

injection (neuronal

expression)

10 days after cortical injection, capillary thickness is increased,

and hippocampal BVs are surrounded by swollen astrocytes. 3–6

weeks following injection, neuronal loss, microgliosis and IgGs,

IgMs, and α2-macroglobulin presence in cerebral parenchyma.

(135)

Tg4510 mouse P310L tau (neuronal

expression)

Perivascular tau accumulation. CD3+ and CD4+ lymphocytes,

and RBC infiltration along brain vasculature. Extravasation of IgGs

and Evans Blue, mainly in the hippocampus and cortex. Glial

activation. BBB functional recovery following doxycycline

treatment (which suppresses tau expression).

(24)

Tg SHR-72 rat Human truncated tau

(neuronal expression)

In brainstem, peripheral blood monocyte-derived macrophages

transmigration and increased ICAM-1 expression.

(142)

Tg4510 mouse P310L tau (neuronal

expression)

Increased number of capillaries with atypical and spiraling

morphologies. Reduced BV diameter and elevated cortical BV

density. Altered expression of hypoxia- and angiogenesis-related

genes in both ECs and microglia.

(137)

Tg GFAP/tau mouse T34 human tau

(astrocytic expression)

IgGs and albumin presence in brain parenchyma. Tau pathology in

astrocytes surrounding BVs.

(146)

tau perivascular accumulation together with BBB breakdown,
measured as significant CD3+ and CD4+ lymphocyte, and
red blood cell (RBC) infiltration along the vasculature, and
extravasation of IgGs and Evans Blue, a dye that binds serum
albumin, which does not cross the BBB, unless it is injured
(24). In this model, tau pathology triggered glial activation,
identified as high expression of glial fibrillary acidic protein
(GFAP), astrocytic intermediate filament protein, and heat shock
protein 27 (Hsp27), marker of reactive astrocytes (162) and
involved in BBB regulation through its role in actin stabilization
(163). Noteworthy, in comparison toWT or younger Tg animals,
treatment with doxycycline, which suppressed tau expression,
led to BBB functional recovery in old rTg4510 mice, with
reduced T cell and RBC infiltration, and decreased Hsp27 and
GFAP levels (24), indicating tau direct involvement in CVD.
Transmigration of blood-borne cells, such as PB-MoM, has
also been reported in cerebral areas with increased ICAM-1
expression, associated with neurofibrillary pathology, in Tg SHR-
72 rat model which stably expresses human tau protein truncated
at amino acids 151–391 (aa 151-391/4R) (142), confirming the
role of tau in triggering detrimental changes in BBB. Using
the Tg4510 murine model, another study has documented
multiple brain vascular changes, including increased number of
capillaries characterized by atypical and spiraling morphologies,
reduced vessel diameter, and elevated cortical BV density,

in 15-month-old Tg animals. RNA analysis has revealed an
altered expression of hypoxia- and angiogenesis-related genes
specifically in ECs and microglia. The greatest fold change has
been found in endothelial Serpine1, a gene that encodes for
plasminogen activator inhibitor (PAI-1) protein (137), known
for stimulating migration of ECs (164), modulating proteolytic
activity (165), fundamental for extracellular matrix remodeling
during angiogenesis, and for regulating microglia motility and
phagocytosis (166). Intriguingly, also Tg mice expressing the T34
human tau isoform specifically in astrocytes, have been shown to
develop BBB disruption, verified as IgG and albumin presence
in the brain parenchyma, in association with prominent tau
pathology in astrocytic foot processes surrounding BVs (146). In
summary, tau has been shown to trigger multiple detrimental
brain vascular and glial changes in animal models, which are
detailed in Table 1.

Human Studies
Over the last few decades, the AD cerebral microvasculature has
been described as atrophic, thin, fragmented, twisted or tortuous,
and with glomerular loop formations (40). Ultrastructural
analysis has reported atrophic ECs, and remarkably decreased
(167) and compromised morphology (168) of TJs. In addition,
AD brains present anomalous focal constrictions and general
degeneration of SMC (169–171), swollen astrocytic end-feet
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TABLE 2 | Effects of tau on the NVU in AD and other tauopathies.

Disease Tau isoform Effects References

Alzheimer’s disease NFT Small and medium size artery SMC loss occurs between early

onset tau toxicity-Braak stage I and II–III, along with PHF

perivascular deposition.

(23)

Pick’s disease Pick bodies Microvasculature thinning, increased BV tortuosity, fragmented or

twisted capillaries in association with decreased number of long

microvessels and their branches.

(149)

Progressive

supranuclear palsy

NFT Tau immunoreactivity in brainstem vasculature. (147)

Parkinsonism

dementia complex

of Guam

NFT Reduced cerebral BV density and ramification, increased vascular

fragmentation, and thin capillaries. String and coiling BVs,

restricted to the areas affected by NFT.

(40, 150)

Chronic traumatic

encephalopathy

NFT Perivascular NFT in frontal, temporal, and parietal cortices.

Astrocytic tangles detected around small cortical BVs.

(148)

Progressive

supranuclear palsy

NFT Cortical tau-positive dense-packed fibrils in astrocytes. (151–153)

Corticobasal

degeneration

NFT Tau astrocytic plaques in gray and white matter of the cortex,

basal ganglia, diencephalon, and rostral brainstem.

(154)

Pick’s disease Pick bodies Reactive astrocytes containing hyperphosphorylated tau. (155)

(172, 173), and atrophic pericytes (169). As a consequence,
AD subjects display disrupted CBF and brain hypoperfusion
(28, 174–176). Interestingly, a 2016 study has demonstrated that
vascular changes are correlated with Braak stages, which classify
the degree of tau pathology, showing that small and medium size
artery SMC loss occurs between early onset tau toxicity-Braak
stage I and II–III, along with PHF perivascular deposition (23).

These results bolster a direct connection of tau pathology with
vascular abnormalities. As a confirmation, in PiD, where cerebral
aggregates of hyperphosphorylated tau (Pick bodies) are present
(149), hallmarks like microvasculature thinning, increased BV
tortuosity, fragmented or twisted capillaries in association with
decreased number of long microvessels and their branches, are
as severe as in AD (40). Moreover, atrophic brain areas display
a considerable disorganization of the vascular basal lamina
distribution (150). A recent paper has described oligomeric tau
immunoreactivity in brain vasculature of other tauopathies, such
as PSP (147). It is also known that Parkinsonism dementia
complex of Guam, characterized by abundant tau neurofibrillary
pathology, shows reduced cerebral BV density and ramification,
increased vascular fragmentation, and thin capillaries (40).
Furthermore, string and coiling vessels are typical, and restricted
to the areas affected by NFT (150). Repetitive mild or moderate
traumatic brain injury (TBI) seems to be associated with higher
risk of AD development (177), and may lead to chronic
traumatic encephalopathy (CTE) (148, 178, 179). Strikingly,
perivascular NFT of hyperphosphorylated tau are one of themost
common pathological hallmarks of CTE, starting at very early
stages of the disease, mainly in frontal, temporal, and parietal
cortices (particularly in the depth of the sulci) (180). With the
progression of the disorder, also fibrillar astrocytic tangles are
detected around small cortical BVs (148), plausibly exacerbating
vascular dysfunction. Similarly, other tauopathies display high
phosphorylated tau accumulation in astrocytes. For instance, in
PSP, astroglial phenotype is often referred to as tufted (151–153),

showing tau-positive dense-packed fibrils forming tufts around
single or double nuclei, mainly in the frontal cortex, striatum,
and thalamus (181, 182). Additionally, CBD is characterized by
tau astrocytic plaques (154), defined as punctate or spindle-
shaped aggregates, forming irregular rounded structures (181,
182). Reactive astrocytes containing hyperphosphorylated tau
have been found in PiD as well (155).

Associations between tau pathology and white matter
hyperintensities (WMH) have also been reported, showing that
increasing cortical P-tau burden independently predicted the
severity of WMH, indicating a potentially important role of tau
in the pathogenesis of WM damage (183, 184).

Collectively, these human studies provide strong evidence for
an association between tau toxicity and vascular dysregulation in
multiple tauopathies (summarized in Table 2).

To better dissect how tau pathology may affect
cerebrovascular function, we propose below some of the
molecular and cellular mechanisms which have been shown
to be affected by tau, and may also mediate its effects on the
vessel walls.

TAU AND MITOCHONDRIAL

DYSREGULATION

Tau and Mitochondrial Dynamics
Mitochondria are essential organelles for cell survival and death,
playing a primary role in energy metabolism and apoptotic
processes (185). Balanced mitochondrial fission and fusion
dynamics are pivotal events in regulating their shape, size,
and number, enabling a correct morphology and distribution,
and thus their capacity to meet high energy cellular demands,
such as those of brain cells (186–188). A cytosolic guanosine
triphosphatase (GTPase), named dynamin-like protein 1 (Drp1),
assembling into spiral filaments around mitochondria, interacts
with outer membrane proteins, including mitochondrial fission
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factor (Mff) and fission protein-1 (Fis1), to regulate the
division process (189). On the other hand, the interaction of
mitochondrial outer membrane proteins, such as the GTPases
mitofusin 1 and 2 (Mfn1 andMfn2), with optic dominant atrophy
1 (Opa1) inner mitochondrial membrane protein, mediates
fusion (190). It has been reported that mitochondrial activity
and phenotype are directly and tightly modulated by cellular
and environmental stimuli (191). Therefore, it is not surprising
that mitochondrial dysfunction and aberrant morphology are
predominant pathological early features of AD brains (192–194).

Although with some discrepancies, most likely due to
different tau isoforms and cell types used, multiple in vitro
studies have pointed to direct effects of tau on mitochondrial
dynamics (Table 3). Both human WT full-length (hTau) and
P301L mutated tau isoforms have been shown to promote
mitochondrial perinuclear accumulation, a feature of AD brains
(203), in animal and cellular models (195, 203). Moreover, in
HEK293 cells, hTau enhanced Mfn1, Mfn2, and Opa1 protein
expression. Specifically, the decrease of hTau-mediated Mfn2
polyubiquitination underlaid Mfn2 accumulation, and the
resulting increased mitochondrial fusion (195). Conversely,
primary cortical neurons from tau KO mice, transfected with
caspase-3 truncated tau presented mitochondrial fragmentation,
together with a significant reduction of Opa1 levels, compared
to control neurons (196). Another study has reported that,
following treatment with okadaic acid, a well-known PP2A
inhibitor, rat brain ECs (RBE4) displayed elevated tau
phosphorylation and increased mitochondrial fission (Drp1
and Fis1) and fusion (Mfn1, Mfn2, and Opa1) protein levels,
suggesting tau-dependent mitochondrial dynamics alterations,
and confirming the expression of tau in ECs (197). Mfn1, Mfn2,
and Opa1 accumulation have also been detected in brains of 6-
month-old hTau Tg mice, in comparison with age-matched WT
littermates (195). Additionally, in tau P301L Tg mice, another
in vivo model of tauopathy, the partial genetic ablation of Drp1
reduced mitochondrial dysfunction and rescued mitochondrial
dynamics (198). Excessive mitochondrial fission triggered by
an atypical interaction between hyperphosphorylated tau and
Drp1 has been described in multiple AD mouse models (199).
Importantly, similar findings have been reported in AD human
brains, where phosphorylated tau has been found to physically
interact withDrp1, with little or no physical interaction occurring
in control subjects (199). Moreover, a disrupted balance of fission
and fusion, both at mRNA and protein levels (200, 201), has been
found in AD patients, with most studies reporting a shift toward
fission (200, 202). Overall, these data point to direct effects of tau
on mitochondrial dynamics in multiple cellular (including ECs),
animal models of tauopathies, and in human AD brains. These
effects and their specific references are summarized in Table 3.

