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Editorial on the Research Topic

Tau Protein: Mechanisms FromHealth to Degeneration

In this Editorial, we are going to go through the essential points of the latest news published on the
topic “TAU protein: mechanisms from health to degeneration.” In recent years, it has been shown
that TAU protein is involved in multiple cellular mechanisms, which alterations are associated with
neurodegenerative diseases called tauopathies. TAU is a neuronal microtubule-associated protein
important for axonal transport which, under pathological conditions, forms aberrant assembly
into insoluble aggregates. This led to synaptic dysfunction and neural cell death in a range of
neurodegenerative disorders. Within this Editorial we will discover that the works presented are
focus on three essential hallmarks of TAU: (1) TAU phosphorylation; (2) TAU oligomers and
(3) TAU signaling (Figure 1). Altogether, finally, in this special issue, we will uncover several
TAU-based therapies for these groups of diseases.

One of the most relevant aspects of the TAU protein is its phosphorylation. It has been described
that this protein can be phosphorylated at more than 80 different sites due to the actions of multiple
kinases (Morris et al.). Approximately 50 of these 80 sites are phosphorylated in normal brain and/
associated with Alzheimer’s disease (AD) condition, 28 sites have been found phosphorylated only
in AD brains, and 10 sites have not been fully characterized yet (Šimić et al., 2016). Furthermore,
pseudophosphorylation (replacement of serine with glutamic acid or glutamate) of S199, S202,
and T205 (at the AT8 antibody epitope) showed impact on TAU conformation that exposes
a biologically active motif of the N-terminal of TAU to the action of protein phosphatase 1
(PP1)/glycogen synthase kinase 3 (GSK-3); (Jeganathan et al., 2006, 2008; Kanaan et al., 2011;
Combs and Kanaan, 2017). This motif is the Phosphatase Activating Domain or PAD, which
activates PP1/GSK-3 signaling pathway, which inhibits the anterograde fast axonal transport (FAT)
mediated by kinesin. In this special issue, Morris et al. reported that differential phosphorylation
of these three residues impact TAU conformation modulating its function as a signaling hub.
T205 phosphorylation inhibited anterograde FAT through the exposure of N-terminal PAD and
PP1/GSK-3β activation while S199 goes through the MAPK pathway involving JNK kinase. These
results suggest that the phosphorylation of specific residues differentially impact TAU conformation
leading to activation of different signaling pathways that influence differentially FAT. Concerning
GSK-3, it has been described that the isoform GSK-3β is one of the main kinases involved in TAU
phosphorylation although it is also implicated in neuronal proliferation and differentiation, neurite
outgrowth and polarity as well as cytoskeleton stability (Rodríguez-Matellán et al.). While many
efforts have been made to generate transgenic mice to evaluate the effects of overexpression of this
enzyme in the central nervous system and its implication in the generation of AD, the adaptation
phenomena that occur throughout the development process have prevented conclusive results.
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Therefore, within this specific Research Topic
Rodríguez-Matellán et al. have generated a CamKIIα-tTA/GSK-
3β mouse model to increase neuronal GSK-3β activity only
during adulthood. The results demonstrated that this model
reproduces the histopathological hallmarks of AD, like increased
phosphorylated TAU, cell death and microgliosis. In line
with the generation of novel transgenic models to study the
contribution of specific phosphorylation sites of TAU protein,
in this special issue, Keramidis et al. developed new Drosophila
models to study the implication of S238, T245, and S262
of TAU protein in toxicity and learning. Their results point
to phosphorylation of TAU at residue S262 as necessary to
induce learning deficits and serve as “facilitatory gatekeeper” to
S238 occupation, associated with TAU toxicity. Furthermore,
phosphorylation at T245 behaves like a “suppressive gatekeeper”
avoiding phosphorylation of different sites including S262 and
therefore of S238. These data elucidate novel interactions among
phospho sites of TAU protein implicated in toxicity and neuronal
dysfunction. Initially, TAU hyperphosphorylation has always
been thought to be one of the main causes of neuronal toxicity
and death. But in this special issue, Siano et al. have shown that
the Q336H mutation linked to Pick’s disease lowers phospho
TAU levels, stabilized TAU binding to tubulin and alters TAU
conformation on microtubules. Furthermore, this mutation
influences the cytoskeleton by increasing tubulin filament length
and the number of branches. Although it appeared that this
mutation had no apparent pathological effects, Siano et al.
observed that this mutation induced the aggregation of TAU,
forming intracellular inclusions. On the other hand, in AD,
TAU hyperphosphorylation leads to TAU detachment from the
microtubules and accumulation in intracellular neurofibrillary
tangles. Dephosphorylation of AD hyperphosphorylated TAU
by protein phosphatase 2A (PP2A) restored the microtubule
polymerization activity of TAU (Wang et al., 1996). Hence, in
this special topic, Wu et al. isolated oligomeric TAU (O-TAU)
from AD brains and observed that was mainly composed of
N-terminal truncated and C-terminal hyperphosphorylated
TAU. Desphosphorylated O-TAU (Dp O-TAU) obtained by
treatment with alkaline phosphatase showed decreased ability to
capture free TAU and formed fewer aggregates. Furthermore, Dp
O-TAU induced less accumulation of phosphorylated and total
TAU in the insoluble fractions from cell lysates, indicating that
dephosphorylation passivates the prion-like seeding activity of
O-TAU (Wu et al.).

As it has been described, phosphorylated TAU forms
oligomers, then fibrils and finally neurofibrillary tangles (NFTs;
Hill et al.). The presence of a cysteine-291 residue is important
for TAU aggregation (Soeda et al., 2015) and C291R mutation
in the MAPT gene has been found in a patient diagnosed
with corticobasal degeneration (CBD; Karikari et al.). In this
special topic Karikari et al. showed that the C291R variant of
TAU-K18 (a functional fragment with increased aggregation
propensity) aggregated into a mix of (i) granular oligomers,
(ii) amorphous aggregates of various sizes and shapes, and
(iii) protofibrils, which appears to result from an off-pathway
process related to fibril formation. Furthermore, they indicated
that the C291R TAU-K18 aggregation mechanism seems to

involve β-sheet-rich granular oligomers which reorganize to
form distinctive protofibrillar structures, although they could
not confirm the pathogenicity of C291R mutation and its
link to CBD. Another factor that is linked to tauopathies
is the deregulation of copper ions that might promote TAU
hyperphosphorylation and the formation of TAU fibrils enriched
in β-sheet, that can cause synaptic failure, neuronal death and
cognitive deterioration, as in AD patients, as described by
Zubčić et al. within this special topic. The accumulation of
TAU aggregates and spread of misfolded TAU protein are the
characteristics of tauopathies. Within this special issue of TAU
protein, Merezhko et al. have reviewed the cell biology of TAU
spreading in tauopathies, where TAU secretion could be due to
three coexisting pathways: (1) translocation through the plasma
membrane; (2) membranous organelles-based secretion; and (3)
ectosomal shedding, although the involvement of different cell
types cannot be ruled out. Related to tauopathies, like AD,
the formation of paired helical filaments (PHF) of TAU can
propagate in the brain in a prion-like fashion by recruiting
endogenous TAU (Mudher et al., 2017). In this special issue,
Houben et al. have analyzed the effects of intravenous injection
of PHF-TAU obtained from AD brains in comparison to control
brains into wild-type or the amyloid model 5XFAD mice. The
results showed that a single intravenous injection of PHF-TAU
proteins obtained from AD brains was enough to induce a
long-term neuroinflammatory process in 5XFAD mice. These
data indicated the modified TAU proteins present in blood
could have a possible role in modulating the development of
AD pathology in the brain of aged persons. This is because
the permeability of the blood-brain barrier (BBB) increased
with time (Michalicova et al.), indicating that the aged brain is
more susceptible to crossing TAU proteins from plasma to the
brain and potential seeding of TAU pathology (Houben et al.).
Concerning tauopathies, the disruption of the BBB is driven by
chronic neuroinflammation. Understanding the role of TAU in
BBB structural and functional changes is essential to comprehend
tauopathies. Within this special issue, Michalicova et al. have
summarized the current knowledge relating BBB and TAU.
Besides AD, other tauopathies like Argyrophilic Grain Disease
(AGD; 4R tauopathy) and Primary Aged-Related Tauopathy
(PART; 3R + 4R tauopathy) are also related to the seeding and
spreading process. As described in this special edition, Ferrer
et al. have inoculated sarkosyl-insoluble and sarkosyl-soluble
fractions from “pure” AGD into the brain of wild-type mice
and showed abnormal hyperphosphorylated TAU deposits in
hippocampal neurons and grains and other brain areas. Similar
results were obtained with sarkosyl-insoluble fractions obtained
from PART. These results show the capacity for seeding and
spreading of AGD-TAU and PART-TAU in the brain of wild-type
mice and suggest that the characteristics of donor TAU and host
TAU underlie common and specific characteristics of deposits
both in human disease and corresponding experimentally
induced murine models. To sustain TAU spreading from cell
to cell it has been proposed that abnormal TAU uptake by
endocytosis could be implicated (Wu et al., 2013; Rauch
et al., 2020). Indeed, the endocytic machinery needs to be
fine-tuned and is highly vulnerable. Therefore, within this
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FIGURE 1 | Essential points of the mechanisms of action of TAU in which new findings have been made on this topic and contextualized in this Editorial: (1) TAU

phosphorylation; (2) formation of TAU oligomers; (3) implications of endocytosis, secretion, and autophagy in TAU signaling and (4) new insights related to TAU

therapeutic strategies.

special topic, Ando et al. have reviewed the implication of
endocytosis dysfunction with TAU pathology in the context
of AD.

Apart from the generation of the oligomeric forms of TAU
and its spreading capacity, it is also interesting to decipher the
mechanisms by which pathology occurs. In this special issue
Hill et al. have summarized the possible electrophysiological
approaches to investigate these aspects, like extracellular field
activity at the circuit level, and patch-clamp at a single-cell level.
One of the possible mechanisms associated with TAU toxicity
could be due to alteration in the autophagic-endolysosomal
network (AELN), which play an important role in TAU clearance
(Jiang and Bhaskar). Defects in AELN have been found in several
tauopathies, like AD, progressive supranuclear palsy (PSP) and
frontotemporal dementia (FTD), where lysosomal dysfunction
promoted the cleavage of TAU and its neurotoxicity. In this
special edition, Jiang and Bhaskar have reviewed the implications
of AELN in TAU toxicity at the neuronal level (where TAU
fragments can lead to lysosomal dysfunction) and at the glial level
(where microglia and astrocytes can uptake extracellular TAU).
Therefore, AELN could be implicated in the degradation and/or
transmission of TAU. Apart from the involvement of glia in
AELN, the involvement of microglia and astrocytes in the control
of plasticity at the brain level is also being recognized. Within
this special topic, Koller and Chakrabarty have summarized the
direct and indirect pathways in which astrocytes and microglia
can modify brain plasticity in AD, with the development and

progression of associated tauopathy. They highlight the role of
non-neuronal cells in AD and their influence on neuroplasticity.
Overall, there is evidence that indicates that TAU participates
in multiple cellular processes at both the neuronal and glial
levels through various mechanisms, involving the scaffolding and
regulation of specific kinases and phosphatases, as reviewed in
this special edition by Mueller et al. Within these features, TAU
aggregation is an early event that starts to form ∼15 years before
clinical manifestations of the diseases. For this reason, special
attention has been paid to its possible use as a diagnostic marker
and monitoring of tauopathies. In this special issue Pizzarelli et
al. have summarized the advances in biomedical methodology
in TAU molecular imaging. TAU super-resolution imaging, PET
and NEAR-infrared probes provide valuable information about
TAU structure, interactionwith proteins, andmechanisms of self-
aggregation, although they have several limitations that need to
be improved.

The study of all the mechanisms in which TAU protein is
involved is essential to be able to establish new therapeutic
strategies that are very necessary for patients with tauopathies
since they currently do not have any treatment. As reviewed
in this special topic by Soeda and Takashima, different
pieces of evidence suggest several potential approaches to
block TAU toxicity: (1) inhibit the different post-translational
modifications that induce aggregation to TAU; (2) directly
inhibit TAU aggregation; (3) inhibit the spread of TAU; (4)
promote stabilization of microtubules. One of the most studied
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strategies is the modulation of TAU phosphorylation, either
by hyperactivation of kinases or reduction of phosphatase
activity. Protein phosphatase 2A (PP2A) accounts for ∼71%
of total phosphatase activity on TAU protein in the human
brain (Liu et al., 2005), and has been found to be significantly
in AD (Taleski and Sontag, 2018). In this special issue of
TAU, Ahmed et al. demonstrated that chronic treatment with
sodium selenate, an oxidized form of selenium that functions
as a selective activator of PP2A, rescue synaptic plasticity
deficiency and neurocognition of the hippocampus in THY-
TAU22mice. New alternative TAU-target therapies have emerged
in the last years, like modulating liquid-liquid phase separation
(LLPS) which can make a non-membrane-bound compartment
in cells. As has been described before, a change of phase
transition state by LLPS leads to the formation of a protein
condensate referred to as liquid droplets. LLPS is an essential
physiological and pathological event and some studies have
revealed LLPS-mediated conversion of TAU protein to liquid
droplets (Ambadipudi et al., 2017; Soeda and Takashima).
Therefore, inhibition of TAU droplet formation could be
a novel focal point of therapeutic strategy for tauopathies,
as has been suggested in this special issue by Soeda and
Takashima. But there are other pathologies where TAU is
also implicated, although there are no considered to be
typical tauopathies, like Huntington’s disease (Baskota et al.,
2019) or Parkinson’s disease (Zhang et al., 2018). Finally,
in this special topic, Mao et al. have demonstrated how
the treatment with 6-amino-1-methyl-indazole (AMI), a novel
small molecule that belongs to indazole derivates, inhibited
TAU hyperphosphorylation and exerted neuroprotective effects
in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
parkinsonism model. Consequently, the development of new

therapies for tauopathies may also represent a repositioning
of these therapies to other pathologies where TAU plays a
relevant role.

This special edition highlights and details new mechanisms
of the TAU protein and therapies for tauopathies. The
data presented in this special edition indicate that TAU
hyperphosphorylation is one of the main pathogenic events
in tauopathies such as Alzheimer’s disease (AD), Pick’s disease
(PD), corticobasal degeneration (CBD), Argyrophilic Grain
Disease (AGD), and Primary Aged-Related Tauopathy (PART),
which leads to the formation of oligomers and alterations
involved in the seeding and spreading process of TAU protein.
All this involves electrophysiological alterations, as well as
impairment of the autophagic-endolysosomal network and the
interactions with glial cells. Together, all these mechanisms are
essential to establish new therapeutic targets that in the future
may have an impact on the development and evolution of
these tauopathies.
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Mutations in the MAPT gene can lead to disease-associated variants of tau. However,
the pathological mechanisms behind these genetic tauopathies are poorly understood.
Here, we characterized the aggregation stages and conformational changes of tau
C291R, a recently described MAPT mutation with potential pathogenic functions. The
C291R variant of the tau four-repeat domain (tau-K18; a functional fragment with
increased aggregation propensity compared with the full-length protein), aggregated into
a mix of granular oligomers, amorphous and annular pore-like aggregates, in native-
state and heparin-treated reactions as observed using atomic force microscopy (AFM)
and negative-stained electron microscopy. On extended incubation in the native-state,
tau-K18 C291R oligomers, unlike wild type (WT) tau-K18, aggregated to form protofibrils
of four different phenotypes: (1) spherical annular; (2) spherical annular encapsulating
granular oligomers; (3) ring-like annular but non-spherical; and (4) linear protofibrils.
The ring-like tau-K18 C291R aggregates shared key properties of annular protofibrils
previously described for other amyloidogenic proteins, in addition to two unique
features: irregular/non-spherical-shaped annular protofibrils, and spherical protofibrils
encapsulating granular oligomers. Tau-K18 C291R monomers had a circular dichroism
(CD) peak at ∼210 nm compared with ∼199 nm for tau-K18 WT. These data suggest
mutation-enhanced β-sheet propensity. Together, we describe the characterization
of tau-K18 C291R, the first genetic mutation substituting a cysteine residue. The
aggregation mechanism of tau-K18 C291R appears to involve β-sheet-rich granular
oligomers which rearrange to form unique protofibrillar structures.

Keywords: MAPT mutations, tau C291R, corticobasal degeneration, granular oligomer, annular protofibril, linear
protofibril, atomic force microscopy, transmission electron microscopy

INTRODUCTION

Tau protein is a product of the microtubule-associated protein tau (MAPT) gene located on
chromosome 17q21 (Neve et al., 1986; Andreadis et al., 1992). MAPT is comprised of 16 exons,
producing six tau isoforms in the adult human brain (Goedert et al., 1988, 1989). Tau has two
significant components: the N-terminus projection domain and the assembly domain covering

Abbreviations: AFM, atomic force microscopy; CBD, corticobasal degeneration; CD, circular dichroism; C291A, cysteine-291
substituted with alanine; C291R, cysteine-291 substituted for arginine; C291S, cysteine-291 substituted for serine; MTBR,
microtubule-binding region; NaPhos, sodium phosphate; TBS-T, Tris-buffered saline plus Tween; TEM, transmission
electron microscopy; WT, wild type.
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the microtubule-binding region (MTBR) and the C-terminus
region (Andreadis et al., 1992; Andreadis, 2005). Variations
in the number of N-terminus domains (0, 1 or 2) and
MTBR domains (3 or 4 repeats) are the defining features of
different isoforms (Andreadis et al., 1992; Andreadis, 2005).
Notably, alternative splicing of exon 10 affects the ratio of
three- to four-repeat tau isoforms, changes in which have
been linked to several tauopathies (Liu and Gong, 2008).
Indeed, many MAPT mutations located in or around exon
10 have been reported from individuals affected by different
genetic tauopathies, with over a dozen implicated in disease
(Goedert and Jakes, 2005; Ghetti et al., 2015). However, until
recently, none of the described mutations affected a cysteine
residue. Each tau isoform has either one or two cysteine
residues, depending on the number of repeat domains in
the MTBR: four-repeat isoforms have two cysteine residues,
at positions 291 and 322, whilst three-repeat isoforms have
only cysteine-322. Therefore, cysteine-322 is ubiquitous to
all tau isoforms whilst cysteine-291 is limited to four-repeat
isoforms. Several studies have reported that the presence of
the cysteine-291 residue is important for tau aggregation and
that the cysteine-322 residue may be inhibitory to this process
(Bhattacharya et al., 2001; Crowe et al., 2013; Soeda et al., 2015;
Al-Hilaly et al., 2017).

In 2015, Marshall et al. (2015) identified a cysteine-modifying
MAPT mutation altering cysteine-291 to arginine in a patient
diagnosed with corticobasal degeneration (CBD) with apraxia
of speech. This residue is sandwiched between two XSK
tripeptide motifs (where X = Q or G; Figure 1), changing
it to arginine (Marshall et al., 2015). The disease relevance
of this potential genetic form of CBD as yet cannot be
confirmed since it has neither been observed at post-mortem
nor traced to any relative of the patient. However, given
the importance of cysteine residues, particularly cysteine-
291, to specific physiological and pathophysiological functions
of tau, including acetyltransferase activity and aggregation
(Schweers et al., 1995; Cohen et al., 2013; Soeda et al.,
2015; Al-Hilaly et al., 2017; Chen et al., 2018), we were
interested in understanding how the C291R mutation might
affect tau aggregation. Importantly, the core of tau filaments
isolated from CBD patient brains consist of a broad range of
amino acids (amino acids 274–380 of full-length tau) covering
cysteine-291 and the lysine residues that immediately surround
it (Zhang et al., 2020). These lysine residues immediately
flanking cysteine-291 on either side (lysine-290 and lysine-
294) are thought to strengthen cysteine-291’s disulfide bonding
capacity, a property critical to tau protein’s aggregation both
in vitro and in vivo (Cisek et al., 2014). Indeed, the side
chains of lysine-290 and lysine-294 are key components of
an extra density structure within CBD filament folds (Zhang
et al., 2020). We, therefore, hypothesized that substituting the
hydrophobic cysteine-291 residue with arginine will generate a
new stretch of basic amino acids that might lead to functional
consequences on aggregation and conformation. In this study,
we present the first biochemical characterization of tau C291R
focusing on its step-wise aggregation stages, conformational and
structural changes.

MATERIALS AND METHODS

Cloning, Protein Expression and
Purification
We generated the pProEx-HTa-Myc-6 × His-K18 plasmid
carrying the C291R mutation (TGT > CGT, the same codon
change previously reported by Marshall et al., 2015) by
site-directed mutagenesis using a WT tau-K18 plasmid as a
template (Karikari et al., 2017, 2019a). Protein expression and
purification were achieved using our previously-characterized
recombinant tau production protocols (Karikari et al., 2017,
2019a,b; Hill et al., 2019). The purified His-tagged tau-K18
constructs were used directly in functional experiments since
the His-tag does not appear to affect aggregation (Huseby
et al., 2019). Protein concentration was estimated using a
Bicinchoninic acid assay kit from G-Biosciences (#786–570).

Circular Dichroism (CD) Spectroscopy
A Jasco J-815 CD spectropolarimeter was used to collect CD
spectra on 22 µg/ml of purified tau-K18 WT and tau-K18
C291R, each diluted in 10 mM sodium phosphate (NaPhos)
buffer pH 7.4. The following conditions were used: cell path
length = 1 mm, data pitch = 0.1 nm, response time = 1 s,
wavelength range = 190 nm – 240 nm, scan speed = 100 nm/min,
and high-tension voltage = ≤550 V. Averages of 10 spectral
accumulations were analyzed.

Heparin-Induced Aggregation Analysis
A 2:1 mass concentration ratio reaction mix of WT or C291R
tau-K18 to heparin was prepared using 0.8 mg/ml of tau-K18 and
0.4 mg/ml of heparin in a total volume of 20 µl. The mixture
was incubated at 37◦C without shaking for 48 h to form fibrils.
Five microliters of each sample were spotted on Formvar carbon-
coated 300-mesh copper grids (#AGS162-6, Agar Scientific,
Stansted, UK) and allowed 2 min to bind. The unbound sample
was removed by blotting with filter paper and 5 µl of uranyl
acetate added for 2 min. A JEOL JEM-2010 transmission electron
microscope (TEM) was used to image the samples.

Native-State Aggregation Time Course
The tau-K18 preparations were incubated in 10 mM NaPhos
buffer pH 7.4 at 37◦C for 0, 24, 72, 168, 216 and 314 h. At each
time point 10 µl aliquots were removed, snap-frozen and stored
at −80◦C until further analysis by atomic force microscopy
(AFM) as described below.

AFM Analysis of Aggregation Stages
Tau-K18 samples (0.5 mg/ml) from the aggregation time course
experiment were spotted on to freshly-cleaved 11 mm × 11 mm
mica sheets (#AGG250-3, Agar Scientific, Stansted, UK). Once
dried, the unbound protein was washed away with sterile water
and the mica sheet air-dried and analyzed in AC Air Topography
(tapping) mode on an Asylum Research MFP3D-SA instrument.
A scan size of 20 µm, a scan rate of 1 Hz, set point of 590.49 mV,
an integral gain of 3, x- and y- offsets of 0, points and gains of
256 and drive amplitude of 129.06 mV were used. The Igor Pro
6.37 image processing and programming software was used for
image processing.
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FIGURE 1 | Schematic illustration of the tau-K18 C291R construct used in this study. The microtubule-binding region of tau (amino acids 244–372 of full-length
tau-441; also known as tau-K18) was cloned into a pProEx-HTa plasmid and the C291R mutation introduced by site-directed mutagenesis and sequence-verified.
This genetic construct was transformed into BL21(DE3)*pRosetta Escherichia coli, expressed and purified following a previously-described protocol also used for
preparing wild type tau-K18 (Karikari et al., 2017).

FIGURE 2 | Circular dichroism (CD) profiles of tau-K18 WT (A) and C291R (B) monomers. Each construct was diluted in 10 mM NaPhos buffer pH 7.4 at 22 µg/ml
final protein concentration and the secondary structure profiles analyzed as described in the “Materials and Methods” section.

RESULTS

Secondary Structure Profile of Tau-K18
C291R
Tau-K18 is generally unfolded but adopts β-sheet conformation
with increasing aggregation (Kumar et al., 2014; Karikari et al.,
2017). Specific MAPT mutations have distinct effects on this
process by either increasing or decreasing the propensity to form
β-sheet structures (Barghorn et al., 2000; Combs and Gamblin,
2012; Karikari et al., 2019a). To understand the possible effects
of the C291R mutation on β-sheet formation, the secondary
structure content of monomeric tau-K18 C291R and the WT
were studied with CD spectroscopy. The experimental data
in millidegrees were reconstructed in the Dichroweb database
and the expected data (reconstructed minus experimental data)
plotted in Figure 2. WT tau-K18 had a minimum peak of
∼199 nm whilst tau-K18 C291R had a peak at ∼210 nm

(Figures 2A,B respectively), suggesting that the C291R variant
has a higher propensity to adopt β-sheet conformation.

Tau-K18 C291R Aggregates Into
Amorphous and Spherical Structures, but
Not Fibrils, Over 48 h in the Presence of
Heparin
As cysteine-291 is important for tau aggregation (Bhattacharya
et al., 2001; Crowe et al., 2013; Soeda et al., 2015), we asked
if the C291R mutation affects aggregation propensity. Each
tau-K18 construct was mixed with a 50% mass concentration
of heparin and incubated at 37◦C without shaking for
48 h. Negative-stain TEM analysis showed that tau-K18 WT
aggregated into fibrils (Figure 3A) in agreement with previous
reports (Barghorn et al., 2000; Barghorn and Mandelkow,
2002; Karikari et al., 2017). These fibrils were 30–45 nm
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FIGURE 3 | Negative-stain transmission electron microscope (TEM)
micrographs of aggregates of tau-K18 WT (A) and C291R (B) formed after
treating 0.8 mg/ml of each construct with 0.4 mg/ml of heparin and
incubating for 48 h at 37◦C without shaking. Panel (A) shows fibrils with the
inset highlighting the periodic twists of ∼50 nm (white arrowheads). Panel (B)
shows amorphous aggregates, with the inset showing annular aggregates
with defined outer structures (arrowheads). Scale bars = 50 nm for both main
figures and insets.

wide and 150–300 nm long. On the contrary, tau-K18 C291R
mostly formed amorphous structures without any regular
shape or form (Figure 3B) in addition to annular aggregates
20–50 nm wide (Figure 3B, inset). These results suggest that
the C291R mutation averts tau-K18 aggregation into fibrils,
but rather favors the formation of non-fibrillar oligomers and
amorphous assemblies.

Tau-K18 C291R Aggregates Into
Non-fibrillar Amorphous and Annular
Structures in Native-State Conditions
To exclude the possibility that tau-K18 C291R’s aggregation into
non-fibrillar structures was dependent on heparin induction, the
experiment was repeated in native-state conditions by incubating
both tau constructs in identical conditions as in Figure 3 except
that no heparin was added. Aggregation was slower in this
condition as anticipated (Karikari et al., 2019a). However, this
approach allowed the fine mechanistic details of the process to
be studied. AFM imaging revealed that tau-K18 WT monomers
(Figure 4Ai) aggregated into granular oligomers (Figure 4Aii)
and protofibril-like structures after 24 h (Figure 4Aii, inset).
Clusters of aggregates identified at this stage (Figure 4Aii, white-
filled arrowheads) were likely to be off-pathway structures that
did not follow amyloidogenic aggregation. More filamentous
structures (protofibrils and short fibrils) were observed at 72 h
through 216 h (Figures 4Aiii–v, black arrowheads). Bonafide
fibrils of up to 7 µm in length with paired helical filament (PHF)
structure were recorded at 314 h (Figure 4Avi). This data shows
that under careful conditions, tau-K18 WT can self-assemble
into Alzheimer-like PHFs without the need for any external
activation. Similar heparin-free aggregation studies have been
performed for the recombinant form of a tau peptide (amino acid
297–391) that is a major component of PHF tau isolated from
Alzheimer’s disease brains (Al-Hilaly et al., 2017, 2018, 2019).

For tau-K18 C291R, small-sized structures at 0 h (Figure 4Bi)
shifted towards more granular orientation with increased sizes

(5–10 nm) at 24 h, with large amorphous structures over 3 µm
also evident at this stage (Figure 4Bii, inset). This coexistence
of oligomers and amorphous aggregates was also observed at
72 h rather with increased oligomer sizes (Figure 4Biii). At
168 h, several medium-sized amorphous structures ∼1 µm
became evident (Figure 4Biv, arrowheads). Closer inspection
showed that these amorphous structures contained granular
oligomers (Figure 5A, arrowheads), suggesting that some
oligomers were either absorbed into the amorphous structures
or the oligomers rearranged to form these large structures.
Regular granular oligomers were also visible (Figure 5A,
arrows), signifying the coexistence of two distinct types of
aggregates i.e., granular oligomers and amorphous structures.
At 216 h, granular oligomers became less prominent but the
medium-sized amorphous structures prevailed (Figure 4Bv).
In addition, new structures with well-defined traces were
recorded, which at higher resolution were made of various-sized
amorphous clumps and groups of granular oligomers apparently
in the process of forming amorphous clumps (Figure 5B,
black arrowheads and arrows, respectively). Moreover, small
ring-like annular structures made of granular oligomers were
recorded beginning to take shape at 216 h (Figure 5B, white
arrows). By 314 h, larger ring-like structures including those
enclosing granular oligomers were observed (Figures 4Bvi,
5C inset). The structures with well-defined traces formed at
late time points were similar to the amorphous aggregates
imaged in negative-stained conditions in Figure 3B. Together,
these results indicate that the C291R mutation leads to
drastic changes in the aggregation pathway and products
of tau-K18, suggesting an altered conformational effect of
the mutation.

Tau-K18 C291R Forms Different Types of
Protofibrils
We characterized the C291R annular protofibrils formed at 314 h
binning into four phenotypes, namely:

1. Spherical protofibrils: protofibrils consisting of granular
oligomers arranged in a spherical manner. The sizes
(diameter) of these aggregates ranged from 50 to 100 nm, as
well as up to over 1,000 nm (Figure 6A).

2. Spherical annular protofibrils encapsulating granular
oligomers: in addition to being made of granular oligomers
arranged in a spherical, ring-like structure, these aggregates
consisted of single granular oligomer units dispersed within
the enclosed structure (Figure 6B). These annular protofibrils
were less frequently observed compared to the spherical
ones above.

3. Ring-like annular but non-spherical protofibrils: These
aggregates consisted of granular oligomers arranged in a
non-spherical (often undefined) orientation (Figure 6C). The
main similarity between this and the spherical protofibrils
(phenotypes 1 and 2) is that they always formed a close-loop.

4. Linear protofibrils: these consisted of linearly arranged
granular oligomers (Figure 6D), and differed from the other
types of protofibrils by their arrangement compared to the
ring-like structures of the others.
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FIGURE 4 | Atomic force microscopy (AFM) images of tau-K18 WT (A) and C291R (B) aggregates formed over 314 h in native state conditions (incubation at 37◦C
without shaking). WT tau-K18 aggregated into fibrils at 314 h (arrowhead) via granular oligomers and protofibrils intermediates recorded at earlier time points. The
C291R variant initially aggregated into granular oligomers, amorphous aggregates and later into different types of protofibrils. Scale bars = 1 µm for all images.
Further details about the intermediate structures may be found in the “Results” section.

FIGURE 5 | Increased resolution AFM images of tau-K18 C291R at later stages of the native-state aggregation process. Aggregate structures formed at 168 h (A),
216 h (B) and 314 h (C) show granular oligomers (black arrows), amorphous aggregates (black arrowheads) and annular protofibrils including those encapsulating
granular oligomers (inset in C). Scale bars = 1 µm.

The frequency distribution of the protofibrils at 314 h, based
on structure counts from AFM images from three experiments,
can be found in Table 1.

DISCUSSION

In vitro biochemical studies provide critical molecular insights
into potential disease-causing mechanisms of MAPT mutations
identified in humans affected by specific tauopathies including
effects on tau aggregation, phosphorylation, and microtubule-
binding (Ghetti et al., 2015; Strang et al., 2019). However, little is
known aboutMAPT mutations discovered more recently. In this

study, we have provided the first biochemical characterization of
the C291R tau variant, reported to have potentially pathogenic
functions (Marshall et al., 2015). Cysteine-291 is a core
component of CBD tau filament structure (Zhang et al.,
2020), hence mutagenic changes are likely to have potential
effects on aggregation properties. Our results demonstrate
that the C291R mutation leads to a striking distinction in
the aggregation mechanism of tau-K18 compared with the
WT. Whilst WT tau-K18 underwent classical aggregation by
progressively forming granular oligomers, protofibrils and fibrils,
the C291R variant formed a mix of aggregates of three
different major types: (1) granular oligomers, (2) amorphous
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FIGURE 6 | Tau-K18 C291R forms linear and annular protofibrils of distinct phenotypes. (A) Classical spherical annular protofibrils, (B) spherical annular protofibrils
encapsulating dispersed granular oligomers, (C) annular aggregates of undefined shape, and (D) classical linear protofibrils. Scale bars = 1 µm.

TABLE 1 | Frequency distribution of protofibrils phenotypes for tau-K18 C291R.

Phenotype Frequency (n, %)

Spherical 223/329 (67.8%)
Linear 56/329 (17.0%)
Ring-like annular but non-spherical 42/329 (12.8%)
Spherical encapsulating oligomers 8/329 (2.4%)

aggregates of various sizes and shapes, and (3) protofibrils—both
linear and annular structures made of granular oligomers.
It is noteworthy that these observations were made in both
heparin-induced and native state aggregation reactions and
imaged using two different methods—negative-stained TEM and
label-free AFM. Importantly, we did not record obvious fibrillar
aggregates for tau-K18 C291R but observed that in addition
to regular linear protofibrils, this variant formed annular
aggregates with unique features. Together, these lines of evidence
are consistent with our hypothesis that the C291R mutation
results in an altered aggregation pathway with aggregate
conformers of distinct structural properties compared with WT
tau-K18 aggregates.

The aggregation of tau-K18 C291R into a mix of granular
oligomers, annular structures, and amorphous aggregates
appears to be an off-pathway process with respect to fibril
formation (Ding et al., 2002; Lasagna-Reeves et al., 2014).
Key properties of this non-fibrillar pathway were clearly
identified from our AFM analysis: the process begun with the
formation of granular oligomers, which further polymerized
into amorphous aggregates of various sizes and, at later time
points, annular structures. The annular aggregates were made of
granular oligomers arranged in a ring-like shape with defined
outer structures. These properties easily differentiated them
from the amorphous structures (see Figures 4B, 5C) and
regular granular oligomers (Kayed et al., 2009). Due to their
defined multi-oligomer presentation, annular aggregates are
often referred to as annular protofibrils, pore-like structures or
pore-forming aggregates, and have been widely characterized
for amyloid-beta and alpha-synuclein (Ding et al., 2002; Lashuel
et al., 2002; Kayed et al., 2009), and in a single report

for tau (Lasagna-Reeves et al., 2014). In the case of tau,
annular aggregates were identified, using TEM, AFM, and
a conformation-specific antibody, in post mortem brains of
dementia with Lewy body and progressive supranuclear palsy
patients. Moreover, annular aggregates were reported from
brain isolates of P301L tau-expressing mice, but not WT
mice, suggesting an association with specific MAPT mutations
(Lasagna-Reeves et al., 2014).

In the present study, we have demonstrated that a new,
potentially pathogenic variant of tau, C291R, also forms annular
aggregates in vitro in addition to linear protofibrils. Importantly,
the annular aggregates shared the following striking similarities
with those described previously for tau, amyloid-beta, and alpha-
synuclein: (1) their formationwas preceded by spherical/granular
oligomers; (2) the annular aggregates consisted of granular
oligomers often arranged in a spherical fashion; (3) spherical
annular aggregates were in a range of sizes; (4) annular
aggregates were associated with a specific pathogenic mutation;
and (5) pore-like annular protofibrils were clearly distinguishable
from linear protofibrils which usually proceed to form fibrils
(Ding et al., 2002; Lashuel et al., 2002, 2003; Lasagna-Reeves
et al., 2014). In addition, two unique phenotypes of the
tau-K18 C291R annular aggregates previously not described for
an amyloidogenic protein/peptide were characterized, namely:
(1) the spherically arranged granular oligomers that formed
the annular aggregates occasionally enclosed small, single-unit
granular oligomers within their larger ring structures (Figure 5C
inset and Figure 6B); and (2) the ring-like shape of annular
aggregates did not always have a spherical appearance. In fact, the
shape was sometimes irregular and undefined (Figures 4Bv,vi,
5C, 6C). Together, we have demonstrated that the ring-like
tau-K18 C291R aggregates possess key properties of annular
protofibrils previously described for other amyloidogenic
proteins. The new phenotypes presented to warrant further
characterization in future studies.

Previous reports showed that substituting cysteine-291 with
alanine (C291A) in WT tau forms affects the aggregation
propensity, showing this reduces oligomer formation (Kim
et al., 2015; Soeda et al., 2015; Al-Hilaly et al., 2017),
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demonstrating also that this does not prevent fibril formation
(Barghorn and Mandelkow, 2002; Furukawa et al., 2011).
Similarly, modifying cysteine-291 to serine (C291S) reduced its
oligomerization competence (Kim et al., 2015). Together, these
studies suggested that substituting cysteine-291 with Ala or Ser
(both aliphatic amino acids) have similar effects. Moreover, we
and others have shown that the C291A/C322A/I260C triple-
modified K18 variant aggregates into both oligomers and
fibrils (Kumar et al., 2014; Michel et al., 2014; Shammas
et al., 2015; Karikari et al., 2019a,b). However, none of these
modifications led to the formation of annular aggregates.
Curiously, the C291A and C291S mutations both decreased
aggregation competence in a manner distinct from the
current C291R with a polar amino acid introduced, suggesting
the choice of amino acid makes an important difference.
Notably, the introduction of arginine at cysteine-291 had
adverse effects on fibrillization processes but not oligomer
formation as the C291R construct readily formed oligomers.
We propose that the C291R mutation selectively impairs the
conformational changes leading from oligomers to fibrils but
not from monomers to oligomers. Cysteine residues in tau
are surrounded by lysine residues whose basic charges enable
disulfide bonding which is critical for aggregation (Lutolf
et al., 2001). Removing one of the two cysteine residues in
tau-K18 weakens its inter-molecular disulfide binding and hence
aggregation tendency. The veracity of these hypothetical models
need to be tested experimentally.

Although tau-K18 C291R did not form bona fide fibrils in the
present study, we cannot rule out that the same construct can
form fibrils under different experimental conditions (e.g., using
different buffers and aggregation-inducing agents). Similar to our
findings that linear and annular protofibrils of tau C291R were
jointly present in the same reaction (see Figure 6), annular and
fibrillar alpha-synuclein aggregates have been shown to co-exist
in the same conditions (Shtilerman et al., 2002). Furthermore, tau
P301L can form fibrils as well as annular aggregates in vitro and
in vivo (Lasagna-Reeves et al., 2014), suggesting a high potential
for co-existence.

A limitation of this study is that the proposed pathogenicity
of the C291R mutation has not been confirmed by
neuropathological examination. Therefore, the mutation
and its functional properties described in this manuscript
cannot be presently linked to CBD or any other form of
tauopathy. Nonetheless, the results provide insights into the
functional and structural properties of this novel mutation and
sheds new light on the biochemical basis of tau aggregation.
Moreover, reported differences in aggregate structures of human
brain-derived tau and recombinant tau aggregated in vitro
by inducing with heparin (Zhang et al., 2019) may limit the

utility of the findings presented in this study. However, a more
recent study showed close similarities between brain-derived tau
filaments and those formed by the amino acid 297–391 fragment
self-assembled in vitro without any external inducing agents
(Al-Hilaly et al., 2019). Given that the tau-K18 C291R construct
studied herein could also self-aggregate and contains about
half of the tau 297–391 sequence, the findings of this study
are likely to have potential implications for future in vivo and
neuropathological studies.

CONCLUSION

We have presented the first biochemical characterization of tau
C291R, covering its secondary structure, step-wise aggregation
stages, and conformational properties. A novel, significant
finding is that tau C291R forms annular, pore-like aggregates,
the second time this phenomenon has been described for a
tau construct after tau P301L. Importantly, the C291R annular
aggregates share major properties described for such structures
formed by amyloid-beta, alpha-synuclein and tau P301L but also
has two unique features previously unknown: (1) spherically
arranged granular oligomers that enclose small, single-unit
granular oligomers; and (2) non-spherical ring-like annular
aggregates. These findings, and their further characterization
in future studies, should pave the way for further studies
into the C291R tau variant and how the annular aggregates it
forms could provide new insights into the aggregation process
of tau.
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Argyrophilic grain disease (AGD) is a common 4R-tauopathy, causing or contributing
to cognitive impairment in the elderly. AGD is characterized neuropathologically by pre-
tangles in neurons, dendritic swellings called grains, threads, thorn-shaped astrocytes,
and coiled bodies in oligodendrocytes in the limbic system. AGD has a characteristic
pattern progressively involving the entorhinal cortex, amygdala, hippocampus, dentate
gyrus, presubiculum, subiculum, hypothalamic nuclei, temporal cortex, and neocortex
and brainstem, thus suggesting that argyrophilic grain pathology is a natural model of
tau propagation. One series of WT mice was unilaterally inoculated in the hippocampus
with sarkosyl-insoluble and sarkosyl-soluble fractions from “pure” AGD at the age of
3 or 7/12 months and killed 3 or 7 months later. Abnormal hyper-phosphorylated
tau deposits were found in ipsilateral hippocampal neurons, grains (dots) in the
hippocampus, and threads, dots and coiled bodies in the fimbria, as well as the
ipsilateral and contralateral corpus callosum. The extension of lesions was wider
in animals surviving 7 months compared with those surviving 3 months. Astrocytic
inclusions were not observed at any time. Tau deposits were mainly composed of 4Rtau,
but also 3Rtau. For comparative purposes, another series of WT mice was inoculated
with sarkosyl-insoluble fractions from primary age-related tauopathy (PART), a pure
neuronal neurofibrillary tangle 3Rtau + 4Rtau tauopathy involving the deep temporal
cortex and limbic system. Abnormal hyper-phosphorylated tau deposits were found in
neurons in the ipsilateral hippocampus, coiled bodies and threads in the fimbria, and
the ipsilateral and contralateral corpus callosum, which extended with time along the
anterior-posterior axis and distant regions such as hypothalamic nuclei and nuclei of
the septum when comparing mice surviving 7 months with mice surviving 3 months.
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Astrocytic inclusions were not observed. Tau deposits were mainly composed of 4Rtau
and 3Rtau. These results show the capacity for seeding and spreading of AGD tau and
PART tau in the brain of WT mouse, and suggest that characteristics of host tau, in
addition to those of inoculated tau, are key to identifying commonalities and differences
between human tauopathies and corresponding murine models.

Keywords: argyrophilic grain disease, primary age-related tauopathy, tauopathies, tau, seeding, progression,
coiled bodies

INTRODUCTION

Argyrophilic grain disease (AGD) is a neurodegenerative
disorder morphologically characterized by the accumulation
of 4R hyper-phosphorylated tau protein in dendritic swellings
known as argyrophilic grains, neurons with pre-tangles, coiled
bodies in oligodendrocytes, and astrocytes with the morphology
of thorn-shaped astrocytes (TSAs), located predominantly in
limbic regions of the brain (Braak and Braak, 1987, 1989; Tolnay
et al., 1997; Botez et al., 1999; Togo et al., 2002; Zhukareva
et al., 2002; Tolnay and Clavaguera, 2004; Ferrer et al., 2008;
Tolnay and Probst, 2008; Tolnay and Braak, 2011; Kovacs,
2015; Ikeda et al., 2018; Rösler et al., 2019). Ballooned neurons
containing αB-crystallin are also constant in the amygdala in
AGD (Tolnay and Probst, 1998).

The frequency of AGD increases with age; it can be clinically
silent or manifested by progressive cognitive impairment and
dementia which makes it difficult to distinguish from Alzheimer’s
disease (AD) (Braak and Braak, 1989; Jellinger, 1998; Ding
et al., 2006; Rodriguez and Grinberg, 2015). Moreover, AGD is
commonly associated with AD, other tauopathies, Lewy body
diseases, and TDP-43 proteinopathy (Braak and Braak, 1989;
Ferrer et al., 2008; Josephs et al., 2008; Fujishiro et al., 2009;
Kovacs et al., 2013; Yokota et al., 2018). The majority of cases of
AGD are sporadic but a few cases have been linked to mutations
in the MAPT gene (Kovacs et al., 2008; Rönnbäck et al., 2014).

Neuropathological studies of routine series suggest that
AGD shows an archetypal pattern of progression (Saito et al.,
2004; Ferrer et al., 2008). AGD stage 1 affects the anterior
entorhinal cortex, part of the cortical and basolateral nuclei of
the amygdala, and the hypothalamic lateral tuberal nucleus; stage
2 involves a greater number of lesions and progression to the
whole entorhinal cortex, anterior CA1, transentorhinal cortex,
cortical and basolateral nuclei of the amygdala, presubiculum,
hypothalamic lateral tuberal nucleus, and dentate gyrus; stage 3
further involves CA1, perirhinal cortex, presubiculum, amygdala,
dentate gyrus, hypothalamic lateral tuberal nucleus, CA2 and
CA3, subiculum, other nuclei of the hypothalamus including
the mammillary bodies, anterior temporal cortex, insular
cortex, anterior cingulated gyrus, orbitofrontal cortex, nucleus
accumbens, and septal nuclei; and stage 4 is characterized
by further moderate-to-severe involvement of the neocortex
and brainstem (Saito et al., 2004; Ferrer et al., 2008; Tolnay
and Probst, 2008). This pattern has prompted consideration
of argyrophilic grain pathology as a natural model of tau
propagation (Clavaguera et al., 2013a; Rábano et al., 2014).
Indeed, inoculation of brain homogenates from AGD cases to the

brain of mice transgenic for wild-type human tau (line ALZ17)
leads to the capacity for abnormal tau seeding and propagation
(Clavaguera et al., 2013b, 2015). In addition to tau deposits
in neurons and threads, phospho-tau immunoreactivity is seen
in oligodendrocytes forming coiled bodies, and in astrocytes
reminiscent of TSAs, following injection of AGD homogenates
in the hippocampus and in the cerebral cortex (Clavaguera
et al., 2013a). Moreover, brain extracts from AGD patients have
the capacity to transmit tau to HEK293 cells expressing 4Rtau,
thus suggesting that prion-like tau strains can also propagate in
cultured cells (Woerman et al., 2016).

Our previous studies have shown tau seeding and spreading
following inoculation of sarkosyl-insoluble fractions from
AD, primary age-related tauopathy (PART), aging-related tau
astrogliopathy (ARTAG), progressive supranuclear palsy (PSP),
Pick’s disease (PiD), frontotemporal lobar degeneration linked to
MAPT P301L mutation, and sporadic and familial globular glial
tauopathy (GGT) into the hippocampus and corpus callosum
of WT mice (Ferrer et al., 2018, 2019, 2020a,b). The present
study is focused on the capacity for and characteristics of
seeding and propagation of phospho-tau from homogenates of
“pure” (not associated with AD or other tauopathies) AGD
cases in the hippocampus of WT mice. For comparative
purposes, another set of mice was unilaterally inoculated in
the hippocampus with sakosyl-insoluble and -soluble fractions
of PART, a 3Rtau + 4Rtau pure neuronal tauopathy with
neurofibrillary tangles (Crary et al., 2014), that is considered part
of AD (Duyckaerts et al., 2015).

MATERIALS AND METHODS

Human Brain Samples
Brain samples of the hippocampus were obtained from the
Institute of Neuropathology Brain Bank, Bellvitge University
Hospital, following the guidelines of the Spanish legislation
on this matter (Real Decreto Biobancos 1716/2011), and
the approval of the local ethics committee of the Bellvitge
University Hospital (Hospitalet de Llobregat, Barcelona, Spain).
The agonal state was short with no evidence of acidosis or
prolonged hypoxia; the pH of each brain was between 6.8
and 7. At the time of autopsy, one hemisphere was fixed
in paraformaldehyde for no less than 3 weeks and selected
brain sections were embedded in paraffin; de-waxed paraffin
sections, 4 microns thick, were processed with neuropathological
and immunohistochemical methods as detailed elsewhere
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(Ferrer, 2014). The other hemisphere was cut into coronal
sections 1 mm thick, and selected brain regions were dissected,
immediately frozen at −80◦C, put on labeled plastic bags, and
stored at −80◦C until use; the rest of the coronal sections were
frozen and stored at −80◦C (Ferrer, 2014). Four AGD cases
were used for this study, all of them men, aged 63, 67, 74,
and 75 years old. The four cases were categorized as stage 3 of
AGD. Two cases had pre-tangles, threads and grains but not
NFTs; one of them had NFT stage I and another NFT stage
II following Braak and Braak staging of AD-related pathology.
β-amyloid deposits were absent in every case. Other AGD cases
from our series with marked AD pathology were excluded from
the present study. AGD cases with other tauopathies such as
PSP and corticobasal degeneration, and cases with concomitant
TDP-43 proteinopathy or with Lewy body disease, were excluded.
This selection permitted a reasonable approach to the study of
“pure” AGD pathology.

Two PART cases (one man aged 68 and one woman aged
72) were selected on the basis of pure neurofibrillary tangle
(NFT) pathology with no accompanying tauopathy and without
β-amyloid deposits (Crary et al., 2014). NFT burden in PART
cases was categorized as stage IV according to Braak and Braak
modified for paraffin sections (Braak and Braak, 1991; Braak
et al., 2006). The subjects did not have apparent neurological
deficits and the diagnosis was made at the post-mortem
neuropathological examination.

One case (a 65-year-old man) with no neurological disease and
with no lesions on neuropathological examination, and one case
of AD stage V-VI/C (one woman aged 82) were used as negative
and positive controls, respectively.

Western Blotting
Frozen samples of the hippocampus from the four AGD and the
two PART cases were processed in parallel with one AD case
(Braak and Braak stage V–VI/C) and one case with no lesions.
Frozen samples of about 1 g were lysed in 10 volumes (w/v) with
cold suspension buffer (10 mM Tris-HCl, pH 7.4, 0.8 M NaCl,
1 mM EGTA) supplemented with 10% sucrose, protease, and
phosphatase inhibitors (Roche, GE). The homogenates were first
centrifuged at 20,000 × g for 20 min (Ultracentrifuge Beckman
with 70Ti rotor) and the supernatant (S1) was saved. The
pellet was re-homogenized in five volumes of homogenization
buffer and re-centrifuged at 20,000 × g for 20 min. The
two supernatants (S1 + S2) were then mixed and incubated
with 0.1% N-lauroylsarkosynate (sarkosyl) for 1 h at room
temperature while being shaken. Samples were then centrifuged
at 100,000 × g for 1 h. Sarkosyl-insoluble pellets (P3) were re-
suspended (0.2 ml/g) in 50 mM Tris–HCl (pH 7.4). Protein
concentrations were quantified with the bicinchoninic acid assay
(BCA) assay (Pierce, Waltham, MA, United States).

Sarkosyl-insoluble and sarkosyl-soluble fractions were
processed for western blotting.

Samples were mixed with loading sample buffer and
heated at 95◦C for 5 min. 60 µg of protein was separated
by electrophoresis in SDS-PAGE gels and transferred to
nitrocellulose membranes (200 mA per membrane, 90 min).
The membranes were blocked for 1 h at room temperature

with 5% non-fat milk in TBS containing 0.2% Tween and
were then incubated with the primary phospho-specific antibody
anti-tau Ser422 (diluted 1:1,000; Thermo Fisher Scientific
(Waltham, MA, United States). After washing with TBS-T,
blots were incubated with the appropriate secondary antibody
(anti-rabbit IgG conjugated with horseradish peroxidase diluted
at 1:2,000, Agilent, United States) for 45 min at room
temperature. Immune complexes were revealed by incubating the
membranes with chemiluminescence reagent (Amersham, GE
Healthcare, Life Sciences, Buckinghamshire, United Kingdom)
(Ferrer et al., 2018).

Thioflavin T (ThT) Amyloid Quantification
Assay
ThT stock solution was prepared at 2.5 mM (dissolved in 10 mM
phosphate buffer, 150 mM NaCl, pH 7.0) and preserved in single-
aliquot at−80◦C. The ThT assay was performed by dissolving 0.2
µL of sarkosyl-insoluble fraction in 0.2 mL of freshly prepared
ThT (final concentration 30 µM) followed by quantification using
an absorbance/excitation (445/485) microplate reader (Tecan
Infinite M200Pro, Männedorf, Switzerland) in 96 flat bottom
polystyrol plates (Nunclor, Thermo Fisher Scientific, GE). Plates
were prepared and incubated at 37◦C. Readings were taken each
hour over the course of 15–16 h.

Animals and Brain Inoculation
Wild-type C57BL/6 mice from our colony were used. All
animal procedures were carried out following the guidelines
of the European Communities Council Directive 2010/63/EU
and with the approval of the local ethical committee (C.E.E.A:
Comitè Ètic d’Experimentació Animal; University of Barcelona,
Spain; ref. 426/18).

One series of mice was inoculated with sarkosyl-insoluble
fractions of a mixture of the two AGD cases with no NFTs, in
which western blotting of sarkosyl-insoluble fractions showed
only the bands of 68 and 64 kDa typical of 4Rtaupathies. The
animals were inoculated at the age of 3 months and killed at the
age of 6 months (n = 2, survival 3 months); 3 months and killed
at the age of 10 months (n = 1, survival 7 months); 7 months and
killed at the age of 10 months (n = 2, survival 3 months); and
12 months and killed at the age of 19 months (n = 2, survival
7 months). Two mice were inoculated with a mixture of sarkosyl-
soluble fractions at the age of 7 months and killed at the age
of 10 months (n = 2, survival 3 months); and one mouse was
inoculated with vehicle (50 mM Tris-HCl, pH 7.4) at the age of
3 months and killed at the age of 10 months (survival 7 months).
Three additional inoculated mice died shortly after anesthesia
and were not included in the study.

For comparative purposes, another series of mice was
inoculated with sarkosyl-insoluble fractions of two PART cases
at the age of 3 months and killed at the age of 10 months (n = 3,
survival 7 months); 7 months and killed at the age of 10 months
(n = 3, survival 3 months); 12 months and killed at 19 months
(n = 4, survival 7 months). Finally, mice were inoculated with
PART sarkosyl-soluble fractions at the age of 7 months and killed
at the age of 10 months (n = 2, 3 months survival); and with
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control brain homogenates at the age of 3 or 7 months and
killed at the age of 10 months (n = 2, 7 and 3 months survival,
respectively). The total number of available mice considering the
two series was 24.

Mice were deeply anesthetized by intra-peritoneal
ketamin/xylazine/buprenorphine cocktail injection and placed in
a stereotaxic frame after assuring lack of reflexes. Intra-cerebral
injections were administered using a Hamilton syringe; the
coordinates for hippocampal injections were −1.9 mm AP;
−1.4 mm ML relative to Bregma (interaural 1.8 mm), and
−1.5 mm DV from the dural surface (Paxinos and Franklin,
2019). A volume of 1.5 µL was injected at a rate of 0.05 µL/min.
The syringe was withdrawn slowly over a period of 10 min to
avoid leakage of the inoculum. Following surgery, the animals
were kept in a warm blanket and monitored until they recovered
from the anesthesia. Carprofen analgesia was administered
immediately after surgery and once a day during the next 2
consecutive days. Animals were housed individually with full
access to food and water.

Tissue Processing
Animals were killed under anesthesia and the brains were
rapidly fixed with 4% paraformaldehyde in phosphate buffer,
and embedded in paraffin. Consecutive serial sections 4 µm
thick were obtained with a sliding microtome. De-waxed sections
were stained with hematoxylin and eosin, Congo Red, and
Thioflavin T, or processed for immunohistochemistry using the
antibodies anti-phospho-tau Thr181, anti-phospho-tau Ser262,
Ser422, AT8 (Ser202/Thr205), PHF1(Ser396/Ser404) (donation
of Dr. Peter Davies, Albert Einstein College of Medicine,
Bronx, NY, United States), anti-4Rtau, anti-3Rtau, and tau-C3
(tau truncated at aspartic acid 421), in addition to GFAP for
reactive astrocytes and Iba1 for microglia. The characteristics
of the antibodies are shown in Table 1. Following incubation
with the primary antibody, the sections were incubated with
EnVision + system peroxidase for 30 min at room temperature.
The peroxidase reaction was visualized with diaminobenzidine
and H2O2. Control of the immunostaining included omission
of the primary antibody; no signal was obtained following
incubation with only the secondary antibody. The specificity of
3Rtau and 4Rtau antibodies in mice was tested in coronal sections
of the brain, cerebellum, and brainstem of P301S transgenic
mice aged 8–9 months old (López-González et al., 2015). Tau-
immunoreactive inclusions in animals expressing mutant human
4Rtau were stained with anti-4Rtau antibodies but they were
negative with anti-3Rtau antibodies.

Double-labeling immunofluorescence was carried out on de-
waxed sections, 4 µm thick. The sections were boiled in citrate
buffer to enhance antigenicity and blocked for 30 min at
room temperature with 10% fetal bovine serum diluted in 0.1
M phosphate-buffered saline (PBS). The sections were stained
with a saturated solution of Sudan black B (Merck, DE) for
15 min to block autofluorescence of putative lipofuscin granules
present in cell bodies, and then rinsed in 70% ethanol and
washed in distilled water. Then, the sections were incubated
at 4◦C overnight with combinations of AT8 and one of
the following primary antibodies: GFAP, Iba-1, Olig2, and

TABLE 1 | Characteristics and dilutions of the antibodies used for
immuno-histochemistry and immunofluorescence.

Antibody Mono-
/polyclonal

Dilution Supplier Country

4Rtau Monoclonal 1:50 Merck-Millipore Billerica, MA,
United States

3Rtau Monoclonal 1:800 Merck-Millipore Billerica, MA,
United States

Phospho-tau Thr181 Rabbit
polyclonal

1:50 Cell Signaling Danvers, MA,
United States

Phospho-tau Ser262 Rabbit
polyclonal

1:100 Calbiochem-
Merck

Kenilworth, NJ,
United States

Phospho-tau Ser422 Rabbit
polyclonal

1:200 Thermo Fisher
Scientific

Waltham, MA,
United States

AT8 (Ser202/Thr205) Monoclonal 1:50 Innogenetics Ghent, BE

PHF1(Ser396/Ser404) Monoclonal 1:20 Dr. Peter Davies New York,
United States

Tau-C3 (tr Asp421) Monoclonal 1:300 Abcam Cambridge,
United Kingdom

P38-P (Thr180-Tyr182) Rabbit
polyclonal

1:100 Cell Signaling Danvers, MA,
United States

Glial fibrillary acidic
protein (GFAP)

Rabbit
polyclonal

1:500 Dako Glostrup, DK

Iba1 Rabbit
polyclonal

1:1000 Wako Richmond, VA,
United States

Olig2 Rabbit
polyclonal

1:500 Abcam Cambridge,
United Kingdom

NeuN Monoclonal 1:100 Merck-Millipore Billerica, MA,
United States

p38-P (Thr180-Tyr182). Other sections were immunostained
with anti-phospho-tauThr181 and anti-NeuN (Table 1). After
washing, the sections were incubated with Alexa488 or Alexa546
fluorescence secondary antibodies against the corresponding
host species. Nuclei were stained with DRAQ5TM. Then
the sections were mounted in Immuno-FluoreTM mounting
medium (MP Biomedicals, CA, United States), sealed, and
dried overnight. Sections were examined with a Leica TCS-SL
confocal microscope.

In situ end-labeling of nuclear DNA fragmentation
(ApoptTagTM peroxidase in situ apoptosis detection kit,
Merck, GE) was used to visualize apoptotic cells. The brains
of newborn irradiated rats (2Gys) with a survival time of 24 h
were fixed with paraformaldehyde and embedded in paraffin;
de-waxed sections were processed in parallel with tissue samples
from inoculated mice and used as positive controls of apoptosis.

Semi-Quantitative Studies
Since lesions in mice inoculated with sarkosyl-insoluble fractions
of AGD surviving 3 and 7 months were similar, and the same
occurred following inoculation of PART (see later), the total
number of mice for each time of survival was considered for
semi-quantitative studies as follows: AGD 3 months, n = 4, AGD
7 months, n = 3; PART 3 months, n = 2, PART, 7 months n = 7.
Quantification of neurons and oligodendrocytes was made in
an area of 0.35 µm2 in affected regions in every case. Symbols
indicate the average number of labeled cells: neurons: –:0, #:
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1, ##: 2–3; ###: >3; oligodendrocytes: –: 0, φ: 1–3, φφ: 4–
7, φφφ: >7. Regarding grains, threads and dots, values were
expressed as –:0,+: mild;++: moderate; and+++: abundant.

Quantitative Studies
The number of neurons in the hippocampus, oligodendrocytes
in the ipsilateral corpus callosum, and oligodendrocytes in the
contralateral corpus callosum was counted in three different fields
of 0.035 µm2 in affected regions per mouse at the different
survival times (3 and 7 months) in the four groups of mice (AGD
and PART). Counts were compared with two-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc test using SPSS
software. Differences were considered statistically significant at
∗∗P < 0.01 and ∗∗∗P < 0.001 compared with AGD 3 months
group; $$P < 0.01 and $$$P < 0.001 compared with AGD
7 months group; and ###P < 0.001 compared with PART
3 months group. Comparison between values of oligodendrocytes
in ipsilateral (ipsi) and contralateral (contr) corpus callosum
within the same PHFs type and incubation time were assessed
(comparison of two regions at the same period of time) using
T-student test and SPSS software. Differences were considered
statistically significant at xxP < 0.001 compared with AGD
3 months oligo. Ipsi group; &&&P < 0.001 compared with AGD
7 months oligo. Ipsi group; ˆˆˆP < 0.001 compared with PART
3 months oligo ipsi group; and +++P < 0.001 compared with
PART 7 months oligo ipsi group. Outliers were detected using
the GraphPad software QuickCalcs (P < 0.05). Statistical analysis
and graphic design were performed with GraphPad Prism version
5.01 (La Jolla, CA, United States).

RESULTS

AGD in the Human Hippocampal
Complex
The four cases were categorized as stage 3 of AGD. Two cases
had pre-tangles, threads, and grains, but not NFTs. The other two
cases had, in addition, some NFTs in the entorhinal cortex and
very few in the hippocampus.

Pre-tangles were localized in the pre-subiculum, subiculum,
CA2, and CA3 areas of the hippocampus, and granule cells in the
dentate gyrus. Large numbers of grains were localized in the pre-
subiculum (in addition to the entorhinal and trans-entorhinal
cortices), and CA1 region of the hippocampus. Threads, which
were characterized as fine neuritic processes, were present in the
same areas as grains, and in the white matter of the hippocampus
and entorhinal region.

Oligodendroglial inclusions, mainly with the morphology of
coiled bodies, were found in the hippocampal white matter. TSAs
were found in the periventricular white matter, and sparsely in
the white matter of the inner region of the temporal lobe.

Neuronal, astrocytic, and oligodendroglial inclusions, as
well as grains and threads, were labeled with anti-phospho-
tau antibodies Thr181, Ser262, Ser422, AT8, and PHF1.
All these deposits were positive with ant-4Rtau antibodies
and negative with anti-3Rtau antibodies (excepting very few
oligodendrocytes) (Figure 1).

Tau-C3 immunoreactivity was restricted to NFTs and
isolated coiled bodies.

Western blotting of sarkosyl-insoluble fractions processed
with anti-phospho-tau Ser422 revealed two bands of 68 and 64
kDa, and a weak band of about 37 kDa in AGD cases. This pattern
was different from that seen in one AD stage V-VI/C processed in
parallel which was characterized by three bands of 68, 64, and 60
kDa, together with several bands of about 50 kDa, several bands
between 30 and 40 kDa, and lower bands of truncated tau at
the C-terminal, one of which was about 20 kDa, in addition to
oligomeric species of higher molecular weight (Figure 2A). The
same pattern was observed in all four cases, although a lower
band of truncated tau was noted in the two cases categorized as
AGD plus NFT stage II after long exposure (30 min). Incubation
of sarkosyl-insoluble fraction with thioflavin showed moderately
increased fluorescence with time (Figure 2B).

PART in the Human Hippocampal
Complex
PART cases were characterized by numerous NFTs in the
entorhinal, transentorhinal cortex, presubiculum, subiculum,
hippocampus (with preservation of the dentate gyrus), and
temporal cortex. Threads were also abundant in these regions, but
dystrophic neurites were absent. No tau deposits were found in
astrocytes or oligodendrocytes. The morphology and distribution
of NFTs corresponded to stage IV of Braak and Braak, linked to
AD pathology. β-amyloid deposits were absent.

NFTs were identified by their typical flame-like morphology
in pyramidal neurons which were composed of 4Rtau and 3Rtau,
and stained with several specific anti-phospho-tau antibodies:
Thr181, Ser262, Ser422, AT8, and PHF1. NFTs were also positive
with antibody tau-C3 which is raised against truncated tau at
aspartic acid 421. This is exactly the same profile seen in AD
(Ferrer et al., 2013).

As in AD, PART cases were characterized by three bands of 68,
64, and 60 kDa, and several lower bands of 50 kDa and between 30
and 40 kDa, together with strong lower bands stained with anti-
tauSer422 indicating truncated tau at the C-terminal. Oligomeric
species of higher molecular weight wee manifested as smear. This
pattern is typical of 4Rtau + 3Rtau tauopathies and identical to
that seen in AD (Figure 2A).

ThT amyloid quantification assay of sarkosyl-insoluble
fractions revealed positive curves of amyloid fibrils. Interestingly,
fluorescence appeared earlier and the intensity was higher in
PART than in AGD (Figure 2C).

AGD Inoculation in the Hippocampus of
WT Mice
A mixture of sarkosyl-insoluble fractions from the two cases
without associated NFT pathology was inoculated into the
hippocampus of WT mice at the age of 3 or 7 months. Mice
were killed, respectively, at the age of 6 or 10 months (3 months
of survival; n = 2 for every condition). Inoculation resulted
in the deposition of hyper-phosphorylated tau in neurons
of the CA1 region of the hippocampus and dentate gyrus,
threads in the fimbria and corpus callosum, oligodendoglial
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FIGURE 1 | Characteristics of tau deposits in AGD. Hyper-phosphorylated tau deposits are seen in the CA1 region of the hippocampus (CA1: A), subiculum (subic:
B,F,J,M,N), entorhinal cortex (EC: C), white matter of the hippocampus (WM: E,H,K), and periventricular region of the temporal horn (perventr: F,I,L). Grains are
identified as small round, lobulated, or comma-shaped deposits in the neuropil (A–C,D,G,J). Grains are accompanied by pre-tangles in neurons (C,D,G,J), and,
rarely, by neurons with dense granular inclusions (D). In addition, oligodendroglial deposits form coiled bodies and cytoplasmic inclusions around the nucleus
(E,H,K). Thorn-shaped astrocytes (TSAs) are common in the periventricular white matter (F,I,L). All these deposits are stained with AT8 antibodies (A–F), PHF1
(G–I), and anti-P-tau Ser262 (J–L). Grains and pre-tangles are composed of 4Rtau (M,N) and do not contain 3Rtau (O). Paraffin sections, processed for
immunohistochemistry, and slightly counterstained with hematoxylin; (A,B), bar = 55 µm; (D–O), bar = 30 µm.

deposits in the fimbria and ipsilateral corpus callosum, and
grains (dots) in the dentate gyrus, fimbria, and corpus
callosum. Neuronal tau deposition consisted of diffuse or fine
granular deposits; neurofibrillary tangles were not seen in any
case at any time. Oligodendroglial tau aggregates had the
morphology of perinuclear deposits or of coiled bodies. Deposits
were immunostained with anti-phospho-tau antibodies raised
against single specific phospho-tau sites Thr181 and Ser262,

double-phosphorylated sites as revealed with antibodies AT8
(Ser202/Thr205), and PHF1 (Ser396/Ser404); and with antibodies
raised against 4Rtau and 3Rtau (Figure 3). Immunoreactivity to
tau-C3 was largely negative excepting a few grains and threads
in the corpus callosum. Mice inoculated at the age of 3 or
12 months, and killed at the age of 10 or 19 months (7 months
of survival; n = 1 and n = 2, respectively), showed, in addition to
the previous deposits, an extension of lesions to the contralateral
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FIGURE 2 | Characteristics of sarkosyl-insoluble fractions. Western blotting processed with anti-phospho-tau Ser422 (P-tau Ser422) in PART stage IV and AD
stages V–VI reveals three bands of 68, 64, and 60 kDa, and upper oligomeric smears, in addition to several bands of about 50 kDa, between 30 and 40 kDa, and
lower bands of truncated tau at the C-terminal, one of them of about 20 kDa. In contrast, “pure” AGD reveals two bands of 68 and 64 kDa, and a weak band of
about 37 kDa (A). Thioflavin T incubation of sarkosyl-insoluble fractions shows slightly increased fluorescence with time indicating moderate fibril formation in AGD
up to 2,500 au (B), and rapid and higher fluorescence in PART reaching about 7,500 au up to 15 h of incubation (C).

corpus callosum characterized by threads, dots, and coiled bodies
(Figure 3). No tau deposits were seen in other brain regions.
No differences were seen between the animals inoculated Tau
deposits were negative with Congo Red, and did not show
fluorescence with thioflavin T. All the animals inoculated with
sarkosyl-insoluble fractions showed tau deposits.

Similar changes were seen in mice surviving 3 or 7 months
despite the age of inoculation.

WT Mice Inoculated With
Sarkosyl-Insoluble Fractions From PART
Sarkosyl-insoluble fractions of two PART cases were unilaterally
inoculated in the hippocampus at the age of 7 months and
killed at the age of 10 months (3 months survival); 3 months
and killed at the age of 10 months or at the age of 12 months
and killed at the age of 19 months (7 months survival). Mice
with survival of 3 months showed tau deposits in the ipsilateral
hippocampus, fimbria, and ipsilateral corpus callosum extending
along the anterior-posterior axis. Mice surviving 7 months,
independently of the age of inoculation, showed, in addition
to the previous regions, major extension along the anterior-
posterior axis, together with tau deposits in the middle and
contralateral corpus callosum, the ipsilateral periventricular

hypothalamus, and septal nuclei. Tau deposits were found in
neurons, threads, and oligodendroglial cells (mainly round and
coiled bodies) which were stained with specific anti-phospho
tau antibodies Thr181 and Ser262, double-phosphorylated sites
as revealed with antibodies AT8 (Ser202/Thr205) and PHF1
(Ser396/Ser404), and with antibodies raised against 4Rtau and
3Rtau (Figure 4). Immunoreactivity to tau-C3 was largely
negative excepting a few threads in the corpus callosum. Tau
deposits were negative with Congo Red and they did not show
fluorescence with thioflavin T.

Mice inoculated with sarkosyl-soluble fractions and
those inoculated with control brain homogenates did not
show tau deposits.

Similar changes were seen in mice surviving 3 or 7 months
despite the age of inoculation. Therefore, the distribution of
tau-immunoreactive deposits following inoculation of PART
sarkosyl-insoluble fractions with survival times of 3 and 7 months
are shown in Figure 5, together with the distribution of deposits
of AGD to facilitate comparison. Semi-quantitative studies are
summarized in Table 2.

To analyze in more detail differences in the number of
phospho-tau-containing neurons in the hippocampus in the two
groups of mice inoculated with sarkosyl-insoluble fractions of
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FIGURE 3 | Hyper-phosphorylated tau-containing cells and threads following unilateral hippocampal injection of sarkosyl-insoluble fractions from AGD in WT mice
inoculated at 7 months and killed at the age of 10 months (3 months of survival) (A,B); inoculated at the age of 3 months and killed at the age of 6 months (3 months
survival) (C); inoculated at the age of 12 months and killed at the age of 19 months (7 months survival) (D–F); and inoculated at the age of 3 months and killed at the
age of 10 months (survival 7 months) (E–H). Neurons in the ipsilateral hippocampus contain granular hyper-phosphorylated tau deposits as revealed with the AT8
antibody without morphological features of tangles (A); these deposits are stained with antibodies against 4Rtau and 3Rtau (G,H). Grains (dots) in CA1 region of the
hippocampus, dentate gyrus, fimbria, and corpus callosum are recognized with the antibody AT8 (B,C,E,F), anti P-tau Ser262 (D), and antibodies against 4Rtau and
3Rtau (G–I) (thin arrows). Threads and coiled bodies containing hyper-phosphorylated tau are seen in the ipsilateral and contralateral corpus callosum in mice
surviving 7 months after inoculation. Paraffin sections slightly counterstained with hematoxylin. CA1, region of the hippocampus; DG, dentate gyrus; fimbr, fimbria;
ipsi contr CC, ipsi- and contralateral corpus callosum; (A–F), bar = 25 µm; (G–I), bar = 25 µm. Grains, coiled bodies and grains, insets in (A,E,H), respectively,
bar = 7.5 µm.

AGD and PART with different incubation times, we performed
a statistical study using a two-way ANOVA test followed by
Tukey’s post-hoc test. Two-way ANOVA did not reveal significant
interactions between the type of the inoculums (AGD or PART)
and the survival time [F(1, 44) = 0.31, p = 0.57]. Subsequent
Tukey’s post-hoc test showed significant differences between
group AGD 3 months compared with group PART 3 months
(P = 0.003), and group PART 7 months (P = 0.001), but
not with the group AGD 7 months. Mice AGD 7 months
showed reduced number of positive neurons when compared
with mice PART 3 months (P = 0.005) and PART 7 months
(P = 0.003). Regarding the number of oligodendroglial cells in
the ipsilateral corpus callosum between groups, two-way ANOVA
revealed a significant interaction between the inoculated PHF
type and the incubation time in phosphor-tau-immunoractive
oligodendroglial cells [F(1, 43) = 10.41, p = 0.0024]. Differences
were significant when comparing AGD and PART (PHF type)
[F(1, 43) = 124.4 p < 0.0001] and the survival time (3 vs.
7 months) [F(1, 43) = 6.19, p = 0.017]. Post-hoc test showed
significant increase in phospho-tau containing oligodendroglial
cells in the ipsilateral corpus callosum in AGD 7 months

(P = 0.001), PART 3 months (P = 0.000), and PART 7 months
(P = 0.000) when compared with AGD 3 months. Similarly,
significant increase in the number of phospho-tau containing
oligodendrocytes was noticed in PART 3 months (P = 0.000)
and PART 7 months (P = 0.000) when compared with AGD
7 months. Regarding phospho-tau containing oligodendroglial
cells in the contralateral corpus callosum, two-way ANOVA
revealed significant interaction between the type of inoculums
(AGD and PART) and the survival time [F(1, 47) = 21.25,
p < 0.0001]. Significant differences were found in relation
with the effects of the inoculums (AGD or PART) [F(1,
47) = 21.25 p < 0.0001] and the survival time (3 or 7 months)
[F(1, 47) = 87.72, p < 0.0001]. Tukey’s post-hoc test revealed
significant increased numbers of phospho-tau immunoreactive
oligodendroglial cells in contralateral corpus callosum in mice
of the groups AGD 7 months (P = 0.004) and PART
7 months (P = 0.000) when compared with mice of the AGD
3 months group. Following the same trend, increased numbers
of phospho-tau containing oligodendrocytes in the contralateral
corpus callosum was seen in the groups AGD 7 months
and PART 7 months when compared with PART 3 months
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FIGURE 4 | Hyper-phosphorylated tau-containing cells and threads following unilateral intra-hippocampal injection of sarkosyl-insoluble fractions from PART into WT
mice at the age of 7 months and killed at the age of 10 months (3 months survival) (A,C); 3 months and killed at the age of 10 months (C,D–F); and at the age of
12 months and killed at the age of 19 months (7 months survival) (G–J). Tau deposits in neurons, independently of the survival time, show granular deposits in the
cytoplasm, and occasional denser inclusions with no similarities with tangles (A,B). Threads and coiled bodies are abundant in the fimbria and corpus callosum
(C–F). Individual neurons, threads and oligodendrocytes in inoculated mice are stained with anti-4Rtau (G,H) and anti-3Rtau (I,J) antibodies. Paraffin sections
slightly counterstained with hematoxylin. CA1, region of the hippocampus; fimbr, fimbria; ipsi contr CC, ipsi- and contralateral corpus callosum; (A–F), bar = 50 µm;
(G–J), bar = 50 µm.

(P = 0.016 and P = 0.000, respectively). These values show
that the number of labeled neurons in the hippocampus, and
oligodendroglial cells in the ipsilateral and contralateral callosum
was significantly higher in mice inoculated with PART sarkosyl-
insoluble fractions when compared with mice inoculatyed with
AGD fractions (Figure 6).

Finally, the number of phospho-tau-positive oligodendrocytes
in the ipsilateral corpus callosum was compared with the number
of phospho-tau-positive oligodendrocytes in the contralateral
corpus callosum at the same survival time in every one of the four
groups. Significant differences were seen between the ipsilateral
corpus callosum and the contralateral corpus callosum in mice
AGD 3 months (P = 0.000); AGD 7 months P = 0.000); PART
3 months (P = 0.000); and PART 7 months (P = 0.000). These
values indicated significant progression of phospho-tau deposits
in oligodendrocytes in the contralateral corpus callosum with
time after inoculation (Figure 6).

In situ end-labeling of nuclear fragmentation was negative
in mice inoculated with sarkosyl-insoluble fractions from
AGD and PART processed in parallel with brain sections of
newborn irradiated rats killed 24 h after irradiation (2Gy)
(data not shown).

No hyper-phosphorylated tau deposition occurred in mice
inoculated with sarkosyl-soluble fractions or with vehicle alone

(data not shown). 4Rtau and 3Rtau deposits were also absent in
these mice used as controls.

Double-Labeling Immunofluorescence
and Confocal Microscopy
Localization of phospho-tau in neurons and oligodendrocytes
in AGD-inoculated mice was identified with double-labeling
immunofluorescence with anti-phospho-tau antibodies in
combination with NeuN and Olig2 antibodies, respectively
(Figures 7A–C). Antibodies anti-p38-P (Thr180-Tyr182)
revealed co-localization with phospho-tau (AT8) in the
majority of grains or dots (Figure 7D), as well as in pre-
tangles and coiled bodies, as detailed in other tauopathies
(Ferrer et al., 2018, 2019, 2020a).

Double-labeling immunofluorescence to GFAP and
Iba1, and to AT8, confirmed the absence of phospho-tau
deposits in astrocytes and microglia, respectively, at all times
during the study.

Similar features regarding neurons and glial cells
were assessed in PART-inoculated mice using double-
labeling immunofluorescence and confocal microscopy.
In addition to neurons, oligodendrocytes and threads
were easily visualized in the corpus callosum (Figure 7E).
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FIGURE 5 | Schematic representation of phospho-tau-immunoreactive deposits (red dots), as revealed with the AT8 antibody, following unilateral inoculation of
sarkosyl-insoluble fractions from AGD and PART into the hippocampus of WT mice with survival times of 3 and 7 months. Mice inoculated with AGD and killed
3 months after inoculation show tau deposits restricted to the ipsilateral hemisphere, whereas mice inoculated with PART and killed after 3 months show wider
distribution of tau deposits along the anterior-posterior axis although restricted to the same hemisphere. Mice inoculated with AGD and killed 7 months later have, in
addition, tau deposits along the contralateral corpus callosum, whereas mice inoculated with PART and killed at 7 months post-inoculation show, in addition to the
previous regions, further extension along the anterior-posterior axis, deposits in distal projections such as the periventricular hypothalamus and septal nuclei, and
abundant deposits in the contralateral corpus callosum. Maps obtained from the atlas of Paxinos and Franklin. Red dots simply represent the distribution of lesions;
no attempt is made to distinguish between deposits in neurons, oligodendrocytes, threads and dots, and quantify the numbers or densities of each one of these
lesions.
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TABLE 2 | Semi-quantitative representation of lesions following inoculation of sarkosyl-insoluble fractions of AGD and PART at survival times of 3 months (AGD, n = 4;
PART, n = 2) and 7 months (AGD, n = 3; PART, n = 7).

Hip neur/gr fim olig/thr cc ips olig/thr/dots cc contr olig/thr/dots Ant/post axis Other distant regions

AGD 3 months ##/+ φ/++ φ/++/+ – – –

AGD 7 months ##/+ φφ/++ φφ/+++/++ φ/++/+ + –

PART 3 monts ###/– φφφ/++ φφφ/++/+ – ++ –

PART 7 months ###/– φφ/++ φφφ/+++/++ φφφ/+++/++ +++ §§

Hip, hippocampus; fim, fimbria; cc ip and contr, corpus callosum ipsilateral and contralateral; ant/post axis, extension along the anterior/posterior axis; other distant
regions include nuclei of the hypothalamus and septal nuclei. Symbols per area of 0.035 µm2; neurons: –: 0, #: 1, ##: 2–3; ###: >3; oligodendrocytes: –: 0, : φ1–3, φφ:
4–7, φφφ: >7; grains, threads and dots: –:0, +: mild, ++: moderate, +++: abundant; other distant regions (hypothalamus and septal nuclei) –: no; §§: yes.

FIGURE 6 | Numbers of neurons in the hippocampus, oligodendrocytes in the ipsilateral corpus callosum, and oligodendrocytes in the contralateral corpus in the
four groups of mice inoculated with sarkosyl-insoluble fractions of AGD and PART with 3 months and 7 months of survival. Counts were compared with two-way
analysis of variance (ANOVA) followed by Tukey post-test using SPSS software. Differences are considered statistically significant at **P < 0.01 and ***P < 0.001
compared with AGD 3 months; $P < 0.05, $$P < 0.01, and $$$P < 0.001 compared with AGD 7 months; and ###P < 0.001 compared with PART 3 months.
Comparison between values of oligodendrocytes in ipsilateral (ipsi) and contralateral (contr) corpus callosum was assessed using T-student test and SPSS software.
Differences are considered statistically significant at xxxP < 0.001 compared with AGD 3 months ipsi; &&&P < 0.001 compared with AGD 7 months ipsi; ˆˆˆP < 0.001
compared with PART 3 months ipsi; and +++P < 0.001 compared with PART 7 months ipsi.

As for AGD, no astrocytes or microglia contained
phospho-tau deposits.

DISCUSSION

Tau seeding and spreading occur following unilateral inoculation
of sarkosyl-insoluble fractions from AD, PART, ARTAG, PSP,
PiD, FTLD linked to MAPT P301L mutation, and GGT in the
hippocampus of WT mice using the protocol utilized in the
present study (Ferrer et al., 2018, 2019, 2020a,b). Neurons and
oligodendrocytes are the main targets of tau spreading, which
progresses through synaptically connected areas, and along tracts
such as the corpus callosum to reach the contralateral hemisphere
in those settings. The present results show a similar pattern
of tau seeding and spreading following unilateral inoculation
of sarkosyl-insoluble fractions from homogenates of AGD
cases without concomitant tauopathy, and more particularly
without NFTs, in the hippocampus of WT mice. Neurons
and oligodendrocytes are the main targets; in addition, grains
(dots) and threads containing phospho-tau are present in the
hippocampus and in the corpus callosum. The morphological
characteristics of tau deposits in neurons, as revealed with
phospho-specific anti-tau antibodies, are similar to those seen

in human AGD cases bearing only pre-tangles; threads and dots
are also similar to those seen in AGD, but their presence in
the corpus callosum indicates that most “grains” in inoculated
mice are not located in dendrites, in contrast to the ordinary
dendritic localization of grains in AGD (Ferrer et al., 2008).
Therefore, what we call grains in AGD-inoculated mice are
probably small aggregates of phospho-tau in neuronal processes
other than dendrites. Coiled bodies in AGD-inoculated mice
are the counterparts of coiled bodies in AGD. Yet astrocytes
do not contain phospho-tau in inoculated mice at the survival
times (3 and 7 months) assessed in the present study, in contrast
with the presence of TSAs in AGD. The characteristics of
tau as revealed by immunohistochemistry are similar in AGD
and in AGD-inoculated WT mice. Of note, the presence of
P-tauSer262 in the inclusions a phosphorylation is also seen in
AGD (Ferrer et al., 2002). Co-localization of phosphorylated
p38 (P38-P) with phospho-tau in a subpopulation of neurons
and grains, suggesting the active participation of the kinase
in tau phosphorylation, is observed as well in AGD (Ferrer
et al., 2003, 2008) and in mice inoculated with AGD
sarkosyl-insoluble fractions.

Similar deposits are reported following brain inoculation of
AGD homogenates in WT mice with the exception of tau deposits
categorized as TSAs (Clavaguera et al., 2013a, 2015).
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FIGURE 7 | (A–D) WT mice unilaterally inoculated in the hippocampus with
sarkosyl-insoluble fractions from AGD at the age of 12 months and killed at
19 months (7 months survival) showing tau-immunofluorescent CA1 neurons
(asterisks) in the ipsilateral hippocampus (A), and deposits of
hyper-phosphorylated tau in the cytoplasm of oligodendrocytes (B,C; arrows)
as revealed with double-labeling immunofluorescence to NeuN (green) and
P-tauThr181 (red), and Olig2 (green) and AT8 (red), respectively.
Double-labeling immunofluorescence to phosphorylated p38 (p38-P,
p38-PThr180-182) (green) and AT8 (red) in WT mice inoculated with
sarkosyl-insoluble fractions from AGD at the age of 12 months and killed at
the age of 19 months (7 months survival) (D). Active p38 kinase (p38-P)
co-localizes with tau deposits in tau-positive grains (thick arrows) and threads
in the hippocampus. E: WT mouse unilaterally inoculated in the hippocampus
with sarkosyl-insoluble fractions from PART at the age of 12 months and killed
at 19 months (7 months survival) showing tau-immunofluorescent
oligodendrocyte (thin arrow) and threads (short arrows) in the contralateral
corpus callosum. Paraffin sections, nuclei stained with DRAQ5TM (blue); (A),
bar = 10 µm; (B), bar = 30 µm; (C,D), bar = 10 µm; (E) = 25 µm.