Tau and Mitochondrial Dysfunction
Mitochondria are important for multiple cell functions in healthy
and diseased brains, including energy production, intracellular
Ca2+ homeostasis control, cell cycle regulation, ROS generation,
apoptosis, and, in neurons, synaptic plasticity maintenance
(10, 15, 185, 204–209). Amongst these, a pivotal role of the
mitochondria is to provide energy to the cell from nutrient

sources, through adenosine trisphosphate (ATP) production,
accomplished via tricarboxylic acid cycle (TCA or Krebs
cycle) and oxidative phosphorylation (OxPhos). Mitochondrial
bioenergetics dysfunction and elevated mitochondrial ROS
production have been reported to cause neuronal degeneration,
and eventually cell death, in AD and other neuropathological
conditions (194, 205, 206, 210). Mitochondrial dysfunction is
also considered one of the earliest and probable causative steps
in the AD pathogenesis (211–215). Tau has been recognized
as a mediator of mitochondrial dysfunction, in both in vitro
and in vivo models (216–219), as well as in human tauopathies,
including AD (Table 4).

Cell experiments showed that rat brain ECs challenged
with okadaic acid, prompted tau hyperphosphorylation in
concomitance with ROS production, mitochondrial Ca2+

overload, and activation of caspase-3 and caspase-9, markers
of apoptosis (197). The treatment of rat primary neuronal-
astrocytic co-culture with the repeat domain of tau (K18)
blocked mitochondrial Ca2+ efflux via impairment of NCLX,
mitochondrial Na+/Ca2+ exchanger, in both neurons and
astrocytes. Mitochondrial Ca2+ overload occurred also in
human iPSC-derived cortical neurons expressing 10 + 16
MAPT mutation (linked to FTD), along with mitochondrial
depolarization and caspase-3 activation (220). Rat primary
hippocampal neurons stably expressing hTau displayed a
significant decrease in ATP levels, ATP/ADP ratio, complex I
activity, and cell viability (195). Similarly, overexpression of
P301L tau in neuronal SHSY5Y cells led to ATP depletion and
pronounced complex I activity deficit, along with depolarization
of mitochondrial membrane potential (MMP) (219), which
is physiologically generated by complexes I, III, and IV. In
cortical neurons, the inducible expression of D421-cleaved
caspase-3 truncated tau triggered mitochondrial fragmentation,
increased ROS production, and a significant reduction of
Ca2+-buffering capacity, mitochondrial membrane integrity
and MMP. Interestingly, the treatment with cyclosporin A,
which inhibits mitochondrial permeability transition pore
(mPTP), partially prevented tau-induced mitochondrial
impairment (221). mPTP is a mitochondrial channel that
opens in pathological circumstances, enhancing mitochondrial
permeability to ions and small molecules (230–232), therefore
inducing MMP failure, decrease of ATP production, release
of mitochondrial content, and cell death (233–237). One of
the components of mPTP is voltage-dependent anion channel
(VDAC) protein (238). Remarkably, VDAC protein levels
have been described to progressively increase in correlation
with Braak stages in AD brains, where phosphorylated tau has
been found to interact with VDAC (239). WT mice subjected
to subcortical injection of tau oligomers exhibited decrease
of NADH-ubiquinone oxidoreductase (complex I) protein
expression and a considerable activation of caspase-9, when the
hemispheres were compared with the ones injected with fibrillar
or monomeric tau. Validating the tau propagation hypothesis,
these changes have been found in the hippocampus, where IHC
analysis revealed the co-localization between tau oligomers
and mitochondria, specifically in CA1 cells (218). In another
study, P301L mice exhibited increased amounts of hydrogen
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TABLE 3 | Tau and mitochondrial dynamics.

Model/disease Tau isoform Mitochondrial dynamics References

HEK293 cells and

rat primary

hippocampal

neurons

Human WT full length

tau

Mitochondrial perinuclear accumulation. In HEK293 cells, hTau

enhances expression of mitochondrial fusion proteins (Mfn1, Mfn2,

and Opa1). In HEK293 cells, Mfn2 accumulation is due to

hTau-mediated Mfn2 decreased polyubiquitination.

(195)

Primary cortical

neurons (from tau

KO mice)

Caspase-3 truncated

tau (D421)

Mitochondrial fragmentation. Reduction of Opa1 levels. (196)

RBE4 (rat brain ECs) WT Following treatment with okadaic acid (PP2A inhibitor), increased

mitochondrial fission (Drp1 and Fis1) and fusion (Mfn1, Mfn2, and

Opa1) protein levels.

(197)

Tg hTau mouse Human WT full length

tau

Hippocampal accumulation of Mfn1, Mfn2, and Opa1. (195)

Tg4510 × Drp1+/−−

mouse

P310L tau (neuronal

expression)

Drp1 partial genetic ablation decreases Drp1 and Fis1 mRNA and

protein levels, in cortical and hippocampal tissues. Drp1 partial

genetic ablation increases Mfn1, Mfn2, and Opa1 mRNA and

protein levels, in cortical and hippocampal tissues.

(198)

3xTg mouse and

Alzheimer’s disease

NFT Excessive mitochondrial fission due to Drp1 and

hyperphosphorylated tau interaction.

(199)

Alzheimer’s disease NFT Disrupted balance of fission and fusion (mRNA and protein),

shifted toward fission.

(200–202)

peroxide (H2O2) and 4-hydroxy-2-nonenol (HNE), indicator of
lipid peroxidation, when compared to WT animals. Moreover,
Tg animals showed markedly diminished levels of ATP and
cytochrome C oxidase (complex IV) (198), further corroborating
the role of tau toxicity in mitochondrial bioenergetics failure.
Using the same murine model of tauopathy, it has been
demonstrated that brains of 12-month-old Tg mice displayed
significantly reduced activities of complex I and V. In these
animals, tau-induced mitochondrial dysregulation worsened
with aging, since 24-month-old mice showed increasingly
reduced electron transport capacity and ATP levels, together
with incremented ROS levels (H2O2 and superoxide anion
radicals) (217). Of note, complex V level reduction has been also
found in human familial FTD brains (217). In AD, several studies
have shown significant decrease of mitochondrial proteins and
activity (222–224). Additional studies have observed decreased
ATP production and increased oxidative stress markers, such as
free radicals, lipid peroxidation, and DNA and protein oxidation
(225–228). Strikingly, mitochondrial structural abnormalities
have been reported to occur also in the vascular wall of
AD subjects, compared to age-matched controls (229). The
literature summarized above points to a contribution of tau to
mitochondrial dysfunction. Although more studies specifically
targeted to understand the mitochondrial effects of tau in ECs
or the NVU are still needed, the available data (197) suggest that
mitochondrial dysfunction may be one of the mechanisms by
which tau impairs cerebrovascular health.

TAU AND CASPASES

Caspases are cysteine-dependent proteases which cleave multiple
intracellular substrate proteins after an aspartic acid residue,

playing a primary role in apoptosis (240–244). Based on
their structure and their hierarchical position in the apoptotic
signaling cascade, caspases are categorized into upstream
initiators (caspase-2,−8,−9, and−10) and downstream effectors
(caspase-3,−6, and−7) (245–247). In brain cells, including
neurons and glial cells, caspase activation does not always result
in apoptosis (248, 249).

In neurodegenerative disorders, including AD, several
stressors, such as deficits of oxygen and growth factors,
excitotoxicity, inflammation, dysregulation of Ca2+ homeostasis
and oxidative stress, may induce caspase activation, contributing
to the etiopathogenesis of the disease (250–252). The associations
between tau toxicity and caspase activation, and the relative
references are listed in Table 5.

Multiple studies have provided evidence that human
AD brains display significant caspase-3,−6,−7,−8, and−9
upregulation, compared to controls (69, 255–258). A large body
of literature has focused on caspase-3, recognized as the main
effector of the apoptotic process (262, 263). The presence of
active caspase-3 within NFT is considered one of the earliest
biomarkers of AD (259), with a high degree of colocalization in
neurons, astrocytes and BVs, in subjects with overt pathology
(256). This underpins a tight correlation between tau toxicity
and neurovascular dysfunction, which is possibly caspase-
mediated. To further corroborate this hypothesis, another study
has demonstrated the activation of caspase-3 in CD68+ cells,
identified by the authors as reactive microglia, in the frontal
cortex of AD brains, relative to age- and gender-matched healthy
controls (248). Moreover, neurons and a subset of degenerating
astrocytes positive for active caspase-3 have been described in
FTD cerebral samples (260). The activation of caspase-3 has been
described to precede and to lead NFT formation in 7-month-old
rTg4510 mice. Remarkably, when animals have been treated
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TABLE 4 | Tau and mitochondrial dysfunction.

Model/disease Tau isoform Mitochondrial dysfunction References

RBE4 (rat brain ECs) WT Following treatment with okadaic acid (PP2A inhibitor), increased

ROS production, mitochondrial Ca2+ overload, and activation of

caspase-3 and caspase-9.

(197)

Co-culture rat

primary neurons +

rat primary

astrocytes

h4R tau (K18 fragment) Mitochondrial Ca2+ efflux blocked in both neurons and astrocytes. (220)

Human

iPSC-derived

cortical neurons

10 + 16 MAPT Mitochondrial Ca2+ overload. Mitochondrial depolarization.

Caspase-3 activation.

(220)

Rat primary

hippocampal

neurons

hTau Decrease in ATP levels, ATP/ADP ratio and complex I activity. (195)

SHSY5Y P301L tau ATP depletion. Complex I activity deficit and depolarization of

MMP.

(219)

Cortical neurons Caspase-3 truncated

tau (D421)

Increased ROS production. Reduction of Ca2+-buffering capacity,

mitochondrial membrane integrity and MMP. Cyclosporin A (mPTP

inhibitor) treatment partially prevents mitochondrial impairment.

Mitochondrial fragmentation.

(221)

WT C57BL/6 mouse Oligomeric tau injection Following subcortical tau injection, decrease of complex I protein

expression, and activation of caspase-9, in the hippocampus.

(218)

Tg4510 mouse P310L tau (neuronal

expression)

Increased amounts of H2O2 and HNE. Diminished levels of ATP

and complex IV, in cortical tissues.

(198)

Tg4510 mouse P310L tau (neuronal

expression)

12-month-old mice display reduced activities of complex I and V.

24-month-old mice show reduced electron transport capacity and

ATP levels. Increased H2O2 and superoxide anion radical levels.

(217)

Frontotemporal

dementia

NFT Complex V level reduction, in temporal cortices. (217)

Alzheimer’s disease NFT Cortical complex IV activity is reduced. Reduction of complex I

(24- and 75-kDa subunits) and complex V protein levels.

(222–224)

Alzheimer’s Disease NFT Decreased ATP production. Increased oxidative stress markers

(free radicals, lipid peroxidation, and DNA and protein oxidation), in

frontal, parietal, and temporal lobes.

(225–228)

Alzheimer’s disease NFT Mitochondrial structural abnormalities in the vascular wall. (229)

with doxycycline to suppress tau expression, the levels of cleaved
caspase-3 in tangle-bearing neurons were diminished, while
tangles remained, suggesting that soluble tau is the upstream
initiator of caspase-3 activation, which in turn leads to the
fibrillary progression (253).

Interestingly, among more than 400 proteins that can be
cleaved by caspases (264–266), tau has been detected as substrate
of caspase-2 (267),−3 (65), and−6 (69). Tau fragments derived
from caspase-3 and−6 cleavage have been found in AD subjects
(65, 69). Specifically, D421-cleaved caspase-3 truncated tau is
accounted as an early feature of AD (268), and it has also
been observed in other tauopathies, including PiD, PSP and
CBD (269). Considering that caspase-3 cleaved tau shows an
enhanced propensity to phosphorylation (65), and therefore to
self-aggregation, besides the canonical role in apoptosis, caspase-
3 activation may also function as a trigger for tau polymerization
and NFT assembly (45, 47, 59, 66), ultimately causing dendritic
spine loss and synaptic dysfunction (67, 68), as well as possible
toxic effects for neurovascular cells. Accordingly, the injection
of human tau-4R in WT mice led to the neuronal activation

of caspase-3, tau truncation and aggregation. Moreover, when
animals were injected with truncated tau, D421+ neurons
showed colocalization of cleaved tau with the endogenous
WT isoform, together with an accumulation of misfolded tau,
further confirming that D421 tau fragment precedes and is
sufficient to induce tau conformational and phosphorylation
changes, and that the process is likely caspase-3-mediated (and
initiated by soluble tau) (253). Active caspase-3 and D421-
cleaved caspase-3 truncated tau have also been reported to
occur within GFAP+, CD68+, and EBA+ (endothelial barrier
antigen) cells in the white matter of corpus callosum, in a
rat model of TBI, corroborating the involvement of caspase-
3 activation in tau-mediated neurovascular damage (254). In
addition, caspase-3 derived tau fragments have been found in
NFT in the hippocampus, DG and frontal cortex, in human
vascular dementia brains. Importantly, active caspase-3 has been
detected in BVs and pre-tangle (but not NFT) neurons that
colocalized with cleaved tau, supporting that caspase-3 activation
is a required step for the cleavage of tau and the consequential
NFT development at the NVU level (261).
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TABLE 5 | Tau and caspases.

Model/disease Tau isoform Caspase activation References

Tg4510 mouse P310L tau (neuronal

expression)

Activation of caspase-3 precedes NFT. Following doxycycline treatment (to

suppress tau expression), active caspase-3 levels in tangle-bearing neurons

are diminished.

(253)

WT mouse h4R and caspase-3

truncated tau (D421)

h4R-tau injection triggers neuronal caspase-3 activation associated with tau

truncation and aggregation. In truncated tau-injected animals, D421+

neurons showed colocalization of cleaved tau with the endogenous tau,

together with an accumulation of misfolded tau.

(253)

Traumatic brain injury (rat) Active caspase-3 and D421-cleaved caspase-3 truncated tau presence

within GFAP+, CD68+, and EBA+ cells, in the corpus callosum.

(254)

Alzheimer’s disease NFT Caspase-3,−6,−7,−8, and−9 upregulation, in hippocampus and cortex. (69, 255–258)

Alzheimer’s disease NFT Active caspase-3 within NFT in the limbic cortex considered one of the

earliest biomarkers of AD.

(259)

Alzheimer’s disease NFT Active caspase-3 with a high degree of colocalization in neurons, astrocytes

and BVs, mainly in hippocampus and entorhinal cortex.

(256)

Alzheimer’s disease NFT Activation of caspase-3 in CD68+ cells (microglia) in the frontal cortex. (248)

Frontotemporal dementia NFT Neurons and degenerating astrocytes positive for active caspase-3, in the

temporal lobe.

(260)

Vascular dementia NFT Caspase-3 derived tau fragments found in NFT in the hippocampus, DG

and frontal cortex. Active caspase-3 (colocalizing with cleaved tau) detected

in BVs and pre-tangle neurons.

(261)

Alzheimer’s disease NFT 2–3-fold increase of active caspase-6 in the temporal and frontal cortex.

Caspase-6 cleaved tau found into intracellular, extracellular, and even

immature tangles.

(257)

Since Aβ oligomeric aggregates have also been shown to
induce caspase-3 activation in neurovascular cells, including
endothelial, glial, and neuronal cells (10, 13–15, 206–208), the
presence of Aβ deposits surrounding cerebral vessels in AD
and CAA, promoting caspase-3 activation, may also prompt an
increase in the levels of caspase-3 truncated tau, which is more
prone to phosphorylation and aggregation, and may therefore
enhance tau toxicity at the NVU (270). In addition, AD subjects
display a 2–3-fold increase of active caspase-6 in the temporal
and frontal cortex, where caspase-6 cleaved tau is found into
intracellular, extracellular, and even immature tangles (257).

Overall, this evidence supports the hypothesis that both
tau and Aβ can initiate caspase activation, which may lead
to apoptosis and, concomitantly, promote tau aggregation and
NFT formation, further exacerbating tau-induced neurovascular
pathology. In particular, the presence of active caspases in the
brain vasculature (254, 256, 261), accompanied by the discussed
evidence of tau transmission within neurovascular cells, supports
the hypothesis that caspase activation may induce accumulation
of toxic caspase-3 cleaved tau in cerebrovascular and glial
cells, thus precipitating neurovascular pathology in AD, CAA,
and tauopathies.

DISCUSSION

The impact of tau on neurovascular pathology, although
previously understudied, has recently become an active topic
of research for the AD and dementia scientific community.
Although more specific mechanistic studies in vessel wall cells
are needed, here we postulate that tau may propagate from

neurons to NVU cellular components such as ECs, astrocytes and
microglia, and that inflammatory and mitochondrial alterations
induced by tau in these cells may underlie its toxicity at the NVU
(Figure 1).We further hypothesize that caspase activation, and in
particular active caspase-3 tau cleavage, may also play a primary
role in pathological tau-induced vascular dysfunction. Whether
oligomeric Aβ aggregates, possibly through caspase-mediated
mechanisms, contribute to perivascular tau oligomerization
and NFT deposition is an intriguing hypothesis in need of
additional exploration. Contextually, the lack of knowledge of
the cell-specific detrimental molecular mechanisms initiated by
tau arises new questions. Further studies will be necessary
to elucidate tau-driven endothelial, pericyte, astrocytic, and
microglial harmful cellular events. Amongst these, it will be
critical to dissect the possible link between tau dysregulated
clearance, altered inflammatory response and development of tau
aggregates around cerebral BVs, in neurodegenerative diseases,
including AD and other tauopathies, such as PiD, PSP, and CTE.
Although tau toxicity seems to be responsible for neurovascular
compromise, other studies suggest that early CVD can also cause
tau pathological accumulation (136). Both these mechanisms
may induce a vicious cycle between CVD and tau pathology,
which still remains largely understudied. Establishing causality
of these effects when studying a disease like AD, presenting
with different pathologies, such as amyloidosis, tauopathy,
cerebrovascular dysfunction, and neuroinflammation, often
overlapping at the same time in the same brains, will require
multiple and properly-designed studies.

Moreover, developing strategies to promote perivascular
clearance, such as immunotherapy (271) and to target
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neurovascular cell-specificmechanisms, includingmitochondrial
dysfunction (207, 208, 272), to counteract toxicity of both
amyloid and tau, will be essential research efforts to ameliorate
CVD in AD and other tauopathies.
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The aggregation of abnormally phosphorylated tau protein in neurons and glia is a

neuropathological hallmark of several neurodegenerative disorders, collectively known

as tauopathies. They are further subclassified based on the preferential pathological

aggregation of three carboxyl-terminal repeat domains (3R) and/or 4R tau. Corticobasal

degeneration (CBD) is a rare neurodegenerative disorder classified as a 4R tauopathy.

In the present study, we extend analysis of CBD-tau cell-type specific pathology

transmission with 3R and 4R tau isoform distinguishable changes. We use a

humanized tau (hTau) mouse line, which overexpress all six human tau isoforms in

a murine tau knockout background and perform intrastriatal inoculation of control

and CBD-tau enriched human brain homogenate. We show that CBD-tau causes

hyperphosphorylation of tau at Ser202 predominantly in oligodendrocytes. Next, we

demonstrate the spread of tau pathology from striatum to the overlaying corpus callosum

and further to the contralateral side. Finally, we demonstrate that the almost exclusive

oligodendrocyte-based transmission of hyperphosphorylated tau is reflected in the

endogenous 4R tau isoform expression and corresponds to subclassification of CBD

as a 4R tauopathy. Additionally, we identify functional changes in oligodendrocytes

reflected bymyelin basic protein abnormalities upon CBD-tau inoculation. These changes

are not observed in murine tau knockout mice lacking both human and murine tau.

Our study presents not only in vivo tau isoform–driven region- and cell-specific tau

pathology, but also underlines that tau pathology seeding and transmission might be

oligodendrocyte-based. These results, which need to be extended to more cases, give

new insights into why tauopathies might vary greatly in both histopathological and

neuroanatomical patterns.

Keywords: tau, CBD, oligodendrocytes, myelin basic protein, hTau mice

INTRODUCTION

Corticobasal degeneration (CBD) is a rare neurodegenerative disorder with 0.6–0.9 cases per
100,000 individuals per year (1, 2), and in a more recent study of a Russian population, it
was estimated at 0.02 cases per 100,000 individuals per year (3). The cardinal CBD features
are progressive asymmetric rigidity and apraxia, accompanied by aphasia and dystonia. The
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neuropathological hallmark of CBD is astrocytic plaque
formation and accumulation of abnormally phosphorylated
tau in neurons and glia (oligodendroglia and astrocytes)
predominantly in forebrain structures (4). Although the CBD tau
pathology is mainly astrocytic and neuronal, the oligodendroglia
tau aggregates are also present in a form of numerous and
widespread cytoplasmic process inclusions (argyrophilic
threads) (5) and oligodendroglia cell body inclusions (coiled
bodies) (6). Although astrogliopathy predominates in the earliest
stage of CBD pathology, the oligodendroglia involvement in
the early preclinical stages is also reported (7). Furthermore,
in connection to the oligodendroglia pathology, the white
matter volume loss in subcortical structure is observed in CBD
(8, 9). Although CBD is a predominantly sporadic disorder,
familial cases with tau protein mutation (N296N) have been
reported (10).

Abnormalities in tau protein, resulting in its aggregation
in neurons and glia, are a neuropathological hallmark of
more than 20 neurodegenerative disorders collectively named
tauopathies (11). Human tau protein is encoded by the
microtubule associated protein tau (MAPT) gene containing
16 exons. The alternative splicing of exon 2 (E2), E3,
and E10 result in expression of 6 tau isoforms in the
adult human brain. The E2 and E3 determine the presence
of 0, 1, or 2 near-amino-terminal inserts (0N, 1N, or
2N, respectively), and the existence of 3 or 4 carboxy-
terminal repeat domains (3R or 4R, respectively) is dictated
by alternative splicing of E10, in which only 4R variants
include E10. The carboxy-terminal repeat domains are part
of the microtubule assembly domain, and the presence
of an extra repeat in 4R tau accelerates the microtubule
assembly process 2.5–3.0 times compared to 3R (12). The
presence or absence of E10 is particularly interesting in
tauopathies. The preferential accumulation of 3R and/or 4R
tau provides a subclassification of tauopathies (13). The
most frequent neurodegenerative disorder, Alzheimer disease
(AD), is a 3R + 4R tauopathy; progressive supranuclear
palsy (PSP), CBD, and argyrophilic grain disease are 4R
tauopathies; and Pick’s disease (PiD) represents a 3R tauopathy
(13). The tau protein also undergoes many post-translational
modifications, among which phosphorylation is of particular
interest due to insoluble hyperphosphorylated tau deposits found
in postmortem brains from patients with tauopathy (14). Since
the first classification of tau as a phospho-protein (15), at least 85
phosphorylation sites have been identified (16). Under normal
physiological conditions, phosphorylation/dephosphorylation of
tau modulates its microtubule binding properties. Tau affinity
to the microtubule decreases upon phosphorylation (14), which
increases the amount of more aggregation-prone cytosolic tau
fraction (17). In addition, a recently published study challenges
the current hypothesis that tau protein is a microtubule-
stabilizing protein in axon and favor a new theory in which
tau rather enables axonal microtubules to have the long labile
domains (18).

Over the years, much attention has been placed on the
neuronal connectome from the injection side and specific tau
strains to elucidate the intraneuronal spread of tau aggregates

in tauopathies. Recently, more focus is placed on explaining
the role of astrocytes, oligodendrocytes, and microglia in tau-
driven neurodegenerative disorders. Moreover, the striatum
and prefrontal cortex are indicated as the earliest sites of tau
pathology in CBD (7). Therefore, we utilize humanized tau
(hTau) animals, overexpressing all six human tau isoforms
in a murine knockout background and perform intrastriatal
CBD-tau enriched brain homogenate inoculation to study a
CBD-tau cell-type-specific pathology transmission. We show an
oligodendrocyte predominant disease transmission, which we
further identify to be 4R tau dependent.