A major differential point between AGD and AGD-inoculated
mice is the presence of 3Rtau in addition to 4Rtau in tau-
bearing neurons, oligodendrocytes, threads, and grains in AGD-
inoculated mice. Since the AGD cases used for inoculation
do not contain 3Rtau deposits, and the western blotting

of sarkosyl-insoluble fractions shows a typical signature of
4Rtaupathy, the presence of 3Rtau implies the necessary
phosphorylation of murine 3Rtau, in addition to 4Rtau, in the
composition of abnormal tau deposits in mice inoculated with
AGD sarkosyl-insoluble fractions.

For comparative purposes, another series of mice was
inoculated with sarkosyl-insoluble fractions of PART, a primary
3R + 4Rtau neuronal-only tauopathy with NFTs in the temporal
lobes (Crary et al., 2014). PART has also been considered part
of AD without β-amyloid deposition and predominant early and
middle stages of NFT pathology according to the classification
of Braak and Braak of AD (Duyckaerts et al., 2015). Subtle
differences in NFT pathology between PART, and early and
middle stages of AD (Bell et al., 2019), are barely sufficient to
firmly categorize these conditions as unrelated diseases (Jellinger,
2019). Inoculation of sarkosyl-insoluble fractions of PART results
in the presence of 4Rtau and 3Rtau phospho-tau in neurons
in the hippocampus, and of oligodendrocytes and threads in
the corpus callosum three months after inoculation. Mice with
7 months of survival have an extension of tau deposits to
distant regions such as the hypothalamus, and nuclei of the
septum, and to the middle and contralateral corpus callosum,
in addition to greater extension along the anterior-posterior
axis when compared with mice inoculated with AGD at the
same survival times. Despite the small number of animals
used in the present study which precludes quantitative analysis,
differences between AGD and PART may be due to several factors
including different amounts of phospho-tau in the inoculums,
different species of tau (as seen looking at the tau species
in western blots of sarkosyl-insoluble fractions), and differing
capacity of “fibril” formation (as illustrated by the different
profiles of ThT amyloid quantification assay in vitro). Moreover,
we cannot obviate the possibility that AGD spreading is slower
than PART spreading as the longest survival time in both
settings is 7 months.

Major differential points between PART and PART-
inoculated mice are the presence of phospho-tau deposits
in oligodendrocytes in inoculated mice which are absent in
PART, and the lack of NFTs in mice in contrast with PART.
Identification of NFTs was made by comparing the compact
tangle morphology of tau deposits in PART neurons with the
granular characteristics of neuronal tau deposits in mice. Here
again, we cannot rule out the possibility that tangles in mice
need more time than the maximal 7-month period available in
the present study.

The present results are in line with the concept that abnormal
tau has the capacity to seed and spread following the intracerebral
inoculation of recombinant tau in transgenic mice expressing
P301S or P301L tau mutation (Iba et al., 2013; Peeraer et al.,
2015). Similarly, tau obtained from the brain of different human
tauopathies has the capacity to seed and spread in transgenic
mice expressing the longest human four-repeat tau isoform
(ALZ17 line) (Clavaguera et al., 2013a,b), or in transgenic mice
bearing the P301S tau mutation (line PS19) (Boluda et al.,
2015). Neurons, oligodendrocytes and astrocytes, with particular
features depending on the disease in question, are targets of
tau seeding and spreading in all these settings, pointing to
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the importance of different tau strains in tauopathies. These
observations are in agreement with other studies showing the
variability of tau deposits depending on tau strains in vitro and
in vivo (Sanders et al., 2014; Kaufman et al., 2016).

Pioneering inoculations of brain homogenates from human
tauopathies in WT mice showed a limited variety of tau
deposits in neurons and glial cells (Lasagna-Reeves et al., 2012;
Clavaguera et al., 2013b). In another study, neurons were
reported as the only targets of tau seeding and spreading
following inoculation of AD homogenates (Guo et al., 2016).
However, tau seeding and propagation in neurons, astrocytes
and oligodendrocytes was observed following inoculation of
paired helical filament (PHF)-enriched fractions from CBD and
PSP; deposits in astrocytes comparable to astrocytic plaques
were reported following inoculation of CBD, and doubtful
tufted astrocytes following inoculation of PSP homogenates
(Narasimhan et al., 2017). Finally, only grains, threads,
and coiled bodies with phosphorylated tau were produced
following inoculation of PHF-enriched fractions from AD in
the dentate gyrus of WT mice a survival time of 3 months
after inoculation (Audouard et al., 2016). These variations
demonstrate different profiles of tau spreading depending not
only on the disease but also on the methods and doses used
for inoculation.

Tau can be transmitted trans-synaptically from one neuron
to another neuron, based on connectivity rather than on
proximity, thus facilitating progression of tau pathology in
tauopathies (Liu et al., 2012; Ahmed et al., 2014; Dujardin
et al., 2014b; Lewis and Dickson, 2016; Goedert and Spillantini,
2017; Goedert et al., 2017; Mudher et al., 2017; Gibbons
et al., 2019). Tau secretion can also be produced by exo-
synaptic secretory mechanisms, including free release of tau to
the extracellular space, and vesicle-associated exocytosis. Free
release to the extracellular space is indeed the means used to
inoculate tau in the brain, and to make tau available to cultured
cells. The vesicular-mediated secretary pathways, represented by
microvesicles and exosomes, use the Endosomal Sorting Complex
Required for Transport (ESCRT) (Abels and Breakefield, 2016).
Microvesicles are generated by outward budding of the plasma
membrane, whereas exosomes are rich in lipid rafts, and they
are released upon depolarization of the plasma membrane
(DeLeo and Ikezu, 2018; van Niel et al., 2018; Ruan and
Ikezu, 2019). The two mechanisms may participate in tau
secretion in different settings (Saman et al., 2012; Dujardin et al.,
2014a; Lewis and Dickson, 2016; Goedert and Spillantini, 2017;
Wang et al., 2017; DeLeo and Ikezu, 2018; Guix et al., 2018;
Polanco et al., 2018; Ruan and Ikezu, 2019). Finally, tau can
be transmitted through tunneling nanotubes which are actin-
based nanotubular channels that connect one cell to another
(Rustom et al., 2004; Davis and Sowinski, 2008). Tau is a
component of nanotubes, and extracellular tau enhances the
formation of nanotubes, and facilitates the transfer of tau from
one cell to another (Tardivel et al., 2016). Tau uptake can be
achieved through various mechanisms, including endocytosis,
micropynocitosis, membrane fusion, and the activity of specific
receptors (Frost et al., 2009; Kfoury et al., 2012; Holmes
et al., 2013; Wu et al., 2013; Christianson and Belting, 2014;

Mulcahy et al., 2014; Calafate et al., 2016; Bolós et al., 2017;
Morozova et al., 2019).

Non-trans-synaptic transmission may be inferred as the
process of tau uptake by oligodendrocytes following tau
inoculation. Endogenous mouse tau is accumulated in
oligodendrocytes in mice expressing transgenic human
tau, thus indicating that mouse tau has the capacity to be
recruited and aggregated in oligodendrocytes (Ren et al., 2014).
Moreover, oligodendrocytes are the only cell targets, beside
threads, following inoculation of sarkosyl-insoluble fractions
from a wide variety of tauopathies in the corpus callosum
of WT mice (Ferrer et al., 2018, 2019, 2020a,b). Similarly,
human tau can be trapped by axons following inoculation.
Then tau can be transported along nerve fibers and, more
importantly, it can activate the phosphorylation of resident tau
through the activation of kinases. In support of this, previous
studies have shown that small misfolded tau is internalized
via endocytosis, and it is anterogradely and retrogradely
transported in neurons (Wu et al., 2013). Therefore, tau
uptake by oligodendrocytes and axonal fibers is likely linked to
endocytosis and micropynocitosis.

Differences between human AGD and AGD-inoculated
mice are the result of multiple factors. Among these, the
characteristics of tau are different in the two species. In adult
human brain, 4Rtau and 3Rtau species are balanced, whereas
in the adult mouse brain 4Rtau predominates. In addition
to differences in the shift of isoform expression linked to
exon 10 from embryonic to adult brain between murine and
human brain, murine tau also differs from human tau in
the N-terminal domain and three amino acid residues at the
C-terminal domain (Goedert et al., 1988; Lee et al., 1988;
Kampers et al., 1999; Goedert and Spillantini, 2019; Sayas
et al., 2019). This is an important point as the N-terminal
domain is crucial for specific protein-protein interactions
(Stefanoska et al., 2018).

Moreover, the distribution and localization of the different
tau isoforms in mice is region-dependent (Bullmann et al., 2007;
McMillan et al., 2008; Liu and Götz, 2013). These differences may
explain the distinct vulnerability and types of lesions between
human diseases and inoculated WT mice which express only
murine tau. Not only tau strains in the donor, but also tau
strains in the host are critical to the formation of characteristic
tau deposits. Moreover, differing cell vulnerability may depend
on the availability of tau in particular cell types. Neurons and
oligodendrocytes have a high capacity to recruit endogenous
tau to form tau aggregates following inoculation of tau from
different tauopathies; in contrast, the capacity of astrocytes is
more limited. ARTAG homogenates produce tau seeding and
spreading in neurons, oligodendrocytes and threads in WT mice,
but astrocytes are rather resistant to producing tau inclusions
following inoculation of ARTAG homogenates (Ferrer et al.,
2018) and homogenates from other tauopathies in WT mice
(Ferrer et al., 2019, 2020a,b), unless large amounts of tau are
inoculated (Narasimhan et al., 2017).

Finally, an intriguing aspect is the deposits of 3Rtau following
inoculation of sarkosyl-insoluble of AGD observed here and
in other pure 4Rtau tauopathies (Ferrer et al., 2018, 2020a,b).
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It may appear that 3Rtau aggregates in inoculated mice are
found in immature neurons which are recruited following the
administration of tau. However, 3Rtau is not only found in
neurons with mature appearance but also in oligodendrocytes
and along the fibers of very long tracts such as the corpus
callosum. In fact, little is known about the local machinery
put in motion after intake of abnormal tau to recruit and
actively phosphorylate local tau. Several regulatory elements exist
in the introns flanking exon 10 during normal development,
some upstream and others downstream, including inhibitors
such as SRp30c, SRp55, SRp75, 9G8, U2AF, PTB, and hnRNPG,
and activators such as htra2beta1, CELF3, and CELF4 (Gao
et al., 2000; Sobrido et al., 2003; Wang et al., 2004; Andreadis,
2005). Nothing is known about the role of these regulatory
factors following tau inoculation in murine models and in tau-
treated cultured cells.

These results show the capacity for seeding and spreading
of AGD tau in the brain of WT mice, and suggest that the
characteristics of donor tau and host tau underlie common
and specific aspects of deposits both in human disease
and corresponding experimentally induced murine models.
Understanding the mechanisms modulating tau recruitment and
modifications in the host needs further efforts.
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Alzheimer’s disease (AD) is characterized by the accumulation in the brain of
intraneuronal aggregates of abnormally and hyperphosphorylated tau proteins and
of extracellular deposits of amyloid-β surrounded by dystrophic neurites. Numerous
experimental models have shown that tau pathology develops in the brain after
intracerebral injection of brain homogenates or pathological tau [paired helical filaments
(PHF)-tau)] from AD brains. Further investigations are however necessary to identify or
exclude potential extracerebral routes of tau pathology transmission, e.g., through the
intravascular route. In this study, we have analyzed the effect of intravenous injection
of PHF-tau proteins from AD brains on the formation of tau and amyloid pathologies in
the brain of wild-type (WT) mice and of 5XFAD mice (an amyloid model). We observed
that 5XFAD mice with a disrupted blood–brain barrier showed increased plaque-
associated astrogliosis, microgliosis, and increased deposits of Aβ40 and Aβ42 after
intravenous injection of PHF-tau proteins. In addition, an increased phosphotau
immunoreactivity was observed in plaque-associated dystrophic neurites. These results
suggest that blood products contaminated by PHF-tau proteins could potentially induce
an exacerbation of neuroinflammation and AD pathologies.

Keywords: tau, neurofibrillary tangles, amyloid, plaque, intravenous, blood transfusion

INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by two neuropathological
lesions called neurofibrillary tangles (NFT) and senile plaques. NFT are composed of
abnormally and hyperphosphorylated tau proteins that form aggregates in neurons as paired
helical filaments (PHF; Brion et al., 1985; Grundke-Iqbal et al., 1986; Buée et al., 2000).
The cognitive deficits are highly correlated to the abundance of NFT in the brain of AD
subjects (Nelson et al., 2012). Senile plaques are composed of extracellular deposits of the
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amyloid-β peptide (Aβ) surrounded by dystrophic neurites
containing abnormally phosphorylated tau proteins. Aβ is
produced by the proteolytic cleavage of the amyloid precursor
protein (APP; Glenner and Wong, 1984; Kang et al., 1987).

Experimental models have demonstrated that tau pathology
propagates in the brain after exposure to pathological tau in a
prion-like manner by recruiting endogenous tau (Mudher et al.,
2017). Indeed, the seeding of endogenous murine or human tau
has been observed in the brain after intracerebral injection of
brain homogenates or PHF-tau proteins from AD brain tissues
in wild-type (WT) and in tau transgenic mice (Clavaguera et al.,
2013, 2014; Audouard et al., 2016).

Further investigations are necessary to identify potential
extracerebral routes of tau pathology transmission as it was
suggested for some prion diseases. Indeed, cases of iatrogenic
Creutzfeldt–Jakob’s disease (CJD) have been induced by the
use of contaminated growth hormone derived from cadaver
with undiagnosed CJD infections and by transfusion of blood
products (Brown, 1988; Llewelyn et al., 2004; Wroe et al.,
2006; Brown et al., 2012). In some cases of iatrogenic CJD,
tau pathology was observed in the brain of patients after
exposure to cadaver-derived human growth hormone, suggesting
that tau pathology could develop through an extracerebral
iatrogenic transmission (Duyckaerts et al., 2018). The role
of the intravascular system as a potential extracerebral route
for transmission of tau pathology is not clearly elucidated
as studies showed no association or an increased risk for
AD after blood transfusion in cohort studies (O’Meara et al.,
1997; Edgren et al., 2016; Lin et al., 2019). The presence of
phosphorylated tau proteins has however been demonstrated
in the plasma of normal subjects (Yang et al., 2018). Plasma
tau protein was detected already in young individuals and
the concentration of plasma tau proteins increased with age
in cognitively normal subjects (Chiu et al., 2017; Lue et al.,
2019). Moreover, the permeability of the blood–brain barrier
has been reported to be increased with age in the hippocampus
of healthy individuals (Montagne et al., 2015) and in AD
(Rosenberg, 2014; van de Haar et al., 2016), suggesting that
aged individuals with compromised blood–brain barrier might
be more susceptible to passage of plasma tau proteins in the
brain and potential seeding of a tau pathology. The presence
of an amyloid-β pathology in the brain might also facilitate
the seeding of a tau pathology, since recent studies have
shown that amyloid increases tau seeding after intracerebral
injection of PHF-tau proteins from AD brain (He et al.,
2018; Vergara et al., 2019). To investigate experimentally a
potential role of the intravascular route in the development
of a tau pathology in a model with compromised blood–brain
barrier and amyloid-β pathology, we have analyzed amyloid
and tau pathologies after intravenous injection of PHF-tau
proteins from AD brain in WT and 5XFAD mice. 5XFAD
mice, an animal model of AD amyloidosis expressing human
mutated APP and Presenilin 1 (PS1), develops amyloid
plaques in the brain at 3 months of age (Oakley et al.,
2006) and show a higher permeability of the blood–brain
barrier (Kook et al., 2012, 2013; Batarseh et al., 2017). This
higher permeability in 5XFAD mice is due to the presence

of Aβ42, which induces a disruption of tight junctions in
brain capillaries and has also been observed in AD brains
(Wisniewski et al., 1997; Kook et al., 2012, 2013; Batarseh
et al., 2017; Yamazaki et al., 2019). We observed that a single
intravascular injection of PHF-tau proteins induced a long-term
inflammatory response in 5XFAD mice, an increased amyloid-β
burden and increased tau immunoreactivity in plaque-associated
dystrophic neurites.

MATERIALS AND METHODS

Human Brain Tissue
Human brain tissue samples were taken at autopsy from a
demented patient clinically diagnosed as having AD (60 years
old, female, postmortem delay of 24 h) or from a nondemented
control subject (67 years old, male, postmortem delay of
24 h). Tissue samples were fixed with formalin 10% and
embedded in paraffin for neuropathological examination or were
kept at −80◦C. The neuropathological examination confirmed
the presence of NFT and amyloid plaques in this AD case
(Braak stage VI, Thal stage 4) and their absence in the
control case. This study on postmortem brain tissue was
performed in compliance and following approval of the Ethical
Committee of the Medical School of the Free University
of Brussels.

Preparation of Human Sarkosyl-Insoluble
PHF-Tau Fraction
Sarkosyl fractionation of human brain tissue was performed
as previously described (Brion et al., 1991; Frederick et al.,
2015). Frozen frontal cortex (0.5 g) from AD and control cases
was homogenized in 10 volumes of ice-cold PHF-extraction
buffer [10 mM Tris–HCl (pH 7.4), 0.8 M NaCl, 1 mM
EDTA, and 10% sucrose]. The homogenate was centrifuged
at 15,000× g for 20 min at 4◦C. N-lauroylsarcosine sodium
salt (L-5125; Sigma-Aldrich) was added to the supernatant
to reach a final concentration of 1% (w/v). The lysate was
incubated overnight at 4◦C with a mild agitation followed
by an ultracentrifugation at 180,000× g for 30 min at
4◦C. The sarkosyl soluble supernatant was removed and the
sarkosyl-insoluble pellet, containing PHF, was gently rinsed
and re-suspended in 0.25 ml of PBS by vigorous pipetting.
The protein concentration was determined by Bradford protein
assay (Bio-Rad). These Sarkosyl fractions were aliquoted and
kept at−20◦C.

Negative Staining of Tau Filaments by
Transmission Electron Microscopy
The Sarkosyl-insoluble material was ultrastructurally
characterized by transmission electron microscopy. This
material was adsorbed on formvar-carbon-coated EM grids
and negatively stained with potassium phosphotungstate as
reported before (Brion et al., 1991; Poncelet et al., 2019) and
observed with a Zeiss EM 809T at 80 kV. The average length
of sarkosyl-insoluble filaments was measured on 200 filaments,
using the ImageJ software.
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Animals
The 5XFAD heterozygote mice contain five familial AD
mutations for APP (K670N/M671L, I716V, V717I) and for
PS1 (M146L, L286V; Oakley et al., 2006). Mutants APP and
PS1 transgene expression is driven by the mouse Thy1 promoter.
Genotyping was performed by PCR amplifications of DNA
extracted from tail, using previously described primers for
human APP (Oakley et al., 2006; Leroy et al., 2012). Only
female heterozygote animals were used in the present study;
non-transgenic littermates were used as WT controls. Tg30 mice
express 1N4R human tau mutated on G272V/P301S under the
control of a Thy.1 promoter (Schindowski et al., 2006; Leroy
et al., 2007). Brain sections of these mice were used as positive
control for anti-human or pathological tau immunolabelings.

Intravenous Injection of Sarkosyl Fractions
Three-month-old WT and 5XFAD female mice were not treated
(not injected group: WT mice, n = 3; 5XFAD mice, n = 3)
or treated by injection in the orbital venous plexus of 10 µg
proteins of sarkosyl fraction isolated from control frontal cortex
(CTL injected group: WT mice, n = 3; 5XFAD mice, n = 3) or
sarkosyl fraction isolated from AD frontal cortex (AD injected
group: WT mice, n = 3; 5XFAD mice, n = 3). Six months after
injection, mice were anesthetized with a solution of xylazine
(5% v/v; Rompun, Bayer) and ketamine hydrochloride (10% v/v;
Nimatek) in physiological saline by i.p. injection (100 ml/10 g
of body weight, final dose, 10 mg/kg xylazine, and 100 mg/kg
ketamine) and the blood was retrieved by intracardiac punction
and allowed to coagulate. Tubes containing coagulated blood
was centrifuged at 1000× g for 10 min at room temperature.
The supernatant corresponding to serum was retrieved. Brains
were fixed in 10% formaldehyde and embedded in paraffin. All
studies on animals were performed in compliance and following
approval of the Ethical committee for the care and use of
laboratory animals of the Medical School of the Free University
of Brussels.

Western Blotting
The protein assay was performed with the Bradford method
(Biorad). Sarkosyl-insoluble fractions from control or AD frontal
cortex were heated in Laemmli buffer at 100◦C for 5 min and
were analyzed by Western blotting, with anti-total tau B19,
anti-phosphotau PHF-1, and anti-amyloid antibodies. Fractions
(5 µg/lane) were run in 10% Tris–glycine SDS-PAGE gels and
transferred on nitrocellulose membranes (Leroy et al., 2000).
The nitrocellulose sheets were blocked in semifat dry milk [10%
(w/v) in Tris-buffered saline] for 1 h at room temperature
and incubated overnight with primary antibodies, followed
by anti-rabbit or anti-mouse immunoglobulins conjugated to
peroxidase. Finally, the membranes were incubated in pico
substrate (Pierce). The ECL signal was captured using a Fusion
SOLO 4S system equipped with a DARQ-7 camera and the
fusion-capt software (Vilber-Lourmat).

Antibodies and Immunohistochemistry
The characteristics of all primary antibodies used in this study are
summarized in Supplementary Table S1.

Tissue sections (7 µm of thickness) were deparaffined
and incubated in H2O2 to inhibit endogenous peroxidase.
Sections were rinsed in water and then incubated with a
blocking solution [10% normal rabbit serum in TBS (Tris
0.01 M, NaCl 0.15 M, pH 7.4)]. After this incubation, sections
were incubated overnight with the primary antibody solution
and then incubated with anti-mouse or anti-rabbit antibodies
conjugated to biotin (Vector) followed by the ABC complex
(Vector). Sections were revealed with a peroxidase substrate, a
solution of diaminobenzidine as a chromogen (DAKO). Sections
immunolabeled with anti-amyloid antibodies were pre-treated
with 99% formic acid (Stygelbout et al., 2014). Tissue sections
were stained with hematoxylin, Thioflavin T, Gallyas staining, or
DAPI for histological examination as previously described (Ando
et al., 2011; Leroy et al., 2012; Poncelet et al., 2019).

For detection of immunoglobulin extravasation, sections were
incubated directly with anti-mouse antibody conjugated to biotin
(Vector) followed by the ABC complex (Vector) without primary
antibody. Sections were revealed with a peroxidase substrate, a
solution of diaminobenzidine as a chromogen.

Quantification of Labeling
Mouse brain sections were labeled with the corresponding
antibody or stained and examined with an Axioplan microscope
(Carl Zeiss). Digital images covering all the dentate gyrus of
the hippocampus were acquired with a 2.5× objective lens,
an Axiocam Hrc camera, and the Axiovision software (Carl
Zeiss). The total surface of the dentate gyrus was measured
using manual selection and the labeled area in the dentate
gyrus was determined with the ImageJ software (NIH) by
detecting positive pixels using image thresholding, as reported
previously (Héraud et al., 2014; Vanden Dries et al., 2017;
Houben et al., 2019).

Statistical Analysis
Statistical analyses were performed using Prism 7 software
(GraphPad Software). Statistical comparisons were performed
using one-way or two-way ANOVA followed by Tukey’s
Multiple Comparison Test as noted in figure legends. Values of
p < 0.05 were considered significant.

RESULTS

Characterization of Sarkosyl-Insoluble
Fraction From Human Brain
The presence of tau in sarkosyl fractions from control or
AD brains that were used for injection was analyzed by
Western blotting with anti-phosphotau (PHF1) and anti-total
tau antibodies (Figure 1A). We detected phosphorylated tau
proteins (PHF-tau proteins) as three major bands as previously
described in AD sarkosyl fractions (Goedert et al., 1992).
These bands were absent in sarkosyl fractions from control
subjects. The presence of tau filaments in the form of PHF in
sarkosyl fractions from AD brain was confirmed by negative
staining by electron microscopy (Figure 1B). The PHF had
an average length of 165.9 ± 7.6 nm (mean ± SEM).
We also analyzed the sarkosyl fractions for the presence
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FIGURE 1 | Intravenous injection of paired helical filaments (PHF)-tau proteins does not induce anti-tau immunoglobulins production. (A) Western blotting of
sarkosyl-insoluble fraction from control (CTL) or Alzheimer’s disease (AD) brain containing PHF-tau with antiphosphotau antibody (PHF1) or total tau antibody (B19).
Tau immunoreactivity was detected in sarkosyl fraction from AD brain but not in sarkosyl fraction from CTL brain. (B) Sarkosyl-insoluble fraction from AD brain
contains PHF observed by transmission electron microscopy. Scale bar: 75 nm. (C–F) Immunolabeling on tissue sections of the hippocampus of 5XFAD mice
injected with AD sarkosyl fractions with anti-human tau antibody (C,E) and counterstained with thioflavin to stain amyloid plaques (D,E). Tg30 mice brain sections
expressing human mutant 1N4R tau were used as a positive control for anti-human tau immunolabeling (F). Scale bar: 10 µm. (G–K) Immunolabeling on tissue
sections of the hippocampus of an AD patient with the serum of wild-type (WT; G,H) or 5XFAD mice (I,J) injected with sarkosyl fractions from control (G,I) or AD
(H,J) brain. Serums from injected mice do not show any tau immunoreactivity on the hippocampus of this AD patient. AT8 immunolabeling was used as a positive
control (K). Scale bar: 10 µm.

of amyloid-β by Western blotting with the 6E10 antibody.
Amyloid-β was not detected in sarkosyl fractions (data
not shown).

Single Intravenous Injection of PHF-Tau
Proteins Does Not Induce the Production
of Anti-tau Antibodies in WT and 5XFAD
Injected Mice
In order to test for the presence of anti-tau antibodies in the
serum of intravenously injected mice, we labeled brain sections
of AD brains with serums of control or AD injected mice
using them as primary antibodies. Tau immunoreactivity was

not detected on AD brain sections labeled with serum of WT
or 5XFAD injected mice (Figures 1G–J), whereas NFT were
detected with AT8 anti-phosphotau antibody on an adjacent
section of AD brain (Figure 1K).

Intravenous Injection of PHF-Tau Proteins
Increases Astrocytic and Microglial
Immunoreactivity in 5XFAD Mice Brain
To understand the effect of intravenous injection of PHF-tau
into WT and 5XFAD mice, we first investigated glial
activation by immunohistochemistry using anti-GFAP (an
astrocytic marker) and anti-iba1 (microglial or macrophage
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FIGURE 2 | Neuroinflammation is increased in 5XFAD mice after injection of PHF-tau proteins from AD brain. (A–H3): Immunolabelling with anti-GFAP antibody on
the dentate gyrus of WT mice (A,B) and 5XFAD mice (C–H3) not injected (C and F1–3) or injected with sarkosyl fractions from control (A,D and G1–3) or AD brain
(B,E and H1–3). Pictures (F1,G1 and H1) are higher magnifications of the dentate gyrus illustrated in (C,D and E), respectively. Sections were counterstained with
Thioflavin T (F3,G3 and H3) and showed localization of astrocytic cells (F1,G1,H1) around amyloid deposits (in green in figures F2,G2 and H2). (I–P3)
Immunolabelling with anti-Iba1 antibody on the dentate gyrus of WT mice (I and J) and 5XFAD mice (K–P3) not injected (K and N1–3) or injected with sarkosyl
fractions from control (I,L and O1–3) or AD brain (J,M and P1–3). Pictures (N1,O1 and P1) are higher magnifications of the dentate gyrus illustrated in (K,L and M),
respectively. Sections were counterstained with Thioflavin T (N3,O3 and P3) and showed localization of microglial cells around amyloid deposits (in green in figures
N2,O2 and P2). Scale bars: (A–E,I–M): 250 µm and (F1–H1,N1–P1): 40 µm, N2/3-P2/3: 80 µm. (Q,R) Quantification of GFAP (Q) and Iba1 (R) immunostainings in
the dentate gyrus of WT and 5XFAD mice not injected or injected with sarkosyl fractions from control or AD brain. 5XFAD mice injected with sarkosyl fractions from
AD brain showed a significant increase of the GFAP (Q) or the Iba1 (R) immunolabelling compared to control or AD injected WT mice or compared to 5XFAD mice
not injected or injected with control fraction (Two way anova, Tukey post-test, *p < 0.05; **p < 0.01). No significant differences were observed in WT mice injected
with sarkosyl fractions from control or AD brain or in 5XFAD mice not injected or injected with sarkosyl factions from control brain.

marker) antibodies (Figure 2). A prominent astrocytosis and
microgliosis were observed in the dentate gyrus of 5XFAD
mice injected with AD sarkosyl fractions (Figures 2E,H,M,P)
and significantly increased compared to WT mice injected
with control or AD sarkosyl fractions, or even compared

to 5XFAD not injected or injected with control sarkosyl
fraction (Figures 2Q,R). The reactive astrocytes and microglial
cells were mainly localized around amyloid plaques in
5XFAD mice injected with PHF-tau proteins from AD
(Figures 2H,P).

Frontiers in Molecular Neuroscience | www.frontiersin.org 5 July 2020 | Volume 13 | Article 10640

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


Houben et al. Intravenous Injection of PHF-Tau Proteins

FIGURE 3 | Effect of intravenous injection of PHF-tau proteins from AD brain on the formation of amyloid plaques. Immunolabeling of the dentate gyrus of 5XFAD
mice not injected (A–C) or injected with sarkosyl fractions from control (D–F) and AD brain (G–I) with anti-Aβ40 (A,D,G), anti-Aβ42 (B,E,H) antibodies and with
Thioflavin T staining (C,F,I). Quantification of Aβ40, Aβ42, and Thioflavin T immunostaining showed a significant increase in 5XFAD mice injected with sarkosyl
fraction from AD brain compared to 5XFAD mice not injected or injected with control fraction (J–L; one-way ANOVA, Tukey post-test, ∗p < 0.05). Slides were
counterstained with DAPI in pictures (C,F,I). Scale bar: 200 µm.

Intravenous Injection of PHF-Tau Proteins
Exacerbates Amyloid Plaque Burden
To analyze the effect of intravenous injection of PHF-tau
proteins on amyloid plaque formation, we quantified by
immunohistochemistry the load of amyloid plaques in
non-injected or injected 5XFAD mice with antibodies to
Aβ40 and to Aβ42 and with thioflavin staining (Figure 3).
The mean area covered by Aβ40 (Figures 3A,D,G)

and Aβ42 (Figures 3B,E,H) positive plaques was
significantly increased in the dentate gyrus of 5XFAD
mice injected with AD sarkosyl fraction compared to
5XFAD mice not injected or injected with control fraction
(Figures 3J,K). The increase of amyloid plaque burden
in 5XFAD mice injected with AD sarkosyl fraction
was also observed when using thioflavin T staining
(Figures 3C,F,I,L).
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Effect of Intravenous Injection of PHF-Tau
Proteins on the Development of Tau
Pathology
We next investigated the effect of intravenous injection of
PHF-tau proteins on the formation of tau pathology in the
brain of injected mice. We never detected accumulation of
phosphorylated tau in WT mice injected with control or
AD sarkosyl fractions (data not shown). The presence of
phosphorylated and conformationally modified tau was detected
with pThr231, AT8, and MC1 antibodies in dystrophic neurites
surrounding amyloid plaques in 5XFAD mice injected with
control or AD fractions (Figure 4). However, the mean
area covered by anti-phosphotau and anti-conformational tau
immunoreactivity in these dystrophic neurites was significantly
increased in 5XFAD mice injected with AD sarkosyl fraction
compared to 5XFAD mice not injected or injected with control
sarkosyl fraction (Figures 4J–L).

The increased tau immunoreactivity in plaque-associated
dystrophic neurites was not detected by the anti-human
tau antibody (Figures 1C–E) in 5XFAD-AD injected
mice (Figures 1C–E) indicating that this increased tau
immunoreactivity was not due to the accumulation of
human tau (injected 3 months before) in the dystrophic
neurites surrounding plaques. Human tau was detected by the
anti-human tau antibody in mice expressing human mutant
1N4R tau (Figure 1F).

Only phosphorylated tau was present in plaque-associated
dystrophic neurites as tau aggregates were not detected byGallyas
staining in these structures. NFT were not observed in 5XFAD
mice injected with control or AD sarkosyl fractions whereas
they were detected in neurons of mice expressing human mutant
1N4R tau (Figure 4, insets in Figures 4A1,B1, and C1).

The Permeability of the Blood–Brain
Barrier Is Increased in the Brain of 5XFAD
Mice
Surprisingly, the effect of intravenous injection of AD PHF-tau
proteins on neuroinflammation and on amyloid or tau pathology
was only observed in 5XFAD brain and not in WT brain.
Previous studies have shown that the blood–brain barrier has a
higher permeability in the brains of 5XFADmice, suggesting that
PHF-tau proteins could enter more easily in 5XFAD brain than
inWT brain (Kook et al., 2012; Batarseh et al., 2017). To confirm
this observation in our mouse model, we analyzed the presence
of mouse immunoglobulins around blood vessels in WT and in
5XFADmice brains. We observed a diffuse immunoreactivity for
mouse immunoglobulins around blood vessels in 5XFAD brain
(arrows in Supplementary Figure S1B) but not in WT brain
(Supplementary Figure S1A), indicating that the blood–brain
barrier had a higher permeability in 5XFAD mice, leading to the
extravasation of mouse immunoglobulins.

DISCUSSION

In this study, we show that a single intravenous injection
of PHF-tau proteins induces a long-term neuroinflammation

FIGURE 4 | Intravenous injection of PHF-tau proteins exacerbates tau
pathology in 5XFAD mice. Immunolabelling of the dentate gyrus of 5XFAD
mice not injected (A1–3,B1–3 and C1–3) or injected with sarkosyl fractions
from control (D1–3,E1–3 and F1–3) and AD brain (G1–3,H1–3 and I1–3)
with anti-phosphoThr231 antibody (A1/A2,D1/D2 and G1/G2), AT8 antibody
(B1/B2,E1/E2 and H1/H2) and with MC1 antibody (C1/C2,F1/F2 and
I1/I2). Quantification of phospho-Thr231, AT8 and MC1 immunostaining in
dystrophic neurites surrounding amyloid plaques showed a significant
increase in 5XFAD mice injected with sarkosyl fraction from AD brain
compared to 5XFAD mice not injected or injected with control fraction (J,K
and L; One-way anova, Tukey post-test, ∗p < 0.05; ∗∗p < 0.01). Slides were
counterstained with Thioflavin T to show amyloid deposits in green. Tg30
mice brain expressing human mutant 1N4R tau was used as a positive
control for immunolabellings (insets in A1,B1 and C1). Scale bar: 20 µm.

(as evidenced by increased astrogliosis and microgliosis) and
increases amyloid-β and associated tau pathology in the brain
of 5XFAD mice and is already apparent in the small cohort of
mice analyzed in this study. In previous studies,WT (Rozenstein-
Tsalkovich et al., 2013) and tau transgenic mice (Boimel et al.,
2010; Rozenstein-Tsalkovich et al., 2013; Selenica et al., 2014)
have been treated by subcutaneous or intraperitoneal injection of
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tau peptides or recombinant human tau proteins with adjuvants
to study the effect of an active immunization protocol with
repeated injections on tau pathology. An increased or a decreased
neuroinflammation and the presence of anti-tau antibodies in
their serum was observed in these immunized mice and a
reduction of tau pathology was reported by this immunotherapy
approach. After a single intravenous injection of native PHF-tau
proteins from AD brains (in the absence of adjuvants), we
observed an increased neuroinflammation in the dentate gyrus
of 5XFAD mice in absence of anti-tau antibodies in their serum,
suggesting that the observed neuroinflammation did not result
from an immune reaction due to the generation of anti-tau
antibodies. Neuroinflammation induced by lipopolysaccharide
treatment stayed for a longer time in the brain of APP transgenic
mice than in WT mice but neuroinflammation decreased after a
few days in their brain (Herber et al., 2004). In our AD injected
5XFAD mice, neuroinflammation was still present 6 months
after injection, suggesting that the increased neuroinflammation
observed in these mice is not just due to a non-specific,
transient inflammatory reaction induced by the injection of
PHF-tau proteins. Moreover, this increased neuroinflammation
was observed only in AD injected 5XFAD mice and not in
the control injected 5XFAD mice, indicating that this increased
neuroinflammation is due to PHF-tau protein injection. We
hypothesize that the increased neuroinflammation was observed
in AD injected 5XFAD mice and not in CTL 5XFAD mice
or in AD injected WT mice because of a combined effect
of the presence of PHF-tau proteins in the injected material
and of the disruption of the blood–brain barrier in 5XFAD
mice as we confirmed by demonstrating an extravasation of
immunoglobulins in the latter mice, implying potentially a more
easy access of intravenously injected PHF-tau proteins to the
brain tissue in 5XFAD mice.

An interesting finding of this study is that intravenous
injection of PHF-tau proteins from AD brains increased
amyloid-β burden in 5XFAD mice. The role of
neuroinflammation in the formation of amyloid plaques
is not yet clearly understood as mouse models in which
neuroinflammation was induced by activator of the immune
system (such as lipopolysaccharides) showed unmodified,
increased, or even reduced amyloid plaque formation (DiCarlo
et al., 2001; Herber et al., 2004; Lee et al., 2008). The important
neuroinflammation present in the dentate gyrus of 5XFAD
mice injected with PHF-tau proteins could be responsible
for the increased amyloid plaque burden in this area, since
microglial cells have been suggested to be involved in the
production of amyloid-β (Wegiel and Wisniewski, 1990; Baik
et al., 2016; Spangenberg et al., 2019) and could thus be directly
responsible for the increased amyloid burden observed in
AD injected 5XFAD mice. Moreover, treatment of 5XFAD
mice with fingolimod, an anti-inflammatory drug, induced a
reduction of gliosis but also a reduction of the amyloid load,
indicating that gliosis can affect the formation of amyloid
(Aytan et al., 2016). However, we cannot discard the possibility
that the increased amyloid burden is primarily responsible
for the increased astrogliosis and microgliosis that we have
observed in our AD injected 5XFAD mice since reactive

astrocytes and microglial cells were mainly localized around
amyloid deposits.

A previous study showed that extracellular human tau
proteins added in the medium of primary cultures of neurons
increases the production of amyloid-β (Bright et al., 2015).
The latter result supports our in vivo observation and is
compatible with the hypothesis that intravenously injected
PHF-tau proteins entering into the brain through increased
blood–brain barrier permeability could induce the increased
amyloid burden observed in 5XFAD injected mice.

Interestingly, the accumulation of abnormally
phosphorylated and conformationally modified tau was
increased in dystrophic neurites surrounding amyloid deposits
in PHF-tau injected 5XFAD mice compared to control injected
5XFAD mice. It can be speculated that the increased amyloid
burden observed in AD injected 5XFADmice led to the increased
tau phosphorylation in plaque-associated dystrophic neurites.
Numerous studies have shown that amyloid exacerbates
tau pathology in tau transgenic mice expressing mutant
APP/PS1 or by stereotaxic injection of amyloid in the brain
of tau mice but, compared to the present study, different
mechanisms of tau-amyloid interactions are involved in these
models (Lewis et al., 2001; Oddo et al., 2003; Bolmont et al.,
2007; Terwel et al., 2008; Héraud et al., 2014). Indeed, tau
pathology developed spontaneously due to the genetically
derived expression of human mutant tau and tau pathology
was enhanced, but not induced, by amyloid-β in these previous
models. A role for the increased neuroinflammation in the
increase of tau pathology in plaque-associated dystrophic
neurites is also possible, as suggested by other observations
linking neuroinflammation and tau pathology (Asai et al., 2015;
Maphis et al., 2015).

The development of a tau pathology in the brain has been
described after intraperitoneal (Clavaguera et al., 2014) injection
of brain homogenates or PHF-tau proteins from AD brain
tissue. Besides this study, few information are available about
extracerebral route of tau pathology transmission. Intracerebral
injection of PHF in previous studies induced the formation
of Gallyas and phosphotau positive fibrillary tau inclusions
mainly as grains, neuropil threads, and glial inclusions (He et al.,
2018; Vergara et al., 2019). In 5XFAD mice, an accumulation
of phosphorylated tau in dystrophic neurites surrounding
amyloid plaques was observed after injection of PHF-tau
proteins from AD brains but without detection of tau aggregates
in these dystrophic neurites (Vergara et al., 2019). In our
study, the accumulation of phosphorylated tau in dystrophic
neurites surrounding amyloid plaques and the absence of tau
aggregates in these dystrophic neurites are in agreement with
observations made in intracerebrally injected 5XFAD mice.
However, a difference between intravenous and intracerebral
injection of PHF-tau proteins is the absence of formation of tau
inclusions in neurons or glial cells in our intravenous injection
study. We cannot discard the hypothesis that tau inclusions
could be present in our intravenous injected mice after longer
incubation periods as tau aggregates developed spontaneously
in APP/PS1 mice at older age as reported in a recent study
(Metaxas et al., 2019). However, the absence of pericaryal tangles
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formation in 5XFAD mice after intravenous injection was not
specifically due to the inoculation pathway as such pericaryal
tangle was not observed in 5XFAD mice after intracerebral
injection of pathological tau proteins from AD brains
(Vergara et al., 2019).

CONCLUSION

We show in this study that a single intravenous injection
of PHF-tau proteins from AD brain was sufficient to induce
a long-standing neuroinflammation in 5XFAD mice with
documented effects on amyloid burden and associated tau
pathology. Tau proteins have been detected in the blood using
sensitive methods (Zetterberg et al., 2013; Chiu et al., 2017;
Tatebe et al., 2017; Fossati et al., 2019; Lue et al., 2019), and
our study suggests that blood products containing modified
tau proteins might have a potential role in modulating the
development of AD pathologies in the brain of elderly people
in which the blood–brain barrier permeability is increased with
aging. This study in an animal model thus provides important
information about the relative AD risk of the extracerebral
route that is medically relevant considering the wide use of
blood products.

Several limitations of the present study will need however
to be addressed in future studies, including confirmation of
the results in larger cohorts to take into account variabilities
with the administration route and additional assessment of the
role of the blood–brain barrier. Additional direct comparative
studies of the effects of intravenous and intracerebral inoculation
experiments will be informative for assessing the relative
efficiency of extra- and intracerebral routes in the development of
tau pathology.
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FIGURE S1 | Extravasation of immunoglobulins was detected in 5XFAD mice
brain. (A,B) Detection of mouse immunoglobulins in the brain of WT (A) and
5XFAD mice (B). A diffuse immunostaining (arrows) is observed around blood
vessels (star) in 5XFAD mice whereas no immunoglobulin extravasation was
detected in WT mice around blood vessel (star). Scale bar: 50 µm.
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Tau is a predominantly neuronal protein that is normally bound to microtubules, where it
acts to modulate neuronal and axonal stability. In humans, pathological forms of tau are
implicated in a range of diseases that are collectively known as tauopathies. Kinases and
phosphatases are responsible for maintaining the correct balance of tau phosphorylation
to enable axons to be both stable and labile enough to function properly. In the early
stages of tauopathies, this balance is interrupted leading to dissociation of tau from
microtubules. This leaves microtubules prone to damage and phosphorylated tau prone
to aggregation. Initially, phosphorylated tau forms oligomers, then fibrils, and ultimately
neurofibrillary tangles (NFTs). It is widely accepted that the initial soluble oligomeric forms
of tau are probably the most pathologically relevant species but there is relatively little
quantitative information to explain exactly what their toxic effects are at the individual
neuron level. Electrophysiology provides a valuable tool to help uncover the mechanisms
of action of tau oligomers on synaptic transmission within single neurons. Understanding
the concentration-, time-, and neuronal compartment-dependent actions of soluble tau
oligomers on neuronal and synaptic properties are essential to understanding how best
to counteract its effects and to develop effective treatment strategies. Here, we briefly
discuss the standard approaches used to elucidate these actions, focusing on the
advantages and shortcomings of the experimental procedures. Subsequently, we will
describe a new approach that addresses specific challenges with the current methods,
thus allowing real-time toxicity evaluation at the single-neuron level.

Keywords: tau, oligomer, neuron, electrophysiology, tauopathy

INTRODUCTION

Structure and Physiological Functions of Tau
Tau is encoded by the microtubule-associated protein tau (MAPT) gene. As a monomer, it
is intrinsically disordered and lacks a significant secondary structure (Cleveland et al., 1977;
Barghorn et al., 2004; Mukrasch et al., 2009; Mirbaha et al., 2018). Tau associates with microtubules
and is key tomaintaining cellular and axonal morphology as well as assisting in vesicle transport and
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trafficking (Drechsel et al., 1992; Brandt and Lee, 1993; Brandt
et al., 1995; Tracy and Gan, 2018; Figure 1A). Tau binds to the
labile domain of microtubules to modulate their stabilization
and maintain free movement (Qiang et al., 2018). There are six
isoforms of tau in the adult human brain, which are differentially
expressed during development (Goedert et al., 1988, 1989;
Goedert and Jakes, 2005). The acidic N-terminal region can have
up to two inserts between amino acids 45 and 103 (generating 0N,
1N or 2N tau). Themid-region is rich in prolines, as well as serine
and threonine residues, the phosphorylation of which have been
linked to both physiological and pathophysiological processes
(Stoothoff and Johnson, 2005; Hanger et al., 2007; Hampel et al.,
2010; Wang et al., 2013). Towards the C-terminus, there are four
pseudo-repeat domains (R1-R4), referred to as the microtubule-
binding domains.

Tau can regulate axonal transport (Figure 1A), maintaining
protein trafficking both from the axon to the soma (retrograde;
Dixit et al., 2008) and from the soma to the axon (anterograde;
Stamer et al., 2002). Tau acts as a competitor for dynein
and kinesin binding sites on microtubules. It can also directly
modulate kinesin binding via its N-terminus (Kanaan et al.,
2011) or alter dynein binding by interactions with dynactin
(Magnani et al., 2007). Although most tau is localized in
axons, tau also plays a physiological role in dendrites, assisting
with spine remodeling which is required for synaptic plasticity
(Frandemiche et al., 2014; Regan et al., 2015; Figure 1A). Finally,
tau has reported roles in the nucleus in human neuroblastoma
cells, regulating the integrity of genomic DNA (Loomis et al.,
1990; Figure 1A).

Pathological Cascade Leading to Tangles
Tau function is modulated by post-translational modifications
such as phosphorylation, acetylation, and ubiquitination
(Beharry et al., 2014; Alonso et al., 2016). Finely regulated
levels of phosphorylation (by kinases and phosphatases;
Figure 1B) on specific residues contribute to the protein’s
physiological functions (Stoothoff and Johnson, 2005). In disease
states, regulation of the balance between phosphorylation
and de-phosphorylation is lost, leading to increased
abnormal (‘‘hyper’’) phosphorylation (Köpke et al., 1993).
Hyperphosphorylated tau dissociates frommicrotubules and can
sequester normal tau away from tubulin, disrupting microtubule
function, and stability (Qiang et al., 2018). Aggregation-
incompetent monomeric tau protein (Mirbaha et al., 2018)
undergoes monomer-monomer interactions via disulfide
bonding or hexapeptide motifs to drive a conformational change
from an unfolded, disordered structure to a new structured
conformation that is rich in beta-sheets and aggregation-
competent (Friedhoff et al., 1998; Congdon et al., 2008). This
marks the beginning of the pathological cascade starting with
the aggregation to oligomeric structures, through to fibrils
and then to neurofibrillary tangles (NFTs; Avila et al., 2006;
Maeda et al., 2006; Figure 1C). NFTs were assumed to be
the toxic species since their presence is characteristic of brain
tau pathology (Braak and Braak, 1991). However, soluble tau
oligomers formed much earlier in the aggregation process may
be the primary drivers of toxicity (Lee et al., 2001; Wittman

et al., 2001; Tanemura et al., 2002; Tatebayashi et al., 2002;
Andorfer et al., 2003; Spires et al., 2006; Yoshiyama et al.,
2007; Cowan et al., 2010). Reports that some toxic forms
of tau with specific pathological mutations aggregate into
oligomers but do not form fibrils further support this theory
(Lasagna-Reeves et al., 2010, 2014; Karikari et al., 2019a).
In cell culture experiments, tau oligomers applied to media
were taken up into the nuclei of human neuroblastoma cells
and stem cell-derived cortical neurons (Usenovic et al., 2015;
Wegmann et al., 2016; Evans et al., 2018; Karikari et al., 2019a;
Puangmalai et al., 2020). In humans and transgenic mice
models, phospho-tau impairs nuclear transport by interacting
with the nuclear pore complex and disrupting its activities
(Eftekharzadeh et al., 2018). Toxic tau oligomers are transferred
between neurons by extracellular release, then uptake by
neighboring neurons where it induces the aggregation of
endogenous tau and possibly other proteins (Walsh and Selkoe,
2016; Gibbons et al., 2019). This process has been studied
extensively in cell and transgenic animal models (Clavaguera
et al., 2009; Guo and Lee, 2011; Iba et al., 2013; Boluda et al.,
2015; Usenovic et al., 2015; Wegmann et al., 2016; Narasimhan
et al., 2017; Evans et al., 2018; Karikari et al., 2019b; He et al.,
2020; Puangmalai et al., 2020) and is believed to be regulated
by the low-density lipoprotein receptor-related protein 1
(Rauch et al., 2020).

Primary and Secondary Tauopathies
Tauopathies represent a group of diseases in which neuronal
dysfunction and loss are primarily governed by the presence of
abnormal tau protein. Tauopathies have varying histopathology
and clinical presentations and can often be distinguished by
the isoforms and ultrastructure of the tau aggregates (Dickson
et al., 2011; Rademakers et al., 2012). Tauopathies can be
classified broadly by whether tau aggregates are the sole
primary pathological feature. The most common tauopathy,
Alzheimer’s disease (AD), is a secondary tauopathy due to
the presence of other contributory pathological factors such
as extracellular amyloid-beta plaques (Jack et al., 2013). The
presence of amyloid-beta aggregates and phosphorylated tau
aggregates (NFTs) are used for pathological confirmation of
AD diagnosis at post mortem (Guillozet et al., 2003). In the
human Alzheimer brain, tau aggregates spread stereotypically
following the pathological staging of tau pathology proposed
by Braak and Braak (Braak and Braak, 1991), as confirmed
recently by neuroimaging studies (Vogel et al., 2020).
Clinically, NFT accumulation is observed in the brains of
AD patients and correlates well with disease progression
(Wischik et al., 1988).

Tau also plays a role in mediating the pathogenesis of
other oligomeric proteins such as amyloid-beta (Castillo-
Carranza et al., 2015), alpha-synuclein (Castillo-Carranza
et al., 2018; Teravskis et al., 2018) and prion protein (Reiniger
et al., 2010; Corbett et al., 2020). One of the pioneering
approaches to prepare tau oligomers in vitro induced tau
aggregation with amyloid-beta or alpha-synuclein aggregates
(Lasagna-Reeves et al., 2010). Similarly, tau oligomers have been
shown to induce alpha-synuclein toxicity (Gerson et al., 2018).
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FIGURE 1 | Tau in physiology and pathophysiology. Tau has many physiological roles in neurons (A). (i) The most prominent function is in the modulation of
microtubule stability and assembly. (ii) Tau also plays a role in the nucleus, potentially regulating the integrity of genomic DNA by binding to different chromosomal
regions. (iii) The third role for tau in physiology is in the regulation of axonal transport by interfering with the binding of motor proteins kinesin and dynein to
microtubules, thus altering the movement of cellular materials between the soma and axon. (iv) Finally, tau is believed to play important roles in the regulation of
synaptic plasticity, for example by its contribution to the process of spine remodeling. Design concept from Wang and Mandelkow (2016). (B) Under physiological
conditions, tau is bound to microtubules. The stability of microtubules is maintained by the balanced activities of kinases and phosphatases acting to regulate the
binding of tau to the microtubules. (C) If the balance is altered in favor of increased kinase activity, then tau can become hyperphosphorylated and detach from the
microtubules affecting stability and tau aggregation. Initially, monomers aggregate to form oligomers which are β-sheet-rich and are thought to be the smallest toxic
species. Subsequently, these species aggregate further into protofibrils, fibrils, and finally into neurofibrillary tangles (NFTs). Created with BioRender.

Furthermore, Puzzo et al. (2017) described a common
mechanism for oligomeric amyloid-beta and tau toxicity
involving the binding of the amyloid precursor protein (APP).
The authors demonstrated APP-mediated defects in behavior
and synaptic plasticity following the tau oligomer application.
Oligomeric forms of tau are formed following mild traumatic
brain injury (Bittar et al., 2019). Together, these results suggest
that tau can act in concert with amyloid-beta (as shown in AD;
Skillbäck et al., 2015) and alpha-synuclein (as in some cases of
Parkinson’s disease; Goris et al., 2007 andMoussaud et al., 2014).

THE PATHOLOGICAL RELEVANCE OF
USING ELECTROPHYSIOLOGY TO MODEL
TAU FUNCTIONS IN PHYSIOLOGY AND
PATHOPHYSIOLOGY

Although the toxicity of tau oligomers has been studied
extensively histopathologically in human and animal models,
there is surprisingly little quantitative information describing
their direct effects on neurons. Different studies employ
a range of concentrations of tau oligomers, often higher
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than the physiological levels of the protein. Moreover, cells
and animals are treated with tau oligomers for variable
amounts of time. Consequently, it is unclear if cytotoxicity
is dependent on tau oligomer concentration and/or duration
of treatment. Since tau oligomers mediate cytotoxicity partly
by altering synaptic and electrophysiological properties, it
is important to document their concentration-, time- and
structure-dependent actions on neurons. Electrophysiological
techniques can provide direct measures of neuronal function
and highlight the direct implications of aggregated tau
for circuit function. The majority of studies have been
carried out using in vitro rodent models. Recording
from acutely isolated brain slices is a highly effective
method as it allows much greater control, in terms of tau
concentration and pharmacological manipulation than in vivo
measurements, while retaining the cell architecture and local
synaptic morphology.

Electrophysiological Techniques: A Brief
Overview
Here, we briefly introduce two commonly used in vitro
electrophysiological techniques that enable the study of tau
oligomer-mediated effects on neuronal function. Recording
extracellular field responses allows an overview at the
circuit level and permits the understanding of local network
dysfunction following the bath perfusion of oligomers or
in transgenic models. Given that tau oligomers can disrupt
synaptic transmission and plasticity, this is a valuable tool
to evaluate effects on connectivity. Field recordings in the
hippocampus are most commonly performed by stimulating the
Schaffer collateral fibers and recording excitatory postsynaptic
potentials (EPSPs) in the CA1 region where they make synapses
onto pyramidal cells (Figure 2A). Details of how to perform
extracellular field recordings are outlined by Zhang et al. (2014).
Field recordings are useful as they sample many synapses and
thus provide an average response. They can also be used to
record action potential firing when the circuit is activated by
excitant solutions.

The second technique permits a more targeted approach and
the evaluation of effects at a single neuron level. The whole-cell
patch-clamp recording is a well-established technique (originally
developed by Neher and Sakmann, 1976), whereby a high
resistance seal is formed between the tip of the recording pipette
and the membrane of the target cell. Additional negative pressure
ruptures the membrane (termed whole-cell breakthrough) and
the contents of the patch pipette dialyze into the target neuron
whilst allowing simultaneous current and voltage measurements
from the recorded cell (Figure 2B). Details of how to perform
whole-cell patch-clamp are discussed in VanHook and Thoreson
(2014). This method provides high-resolution measurements
from single neurons including sub-threshold information (such
as changes in membrane potential and input resistance) which is
not obtainable from extracellular field recordings. This method
can be used with various tau delivery approaches, including
transgenic models, extracellular bath perfusion, or delivery via
the patch pipette.

Conventional Methods to Study Pathology:
Lessons and Limitations

Transgenic Models
A classic approach to study physiological tau function is to
generate transgenic mouse models, for example by the genetic
manipulation of theMAPT gene. This has been done in a variety
of transgenic lines with phenotypic effects being compared with
wild-type littermates. These approaches have greatly furthered
our understanding of tau, however, there are limitations.
Germline knockouts can result in compensation from other
microtubule-associated proteins, which can complicate the
interpretation of the data. For example, in MAPT−/− mouse
models there are limited functional effects, as other axonal
proteins such as microtubule-associated protein 1A (MAP1A)
can compensate to perform the microtubule-stabilization
functions of tau (Harada et al., 1994; Dawson et al., 2001; Tucker
et al., 2001; Fujio et al., 2007).

Most transgenic lines for the study of AD work by promoting
either the aggregation or overexpression of tau, amyloid-beta (or
its parent molecule, the APP) or a combination to replicate the
protein species implicated in disease pathology. Overexpression
of human tau in rodent models can result in synaptic and
behavioral dysfunction as well as the neuronal loss (Andorfer
et al., 2005; Polydoro et al., 2009), mediated by smaller
aggregates including oligomers (Lee et al., 2001; Tanemura
et al., 2002; Tatebayashi et al., 2002; Wittman et al., 2001;
Andorfer et al., 2003; Spires et al., 2006; Yoshiyama et al., 2007;
Cowan et al., 2010). A challenge with using electrophysiology
to study overexpression lines is that whilst specific observations
may be associated with the presence or absence of NFTs and
other defined late-stage aggregates, they cannot provide an
understanding of the exact form(s) of tau that is responsible. This
introduces variation into the electrophysiology data and makes
equating changes in neuronal properties with tau aggregate
structure and concentration difficult.

Even in transgenic animals that are believed to preferably
accumulate soluble tau oligomers, an opportunity to study
the toxic potentials of oligomers of different sizes and forms
would be highly valuable in answering several outstanding
questions, including: (i) which forms of tau oligomers mediate
most of the toxicity?; (ii) is aggregation the mediator of tau
electrophysiological toxicity?; (iii) how does the presence of tau
oligomers in an individual neuron affect its synaptic connections
with neighboring neurons? and (iv) are these effects pre- or post-
synaptic? In these transgenic models, it is presently not possible
to quantify the form(s) of tau oligomers present within each
recorded cell, limiting direct analysis of disease-relevant toxicity.

Extracellular Application to Culture Models
or to in vitro Slices
Another approach is to deliver oligomeric tau to in vitro brain
slices by perfusion or to inject them in vivo. These studies
describe tau-mediated synaptic, mitochondrial, and memory
impairments (Lasagna-Reeves et al., 2012; Fá et al., 2016;
Ondrejcak et al., 2018; Acquarone et al., 2019). An advantage
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FIGURE 2 | Electrophysiological approaches to measuring neuronal function. A brief overview of the common electrophysiological approaches used to evaluate tau
oligomer function. in vivo experiments give the greatest level of translatability to the research as the whole brain remains intact. However, in vitro experiments permit
much greater control over oligomer concentration and pharmacological manipulation. (A) A schematic illustration to demonstrate extracellular field recording in the
CA1 region of the hippocampus. A stimulating electrode is placed in the Schaffer collateral fiber region and a recording electrode in the CA1 region where they
synapse onto pyramidal cells, to record excitatory postsynaptic potentials (EPSPs). This technique allows for the study of local circuit activity. (B) The whole-cell
patch-clamp allows for the parameterization of neuronal function on a single-cell level. By forming a high resistance seal between the pipette and the membrane of
the target cell, then breaking through (with negative pressure), the contents of the patch pipette will dialyze into the cell. (i) This technique can be used to deliver
proteins and peptides of known concentration and defined structure directly into target cells whilst simultaneously making current and voltage measurements in a
network that is free from pathology. (ii) The whole-cell patch-clamp permits the study of tau mislocalization, with fluorescently labeled tau diffusing to synaptic
structures above the dendritic bifurcation. Tau oligomers can be targeted to pre or postsynaptic neurons during multiple whole-cell recordings. (iii) An example where
3 layer V pyramidal cells were simultaneously recorded. The neuron on the left has tau oligomers introduced from the patch pipette whereas the other two cells
receive a vehicle. (iv) Example traces from presynaptic neurons (tau oligomer) showing action potential firing pattern to induce EPSPs in postsynaptic neurons
(vehicle). Created in part with BioRender. Reproduced in part using content previously published in Hill et al. (2019); eNeuro on a CC-BY 4.0 license.
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of this approach over transgenic models is that these methods
can facilitate both the study of recombinant preparations of
tau oligomers and of tau oligomer preparations that have
been isolated from human brains, for example from patients
suffering from tau pathology (Lasagna-Reeves et al., 2012). This
enhances the translatability of findings. One limitation is that
the observed effects cannot be attributed to tau oligomers being
intracellular, as the applied proteins may be acting extracellularly
or indirectly through other cells, such as glia and astrocytes.
It is also unclear how much oligomeric tau has been taken up
into neurons, which may vary considerably from cell to cell.
Although in vivo studies provide the advantage of applying tau
oligomers within a living system, any effects observed cannot be
attributed to specific forms or concentrations of tau oligomers.
A protocol that can assess tau oligomer effects on neuronal
function in a structurally- and concentration-defined manner
would greatly assist in clarifying the outstanding questions
listed above.

Pathologically Relevant Functions of Tau
Oligomers Identified Using
Electrophysiology
Electrophysiological measurements have uncovered several
pathophysiological mechanisms mediated by tau oligomers,
including altering the intrinsic excitability of pyramidal neurons
and modulating both short- and long-term plasticity (Hoover
et al., 2010; Rocher et al., 2010; Lasagna-Reeves et al., 2012;
Puzzo et al., 2017; Tamagnini et al., 2017; Mondragón-
Rodríguez et al., 2018). In recent years, several new pathological
roles for tau have been described—particularly regarding its
ability to induce synaptic dysfunction. Zhou et al. (2017)
suggest that this occurs as a result of tau mis-localizing to
the presynaptic terminals and binding to synaptic vesicles.
Through actin crosslinking, it reduces their motility resulting
in reduced release rate. This is a clear pre-synaptic mechanism
of dysfunction, but post-synaptic mechanisms have also been
reported. For example, administrating intracerebroventricular
injections of tau oligomers that were isolated from AD
patient brains inhibited long-term potentiation (LTP), a form
of synaptic plasticity thought to underlie memory formation
(Ondrejcak et al., 2018).

A NEW APPROACH TO STUDYING
OLIGOMERIC TAU PATHOLOGY

Given the limitations of previous approaches, Kaufmann et al.
(2016) described an approach utilizing structurally defined,
concentration-controlled preparations of oligomers. Here, alpha-
synuclein aggregates were introduced through the patch-pipette
during whole-cell patch-clamp recording from cortical neurons
in vitro, and the subsequent electrophysiological changes
measured. This approach has since been implemented by other
groups to study alpha-synuclein pathology (Wu et al., 2019) and
has been extended by Hill et al. (2019) to examine tau oligomers.
The authors demonstrated that oligomeric tau (prepared as
described in Karikari et al., 2017, 2019a) can induce significant
changes to action potential dynamics, disrupt basal synaptic

transmission and inhibit synaptic plasticity on a 40-min time
scale (Hill et al., 2019; Figure 2B) despite the concentration
being significantly lower (44–666 nM) than the physiological
concentration of tau (2 µM in neurons, Avila, 2010). Tau
oligomers diffused from the site of introduction (soma) to
synaptic sites during the 40-min recording (Hill et al., 2019).
At presynaptic sites, tau oligomers induced the run-down of
unitary excitatory postsynaptic potentials (EPSPs), which was
associated with increased short-term depression. In contrast, the
introduction of tau oligomers into postsynaptic neurons did
not affect basal synaptic transmission but markedly impaired
the induction of LTP (Hill et al., 2019). The introduction
of equivalent concentrations of tau monomers did not affect
neuronal or synaptic properties.

This single-neuron approach avoids a number of the
limitations of previous electrophysiological approaches. It allows
one cell to be targeted in a neural network that is free
from tau pathology, allowing direct time- and concentration-
dependent effects of tau oligomers to be measured. The amount
of tau required for the experiments is small and if labeled,
the introduced tau oligomers can be tracked within the cell
(Figure 2B). Upon whole-cell breakthrough, each cell acts as its
control, and changes to electrophysiological parameters can be
monitored over time from this baseline. Tau oligomers can be
targeted into pre- or postsynaptic cells so that separate effects
on synaptic transmission or plasticity can be uncovered. This
provides an unparalleled level of mechanistic detail.

DISCUSSION

Tau plays an indisputable role in several primary and secondary
tauopathies, therefore anti-tau immunotherapy is an attractive
target to slow down the progression or treat these diseases.
Immunotherapies will target different epitopes of tau and
therefore will alter its function in different ways. It is likely that,
if immunotherapy is successful for one tauopathy, that same one
form of immunotherapy may likely not be sufficient to work
across all tauopathies and so a targeted approach will be needed
(Sigurdsson, 2018). For example, ‘‘Gosuranemab’’ (Biogen, 2019)
was unsuccessful at phase 2 for patients with progressive
supranuclear palsy but is also now being tested in a phase
2 trial in AD. Basic science underpins the understanding of the
mechanisms of tau mediated degeneration. This needs to guide
the development of potential treatment strategies, to facilitate
their timely success. Traditional electrophysiological approaches
have described pathophysiological roles for oligomeric tau at
synapses, particularly in disrupting synaptic transmission and
plasticity (Lasagna-Reeves et al., 2012; Fá et al., 2016; Puzzo et al.,
2017; Ondrejcak et al., 2018). Direct introduction into neurons
has provided further detail into the different sites of action for
the oligomers at pre- and post-synapses. It has also allowed the
evaluation of the earliest changes to cellular electrophysiological
properties (Hill et al., 2019). The remaining questions lie in
further understanding of how tau oligomers are mediating these
changes. Once this is known, better-targeted treatments can be
developed. The earlier the stage of pathology that treatment can
be initiated, the greater chance of success.
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The inability of individual neurons to compensate for aging-related damage leads to a
gradual loss of functional plasticity in the brain accompanied by progressive impairment
in learning and memory. Whereas this loss in neuroplasticity is gradual during normal
aging, in neurodegenerative diseases such as Alzheimer’s disease (AD), this loss is
accelerated dramatically, leading to the incapacitation of patients within a decade of
onset of cognitive symptoms. The mechanisms that underlie this accelerated loss
of neuroplasticity in AD are still not completely understood. While the progressively
increasing proteinopathy burden, such as amyloid β (Aβ) plaques and tau tangles,
definitely contribute directly to a neuron’s functional demise, the role of non-neuronal cells
in controlling neuroplasticity is slowly being recognized as another major factor. These
non-neuronal cells include astrocytes, microglia, and oligodendrocytes, which through
regulating brain homeostasis, structural stability, and trophic support, play a key role
in maintaining normal functioning and resilience of the neuronal network. It is believed
that chronic signaling from these cells affects the homeostatic network of neuronal and
non-neuronal cells to an extent to destabilize this harmonious milieu in neurodegenerative
diseases like AD. Here, we will examine the experimental evidence regarding the direct
and indirect pathways through which astrocytes and microglia can alter brain plasticity in
AD, specifically as they relate to the development and progression of tauopathy. In this
review article, we describe the concepts of neuroplasticity and glial plasticity in healthy
aging, delineate possible mechanisms underlying tau-induced plasticity dysfunction, and
discuss current clinical trials as well as future disease-modifying approaches.

Keywords: synaptic plasticity, glial plasticity, Alzheimer’s disease, tauopathy, therapeutics

Abbreviations: AAV, adeno-associated viruses; Aβ, Amyloid β; AD, Alzheimer’s disease; AICD, APP intracellular domain;
AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; APOE, Apolipoprotein E; APP, amyloid precursor
protein; ARTAG, aging-related tau astrogliopathy; ATP, adenosine triphosphate; CBD, corticobasal degeneration; CNS,
central nervous system; CSF, cerebrospinal fluid; Cx3CR1, CX3C chemokine receptor 1; C1q, complement component 1q;
DBS, deep brain stimulation; DMN, default mode network; FDG-PET, fluorodeoxyglucose-positron emission tomography;
FTD, frontotemporal dementia; GABA, γ-aminobutyric acid; GFAP, glial fibrillary acidic protein; LTD, long-term
depression; LTP, long-term potentiation; MAPT, microtubule associated protein tau; MCI, mild cognitive impairment;
NFT, neurofibrillary tangle; NMDAR, N-Methyl-d-aspartic acid or N-Methyl-d-aspartate receptor; OPC, oligodendrocyte
progenitor cells; PART, primary age-related tauopathy; PET, positron emission tomography; PSP, progressive supranuclear
palsy; tDCS, transcranial Direct Current Stimulation; Tg, transgenic; TMS, transcranial magnetic stimulation; TREM,
triggering receptor expressed on myeloid cells.
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INTRODUCTION

Neuroplasticity Is Essential for Healthy
Brain Function
In the late 1800s and early 1900s, the scientist Santiago Ramón y
Cajal set down his Neuron doctrine which defined the neuron
as the physiologic, metabolic, anatomic, and genetic basis of
the nervous system (Ramón y Cajal, 1899/1904; Shepherd, 1991;
Jones, 1994; Mateos-Aparicio and Rodríguez-Moreno, 2019).
He also proposed that the brain can improve its function by
improving the connections between neurons, establishing a
paradigm that is now known as neuroplasticity (Ramón y Cajal,
1892, 1894a,b,c; Stahnisch and Nitsch, 2002). In 1949, Hebb
(1949) formally defined neuroplasticity to refer to increased
neuronal activity leading to stronger neuronal connections.
Indeed, a simplified way to illustrate the Hebbian definition
of neuroplasticity is through the statement: ‘‘cells that fire
together, wire together’’ (Shatz, 1992). It follows that plasticity
can be thought of as a continuum of neuronal activity that
results in improved brain function through an iterative and
cooperative process.

Plasticity can be assessed at different levels (Figure 1).
Synaptic plasticity can be measured structurally at the level
of altered dendritic spine morphology, which is modulated by
synaptic activity and determines synapse strength (Figure 1A;
Harris and Kater, 1994; Gipson and Olive, 2017). Experimental
evidence in rats, mice, birds, squirrels, organotypic brain slices,
and neuronal cultures have revealed that increases in neuronal
activity lead to spine induction (Yuste and Bonhoeffer, 2001).
Also, the size of a dendritic spine head correlates with the
number of postsynaptic receptors and the number of presynaptic
vesicles ready for release (Yuste and Bonhoeffer, 2001). The
functional readouts of synaptic plasticity can be captured

through long-term potentiation (LTP) and long-term depression
(LTD), which are processes through which synaptic transmission
is either strengthened or weakened, respectively (Figure 1B;
Bear and Malenka, 1994). During LTP, synaptic activity is
increased, unused dendritic spines are pruned, activated spines
are stabilized and new spines are made (De Roo et al., 2008).
The opposite happens in LTD: synaptic activity is reduced,
synapses are weakened, and dendritic spines shrink or are lost
completely (Gipson and Olive, 2017). Synaptic plasticity within
a group of neurons is modulated through homeostatic scaling,
a process in which neurons keep their output activity within a
physiologic range to normalize overall signaling (Figure 1B;
Chowdhury and Hell, 2018). Viewed at the level of large
neural networks and the brain as an organ, plasticity affects
phenomena such as cognition, learning, memory, and resilience
(Figure 1C; Stampanoni Bassi et al., 2019). The brain is thus a
very adaptable, self-regulating organ that is capable of rewiring
itself, if necessary. However, the capacity of the brain to
accomplish these tasks efficiently and effectively is impeded
by aging and even more so in conditions like injury and
neurodegenerative disease.

Glia Are Integrally Involved in
Neuroplasticity
The healthy functioning of neuronal networks in the brain
requires non-neuronal cells as well (Allen and Lyons, 2018).
Glial cells, such as astrocytes and microglia, are constantly
interfacing with neurons to modulate and refine signaling
besides providing trophic support (Allen and Lyons, 2018).
The ‘‘tripartite’’ synapse model was established to describe
the interactions between the presynaptic compartment, the
post-synaptic compartment, and the perisynaptic astrocytic
processes that surround them (Perea et al., 2009). As more

FIGURE 1 | Neuroplasticity can be assessed at different levels. Structural plasticity refers to the morphological changes that occur at the synapse, such as altered
dendritic spine density, dendritic spine shape, and synaptic protein profiles (A). Functional plasticity affects neuronal circuit regulation and includes processes such
as long-term potentiation (LTP), long-term depression (LTD), and homeostatic scaling (B). At the organ level, network plasticity modulates learning, memory,
cognition, and resilience (C). Proper function and careful integration of all levels of plasticity are required for healthy brain function.
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information regarding the importance of microglia in neuronal
signaling emerged, a ‘‘quadripartite’’ synapse model was
proposed that includes perisynaptic processes from microglia
along with the other components (Schafer et al., 2013). Due to
their proximity to the synapse, glial cells are in a critical position
to manipulate synaptic activity. Indeed, glial cells respond
rapidly to changes in their environment in a matter of seconds
(Nimmerjahn et al., 2005). Such stimulus-driven responses of
these non-neuronal cells aim to preserve the homeostasis of
the neuronal and synaptic milieu (Vainchtein and Molofsky,
2020). This quick response of the microglia and astrocytes to
compensate or adjust their function can be thought of as glial
plasticity. It can be hypothesized that the rapid alterations in
glial plasticity may have a long-term and protracted effect on
neuronal health and neuroplasticity. The mechanisms by which
these non-neuronal cells regulate synaptic activity and plasticity
are of immense interest because of the enormous impact these
processes have on cognition and healthy brain function.

NEUROPLASTICITY LOSS IN AD AND
RELATED TAUOPATHIES

Alzheimer’s disease (AD) is a neurodegenerative disease
characterized clinically by progressive memory loss, loss of
executive function, confusion, disorientation, and aphasia
(Alzheimer’s Association, 2020). Neuropathologically, AD is
characterized by intracellular neurofibrillary tangles (NFTs) and
extracellular amyloid β (Aβ) plaques (Braak and Braak, 1991).
The pathophysiology of AD follows a stereotypical spatio-

temporal pattern: extracellular Aβ plaque pathology appears first
in the frontal lobes, even before the appearance of any clinical
symptoms, followed by the appearance of NFT deposits in
the transentorhinal cortex and hippocampus (Braak and Braak,
1991). Imaging studies investigating connectivity in these brain
regions have shown that, even in preclinical or pre-pathological
stages, subtle functional connectivity disturbances can be
detected (Grieder et al., 2018; Tijms et al., 2018). For example,
the default mode network (DMN) is affected even before robust
Aβ plaque pathology sets in and presages the emergence of
Aβ plaques (Palmqvist et al., 2017). This network includes
hubs such as the medial prefrontal cortex, posterior cingulate
cortex, retrosplenial cortex, basal forebrain, and thalamus (Alves
et al., 2019). Aβ deposition leads to hypometabolism in brain
regions connected by the DMN and this hypometabolism may
ultimately lead to cognitive deterioration (Pascoal et al., 2019). It
should also be mentioned that Aβ deposits are directly correlated
with increasing microglial and astrocyte engagement (Selkoe
and Hardy, 2016). It is possible, that since the healthy brain
is fairly plastic, especially in younger ages, it can compensate
for changes in neuronal connectivity, neuroinflammation, and
initial Aβ proteinopathy, until a threshold is reached at which
the compensatory alterations fail (Burke and Barnes, 2006;
Figure 2A).

NFTs are complex intracellular deposits that appear decades
after initial Aβ emergence. These intracellular inclusions are
composed primarily of hyperphosphorylated forms of the
protein tau which is a microtubule-binding protein that stabilizes
microtubules (Iqbal et al., 2016). NFTs first appear in the

FIGURE 2 | Pathological changes and biomarker alterations observed in the development of Alzheimer’s disease (AD). Moving left to right: schematic depicting
brain alterations in a cognitively normal individual (A), in an mild cognitive impairment (MCI) individual (B), and in an end-stage AD patient (C). Amyloid β (Aβ)
pathology begins in the frontal cortex and spreads throughout the brain (blue arrows). Neurofibrillary tangle (NFT) pathology begins in the medial temporal cortex and
locus coeruleus and spreads to the rest of the brain (green arrows). Gliosis increases with age, and the onset of the disease leads to maladaptive gliosis and eventual
chronic glial activation and dysfunction. Biomarker alterations corresponding to each stage are listed under (A,B) in black boxes. Abnormal changes in the frontal
and temporal lobes as well as changes observed in an aged brain are listed in (C) in green, orange, and blue boxes, respectively.
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entorhinal cortex and propagate to the hippocampus, the center
of learning, and memory (Braak and Braak, 1991) initiating a
toxic cascade of events leading ultimately to impaired cognition
(DeKosky and Scheff, 1990). Several studies have shown that
the severity of cognitive impairment correlates with intracellular
NFT burden and neuritic plaque pathology and less with
Aβ plaque pathology (Arriagada et al., 1992; Giannakopoulos
et al., 2003; Figure 2B). During this time, the glial response
is hypothesized to shift to a more toxic neurodegenerative
phenotype characterized by a unique gene expression signature
(reviewed in Deczkowska et al., 2018). This loss of glial plasticity,
where these glial cells lose their protective function and assume
a neurotoxic function, may be related to loss of neuroplasticity
leading to neurodegeneration and cognitive failure in the end
stage of the disease (Figure 2C). A key factor to consider is that
many elderly people have Aβ deposits or even tau pathology
in their brains and retain high levels of cognition (Price and
Morris, 1999; Knopman et al., 2003; Crary et al., 2014). Because
the brain is very adaptable, it can compensate for synaptic
dysfunction or synaptic loss in the early phases by altering the
properties of remaining synapses (Figure 2A). However, at some
point, the ability of the brain to compensate is exceeded and
efforts to stave off neuronal loss and cognitive decline are no
longer viable (DeKosky and Scheff, 1990; Scheff et al., 1990;
Figures 2B,C).

Since one of the hallmarks of AD is NFTs, AD is included
under the umbrella of neurodegenerative diseases called
tauopathies. In AD and other tauopathies, tau becomes
hyperphosphorylated, dissociates from microtubules,
and accumulates as intracellular inclusions of misfolded,
non-functional protein. Such intracellular inclusions of
aggregated tau protein are referred to as NFTs (Iqbal et al.,
2016). The majority of tauopathies are sporadic, but familial
frontotemporal dementia (FTD) has been linked to mutations
in the gene that encodes tau (microtubule-associated protein
tau, MAPT, Ghetti et al., 2015). FTD patients display severe
frontal and temporal lobe atrophy and dementia (Ghetti et al.,
2015). Tau-positron emission tomography (PET) tracing and 18F
FDG (fluorodeoxyglucose)-PET studies show overlap between
hypometabolism of glucose and tau deposition in the brains
of FTD patients (Su et al., 2020). Also, iPSC neurons derived
from FTD patients show abnormally increased activity when
chronically depolarized (Sohn et al., 2019). While studies
like these have begun to reveal altered synaptic function in
FTD patients, pre-clinical models of tauopathy have provided
us with mechanistic insight into how neuronal plasticity
is affected by tau pathology. Reduction in spine density, a
common feature of tauopathy mouse models, is associated
with loss of function (Crimins et al., 2012; Sydow et al., 2016).
It follows then that many mice expressing mutated forms of
human tau display reduced levels of pre- and post-synaptic
proteins (Schindowski et al., 2006; Yoshiyama et al., 2007;
Crimins et al., 2012; de Calignon et al., 2012; Van der Jeugd
et al., 2012). Interestingly, some of these changes are observed
before the formation of NFTs (Yoshiyama et al., 2007). Some
tauopathy models are characterized by electrophysiological
abnormalities (Schindowski et al., 2006; Sydow et al., 2011;

Crimins et al., 2012; Levenga et al., 2013; Polydoro et al.,
2014) and others show non-convulsive epileptiform activity
(Decker et al., 2016; Maeda et al., 2016). Mouse models deficient
for tau have also provided information concerning synaptic
plasticity. These studies complicate the picture since it seems
that tau is involved in the breakdown of synaptic plasticity
(as discussed above); however, it also seems to be necessary
for maintaining these processes. A recent study found that
Mapt−/− mice display hyperactivity, altered LTP, and impaired
memory, while a partial deletion of mouse tau (Mapt+/−) was
able to partially rescue this phenotype (Biundo et al., 2018).
Other studies have found similar results (Ikegami et al., 2000;
Ahmed et al., 2014; Ma et al., 2014). Tau knockout mice
also show both reduced LTD (Kimura et al., 2014; Regan
et al., 2015) and impaired α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPAR) internalization
(Regan et al., 2015). Finally, an underlying factor that is
common across many tau transgenic models is increased
neuroinflammation in the form of microgliosis and astrocytosis
(Schindowski et al., 2006; Yoshiyama et al., 2007; de Calignon
et al., 2012; Maeda et al., 2016). Indeed, a network-based analysis
of neurodegenerative diseases based on prion models paired
with cell-type classification showed that, during the development
of the disease, the majority of the upregulated genes were
expressed by microglia (Vincenti et al., 2015). These studies
highlight the importance of understanding how tau-mediated
changes to synaptic plasticity are intimately connected with glial
plasticity alterations.

We do not fully understand how different factors, be
they genetic or environmental, synergize, and predispose the
brain to develop inexorable neurodegenerative diseases, such
as tauopathies. Also, still unknown is how two seemingly
disparate pathological proteinopathies, Aβ and tau, synergize
and lead to loss of neuroplasticity observed in AD. A
clear picture of how neuroplasticity and glial plasticity
result in brain organ failure through a complex interaction
between neurons, synapses, and non-neuronal cell function
is only now emerging. Here we will review the known
roles of non-neuronal cells—astrocytes, oligodendrocytes,
and microglia—as they pertain to neuronal health and
synaptic plasticity in AD and relate this to disrupted
glial plasticity.

Early Neuroplasticity Loss in AD and in
Mouse Models Is Reversible
Synaptic dysregulation has been suggested to begin in the
prodromal phase of AD, even before Aβ plaque formation
(Walsh and Selkoe, 2007), perhaps triggered by oligomeric
Aβ or transient soluble Aβ species that are neurotoxic (Heiss
et al., 2017). Interestingly, not only does Aβ affect synaptic
plasticity, other cleavage products of the amyloid precursor
protein (APP), the parent molecule of Aβ, can also have
neurotoxic functions. For example, the APP intracellular domain
(AICD), produced as a by-product of the amyloidogenic
processing of the APP protein, has been shown to regulate
synaptic function and may also play a role in synaptic plasticity
(Konietzko, 2012; Pousinha et al., 2017; Skaper et al., 2017).
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It is also noteworthy that soluble APPα (the most common
proteolytic cleavage product of APP in healthy brains) has been
suggested to play a role in synaptic growth and plasticity, but
whether APPα is helpful or damaging remains highly debated
(Corbett and Hooper, 2018).

The majority of studies seeking to improve synaptic plasticity
have been conducted using either transgenic rodent models of
Aβ deposition or injection models of Aβ (Hao et al., 2011;
Bachstetter et al., 2012; Chen et al., 2012; Duffy and Hölscher,
2013; Wu et al., 2013; Deibel et al., 2016; Iaccarino et al.,
2016; Ahmad et al., 2017; Wilkaniec et al., 2018; Liang et al.,
2019; Martorell et al., 2019), while very few have been executed
in tau transgenic models (Martorell et al., 2019), leading to
a relative lack of understanding of tau-related abnormalities
in neuroplasticity and glial plasticity. In wild type mice or
human APP transgenic mice, various inhibitors, agonists, or
small molecules as well as brain stimulation and environmental
enrichment have been tested (Supplementary Table S1). In most
cases, these manipulations resulted in improved performance
in cognitive paradigms, increased synaptic function, increased
the density of dendritic spines and increased levels of synaptic
proteins (Hao et al., 2011; Bachstetter et al., 2012; Chen et al.,
2012; Wu et al., 2013; Ahmad et al., 2017; Liang et al., 2019;
Martorell et al., 2019). Many of these treatments reduced
neuroinflammation (Hao et al., 2011; Bachstetter et al., 2012;
Chen et al., 2012; Wu et al., 2013; Ahmad et al., 2017; Liang
et al., 2019) and a few studies also reported improved neuronal
survival (Chen et al., 2012; Ahmad et al., 2017). This suggests
some form of synergy between processes connecting brain
immunity, neuroplasticity, and neuronal survival. However,
other studies involving cholinergic depletion and optogenetic
stimulation did not result in improved neuroplasticity and
sometimes even decreased cognitive performance and increased
neuroinflammation (Deibel et al., 2016; Iaccarino et al.,
2016). Effects on Aβ and tau neuropathology were mixed,
with some studies showing reduced burden (Hao et al.,
2011; Chen et al., 2012; Wu et al., 2013; Iaccarino et al.,
2016; Ahmad et al., 2017; Martorell et al., 2019), while
others reported no effect (Bachstetter et al., 2012; Deibel
et al., 2016; Liang et al., 2019), and these changes did
not always correspond to the studies that showed improved
synaptic plasticity.

Synaptic plasticity has also been modulated in non-AD mouse
models with various agents, neuropeptides, and exercise (Soto
et al., 2015; Liu, Yi et al., 2018; Luo et al., 2019; Zhou et al.,
2019). These studies showed improvements in synaptic protein
levels, LTP, and cognitive performance as well as reduced
neuroinflammation and, when assessed, neurodegeneration
(Soto et al., 2015; Liu, Yi et al., 2018; Luo et al., 2019; Zhou
et al., 2019). These studies are only some representative examples
of findings in the field, but what can be observed is that
much of the research on synaptic plasticity in AD has been
conducted in rodent models that only accumulate Aβ plaque
pathology (Pozueta et al., 2013). They do not take into account
the effects of tau pathology on synaptic dysfunction and synapse
loss, which are the major determinates of cognitive decline
in AD.

Chronic Glial Signaling Counteracts Glial
Plasticity in Neurodegenerative Conditions
Neuroinflammation increases with age and is considered a
normal part of brain aging (Cribbs et al., 2012). Aged brains
are characterized by increased activation of glial cells and
elevated levels of pro-inflammatory molecules and reduced
anti-inflammatory mediators (Di Benedetto et al., 2017). Glial
cells in an aged brain are primed for inflammatory responses
and they are slow in returning to baseline following acute
insults (Di Benedetto et al., 2017). Also, senescent glial cells
have a reduced ability to perform their homeostatic functions
(Di Benedetto et al., 2017), thus, increasing the vulnerability
of the aging brain to proteinopathy-related injuries. Indeed,
neurodegenerative disease is accompanied by progressively
exacerbated neuroinflammation marked by astrogliosis and
microgliosis (Serrano-Pozo et al., 2011; Di Benedetto et al.,
2017). Topics of critical interest in the field are how does
abnormal proteinopathy impact glial cell functionality, how does
dysregulated glial function alter intraneuronal proteostasis, and
finally, how do these alterations contribute to the progression
of disease?

Glia can directly regulate short-term neuroplasticity in the
synaptic cleft, either through homosynaptic connections or by
modulating complex synaptic loops—thus they support neuronal
activity at the cellular and network level (Perea et al., 2009;
Schafer et al., 2013). Glia also possesses immense plasticity of
their own as they can react within seconds to environmental
threats to rebalance network homeostasis (Nimmerjahn et al.,
2005). Since glial plasticity processes are critical in supporting
and complementing neuronal health and function, glial plasticity
and neuronal plasticity are integrated processes. In diseases
such as AD, or even during aging, chronic gliosis can lead
to loss of function (Hickman et al., 2013) whereby glia are
unable to respond to challenges resulting in dyshomeostasis,
morphological changes, and disrupted signaling (Bellamy et al.,
2015). In the next sections of this review, we will discuss how tau
accumulation in AD is related to loss of brain function.

Experimental Models Show That NFT
Pathology Correlates With Gliosis and
Cognitive Decline
Relative to the effects of Aβ pathology, cognitive decline and
neurodegenerative features are closely associated with NFT
pathology in AD (Arriagada et al., 1992; Gómez-Isla et al.,
1997; Giannakopoulos et al., 2003). Until recently, it was widely
believed that NFTs deposited as intracellular inclusions are the
toxic form of tau, but recent research has provided evidence that
even soluble forms of phosphorylated tau may have a pathogenic
effect on neuroplasticity (Fá et al., 2016; Ghag et al., 2018).
The questions remain though, how do different forms of Aβ

and tau affect neuroplasticity and glial plasticity, and what is
the spatio-temporal relationship between these proteinopathies
and dysfunctional plasticity? In this review, we will focus on
tauopathy and its effects on neuroplasticity and glial plasticity.

In AD, tau pathology originates mostly in the trans-
entorhinal and hippocampal regions of the brain and then
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spreads out of the medial temporal lobe to other brain areas
as the disease progresses (Mudher et al., 2017). This has
been recapitulated in rodent transgenic models of tauopathy
where the spread of tau pathology out of the medial temporal
lobe involves the propagation of soluble tau species along
synaptically connected neuronal networks (de Calignon et al.,
2012; Calafate et al., 2015; DeVos et al., 2018). Another
mechanism of tau spread involves the dispersal of tau pathology
via glial cells (Asai et al., 2015; Hopp et al., 2018). Gliosis
closely follows the development of tauopathy in transgenic
mouse models (Ramsden et al., 2005; Schindowski et al.,
2006; Yoshiyama et al., 2007; de Calignon et al., 2012;
Maeda et al., 2016). We developed several mouse models of
tauopathy in our lab to understand how gliosis is differentially
regulated in the presence of intracellular phosphorylated tau
and NFT inclusions (Koller et al., 2019). These models express
different human mutant tau constructs following neonatal
delivery of recombinant adeno-associated viruses (AAV).
We observed a dramatic induction of gliosis, especially of
hypertrophic microglia in rodents with NFT pathology but
not in mice with somatodendritic hyperphosphorylated tau
(Figure 3). Microglia present in NFT-rich regions display
considerably hypertrophic morphology (Figure 3K) when
compared to microglia in a mouse brain with soluble
phosphorylated tau but no NFTs (Figure 3G) or microglia
in control cohorts (Figure 3C). Astrocytes display similar
changes (Figures 3D,H,L). This might reflect a continuum
of glial functionality accompanying the spectrum of tau

pathogenesis, starting from accumulation of relatively soluble
hyperphosphorylated tau in the somatodendritic compartment
towards more neurotoxic NFT deposits.

In vivo imaging studies of rTg4510 mice have shown that
both pathological tau and neurodegeneration correlate with
microglial activation (Sahara et al., 2018). Also, the elimination
of senescent microglia and astrocytes can block the cognitive
impairment and neurodegeneration observed in tauopathy
mouse models (Bussian et al., 2018). However, glial cell responses
are not always detrimental and are needed to protect the
brain. In some instances, astrocytes can form protective scars
(Sofroniew, 2009) and microglia can mount a rapid protective
phagocytic response to neurotoxic proteinaceous species (Meyer-
Luehmann et al., 2008; Sarlus and Heneka, 2017). These are
reactive events designed to provide some resilience to the
homeostasis of the neural network, but emerging evidence
suggests that the glial response to progressive neuropathological
disruption in neurons, as observed through morphological
or functional changes, may be indicative of some sort of
loss of glial plasticity when this reactive process leads to
progressive neuro-glial toxicity rather than a compensatory
healing outcome (Alibhai et al., 2018). Indeed, the presence of
soluble forms of neurotoxic tau can trigger microglial senescence,
reduce microglial surveillance, abort successful phagocytosis and
clearance, and worsen neuro-glial homeostasis (Streit et al., 2009;
Sanchez-Mejias et al., 2016).

Consistent with reports from other laboratories (Ramsden
et al., 2005; Schindowski et al., 2006), we observed that mice

FIGURE 3 | Phosphorylated tau vs. neurofibrillary tangle (NFT) tau species determine microglial and astroglial phenotype. Immunohistochemical detection of
phosphorylated tau (CP13 antibody, pSer202 tau epitope), NFT tau (histological Gallyas silver stain), microglia (Iba1 antibody), and astrocytes (GFAP antibody) in the
cortex of 3-month-old nontransgenic (C57/Bl6) mice that received neonatal intracerebroventricular delivery of adeno-associated virus (AAV) expressing P301L tau or
P301L/S320F tau compared to age-matched naive C57/Bl6 control mice. AAV-P301L tau expressing mice accumulate intracellularly and neuropil phosphorylated
tau (ptau; E), while in the AAV-P301L/S320F tau expressing mice, ptau is concentrated in the somatodendritic compartment (I). No ptau is observed in control (A).
Histological Gallyas silver stain indicates frank NFT pathology only in the AAV-P301L/S320F tau mice (J), and not in the AAV-P301L tau mice (F) or control group (B).
Detection of microglia (Iba1 antibody) and astrocytes (GFAP antibody) reveals increased hypertrophy of microglia and astrocytes in the AAV-P301L/S320F tau mice
(K,L) compared to the AAV-P301L tau (G,H) and control mice (C,D). Scale bar: 50 µm.
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with accelerated NFT deposits also developed rapid memory
impairment (Koller et al., 2019). While our results were
consistent with human data (reviewed in Nelson et al., 2012),
other preclinical studies have shown that tau conformers,
independent of NFT, underlie memory deficits and network
alterations (Santacruz et al., 2005; Bolós et al., 2017; Green et al.,
2019). The effects of accumulating proteinopathy on dendritic
spine morphology and strength of synaptic connectivity may
also be dependent on heterogeneous age-progressive spatial
and temporally relevant factors, not just on the intracellular
proteinopathy burden. How glial cell function and their evolving
plasticity across the spectrum of age-progressive proteostasis
contribute to such feedback or feedforward mechanisms
to determine neuroplasticity and neurodegeneration remain
of interest.

ROLE OF NON-NEURONAL CELLS IN AD
AND RELATED TAUOPATHIES

Age and Neuroinflammation Increase the
Vulnerability of the Brain to AD Pathologies
Following the development of Aβ deposits in the frontal cortices,
tau pathology starts accumulating in areas distal to Aβ deposits,
such as in the entorhinal cortex and hippocampus (Braak
and Braak, 1991). The molecular determinants that trigger tau
hyperphosphorylation and the development of NFTs in the
entorhinal cortex and then the hippocampus are unknown.
The amyloid cascade hypothesis posits that cellular changes
downstream of the development of Aβ pathology initiate tau
pathogenesis (Hardy and Higgins, 1992). However, since ptau
has been identified in brainstem nuclei of individuals as
young as 30 years of age, subtle changes in tau physiology
may begin much earlier in life than had been previously
thought (Braak and Tredici, 2011). The hippocampus is the
site of early synaptic loss in AD (Scheff and Price, 2006;
Scheff et al., 2006; Bastin et al., 2020) and it is this synaptic
loss and the development of NFTs that correlate with the
eventual cognitive decline (Terry et al., 1991; Arriagada et al.,
1992; Giannakopoulos et al., 2003). The entorhinal cortex
and the hippocampus are selectively vulnerable to aging-
related changes, and the major synaptic pathway connecting
these two brain regions, the perforant pathway, is especially
vulnerable to tau pathology (García-Sierra et al., 2000, 2001;
Thal et al., 2000). Additionally, the extent of tau pathology
and synaptic loss in this pathway correlates with the degree
of dementia, especially in the oldest old (García-Sierra et al.,
2000; Thal et al., 2000; Robinson et al., 2014), consistent with
the observation that aging is the major risk factor for AD type
neurodegenerative changes.

A key factor to consider is that many elderly people have
Aβ plaques in their brains and retain high levels of cognition
(Price and Morris, 1999; Knopman et al., 2003). Also, while
many people who accumulate tau pathology in their brain
develop various tauopathies, other people have been shown to
accumulate tau pathology during aging, with only a little or
only mild cognitive decline (clinically diagnosed as primary
age-related tauopathy or PART; Crary et al., 2014). Thus, we do

not fully understand how different predisposing factors synergize
to develop neurodegenerative diseases and how some people
show greater resilience to proteinopathy and age successfully.
Additionally, we also still do not fully understand how glial
dysfunction and altered neuroplasticity and glial plasticity fit into
the neurodegenerative cascade in AD. In the next few sections,
we will explore the individual role of glial cells (astrocytes,
microglia, and oligodendrocytes) as they pertain to neuronal
health and synaptic plasticity in AD in more granular details
(Figure 4).

Astrocytes Are Not Just Supporting Cells
in the CNS
Astrocytes are often described as the supporting cells of
the nervous system. Emerging research has shown that
they are not just the ‘‘glue’’ of the central nervous system
(CNS), but that they are integral to many functional and
physiological aspects of the nervous system (Allen and Lyons,
2018) including synaptogenesis (Chung et al., 2015). They
facilitate the development of synapses through direct contact
as well as through secreted factors such as thrombospondins,
SPARCL1/Hevin, and cholesterol. They also regulate the
localization of postsynaptic glutamate receptors through the
release of glypicans (Allen and Eroglu, 2017). A new study
showed that astrocytes are critical during the integration of
adult-born hippocampal neurons into established neuronal
circuits and the formation of dendritic spines on these neurons
(Sultan et al., 2015). On the other hand, astrocytes also regulate
synapse elimination (Allen and Eroglu, 2017). They can directly
phagocytose synapses through Mertk and Megf10 receptors
(Chung et al., 2013), or they can release cues such as SPARC
and block synapse formation (Kucukdereli et al., 2011). They
also can release TGFβ, which elicits increased C1q in neurons
and marks synapses for phagocytosis by microglia (Schafer et al.,
2012; Bialas and Stevens, 2013). Thus, astrocytes are dynamically
related to synaptic homeostasis.

Astrocytes are not only involved in the structural maintenance
of synapses; they also control their function as part of the
tripartite synapse. Astrocytes regulate levels of glutamate at the
synapse by taking up excess glutamate through their glutamate
transporters (Stogsdill and Eroglu, 2017). Once they have
removed glutamate from the synapse, astrocytes convert it to
glutamine, which they provide to neurons to convert back
to glutamate to be used for excitatory neurotransmission (the
glutamate-glutamine cycle; Tani et al., 2014). This is a dynamic
process, as high levels of neuronal activity are accompanied by
increased glutamate transporters on astrocytic processes, while
low activity levels result in a reduced number of glutamate
transporters (Allen, 2014). Additionally, neuronal uptake of
glutamate is also important for producing γ-aminobutyric acid
(GABA) in GABAergic neurons and facilitating the function of
inhibitory neurons (Schousboe et al., 2004). Therefore, astrocytes
are indispensable in both excitatory and inhibitory signaling.
Additionally, homeostatic synaptic scaling, a process for tuning
neuronal network signaling, is regulated by TNFα secreted from
glial cells (Stellwagen and Malenka, 2006).
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FIGURE 4 | Glial and neuronal function and plasticity are dysregulated in AD. Schematics depicting healthy glial and neuronal function (A) compared to AD-induced
glial and neuronal dysfunction (B). Normal communication and support processes occur between neurons, astrocytes, microglia, and oligodendrocytes even in the
presence of Aβ plaques and oligomers (A). In AD, healthy communication and function break down between neurons, astrocytes, microglia, and oligodendrocytes
(B). Astrocytes and microglia take up tau, Aβ, and synaptic boutons; tau oligomers spread across synapses and travel between different cell types (neurons,
astrocytes, microglia, and oligodendrocytes); neurons develop NFT deposits, and Aβ plaques convert to neuritic plaques and cause the death of neurites (B). Listed
below the schematics are dysregulated processes seen in a normally functioning brain (A) compared to an AD brain (B). The key for the schematics is located on the
right side of the figure.

Astrocytes directly participate in neuronal signaling by
releasing gliotransmitters such as d-serine, glutamate, and
adenosine triphosphate (ATP), each of which can affect neuronal
activity and change synaptic transmission (Halassa and Haydon,
2010). In particular, d-serine is a co-agonist for N-methyl-
D-aspartate receptors (NMDARs); therefore, the release of
d-serine from astrocytes has the potential to modulate LTP
(Henneberger et al., 2010). Providing further evidence for
bi-directional communication between astrocytes and neurons,
neurotransmitter release from neurons has been shown to
cause local intracellular calcium increases in astrocytic processes
(Di Castro et al., 2011) and astrocytes have been shown to
regulate spike timing-dependent depression, a form of LTD (Min
and Nevian, 2012), as well as neuronal excitatory postsynaptic
currents (Pascual et al., 2012). Since LTP and LTD are important
for learning and memory (Bliss and Collingridge, 1993; Abel
and Lattal, 2001), this illustrates the critical role astrocytes in
neuroplasticity. Indeed, astrocytic activation has been shown
to increase hippocampal LTP, augment memory acquisition,
and improve cognitive performance (Adamsky et al., 2018).
Also, gene expression alterations in the hippocampus following
learning indicate that there are changes in the energy metabolism
of both astrocytes and neurons, further supporting the idea that
memory formation requires concerted actions of neurons and
glia (Tadi et al., 2015).

Oligodendrocytes Provide Trophic Support
to Axons and Modulate Neuronal Signaling
Oligodendrocytes are glial cells that wrap around neuronal axons
and produce the myelin sheath, which acts as an insulator around

the axon and facilitates rapid signal conduction. Although
not the only contributing factor, it has been suggested that
neuronal activity plays a role in myelination and that adaptive
myelination is a form of plasticity since it allows for the
fine-tuning of neuronal circuits and modulation of neuronal
signaling (Foster et al., 2019). Aspects of myelination that can
be modified include the thickness of the myelin, the size of the
internodes, and the length of myelination between internodes
(Waxman, 1980; Wu et al., 2012; Ford et al., 2015). Increased
neuronal activity in the brain and spinal tracts has been shown
to increase the differentiation of oligodendrocyte progenitor
cells (OPCs) into mature myelinating oligodendrocytes and
increased myelination affects neuronal circuitry and signal
conduction in the CNS regions affected (Li et al., 2010;
Gibson et al., 2014; Nagy et al., 2017; Mitew et al., 2018).
Interestingly, it has been found that learning a new task
enhances oligodendrogenesis in adult mice while inhibiting new
oligodendrocyte production is detrimental to learning (Almeida
and Lyons, 2017). Also, social isolation results in impaired
myelination in mice resulting in deficits in sociability and
working memory tasks (Almeida and Lyons, 2017). These studies
highlight the importance of neuronal activity in myelination and
demonstrate the necessity of dynamic myelination in learning
and memory.

Another key aspect of the oligodendrocyte-neuron
relationship involves metabolic coupling. Oligodendrocytes
produce lactate and, using the MCT1 transporter, provide it
to neuronal axons as an energy source (Fünfschilling et al.,
2012; Lee et al., 2012). It has been suggested that this process
is regulated by a neuronal activity because glutamate released
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by myelinated axons during action potentials activates NMDA
receptors and increases Ca2+ in the surrounding myelin (Micu
et al., 2016). Oligodendrocytic NMDA receptor activation
leads to augmented trafficking of glucose transporter to the
myelin sheath, increasing glucose uptake and allowing for the
production of more lactate to support the energy needs of
the axon (Krasnow and Attwell, 2016; Saab et al., 2016). This
evidence provides further support that oligodendrocytes are
instrumental in activity-dependent neuroplasticity.

Microglia Are Dynamic Glial Cells That
Regulate CNS Immunity and Directly
Influence Neuroplasticity
Microglia are the innate immune cells of the brain. They
constantly scan their microenvironment with their highly
dynamic processes, phagocytose debris, and react to injuries
or perceived threats (Nimmerjahn et al., 2005). In addition to
their immune function, microglia play a critical role in processes
that affect neuronal plasticity. For example, microglia have been
shown to sense signals indicative of high neuronal firing rates and
make contact with those active neurons to modulate their activity
(Li et al., 2012). Also, ATP released by microglia causes astrocytes
to release glutamate, activating neuronal metabotropic glutamate
receptors and resulting in increased frequency of postsynaptic
currents (Pascual et al., 2012). Microglia have even been shown
to modulate neuronal circuit synchronization (Akiyoshi et al.,
2018). Therefore, microglia surveil the brain not only to find
debris and clear them away but also to correct abnormal signaling
and prevent circuit failure (Akiyoshi et al., 2018). Based on
the evidence that microglia interact at the level of synapses,
they were added to the ‘‘tripartite synapse’’ model, modifying
the model to include microglia as part of the ‘‘quadripartite
synapse’’ (Schafer et al., 2013). As we have seen with
astrocytes and oligodendrocytes, plasticity is a two-way street in
microglia as well, as shown by multiple experimental models.
Microglial motility is at least partially dependent upon signaling
through their purinergic receptors activated by ATP/ADP
(Koizumi et al., 2013).

A notable microglial receptor important for plasticity is the
CX3C chemokine receptor 1 (CX3CR1). Hippocampal slices
from Cx3cr1 knockout mice display LTP deficits compared to
hippocampi from wild type littermates (Rogers et al., 2011).
Also, Cx3cr1 knockout mice perform poorly in the Morris
water maze and contextual fear conditioning paradigms, showing
that signaling through CX3CR1 is important for plasticity
and cognition (Rogers et al., 2011). Another study found that
microglia support synapse formation during BDNF-dependent
learning (Parkhurst et al., 2013). They showed that the
post-synaptic density increased following learning of a motor
task, and when microglia were ablated, new synapses were
not established and mice did not learn the motor task
(Parkhurst et al., 2013).

Microglia also directly affect the structure of synapses.
During development, microglial synaptic pruning occurs to
eliminate excess connections which are needed for healthy
brain development (Paolicelli et al., 2011). Delayed synaptic

pruning due to a reduction in microglia results in structural
and electrophysiological abnormalities, which may play a role
in developmental disorders (Paolicelli et al., 2011). It has been
shown that synaptic pruning is mediated by the complement
system (Fourgeaud and Boulanger, 2007; Stevens et al., 2007;
Schafer et al., 2012; Stephan et al., 2012; Sierra et al., 2013)
and is sensory- and activity-dependent (Tremblay et al., 2010;
Schafer et al., 2012; Sierra et al., 2013). Also, a recent study
found that triggering receptor expressed on myeloid cells 2
(TREM2) is necessary for synaptic pruning during development
(Filipello et al., 2018), which is especially interesting since
TREM2 variants have been linked to increased risk for AD
and FTD (Guerreiro et al., 2013a,b; Filipello et al., 2018). We
will discuss the function of TREM2 in more specific details in
later sections.

In adulthood, synapses continue to undergo pruning
(although to a lesser extent than during development) and
remain dynamic, facilitating learning and memory as well as
responding to injury (Zuo et al., 2005; Lohmann and Kessels,
2014). Interestingly, a recent study postulated that ‘‘synaptic
pruning’’ may be too simple of a term for synapse removal
as the researchers observed selective trogocytosis, or partial
elimination, of the presynaptic compartment, but not the
post-synaptic compartment in the hippocampus (Weinhard
et al., 2018). They also observed the initiation of spine head
filopodia at sites of microglia-synapse contact (Weinhard et al.,
2018). Therefore, microglia have the capacity for extremely
elegant synaptic remodeling and play a crucial role in regulating
neuronal circuitry and plasticity (Weinhard et al., 2018). Another
study has shown that intra-cortical injection of heat-killed
bacteria leads to a process of ‘‘synaptic stripping’’ (Trapp
et al., 2007), similar to that observed previously in the
facial nucleus axotomy model (Blinzinger and Kreutzberg,
1968). This is a process mediated by microglia that removes
synaptic connections of neurons by closely apposing the
neuronal perikarya. Because there was no neurodegeneration,
this process of synaptic elimination, where the microglia
ensheathe the neurons, is considered a neuroprotective response.
Microglia, when under the influence of glucocorticoid-induced
stress, can also reduce spine density in a combinatorial
mouse model of tau and Aβ (Pedrazzoli et al., 2019),
suggesting a multi-system control of neuronal plasticity in the
diseased brain. Additionally, in injury conditions, microglial
function leads to a broader brain plasticity phenomenon,
defined as ‘‘plasticity of plasticity’’ which is related to
their response to modifying their morphology, function,
and transcriptional identity in response to environmental
threats (Banati, 2002). Such changes in microglia may induce
neuroplasticity on a cellular and physiological scale. Overall,
one of the major questions in the field exists around
whether synaptic pruning, while usually a tightly regulated
process, becomes dysregulated and if this aberrant pruning
plays a role in neurodegenerative diseases (Stevens et al.,
2007). Thus, more studies examining the spatio-temporal
context of synaptic pruning by microglia are needed to
improve our understanding of this process in both heathy and
disease states.
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GLIAL HOMEOSTASIS AND PLASTICITY
ARE LOST DURING AGING

Aging Alters the Capacity of the Brain for
Synaptic Plasticity
Age is the primary risk factor for neurodegenerative diseases such
as AD (Alzheimer’s Association, 2020). The brain undergoes
major changes just during the process of aging. Neurons of the
aged brain display less complex dendritic arborization, shorter
dendrites, and fewer dendritic spines (Dickstein et al., 2007).
Also, cognitive domains such as processing speed, working
memory, inhibition, and long-term memory tend to decline
with age, while other processes such as knowledge storage and
implicit memory are relatively preserved (Park et al., 2002;
Park and Reuter-Lorenz, 2009). However, aging is a process
that varies from person to person, with some people aging
more ‘‘successfully’’ than others (Morrison and Baxter, 2012;
Harada et al., 2013) and possessing higher levels of cognitive
reserve even with an unfavorable proteinopathy burden (Harada
et al., 2013). One method that our highly adaptive brains
use to meet the challenges presented by aging is employing
compensatory or alternative circuitry to overcome existing
dysfunctional connections (Park and Reuter-Lorenz, 2009).
This idea is supported by imaging studies that have shown
over-activation and greater bilateral activation of the prefrontal
cortex of aged adults (Park et al., 2001; Cabeza, 2002; Reuter-
Lorenz, 2002). The brain does reach a threshold, however, at
which the need for circuit reorganization exceeds its ability to
adapt, at which point cognitive problems manifest (Burke and
Barnes, 2006), especially since the aging brain is less efficient at
compensating than the brain of a young person (Park and Reuter-
Lorenz, 2009). Therefore, a large part of cognitive decline seen
with aging can be attributed to the reduced ability of the brain to
undergo synaptic plasticity (Morrison and Baxter, 2012). As age
is the primary risk factor for neurodegenerative diseases like AD,
much interest exists in exploring the effect of age on synaptic and
glial plasticity in the brain.

Aged Glial Cells Have Altered Inflammatory
Profiles and Reduced Functionality
A recent transcriptomic study done in mice found that astrocytes
take on a more reactive phenotype in normal aging and
that this occurs in a region-specific manner in the brain:
hippocampal and striatal astrocytes preferentially display large
gene expression changes during aging (Clarke et al., 2018).
Microglia also display age-dependent regional heterogeneity
(Lawson et al., 1990; Grabert et al., 2016). A recent genome-wide
analysis found that microglia in the young adult brain show
a unique ‘‘immune-vigilant’’ phenotype in the hippocampus
and the cerebellum, whereas, in the aged adult brain, these
two brain regions diverge in their immunogenic phenotype:
microglia in the cerebellum become increasingly more immune-
vigilant while those in the hippocampus display the opposite
effect (Grabert et al., 2016). Such age-dependent regional
changes in microglial and astrocytic function may probably
be an underlying factor in triggering regional vulnerability to

lesions or injuries in a selective fashion observed in different
neurodegenerative diseases.

Resting microglia in aged animals show a decreased capacity
to survey their microenvironment and they display slower
response to acute injury as well as a sustained, long-lasting
response to chronic injury (Damani et al., 2011). Also, the
‘‘sensome,’’ or the collection of genes that encode the proteins
used by microglia to surveille their surroundings, undergoes
massive downregulation in aged mice compared to young adult
mice (Hickman et al., 2013). Aged astrocytes are also deficient in
their maintenance of brain homeostasis and function. Reactive
astrocytes in an aged brain are deficient in supporting neuronal
survival and neuronal function such as debris clearance or
synaptogenesis (Liddelow et al., 2017). This reactive astrocytosis
can be induced by the release of cytokines such as Il-1α,
TNF, and C1q originating from microglia (Liddelow et al.,
2017). Additionally this reactive astrocytic environment has been
shown to not only be toxic to mature oligodendrocytes but
also impair the differentiation of immature oligodendrocytes
(Liddelow et al., 2017). These studies show that aged glial cells
do not possess the capacity to perform their respective functions
as effectively as those found in a young brain and this may
make the brain more susceptible to injury or disease. These
data also demonstrate the paramount importance of probing
the neuron-astrocyte-microglia-oligodendrocyte nexus in aging
and neurodegenerative disease to better understand the effect of
neuroplasticity and glial plasticity on brain organ function.

GLIAL PLASTICITY IS ALTERED IN
NEURODEGENERATIVE DISEASE

Several Microglial Genes Increase the Risk
of Developing AD and Other Tauopathies
Genome-wide association studies have identified risk variants
for AD in several proteins expressed by microglia (such as
TREM2, TREM1, APOE, PLCG2, ABI3, CR1, and CD33), further
linking microglial function to AD and suggesting a role in disease
pathogenesis (Sims et al., 2017; Hansen et al., 2018; Henstridge
et al., 2019; McQuade and Blurton-Jones, 2019). Many of these
genes are connected to Aβ metabolism, but how they affect
tauopathy remains unanswered. Specifically, here we will discuss
the role of TREM2 and TREM1 as well as their relationship to Aβ,
tau, and cognitive decline in neurodegenerative proteinopathies.

TREM2 variants have been associated with increased risk
of developing AD (Sims et al., 2017; Carmona et al., 2018) as
well as FTD and other neurodegenerative diseases (Guerreiro
et al., 2013a,b; Yeh et al., 2017). For example, AD patients
with the R47H mutation in TREM2 display earlier age of
onset and shorter disease duration (Slattery et al., 2014;
Korvatska et al., 2015). Also, (R47H) TREM2 patient brains
display fewer microglia around Aβ plaques, indicating altered
microglial function and increased axonal dystrophy (Yuan
et al., 2016). In the cerebrospinal fluid (CSF) of AD patients,
soluble TREM2 (sTREM2) levels are elevated when compared
to healthy controls (Brosseron et al., 2018) and increase with
disease progression (Suárez-Calvet et al., 2016a). Although this
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elevation is not reliable enough for AD diagnosis, it may be
indicative of microglial activity (Suárez-Calvet et al., 2016b;
Brosseron et al., 2018). New data suggests that increased
CSF sTREM2 is correlated with tau-related neurodegeneration,
while decreased CSF levels of sTREM2 are associated with
Aβ pathology (Suárez-Calvet et al., 2019). While the (R47H)
TREM2 mutation is not linked with FTD, biallelic mutations in
TREM2 have been associated with FTD (Guerreiro et al., 2013a;
Slattery et al., 2014). These findings warrant more research into
the association between TREM2 function, neuroplasticity, and
tau abnormalities.

Pre-clinical studies exploring the effect of TREM2 in
tauopathy have not been entirely conclusive. One group
showed that tau transgenic mice lacking Trem2 display reduced
inflammation and neurodegeneration with no alterations in tau
phosphorylation or solubility (Leyns et al., 2017), while another
group observed that tau phosphorylation was increased in tau
transgenic mice deficient for Trem2 (Bemiller et al., 2017). Of
note, these studies were conducted in different tauopathy mouse
models and the mice were of different ages, which may suggest an
age-dependent effect of Trem2, which has been observed when
assessing the effect of Trem2 deficiency on Aβ pathology (Jay
et al., 2017). Additionally, in a TREM2 overexpression model,
tau mice showed attenuated tau hyperphosphorylation, neuronal
death, and synaptic loss as well as improved spatial cognitive
performance (Jiang et al., 2016a). The authors attributed these
results to the reduced neuroinflammation that they observed
in these mice (Jiang et al., 2016a). How TREM2-mediated glial
activity is mechanistically related to neuroplasticity remains
entirely unexplored.

Recently, TREM1 variants have also been associated with
AD. This variant is associated with increased Aβ burden as
well as exacerbated cognitive decline in humans with AD
(Replogle et al., 2015; Liu et al., 2020). A study of Aβ-PET
imaging in cognitively normal individuals, MCI individuals,
and AD patients that was conducted in the ADNI cohort
showed that the TREM1 variant investigated was associated with
MCI and was even more strongly linked with AD (Liu et al.,
2020). Interestingly, assessment of the plasma of AD patients
led to the finding that soluble TREM1 (sTREM1) levels were
elevated, and concentrations of sTREM1 correlated to disease
progression in AD patients (Jiang et al., 2019). Additionally,
plasma sTREM1 levels also correlated positively with the amount
of total tau found in AD plasma and this relationship was
stronger in severe AD cases (Jiang et al., 2019).

Pre-clinical studies of TREM1 have mainly focused on
Aβ pathology. An in vitro study found increased Aβ burden
was likely due to impaired Aβ phagocytosis (Jiang et al.,
2016b). These findings were supported by evidence showing
that TREM1 deficiency in APP/PSEN1 mice leads to increased
Aβ42 levels and overall Aβ burden (Jiang et al., 2016b).
Also, TREM1 replacement by microglial overexpression as
well as activation of TREM1 signaling reversed Aβ pathology
and ameliorated cognitive deficits (Jiang et al., 2016b). The
relationship between TREM1 and tau pathology has yet to be
explored in-depth, although, one study found that TREM1 is
elevated in cortical lysates from the h-tau tauopathy mouse

model (Garwood et al., 2010). In the light of these results, the
importance of TREM2 and TREM1 in AD therapies is being
increasingly recognized as timely, spurring research into these
targets (Saadipour, 2017; Carmona et al., 2018).

Microglia Phagocytose
Disease-Associated Synapses and
Propagate Tau Pathology
Tau associates with presynaptic vesicles via its amino-terminal
domain and hinders vesicle release (Zhou et al., 2017). Moreover,
the complement protein C1q is found extracellularly adjacent to
the post-synaptic density in older tau transgenic mice (Dejanovic
et al., 2018) and helps microglia engulf synaptic material in a
C1q-dependent manner (Dejanovic et al., 2018). Treatment with
an anti-C1q antibody inhibited microglial engulfment of synaptic
material, prevented the loss of synapses, and also boosted
synaptic density (Dejanovic et al., 2018). This study highlights
the idea that tau-induced microglial phagocytosis of synapses
leads to synaptic loss (Dejanovic et al., 2018). Another study
showed that complement-dependent microglial phagocytosis can
destroy synapses between engram cells, thus destroying encoded
remote memories (Wang et al., 2020). These newly emerging
studies form the foundation of our recent understanding of how
microglial function is related to synaptic function and learning
and memory.

Phagocytosis of tau-laden synapses may also have a downside,
as additional evidence has shown that microglia are involved
in the propagation of tau. We know that tau can spread from
neuron to neuron along with synaptic connections (de Calignon
et al., 2012; Calafate et al., 2015; DeVos et al., 2018) and is
released in synaptic vesicles (Pooler et al., 2013). Tau can also be
transmitted through exosomes (Saman et al., 2012; Polanco et al.,
2016), ectosomes (Dujardin et al., 2014), or tunneling nanotubes
(Abounit et al., 2016; Tardivel et al., 2016). It has also been
shown that microglia phagocytize tau and secrete it in exosomes
that then can be taken up by neurons, thereby spreading tau
to neurons that may not be synaptically connected (Asai et al.,
2015). Another study found that tau contained in microglia does
indeed have ‘‘seeding’’ ability and can induce tau accumulation
in recipient cells (Hopp et al., 2018). Further supporting the
importance of microglia in tau transmission, microglial ablation
following tau expression in the entorhinal cortex resulted in
reduced tau phosphorylation and propagation to the dentate
gyrus (Asai et al., 2015). This effect may be based on the amount
of microglia that are removed from the brain, as partial microglial
depletion (∼30%) did not alter tauopathy in rTg4510 mice
(Bennett et al., 2018a). A better understanding of whether
microglial phagocytosis of tau-laden synapses contributes to the
propagation of tau pathology could lead to the discovery of new
modes for targeting tauopathy at the level of synapses.

Astrocytes Accumulate Tau Pathology in
Aging and Neurodegenerative Disease
Astrocytes also undergo morphological and functional changes
in response to tauopathy. Indeed, 50% of humans aged 75 years
and older show tau accumulated in the cell bodies and processes
of astrocytes (Schultz et al., 2004). Glial tau pathology is not
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usually associated with AD, therefore, it has been suggested
that this effect is likely due to aging (such as that found in
aging-related tau astrogliopathy or ARTAG), although other
tauopathies are characterized by glial tau pathology (Schultz
et al., 2004; Lace et al., 2012; Kovacs et al., 2016). Types of
inclusions in other tauopathies include astrocytic plaques in
corticobasal degeneration (CBD), tufted astrocytes in progressive
supranuclear palsy (PSP), and globular astrocytic inclusions
in globular glial tauopathy (Kovacs, 2015). Even though the
human brain expresses six different isoforms of tau (Sergeant
et al., 1997), certain isoforms accumulate selectively in astrocytes
compared to neurons in these different tauopathies (Ferrer et al.,
2014). Also, tufted astrocytes in PSP and astrocytic plaques in
CBD are labeled by antibodies specific to the carboxyl-terminus
and the middle portion of the tau protein but are not detected by
antibodies against the amino-terminus, suggesting that a portion
of the amino-terminus of the tau protein may be missing in
astrocytic tau pathology (Ferrer, 2018). On the other hand, in
the thorn-shaped astrocytes found in ARTAG, tau is labeled
at the carboxy-terminus, the middle portion of tau, and the
amino-terminus (Ferrer et al., 2018). This raises questions about
whether different types of astrocytic tau pathology are composed
of different isoforms or truncations of tau protein.

Another unknown is whether the tau found in astrocytic
inclusions originates from an external source, such as neurons,
or if astrocytes express tau under some circumstances (reviewed
in Kovacs, 2020). However, as only a couple studies have
found evidence of astrocytes expressing tau (Shin et al., 1991;
Miyazono et al., 1993), it is fairly widely accepted that astrocytes
do not express tau, or if they do, it is expressed at very
low levels. We have already discussed that astrocytes can
phagocytose synapses (Kucukdereli et al., 2011; Chung et al.,
2013; Allen and Eroglu, 2017) and we know that tau can be
released from neurons (Pooler et al., 2013). Therefore, the
proximity of astrocytes to synapses allows them to uptake
extracellular tau released from neurons as shown by some groups
(Perea et al., 2019). Also, astrocytic tau is seed-competent,
as sarkosyl-insoluble brain homogenate from ARTAG brains
was shown to seed tau pathology in neurons, astrocytes, and
oligodendrocytes in the hippocampus of wild type mice (Ferrer
et al., 2018). Therefore, astrocytes, as well as microglia, can spread
tau in the brain. Additionally, while AD brain homogenate
only seeded intraneuronal tau pathology, CBD and PSP brain
homogenate led to oligodendrocytic, astrocytic and neuronal
tau pathology, supporting the idea that different strains of the
tau protein found in different tauopathies have unique cell-type
specific pathogenic properties (Narasimhan et al., 2017). This
is supported by another study that reported similar results,
showing that injection of brain extracts from several different
tauopathies (AD, tangle-only dementia, PSP, CBD, PiD, and
argyrophilic grain disease) into ALZ17 mice or non-transgenic
mice led to the formation of silver-positive tau inclusions and
that the type of tau inclusion formed differed depending upon
the type of brain extract injected (Clavaguera et al., 2013). Finally,
another study showed an injection of CBD or AD brain extracts
in young PS19 mice led to the development of tau pathology
specifically in oligodendrocytes and neurons, respectively, and

this cell-type specificity was noticed even in brain regions distal
from the site of injection indicating that the biological nature
of the original seeds was preserved during transmission (Boluda
et al., 2015). Interestingly, the astrocytic inclusions found in
PSP and CBD have been preferentially observed near blood
vessels (Shibuya et al., 2011). In a study conducted in the
GFAP-tau transgenic model that accumulates astrocytic tau, tau
was observed in astrocytic end-feet abutting the blood-brain-
barrier (Forman et al., 2005). As neurodegenerative diseases have
been associated with a blood-brain-barrier breakdown (Zhao
et al., 2015), this is a decidedly interesting observation with
wide-reaching implications regarding the impact of tauopathy on
the integrity of the blood-brain barrier (Bennett et al., 2018b).

Breakdown of Astrocytic Support and
Synaptic Modulation in Tauopathy
In AD, brain glucose uptake is impaired as shown by PET
studies (Bischof et al., 2016). A recent study found that astrocytes
comprise a significant part of the in vivo 18F-FDG PET
signal (Carter et al., 2019). In a longitudinal study of familial
AD patients, they showed that decreased astrocyte function,
as assessed by 11C-deuterium-L-deprenyl (11C-DED) binding,
aligned with reduced 18F-FDG PET uptake representative of
glucose metabolism (Carter et al., 2019). Also, in a study
of post-mortem brains, it was found that cognitively normal
individuals with AD pathology exhibited enhanced expression of
GLT-1 compared to cognitively impaired individuals with AD
pathology, suggesting a protective role of glutamate transport
in the brain (Kobayashi et al., 2018). Other studies also
showed that AD patient brains display reduced glutamate
transporters (GLAST and GLT-1) and vesicular glutamate
transporter (VGLUT1; Masliah et al., 1996; Jacob et al., 2007).
This reduction in glutamate transporters was associated with
increased excitotoxicity and neurodegeneration, which suggests
that deficient clearance of glutamate from the synapse leads
to excessive activation of glutamate receptors (Masliah et al.,
1996). AD brains also display lowered levels of enzymes involved
in the metabolism of glutamate and GABA as well as those
involved in the inter-conversion of glutamate to glutamine
(Burbaeva et al., 2014). Also, the PS19 tauopathy model, which
expresses FTD-associated P301S mutant tau, shows abnormal
levels of glutamate and glutamine in the parahippocampal
and hippocampal regions of the brain, respectively, in an
age-dependent manner (Vemula et al., 2019). In a mouse
model of astrocytic tauopathy (the GFAP-tau model), mice
exhibited impaired motor function along with the accumulation
of astrocytic tau and reduced expression of GLT-1, which aligns
with what is observed in human CBD brains (Dabir et al.,
2006). These studies show the dramatic dysregulation of the
glutamate-glutamine cycle, functionally linking neurons and
astrocytes in AD and other tauopathies. It may follow then
that neuronal function and plasticity are directly modified by
loss of astrocytic plasticity. In vitro experiments demonstrated
that astrocytes that internalize tau oligomers display altered
spontaneous intracellular Ca2+ transients and reduced release
of gliotransmitters, including ATP (Piacentini et al., 2017). This
causes lowered presynaptic vesicle release and depressed synaptic
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transmission in adjacent neurons (Piacentini et al., 2017). Altered
synaptic transmission has implications for learning, memory,
and cognition. Indeed, in AD, although LTD is relatively
stable, LTP is impaired (Koch et al., 2012). Therefore, irregular
glutamate-glutamine metabolism and transport paired with
abnormal levels of neurotransmitters result in altered neuronal
health and signaling that adversely impacts synaptic plasticity.

Oligodendrocytes Accumulate Tau
Pathology and Display Tau-Related
Dysfunction
Some tauopathies are characterized by oligodendrocytic tau
pathology in the form of coiled bodies or threads (Ferrer
et al., 2014). Interestingly, Braak observed that the pattern
for myelination during development inversely correlates to the
pattern of NFT development and spread in AD (Braak and
Braak, 1996). This observation has been corroborated by more
recent findings indicating that white matter degeneration in AD
follows the pattern of myelogenesis in reverse (Stricker et al.,
2009). These studies suggest that those neurons that were last
myelinated may be more susceptible to pathological changes in
AD (Benitez et al., 2014).

Additionally, tau is transported in the white matter of the
brain as well as the gray matter (Ferrer et al., 2019). Unilateral
injections of brain fractions isolated from several different
human tauopathy brains into the corpus callosum resulted in
coiled body and thread tau pathology in both the ipsilateral and
contralateral corpus callosum, indicating seeding and spread of
tau pathology in oligodendrocytes (Ferrer et al., 2019). Also,
increased levels of hyperphosphorylated tau in the cortex of AD
brains predicted the severity of white matter hyperintensities
seen in magnetic resonance imaging (MRI), which denote lesions
usually caused by demyelination and/or axonal loss (McAleese
et al., 2015). White matter hyperintensities have been shown to
correlate with cognitive decline in patients with MCI (Tosto et al.,
2014) as well as in those with dementia in general (Brickman
et al., 2014). Since we know that myelination is important for
neuronal plasticity and learning, these white matter lesions have
great potential to disrupt neuronal signaling and negatively
influence synaptic plasticity.

Also, inflammatory conditions, such as those seen in an AD
brain, are sufficient to impair remyelination and stop OPCs
from differentiating into mature oligodendrocytes (Miron et al.,
2013). It is not surprising then that several genetic risk factors
for AD are expressed in oligodendrocytes or OPCs such as
CLU, BIN1, ZCWPW1, and EPHA1 (Henstridge et al., 2019).
Also, oligodendrocytes are especially vulnerable to glutamate
excitotoxicity, which is a feature of lost astrocytic homeostasis
(Matute et al., 2007). Also, it has been shown that regenerated
oligodendrocytes require astrocytes to form new myelin (Liu,
Yiting et al., 2018). These studies strongly argue for a multi-
system loss of plasticity in AD-type neurodegenerative diseases.
These findings once more emphasize the importance of the
elegant integration of different cell types in the CNS and illustrate
how easily the loss of homeostasis in one cell type can drastically

harm the other cell types, which in turn, has consequences for
brain organ homeostasis.

THERAPEUTIC APPROACHES TO
TARGETING SYNAPTIC PLASTICITY

Throughout this review, we have discussed glial contributions
to neuroplasticity and the elegant interwoven functions of
astrocytes, microglia, and oligodendrocytes in the healthy brain.
We have also discussed how these systems are altered by age
and by tau proteinopathy, leading to a loss of overall plasticity.
Currently, multiple clinical trials are underway to assess new
therapeutic approaches targeting tau, though there are no
disease-modifying therapies or prophylactics for tauopathies yet.
Some treatments, such as monoclonal tau antibodies and active
tau vaccines are showing early promise (Cummings et al., 2019;
Jadhav et al., 2019), but an effective tau treatment or a cure for
AD and related dementias remain elusive.

All the treatments currently used in the clinic for AD are
neuroplasticity modulators while few address the underlying
proteinopathy (Weller and Budson, 2018). It is possible that
since glial homeostasis and synaptic plasticity are intimately
connected, new therapeutics should target glial plasticity
to combat proteinopathy and improve synaptic plasticity,
cognition, and quality of life. Interestingly, as described in the
next sections, some neuroplasticity modulators also affect glial
function, which highlights potential cooperative interactions
between neuronal and glial plasticity. Described below are a
selection of some of the current and past clinical trials targeting
synaptic plasticity and cognition.

Brain Stimulation and Cognitive Training
Improve Cognitive Function
Several types of brain stimulation including transcranial
Direct Current Stimulation (tDCS) and Transcranial Magnetic
Stimulation (TMS) have been shown to improve cognition in
MCI and AD patients (Supplementary Table S2). tDCS has been
associated with modulation of cortical excitability and synaptic
connections and has been suggested as a potential therapy
in multiple diseases and disorders because it is non-invasive
and painless and has minimal or mild side effects (Stagg and
Nitsche, 2011; Elder and Taylor, 2014). tDCS was shown to
improve cognitive performance in healthy elderly individuals
and reduce hyperexcitability in the stimulated brain regions
(Meinzer et al., 2013). Although a single session of tDCS
does not cause long-lasting alterations, it has been found that
repeated tDCS sessions result in progressive and long-lasting
improvement (Reis et al., 2009; Stagg and Nitsche, 2011).
Also, fMRI assessment of the brains of these older individuals
undergoing treatment showed that the treatment reversed the
connectivity pattern to that matching younger brain performance
characteristics (Meinzer et al., 2013). Acute assessment of tDCS
in MCI patients revealed that MCI individuals were able to reach
a similar performance level as healthy controls in a semantic
word-retrieval task, a task in which performance worsens early
on in dementia, accompanied by restoration of resting-state
connectivity (Meinzer et al., 2015). As AD is associated with

Frontiers in Molecular Neuroscience | www.frontiersin.org 13 August 2020 | Volume 13 | Article 15168

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


Koller and Chakrabarty Tau-Mediated Dysregulation of Plasticity

the altered function of several brain networks (DMN, control
network, dorsal attention network, sensor-motor network, and
salience network, among others; Brier et al., 2012), tDCS could
be a potential mechanism to improve cognitive functioning in
AD and MCI on a global scale (Flöel, 2014).

Another method of brain stimulation is TMS. TMS can be
conducted either with a single pulse, paired-pulse, or repetitive
stimulation (Elder and Taylor, 2014). The most common side
effect of TMS is transient pain, but TMS is non-invasive and
has been assessed to be safe (Elder and Taylor, 2014). TMS
has been used in older adults to improve different types of
memory and to ameliorate neuropsychiatric conditions such as
depression (Elder and Taylor, 2014). There are several clinical
trials underway to assess the efficacy of different types of TMS
in AD, and repetitive TMS has been shown to result in improved
performance during a naming task in AD patients (Cotelli et al.,
2008; Supplementary Table S2). Brain stimulation is an effective
intervention for improving cognition as it has minimal side
effects and does not involve an invasive procedure. Additionally,
clinical trials are attempting to enhance the cognitive outcomes
of brain stimulation by pairing it with various cognitive
training tasks.

Cognitive training can include computer-based training,
the learning of particular tasks, or musical training, among
others, and these interventions have already shown promise
in MCI and AD (Supplementary Table S2). For example, a
study in MCI patients found that a 12-week computer-based
training program targeting memory and attention resulted in
improved performance on recognition and recall tasks and
found that this improvement in functioning lasted for 6 months
post-training (Herrera et al., 2012). Another study assessing
hippocampal activation as well as verbal memory in MCI
patients showed that cognitive training involving auditory-verbal
perception improved the patients’ ability to remember and their
overall hippocampal function (Rosen et al., 2011). To improve
experience-induced neuronal plasticity, older adults at risk for
developing AD participated in 13 weeks of cognitive training
targeting attention and working memory (Leung et al., 2015).
These two cognitive domains were improved following the
training period, while other cognitive domains, such as verbal or
visual-spatial memory were not affected, suggesting experience-
dependent plasticity (Leung et al., 2015). In a study assessing
mild and moderate AD patients, individuals were trained on
a structure-from-motion task. Both groups were impaired on
the task, but the mild AD group was able to improve their
performance after several training sessions, while the moderate
AD group was unable to improve (Kim and Park, 2010). These
results suggest that several cognitive domains that decline in MCI
and AD remain plastic and can be re-trained; however, these
studies also show that some domains can change only during
the early stages of the disease, after which they cannot be rescued
(Kim and Park, 2010).

Several clinical trials are assessing whether brain stimulation
alone or in combination with cognitive training could be used to
treat MCI and AD (Supplementary Table S2). For example, in
one ongoing study, older individuals with mild neurocognitive
disorder due to AD will be subjected to tDCS with working

memory training or with tDCS alone (Cheng et al., 2015).
The hypothesis is that the modulatory effect of tDCS will
have an enhancing effect on working memory performance
in the adaptive N-back task (Cheng et al., 2015). As this
study and the other clinical trials combining brain stimulation
and cognitive training are ongoing, the results remain to
be determined.

Physical Activity and Cognitive Training
Prevent Cognitive Decline and Improve
Cognition
Physical fitness training, aquatic exercise, ‘‘exergames,’’ as well as
dancing have been suggested as potential therapeutics for AD.
In a 6 month study, a resistance training exercise in women
with probable MCI led to improved attention, memory, and
brain plasticity (Nagamatsu et al., 2012). In a different study
with both aquatic- and land-based exercise that was conducted
for 16 weeks in elderly women, plasma Aβ and HSP27 levels
were increased and vascular health was improved in these
women (Kim et al., 2018). As cognitive training has also been
shown to improve cognitive functioning, some studies have
combined physical activity and cognitive exercises to enhance
functional outcomes. For example, a trial using ‘‘exergames’’
(virtual reality–enhanced exercise) in MCI patients posited that
since exercise can lead to cognitive improvement, a regimen
of stationary cycling paired with virtual reality tours (cyber
cycling) would increase participation and enhance cognition
(Anderson-Hanley et al., 2012). The results of this study revealed
that cyber cycling improves executive functioning and reduces
the risk of MCI progression (Anderson-Hanley et al., 2012).
Another study that combined physical training and cognitive
training over 8 weeks found that this training reduced delta,
theta, and beta rhythms, induced functional plasticity, and
improved cognitive scores (Styliadis et al., 2015). Therefore,
combinatorial therapies pairing exercise with cognitive training
show promise for modifying cognitive decline in patients at risk
for dementia.

Pharmacological Interventions Leading to
Improved Cognitive Function
One method for drug discovery is to test treatments that have
already been approved for use in other diseases. A glucagon-like
peptide 1 (GLP-1) analog called Liraglutide has been used to treat
obesity and diabetes and is being assessed in an ongoing clinical
trial to improve brain glucose metabolism as well as cognition
in patients with mild AD (Femminella et al., 2019). A previous
clinical trial had evaluated the efficacy of daily administration of
Liraglutide in AD patients over 6 months and found improved
glucose metabolism, but no change in cognitive scores or amyloid
load (Gejl et al., 2016). The researchers suggested further study
of this compound and cited the small number of participants
and the short treatment window (Gejl et al., 2016). An ongoing
Liraglutide trial has incorporated an extended treatment window
of 12 months and recruited a substantially larger cohort of study
participants (Femminella et al., 2019).

Another clinical trial assessed the effectiveness of the
dopamine D2 agonist, rotigotine (RTG), in improving synaptic
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plasticity in patients with mild AD by altering cortical excitability
and cholinergic transmission (Martorana et al., 2013). A paired-
pulse paradigm was used to investigate the effect of RTG
on cortical excitability by assessing intracortical inhibition,
and facilitation and short-latency afferent inhibition was used
to evaluate the effect of RTG on cholinergic transmission.
Cortical excitability increased and cholinergic transmission
returned to the baseline seen in the control subjects (Martorana
et al., 2013). A similar RTG study evaluated the effect of
RTG on cortical plasticity using transcranial stimulation with
theta-burst stimulation (TBS) to induce LTP or LTD in
mild AD patients (Koch et al., 2014). Cortical plasticity was
improved and an additional assessment with short-latency
afferent inhibition revealed increased cholinergic activity as well
(Koch et al., 2014).

A study targeting the cholinergic system using Donepezil,
an acetylcholinesterase (AChE) inhibitor, along with cognitive
training has been done in AD patients (Gonzalez Rothi et al.,
2009). AChE inhibitors increase the amount of acetylcholine
at the synapse and improve cholinergic signaling. This tends
to slow the decline of cognition in AD, but not necessarily
reverse the cognitive impairment (Gonzalez Rothi et al., 2009).
In this study, the premise was that if cognitive training was
paired with increased cholinergic signaling, then cognition might
improve and not just remain stable (Gonzalez Rothi et al., 2009).
Assessment of performance revealed that half of the participants
showed improvement on the verbal naming task, showing that
this combined treatment is only partially effective (Gonzalez
Rothi et al., 2009).

Multimodal Therapies or Changes in
Lifestyle Could Improve Overall Brain and
Bodily Function
A few studies have combined more than two modes of treating
cognition and synaptic plasticity and have implemented a
lifestyle change regimen. A study involving a dietary regimen,
physical activity, cognitive intervention, and a specific dietary
supplement (epigallocatechin gallate) is underway to assess
changes in function and structural connectivity in the brain.
Another study has found that aerobic and resistance training,
cognitive training, and vitamin D supplement have potential as a
synergistic intervention to enhance mobility as well as cognition
in older adults, especially those with MCI (Montero-Odasso
et al., 2018). If these trials do establish the efficacy of a combined
approach for slowing the loss of cognitive function or even
reversing cognitive decline, then this would be an exciting step
in the direction of using multimodal treatments to overcome
the challenges presented by age-related dementia, MCI,
and AD.

Neuroplasticity Targeted Therapies
Resolve Gliosis in Mouse Models
If neuronal and glial plasticity are connected, possibly these
neuroplasticity targeted therapies could also ameliorate glial
dysfunction or at least stabilize their function to support overall
maintenance of brain organ homeostasis. Such a scenario would
have a translational impact, when combined with promising

therapies targeting the underlying proteinopathies in AD
and related tauopathies (https://www.alzforum.org/therapeutics/
aducanumab and https://www.alzforum.org/therapeutics/aci-35;
retrieved June 8, 2020). In mouse models of AD-type
amyloidosis, most of the environmental enrichment strategies,
such as physical exercise and brain stimulation, have resulted
in reduced Aβ and neuroinflammation (Iaccarino et al., 2016;
Xu et al., 2016; Adaikkan et al., 2019; Martorell et al., 2019).
Even in models that do not deposit Aβ, manipulating microglia
could rescue effective behavior and induce adult neurogenesis
following environmental enrichment (Ortega-Martinez et al.,
2019). Interestingly, in wild type mice, such interventions have
resulted in sustained effects on glial activation by recruiting
microglia and upregulating NF-KB/MAPK pathways (Garza
et al., 2020), suggesting that these manipulations can alter glial
plasticity independent of their effects on AD-type proteinopathy.
Due to the paucity of research on tauopathy using these
manipulations, the relationship between these therapeutics and
tau-mediated alterations in neuronal and glial plasticity remains
unknown. Pharmacological interventions such as GLP-1 can
also restore neurite complexity, dendritic spine morphogenesis,
and spine development in non-AD experimental models (Yoon
et al., 2020). Its effect on brain plasticity in Aβ models mostly
show positive regulation (Cai et al., 2014; McClean et al.,
2015), though the effect on tauopathy-related brain dysfunction
remains unclear.

CONCLUSION

Here, we have broadly described the impact of glial dysregulation
on synaptic plasticity in AD and highlight the concept of
‘‘plasticity of plasticity’’ in the context of neurodegenerative
dementias such as AD and related tauopathies. Experimental
models have shown that synaptic plasticity, as a stand-alone
paradigm, is necessary to maintain healthy brain function and
its dysregulation in AD leads to progressive and inexorable
brain organ failure. The essential role of glia and their plastic
functioning in regulating synaptic plasticity in homeostatic
and diseased conditions remain uncertain, though their role
in CNS injury is well-documented. Glial cells are not just
supporting cells in the CNS, but they are integral players in
processes such as synaptic pruning, glutamate scavenging, the
glutamate-glutamine cycle, gliotransmitter and neurotransmitter
release, LTP/LTD, myelination, metabolic support, synaptic
transmission, and learning and memory. In AD, the disrupted
proteostasis can fundamentally alter the capacity of glial cells
to perform their functions, having detrimental effects on
neuronal function and plasticity and resulting in a feed-forward
toxicity cycle.

So far, there are no effective disease-modifying therapies
for AD. Many of the available drugs used in the clinic as
symptomatic therapies in AD are neuroplasticity modulators
with a possible role in altering neuroinflammation. More
research needs to be done in terms of utilizing these
manipulations to illuminate the concept of glia-mediated
‘‘plasticity of plasticity’’ phenomenon and its possible therapeutic
contribution in neurodegenerative dementias. Clinical trials that
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can target both glial plasticity as well as synaptic plasticity should
be encouraged, but the optimal therapeutic or combination of
therapeutics has yet to be determined. As with any treatment
or therapy, the optimal time of intervention is a key factor to
be considered, especially while attempting to re-instate synaptic
plasticity by rebalancing glial function and plasticity in a milieu of
neurodegenerative proteinopathy.
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GSK-3β or tau-kinase I is particularly abundant in the central nervous system (CNS),
playing a key role in the pathogenesis of Alzheimer’s disease (AD). Accordingly,
transgenic mouse models overexpressing this kinase recapitulate some aspects of this
disease, such as tau hyperphosphorylation, neuronal death, and microgliosis. These
alterations have been studied in mouse models showing GSK-3β overexpression from
birth. In this case, some of these alterations may be due to adaptations that occur
during development. Here we explored the potential of the Tet-OFF conditional system
in the murine CamKIIα-tTA/GSK-3β model to increase the activity of GSK-3β only
during adulthood. To this end, the overexpression of GSK-3β remained OFF during
embryonic and postnatal development by administration of doxycycline in drinking water
for 6 months, while it was turned ON in adult animals by removal of the treatment
for 6 months. In these conditions, the CamKIIα-tTA/GSK-3β mouse is characterized
by an increase in phosphorylated tau, cell death, and microgliosis. Furthermore, the
increase in GSK-3β expression in the adult animals triggered a cognitive deficit, as
determined through the hippocampus-dependent object recognition test (OR). These
results demonstrate that the GSK-3β plays a key role in AD and that previously
published data with other transgenic models are neither caused by or a consequence of
adaptations to high levels of the enzyme during development.

Keywords: Alzheimer’s disease, GSK-3β, neurodegeneration, tau, transgenic mice

INTRODUCTION

Alzheimer’s disease (AD) was one of the first diseases reported involving an alteration in
the activity of the GSK-3β enzyme (Hernandez et al., 2013). In this regard, it was suggested
that GSK-3β mediates tau hyperphosphorylation, β-amyloid-induced neurotoxicity, and the
mutagenic pathogenic effects of presenilin 1 (Jope et al., 2007). Increased expression of GSK-3β
was also observed in the post-mortem analysis of brains of patients with AD compared to
samples from age-matched controls (Pei et al., 1999; Leroy et al., 2007). GSK-3β has a central role
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in development, controlling key neuron processes such as
neuronal proliferation and differentiation, neurite outgrowth,
polarity, and cytoskeleton stability. GSK-3β also regulates
synaptic plasticity, and neurotransmitter release and receptor
trafficking (Beurel et al., 2015; Jaworski et al., 2019).

The first murine models of GSK-3β focused on the effects of
the overexpression of this enzyme on the central nervous system
(CNS) during the development of AD. To this end, promoters
with neuronal expression were used. A characteristic common
to all these promoters is that they are active from the last days
of intrauterine development. Therefore, some of the parameters
studied and published may not be due to the increase in GSK-3β
caused by AD but to adaptations that occur during development
under elevated expression of the kinase. Interestingly, an increase
in GSK3β levels is observed during postnatal days 5–15 and
then declines during the rest of life (Takahashi et al., 2000; Yu
et al., 2009).

In 1997, Brownlees and collaborators generated the first two
murine GSK-3β transgenic models: one of wild-type GSK-3β and
the other expressing a mutant form of GSK-3β in which serine-9
was mutated to alanine (S9A), which results in a more active
form since phosphorylation inactivation of serine 9 is prevented
(Jope and Johnson, 2004). These transgenes were under the
transcriptional control of the ubiquitous promoter of the murine
sarcoma virus (MSV) or the specific neuronal promoter of the
murine neurofilament light chain (NF-L; Brownlees et al., 1997).
Despite detecting the two mRNA transgenes, no substantial
increase in total GSK-3β activity was observed with either of
the two forms of GSK-3β. Those authors postulated that this
observation is attributable to the toxicity caused by GSK-3β
overexpression during embryonic and postnatal development of
the CNS.

The second transgenic animal to be published also expressed
the S9A mutant form of the kinase, this time under the
control of the modified thy1 murine promoter, which allows
transgene expression only postnatally and only in neurons
(Spittaels et al., 2000). This mouse shows an increase in GSK-
3β activity, as well as an increase in phosphorylation of the
tau protein, but only during adulthood (7–8 months). The
second round of characterization of this mouse revealed a
significant decrease in the weight and overall volume of the
brain, with the greatest reduction occurring in the cerebral cortex
and not being attributable to apoptotic phenomena (Spittaels
et al., 2002). Despite the increase in tau phosphorylation
and decrease in brain weight, GSK-3β[S9A] mice performed
normally to find the hidden platform in the Morris water
maze but their swim speed was significantly lower than that
of non-transgenic mice (Spittaels et al., 2002). Li et al. (2004)
used mice expressing the same mutant GSK-3β[S9A] isoform,
but under the control of the promoter of the human platelet-
derived growth factor (PDGF) B-chain that began at day
15 of gestation, and reached the greatest expression around
the time of birth (Sasahara et al., 1991). This promoter drove
expression of the kinase mainly to the cortex and hippocampus,
with an increase in tau phosphorylation, as detected by the
AT8 antibody. No evidence of apoptosis was detected in
these animals.

Given the postulated lethality of the embryonic
overexpression of GSK-3β (Brownlees et al., 1997), as well
as the known role of this kinase in development—the response
of neural progenitors to differentiate depends largely on
GSK3 activity (Holowacz et al., 2013)—a transgenic mouse was
generated using the conditional system regulated by tetracycline
(TetO/GSK-3β; Lucas et al., 2001). This animal, which shows
conditional overexpression of GSK-3β in neurons (under
the CamKIIα promoter), recapitulates the neuropathological
aspects of AD (Lucas et al., 2001). Thus, in previous studies,
overexpression of this enzyme from the neonatal period led to an
increase in phosphorylated tau, enhanced apoptosis, as well as
activation of reactive gliosis. These cellular alterations triggered
learning deficits (Hernández et al., 2002; Engel et al., 2006b).

Animals generated through the use of the tetracycline-
regulated system allow us to explore reversal of the
generated phenotype and are thus valuable models to test
the neuroprotective effect of specific GSK-3β inhibitors. Thus,
transgenic shutdown in symptomatic mice by doxycycline
administration leads to normal GSK-3 activity, normal levels
of phospho-tau, decreased neuronal death, and suppression of
cognitive deficits, thereby further supporting the potential of
inhibitors of GSK-3 in AD (Engel et al., 2006b).

Here we sought to exploit the CamKIIα-tTA/GSK-3β mouse
model to increase the activity of GSK-3β only during adulthood,
in contrast to our previous work in which activity was increased
from birth (Lucas et al., 2001; Hernández et al., 2002; Engel et al.,
2006b) or with other transgenic models (Brownlees et al., 1997;
Spittaels et al., 2002). These previous studies have shown that
an increase in GSK3β neonatally has consequences; however, the
effect of an increase in GSK-3β activity only during adulthood
has not been addressed. The experimental approach proposed
herein allowed us to generate a model that more faithfully
replicates the conditions that occur in AD, characterized by
manifestation at advanced ages. To this end, we administered
doxycycline in drinking water during the first 6 months of the
mouse’s life to maintain the system inhibited. We then withdrew
this treatment, thus inducing GSK-3β overexpression, for an
additional 6 months, until sacrifice.

MATERIALS AND METHODS

Animals
All the animals were housed in the Animal Facility at the Centro
de Biología Molecular ‘‘Severo Ochoa’’ (CBMSO) under a 12 h
light/12 h dark cycle in a temperature-controlled environment
and were provided with food and water ad libitum. All the animal
care protocols complied with national legislation (RD 53/2013)
and the guidelines of the European Commission for the housing
and care of laboratory animals (revised in Appendix A of the
Council of Europe Convention ETS123). All procedures were
approved by the Bio-Ethics Committee of CBMSO, the Spanish
Research Council (CSIC), and the Consejería de Medioambiente
de la Comunidad de Madrid (PROEX-412/15).

The CamKIIα-tTA/GSK-3β model (referred to in the
rest of the manuscript as BG6 model; Lucas et al., 2001)
overexpresses GSK-3β in cells expressing calmodulin kinase
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IIα. This overexpression is repressible by the administration of
dissolved doxycycline in drinking water (Tet-OFF system). It is
a double transgenic mouse generated from the crossing of the
line containing the transgene with the repressible transactivator
under the control of calmodulin kinase IIα promoter (line B)
with the BitetO-β-Gal/GSK-3β transgenic mouse line (line G6).
This tTA line was chosen to allow restricted and conditional
expression in the CNS, with particularly high expression in the
forebrain (Mayford et al., 1996). Line G6 presents a construct
with the GSK-3β coding sequences, with the Myc epitope at the
N-terminal end and the β-galactosidase (β-gal) marker protein.
For the transcription of both genes to occur, the transactivator
with the operating sequence must bind.

We repressed GSK-3β overexpression in transgenic BG6 mice
by administering doxycycline in drinking water for 6 months
(2 mg/ml), in an attempt to more faithfully reproduce what
happens in AD (characteristic disease of advanced ages).
Subsequently, the antibiotic was removed from the drinking
water and the animals were sacrificed at 12 months of
age (animals BG6OFF/ON). Also, we examined BG6 mice
administered doxycycline in drinking water for 12 months
(animals BG6OFF). Animals in which the system was active
since birth (BG6ON animals) were also analyzed. As controls
of these models, animals of the BitetO β-Gal GSK-3β line
(G6 line) were used under the three conditions described above.
A time scheme of the experiments illustrating when was the
application of doxycycline started and when completed is shown
in Supplementary Figure S1.

Object Recognition Test
We used 12-month-old mice (both sexes) and in the case of
mice with doxycycline treatment, this was given during the
behavioral experiments. The object recognition test (OR) was
performed as previously described (Engel et al., 2006b), with
some modifications.

Day 1
The first day of the test is devoted to familiarization. The
mice were habituated for 10 min in an empty open-topped
methacrylate box measuring 45 × 45 cm with opaque
vertical walls.

Day 2
On the second day of the test, the animals were introduced in the
same box for 5 min with two identical objects (A and B). Both
objects were placed on the floor equidistant along the axis of the
box and 12.5 cm from the nearest wall. At the end of the 5 min,
the mice were removed from the box, which was then cleaned
with 70% ethanol to eliminate the smell. Two hours later, each
mouse was placed back in the box with one of the old objects
(object A), and a new one (object C). The position of object C
was the same as that occupied by object B in the previous test,
and the time given for the recognition test was also 5 min. A
distance of less than 2 cm from themouse’s head to the object was
considered as recognition. The time (tA and tC) that the animal
spent exploring the two objects (objects A and C, respectively)
was recorded. The memory index (MI), defined as the ratio of
the time spent exploring the novel object over the time spent

exploring both objects, MI = [tC/(tA + tC)] × 100, was used to
measure nonspatial memory.

Sacrifice and Tissue Processing
Mice were anesthetized using an intraperitoneal injection
of pentobarbital (Dolethal, 60 mg/kg bW) and perfused
transcardially with saline. Brains were extracted and separated
into two hemispheres. One hemisphere was removed and fixed
in 4% paraformaldehyde in a 0.1 M phosphate solution (PB;
pH = 7.4) overnight at 4◦C. The next day, the hemispheres
were washed three times with the 0.1 M phosphate solution,
included in a mixture of 10% sucrose and 4% agarose, and then
cut in the sagittal plane using a vibratome (Leica VT2100S).
The sections obtained (50-µm thick) were stored at −20◦C and
cryoprotected in glycol (solution composed of 30% ethylene
glycol, 30% glycerol, and 10% phosphate buffer).

The other hemisphere was rapidly dissected, obtaining the
hippocampus and other structures of interest, which were
immediately frozen in liquid nitrogen and stored at −70◦C.

Immunohistochemistry
The sections were washed with PBS to remove the cryoprotective
solution. Subsequently, they were immersed in H2O2 to 0.33% in
PBS for 30 min to block the activity of endogenous peroxidase.
Sections were placed in a blocking solution (PBS with 0.5%
bovine fetal serum, 0.3% Triton X-100 and 1% BSA) for
1 h and incubated overnight at 4◦C with the corresponding
primary antibody diluted in the blocking solution: mouse anti-
β-galactosidase (1/5,000, Promega); mouse anti-PHF1 (1/200,
anti-tau protein phosphorylated in ser396/404, 1/100, Peter
Davis (Greenberg and Davies, 1990); mouse anti-caspase-3
(1/100, Invitrogen); mouse anti-Iba-1 (1/500, Wako); goat
anti-Doublecortin (DCX; 1/500, Santa Cruz); or anti-calretinin
(1/200, Swant).

The next day, the sections were washed three times for
10 min with PBS. They were then incubated first with the
biotinylated secondary antibody and then with the avidin-
catalase complex using the Elite Vectastain kit (SIGMAFASTTM
DAB, Sigma, D4293). The developing reaction was performed
using diaminobenzidine for approximately 10 min. Finally, the
sections were placed in slides using FluorSave (Calbiochem,
Merck Millipore) as a mounting medium. Images were taken
using an Olympus BX41 transmitted light microscope that uses
an Olympus ColorView IIIu CCD docked camera.

Immunofluorescence
After performing three washes with PB 0.1N, the sections were
incubated with the following primary antibodies in the blocking
solution (1% BSA and 1% Triton X-100 in 0.1 N PB) at 4◦C
for 72 h: mouse anti-β-galactosidase (1/5,000, Promega) and
rabbit anti-NeuN (1/1,000, Millipore). Next, five washes were
performed with this same blocking solution, and the sections
were incubated with the corresponding secondary antibodies
conjugated with Alexa fluorophores at 4◦C with gentle agitation
for 24 h (1/1,000, Molecular Probes). Finally, three washes were
performed with 0.1 N PB with DAPI diluted 1:5,000 for 10 min,
and another three additional washes were performed with PB
0.1 N. The sections were placed on slides using FluorSave.
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Images were taken using an LSM710 laser and multi-scan
scanning microscope coupled to an inverted AxioObserver
microscope (Zeiss).

Quantifications
Antibodies against doublecortin, calretinin, Iba-1, caspase-3, and
PHF-1 were quantified by counting the number of positive cells
located in four sections of the dentate gyrus (with an average area
of 0.15 mm2). For atrophy measurement, areas of the dentate
gyrus were delineated and measured using the Methamorph
image-analysis system. The slices used for analysis were 30 µm
hippocampal sagittal sections (matching Figure 114 of Paxinos
and Franklin, 2001) at 1.56 mm concerning the midline. For
the quantification of activated Iba-1+ cells, a criterion based
on cell morphology was used. Activated but non-phagocytic
(type C) and a phagocytic state (type D) cells were counted
as activated microglia (see Cuadrado et al., 2018 for a full
morphology description).

Western Blot
Brain tissue preserved at −70◦C was homogenized to obtain the
extracts using a glass-glass potter. The homogenization buffer
used was 50 mM Tris-HCl pH 7.4, 1% NP-40, 150 mM NaCl,
1 mM EDTA, 0.25% sodium deoxycholate, and phosphatase
inhibitors (1 mM NaF, Na3VO4 1 mM and 1 µM okadaic
acid) plus the COMPLETE TM protease inhibitor cocktail
(Roche). Next, the protein concentration of each homogenate
was determined by the Bradford method (Bradford, 1976), using
BSA to perform the standard curve. Finally, the SDS-PAGE
buffer (250 mM Tris pH 6.8; 4% SDS, 10% glycerol; 2% β-
mercaptoethanol and 0.0006% bromophenol blue) was added
to the protein extracts obtained. The extracts were boiled in a
thermoblock at 100◦C for 5 min. Fifty microgram of protein
per well was loaded from each sample. The proteins were
separated on 10% acrylamide/bisacrylamide gels in the presence
of SDS at 120 mV for approximately 1 h. Those present in
the gel were transferred to nitrocellulose membranes (Schleicher
and Schuell, Keene, NH, USA) at an amperage of 0.15 A for
45 min, using the Bio-Rad Mini-Protean system. Subsequently,
the membranes were blocked using 5% milk powder (w/v)
in 0.1% Tween PBS (v/v) for 40 min. The membranes were
then washed twice with 0.1% PBS Tween-20 (v/v) under
stirring for 10 min. Finally, they were incubated with the
appropriate primary antibody for 1 h: mouse anti-β-galactosidase
(1/5,000, Promega) or mouse anti-GAPDH (1/5,000, Abcam).
Protein expression was detected using the secondary goat
anti-mouse antibody (1/10,000; Dako) conjugated to HRP.
After performing two 10-min washes in the wash solution,
the immunoreactive proteins were detected using the ECL
(Enhanced Chemiluminescence Detection System, Amersham).

Statistical Analysis
Statistical analysis was performed with GraphPad Prism
software, Version 5.01. The data are presented as mean
values ± S.E. Statistical analyses of data were performed by
applying a Student’s t-test for each statistical comparison.
p< 0.05 values were considered significant.

RESULTS

BG6 Mice Do Not Show Changes in Body
or Brain Weight
We first measured the body and brain weight of the animal
models used, since overexpression of hypothalamic GSK-3β
affects food intake (Benzler et al., 2012). Also, the administration
of doxycycline for long periods to keep the Tet-Off system
repressed can influence animal weight, as reported for several
antibiotics (Furlong et al., 2019). However, the induction of
GSK-3β overexpression in adulthood did not lead to significant
differences in body weight (Figure 1A). Next, we weighed the
brain, the organ overexpressing the kinase. Again, no significant
differences were observed in animals with induced GSK-3β
overexpression in adulthood or in those that had had the system
turned ON from birth (Figure 1A).

Western Blot and Immunohistochemical
Analysis of GSK-3β Expression in the
BG6 Model
To determine GSK-3β overexpression, we used a construct
with β-galactosidase (β-gal) as a reporter protein. Western
blot analysis revealed transgene activation in the hippocampal
samples of BG6OFF/ON animals (p = 0.026, Figure 1B), thereby
showing that the overexpression of this protein is inducible
in adult ages. Evidence of overexpression was also found in
animals with the system turned ON from birth (mice BG6ON,
p = 0.016). Also, G6 mice showed a modest expression of the
β-Gal reporter in the hippocampus as demonstrated by western
blotting (Figure 1B).

Immunohistochemical studies showed considerable β-gal
expression in the dentate gyrus of BG6OFF/ON mice. These
animals registered greater expression that the BG6ON animals
(Figure 1C). We also observed a strong pattern of β-gal
expression in the striatum in both conditions (Supplementary
Figure S2). However, the distribution of the protein in the
cortex differed. In this regard, BG6ON animals showed an
overexpression pattern in all cortical layers, except layer IV.
However, in BG6OFF/ON animals, the distribution of β-gal
was limited to layers II/III, the number of β-gal+ nuclei in
the rest of the layers being scarce (Supplementary Figure S2).
Given that tau protein pathology similar to that found in
AD occurs in the hippocampus (Lucas et al., 2001), we
turned our attention to confirming GSK-3β overexpression
in granular neurons in the dentate gyrus. Analysis of the
colocalization of β-gal with NeuN revealed that the system was
ON in granular neurons in BG6OFF/ON animals (Figure 1D).
Additionally, in the immunohistochemical analysis of the
preparations (Figures 1C,D), we also observed a substantial
decrease in the thickness of the dentate gyrus in BG6ON
mice as was previously described for BG6ON mice (Lucas
et al., 2001; Engel et al., 2006c). Quantitation of the atrophy
of dentate gyrus for mice of each condition and genotype
demonstrated that atrophy is present in BG6ONmice (p = 0.041,
Figure 1E), although this is not observed in BG6OFF/ON
mice (Figure 1E), suggesting that adult dentate gyrus is less
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FIGURE 1 | The pattern of transgene expression in mice with the different genotypes and conditions used. (A) Bodyweight (G6OFF, BG6OFF, G6ON, BG6ON,
G6OFF/ON, and BG6 OFF/ON) measured in grams (g). Brain weights are measured in milligrams (mg). The data shown are the mean values with the SEM; n.s = not
significant, n = 4–7 animals per group. (B) Pattern of hippocampal β-galactosidase (β-gal) expression with GAPDH as a loading control for the hippocampus of the
animals tested. The histogram shows β-gal/GAPDH levels in the different genotypes and conditions used. Note the significant increase in the hippocampus in
BG6ON mice (p = 0.016) and BG6OFF/ON mice (p = 0, 026) respect to their G6 controls (n = 3 animals per group). (C) Expression of β-gal in the hippocampus.
Images obtained for immunohistochemistry against β-gal in the hippocampus of BG6ON and BG6OFF/ON animals. (D) In the upper row, a dentate gyrus
representative of the G6OFF/ON genotype, with a density of nuclei (DAPI) and mature granular neurons (NeuN) typical of a healthy animal and absence of β-gal
labeling. In the middle row, a dentate gyrus representative of the BG6ON genotype (with overexpression of GSK-3β for 12 months). We observed degeneration of the
dentate gyrus both through nucleus labeling (DAPI) and the limited number of granular neurons (NeuN). Moderate expression of the β-gal marker occurred, being
limited to granular neurons (β-gal + NeuN). In the lower row, a dentate gyrus representative of the BG6OFF/ON genotype (overexpression of GSK-3β induced in adult
ages). Abundant nuclear density (DAPI) and mature granular neurons (NeuN) are observed, as well as a greater expression of the β-gal in the granular layer (β-gal +
NeuN). (E) Quantitation (n = 6) of the atrophy of dentate gyrus determined as described in the “Materials and Methods” section for the mice of each condition and
genotype (G6OFF, BG6OFF, G6ON, BG6ON, G6OFF/ON, and BG6OFF/ON). For quantifications, the data represented are the mean values with the SEM and
analyzed with a two-tailed unpaired Student’s t-test. ∗p < 0.05; n.s = not significant. Scale bars = 100 µm.

susceptible to neurodegeneration or that at least 12 months
(as in BG6ON mice) are necessary to observe atrophy of the
dentate gyrus.

Increased Hyperphosphorylation of
Tau Protein in Granular Neurons of the
Dentate Gyrus
Immunohistochemistry against tau epitopes phosphorylated
by GSK-3β revealed highly significant differences between
the dentate gyrus of G6OFF/ON animals and BG6OFF/ON
counterparts (p = 0.005, Figure 2). Interestingly, there was no
statistical difference between PHF-1 expression in BG6ON mice
with the system ON for 12 months and their G6ON controls. An
increase in the number of PHF-1+ cells in the dentate gyrus of

BG6ON mice has been described in young animals (less than
3 months of age; Lucas et al., 2001). Here we show that this
increase does not occur in 12 months old BG6ON animals.
This observation could be explained by the death of those
neurons with phosphorylated tau and the atrophy described
in Figure 1E.

GSK-3β Overexpression Is Accompanied
by an Increase in Caspase-3+ Cells and
Microgliosis
Increased GSK-3 activity triggers programmed cell death (Bijur
and Jope, 2001; Gomez-Sintes et al., 2011). Previous data
obtained by our group from mice overexpressing GSK3-β
in neurons from birth demonstrated elevated apoptosis in
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FIGURE 2 | Effect of GSK-3β overexpression on tau phosphorylation in the
dentate gyrus. (A) Representative images with the corresponding
amplification for the PHF-1 antibody in the dentate gyrus of G6OFF/ON and
BG6OFF/ON animals. (B) Quantification of the number of PHF-1+ cells
located in the dentate gyrus of each section for the mice of each condition
and genotype (G6OFF, BG6OFF, G6ON, BG6ON, G6OFF/ON, and
BG6OFF/ON). For quantifications, the data represented are the mean values
with the SEM, and analyzed with two-tailed unpaired Student’s t-test;
n.s. = not significant, **p < 0.01. Scale bars = 50 µm and 20 µm,
n = 4–7 animals per group.

the dentate gyrus (Lucas et al., 2001). In the present study,
we observed an increase in BG6ON and BG6OFF/ON mice
compared with their respective G6 controls (p = 0.010 and
0.0086, respectively, Figure 3) indicating that an increase in GSK-
3β expression induces cell death by apoptosis.

To study the levels of microglia, we used the iba-1
antibody (Figure 4). We found no differences in the
total number of iba-1+ cells in the dentate gyrus of the
BG6OFF/ON animals compared with any of the other
conditions (Figure 4B). However, regarding the levels of
activated microglia, significant differences were detected
between the animals in which the system was induced in
adulthood and their internal controls (p = 0.037, Figure 4B).
BG6ON mice tended to show increased levels of activated
microglia, although not in a statistically significant manner
(p = 0.095, Figure 4B).

FIGURE 3 | Effect of GSK-3β overexpression on cell death in the dentate
gyrus in adult mice. (A) Representative images using the proteolyzed
caspase-3 antibody with its corresponding amplification for G6OFF/ON and
BG6OFF/ON mice. (B) Quantifications of caspase-3+ cells of animals of the
different genotypes and conditions (G6OFF, BG6OFF, G6ON, BG6ON,
G6OFF/ON, and BG6 OFF/ON) obtained by determining the number of
positive cells in the dentate gyrus of each section For quantifications, the data
represented are the mean values with the SEM, and analyzed with two-tailed
unpaired Student’s t-test; n.s. = not significant, *p < 0.05, **p < 0.01, Scale
bars = 50 and 20 µm, n = 4–7 animals per group.

GSK-3β Overexpression Is Accompanied
by an Increase in Adult Hippocampal
Neurogenesis
Given that most of the alterations observed in our animal
model were analyzed in the hippocampal dentate gyrus and
that this region is characterized by the presence of the
phenomenon known as adult hippocampal neurogenesis, we
sought to study this process. We previously reported an
increase in doublecortin+ cells in animals aged 3–6 months
with the system turned ON from birth concerning controls
(Fuster-Matanzo et al., 2013). In the present study, we
found a high increase in doublecortin+ cells in BG6OFF/ON
animals concerning their internal controls, thereby confirming
that overexpression of GSK-3β during adulthood affects
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FIGURE 4 | Effect of neuronal GSK-3β overexpression on microgliosis in adult mice. (A) Representative images using the iba-1 antibody for G6OFF/ON and
BG6OFF/ON mice. (B) Quantifications of total Iba-1+ cells of animals of the different genotypes and conditions (G6OFF, BG6OFF, G6ON, BG6ON, G6OFF/ON, and
BG6 OFF/ON) obtained by determining the number of positive cells in the dentate gyrus of each section. Bottom right, quantifications of Iba-1+ cells with the
morphology of activated microglia of animals of the different genotypes and conditions, obtained by determining the number of positive cells in the dentate gyrus of
each section. For quantifications, the data represented are the mean values with the SEM, and analyzed with two-tailed unpaired Student’s t-test; ∗p < 0.05,
n.s. = not significant. Scale bars = 50 and 20 µm, n = 4–7 animals per group.

neurogenesis in the dentate gyrus (p = 0.013, Figures 5A,B).
No differences in this process were found between BG6ON
animals (Figure 5B). At this point, we would like to highlight
that previous studies had shown an increase in the number
of doublecortin+ cells but are relatively young animals. In
15-month-old animals, this increase was no longer observed
(Fuster-Matanzo, 2011).

We extended our study on neurogenesis in this model
by analyzing calretinin (Figures 5C,D), a calcium transport
protein present in immature neurons. Highly significant
differences were detected between animals in which GSK-3β
overexpression had been induced in adulthood compared with
G6OFF/ON mice (p = 0.0002, Figures 5C,D). We also found
differences in calretinin levels in BG6ON animals in which

GSK-3β had been overexpressed from birth (p = 0.018,
Figures 5C,D). Taken together, these data demonstrate
the activation of adult hippocampal neurogenesis in the
BG6OFF/ON model.