MATERIALS AND METHODS

Subjects and Sample Collections
Subjects’ consent was obtained according to the Declaration
of Helsinki. All experiments involving human subjects were
approved by the regional ethical committees at Karolinska
University Hospital (2016/19–31/1). Formalin-fixed, paraffin-
embedded 5-µm human brain sections and fresh frozen human
brain blocks from subjects without neurological disorders (n =

1) or pathologically typical CBD (n = 1) were obtained from
the Queens Square Brain Bank, London. The control case was
an 88-year-old male with pathological aging-related amyloid
beta deposition, limbic TDB-43, and mild small vessel disease.
The CBD case was a 78-year-old male with characteristic CBD
pathology, including typical AT8 positive astrocytic plaques,
neuropil threads, and scattered oligodendroglial coiled bodies in
the subcortical white matter. He also exhibited pathological aging
(CERAD sparse amyloid beta plaques), Braak & Braak stage II. A
detailed neuropathological description of the cases is presented
in the Supplementary Data.

Purification of Insoluble Tau From CBD and

Control Brains
The fresh frozen blocks of human frontal cortex from the
CBD and control cases were homogenized at 1:5 (w/v) in
sterile phosphate-buffered saline (PBS) with complete protease
inhibitors (1836153, Roche, Basel, Switzerland), sonicated 5× 1 s
and centrifuged at 3,000 g at 4◦C for 5min. Next, the supernatant
was centrifuged at 100,000 g at 4◦C for 20min. The supernatant,
containing soluble tau, was aliquoted and stored at −70◦C, and
the pellet fraction containing insoluble tau was resuspended in
the original volume of homogenization buffer, sonicated 5 × 1 s,
aliquoted, and stored at−70◦C (19).

Animals
hTau transgenic mice B6.Cg-Mapttm1(EGFP)Klt

Tg(MAPT)8cPdav/J (stock #004808 005491, The Jackson
laboratory, Bar Harbor, ME, USA) and tau knockout (KO) mice
B6.Cg-Mapttm1(EGFP)Klt (stock #004779, The Jackson laboratory,
Bar Harbor, ME, USA) were bred in the laboratory according to
supplier instructions.

Stereotaxic Surgery
The 3-month-old mice were randomly assigned (4–8 per
group) to the experimental groups. All experiments were
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performed in agreement with the European Communities
Council (86/609/EEC) and approved by the Stockholm North
Ethical Committee (Ethical permit # N13014). Stereotaxic
surgery was performed under anesthesia in a stereotaxic frame
(Stoelting, Wood Dale, IL, USA). The right striatum was injected
with 8 µg of insoluble tau fractions from brain lysates of CBD
or control cases at the coordinates 0.8mm posterior, 1.95mm
lateral to bregma, and 3.0mm ventral according to bregma.
The infusion of 2 µl was conducted with a 10-µl Hamilton
syringe (Hamilton, Bonaduz, Switzerland) at a rate of 0.2 µl/30 s.
After infusion completion, the needle was left at the position
for an additional 5min and then slowly retracted. The skin was
sutured and postoperative pain relief, Temgesic (s.c.; Indivior UK
Limited, Slough, UK), was given directly after the surgery and
additionally two times within 48 h. The animals were placed back
in the cage with unlimited access to water and food until the
experimental endpoint.

Immunocytochemistry
At 1 and 12 months postsurgery, mice were deeply anesthetized
and perfused transcardially with saline followed by buffered 4%
paraformaldehyde. Both hemispheres were collected, dehydrated,
and embedded in paraffin and then sectioned into 4-µm-
thick sagittal sections using a microtome. Next, slides were
deparaffinized, rehydrated, and subjected to the antigen retrieval
step in sodium citrate pH 8.5 for 30min at 80◦C. All washes
were made with 1X PBS (7.2mM Na2HPO4, 2.8mM NaH2PO4,
140mM NaCl, pH 7.4). Blocking of endogenous IgG with a
Mouse on Mouse (M.O.M.TM) Basic kit (BMK-2202, Vector
Laboratories, Burlingame, CA, USA) was performed according
to manufacturer protocol for mouse primary antibodies.
The overnight incubation was performed at 4◦C with the
following primary antibodies: CP13 antibody (gift from P.
Davis, dilution 1:1,000) for detection of phosphorylated tau
at Ser202, Olig2 (ab109186, Abcam, Cambridge, UK; dilution
1:300), Sox9 (ab185966, Abcam, Cambridge, UK; dilution
1:300), NeuN (ab177487, Abcam, Cambridge, UK; dilution
1:300), MBP (sc-271524, Santa Cruz Biotechnology, Dallas,
TX, USA; dilution 1:300), and RD4 (05-804, Merck Millipore,
Burlington, MA, USA; dilution 1:300). Next, sections were
washed and quenched of endogenous peroxidase in 3% hydrogen
peroxide and 10% methanol in PBS. Thereafter, sections were
washed, and secondary antibody incubation was performed with
M.O.M.TM Biotinylated Anti-Mouse IgG Reagent (BMK-2202,
Vector Laboratories, Burlingame, CA, USA) or ImmPRESSTM-
AP REAGENT Anti-Rabbit IgG (MP-5401, Vector Laboratories,
Burlingame, CA, USA) according to manufacturer protocol. The
subsequent washes were performed, and avidin-biotin complex
horseradish peroxidase kit (ABC Elite) (PK-6100, Vector
Laboratories, Burlingame, CA, USA) with 3,3-diaminobenzidine
(DAB, D5637, Sigma-Aldrich, St. Louis, MO, USA) based
detection, yielding brown product, was applied for CP13, MBP,
and RD4 antibody detection. The Vector R© Red AP substrate
(SK-5100, Vector Laboratories, Burlingame, CA, USA), yielding
red/pink reaction product, was applied for Olig2, Sox9, and
NeuN antibodies. The multiple antigen labeling was performed
for detection of CP13 or RD4 antibody with DAB chromogen

and followed by subsequent Olig2, Sox9, or NeuN overnight
incubation and detection with Vector R© Red AP substrate.
Negative controls, omitting primary antibodies, were always
conducted in parallel for immunohistochemical staining. The
human paraffin sections were treated as described above for mice
sections with the following alterations: no M.O.M. kit incubation
was applied, and horseradish peroxidase directly conjugated
secondary antibody (P044701-2, Dako, Denmark; dilution 1:100)
was applied to detect CP13 mouse antibody.

Sodium Dodecyl Sulfate Polyacrylamide

Gel Electrophoresis (SDS-PAGE)
The SDS-PAGE was performed as previously described (20). The
sample was mixed in a 3:1 ratio with denaturing loading buffer
(106mM Tris-HCl, 141mM Tris, 2% lithium dodecyl sulfate
(LDS), 10% glycerol, 6% β-mercaptoethanol, 0.51mM EDTA,
0.22mM SERVA Blue G-250, 0.175mM Phenol Red, pH 8.5) and
boiled at 95◦C for 5min. Next, samples were separated using a
bis-tris acrylamide gel using MES running buffer (50mM Tris,
50mM 2-(N-morpholino) ethanesulfonic acid (MES), 0.1% SDS,
1mM EDTA, pH 7.3).

Western Blotting
After SDS/PAGE, gels were assembled with 0.45 µm pore size
polyvinylidene difluoride membranes, and semidry transfer was
performed. Membranes were blocked during 1 h incubation in
5% skim milk at RT. Next, membranes were incubated overnight
at 4◦C with a primary antibody diluted 1:1,000 (vol/vol)
in 1% skim milk. Membranes were thereafter incubated for
2 h with appropriate horseradish peroxidase (HRP)-conjugated
secondary antibody (Dako, Denamrk) diluted 1:10,000 (vol/vol)
in 1% skim milk at RT. The signal was developed by a Clarity
Western ECL Substrate (BioRad, USA). A colorimetric scan was
used to visualize the protein ladder. The intensity of protein
bands was analyzed using ImageJ (21). Primary antibodies used
were RD3 (05-803, Merck Millipore, USA), RD4 (05-804, Merck
Millipore, USA), CP13 (gift from P. Davis, 1:5,000 dilution), AT8
(MN1020, Thermo Fisher Scientific, USA), AT100 (MN1060,
Thermo Fisher Scientific, USA), pThr181 (12855, Cell Signaling,
USA) and DA9 (gift from P. Davis).

Dot Blotting and Ponceau S Staining
One µl of the insoluble tau fractions from brain lysates of CBD
and control cases was placed on a nitrocellulose membrane and
air dried. The Ponceau S staining (P7170-1L, Sigma-Aldrich,
St. Louis, MO, USA) was performed according to manufacture
protocol. A colorimetric scan was used to visualize the signal. The
intensity of the protein signal was analyzed using ImageJ (21).

Negative Stain TEM
Three µl of the sample was applied on glow-discharged, carbon-
coated, and formvar-stabilized 400 mesh copper grids (Ted Pella)
and incubated for approximately 30 s. Excess sample was blotted
off, and the grid was washed with MilliQ water prior to negative
staining using 2% uranyl acetate. TEM imaging was done using
Hitachi HT7700 (Hitachi High-Technologies) transmission

Frontiers in Neurology | www.frontiersin.org 3 January 2021 | Volume 11 | Article 589471247

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


Zareba-Paslawska et al. CBD-Tau Pathology Transmission in Oligodendrocytes

electron microscope operated at 100 kV equipped with a 2k x 2k
Veleta CCD camera (Olympus Soft Imaging System).

Cell Counting
Cell counting was performed on representative light microscopy
pictures. The digital images of the striatum and corpus callosum
were obtained by a microscopic objective lens (20×, Plan Fluor;
Nikon, Tokyo, Japan) and analyzed using ImageJ. For each
animal, three sections were analyzed. From each section, three
locations of the structures were selected for microphotography.
For the striatum, the two dorsal (one anterior and one posterior)
and one ventral images were analyzed. The dorsal anterior
striatum analysis was performed, omitting the internal capsule.
For the corpus callosum, pictures corresponding to the anterior,
medial, and posterior parts of the corpus callosum overlaying the
striatumwere analyzed. Themanual exhausted counting of single
and double positive cells was performed blindly. The data are
presented as a fraction of double positive (CP13+/Olig2+) cells
of all single positive (Olig2+) cells and displayed as a percentage
of control injected animals.

Densitometry
The optical density of MBP immunoreactivity was performed on
representative light microscopy pictures. The digital images of
the corpus callosum were obtained by a microscopic objective
lens (10×, Plan Fluor; Nikon, Tokyo, Japan) during one
microscopic session and analyzed in gray scale using ImageJ.
The same microscope light intensity was applied to all acquired
pictures. For each animal, three sections were analyzed. From
each section, three locations from the anterior, medial, and
posterior parts of the corpus callosum overlaying the striatum
were selected, omitting backgrounds gaps. The picture collections
and data analysis were performed blindly. The optical density
for each location was corrected for non-specific background
density. The data are presented as a percentage of control
injected animals.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism
software (GraphPad Inc). A Mann–Whitney U test was applied
for nonparametric comparison between two groups. The Student
t test was applied for parametric comparison between two groups
after assessing normality with the Shapiro–Wilk normality
test. A Spearman’s rank correlation coefficient was used to
analyze dependence between two sets of data. All statistical
tests were 2-tailed, and a P-value < 0.05 was considered
statistically significant.