GSK-3β Overexpression Is Accompanied
by a Reduction in
Hippocampus-Dependent Memory, as
Measured by the Object Recognition Test
The earliest distinctive feature of AD is short-term memory
loss. The overexpression of GSK-3β from birth leads to
cognitive impairment (Hernández et al., 2002). Also, memory
can be restored in 6-month-old animals by inducing the
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FIGURE 5 | Effect of GSK-3β overexpression on adult hippocampal neurogenesis. (A) Representative images of the neurogenic doublecortin marker in the dentate
gyrus of G6OFF/ON and BG6OFF/ON animals with their corresponding amplification. (B) Quantification of the total number of DCX+ cells by determining the number
of positive cells in the granular layer of the dentate gyrus in each section in the animals of the different genotypes and conditions (G6OFF, BG6OFF, G6ON, BG6ON,
G6OFF/ON, and BG6 OFF/ON). (C) Representative images of the immature calretinin neuron marker in the dentate gyrus of G6OFF/ON and BG6OFF/ON animals
with their corresponding amplification. (D) Quantification of the total number of calretinin+ cells by determining the number of positive cells in the granular layer of the
dentate gyrus in each section in animals of the different genotypes and conditions. For quantifications, the data represented are the mean values with the SEM, and
analyzed with two-tailed unpaired Student’s t-test; n.s. = not significant; *p < 0.05; ***p < 0.001. Scale bars = 50 and 20 µm, n = 4–7 animals per group.

shutdown of the system via the administration of doxycycline
(Engel et al., 2006b).

To study whether the histopathological alterations caused
by GSK-3β overexpression in adulthood affected hippocampus-
dependent memory, we subjected the mice to the OR test
(Engel et al., 2006b). Significant differences in the
performance of BG6OFF/ON animals compared with
G6OFF/ON mice were detected (p = 0.0025, Figure 6). In
this regard, the former spent almost the same time recognizing
the new object as that devoted to exploring the object they had
already been familiarized with. BG6 and G6 mice receiving
doxycycline treatment for 12 months (system OFF) did
not show any differences. These data would imply the
loss of hippocampus-dependent non-spatial memory in the
BG6OFF/ON model.

DISCUSSION

This article takes the analysis of the CamKIIα-tTA/Tet-O-GSK-
3β mouse model (BG6) one step further (Lucas et al., 2001). In

this regard, here we made use of the conditional nature of the
system to repress the expression of the kinase during the first
6 months of life and have subsequently turned the system on by
removing the doxycycline antibiotic from drinking water. This
experimental approach allowed us to clarify whether previously
observed effects in transgenic GSK-3β-overexpressing mice are
due, in part, to adaptations that occur during development.
This notion is especially relevant in the context of the dentate
gyrus since the development of this structure occurs only in the
postnatal period (Bayer and Altman, 1974).

Concerning the transgenic expression pattern directed by
the CamKIIα promoter in adulthood (BG6OFF/ON animals),
our results demonstrate that the system is turned on at
6 months of age, although the expression pattern differed
from that observed in BG6ON animals. Thus, the former
show lower expression of GSK-3β in the cerebral cortex,
probably because the CamKIIα promoter is less active in
this region of the brain during adulthood, as described for
rats (Burgin et al., 1990). However, we found that the β-gal
reporter protein showed high intensity both in the hippocampus
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FIGURE 6 | Effect of neuronal GSK-3β overexpression in adult mice on
performance in the object recognition test (OR). (A) A representative image of
the mouse recognizing the new object. (B) Two hours after familiarization,
G6OFF, BG6OFF, and G6OFF/ON animals show the same ability to recognize
the new object, while BG6 OFF/ON animals do not show memory retention.
For quantifications, the data represented are the mean values with the SEM,
and analyzed with two-tailed unpaired Student’s t-test; n.s. = not significant,
∗∗p < 0.001, n = 8–10 animals per group.

and striatum. Of note, these first experiments demonstrated,
as previously described in 12-month-old animals BG6ON,
atrophy of the dentate gyrus (Engel et al., 2006a, Figure 1E). An
increase in the number of caspase-3+ cells occurred in both
BG6ON and BG6OFF/ON animals, thereby indicating that an
increase in GSK-3β expression induces cell death by apoptosis.
However, it seems that increasing GSK-3β in adult mice for
6 months (BG6OFF/ON) does not provoke dentate gyrus
atrophy, suggesting that adult dentate gyrus is less susceptible
to neurodegeneration or that at least 12 months (as in BG6ON
mice) are necessary to observe atrophy of the dentate gyrus.

Somatodendritic accumulation of hyperphosphorylated tau,
an early event in the neurofibrillary degeneration present in
AD (Braak and Braak, 1991) was observed in the BG6OFF/ON
mice. This observation confirms the relationship between GSK-
3β and tau protein but this time in adult animals in which the
enzyme expression had not been increased during embryonic
or postnatal development. We should emphasize that tau
hyperphosphorylation takes place in a somatodendritic location
and with endogenous tau and not under high human tau
overexpression, as observed in numerous transgenic models of
tauopathies. Therefore, our hyperphosphorylationmodel is more
similar to the context found in AD and other tauopathies.
The increase in tau phosphorylation in BG6OFF/ON mice
probably leads to a decrease in the affinity of this protein for
microtubules and its subsequent accumulation in the soma. Of
note, phosphorylated tau levels are not increased in 12-month
BG6ON animals, an observation that contrasts with what
has been described in animals of 3–6 months of age (Lucas
et al., 2001; Engel et al., 2006b). Tau hyperphosphorylation
and death by apoptosis correlates with an increase in reactive
microgliosis. It is not clear whether microglia contribute to
the tau pathology by not clearing tau, or by releasing factors
that exacerbate the pathology (Sarlus and Heneka, 2017).
However, it is reasonable to think that this reactive gliosis
generates an inflammatory environment that causes neuronal

alterations, although this point has not been addressed in this
study. Several mechanisms can explain the neuronal stress and
death (revealed by reactive glia and caspase-3 staining) in the
BG6OFF/ON mice. Given the effects of GSK-3β overexpression
on tau phosphorylation and compartmentalization, a possible
mechanism could be the disorganization of the neuronal
microtubule cytoskeleton. In this case, we propose that a
decrease in microtubule stabilization caused by tau would lead
to a reduction in microtubule content in our murine model,
similar to that found in the brains of individuals with AD
(Terry, 1998). The presence of phosphorylated tau does not
predetermine the presence of aggregated tau. Thus, in this
animal model, mouse tau will not aggregate or develop NFTs
(Hernández et al., 2002) and BG6 mice recapitulate only some
aspects of early AD. It is necessary to overexpress human
tau protein with mutations present in patients with FTDP-17
to find tau protein in the form of filamentous structures
(Engel et al., 2006c).

Overexpression of GSK-3β in transgenic mice induces
learning deficits, as occurs in AD. In the present study,
memory impairment in the young BG6ON animals (aged
3–6 months) measured by the Morris water maze test
(Hernández et al., 2002) and the OR test (Engel et al., 2006b) were
also reproduced in the BG6OFF/ON model. This observation
thus confirms that the previous data (Hernández et al., 2002;
Engel et al., 2006b) were not due to adaptation during brain
development but rather to the direct effects of GSK-3β on
hippocampus-dependent memory.

In the BG6OFF/ON model, adult hippocampal neurogenesis
appears to be activated by a compensatory mechanism in
response to insults that take place in the dentate gyrus, as
described here by an increase in the number of DCX+ and
calretinin+ cells. Our results show that this process can be
reactivated in 12-month-old animals in which adult hippocampal
neurogenesis is greatly diminished. However, based on the
data presented, we do not know whether the DCX+ and
calretinin+ neuroblasts can integrate into the hippocampal
circuit. The data on the cognitive deficit obtained with the OR
test suggests that this is not the case. Further work will allow
us to clarify whether the increase in the number of DCX+ and
calretinin+ cells is due to the enhanced division of the neuronal
progenitors present in the subgranular region, or simply to a
slowing of maturation, as we have described in young animals
(Fuster-Matanzo et al., 2013).

Recent years have witnessed significant progress towards
the generation of transgenic AD models, particularly about
plaque formation and the toxic cascade of the β-amyloid peptide
(Myers and McGonigle, 2019). However, if the deregulation of
GSK-3β is a key event in the pathogenesis of AD, BG6 mice
emerge as an alternative and/or complementary model. The
most effort made to date on transgenic models of AD has
focused on mimicking the neuropathological features of the
disease and this may require excessively artificial modifications
to reproduce within the life of a mouse something that
is formed over many years in the human. Alternatively, it
may simply not be possible to mimic all aspects of the
neuropathology of AD in mice because specific metabolisms
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present only in humans are required [such as differences in
microglia between humans and mice (Galatro et al., 2017) or
in the sequence of the tau protein (Hernández et al., 2020)].
GSK-3β is an enzyme that is found at the convergence of
the pathways involved in tau hyperphosphorylation, β-amyloid-
induced toxicity, and PS-1 mutations. Compared to the existing
mouse models of AD, BG6 mice are unique in that they
reproduce intraneuronal dysfunction, which may ultimately
be responsible for some aspects of neurodegeneration. Here
we show that increasing GSK-3β activity in adult animals
reproduces the first signs of AD, at least about tau protein and
cognitive deficit.

In summary, our results demonstrate that the overexpression
of GSK-3β in neurons only in adult animals and not
during development reproduces the histopathological marks
of AD, as well as the cognitive deficit associated with this
neurodegenerative disease.
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FIGURE S1 | Schematic diagram of the experimental design. (A) BG6 mice are
generated by crossing mice expressing tTA under control of the CamKIIα
promoter (tTA, line B) with mice that have incorporated the BitetO construct in
their genome (line G6). The double transgenic progeny (BG6) expresses GSK-3β

constitutively in the brain unless doxycycline is given orally thus preventing
transactivation by tTA. (B) Schematic representation of GSK-3β transgene
expression in untreated mice (H2O) and transgene shutdown by doxycycline
administration.

FIGURE S2 | (A) β-galactosidase (β-gal) expression with GAPDH as a loading
control for the cortex of the animals tested. The histogram shows β-gal/GAPDH
levels in the different genotypes and conditions used. Note the significant increase
in the hippocampus in BG6ON mice (p = 0.016) and BG6OFF/ON mice (p = 0,
024) respect to their G6 controls (n = 3 animals per group). (B) Expression of
β-gal in the cortex and striatum. Images obtained for immunohistochemistry
against the β-gal marker in BG6ON and BG6OFF/ON animals. For quantifications,
the data represented are the mean values with the SEM and analyzed with a
two-tailed unpaired Student’s t-test. *p < 0.05; scale bars = 200 µm.

REFERENCES

Bayer, S. A., and Altman, J. (1974). Hippocampal development in the
rat: cytogenesis and morphogenesis examined with autoradiography and
low-level X-irradiation. J. Comp. Neurol. 158, 55–79. doi: 10.1002/cne.
901580105

Benzler, J., Ganjam, G. K., Kruger, M., Pinkenburg, O., Kutschke, M., Stohr, S.,
et al. (2012). Hypothalamic glycogen synthase kinase 3beta has a central role in
the regulation of food intake and glucosemetabolism. Biochem. J. 447, 175–184.
doi: 10.1042/bj20120834

Beurel, E., Grieco, S. F., and Jope, R. S. (2015). Glycogen synthase kinase-3 (GSK3):
regulation, actions and diseases. Pharmacol. Ther. 148, 114–131. doi: 10.1016/
j.pharmthera.2014.11.016

Bijur, G. N., and Jope, R. S. (2001). Proapoptotic stimuli induce nuclear
accumulation of glycogen synthase kinase-3 beta. J. Biol. Chem. 276,
37436–37442. doi: 10.1074/jbc.m105725200

Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol. 82, 239–259. doi: 10.1007/BF00308809

Bradford, M. M. (1976). A rapid and sensitive method for quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248–254. doi: 10.1006/abio.1976.9999

Brownlees, J., Irving, N. G., Brion, J. P., Gibb, B. J., Wagner, U., Woodgett, J., et al.
(1997). Tau phosphorylation in transgenic mice expressing glycogen synthase
kinase-3beta transgenes. Neuroreport 8, 3251–3255. doi: 10.1097/00001756-
199710200-00013

Burgin, K. E., Waxham, M. N., Rickling, S., Westgate, S. A., Mobley, W. C., and
Kelly, P. T. (1990). in situ hybridization histochemistry of Ca2+/calmodulin-
dependent protein kinase in developing rat brain. J. Neurosci. 10, 1788–1798.
doi: 10.1523/jneurosci.10-06-01788.1990

Cuadrado, A., Kugler, S., and Lastres-Becker, I. (2018). Pharmacological
targeting of GSK-3 and NRF2 provides neuroprotection in a preclinical
model of tauopathy. Redox Biol. 14, 522–534. doi: 10.1016/j.redox.2017.
10.010

Engel, T., Goni-Oliver, P., Lucas, J. J., Avila, J., andHernandez, F. (2006a). Chronic
lithium administration to FTDP-17 tau and GSK-3beta overexpressing mice
prevents tau hyperphosphorylation and neurofibrillary tangle formation, but
pre-formed neurofibrillary tangles do not revert. J. Neurochem. 99, 1445–1455.
doi: 10.1111/j.1471-4159.2006.04139.x

Engel, T., Hernandez, F., Avila, J., and Lucas, J. J. (2006b). Full reversal
of Alzheimer’s disease-like phenotype in a mouse model with conditional
overexpression of glycogen synthase kinase-3. J. Neurosci. 26, 5083–5090.
doi: 10.1523/JNEUROSCI.0604-06.2006

Engel, T., Lucas, J. J., Gomez-Ramos, P., Moran, M. A., Avila, J., and
Hernandez, F. (2006c). Cooexpression of FTDP-17 tau and GSK-3beta
in transgenic mice induce tau polymerization and neurodegeneration.
Neurobiol. Aging 27, 1258–1268. doi: 10.1016/j.neurobiolaging.2005.
06.010

Furlong, M., Deming-Halverson, S., and Sandler, D. P. (2019). Chronic antibiotic
use during adulthood and weight change in the Sister Study. PLoS One
14:e0216959. doi: 10.1371/journal.pone.0216959

Frontiers in Molecular Neuroscience | www.frontiersin.org 10 September 2020 | Volume 13 | Article 56147088

https://www.frontiersin.org/articles/10.3389/fnmol.2020.561470/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2020.561470/full#supplementary-material
https://doi.org/10.1002/cne.901580105
https://doi.org/10.1002/cne.901580105
https://doi.org/10.1042/bj20120834
https://doi.org/10.1016/j.pharmthera.2014.11.016
https://doi.org/10.1016/j.pharmthera.2014.11.016
https://doi.org/10.1074/jbc.m105725200
https://doi.org/10.1007/BF00308809
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1097/00001756-199710200-00013
https://doi.org/10.1097/00001756-199710200-00013
https://doi.org/10.1523/jneurosci.10-06-01788.1990
https://doi.org/10.1016/j.redox.2017.10.010
https://doi.org/10.1016/j.redox.2017.10.010
https://doi.org/10.1111/j.1471-4159.2006.04139.x
https://doi.org/10.1523/JNEUROSCI.0604-06.2006
https://doi.org/10.1016/j.neurobiolaging.2005.06.010
https://doi.org/10.1016/j.neurobiolaging.2005.06.010
https://doi.org/10.1371/journal.pone.0216959
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Rodríguez-Matellán et al. GSK-3β Overexpression in Adult Mice

Fuster-Matanzo, A. (2011). Estudio de la Neurogénesis Adulta en un
Modelo Murino de Sobreexpresión Condicional de la Glucógenos Sintasa
Quinasa-3 Beta. Universidad Autónoma de Madrid. Available online at:
https://repositorio.uam.es/handle/10486/8302.

Fuster-Matanzo, A., Llorens-Martin, M., Sirerol-Piquer, M. S., Garcia-
Verdugo, J. M., Avila, J., and Hernandez, F. (2013). Dual effects of increased
glycogen synthase kinase-3beta activity on adult neurogenesis. Hum. Mol.
Genet. 22, 1300–1315. doi: 10.1093/hmg/dds533

Galatro, T. F., Holtman, I. R., Lerario, A. M., Vainchtein, I. D., Brouwer, N.,
Sola, P. R., et al. (2017). Transcriptomic analysis of purified human cortical
microglia reveals age-associated changes. Nat. Neurosci. 20, 1162–1171.
doi: 10.1038/nn.4597

Gomez-Sintes, R., Hernandez, F., Lucas, J. J., and Avila, J. (2011). GSK-3 mouse
models to study neuronal apoptosis and neurodegeneration. Front. Mol.
Neurosci. 4:45. doi: 10.3389/fnmol.2011.00045

Greenberg, S. G., and Davies, P. (1990). A preparation of Alzheimer paired
helical filaments that displays distinct tau proteins by polyacrylamide gel
electrophoresis. Proc. Natl. Acad. Sci. U S A 87, 5827–5831. doi: 10.1073/pnas.
87.15.5827

Hernández, F., Borrell, J., Guaza, C., Avila, J., and Lucas, J. J. (2002). Spatial
learning deficit in transgenic mice that conditionally over-express GSK-3beta
in the brain but do not form tau filaments. J. Neurochem. 83, 1529–1533.
doi: 10.1046/j.1471-4159.2002.01269.x

Hernandez, F., Lucas, J. J., and Avila, J. (2013). GSK3 and tau: two
convergence points in Alzheimer’s disease. J. Alzheimers Dis. 33, S141–S144.
doi: 10.3233/jad-2012-129025

Hernández, F., Merchán-Rubira, J., Vallés-Saiz, L., Rodríguez-Matellán, A.,
and Avila, J. (2020). Differences between human and murine Tau at
the N-terminal end. Front. Aging Neurosci. 12:11. doi: 10.3389/fnagi.2020.
00011

Holowacz, T., Alexson, T. O., Coles, B. L., Doble, B. W., Kelly, K. F.,
Woodgett, J. R., et al. (2013). The responses of neural stem cells to the level of
GSK-3 depend on the tissue of origin. Biol. Open 2, 812–821. doi: 10.1242/bio.
20131941

Jaworski, T., Ewa Banach-Kasper, E., and Katarzyna Gralec, K. (2019). GSK-3β at
the Intersection of Neuronal Plasticity and Neurodegeneration. Neural Plast.
2019:4209475. doi: 10.1155/2019/4209475

Jope, R. S., and Johnson, G. V. (2004). The glamour and gloom of glycogen
synthase kinase-3. Trends Biochem. Sci. 29, 95–102. doi: 10.1016/j.tibs.2003.
12.004

Jope, R. S., Yuskaitis, C. J., and Beurel, E. (2007). Glycogen synthase kinase-3
(GSK3): inflammation, diseases and therapeutics.Neurochem. Res. 32, 577–595.
doi: 10.1007/s11064-006-9128-5

Leroy, K., Yilmaz, Z., and Brion, J. P. (2007). Increased level of active GSK-3beta in
Alzheimer’s disease and accumulation in argyrophilic grains and in neurones at
different stages of neurofibrillary degeneration. Neuropathol. Appl. Neurobiol.
33, 43–55. doi: 10.1111/j.1365-2990.2006.00795.x

Li, B., Ryder, J., Su, Y., Moore, S. A. Jr., Liu, F., Solenberg, P., et al. (2004).
Overexpression of GSK3betaS9A resulted in tau hyperphosphorylation and
morphology reminiscent of pretangle-like neurons in the brain of PDGSK3beta
transgenic mice. Transgenic Res. 13, 385–396. doi: 10.1023/b:trag.0000040039.
44899.6f

Lucas, J. J., Hernandez, F., Gomez-Ramos, P., Moran, M. A., Hen, R., and
Avila, J. (2001). Decreased nuclear beta-catenin, tau hyperphosphorylation and
neurodegeneration in GSK-3beta conditional transgenic mice. EMBO J. 20,
27–39. doi: 10.1093/emboj/20.1.27

Mayford, M., Bach, M. E., Huang, Y. Y., Wang, L., Hawkins, R. D.,
and Kandel, E. R. (1996). Control of memory formation through
regulated expression of a CaMKII transgene. Science 274, 1678–1683.
doi: 10.1126/science.274.5293.1678

Myers, A., and McGonigle, P. (2019). Overview of transgenic mouse models for
Alzheimer’s disease. Curr. Protoc. Neurosci. 89:e81. doi: 10.1002/cpns.81

Paxinos, G., and Franklin, B. (2001). The mouse brain in stereotaxic coordinates.
Elsevier Science, USA.

Pei, J. J., Braak, E., Braak, H., Grundke-Iqbal, I., Iqbal, K., Winblad, B., et al.
(1999). Distribution of active glycogen synthase kinase 3beta (GSK-3beta) in
brains staged for Alzheimer disease neurofibrillary changes. J. Neuropathol.
Exp. Neurol. 58, 1010–1019. doi: 10.1097/00005072-199909000-00011

Sarlus, H., and Heneka, M. T. (2017). Microglia in Alzheimer’s disease. J. Clin.
Invest. 127, 3240–3249. doi: 10.1172/JCI90606

Sasahara, M., Fries, J. W. U., Raines, E. W., Gown, A. M., Westrum, L. E.,
Frosch, M. P., et al. (1991). PDGF B-chain in neurons of the central nervous
system, posterior pituitary and in a transgenic model. Cell 64, 217–227.
doi: 10.1016/0092-8674(91)90223-l

Spittaels, K., Van den Haute, C., Van Dorpe, J., Geerts, H., Mercken, M.,
Bruynseels, K., et al. (2000). Glycogen synthase kinase-3beta phosphorylates
protein tau and rescues the axonopathy in the central nervous system of
human four-repeat tau transgenic mice. J. Biol. Chem. 275, 41340–41349.
doi: 10.1074/jbc.m006219200

Spittaels, K., Van den Haute, C., Van Dorpe, J., Terwel, D., Vandezande, K.,
Lasrado, R., et al. (2002). Neonatal neuronal overexpression of glycogen
synthase kinase-3 beta reduces brain size in transgenic mice. Neuroscience 113,
797–808. doi: 10.1016/s0306-4522(02)00236-1

Takahashi, M., Tomizawa, K., and Ishiguro, K. (2000). Distribution of tau
protein kinase I/glycogen synthase kinase-3beta, phosphatases 2A and 2B and
phosphorylated tau in the developing rat brain. Brain Res. 857, 193–206.
doi: 10.1016/s0006-8993(99)02424-5

Terry, R. D. (1998). The cytoskeleton in Alzheimer disease. J. Neural Transm.
Suppl. 53, 141–145. doi: 10.1007/978-3-7091-6467-9_12

Yu, Y., Run, X., Liang, Z., Li, Y., Liu, F., Liu, Y., et al. (2009). Developmental
regulation of tau phosphorylation, tau kinases and tau phosphatases.
J. Neurochem. 108, 1480–1494. doi: 10.1111/j.1471-4159.2009.05882.x

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 Rodríguez-Matellán, Avila and Hernández. 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 Molecular Neuroscience | www.frontiersin.org 11 September 2020 | Volume 13 | Article 56147089

https://repositorio.uam.es/handle/10486/8302
https://doi.org/10.1093/hmg/dds533
https://doi.org/10.1038/nn.4597
https://doi.org/10.3389/fnmol.2011.00045
https://doi.org/10.1073/pnas.87.15.5827
https://doi.org/10.1073/pnas.87.15.5827
https://doi.org/10.1046/j.1471-4159.2002.01269.x
https://doi.org/10.3233/jad-2012-129025
https://doi.org/10.3389/fnagi.2020.00011
https://doi.org/10.3389/fnagi.2020.00011
https://doi.org/10.1242/bio.20131941
https://doi.org/10.1242/bio.20131941
https://doi.org/10.1155/2019/4209475
https://doi.org/10.1016/j.tibs.2003.12.004
https://doi.org/10.1016/j.tibs.2003.12.004
https://doi.org/10.1007/s11064-006-9128-5
https://doi.org/10.1111/j.1365-2990.2006.00795.x
https://doi.org/10.1023/b:trag.0000040039.44899.6f
https://doi.org/10.1023/b:trag.0000040039.44899.6f
https://doi.org/10.1093/emboj/20.1.27
https://doi.org/10.1126/science.274.5293.1678
https://doi.org/10.1002/cpns.81
https://doi.org/10.1097/00005072-199909000-00011
https://doi.org/10.1172/JCI90606
https://doi.org/10.1016/0092-8674(91)90223-l
https://doi.org/10.1074/jbc.m006219200
https://doi.org/10.1016/s0306-4522(02)00236-1
https://doi.org/10.1016/s0006-8993(99)02424-5
https://doi.org/10.1007/978-3-7091-6467-9_12
https://doi.org/10.1111/j.1471-4159.2009.05882.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


REVIEW
published: 10 September 2020

doi: 10.3389/fnmol.2020.572308

Edited by:

Isabel Lastres-Becker,
Autonomous University of Madrid,

Spain

Reviewed by:
Jose A. Del Rio,

Institute for Bioengineering of
Catalonia (IBEC), Spain

Hong Qing,
Beijing Institute of Technology, China

*Correspondence:
Goran Šimić

gsimic@hiim.hr
Maja Jazvinšćak Jembrek
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All tauopathies, including Alzheimer’s disease (AD), are characterized by the intracellular
accumulation of abnormal forms of tau protein in neurons and glial cells, which
negatively affect microtubule stability. Under physiological conditions, tubulin-associated
unit (Tau) protein is intrinsically disordered, almost without secondary structure, and
is not prone to aggregation. In AD, it assembles, and forms paired helical filaments
(PHFs) that further build-up neurofibrillary tangles (NFTs). Aggregates are composed of
hyperphosphorylated tau protein that is more prone to aggregation. The pathology of
AD is also linked to disturbed copper homeostasis, which promotes oxidative stress
(OS). Copper imbalance is widely observed in AD patients. Deregulated copper ions
may initiate and exacerbate tau hyperphosphorylation and formation of β-sheet-rich tau
fibrils that ultimately contribute to synaptic failure, neuronal death, and cognitive decline
observed in AD patients. The present review summarizes factors affecting the process of
tau aggregation, conformational changes of small peptide sequences in the microtubule-
binding domain required for these motifs to act as seeding sites in aggregation, and the
role of copper in OS induction, tau hyperphosphorylation and tau assembly. A better
understanding of the various factors that affect tau aggregation under OS conditions
may reveal new targets and novel pharmacological approaches for the therapy of AD.

Keywords: copper, tau, aggregation, oxidative stress, Alzheimer’s disease

INTRODUCTION

Tubulin-associated unit (Tau) is a microtubule-associated phosphoprotein predominantly
expressed in neuronal cells, mainly in axons. It is essential for proper assembly, stabilization,
and functioning of a microtubule network. Tau also regulates axonal transport, drives neurite
outgrowth, and shapes the neuronal morphology (Choi et al., 2009; Wang and Mandelkow, 2016).

Abbreviations: AD, Alzheimer’s disease; Aβ, amyloid-β peptides; cdk5, cyclin-dependent kinase 5; ERK1/2, extracellular
signal regulated kinase-1/2; GSK-3β, glycogen synthase kinase-3β; I2

PP2A, inhibitor-2 of protein phosphatase-2A; MAP,
microtubule-associated protein; MAPKs, mitogen activated protein kinases; NFT, neurofibrillary tangles; OS, oxidative
stress; PHF, paired helical filaments; PP2A, protein phosphatase 2A; ROS, reactive oxygen species; RNS, reactive
nitrogen species.
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Human tau is a relatively large protein with six isoforms
derived from a single gene. The isoforms range in length from
352 to 441 amino acids. Tau is divided into two functional
domains: a projection domain at the N-terminus, and a
microtubule-binding domain at the C-terminal part (for review,
see Šimi ć et al., 2016; Barbier et al., 2019). Regarding tau-related
pathology, the major difference between the isoforms is located
in the microtubule-binding domain that contains three or
four imperfect pseudorepeat units (R1–R4). Each repeat consists
of a 31–32 amino acid sequence that contains a highly conserved
fragment of 18 residues (octadecapeptide). Accordingly, the
isoforms are termed as either 3R-tau or 4R-tau isoforms. They
all encompass the third repeat R3 (residues 306–336 according
to the longest human tau isoform) and differ from each other by
the absence or presence of the R2 repeat. The 4R-tau isoforms
bind to microtubules with higher affinity. In the healthy human
brain, 3R-/4R-tau isoforms are expressed in a similar ratio, but
this ratio is disturbed in Alzheimer’s disease (AD; for review, see
Alavi Naini and Soussi-Yanicostas, 2015; Liu et al., 2015; Cheng
and Bai, 2018). The other difference between the isoforms is the
number of N-terminal inserts in the projection domain (0N, 1N,
or 2N). A proline-rich region flanking the microtubule-binding
domain and the projection domain facilitates tau interaction with
microtubules. The N-terminal part of tau determines the spacing
between microtubules and does not participate in microtubule
binding (Schneider et al., 1999; Kadavath et al., 2015; Cheng and
Bai, 2018; Barbier et al., 2019).

Tau binds tightly to microtubules with the small groups of
evolutionarily conserved residues, whereas intervening parts stay
flexible. Thus, tau remains highly dynamic despite being bound
to microtubules. These small groups of microtubule-binding
motifs stabilize protofilament conformation of microtubules
by binding to a hydrophobic pocket at the interface between
α-β-tubulin heterodimers. The mechanism is similar for 3R-tau
or 4R-tau isoforms. The residues participating in binding
to microtubules are critically involved in tau aggregation, a
hallmark feature of AD (Kadavath et al., 2015).

EFFECT OF TAU PHOSPHORYLATION AND
TAU KINASES ON TAU FUNCTION

Tau is susceptible to many posttranslational modifications that
modulate its function and contribute to the heterogeneity of
tau isoforms present in the brain. The diversity of biological
tau functions is mainly regulated by phosphorylation that
attracted much attention as a modification particularly relevant
for the propagation of AD pathology (Jazvinšs ćak Jembrek et al.,
2013; Alavi Naini and Soussi-Yanicostas, 2015; Šimi ć et al.,
2016; Barbier et al., 2019; Miao et al., 2019). In AD tau
is hyperphosphorylated and is not attached to microtubules.
Hyperphosphorylation, represented as an overall increase of
phosphorylation at multiple residues, reduces the binding
affinity of tau for microtubules and is responsible for the
loss of the physiological tau functions. Hyperphosphorylation
disturbs interactions between tau and microtubules and results
in microtubule instability, decreased microtubule bundling,
impairment of axonal transport and neuronal architecture, and

ultimately cell death (Evans et al., 2000; Alavi Naini and Soussi-
Yanicostas, 2015; Barbier et al., 2019).

Besides interacting with microtubules, tau at its N-terminal
part may bind signaling proteins that contain Src homology
3 (SH3) domains, including the non-receptor tyrosine kinase
Fyn. Fyn is elevated in the AD brain, particularly in neurons
with hyperphosphorylated tau, and contributes to the increase
in tau levels by promoting tau translation. Fyn itself also
may phosphorylate tau at Tyr18, and this phosphorylation
step has been linked to AD pathology (Lee et al., 2004).
However, the most prominent role of Fyn in AD is related
to the effects of tau on Aβ toxicity. It is considered that the
mislocalization of phosphorylated tau from the axons into the
dendritic compartments mediates the toxic effects of Aβ by
locally increasing concentration of Fyn (Li and Götz, 2017;
Nygaard, 2018). In physiological conditions, tau is present in low
amounts in dendrites but has an important role in sequestering
Fyn to postsynaptic dendritic membranes where Fyn strengthens
interactions between NMDA receptors containing NR2B subunit
and postsynaptic density (PSD) protein PSD-95. This is crucial
in AD for driving excitotoxic signaling cascade triggered by
soluble Aβ oligomers (Alavi Naini and Soussi-Yanicostas, 2015;
Nygaard, 2018).

The longest tau isoform possesses 85 residues that can be
phosphorylated. Almost 45 of them are phosphorylated in the
AD brain, in comparison to 10–18 from the healthy adult
human brain. Very few of the phosphorylated residues occur
in the N-terminal region and the microtubule-binding domain.
Instead, phosphorylation sites are mainly located in the flanking
regions of the microtubule-binding domain (for review, see
Alavi Naini and Soussi-Yanicostas, 2015; Wang and Mandelkow,
2016). Tau phosphorylation is mediated by many kinases, at
least in vitro. Among them, glycogen synthase kinase-3β (GSK-
3β) and cyclin-dependent kinase 5 (cdk5) are considered as
particularly important. Increased activity of GSK-3β, as well
as upregulation of cdk5 and its activators, p35, and p25, were
found in the frontal cortex of AD brain samples (Duka et al.,
2013). These kinases phosphorylate tau at multiple serine and
threonine residues known to be implicated in AD, and their
overexpression or activation induces tauopathy-characteristic
phenotypes (Terwel et al., 2008; Kremer et al., 2011; Jazvinšs ćak
Jembrek et al., 2013; Llorens-Martín et al., 2014). GSK-3β

truncated at the C-terminus is markedly increased in the AD
brain, and truncation shows a positive correlation with tau
hyperphosphorylation and Braak stage. Proteolytic cleavage of
GSK-3β by calpain I increase its kinase activity (Feng et al., 2013;
Jin et al., 2015). Both kinases are hyperactivated in oxidative
stress (OS)-conditions (Shukla et al., 2012; Alavi Naini and
Soussi-Yanicostas, 2015), suggesting that attenuation of ROS
generation might reduce their activity and alleviate the level of
tau hyperphosphorylation.

TAU AGGREGATION IN AD AND OTHER
TAUOPATHIES

Besides destabilizing microtubules, hyperphosphorylated
tau forms intraneuronal deposits upon detachment from
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microtubules. This is somewhat unexpected due to the very high
solubility of tau (Schneider et al., 1999). In a self-propagating
aggregation process, tau at first forms dimers and then oligomers
that accumulate to form protomers. Pairs of protomers twist
around each other and generate paired helical filaments (PHFs)
that associate and grow into bundles of neurofibrillary tangles
(NFTs; for review, see Mokhtar et al., 2013; Liu et al., 2015).
As fetal tau isoform (0N3R) does not form PHF even in a
highly phosphorylated state, understanding its expression
and post-translational modifications may be important for
future research towards the development of AD treatment and
prevention (Jovanov-Milošsevi ć et al., 2012).

In addition to hyperphosphorylation, cleavage of tau
by various proteases (such as caspases and calpains), is
another modification important for the etiopathogenesis of AD
(Kovacech and Novak, 2010; Zhou et al., 2018). Tau cleavage
generates tau fragments that span the pseudorepeats of the
microtubule-binding domain and are C-terminally truncated at
Glu391. These truncated fragments build the structural core
of PHFs. Tau fragments from the core are made of C-shaped
units and are exactly three repeats in length, independent of
originating from 3R- or 4R-tau isoforms (Wischik et al., 2014,
2018). Thus, the fibril core of PHFs, which is proteolytically
resistant, is built by only a small part of tau, the repeat sequences.
It is surrounded by a highly dynamic fuzzy coat originating
from the residues from the C- and N-termini, whereas a
network of intramolecular long-range electrostatic interactions
links the core with this fuzzy coat (Bibow et al., 2011). Related
to AD progression, truncated tau must be capable of seeding
tau aggregation by triggering the conversion of full-length tau
into truncated form (Wischik et al., 2014, 2018; Fitzpatrick
et al., 2017). Asparagine endopeptidase, a cysteine proteinase-
activated during aging and in AD, acts as an important mediator
of neuropathological tau changes. It degrades tau, impairs its
function in microtubule assembly, and promotes aggregation
(Zhang et al., 2014b).

The whole tau protein has a low ability to aggregate
in vitro, although fragments containing pseudorepeat units
assemble much more readily based on their ability to form
intermolecular disulfide bridges (Schweers et al., 1995). A
prerequisite for nucleation is the formation of dimers (Friedhoff
et al., 1998). Hence, in experimental conditions, PHF assembly
is often promoted through the dimerization via disulfide
bond formation and in the presence of polyanions (such as
heparin) and inhibited in the presence of reducing agents
that keep cysteine residues reduced, preventing the dimer
formation (von Bergen et al., 2000). As for other amyloids,
it is considered that β-sheet conformation is critical for the
aggregation and fibril formation, although both α-helices and
β-sheet structures are found in PHFs (Sadqi et al., 2002;
Ma et al., 2005). However, amyloid structures are challenging
for characterization as they are not entirely ordered, which
complicates the precise determination of the structure-pathology
relationship (Fichou et al., 2019). Nevertheless, tau aggregates
appear before amyloid β (Aβ) plaques in AD, and their
accumulation correlates better with the severity of AD pathology
and cognitive decline than the formation of Aβ deposits

(Bussière et al., 2002; Wischik et al., 2014; Šimi ć et al.,
2017). As many years of research efforts along the Aβ cascade
hypothesis did not bring improvements in AD therapy, targeting
tau pathology is attracting much attention in recent days
(Šimi ć et al., 2016; Cheng and Bai, 2018; Jadhav et al., 2019;
Takeda, 2019).

The impact of other posttranslational modifications on
tau function and aggregation is much less characterized. In
contrast to normal tau that does not contain glycans, PHF
tangles from AD brains are highly glycosylated. However,
deglycosylation alone is not sufficient for tau to regain
microtubule polymerization capacity, both deglycosylation and
dephosphorylation are required for promoting microtubule
assembly. After deglycosylation, PHFs are converted into bundles
of straight filaments indicating a role of glycosylation in
PHF formation (Wang et al., 1996; Takahashi et al., 1997).
Another important posttranslational modification that may
regulate tau function is acetylation at lysine residues. Similar to
phosphorylation, acetylation inhibits tau function in microtubule
assembly by impairing interaction with microtubules and
promotes the formation of tau fibrils. Lys280 from the
microtubule-binding domain is considered to be one of the major
sites of tau acetylation. In brain tissue of Tg mouse models and
in extracted PHFs form cortical regions of various human 4R or
3R/4R tauopathies, increased levels of acetylation, specifically at
Lys274 and Lys280, were observed in pathologically insoluble,
hyperphosphorylated tau aggregates (Cohen et al., 2011; Alavi
Naini and Soussi-Yanicostas, 2015). A better understanding of
the contribution of other post-translational tau modifications on
tau pathology, particularly during OS, might bring some novel
opportunities in AD treatment.

The human brain is neither susceptible only to neuronal
tau accumulation nor are tau aggregates specific for AD.
Besides, aging itself leads to the build-up of tau tangles,
primarily in the medial temporal lobe, which is known as
primary age-related tauopathy (Crary et al., 2014; Huang
et al., 2016; Demaegd et al., 2018). In more than 30 different
forms of tauopathies, inclusions of hyperphosphorylated tau
with various morphological appearances can be found in
neurons, astrocytes, and oligodendrocytes (Alavi Naini and
Soussi-Yanicostas, 2015; Kahlson and Colodner, 2016). Of
note, tau is normally expressed in glial cells, particularly
in oligodendrocytes, although at a much lower level in
comparison to neurons. The list of tauopathies includes,
but is not limited to, frontotemporal dementia, progressive
supranuclear palsy, corticobasal degeneration, argyrophilic grain
disease, Gerstmann–Sträussler–Scheinker disease, white-matter
tauopathy with globular glial inclusions, as well as several other
forms of dementia. At the molecular level, a distinction between
different tauopathies is based on phosphorylation, and the
number of tau isoforms displayed in aggregates (for review, see
Alavi Naini and Soussi-Yanicostas, 2015). For example, in AD all
six tau isoforms are found in aggregates.

The contribution of glial tau pathology to the pathogenesis of
tauopathies is not well understood, although at least theoretically,
its targeting may bring some therapeutic hope for AD. Namely, it
is considered that tau pathology in glial cells disrupts the normal
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role of glia in supporting neuronal functioning. These include
the role of astrocytes in maintaining the blood-brain barrier
and modulation of synaptic function, particularly through the
secretion and uptake of glutamate, as well as the myelinating
function of oligodendrocytes (for review, see Kahlson and
Colodner, 2016; Leyns and Holtzman, 2017).

TAU SPREADING

The progressive nature of AD is largely based on the spreading
of misfolded tau through synaptically interconnected neural
pathways. As such, extracellular tau enters cells and then
triggers the formation of tau fibrils from the intracellular
tau pool. The small and soluble oligomeric tau forms are
considered as the most pathogenic and transmissible moieties.
Hence, the inhibition of oligomer formation and clearance of
oligomeric forms of low molecular weight could represent a
valuable therapeutic approach (Fichou et al., 2019). However,
a prerequisite for this is understanding the aggregation process
and identification of various AD-related biological factors and
components of the intracellular environment that may affect
its dynamic.

Small oligomers and prefibrillar species enable propagation
of tau pathology through a cell-to-cell transmission manner
(Lasagna-Reeves et al., 2012; Alavi Naini and Soussi-Yanicostas,
2015; Wang and Mandelkow, 2016) or via microglial cells
(Špani ć et al., 2019). Tau enters at both somatodendritic
and axonal compartments and proceeds anterogradely
and retrogradely, thus spreading both trans-synaptically
and transcellularly (Demaegd et al., 2018). The two major
components of the propagation process are a templated
misfolding or ‘‘seeding’’ (i.e., the ability of abnormal tau to
induce a conformational change of the naturally folded tau
protein) and cell-to-cell spreading (Demaegd et al., 2018).
It is likely that tau propagates cell-to-cell through tunneling
nanotubes (filamentous channels) or is released into the
extracellular space in a free form or through transport vesicles
by various secretion mechanisms, and is then subsequently
taken up by nearby cells (Demaegd et al., 2018). However, a
more recent epidemic spreading model predicts the spreading
of tau from cell to cell only through neuronal projections, not
the extracellular space (Vogel et al., 2020). Tau also spreads
ubiquitously through the communication pathways during
normal aging, particularly in the medial temporal cortex. In
AD, the process is facilitated in regions with Aβ-burden and
results in the spreading of tau outside from the medial temporal
lobes into the nearby neocortex, in a good correlation with the
level of neurodegeneration and cognitive impairment. NFTs are
first formed in the brainstem and transentorhinal cortex from
where they outspread to the anterior hippocampus, temporal
association neocortex, and ultimately primary sensory cortex
through secondary seeding events (Šimi ć et al., 1998, 2009;
Vogel et al., 2020).

There is evidence in support of cell-to-cell tau spreading,
a phenomenon that is hard to prove by examining the
post-mortem human brain. In non-neuronal cells overexpressing
tau, hyperphosphorylation accompanied by caspase-3-mediated

cleavage at Asp421 promoted extracellular excretion of tau
(Plouffe et al., 2012). A spread of pathological tau in a cell
type-specific manner was demonstrated after the intracerebral
injection of AD brain extract enriched in pathological tau
into the hippocampus and overlying cortex of human mutant
P301S tau transgenic mice (PS19 mice; Boluda et al., 2015).
Similarly, injection of oligomeric and hyperphosphorylated tau
from AD brain (AD P-tau) into the hippocampus of human tau
transgenic mice resulted in tau aggregation pathology, as well
as tau hyperphosphorylation, in the contralateral hippocampus
and ipsilateral cortex (Miao et al., 2019). Injection of brain lysate
containing tau aggregates into the normal brain or the brain
of young transgenic mice may result in severe tau pathology at
the injection site, and in anatomically connected regions (Leyns
and Holtzman, 2017), suggesting that misfolded tau protein
propagates to neighboring cells along synaptically connected
circuits spatially and temporally (Lasagna-Reeves et al., 2012; Liu
et al., 2012).

By searching for the minimal sequence capable of defining the
self-propagating process, it was found that a peptide spanning the
full R3 repeat may form amyloid fibril and in a self-propagating
manner, induce misfolding of the microtubule-binding domain
and spread the disease (Stöhr et al., 2017).

CONFORMATIONAL CHANGES REQUIRED
FOR TAU POLYMERIZATION

It is generally accepted that tau hyperphosphorylation promotes
detachment from microtubules and its polymerization and
aggregation. PHFs can be formed from the fragments of tau
protein that lack a majority of the phosphorylation sites (Wille
et al., 1992). Also, PHFs isolated without protease digestion
are labeled by antibodies directed against phosphorylated
epitopes in the N-terminal part of tau, but after removal of
a fuzzy coat, the immunoreactivity is lost. This indicates that
a fuzzy coat contains most of the amino acid residues that
are phosphorylated (Šimi ć et al., 2016; Wischik et al., 2018).
Moreover, tau phosphorylation at specific phosphorylation
sites may antagonize PHF formation. Thus, phosphorylation
at Ser214 and Ser262 prevents tau binding to microtubules
and PHFs assembly, suggesting that phosphorylation has a
protective role by preventing tau aggregation (Schneider et al.,
1999). In another study, the formation of NFTs was associated
with reduced oxidative damage, leading to the conclusion
that tau phosphorylation could have an antioxidative function,
serving as a response intended to maximally protect neuronal
structure and function against oxidative injury (Smith et al.,
2002; Su et al., 2010). As the self-assembling of the constructs
corresponding to the repeat region occurs after the formation
of cross-linked dimers, it is suggested that an increase in
neuronal redox potential and excessive protein oxidation are
mainly responsible for PHFs formation (Wille et al., 1992;
Schweers et al., 1995).

Therefore, at the root of tau oligomerization are
conformational changes that make tau more prone to
aggregation. The aggregation is initiated at the nucleation
sites through the local transition from a random coil to a
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β-sheet structure. As mentioned, dimerization via disulfide bond
formation (cross-linking) is essential for nucleation, but many
conformational and structural rearrangements are required for
the transition from dimers and early oligomeric forms to mature
fibrils (Friedhoff et al., 1998; von Bergen et al., 2005; Ganguly
et al., 2015). Both α-helices and β-sheet structures are found in
ex vivo PHFs (Ma et al., 2005). Some conformational changes
may be induced by tau phosphorylation, although, as already
mentioned, low phosphorylated tau is also able to polymerize.
Hence, it is hypothesized that some other mechanisms,
such as OS, act synergistically with phosphorylation, and
induce conformational changes required for PHF assembly
(Pérez et al., 2000).

THE ROLE OF HEXAPEPTIDE MOTIFS IN
TAU AGGREGATION

The PHF core being predominantly built from the repeat
domains (Tomoo et al., 2005; von Bergen et al., 2005; Wischik
et al., 2018), the microtubule-binding domain plays an important
role in tau aggregation. The R3 repeat unit present in all tau
isoforms contains the sequence that may act as the nucleation
core critical for the initiation of tau oligomerization (von
Bergen et al., 2000; Ganguly et al., 2015; Stöhr et al., 2017).
Identification of the smallest tau elements capable of nucleation
is important as could represent conformational targets for
therapeutic interventions by specifically designed inhibitors
aimed to prevent tau aggregation. von Bergen et al. (2000) have
identified a fragment containing R3 repeat plus some residues
from the flanking region as the shortest peptide sequence with
a secondary structure element capable to initiate tau aggregation
into PHFs. The fragment originated from the fetal tau isoform
and was named PHF43. PHF43 self-assembles quickly into
the straight thin filaments. Although the periodic supertwist
characteristic for PHFs found in AD was absent from the
filaments formed, seeds derived from these fibers nucleated
the formation of PHFs from the larger tau fragments and
the full-length tau. PHFs assembly was accompanied by an
increase in the β-structure content (von Bergen et al., 2000).
Within PHF43, based on the highest potential for β-structure
formation, a hexapeptide 306VQIVYK311 (PHF6) was identified
as a minimal interaction motif that underlies interactions
between tau or tau-derived fragments. The R2 repeat contains
a similar nucleating motif (PHF6*, 275VQIINK280) that also
includes residues with a high propensity for β conformation,
but is present only in isoforms with four repeats (von Bergen
et al., 2001). Other studies confirmed the critical involvement
of PHF6 or PHF6* motifs in mediating intermolecular
interactions between tau molecules and the formation of tau
oligomers, suggesting that two small hexapeptide motifs are both
essential and sufficient for polymerization (Goux et al., 2004;
Peterson et al., 2008).

PHF ASSEMBLY

PHF assembly is probably triggered by these hexapeptide
fragments that locally form β-structure embedded in a

random-coil structure of the whole protein. Dimerization at
cysteine residues may bring hexapeptide motifs into close
vicinity, facilitating interactions between β-sheets (von Bergen
et al., 2000). Accordingly, mutation of cysteine residues in the
R3 sequence changed amyloid morphology and their physical
properties and reduced seeding ability (Stöhr et al., 2017).
Similarly, if any residue from the PHF6 or PHF6* were replaced
with proline, which is a β-sheet disrupting residue, the ability of
polymerization would be prevented (von Bergen et al., 2001). von
Bergen et al. (2000) also reported that only a small part of the
entire protein, with a high β-sheet-forming propensity, serves as
a seed for assembly, whereas C- and N-terminal tails protrude
from the ordered core forming a fuzzy coat. However, further
studies have revealed that in addition to PHF6 and PHF6*, other
tau-originating peptides from the microtubule-binding domain
and with the high amyloidogenic predispositions, also may act
as primary nucleating sequences and promote the formation
of various amyloids, such as filaments, tubes, ribbons or rolled
sheets (Moore et al., 2011).

In larger tau fragments, PHF6 and PHF6* may interact with
each other and with themselves, generating a heterogeneous
mixture of oligomeric species as a result of intermolecular
interactions (PHF6-PHF6, PHF6-PHF6* and PHF*-PHF*;
Peterson et al., 2008; Ganguly et al., 2015). Nevertheless, a
small peptide fragment containing PHF6 (R3/wt) exhibited a
higher propensity for aggregation than fragment containing
PHF6*(R2/wt), and R3/wt assembly was delayed in the presence
of R2/wt (Ganguly et al., 2015). R3/wt peptide preferentially
formed homodimers, although stable R3/wt-R2/wt heterodimers
were also present and were more stable than R2/wt homodimers.
Individual chains within the R3/wt homodimers preferred a
parallel orientation, whereas dimers consisting of R2/wt peptides
adopted an antiparallel conformation that is in general indicative
of a slower aggregation kinetics. In parallel alignment, it is
easier for β-sheets to form a steric zipper that is critical for the
formation of fibrillary aggregates. Besides, multiple hydrogen
bonds were formed between the R3/wt peptides in more than
95% of all dimers formed, and they conferred to the stability
of dimers. For comparison, in R2/wt dimers, only 10–20% of
them had four or more hydrogen bonds (Figure 1). Taken
together, it was concluded that the role of PHF6 as a seed
that drives tau aggregation seems dominant over the role of
PHF6* (Ganguly et al., 2015). However, inhibitors based on the
structure of PHF6 were not effective in preventing seeding by
full-length tau, and a recent study suggested that PHF6* could
be the more potent initiator of tau aggregation and seeding
(Seidler et al., 2018).

Nevertheless, further studies have questioned whether
hexapeptide sequences alone represent the self-propagating
core, and continued the search for the minimal fragment
capable of inducing template misfolding and aggregation. It was
found that PHF6 formed amyloids very rapidly, but gradual
elongation in five-residue steps to the full length of the R3 repeat
slowed down the amyloid formation and markedly altered fiber
morphology (Stöhr et al., 2017). More importantly, by studying
externally induced aggregation of the endogenously expressed
tau244–372 fragment with the disease-associated mutations
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FIGURE 1 | Role of hexapeptide motifs PHF6 and PHF6* in tau dimerization. Residues from the microtubule-binding domain are critically involved in tau
aggregation. Studies in vitro have revealed that the nucleating sites from the R2 (PHF6*) and R3 (PHF6) repeat units seed tau aggregation. The PHF6 motif is a
predominant trigger of tau dimerization based on its intrinsically higher propensity for aggregation, higher stability due to hydrogen bonding, and parallel orientation of
peptide sequences in dimers. The positions of amino acid residues forming the paired helical filaments (PHFs) core are indicated according to Wischik et al. (2018).

P301L/V337M [named tau-RD(LM)], a large difference of
these growing-in-length peptides was observed in their ability
to induce aggregation. Amyloids formed from the 31-residue
long R3 sequence were as effective as fibrillized tau-RD in
inducing tau-RD(LM) aggregation. On the contrary, PHF6 and
growing peptides shorter than 20 residues, were not able to
seed aggregation of tau-RD(LM). Thus, in extension from
hexapeptide to peptide containing 31 residues, the resulting
peptides formed amyloids more slowly but at the same time were
more potent to induce template misfolding (Stöhr et al., 2017).

Despite the great efforts that have been put in untangling the
process of tau aggregation in vitro, there are still many open
questions. It must be taken in mind that these experiments were
performed on arbitrary tau fragments, largely in the absence of
post-translational modifications. Hence, it is still not clear if the
arrangement of recombinant filaments resembles those present
in a real biological system, where many factors may affect tau
assembly, particularly in the diseased brain (Fichou et al., 2019).
To understand the assembling process in vivo better, cryoelectron
microscopy has been employed for monitoring PHFs and straight
filaments from the AD brain. The analysis revealed that they
consist of hyperphosphorylated, full-length tau and can nucleate
aggregation of human full-length tau in cultured cells. Even
though in vitro studies demonstrated higher propensity of R2 and
R3 pseudorepeats for aggregation, the ordered core of both
types of filaments obtained from AD brain was made of pairs
of identical protofilaments containing C-shaped subunits from
residues 306 to 378, encompassing the entire R3 and R4 repeat
units plus 10 residues following, while N- and C-termini formed
disordered fuzzy coat as already explained (Fitzpatrick et al.,
2017). Importantly, it seems that the structures of tau filaments

are similar among AD patients indicating a common pattern
of tau folding (Falcon et al., 2018). Hence, further studies
must be directed towards a better understanding of molecular
mechanisms of tauopathies by examining tau filaments from
the AD brain, which hopefully will improve diagnostics and
accelerate the development of disease-modifying therapies.

OXIDATIVE STRESS AND TAU
AGGREGATION

OS includes conditions in which an increase in the level of
reactive oxygen and nitrogen species (ROS and RNS) surpasses
the endogenous mechanisms of antioxidant defense provided
by various enzymatic and non-enzymatic antioxidants. Through
the increased formation of ROS and RNS, OS induces oxidative
damage of essential macromolecules that threatens neuronal
structure and ultimately function (Nunomura et al., 2001; Alavi
Naini and Soussi-Yanicostas, 2015; Jazvinšs ćak Jembrek et al.,
2015; Liu et al., 2015, 2017).

When compared to other cell types, neurons are
particularly sensitive to OS and ROS- and RNS-mediated
injury (Cobley et al., 2018; Wang et al., 2020). Many lines
of evidence indicate that OS is an important early event in
the pathogenesis of AD neurodegeneration (Nunomura et al.,
2001; Mondragón-Rodríguez et al., 2013; Alavi Naini and
Soussi-Yanicostas, 2015; Liu et al., 2015, 2017; Wang et al.,
2020; Yeung et al., 2020). Acute OS may differentially affect
tau phosphorylation, but chronic exposure to OS promotes
tau hyperphosphorylation and makes tau more prone to
oligomerization and formation of NFTs (Patil and Chan, 2005;
Su et al., 2010; Mondragón-Rodríguez et al., 2013; Liu et al., 2015;
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Jazvinšs ćak Jembrek et al., 2018). Thus, prolonged OS
induced by sub-lethal inhibition of glutathione synthesis
increased phosphorylation at PHF-1 epitope in differentiated
M17 neuroblastoma cells, probably due to increased activity of
kinases JNK and p38 and reduced activity of protein phosphatase
2A (PP2A). Of note, activation of JNK and p38 was observed
in vivo, together with colocalization to NFTs (Su et al., 2010).
As the phosphorylation at the PHF-1 site is required for the
formation of tau filaments, these results are also indicative of
tau aggregation that was confirmed by the presence of high
molecular weight bands (Su et al., 2010). Based on these findings
it is suggested that OS precedes tau hyperphosphorylation and
aggregation (Figure 2). In HT22 neuronal cells, OS alone was
not capable to increase tau phosphorylation but changed the
pattern of tau phosphorylation. When OS was combined with the
inhibition of phosphatase activity, tau was highly phosphorylated
and also a poor substrate for proteasomal degradation, indicating
that both oxidation and hyperphosphorylation of tau are
important for tau aggregation (Poppek et al., 2006).

Acrolein, a peroxidation product from arachidonic
acid that is increased in the AD brain, also promotes
tau hyperphosphorylation by activating GSK-3β and p38,
emphasizing again an important role of OS and lipid
peroxidation in tau phosphorylation (Gómez-Ramos et al.,
2003). 4-hydroxy-2-nonenal (HNE), an end-product of
lipid peroxidation, increased the assembling capacity of
phosphorylated 4R-tau (Pérez et al., 2000). Phosphorylated tau
was more vulnerable to conformational changes in reaction
with HNE that further accelerated its polymerization and
formation of NFTs, suggesting an important role of HNE
in NFTs formation (Liu et al., 2005). Hence, possibly the
oxidation of fatty acids could be a prerequisite for promoting
tau hyperphosphorylation, serving as a link between OS and
tau filament formation (Gamblin et al., 2000). Interestingly,
neuronal exposure to stearic and palmitic fatty acids does
not increase tau phosphorylation. Instead, conditioned media
from astrocytes treated with saturated fatty acids increased tau
phosphorylation at AD-specific sites. As the effect was reduced
by treatment with an antioxidant, it was concluded that astroglia-
mediated OS significantly contributes to tau phosphorylation
(Patil and Chan, 2005).

TAU IN AN OXIDATIVE ENVIRONMENT

Tau is susceptible to OS and OS is considered as an important
factor contributing to NFT formation (for review, see Liu
et al., 2015). NFTs are identified as sites of catalytic redox
reactivity in the hippocampal tissue of AD patients (Sayre
et al., 2000). Accumulation of hyperphosphorylated tau
species stimulates the production of ROS and induction
of OS conditions, but OS in turn directly promotes tau
hyperphosphorylation. In this vicious cycle levels of both ROS
and abnormal tau increase progressively, ultimately leading
to neuronal death (Alavi Naini and Soussi-Yanicostas, 2015).
Moreover, OS-mediated abnormal tau phosphorylation is
likely a critical deregulator of physiological tau function at the
synaptic terminals and an important underlying mechanism

of a synaptic failure, in addition to its role in Fyn-mediated
and Aβ-driven synaptotoxicity via excitotoxic pathways
(Mondragón-Rodríguez et al., 2013).

Besides affecting tau function, OS also modulates the
expression and activity of enzymes that are involved in tau
phosphorylation. In neuronally differentiated PC12 cells exposed
to H2O2, low concentrations of GSK-3β inhibitor offered
protection against OS, whereas higher concentrations exhibited
the opposite effect (Lee et al., 2007). 1,2-diacetylbenzene, a
neurotoxic metabolite of an organic solvent 1,2-diethyl benzene,
also promoted the production of ROS, stimulated the activity
of GSK-3β, and increased phosphorylation of tau in the
hippocampus of male C57BL/6 mice (Kang et al., 2017). In
the hippocampus and cortex from the AD human brain,
activation and distribution of p38 kinase, which is known to
be induced by OS, exclusively colocalized with the intracellular
neurofibrillary pathology (Zhu et al., 2000). It was demonstrated,
both in vitro and in vivo, that the major consequence of Aβ-
induced OS is the activation of p38 that further leads to tau
hyperphosphorylation. This finding is also important as it links
Aβ and tau pathology (Giraldo et al., 2014). Furthermore, in
primary cortical neurons, Aβ-induced OS upregulated levels of
a regulator of calcineurin (RCAN1; which inhibits the activity
of the Ser/Thr tau phosphatase calcineurin), but also increased
levels of GSK-3β and tau phosphorylation (Lloret et al., 2011).
Similarly, neurons from RCAN1−/− mice were more resistant to
various oxidative challenges (Porta et al., 2007).

PP2A is the primary tau phosphatase in the brain and its
activity is suppressed in the brain of AD patients (Taleski and
Sontag, 2018). Inactivation of PP2A, together with the activation
of GSK-3β and increased levels of malondialdehyde, an indicator
of lipid peroxidation, were observed in hypoxia-induced tau
phosphorylation in the rat hippocampus (Zhang et al., 2014a).
Also, neuronal protein peptidyl-prolyl isomerase (Pin1) that
stimulates tau dephosphorylation was found downregulated and
oxidatively modified, and exhibited reduced activity in the AD
hippocampus (Sultana et al., 2006). By changing cis to trans
conformation of the peptide bond and vice versa, Pin1 may cause
significant structural modifications and affect the development
of tau pathology (Sultana et al., 2006; Kimura et al., 2013).
Interestingly, in cultured cortical neurons obtained from a
transgenic rat model that expresses a human truncated tau
protein analogous to a variant form derived from sporadic AD,
the expression of a human truncated tau protein depleted the
number of mitochondria and increased levels of ROS, making
neuronal cells more sensitive to various OS inducers. The authors
suggested that tau truncation precedes OS in the AD and that
OS could be the consequence, rather than the trigger, of tau
pathology in AD (Cente et al., 2006).

OS-related factors that contribute to abnormal tau
hyperphosphorylation also disturb mitochondrial distribution
and induce mitochondrial dysfunction, mitochondrial OS,
and deficiency of antioxidant enzymes such as mitochondrial
superoxide dismutase (Melov et al., 2007; Cheng and Bai,
2018). Mitochondrial deficits in turn facilitate the generation of
oxidants and create a more severe oxidative environment
(Prentice et al., 2015). The induced OS also increases
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FIGURE 2 | Role of tau hyperphosphorylation and oxidation in tau aggregation. Oxidative stress (OS) activates Alzheimer’s disease (AD)-related kinases (GSK-3β,
cdk5, and p38) and inhibits tau dephosphorylation by PP2A, leading to tau hyperphosphorylation. OS-mediated lipid peroxidation results in toxic aldehydes that
further activate tau kinases and trigger conformational changes of hyperphosphorylated tau promoting aggregation.

mitochondrial susceptibility to various stressors, including Aβ

(Pérez et al., 2018), whereas Aβ enhances the production of ROS,
induces lipid peroxidation, disturbs redox balance, and leads to
mitochondrial dysfunction (Diana et al., 2008; Hu and Li, 2016).
Hence, a better understanding of the inducers and consequences
of oxidative damage on tau and neuronal functions, and the
interplay between oxidative environment and tau oxidation and
hyperphosphorylation in AD progression may be important
for future directions in the development of novel therapeutic
options based on antioxidative agents. Although outcomes of
antioxidative therapy are still inconsistent, the appearance of OS
early in the disease progression suggests that antioxidative agents
could be efficient disease-modifying options.

COPPER AS AN OS-INDUCER IN AD

Increase in OS could be generated through the deregulation of
metal homeostasis (Sayre et al., 2000), and there is evidence that
metal-induced OS promotes Aβ deposition and tau pathology
in AD (Greenough et al., 2013; Birla et al., 2020; Wang
et al., 2020). At least partially, OS in AD has been linked
to the impairment of copper homeostasis. Copper is an
essential metal for the maintenance of brain function. It is
an integral part of various enzymes and structural proteins
with many important biochemical and physiological roles
(Stern et al., 2007). It is required for myelin formation and
preservation, the activity of cytochrome c oxidase in cellular
respiration, proper functioning of the superoxide scavenging

enzyme copper/zinc superoxide dismutase (Cu,Zn-SOD), and
catecholamine biosynthesis (Gaetke et al., 2014). On the other
hand, copper is a highly reactive transition metal that participates
in electron-transfer reactions inside the cell. When copper is not
bound, transitions between oxidized (cupric, Cu2+) and reduced
(cuprous, Cu+) states may initiate redox cycling and formation
of dangerous ROS. In physiological conditions concentrations
of copper are very tightly regulated (Gaetke et al., 2014). Many
mechanisms related to uptake, intracellular trafficking, protein
binding, and disposal are engaged to ensure adequate copper
supply to target proteins and keep copper ions in a bound form,
preventing redox reactions and ROS formation. About 95% of
copper from human plasma is bound to ceruloplasmin, and the
rest to albumin, amino acids, and some complexes that may cross
the blood-brain barrier (Squitti et al., 2008; Šimi ć et al., 2019).
Accordingly, cytoplasmic concentrations of unbound copper
are very low (Rae et al., 1999; Kaplan and Lutsenko, 2009;
Gaetke et al., 2014). However, due to many reasons (such as
environmental pollution, excess dietary intake, inborn errors of
copper metabolism and some specific medical conditions), high
amounts of copper may overwhelm the endogenous capacity
of copper-binding and promote OS conditions (Jomova and
Valko, 2011; Eskici and Axelsen, 2012; Gaetke et al., 2014;
Hsu et al., 2018).

In general, monovalent copper is more abundant in healthy
neurons where it occurs at very low concentrations, whereas
levels of Cu2+ are elevated in pathological conditions and
greatly contribute to its toxic effects (Bagheri et al., 2018:
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Kardos et al., 2018; Ahmadi et al., 2019). In the presence of
endogenous antioxidants (such as glutathione and ascorbate),
Cu2+ may be reduced to Cu+. Cuprous ions further initiate
the formation of hydroxyl radicals through the decomposition
of hydrogen peroxide (Fenton reaction). Hydroxyl radicals
generated through this prooxidant reaction can form protein
radicals in a reaction with amino-bearing carbons, and
lipid radicals by attacking unsaturated fatty acids. Moreover,
peroxynitrite formed in the reaction between superoxide
and nitric oxide promotes the release of copper ions from
protein complexes enabling the generation of more ROS
(Zielonka et al., 2010). Hence, ROS and RNS ultimately
induce protein oxidation, peroxidative damage of neuronal
membranes, and DNA damage, promoting the development
of the disease (Gaetke et al., 2014). Also, the interaction
between Cu2+ ions and GSH may result in the disulfide
bond formation and reduction of Cu2+ to Cu+. Although
generated Cu+ may bind to GSH, the formation of Cu(I)-
[GSH]2 complex generates superoxide anions by reducing
molecular oxygen (Speisky et al., 2009). Taken together,
excess levels of copper may exert neurotoxic effects and
jeopardize neuronal functioning and viability by inducing OS
conditions (Reddy et al., 2008; Jazvinšs ćak Jembrek et al., 2014;
Sebio et al., 2019).

COPPER DYSHOMEOSTASIS IN AD

The level of copper in AD is somehow controversial as both
copper deficiency and copper overload were observed when
analyzing serum, plasma, cerebrospinal fluid, and samples from
AD brain regions (Ventriglia et al., 2012; Pu et al., 2017;
Xu et al., 2017; Bagheri et al., 2018; Wang et al., 2020). For
example, Pu et al. (2017) have found elevated levels of serum
copper in patients with moderate and severe AD. On the
contrary, post-mortem levels of copper analyzed by inductively
coupled plasma mass spectrometry (ICP-MS) were reduced
in all AD brain regions examined, including the entorhinal
cortex and hippocampus (Xu et al., 2017). Furthermore,
increased concentration of free copper, i.e., copper not bound to
ceruloplasmin, together with ceruloplasmin fragmentation was
observed in AD patients in a good correlation with pathological
changes and functional impairment (Squitti et al., 2008). A
recent meta-analysis studies revealed that total copper and
unbound copper are elevated in the serum/plasma of AD
patients but decreased in the brain of AD patients (Bagheri
et al., 2018). Taken together, it seems that the aberrant
copper homeostasis could be contributing significantly to AD
pathology. Large population studies further revealed that levels
of copper are negatively correlated with cognitive decline,
subjects with lower blood copper have better short-term and
long-term memory, and incidence of AD is higher in geographic
areas with increased copper environmental concentrations
(Squitti et al., 2016).

Copper ions are transported only in their monovalent
(reduced) state (Macreadie, 2008). However, the imbalance
of copper homeostasis changes properties of copper-binding,
shifting tightly bound copper to copper being almost free in the

cytoplasm. Hence, it has been suggested that decrease in the level
of copper bound to proteins and increase of a loosely bound
copper or free copper could explain increased copper levels
observed in serum and plasma of AD patients (Squitti et al., 2008;
Ventriglia et al., 2012; Bagheri et al., 2018). As specific genes
participating in copper metabolism are also associated with AD
development, copper dysmetabolism and the resulting increase
of labile copper in affected brain areas in AD could be the most
relevant factor when considering the copper contribution to AD
pathological processes (James et al., 2012; Squitti et al., 2016;
Bagheri et al., 2018).

In addition to copper dyshomeostasis, perturbations of the
metabolism of other metal ions, including aluminum, zinc, and
iron, have been reported in AD (Hegde et al., 2009; Kanti
Das et al., 2015; Rana and Sharma, 2019; Wang et al., 2020).
When compared to Al3+, Zn2+, and Fe3+, tau has the highest
binding affinity for Cu2+ (Rane et al., 2020). Although all these
metal ions are capable of oxygen-transfer that results in ROS
generation, copper and iron are particularly efficient as ROS-
catalysts. However, iron is present in a relatively low amount in
the cerebral cortex, and its interactions with Aβ are considered
unlikely. On the other hand, the reasons to focus on copper are
the facts that copper is enriched in the hippocampus, Aβ-copper
complexes are an important source of ROS and OS in AD, and
copper is a cofactor of many enzymes essential for brain function
(Kanti Das et al., 2015; Esmieu et al., 2019; Wang et al., 2020).
Hence, deciphering the role of copper in AD progression, as well
as better understanding of copper-mediated pathological events,
will be beneficial in the context of developing novel therapeutic
approaches for AD.

INTERACTIONS BETWEEN TAU AND
COPPER—IMPACT ON TAU
AGGREGATION

Various models of toxicity suggest that the gain-of-toxic function
of Aβ following Cu2+ binding is one of the most important
mechanisms of copper toxicity in AD. Copper removal attenuates
aggregation of Aβ in vitro, promotes degradation of Aβ deposits,
and prevents ROS production that is induced by the presence of
Aβ/Cu2+ complex (Bagheri et al., 2018). The role of copper in tau
aggregation and tau-mediated toxicity is not well understood. As
explained before, pseudorepeats from the microtubule-binding
domain have an essential role in tau aggregation, but they are
also capable of copper coordination. Hence, it was suggested that
copper could be involved in tau aggregation. There is evidence
that copper promotes tau aggregation (von Bergen et al., 2000;
Soragni et al., 2008; Kitazawa et al., 2009; Kim et al., 2018), and
increased amounts of copper have been detected in NFTs (Sayre
et al., 2000). In a double transgenic mouse model expressing
wild-type human tau, exposure to high amounts of copper has
increased tau hyperphosphorylation and accumulation in the
absence of Aβ, together with the impairment of spatial learning
and memory (Voss et al., 2014). Hence, this study demonstrates
that an increase in tau phosphorylation is not dependent on the
presence of Aβ pathology and emphasizes that targeting copper
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levels could be a beneficial strategy in modifying the progression
of tau pathology.

Tau possesses one or more binding sites for copper, but
binding affinity is not as strong as usually seen for other
metalloproteins. The coordination environment allows for
interactions with intracellular oxidants and reductants, and these
interactions may locally increase the concentration of copper
(Sayre et al., 2000). Copper coordination complexes are capable
to act as inducers of catalytic redox activity in NFTs. It was
shown that copper may catalyze H2O2-dependent oxidation of
a reducing substrate at NFTs (Sayre et al., 2000). Furthermore, a
fragment of tau protein, an octadecapeptide from the R2 unit,
may reduce copper and generate H2O2 and very likely some
other ROS moieties as well. During Cu2+ reduction, R2 is
oxidized and forms dimers linked by a disulfide bond (Su et al.,
2007). As explained above, these dimers are considered to be
building blocks of PHFs. Interestingly, iron, another redox-active
metal ion, does not catalyze tau oxidation (Su et al., 2007).
This finding demonstrates that tau with inappropriately bound
copper may initiate ROS formation and OS conditions. More
importantly, by catalyzing tau oxidation and dimer formation
after conformational tau transition, copper may promote PHF
assembly and disease progression (Su et al., 2007).

COPPER BINDING TO R1-R4 REPEAT
UNITS FROM THE
MICROTUBULE-BINDING DOMAIN

The interactions between copper and individual R1-R4 repeat
units or their smaller fragments involve direct binding of
copper to tau-derived peptides suggesting that copper binding
can induce conformational changes of the microtubule-binding
domain (Ma et al., 2005; Zhou et al., 2007). In the presence
of divalent copper, an increase in α-helix structure content
and β-sheets represents a common spatial change. In R2 and
R3 repeats other conformational and structural changes that
precede, and further trigger the process of aggregation, have
been observed as well. All four pseudorepeats formed aggregates
after 3 days of incubation with Cu2+ solution. Amorphous
aggregates were observed with R1 and R4 repeats, whereas
Cu2+ promoted the formation of fibrils with R2 and R3 repeat
units (Figure 3A). After 4 days of incubation, R2 fibrils
and R3 protofibrils were formed. Furthermore, for R2 repeats
production of ROS was pronounced, whereas R3 repeats were
more prone to aggregation. The oligomerization was also
observed after incubation with hydrogen peroxide, but the
aggregation was more prominent in the presence of Cu2+ and
was not prevented by high amounts of ascorbate, an endogenous
antioxidant (Ahmadi et al., 2019). In the same study, glutathione,
another important antioxidant from neuronal cells, did not
prevent aggregation of pseudorepeats from microtubule-binding
domains under limited access to oxygen. When repeat units were
incubated with Cu2+ and GSH under ambient oxygen, more
and larger protofibrils were formed for R3, which indicates an
important role of GSH in R3 aggregation when Cu2+ is present
(Ahmadi et al., 2019). Taken together, these findings demonstrate

that the Cu2+-induced conformational changes and folds in
tertiary structure may be viewed as a seed for dimerization and
fibril formation afterward.

Shin and Saxena (2011) analyzed Cu(II) coordination of
each of the octadecapeptides from the R1–R4 pseudorepeats.
They suggested a square-planar Cu(II)-coordination geometry
with three nitrogen donors and one oxygen donor. Carbonyl
oxygen of a backbone amide and a nitrogen atom of the
histidine imidazole ring probably directly participate in Cu(II)
coordination in octadecapeptide fragments derived from all
four repeat units (Shin and Saxena, 2011). Other studies
also suggested that octadecapeptides may bind copper and
emphasized the critical role of the histidine imidazole group
in Cu(II) coordination (Ma et al., 2005; Zhou et al., 2007;
Ahmadi et al., 2019). Of note, it seems that residues involved
in interactions between microtubules and tau are not involved
in copper binding. This suggests that copper can bind to
microtubule-bound tau and affect the secondary structure of
many tau molecules (Soragni et al., 2008).

As several studies indicate the important role of the R3 repeat
on tau aggregation, smaller peptide sequences derived from the
R3 unit were of particular interest when considering the effect
of copper on tau aggregation (Ma et al., 2005). At least for
the octadecapeptide 318VTSKCGSLGNIHHKPGGG335 derived
from the R3 repeat of the longest tau isoform, copper-binding
is very strong and of high affinity. In the study of Ma et al.
(2005), imidazole rings of the two histidine residues from this
octadecapeptide are critically involved in Cu2+ coordination,
whereas no evidence was found that backbone amide or side
chains of other amino acids participate in copper coordination
at physiological pH. They suggested that octadecapeptide from
the R3 repeat coordinates Cu2+ via the two imidazole rings of
histidine residues, C-terminal carboxylic group, and N-terminal
amino group in a square-planar geometry (Ma et al., 2005).
Various factors may affect binding properties of copper to
peptides derived from the R3 repeat. For the tau318–335 peptide,
coordinating ligands and conformation are highly dependent on
pH. At acidic pH, confirmation of the main chain in aqueous
solution adopted a mixture of random structure, α-helices, and
β-turns, whereas at physiological pH content of α-helices was
increased (Ma et al., 2005). After adding 0.25 mol eq of Cu2+,
the R3 peptide showed a monomeric α-helical structure, and
the β-sheet was present after adding 1 mol eq of Cu2+ (Ma
et al., 2005). It is commonly accepted that the β-sheet structure
is essential for aberrant protein aggregation. However, α-helices
also may trigger the formation of protein aggregates, and in
addition to the β-sheet structure, α-helices are also found in
PHFs, even though helix-breaking amino acids are abundant in
tau protein (Sadqi et al., 2002). Therefore, these results suggest
that the R3-derived 18-mer can initiate self-aggregation in the
presence of very low concentrations of Cu2+. As α-helices and
β-sheet turns are required for PHF formation, copper is likely
involved in both the initial steps of self-assembly and formation
of PHF-like structures afterward at later stages (Ma et al., 2005).

Because R2 repeat can also form filamentous polymers,
copper-binding properties of the octadecapeptide
287VQSKCGSKDNIKHVPGGG304 from the R2 were also
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FIGURE 3 | Catalytic role of Cu2+ in disulfide bond formation and dimerization. (A) In vitro aggregation of tau fragments derived from the R2 and R3 repeat units
demonstrates the ability of copper to stimulate the formation of PHF-like fibrils. Aggregation is promoted in OS conditions. (B) Dimerization via disulfide bond
formation between Cys residues is the critical initiating step that triggers tau oligomerization and further formation of fibrillar forms. Concomitantly, Cu2+ is reduced to
Cu+, which catalyzes Fenton reaction and production of hydroxyl radicals. The ROS generated induces additional oxidative damage of tau protein promoting
its polymerization.

examined. The 18-mer derived from the R2 repeat binds
copper with 1:1 stoichiometry and low affinity. At physiological
pH, cysteine and the imidazole group of histidine are critical
for copper coordination independent of the main chain.
Cu2+ triggered the formation of α-helices in R2 fragment,
and with increasing copper concentration, more α-helices
were formed. The R2 peptide had a higher ability to form
α-helices compared to the R3 peptide but aggregated at higher
concentrations of copper (Ma et al., 2006). Similarly, peptide
256VKSKIGSTENLKHQPGGG273 from the R1 repeat may bind
copper with 1:1 stoichiometry. The histidine residue is the main
anchor for copper, but only minor changes in the secondary
structure are induced upon copper-binding (Zhou et al., 2007).
Interestingly, the aggregation of the octadecapeptide from the
R1 repeat was inhibited in the presence of copper indicating
that copper binding also could have an inhibitory effect on
aggregation (Zhou et al., 2007). It is assumed that copper-
stimulated aggregation of the R3 peptide could be dependent on
the number of histidine residues in the sequence. Whereas the
R3 peptide contains two histidine residues, only one is present in
R1 (Ma et al., 2005; Zhou et al., 2007). Cu2+-induced structural
changes in Cu-R4 complex were smaller in comparison to the
Cu-R1 complex (Ahmadi et al., 2019). Ahmadi et al. (2019) have
observed that both R1 and R4 repeats form adducts with one or
two copper ions but found no evidence for copper complexation
with R2 and R3 monomers. Instead, their results suggested that
only R2 and R3 dimers form complexes with copper, indicating
an important role of dimerization on Cu2+ complexation.

In R1 and R4 repeats, it seems that Cu2+ interacts with the
imidazole group of histidine, but dimerization was not observed
probably because these repeats do not contain cysteine in their
primary sequence. In cysteine-containing R2 and R3 repeats,
histidine was involved in the interaction, but Cys residues were
probably more involved in aggregation because in presence of
Cu2+ their thiol groups were prone to disulfide bond formation.
It is particularly interesting that the interactions of R2 and
R3 repeats with Cu2+ resulted ROS generation (Ahmadi et al.,
2019). Due to the redox activity of Cu2+, a disulfide bond is
formed between the thiol groups of Cys residues (Figure 3B).
This redox reaction also generates Cu+ ions that further catalyze
ROS production via Fenton-type reactions (Ahmadi et al.,
2019). Another study showed that Cu(II)-2His complex binds to
cysteine, and during cysteine oxidation, a Cu(I)-2His complex
is formed. Similarly, this complex promoted Fenton chemistry
and an increase in ROS production. In a vicious cycle, the
Cu(II)-2His complex was regenerated and was again capable
to oxidize cysteine (Ząbek-Adamska et al., 2013). For R1 and
R4 pseudorepeats, neither oligomerization nor ROS production
was noticed (Ahmadi et al., 2019). The disulfide bond formation
also may be initiated in the presence of hydrogen peroxide.
However, the dimerization of R2 and R3 was more prominent
in the presence of Cu2+ (Ahmadi et al., 2019). After examining
the ability of ascorbate to reduce Cu2+ in the presence of all
repeat units (R1–R4), it was found that R2 and R3 have a higher
affinity for Cu2+ than ascorbate, implying that ascorbate cannot
prevent R2 and R3 dimerization. Taken together, these findings
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suggest an important catalytic role of Cu2+ in oligomerization via
disulfide bond formation and in ROS generation when R2 and
R3 repeats are engaged in copper coordination.

COPPER BINDING TO LARGER TAU
FRAGMENTS

With regards to larger tau fragments, like the 198-residue
K32 fragment that contains the four pseudorepeat motifs and
the two flanking domains from the human tau, it was observed
that in oxidative conditions, peptides 287VQSKCGS293 and
310YKPVDLSKVTSKCGS324 from K32 C-terminal participate
in Cu(II) coordination. To a smaller degree, a tetrapeptide
306VQIV309, and several histidine residues (H299, H329, H330,
H374, H388) were also involved in the interaction (Soragni
et al., 2008). For the K32 fragment, only a small amount of
aggregates were formed following copper binding due to the very
slow rate of aggregation in physiological conditions, although
a propensity toward β-structure was observed upon copper-
binding (Soragni et al., 2008). For both full-length tau and
K32 fragment, Soragni et al. (2008) found only one binding site
for Cu2+ per monomer, with critical residues mainly located in
repeats R2 and R3. It seems that copper simultaneously binds
to R2 and R3 repeats, bringing reactive groups into spatial
proximity. Within R2 and R3 sequences, two cysteine residues
(C291 and C322) are identified as essential for the binding of
copper to tau. Given the copper-induced oxidation of these
cysteines, the intramolecular disulfide bridge between their thiol
groups is probably formed as a result of copper:tau interactions
(Soragni et al., 2008). Hence, this study demonstrates copper-
promoting effects on tau aggregation confirming the important
role of cysteine residues from the R2 and R3 repeats in the process
of oligomerization.

Copper coordination was also examined with peptides derived
from the N-terminal part of tau, outside the microtubule-binding
domain. Two tau fragments, containing residues 1–25 or 26–44,
can anchor copper via two putative binding sites, the imidazole
side chain of the histidine residue or the N-terminal amino
group of the peptide chain. Conformations of both peptides were
changed after the formation of Cu(II) complexes. Interestingly,
both peptide fragments inhibited Cu(II)-mediated aggregation
of Aβ, and the effect was more pronounced for tau26–44 (Di
Natale et al., 2018). Fragments of tau protein originating from the
N-terminus, including tau26–44 peptide, are detected in CSF and
brain tissue from the AD patients (Barthélemy et al., 2016; Zhou
et al., 2018). Fragment tau26–44 in physiological conditions
is not prone to aggregation due to intrinsically disordered
structure, but it represents the minimal amino acid sequence
capable of inducing NMDA receptor-mediated neuronal death
(Amadoro et al., 2006). Chronic exposure of neuronal cultures
to tau26–44 fragment resulted in many features characteristic
of presymptomatic stages of AD pathology such as neuritic
dystrophy, breakdown of microtubules, loss of mitochondria and
impairment of oxidative phosphorylation, indicating that the
extracellularly secreted N-terminal truncated tau fragments may
largely contribute to the development of AD pathology (Atlante
et al., 2008; Florenzano et al., 2017).

The effects of copper were also studied in animal models
that mimic tau pathology (Sedjahtera et al., 2018; Ishihara et al.,
2019). For example, in 3XTg-AD mice, chronic exposure to
copper in drinking water exacerbates tau hyperphosphorylation
and upregulates cdk5 activator p25, whereas the activity of
GSK-3β remains stable. Hyperphosphorylation of tau was
detected at Ser396/Ser404 (PHF-1) epitope, indicating the
presence of late-stage pathological tau and tangle formation
(Kitazawa et al., 2009).

The impact of tau acetylation on tau’s ability to bind copper
ions and the effect of copper ions on the aggregation of
acetylated tau is largely unknown. It was recently shown that the
acetyl mimicking mutation K274Q (lysine mutated to glutamine)
enhances the binding affinity for Cu2+, and Cu2+ ions more
strongly promote aggregation of K274Q when compared to
normal tau (Rane et al., 2020). This suggests that acetylation
additionally increases Cu-induced toxicity and contributes to
neuropathological processes (Rane et al., 2020). The effect of
copper on tau glycosylation yet needs to be determined. For some
proteins, it has been shown that their glycated forms are more
prone to copper-mediated oxidation (Kobayashi et al., 1995), at
least in part via a mechanism that involves the production of
free radicals and protein cross-linking (Chace et al., 1991). Based
on these findings, it could be expected that copper will also be
capable of promoting aggregation of glycosylated tau forms.

Finally, the specific contribution of copper in glial tauopathy
remains to be determined. OS-related markers have been
observed in tauopathy of glial cells (Kahlson and Colodner,
2016), and toxic insult that increases the production of ROS
results in tau cleavage and formation of NFTs in C6 rat
astroglioma cell line (Means et al., 2017). Further studies are
needed to examine the effects of copper deregulation on glial
tauopathy. Based on the important neuron-supportive role of
glial cells, a better understanding of the OS-driven mechanisms
involved in glial tau aggregation could be critical for the
identification of novel targets for effective therapies in AD and
other tauopathies.

TARGETING COPPER LEVELS AS A
POTENTIAL THERAPEUTIC APPROACH
IN AD

Overall these findings indicate that natural or synthetic
copper chelators could be considered as potential therapeutic
agents in AD. In general, metal-targeted therapy is aimed
at metal removal or redistribution. Chelators are intended to
disrupt interactions with metal ions and specific molecules,
ultimately promoting their excretion and preventing detrimental
consequences (Esmieu et al., 2019). However, chelation therapy
has achieved controversial clinical results. For effective and
safe prolonged chelation therapy, the time of application
and dosage of chelating agents must be carefully optimized
(Hegde et al., 2009). The selectivity of metal chelation is also
essential due to the risk of general metal depletion and
interference with metal balance. As an increase in divalent
cations is characteristic for the early phase of AD, potential
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copper chelators are expected to be beneficial only for patients in
the early phase of the disease. Taken together, the development
of safe copper chelators intended for prolonged use, and directed
exclusively to the removal of copper-containing deposits in AD,
is very challenging. Nevertheless, targeting copper levels still
represents a promising option in AD, particularly considering
that increased levels of loosely bound copper are a characteristic
finding in the serum of AD patients (Bucossi et al., 2011).

Considering the multifactorial etiology of AD and numerous
mechanisms contributing to the disease development and
progression, effective therapeutic approach may rely on multi-
target drugs (Sharma et al., 2018). As various factors govern tau
pathology, copper-targeted approaches in alleviating progression
of the disease probably would be more useful if combined
with some other interventions targeting tau pathologies, such
as inhibition of tau kinases, inhibition of post-translational
tau modifications and tau aggregation, active and passive
immunotherapy and modulation of tau degradation processes,
among others. In that regard, the neuroprotective potential
of various polyphenolic compounds, such as flavonoids, has
been evaluated. These dietary antioxidants exert multifunctional
effects, i.e., they act as metal chelators, ROS scavengers, and
modulators of redox signaling (Jazvinšs ćak Jembrek et al., 2012;
Ayaz et al., 2019).

Quercetin is one of the most studied and the most potent
scavengers of ROS (Jazvinšs ćak Jembrek et al., 2012, 2014). It
prevents in vitro fibrillization of recombinant tau protein (2N4R
isoform; Kumar et al., 2019). Molecular dynamic simulations
of the tau fragment containing the R2 domain and the
306VQIVYK311 hexapeptide motif have revealed conformational
changes upon interaction with quercetin. Quercetin interacts
with tau protein in the close vicinity of the most aggregation-
prone region and stabilizes the native random coiled state of the
monomeric tau by specific hydrogen bonding and hydrophobic
interactions (Kumar et al., 2019). Furthermore, quercetin was
effective against okadaic acid-induced tau hyperphosphorylation
in HT22 mouse hippocampal cells by inhibiting cdk5 activity
(Shen et al., 2018). Chelation of quercetin to copper may inhibit
the formation of hydroxyl radicals and exhibit a protective effect
when quercetin is present in excess over copper (Jomova et al.,
2017). However, it should be kept in mind that in the presence
of copper ions quercetin may exhibit both antioxidative and
prooxidative activities, and the outcome of copper/quercetin
interactions is not straightforward (Filipe et al., 2004; Zub či ć
et al., 2020).

Another examined flavonoid is epigallocatechin-3-gallate
(EGCG) from green tea. Oral administration of EGCG in
drinking water in mice with the Swedish APP mutation
suppressed the formation of sarkosyl-soluble phosphorylated
tau isoforms and improved cognitive performance (Rezai-Zadeh
et al., 2008). In rat primary neurons EGCG increased the
clearance of phosphorylated tau species (Chesser et al., 2016) and
inhibited the aggregation of tau fragment His-K18∆K280 into
insoluble, high-molecular-weight oligomers at substoichiometric
concentrations. This fragment spans the microtubule-binding
domain of the longest human tau isoform but lacks Lys280,
and readily adopts β-sheet structures resulting in the formation

of toxic and oligomeric tau aggregates. EGCG may exert its
effects by preventing conformational changes by specifically
interacting with early aggregation intermediates and preventing
their seeding activity (Wobst et al., 2015). EGCG acts as a
ROS scavenger and prevents OS-induced DNA damage and
Aβ-induced lipid peroxidation, and increases the production
of GSH by activating the Nrf2 antioxidant pathway (Ayaz
et al., 2019). Moreover, EGCG may interfere with the Cu(II)-
induced fibrillization and aggregation of α-synuclein, whose
abnormal aggregation is characteristic of Parkinson’s disease and
reduces the generation of Cu(II)-induced production of ROS
(Teng et al., 2019).

Curcumin, an extract from the rhizome of the plant
Curcuma longa, is highly recommended as a health-promoting
polyphenolic nutraceutical. As a multi-target compound, it is also
considered for the prevention and treatment of AD. It readily
crosses the blood-brain barrier, preserves synaptic structure
and functions, and positively affects learning and memory
abilities in AD rats (Reddy et al., 2018). Curcumin has powerful
antioxidant properties. It reduces OS acting as an effective
ROS scavenger, stimulates the activity of superoxide dismutase
and catalase, elevates glutathione level, and decreases lipid
peroxidation (Chen et al., 2018). As a natural β-diketone ligand,
curcumin strongly chelates various metals, including copper.
Accordingly, it is considered that curcumin could be effective
against copper-induced neurotoxicity in AD (Wanninger et al.,
2015). In N2a/APP695swe cells and APP/PS1 transgenic mice
curcumin reduced tau phosphorylation and activity of GSK-3β

(Sun et al., 2017). Similarly, in Tg2576 mice overexpressing Aβ,
the administration of turmeric extract for 6 months reduced
the level of hyperphosphorylated tau by ∼80% (Shytle et al.,
2012). In vitro studies have shown that curcumin binds to
4R0N adult tau, prevents the formation of β-sheet structure and
inhibits tau oligomerization and filamentation, and is capable
to induce disaggregation of the preformed tau oligomers and
fibrils (Rane et al., 2017). Based on these three examples,
it is likely that natural compounds, acting as potent metal
chelators and antioxidants, could be a promising approach
in the prevention and therapy of Cu-related tau pathology.
Consequently, further studies are needed to explore and better
explain the potential beneficial effects of natural polyphenolic
compounds against copper-induced toxicity in animal models
and clinical studies.

Small synthetic ligands acting as copper chelators have
already been designed, primarily to remove copper from Aβ

aggregates. As mentioned previously, chelating molecules must
have some properties. They have to be nontoxic, capable to
cross the blood-brain barrier and bind copper with moderate
affinity. It is also important for chelating agents to chelate
unbound copper ions and sink copper ions from the deposits,
but not to remove metal ions from various metalloproteins
(Sharma et al., 2018). Probably the most studied copper-
chelating agents are clioquinol derivatives that are efficient in
removing metal ions from Aβ and disassembling of preformed
Aβ aggregates. They can improve cognitive functions in a
transgenic animal, but the evidence of their positive effects in
clinical studies is still missing (Budimir, 2011; Sharma et al., 2018;

Frontiers in Molecular Neuroscience | www.frontiersin.org 13 September 2020 | Volume 13 | Article 572308102

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles
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Esmieu et al., 2019). Regarding copper complexation and
tau pathology, few studies have been performed. In human
neuroblastoma cells incubated with excess copper for 24 h,
the increase in tau phosphorylation at AD-specific sites was
reduced by a copper complexing agent that decreased expression
of the p35/p25 activators of cdk5 (Voss et al., 2014). In the
same study, oral administration of zinc acetate in drinking
water depleted environmental brain copper levels in male
mice expressing wild-type human tau (hTau strain). Zinc
acetate increased the overall expression of tau protein and
reduced tau phosphorylation at Ser202/Thr205, Thr231, and
Ser396/Ser404 (PHF-1 epitope). Expression of p35/p25 activators
and cdk5 was unchanged, whereas GSK-3β and its inhibited form
phosphorylated at Ser9 were depleted, probably contributing to
decreased tau phosphorylation when copper levels were reduced
(Voss et al., 2014). However, these changes in expression level
and phosphorylation patterns did not improve spatial learning
and memory of 18-months-old hTau animals (Voss et al.,
2014).

In another study, it was shown that benzothiazole-containing
compounds can bind Cu2+ and form complexes with a
prominent free-radical scavenging activity. Theoretically, by
competing with tau for Cu binding, these compounds may
reduce Cu-induced damage in the brain (Geng et al., 2012). Bis(8-
aminoquinoline) ligands are yet another example of specific and
efficient Cu2+ chelators that may remove Cu2+ from amyloids
and attenuate ROS production. In a reduced environment,
they are demetallated and release copper ions that may help
in regaining copper homeostasis under reductive conditions
(Nguyen et al., 2014). Finally, an interesting study was performed
with a GSK-3β inhibitor termed CuII (gtsm). The study indicated
that delivering more copper can indirectly exert a beneficial effect
on tau pathology. CuII (gtsm) is a metal complex that delivers Cu
into cells and increases the intracellular bioavailability of copper.
When exposed to a reducing environment, CuII is reduced to
CuI and dissociates from the ligand, thus increasing levels of
copper inside the cell (Crouch et al., 2009). In SH-SY5Y cells,
CuII (gtsm) inhibited the activity of GSK-3β and decreased tau
phosphorylation at Ser404 and Ser396. By comparing effects of
CuII (gtsm) and negative control, namely, compound CuII (atsm)
that is not prone to reduction and dissociation, it was found that
increased bioavailability achieved by CuII (gtsm) is required for
the reduced activity of GSK-3β (Crouch et al., 2009).

By searching for AD-modifying therapy, a better
understanding of metal dyshomeostasis and the exact potential
of antioxidant/chelating strategies in slowing down tau-related
pathology must be further explored, particularly in preclinical
and clinical studies. Despite some promising findings, the
relevance of targeting copper levels for the improvement
or reversal of pathophysiological changes in AD is still
controversial. Due to aberrant copper homeostasis in AD,
the brain metal redistribution and re-establishing of metal
homeostasis, rather than metal removal, could be considered as
a primary goal of metal targeted strategies (Hegde et al., 2009).
It is crucial for future studies to deduce the protective potential
of copper-based strategies and to better understand the effects of
these potential approaches on the progression of tau pathology.

More pharmacological and toxicological studies are needed to
better understand the pharmacodynamic and pharmacokinetic
properties of these potential copper-modifying agents. In that
regard, the aforementioned natural compounds, applied either
alone or in a combination with some other drugs, could be a
promising approach based on their general safety and the ability
to attenuate several copper-related effects.

CONCLUSION

Deregulation of copper homeostasis promotes an OS
condition that is recognized as an early event in AD.
Copper-tau interactions represent an important molecular
factor contributing to the pathological changes in AD. Recent
findings demonstrate the catalytic role of Cu2+ in aggregation
as it triggers conformational changes of tau peptides located
in the microtubule-binding domain. Cu2+ not only promotes
aggregation but contributes to increased ROS formation,
further promoting OS conditions and neuronal damage. Metal
ion chelators and antioxidants capable to reduce copper-
mediated oxidative injury and propagation of tau aggregation
have been suggested as promising approaches in alleviating
AD progression. Natural polyphenolic compounds have metal-
chelating and antioxidative properties that make them promising
and safe multi-target drug candidates. Paradoxically, there are
reports which suggest that delivering more copper, instead of
less, might be beneficial. Further investigation of the interactions
between tau and copper might help in the development of novel
copper-chelating approaches that hopefully will modify the
progression of the disease after regaining copper homeostasis.
Based on many pathological mechanisms contributing to
AD progression, and taking into consideration that chelating
approaches must be applied with caution as chelators are not
selective and levels of copper and other metals should not be
over-reduced, a combined therapy directed against multiple
processes is expected to yield better efficacy. In that regard,
inhibitors of tau aggregation as well as dissociation agents (such
as immunotherapy), could be applied together with chelators
and antioxidative agents.
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The progressive accumulation and spread of misfolded tau protein in the nervous
system is the hallmark of tauopathies, progressive neurodegenerative diseases with
only symptomatic treatments available. A growing body of evidence suggests that
spreading of tau pathology can occur via cell-to-cell transfer involving secretion and
internalization of pathological forms of tau protein followed by templated misfolding
of normal tau in recipient cells. Several studies have addressed the cell biological
mechanisms of tau secretion. It now appears that instead of a single mechanism, cells
can secrete tau via three coexisting pathways: (1) translocation through the plasma
membrane; (2) membranous organelles-based secretion; and (3) ectosomal shedding.
The relative importance of these pathways in the secretion of normal and pathological
tau is still elusive, though. Moreover, glial cells contribute to tau propagation, and the
involvement of different cell types, as well as different secretion pathways, complicates
the understanding of prion-like propagation of tauopathy. One of the important regulators
of tau secretion in neuronal activity, but its mechanistic connection to tau secretion
remains unclear and may involve all three secretion pathways of tau. This review article
summarizes recent advancements in the field of tau secretion with an emphasis on cell
biological aspects of the secretion process and discusses the role of neuronal activity
and glial cells in the spread of pathological forms of tau.

Keywords: tau, unconventional protein secretion, membranous organelles-based secretion, extracellular vesicles,
autophagy, lysosomes, synaptic transmission, glial cells

INTRODUCTION

Neurodegenerative diseases are incurable and disabling conditions characterized by progressive
degeneration and loss of cells, structures, and functions of the nervous system. Although clinically
neurodegenerative disorders (NDDs) have a broad range of manifestations, generally they cause
progressive cognitive and motor dysfunctions (Gan et al., 2018). The majority of NDDs are
sporadic, but hereditary conditions also exist; the examples of the latter include Huntington’s
disease (HD) and spinocerebellar ataxias. Many diseases that are predominantly sporadic with the
multifactorial origin, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD), also have
familial forms, typically indistinguishable from the sporadic diseases in their clinical manifestations
and neuropathology (Lippa et al., 1996; Papapetropoulos et al., 2007). Classification of NDDs is
often done neuropathologically based on specific proteins that form insoluble protein deposits
in neurons and/or glia. Diseases with an accumulation of tau aggregates are termed tauopathies
and include AD, progressive supranuclear palsy (PSP), corticobasal degeneration (CBD),
frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17), argyrophilic
grain disease (AGD), aging-related tau astrogliopathy (ARTAG) and primary age-related tauopathy
(PART; Arendt et al., 2016). Tau aggregates and other disease-characteristic protein deposits,
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however, are not restricted to the associated clinical
profiles—they often coexist in individual patients or can
occur in non-diseased individuals (Spires-Jones et al., 2017;
Yan et al., 2020).

The common feature of multiple neurodegenerative diseases,
including tauopathies, is the progressive accumulation of
misfolded proteins in the nervous system. These misfolded
proteins or their aggregated forms can be transmitted from
affected cells to healthy cells where they can induce templated
misfolding and pathological aggregation of the same type of
protein. This cell-to-cell transmission of pathologically misfolded
and aggregated protein species is now thought to form the
mechanistic basis of disease progression in NDDs. Interestingly,
while the propagation of misfolded protein pathology appears
to be a common mechanism shared by various NDDs, many
NDDs are characterized by the aggregation of specific proteins in
distinctive neuroanatomical patterns and locations in the central
nervous system (CNS) and/or in the peripheral nervous system
(Jucker and Walker, 2013). This review article will address the
mechanisms of tau secretion, the first step in the transcellular
propagation of tau pathology.

TAU PROTEIN IN HEALTH AND DISEASE

Tau is one of the major microtubule-associated proteins (MAPs)
in neurons whose main role is to stabilize microtubules,
supporting cytoskeletal organization, and axonal transport
(Barbier et al., 2019). Recent studies, however, suggest that
instead of stabilizing microtubules, tau may enable them to
have a long labile domain, microtubule fraction with rapid
dynamics (Qiang et al., 2018). Dynamic interaction between tau
and microtubules regulates multiple cellular functions, including
neurite polarity and stability, motor-driven axonal transport of
vesicles and organelles, and, outgrowth, elongation, and guidance
of axons (Caceres and Kosik, 1990; Esmaeli-Azad et al., 1994;
Kempf et al., 1996; Takei et al., 2000; Dixit et al., 2008; Li et al.,
2014; Biswas and Kalil, 2018; Tapia-Rojas et al., 2019). In addition
to its functions as a MAP, tau also plays a role in DNA protection,
adult neurogenesis, synaptic plasticity, regulation of neuronal
activity, and insulin signaling (Hong et al., 2010; Sultan et al.,
2011; DeVos et al., 2013; Kimura et al., 2014; Marciniak et al.,
2017). Besides neurons, tau is also expressed at low levels in
oligodendrocytes and possibly astrocytes (Müller et al., 1997;
Seiberlich et al., 2015; Kovacs, 2020).

The tau protein is composed of four structurally and
functionally distinct domains: (1) N-terminal projection domain;
(2) the central proline-rich domain; (3) microtubule-binding
repeat domain (MTBD); and (4) C-terminal projection domain
(Guo et al., 2017). The primary function of the MTBD, consisting
of three or four imperfectly repeated motifs, is binding to
microtubules (Guo et al., 2017). MTBD can also bind to actin
and crosslink it with microtubules (Cabrales Fontela et al., 2017).
The N-terminal projection domain regulates the binding of tau
to microtubules and determines spacings between them (Chen
et al., 1992; Derisbourg et al., 2015). The proline-rich region
is involved in cell signaling, binding to actin and tubulin (He
et al., 2009; Arendt et al., 2016). A recent study suggested that the

proline-rich region binds tubulin stronger than MTBD and may
have a primary role in microtubule polymerization (McKibben
and Rhoades, 2019). The C-terminal projection domain also
contributes to binding of tau to tubulin and regulates tau binding
to the plasma membrane (Arendt et al., 2016; Kadavath et al.,
2018). As the structure and physiological functions of tau are
beyond the scope of the current review, the readers are referred to
excellent reviews on these topics (Arendt et al., 2016; Guo et al.,
2017; Tapia-Rojas et al., 2019).

The structure of tau is crucial for its functions, but as
tau belongs to a group of intrinsically disordered proteins
(IDPs), it has no stable sequence-defined secondary structure in
solution (Jeganathan et al., 2008). Instead, tau can rapidly adopt
multiple conformations upon interaction with multiple binding
partners, including other proteins, small molecules, membranes,
and nucleic acids (Jeganathan et al., 2008; Georgieva et al.,
2014; Qi et al., 2015; Rauch et al., 2017). Free tau protein,
however, is not entirely in a random coil form. Instead, it tends
to adopt a compact paperclip-like or S-shaped conformation,
which protects tau from aggregation by masking the regions
involved in it (Jeganathan et al., 2006; Elbaum-Garfinkle and
Rhoades, 2012; Zhu et al., 2015). Being an IDP, tau is easily
accessible to post-translational modifications, and a large and
diverse set of modifications (e.g., phosphorylation, acetylation,
methylation, ubiquitination, sumoylation, glycosylation, and
O-GlcNAcylation) are known to regulate tau function (Martin
et al., 2011; Owen and Shewmaker, 2019). Of all modifications,
phosphorylation has a particular importance, as abnormal
phosphorylation of tau strongly contributes to tau aggregation
(Alonso et al., 2001; Zhu et al., 2015). Although, a physiological
cycle of phosphorylation and dephosphorylation is necessary to
maintain biological functions of tau, in pathological conditions
a level of phosphorylation at specific disease-associated sites
increases, reducing tau’s affinity to microtubules (Biernat et al.,
1993; Bramblett et al., 1993; Sengupta et al., 1998; Cho and
Johnson, 2004; Barbier et al., 2019).

Eventually, pathologically phosphorylated (or
hyperphosphorylated) tau detaches from microtubules,
destabilizing the cytoskeleton and compromising axonal
transport (Barbier et al., 2019; Combs et al., 2019). Most
importantly, the accumulating hyperphosphorylated tau in the
cytosol may misfold resulting in the formation of tau aggregates
and fibrils, which are the most prominent hallmarks of
tauopathies (Arendt et al., 2016). Although the tau aggregation
pathway, as well as its filament structure and composition,
are not universal but specific to each tauopathy, in general,
it involves the following steps: (1) acquiring aggregation-
competent conformation that differs from the paperclip-like
conformation of physiological tau in solution; (2) formation
of dimers and small soluble oligomers (pre-tangles); and
(3) formation of filamentous inclusions (Sanders et al., 2014;
Falcon et al., 2018, 2019; Cieplak, 2019). The large insoluble
inclusions of tau, however, are not the most toxic tau species.
They may protect cells from damage by the very toxic small
soluble oligomers of tau through segregating them from the
cell environment into large insoluble inclusions (Cowan and
Mudher, 2013; d’Orange et al., 2018). Besides the intracellular
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toxicity of a certain tau species, their ability to induce damage
also depends on the ability of certain tau species to affect
neighboring cells and propagate the pathology further.

THE TAU PROPAGATION CONCEPT

The stereotypical appearance and progression of tau pathology
differ considerably between tauopathies—the pathology starts in
distinct anatomical areas and in some cases may involve glial
cells in addition to neurons (Braak and Braak, 1995; Williams
et al., 2007; Irwin et al., 2016). Nevertheless, in all tauopathies,
the spread of tau pathology correlates with the progression of the
disease and can be used for their neuropathological staging. For
instance, in AD tau pathology first appears in the transentorhinal
cortex in the medial temporal lobe (Braak stages I/II, or
preclinical AD), then it progresses to limbic regions (Braak stages
III/IV, or prodromal AD) and finally to the neocortex (Braak
stages V/VI, or clinical AD; Braak and Braak, 1995).

In Pick’s disease, tau pathology affects mainly neurons and
to a lesser extent glial cells. Tau-positive inclusions first appear
in frontotemporal limbic/paralimbic and neocortical regions,
then progress to subcortical structures, followed by the primary
motor cortex and precerebellar nuclei, and finally by the
visual cortex (Irwin et al., 2016). In PSP, tau pathology affects
both neuronal and glial cells, starting from the subthalamic
nucleus, pallidum, and substantia nigra, then progressing to the
pedunculopontine nucleus, dentate nucleus, and frontal lobe,
and finally to the temporal lobe (Williams et al., 2007). Tau
pathology in AGD initially develops at the ambient gyrus, then
progresses to the anterior and posterior medial temporal lobe,
and finally affects the septum, insular cortex, and anterior
cingulate gyrus (Saito et al., 2004). Despite the differences in
the stereotypical neuropathological patterns in these disorders,
the pathology in tauopathies, as well as in other NDDs, seems
to spread along neuroanatomically connected brain areas (Raj
et al., 2012; Pandya et al., 2017). The hypothesis of prion-like
propagation offers an elegant explanation of this phenomenon
(Mudher et al., 2017).

Prions are infectious misfolded proteins that can move from
cell to cell and transmit their misfolded conformation, ‘‘a prion
template,’’ to their native ‘‘healthy’’ versions in the previously
unaffected cells, thus propagating the pathology in a template-
directed manner (Sigurdson et al., 2019). Many proteins involved
in NDDs, including Aβ, α-synuclein (α-syn) and tau, although
they are not prions themselves, possess prion-like properties.
This means that certain misfolded forms of these proteins can
be transmitted from a diseased neuron to an unaffected neuron,
where they can induce further misfolding and aggregation of the
native forms of the protein (Jucker and Walker, 2018).

Indeed, numerous studies have demonstrated that extracts
from diseased human or mouse brain transferred to healthy
cells, intracerebrally injected or even peripherally administrated
to wild-type mice or mouse disease models, can seed and
propagate the source pathology in a prion-like manner (Kane
et al., 2000; Clavaguera et al., 2009, 2014; Lasagna-Reeves
et al., 2012; Luk et al., 2012). Furthermore, grafting of dura
matter infected with prions causing iatrogenic Creutzfeldt-Jakob

disease (iCJD), which frequently associates with Aβ deposition,
provided an opportunity to study graft to host transmission
of Aβ in the human brain (Frontzek et al., 2016; Hamaguchi
et al., 2016). Additionally, post mortem analysis of brains from
Parkinson’s and HD patients who had received embryonic tissue
grafts revealed transmission in the opposite direction, from
host to graft, of α-syn, huntingtin protein and tau (Kordower
et al., 2008; Cicchetti et al., 2014; Cisbani et al., 2017). Finally,
an examination of several cases of iCJD that appears to be
linked to the treatment in childhood with human tissue-derived
growth hormone, which may have contained CJD prions and
Aβ, suggested that Aβ may also traffic from the periphery
to the brain and induce Aβ pathology (Ritchie et al., 2017;
Purro et al., 2018).

THE MECHANISM OF TAU PROPAGATION

The prion-like propagation of tauopathies involves the following
steps: (1) generation of a seed, a tau unit able to propagate the
pathology; (2) secretion of seed-competent tau from a diseased
cell; (3) uptake of seed-competent tau by an unaffected cell;
and (4) templated misfolding generating new tau seeds in the
recipient cell.

For tau, a single misfolded protein in a specific conformation
can seed aggregation (Michel et al., 2014; Mirbaha et al., 2018;
Sharma et al., 2018). Seed-competent tau monomers have been
reported to form morphologically distinct ‘‘strains’’ in different
tauopathies, meaning that a conformation of tau in a given seed
will define the distinct type of inclusions, rate of spread, and
pattern of the neuropathological lesion in each disease (Sanders
et al., 2014; Kaufman et al., 2016; Narasimhan et al., 2017; Sharma
et al., 2018). All these properties can be replicated in the process
of cell-to-cell transmission in vitro and in vivo. Indeed, numerous
studies have demonstrated that intracranial injections of tau
strains derived from distinct tauopathies into healthy wild-type
animals resulted in the development of patterns of tau pathology
similar to the source tauopathy (Clavaguera et al., 2013; Sanders
et al., 2014; Boluda et al., 2015; Kaufman et al., 2016; Narasimhan
et al., 2017). Additionally, exposure of cultured cells to distinct
tau strains resulted in the formation of morphologically similar
tau inclusions as in the source tauopathy, and this process
could be faithfully replicated in vivo over many generations
of mice (Sanders et al., 2014). Interestingly, while tau in AD
forms a single strain, tau in CBD forms three sub-strains
and monomers from any of these strains can induce the
formation of all three sub-strains when inoculated into naïve cells
(Sharma et al., 2018).

Pathogenic seeds need to exit donor cells for tau pathology
to propagate. They can follow one of the several potential
secretion pathways to reach the extracellular. The possible
mechanisms of tau secretion include: (1) translocation through
the plasma membrane; (2) membranous organelle-based
secretion (MOBS); and (3) ectosomal secretion (Lonati
et al., 2018; Kang et al., 2019; Pernègre et al., 2019). These
secretion mechanisms of tau are reviewed in more detail in the
following sections.
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Tau does not spread randomly but appears to follow a disease-
specific spatiotemporal pattern based on anatomically connected
neuronal networks, meaning that a presynaptic neuron secretes
tau and a post-synaptic neuron takes it up. Neuronal activity
may play an important role in the trans-synaptic transfer, as
it has been demonstrated to stimulate both tau secretion by
neurons and tau propagation in tissue (Pooler et al., 2013;
Yamada et al., 2014; Wu et al., 2016). The activity-stimulated
trans-synaptic transfer, however, may not be the only way of
cell-to-cell transmission of tau, as the process is known to occur
also in a retrograde direction along a neuronal network. Thus,
interstitial diffusion or microglia-assisted mechanisms also likely
contribute to the propagation process (Ahmed et al., 2014; Asai
et al., 2015; Takeda et al., 2015).

Secreted tau reaches the surface of a recipient neuron in
either free naked form or inside of extracellular vesicles. Recent
studies have shown that both aggregated and monomeric free tau
can be internalized by rapid dynamin-dependent endocytosis,
independent of clathrin, while monomeric tau can also undergo
slower actin-dependent macropinocytosis (Holmes et al., 2013;
Wu et al., 2013; Evans et al., 2018). M1/M3 muscarinic
receptor and low-density lipoprotein receptor-related protein
1 (LRP1) may serve as receptors that trigger tau endocytosis
(Morozova et al., 2019; Rauch et al., 2020). Cell-surface heparan
sulfate proteoglycans (HSPGs), e.g., syndecans, also facilitate
endocytosis by recruiting tau molecules to the plasma membrane
(Holmes et al., 2013; Rauch et al., 2018; Hudák et al., 2019; Zhao
et al., 2020). In both internalization pathways, tau enters the
cytosol of recipient neurons inside vesicular structures, either
endosomes or macropinosomes, but later it escapes these vesicles,
possibly by permeabilization of the endosome membrane to get
access to native tau in the cytosol to initiate templated misfolding
(Calafate et al., 2016).

Tau secreted inside vesicles, such as exosomes, undergoes
uptake by recipient cells as well (Polanco et al., 2016; Wang
et al., 2017). Although these pathways have not been
specifically demonstrated for tau internalization, cells can
internalize extracellular vesicles by multiple pathways, including
clathrin-dependent and clathrin-independent endocytosis,
macropinocytosis, phagocytosis, cholesterol/sphingomyelin
rich domains-mediated internalization, and membrane fusion
(Mulcahy et al., 2014).

Besides secretion and uptake, tau transfer can occur via
tunneling nanotubes, filamentous actin-containing membranous
structures that transiently connect cytosols of cells and mediate
the selective transfer of organelles, vesicles, proteins, and small
molecules between connected cells (Abounit et al., 2016b;
Tardivel et al., 2016; Ariazi et al., 2017). Furthermore, tau
and other prion-like proteins implicated in neurodegenerative
diseases do not only use tunneling nanotubes for transfer but also
promote their formation and, therefore, their transfer between
cells (Costanzo et al., 2013; Abounit et al., 2016a,b; Tardivel et al.,
2016; Rostami et al., 2017). In theory, tau can be transferred
between cells through the tunneling nanotubes both as a free
protein or inside of vesicular structures such as late endosomes
(LE)/lysosomes. Readers interested in more detailed reviews
in the field of tau propagation are referred to the following

insightful articles (Goedert et al., 2017; Mudher et al., 2017;
Jucker and Walker, 2018; Gibbons et al., 2019; Peng et al., 2020).

TAU SECRETION

Proteins can be secreted to the extracellular space via
multiple mechanisms classified as either conventional/classical
or unconventional pathways. The vast majority of secreted
proteins follow a well-studied conventional secretory route, also
known as the endoplasmic reticulum (ER)-Golgi pathway. This
pathway is devoted to proteins that contain a signal peptide (also
known as a leader sequence), generally at the N-terminus.

Proteins without a signal peptide (also called leaderless
proteins) can follow one of four unconventional secretory
pathways: (1) direct translocation through the plasma membrane
through a self-made pore; (2) ATP-binding cassette (ABC)
transporter-based secretion; (3) membranous organelles-
based unconventional secretion (MOBS); and (4) microvesicle
shedding at the plasma membrane (Nickel and Rabouille, 2009;
Rabouille, 2017; Lee and Ye, 2018). While the first two pathways
always result in the secretion of a protein to the extracellular
space in a free form, non-bound to any vesicles, the third
pathway may result in the secretion of either free protein or a
protein inside the small vesicles called exosomes. The fourth
pathway always results in the secretion of a protein inside
large membrane-derived vesicles, called ectosomes. A common
feature of the unconventional protein secretion pathways is that
in most cases they are induced by various types of cellular stress
(Giuliani et al., 2011; Kim et al., 2018).

Tau being a cytosolic leaderless protein, normally bound
to microtubules is anticipated to follow the unconventional
secretory pathways. Indeed, several studies have demonstrated
that tau does not follow the ER-Golgi pathway for secretion
but multiple unconventional secretory pathways (Figure 1; Chai
et al., 2012; Karch et al., 2012; Plouffe et al., 2012; Dujardin et al.,
2014; Tang et al., 2015; Fontaine et al., 2016; Katsinelos et al.,
2018; Merezhko et al., 2018). Interestingly, it appears that out
of these four unconventional secretory pathways for cytosolic
proteins, only ABC transporter-based secretion, dedicated to
acylated peptides and proteins (Rabouille et al., 2012), has
never been shown to mediate tau secretion. It should be
emphasized that so far tau secretion via unconventional secretion
pathways has been demonstrated only with in vitro models.
Table 1 summarizes findings from the key studies addressing tau
secretion mechanisms.

DIRECT TRANSLOCATION THROUGH THE
PLASMA MEMBRANE

Some cytosolic leaderless proteins translocate directly across
the plasma membrane to reach the extracellular space as
a free protein. The most studied protein that follows this
secretory pathway is fibroblast growth factor 2 (FGF2), a
secreted growth factor that lacks a signal peptide (Steringer
and Nickel, 2018). FGF2 secretion involves the following key
steps: (1) recruitment of FGF2 to the plasma membrane by
interaction with PI(4,5)P2 and the Na/K-ATPase (ATP1A1;

Frontiers in Molecular Neuroscience | www.frontiersin.org 4 September 2020 | Volume 13 | Article 569818112

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


Merezhko et al. The Cell Biology of Tau Secretion

FIGURE 1 | Pathways involved in tau secretion. (1) Direct translocation
through the plasma membrane involves the interaction of tau with specific
lipids, such as PI(4,5)P2 (not shown), at the inner leaflet of the plasma
membrane and interaction with HSPGs at the outer leaflet of the plasma
membrane that facilitates the release of tau to the extracellular space.
(2) Exosomal secretion involves tau uptake into intraluminal vesicles (ILVs) of
LE/Multivesicular bodies (MVBs) by their inward budding and subsequent
release of these ILV (now termed exosomes) via fusion of LE/MVBs with the
plasma membrane. (3) Autophagy-based secretion involves sequestration of
tau by an expanding phagophore and fusion of the resulting autophagosome
with the plasma membrane to release tau. Autophagosome may also first
fuse with LE/MVB on its pathway to the plasma membrane.
(4) LE/lysosome-mediated secretion (misfolding-associated protein secretion,
MAPS) involves the capture of tau by USP19 at the ER membrane,
subsequent translocation of tau into the lumen of closely contacting
LE/lysosomes, facilitated by Hsc70 and its LE/Lys chaperone DNAJC5, and
fusion of LE/lysosome with the plasma membrane to release vesicle-free tau.
(5) Ectosomal secretion involves the budding of tau-containing extracellular
vesicles directly from the plasma membrane to release tau inside vesicles,
which are typically larger than exosomes and have different membrane
compositions. AP, autophagosome; EE, early endosome; HSPG, heparan
sulfate proteoglycans; LE, late endosome; MVB, multivesicular body.

Temmerman et al., 2008; Zacherl et al., 2015);
(2) phosphorylation of FGF2 by the Tec-kinase (Ebert
et al., 2010); (3) PI(4,5)P2-dependent oligomerization of
FGF2 and membrane pore formation (Steringer et al., 2012);
and (4) binding to heparan-sulfate chains of cell surface HSPGs
resulting in translocation of FGF2 molecules to the extracellular
side (Zehe et al., 2006; Nickel, 2007; Steringer and Nickel, 2018).
Another well-studied protein that follows this secretory pathway
is the human immunodeficiency virus type 1 transactivator of
transcription (HIV-Tat), whose secretion is similar to FGF2 with
some distinctive features (Rayne et al., 2010; Zeitler et al., 2015;
Agostini et al., 2017). Recent studies in immortal cell lines and
rodent neuronal cultures suggest that another protein that can
follow this unconventional secretory pathway is tau (Katsinelos
et al., 2018; Merezhko et al., 2018).

The first hint for direct secretion came from the observation
that the majority of tau in the extracellular media or human
CSF appears as vesicle-free protein (Chai et al., 2012; Karch
et al., 2012; Plouffe et al., 2012; Dujardin et al., 2014; Yan et al.,

2016; Wang et al., 2017; Guix et al., 2018; Katsinelos et al.,
2018). Besides translocation through the plasma membrane,
however, free tau may originate from autophagy-based secretion
and LE/lysosomal secretion, two sub-types of MOBS. Tau
secretion, however, was shown to be independent of Ca2+ and
ATP, strongly suggesting that the process does not involve
membrane fusion events in these cells, which excludes MOBS
(Karch et al., 2012; Merezhko et al., 2018). Further, tau was not
found to localize in vesicles, multivesicular bodies (MVBs), or
any other intracellular vesicular compartments in cultured cells
and was found only in minute quantities in exosomal media
fraction produced by tau-expressing cells (Katsinelos et al., 2018;
Merezhko et al., 2018). Tau localization at the plasma membrane,
on the other hand, has been commonly observed.

The further similarities between the secretion of FGF2 and tau
all point out to the ability of tau to follow an FGF2-like secretion
pathway. First, tau secretion, as well as FGF2 secretion, involves
PI(4,5)P2 (Katsinelos et al., 2018). Katsinelos et al. (2018)
demonstrated that tau could bind to immobilized PI(4,5)P2
and this binding seemed to be required for binding of tau
to the membrane. Furthermore, treatment with an antibiotic
that blocks the interaction of proteins with phosphoinositides
suppressed secretion of phosphomimetic mutant of tau in
cultured cells (Katsinelos et al., 2018). Tau binding to the plasma
membrane, however, may not solely rely on PI(4,5)P2, as is the
case with FGF2, but resembles HIV-Tat protein, which can bind
to a range of acidic membrane lipids at the inner leaflet of the
plasma membrane (Temmerman et al., 2008; Zeitler et al., 2015;
Katsinelos et al., 2018).

Binding of FGF2 to PI(4,5P)2 seems to be facilitated by
cholesterol and sphingomyelin, although both lipids are not
essential for the process (Temmerman et al., 2008; Steringer et al.,
2017). Accordingly, both cholesterol and sphingomyelin also
support the secretion of tau (Merezhko et al., 2018). Cholesterol
and sphingomyelin may exert their effect via the formation
of cholesterol/sphingomyelin-rich microdomains that cluster
together molecular components required for FGF2 and tau
secretion such as PI(4,5)P2 (Pike and Miller, 1998; Johnson et al.,
2008). Indeed, several studies have reported that tau localizes
to cholesterol/sphingomyelin-rich membrane microdomains in
the brain of AD patients, mouse models of AD, and in
cell culture (Kawarabayashi et al., 2004; Hernandez et al.,
2009; Collin et al., 2014). Furthermore, tau was shown to
localize to the plasma membrane in small clusters, which
could represent cholesterol/sphingomyelin-rich microdomains
(Merezhko et al., 2018).

Second, the secretion of both FGF2 and tau involves
phosphorylation (Plouffe et al., 2012; Katsinelos et al., 2018;
Merezhko et al., 2018). Although FGF2 secretion requires
specific phosphorylation by the Tec-kinase at tyrosine 82,
phosphorylation at multiple sites seems to drive tau secretion
(Ebert et al., 2010; Plouffe et al., 2012; Katsinelos et al., 2018;
Merezhko et al., 2018). Accordingly, as compared to wild-type
tau, the expression of a phosphomimetic mutant of tau resulted
in a higher level of tau detected at the extracellular side of the
plasma membrane and in the extracellular media (Plouffe et al.,
2012; Katsinelos et al., 2018).
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Third, tau may undergo secretion via the formation
of a transient membrane pore similar to FGF2 (Steringer
et al., 2012). Tau has been shown to disrupt membranes by
forming pore-like amyloid structures, and post-translational
modifications and pathological mutations enhanced this process
(Lasagna-Reeves et al., 2014; Patel et al., 2015). Katsinelos
et al. (2018) also reported that tau binding to PI(4,5)P2-
containing LUVs was accompanied by local disruption of the
membrane integrity. Additionally, tau secretion may involve
the formation of intermolecular disulfide bridges as occurs
with FGF2 secretion (Müller et al., 2015). Indeed, two
cysteine residues located in the R2 and R3 microtubule-
binding repeats of tau are known to form intermolecular
disulfide bridges in tau dimerization and disulfide cross-linked
tau dimer were shown to have higher seeding efficiency
(Bhattacharya et al., 2001; Kim et al., 2015). The requirement of
disulfide bridge formation in tau secretion, however, remains to
be demonstrated.

Lastly, similarly to FGF2, tau secretion involves HSPGs
on the cell surface, as a decrease in cell surface HSPG level
effectively suppressed tau secretion, which was also observed
in a cell line deficient in proteoglycan biosynthesis (Katsinelos
et al., 2018; Merezhko et al., 2018). Interestingly, even the
presence of HSPG on neighboring cells was sufficient to
facilitate tau secretion (Katsinelos et al., 2018). As tau can
bind to HSPG polysaccharides in vitro (Goedert et al., 1996;
Hasegawa et al., 1997), it seems plausible that HSPG on
the extracellular side of the plasma membrane could bind
to the membrane-embedded tau and facilitate its extraction
to the extracellular space, similar to FGF2 secretion process
(Steringer and Nickel, 2018).

Importantly, tau secreted via membrane translocation can
enter recipient cells and induce tau aggregation, implying the
potential role of this secretory mechanism in tau propagation
(Katsinelos et al., 2018; Merezhko et al., 2018).

MEMBRANOUS ORGANELLE-BASED
SECRETION (MOBS)

Although MOBS comprises several mechanisms, all of them
follow the same basic principle. First, the secreted cytosolic
protein enters a carrier organelle, which subsequently fuses with
the plasma membrane, releasing its content into extracellular
space (Figure 1, pathways 2–4).

Cytosolic proteins can be taken up into intraluminal vesicles
(ILVs) by inward budding of late endosomes (LE)/MVBs,
which may then fuse with the plasma membrane to release
the ILVs to the extracellular space (the secreted ILVs are
called exosomes; Nickel and Rabouille, 2009; Rabouille,
2017). Another option for a cytosolic protein is to enter
the lumen of a LE/lysosome (Rabouille, 2017; Lee and
Ye, 2018). Alternatively, an expanding phagophore may
sequester cytosolic proteins, leading to the formation of an
autophagosome, which fuses with the plasma membrane
instead of a lysosome, also releasing its content to the
extracellular space (Claude-Taupin et al., 2017; Rabouille, 2017).
Cytosolic proteins may also enter the lumen of phagophores
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instead of their cytosolic interior and therefore occupy space
between the autophagosome outer and inner membranes
(Zhang et al., 2015).

Therefore, at least three MOBS sub-pathways exist: exosome-
based, autophagy-based, and LE/lysosome-based secretion
pathways (Rabouille, 2017; Lee and Ye, 2018). Although
it seems that such separation mainly originates from an
organelle that fuses with the plasma membrane, the actual
difference is the organelle entry mechanism for cytosolic
proteins. Thus, exosomal or MVB-based secretion implies the
entry of the cytosolic protein into ILVs during the process
of inward budding, while LE/lysosomal secretion implies
the entry to the lumen of LE/lysosome directly through its
membrane, and autophagosome-based secretion—through
the formation of a phagophore. The entry mechanism also
determines if the contents are secreted in a free form or
inside vesicles.

These sub-pathways, however, do not function independently
but rather co-operate dynamically, potentially releasing a
mixed population of cargo that has entered the organelles
by alternative pathways, which creates challenges in their
mechanistic investigation (Lee and Ye, 2018; Xu J. et al., 2018).
For example, autophagosomes can fuse with LE/MVBs, or
LE/MVBs may contain not only ILVs formed by inward budding
but also free luminal proteins that translocated through its
membrane (Claude-Taupin et al., 2017; Lee and Ye, 2018; Xu J.
et al., 2018). In these two cases, the fusion of the organelles with
the plasma membrane may release the secretory proteins both
inside the vesicles and in a free form.

The endosomal-lysosomal pathway is of great interest in the
context of tau secretion, as it is closely related to MOBS. The
endosomal-lysosomal pathway comprises several very dynamic
compartments, undergoing continuous transformation and
exchange of materials. These compartments are early endosome
(EE), MVB, LE, and lysosome.

EE, the first organelle in the endosomal-lysosomal pathway,
receives the cargo material via fusion with multiple endocytic
vesicles from several internalization routes and sorts the cargo
between tubular extensions and cisternal regions to forward them
for recycling to the plasma membrane and degradation pathways,
respectively (Jovic et al., 2010; Naslavsky and Caplan, 2018). The
membrane in the cisternal region of EE buds inward generating
ILVs comprising membrane cargo that have to be degraded
(Scott et al., 2014). This part of EE detaches, or matures, from
the EE and becomes an MVB (Scott et al., 2014).

MVBs, LEs, and lysosomes are part of a continuum of the
endolysosomal system and can be difficult to distinguish when
defining a secretion mechanism. They share many markers
complicating their identification by immunochemical methods.
Different cell types may also present these organelles very
differently. Nevertheless, the transition from EE to MVBs, LEs,
and lysosomes involve the decrease in luminal pH due to activity
of vacuolar H+-ATPase (V-ATPase), generation of additional
ILVs, change of membrane proteins and lipids, and acquisition
of acid hydrolases (Huotari and Helenius, 2011). For this review,
we will use terms MVBs and LEs interchangeably and the
term LE/lysosome to describe the degradative compartment

including LE, lysosomes, and organelles with characteristics
of both.

Exosome-Based Secretion
Inward budding of the endosomal membrane captures cytosolic
proteins and traps them inside of ILVs. Forming ILV can
sequester a random portion of the cytosol, thus acquiring
material unselectively, or work with high precision to acquire
specific molecules (Sahu et al., 2011; Villarroya-Beltri et al.,
2014). For example, cytosolic proteins containing KFERQ
sequence motif are selectively delivered into the forming ILVs by
the cooperation of the cytosolic chaperone Hsc70 and endosomal
sorting complexes required for transport (ESCRTs), which play
an important role in the formation of these vesicles (Sahu
et al., 2011; Hurley, 2015). Naturally, not only cytosolic proteins
are selectively acquired by forming ILVs, but also membrane
proteins, lipids, and RNAs.

The resulting MVBs would either fuse with a lysosome to
degrade their contents, or fuse with the plasma membrane and
release the ILVs into the extracellular space. The mechanism
that regulates the ‘‘fusion fate’’ of MVBs is not clear. One
possibility is the existence of special populations of MVBs that
can fuse with the plasma membrane; these populations may
arise from different sorting mechanisms, resulting in distinct
cargo inside of ILVs and the distinct fate of MVBs. For instance,
sorting of proteins for degradation may occur via ESCRT-
dependent ILVs, giving rise to a population of MVBs that fuses
with lysosomes; while sorting of proteins for secretion may
occur via lipid microdomain-dependent ILVs, giving rise to
a population of MVBs that fuses with the plasma membrane
(Trajkovic et al., 2008). Furthermore, the lipid microdomains
on the membrane of MVBs may also control their fusion with
the plasma membrane, thus providing secretion of specific cargo
(Möbius et al., 2002). Nevertheless, MVBs aimed for secretion
translocate along microtubules, dock at the plasma membrane,
and undergo Ca2+-regulated fusion, which is dependent on
soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNAREs), providing multiple additional levels of
regulation of exosomal secretion (Hessvik and Llorente, 2018).

Exosome-dependent secretion is the first proposed and
perhaps the most studied mechanism for tau secretion (Saman
et al., 2012). Endogenous and overexpressed tau have been
detected in exosomes from immortal cell lines, rodent neuronal
cultures, human iPSC neurons, mouse brain, and from CSF of
AD patients (Saman et al., 2012; Dujardin et al., 2014; Tang
et al., 2015; Polanco et al., 2016; Wang et al., 2017; Guix et al.,
2018). Conversely, a large number of studies failed to detect
either endogenous or overexpressed tau in exosomes from the
culture media of cell lines or rodent primary neurons (Fauré
et al., 2006; Chai et al., 2012; Karch et al., 2012; Plouffe et al.,
2012; Santa-Maria et al., 2012). Other studies, however, reported
a presence of a small pool of extracellular tau inside the vesicles
(generally less than 10% of total extracellular tau) from both cell
and animal models, and human CSF (Chai et al., 2012; Wegmann
et al., 2016; Yan et al., 2016; Wang et al., 2017; Guix et al., 2018;
Katsinelos et al., 2018).
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Although the physiological secretion of tau may occur via the
exosomal pathway, multiple studies emphasize the importance
of exosomal secretion in the propagation of tau pathology. First,
several recent studies have indicated that the exosomal secretion
mechanism contributes to tau secretion more extensively in
pathological conditions (Dujardin et al., 2014; Fiandaca et al.,
2015; Winston et al., 2016; Wang et al., 2017). Furthermore,
exosomes from the CSF of AD patients or controls contained
a higher percentage of oligomerized tau than a non-exosomal
portion (Wang et al., 2017). Additionally, neuronally derived
extracellular vesicles (NDEVs) from patients with mild cognitive
impairment (MCI), AD and AD model systems were able to
deliver pathological tau to unaffected cells, seed tau aggregation
in cell culture and in wild type mice, and induce long-distance
propagation of tau pathology (Baker et al., 2016; Polanco et al.,
2016; Winston et al., 2016, 2019; Wang et al., 2017). In addition
to that, uptake and seeding of aggregation occurred with higher
efficiency with exosomal tau as compared with free tau (Asai
et al., 2015; Yan et al., 2016; Wang et al., 2017). Finally, inhibition
of exosome formation blocked tau propagation in a mouse
model (Asai et al., 2015). Thus, although the exosomal pathway
contributes to the secretion of only a minor portion of tau, it still
may play an important role in the propagation of the pathology.

Autophagy-Based Secretion
Macroautophagy (from here referred to as autophagy) is a
lysosomal degradative pathway in which double-membrane
structures, called autophagosomes, isolate cytosolic constituents
and typically deliver them to lysosomes for degradation by
lysosomal enzymes in a resulting organelle called autolysosome
(Dikic and Elazar, 2018). Alternatively, autophagosomes may
first fuse with MVBs to form the amphisomes, which
subsequently fuse with lysosomes to finally degrade the cargo
(Berg et al., 1998). Nonselective degradation of cytosolic material
by autophagy provides nutrients to maintain cellular homeostasis
and protect the cell from damage under various conditions of
cellular stress, such as amino acid or energy shortage (Dikic
and Elazar, 2018). Autophagy also protects cells from harmful
cytosolic material, such as protein aggregates or damaged
organelles, by highly selective elimination of these structures
(Dikic and Elazar, 2018).

Degradation of the captured material, however, is not
the only possible outcome of autophagy. Instead of fusion
with lysosomes, autophagosomes may release their content to
the extracellular space by fusion with the plasma membrane
(Claude-Taupin et al., 2017). Among the known cargo of
secretory autophagy in mammals are phospholipid-binding
protein Annexin A2 (ANXA2), aggregation-prone α-syn, and the
most studied protein in the context of secretory autophagy in
mammals—the proinflammatory cytokine IL-1β (Dupont et al.,
2011; Ejlerskov et al., 2013; Öhman et al., 2014; Chen et al., 2017;
Minakaki et al., 2018).

An intriguing question in the field of secretory autophagy is
when and how the two autophagy pathways diverge. The precise
mechanism that separates these pathways is still rather elusive,
but several recent articles are starting to shape our understanding
of the machinery that mediates secretory autophagy. It appears

that the differences may originate at the stage of the cargo
selection in the expanding phagophore. In selective autophagy,
unique or tag-specific autophagy receptors simultaneously bind
the cargo material and autophagy-related protein 8 (ATG8)-
family proteins on the phagophore membrane, thus tethering the
cargo to the phagophore (Zaffagnini and Martens, 2016). Kimura
et al. (2017) have recently identified the first autophagy receptor
specific for the secretory autophagy of IL-1β in response to
lysosomal damage—TRIM16 (Kimura et al., 2017). This receptor
tethers activated IL-1β and result in different utilization of the
SNAREs by an autophagosome to mediate the fusion with the
plasma membrane instead of a lysosome.

Although multiple aspects of the secretory autophagy remain
unclear, several recent articles imply that tau may also follow this
secretory pathway. Indeed, the accumulation of autophagosomes
and the presence of tau in these structures is a prominent feature
in AD and other tauopathies, so it would not be surprising if
some of these structures would be redirected for secretion (Piras
et al., 2016). Furthermore, a recent study presented electron
microscopy images of presumably tau-containing autophagic
vacuoles approaching the plasma membrane and possibly
releasing free tau in neuroblastoma cells (Tang et al., 2015).

Accumulation of autophagosomes that can be redirected for
secretion in tauopathies may arise from enhanced induction
of autophagy, impaired lysosomal clearance, or a combination
of both. In several studies in neuroblastoma cells and rodent
primary neuron cultures, induction of autophagy by either
starvation or pharmacological agents was shown to enhance tau
secretion, while inhibition of autophagy suppressed it (Mohamed
et al., 2014; Lonati et al., 2018; Kang et al., 2019). In other
studies, however, the inverse relationship between the induction
of autophagy and tau suppression was observed (Tang et al.,
2015; Chen et al., 2020). The conflicting results might arise from
the dual role of autophagy in tau pathophysiology. Although
in any case induction of autophagy results in autophagosome
accumulation, the organelles may be directed for degradation
or secretion, yielding opposing results on tau secretion. For
instance, in one of the studies, where induction of autophagy by
oxygen-glucose deprivation in rodent neuronal culture resulted
in elevated tau secretion, activation of caspase-3 was reported,
which redirects autophagy from degradation to secretion (Sirois
et al., 2012; Lonati et al., 2018).

The accumulation of autophagosomes apparent in
tauopathies may result not only from increased induction
of autophagy but also from impaired lysosomal degradation.
Indeed, impairing autophagosome-lysosome fusion or inhibition
of lysosomal function both enhanced tau secretion, as was
the case for the α-syn (Ejlerskov et al., 2013; Mohamed et al.,
2014; Kang et al., 2019; Chen et al., 2020). Such manipulations,
however, are not that straightforward to interpret, as they may
also affect lysosomal secretion.

Interestingly, amphisomes can also secrete their content upon
fusion with the plasma membrane and it appears that both tau
and α-syn may undergo secretion in these organelles (Claude-
Taupin et al., 2017; Lonati et al., 2018; Minakaki et al., 2018).
Lonati et al. (2018) demonstrated that induction of autophagy
by starvation, though enhanced secretion of free tau, elevated
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the secretion of vesicular tau to a greater extend. They also
demonstrated the increase of autophagosome marker LC3 in
these extracellular vesicles, which implies the possibility of tau
secretion via amphisomes. Although it is also possible that the
majority of tau may arrive in amphisomes via MVBs instead
of autophagosomes since starvation is known to direct MVBs
from exosomal release to fusion with autophagic vacuole to form
amphisomes (Fader et al., 2008).

Currently, it is still unclear if tau uses autophagosomes
as a carrier in the secretion process. Factors that complicate
interpretation of this data include: (1) localization of tau in
autophagosomes and amphisomes could simply reflect tau
degradation by autophagy; (2) altering the level of autophagy-
related proteins may have an impact on other processes in cells;
and (3) close connection between autophagy and other pathways
of unconventional secretion (Xu J. et al., 2018).

Late Endosomal/Lysosomal Secretion
In some cells (including immune cells, astrocytes, and
catecholaminergic neurons) specialized secretory lysosomes
(called lysosome-related organelles) execute regulated secretion
(Luzio et al., 2014). Conventional LEs/lysosomes in other cell
types, however, are also able to secrete their content (Luzio et al.,
2014; Lee and Ye, 2018). Besides having a role in unconventional
protein secretion, this process is also essential for plasma
membrane repair (Samie and Xu, 2014).

Chaperone-mediated autophagy (CMA) delivers cytosolic
proteins into the LE/lysosomes (Lee and Ye, 2018). Regularly,
CMA involves the recognition of cytosolic proteins containing
a KFERQ-like motif by heat shock cognate 71 kDa protein
(Hsc70) and its co-chaperones, followed by unfolding-coupled
translocation to the lumen of LE/lysosome mediated by LAMP2A
protein on the membrane of this organelle (Kaushik et al., 2011).
LE/lysosomal secretion of misfolded proteins involves a similar
organelle entry mechanism, which is called the misfolding-
associated protein secretion pathway (MAPS). During cellular
stress and overloading of the ubiquitin-proteasome system,
MAPS functions to translocate misfolded cytosolic proteins,
including tau and other neurodegeneration disease-associated
proteins, to LEs/lysosomes for secretion to extracellular space
(Fontaine et al., 2016; Lee et al., 2016). In this pathway,
ubiquitin carboxyl-terminal hydrolase 19 (USP19) uses its
chaperone activity to capture a misfolded cytosolic protein
at the extracellular surface of the ER (Lee et al., 2016).
Following capture, Hsc70 and it’s co-chaperone DnaJ heat shock
protein family member C5 (DNAJC5) translocate the cargo
protein into the lumen of LE/lysosome that associates with
ER; in this process, DNAJC5 translocates into the lumen of
LE/lysosome and undergoes secretion together with a cargo
protein (Xu Y. et al., 2018).

Although this mechanism reminds CMA as it also utilizes
Hsc70 and involves a protein translocation through the
LE/lysosomal membrane, MAPS is very different (Lee and
Ye, 2018). CMA pathway captures proteins containing the
KFERQ-like motif and requires unfolding during translocation,
while the MAPS pathway is specific for misfolded proteins and
can translocate them to LE/lysosome without unfolding (Chiang

and Dice, 1988; Lee et al., 2018). These pathways also have
opposing regulatory mechanisms; for example, cellular starvation
activates CMA but inhibits the MAPS pathway (Cuervo et al.,
1995; Lee et al., 2018).

Besides cargo loading, LE/lysosomal secretion involves three
additional steps, the same as in exosomal secretion. First,
upon stimulation LEs/lysosomes are transported along the
microtubules from perinuclear and cytosolic areas to the cell
periphery; this translocation changes the properties of these
organelles (Spampanato et al., 2013; Johnson et al., 2016; Pu et al.,
2016). Peripheral LEs/lysosomes are less acidic, have impaired
proteolytic activity, and have a slightly different composition,
compared to perinuclear ones (Johnson et al., 2016). Following
tethering, LEs/lysosomes are tightly docked to the plasma
membrane by the preassembly of the SNARE complex, consisting
of LE/lysosomal VAMP7 or VAMP8 and the plasma membrane
SNAP23 and possibly syntaxin-4 (Rao et al., 2004; Samie and
Xu, 2014; Fontaine et al., 2016; Lee et al., 2016). In the last
stage, LE/lysosomes fuse with the plasma membrane; the fusion is
triggered by a localized rise in intracellular Ca2+ level (Rodríguez
et al., 1997; Reddy et al., 2001; Savina et al., 2003; Liu et al., 2011;
Medina et al., 2011).

Originally, two publications suggested that tau can undergo
secretion via the MAPS pathway at least in various in vitro
models (see Table 1, Fontaine et al., 2016; Xu Y. et al., 2018). In
2016, Fontaine and colleagues (Fontaine et al., 2016) described
a mechanism of tau secretion that depends on DNAJC5-
Hsc70 complex and involves encapsulation of cargo to an
unidentified membranous compartment that fuses with the
plasma membrane. At the same time, Lee et al. (2016) described
a USP19-dependent mechanism for the selective secretion of
misfolded proteins and named this pathway the MAPS (Lee
et al., 2016). Only the extensive results obtained by Xu Y.
et al. (2018) 2 years later, however, allowed to realize that the
mechanism described by Fontaine is MAPS and that tau is
one of the MAPS cargos. Additional support for these findings
came from Rodríguez et al. (1997), showing that Rab7 GTPase
positively regulates the secretion of free tau, suggesting the
contribution of LE/lysosomes in the secretion as Rab7 is essential
for their maturation and trafficking (Rodriguez et al., 2017).
Nevertheless, the role of LE/lysosomes in tau secretion remains
poorly understood and further studies are required to shed more
light on the mechanisms of the MAPS pathway.

Interestingly, a recent study by Wiersma et al. (2019) may
explain why some LEs/lysosomes are rerouted for exocytosis
in tauopathies. In this study, seeding of tau pathology
induced the formation of LE/lysosomal structures with a
dense core consisting of degraded endocytic material, called
granulovacuolar degeneration bodies (Wiersma et al., 2019). As
these structures seem to appear in neurons at early stages of tau
pathology development, before the formation of tau aggregates, it
may suggest that LE/lysosomes are facing a shortage of lysosomal
enzymes when attempting to degrade early pathogenic tau
species (Köhler, 2016). To eliminate tau in such circumstances,
LEs/lysosomes may activate the MAPS pathway to compensate
for the shortage of lysosomal enzymes. Prior secretion, however,
LE/lysosome may truncate tau before its MTBD, making the
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secreted species seeding-incompetent and, therefore, alleviating
intracellular tau pathology and tau spreading in the same time
(Xu et al., 2020).

ECTOSOME SHEDDING AT THE PLASMA
MEMBRANE

Exosomes are not the only type of extracellular vesicles that
are used for the secretion of cytosolic leaderless proteins like
tau. The other type is called ectosomes (or microvesicles,
shedding vesicles). Compared to exosomes, they are bigger (with
a diameter of 100–1,000 nm vs. 30–150 nm of exosomes),
have a more irregular shape, and have different membrane
composition (Barteneva et al., 2013; Kalra et al., 2016).
Ectosomes also have a different origin—they bud outward
directly from the plasma membrane. Although the membrane
of ectosomes is formed from the plasma membrane, its
composition can differ considerably owing to the sorting
mechanism involved in ectosome formation (Pollet et al., 2018).
Ectosomes, as well as exosomes, are very heterogeneous: not
only different cell types shed ectosomes via distinct although
poorly understood mechanisms, but different mechanisms of
the ectosome formation may function either simultaneously or
sequentially inside a single cell under different conditions or
stimuli (Meldolesi, 2018).

Formation of ectosomes begins with two primary events:
an increase in Ca2+ concentration and local rearrangement
of plasma membrane lipids and proteins to form membrane
microdomains (van Niel et al., 2018). These events result
in a local loss of interaction between the plasma membrane
and cortical actin cytoskeleton and partial disintegration of
the cytoskeleton mostly by Ca2+-dependent protein degrading
enzymes such as calpains (Yano et al., 1993; Pasquet et al.,
1996; Kalra et al., 2016; Taylor et al., 2017). Additionally, Ca2+-
dependent lipid translocases generate local alterations in the
distribution of phospholipids of the plasma membrane (van
Niel et al., 2018). In particular, phosphatidylserine (PS) and
phosphatidylethanolamine (PE), which are normally actively
sequestered to the inner leaflet of the plasma membrane,
translocate to the outer leaflet (van Meer et al., 2008; van
Niel et al., 2018). Exposure of PS to the outer leaflet of
the plasma membrane causes membrane bending and further
disintegration of the cytoskeleton, enhancing ectosome budding
(Kalra et al., 2016). The resulting ectosomes have PS on the
surface, which allow their identification via probes conjugated
to PS-binding proteins, such as Annexin V (Wang et al., 2015).
The clustering of cholesterol, sphingomyelin, and ceramide,
the product of sphingomyelin hydrolysis, at the plasma
membrane facilitates the externalization of PS and membrane
budding (Kunzelmann-Marche et al., 2002; Bianco et al., 2009;
Pollet et al., 2018).

Stabilization of phospholipid asymmetry, however, failed
to prevent Ca2+-induced ectosome formation, suggesting
the existence of alternative mechanisms (Bucki et al.,
1998). The latter is also supported by the finding of
ectosomes that do not have PS on their outer leaflet
(Elliott et al., 2006; Connor et al., 2010). In the final

step, the activation of small GTPase ADP-ribosylation
factor 6 (ARF6) initiates a cascade of events, leading to
phosphorylation of myosin light chain at the neck of budding
vesicles and subsequent actomyosin contraction, resulting in
pinching off the ectosome (Muralidharan-Chari et al., 2009;
Kalra et al., 2016).

Sorting of cytosolic proteins to ectosomes occurs during their
formation when the cytoskeleton disintegrates facilitating vesicle
formation and access of cytosolic proteins to the lumen of the
newly forming ectosomes (Kalra et al., 2016). The mechanism of
this sorting has only recently started to unravel, and currently,
there are more questions than answers. Cytoplasmic proteins
are sorted to the lumen of budding ectosomes based on their
affinity to membrane lipids or proteins, as in sorting to ILVs
(van Niel et al., 2018). A portion of cytosolic proteins moves
to the lumen of ectosomes arbitrarily since their concentration
there resembles one in the cytosol (Meldolesi, 2018). Other
proteins, however, are actively sorted in the lumen of ectosomes,
which is suggested by their enrichment in these organelles.
The sorting may depend on the unspecific interactions with
the plasma membrane or specific sequence motifs. Fang
et al. (2007) demonstrated that plasma membrane-anchoring
and higher-order oligomerization target cytosolic proteins to
ectosomes (Fang et al., 2007; Shen et al., 2011). Alternatively,
proteins may enter the ectosome lumen via interaction with
transmembrane proteins or anchored complexes (Yang and
Gould, 2013).

All cell types can shed ectosomes under suitable stimulation;
the rate of shedding and type of stimuli inducing shedding,
however, varies considerably between cell types (Cocucci and
Meldolesi, 2015; Meldolesi, 2018). Induction of ectosome
shedding can result from activation of P2X7 receptor (by an
agonist or extracellular ATP), activation of PKC, an increase in
cytosolic free Ca2+, and from depolarization in neuronal cells
(Cocucci and Meldolesi, 2015; Toki et al., 2015; Meldolesi, 2018).
Most likely, ectosomal shedding is a limited process as it requires
significant membrane turnover.

Ectosomal secretion of tau is a poorly studied process with
only a few publications existing to date. This mechanism
of secretion, however, seems very plausible for tau.
First, tau has been detected in ectosomes purified from
multiple systems, including neuroblastoma cells, primary
cortical neurons, mouse ISF, and cerebrospinal fluid of
AD patients and healthy controls (Dujardin et al., 2014;
Spitzer et al., 2019). Second, tau possesses two capabilities
of proteins enriched in the lumen of ectosomes: tau can
(1) bind to the plasma membrane; and (2) form higher-
order oligomers (Fang et al., 2007; van Niel et al., 2018).
Interestingly, also FGF2 seems to be able to escape cells
in ectosomes, suggesting that the same mechanisms may
support both the membranous pore formation and sorting
to ectosomes (Taverna et al., 2003; Schiera et al., 2007;
Proia et al., 2008).

Thus, tau is likely secreted via two types of vesicles in both
health and disease—exosomes and ectosomes. Exosomes are the
main type of vesicles for tau secretion in both conditions but in
healthy cells as compared to the cells modeling tau pathology a
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larger proportion of tau is secreted via ectosomes (Dujardin et al.,
2014; Spitzer et al., 2019).

THE ROLE OF NEURONAL ACTIVITY IN
TAU SECRETION

Although cell-to-cell transmission of tau does not exclusively
rely on synaptic contacts, the formation of such contacts and
neuronal activity appears to promote secretion and spreading
of tau (Yamada et al., 2014; Calafate et al., 2015; Schultz et al.,
2018). While the role of neuronal activity in tau uptake has
not been examined, several studies have demonstrated its effect
on tau secretion (Pooler et al., 2013; Yamada et al., 2014;
Wang et al., 2017).

Neuronal contacts may simply serve as a favorable location
for tau secretion due to their unique composition of proteins and
lipids. For instance, synapses may concentrate specific HSPGs
with a high affinity for tau to facilitate its translocation through
the plasma membrane. One of the HSPGs concentrated at
synapses is syndecan-2, one of the major syndecans in neurons
(Hsueh et al., 1998; Hsueh and Sheng, 1999). Whether this
HSPG has a particular role in tau secretion is unknown, but a
recent study suggested that all members of the syndecan family
can promote tau internalization in cultured cells and therefore
may also have a role in its secretion (Hudák et al., 2019). The
MAPS co-chaperone DNAJC5 is another protein mediating tau
secretion that is abundantly present at presynaptic terminals,
where it regulates proteostasis of synaptic proteins together with
Hsc70 (Tobaben et al., 2001; Sharma et al., 2011).

Depolarization of the synaptic terminal may further support
various mechanisms of unconventional protein secretion. For
instance, neuronal activity can enhance tau secretion via
membranous organelles and ectosomes as these secretion
mechanisms would respond to Ca2+ influx induced by membrane
depolarization at the axon terminal (Rodríguez et al., 1997;
Burgoyne and Clague, 2003; Lachenal et al., 2011; Meldolesi,
2018). While the role of neuronal activity in ectosomal
tau secretion has not been examined, its positive effect
on the secretion of tau inside exosomes has been shown
(Wang et al., 2017).

Pooler et al. (2013) however, have demonstrated that neuronal
activity promotes largely non-exosomal secretion of tau in
primary neurons (Pooler et al., 2013). Furthermore, they showed
that tau secretion depended on Ca2+ influx following stimulation
of AMPA receptors, but only because Ca2+ promoted the
fusion of synaptic vesicles (SVs) with the plasma membrane
upon stimulation. Pooler et al. (2013) concluded that neuronal
activity promotes tau secretion via a mechanism dependent
on SV release—which does not necessarily mean that tau is
secreted via synaptic vesicles. Although hyperphosphorylated
and oligomeric tau indeed binds to the cytosolic side of SVs
via their transmembrane protein synaptogyrin-3, it is unlikely
that tau traverses the membrane of SVs and undergoes release
together with neurotransmitters (Zhou et al., 2017; McInnes
et al., 2018). Secretion via plasma membrane translocation
pathway, on the other hand, could explain the effect observed by
Pooler et al. (2013).

SVs release neurotransmitters by merging with the synaptic
membrane, from where the components of SVs are later retrieved
to replenish the pool of SVs by endocytosis (Chanaday et al.,
2019). As the protein and lipid compositions of the presynaptic
and the SV membranes differ, their fusion may transiently alter
the composition of the presynaptic membrane at least in the
timespan between fusion and retrieval (Takamori et al., 2006;
Lewis et al., 2017). This may make the PM more suitable for
tau exit by bringing proteins or lipids favoring tau secretion. As
tau associates with SVs, the fusion can also bring the normally
cytosolic Tau to the PM (Zhou et al., 2017).

It remains unclear if the components of newly merged SVs
largely stay together in clusters or disperse into the synaptic
membrane and later regather for retrieval (Willig et al., 2006;
Opazo and Rizzoli, 2010; Opazo et al., 2010; Gimber et al., 2015).
While post-fusion clustering of SV proteins has been a subject
of several studies, if SV lipids remain together on the synaptic
membrane remains unclear. Studies in Drosophila have shown
that recycling and endocytosis of SVs require the presence of
sterols that keeps SV components as discrete domains at the
synaptic membrane (Dason et al., 2010, 2014). Furthermore,
it appears that sterols present in SVs, not the presynaptic
membrane, plays a key role in the cycling of SVs (Dason et al.,
2010). Thus, it is possible that after SV fusion, tau, arriving at
the presynaptic membrane with SVs, becomes associated with
cholesterol microdomains enriched with SV components, some
of which may favor tau secretion.

THE ROLE OF GLIA IN TAU PROPAGATION

Recent studies suggest that glial cells are critical players in the
tau propagation process (Asai et al., 2015; Narasimhan et al.,
2019). Glial cells, consisting of: (1) microglia; (2) astrocytes;
(3) oligodendrocytes; and (4) NG2-glia, provide support and
protection and therefore are essential for maintaining neuronal
functions. Microglia are the resident innate immune cells of
the brain involved in the regulation of neuroinflammation,
synaptic pruning, and the clearance of microbes, dying cells,
and protein aggregates (Colonna and Butovsky, 2017). Astrocytes
are complex cells that play diverse supportive functions in the
brain including maintenance of electrolyte and lipid homeostasis,
uptake and recycling of neurotransmitters, and modulation
of synaptic activity (Oksanen et al., 2019). Oligodendrocytes
produce the myelin sheath to insulate and metabolically
support axons, while NG2-glial cells serve as progenitors for
oligodendrocytes in the adult brain to support myelin plasticity
(Simons and Nave, 2015; Valny et al., 2017).

Although all types of glial cells are relevant to AD
pathogenesis, microglia and astrocytes have received the most
attention for their role in mediating neuroinflammation that
seems to play an important role in the pathogenesis of AD
(Heneka et al., 2015; Kinney et al., 2018). In response to injury
or pathological signals, such as Aβ and possibly pathological tau,
these glial cells adopt activated phenotype and start releasing
inflammatory factors such as cytokines and chemokines (Heneka
et al., 2015; Laurent et al., 2018). Although a lot of controversies
exist in this research area, it seems that at the early stages of AD, a
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neuroinflammatory response may be protective, resulting in the
efficient elimination of Aβ and pathological tau (Kinney et al.,
2018). The continuous activation of glial cells in the course of the
disease, however, may lead to the development of dysfunctional
chronic inflammation that exacerbates both AD pathologies.

Microglia can eliminate extracellular tau by phagocytizing
and degrading it (Asai et al., 2015; Luo et al., 2015; Bolós et al.,
2016; Hopp et al., 2018). Indeed, exposure of tau-containing
cell lysate to microglia reduced the seeding activity of this
lysate, confirming the ability of healthy microglia to degrade
seed-competent tau (Hopp et al., 2018). Degradation efficiency,
however, may worsen as microglia becomes dystrophic due to
the overloading of the clearance system (Vogels et al., 2019). As
a result, microglia may enhance tau propagation by secreting
tau-containing exosomes, which can propagate the pathology
more efficiently than naked pre-aggregated tau (Asai et al.,
2015; Hopp et al., 2018). In support of this, the inhibition
of exosome biosynthesis or microglia depletion was shown to
suppress tau propagation in mouse models of tauopathy and to
improve learning and memory in the 3xTg-AD mouse model
(APP Swedish, MAPT P301L, and PSEN1 M146V; Asai et al.,
2015; Dagher et al., 2015).

If tau phagocytosis by microglia eventually enhances tau
propagation, the important question here is where do microglia
take tau from? First, microglia may obtain tau by phagocytosis
of neurons or synapses containing pathological tau (Brelstaff
et al., 2018; Dejanovic et al., 2018). Alternatively, microglia may
phagocytize tau secreted to the extracellular space.

As microglia uptakes extracellular vesicles, exosomes can
deliver tau to microglia (Paolicelli et al., 2019). The majority
of neuronal exosomes secreted upon neuronal stimulation,
however, appear to bind specifically to neurons, not to glial cells,
suggesting that microglia likely receives the majority of tau not
via the uptake of tau-containing extracellular vesicles (Chivet
et al., 2014). Several studies demonstrated, on the other hand,
that microglia can phagocytize free tau, in both soluble and
insoluble forms (Asai et al., 2015; Luo et al., 2015; Bolós et al.,
2016). Thus, as free tau is present at a relatively high level in
the extracellular space and can be internalized to cells, it appears
to be a good candidate for the main source of tau ‘‘supply’’
for microglia.

Although less studied, astrocytes may also be a part of
the tau propagation process. As astrocytes are well integrated
into synapses both physically and functionally, they are
well-positioned to interfere with the synaptic transmission of
tau. Recent studies suggest that this may indeed be possible
(Narasimhan et al., 2017, 2019; Martini-Stoica et al., 2018;
Perea et al., 2019). First, astrocytes were shown to uptake tau
and suppress its spreading in vitro, suggesting a protective
role of these cells (Martini-Stoica et al., 2018; Perea et al.,
2019). In fact, in cell culture and organotypic brain slices,
astrocytes internalized oligomeric tau more efficiently than
neurons (Piacentini et al., 2017). It is noteworthy that while
uptake of naked monomeric and aggregated tau by cultured
astrocytes was observed in several studies, vesicular tau uptake
by astrocytes has not been examined (Piacentini et al., 2017;
Martini-Stoica et al., 2018; Perea et al., 2019).

Development of astrocytic tau inclusions in multiple
tauopathies may also suggest that astrocytes uptake neuronal
tau as its expression in these cells is very low (Kahlson and
Colodner, 2015). In support, when propagation of neuronal
and glial tau pathology was investigated in wild-type mice
following the injection of tau extracted from CBD or PSP patient
brains to gray matter, astrocytic tau pathology spread into
the same brain regions as neuronal pathology (Narasimhan
et al., 2017). Furthermore, the intensity of tau pathology in
astrocytes negatively correlated with that of neurons, again
suggesting uptake of neuronal tau by astrocytes. Finally, when
mice with neuron-specific tau knockdown were used for the
same experiment, astrocytic tau pathology failed to spread,
suggesting that the spread of tau pathology in astrocytes requires
uptake of neuronal tau (Narasimhan et al., 2019). It is possible,
however, that certain stressors during disease progression
could upregulate the expression of tau in astrocytes to the level
sufficient to initiate tau pathology.

Irrespective of the origin of tau in astrocytes, an important
question is whether astrocytes can pass tau to neurons.
Indeed, astrocytes appear to be capable of tau secretion as a
recent study demonstrated that in comparison with neuronal
exosomes, astrocytic exosomes in human plasma contained
several-fold higher levels of hyperphosphorylated tau (Goetzl
et al., 2016). Additionally, in certain brain areas of tauopathy
patients, the appearance of tau pathology in astrocytes precedes
its appearance in neurons (Ling et al., 2016; Kovacs et al.,
2020). Furthermore, in ARTAG, tau pathology can be present
exclusively in astrocytes (Kovacs et al., 2016). Finally, following
injection to wild-type mice brain, tau extracted from brains of
ARTAG patients without neuronal tau pathology resulted in a
spread of hyperphosphorylated tau in both neurons and glia,
suggesting that astrocytic tau seeds are capable of initiating
the disease progression (Ferrer et al., 2018). The absence of
observable tau pathology in neurons, however, does not mean
the absence of pathological neuronal tau able to seed aggregation
(DeVos et al., 2018).

In addition to astrocytes, tau-positive inclusions can also
appear in oligodendrocytes in tauopathies, and oligodendrocytes
do express tau, although at a low level (Kahlson and Colodner,
2015). As with astrocytes, oligodendrocytic tau pathology
can spread in the brain of wild-type mice, following the
injection of brain extracts from CBD and PSP patients to the
gray matter (Narasimhan et al., 2017). In contrast, however,
oligodendrocytes were able to propagate CBD oligodendrocytic
tau pathology across the brain even in mice with neuron-
specific tau knockdown (Narasimhan et al., 2019). Furthermore,
oligodendrocytes seemed not to use neurons for the propagation
process at all, suggesting a completely independent mechanism
of tau propagation in these cells with seeds transferring from
one oligodendrocyte to another. Interestingly, injection of tau
from AD patients into gray matter failed to result in the
spreading of tau pathology in oligodendrocytes (Narasimhan
et al., 2017). In contrast, tau injection into the white matter
of wild-type mice resulted in tau propagation, even when
injected tau was extracted from tauopathies with only neuronal
inclusions, AD and PART (Ferrer et al., 2019). Thus, it
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appears that although oligodendrocytes can spread tau pathology
independently, uptake of neuronally secreted tau may trigger the
development of such pathology.

CONCLUSIONS

Neurons appear to propagate tau pathology in a variety of
ways, which are at least partially modulated by neuronal activity
and involve multiple cell types in the brain. Unconventional
pathways of tau secretion are likely deeply intertwined with
each other, and manipulating one secretory pathway is
likely to affect others, complicating mechanistic studies.
Naturally, like many processes in neurons, tau secretion
does not function independently of neuronal activity. The
mechanism of such connection, however, is currently not clear
and remains on the most intriguing unanswered questions
regarding the tau secretion. Our current understanding
of relationships between glial cells and different steps
of tau propagation is also limited and would require
further in vivo research as well as a more complex in vitro
approaches that could integrate multiple cell types and other
contributing factors.

Tau secretion occurs via multiple pathways, but it is not clear
if the pathways under pathological and physiological conditions

are the same or only partially overlapping. Furthermore, from
the propagation perspective, not all secreted tau is the same.
Tau secreted through different pathways may have different
uptake and seeding abilities. Finally, the mechanistic similarities
and differences involved in cell-to-cell transmission of different
pathologically misfolded proteins require further attention. In
summary, the field of pathological propagation of misfolded
proteins in neurodegenerative diseases has only recently emerged
and will undoubtedly offer many years of exciting research which
hopefully, in the end, can be translated to the benefit of numerous
patients in need of better treatments.
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The blood–brain barrier (BBB) plays a crucial role in maintaining the specialized
microenvironment of the central nervous system (CNS). In aging, the stability of the
BBB declines and the permeability increases. The list of CNS pathologies involving
BBB dysfunction is growing. The opening of the BBB and subsequent infiltration
of serum components to the brain can lead to a host of processes resulting in
progressive synaptic, neuronal dysfunction, and detrimental neuroinflammatory changes.
Such processes have been implicated in different diseases, including vascular dementia,
stroke, Alzheimer’s disease (AD), Parkinson’s disease, multiple sclerosis, amyotrophic
lateral sclerosis, hypoxia, ischemia, and diabetes mellitus. The BBB damage is also
observed in tauopathies that lack amyloid-β overproduction, suggesting a role for tau
in BBB damage. Tauopathies represent a heterogeneous group of around 20 different
neurodegenerative diseases characterized by abnormal deposition of the MAPT in
cells of the nervous system. Neuropathology of tauopathies is defined as intracellular
accumulation of neurofibrillary tangles (NFTs) consisting of aggregated hyper- and
abnormal phosphorylation of tau protein and neuroinflammation. Disruption of the
BBB found in tauopathies is driven by chronic neuroinflammation. Production of
pro-inflammatory signaling molecules such as cytokines, chemokines, and adhesion
molecules by glial cells, neurons, and endothelial cells determine the integrity of the
BBB and migration of immune cells into the brain. The inflammatory processes promote
structural changes in capillaries such as fragmentation, thickening, atrophy of pericytes,
accumulation of laminin in the basement membrane, and increased permeability of blood
vessels to plasma proteins. Here, we summarize the knowledge about the role of tau
protein in BBB structural and functional changes.

Keywords: neurovascular unit, blood-brain barrier, tauopathy, tau protein, neuroinflammation

INTRODUCTION

Tau proteins are the most frequent microtubule-associated proteins in the brain and are
characterized as intrinsically disordered proteins. They are abundant in the neurons of
the central nervous system (CNS) and have roles primarily in maintaining the stability of
microtubules in axons. They are also less expressed in brain-resident immune cells: astrocytes and
oligodendrocytes (Williams, 2006). Tau proteins are important for cell signaling, synaptic plasticity,
and regulation of genomic stability (Guo et al., 2017). The adult human brain expresses at least
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six isoforms of tau protein, which are derived from a
mictorubule-associated protein tau (MAPT) tau gene as a
result of alternative splicing of its messenger RNA (Goedert
et al., 1989; Hanes et al., 2009; Zhang et al., 2009). The tau
isoforms range in size from 352 to 441 amino acid residues and
differed on the presence of 0, 1, or 2 sequence inserts in the
amino-terminus of the protein and inclusion or exclusion of the
second of four microtubule-binding potential repeat domains
coded by exon 10 (Hanes et al., 2009; Grinberg et al., 2013). In
humans, tau is subject to many post-translational modifications,
including hyperphosphorylation, truncation, nitration,
glycation, glycosylation, ubiquitination, polyaminations,
and self-aggregation into insoluble paired helical filaments
(Mena et al., 1996; Mohandas et al., 2009; Novak, 2012;
Beharry et al., 2014).

Tauopathies represent a heterogeneous group of around
20 neurodegenerative diseases characterized by abnormal
deposition of the MAPT in neurons and glial cells (Zilka
et al., 2009; Ferrer et al., 2014). Histopathologically, the
tauopathies are characterized by the presence of intracellular
insoluble inclusions of abnormally modified protein tau
into neurofibrillary or gliofibrillary tangles. Tangles are
formed by hyperphosphorylated tau protein, causing the
tau to dissociate from microtubules and form insoluble
inclusions. Tauopathies are classified by the predominance
of tau isoforms found in cytoplasmic inclusions of tau
protein: those with inclusions predominantly composed of
tau with 3-repeat (3R-tauopathies), those with predominantly
4-repeat (4R-tauopathies), or an equal ratio of 3R:4R tau.
The most common tauopathies are Alzheimer’s disease,
frontotemporal dementia with parkinsonism liked to
chromosome 17 (FTDP-17), progressive supranuclear palsy
(PSP), corticobasal degeneration (CBD), and Pick’s disease
(PiD). There are also rarer tauopathies including argyrophilic
grain disease (AGD), postencephalitic parkinsonism (PEP),
parkinsonism dementia complex of Guam (PDCG), tangle-
dominant dementia, and a new category of tauopathy known
as the globular glial tauopathies (GGTs). According to their
tau pathology, we can divide tauopathies into three main
groups (Table 1).

1. 3R tauopathies
2. 4R tauopathies
3. 3R/4R tauopathies

However, tau neuropathology is rarely isolated, and it is
associated with the deposition of at least one other amyloidogenic
protein, such as α-synuclein or huntingtin in most tauopathies.
Based on this, we can assume, that tau may have important
pathological roles in these disorders with multiple pathologies
(Jensen et al., 1999; Hashiguchi et al., 2000).

AD, representing around 70% of all dementia cases, is the
best-described tauopathy (Avila et al., 2004). Brain pathology in
AD is characterized by the presence of extracellular amyloid-
β plaques and intracellular (NFTs; Glenner and Wong, 1984;
Grundke-Iqbal et al., 1986). For more than 20 years, the
research has been focused on ‘‘amyloid-β cascade hypothesis’’
(Armstrong, 2013), according to which, the amyloid-β is the

central pathological feature of AD. This theory assumed that
the elimination of amyloid-β could be therapeutic in AD
patients. This theory was mainly supported by the discovery
of a familial form of AD, which is connected with an APP
gene mutation (Korczyn, 2008). The majority of Alzheimer’s
patients do not have a mutation causing an increase in APP;
therefore, other processes, such as the impaired elimination of
amyloid-β, can cause the accumulation of amyloid-β (Preston
et al., 2003; Bell and Zlokovic, 2009). On the other hand,
the ‘‘tau hypothesis’’ is based on a strong correlation between
the clinical symptoms of AD and neurofibrillary pathology.
Under pathological conditions, highly soluble tau protein
undergoes different post-translational with the latter formation
of insoluble paired helical filaments (Mena et al., 1996;
Mohandas et al., 2009). These processes lead to the neuronal
death and subsequent release of pathologically modified tau
proteins into the extracellular environment, activating microglia
and inducing the spread of tau pathology by a prion-like
mechanism (Maccioni et al., 2010; Kovac et al., 2011). These
facts clearly demonstrate that unlike amyloid-β senile plaques,
tau pathology correlates with the progress of AD, and therefore, it
is considered bymany to be the main cause of neurodegeneration
(Kovacech et al., 2009).