RESULTS

To investigate cell-specific propagation of CBD-tau, we prepared
an insoluble tau fraction from a neuropathologically confirmed
CBD case and a control non-neuropathological case. The
detailed neuropathological case description is presented in the
Supplementary Data. The Western blot analysis of the tau
insoluble fraction of control and the CBD brain homogenate used
for inoculation is presented in Supplementary Figure 1A. The
3R tau isoforms are presented in both CBD and control cases,

and no high molecular weight aggregates were detected in either
of them. Importantly, the 4R tau isoforms were also detected in
both cases, but only the CBD case possessed a high molecular
aggregated form of 4R tau. Further analysis reveals that only the
CBD case possessed CP13 (pSer202), AT8 (pSer202, pThr205),
AT100 (pThr212, pSer214), and pThr181 positive tau in the
tau insoluble brain homogenate fraction. All of them were also
detected as a high molecular weight species. In addition, the CBD
inoculated material had 3-fold greater signal intensity for total
tau than the control case (DA9, pan-tau antibody). Importantly,
Ponceau S staining showed that the protein load was 2-fold lower
in the CBD case than in the control. Therefore, the observed
greater total tau load in the CBD case was due to tau pathology,
not difference in total protein load. Further, we performed
TEM analysis of injected insoluble material from both the CBD
and control cases. Only a few short tangles were observed
in the control case (Supplementary Figure 1B). In material
isolated from the CBD case, numerous short tangles can be seen
(Supplementary Figure 1C). We have not observed any long
tangles in any of the samples, which is connected with performing
a sonication step of the material prior to injection into
mice brains. In addition, we performed immunohistochemistry
analysis of frontal cortices from the control and CBD cases using
CP13 antibody (Supplementary Figures 1D,F) specific for tau
phosphorylated at Ser202 (pSer202), commonly used to detect
tau pathology in both early (pretangle) and more advanced
stages of neurofibrillary tangle accumulation (22–24). The CP13
positive (CP13+) astrocytic plaques were observed only in the
CBD case. The neuronal CP13 staining was regularly detected in
the CBD case, and only few neurons were observed in the control
case. The aging-related tau astrogliopathy was present in both
cases in the form of CP13+ thorn-shaped astrocytes. No fuzzy
CP13+ astrocytes were detected in any of the cases. The negative
microphotography representation of CP13 staining highlights
abundant pSer202 involvement in CBD pathology compared to
the control case (Supplementary Figures 1E,G).

The insoluble tau fraction of CBD or control case brain
homogenate was stereotaxically injected into the right striatum
of 3-month-old humanized tau (hTau) animals and tau knockout
mice (KO) based on neuropathological findings highlighting the
striatum in preclinical and early stages of CBD (7). The hTaumice
overexpress all six human tau isoforms under the tau promoter
in the murine tau KO background. Next, we examined tau
pathology at 1 and 12 months post-surgery using CP13 antibody
(pSer202, pretangles, andmore advanced stages of neurofibrillary
tangle accumulation) (22–24).

We started analysis of oligodendrocytes using the Olig2
nuclear marker combined with CP13 immunoreactivity.
Interestingly, 1 month after inoculation, the vast majority of
CP13 positive (CP13+) oligodendrocytes in the striatum were
located within or in close proximity to white matter tracts, and
CP13 negative (CP13−) were equally distributed (Figure 1A). No
significant differences were observed in Ser202 phosporylated
tau positive oligodendrocytes (CP13+/Olig2+) between control-
tau and CBD-tau injected hTau animals in either contra- or
ipsilateral striatum (Figures 1B,C, respectively). However,
12-month inoculation of CBD-tau resulted in a significantly
higher presence of CP13+ oligodendrocytes in the striatum
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(Figures 1A,D,E). Interestingly, the location of the CP13+

oligodendrocytes was no longer mainly restricted to the
white matter tracts and their near proximity, but CP13+

oligodendrocytes were also regularly observed in striatal gray
matter (Figure 1A). Importantly, the significantly increased
number of CP13+ oligodendrocytes was not restricted to the
ipsilateral hemisphere but was also present in the contralateral
striatum (Figures 1A,D,E). This suggests that CBD-tau can
induce transmittable changes in oligodendrocyte population
across hemispheres.

Due to anatomical connections of striatal white matter
tracts to the corpus callosum, we also analyzed CP13+

oligodendrocytes in the corpus callosum. After 1 month of the
control-tau homogenate inoculation, approximately one third
of oligodendrocytes were CP13+ (Figure 1A). At that time
point, no significant differences in CP13+ oligodendrocytes
were observed between control-tau and CBD-tau injected hTau
animals in either the contra- or ipsilateral sides (Figures 1F,G,
respectively). Although in line with striatal results, 12 months
after homogenate inoculation, CP13+ oligodendrocytes were
significantly more frequently observed in CBD-tau than in
control-tau injected hTau animals (Figure 1A) in both the
contra- and ipsilateral sides (Figures 1H,I, respectively). This
confirms that tau-enriched brain homogenate from a CBD case
induced transferrable changes in the oligodendrocyte population
also in the corpus callosum. Furthermore, the significant
positive correlation in the fraction of CP13+ oligodendrocytes
was observed between the striatum and corpus callosum
(Figure 1J), suggesting the presence of the oligodendrocytes’
transmissible changes in tau phosphorylation between these
structures. Interestingly, when comparing the spread of
Ser202 phosporylated tau pathology across hemispheres, the
significant positive correlation between the number of ipsi-
and contralateral CP13+ oligodendrocytes was present only in
CBD-tau (Figure 1K) and not control-tau (Figure 1L) injected
animals. This supports that only the CBD-tau, not control-tau, is
able to trigger and transmit pathology across hemispheres.

Subsequently, we studied if an increased fraction of CP13+

oligodendrocytes could be reflected in their functional changes.
To assess this possibility, we measured myelin basic protein
(MBP) immunoreactivity in the corpus callosum of 12-month
post-injected hTau and KO animals. The densitometric analysis
revealed a significant decrease in MBP immunoreactivity in
CBD-tau compared with control-tau injected hTau animals
(Figures 2A–C). On the contrary, analysis of tau KO animals
did not show any significant differences in MBP density between
CBD-tau and control-tau injected animals (Figures 2A,D,E),
highlighting the importance of human endogenous tau presence
in triggering CBD-tau pathology. In addition, the significant
negative correlation was detected between MBP density
and the number of CP13+ oligodendrocytes in the corpus
callosum of hTau mice (Figure 2F), indicating the myelin
disruption as a functional consequence of increased Ser202
hyperphosphorylated tau in oligodendrocytes.

Because CBD is primarily an astrogliopathy, we analyzed
tau pathology in astrocytes. We applied Sox9, a nuclear marker
specific for astrocytes, to identify astrocytes in the adult mouse

brain outside the neurogenic regions. Examination of striatal
astrocytes revealed that CP13+ astrocytes are a very rare event
in hTau animals, and the vast majority of astrocytes are CP13−.
Similar results were observed in control-tau and CBD-tau
injected animals at both experimental time points (Figure 3).
Likewise, the astrocyte population in the corpus callosum also
remained mainly CP13− in all experimental groups (Figure 3).

Furthermore, we also analyzed Ser202-specific tau
phosphorylation in the neurons of the striatum, and no
significant alterations were observed in any of the experimental
groups at any of the time points (Figures 1A, 3, based on
neuronal morphological discrimination). The corpus callosum
was not examined due to a lack of neurons in this structure.
The clear neuronal immunoreactivity of CP13 was present
in the hippocampus (Supplementary Figure 2) and other
brain regions in hTau animals indicating that CP13 antibody
recognized pSer202 tau not only in oligodendrocytes, but also
neurons (22–24).

Finally, to determine the possible cause of preferential
oligodendrocyte susceptibility to CBD-tau induced changes
over other cell types in the striatum and corpus callosum,
we performed 4R tau-specific immunorectivity to follow
subclassification of CBD as a 4R tauopathies (Figure 4).
Interestingly, we identified that the only 4R positive cells
in the striatum and corpus callosum were oligodendrocytes,
and no 4R tau-positive astrocytes or neurons were observed.
Furthermore, none or weak expression of 4R tau were detected
in oligodendrocytes in the cortex or hippocampus. Only a few
4R tau-positive neurons were observed in the cortex and some in
the hippocampus. In none of the analyzed structures were 4R tau
positive astrocytes identified. Interestingly, this suggests that 4R
tau expression in hTau animals is both cell and site specific.

DISCUSSION

Numerous studies have been performed with intracerebral
injection of human brain homogenates from a range of
tauopathies in mice expressing human tau (19, 25–29) or WT
animals (29–33). In the present study, by applying a humanized
tau (hTau) mouse line (22), we generated a new model in
which CBD-tau transmission could be examined not only in
the presence of all six human tau isoforms, but also excluding
any interaction resulting from endogenous murine tau. The
important advantage of the applied model is a non-predominant
4R tau environment, which allows the 3R and 4R tau isoforms
distinguishable study. Additionally, tau overexpression in this
line is driven by the endogenous tau promoter. Furthermore,
performed striatal inoculation relates to the brain region mostly
affected by astrogliopathy in the early stages of CBD (7). In
our research, the manifestation of pathological tau was analyzed
by monitoring the presence of phosphoepitope Ser202 on tau
protein by CP13 antibody immunoreactivity, commonly used to
detect tau pathology in both early (pretangle) andmore advanced
stages of neurofibrillary tangle accumulation (22–24).

We show that CBD-tau brain homogenate inoculation in
striatum of hTau animals caused hyperphosphorylation of
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FIGURE 1 | The tau pathology transmission in oligodendrocytes. (A) The microphotography pictures of double immunohistochemistry staining of tau phosphorylated

at Ser202 (CP13 antibody, brown chromogen) in oligodendrocytes (Olig2, nuclear marker, red/pink chromogen). The cell distribution in the contralateral (left panel) and

(Continued)
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FIGURE 1 | ipsilateral side (right panel) of the striatum (left subpanel) and corpus callosum (right subpanel) after 1 month (upper panel) and 12 months (lower panel) of

control-tau (upper subpanel) or CBD-tau (lower subpanel) inoculation. The representative pictures of cells in each group are presented as the black bordered inserts.

The presence of pathological tau in oligodendrocytes increases upon CBD-tau inoculation at 12 months postsurgery. No changes for control-tau were observed. The

scale bar represents 50µm and applies to all pictures; the black-bordered inserts represent 4× digital enlargement. (B–I) the quantitative analysis of double positive

oligodendrocytes (CP13+/Olig2+ ): 1 month postsurgery in the contralateral (B, controls n = 3, CBD n = 8) and ipsilateral (C, controls n = 4, CBD n = 8) striatum; 12

month postsurgery in the contralateral (D, controls n = 6, CBD n = 4) and ipsilateral (E, controls n = 4, CBD n = 4) striatum; 11 months postsurgery in the

contralateral (F, controls n = 3, CBD n = 7) and ipsilateral (G, controls n = 4, CBD n = 7) corpus callosum; and 12 month postsurgery in the contralateral (H, controls

n = 5, CBD n = 4) and ipsilateral (I, controls n = 4, CBD n = 4) corpus callosum. The significant increase of tau phosphorylated at Ser202 positive oligodendrocytes

in CBD-tau injected animals was observed in striatum and corpus callosum 12 months postsurgery compared to control-tau animals. (J–L) the correlation of

double-positive oligodendrocytes (CP13+/Olig2+) as a fraction of all oligodendrocytes between the corpus callosum and striatum (J), between the ips- and

contralateral side of CBD-tau (K) and control-tau (L) injected animals. The striatum and corpus callosum transmissible changes in oligodendrcytic tau pathology were

detected by the presence of the significant positive correlation between them (J). The significant positive correlation between ipsi-and contralateral hemispheres of

oligodendrcytic tau pathology was observed only in CBD-tau (K), and not control-tau (L) injected animals strengthening that only pathological tau is able to trigger

transmissible changes in oligodendrocytes across hemispheres. Comparison between 2 groups was performed using the Mann–Whitney U test. Spearman’s rank

correlation coefficient was used to analyze dependence between 2 sets of data. P value < 0.05 was considered statistically significant. *P < 0.05.

tau at Ser202 predominantly in oligodendrocytes. Next, the
pathology of tau hyperphosphorylated at Ser202 was transmitted
from the striatum to the overlaying corpus callosum in the
ipsilateral side and 12 months postinjection was also detected
in oligodendrocytes in the contralateral corpus callosum and
striatum. These results are in line with well-documented
oligodendrocytes and white matter pathology in CBD patients
(4–6, 8, 9). Although astrogliopathy predominates at the earliest
stage of CBD pathology, the oligodendroglia involvement in
the early preclinical stages is also reported in patients (7).
Interestingly, the striatum (caudate and putamen) was the
most affected by astrocytic plaque in the earliest stages, and
astrogliopathy was accompanied by oligodendroglia pathology
present in form of coiled bodies in the putamen (7).

Furthermore, the results showing oligodendrocyte
involvement in CBD-tau propagation in our model are in line
with previously reported studies inWT (31) and other transgenic
mice (26, 27, 29, 34). These studies report oligodendrocytic next
to neuronal and astrocytic involvement in CBD-tau propagation
although with discrepancy in the cell types involved and timing
in both WT and transgenic animals. Interestingly, intracerebral
inoculation of the same tauopathies’ brain homogenates in the
same mouse brain region, presented the diverse magnitude
of the cell type involvement in tau spreading depending on
whether the animals were WT or transgenic (PS19) (26). In
the PS19 transgenic mouse line, expression of the T34 isoform
of tau (4R1N) containing the P301S tau mutation is driven
by the murine prion protein promoter (35). It is, therefore,
not surprising to observe disease pathology in all reported
cell types (neurons, astrocytes, and oligodendrocytes) because
they have been preconditioned and unified toward it not
only by mutation per se but also 4R tau isoform presence
(both human and endogenous murine). However, even in this
preconditioned environment, predominantly oligodendrocytes
and white matter pathology was observed, over infrequent
intraneuronal tau aggregates upon CBD-tau inoculation for
1 month. Astrocytic pathology was scarcely detected later
in time, 6 months postinjection (26). This agrees with our
current report, in which exclusive oligodendrocyte involvement
over neuronal and astrocytic is observed after striatal CBD-
tau inoculation in hTau mice. A non-significant increase in
CP13+ oligodendrocytes was also detected as early as after

1 month CBD-tau inoculation, and it became significant at
12 months. We did not observe any significant neuronal or
astrocytic involvement. However, it should be noted that
robust acceleration of pathological changes caused by P301S
mutation reported by Lee, Trojanowki, and colleagues (35)
and other studies (23, 36–38), together with the tau isoform
expression pattern, need to be taken into consideration. On
the contrary, in the other study reported by Lee, Trojanowki,
and colleagues, CBD-tau injection into WT mice triggered tau
aggregates in oligodendrocytes and astrocytes simultaneously 1
month post-injection with accompanying systematic neuronal
inclusions (31). In addition, similarly to our study, propagation
of oligodendrocyte aggregates was shown over time from the
ipsi- to contralateral side of the white matter tracks (fimbria and
corpus callosum). Importantly, with our quantitative data, we
reported a significant positive correlation between the number
of ipsi- and contralateral CP13+ oligodendrocytes only in
CBD-tau and not control-tau injected animals, reinforcing that
only the CBD-tau was able to trigger and transmit pathology
across hemispheres.

Likewise, CBD-tau inoculation in ALZ17 animals (27),
expressing the longest human tau isoform (4R2N) under the
neuron-specific promotor (39) also caused oligodendrocytic tau
pathology. The presence of small neurofibrillary tangles and
abundant neuropil threads in the hippocampus were observed
6 months after post-hippocampal CBD-tau injection, and were
accompanied by tau inclusions in oligodendrocytes in the form
of coiled bodies. In line with the aforementioned studies (31, 35)
the astrocytic plaques were identified later in time (after 12
months inoculation).

The observed changes in diverse magnitude of the cell type
involvement and timing in tau spreading, reported in our
and previous studies (26, 27, 31, 34), might be explained by
heterologous promoters controlling overexpression of different
tau variants (normal or mutated), use of transgenic or WT
animals, as well as differences in tau isoform expression. The
ratio of 3R and 4R tau isoforms in the human adult brain is
1:1, and adult mice express exclusively 4R isoforms (12, 22,
23, 40–42). The radical changes in tau isoform expression were
reported in the literature upon introduction of all six human
tau isoforms in a mouse null background (with endogenous
tau knockout) animal lines (22, 41), and the predominant
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FIGURE 2 | The functional changes in oligodendrocytes triggered by CBD-tau inoculation. (A), the corpus callosum microphotography pictures of myelin basic protein

(MBP) immunoreactivity in the contralateral (left panel) and ipsilateral (right panel) sides in hTau (upper panel) or KO (lower panel) animals 12 months after control-tau

(upper subpanel) or CBD-tau (lower sub panel) injection. The scale bar represents 25µm and applies to all pictures. (B–E), The quantitative analysis of densitometric

data of MBP immunoreactivity in the corpus callosum of hTau animals contralateral (B, controls n = 4, CBD n = 4) and ipsilateral (C, controls n = 4, CBD n = 4)

hemispheres; and KO animals contralateral (D, controls n = 3, CBD n = 4) and ipsilateral (E, controls n = 3, CBD n = 4) hemispheres. The significant decrease in

MBP densitometry was observed bilaterally only in hTau animals, reflecting presence of tau-dependent changes. (F), correlation of MBP density and double-positive

oligodendrocytes in the corpus callosum. The presence of significant positive correlation indicates functional changes in oligodendrocytes upon tau pathology

presence. Comparison between two groups was performed using the Student t test. Spearman’s rank correlation coefficient was used to analyze dependence

between two sets of data. P-value < 0.05 was considered statistically significant. *P < 0.05, ***P < 0.0001.

expression of 3R over 4R human tau isoforms is observed.
Furthermore, as in other mouse lines with null background
expressing all six human tau isoforms (hT-PAC-N, Mapt−/−),
we observed indications of the region- and cell-specific tau
isoform expression in hTau animals. We found that 4R tau
isoforms are only expressed in oligodendrocytes in the striatum
and corpus callosum. Furthermore, none or weak expression
of 4R tau isoforms were observed in oligodendrocytes in
the cortex or hippocampus. No astrocytes in any of the
analyzed structures were 4R immunoreactive, and only a few
4R tau positive neurons were detected in cortex, some in the
hippocampus, and none were identified in the striatum. This

supports our observation that CBD, as a predominantly 4R tau
disorder, triggered tau pathology mainly in oligodendrocytes,
the only striatal cells in hTau animals expressing 4R tau. In
addition, we show that disease transmission is triggered in
anatomically connected regions only in the cells expressing
4R tau isoforms. This greatly correlates with a previously
published in vitro study in which tau fibrils from different
tauopathies recruited tau isoforms corresponding to the original
human cases (4R recruits 4R, 3R+4R recruits 3R and 4R)
(31). Likewise, a recent study using a newly generated 6hTau
transgenic line (expressing an equal ratio of 3R and 4R human tau
isoforms in null-background mice) states that distinct tauopathy
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FIGURE 3 | The absence of tau pathology transmission in astrocytes. The microphotography pictures of double immunohistochemistry staining of tau phosphorylated

at Ser202 (CP13 antibody, brown chromogen) in astrocytes (Sox9, nuclear marker, red/pink chromogen). The cell distribution in the contralateral (left panel) and

ipsilateral side (right panel) of striatum (left subpanel) and corpus callous (right subpanel) after 1 month (upper panel) and 12 months (lower panel) of control-tau (upper

subpanel) or CBD-tau (lower sub panel) inoculation. The representative pictures of cells in each group are presented as black-bordered inserts and demonstrate the

absence of pathological tau in astrocytes in any of the experimental group at any time points, and similarly, the absence of pathological tau in neurons (morphological

cell distinction) in any of the experimental group at any time points. The scale bar represents 50µm and applies to all pictures; the black-bordered inserts represent

4× digital enlargement.

strains recruit the corresponding tau isoforms present in AD,
PSP, CBD, and PiD into tau aggregates in 6hTau mice (34).
Importantly, in line with our report, the cross-seeding of non-
corresponding tau isoforms was inefficient in PSP and CBD
in contrary to AD. Moreover, oligodendrocytes together with
neuronal and astrocyte tau pathologies was observed upon CBD-
tau inoculation.

Furthermore, a recent study on human tau pathology
transition by glia in the absence of neuronal tau supports our
observation (29). In the absence of neuronal tau pathology
(no neuronal tau expression), the propagation of CBD-tau
pathology across the mouse brain was observed only in
oligodendroglia in the fimbria and corpus callosum, which
agrees with our report. In addition, astrocytic tau aggregates
did not spread in CBD-tau injected animals in the absence
of neuronal tau, and neuronal tau aggregate release and local
uptake by astrocytes was suggested as a basis of astrogliopathy.
Furthermore, in this study reported by Lee, Trojanowki,
and colleagues (29) the oligodendrocyte loss is reported, and
“oligodendroglial connectome” is suggested as a tau propagation
road. Our data also suggest oligodendrocyte connectome-based
tau transmission. The oligodendrocyte connectome is based

on the gap junctions (GJ) formed by connexin and pannexin
transmebrane proteins (43–45). The GJ allows exchange of small
molecules, ions, and metabolites between coupled cells. The
connexin-43 (Cx42), as reported by the Lee and Trojanowki
team, is highlighted together with aquaporin-4 as markers of
aging-related tau astrogliopathy (46). Although this study is
connecting tau pathology with connexin, highly expressed in
astrocytes and generating homotypic channels (Cx42/Cx42) in
astrocyte–astrocyte coupling, Cx42 is also highly involved in
generating heterotypic channels in astrocyte–oligodendrocyte
coupling with connexin-32 (Cx32). The Cx32 is highly
expressed by oligodendrocytes and recently reported to be
pivotal in α-synuclein oligomer uptake and transfer in neurons
and oligodendrocytes (47). Furthermore, a number of small
compounds and ions that alter tau aggregation have been
reported (48, 49). For example, the zinc ion (Zn2+) is one of the
most potent tau aggregation stimulators. Importantly, in mature
oligodendrocytes, the myelin sheath integrity was indicated to
be greatly dependent on MBP and PLP complexes with Zn2+

(50–53). In addition, a Zn2+ involvement in pathologies of
Alzheimer’s, Parkinson’s, and other neurodegenerative diseases is
reported (51).
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FIGURE 4 | The cell- and side-specific expression of four repeats of tau (4R) isoform in hTau animals brain. The high-power microphotography of double

immunohistochemistry staining of 4R tau isoform (RD4, brown chromogen) combined with oligodendrocytes (Olig2, left panel, red/pink chromogen), astrocytic (Sox9,

middle panel, red/pink chromogen) or neuronal (NeuN, right panel, red/pink chromogen) markers. The representative pictures of four brain regions: striatum (upper

panel), corpus callosum (second upper panel), cortex (third upper panel), and hippocampus (lower panel) with higher magnification of representative cells on the right

side of each image. In striatum and corpus callosum only oligodendrocytes were RD4 positive, and no RD4 immunoreactive astrocytes or neurons were detected. In

cortex only, some oligodendrocytes and rear neurons were RD4 positive, and no RD4 immunoreactive astrocytes were identified. Similarly, in the hippocampus, no

astrocytes were RD4 positive, and only some oligodendrocytes and neurons were weakly RD4 immunoreactive. The scale bar represents 25µm and applies to all

pictures; inserts represent 4× digital enlargement.

Although it did not include CBD, a previous study describing
oligodendrocytic involvement in tau seeding and spreading
from a variety of tauopathies by white matter injection
is in line with our present data (33). The inoculation of
sarkosyl-insoluble homogenates into the corpus callosum of WT
animals triggered tau pathology in oligodendrocytes without
any neuronal and astrocytic pathology. Furthermore, both tau
seeding and spreading in oligodendrocytes were active processes
with phospho-kinase involvement and, comparable to our data,
extending from the ipsi- to contralateral hemisphere. Also,
several reports using transgenic mice expressing tau mutations
display inclusions in oligodendrocytes in addition to neuronal
and astrocytes (54–58). Besides this, the pattern of glial tau
pathology spreading in PS19 animals upon CBD-tau inoculation
differed dramatically from intra-axonal spreading and the
occurrence of the axonal afferent- and efferent-independent
pattern has been proposed, which is consistent with our
report (26).

Importantly, in the current study, we also report the
functional consequences of increased oligodendrocytes with
tau hyperphosphorylated at Ser202. We show the significant
decrease in MBP density in the corpus callosum, both ipsi-
and contralaterally, in 12 months CBD-tau inoculated hTau

animals in comparison to controls. Furthermore, reduction
in MBP density was not observed in tau KO mice injected
either with CBD-tau or control-tau. This highlights the
importance of an endogenous tau presence in CBD-tau pathology
transmission and triggering of the subsequent functional
changes. In addition, the significant negative correlation
was detected between MBP density and number of CP13+

oligodendrocytes in corpus callosum, further strengthening the
myelin disruption as a functional consequence of increased
Ser202 hyperphosphorylated tau in oligodendrocytes. This is in
line with the aforementioned well-documented oligodendrocytic
and white matter pathology in CBD patients (8, 9). It is also
interesting to note that large-scale genetic studies have reported
that gene variants in myelin-associated oligodendrocyte basic
protein confers risk to develop CBD and PSP (59, 60).