NEUROVASCULAR CHANGES IN
TAUOPATHIES

CNS is considered to be one of the most delicate systems in
the human body. This fact explains the necessity to maintain
the extracellular environment of the CNS highly regulated
(Hawkins and Davis, 2005). Three main barrier layers at the
interface between blood and tissue protect the CNS: (i) the
choroid plexus epithelium located between the blood and the
ventricular cerebrospinal fluid; (ii) the arachnoid epithelium
situated between the blood and the subarachnoid cerebrospinal
fluid; and (iii) the vascular blood-brain barrier (BBB), which
mediates the communication between the periphery and the CNS
(Abbott, 2005).

BBB strictly controls the exchange of cells and molecules
between blood and CNS. Previously, the BBB has been
characterized as a layer of endothelial cells forming the
vessel/capillary wall. Recently, the BBB is a component of
the neurovascular unit (NVU: Abbott et al., 2006). The
NVU represents a highly dynamic system, where the proper
functioning of the brain depends on the functional interactions
of the endothelial cells, neurons, pericytes, mast cells, and glial
cells. Moreover, the NVU can be expanded to include circulating
immune cells and peripheral tissue cells, which are connected
to it by humoral secretions and thus can influence the physical,
biochemical, and immune processes of the CNS barriers (Kousik
et al., 2012; Wong et al., 2013).

The BBB is formed by endothelial cells firmly attached by
tight junctions that restrict the paracellular pathway (Stamatovic
et al., 2008). Intercellular junctions play crucial roles in tissue
integrity and also in vascular permeability (Wallez and Huber,
2008; Zlokovic, 2008; Tietz and Engelhardt, 2015). Endothelial
cells are closely surrounded by pericytes and enclosed by the
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TABLE 1 | The first subgroup of tauopathies is represented by 3R/4R tauopathies, such as Alzheimer’s disease (AD), frontotemporal dementia, and parkinsonism linked to chromosome 17, parkinsonism dementia
complex of Guam (Lytico-bodig disease), chronic traumatic encephalopathy, postencephalitic parkinsonism, atypical parkinsonism of Guadeloupe, primary age-related tauopathy, or diffuse neurofilament tangles with
calcification.

Disease Predominant
isoform

Blood–brain barrier changes Amyloid-β deposition References

Alzheimer’s disease 3R + 4R
• Changes in the regulation of cerebral blood flow
• Increase in endothelial pinocytosis
• Decrease in mitochondrial content
• Accumulation of collagen
• Loss of tight junctions leading to the BBB breakdown

and subsequent infiltration of blood-borne molecules
• Failure of influx and efflux transport systems
• Altered levels of agrin
• Upregulation of aquaporin AQP4 expression
• Increased numbers of fragmented vessels with fewer

intact branches
• Atrophic string vessels
• Irregularities in the capillary surface
• Thickening, vacuolization, and local disruption of the

capillary basement membrane
• Accumulation of laminin in basement membranes
• Atrophy and increased numbers of pericytes
• Swelling of astrocytic endfeets
• Loss of the perivascular plexus
• Vascular smooth muscle actin reduction
• Loss of tight junctions proteins

Present Higuchi et al. (1987), Scheibel et al.
(1987), Miyakawa et al. (1988),
Stewart et al. (1992), Buee et al.
(1997), Zlokovic (2005), Abbott
et al. (2006), Desai et al. (2007),
Pérez et al. (2007), Liu et al. (2008),
Zlokovic (2011), Østergaard et al.
(2013), Cai et al. (2018), and
Yamazaki et al. (2019)

Frontotemporal dementia and
parkinsonism linked to
chromosome 17

3R, 4R/3R + 4R • Microbleeds predominantly within the areas affected
by neuronal pathology

Absent De Reuck et al. (2012) and De
Reuck et al. (2013)

Progressive supranuclear palsy 4R • Decreased P-gp function in basal ganglia and frontal
region

Absent Bartels et al. (2008)

Corticobasal degeneration 4R • Few cases of vascular CBS with multiple infarcts in
frontal lobe, motor cortex, periventricular white matter,
thalamus, basal ganglia and corticospinal tract
degeneration

Absent Koga et al. (2019)

Chronic traumatic encephalopathy 3R + 4R
• BBB disruption in regions of intense perivascular tau

deposition
• Loss of claudin-5 and enhanced extravasation of

endogenous blood components such as fibrinogen
and IgG

Present in approximately half of the
cases

McKee et al. (2009) and Farrell et al.
(2019)

(Continued)

Frontiers
in

M
olecular

N
euroscience

|
w

w
w

.frontiersin.org
S

eptem
ber

2020
|

Volum
e

13
|

A
rticle

570045

131

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


M
ichalicova

etal.
Tau

P
rotein

and
N

eurovascular
U

nit

TABLE 1 | Continued

Disease Predominant
isoform

Blood–brain barrier changes Amyloid-β deposition References

Parkinson–dementia complex of
Guam (Lytico-bodig disease)

3R + 4R
• Decreased vascular density
• Thin and atrophic microvessels with severe

fragmentation resulting in a reduced number of
microvascular branches

• String vessels localized mainly in the areas affected
by NFTs pathology

• Upregulation of adhesion molecules
• Disruption of tight junctions
• Increase of collagen-type IV content per vessel

Present in some cases Buee et al. (1994), Buee et al.
(1997), and Majerova et al. (2018)

Pick disease 3R
• Ramified astrocytes
• Thinning of microvessels
• Increased tortuosity
• Twisted vessels
• Fragmentation of microvasculature in atrophy

affected brain regions

Absent Buee et al. (1994), Komori (1999),
and Buee et al. (1997)

Argyrophilic grain disease 4R - Absent -
Globular glial tauopathies 4R

• Mild BBB disruption in mice after the targeted
expression of human wild-type tau in murine
astrocyte

• Astrocytic modulation of synaptic function by the
secretion and uptake of neurotransmitters such as
glutamate

Absent Zlokovic (2008), Bartels et al.
(2009), and Haydon (2001)

Aging-related tau astrogliopathy 4R • Possible functional changes of the BBB Absent Kovacs et al. (2016)
Primary age-related tauopathy 3R + 4R - Absent -
Postencephalitic parkinsonism 3R + 4R - Very rare -
Atypical parkinsonism of
Guadeloupe

3R + 4R - Absent -

Diffuse neurofibrillary tangles with
calcification

3R + 4R - Absent -

Three-repeat tauopathies include Pick’s disease and some forms of frontotemporal dementia and parkinsonism linked to chromosome 17 and to the four-repeat tauopathies belong progressive supranuclear palsy, corticobasal
degeneration, argyrophilic grain disease, globular glial tauopathies, or aging-related tau astrogliopathy.
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basement membrane. Pericytes occupy the perivascular space
between the capillary wall and astrocytic endfeet, except in
the large vessels where smooth muscle cells replace them.
Astrocytic endfeet surround the endothelial cells of the BBB and
provide biochemical support (Figure 1A). The BBB phenotype
has developed mainly under the influence of astrocytes and
pericytes and is generally characterized by more complex tight
junctions than in other endothelial cells and a number of
specific transport and enzyme systems that are responsible
for the transport of molecules across the endothelial cells
(Abbott, 2002; Bell et al., 2010). The physical breakdown of the
BBB is caused by disruption of cell-to-cell junctions between
endothelial cells, rising bulk-flow fluid transcytosis, and/or
enzymatic degradation of the capillary basement membrane
(Zlokovic, 2011).

Paracellular and transcellular pathways are the most common
ways for the transport of molecules across the BBB. During
the paracellular pathway, molecules are transported between
the endothelial cells through the junctional complex. The
paracellular pathway is described as a passive transport based
on the movement of hydrophilic molecules across the barrier,
depending on their electrochemical, hydrostatic, and osmotic
gradient (Fu and Wright, 2018). The transport is controlled
by tight junctions regulated by various signaling cascades. The
principal integral membrane tight junction proteins are occludin,
claudin-1, claudin-5, and members of the JAMs family. These
proteins interact with other tight junctions proteins, such as
ZO-1, ZO-2, and cingulin in the cytoplasm. Subsequently, they
are connected to actin filaments (Di Liegro and Savettieri, 2005).

Transcellular transport provides the movement of nutrients,
ions, or particles across the BBB depending or not depending
on energy. During the transcellular transport, molecules are
transported across the luminal and abluminal membrane of
the capillary endothelium by different mechanisms including
receptor-mediated transcytosis, efflux transport systems,
endocytosis of positively charged molecules, and carrier-
mediated transport (Fu and Wright, 2018).

The list of CNS pathologies involving BBB dysfunction is
rapidly expanding. BBB disruption is associated with numerous
pathological conditions that affect the CNS such as ischemia,
infections, epilepsy, tumors, and neuroinflammatory diseases
including tauopathies. AD is the only tauopathy with described
mechanisms of how NVU changes contribute to its pathology.
Few reports characterize the general morphology of vessels in
PiD, PDCG, FTDP-17, traumatic brain injury/chronic traumatic
encephalopathy (CTE), and vascular PSP. In case of PSP, GGTs,
and aging-related tau astrogliopathy, a few reports describing
functional changes of NVU exists. For other tauopathies,
there are no reports dealing with vascular or NVU changes
(Michalicova et al., 2017).

The Role of Tau in the Regulation of BBB
Integrity in Physiological and Pathological
Conditions
The ‘‘healthy’’ BBB is crucial for proper neuronal function and
‘‘healthy’’ neurons are important for maintaining local milieu

FIGURE 1 | Tau protein physiology (A) and pathology (B) within the
neurovascular unit. Microtubule-associated protein tau is important for
assembly and stabilization of microtubular network (mn) in the neurons (ne). In
tauopathies, abnormally modified tau protein that is hyperphosporylated and
truncated form insoluble intracellular aggregates—neurofibrillary tangles.
Microtubular network in axons disintegrate, and this leads to impairment in
communication between neurons. Injured neurons and extracellular tau
aggregates (e-tau) signal to the microglia (mi) that become activated.
Activated microglia (am) produce pro-inflammatory cytokines and
chemokines that can cause structural and functional changes of the
blood–brain barrier. Prolonged local neuroinflammation stimulate
transmigration of peripheral blood monocyte-derived macrophages and
release of plasma components into extravascular space. a, astrocytes; Tj,
tight junctions; ne, neurons; ec, endothelial cells; p, pericytes; mi, microglia;
mn, microtubular network; am, activated microglia; NFT, neurofibrillary
tangles; etau, extracellular tau aggregates.

of NVU (Rhea et al., 2019). Neurons are very closely associated
with brain capillaries. It was estimated that almost every neuron
has its own capillary (Zlokovic, 2008). Neurons are important
for maintaining the tight junctions (Savettieri et al., 2000),
metabolism, regulation of blood flow, and permeability (Zvi et al.,
1997). Thus, pathological processes in neurons inevitably affect
the NVU.

That the neuropathological hallmarks such as intra-
and extracellular protein aggregates are associated with
chronic neuroinflammation has long been known. Chronic
neuroinflammation affects the BBB by increasing vascular
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permeability, promoting structural changes in brain capillaries
such as fragmentation, thickening, atrophy of pericytes,
accumulation of laminin in the basement membrane, increasing
permeability to small molecules and plasma proteins, enhancing
the migration of immune cells, altering transport systems, or
influencing the role of BBB as signaling interface (De Vries
et al., 2012; Erickson and Banks, 2013b; Persidsky et al., 2016;
Figure 1B). The inflammatory mediators play an important role
in regulating blood-to-brain cell transmigration, perpetuating
inflammation, and thus exacerbating the disease pathology.
Structural and functional changes of BBB lead to progressive
synaptic and neuronal dysfunction (Di Liegro and Savettieri,
2005; Zlokovic, 2008; Abbott et al., 2010).

Previously, it has been shown that tangle formation
correlated with neuroinflammation in AD (Dipatre and
Gelman, 1997; Overmyer et al., 1999; Sheffield et al., 2000;
Laurent et al., 2018) and in non-AD human tauopathies
such as tangle-predominant dementia, Guam parkinsonism
dementia, PSP, and CBD (Imamura et al., 2001; Ishizawa and
Dickson, 2001). Moreover, neuroinflammation linked to tau
deposition has been well documented in mice transgenic for
human mutant tau protein (Bellucci et al., 2004; Yoshiyama
et al., 2007) or in transgenic rats expressing misfolded
truncated tau protein derived from AD (Zilka et al., 2006;
Stozicka et al., 2010).

We showed that in contrast to amyloid-β peptides, truncated
tau is not directly toxic to brain endothelial cells. The effect
of tau is however mediated through the activation of glial
cells (Kovac et al., 2009). Moreover, tau-induced activation
of glial cells increased expression of endothelial adhesion
molecules and increased transport of leukocytes across BBB
(Majerova et al., 2019).

Together, these findings suggest that tau protein has an
important role in regulation of microenvironment within the
NVU during the physiological and pathological conditions.

Alzheimer’s Disease
AD is a globally widespread chronic disease affecting
around 25 million people worldwide. AD is characterized
by cerebrovascular and neuronal dysfunctions leading to a
progressive decrease in cognitive functions (Bell and Zlokovic,
2009; Dalvi, 2012). On the neuropathological level, AD is
defined by the presence of extracellular amyloid plaques
composed of amyloid-β peptide aggregates and NFTs formed
by hyperphosphorylated, truncated, and aggregated tau protein,
neural loss, loss of synapses, neuroinflammation, and oxidative
stress (Cai et al., 2018). The neurofibrillary pathology in
AD contains insoluble inclusions of 3R and 4R tau isoforms
(Siddiqua and Margittai, 2010).

Two basic forms of AD are known. Familial cases are
predominantly early-onset (younger than 65 years), but also
late-onset cases have been described (Bekris et al., 2010). This
type is usually caused by specific mutations in transmembrane
proteins—amyloid precursor protein (APP), presenilin 1, or
presenilin 2. The latter two proteins are essential components
of a protease complex involved in the generation of amyloid-
β from APP (Bertram et al., 2010; Iqbal et al., 2014; Wirz

et al., 2014). The late-onset (older than 65 years) sporadic
form is more complex and representing more than 99%
of all cases (Bertram et al., 2010). The presence of several
additional risk factors was described, including traumatic
brain injuries (Walter and van Echten-Deckert, 2013), diabetes
mellitus, hypercholesterolemia, inflammation, environmental
factors, such as diet, toxicological exposure, hormonal factors,
and various aspects of lifestyle (Lahiri et al., 2007; Stozicka
et al., 2010). Moreover, evidence suggests that the BBB
dysfunction is one of the most common pathophysiological
hallmark of AD involved in vascular risk factors (Tarasoff-
Conway et al., 2016; Yamazaki and Kanekiyo, 2017; Miners
et al., 2018). In AD, the functional and structural changes
of BBB have been investigated for more than 30 years
(Erickson et al., 2012). De La Torre reviewed more than
200 studies showing vascular involvement in AD. According
to his results, he concluded that cognitive impairment and
CNS pathology might be secondary to vascular changes in AD
(De La Torre, 2002).

The leakage of substances from plasma into the CNS, changes
in efflux and influx transporters leading to accumulation of
the toxins in the CNS, and altered expression and secretion
of proteins by the NVU cells are the critical pathways of
vascular dysfunction connected with AD (Deane and Zlokovic,
2007; Lok et al., 2007; Neuwelt et al., 2008; Bell and Zlokovic,
2009; Bell et al., 2010; Zlokovic, 2011; Erickson and Banks,
2013a). In AD patients, changes in the regulation of cerebral
blood flow caused by reduced microvascular density, an increase
in endothelial pinocytosis, decrease in mitochondrial content,
accumulation of collagen, and loss of tight junctions leading to
the BBB breakdown and subsequent infiltration of blood-borne
molecules are frequently present (Zlokovic, 2011; Østergaard
et al., 2013). Thanks to the short distance between adjacent
brain capillaries, a rapid exchange of substances between
the CNS and blood circulation can occur. Malfunction of
the nutrient and oxygen supply or impaired elimination of
toxic metabolic waste can cause dysregulations of neuronal
functioning. Often degeneration of brain endothelial wall in AD
results in the accumulation of amyloid-β on the outer side of
the basement membrane, promoting a local neuroinflammatory
vascular response (Zlokovic, 2005). Failure of the amyloid-β
transport from brain to the periphery is caused especially
by the decreased levels of LRP-1 (low-density lipoprotein
receptor-related protein 1) and increased levels of RAGE
(receptor for advanced glycation end products; Cai et al.,
2018). Activated NVU cells start to release pro-inflammatory
cytokines and vasoactive substances. Subsequent processes, such
as the decrease of cerebral blood flow and amplification of
cells, contribute to cognitive impairment. Zlokovic suggests that
such physiological changes of the NVU, compromised brain
microcirculation, and vascular neuroinflammatory responses
play an important role in the development of AD (Zlokovic,
2005). Other functional changes of brain vasculature in AD
include failure of influx (glucose transporters GLUT1 and
GLUT3) and efflux transport systems (P-glycoprotein), altered
levels of agrin, and upregulation of aquaporin AQP4 expression
(Abbott et al., 2006; Desai et al., 2007; Liu et al., 2008).
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Moreover, in some AD brains, structural changes of the
vasculature, such as increased numbers of fragmented vessels
with fewer intact branches, atrophic string vessels, different
irregularities in the capillary surface, changes of vessel diameter,
thickening (Zlokovic, 2005), vacuolization (Buee et al., 1997),
and local disruption of the capillary basement membrane
have been observed. Increased numbers of pericytes (Stewart
et al., 1992), atrophy of pericytes (Miyakawa et al., 1988),
swelling of astrocytic endfeet (Higuchi et al., 1987), loss
of the perivascular plexus (Scheibel et al., 1987), vascular
smooth muscle actin reduction, and accumulation of laminin
in basement membranes have also been reported (Pérez et al.,
2007). Pericytes work as gatekeepers of the BBB, and in
cooperation with other NVU cells, they regulate the transport
of nutrients and waste products between the interstitial fluid
and peripheral blood (Thomsen et al., 2017). Multiple studies
implicate the connection between pericytes, BBB dysfunction,
and neurologic diseases (Machida et al., 2017), including
multiple sclerosis (Zenaro et al., 2017) or AD (Winkler et al.,
2014). Recent research also confirmed the association of
the loss of pericytes and accumulation of fibrillar amyloid-β
(Nikolakopoulou et al., 2017; Miners et al., 2018). Astrocytes
are another NVU cell type that play a crucial role in the
transport of amyloid-β across the BBB (Cai et al., 2017).
It seems that their dysfunction can lead to the increase of
RAGE activity and decrease of the LRP-1 function (Sagare
et al., 2007; Askarova et al., 2011). Endothelial cells of the
BBB are strongly connected by tight junctions. Yamazaki et al.
(2019) have shown that the loss of cortical tight junction
proteins is a common event in AD, and is correlated with
synaptic degeneration. To sum up, BBB dysfunction can
induce tau hyperphosphorylation, and vice versa, tau pathology
can trigger the BBB damage (Ramos-Cejudo et al., 2018).
Neuroinflammation and oxidative stress also contribute to the
BBB damage and formation of NFTs (Ojala and Sutinen, 2017;
Kumfu et al., 2018).

Cerebrovascular inflammatory changes are associated
with AD pathology. iAnalysis of AD patients showed that
cerebrovascular endothelium expressed increased levels of
ICAM-1 and monocyte chemoattractant protein (MCP-1;
Frohman et al., 1991; Grammas and Ovase, 2001). Compared
to controls, AD microvessels produced significantly higher
amounts of a number of inflammatory molecules such as
TNF-α, transforming growth factor-β (TGF-β), nitric oxide,
thrombin, cytokines such as IL-1β, IL-6, IL-8, and matrix
metalloproteinases (MMPs; Grammas and Ovase, 2001). TGF-
β1 as pro-inflammatory cytokine that negatively modulate
vasculogenesis, angiogenesis, and vessel wall integrity. In AD
patients, TGF-β1 has been associated with extracellular senile
plaques and intracellular NFTs (van der Wal et al., 1993). Higher
levels of TGF-β1 were found in serum and cerebrospinal fluid
of demented AD patients compared to age-matched controls
(Chao et al., 1994). The overexpression of TGF-β1 induced
an accumulation of basement membrane proteins and led
to cerebrovascular amyloidosis and vascular degeneration
in Tg mice, confirming its important role in BBB changes
(Wyss-Coray et al., 2000).

Frontotemporal Dementia and
Parkinsonism Linked to Chromosome 17
FTDP-17 is the second most common form of dementia with
20% of all dementia cases. FTDP-17 is clinically characterized by
progressive behavioral, cognitive, and motor changes, including
poor impulse control, inappropriate social conduct, apathy,
worse cognitive control, and limited mental flexibility. These
changes often precede the extrapyramidal and corticospinal
motor signs and symptoms (Sitek et al., 2014).

Numerous cases of frontotemporal dementia show dynamic
neuropathological changes caused by the abnormal deposition
of protein tau (Schweitzer et al., 2006). FTDP-17 is a subtype
of frontotemporal dementia, and it represents a group of
neurodegenerative tauopathies caused by mutations in tau and
progranulin genes (Hutton et al., 1998; Poorkaj et al., 1998;
Spillantini et al., 1998; Sitek et al., 2014). Different mutations in
the tau gene can affect tau mRNA splicing, altering the ratio of
3R and 4R tau (Spillantini and Goedert, 2013).

There are some evidence about microvascular changes
in frontotemporal dementia. De Reuck et al. (2012, 2013)
performed an examination of several post-mortem brains of
patients with frontotemporal dementia and found microbleeds
predominantly within the areas affected by neuronal pathology,
suggesting the disruption of the BBB.

PSP and Vascular PSP
PSP is a 4R tauopathy characterized by progressive deterioration
of brain cells, mostly in the region of the brainstem. In
addition, glial ‘‘tufted astrocytes’’ and neuronal tangles in
gray matter and oligodendrocytic ‘‘coiled bodies’’ in the
white matter of the neocortex are present (Irwin, 2016). The
most common subtypes of PSP are Richardson’s syndrome
(RS) and progressive supranuclear palsy-parkinsonism (PSP-P;
Srulijes et al., 2011). Clinical features of RS include early gait
instability, falls, supranuclear gaze palsy, axial rigidity, dysarthria,
dysphagia, and progressive dementia. PSP-P is clinically
characterized by tremor, rigid bradykinesia, levodopa responsive,
late cognitive decline, and longer life expectancy. Among less
common PSP syndromes belong PSP-pure akinesia with gait
freezing, PSP-corticobasal syndrome, PSP-behavioral variant
of frontotemporal dementia, PSP-primary lateral sclerosis, or
PSP-cerebellar variant (McFarland, 2016).

The study characterizing the P-glycoprotein (P-gp) function
at the BBB using [11C]-verapamil PET in PSP patients revealed
increased [11C]-verapamil uptake in basal ganglia and frontal
regions, suggesting decreased function of the transporter in these
areas. Even if these results were not significant, they showed
differences between the patients in various stages of the disease.
These results are consistent with regionally decreased P-gp
function with the progression of the disease (Bartels et al., 2008).

Vascular PSP is a multi-infarct disorder presenting as
PSP (Josephs et al., 2002). This rare akinetic-rigid syndrome
is characterized by asymmetric lower-body involvement,
predominant corticospinal and pseudobulbar signs, urinary
incontinence, cognitive impairment, increased frequency of
stroke risk factors, and neuroimaging evidence of vascular
changes in subcortical regions, especially the bilateral frontal
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lesions (Lanza et al., 2014). Vascular PSP differs from idiopathic
PSP by a higher degree of asymmetry, lower body involvement,
and evidence of corticospinal and pseudobulbar signs (Winikates
and Jankovic, 1994).

CBD and Vascular Corticobasal Syndrome
CBD is a rare, progressive neurodegenerative 4R tauopathy
associated with heterogeneous motor, sensory, behavioral,
and cognitive symptoms. CBD pathology is characterized by
circumscribed cortical atrophy with spongiosis and ballooned
neurons. Tau pathology is extensively present in neurons and
glial cells of the gray and white matter of the cortex, basal
ganglia, diencephalon, and rostral brainstem. Abnormal tau
accumulation within astrocytes forms pathognomonic astrocytic
plaques. The classic clinical presentation, corticobasal syndrome,
is characterized by asymmetric progressive rigidity and apraxia
with limb dystonia and myoclonus (Kouri et al., 2011).
The corticobasal syndrome also accompanies other diseases,
including AD and PSP. Moreover, the pathology of CBD can
be associated with Richardson syndrome, behavioral variant
of frontotemporal dementia, primary progressive aphasia and
posterior cortical syndrome (Kouri et al., 2011).

Recently, a few cases of vascular corticobasal syndrome
(CBS) have been reported. Koga et al. (2019) have investigated
217 patients with an antemortem diagnosis of CBS and among
them, they identified three patients with vascular CBS. Multiple
infarcts in the frontal lobe and motor cortex, periventricular
white matter, thalamus, and basal ganglia were observed in two
patients. One patient had no cortical infarct but had multiple
white matter infarcts and corticospinal tract degeneration.
This autopsy study showed that, while rare, cerebrovascular
pathology can underlie clinical features suggestive of CBS
(Koga et al., 2019).

Chronic Traumatic Encephalopathy
In the past, CTE was referred to as dementia pugilistica. The
recent studies have shown neuropathological evidence of CTE
in retired American football players, professional wrestlers,
professional hockey or soccer players, as well as in nonathletes.
CTE may have different causes, such as falls, motor vehicle
accidents, assaults, epileptic seizures, or military combat (Gavett
et al., 2010). However, not all patients with repetitive brain
trauma develop CTE, indicating that additional risk factors,
including genetics, may play a role in the neuropathogenesis
of this disease. It has also been suggested that the APOe3
allele may increase susceptibility for CTE (Gandy and Dekosky,
2012; Stern et al., 2013). In CTE, both 3R- and 4R-tau
isoforms are present in neurofibrillary pathology (Woerman
et al., 2016). CTE is clinically manifested by impairments in
cognition, behavior, and mood, and in some cases, chronic
headache and motor and cerebellar dysfunction are occasionally
accompanied by dizziness and headaches (McKee et al., 2009;
Stern et al., 2013). Previous microvasculature studies of several
dementia pugilistica cases revealed decreased microvascular
density and tortuosity with a strong correlation between the
laminar distribution of NFTs and pathological microvasculature.
It has been suggested that repetitive head trauma may cause

vascular damage with the subsequent NFTs and neuropil neurites
formation in perivascular space (McKee et al., 2009). A recent
study proved the BBB disruption mainly in regions of intense
perivascular tau deposition. The accumulation of tau protein was
associated with loss of the tight junction protein claudin-5 and
enhanced extravasation of endogenous blood components such
as fibrinogen and IgG (Farrell et al., 2019).

Parkinsonism Dementia Complex of Guam
(Lytico-Bodig Disease)
PDCG belongs to rare tauopathies. It is a disorder unique to
the Chamorro people of Guam and the Mariana Islands. Strong
familial clustering suggests the genetic origin of the disease
(Hirano et al., 1961a,b; Schwab et al., 1999). Parkinsonism,
dementia, or a combination of both are found as initial
symptoms; however, most PDC patients show a gait disturbance
with additional extrapyramidal symptoms.

Patients with PDC shows recent memory deficits,
disorientation in time and place, behavioral changes, and
progressive deterioration of all intellectual skills. Over time,
they reach a bedridden state (Chen, 1985). Other clinical
features include olfactory dysfunction and, in some individuals,
oculomotor signs (Kovacs, 2015).

Neurofibrillary pathology similar to that observed in AD, but
without the presence of amyloid plaques is found in most PDC
cases (Lee et al., 2001).

Previous studies described brain microvascular changes in
PDC. They found a decrease in vascular density, atrophic,
and fragmented microvessels with a reduced number of
microvascular branches mainly in the areas affected by
NFTs pathology (Buee et al., 1994, 1997). Recently, we
showed that neurofibrillary pathology is closely associated with
cerebrovascular inflammatory changes in Guam PDC patients.
The areas with significant accumulation of the tau in the
NFTs correlated with upregulation of adhesion molecules,
disruption of tight junctions, morphological alterations in
brain microvessels such as thickening of the vessel walls, and
narrowing of the vessel lumens and an increase in collagen-type
IV content per vessel (Majerova et al., 2018).

Pick’s Disease
PiD is a 3R-tau predominant tauopathy characterized by
the presence of ‘‘Pick bodies’’ comprising the aggregates of
hyperphosphorylated tau and glial inclusions through the limbic
and neocortical regions (Irwin, 2016). Moreover, ramified
astrocytes are present (Komori, 1999). Severe neuronal and
glial loss in PiD leads to frontotemporal lobe atrophy, and it
is clinically manifested by the loss of verbal skills, personality
changes, and progressive dementia (Hardin and Schooley,
2002; Rohn et al., 2013). Vascular changes in PiD, including
thinning of microvessels, increased tortuosity, twisted vessels,
and fragmentation of microvasculature. The structural changes
of capillaries are comparatively severe as in AD (Buee et al.,
1997). Massive disorganization of the laminar distribution
of microvessels is shown mainly in atrophy-affected areas
(Buee et al., 1994).
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Argyrophilic Grain Disease
AGD is a highly frequent but still under-recognized
neurodegenerative condition. AGD is a sporadic 4R tauopathy.
In the past, AGD was reported as adult-onset dementia,
but extended studies have revealed clinical features, such as
changes of the personality, emotional imbalance, or memory
problems. Pathologically, AGD is characterized by the presence
of spindle-shaped or comma-shaped argyrophilic grains in the
neuropil of the entorhinal cortex, hippocampus, and amygdala
(Togo et al., 2002).

Globular Glial Tauopathies
GGTs represent a group of 4R tauopathies that are characterized
neuropathologically by widespread globular glial inclusions.
These tauopathies are very rare and they have a range of
clinicopathological presentations. We can divide them into
three main types—type I cases are typically presented with
frontotemporal dementia correlating with the frontotemporal
distribution of pathology, type II cases are predominately
characterized by motor cortex and corticospinal tract
degeneration, and type III cases can present with a combination
of the frontotemporal, motor cortex, and corticospinal tract
involvement. Extrapyramidal features can be present in types II
and III, and in all types of globular glial tauopathies, significant
degeneration of the white matter can be observed (Ahmed
et al., 2013). It is known that astrocytes play a key role in
maintaining the BBB via astrocytic endfeet, which are directly
opposed to vascular endothelial cells (Ransom et al., 2003).
Experiments on mice confirmed the mild BBB disruption after
the targeted expression of human wild-type tau in murine
astrocyte (Zlokovic, 2008; Bartels et al., 2009). In addition,
astrocytes also modulate synaptic function by the secretion and
uptake of neurotransmitters such as glutamate, the brain’s major
excitatory neurotransmitter (Haydon, 2001).

Aging-Related Tau Astrogliopathy
Aging-related tau astrogliopathy is characterized by the presence
of two types of tau-bearing astrocytes. The first type, thorn-
shaped astrocytes, is located in the subependymal and subpial
regions, perivascular spaces, and in clusters in the frontal and
temporal cortices, basal forebrain, and brainstem. They were first
described in association with AD and AGD. The second type
is represented by granular/fuzzy astrocytes, which are mainly
located in the gray matter, and they were firstly identified in
a particular subgroup of patients with dementia. Both types
can also be present in combination with other tauopathies
(Ferrer et al., 2018). The etiology of this disease remains unclear;
however, functional changes of the BBB together with metabolic
encephalopathy, neurodegenerative pathologies, aging-related

hypoperfusion, AD, vascular dementia, and even repeated minor
trauma with possible genetic risk factors may play a role
(Kovacs et al., 2016).

CLINICAL CHALLENGES

As discussed in previous sections, the neurofibrillary pathology is
connected with changes at the neurovascular unit. Moreover, the
distribution and load of neurofibrillary pathology is correlated
with clinical phenotype and severity of cognitive impairment
(Nelson et al., 2012; Murray et al., 2015).

Clinical studies suggest that the NVU changes may represent
an early biomarker of human cognitive dysfunction (Nation
et al., 2019). The [18F]Fluoro-2-deoxy-d-glucose (FDG-PET)/CT
studies suggest that in about 16% of analyzed AD cases, BBB
dysfunction may be present, and this pattern is related to a
worse metabolic pattern (Chiaravalloti et al., 2016). Montagne
et al. (2020) performed the analysis of the BBB permeability in
245 participants using the dynamic contrast-enhanced magnetic
resonance imaging. They showed increased BBB permeability
in cognitively normal APOε4 carriers, compared to cognitively
normal APOε3 homozygotes, both with clinical dementia rating
scores of 0. This increase was independent of amyloid-β and
tau levels, indicating APOε4 to be a potential therapeutic
and diagnostic target in APOε4 carriers (Montagne et al.,
2020).

However, major questions remain, such as how tau-induced
NVU changes are presented at the clinical level and whether
early biomarkers of these processes could help in more focused
therapeutic intervention in the future.
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A major goal in diseases is identifying a potential therapeutic agent that is cost-effective
and can remedy some, if not all, disease symptoms. In Alzheimer’s disease (AD),
aggregation of hyperphosphorylated tau protein is one of the neuropathological
hallmarks, and Tau pathology correlates better with cognitive impairments in AD patients
than amyloid-β load, supporting a key role of tau-related mechanisms. Selenium is
a non-metallic trace element that is incorporated in the brain into selenoproteins.
Chronic treatment with sodium selenate, a non-toxic selenium compound, was recently
reported to rescue behavioral phenotypes in tau mouse models. Here, we focused
on the effects of chronic selenate application on synaptic transmission and synaptic
plasticity in THY-Tau22 mice, a transgenic animal model of tauopathies. Three months
with a supplement of sodium selenate in the drinking water (12 µg/ml) restored
not only impaired neurocognitive functions but also rescued long-term depression
(LTD), a major form of synaptic plasticity. Furthermore, selenate reduced the inactive
demethylated catalytic subunit of protein phosphatase 2A (PP2A) in THY-Tau22 without
affecting total PP2A. Our study provides evidence that chronic dietary selenate rescues
functional synaptic deficits of tauopathy and identifies activation of PP2A as the putative
mechanism.

Keywords: Alzheimer’s disease, chronic oral treatment, synaptic transmission, synaptic plasticity, long-term
depression, neurocognitive functions, tau hyperphosphorylation, protein phosphatase 2A (PP2A)

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder affecting predominantly
brain regions that are required for information processing and memory such as hippocampus
and cortex (Squire et al., 2007; Hyman et al., 2012). The phenotypes of AD include deficits
in declarative (short- and long-term) memory and disruption in synaptic plasticity, a cellular
correlate of memory and undoubtedly one of the first functions to be affected in AD (Selkoe,
2002; Hoover et al., 2010; Takeuchi et al., 2013; Scheltens et al., 2016; Forner et al., 2017). At
the neuropathological level, AD is defined by extracellular Aβ plaques, formed as a result of the
misprocessing of amyloid precursor protein (APP) as well as aggregation of hyperphosphorylated
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tau proteins into neurofibrillary tangles (NFTs; Buée et al.,
2010; Querfurth and LaFerla, 2010; Masters et al., 2015). The
spatiotemporal progression of NFTs from the entorhinal cortex
and the hippocampus to the isocortical areas has been reported
to correlate well with cognitive deficits and disease progression.
Thus, it is Tau pathology and not Aβ-mediated functional
deterioration that turned out to correlate better with the severity
of dementia (Gomez-Isla et al., 1997; Braak et al., 1998; Nelson
et al., 2012; Brier et al., 2016). In accordance with the lower
correlation between Aβ-pathology and AD progression, attempts
to delay or reverse AD pathology by either removing Aβ or
reducing its production had so far not the expected outcome
in clinical studies (Lovestone and Manji, 2020; Sabbagh, 2020).
It was therefore logical that tau has become the next main
target for AD modifying strategies. Apart from the many
ongoing Tau-targeting passive and active immunization studies,
the diversity of mechanisms that contribute to Tau pathology
(e.g., hyperphosphorylation, acetylation, N-glycosylation, and
truncation) offers multiple targets for therapy development
(Congdon and Sigurdsson, 2018). Strategies that target early
pathological Taumechanisms such as Tau hyperphosphorylation
and aggregation meet ideally the requirement to shift the time of
therapeutic interventions to very early stages of AD. Not only the
degree of hyperphosphorylation is decisive for Tau pathology but
also the specific pattern of Tau hyperphosphorylation, i.e., which
of the many phosphorylations sites of Tau (Sergeant et al., 2008)
are (hyper)phosphorylated under the particular pathological
condition. These pathological Tau phosphorylation patterns are
the result of an intricate balance between the activity of Tau
kinases, such as glycogen synthase kinase-3β (GSK3β) as the
major Tau kinase, and phosphatases with protein phosphatase
2A (PP2A) as the main representative (Liu et al., 2005; Kremer
et al., 2011; Martin et al., 2013). Thus, therapeutic reduction
of Tau hyperphosphorylation and subsequent aggregation can
be either achieved by inhibition of Tau kinases or activation
of phosphatases. Suitable candidate therapeutic compounds
should be easy-to-administer, free of toxic side-effects in a
broad dose range and show excellent bioavailability and CNS
penetrating properties.

All these criteria are met by sodium selenate, an oxidized form
of selenium, which was reported to be a selective activator of
PP2A (Corcoran et al., 2010b; van Eersel et al., 2010; Cardoso
et al., 2019). This is confirmed by a Phase IIa control trial that
assessed the safety and tolerability of sodium selenate in forty
patients with mild to moderate AD, aged ≥55 years, and found
the compound to be safe and well-tolerated (Malpas et al., 2016).

PP2A accounts for ∼71% of total tau phosphatase activity
in the human brain (Liu et al., 2005); and its expression
and/or activity have been found significantly decreased under the
conditions of AD pathology (see Lambrecht et al., 2013; Taleski
and Sontag, 2018 for further references), which should promote
hyperphosphorylation of Tau by disturbing the balance between
Tau kinase and phosphatase activities mentioned above. PP2A
phosphatases are a diverse family of holoenzymes, comprised
of at least two subunits, a scaffolding A subunit and a catalytic
C subunit. This dimer can further associate with one of a
diverse range (<20) of regulatory B-subunits to form the

typical mammalian heterotrimeric holoenzyme. Within these
trimeric complexes, the B-type subunits determine important
properties like the catalytic activity, substrate specificity, and
subcellular localization, and hence, the physiological functions
of the holoenzyme (Lambrecht et al., 2013; Taleski and Sontag,
2018). Important to mention, the predominant neuronal PP2A
holoenzyme that shows the highest tau phosphatase activity and
the strongest affinity for tau is the one that contains the Ba
(or PPP2R2A or PR55) regulatory subunit (Sontag et al., 1996,
1999; Xu et al., 2008). Important for a candidate therapeutic
compound, sodium selenate was found to be non-toxic in
primary rat hippocampal slice cultures up to a concentration
of 100 µM (Corcoran et al., 2010b; van Eersel et al., 2010),
while other selenium compounds such as sodium selenite and
selenomethionine showed significant toxicity under the same
conditions (Corcoran et al., 2010b; van Eersel et al., 2010).

Here, we examined for the first time the effects of a
chronic 3-month dietary application of this compound on the
disease phenotype of a tauopathy ADmouse model, THY-Tau22
mice (Schindowski et al., 2006), with the focus on synaptic
transmission and plasticity. The selenate treatment started at
9 months, an age at which THY-Tau22 mice progressively
develop AD-like hippocampal Tau pathology associated with
severe deficits in memory underlined by synaptic impairments
(Schindowski et al., 2006; Van der Jeugd et al., 2011; Van Der
Jeugd et al., 2013; Burnouf et al., 2013). Our data demonstrate
that a chronic dietary supplement with sodium selenate rescues
deficits in hippocampal synaptic plasticity and neurocognition
in THY-Tau22 mice and disclose an activation of PP2A as the
putative underlying mechanism.

MATERIALS AND METHODS

Animals
Twenty male heterozygous transgenic THY-Tau22 mice and a
corresponding number of wildtype (WT) sibling controls were
used in the present study. THY-Tau22 and WT littermate mice
were generated as described previously (Schindowski et al.,
2006). THY-Tau22 mice (C57Bl6/J background) overexpress a
1N4R human mutated Tau isoform (G272V and P301S) under
a Thy1.2-promoter. All animals were kept in standard animal
cages under conventional laboratory conditions (12 h/12 h
light-dark cycle, lights on 08:00–20:00, 22◦C), with ad libitum
access to food and water, unless stated otherwise. Behavioral tests
were conducted during the light phase of their activity cycle.
All behavioral and electrophysiological experiments have been
reviewed and approved by the animal experiments committee
of the University of Leuven, Belgium, and were carried out
following the European Directive 2010/63/EU.

Chronic Treatment With Sodium
Selenate (Na2SO4)
At the age of 9 months, 12 weeks before the start of
experiments, the mice were subdivided into four groups of
10 mice. One group from each genotype was provided with 12
µg/ml sodium selenate in the drinking water (Corcoran et al.,
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FIGURE 1 | Selenate treatment restores behavioral and neurocognitive deficits in THY-Tau22 (henceforth referred to as Tg) mice to levels comparable with wildtype
(WT) controls. (A) Timeline of the experiments. The behavioral experiments started at the age of 12 months, the electrophysiological examination at 14 months. At
the same time, tissue samples were collected for immunohistochemistry and Western blotting. (B) Analysis of cage activity revealed higher activity of Tg mice at the
beginning of the recording period and increased nocturnal activity as compared with WT controls. These differences were abolished by chronic selenate treatment.
Note that selenate treatment did not affect WT animals. (C–E) Open-field behavior. Tg animals traveled less in the arena (C) showed higher latencies to enter the
center of the arena (D) and displayed less exploratory rearings in the center (E) as compared with WT mice. Selenate treatment remediated these behavior changes.
Mean ± SEM is given; group sizes: cage activity n = 10 per group; open field test Tg-veh n = 9, Tg-sel n = 10, WT-veh n = 8, WT-sel n = 10. Bar with # indicates the
significance level p ≤ 0.05 in RM-ANOVA with a Dunnett post hoc test using Tg vehicle as comparison; bars with a ∗ and ∗∗ indicate p ≤ 0.01 and p ≤ 0.001,
respectively, in the Two-way ANOVA; # and ## represent p ≤ 0.01 and p ≤ 0.001, respectively, in the Dunnett post hoc test.

2010b; van Eersel et al., 2010). The other half received normal
drinking water. We chose sodium selenate because the closely
related inorganic form sodium selenite and the main organic
form selenomethionine are toxic in primary hippocampal
slice cultures at comparable and even lower concentrations
(Corcoran et al., 2010b).

Time-Line
Behavioral testing [Cage Activity, Rotating Rod, Open Field,
Morris Water Maze (MWM) and Passive Avoidance] was
performed successively as depicted in Figure 1A. Mice were

handled for 3 days before the start of the experiments (including
weighing the mice and color-coding their tails for further
identification). Before each test, animals were habituated to the
experimental room for at least 30 min.

Behavioral Studies
Neuromotor Tests
Cage Activity
To measure diurnal cage activity, mice were placed individually
in 26.7 cm × 20.7 cm transparent cages (floor area 370 cm2)
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that were positioned between three infrared photo beams.
Beam crossings that represented locomotor cage activity were
registered for each 30-min interval during a 23-h recording
period, using an interfaced PC (Goddyn et al., 2006).

Rotating Rod
Previous studies on the Rotating Rod (Rotarod, MED Associates)
documented no motor deficits for THY-Tau22 (Van der Jeugd
et al., 2011) but to exclude any effect of the selenate treatment on
motor coordination, the rotarod study was repeated.

Open Field
Open field exploration was monitored using a brightly lit
50 cm × 50 cm arena. Before the experiment, mice underwent
30 min of dark adaptation inside a dark cupboard. Each mouse
was placed in the arena for 10 min. Numbers of entries in the
corners and the center (defined as a circle with a 30 cm diameter),
the latency of the first corner and center approach, as well as time
spent, and velocity in corners and center were measured (Noldus
Ethovision, The Netherlands).

Neurocognitive Tests
Morris Water Maze
Spatial and reference memory abilities were examined in the
standard hidden-platform acquisition and retention version of
the MWM. Training consisted of five consecutive days of four
trials (120 s each) from different starting positions. The time
required to locate the hidden escape platform (escape latency
in seconds), distance traveled (path length in centimeter), and
swimming speed (velocity in cm/s) were recorded (Noldus
Ethovision, The Netherlands). After 2 days of rest, a probe trial
with the platform removed was performed for 100 s. The time
(s) the animals spent in each of the four quadrants, and the
frequency the mice swam over the former platform position (n)
were measured (Van der Jeugd et al., 2011).

Passive Avoidance
Single-trial passive avoidance learning was examined in a
step-through box with a small illuminated compartment and a
larger dark compartment with a grid-floor. The grid-floor was
connected with a constant current shocker (MEDAssociates Inc.,
St. Albans, USA). Animals were dark-adapted for 30 min and
then placed in the small illuminated compartment. After 5 s, the
sliding door to the dark compartment was opened and the entry
latency was recorded.Whenmice entered the dark compartment,
a mild foot shock (0.3 mA, 1 s) was delivered. Retention was
tested 24 h later according to the same procedure, excepting
that animals did not receive a shock. The entry latencies were
recorded with a cut-off of 300 s.

In vitro Hippocampal Synaptic Plasticity
After completion of behavioral tests, animals were killed by
cervical dislocation and the brain rapidly isolated out into
ice-cold (4◦C) artificial cerebrospinal fluid (ACSF), oxygen
saturated with carbogen (95% O2/5% CO2). ACSF consisted of
(in mM): 124 NaCl, 4.9 KCl, 24.6 NaHCO3, 1.20, KH2PO4,
2.0 CaCl2, 2.0 MgCl2, 10.0 glucose, pH 7.4. Transverse slices
(400 µm thick) were prepared from the dorsal area of the

right hippocampus with a tissue chopper and placed into a
submerged-type chamber, where they were kept at 32◦C and
continuously perfused with ACSF at a flow-rate of 2.2 ml/min.
After about 90 min incubation, one slice was arbitrarily selected
and a lacquer-coated monopolar stainless steel or tungsten
electrode was placed in CA1 stratum radiatum for stimulation
in constant current mode. For the recording of field excitatory
postsynaptic potentials (fEPSPs), a glass electrode (filled with
ACSF, 3–7 M�) was placed in the stratum radiatum. The
time course of the field EPSP was measured as the descending
slope function for all sets of experiments. After a further
hour of incubation, input/output curves were established and
the stimulation strength was adjusted to elicit an fEPSP-slope
of 35% of the maximum and was kept constant throughout
the experiment. Paired pulse facilitation was investigated by
applying two pulses in rapid succession (interpulse intervals
of 10, 20, 50, 100, 200, and 500 ms, respectively) at 120 s
intervals. During baseline recording, three single stimuli (0.1 ms
pulse width; 10 s interval) were measured every 5 min and
averaged. LTD was induced by low-frequency stimulation (LFS)
consisting of 1,200 pulses at 2 Hz (0.2 ms pulse-width) and
repeated three times with a 10-min interval between completion
of one LFS-train and the start of the successive one (Balschun
et al., 2003; Ahmed et al., 2011, 2015). Immediately after each
conditioning stimulus, evoked responses were monitored at 2, 5,
and 8 min and then subsequently every 5 min recording up to 4 h
after the first conditioning stimulus.

Immunohistochemistry and
Western Blotting
For immunohistological experiments, the tissue was prepared
as described in Leboucher et al. (2013). Animals were killed
by cervical dislocation, brains were removed, one hemisphere
was postfixed for 7 days in 4% paraformaldehyde and then
incubated in 20% sucrose for 24 h before being frozen at −40◦C
in isopentane (methyl butane) and kept frozen at −80◦C until
use. Free-floating coronal sections (40 µm) were obtained
using a cryostat (Leica). The sections of interest were used
for free-floating immunohistochemistry using AT8 (Pierce
MN-1020, recognizes pS202/T205, 1/200) and AT100 antibodies
(Thermo Fisher Scientific, recognizes pT212/pS214; 1/1,000)
and finally mounted on Superfrost slides respectively. Of note,
although these are mouse IgG1 antibodies, they were proven to
work fine in THY-Tau22 mice without causing any disturbing
background staining (Leboucher et al., 2013). Staining pixel
count was performed blindly by setting the threshold to the
same value for each section as previously described using ImageJ
software (Scion Software).

The other hemisphere was used for Western blotting as
previously described (Laurent et al., 2014). Briefly, tissue was
homogenized in 200 µl Tris buffer (pH 7.4) containing 10%
sucrose and protease inhibitors (Complete; Roche Diagnostics,
Meylan, France), sonicated and kept at −80◦C until use.
Protein amounts were evaluated using the BCA assay (Pierce,
Rockford, IL, USA). Proteins were diluted with lithium
dodecyl sulfate buffer (LDS) 2× supplemented with reducing
agents (Invitrogen) and then separated on NuPage Novex gels
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(Invitrogen) for Western blot analysis. Proteins were transferred
to nitrocellulose membranes, which were then blocked (5%
non-fat dry milk in TNT:Tris-HCl 15 mM, pH 8, NaCl 140 mM,
0.05% Tween) and incubated with primary and secondary
antibodies. Signals were visualized using chemiluminescence kits
(ECLTM, Amersham Velizy-Villacoublay, Villacoublay, France)
and a LAS3000 imaging system (Fujifilm, Tokyo, Japan). We
evaluated the expression of the catalytic subunit of PP2A (PP2Ac;
Millipore, 1/1,000) as well as PP2Ac demethylation (demethyl
PP2Ac; Santa Cruz, 1/1,000) in THY-Tau22 selenate-treated
and vehicle-treated mice. We performed two separate Western
blots for each antibody using three samples of each group,
normalized to GAPDH. The PP2Ac/GAPDH and Demethy-
PP2A/GAPDH ratios were calculated as well as the double ratio.
PP2A demethylation (Leu 309) was taken as an index of its
activity. Indeed, PP2A activity is enhanced by the methylation of
its catalytic subunit (PP2Ac) and is conversely decreased by its
demethylation (Papon et al., 2013; Sontag and Sontag, 2014).

Statistical Analysis
Statistical analyses were performed by using IBM SPSS 19
(IBM SPSS, Armonk, NY, USA) and GraphPad Prism 7
(GraphPad Software, La Jolla, CA, USA). Unless otherwise stated,
all statistics were done with Two-Way ANOVA or repeated
measures ANOVA (RM-ANOVA). For single between-group
comparisons, t-tests with Welch‘s correction were used.

RESULTS

Neuromotor Tests
When cage activity was monitored in the current study, we
found a difference between groups (RM-ANOVA over the
whole recording time F(3,30) = 3.258, p = 0.035). Post hoc
Dunnett tests confirmed that only vehicle-treated THY-Tau22
mice (henceforth referred to as Tg mice for the remainder
of the manuscript) demonstrated a significantly different level
of exploratory activity compared with age-matched WT mice
(p = 0.032; Figure 1B). This higher activity level of vehicle-treated
Tg mice is not simply due to an increase in the mean activity
level but primarily due to a higher initial and nocturnal activity.
Noticeably, upon placement, all mice showed increased activity
values (when compared to the activity level in the afternoon
of the next day), which gradually disappeared. The high initial
values and the decay of activity levels during this phase, which we
consider as habituation to the novel environment, are apparently
different in Tg vehicle-treated mice from the other genotypes
as confirmed by a multivariate ANOVA of the first hour of
recording (F(3,33) = 6.545, p = 0.002; post hoc Dunnett test vs.
vehicle-treated Tg mice, p = 0.001). Chronic treatment with
sodium selenate corrected for the increased initial and nocturnal
activity of THY-Tau22 mice.

Next, we tested general motor abilities and coordination in the
rotarod test and found no differences. Thus, all four groups were
equally capable of remaining on the rotating rod (F(3,33) = 0.747,
p > 0.05; data not shown). Previous investigations of the
ambulatory activity of 10-month-old THY-Tau22 mice had

demonstrated an overall increased activity in Tg mice (Van Der
Jeugd et al., 2013).

In the Open field, the total path length was significantly
different between groups (F(3,32) = 7.623, p = 0.001; Figure 1C).
Vehicle-treated Tg animals tended to travel less distance in
the arena compared with treated transgenic animals (post hoc
Dunnett test p = 0.06). Time to approach the center of the
arena and number of exploratory rearings in the center were
different between groups (overall ANOVA F(3,32) = 5.700,
p = 0.03 for latency to the center and F(3,32) = 3.723, p = 0.021 for
rearing in the center). Non-treated Tg mice stayed longer away
from and displayed less exploratory rearings in the center as
compared to the vehicle-treated Tg animals (post hoc Dunnett
tests p = 0.007 for center approach latency; Figure 1D and
p = 0.01 for rearing; Figure 1E). Interestingly, after chronic
selenate treatment, these behavioral changes were normalized to
the level of WT values.

Neurocognitive Tests
We assessed spatial learning and memory in the established
hippocampus-dependent water maze paradigm. Looking at
both the time to locate the hidden platform and the path
length traveled to reach it, we found significant differences
between the groups (overall RM-ANOVA F(3,33) = 44.542,
p = 0.0001 for escape latency and F(3,33) = 43.466, p = 0.0001 for
distance traveled). Post hoc Dunnett tests revealed that spatial
acquisition in vehicle-treated Tg mice at 12–13 months of
age was severely impaired compared with the other groups
[Figure 2A, group effect: escape latency (s): p = 0.001; path
length (cm): p = 0.001, latter data not shown]. This impairment
was not due to motor deficits because swim speed did not
differ across groups (p > 0.05 data not shown). Noteworthy,
there was a pronounced and significant improvement in spatial
learning of selenate-treated Tg mice which was comparable
with the WT-groups. The comparison of vehicle- with selenate-
treated Tg mice confirmed the rescue effect of chronic selenate
treatment because the latter was statistically indistinguishable
from the two WT groups in terms of escape latency and path
length (Figure 2A). In agreement with acquisition performance,
spatial retention during probe trials was significantly different
between the genotypes for the target quadrant (two-way
ANOVA F(3,32) = 9.775, p = 0.004). However, there was
also a significant effect of group detected for the opposite
quadrant (F(3,32) = 15.778, p < 0.001), and interaction effect
(F(3,32) = 27.388, p < 0.001). Dunnett tests indicated that vehicle-
treated THY-Tau22 failed to develop a preference for the target
quadrant in contrast to the other three groups (p = 0.001 for
comparisons of vehicle-treated THY-Tau22 with the other
three groups, Figures 2B–F). Vehicle-treated THY-Tau22 mice
displayed instead a preference for the opposite quadrant (Tg_veh
vs. Tg_sel p = 0.001, vs. wt_veh p = 0.002, vs. wt_sel p = 0.005).
Analysis of the latency to cross the former platform position
revealed a trend towards poorer spatial reference memory in the
vehicle-treated Tg mice compared to the other groups (Two-way
ANOVA F(3,32) = 3.893, p = 0.057).

Finally, in passive avoidance learning, a one-trial learning
test, we found differences between the groups (overall ANOVA
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FIGURE 2 | Impaired spatial learning and memory of Tg mice in the Morris water maze (MWM) was restored by treatment with selenate. (A) Tg mice provided
with dietary selenate displayed escape latencies for locating the hidden platform comparable with the selenate-treated WT and non-treated WT groups. In contrast,
the vehicle-treated Tg group were poor learners. (B) In the probe test, both WT groups and selenate-treated Tg groups confirmed memory for the platform location
by spending significantly more time in the platform quadrant compared to vehicle-treated Tg mice. The vehicle-treated Tg group, in contrast, spent significantly less
time in the target quadrant and showed a preference for the opposite quadrant instead (adj = adjacent 1/2, opp = opposite and target; hashes denote statistically
significant differences between vehicle-treated Tg mice and the other three groups). (C–F) Examples of heat maps of the swim patterns during probe tests.
The location of the platform is marked in the heat map as a black circle in the bottom right quadrant. (C) WT vehicle, (D) WT selenate-treated, (E) Tg vehicle, (F) Tg
selenate-treated. Note the clear target preference of Tg after selenate treatment in panel (F) as compared to vehicle-treated Tg in (E). The heat map scale bar indicates
the time in seconds. Mean ± SEM is given; group sizes: Tg-veh n = 9, Tg-sel n = 10, WT-veh n = 8, WT-sel n = 9. Bar with ### indicates significance level p ≤ 0.001 of
RM-ANOVA with a Dunnett post hoc test using Tg vehicle as comparison; # and ## represent p ≤ 0.01 and p ≤ 0.001, respectively, in the Dunnett post hoc test.

F(3,33) = 32.348, p = 0.0001). Thus, the two WT-groups exhibited
clear memory recall of the shock experienced 24 h earlier,
whereas vehicle-treated Tg mice failed to remember as indicated
by the short-latency to enter the dark compartment. Notably, in
selenate-treated Tg animals, retention memory was restored to
WT levels, resulting in a highly significant effect of treatment

(Figure 3, post hocDunnett tests for vehicle-treated Tg compared
to the other three groups p = 0.0001).

Electrophysiological Studies
Several reports have established that chronic sodium selenate
treatment rescues certain behavioral phenotypes in tau mice
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FIGURE 3 | Selenate restored impaired retention memory of Tg mice in
the Passive Avoidance test. Mean ± SEM is given. Group sizes: Tg-veh n = 9,
Tg-sel n = 10, WT-veh n = 8, WT-sel n = 10. A bar with a ∗ indicates p ≤ 0.01 in
the Two-way ANOVA; ### represents p ≤ 0.0001 in the Dunnett post hoc test.

models, including reducing NFT load in neurons (Corcoran
et al., 2010b; van Eersel et al., 2010). However, the effects
of chronic selenate application on synaptic transmission and
synaptic plasticity have not yet been investigated. In a recent
study, we reported that transient bath-application of selenate
rescued an impaired long-term depression (LTD), one of
the major types of synaptic plasticity, in Tg mice in vitro
(Ahmed et al., 2015). Here, we tested the effects of oral chronic
selenate application on synaptic transmission and plasticity in
the CA1-region of hippocampal slices ex vivo after in vivo
treatment. At 9 months, the age at which the selenate treatment
was started, Tg mice show already prominent signs of AD-like
hippocampal Tau pathology as hyperphosphorylation, abnormal
conformational changes, and aggregation of tau, associated with
severe memory deficits and synaptic impairments. However,
there are no indications of neuronal loss or neurodegeneration
(Schindowski et al., 2006; Belarbi et al., 2009; Van der Jeugd et al.,
2011; Burnouf et al., 2013).

When basal synaptic transmission was inspected (Figure 4A),
selenate treatment caused in Tg mice higher EPSP slopes in
response to increasing stimulation strengths compared with the
other three groups. Two-way ANOVA confirmed a significant
effect of group (F(3,35) = 3.389, p < 0.029) and post hoc Dunnett
test revealed significant differences between selenate-treated
WT and Tg mice (p ≤ 0.020). We then studied paired-pulse
responses, a form of presynaptically mediated short-term
plasticity. Tg mice displayed rather high paired-pulse ratios at
short inter-pulse intervals of 10 ms and 20 ms independent of
whether or not the animals had received selenate (Figure 4B).
The increased paired-pulse values of selenate-treated Tg mice
were statistically different from selenate-treated WT animals
at 10 and 20 ms (10 ms: p = 0.0248, 20 ms: p = 0.0339, Tg sel
n = 12, WT sel n = 12, Two-Way ANOVA plus Dunnett post
hoc test compared with WT-selenate). Differences of similar
size occurred also when the vehicle groups were compared, but
the higher variability prevented statistical significance. While

there were no significant differences at interpulse intervals of
50 ms and 100 ms, treatment with selenate led to significantly
increased values in WT mice at 200 ms (Figure 4B, p = 0.0242,
WT sel n = 12, WT veh n = 8, Two-Way ANOVA plus Dunnett
post hoc comparison. A similar trend in Tg mice at 200 ms
was not significant.

Next, we examined long-term synaptic plasticity.We reported
earlier that the triple repetition of low-frequency stimulation
(LFS) at 2 Hz was successful in inducing late-phase LTD (L-LTD)
in young and middle-aged mice (Balschun et al., 2003; Van der
Jeugd et al., 2011; Ahmed et al., 2015). In the current study,
this robust L-LTD was expressed in WT mice but was severely
impaired in Tg animals (Figure 5A). Although Tg vehicle mice
attained 2 min after completion of the first LFS-train very
similar values as WT vehicle animals (Tg vehicle 61 ± 3%,
n = 10, WT vehicle 66 ± 8%, n = 8), the depression could not be
maintained (last 30 min: Tg vehicle 117 ± 8, n = 10; WT-vehicle
70 ± 7%). Statistical analysis of LTD of all groups after the
induction (60–240 min) with RM-ANOVA plus Tukey’s
post hoc comparison, revealed a significant effect of group
(F(3,28) = 6.843), p = 0.001 and significant differences between
vehicle-treated Tg animals and all other groups (Tg-sel p = 0.027;
WT-vehicle p = 0.002; WT-sel 0.008). While the chronic oral
application of sodium selenate had virtually no effect on WT
mice, it completely rescued the L-LTD in Tg animals (Figure 5B)
as convincingly demonstrated by the exact match with the LTD
of the selenate-treated WT counterparts (Figure 5C).

Immunohistochemistry and
Western Blotting
We selected AT8 as the antibody of choice (Su et al., 1994;
Augustinack et al., 2002; Deters et al., 2009) for the histological
examination because several studies suggest that PP2Ac
dephosphorylates primarily the AT8 epitopes S202/T205 while
other phosphorylation sites that become hyperphosphorylated
during AD, detected by antibodies such as AT100, AT180, 12E8,
and PHF1, are not affected (Kins et al., 2001).

Histological examination of sections from vehicle-treated
(n = 3) and selenate-treated Tg animals (n = 3) with AT8,
a human tau pathological marker of S202/T205 (Figure 6A),
revealed a significant decrease in selenate-treatedmice (p = 0.027,
t-test; Figure 6B). In contrast, no significant effect was found
with AT100, which recognizes Tau phosphorylation epitopes
pT212/pS214 (p = 0.245, t-test, data not shown).

Since several reports have documented a downregulation
of PP2Ac in murine models of tauopathies (Kins et al., 2001;
Liu et al., 2005; Sontag and Sontag, 2014), we evaluated total
levels of PP2Ac (normalized to GAPDH) in vehicle-treated
and selenate-treated Tg mice by Western blotting (Figure 6C)
and found them not being statistically different (Tg vehicle-
treated: 1.08 ± 0.05, n = 3, Tg selenate-treated: 0.92 ± 0.08,
n = 3, p = 0.174, t-tests; Figure 6D). When demethylation of
PP2Ac (inactive PP2Ac) was quantified, a statistically significant
reduction by selenate treatment was confirmed (Tg vehicle-
treated: 0.93± 0.08, n = 3, Tg selenate-treated: 0.67± 0.05, n = 3,
p = 0.049, t-test; Figure 6E). This difference persisted when the
values of deMe-PP2Ac were normalized to the respective values
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FIGURE 4 | Enhanced basal synaptic transmission by selenate treatment in Tg mice. (A) Chronic selenate application increased basal synaptic transmission in Tg
mice. Two-way ANOVA confirmed a significant between-group difference (F (3,35) = 3.389, p < 0.029) and post hoc comparisons revealed a significant enhancement
of synaptic transmission in selenate-treated Tg mice (n = 10) compared to selenate-treated WT mice (n = 8; p ≤ 0.020, Dunnett test with WT-sel as the control
group). (B) Selenate-treated Tg mice (n = 12) had higher paired-pulse values than selenate-treated WT mice (n = 12) at short interpulse intervals of 10 and 20 ms.
Interestingly, selenate caused a significant enhancement of paired-pulse values in WT mice at 200 ms. Two-Way ANOVA plus Dunnett post hoc test compared with
WT-selenate. Mean ± SEM is given. Bar with # indicates significance level ≤0.05 of Dunnett post hoc test, likewise #p ≤ 0.05; ##p ≤ 0.01.

of PP2Ac (Tg vehicle-treated: 0.94 ± 0.07, Tg selenate-treated:
0.732 ± 0.02, p = 0.042, t-test; Figure 6F. Interestingly, when all
individual pairs of AT8 and deMePP2Ac values were subjected to
correlation analysis, a significant Pearson correlation coefficient
of r = 0.919 (p = 0.0096) was obtained.

DISCUSSION

One of the major goals of this study was to establish whether
sodium selenate is a suitable candidate for an effective,

mechanism-based, and inexpensive treatment to correct not only
motor and behavioral phenotypes, but also synaptic deficits in a
murine model of tauopathy and AD (Loef et al., 2011). The data
presented here clearly demonstrate this outcome. In this study,
we used male mice. It must be noted in this context, that there is
an intense debate about gender effects on AD. A recent review by
Nebel et al. (2018) mentions that about two-thirds of the more
than 5.5 Americans afflicted with AD are women. However,
a worldwide meta-analysis by Fiest et al. (2016) did not find a
significantly higher prevalence of AD in women than in men
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FIGURE 5 | Chronic selenate treatment restored synaptic plasticity
[long-term depression (LTD)] in Tg mice. RM-ANOVA of all four groups
confirmed a significant main effect of group F(2,28) = 6.843, p = 0.001. (A)
Vehicle-treated Tg mice (n = 10) failed to express robust LTD which was intact
in vehicle-treated WT siblings (n = 8). (B) Selenate rescued LTD in Tg (n = 6)
compared with vehicle-treated siblings (n = 10). (C) The rescued LTD in
selenate-treated Tg mice matched exactly the time-course of LTD in
selenate-treated WT animals (n = 8). Mean ± SEM is given. Bar with cross(es)
indicates a significant difference in Tukey’s post hoc multiple comparisons,
+p ≤ 0.05, ++p ≤ 0.01.

after controlling for sex differences in longevity. Likewise, in two
meta-analyses of worldwide studies of frontotemporal dementia,
a major tauopathy, no significant gender difference in prevalence
was found (Onyike and Diehl-Schmid, 2013; Hogan et al., 2016).

We found that vehicle-treated Tg mice displayed a marked
increase in locomotor and exploratory activity during the initial
habituation to the test environment and the dark phase of their
activity cycle. This higher activity level, which was corrected
by selenate treatment, is reminiscent of reports of hyperactivity
in other Tau mouse models such as P301S (Przybyla et al.,
2016), rTg4510 (Joly-Amado et al., 2016; Jul et al., 2016;
Blackmore et al., 2017; Wang et al., 2018), MAPT-N296H
(Wobst et al., 2017), N279K (Taniguchi et al., 2005) and a triple
repeat mutant tau transgenic mouse line (Rockenstein et al.,
2015). Of note, a Mapt−/− model on a B6129PF3/J genetic
background also displayed hyperactive behavior (Biundo et al.,
2018). Hyperactivity was also observed in mouse models that
combine Aβ- and Tau pathology such as the triple transgenic
mouse line that overexpresses mutant tau via the taup301L
transgene (Pietropaolo et al., 2008; Baeta-Corral and Gimenez-
Llort, 2014; Cañete et al., 2015). As discussed in a recent review
by Kosel et al. (2020), hyperactivity is a common feature of
AD mouse models, including early sleep-wake disturbances and
nocturnal hyperactivity. Interestingly, in a mouse model that
expresses both the APP/PS1 transgene and wild-type human tau
under the control of an inducible promoter, Aβ and tau were
found to work cooperatively to generate hyperactive behavior
(Pickett et al., 2019).

In line with other reports (Corcoran et al., 2010b; van Eersel
et al., 2010; Shultz et al., 2015), chronic selenate treatment had no
effects onmotor control. However, we found that this compound
normalized the reduced exploration of Tg in the open field as
evidenced by similar values as WT controls for the number of
rearings, total distance moved, and latency to enter the center of
the arena. The latter could be considered as an anxiolytic effect
of selenate. The difference in activity in the cage activity and
the open field test can be explained by the set-up of both tests.
The activity cage looks alike their home cage in the animalium:
both are transparent cages composed out of the same plastic
material with an identical mesh grid top and provided with
the same bedding and dim-lit. In contrast, the open field arena
indeed is a more anxious environment because it is composed
of a non-transparent large box without bedding and brightly lit.
Also, before the Open Field test, mice undergo 30 min of dark
adaptation inside a dark cupboard. Taken all of this together,
we, therefore, think that the mice are more anxious in the open
field which is reflected in the decreased distance traveled and
increased latency to enter the center of the open field the two
main parameters for an anxiogenic phenotype.

We further observed that selenate treatment facilitated/
rescued the contextual awareness of Tg mice in the passive
avoidance test resulting in a similar performance as WT mice.
Deficits in contextual hippocampus-dependent functions have
been reported for several tauopathy mouse models (Fujio et al.,
2007; Sydow et al., 2011; Van der Jeugd et al., 2011; Van Der
Jeugd et al., 2012). The clear improvement of spatial reference
memory of Tg mice in the MWM by chronic selenate treatment
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FIGURE 6 | Selenate reduces AT8 immunoreactivity and antagonizes PP2A-demethylation in Tg mice. (A) Representative immunohistochemical sections from a
vehicle-treated Tg mouse (left) and an animal that received selenate (right). Note the reduced AT8 immunoreactivity in the mouse treated with selenate.
(B) Quantification of immunohistochemical AT8-staining from both groups. Selenate treatment reduced AT8-immunoreactivity to about 50% (p = 0.0027).
(C) Immunoblots of PP2Ac and demethylated PP2Ac in vehicle-treated and selenate-treated Tg. (D,E) Quantification of the levels of PP2Ac and demethylated
PP2Ac, respectively. The amount of demethylated PP2Ac is significantly lower after treatment with selenate, supporting higher PP2A activity under treatment. (F) The
amount of demethylated PP2Ac (deMe-PP2Ac) normalized to the amount of PP2AC. Mean ± SEM is given. *p < 0.05, n = 3 per group.

is corroborated by similar findings in another tauopathy mouse
model (TMTH) in response to selenate (Corcoran et al., 2010b),
and by marked improvements in spatial learning after treating
3xTg mice with selenomethionine (Song et al., 2014; Zhang
et al., 2017), sodium selenate (Van Der Jeugd et al., 2018)
and Ebselen, a lipid-soluble low molecular weight selenoorganic
compound (Xie et al., 2017), respectively. However, in these

studies, mitigated or rescued pathology in 3xTg mice could also
be caused by dietary selenate or selenomethionine repressing
amyloid-β formation and deposition via down-regulation of
β-secretase (BACE1) expression and decreased APP cleavage
(Zhang et al., 2016; Jin et al., 2017). In our study with Tg mice,
rescuing effects mediated by changed amyloid-β production can
be excluded.
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Experimental evidence supports the activation of protein
phosphatase A (PP2A) by selenate (Corcoran et al., 2010b; van
Eersel et al., 2010; Brozmanova, 2011; Shultz et al., 2015; Jin
et al., 2017) and selenomethionine (Zhang et al., 2017), but the
precise mechanism remains unclear. Interestingly in this context,
Nicholls et al. (2008) postulated a role for PP2A in cognitive tasks
such as the spatial version of the MWM. In our experiments,
Tg mice presented severe deficits in acquisition and probe
trial performance in the MWM, i.e., under the conditions of a
progressing tauopathy when PP2A activity has been described
to be downregulated (Sontag and Sontag, 2014). Upon selenate
treatment, we observed a restoration of spatial memory of Tg
to WT-levels in the probe trials during acquisition. Thus, it
appears reasonable to assume that increased PP2Ac activity can
rescue or reinstate molecular processes that are important for the
formation and consolidation of spatial memory.

In our electrophysiological measurements of synaptic
readouts, we observed that selenate significantly increased
basal synaptic transmission in Tg, as becoming overt in the
input-output curves. Furthermore, we recorded increased
paired-pulse ratios in Tg mice at short interpulse intervals
pointing to decreased recurrent inhibition. This could be due
to the loss of interneurons due to their high vulnerability
during progressing AD/tau pathology as reported for several
AD mouse models (Loreth et al., 2012). Such a decline in
interneuron numbers is considered a major reason for the
abundant occurrence of epileptic seizures in AD patients, which
has been replicated in certain murine AD models (Palop and
Mucke, 2016). However, in the hippocampus of Tg mice no signs
of neuronal loss have been detected, but an increase in astroglial
cells (Van der Jeugd et al., 2011).

Recently, Shultz et al. (2015) have reported that sodium
selenate treatment increases expression of the PP2A/PR55B
regulatory subunit after traumatic brain injury, arguably
another tauopathy. Of note, the PP2A isoform that contains
the PR55 (or PPP2R2A or Ba) regulatory subunit is the
predominant neuronal PP2A holoenzyme showing the highest
tau phosphatase activity and the strongest affinity for tau
(Sontag et al., 1996, 1999; Xu et al., 2008). Whereas we did
not measure the expression of this subunit, we compared
overall changes of the catalytic subunit, PP2Ac, and found no
differences between genotypes. However, when we assayed for
demethylated PP2Ac (Leu309; Sontag et al., 2013), we recorded
a significant decrease upon selenate treatment compared with
vehicle-treated Tg, which is in agreement with published reports
that methylation of the catalytic subunit PP2Ac at Leu309 by
leucine carboxyl methyltransferase 1 (LCMT1) is required for
enhanced PP2Ac activity and the assembly and stabilization
of PP2A/Ba holoenzymes (Sontag, 2001; Sontag et al., 2004a;
Sontag and Sontag, 2014). Interestingly, it has been documented
that Tg mice have increased GSK3β activity (Ahmed et al., 2015)
and enhanced GSK3β activity has been linked to reduced PP2Ac
activity as found here (Qian et al., 2010; Yao et al., 2012).

Presynaptic mechanisms are unlikely to be included in the
selenate effects as no differences in the paired-pulse ratios (PPR)
at the 50 ms inter-pulse interval were found between treated
and vehicle-treated Tg groups. Intriguingly, in WTmice selenate

enhanced PPR at an interpulse interval of 200 ms, pointing to
selenate-mediated effects on GABAB-mediated inhibition.

In Tg mice treated with selenate, we observed a restoration of
LTD comparable withWT levels while selenate did not affectWT
synaptic plasticity. This LTD rescue ‘‘phenomenon’’ was similar
to the one that we have previously documented in response to
a transient bath-application of selenate, which notably overcame
okadaic acid inhibition (Ahmed et al., 2015). Further, histological
evidence using the AT8 antibody, one established pathological
marker for the tau phosphorylation site Ser202/Thr205 which
is closely associated with PP2Ac activity (Kins et al., 2003;
Deters et al., 2009), clearly identified reduced phosphorylation
of this epitope after chronic selenate treatment. Recent studies
have shown that the AT8 binding motif does not only include
the well-known pS202/pT205 epitope but also pS208 which is
important for the affinity and kinetics of AT8 binding (Malia
et al., 2016). Since phosphorylation of S208 was suggested to
enhance the formation of tau filaments that lead to NFTs (Xia
et al., 2020), PP2Ac likely controls early hyperphosphorylation
steps in tau pathogenesis that promote aggregation but are still
reversible. There is also evidence from a mouse model expressing
a repressible human tau variant, that the pathological processes
responsible for cognitive decline and the processes underlying
NFT-formationmay dissociate at a certain stage of Tau pathology
(SantaCruz et al., 2005).

Given the current state of knowledge, it is rather difficult
to identify a certain mechanism that is causally responsible
for the selenate-mediated rescue effect on synaptic plasticity
and cognition. Selenate, has been used as an anti-cancer
agent for many years (Corcoran et al., 2010a; Brozmanova,
2011; Rayman, 2012) and was found to be incorporated into
proteins as selenocysteine. The latter is a major component
of the anti-oxidant agent’s glutathione peroxidases (GP) and
thioredoxin reductases (TR) which are well represented in the
brain (Hoppe et al., 2008; Bellinger et al., 2009; Pitts et al.,
2014). Both enzymes are greatly reduced in AD and linked to a
reduction in PP2A methylation (Tolstykh et al., 2000; Vafai and
Stock, 2002; Morris, 2003). Sontag et al. (2010) described a link
between high levels of S-adenosylhomocysteine and a reduction
in PP2A methylation levels. Moreover, PP2A methylation is
under the tight control of protein phosphatase methylesterase-1
(PME1) and leucine carboxyl methyltransferase-1 (LCMT1;
Sontag et al., 2010). Overexpression of PME1 in murine models
had detrimental consequences on neurocognition and synaptic
plasticity while overexpression of LCMT1 had beneficial effects
(Nicholls et al., 2016). In AD, decreased levels of LCMT1 and
methylated PP2A were described to be correlated with reduced
amounts and the severity of phospho-tau pathology (Sontag et al.,
2004a,b; Taleski and Sontag, 2018). Thus, changes in the amount
of PP2A/Ba may lead to changes in PP2A methylation which in
turn may compromise the intricate balance between the activity
of tau kinases and phosphatases (Taleski and Sontag, 2018). Thus,
these reports indicate that PP2A methylation is a defining factor
in tauopathies.

In conclusion, we demonstrate for the first time that a
3-month treatment with dietary selenate rescues deficits in
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synaptic plasticity as well as learning and memory in Tg mice
at an advanced stage of tauopathy, which led already to severe
functional deficits at the synaptic, behavioral, and cognitive
level. The completely recovered LTD demonstrates a rescue of
the deleterious effects of progressive tauopathy at the level of
the synapse, the main site of functional deterioration that leads
to cognitive decline. This is most likely due to a reduction in
the demethylated, catalytically inactive catalytic subunit PP2Ac,
which shifts the equilibrium in favor of the methylated PP2Ac
and thus to a higher PP2A activity. Consequently, this leads
to a decrease in hyperphosphorylated, but not misconformed
Tau as supported by the significant reduction in AT-8 but not
in AT-100 immunostaining. Together with the clear rescuing
effects on synaptic plasticity and cognitive measures in our
study, this reinforces the idea that the detrimental impact of
pathological Tau towards plasticity and memory is likely related
to non-aggregated soluble Tau species and recommends selenate
as a candidate compound for human Tau-targeting clinical trials.
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Tauopathies are a class of neurodegenerative diseases, including Alzheimer’s
disease (AD), Frontotemporal Dementia (FTD), Progressive Supranuclear Palsy (PSP),
Corticobasal Degeneration (CBD), and many others where microtubule-associated
protein tau (MAPT or tau) is hyperphosphorylated and aggregated to form insoluble
paired helical filaments (PHFs) and ultimately neurofibrillary tangles (NFTs). Autophagic-
endolysosomal networks (AELN) play important roles in tau clearance. Excessive soluble
neurotoxic forms of tau and tau hyperphosphorylated at specific sites are cleared
through the ubiquitin-proteasome system (UPS), Chaperon-mediated Autophagy (CMA),
and endosomal microautophagy (e-MI). On the other hand, intra-neuronal insoluble tau
aggregates are often degraded within lysosomes by macroautophagy. AELN defects
have been observed in AD, FTD, CBD, and PSP, and lysosomal dysfunction was shown
to promote the cleavage and neurotoxicity of tau. Moreover, several AD risk genes (e.g.,
PICALM, GRN, and BIN1) have been associated with dysregulation of AELN in the
late-onset sporadic AD. Conversely, tau dissociation from microtubules interferes with
retrograde transport of autophagosomes to lysosomes, and that tau fragments can also
lead to lysosomal dysfunction. Recent studies suggest that tau is not merely an intra-
neuronal protein, but it can be released to brain parenchyma via extracellular vesicles,
like exosomes and ectosomes, and thus spread between neurons. Extracellular tau
can also be taken up by microglial cells and astrocytes, either being degraded through
AELN or propagated via exosomes. This article reviews the complex roles of AELN in
the degradation and transmission of tau, potential diagnostic/therapeutic targets and
strategies based on AELN-mediated tau clearance and propagation, and the current
state of drug development targeting AELN and tau against tauopathies.
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INTRODUCTION

Microtubule-associated protein tau (MAPT or tau) is a neuronal protein, which binds to
the microtubule and regulates its assembly and stabilization, thus mediating the axonal
transport of cellular components along the microtubule. Tau is constantly phosphorylated and
dephosphorylated under physiological conditions (Lee et al., 2001; Götz et al., 2019). However,
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under pathological conditions, tau undergoes various post-
translational modifications and detaches from microtubule to
form insoluble aggregates, named paired helical filaments (PHFs)
that ultimately grow into neurofibrillary tangles (NFTs).

A variety of post-translational modifications and aggregation
of tau and the presence of PHFs and NFTs inside neurons or
glial cells (astrocytes and oligodendrocytes) is the pathological
hallmark of AD and related tauopathies (Lee et al., 2001). Tau
pathology positively correlates with the disease progression and
aligns well with Braak staging (Schöll et al., 2016). Different
tauopathies display different brain regional susceptibility and
distinct clinical symptoms due to the underlying type and extent
of tau pathologies (Götz et al., 2019).

The Ubiquitin-proteasome system (UPS) and autophagy
are two major intracellular degradation process (Dikic, 2017).
UPS mainly degrades short-lived proteins, and autophagy is
responsible for the clearance of long-lived proteins and damaged
organelles. Autophagy can be further categorized into chaperon-
mediated autophagy (CMA), endosomal microautophagy (e-MI),
and macroautophagy.

Soluble neurotoxic tau is cleared by UPS (Lee et al., 2013),
CMA (Wang et al., 2009), and e-MI (Caballero et al., 2018;
Uytterhoeven et al., 2018), while intracellular insoluble tau is
degraded by macroautophagy (Krüger et al., 2012). In addition,
tau phosphorylated at specific sites can also be removed by the
autophagy-independent endolysosomal system (Vaz-Silva et al.,
2018). Apart from AD/tauopathies, NFTs are also found in
brains of subjects with Niemann-Pick type C (NPC), a lysosomal
storage disease resulting from lysosomal function defects (Wang
and Mandelkow, 2012). Thus, it suggests the Autophagy
Endo-Lysosomal Network (AELN) plays an important role in
preventing tau aggregation and NFT accumulation in different
tauopathies and lysosomal storage diseases.

Indeed, accumulation of lysosomes, lysosomal hydrolases,
autophagosome, autophagic vacuoles, multi-vesicular bodies
(MVBs), autolysosomes, and defect in lysosomal membrane
integrity in the brain has been reported in AD, CBD,
and PSP patients (Nixon et al., 2005; Nixon, 2013; Piras
et al., 2016; Menzies et al., 2017). Defects in the retrograde
transportation of autophagosomes from axon to soma and
antegrade transportation of degradative lysosomes to distal axons
were also demonstrated (Farfel-Becker et al., 2019). On the
other hand, fragmented tau can impair CMA and lysosomal
dysfunction and lead to tau oligomerization and aggregation
(Wang et al., 2009).

BIN1, PICALM, CD2AP, RIN3, SORL1, GRN, and PLD3,
which affect AELN functions (Van Acker et al., 2019), were
identified as AD susceptibility loci in genome-wide association
studies (reviewed in Van Acker et al., 2019). Particularly, BIN1,
PICALM, and GRN have been implicated in tauopathies. These
linkage studies suggest the failure of AELN can contribute to tau
pathology in tauopathies and related diseases.

Interestingly, AELN is also involved in the propagation of tau.
Physiological and pathological tau can both be secreted from
neurons through exosomes, the extracellular vesicles contained
inside MVBs (an intermediate endocytic compartment) (Saman
et al., 2011; Wang et al., 2017). MVB fusion with the plasma

membrane releases exosomes to the extracellular space. Secretory
autophagy-based unconventional secretion of pathological tau
has also been reported in a recent study (Kang et al., 2019).

Uptake of different forms of tau by neurons utilizes
AELN as well. Internalized tau then clogs up UPS and
AELN, further inhibiting tau degradation and contributing to
pathological tau accumulation (Wu et al., 2013). In addition,
once internalized, tau aggregates can rupture endosomes to
seed more tau aggregates and propagate in the recipient cells
(Calafate et al., 2016).

Microglia can effectively phagocytose tau aggregates bound
to anti-tau antibodies and degrade them through AELN (Luo
et al., 2015). On the other hand, microglia can also be a foe in
propagating tau pathology by packaging tau into exosome and
release into extracellular space (Asai et al., 2015). Furthermore,
astrocytes can take up tau fibrils through HSPG-mediated
micropinocytosis (Martini-Stoica et al., 2018) and tau monomers
through an HSPG-independent pathway (Perea et al., 2019).
Upon internalization into astrocytes, astroglial transcription
factor – EB (TFEB, a master regular of autophagy) promotes tau
degradation and the inhibition of tau transmission in tauopathies
(Martini-Stoica et al., 2018).

In this review, we will briefly discuss the pathways responsible
for tau degradation, release, and uptake in neurons and glial
cells. We will also summarize the potential therapeutic targets
and those that are already in clinical trials for promoting tau
degradation and preventing tau propagation.

STRUCTURE AND FUNCTION OF TAU IN
TAUOPATHIES

Tau is a microtubule-associated protein encoded by the MAPT
gene. Alternative splicing of the single MAPT mRNA generates
six different isoforms (Himmler et al., 1989). The longest tau
isoform with two-amino terminal inserts and four microtubule-
binding domains (2N4R-Tau) has more than 80 phosphorylation
sites (Iqbal et al., 2016).

Under normal conditions, tau is constantly phosphorylated
and dephosphorylated to regulate the microtubule assembly in
axons. Tau is also involved in facilitating the axonal transport of
cellular cargoes on microtubule tracks in neurons by differentially
regulating two motor proteins, dynein and kinesin (Dixit et al.,
2008). In healthy neurons, lower tau concentration in the
soma enables kinesin’s binding to microtubules and anterograde
transport of cargoes to the distal axon. Cargoes are then released
due to the higher tau concentration at the distal axon. Whereas
dynein-dependent retrograde transport from the axon to soma is
not affected because of dynein’s lower sensitivity to tau. However,
tau-dependent axonal transport is still controversial since it is
not validated in in vivo studies. One study even shows tau
overexpression or knockout in a mouse model does not show
impairment in the axonal transport (Yuan et al., 2008).

Under pathological conditions, tau undergoes various
types of post-translational modifications, including
hyperphosphorylation and detaches from microtubules.
Detached tau can either exist as soluble monomers or form

Frontiers in Molecular Neuroscience | www.frontiersin.org 2 October 2020 | Volume 13 | Article 586731158

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


fnmol-13-586731 October 12, 2020 Time: 15:49 # 3

Jiang and Bhaskar Degradation and Transmission of Tau

neurotoxic oligomeric aggregates, paired helical filaments
(PHFs), and ultimately neurofibrillary tangles (NFTs). Loss-of-
function of tau, which causes disassembly of the microtubule,
and gain-of-function of neurotoxic tau aggregates, have both
been proposed during the disease progression of AD and related
tauopathies (Rapoport et al., 2002; Trojanowski and Lee, 2005;
Avila et al., 2010).

Tauopathies are a group of more than twenty diseases,
where tau is hyperphosphorylated and aggregated to form
intracellular inclusions NFTs inside neurons or glial cells (Götz
et al., 2019). The most common forms of primary tauopathies
are Pick’s disease (PiD), Progressive Supranuclear Palsy (PSP),
Corticobasal Degeneration (CBD), and frontotemporal dementia
with parkinsonism liked to chromosome 17 (FTDP-17). The
secondary tauopathy, Alzheimer’s disease (AD), is the most
prevalent form of tauopathy, affecting more than 50 million
people worldwide and 50 million expected to increase to 152
million by 2050 (World Alzheimer Report, 2019). Familial
tauopathies are caused by pointmutations in the MAPT gene
or alternative splicing of MAPT mRNA – resulting in the
imbalance in different tau isoforms, and/or numerous types
of post-translational modifications. Accordingly, patients with
tauopathies display different brain regional susceptibility and
present with distinct clinical symptoms, which is driven by the

underlying type and extent of tau pathologies. The molecular
pathogenesis of tauopathies is extensively reviewed in another
review (Götz et al., 2019).

CLEARANCE OF PATHOLOGICAL TAU
BY AUTOPHAGY-ENDOLYSOSOMAL
NETWORK

The ubiquitin-proteasome system (UPS), Chaperon-mediated
Autophagy (CMA), and endosomal microautophagy (e-MI)
clear soluble neurotoxic tau, while macroautophagy degrades
intracellular insoluble tau inside neurons. Additionally,
autophagy-independent endolysosomal degradation of
ubiquitinated tau with certain phosphorylation sites has
also been reported (Figure 1). Tau degradation by UPS is
extensively reviewed elsewhere (Lee et al., 2013). Numerous
studies have reported that all three different types of autophagy
process – CMA (Wang et al., 2009), e-MI, and macroautophagy,
participate in the endolysosomal degradation of pathological tau.
In brains of AD subjects, Alz50-positive conformationally altered
tau-containing intraneuronal granules exhibited lysosome-
like structures in regions surrounding infarcted foci in the
human cerebral cortex, suggesting a failure of lysosomal

FIGURE 1 | Tau degradation in healthy neurons. (A) Unmodified wildtype tau or mutant tau is degraded by e-MI; (B) Unmodified wildtype tau is degraded by CMA;
(C) Phosphorylated tau and tau aggregates are degraded by macroautophagy; (D) Tau phosphorylated at specific sites is degraded by autophagy-independent
endolysosomal pathway.
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degradation in tau tangles (Ikeda et al., 1998, 2000). Aside from
AD/tauopathies, the fact that NFTs are also found in brains of
subjects with Niemann-Pick type C (NPC), a lysosomal storage
disease resulting from lysosomal function defects, suggests
endolysosomal failure might be inducing tau aggregation and
tangle build-up in the brain (Wang and Mandelkow, 2012).

CMA-Dependent Degradation of
Pathological Tau
CMA is one of the first discovered processes, which can
selectively degrade cytosolic components by lysosomes (Dice,
1982). It does not utilize any membrane structures to engulf
cargo, but instead utilizes chaperone proteins, such as HSC70,
HSP90, HSP40, to recognize cargo proteins that have a KFERQ
motif. Then these cargoes are unfolded and translocated directly
across the lysosomal membrane for degradation (Cuervo and
Wong, 2014; Kaushik and Cuervo, 2018).

During physiological conditions (upon damage or partial
unfolding), CMA regulates various biological activities, including
DNA repair, glucose/lipid metabolism, cellular reprogramming,
and response to stress, through mediating the turnover of
cellular non-aggregated proteins that have KFERQ motifs. CMA
failure can result in several neurodegenerative diseases, including
Parkinson’s disease, AD, frontotemporal lobar degeneration
(FTLD), amyotrophic lateral sclerosis, and Huntington’s disease.
Neurodegeneration is often accompanied by the accumulation
of CMA substrates like α-synuclein, carboxyl-terminal hydrolase
isozyme L1 (UCHL1), Tau, and TAR DNA-binding protein 43
(TDP-43) (Cuervo and Wong, 2014; Kaushik and Cuervo, 2018).

CMA-dependent degradation of unmodified wild-type tau
was first described by Wang et al. (2009). However, in an
inducible mouse neuroblastoma N2a cell model of tauopathy
expressing the repeat domain of Tau with an FTDP-17 mutation
(TauRD1K280), TauRD1K280 can only be partially cleaved
by a thrombin-like activity in the cytosol to generate the
F1 fragment. F1 fragment has two CMA targeting motifs
(336QVEVK340 and 347KDRVQ351) and can be targeted to the
CMA receptor by the chaperone heat-shock cognate protein 70
(Hsc70) and bind to the lysosomal membrane via lysosomal
associated membrane protein 2A (LAMP-2A). However, F1
fragment can only partially translocate into lysosomes. This
promotes Cathepsin L-mediated cleavage of F1 fragment at the
C terminus to generate F2 and F3 fragments and further induces
TauRD1K280 oligomerization and aggregation, which can be
degraded through the autophagy pathway. The oligomers of
TauRD1K280 can further interfere with lysosomal function and
lead to lysosome leakage (Wang et al., 2009).

Macroautophagy-Dependent
Degradation of Pathological Tau
Macroautophagy is a more complex and selective process
than CMA. For the macroautophagy to occur, a double-
membrane structure called autophagosome forms around protein
aggregates, damaged organelles, and microbes prior to their
engulfment. Macroautophagy substrates are recognized by
selective autophagy receptors (SAR), such as p62/SQSTM1

(sequestosome-1), which binds to the mammalian ATG8 proteins
anchored to the inner membrane of the autophagosome, through
LC3-interacting region (LIR) motifs (Johansen and Lamark,
2020). Macroautophagy-dependent degradation of pathological
tau and its failure in tauopathies have been reported in numerous
studies (Wang and Mandelkow, 2012; Menzies et al., 2017;
Lee et al., 2013).

It has been observed that hyperphosphorylated tau co-
localizes with LC3-positive vesicles and p62 receptor protein in
the post-mortem brains of familial AD, CBD, and PSP patients
(Piras et al., 2016). Furthermore, in cultured primary neurons,
macroautophagy, but not proteasome, was responsible for the
degradation of endogenous tau (Krüger et al., 2012). Aligned with
this observation, autophagy inhibition by chloroquine enhanced
tau aggregation (Hamano et al., 2008), and autophagy induction
with rapamycin reduced tau levels in vitro and in vivo in a
Drosophila model expressing human tau. In Parkin-knockout
and tau-overexpressing mice, trehalose, which stimulates
autophagy, alleviated tau pathology (Rodríguez-Navarro et al.,
2010). Pharmacological inhibition of phospholipase D1 (PLD1),
which is associated with the endosomal system and located
on the outer membrane of the autophagosome, by a small
molecule 5-fluoro-2-indolyl des-chlorohalopemide (FIPI) in
organotypic brain slices led to an accumulation of Tau and p62
aggregates (Dall’Armi et al., 2010). In summary, these studies
suggest the involvement of macroautophagy in the degradation
of tau aggregates.

e-MI-Dependent Degradation of
Pathological Tau
Tau is also degraded by another form of autophagy called
microautophagy. Microautophagy was considered to be a non-
selective autophagic process, which can internalize soluble
cytosolic cargoes through invaginations of the lysosomal
membrane. However, a selective form of microautophagy, which
recognizes cargoes harboring KFERQ motifs with the help of
Hsc70 and delivers them into late endosomes, was discovered and
named endosomal microautophagy (e-MI) (Sahu et al., 2011).
It has been shown that more than half of the synaptic proteins
have KFERQ motifs and can be recognized by the chaperone
protein Hsc70. They are delivered to late endosomes/multi-
vesicular bodies (MVBs) and degraded in the Drosophila neurons.
Therefore, e-MI regulates the turnover of old and damaged
synaptic proteins and neurotransmitter release (Uytterhoeven
et al., 2015). Interestingly, tau also has two KFERQ motifs,
and inducing microautophagy reduced mutant tau levels and
synaptic vesicle sequestration at the pre-synaptic terminal in the
Drosophila neurons (Uytterhoeven et al., 2018).

As summarized above, all three forms of autophagy can
mediate the degradation of tau. However, how these pathways
differ or overlap is largely unknown. Caballero et al. (2018)
studied two different tau mutations, P301L, which causes
autosomal−dominant FTDP-17 (Hutton et al., 1998), and A152T
that does not cause autosomal−dominant disease but associates
with a higher risk of FTD and AD (Coppola et al., 2012).
Interestingly, the degradation of these mutant forms of tau by
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three different forms of autophagy varied in N2a cells. A152T
mutation disrupted tau degradation in late endosome by e-MI,
while macroautophagy was able to effectively degrade A152T tau,
and its degradation by CMA was only mildly affected. Whereas
the upregulation of macroautophagy or CMA did not increase the
degradation of P301L-tau or reduce its cytotoxicity, suggesting
merely upregulating macroautophagy or CMA may not achieve
the therapeutic goal in efficiently clearing autosomal-dominant
forms of mutated tau. Nonetheless, CMA may be effective in
clearing the non-autosomal-dominant type of tau relevant to
FTD and AD. On the other hand, e-MI was only able to degrade
wild-type tau, but not the mutant forms of tau, a concept needing
further evaluation as a recent study (Uytterhoeven et al., 2018)
contradicted this conclusion. These findings suggest different tau
mutants may favor certain degradative pathways. The differential
degradation of tau mutants should be taken into consideration
when modulating autophagy for therapeutic intervention in
diverse types of tauopathies.

Autophagy-Independent Endolysosomal
Degradation of Pathological Tau
Autophagy-independent endolysosomal degradation of tau was
also reported recently in primary hippocampal neurons and
N2a cells (Vaz-Silva et al., 2018). Intriguingly, tau was found
in Hrs/EEA1/Rab5-positive early endosomes, MVB vesicles,
LAMP1-positive vesicles, suggesting its trafficking through
the entire endolysosomal pathway. Tau interacted with the
initial endosomal sorting complex required for transport
(ESCRT) protein Hrs, possibly through ubiquitination, since the
interaction was increased by deubiquitylating enzyme inhibitors.
Tau sorting into the ESCRT pathway was dependent on the
small GTPase Rab35. Rab35-dependent degradation of tau was
particularly specific to tau phosphorylated at specific sites.
For example, pSer396/404 and pSer262, but not pSer202. This
finding again suggested the preferential sorting of specifically
phosphorylated tau by multiple AELN pathways.

AUTOPHAGY-ENDOLYSOSOMAL
NETWORK DEFECTS IN TAUOPATHY

Accumulation of lysosomes and lysosomal hydrolases and defects
in lysosomal membrane integrity has been reported in AD
patients (Perez et al., 2015). Increased levels of lysosomal
components cathepsin D and LAMP1 was also found in
the brains of CBD and PSP patients (Piras et al., 2016).
The buildup of autophagosomes, autophagic vacuoles, MVBs,
multilamellar bodies, and cathepsin-containing autolysosomes is
also apparent in the dystrophic neurites in the brains of AD
subjects (Nixon et al., 2005; Nixon, 2013; Menzies et al., 2017),
which indicates defects in autophagosome maturation, transport,
and fusion with lysosomes during the course of pathological
progression (Figure 2).

In healthy neurons, autophagosomes are initially produced
at the terminal of axons and transported retrogradely to the
soma, where lysosomes are located. This retrograde transport
of autophagosomes along the microtubule is dynein- and

activity-dependent in granule cells (Katsumata et al., 2010). It
was recently reported that soma-derived degradative lysosomes
are anterogradely transported to the distal axon to fuse
with autophagosomes to form autolysosomes, which are later
retrogradely transported to the soma for degradation in mouse
cortical neurons at DIV 14 (Farfel-Becker et al., 2019). In
disease neurons, impaired axonal delivery of lysosome causes
autophagic stress. Whether it contributes to tau pathology needs
further investigation.

Additionally, lysosomal pH dysregulation and aberrant
activity of a proton pump-the vacuolar ATPase (v-ATPase)
have been implicated in various neurodegenerative diseases,
including AD (Colacurcio and Nixon, 2016). Particularly, a brain
proteomic analysis (Chang et al., 2013) revealed the expression
of v-ATPase H+ Transporting V1 Subunit E1 (ATP6V1E1),
which is responsible for the acidification of various intracellular
organelles (endosomes, lysosomes, the trans-Golgi network, and
synaptic vesicles), is altered throughout the course of tau tangle
pathologies. This study utilized a transgenic mouse model (NSE-
htau12) expressing human wild-type tau under the control
of neuron-specific enolase (NSE). ATP6V1E1’s expression was
increased in the early disease process, but decreased later,
suggesting lysosomal function was augmented upon protein
aggregate challenge, then overwhelmed and compromised later
as the disease progresses.

GENETIC RISKS ASSOCIATED WITH THE
AUTOPHAGY-ENDOLYSOSOMAL
SYSTEM IN TAUOPATHIES

Genome-wide association studies have identified 27 AD
susceptibility loci. Many of them (for example, BIN1, PICALM,
CD2AP, RIN3, SORL1, GRN, and PLD3) affect AELN functions
(Van Acker et al., 2019). Particularly, BIN1, PICALM, and GRN
have been implicated in tauopathies.

BIN1
Bridging Integrator 1 (BIN1) is a cytoplasmic protein involved
in vesicle-mediated transport. It is localized on early and late
endosomes, lysosomes, and recycling endosomes and can bind
to tau, dynamin, and clathrin. In AD brains, neuronal isoform
1 of BIN1 protein level is decreased, and microglial isoform 9
is increased (Holler et al., 2014). Protein levels of BIN1 have
been shown to negatively correlate with tau pathology in an
in vitro model of BIN1 knockout rat hippocampal neurons,
where accumulated tau disrupts endosomes and propagates to the
cytosol to induce more aggregates. The underlying mechanism
was BIN1 reducing the endocytic flux through Rab5 deactivation
(Calafate et al., 2016).

PICALM
Phosphatidylinositol Binding Clathrin Assembly Protein
(PICALM) is a clathrin-assembly protein that can recruit the
adaptor complex 2 (AP2) to clathrin-coated pits to regulate
membrane cycling. PICALM is an AD risk gene, and single-
nucleotide polymorphism (SNP) in PICALM leads to abnormal
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FIGURE 2 | AELN defects in diseased neurons. (A) Exogenously expressed tau repeat domain can be cleaved by a Thrombin-like activity to generate an F1
fragment, which is then recognized by Hsc70 and co-chaperons. Hsc-70 bound F1 fragment can only partially translocate into lysosomes, which further induce its
cleavage by Cathepsin L to generate F2 and F3 fragments. Tau fragments impair CMA and cause lysosomal rupture, which in turn induce mutant tau oligomerization
and aggregation. (B) Pathological tau undergoes hyperphosphorylation and aggregates in the somatodendritic compartments, overwhelming AELN and also inhibits
kinesin’s binding to the microtubules, which further interfere with the degradative lysosome transportation to axons. At the later stage, dissociation of
hyperphosphorylated tau from microtubule and its destabilization/disassembly may interfere with the retrograde transport of autophagosomes to lysosomes and
ultimately lead to accumulation of autophagosomes in axons.

cleavage of PICALM by calpain and caspase-3 (Ando et al., 2013).
It has been shown that PICALM modulates autophagy and its
depletion leads to autophagic dysfunction, which contributed
to the accumulation of phosphorylated tau in primary mouse
neurons (Moreau et al., 2014). PICALM colocalizes with
phosphorylated 3R and 4R tau in the brains of AD, FTLD, PiD,
and PSP patients (Ando et al., 2016).

GRN
The mutation of Granulin precursor (GRN), another risk gene
for FTD besides MAPT, is also implicated in AD cohorts (Perry
et al., 2013). Progranulin (PGRN), encoded by the human GRN
gene, is a secreted growth factor that can localize to intraneuronal
membrane compartments, including lysosomes. Homozygous
GRN mutations can cause a rare lysosomal storage disease
(Dickson et al., 2010; Paushter et al., 2018), suggesting a plausible
interaction between PGRN and tau in contributing to FTDs.

In addition to the genes mentioned above, mutations in
charged multivesicular body protein 2B (CHMP2B) (Skibinski
et al., 2005), in the ESCRT-III complex, and C9ORF72, which

colocalizes with RAB proteins, are linked to defects in endosomal
trafficking in FTD (Farg et al., 2014).

TAU TRANSMISSION

Mounting evidence now suggests tau, together with many other
proteins, involved in neurodegeneration, can propagate like prion
from cell to cell either via direct physical synaptic connections or
through extracellular vesicles, like exosomes and ectosomes, or
by tunneling nanotubules, other endocytic pathways (extensively
reviewed in Fuster-Matanzo et al., 2018; Gibbons et al., 2019;
Uemura et al., 2020). Tau not only propagates between neurons,
but it can also spread from neurons to microglia, astrocytes, and
oligodendrocytes (Figure 3). It is speculated that tau might even
spread from glial cells to glial cells in tauopathies like PSP and
CBD (Narasimhan et al., 2017), eventually forming astrocytic
plaques and/or tufted astrocytes.

Spreading of tau pathology to synaptically connected brain
regions was initially suggested from the hierarchical pattern
of tau pathology beginning in the trans-entorhinal cortex
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FIGURE 3 | Pathways Mediating Pathological Tau Release and Uptake in Neurons and Glial Cells. (A) Neurons release pathological tau through the following
pathways: (1) Exosomes; (2) HSPG-mediated direct translocation; (3) Ectosome; (4) Autophagy-based unconventional secretion; (5) Tunneling nanotube. Neurons
can internalize pathological tau through the following pathways: (1) HSPG-mediated macropinocytosis; (2) HSPG-mediated direct translocation; (3) Bulk endocytosis;
(4) Clathrin-dependent endocytosis; (5) Clathrin-independent endocytosis; (6) Exosomes; (7) Tunneling Nanotube. (B) Microglial cells internalize tau through exosome
and phagocytosis. Microglia can also take up antibody-bound tau fibrils. Internalized tau can be degraded or packaged into exosomes and propagate. The receptor
on the microglial cell surface that recognizes pathological tau is yet to be defined. (C) Astrocytes take up tau fibrils through HSPG-mediated macropinocytosis and
tau monomers through an HSPG-independent pathway that needs further investigation. (D) The molecular pathways responsible for tau uptake in oligodendrocytes
remain elusive.

and eventually spreading to synaptically connected brain
regions, such as the hippocampus and, later, the cortex
(Braak and Braak, 1995). An in vitro study first showed that
extracellular recombinant tau aggregates, but not monomers,
were internalized by a mouse immortalized neural progenitor
cell line C17.2 and induced fibrillization of intracellular full-
length tau, which was able to further cross-seed fibrillization of
recombinant tau monomer (Frost et al., 2009). Another in vitro
study (Guo and Lee, 2011) reported the introduction of a small
amount of misfolded preformed fibrils of tau (pffs) into QBI-
293 immortalized human embryonic kidney cells transfected with
human tau, turned a large amount of soluble Tau into NFT-like
filamentous inclusions. Uptake of pffs into the cells was mediated
by endocytosis, and the P301L mutation of tau enhanced
pff-induced aggregation accompanied by reduced microtubule
stability. Conclusions from these findings were also supported by
multiple in vivo studies utilizing pathological tau from different
resources in different mouse models.

Injection of brain extract from P301S human tau mice into
the brains of ALZ17 transgenic mice expressing wild-type human

tau induced seeding of wild-type human tau to become tau
filaments and spreading of tau pathology from the injection site
to the neighboring brain regions (Clavaguera et al., 2009). Mis-
localization of tau from axons to somatodendritic compartments
and spreading of tau pathology from the entorhinal cortex to
the surrounding brain regions, including the subiculum, CA1,
and dentate gyrus was also observed in an inducible mouse
line Neuropsin-tTA-Tau (NT), which differentially express tau in
the EC region (Liu et al., 2012) and mimics the Braak staging.
Tau propagation is dependent on synaptic circuitry since in
rTgTauEC mice, a transgenic mouse model exclusively expressing
human P301L tau in the layer II of the entorhinal cortex
(EC), tau pathology initiated from EC transgene-expressing
neurons to non-transgene expressing neurons downstream in
the synaptic circuit such as the dentate gyrus, hippocampus CA
region, and cingulate cortex (De Calignon et al., 2012). Tau
propagation theory was further supported by the evidence that
synthetic tau pffs alone can seed endogenous tau to become NFT-
like structures in a dose- and time-dependent manner in the
interconnected brain regions of PS19 mice (Iba et al., 2013).
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Tau Release From Neurons
For tau to spread between cells, it first needs to be released from
neurons. Studies have shown that in addition to being passively
released from dead cells, tau can also be actively released from
neurons in vesicle-associated form or non-vesicle-associated free
form (Tables 1, 2).

Exosomes are extracellular vesicles, which are formed inside
an MVB. Exosome release into the extracellular space is
dependent on the fusion of the MVB with the plasma membrane.
Secreted tau in the supernatant of M1C neuroblastoma cells
was exosome-associated and mostly enriched for pT181 (AT270

TABLE 1 | Pathways mediating physiological tau release from neurons.

Pathways Forms of Tau Characteristics References

Non-vesicular
secretion

Free form Majority of Secreted tau is in
free, non-vesicular form.
Whether it is HSPG-
dependent was not examined.

Dujardin et al.,
2014

Non-exosome
associated

Physiological tau,
non-aggregating
form

AMPA-mediated,
calcium-dependent tau
release enhanced with
increased neuronal activity.
Not clear if this pathway
involves other vesicles.

Pooler et al.,
2013

Ectosome Dephosphorylated,
full-length tau or
C-terminus
truncated

Found in mouse ISF samples,
slightly switches to exosomal
secretion when tau
accumulates inside cells.

Dujardin et al.,
2014; Cocucci
and Meldolesi,
2015

Autophagy-
based
unconventional
secretion

Total tau Released into media without
any stimulation in SHSY-5Y
cells

Kang et al.,
2019

TABLE 2 | Pathways mediating pathological tau release from neurons.

Pathways Forms of tau Characteristics References

Exosome Total tau, pT181-
tau, pS396-tau,
fragmented tau
lacking C-Terminus

Neuronal activity- and
synaptic connectivity-
dependent

Saman et al.,
2011; Dujardin
et al., 2014; Wang
et al., 2017

Ectosome Fragmented tau
lacking C-Terminus

Slightly switches to
exosomal secretion
when tau accumulates
inside cells.

Dujardin et al.,
2014

Tunneling
Nanotube

Exogenous tau
monomers and
fibrils

Filamentous-actin-
containing
membranous
structures

Tardivel et al.,
2016

HSPG-
mediated direct
translocation

Soluble full-length
tau, phosphorylated,
oligomeric

Secreted soluble tau
utilized the same
HSPG-mediated direct
translocation
mechanism to
transcellularly enter the
recipient cells and
induced aggregation

Katsinelos et al.,
2018; Merezhko
et al., 2018

Autophagy-
based
unconventional
secretion

Various forms of
pTau

Nigericin induced Kang et al., 2019

antibody site), an established early AD biomarker used in CSF-
based AD diagnosis. The authors also found that CSF samples
from mild AD patients had an increased level of exosome-
associated pT181 tau (Saman et al., 2011). The exosome-mediated
release and trans-synaptic transmission of Tau between neurons
are dependent on neuronal activity and synaptic connectivity,
as shown by an in vitro microfluidic study (Wang et al.,
2017). Interestingly, exosomal tau was taken up by neurons and
microglia, but not astrocytes, and microglia was more efficient
in internalizing exosomal tau. Exosomal tau released from N2a
cells or monomeric or oligomeric tau from exosomes derived
from AD patients CSF samples can both induce tau aggregation
in cultured cells.

Besides exosomes, another type of vesicles, ectosomes
(Cocucci and Meldolesi, 2015), is also shown to be involved in
tau secretion. Ectosomes vesicles (0.1–1 µm in diameter) that are
budded and released directly from the plasma membrane upon
elevated levels of intracellular calcium, inflammatory molecules,
or oxidative stress. One study showed that in addition to
the major non-vesicular free form of tau is predominantly
secreted in ectosomes in vitro and in vivo under physiological
conditions (Dujardin et al., 2014). Ectosomal tau was also
found in the interstitial fluid (ISF) of mice in the same study.
This physiologically secreted tau is mainly not phosphorylated.
However, intracellular pathological accumulation of tau leads
to a slight shift toward tau secretion by exosomes (Dujardin
et al., 2014). Interestingly, exo- and ecto-somal tau appears to
be lacking the C-terminus, indicating tau truncation (Guillozet-
Bongaarts et al., 2007), which is another sign of tau pathology.
Some important questions remain to be elucidated: (1) whether
pathological tau secreted via ectosomes can be internalized and
induce tau seeding in neurons; (2) whether ectosomal tau can be
detectable in biological fluids (ISF, CSF, or blood) of tauopathy
patients; (3) what are the molecular pathway(s) responsible for
ectosomal tau release.

The third mechanism, Heparan sulfate proteoglycan (HSPG)-
mediated direct translocation across the plasma membrane,
was responsible for the secretion of soluble full-length tau
in vitro in CHO cells with monomeric tau binding to PI(4,5)P2-
containing liposomes, which resemble the inner leaflet of
the plasma membrane (Katsinelos et al., 2018). The secreted
soluble tau utilized the same HSPG-mediated direct translocation
mechanism to transcellularly enter the recipient cells and induced
aggregation of the GFP-tagged tau repeat domain (RD-GFP).
Another study reported when overexpressing 0N4R isoform
of tau in N2a cells led to the clustering of phosphorylated,
oligomeric tau at the plasma membrane and then penetrate
the plasma membrane to be secreted to the extracellular space,
partially mediated by HSPG (Merezhko et al., 2018).

Exogenous tau monomers and fibrils are also reported
to increase the number of tunneling nanotubes (TNTs),
filamentous-actin-containing membranous structures that bridge
and connect cells, which can facilitate the intercellular transfer
of tau between neurons (Tardivel et al., 2016). However, the
exact molecular mechanism of the TNT formation remains
elusive, and the relevance of this occurring in vivo needs
further investigation.
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Interestingly, stimulating neuronal activity or inducing
the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPA receptor) with its agonist (S )−AMPA prompted
tau release from healthy, mature primary cortical neurons (Pooler
et al., 2013). In contrast, suppressing presynaptic vesicle release
by tetanus toxin or inhibiting neuronal activity with tetrodotoxin
both significantly blocked AMPA-mediated, calcium-dependent
tau release. However, this mode of tau secretion was not
associated with exosome, suggesting physiological tau release
might differ from the unconventional secretion of pathological
extracellular tau. This observation was confirmed by a subsequent
in vivo study where the authors used in vivo micro-dialysis and
found neuronal activity rapidly increases the preexisting tau in
brain interstitial fluid (ISF) within hours in a transgenic mouse
expressing a non-aggregating form of human tau (Yamada et al.,
2014). However, the clearance of ISF tau was not rapid and
suggested to take a longer time, maybe several days. Notably, this
study did not examine other pathways involved in tau secretion,
for example, HSPG-mediated direct translocation, ectosomes,
and TNTs. Therefore, the involvement of other tau secretory
pathways for clearing ISF-tau cannot be completely ruled out.

Similar to physiological tau release, pathological tau release
was also enhanced with increased neuronal activity both in vitro
and in vivo. Endogenous full-length tau derived from donor
neurons from rTg4510 mice – expressing human P301L tau, was
released into the extracellular media (although vesicle-associated
or not is unclear) and taken up by recipient neurons to form tau
aggregates. This pathological tau further induced neurofibrillary
tangle formation in distant cells (Wu et al., 2016). Neuronal
activity induction by an optogenetic approach increased tau
release and cell-to-cell propagation in vitro. Optogenetically
inducing neuronal activity also enhanced tau pathology and
hippocampal cell layer atrophy in the stimulated hemisphere
compared to the unstimulated hemisphere of rTg4510 mice. This
finding was confirmed by using a chemogenetic approach to
induce neuronal activity in the EC of a separate mouse line
called “EC-tau.” Besides, tau released from human iPSC-derived
neurons was also able to transfer to recipient donor neurons
through the extracellular space. Although non-mutant tau, either
from wildtype mice or from non-mutant human iPSCs, can
also be released and internalized. Yet, this tau did not form
neurofibrillary tangles even with prolonged time of culturing,
suggesting the phosphorylated, aggregated tau or mutant tau can
more easily accumulate and seed in the recipients rather than the
soluble, non-mutant form of tau.

Apart from the degradation of intracellular components,
autophagy has also been shown to regulate the ER- and Golgi-
independent unconventional secretion of several leaderless
proteins, like cystic fibrosis transmembrane conductance
regulator (CFTR) (Gee et al., 2011), IL-1β (Dupont et al., 2011),
and High Mobility Group Box 1 (HMGB1) (Thorburn et al.,
2009). A recent study (Kang et al., 2019) suggested autophagy-
based unconventional secretion of tau. Authors treated SHSY-5Y
human neuroblastoma cells with bacterial toxin nigericin, which
is also a potassium ionophore that can accumulate autophagic
vesicles by raising the pH of acidic cellular compartments.
They found both total tau and various types of phosphorylated

tau are secreted into the supernatant, which can be inhibited
through autophagic protein beclin1 knockdown. This tau
secretion process took place without cell death. However,
important questions still exist. For example, (1) whether Golgi
reassembly-stacking protein of 55 kDa (GRASP55), an important
protein involved in autophagy-based unconventional secretion
of mammalian leaderless proteins, is involved in the autophagy-
based tau secretion; (2) whether autophagy proteins are present
in the same supernatant; and (3) whether tau is secreted in the
same way in human primary microglia and in vivo.

TAU UPTAKE BY NEURONS,
MICROGLIA, AND ASTROCYTES

Secreted Tau can be internalized by recipient neurons, microglia,
astrocytes, and oligodendrocytes via various mechanisms,
including HSPG-mediated direct translocation, HSPG-
mediated endocytosis, exosome-based uptake, tunneling
nanotube, clathrin-independent endocytosis, clathrin-dependent
endocytosis, and HSPG-dependent macropinocytosis.

Uptake Into Neurons
Most studies have been focused on the uptake of tau into neurons.
Neurons can internalize tau through HSPG-mediated direct
translocation, exosomes, bulk endocytosis, tunneling nanotube,
as mentioned above. Additionally, Clathrin-independent
endocytosis and HSPG-dependent macropinocytosis are
also shown to be involved in the internalization of Tau by
neurons (Table 3).

Full-length tau fibril uptake into neurons was
macropinocytosis-dependent as HSPG inhibition blocked
tau uptake and aggregation both in primary hippocampal
neurons and in WT mice (Holmes et al., 2013). Another study
has shown that exogenously added recombinant tau can misfold
to form low molecular weight (LMW) aggregate, which can
further assemble into short fibrils. Both LMW tau aggregates
and short fibrils can be taken up by neurons through bulk
endocytosis, but not monomers, long fibrils, nor long filaments
(Wu et al., 2013). The internalization takes place either at the
axon terminals and then tau being retrogradely transported to the
cell body or happens at the somatodendritic compartment and
then tau being delivered to the distal terminal axons. Internalized
tau aggregates co-localize with late endosomes and lysosomes
and potentially overload the proteasome and AELN system. It
has been shown that exogenous tau can also be internalized
via clathrin-dependent endocytosis and rupture endosome to
propagate, which is negatively regulated by neuronal isoform 1
of BIN1 by inhibiting Rab5 and endosome formation in vitro
(Calafate et al., 2016).

Autophagy is also linked to the degradation of monomeric
tau internalized via clathrin-independent endocytosis within
neurons, which further prevent tau seeding (Falcon et al., 2018a).
To be specific, fluorescently labeled monomeric and assembled
recombinant P301S tau was taken up by HEK293T or SH-SY5Y
cells expressing P301S 1N4R tau. This uptake was mediated
through clathrin-independent endocytosis. Internalized tau
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TABLE 3 | Pathways mediating pathological tau uptake into neurons.

Pathways Forms of tau Recipient
cells

Subsequent activities inside the recipient cell References

Exosome Monomeric or oligomeric tau from exosomes
derived from AD patient CSF, pT181 tau

Neuron Seeding and Propagation Saman et al., 2011;
Wang et al., 2017

Clathrin-independent
endocytosis

Monomeric tau Neuron Seeding and inducing aggregates, rupture
endosome to activate Galectin8-NDP52 mediated
autophagic degradation of monomeric tau

Falcon et al., 2019

HSPG-mediated direct
translocation

GFP-tagged tau repeat domain Neuron Seeding and Propagating Katsinelos et al., 2018;
Merezhko et al., 2018

Bulk endocytosis LMW tau aggregates and short fibrils Neuron Clogging up UPS and AELN Wu et al., 2013

Tunneling nanotube Exogenous Tau monomers and fibrils Neuron Unknown Tardivel et al., 2016

HSPG-dependent
macropinocytosis

Full-length tau fibrils Neuron Seeding and Propagating Holmes et al., 2013;
Puangmalai et al., 2020

Clathrin-dependent
endocytosis

Exogenous TauP301L-GFP aggregates Neuron Rupture endosome to propagate, which can be
inhibited by neuronal BIN1 isoform

Calafate et al., 2016

induced seeded aggregation of tau and further provoked
the formation of tau-containing vesicles positive for Rab5
(endosomal marker) and Galectin-8, suggesting tau aggregates
ruptured endosome, which can be detected by Galectin-8.
Monomeric tau seeds were positive for nuclear dot 52 KDa
protein (NDP52), and seeded tau aggregates were positive for
p62, suggesting autophagy is activated to degrade the monomeric
tau seeds and seeded tau aggregates through different autophagic
receptors. siRNA knockdown of autophagosome components
LC3C (also the specific binding partner of NDP52) and FAK
family kinase-interacting protein of 200 kDa (FIP200) further
increased seeded tau aggregation. On the other hand, expressing
NDP52 lacking galectin-8–binding (NDP52L374A), LC3C-
binding (NDP52V136S), or the SKICH domain (NDP5211–
126) was not able to reduce seeded tau aggregation (Falcon
et al., 2018a). This finding indicates that NDP52-dependent
autophagic degradation of monomeric tau seeds through
galectin-8 is important in limiting the seeding and propagation
of pathological tau.

A previous study showed that aberrant activation of p300/CBP,
which acetylates tau, promotes its aggregation and inhibits its
degradation by the proteasome, was observed in tauopathies
(Min et al., 2010). The following study reported an additional
role of p300/CBP in impairing autophagy-lysosomal pathways
and increasing tau secretion in neurons. Overexpression of
p300/CBP significantly increased the secretion of total tau and
AT8-positive phosphorylated tau by inhibiting the autophagy
flux in vitro, while inhibition of p300/CBP reduced synthetic
tau fibril-induced seeding activity in vitro and in vivo. A new
small inhibitor of p300/CBP, which can reduce tau secretion,
was also identified through a high throughput screening
(Chen et al., 2020). However, this study did not specify how
p300/CBP is increasing tau secretion and which secretory
pathway it utilizes. These studies emphasize the important
roles of macroautophagy in degrading intracellular total tau,
phosphorylated tau, internalized monomeric tau, and synthetic
tau fibrils and further preventing the secretion and seeding of
pathological tau.

In addition to tau uptake into neurons, glial tau pathology
is common in various tauopathies. However, how glial cells

internalize tau and what happens subsequently during healthy
and disease conditions are still unclear. Table 4 summarizes the
current state of knowledge about tau uptake by glial cells.

Uptake Into Microglia
As the major immune cells in the brain, microglial cells are
important for the maintenance of homeostasis of the brain by
clearing toxic substances by phagocytosis, immune surveillance,
engulfing synapses, and mediating neurotransmitter turnover.
Regarding tau, microglia can engulf tau aggregates bound to the
anti-tau antibody, which is an important underlying mechanism
of action for the tau passive immunization studies.

However, microglia can be a foe in spreading tau pathology
and exacerbating the disease. Activating microglia in the
hTau mouse model by knocking out Cx3cr1, the microglial
fractalkine receptor (CX3CR1) that inhibits microglial activation,
significantly increased AT180 tau hyperphosphorylation signal
in the neurons from subiculum at 24 months of age, which
correlated with CD45-positive microglia. Whereas at 2 months
of age, only the CA1 region had AT180-positive neurons and
CD45-positive neurons. These data suggest microglia activation
might drive the spatiotemporal, anterograde-based spread of
tau pathology in the anatomically connected regions of the
hippocampus, from CA1 to subiculum (Maphis et al., 2015).

It has been shown that microglia can propagate pathological
tau in the exosome-associated form (Asai et al., 2015). Depleting
microglia in an AAV-based rapid human tau P301L propagation
mouse model drastically suppressed tau propagation. Cultured
primary mouse microglia were able to efficiently phagocytose
exogenously added pre-aggregated human tau oligomers and
also secrete exosomes containing ubiquitinated tau. This purified
exosomal tau secreted from microglia was fluorescently labeled
and stereotactically injected to the brains of wild-type mice. They
were found to propagate inside the brain from the injection site to
other brain regions, while exosomes with no tau or equal amount
of soluble tau did not transmit inside the brain (Asai et al., 2015).

Microglial BIN1 has also been implicated in tau spreading.
Unlike neuronal BIN1 isoform 1, which inhibits RAB5 activation
and endosome formation to reduce tau propagation inside
neurons, microglial BIN1 isoform 9 is shown to promote tau
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TABLE 4 | Pathways mediating pathological tau uptake into glial cells.

Pathways Forms of tau Recipient cells Subsequent activities inside the
recipient cell

References

Exosome Pre-aggregated human tau oligomers,
hyperphosphorylated, oligomeric pT181 tau

Microglia Release through exosomes and seeding,
microglial BIN1 isoform 9-mediated

Asai et al., 2015; Wang et al.,
2017; Crotti et al., 2019

Phagocytosis Anti-tau antibody bound aggregated tau Microglia Degradation Luo et al., 2015

HSPG-dependent
Macropinocytosis

Pre-formed tau fibrils Astrocytes Degradation by macroautophagy Martini-Stoica et al., 2018

HSPG-independent pathway Exogenous tau monomers Astrocytes Unknown Perea et al., 2019

propagation by incorporating tau into exosomes (Crotti et al.,
2019). BIN1 and hyperphosphorylated, oligomeric pT181 tau co-
existed from the extracellular vesicles (EVs) containing exosomes
purified from CSF samples of AD patients. BIN1-associated, tau-
containing EVs induced seeding in an in vitro Tau-FRET assay.
Overexpression of the ubiquitous BIN1 isoform 9 induced EV-
associated tau release in vitro while the exclusively neuronal
BIN1 isoform 1 did not. AAV-mediated overexpression of BIN1
isoform 9 in the hippocampus of PS19 mice worsened tau
pathology, whereas BIN1 isoform 1 overexpression did not
change pTau immunoreactivity. Knocking out microglial Bin1
from mice resulted in a significant reduction of tau in the
EVs, suggesting microglial BIN1 is involved in the “packaging”
of tau into the EVs. Conditional knockout of microglial Bin1
in PS19 mice significantly reduced tau spreading compared
to its Bin1-expressing littermates. These observations suggest
that microglial BIN1 isoforms can contribute to the release of
EV-associated tau during tau pathology (Crotti et al., 2019).
This study provides another evidence that microglial cells can
internalize and propagate pathological tau potentially through
the exosomal/endosomal system.

Uptake Into Astrocytes
Even though astroglial tau pathology is commonly seen in various
tauopathies, the exact mechanisms of how astrocytes internalize
pathological tau and the subsequent cellular processes after
internalization are still elusive. Very few studies have investigated
astroglial uptake of tau. It has been shown that pffs of tau
can be internalized by astroglial cells through HSPG-mediated
micropinocytosis (Martini-Stoica et al., 2018) (discussed in detail
in the TFEB section below). Exogenously added tau monomers
are reported to be taken up by astrocytes through an HSPG-
independent pathway yet needs to be defined (Perea et al., 2019).

Uptake Into Oligodendrocytes
A recent study injected brain homogenates from subjects with
sporadic AD, primary age-related tauopathy (PART), pure aging-
related tau astrogliopathy (ARTAG), globular glial tauopathy
(GGT), PSP, PiD, and frontotemporal lobar degeneration linked
to P301L mutation (FTLD-P301L) into the ipsilateral corpus
callosum of adult wildtype mice induced tau seeding of murine
tau in the contralateral corpus callosum (Ferrer et al., 2019).
Phospho-tau deposits were found mainly in oligodendrocytes.
However, the exact molecular mechanism mediating tau uptake
into oligodendrocytes was not studied.

Propagation and Seeding Capacity of
Different Tau Strains
Still, the jury is out on whether monomeric, oligomeric, or
fibrillar tau is the most toxic form, a lot of research focus has been
on studying the propagation and seeding capacity of tau with
different forms and different strain composition. Several studies
now have shown that the conformation and size of tau aggregates
determine its uptake. Short tau filaments seem to have the greatest
seeding capacity.

Pathological tau indeed acts like prion that stably expressed
tau repeat domain (RD) can propagate in a clonal fashion in
cell cultures. The introduction of this tau RD into naïve cells
can produce identical clones. Different tau strains can induce
distinctive tau pathologies in naïve P301S mice, which can be
steadily detected in three generations of tau inoculated P301S
mice (Sanders et al., 2014). Of notice, by using the monoclonal
Tet Off-tau RD-YFP cell line system, the authors found that
tau RD strains derived from the brain homogenates from 29
patients with AD, Argyrophilic grain disease (AGD), PiD, and
PSP displayed distinctive strain compositions across the diseases
(Sanders et al., 2014). AD strains showed notable homogeneity,
while most non-AD patient samples produced two or more
strains with varying ability to cross-seed, which suggests the
phenotypic diversity in the tauopathies (Sanders et al., 2014).

AD-patient derived tau fibrils also exhibited differential
seeding potency and distinct conformational features from the
synthetic, overexpressed tau fibrils, as shown in an in vivo seeding
and propagation study in non-transgenic mice (Guo et al., 2016).
Indeed, cryo-electron microscopy (cryo-EM) studies revealed
that the heparin-induced tau polymers are different from those
from AD or PiD, which have larger cores with different repeat
compositions (Zhang et al., 2019), suggesting the complexities of
tau fibrilization and seeding abilities in different tauopathies.

The differential seeding capacity of different tau strains or
synthetic versus human brain-derived tau fibrils to form distinct
aggregates and propagate may be related to the ultrastructural
polymorphs of tau aggregates in different diseases. Recent cryo-
EM studies have found that tau fibrils from different tauopathies
present unique conformers. While AD and chronic traumatic
encephalopathy (CTE) have distinct tau filaments contain both
3R and 4R tau (Fitzpatrick et al., 2017), tau filaments from
PiD consist of residues Lys254–Phe378 of 3R tau (Falcon
et al., 2018b) and those from CBD have four-layered fold
with a large non-proteinaceous density (Zhang et al., 2020).
In vitro ultrasensitive cell-free tau seed amplification assay also
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showed AD brain and CTE brain had seeding capacities that
were orders of magnitude higher than those from PiD brains
(Kraus et al., 2019). A very recent study examined neuronal
internalization of soluble tau aggregates (oligomers) derived
from brains of patients with AD, PSP, and Dementia with Lewy
bodies (DLB). They found HSPG-mediated micropinocytosis is
responsible for tau uptake in AD and DLB conditions, while
the HSPG-mediated micropinocytosis and other pathways in
other tauopathies are yet to be defined (Puangmalai et al., 2020).
This study further suggested preferential uptake of different tau
strains by different pathways, which further affect seeding and
propagation of tau.

AMELIORATING TAU PATHOLOGY
THROUGH AELN MODULATION BY
TARGETING TFEB, THE MASTER
REGULATOR OF AUTOPHAGY AND
LYSOSOME BIOGENESIS

Transcription factor EB (TFEB) is a master activator for the
expression of many lysosomal genes (ATP6V1H, ATP6V0E1,
ATP6V1E1, and LAMP1) and genes related to lysosome
biogenesis and function (CSTB, M6PR, IGF2R2009, and CTSD),
and autophagy genes (SQSTM1, MAP1LC3B, UVRAG, and
ATG9B) (Sardiello et al., 2009; Settembre et al., 2011; Chauhan
et al., 2013). TFEB is expressed in neurons, microglial, and
astroglial cells. In human FTD and CBD brains, transcriptional
levels of TFEB and LAMP1, protein levels of LAMP1, and
cathepsin D (CTSD) increased compared to normal controls
(Martini-Stoica et al., 2018). Transcriptional levels of human
brain TFEB also positively correlated with cognitive decline
in non-demented, mild cognitive impairment, and demented
individuals (Martini-Stoica et al., 2018).

Various studies have shown that TFEB induction can reduce
tau pathology and improve behavioral and synaptic functions
both in vitro and in vivo. Adeno−associated virus (AAV)-TFEB
injection into the lateral ventricles of both cerebral hemispheres
on postnatal day 0 (P0) of rTg4510 mouse brains reduced
neurofibrillary tangle pathology and reversed behavioral and
synaptic deficits compared to their wildtype littermate controls
when examined at 4-month post-injection time point (Polito
et al., 2014). TFEB particularly degraded soluble and aggregated
tau through autophagy and lysosomal activity by upregulating
autophagy proteins (LC3B and p62) and lysosomal proteins
(LAMP1 and CTSD), more specifically targeting phosphatase
and tensin homolog (PTEN) in vitro (Polito et al., 2014).
Overexpressing TFEB in another mouse model – P301S/flag-
TFEB double-transgenic mice enhanced autophagy, restored
neuronal loss, reduced PHF tau, reversed age-related deposition
of lipofuscin granules, and rescued spatial, working, and
reference memories (Wang et al., 2016).

High-content screening of FDA-approved drugs library
identified two drugs, Flubendazole and Bromhexine.
Bromhexine’s effect might be attributed to its metabolite
ambroxol, which is linked to TFEB activation. Both drugs

act as autophagy inducers through activating TFEB’s nuclear
translocation by disrupting dynamic microtubule that leads to
mTOR deactivation and dissociation from lysosomes (Chauhan
et al., 2015). Interestingly, both drugs cleared S202 and S396/S404
hyperphosphorylated tau in vitro in N2a cells transfected with
0N3R-T231D/S235D phospho-mimicking human tau followed
by treatment with conditioned media from RAW macrophages
primed with LPS to induce hyperphosphorylation of tau.
The clearance of pathological tau by these two drugs was
autophagy-dependent, since knocking down Beclin1, a key
autophagy protein, resulted in hyperphosphorylated tau
accumulation. Considering the low toxicity of Flubendazole,
further investigation should be completed in in vivo tauopathy
models. Another study (Currais et al., 2014) discovered the
pathological tau reducing effect of Fisetin, an organic flavonoid
contained in many types of fruits and vegetables, can mitigate
learning and memory deficits in APPswe/PS1dE9 double
transgenic AD mice. Fisetin treatment in mouse primary
cortical neurons and rat primary cortical neurons reduced
S262 and S396/S404 hyperphosphorylated tau, decreased
sarkosyl-insoluble tau in 293T cells co-transfected with plasmids
expressing tau and constitutively active HA-GSK-3β-S9A.
Fisetin-mediated pathological tau degradation was autophagy-
dependent since chemical inhibitors of the autophagy-lysosome
pathway decreased tau degradation. Its molecular mechanism
of action was also identified as fisetin-mediated mammalian
target of rapamycin complex 1 (mTORC1) inhibition, which
leads to activation of TFEB and nuclear factor erythroid 2–
related factor 2 (Nrf2), two transcription factors important
for autophagy induction (Currais et al., 2014). A novel small
molecule, which can activate TFEB, was also identified as
Curcumin Analog C1 (C1) (Song et al., 2020). C1 effectively
activated TFEB through direct binding, increased autophagy-
lysosome activity, decreased amyloid pre-cursor protein (APP),
APP C−terminal fragments (CTF−β/α), β−amyloid peptides,
and tau aggregates respectively in 5xFAD, P301S, and 3xTg-
AD mice, and also improved synaptic and cognitive function
(Song et al., 2020).

The possibility of Opto-therapeutics to treat AD and other
related tauopathies was demonstrated in a new study (Binder
et al., 2020) that showed optical stimulation upon blue-light
(465 nm) illumination can lead to TFEB expression, translocation
into the nucleus, and activation, which can further induce
autophagy and lysosomal gene expression and ultimately clear
pathological Tau from neuronal cells and iPSC-differentiated
neurons from an AD patient.

Intriguingly, a cell-specific contribution of TFEB in
attenuating extracellular tau propagation and upregulating
extracellular tau degradation was attributed to astrocytes both
in vivo and in vitro (Martini-Stoica et al., 2018). AAV-TFEB
overexpression in primary mouse astrocytes not only boosted
the expression levels of lysosomal proteins, LAMP1, cathepsin
B (CTSB), and CTSD but also increased the uptake of synthetic
tau fibrils of the truncated form of human tau with the P301L
mutation (K18 P301L). TFEB-enhanced uptake of preformed
fibrils of tau (pffs) by astroglial cells was through HSPG-mediated
macropinocytosis, which was reduced by heparin treatment. pffs

Frontiers in Molecular Neuroscience | www.frontiersin.org 12 October 2020 | Volume 13 | Article 586731168

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


fnmol-13-586731 October 12, 2020 Time: 15:49 # 13

Jiang and Bhaskar Degradation and Transmission of Tau

internalized by astroglial cells were delivered into lysosomes and
degraded. In vivo studies showed that AAV-TFEB induction in
astrocytes in a slowly progressing PS19 tauopathy mouse model
reduced tau pathology and activation of glial cells, while this was
not seen in the more aggressive rTg4510 model. In a pff-induced
NFT transmission mouse model, pffs were injected into the
ipsilateral side of the brain. Astroglial TFEB expression reduced
tau pathology in the contralateral hippocampus at the early
time point and in both ipsilateral and contralateral hippocampi
at the later time point. These findings suggest astroglial TFEB
plays an important role in the upregulation of extracellular tau
degradation and the inhibition of tau transmission in tauopathies
(Martini-Stoica et al., 2018).

THERAPEUTIC PERSPECTIVES OF TAU
DEGRADATION AND PROPAGATION BY
AELN

Understanding the molecular mechanisms that mediate the
degradation and transmission of tau by AELN has a significant
impact on the therapeutic interventions for different Tauopathies
(Nixon, 2013; Li and Götz, 2017; Boland et al., 2018). The
therapeutic strategy can be generally divided into two large
categories: (1) Enhancing Tau degradation by AELN. (2)
Preventing Tau Transmission through AELN.

Enhancing Tau Degradation by AELN
Dozens of drugs that can enhance tau degradation through
AELN have been identified and tested in vitro and/or in vivo,
as summarized in Table 5. Of notice, cilostazol, nilotinib, and
curcumin are already in Phase II Clinical Trials.

Phase II clinical trial of lithium has just ended in January
2020, and the results are published on ClinicalTrials.gov
(NCT02129348). Many patients with AD did not show any
response or showed a minimal response to lithium for agitation,
aggression, or psychosis. Some of them had intolerable side
effects, including the increased risk of mortality (60–70% higher
than the placebo group), although the clinically used dose was
150–600 mg. A Brazilian group tested a micro-dose of lithium at
300 µg in AD patients for 15 months and found no decreased
performance, thus recommending the application of micro-dose
lithium in AD clinical trials.

Leuco-methylthioninium bis (hydromethanesulphonate)
(LMTM), which is a stable reduced derivative of methylene blue,
has gone through four Phase III trials by TauRx. In the first
three trials (NCT01689246 for mild to moderate AD patients,
NCT01689233 for mild AD patients, and NCT01626378 for
subjects with behavioral variant frontotemporal dementia
(bvFTD)), patients who took LMTM at 100 mg or 125 mg
twice a day as their only therapy performed significantly
better on cognitive and functional tests than those who
took 8 mg, although with small group size and questionable
subset analysis (Gauthier et al., 2016; Wilcock et al., 2018).
Further analysis from NCT01689246, NCT01689233, and
NCT01626378 show that the lowest dose (8 mg/day) of LMTM
produced statistically significant concentration-dependent

effects on the clinical decline and brain atrophy in both
AD and bvFTD (Schelter et al., 2019; Shiells et al., 2020).
In addition, TauRx recently finished a Phase III open-label
extension trial (NCT02245568 in subjects with AD or bvFTD)
for LMTM. TauRx is currently planning a new clinical trial,
named LUCIDITY, where it uses FDG-PEG imaging and a
composite cognitive/functional clinical psychometric scale
to confirm the efficacy of LMTM as monotherapy at 8 and
16 mg/day. Another Phase II clinical trial (NCT02380573)
for methylene blue in healthy aging, MCI, and AD was being
conducted by Texas Alzheimer’s Research and Care Consortium.
Unfortunately, this study has been suspended for now due to
a funding issue.

Interestingly, VER-155008, a Hsc70 Chaperone inhibitor, did
not inhibit PHF-tau degradation, rather increased reduction of
PHF-tau, reversed axonal degeneration, and recovered memory
function in 5xFAD mice, suggesting Hsc70 inhibition can lead
to inhibition of UPS and CMA and shift to macroautophagy
pathway. However, macroautophagy activation was not examined
in that study (Yang and Tohda, 2018).

Another important aspect for enhancing tau removal is to
promote tau degradation inside neurons or microglia using tau
antibodies through active or passive immunotherapies [reviewed
in Congdon and Sigurdsson (2018)]. It has been shown that
anti-tau antibodies can enter neurons and co-localize with
endosomes and lysosomes. Our group has recently reported
that utilizing the Virus-like Particle (VLP) platform to generate
vaccines targeting pT181 tau can induce a robust and long-
lasting anti-pT181 antibody response in the sera and the brains
of both non-transgenic and rTG4510 mouse model of FTD
(Maphis et al., 2019). pT181-Qß vaccination reduced both soluble
and insoluble pTau in the hippocampus and cortex, prevented
hippocampal and corpus callosum atrophy, and rescued cognitive
dysfunction in 4-month -old rTg4510 mice. This study proposes
a VLP vaccine-based approach in the prevention and treatment
of tauopathies. Although the exact mechanisms remain to be
elucidated, it has been proposed that anti-tau antibodies can bind
to extracellular tau and enter neurons through bulk endocytosis
or receptor-mediated endocytosis and degrade tau through
AELN (Congdon and Sigurdsson, 2018).

Microglia have also been shown to efficiently phagocytose
and degrade AT8-positive human tau that is passively released
from unfixed frozen brain sections of P301L transgenic mice
and human AD brain sections and remove NFTs from P301S
tauopathy mouse brain sections (Luo et al., 2015). Microglial
phagocytosis of tau was enhanced by anti-tau monoclonal
antibody MC1 – specific for conformational epitopes on PHF
tau in an Fcγ-receptor-dependent manner. Another study also
confirmed an anti-pS396-tau antibody C10.2-mediated clearance
of tau in primary mouse microglial cultures needs Fcγ-receptor
binding for antibody uptake and requires effector function
and functional lysosome for internalized antibody-bound tau
degradation (Andersson et al., 2019). Although another study
argued that antibody effector function and microglia involvement
is not required for antibody-mediated targeting of tau in vivo
since only full-effector antibody promoted tau uptake into
microglia and subsequently induced proinflammatory cytokine
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TABLE 5 | Approaches to enhance tau degradation by AELN.

Category Name of
interventions

Affected pathways Mechanism of action Models tested Clinical trials References

Cathepsin
inhibitors

EA-1 Lysosomes, tau
cleavage, potentially
CMA

Inhibits cathepsin D, which is
involved in the lysosomal
dysfunction and notably in the
cleavage of the tau protein into
tangle-like fragments

Organotypic
hippocampal slice
cultures

N/A Bi et al., 2002

Chaperone
modulators

VER-155008 CMA Hsc70 inhibitor, reduces
PHF-tau, reverses axonal
degeneration, recovers memory
function. Possibly inhibiting
CMA and activating other tau
degrading pathways

5XFAD mice N/A Yang and Tohda,
2018

Autophagy
inducers

Lithium Autophagy Induces autophagy and inhibits
GSK-3β-mediated tau
phosphorylation

P301L Tau mice Currently in AD
Phase II clinical
trial, NCT02129348

Shimada et al.,
2012

Autophagy
inducers

Trehalose Autophagy mTOR-independent autophagy
inducer, activates AMPK and
clears mutant tau

Primary neurons,
P301S MAPT
transgenic mouse

N/A Schaeffer and
Goedert, 2012

Autophagy
inducers

Cilostazol Autophagy Upregulates Beclin 1, ATG5,
LC3, and lysosomal Cathepsin
B and downregulates mTORC1
and p300, and reduced tau
acetylation and phosphorylation

N2a cells Clinically approved
for vascular
disease, currently in
AD Phase II clinical
trial, NCT02491268

Lee et al., 2014

Autophagy
inducers

Methylene blue Autophagy Inhibits tau oligomerization and
promotes autophagy

Organotypic
hippocampal
slice/neurons and
JNPL3 transgenic
mouse with human
P301L tau

Finished four Phase
III clinical trials:
NCT01689246
NCT01689233
NCT01626378
NCT02245568
Ongoing:
NCT02380573

Congdon et al.,
2012; Gauthier
et al., 2016;
Wilcock et al.,
2018; Schelter
et al., 2019; Shiells
et al., 2020

Autophagy
inducers

Temsirolimus Autophagy Reduced the accumulation of
phosphorylated tau

SH-SY5Y cells and
P301S tauopathy
mice

N/A Jiang et al., 2014

Tyrosine-
protein kinase
ABL1 inhibitor

Nilotinib Autophagy Inhibits autophagy negative
regulator ABL1 and induces
neuroprotective autophagy to
reduce tau and improve
astrocytic function

P301L Tau mice Currently in AD
Phase II clinical
trial, NCT02947893

Hebron et al., 2018

Farnesyltrans
ferase
inhibitor

Lonafarnib Autophagy Farnesyltransferase inhibition
prevents Rhes-mediated tau
accumulation and activates
autophagy

rTg4510, AD
patient-derived
human
iPSC-differentiated
neurons

Already in use in
human patients for
treating cancer

Hernandez et al.,
2019

TFEB
activators

Curcumin
Analog C1

Activation of TFEB
and
autophagy-lysosomal
pathways

Reduced the accumulation of
phosphorylated tau

Mouse and rat
primary neurons,
5xFAD, P301S, and
3xTg-AD mice

Multiple trials
completed or
currently in AD
Phase II clinical
trials

Song et al., 2020

TFEB
activators

Flavonol
Fisetin

Activation of TFEB,
autophagy-lysosomal
pathways

Induced activation of TFEB and
autophagic degradation of
phosphorylated tau

293T cells
co-transfected with
plasmids
expressing tau and
constitutively active
HA-GSK-3β-S9A

Currently in AD
Phase II clinical
trial, NCT02380573

Currais et al., 2014

TFEB
activators

Flubendazole Activation of TFEB,
autophagy-lysosomal
pathways

Reduced the accumulation of
phosphorylated tau

N2a cells N/A Chauhan et al.,
2015

TFEB
activators

Bromhexine Activation of TFEB,
autophagy-lysosomal
pathways

Reduced the accumulation of
phosphorylated tau

N2a cells N/A Chauhan et al.,
2015

(Continued)

Frontiers in Molecular Neuroscience | www.frontiersin.org 14 October 2020 | Volume 13 | Article 586731170

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


fnmol-13-586731 October 12, 2020 Time: 15:49 # 15

Jiang and Bhaskar Degradation and Transmission of Tau

TABLE 5 | Continued

Category Name of
interventions

Affected pathways Mechanism of action Models tested Clinical trials References

TFEB
activators

Optogenetics Activation of TFEB,
autophagy-lysosomal
pathways

Reduced the accumulation of
phosphorylated tau

N2a cells, AD
patient-derived
human
iPSC-differentiated
neurons

N/A Binder et al., 2020

Tau
antibodies

Various
antibodies

Lysosomal
degradative
pathways

Reduce oligomerization of tau
and enhance tau degradation
through AELN inside neurons or
microglia

Various transgenic
mice

Currently in Phase I
or II AD clinical trials

Congdon and
Sigurdsson, 2018

TABLE 6 | Approaches to prevent tau transmission through AELN.

Category Name of
interventions

Affected pathways Mechanism of action Models tested References

Tau acetylation
inhibitor

p300 Inhibitor
37892

Degradative Autophagy,
tau secretion (unknown
pathway)

Inhibits p300/CBP, reduces tau acetylation,
increases autophagy flux, and dampens tau
secretion

Tau fibrils and AAV-Cre or AAV-GFP
into 4–5-month-old PS19 mice
carrying p300F/F and CBPF/F

Chen et al., 2020

Tau antibodies Various
antibodies

Tau uptake and
transmission

Prevent tau uptake and neuron-to-neuron
transmission

Microfluidic chamber and primary
mouse neurons

Nobuhara et al.,
2017

nSMase2
inhibitor

Cambinol Extracellular
Vesicle/Exosome

Suppresses extracellular vesicle (EV)
production while reducing tau seed
propagation

N2a cells Bilousova et al.,
2018

HSPG inhibition Heparin HSPG-mediated tau
secretion, uptake, and
transmission

Reduced tau secretion from neurons and tau
uptake by neurons and astrocytes

Primary mouse astrocytes Martini-Stoica
et al., 2018

secretion, which can be detrimental to neurons, thus proposing
effectorless tau antibodies might be safer for a therapeutic
purpose (Lee et al., 2016).

Preventing Tau Transmission Through
AELN
Since neuron-to-neuron, neuron-to-glia tau transmission is an
emerging field; there have not been many attempts yet to prevent
tau transmission.

It has been shown that various antibodies targeting different
regions of tau can exhibit a differential inhibitory effect on tau
uptake and transmission between neurons. Antibodies targeting
N-terminal (Tau13) and Mid-domain of tau (6C5 and HT7)
can prevent internalization of tau, while antibody targeting
C-terminal tau cannot. Phosphorylation-dependent (40E8 and
p396) and C-terminal half (4E4) antibodies can also reduce tau
internalization, although to a lesser extent. 6C5, the mid-domain
targeting antibody, was able to block tau uptake and neuron-to-
neuron propagation of tau in a microfluidic device and primary
mouse neurons. It will be interesting to see if these antibodies
have the same effects in vivo (Nobuhara et al., 2017).

Based on the current literature on AELN-mediated tau
propagation, potential therapeutic interventions for preventing
tau transmission can be summarized as follows (Table 6):

(1) p300 inhibitor 37892, a small molecule inhibitor identified
through screening, has been shown to inhibit p300/CBP,
prevent tau acetylation, promote tau degradation

through autophagy, and reduce tau secretion through an
unidentified pathway.

(2) Cambinol, a nSMase2 inhibitor, was shown to suppress
extracellular vesicle formation and tau secretion.

(3) Boosting astroglial TFEB activation since astroglial TFEB
was involved in attenuating extracellular tau propagation
and upregulating extracellular tau degradation.

(4) Inhibiting microglial BIN1 isoform 9 since it
favors tau spreading.

(5) Inhibiting HSPG through Heparin, considering the
involvement of HSPG in tau secretion, uptake, and
transmission in neurons and astrocytes.

DISCUSSION

The degradation and propagation of tau through AELN is a
complex process, and new studies are emerging to rapidly change
the current state of knowledge.

Different isoforms and various post-translationally modified
tau favor certain degradative pathways inside neurons, and
different strains of tau also exhibit the distinct capacity of
propagation in tauopathies. Considering the heterogenicity
within tauopathies or even within the single patient, precision
medicine needs to be taken into consideration when determining
the therapeutic strategy for tauopathy patients.

On the other hand, autophagy plays a dual role in tau
pathology: First, degrading pathological tau inside neurons and
microglia; Second, mediating the unconventional secretion of
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phosphorylated tau, although autophagy-based unconventional
secretion of tau needs further investigation both in vitro
and in vivo.

In addition, neuronal and microglial BIN1 isoforms seem to
have opposite functions. Neuronal BIN1 inhibits RAB5 activation
and endosome formation to reduce tau propagation inside
neurons, while microglial BIN1 isoform 9 is shown to promote
tau propagation by incorporating tau into exosomes.

There are also multiple molecular pathways mediating tau
release from neurons and tau internalization into neurons
and glial cells. Therefore, investigating the molecular pathways
mediating the degradation and transmission of the most
neurotoxic form of tau by AELN will be beneficial to finding the
novel therapeutic targets in AD and related tauopathies.

In this review, we attempted to list the potential targets and
those that are already being examined in clinical trials, including
tau-targeting antibodies. The literature on different modes of
antibody-mediated clearance is a vast topic, and the goal of this
review is not to go into the depth of any one type of mechanism
in detail. Rather, we attempted to provide a generic overview

of the current status of all the studies relevant to this topic
and encourage readers to refer to other relevant reviews on
specific topics.
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Hyperphosphorylated Tau protein is the main component of the neurofibrillary tangles,
characterizing degenerating neurons in Alzheimer’s disease and other Tauopathies.
Expression of human Tau protein in Drosophila CNS results in increased toxicity,
premature mortality and learning and memory deficits. Herein we use novel transgenic
lines to investigate the contribution of specific phosphorylation sites previously
implicated in Tau toxicity. These three different sites, Ser238, Thr245, and Ser262

were tested either by blocking their phosphorylation, by Ser/Thr to Ala substitution,
or pseudophosphorylation, by changing Ser/Thr to Glu. We validate the hypothesis
that phosphorylation at Ser262 is necessary for Tau-dependent learning deficits and
a “facilitatory gatekeeper” to Ser238 occupation, which is linked to Tau toxicity.
Importantly we reveal that phosphorylation at Thr245 acts as a “suppressive gatekeeper”,
preventing phosphorylation of many sites including Ser262 and consequently of
Ser238. Therefore, we elucidate novel interactions among phosphosites central to Tau
mediated neuronal dysfunction and toxicity, likely driven by phosphorylation-dependent
conformational plasticity.

Keywords: Tau, Tau phosphorylation, toxicity, neuronal dysfunction, learning deficits, gatekeeper
phosphorylation, Drosophila

INTRODUCTION

Tau is a multifunctional neuronal microtubule-associated protein (Sotiropoulos et al., 2017)
important for regulation of axonal transport and the length of the labile domains of axonal
microtubules (Qiang et al., 2018). A single gene gives rise to 6 protein isoforms in the adult human
brain via alternative splicing that results in isoforms that contain 1, 2 or none sequence blocks
at their amino-terminus (0N, 1N, 2N), as well as inclusion of exon 10, or its exclusion from the
mRNA (Andreadis et al., 1992). This leads to isoforms with 3 (3R isoforms), or 4 (4R isoforms)
caboxy-terminal repeats, which mediate interactions with the microtubular cytoskeleton (Buee
et al., 2000). A predominant characteristic of all 6 Tau isoforms present in the human brain is
their highly elevated steady state phosphorylation load mediated by the opposing actions of several
kinases and phosphatases (Johnson and Stoothoff, 2004). Tau has 84 putative phosphorylation sites
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and it is reported more extensively phosphorylated during
development than in mature neurons (Brion et al., 1993; Yu et al.,
2009). Multiple kinases have been shown to phosphorylate Tau
in vitro and in cells, but whether they also target Tau in vivo
and under what circumstances remains largely elusive (Hosoi
et al., 1995; Hong et al., 1997; Zheng-Fischhofer et al., 1998;
Gong et al., 2005).

Interestingly, studies indicate that Tau phosphorylation might
be primed by occupation of a particular site before the
occurrence of additional phosphorylations (Hanger et al., 2009).
Tau contains multiple “intrinsically disordered regions” (IDRs),
which interfere with structural stability of the protein (Uversky,
2015). Then, this “gatekeeper” phosphorylation effect suggests
that it may enable or inhibit local tertiary structures that
expose or occlude other, often distant, phosphorylation sites
(Jeganathan et al., 2008; Sibille et al., 2012; Schwalbe et al.,
2015). Hence, the effect of specific phosphorylations may be
to regulate this “structural plasticity” of Tau, contribute to the
subcellular localization of Tau isoforms (Sotiropoulos et al., 2017)
and modulate their functional properties (Xia et al., 2015).

Irrespective of whether it is mutated, or wild-type,
pathological Tau presents increased phosphorylation at sites
occupied physiologically, but also on sites occupied only
when pathology is present and are referred to as “disease-
associated” epitopes (Morris et al., 2015; Arendt et al., 2016).
Although the mechanisms that trigger hyper-phosphorylation
are unclear at present, the result is neuronal deposition of
hyper-phosphorylated Tau (Martin et al., 2011). If indeed
phosphorylations modulate the structure and functional
properties of Tau isoforms, then this hyper-phosphorylation is
likely to underlie significant changes in the properties of the
protein that underlie its pathobiology (Regan et al., 2017). In
fact, extensive literature has led to the widely held notion that
aberrant Tau phosphorylation is central to neuronal pathology
(Stoothoff and Johnson, 2005) and provided evidence that soluble
hyper-phosphorylated Tau contributes to neuronal dysfunction
before its aggregation (Fath et al., 2002; Santacruz et al., 2005;
Brandt et al., 2009; Decker et al., 2015).

Antibodies that recognize non-physiologically
phosphorylated Tau at specific sites (phosphoepitopes) in
patient neurons but not in age-matched healthy individuals
have been developed and used as specific diagnostic markers of
Tauopathies (Sergeant et al., 2005). However, the mechanistic
understanding of the sequential phosphorylation events that
occur on Tau and which sites are essential for maintenance
and evolution of pathology are still unclear. Identification
of phosphorylation sites on Tau that either trigger or are
essential for pathogenesis are pivotal to our understanding of
Tau-dependent neuronal malfunction and toxicity.

Drosophila models of Tauopathies contribute significantly
to the concept that accumulation of prefibrillar hyper-
phosphorylated forms of Tau correlate with human Tau-mediated
toxicity in flies (Wittmann et al., 2001; Steinhilb et al., 2007a,b;
Feuillette et al., 2010). Recently, we have identified two novel
phosphorylation sites on Tau, Ser238 and Thr245, as essential for
its toxic effects on mushroom body (MB) integrity (Kosmidis
et al., 2010; Papanikolopoulou et al., 2010) and premature

lethality (Papanikolopoulou and Skoulakis, 2015). The MBs
are neuronal assemblies that constitute major insect brain
centers for learning and memory (Davis, 2005). Significantly,
blocking Ser238 and Thr245 phosphorylation by substituting them
with alanines (STA mutant), yielded animals with structurally
normal but profoundly dysfunctional MBs, as flies accumulating
the mutant protein exhibited impaired associative learning
(Kosmidis et al., 2010). Moreover, our results strongly suggested
that Ser238 occupation is a critical mediator of Tau neurotoxicity
in vivo. However, neuronal dysfunction measured as olfactory
learning deficits appeared to rely on phosphorylation at Ser262,
whose enhanced occupation appeared to account for the
learning deficits of animals expressing the STA mutant Tau
(Papanikolopoulou and Skoulakis, 2015).

Our previous analyses were performed on the double
mutant STA and with Tau transgenes in different genomic
locations with consequent variable transgenic protein expression,
which attenuated accurate quantitative measures of toxicity
and dysfunction and their dependence on relative hTau
levels in the CNS. Therefore, we aimed to investigate the
contribution of each of these two sites independently and
investigate the potential interplay between them with respect
to neuronal toxicity and dysfunction with quantifiably equally
expressed transgenes. Hence, we generated new single mutants
that block or mimic phosphorylation at these sites. We
also focus on the role of Ser262 as a “gatekeeper” of
disease-associated phospho-epitope appearance and whether as
previously suggested (Papanikolopoulou and Skoulakis, 2015), its
occupation is regulated by phosphorylation of Ser238 or Thr245 or
vice versa.

MATERIALS AND METHODS

Drosophila Culture and Strains
Drosophila crosses were set up en masse in standard wheat-
flour-sugar food supplemented with soy flour and CaCl2
and cultured at 25◦C and 50–70% humidity in a 12 h
light/dark cycle unless noted otherwise. The Elavc155-Gal4
and Ras2-Gal4 have been described before (Gouzi et al.,
2011). The Elav-Gal4 line on the second chromosome
was obtained from Bloomington Drosophila Stock center
(#8765). The dual Gal 4 driver strains Elavc155-Gal4;Ras2-
Gal4 (henceforth Elav;Ras2) and Elavc155-Gal4;Elav/CyO
(henceforth Elav;Elav), were constructed by standard
crosses. The hTau0N4R (0N4R) transgenic flies were a
gift from M. Feany (Harvard Medical School, Boston,
MA, United States).

To generate the transgenics carrying point mutations, the
hTau0N4R cDNA (kind gift from Dr. Martin Chow, University
of Kentucky), was subcloned into the pUAS.attB vector (Bischof
et al., 2007) as a BglII/XbaI fragment. The mutants were generated
by replacing the indicated Ser and Thr residues with Ala
or Glu using the QuickChange XL site-directed mutagenesis
kit (Agilent) according to the manufacturer’s instructions. The
complementary mutagenic oligonucleotides pairs (5’ to 3’) for
each mutant are shown below. The silent restriction sites
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introduced for effective screening of positive clones appear
underlined in italics whereas the amino acid substitution
is shown in bold.

S238A (PvuII): 5’ CCACCCAAGTCGCCGTCA
GCTGCCAAGAGCCGCCTGCAGACAGC.
GGTGGGTTCAGCGGCAGTCGACGGTTCTCGGCG

GACGTCTGTCG 5’.
S238E (XbaI): 5’ CCAAGTCGCCGTCTGAGGCCAAG

TCTAGACTGCAGACAGCCCC.
GGTTCAGCGGCAGACTCCGGTTCAGATCTGACGTCTG

TCGGGG 5’.
T245A (SalI): 5’ CTTCCGCCAAGAGTCGACTGCAGGCAG

CCCCCGTGCCCATG.
GAAGGCGGTTCTCAGCTGACGTCCGTCGGGG

GCACGGGTAC 5’
T245E (SalI): 5’ CGTCTTCCGCCAAGAGTCGACTGCAG

GAGGCCCCCGTGCCCATG.
GCAGAAGGCGGTTCTCAGCTGACGTCCTCCGGGGG

CACGGGTAC 5’.
S262A (BglII): 5’ GCCAGATCTGAAGAATGTCAAGTCCAA

GATCGGCGCCACTGAG.
CGGTCTAGACTTCTTACAGTTCAGGTTCTAGCCGCGG

TGACTC 5’.
S262E (BglII): 5’ GCCAGATCTGAAGAATGTCAA

GTCCAAGATCGGCGAGACTGAG.
CGGTCTAGACTTCTTACAGTTCAGGTTCT

AGCCGCTCTGACTC 5’.
STA (PvuII): 5’ CCAAGTCGCCGTCAGCTGCCAAGAGCC

GCCTGCAGGCAGCCCCCG.
GGTTCAGCGGCAGTCGAC

GGTTCTCGGCGGACGTCCGTCGGGGGC 5’.
The sequence of the mutants was confirmed by sequencing

(VBC-biotech). Transgenic flies were generated by phiC31-
mediated transgenesis by BestGene Inc. (Chino Hills, CA,
United States). DNAs were injected into genomic landing site
53B2 on the second chromosome (BDSC #9736).

To obtain flies for experiments detailed herein, virgins from
the driver strains were crossed to males bearing the hTau
transgenes and experimental genotypes were selected from the
progeny as appropriate and as detailed below:

Female Elav X 0N4R or 0N4RII or w1118 (for controls).
Female Elav;Elav/CyO X 0N4R or 0N4RII: Select male and

female non-CyO progeny.
Female Elav;Ras2 × 0N4R or 0N4RII: Select male and female

non-CyO progeny.
Female Elav;Ras2 × 0N4RS238A or 0N4RS238E or 0N4RT245A

or 0N4RT245E or 0N4RS262A or 0N4RS262E or 0N4RSTA: Select
male and female progeny.

Female Elav;Ras2 X w1118: Select male and female
progeny for controls.

Histology
Immunohistochemistry on paraffin sections of Drosophila adult
heads were performed on paraffin sections as previously
described (Kosmidis et al., 2010) using the anti-Leo primary
antibody at 1:4000.

Western Blot and Antibodies
Total Tau levels and occupation of particular phosphosites
were determined in 2–5 adult female head homogenates in 1x
Laemmli buffer (50 mM Tris pH 6.8, 5% 2-mercaptoethanol,
2% SDS, 10% glycerol, and 0.01% bromophenol blue). The
monoclonal antibodies T46 (recognizing hTau irrespective
of phosphorylation- Invitrogen, 1:3,000), AT8 (recognizing
phosphorylated Ser202/Thr205-Pierce Endogen, 1:1,000), AT100
(recognizing phosphorylated Thr212/Ser214-Pierce Endogen
1:1,000) and the polyclonal antibodies pS396 (Source Bioscience,
1:3,000) and pS262 (Source Bioscience, 1:1,000) were used. We
generated a novel polyclonal antibody against phospho-Ser238

of hTau, raised in rabbits (Pocono Rabbit Farm and Laboratory)
against peptide TPPKSPSpSAKSRLQTAPVPMP and affinity
purified before use. In order to normalize sample loading, anti-
Syntaxin (mAb 8C3, Developmental Studies Hybridoma Studies)
was used at 1:3,000. Secondary antibodies were applied at 1:5,000.

Lifespan Determination
Flies accumulating hTau0N4R variants under Elavc155-Gal4;Ras2-
Gal4 were raised at 18◦C and subsequently 17 groups of
20 (340 flies per genotype in two biological replicates), 1–
2 day-old males per genotype were maintained at 30◦C
transferring to fresh vials every 3 days until they expired
(Papanikolopoulou and Skoulakis, 2015).

Drug Feeding
Flies accumulating hTau0N4R variants under Elavc155-Gal4; Ras2-
Gal4 were raised at 25◦C together with control heterozygotes.
Paraquat feeding was performed as previously described (Dias-
Santagata et al., 2007). Briefly fifteen groups of 20, (two biological
replicates of 300 flies total) 1–2 day-old males per genotype were
fed 30 mM of methyl viologen (Acros Organics) in standard food
for 24 h or as indicated and the number of surviving flies per
vial were counted.

Behavioral Assessment
Behavioral assays were performed under dim red light at 24–25◦C
and 70-75% humidity. All flies were 2–5 days old, collected under
CO2 anesthesia one day prior to the experiment and kept in food
vials in groups of 50–70 flies each at 30◦C. Pavlovian olfactory
aversive conditioning was performed using aversive odors as
conditioned stimuli (CS+ and CS−) with the electric shock
unconditioned stimulus (US). The odors used were benzaldehyde
(BNZ) and 3-octanol (OCT) diluted in oil (5% v/v for BNZ and
50% v/v for OCT). One hour before training flies were transferred
to fresh food vials. For training, a group of 50–70 flies were
transferred into a tube lined with electrifiable grid and presented
with air (500 mL/min). Flies were first exposed to an odor for 30 s
paired with 90 V shock (consisting of six 1.25 s pulses with 4.5 s
inter-pulse intervals, so 6 US/CS pairings were delivered within
30 s of odor presentation) and then 30 s of air. Subsequently, flies
were exposed to the second odor for 30 s without shock and then
30 s of air. Two groups of animals of the same genotype were
trained simultaneously such as, one to avoid BNZ and the other
to avoid OCT, while the complimentary odorant was used as
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control odor. The animals were transferred to a T-maze apparatus
immediately and flies were tested simultaneously for preferential
avoidance of the conditioned odorant allowed to choose between
the two odors for 90 s. A performance index (PI) was calculated
as the fraction of flies that avoided the CS+ minus the fraction
that avoided the CS− odors divided by the total number of flies
in the experiment. A final PI is the average of the scores from
the two groups of flies trained to complementary conditioning
stimuli and ranges from 0 to 100. Because all new transgenes
are inserted in the same site we used one of the cognates as
heterozygous controls.

Statistical Analyses
Quantification of all Western blots was performed by
densitometry and the ratio of Tau relative to that of Syntaxin
(Syx) was calculated. The ratio of the control genotype was set
to 1 and all experimental ratios were reported as relative to
that. The means and SEMs were compared following an initial,
significant differences- indicating ANOVA (positive ANOVA),
using Dunnett’s tests relative to the designated control. Similarly,
learning performance indices were calculated for each genotype
as indicated above and following positive ANOVA, means and
SEMs were compared to that of controls using Dunnett’s tests.

Survival data were examined for differences at each assessment
day using Wilcoxon/Kruskal-Wallis tests. If significant
differences were uncovered then the means and SEMs from
each genotype for that day were compared relative to controls
using the Steel with control tests. Means and SEMs of survival
upon oxidative stress toxicity were compared to that that of
controls or the variants as designated using Dunnett’s or planned
multiple comparisons tests following an initial positive ANOVA.
All statistical details are presented in Supplementary Tables 1–5.

RESULTS

Learning Deficits Are Independent of
hTau Levels in Adult Drosophila
Because the randomly inserted hTauSTA was generated in the
2N4R isoform (Kosmidis et al., 2010), to generalize the effects
of that double mutation and validate the derived conclusions
(Papanikolopoulou and Skoulakis, 2015) independently, we
generated the STA double mutation in the 0N4R isoform. In
addition, comparison of the effects of transgenics on neuronal
function and neurotoxicity is expected to be facilitated if the
protein levels were similar or the same, rather than the variable
levels attained by randomly inserted transgenes. Therefore, we
generated new 0N4R, STA and single phosphomutant strains
via phiC31-mediated transgenesis (Bischof et al., 2007), with
all transposons inserted in the same landing site on the
second chromosome (55B2), expected to yield similar expression
levels to facilitate cross variant comparisons. Importantly,
all new transgenes used herein presented similar levels of
expression (Supplementary Figure 1), ascertaining that potential
phenotypic differences among the transgenic proteins would not
be due to differences in expression, but rather reflect differential
functional effects.

Interestingly, unlike for the randomly inserted hTau0N4R

(henceforth 0N4R) (Wittmann et al., 2001), pan-neuronal
expression of the same transgene integrated in the second
chromosome landing site (0N4RII) did not result in MB ablation
(Figure 1A2 vs. Figure 1A3), as previously reported (Kosmidis
et al., 2010). We hypothesized that integration within the attp
sites, or at the specific location on the second chromosome must
have attenuated 0N4RII expression resulting in intact MBs. To
address this and because all phosphosite variants we generated
were integrated in the same chromosomal site, we sought to
increase expression of these transgenes to match that of 0N4R.
To that end we combined two copies of the pan-neuronal Elav
driver, the typical one on the X chromosome with an independent
insertion on the second (Elav;Elav), or the pan-neuronal Elav
driver on the X with the ubiquitous adult CNS driver Ras2 (Gouzi
et al., 2011) as detailed in Materials and Methods.

Quantification of 0N4RII levels relative to those of the original
0N4R revealed significant differences under Elav, Ras2, but
not the double driver Elav;Elav, or Elav;Ras2 (Figure 1B and
Supplementary Table 1). Importantly, 0N4RII accumulation
under Elav;Ras2 was the closest to the levels of 0N4R under
Elav (Figure 1B and Supplementary Table 1) as reported before
(Kosmidis et al., 2010). Therefore, the Elav;Ras2 composite driver
was used for all subsequent experiments. Interestingly, however,
despite the similar levels of expression the MBs remained
structurally intact in animals expressing 0N4RII under Elav;Ras2
(Figure 1A5), as they also did under Elav;Elav (Figure 1A4).
In fact quantification of the dendritic areas (calyces) stained
by the anti-Leo antibody in controls (0.1376 mm2) compared
to those in animals expressing 0N4RII under Elav;Ras2 (0.1268
mm2) did not yield significant differences (Student’s t-test,
p = 0.1716, n = 6). This indicates that the structural deficits
of the MBs are highly sensitive to the amount of hTau present
during their development (Kosmidis et al., 2010) and levels
under Elav;Ras2 are likely just under the threshold requisite to
precipitate defects. Alternatively, the presence of the attp sites
flanking the new transgenes may insulate them from non-specific
effects of neighboring chromatin on their levels, or temporal
expression pattern. This likely leads to bypassing the sensitive
period during early embryogenesis when hTau elevation results
in aberrant MBs (Kosmidis et al., 2010).