Our research supports the emerging hypothesis that
the accumulation of tau in oligodendrocytes might cause
neurodegeneration by disrupting axonal transport (36). In
this context, it is important to mention that oligodendrocytes
are the most numerous glia cells in the brain (61). Moreover,
their classical role, myelin-based electric insulation to axons,
in optimizing axon potential conduction has been extended to
providing a trophic support to long axons (62, 63), white matter
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angiogenesis (64), and increasing tightness of the blood–brain
barrier (65). To our knowledge, we are the first reporting that
non-mutated human tau could contribute to MBP dysfunction
upon CBD-tau inoculation. The previous study presents
structural disruption and progressive loss of myelin in T34 P301S
mutant mice, but not in T34 tau overexpressing oligodendrocytes
in CNP promotor-driven (oligodendrocyte-specific) transgenic
animals (36). In this study, impairment in axonal transport
preceded axonal degeneration and correlates with early stages
of tau aggregate accumulation in oligodendrocytes. In another
report, the signs of slightly disrupted myelin are reported
in corpus callosum–injected WT animals by a variety of
tauopathies in diverse magnitudes by presenting proteolipid
protein 1 immunoreactive balls and dots (although this study did
not include any CBD cases) (33).

In conclusion, we demonstrate new insights into cell and
regional selectivity of tau spreading in sporadic CBD tauopathy.
We show that CBD-tau brain homogenate inocculation in
the striatum of hTau animals caused hyperphosphorylation of
tau at Ser202, predominantly in oligodendrocytes. Next, the
pathology was transmitted from striatum to overlaying corpus
callosum in the ipsilateral side and 12 months postinjection
also in oligodendrocytes in the contralateral corpus callosum
and striatum. Moreover, we report that the almost exclusive
oligodendrocyte-based transmission of hyperphosphorylated tau
is reflected by the endogenous 4R tau isoforms immunoreactivity.
Furthermore, we demonstrate that non-mutated human tau
could contribute to myelin dysfunction, reflected by decreased
MBP immunoreactivity, upon CBD-tau inoculation as the
functional consequence of increased oligodendrocytes with tau
hyperphosphorylated at Ser202.

The question of why tauopathies vary greatly not only in
histopathological but also neuroanatomical patterns could be
partially answered by region- and cell-specific tau isoform
presence in the human brain; however, additional larger studies
with more CBD cases are required to elucidate this issue.
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Adult hippocampal neurogenesis (AHN) has been widely confirmed in mammalian brains.

A growing body of evidence points to the fact that AHN sustains hippocampal-dependent

functions such as learning andmemory. Impaired AHN has been reported in post-mortem

human brain hippocampus of Alzheimer’s disease (AD) and is considered to contribute

to defects in learning and memory. Neurofibrillary tangles (NFTs) and amyloid plaques

are the two key neuropathological hallmarks of AD. NFTs are composed of abnormal

tau proteins accumulating in many brain areas during the progression of the disease,

including in the hippocampus. The physiological role of tau and impact of tau pathology

on AHN is still poorly understood. Modifications in AHN have also been reported in

some tau transgenic and tau-deleted mouse models. We present here a brief review

of advances in the relationship between development of tau pathology and AHN in AD

and what insights have been gained from studies in tau mouse models.

Keywords: neurogenesis, tauopathy, Alzheimer’s disease, dentate gyrus, tau

INTRODUCTION

AD has two neuropathological hallmarks, amyloid plaques, and NFTs. Amyloid plaques are
composed of amyloid ß peptides (1) derived from successive cleavages of amyloid precursor protein
(APP) (2). NFTs are constituted of microtubule-associated protein tau (MAPT) (3). In a family of
neurodegenerative diseases called tauopathies including AD, tau undergoes hyperphosphorylation
and aggregation to develop pathological forms of tau species such as oligomers or highly insoluble
filaments that form NFTs. The levels of NFTs are highly correlated with cognitive decline (4).
Tauopathies include frontotemporal lobar degeneration (FTLD) with tau positive inclusions with
or without gene mutation in MAPT, Pick disease, progressive supranuclear palsy, corticobasal
degeneration, and others (5). In AD brains, tau deposition occurs in a stereotypical manner,
with the hippocampus, limbic structures, brain stem, and the basal nucleus of Meynert being
most affected at the early stages (6). The hippocampus is a crucial brain structure for the
acquisition of new memories and retrieval of older memories. Afferent pathways to the dentate
gyrus (DG) are affected by NFTs developing in the entorhinal cortex (6), and NFTs develop in
the granule cell layer (GCL) (7, 8) in the DG in AD and in some tau transgenic mouse models
(Figures 1A–D). Tau pathology in the DG might play a role in memory impairment. Whereas,
abnormalities in AHN have been extensively investigated in AD mouse models based on APP or
PSEN1/2 familial AD mutations (13, 14), the impact of tau pathology on AHN remains largely
unclear in AD and other tauopathies. We provide here a brief overview of recent advances on
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the relationship between development of tau pathology and AHN
in AD and what insights have been gained from studies in tau
transgenic mouse models.

NORMAL AHN

Since its discovery in mammalian brain in 1965 (15), AHN
has been documented in many species (16–20). In placental
mammals and marsupials, adult neurogenesis is mainly limited
to two areas: the subventricular zone (SVZ) along the lateral
ventricles and the subgranular zone (SGZ) of the dentate gyrus
(DG). AHN is necessary for spatial memory and specific learning
tasks and is related to mood regulation (21, 22).

Neural stem cells found in the SGZ of the hippocampus
generate new neurons for the DG (23). The identity of adult
neural stem cells remains still controversial. Growing evidence
suggests that they have an astrocytic phenotype (24, 25) or
they may be radial glial cells, able to give rise asymmetrically
either to a glial cell or a neuron (26). There are five principal
developmental stages of AHN starting from the radial glia-
like cells, progenitor cells, neuroblast cells, immature neurons,
and finally mature neurons as granular cells (27). These stages
can be identified by specific markers such as GFAP, BLBP,
SOX2, Nestin, Doublecortin (DCX), tau with three-repeats (3R)
or four-repeats (4R) of microtubule-binding repeat domains
(RD), NeuN, and Calbindin (Figure 1E) (23, 28). Newborn
cells can be experimentally traced using exogenous cell tracers
such as thymidine analogs that are incorporated into dividing
cells during DNA synthesis (29). Newborn neurons can be also
identified by other mitotic markers such as Ki67 in combination
with neuronal markers (30). Studies have provided compelling
evidence for the persistence of AHN in humans and non-human
primates (31, 32). There are some contradictory findings pointing
to hardly detectable levels of AHN in human brains due to a
sharp decrease in childhood (33, 34). A breakthrough was made
when a study provided evidence for the birth of ∼700 newborn
neurons a day per one adult human hippocampus by measuring
the concentration of nuclear bomb test-derived 14C in genome
DNA (35). By a similar approach, striatum has also been recently
identified as a neurogenic zone in the adult human brain (36).
Annual turnover rates are estimated as 1.75% of neurons in the
hippocampus and 2.7% in the striatum in the human adult brain
(35, 36). Although observed in other species than human (37, 38),
the role of adult striatal neurogenesis remains largely elusive (39).

Stress, aging, and disease have a negative impact on AHN
(40). On the contrary, AHN can be enhanced in rodents by
lifestyle factors such as environmental enrichment (EE) (41),
physical activity (e.g., running) (42, 43), anti-depressants (44), or
electroconvulsive seizures (45).

TAU PROTEINS. “CANONICAL” AND
“NON-CANONICAL” FUNCTIONS

Tau is a cytosolic protein predominantly expressed in neurons.
Tau has physiological roles, the most studied being the regulation
of the axonal transport and of the cytoskeleton by maintaining

the stability of microtubules (46). Human MAPT gene is located
on chromosome 17 and contains 16 exons. Exons 2, 3, and 10
are alternatively spliced to give rise to six different isoforms
in the adult human central nervous system (Figure 1F) (47).
Alternative splicing of exon 10 results in generating either
tau with 3R or 4R microtubule-binding sequences in the half
carboxyl domain. 3R and 4R tau isoforms include sequences of
exon 2, exons 2 and 3, or none of them in their amino domain.
Tau regulates axonal microtubule assembly but has also other
functions (48) by interacting with many partners in addition to
microtubules (49, 50). Among other functions, tau is implicated
in pathways regulating synaptic plasticity, cell signaling, and
DNA integrity (51). Tau is also secreted via several pathways
(52), a process that is thought to play a role in the “Prion-like”
propagation of tau pathology (53) but that is not well-understood
in physiological conditions. This multifunctional aspect of tau
might be involved in the regulation of AHN.

DEVELOPMENTAL EVOLUTION OF TAU
PROTEIN EXPRESSION AND ROLE OF TAU
IN AHN

While six isoforms are expressed in adult human brain, only 4R
isoforms are predominantly detected in the mature neurons of
mouse brains. During brain development, only the 0N3R isoform
(fetal isoform) is expressed in human and rodent brains (54, 55).
Owing to the lack of one microtubule-binding domain, 3R tau
isoforms have less affinity for microtubules and consequently
less efficiency to promote microtubule assembly compared to
4R isoforms (56). Expression of 3R tau isoforms is thus related
to plasticity in neuronal development in neonatal stage and in
neurogenesis for dynamic process formation, neurite elongation,
and neuronal polarity (57–59). 3R tau isoform lacking exon
2 and 3 is also expressed in the adult brain in the immature
neurons in the SGZ (60) and can be used as a specific marker to
detect newborn neurons and newly generated axons in the adult
mouse hippocampus (28, 61). The number of cells expressing
3R tau isoforms in the SGZ decreases with age in mice, but
they are still detectable at 12 months (Figure 1G) (12). Tau in
immature neurons in the SGZ shows a higher phosphorylation
seemingly through activated GSK-3 (62), reducing its affinity for
microtubules and providing these cells with a more dynamic
microtubule network during dendritic and axonal outgrowth. In
these immature neurons, tau is abundant in the somatodendritic
domain (as during development) and appears to be at least
partly in a microtubule-unbound form (63). Increased tau
phosphorylation is associated with increased proliferation of
newborn neurons (62).

AHN IN AD

Emerging evidence suggests that overall AHN (e.g., generation
of fully functional new neurons) is reduced in AD (64). The
detection of AHN markers by immunohistochemistry on post-
mortem brain tissues has recently confirmed the existence of
AHN in aged healthy subjects and a significant reduction of
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FIGURE 1 | (A–C) Representative photos of tau pathology detected in the DG of post-mortem brain section of a 65-year-old male AD patient (Braak VI). Tau

pathology was detected by anti-total tau B19 antibody (9) (A), anti-phospho Ser396/404 tau PHF1 antibody (10) (B), or by Gallyas silver staining (11) (C).

(Continued)
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FIGURE 1 | (D) Representative photo of tau pathology detected by PHF1 in the DG of 12-month-old tau Tg30 mice (12). ML, molecular layer; GCL, granule cell layer;

SGZ, subgranular zone. (E) Specific markers for five different stages of AHN in the dentate gyrus of the hippocampus. GFAP, glial fibrillary acidic protein; BLBP, brain

lipid-binding protein; SOX2, SRY (sex determining region Y)-box 2; DCX, doublecortin; 3R tau, tau with 3 repeats of microtubule-binding sequences; NeuN, neuronal

nuclei; 4R tau, tau with 4 repeats of microtubule-binding sequences. (F) Schematic representation of the human 6 isoforms of tau protein. Exon 2, 3, and 10 (E2, E3,

and E10, respectively) are alternatively spliced. Alternative splicing leads to 0, 1 or 2 inserts near amino terminus (0N, 1N, or 2N, respectively) and 3 or 4 repeats (3R

or 4R, respectively) of microtubule-binding sequences near carboxyl terminus. The shortest 0N3R isoform is predominantly detected in immature neurons of fetal

brains and of adult hippocampus. While only 4R isoforms are principally expressed in adult mouse brains, all the 6 isoforms are expressed in adult human brains. (G)

Immunostaining of immature neurons by anti-3R tau RD3 antibody (Merck Millipore #05-803) in the dentate gyrus of the hippocampus in a 12-month-old wild-type

mouse. (H) Functional involvement of tau at different stages of AHN. Hematoxylin counterstaining for (A–D,G). Detailed protocol on histological analyses is available in

(12). Scale bars: 25µm.

DCX-positive immature neurons in AD brains (65, 66). AHN
drops sharply even at the early stage of cognitive decline in
the patients with mild cognitive impairment (66). These studies
imply that the reduction of AHN may directly compromise
cognitive functions (67). Importantly, SOX2-positive neural stem
cells were increased in some cognitively normal subjects but
with extensive AD neuropathological lesions (68), implying that
increased AHN may rescue cognitive deficits caused by AD
lesions. Numerous genetic factors and variants implicated in
AD (Apolipoprotein E, PSEN1, APP) have been identified with
a modulating role on AHN in human AD patients (69). This
observation is supported by the generalized decrease in newborn
neuron generation observed in various AD transgenic mouse
models overexpressing FAD-related mutant APP and/or PS1
(13) or overexpressing APP intracellular C-terminal domain
fragments (AICD) (70).

AHN IN TAU MOUSE MODELS

Studies of AHN in different tau transgenic mouse models have
suggested that tau has critical roles in proliferation, neuronal
differentiation/maturation, dendritic/axonal outgrowth,
neuronal plasticity and synaptic maturation in DG. Tau
is also involved in selective cell death of newborn granule
neurons in case of acute stress (71) (Figure 1H). However
there remain controversies in distinct tau models (Table 1).
Whereas tau knockout mice are viable and macroscopically
normal (72, 73, 92), behavioral studies have unraveled that they
exhibit abnormalities such as hyperactivity (93) and deficits in
short-time memory in an age-dependent manner (94). Deletion
of endogenous tau also leads to delayed neuronal maturation in
primary cultured neurons (73) and transcriptional repression of
neuronal genes in the hippocampus (95). A significant reduction
of DCX- and NeuroD- positive neuroblast cells in tau knockout
mice was observed (62). On the contrary, Criado-Marrero
et al. have recently reported that BrdU-positive newborn cells
and DCX-positive immature neurons were increased in the
DG and SVZ of tau knockout mice at 14 months (75). Yet,
other two independent studies have reported that DCX-labeled
neuroblast cell number was not altered in the DG of adult tau
knockout mice (71, 74). Moreover, tau has critical roles in both
stress-induced suppression of AHN and stimulatory effect of EE.
Unlike wild-type mice, tau knockout mice are insensitive to the
modulation of AHN by stress or EE (71).

Human non-mutant tau seems to have several roles
in AHN such as suppressing proliferation and promoting
neuronal differentiation. KOKI mice expressing human

2N4R tau isoform in the absence of murine tau (76) had an
increase in DCX-positive immature neurons, hippocampal
volume and cell number in DG and an improved cognitive
function (77). Nevertheless, other studies suggest negative
effect of human non-mutant tau on AHN in mouse brains.
hTau mice expressing the 6 isoforms of non-mutant wild-
type human tau (78) in the absence of murine tau had
reduced DCX-positive immature neurons at 2 and 6 months
(79). Hippocampal injection of soluble non-mutant 2N4R
human tau led to morphological changes of newborn granule
neurons without changing the total number of DCX-positive
neuroblast cells (80). Adeno-associated virus-mediated specific
overexpression of human tau in DG interneurons induced
deficits in AHN by suppressing GABAergic transmission
(81). Another recent study has reported an impact of glial
tau accumulation on AHN. Lentiviral-mediated 1N3R
tau accumulation in hilar astrocytes in mouse led to
reduction of AHN accompanied by impaired spatial memory
performances (82).

Abnormalities in AHN have been observed in FTLD-mutant
tau transgenic mouse models. In THY-Tau22 and Tg30 mice
that express a human 1N4R tau mutated at G272V and P301S
under a Thy1.2-promoter, Gallyas-positive NFTs are detectable
from 6 months in hippocampus (83, 85). An increase in AHN
was observed with the DCX and BrdU markers in 6-month-
old THY-Tau22 mouse (84). Nonetheless, Tg30 mice exhibited
an impaired AHN at 12 months, an age in which some of the
granule cells in DG have a severe somatodendritic tau pathology
(Figure 1D) (12). By crossing Tg30 with tau knockout mice
(72), we generated Tg30/tauKO mice that express only human
mutant tau in the absence of murine tau (86, 87). The reduction
of AHN observed in Tg30 mice at 12 months was rescued in
the Tg30/tauKO mouse model as measured by DCX-positive
cell number (12). Another independent study reported that
TauVLW mice carrying G272V, P301L, and R406W mutant tau
(88) also had decreased DCX-positive immature neurons (89).
Interestingly, EE significantly increased the number of DCX-
positive immature neurons in wild-type littermates but not in
TauVLW mice (89). To our knowledge, this is the first and only
report showing that tau pathology may inhibit the response to a
positive factor enhancing AHN.

The overall controversies may derive from the variation in
the age and from the heterogeneities of tau species in distinct
models. TauRDDKPP mice expressing anti-aggregant tau RD
showed increased number of DCX-positive cells in DG and a
larger volume of hippocampus unlike tauRDDK mice expressing
pro-aggregant mutant tau RD (91). The latter findings support
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TABLE 1 | Summary of neurogenesis changes in tau mouse models.

Mouse line Tau expression Neurogenesis assessment References

Tau knockout models

tau−/−

Tucker et al. (72)

– Decrease in the number of DCX- and NeuroD- positive

cells

(age not indicated)

(62)

tau−/−

Dawson et al. (73)

– No change in the number of BLBP, Sox2- and DCX

positive cells at basal conditions but reduction of

dendritic and synaptic maturation of newborn granule

neuron

(4 months)

(71)

tau−/−

Dawson et al. (73)

– No change in the number of DCX/BrdU double positive

cells (9 weeks)

(74)

tau−/−

Dawson et al. (73)

– Increase in the number of DCX- and BrdU- positive cells

(14 months)

(75)

Human non-mutant tau models

KOKI

Terwel et al. (76)

2N4R human non-mutant tau in the absence of

murine tau

Increase in the number of DCX- and BrdU-positive cells

(2 months)

(77)

hTau

Andorfer et al. (78)

6 isoforms of human non-mutant tau in the

absence of murine tau

Decrease in the number of DCX-, Ki67-, and

BrdU-positive cells

(2, 6, 12 months)

(79)

Injection of human tau-Cy5 in

WT mice

Endogenous murine tau and injected

monomeric 2N4R human non-mutant tau

No change in the number of DCX-positive cells but

change in the morphology of newborn granule cells

(80)

AAV-mediated expression of

human tau

Human tau overexpressed in DG interneurons Decrease in the number of BrdU-positive cells and

DCX-positive cells

(81)

Lentiviral expression of human

tau in hilar astrocytes

1N3R human non-mutant tau overexpressed in

hilar astrocytes in the presence of murine tau

Decrease in the number of DCX-positive cells (82)

Human FTLD-mutant tau models

THY-Tau22

Schindowski et al. (83)

IN4R human double mutant G272V/P301S tau

in the presence of murine tau

Increase in the number of DCX- and BrdU-positive cells

(6 months)

(84)

Tg30

Leroy et al. (85)

IN4R human double mutant G272V/P301S tau

in the presence of murine tau

Decrease in the number of DCX-, Ki67-, and tau

3R-positive cells (12 months)

(12)

Tg30/tauKO

Ando et al. (86, 87)

IN4R human double mutant G272V/P301S tau

in the absence of murine tau

Increase in the number of DCX-positive cells (12 months)

compared to Tg30 and wild-type mice

(12)

TauVLW

Lim et al. (88)

2N4R human triple mutant

G272V/P301L/R406W tau in the presence of

murine tau

Decrease in the number of DCX- and IdU- positive cells

(2 months)

(89)

Tau repeat-domain models

TauRDDK and tauRDDKPP

(90)

TauRDDK expressing pro-aggregant mutant tau

repeat domain and tauRDDKPP expressing

anti-aggregant mutant tau repeat domain

Decrease in hippocampal volume at 16 months in

tauRDDK. Increase in hippocampal volume at 16 months,

in hippocampal stem cell proliferation and in the number

of DCX-positive cells in tauRDDKPP

(91)

the idea that distinct tau species seem to have different effects
on neurogenesis.

DISCUSSION

There are conflicting reports as to whether AHN persists in late
age in humans. Controversies may be partially due to the limited
availability of adequately preserved post-mortem human brain
samples. The technical and methodological issues can further
add variability in detecting specific markers of neural stem and
progenitor cells in human autopsy tissues. Some of the conflicting
results are also presumably related to the heterogeneities in
individual life stories: age, sex, lifestyle, physical activities, with
or without previous disease histories, and medical status at

the end of life. There is a great variability in the post-mortem
delays and processing methods of human post-mortem brain
tissues. In general, fixation is known to play a critical role in
antigen preservation since some epitopes are more prone to
denaturation during the fixation. For example, the immature
neuron marker DCX undergoes rapid degradation during the
post-mortem period (96). Some difficulties could be overcome
by tightly documenting the brain samples and their processing,
optimizing the methodologies (65), and standardization of
detailed protocols (97).

Although tau seems involved in modulating AHN, there are
controversies among the different tau mouse models about the
effect of tau ablation or overexpression. As for human samples,
controversial reports may derive from distinct protocols and
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various parameters such as genetic background, age, gender,
and tau species. Distinct time point of analysis could lead to
data variation (98). A remarkable sex difference was observed
in AHN of rodent brains (75, 99). Furthermore, data variability
may be caused by the sensitivities of antibodies used for detection
(29). Besides, the methods of analysis and quantification have
significant impact on the results. One of themost commonly used
approaches is to measure total proliferating cell number using
optical fractionator, an unbiased stereological method, on serial
sections of the whole hippocampus (100). Since the distributions
of the proliferating cells are not homogeneous and are often in
the form of clusters in the SGZ of hippocampus (30), measuring
setup needs to be carefully optimized (101).

The mechanisms behind AHN impairment in AD are still
poorly understood. Numbers of independent studies have shown
that amyloid pathology, APP, and PSEN1/2 are involved in
modulating AHN in AD transgenic mouse brains (13). Since tau
pathology led to defects in AHN in several tauopathy mouse
models (12, 89, 91), we support the idea that tau pathology
impairs AHN independently from amyloid pathology. In this
context, it would be highly informative to study AHN in the post-
mortem human brains of primary tauopathies devoid of amyloid
pathology (e.g., FTLD with tau pathology, etc.). Yet, more
studies are necessary to better understand both physiological and
pathological roles of tau in AHN.

Given that increased AHN is associated with preservation
of cognitive functions in non-demented individuals with AD
lesions (68), stimulation of AHN should be beneficial. However,
tau pathology presumably plays a negative role in AHN: EE
led to increased AHN in wild-type mice but not in tauVLW

transgenic mice (89). Taking into consideration that an ablation
of murine tau rescued AHN impairment in Tg30 mice (12)
and stress-induced suppression of neurogenesis (74), reduction

of tau may be beneficial for AHN. Indeed, there is compelling
evidence showing the efficacy of tau reduction via anti-sense
oligonucleotides (ASOs) to prolong life expectancy, reduce tau
pathology, and rescue behavioral deficits in tau transgenic mice
(102). Cautions need to be taken as complete ablation of tau leads
to deficits in cognitive function in an age-dependentmanner (94).
Tau is a multifunctional protein and the net benefit of long-term
reduction of tau still remains unclear (48). There are numbers
of factors that can boost AHN such as EE, physical activities,
or pharmacological agents (44). Testing these in tau transgenic
models of tauopathies in combination with modulation of tau
expression may open a new window for future therapies.
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