Importantly, expression of the 0N4RII transgene under the
single Elav, the Elav;Elav or the Elav;Ras2 drivers yielded
similar deficits in associative learning (Figure 1C and
Supplementary Table 1). Although the lowest performance
index was consistently attained under Elav;Ras2, it was
marginally (p = 0.002) different than that under Elav and
not different from the performance of animals expressing
0N4RII under Elav;Elav (Supplementary Table 1). Since
0N4RII expression under all pan-neuronal drivers tested
yielded similar learning deficits, these results demonstrate that
the magnitude of learning impairment is not proportional
to the levels of hTau and is not consequent of altered MB
integrity. Therefore, we used Elav;Ras2 to drive 0N4RII

for subsequent analyses because it induces expression
levels similar to previously used and reported conditions
(Kosmidis et al., 2010; Papanikolopoulou et al., 2010;
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FIGURE 1 | Elevation of hTau in the fly CNS does not precipitate MB structural deficits, and the MBs remain dysfunctional over a range of transgenic protein
accumulation. (A) Carnoy’s-fixed paraffin-embedded frontal sections at the level of the MB dendrites (calyces) from control (Elav/ +) and animals expressing the
different 0N4R-encoding transgenes with the indicated Gal4 driver. The morphology of the MBs was evaluated with the anti-Leonardo antibody. Arrowheads point to
the missing calyces in animals expressing the randomly inserted 0N4R human transgene. (B) Representative Western blot of head lysates from animals expressing
the 0N4RII and 0N4R transgenes under the indicated Gal4 driver using the T46 anti-Tau antibody. The genotype of animals used is indicated below the
quantification. For the quantification, Tau levels were normalized using the Syx loading control and are shown as a ratio of their mean ± SEM values relative to
respective levels in Elav > 0N4R flies, which was set to 1. The star indicates significant differences from the control genotype indicative of reduced Tau levels.
Statistical details in Supplementary Table 1. (C) Learning performance of animals accumulating pan-neuronally the indicated 0N4R transgenes (black bars),
compared with transgene heterozygotes (white bars). The genotypes of all animals are indicated below each bar. The means ± standard error of the mean (SEM) are
shown. Stars indicate significant differences from control. Statistical details in Supplementary Table 1.

Papanikolopoulou and Skoulakis, 2015), which would facilitate
comparisons and extrapolations.

Differential Contributions of Ser238 and
Thr245 to hTau-Dependent Toxicity
Initially we determined whether the Ser238 and Thr245 to
Ala double mutation (STA), on the 0N4R isoform suppresses
hTau toxicity measured as elevated age-dependent mortality
as did when on the 2N4R isoform (Kosmidis et al., 2010).
To that end, we raised animals at 18C to keep transgene
expression minimal and then transferred and maintained
the adults to 30C to maximize transgene expression and
scored for survivors every 2 days. Importantly, expression
of 0N4RII resulted in premature lethality relative to controls
(Figure 2A and Supplementary Table 2), similar to the
randomly inserted transgene (Papanikolopoulou and Skoulakis,
2015). In contrast, expression of 0N4RSTA did not yield

significantly different survival profile from that of controls
(Figure 2A and Supplementary Table 2). Significantly, on
the 29th day when the population of control animals is
reduced by 50% (50% attrition-dotted line on Figure 2A),
the population of surviving 0N4RII animals was significantly
different from controls while that of 0N4RSTA-expressing flies
was not (Supplementary Table 2). Therefore, the new transgenes
on chromosome II fully recapitulate and verify the survival
results obtained with the randomly inserted transgenic strains
(Papanikolopoulou and Skoulakis, 2015). Because the new
transgenes are expressed at the same level (Supplementary
Figure 1), these results confirm that toxicity is independent of
hTau protein levels and the assertion that Ser238 or Thr245, or
both are required for hTau dependent toxicity manifested as
premature mortality.

To determine whether both, or which of the two
phosphorylation sites mutated in the STA transgene mediate
hTau toxicity, we examined the effects of single substitutions
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FIGURE 2 | Differential effects of mutants on Ser238 and Thr245 on premature
lethality. Survival curves for animals expressing 0N4RII, 0NSTA (A), S238A,
S238E (B), T245A, and T245E variants (C) expressed in the CNS in
comparison with Elav/+; Ras/ + control heterozygotes (w1118). The data
represent the mean ± SEM from two independent experiments with a total of
340 flies assessed per genotype. After 29 days, the population of Elav/+;
Ras/ + control heterozygotes (w1118) was reduced by 50% (50% attrition).
Statistical details in Supplementary Table 2.

of Ser238 and Thr245 either to the phosphorylation-blocking
Ala, or the potential phosphomimic Glu. Ser238 has been
reported phosphorylated immediately before the 50%
attrition point on 0N4R (Papanikolopoulou and Skoulakis,
2015), leading to the hypothesis that its occupation predicts
toxicity. Surprisingly, however, blocking phosphorylation

at Ser238 did not ameliorate the toxicity of the 0N4RS238A

protein (Figure 2B), which remained significantly different
from that of control flies from days 23 until 30, including
day 29 when the control population reached the 50%
attrition day (Figure 2B and Supplementary Table 2). The
pseudophosphorylated 0N4RS238E also remained as toxic
as the parental 0N4RII (Figure 2B and Supplementary
Table 2). The results suggest that phosphorylation at Ser238

may be necessary, but it is not sufficient to induce of hTau
toxicity underlying early mortality, unlike our prior hypothesis
(Papanikolopoulou and Skoulakis, 2015).

Significantly, the 0N4RT245A protein where Thr245

phosphorylation was blocked by the Ala substitution presented
consistently elevated mortality from days 23 to 30 (Figure 2C
and Supplementary Table 2), earlier than in animals expressing
0N4RII and presenting a 50% attrition on day 24 instead of
day 29 in controls (Figure 2C). This suggests that occupation
of this site is essential to suppress toxicity leading to early
mortality. Surprisingly and in accord with this hypothesis,
the phosphomimic 0N4RT245E mutation ameliorated toxicity
behaving much like controls throughout the curve including
the 50% attrition day (Figure 2C and Supplementary Table 2).
These results strongly suggest that phosphorylation at Thr245 is
protective or averts toxicity, whereas lack of occupation at that
site is necessary for hTau toxicity linked to early mortality.

A different measure of toxicity that underlies the level
of oxidative stress upon pathological hTau accumulation is
resistance to paraquat. This is a redox-active bipyridine
heterocyclic compound, which in tissues produces superoxide
anions and therefore exacerbates already extant oxidative stress
(Rzezniczak et al., 2011). Consequently, flies experiencing
increased oxidative stress due to pathological hTau accumulation
are expected to be more sensitive to added paraquat-mediated
stress (Dias-Santagata et al., 2007). In fact, after 24 h of
exposure to 30 mM paraquat-laced food, control flies presented
a baseline 10% mortality, while 40% of 0N4RII animals expired
in the same time frame. In contrast, the Ser238 and Thr245 to
Ala double mutation 0N4RSTA-expressing animals suppressed
mortality to basal levels similar to that of controls (Figure 3 and
Supplementary Table 3), suggesting a role for both Ser238 and/or
Thr245 in hTau-mediated oxidative stress toxicity.

As for mortality, the 0N4RS238A protein with blocked
phosphorylation at Ser238 and the pseudophosphorylated
0N4RS238E were as toxic as 0N4RII (Figure 3 and Supplementary
Table 3). However, toxicity of 0N4RS238E was significantly
milder than that of 0N4RS238A (Supplementary Table 3).
Blocking Thr245 phosphorylation presented elevated hTau
toxicity compared to 0N4RII-expressing animals (Figure 3
and Supplementary Table 3). Interestingly 0N4RT245A was
ameliorated to 0N4RII levels by pseudophophorylation at
that site, but it was not eliminated to 0N4RSTA basal levels
(Figure 3 and Supplementary Table 3). Because expression
of the double phosphoblock mutant 0N4RSTA presented only
baseline toxicity unlike the single site mutants (Supplementary
Table 3), these results suggest that both sites likely need to
be occluded from phosphorylation to eliminate or suppress
hTau-mediated oxidative stress toxicity. The dependence of

Frontiers in Molecular Neuroscience | www.frontiersin.org 6 October 2020 | Volume 13 | Article 569520181

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


fnmol-13-569520 October 15, 2020 Time: 17:18 # 7

Keramidis et al. Gatekeeper Phosphorylation Interactions

FIGURE 3 | Differential effects of mutants on Ser238 and Thr245 on oxidative
stress. One to 2-day-old flies were exposed to 30 mM paraquat, and mortality
was scored after 24 h. The data represent the mean ± SEM from two
independent experiments with a total of 300 flies assessed per genotype. The
genotypes of all animals are indicated below each bar. Stars indicate
significant difference from controls and # significant difference from the
cognate mutant. Compared with the control driver heterozygote flies (Elav/+;
Ras/+) administration of paraquat for 24 h resulted in significant lethality for all
Tau variants except for 0NSTA expressing flies. Statistical details in
Supplementary Table 3.

oxidative stress-dependent lethality on occupation of Ser238 and
Thr245 is distinctly different from that for premature mortality,
suggesting that the two measures of toxicity may in fact reflect
distinct pathological mechanisms.

Multiple Phosphorylations Depend on
the State of Thr245 and Ser238

Occupation
To investigate the proposed interaction between occupation
of Ser238 and Thr245 and its consequences on distant sites,
we used phospho-specific antibodies against sites associated
with pathology. We selected the AT8 epitope formed by
phosphorylation of Ser202 and Thr205 and AT100 signifying
occupation of Thr212 and Ser214 in the Proline Rich Region
of hTau, amino-terminal to Ser238 and Thr245. In addition, we
assayed phosphorylation at Ser396 near the carboxy-terminus
of the protein. As demonstrated again on Figures 4A–
C, the expression levels of the new transgenes are the
same and equivalent with that of 0N4RII. In addition, we
verified the specificity of the new anti-pSer238 antibody against
0N4RSTA (Supplementary Figure 2). A residual band of
higher molecular mass was detectable in all lysates including
0N4RSTA (Supplementary Figure 2) and is considered non-
specific.

Blocking phosphorylation, or pseudophosphorylation
of Ser238 reduced AT100 phosphorylation (Figure 4A
and Supplementary Table 4) and elevated occupation of
Ser262 (Figure 4A and Supplementary Table 4) relative
to that on 0N4RII. This suggests that Ser262 occupation

FIGURE 4 | Gatekeeper phosphorylation interactions among Ser238, Thr245,
and Ser262. Representative Western blots from head lysates of flies
accumulating 0N4RII pan-neuronally compared with similar lysates from
site-specific Ala and Glu mutants probed with the antibodies indicated on the
left. The level of syntaxin (Syx) in the lysates was used as loading control for
quantifications. The first antibody measures total Tau in the lysates, whereas
all others target particular phosphorylated residues. Quantification of at least
three independent biological replicates of at least six technical replicates are
shown on the right. The syntaxin-normalized level of 0N4RII for each
quantification was fixed to 1 and represented by the horizontal dotted line.
The bars represent the mean ± SEM relative levels of mutants phosphorylated
at the given sites, over that of the 0N4RII control. Bars and their respective
error bars that are not in contact with the dotted line are significantly different
from control. Statistical details in Supplementary Table 4. (A–C)
Representative Western blots from head lysates of flies accumulating 0N4RII

pan-neuronally compared with similar lysates from S238A and S238E mutants
(A), T245A and T245E mutants (B) and S262A and S262E mutants (C)
probed with the antibodies indicated on the left. Dunnett’s tests followed initial
ANOVA to indicate significant differences from control for all phosphosites.

is independent of the state of Ser238 phosphorylation.
Phosphorylation of the distant Ser396 was elevated upon
blockade of Ser238 occupation, but remained unaffected
by pseudophosphorylation of that site (Figure 4A and
Supplementary Table 4). As expected, the anti-pSer238 antibody
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also did not recognize the 0N4RS238A, or the 0N4RS238E

proteins (Figure 4A).
Importantly, although Ser238 occupation appeared unaffected

in the 0N4RT245A protein, it was significantly reduced in
the pseudo-phosphorylated 0N4RT245E (Figure 4B and
Supplementary Table 4). This is consistent with the notion
that occupation of Thr245 suppresses Ser238 phosphorylation.
Given that Glu substitution provides a single charge at the site vs.
the two charges carried by the phosphate group, the suppression
may in fact be higher in the normal wild type hTau. Because
an anti- pThr245 antibody is not currently available, we cannot
currently directly test whether the reciprocal that is, Ser238

occupation suppressing Thr245 phosphorylation may be true
as well. Conversely, blockade of Thr245 occupation enhanced
Ser262 relative to that on 0N4RII, while pseudophosphorylation
left it at control levels if not marginally lower (Figure 4B and
Supplementary Table 4). This is consistent with the notion
that loss or suppression of Thr245 phosphorylation leads to
Ser238 and Ser262 occupation. Inasmuch as the phosphomimic
substitution may not fully reflect the consequence of bona fide
phosphorylation at the site, the data support the notion Thr245

occupation suppresses both Ser238 and Ser262 phosphorylation.
Therefore, in effect it acts as a “gatekeeper” for the consequent
pathological manifestations of Ser238 and Ser262 occupation
(Papanikolopoulou and Skoulakis, 2015).

The proposed role of Thr245 as the critical “gatekeeper”
instead of the Ser238, the two residues concurrently changed
in the STA mutants is also reflected in the consequences of
blocking, or pseudophosphorylating it on distant phosphosites.
Phosphorylation at the proximal phospho epitopes recognized
by the AT8 and AT100 antibodies are significantly depressed in
both Thr245 mutants (Figure 4B and Supplementary Table 4),
but Ser396 occupation remains unaffected. In contrast, only
AT100 occupation is suppressed in Ser238 mutants, while
Ser396 phosphorylation appears significantly elevated when Ser238

phosphorylation is blocked (Figure 4A and Supplementary
Table 4). This suggests that Thr245 occupation is required
for phosphorylation at the AT8 and AT100 epitopes, while
Ser238 phosphorylation suppresses occupation of Ser396, another
manifestation of potentially conformation-mediated interactions
among distant phosphosites.

The essential role of Ser262 as a broad-acting “gatekeeper”
of pathology (Papanikolopoulou and Skoulakis, 2015) in accord
to independently-derived similar proposal (Nishimura et al.,
2004) is demonstrated in Figure 4C where all phosphorylations
in question are drastically suppressed on the 0N4RS262A and
0N4RS262E proteins. This includes pSer238, which drastically
reduced, albeit not completely eliminated (Figure 4C and
Supplementary Table 4). Although the effect of blocking Ser262

phosphorylation (0N4RS262A), supports the notion that its
occupation is required for subsequent Ser238 phosphorylation,
the opposite might be expected for the phospho-mimic
0N4RS262E. The fact that Ser238 is under-phosphorylated on the
0N4RS262E protein argues that the single charge- bearing Glu is
not an efficient substitute for phosphorylated Ser262 in mediating
conformational changes promoting phosphorylation at proximal
and distant sites (Figure 4C). Rather it appears that it may in fact

have a negative effect by occluding bona fide phosphorylation at
that site.

Differential Contribution of Ser238 and
Thr245 to hTau-Mediated Learning
Deficits
In addition to its “gatekeeper” effects, phosphorylation at Ser262

was proposed to be necessary for and predict learning deficits
(Papanikolopoulou and Skoulakis, 2015). The Ser262 variants
were in fact generated for a second reason in addition to
facilitating comparison and validation of the effects of the
Ser238 and Thr245 variants. Because the expression level of
the previously used randomly inserted Ser262A variant was low
(Papanikolopoulou and Skoulakis, 2015), it raised the possibility
that the lack of learning deficits upon expression of that transgene
may have been consequent of its low expression.

Pan-neuronal expression of the new 0N4RSTA variant did
not precipitate structural defects in the MBs (Figure 5A),
in agreement with prior reports (Kosmidis et al., 2010;
Papanikolopoulou and Skoulakis, 2015). Moreover, as for the
2N4RSTA (Kosmidis et al., 2010), expression of 0N4RSTA yielded
significant deficits in associative learning (Figure 5B and
Supplementary Table 5), equivalent to those presented by
0N4RII (Supplementary Table 5), demonstrating that although
grossly intact structurally, the CNS of animals expressing this
hTau variant is dysfunctional. Importantly, expression of the
single variants 0N4RS238A and 0N4RT245A resulted in a similar
decrease in learning. Given that Ser262 is hyper-phosphorylated in
these variants (Figures 4A,B), the data support the proposal that
elevated occupation at this site is in fact requisite for the learning
deficits (Papanikolopoulou and Skoulakis, 2015).

Further toward this notion, we assayed associative learning in
animals expressing the phosphomimic variants 0N4RS238E and
0N4RT245E alongside the respective Ala substituted proteins at
these sites. Interestingly, expression of 0N4RS238E precipitated
a learning deficit equivalent to that of the phospho-blocked
variant 0N4RS238A (Figure 5C and Supplementary Table 5),
as predicted by the hyper-phosphorylation of this protein at
Ser262 (Figure 4A) and in agreement with the inefficiency of
Glu substitution as a phospho-mimic at that site. In contrast,
unlike the deficit presented by animals expressing 0N4RT245A,
expression of the pseudo-phosphorylated variant 0N4RT245E did
not affect learning (Figure 5D and Supplementary Table 5).
This agrees with the phosphorylation state of Ser262 on this
variant protein and in support of the proposed role of Thr245

phosphorylation as suppressive of hTau-mediated toxicity and
dysfunction. This in turn suggests that phosphorylation at this
epitope may be constitutive on non-pathogenic hTau.

As expected, expression of the phosphoblocked 0N4RS262A

protein did not affect learning (Figure 5E and Supplementary
Table 5), confirming published results (Papanikolopoulou and
Skoulakis, 2015). Moreover, since 0N4RS262A is expressed at
the same level as controls (Supplementary Figure 1 and
Figure 4C), this result verifies that lack of deficient learning
was not consequent of lower expression of the randomly
inserted transgene (Papanikolopoulou and Skoulakis, 2015).
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FIGURE 5 | Differential learning defects of mutants on Ser238 and Thr245 and Ser262. (A) Carnoy’s-fixed paraffin-embedded frontal sections stained with
anti-Leonardo at the level of MB dendrites in the posterior of the head and of MB axons of the γ-subtype-lobe from animals expressing the indicated Tau variants.
(B–E) Learning performance of animals accumulating pan-neuronally the indicated Tau variants (black bars) compared with driver or transgene heterozygotes (white
bar). The genotypes of all animals are indicated below each bar. The means ± standard error of the mean (SEM) are shown. Stars indicate significant differences
from control. Statistical details in Supplementary Table 5.

Again, lack of the expected learning deficit upon expression of
the pseudo-phosphorylated 0N4RS262E is a likely consequence of
the inefficient Glu-mediated mimic of phosphorylation at that
site (Figure 5E).

DISCUSSION

Although hTau phosphorylation and its regulation has received
waning attention lately, hyper-phosphorylation at disease linked
phosphoepitopes remain strong pathology-linked biomarkers
(Blennow and Zetterberg, 2018). Therefore, understanding the
patterns and regulation of hTau phosphorylation is essential
to monitor pathologies and their progression, but just as
importantly, to understand its contribution to the IDR-
mediated structural plasticity of this protein. The results herein
describe a sequence of apparent “gatekeeper” phosphorylations,
which affect both hTau toxicity and neuronal dysfunction in
Drosophila that could also serve as disease biomarkers in patients
(Papanikolopoulou and Skoulakis, 2015).

A hypothesis put forward before (Papanikolopoulou and
Skoulakis, 2015), suggested that Ser262 is required for Ser238

occupation, which was verified experimentally herein (Figure 4).
Importantly, generation of the single mutants on Ser238 and

Thr245 revealed an important new regulatory point not evident
with the STA double mutant analyzed before. Collectively, the
toxicity (Figures 2, 3) and learning (Figure 5) data in the
context of the phospho-profile analyses (Figure 4), strongly
indicate that Thr245 phosphorylation attenuates or blocks Ser262

occupation, which in turn is required for Ser238 phosphorylation
leading to toxicity. Therefore, Ser262 phosphorylation precedes
and acts as a “gatekeeper” to Ser238 occupation, which promotes
hTau-dependent premature mortality or decreased resistance
to oxidative stress, two very likely distinct manifestations
of hTau toxicity.

Currently we do not know the mechanism or trigger of Thr245

dephosphorylation, as well as the speed and mechanism of the
consequent Ser262 occupation, although it is likely mediated by
conformational changes. As the resultant learning deficits require
time after hTau expression to be manifested (Papanikolopoulou
et al., 2010; Papanikolopoulou and Skoulakis, 2015), the process
is likely relatively slow. Since Ser262 occupation precedes that
of Ser238, this may account for the reported significant delay in
phosphorylation of the latter (Papanikolopoulou and Skoulakis,
2015), a potential link to the age dependent manifestation of
degenerative Tauopathies in humans as well. This is turn suggests
that monitoring Ser238 occupation may be a useful biomarker of
disease progression.

Frontiers in Molecular Neuroscience | www.frontiersin.org 9 October 2020 | Volume 13 | Article 569520184

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


fnmol-13-569520 October 15, 2020 Time: 17:18 # 10

Keramidis et al. Gatekeeper Phosphorylation Interactions

Domains such as the highly conserved microtubule binding
repeats and the amino terminal region of the protein appear
functionally specialized (Trushina et al., 2019). Notably, the
work described herein suggests IDR/conformation-dependent
interactions with the 24 aminoacids that separate Ser238 just
amino-terminal to the first microtubule binding repeat to Ser262

within it, with significant roles in hTau-mediated toxicity and
dysfunction. Therefore, we propose that this region defines
a new potential hTau domain of importance to toxicity and
neuronal dysfunction. This may be reflected in phospho-
profiles of Tau fragments in Cerebrospinal fluid (CSF) samples
from Alzheimer’s disease (AD) patients that show significant
enrichment in Ser238 and Ser262 occupation (Russell et al., 2017).
Moreover, an independent study indicated that phosphorylated
Ser238 and Ser262 appear specifically associated with pathological
Tau in AD patients (Martin et al., 2013). We propose that
this “toxicity domain” contributes to Tau structural plasticity,
as the occupation state of Ser238, Thr245, and Ser262 affects
the phosphorylation state of additional proximal sites such as
Ser202/Thr205 (AT8), Thr212/Ser214 (AT100), but also the distant
Ser396 at the far carboxy-terminus of the protein (Figure 4),
which when phosphorylated is also enriched in the CSF from AD
patients (Russell et al., 2017). As all the sites under consideration
are in invariant hTau regions, the regulatory mechanisms we
propose are pertinent to all isoforms.

Importantly, Thr245 phosphorylation appears to be inhibitory
not only to Ser262 and consequently to Ser238 occupation, but
also on Ser202/Thr205 and Thr212/Ser214 (Figure 4B) and perhaps
it represents a broader suppressor of toxicity and neuronal
dysfunction (Figure 6). Hence, occupation of this site appears to
act as a “gatekeeper” against additional phosphorylations linked
to pathologies. In agreement with this notion, phosphorylated

FIGURE 6 | A schematic of the proposed phosphorylation-mediated
interaction between “suppressive” and “facilitatory gatekeeper” phosphosite
interactions proximal to and within the first microtubule binding repeat of hTau.
Blunt lines represent “suppressive” while the red arrow “facilitatory”
interactions. The direction of the arrow indicates that Ser238 is phosphorylated
after occupation of Ser262.

Thr245 appears exclusively in physiological human brain lysates
(Martin et al., 2013). To our knowledge, the only other
phosphorylation reported to decrease Tau/Aβ-induced toxicity
is on Thr205 (Ittner et al., 2016). This contrasts with the
apparent role of Ser262 phosphorylation as an enabler of
phosphorylation at many additional sites, probably a lot
more than we have tested herein (Figure 4C), including the
essential for toxicity Ser238. To that end ongoing efforts aim at
generating an anti p-Thr245 antibody, which along with either
pSer238and pSer262 may be useful biomarkers in monitoring
progression of Tauopathies.

Collectively therefore, there appear to be two types of
“gatekeeper” phosphosites, those that when occupied suppress
additional phosphorylations such as pThr245 and others like
pSer262 that enable them. This is reflected in the schematic on
Figure 6, where we propose that abrogation or attenuation of
Thr245 phosphorylation removes the effect of the toxicity and
dysfunction “suppressing gatekeeper,” enabling occupation of
the “facilitatory gatekeeper” phospho-Ser262 (Nishimura et al.,
2004; Papanikolopoulou and Skoulakis, 2015). In agreement
with others (Trushina et al., 2019), we posit that these
changes in hTau toxicity are manifestations of the IDR-
mediated structural plasticity of the protein with local or
broad conformational changes favored by the presence or
absence of particular phosphorylations leading to physiological
or pathogenic states.

One notable result from the work herein is that the
single charge contributed by Glu replacing the relevant Serines
and Threonines does not mimic the double charge of the
phosphate group in the case of Ser238 (Figures 2B, 3, 4A,
5C) and Ser262 (Figures 4C, 5E). This indicates that the
proposed local structural plasticity is at least in part mediated
and possibly stabilized by weak charge based interactions,
a proposed characteristic of intrinsically disordered proteins
(Trushina et al., 2019). Interestingly, our data suggests that
with respect to these sites, Glu substitution may in fact mimic
blocking phosphorylation at these sites (Figures 2B, 3, 4A,C,
5C,E), possibly by occlusion and this approach should be
used with caution.

Although they are obvious pharmaceutical targets, it
remains a challenge to identify and interfere with the
phosphatases and kinases that target specific phosphoepitopes
in part because of overlapping consensus sequences and
participation in many other physiological cellular processes
(Martin et al., 2013). For Thr245, whose phosphorylation
appears to function as “suppressive gatekeeper” to subsequent
pathology-linked phosphorylations, the therapeutic challenge
is to maintain its occupation. In addition, development
of an anti-phospho Thr245 antibody for early detection
of its dephosphorylated state may be a good disease
prognostic biomarker.
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Dopaminergic neuronal loss is the main pathological character of Parkinson’s disease
(PD). Abnormal tau hyperphosphorylation will lead to dopaminergic neuronal loss. An
indazole derivative 6-amino-1-methyl-indazole (AMI) successfully synthesized to inhibit
tau hyperphosphorylation may exert a neuroprotective effect. The in vitro study showed
that AMI effectively increased cell viability and alleviated the apoptosis induced by MPP+

in SH-SY5Y cells. In addition, AMI treatment significantly decreased the expression of
p-tau and upstream kinases GSK-3β. In the MPTP-induced PD mice models, we found
AMI apparently preserved dopaminergic neurons in the substantia nigra and improved
the PD behavioral symptoms. Our results demonstrate that AMI exerts a neuroprotective
effect by inhibiting tau hyperphosphorylation, representing a promising new candidate
for PD treatment.
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INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative disease. The apoptosis of substantia nigra
dopaminergic neurons plays a pivotal role in the pathogenesis of PD (Del Rey et al., 2018). The Lewy
bodies or neurites (Power et al., 2017; Liu et al., 2019a) was found in the advanced PD. Therefore,
we investigate the signaling pathways that regulate neuronal apoptosis as a novel therapeutic target
of PD.

Tau protein is an important microtubule-associated protein in the central nervous system, which
mainly regulate by phosphorylation. Its induces and promotes the aggregation of microtubules
(Lee et al., 2019). Hyperphosphorylated tau interacts with α-synuclein to promote aggregation and
fibrosis, causing the formation of Lewy bodies and dysfunction of axonal transport (Singh et al.,
2019). Moreover, hyperphosphorylation and aggregation result in the formation of paired helical
filaments (PHFs; Zhou et al., 2018). Taltirelin, a long-acting TRH analog, down-regulated the levels
of p-tau (S396), exhibiting the neuroprotective effect in both cellular and animal models of PD
(Zheng et al., 2018). Formulated Chinese Medicine Shaoyao Gancao Tang reduces tau aggregation
and exerts neuroprotection (Chen et al., 2018). Together, phosphorylation of tau protein mediates
the pathological process of Alzheimer’s disease (AD) or PD, which is a potential therapeutic target
treatment for neurodegenerative disease (Winer et al., 2018; Chen et al., 2019).
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Indazole derivatives have multi-pharmacological activities
such as anti-inflammatory, antibacterial and anti-tumor activities
(Denya et al., 2018; Liu et al., 2019b). Our previous studies have
found that 6-hydroxy-1H-indazole, 5-hydroxy-1H-indazole and
6-nitro-1H-indazole inhibit the phosphorylation of tau protein,
and have protective effects on MPP+-induced apoptosis of
SH-SY5Y cells. Particularly, 6-hydroxy-1H-indazole has shown
a neuroprotective effect on 100 µm MPP+-induced apoptosis
of SH-SY5Y cells (Liang et al., 2016). In this study, 6-nitro-1H-
indazole was used as the mother nucleus to further optimize the
drug structure, and to explore the indazole derivatives, which can
specifically inhibit the phosphorylation of tau protein. Since the
drug needs to enter the brain to treat PD, our group introduced
a 1-position of methyl to 6-nitro-1H-indazole for increasing
the liposoluble of the compound, and finally the novel small
molecule 6-amino-1-methyl-indazole (AMI) was obtained.

In this study, we examined the effect of AMI in a PD model.
MTT assays and Hoechst 33258 staining were used to assess the
protective effect of AMI on SH-SY5Y cells after MPP+ treatment.
Meanwhile, MPTP-induced PD animal models were used to
detect the effects of AMI in vivo. The levodopa (L-DOPA) is the
first-line treatment of PD, we chose L-DOPA as a control drug in
our experiments.

MATERIALS AND METHODS

Material and Antibody
Methyl-4-phenylpyridine (MPP+; #D048), 1-methyl-4-
phenyl-1,2,3,6-tetrahydro-pyridine (MPTP; #M0896) and
levodopa (#D9628) were obtained from Sigma (St. Louis,
MO, USA). An ABC reagent Box (Vector PK-6101 Rabbit
IgG) and Golgi staining kit (PK401) were obtained from FD
NeuroTechnologes (Columbia, MD, USA). P-tau (Ser396;
#ab109390) and t-tau (#ab32057) were purchased from
Abcam (Cambridge, MA), while GSK-3β (#12456) and
phosphorylated GSK-3β (p-GSK-3β, ser9, #9323) were
purchased from Cell Signaling Technology (Danvers, MA,
USA). Anti-tyrosine hydroxylase (TH) was obtained from
Santa Cruz (Dallas, TX, USA). Immoblilon PVDF membranes
(#ISEQ00010) and Immobilon Western Chemiluminescent
HRP Substrate (#WBKLS0100) were purchased from Merck Co.
(Darmstadt, Germany).

SPF grade C57BL/6 mice, male 6–7 weeks, weight 22–27 g,
were purchased from Guangdong Experimental Animal Center,
license number: SYXK (Yue) 2016–0167, then free drinking
water, feeding to 10–11 weeks. All of the experimental
protocols were approved by the Institutional Animal Care and
Use Committee of Southern Medical University (Guangzhou,
Guangdong, China).

Synthesis of AMI
6-nitro-1H-indazole was dissolved in dimethylformamide and
then methyl iodide and sodium cyanide were added according
to the molar ratio of 6-nitro-1H-indazole: iodomethane: sodium
hydride = 1:2:2. The reaction was stirred for 24 h, then
filtered and extracted three times with ethyl acetate, dried over
anhydrous sodium sulfate, and evaporated to produce 6-nitro-

1-methyl-indazole. Subsequently, 6-nitro-1-methyl-indazole was
dissolved in methanol, palladium on carbon was added as a
catalyst, the reaction of hydrogen through 4 h, and finally filtered
and separated by column chromatography to obtain AMI.

MTT
MTT assay was used to determine the cell viability for SH-SY5Y
cells. The SH-SY5Y cells were seeded at a density of 1 × 104

cells/well in 96-well plates and incubated overnight. Firstly,
different concentrations of MPP+ acts on SH-SY5Y cells, and
confirm the optimal concentration of MPP+ on the cells. The
addition of MPP+ to SH-SY5Y cultures was performed at
300 µM. Afterwards, the cells were pretreated with different
concentrations of AMI for 2 h, then added with MPP+ at a final
concentration of 300µM for 48 h. Add 100µl of 0.5 mg/ml MTT
working solution to each well, and incubate for 4 h at 5% CO2 at
37◦C. The supernatant was discarded, each well was added 100µl
DMSO, and shake at low speed for 10 min to fully dissolve the
crystals. The absorbance of each group of samples was measured
with a microplate reader (Bio-Rad Model 680) at a wavelength of
570 nm. Untreated cells represented 100% viability.

Hoechst 33258 Staining
The SH-SY5Y cell line was pretreated with AMI for 2 h, and then
MPP+-induced apoptosis for 48 h. The cells were fixed 10 min
with fixative. After the fixative was removed, it was washed
twice with PBS for 3 min each time and then 0.5 ml of Hoechst
33258 staining solution was added, staining the cell line for 5min.
After the staining solution was removed, the culture solution was
washed twice with PBS for 3 min. A drop of anti-fluorescence
quenching sealant was applied to the slide. The slide was covered
with a cell-coated cover glass, and blue nuclei were detected by
a fluorescence microscope. The excitation wavelength was about
350 nm and the emission wavelength was about 460 nm.

Western Blot Analysis
Western blott was used to determine the expression of GSK-
3β, p-GSK-3β(ser9), Tau, p-Tau(ser396) and TH. After drug
treatment, cells or tissues were quickly collected and lysed
with RIPA buffer containing 1% protease and 1% phosphatase
inhibitor, and shaken on ice for 40 min. The lysate was then
centrifuged at 12,000 rpm for 20 min at 4◦C and 10 min at
12,000 rpm. The supernatant was collected and the protein
concentration was determined using a BCA protein assay kit. An
equal amount of protein was separated by SDS-polyacrylamide
gel electrophoresis and transferred to a 0.4 µm pore size
hydrophilic PVDFmembrane. Non-specific binding was blocked
with 5% w/v BSA, and membranes were then incubated in
milk dissolved in TBST for 2 h at room temperature. The
membrane was washed three times with TBST for 10 min,
and then incubated with primary antibodies at 4◦C overnight.
After rinsing and incubation with secondary antibodies, the blot
signals were detected with a Bio-Rad Ultraviolet Imaging System,
and immunoblotting was quantified with ImageJ software.
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Parkinson Animal Model Preparation and
Administration
The C57BL/6 male mice were divided into five groups (12 in
each group). The control group received normal saline. The
PD model group was treated with 30 mg/kg MPTP(dissolved
in normal saline) by intraperitoneal (i.p.) injection daily for
5 consecutive days (Schildknecht et al., 2017). Mice were treated
with AMI (2 and 4 mg/kg/day, dissolved in normal saline
containing 3% DMSO) half an hour before MPTP treatment.
The L-DOPA group was given 10 mg/kg/day (dissolved in
normal saline containing 3% DMSO + 0.5% CMC-Na, i.p.), 2 h
after MPTP treatment. Meanwhile, we recorded the incubation
period and duration of the mice after administration. The latent
period began with intraperitoneal injections of MPTP into mice
until paralysis occurred. Ten days after the final injection of
MPTP, the mice conducted behavioral experiments and then
sacrificed (Figure 3A).

TH Immunohistochemistry
Seven days after the last injection of MPTP, the ventral
midbrain was isolated and the TH content was detected
by immunohistochemistry. Brain slices (35 µm) were rinsed
with 0.3% Triton for 30 min, and then treated with freshly
prepared 3% H2O2 for 1 h. The brain slices were rinsed
twice in PBS for 10 min each, and rinsed for 1 h with
serum, then incubated overnight with rabbit anti-TH (1:10,000,
3%BSA with PSB) at 4◦C. Brain slices were then washed
three times with PBS for 10 min at room temperature and
incubated with the secondary antibody of the kit for 1 h
at room temperature. Next, brain slices were incubated for
1 h in ABC kit (Vector PK-6101 Rabbit IgG) and washed
three times with PBS. Finally, the color was developed in
DAB for 2–5 min, the brain slices were rinsed with PBS, and
the slices were dried. After the patches were dehydrated and
transparent, they were photographed under a light microscope
at a magnification of ×400. The numbers of TH-positive
dopaminergic neurons in the substantia nigra of each mouse
were counted. The mean number of right and left sides
was regarded as the neuronal cell number of each mouse
(Wang et al., 2007).

Golgi Staining
To study the morphological changes of nerve dendrites and
dendritic spines in animal brains after drug treatment by
Golgi staining (Zhong et al., 2019). Seven days after the last
injection of MPTP, the substantia nigra slices were obtained
for Golgi staining. According to the Golgi staining (FD
Neuro Technologes) manufactures’manual, we mixed liquid
A and liquid B for 24 h and stored it in the dark. The
whole brain placed into the prepared staining solution in
the dark for 3 weeks at normal temperature, and transferred
to solution C kept in the dark for at least 72 h. Then
midbrain was fixed with an embedding solution, sliced on a
frozen slicer (100 µm), attached to a glass slide, immersed
in solution C, and dried for sectioning. The sections were
washed twice with double distilled water for 4 min each time.
The sections were then incubated for 10 min in a working

solution consisting of solution D, solution E and double
distilled water = 1:1:2. Neuronal morphology was observed
under a microscope.

For the analysis of dendritic branches, non-axonal synapses
longer than 10 µm and directly from the cell body are
defined as primary dendrites. All protrusions that emerge
from the primary tree are called secondary dendrites, and all
middle-end protrusions below 10 µm are called axonal tips.
When performing a sholl analysis, multiple concentric circles
centered on the cell body that differ in diameter by 15 µm
from each other, and all protrusions in the concentric circles
are counted.

Behavioral Experiment
Pole-climbin, rotarod test and traction test were performed
10 days after the final injection of MPTP (Wang et al., 2007).
There are 6–8mice per group, all behavioral tests were conducted
in a double-blinded manner.

In traction test, the traction test measures muscle strength. A
cord with a diameter of 0.5 cm was placed 70 cm horizontally.
Each mouse’s front paws were hung on the rope and the mouse
was released. The time of the fall was recorded, as was whether
the mouse pulled its hind limbs to the rope. The feces and urine
of the mice were washed off before the experiment.

In rotarod test, a rotarod test is a common method to assess
neuromuscular coordination. First, mice were positioned on a
rotating rod (6 cm diameter) for 30 s, and then trained at a
constant speed of 12 rpm for 180 s. Sixty minutes after the last
training, a mouse was placed on the rod and the incubation
period of its fall was recorded as the end point measurement. The
average time of three trials was calculated for statistical analysis.

In pole-climbing test, Mice were placed near the top of rough
surface wooden stick (10 mm in diameter and 55 cm in height)
and their heads facing up. The total time for each animal to reach
the floor was recorded, with a maximum duration of 120 s. Each
mouse was tested three times at 10 min intervals and the average
time was calculated for statistical analysis.

Statistical Analysis
Statistical analyses were performed using SPSS 13.0. Results were
expressed as mean ± SD. One-way ANOVA was employed for
multiple group comparisons. The statistical significance was set
at P < 0.05.

RESULT

Characterization of AMI
AMI was obtained by a two-step reaction (Figure 1A), and the
hydrogen spectrum (Figure 1B) and mass spectrum (Figure 1C)
shown a characteristic absorption peak as the AMI.

AMI Improves Apoptosis in SH-SY5Y Cells
After MPP+ Treatment
The in vitro cytotoxicity of MPP+ against human SH-SY5Y
cells was by using the MTT assay. As shown in the results of
Figure 2A, MPP+ can inhibit the growth of human SH-SY5Y cells
in a dose-dependent manner. We chose 300 µM MPP+ for cell
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FIGURE 1 | (A) Synthetic route 6-amino-1-methyl-indazole (AMI). (B) AMI hydrogen spectrum. (C) AMI mass spectrum.

experiment. SH-SY5Y cells were pretreated with 10 and 100 µM
AMI for 2 h, and treated with 300 µM MPP+ for 48 h. The
MTT assay indicated that AMI attenuating the cytotoxicity of
MPP+ of SH-SY5Y cells (Figure 2B). In addition, MPP+ reduced
the number of TH-positive cells and caused the nuclear volume
to shrink. However, nuclear pyknosis was significantly reduced
with AMI pretreatment for 2 h (Figures 2C,D). These results
indicate that AMI have protective intervention inMPP+-induced
apoptosis of SH-SY5Y cells.

AMI Inhibits MPP+-Induced Tau (Ser396)
Hyperphosphorylation in SH-SY5Y Cells
MPP+-induced tau hyperphosphorylation in SH-SY5Y cells, and
300 µM MPP+-treated SH-SY5Y cells for 8 h, showed that the
expression of p-tau (Ser396) was highest, and then gradually
decreased (Figures 2E,F). Therefore, we chose 8 h detect the
effect of AMI on the phosphorylation level of tau. As shown
in Figures 2I,J, The 10 µM and 100 µM AMI apparently
reduced the level of p-tau (Ser396) after MPP+ treatment, total
tau expression was not affected. Furthermore, MPP+ treatment
markedly inhibited the expression of p-GSK3β(Ser9). However,
pretreatment of AMI increased the phosphorylation of GSK3β
in SH-SY5Y cells (Figures 2G,H). In general, we found that
AMI reducing tau hyperphosphorylation may be related to its
inhibition of GSK-3β activity.

AMI Improves Symptom in C57/BL Mice
After MPTP Treatment
The symptoms of the mice were observed after administration
of MPTP and AMI. The MPTP group showed symptoms of
whole-body tremor, vertical hair, arched back, vertical tail, and

slow movement. However, the symptoms of the AMI 2.0 mg/kg
and 4.0 mg/kg groups were significantly alleviated, with only
mild tremors, vertical hair, arched back, and vertical tail. At
the same time, the latency from the injection of MPTP to
the above symptoms and the duration of PD symptoms was
observed and recorded. As shown in Table 1, the latency of
PD symptoms in the AMI 2.0 mg/kg and 4.0 mg/kg groups
was significantly longer than that in the MPTP group, and
the duration was shortened. Additionally, the duration of PD
symptoms in mice was obviously shortened, but the latency
was not changed after treating with levodopa compared to the
MPTP group.

AMI Increases DA Neurons in C57/BL Mice
After MPTP Treatment
TH is an important and specific rate-limiting enzyme for DA
synthesis, which has a labeling effect on DA neurons. The
greater the number of TH-positive cells, the greater the content
of DA. We used immunohistochemistry and western blot to
detected TH expression in substantia nigra of the midbrain. As
shown in Figure 3B, the survival rate of neurons in the MPTP
group obviously decreased compared to the control group, which
proved that the PD animal model was successfully established.
However, the number of neurons in the mice pre-administered
with 2.0 mg/kg AMI (65.80 ± 12.8%, p < 0.001) and 4.0 mg/kg
AMI (64.13 ± 5.7%, p < 0.001) was higher than that in
the MPTP group (34.84 ± 2.7%; Figures 3B–F). Additionally,
the TH positive neurons in L-DOPA group (34.86 ± 4.9%)
was similar to the model group. These results indicated that
AMI rescues the loss of dopamine neurons in mice and
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FIGURE 2 | AMI inhibits apoptosis of SH-SY5Y cells induced by MPP+. (A) The MTT assay was performed to assess the effect of MPP+ on the proliferation of
SH-SY5Y cells. (B) The MTT assay was performed to assess the effect of AMI on the proliferation of SH-SY5Y cells. Representative images (D) and quantitative data
(C) of Hoechst 33258 nuclear staining in SH-SY5Y cells, bar = 50 µM. (E) AMI increased intracellular p-GSK-3β (Ser9) levels in SH-SY5Y cells treated with MPP+.
(F) Densitometric quantification of p-GSK3β (ser-9)/t-GSK-3β protein levels. (G) MPP+ increased intracellular p-tau (Ser396) levels in SH-SY5Y cells.
(H) Densitometric quantification of p-tau (ser396)/t-tau protein levels in different time. (I) AMI decreased intracellular p-tau (ser396)/t-tau protein levels at 8 h.
(J) Densitometric quantification of p-tau(ser396)/t-tau protein levels at 8 h after treating with AMI. *p < 0.05, **p < 0.01, ***p < 0.001 vs. MPP+ group. #p < 0.05,
##p < 0.01 vs. vehicle group (control).
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TABLE 1 | Effect of 6-amino-1-methyl-indazole (AMI) on the latency period and
duration of the MPTP model of PD symptoms in mice (n = 11–12, × ±s).

Group Latency period (s) Duration (s)

Control ∞ -
MPTP 197.67 ± 22.91 1039.84 ± 99.61
AMI (2 mg/kg) 225.77 ± 24.84∗ 905.25 ± 58.96∗∗∗

AMI (4 mg/kg) 229.79 ± 22.04∗∗ 899.75 ± 42.45∗∗∗

L-DOPA 200.27 ± 16.62 951.95 ± 53.23∗

∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. MPTP.

has a neuroprotective effect, while levodopa has no neuronal
protective effect.

To further study whether AMI has a protective effect on DA
neurons, western blot analysis used to detect TH expression in
midbrain. The expression of TH protein in the MPTP group was
markerly lower than that in the control group. Compared with
the MPTP group, the 2 mg/kg and 4 mg/kg AMI intervention
groups increased the expression of TH protein. These results
further suggested that AMI can ameliorate the MPTP-induced
loss of TH in the substantia nigra striatum of mice, and
has a protective effect on the degeneration of DA neurons
(Figures 3C,D).

AMI Enhances Substantia Nigra Dendrites
in C57/BL Mice After MPTP Treatment
To explore the effect of AMI on the substantia nigra dendrites,
golgi staining was used to detect the density and length
of neuronal dendrites in the substantia nigra. As shown
in Figures 4A–E, the total number of dendritic branching
point in the substantia nigra of the midbrain were decreased
in MPTP group (3.75 ± 0.89, p < 0.01) compared with
the control group (9.62 ± 0.52). However, 4.0 mg/kg AMI
(8.25 ± 0.89, p < 0.01) significantly increased the total
number of dendritic branching point and dendritic length.
The 2.0 mg/kg AMI (4.25 ± 0.89) group may be due to
insufficient dose, demonstrating no obvious protective effect.
We also found that the in L-DOPA group (2.37 ± 0.74) has
a weak influence on the density of neuronal dendrites in the
substantia nigra of mice (Figures 4F,G). These results indicated
that AMI can effectively improve MPTP-induced dendritic spine
density reduction.

AMI Improves Behavioral Abnormalities in
C57/BL Mice After MPTP Treatment
We used traction test, rotarod test and pole-climbing test
to investigated the behavioral ability in different treat group.
As shown in Figure 5A, it was observed that the hind
paws of the MPTP group were weak and the paws could
not hold the wires, but the mice in other groups can hold
the wire with one or two paws. The scores showed that
2.0 mg/kg AMI group (2.50 ± 0.53), 4.0 mg/kg AMI group
(2.38 ± 0.52), L-DOPA group (2.71 ± 0.49) and control group
(2.86 ± 0.38) had no significant difference, however the scores
in MPTP group (1.40 ± 0.55, p < 0.001) was lower than
the control group. In the rotarod test, AMI and L-DOPA can
improve the MPTP induced postural agility and slow response
(Figure 5B). Finally, the mice in the MPTP group stayed

longer in each section of the rod, the scores of pole-climbing
test results show that the scores in 2.0 mg/kg AMI group
(8.0 ± 1.22), 4.0 mg/kg AMI group (7.60 ± 1.14), and L-DOPA
group (7.60 ± 0.55) were higher than those in MPTP group
(5.20 ± 1.64, p < 0.05; Figure 5C).

Collectively, these results suggested that the mice in the
MPTP group had difficulty performing movements due to the
weakness of the hind limbs. The AMI 2.0 mg/kg and 4.0 mg/kg
groucomparisons. The statistical significanceps significantly
improved the obstacle, demonstrating smoother movements and
higher behavioral scores.

DISCUSSION

The most prominent pathological feature of PD is the loss
of dopaminergic neurons in the substantia nigra. Therefore,
developing a new drug that inhibits dopaminergic apoptosis
may significantly improve treatment effect of PD (Yang et al.,
2018a; Geibl et al., 2019). This study found that AMI has a
protective effect on MPP+-induced apoptosis of SH-SY5Y cells,
and this effect is accompanied by decreasing phosphorylation
level of tau.

The abnormal phosphorylation of tau protein is mainly due
to the imbalance of protein kinase and phosphatase regulation
(Lee et al., 2019; Singh et al., 2019). When the kinase activity
is increased and the phosphatase activity is decreased, the tau
protein is hyperphosphorylated. Protein kinases include GSK-3
and Cyclin-dependent Kinase 5 (CDK5), in which GSK-3β
phosphorylates multiple sites of the tau protein. Importantly,
GSK-3β is one of the upstream tau kinases, which involved
in the formation of tau phosphorylation and neurofibrillary
tangles in AD, and it is also the key to a variety of neuronal
survival signals to interfere with neuronal apoptosis (Yang et al.,
2018b; Chang et al., 2019; Shi et al., 2019). Recent studies have
identified GSK-3β as a potential therapeutic target in Alzheimer’s
disease (Shi et al., 2019). Cornel Iridoid Glycoside, a promising
agent for AD therapy, inhibits tau hyperphosphorylation via
regulating cross-talk between GSK-3β and PP2A signaling (Yang
et al., 2018a). Osthole decreases tau protein phosphorylation
via PI3K/AKT/GSK-3β signaling pathway in AD (Yao et al.,
2019). Consistent with previous studies, our results showed
that AMI inhibits the expression of the tau upstream kinase
GSK-3β. In addition, tau protein kinase II (TPKII) formed
by a complex containing two subunits of Cyclin-dependent
Kinase 5 (CDK5) and p35 can synergistically increase the
efficiency of GSK-3β phosphorylation of tau protein (Xiao
et al., 2018; Giannopoulos et al., 2019). Therefore, we need to
investigate the expression of tau protein kinase II (TPKII) in the
next experiment.

This study also suggested that AMI has a therapeutic
effect on the PD animal model in vivo. Continuous injection
high-dose MPTP for 5 days was used to prepare a PD
mice model, and levodopa was used as a positive control.
The dopamine neurons were destroyed by MPTP, and
dopamine levels were decreased in mice. Dopamine was
not replenished in a short time, so the behavioral abnormalities
of MPTP group became serious, but AMI protected the
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FIGURE 3 | (A) Experimental dosing regimen. (B) Representative images and quantitative data of TH staining in the substantia nigra of midbrain. Magnification: 40×
(a, Control; b, MPTP; c, AMI 2 mg/kg; d, AMI 4 mg/kg; e, L-DOPA 10 mg/kg; f, the number of TH immunopositive cells in the substantia nigra). (C) TH protein
expression was examined by western blot analysis. (D) The protein levels of TH were quantified by densitometry. Slice thickness: 35 µm. ##p < 0.01 vs. control;
∗p < 0.01, ∗∗p < 0.001 vs. MPTP.

dopamine neurons of mice from MPTP injury, while L-DOPA
was supplemented with dopamine, which also improved
Parkinson’s behavioral abnormalities (Thomas et al., 2019).
On the contrary, the TH immunohistochemistry results
shown that number of DA neurons in the L-DOPA group
was not significantly higher than that in the MPTP group,

which further illustrates the current major drawbacks of
L-DOPA treatment with PD, these drugs can only improve
symptoms, but cann’t effectively delay the progression of
the disease and prevent the apoptosis of dopamine neurons.
In addition, with the long-term application of L-DOPA,
its efficacy gradually decreased, most patients will tolerate
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FIGURE 4 | Golgi staining for detecting the density and length of neuronal dendrites in the substantia nigra of the brain (A) Control; (B) MPTP; (C) AMI 2 mg/kg; (D)
AMI 4 mg/kg; (E) L-DOPA 10 mg/kg. (F) Total number of dendritic branching points. (G) Dendritic length. Magnification: 40×, slice thickness: 100 µm.
##p < 0.01 vs. control; ∗∗p < 0.001 vs. MPTP.

FIGURE 5 | AMI improved behavioral disorders in MPTP-induced PD model mice. (A) Rotarod test. (B) Traction test. (C) The Pole-climbing test. ##p < 0.01 vs.
control; ∗p < 0.01, ∗∗p < 0.001 vs. MPTP, n = 6–8.

complications, such as, dyskinesia or mental disorders
(Wichmann, 2019).

The maintenance of the density of striatum dendritic spines
can delay the exacerbation of PD, prolong the use time of
levodopa and improve its therapeutic effect (Deutch et al.,
2007). Golgi staining was used to observe the morphology of
neurons (Czechowska et al., 2019). AMI significantly increases
the density of neuronal dendrites in the substantia nigra of
mice. Notely, the increase of dendritic spine density of striatum
can compensate for PD animal striatum DA level reduction
and promote the recovery of their behavioral function (Kim
et al., 2013). Our behavioral experiment results are consistent
with literature reports. In general, AMI has neuroprotective and
neurotrophic effects. On the one hand, it protects the integrity
of dendritic spines, on the other hand, AMI saves the loss
of dopamine neurons, and effectively improves the behavioral
abnormalities of C57/BL mice.
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Tauopathies are neurodegenerative disorders characterized by Tau aggregation. Genetic
studies on familial cases allowed for the discovery of mutations in the MAPT gene that
increase Tau propensity to detach from microtubules and to form insoluble cytoplasmic
Tau aggregates. Recently, the rare mutation Q336H has been identified to be associated
with Pick’s disease (PiD) and biochemical analyses demonstrated its ability to increase
the microtubules (MTs) polymerization, thus revealing an opposite character compared to
other Tau mutations studied so far. Here we investigated the biophysical and molecular
properties of TauQ336H in living cells by the employment of the conformational Tau
biosensor CST. We found that this mutation alters Tau conformation on microtubules,
stabilizes its binding to tubulin, and is associated with a paradoxical lower level of
Tau phosphorylation. Moreover, we found that this mutation impacts the cytoskeletal
complexity by increasing the tubulin filament length and the number of branches.
However, despite these apparently non-pathological traits, we observed the formation
of intracellular inclusions confirming that Q336H leads to aggregation. Our results
suggest that the Tau aggregation process might be triggered by molecular mechanisms
other than Tau destabilization or post-translational modifications which are likely to be
detrimental to neuronal function in vivo.

Keywords: Tau mutation, aggregation, Pick’s disease, FRET, FRAP

INTRODUCTION

Tauopathies are a group of heterogeneous pathologies characterized by the dysfunction and
aggregation of Tau protein. While the pathological mechanisms involved in the sporadic disease are
difficult to be studied, familial tauopathies are associated with genetic alterations that can be more
easily addressed for clinical investigation (Alonso et al., 2008; Wolfe, 2009; Arendt et al., 2016).

Mutations in the MAPT gene, encoding Tau protein, are usually associated with familial
disease indeed, up to now, almost 50 mutations have been identified in patients affected by
different tauopathies (Strang et al., 2019).
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Most of these mutations are localized in the microtubule-
binding domain (MTBD) or in proximal regions and
determine alterations in the splicing of Tau mRNA thus
leading to the unbalance of 3R/4R Tau isoforms. In
several cases, MAPT mutations reduce Tau binding to
microtubules (MTs) and the tubulin polymerization, a
pathological effect with dramatic consequences on the
cytoskeletal functions. Moreover, some mutations increase
Tau sensitivity to post-translational modifications, in particular
the hyperphosphorylation followed by the formation of toxic
amyloidogenic aggregates. All these alterations ultimately lead
to synaptic dysfunction and neuronal cell death (Hasegawa
et al., 1998; Dayanandan et al., 1999; Goedert and Jakes,
2005; Fischer et al., 2007; Alonso et al., 2008; Wolfe, 2009;
Iqbal et al., 2010; Strang et al., 2019). Tau mutations are a
valuable tool to reproduce and study in vitro and in vivo the
pathological mechanisms associated with Tau destabilization
and aggregation.

Recently, two novel missense mutations in exon 12, Q336R
and Q336H, have been identified in individuals with a
familial tauopathy, the Pick’s disease (PiD), characterized by
frontotemporal atrophy, neurodegeneration, gliosis, and Tau
aggregates (Munoz et al., 2003; Yamakawa et al., 2006; Arendt
et al., 2016). Previous in vitro studies reported that Tau
proteins bearing these mutations can undergo pathological
aggregation but, contrary to all other mutants they increase
the tubulin polymerization and show a higher affinity for
MTs (Pickering-Brown et al., 2004; Tacik et al., 2015),
suggesting alternative Tau-dependent mechanisms for the onset
of Tau pathology.

Thus, these mutants stand out from all other Tau mutants
as having distinct properties and could teach us a lot about the
mechanisms of Tau mutations in causing neurodegeneration.
For this reason, here we investigate the peculiar biophysical and
molecular properties of TauQ336H mutant by employing the CST,
a conformational full-length Tau biosensor, allowing us to study
the Tau behavior in physiological and pathological conditions in
live cells (Di Primio et al., 2017; Siano et al., 2019a).

MATERIALS AND METHODS

Mutagenesis
The Conformational Sensitive Tau (CSTWT) plasmid,
already available in the lab (Di Primio et al., 2017), has
been mutagenized by the Site-Directed Mutagenesis Kit Q5
(New England BioLabs) according to the manufacturer’s
instructions to obtain the CSTQ336H. The primers employed
are: Fwd 5′-AGGAGGTGGCCACGTGGAAGT-3′; Rev 5′-
GGTTTATGATGGATG TTGCC-3′.

Cell Culture
HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; GIBCO) supplemented with 10% FBS. The
day before the experiment cells were seeded at 105 cells in
six-well plates or in Willco dishes (Willcowells). Lipofection
was carried out with Effectene (QIAGEN) according to the
manufacturer’s instructions.

Western Blot
For western blot experiments, total protein extracts were
prepared in lysis buffer supplemented with protease
and phosphatase inhibitors. Proteins were quantified by
BCA (Thermo Fisher Scientific). Twenty microgram of
total protein was loaded for each sample. Proteins were
separated by SDS–PAGE and electro-blotted onto Hybond-
C-Extra (Amersham Biosciences) nitrocellulose membranes.
Membranes were blocked with 5% skimmed milk powder
in TBS, 0.1% Tween 20. Primary antibodies for WB: mouse
anti-Tau (Tau13) 1:1,000 (Santa Cruz Biotechnology);
rabbit anti-pTau (pAT8) 1:500 (Thermo Fisher Scientific);
rabbit anti-pTau (Ser262) 1:500 (Thermo Fisher Scientific);
mouse anti-pTau (Thr231) 1:500 (Thermo Fisher Scientific);
rabbit anti-tubulin 1:5,000 (Abcam). Secondary antibodies
for Western blot analysis were HRP-conjugated anti-mouse
and, anti-rabbit 1:1,000 (Santa Cruz Biotechnology).
Western blot quantification has been performed using
ImageJ software.

Immunofluorescence
For immunofluorescence (IF) experiments, cells were
fixed with ice-cold 100% methanol for 5 min. Cell
membranes were permeabilized (0.1% Triton-X100 in
PBS) and samples were blocked (1% BSA in PBS) and
incubated with the primary antibody (O/N, 4◦C) and
with fluorophore-conjugated secondary antibodies (1 h,
RT). Slides were mounted with VECTASHIELD mounting
medium (Vector Laboratories). Primary antibodies for IF:
rabbit anti-tubulin 1:500 (Abcam). Secondary antibody:
goat anti-rabbit Alexa Fluor 633 1:500 (Life Technologies).
For K114 staining, cells were fixed and permeabilized
as described above. Samples were incubated with 1 µM
K114 (Sigma–Aldrich) for 10 min and slides were mounted
with VECTASHIELD.

Tau Seeding and Treatment
Recombinant heparin-assembled Tau fibrils were prepared as
previously described (Siano et al., 2019a). For this assay, we
employed P301S seeds that are a well-known and reliable reagent
to prime Tau aggregation. Cells were plated in glass-bottom
dishes and the following day the CSTWT and the CSTQ336H

were transfected. 1.2 µg of Tau fibrils were delivered to cells
with 2 µl of Lipofectamine 2000 transfection reagent diluted
in 300 µl of Opti-MEM Reduced Serum Medium (Gibco).
Cells were treated for 2 h, then DMEM low glucose was
added back to HeLa. After 72 h imaging experiments have
been performed.

Image Acquisition, FRET and FRAP
Images were acquired with the TCS SP2 laser-scanning confocal
microscope (LeicaMicrosystems) equipped with a galvanometric
stage using a 63/1.4 NA HCX PL APO oil immersion objective.
A heated and humidified chamber was used for live imaging
experiments to maintain a controlled temperature (37◦C) and
CO2 (5%) during image acquisition. An Argon laser was
used for ECFP (l = 458 nm) and EYFP (l = 514 nm)
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and a He-Ne laser for l = 633 nm. To determine the
morphological parameters for the MTs network complexity,
the total filament length, and the number of crossover points,
the filament tracer option of the IMARIS Bitplane software
has been employed. These two parameters are deduced by a
software plugin that detects filamentous structures revealing
information about the topology of filaments as the sum of
the lengths of all lines and the number of crossover points
within the filament. Images of aggregates have been acquired
by Zeiss LSM 900 with Airyscan 2. For FRET experiments the
sensitized emission approach has been employed. The donor
ECFP was excited at 458 nm and its fluorescence emission
was collected between 470 and 500 nm (donor channel) and
between 530 and 600 nm (FRET channel). The acceptor EYFP
was excited at 514 nm and its fluorescence emission was
collected between 530 and 600 nm (acceptor channel). The
donor and acceptor fluorophores were excited sequentially.
The ImageJ software was used for image analysis. FRET
images were corrected from cross-talk between the donor and
acceptor channel using Youvan’s method: Findex = IFRET −
A× ID − B× IA, where IFRET, ID, and IA are the images
of the sample in the FRET, donor, and acceptor channel,
respectively, and A and B are the fraction of the donor and
acceptor leak-through into the FRET channel, respectively.
The A and B bleed-through parameters were calculated by
the ImageJ plugin FRET and Colocalization Analyzer. Values
in our experimental conditions are A = 0.1 and B = 0.25,
respectively. Normalized FRET (NFRET) was performedwith the
ImageJ software plugin ‘‘pixFRET’’ (Feige et al., 2005) by using:
NFRET = Findex/

√
(ID × IA) (Xia and Liu, 2001).

FRAP experiments were performed by using the FRAP
module coupled to the confocal microscope. For the pre-bleach
phase, we acquired 10 frames of 512 × 512 pixel images at
1,000 Hz to define the initial level of fluorescence intensity. For
the photobleaching phase, we selected a circular ROI with a
radius of 2 µm in the cytoplasm of the cell. The photobleaching
laser power was set at 50% for EYFP for five frames at 1,000 Hz.
We set up the experimental parameters of acquisition to
avoid whole-cell photobleaching. For the post-bleaching phase,
120 images have been recorded to follow the recovery of the
fluorescence intensity in the selected ROI. Fluorescence recovery
of the ROI was analyzed by the following steps: background
subtraction; first normalization to the initial pre-bleach value
of fluorescence intensity; correction for the fluorescence loss;
additional normalization to set the first post-bleach point to zero.
At least 15 separate FRAP experiments for each sample have
been performed. FRAP recovery curves have been fitted by a
two-phase exponential association function.

Statistical Analysis
Western blot experiments were analyzed by the non-parametric
Mann–Whitney test. All results are shown as mean ± SEM
from four independent experiments. For imaging experiments,
statistical significance was assessed by ANOVA test and Student’s
t-test. All results are shown as mean ± SEM from at least
15 samples. Significance is indicated as ∗p < 0.05, ∗∗p < 0.01.

RESULTS

Q336H Determines a Bent Paperclip
Conformation of Tau Increasing Its
Stability on Microtubules
It is known that protein conformation of intrinsically disordered
proteins such as Tau can be altered by molecular interactions
with cofactors and binding proteins. We have developed the CST
Tau biosensor, a genetically encoded FRET sensor based on the
full-length Tau fused at the N-terminus with ECFP and at the
C-terminus with EYFP. This tool can detect the conformation
of Tau under different cellular conditions, including binding
to interactors in live cells (Di Primio et al., 2017; Siano et al.,
2019a). By using CST, we have previously reported that Tau
assumes a relaxed conformation when it is soluble into the
cytoplasm, while, upon binding to tubulin, it displays a paperclip
conformation with the N-and C-termini in proximity (Di Primio
et al., 2017).

Here we employed the CST to investigate the impact of the
pathological mutation Q336H. First, we inserted the CSTQ336H

mutation in the CSTWT and we expressed it in Hela cells to
study its binding to tubulin by immunofluorescence experiments.
Figure 1A shows that the mutant Tau mainly localizes on MTs,
very similar to the wild type.

To investigate whether Q336H mutation could impact 3D
protein conformation we performed FRET experiments and
we observed a significantly higher NFRET value compared
to cells expressing CSTWT (CSTWT: 21.44 ± 1.98; CSTQ336H:
29.42 ± 1.68). This unexpected result suggests that this
mutation alters Tau conformation reducing the distance between
the N- and C-terminal ends of the protein (Figures 1B,C).
Intriguingly, other pathological mutants (P301L and ∆K280)
displayed a lower NFRET value compared to the wild type as
previously reported (Di Primio et al., 2017).

Q336H Increases Tau Stability on
Microtubules
To investigate whether the Q336H mutation could alter Tau
interaction with the cytoskeleton we checked its mobility by
FRAP experiments. FRAP recovery curves showed that Q336H
determines a reduction in the mobile fraction (Mobcalc CSTWT:
89 ± 6%; CSTQ336H: 79 ± 3%) with a substantial increase of
the phase with lower mobility compared to CSTWT (named
MTs-bound fraction CSTWT: 61 ± 2%; CSTQ336H: 81 ± 2%;
Figure 2A).

The lower mobility indicates that Q336H mutation
determines a stronger and more stable interaction with tubulin
than the wild-type and this is presumably related to the particular
conformation that it assumes on MTs.

The phosphorylation profile of Tau is a well-studied trait that
indicates the affinity of Tau for microtubule binding, indeed,
Tau hyperphosphorylation is thought to mainly contribute
to detachment from MTs. We checked Tau phosphorylation
levels at critical residues related to pathology: AT8, S262, and
T231. The western blot analysis confirmed that Tau is partially
phosphorylated under normal conditions, as expected. However,
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FIGURE 1 | CSTQ336H conformation in live cells. (A) Imaging of HeLa cells
expressing CSTWT or CSTQ336H and hybridized with anti-α-tubulin antibody;
donor channel (blue), acceptor channel (yellow), and Tubulin (red). White scale
bar = 10 µm. (B) NFRET images (false color), donor (Blue), acceptor (yellow)
of reporter cells. White scale bar = 10 µm. (C) NFRET quantification of cells
expressing CSTWT (n = 15), CSTQ336H (n = 21). Box spans the standard error
of the mean, while whiskers indicate the standard deviation (t-Student’s test,
**p < 0.01).

TauQ336H shows a paradoxically reduced phosphorylation level at
the three epitopes (Figure 2B).

Previous work by Tacik et al. (2015) revealed that the Q336H
mutation increases tubulin polymerization and stabilization
in vitro. To understand if this mutation affects the cytoskeletal
network complexity in live cells, we performed a network
analysis on total filament length and branching points. The
CSTQ336H expressing cells showed a significant increase in both
parameters (Figure 3), indicating that this mutation is associated
with higher complexity of the MT network. Remarkably, we

FIGURE 2 | CSTQ336H mobility in live cells. (A) FRAP relative recovery curves
of CSTWT and CSTQ336H. (B) Phosphorylation profile of CSTWT and
CSTQ336H. Western blot analyses at specific pathological epitopes and
relative quantification (Mann–Whitney test, *p < 0.05).

previously reported that pathological mutations such as P310L
and ∆K280 reduce the MTs network complexity compared to
the wild-type. On the contrary, the AT8mut showed an increased
MTs network complexity, higher stability, and a closed paperclip
conformation similar to that of Q336H (Di Primio et al., 2017).

Overall, the stronger interaction with tubulin, the lower
level of phosphorylation, and the increased complexity of the
MTs network indicate that Q336H mutation has a stabilizing
effect on Tau protein compared to other pathological mutations,
studied so far, which generally favors Tau phosphorylation and
detachment from microtubules.

Q336H Increases Tau Propensity to
Aggregation
Despite Q336H mutation conferring particular properties that
resemble a physiological rather than a pathological Tau protein,
it causes hereditary PiD. To investigate the impact of Q336H
on aggregation, we treated CST reporter cells with preformed
fibrils for 3 days. For this assay, we employed P301S seeds that
are a well-known and reliable reagent to prime Tau aggregation,
and we demonstrated that cells expressing the CSTWT did not
show any formation of Tau intracellular aggregates, as expected.
On the contrary, cells expressing the CSTQ336H showed the
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FIGURE 3 | Impact of Q336H mutation on cytoskeleton complexity. (A)
Confocal imaging of reporter cells (acceptor channel, yellow) expressing
CSTWT and CSTQ336H. White boxes are image magnifications. (B)
Morphological analysis of fluorescent network density in reporter cells
expressing CSTWT (n = 11), CSTQ336H (n = 13). Data shown are mean ± SEM
(ANOVA test, **p < 0.01).

presence of intracellular inclusions similar to aggregates from
other pathological mutants (Siano et al., 2019a; Figure 4). To
further verify whether CSTQ336H aggregates share the same
amyloidogenic structure acquired by aggregates obtained from
other pathological mutants, we stained cells with K114 to identify
β-sheet amyloid structures.

Remarkably, CSTQ336H inclusions are positive to
K114 demonstrating that this mutation is sensitive to aggregation
as well as other mutants linked to tauopathies (Figure 4). This
result suggests that even if in physiological conditions Q336H
induces stabilization of Tau protein on microtubules, it also
increases Tau sensitivity to aggregation, thus confirming its
contribution to the PiD progression.

DISCUSSION

Here we report the characterization in live cells of a Tau
pathological mutation involved in PiD (Tacik et al., 2015).
Up to now, about 50 mutations have been identified to be
associated with familial tauopathies and the majority occurs
in the microtubule-binding domain (MTBD) that plays a

FIGURE 4 | Impact of Q336H mutation on aggregation. Imaging of reporter
cells 72 h after treatment with synthetic Tau seeds; Tau (green); K114
(magenta); bright field. White scale bar = 10 µm.

central role in the regulation of microtubule polymerization.
However, while some mutations alter Tau splicing and the
3R/4R isoform balance, the majority is involved in reducing
Tau affinity and binding to MTs, thus causing cytoskeletal
instability, Tau hyperphosphorylation, and aggregation
(Goedert and Jakes, 2005; Wolfe, 2009; Strang et al., 2019).
The current understanding point is that the pathological
hyperphosphorylation causes a reduced interaction of Tau with
microtubules and an increased concentration of soluble Tau,
thus causing its aggregation (Alonso et al., 1997; Avila et al.,
2004; Haase et al., 2004; Iqbal et al., 2010; Despres et al., 2017).

Two novel missense mutations in the MTBD, Q336R,
and Q336H, have been identified in patients with familial
PiD. The neuropathological and histological assessment
revealed the typical features of Tau pathology including Tau
hyperphosphorylation and NFTs (Pickering-Brown et al., 2004;
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Tacik et al., 2015). Remarkably, biochemical studies revealed
the unusual behavior of Q336H/R mutations since they increase
in vitro the MTs polymerization contrary to pathological
mutations already described (Hasegawa et al., 1998; Hutton
et al., 1998; Spillantini et al., 1998; Dayanandan et al., 1999;
Mirra et al., 1999; Barghorn et al., 2000; Pickering-Brown et al.,
2004; Goedert and Jakes, 2005; Fischer et al., 2007; Alonso et al.,
2008; Tacik et al., 2015; Di Primio et al., 2017; Strang et al., 2019).
However, no study reporting the properties of these Tau mutants
in cells has been reported.

We introduced the Q336H mutation in our CST
conformational Tau biosensor and expressed it in HeLa
cells. We studied the conformation and the intracellular mobility
of Q336H mutant and we reported that the paperclip fold
that Tau usually assumes when it is bound to microtubules
is even more locked in TauQ336H concerning the wild type.
Moreover, this mutant is more stable on MTs as indicated by
the reduced mobile fraction and the increased MTs-bound
phase. In a previous study, we have already reported the tight
correlation between Tau conformation and its affinity to
MTs in live cells, indeed, soluble molecules display a relaxed
conformation while Tau bound to tubulin fold with a paperclip
conformation with the N and C-termini nearby (Di Primio et al.,
2017). The more locked loop conformation caused by Q336H
mutation significantly modifies Tau properties leading to higher
stability on the cytoskeleton. Remarkably, Q336H displays
opposite behavior concerning other pathological mutations
such as P301L and ∆K280, which showed a relaxed protein
conformation and higher mobility (Di Primio et al., 2017).
Despite the resolution level of the CST system does not allow to
establish a causal link between Tau conformation (FRET) and
MT binding (FRAP), however, altogether these results indicate
their tight association.

As a consequence, the Q336H mutant showed a particular
impact also on the cytoskeletal organization. Indeed, while
Tau molecules bearing well-studied mutations such as
P301L or ∆K280 have low affinity to tubulin and cause
MTs destabilization leading to lower complexity of the
cytoskeletal network (Barghorn et al., 2004; Goedert and
Jakes, 2005; Di Primio et al., 2017), cells expressing Q336H
mutant show a network complexity higher than the wild
type and the other mutants. This evidence demonstrates in
living cells the previously reported ability of this mutant
to increase tubulin polymerization, in contrast to the
mutations discovered up to now. Moreover, it has to be
noted that Tau also modulates microtubule dynamics (Bunker
et al., 2004) and the increased microtubule stability could
be harmful.

A reduction in the phosphorylation profile of the Q336H
mutant might partially explain the increased stability on
MTs. Indeed, hyperphosphorylation weakens Tau affinity to
tubulin and is associated with Tau detachment from MTs and
pathological aggregation (Pei et al., 2003; Iqbal et al., 2010).
Interestingly, critical epitopes generally related to Tau pathology
(AT8, p262, and p231; Sengupta et al., 1998; Braak et al.,
2006; Alonso et al., 2010; Bibow et al., 2011) display reduced
phosphorylation, suggesting that TauQ336H is less prone to

phosphorylation. It is conceivable that the peculiar conformation
of this mutant might alter/impede the interaction with kinases or
might somehow hide the targeting epitopes.

Other molecular mechanisms might explain the increased
stability on MTs such as local structural changes in the MTBD or
changes in the local polarity. On the other hand, previous pieces
of evidence on proximal mutations G335 and V337 underlie that
this small domain of Tau (G335-Q336-V337) plays an important
role in both microtubule binding and Tau aggregation and that
mutations in this domain can lead to Tau pathology (Poorkaj
et al., 1998; Spina et al., 2007, 2017). It would be interesting to
investigate the contribution of these mutations in the context
of CST.

Interestingly, even if its biophysical properties closely
resemble more a physiological condition than a pathological
one, the presence of TauQ336H in human brains leads to PiD
with the formation of typical Tau aggregates (Tacik et al.,
2015). In our assay, upon aggregation induction, cells expressing
CSTQ336H showed the formation of intracellular inclusions
suggesting that this mutation has a pro-aggregation effect as
well as other pathological mutations. These aggregates resulted
in K114 positive showing an amyloidogenic structure, however,
since the 336QVEVK340 sequence targets Tau for degradation
via chaperone-mediated autophagy (Wang et al., 2009) we
cannot exclude the partial contribution of Tau accumulation at
lysosomes for the aggregation induction.

The mechanisms behind the aggregation of this particular
mutant are unclear and even more puzzling since strategies
aimed at reducing Tau phosphorylation and increased stability
on MTs are commonly considered as preventing traits for
Tau pathology (Hanger et al., 2009; Bakota and Brandt, 2016).
We hypothesize that this mutation might induce local changes
in the MTBD conformation leading to a protein more prone
to aggregate. The Q336 site and surrounding amino acids
constitute a sensitive region of Tau for aggregation, indeed,
it has been found in the structural core of aggregates in
both Alzheimer’s disease and PiD by Fitzpatrick et al. (2017)
and Falcon et al. (2018), respectively. It is quite conceivable
that mutations at this site could promote aggregation of
the protein (Fitzpatrick et al., 2017; Falcon et al., 2018).
Alternatively, its peculiar conformation might alter the binding
with cofactors or interacting proteins, thus enhancing Tau
pathology. Another hypothesis is that the over-stabilization
of microtubules could be toxic to neurons per se. Indeed,
the MT dynamic is finely tuned and it is known that the
uncontrolled stabilization of MTs induced by MTs stabilizing
agents impair axonal trafficking and might compromise learning
and memory (Chiorazzi et al., 2009; LaPointe et al., 2013;
Atarod et al., 2015).

A caveat of this study is that the CST is a 4R-Tau construct
that we used to model a 3R-Tau aggregation, therefore, this tool
allowed only to monitor the aspects related to Tau conformation
and destabilization.

However, altogether these results underline a dualism for the
Q336H mutation that in physiological conditions is stable on
MTs and enhances MTs polymerization but, once exposed to
seeds, it supports and promotes toxic aggregation. Remarkably,
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the unique properties of this mutation also suggest the hypothesis
that the mechanisms of Tau aggregation might be partially
independent of its binding to tubulin or its phosphorylation
state and that other unusual and still unexplored aspects such
as structural alterations or cofactors might be responsible. Thus,
our data demonstrate that Tau hyperphosphorylation and the
ensuing reduced affinity for Tau can be dissociated from Tau
aggregation in cells. This shows that the aggregation propensity
of the Tau Q336H mutant in cells is not secondary to the
increase of its concentration in the soluble pool, following
hyperphosphorylation and detachment from microtubules, but
has an intrinsic structural cause. Altogether, the data suggest
that the Tau toxicity might be linked to the increased
aggregation of Tau and not a loss of MT function. However,
further experiments in more relevant cell lines (neuronal and
glial) and in an appropriate in vivo model would clarify
this point.

In any event, this result has important implications
for the current therapeutic strategies aimed at reducing
Tau hyperphosphorylation and promoting its interaction
with microtubules and might point the attention to other
non-canonical functions of Tau, such as, for instance, its recently
described actions in the nucleus (Siano et al., 2019b).

The employment of TauQ336H in cell models and, above all,
in transgenic mouse models, might help to identify pathological
aggregation mechanisms still unexplored.
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Microtubule-associated protein tau is characterized by the fact that it is an intrinsically

disordered protein due to its lack of a stable conformation and high flexibility. Intracellular

inclusions of fibrillar forms of tau with a β-sheet structure accumulate in the brain of

patients with Alzheimer’s disease and other tauopathies. Accordingly, detachment of

tau from microtubules and transition of tau from a disordered state to an abnormally

aggregated state are essential events preceding the onset of tau-related diseases. Many

reports have shown that this transition is caused by post-translational modifications,

including hyperphosphorylation and acetylation. The misfolded tau is self-assembled

and forms a tau oligomer before the appearance of tau inclusions. Animal and

pathological studies using human samples have demonstrated that tau oligomer

formation contributes to neuronal loss. During the progression of tauopathies, tau seeds

are released from cells and incorporated into other cells, leading to the propagation

of pathological tau aggregation. Accumulating evidence suggests several potential

approaches for blocking tau-mediated toxicity: (1) direct inhibition of pathological tau

aggregation and (2) inhibition of tau post-translational modifications that occur prior

to pathological tau aggregation, (3) inhibition of tau propagation and (4) stabilization

of microtubules. In addition to traditional low-molecular-weight compounds, newer

drug discovery approaches such as the development of medium-molecular-weight

drugs (peptide- or oligonucleotide-based drugs) and high-molecular-weight drugs

(antibody-based drugs) provide alternative pathways to preventing the formation of

abnormal tau. Of particular interest are recent studies suggesting that tau droplet

formation by liquid-liquid phase separation may be the initial step in aberrant tau

aggregation, as well results that implicate roles for tau in dendritic and nuclear functions.

Here, we review themechanisms through which drugs can target tau and consider recent

clinical trials for the treatment of tauopathies. In addition, we discuss the utility of these

newer strategies and propose future directions for research on tau-targeted therapeutics.

Keywords: tau protein, post-translational modifications, aggregation, microtubule stabilizer, immunotherapy,

oligonucleotide therapy, liquid-liquid phase separation, inflammation

INTRODUCTION

Two classes of drugs for dementia treatment have been approved by the major regulatory agencies
(US Food and Drug Administration, FDA; European Medicines Agency, EMA; Pharmaceuticals
andMedical Devices Agency, PMDA): acetylcholinesterase inhibitors, which treatmild tomoderate
Alzheimer’s disease (AD), and N-methyl-D-aspartate receptor antagonists (e.g., memantine),
which treat moderate to severe AD. Although these drugs can slow progression and control
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dementia-related symptoms, the treatments are not definitive.
Systematic reviews have reported that the drugs are efficacious
against dementia (Loveman et al., 2006; Tan et al., 2014), but
they are also controversial in terms of cost effectiveness (Bond
et al., 2012). There are currently many research and development
efforts to provide disease-modifying therapies for AD treatment
(Cummings et al., 2019). The main targets are amyloid-β (Aβ),
a major component of senile plaques, and tau, neurofibrillary
tangles (NFT). To investigate the Aβ cascade hypothesis, many
clinical trials of therapeutic approaches targeting Aβ have
been conducted. However, clinical trials for targeting Aβ have
repeatedly failed (Holmes et al., 2008; Rosenblum, 2014). Because
histological analysis and tau positron emission tomographic
studies have revealed that cognitive impairment correlate better
with tau and neuronal loss than with Aβ pathology (Bondareff
et al., 1989; Bobinski et al., 1996; Gomez-Isla et al., 1996; Guillozet
et al., 2003; Schöll et al., 2016; Schwarz et al., 2016; Bejanin et al.,
2017), AD drug discovery research has increasingly shifted from
Aβ to tau protein (Giacobini andGold, 2013), with some reaching
clinical trial stages. In this review, we describe and discuss the
structure and mechanisms of action of drugs that target tau
(Figure 1). We also discuss perspectives for drug development in
this area.

TAU PROTEIN AND TAUOPATHIES

Tau is a stabilizing microtubule-associated protein that was
discovered in 1975 (Weingarten et al., 1975). The protein is
mainly found in the axonal compartment of neurons (Morris
et al., 2011; Mandelkow and Mandelkow, 2012; Guo et al.,
2017). In the adult human brain, alternative splicing from the
MAPT gene on chromosome 17 yields six tau isoforms (352–441
amino acid residues; 37–46 kDa) (Goedert et al., 1991), which
are distinguished by the absence or presence of one or two N-
terminal inserts, and the presence of three (3R) or four (4R)
microtubule-binding repeats in the C-terminal half of tau (Guo
et al., 2017).

Tauopathies are neurological disorders (Avila et al., 2004;
Götz and Götz, 2019), characterized by aberrant tau aggregates
(NFT and tau inclusions) in neurons and glial cells. These
aggregates represent tau gene mutations or hyperphosphorylated
tau (Kovacs, 2015). The majority of tauopathic patients also
show depositions of Aβ, α-synuclein, or huntingtin (Guo et al.,

Abbreviations: a. a., amino acid; Aβ, amyloid-β; AD, Alzheimer’s disease; APP,
amyloid precursor protein; ASO, antisense oligonucleotides; CBD, corticobasal
degeneration; cryo-EM, electron cryomicroscopy; CSF, cerebrospinal fluid; CTE,
chronic traumatic encephalopathy; EMA, European Medicines Agency; FDA,
US Food and Drug Administration; FTDP-17, frontotemporal dementia and
parkinsonism linked to chromosome 17; GSK3, glycogen synthase kinase 3;
IDP, intrinsically disordered protein; Ig, immunoglobulin; LLPS, liquid–liquid
phase separation; MB, methylene blue; MCI, mild cognitive impairment; NFT,
neurofibrillary tangles; OGA, O-GlcNAcase; O-GlcNAcylation, addition of β-
linked N-acetylglucosamine; PHF, paired helical filaments; PiD, Pick’s disease;
PMDA, Pharmaceuticals andMedical Devices Agency; PP2A, protein phosphatase
2A; PSP, patients with progressive supranuclear palsy; 3R, three microtubule-
binding repeats; 4R, four microtubule-binding repeats; scFv, single-chain variable
fragment; SF, straight filaments, STAND, ultra-stable cytoplasmic antibody.

2017). These observations suggest that tau abnormalities have a
common pathological role across neurodegenerative diseases.

AD is the most common and best-studied tauopathy. The
disease is caused by extensive atrophy of the brain beginning
in the temporal and parietal lobes. Analysis of cell lysates from
the AD brain by sodium dodecyl sulfate polyacrylamide gel
electrophoresis reveals three major electrophoresis bands: tau
proteins with relative molecular weights of 68,000, 64,000, and
60,000 (Lee et al., 1991; Goedert et al., 1992; Greenberg et al.,
1992; Delacourte et al., 1999). Although the actual molecular
weight of tau is 37–46 kDa, treatment of AD-derived samples
with phosphatases shows that the band pattern of tau was
similar to that of recombinant human tau (Hanger et al.,
2002). This finding indicates that the tau aggregates found
in AD undergo post-translational modifications (Guo et al.,
2017). Indeed, structural biology studies have revealed that the
major components of tangles in AD are paired helical filaments
(PHF) and straight filaments (SF), and both types are composed
primarily of abnormally phosphorylated tau proteins (Kosik
et al., 1988; Gendron and Petrucelli, 2009). Like the tangles in
the healthy adult human brain, those in the AD brain consist
of 3R and 4R isoforms (1:1 ratio) (Williams, 2006). However,
some other tauopathies are characterized by an imbalance in the
ratio of 4R/3R tau isoforms. For example, brains from patients
with progressive supranuclear palsy (PSP) and corticobasal
degeneration (CBD) predominantly exhibit 4R tau, whereas the
insoluble tau of Pick’s disease (PiD) is mainly 3R tau (Arai et al.,
2003). In frontotemporal dementia and parkinsonism linked to
chromosome 17 (FTDP-17), the predominance of isoforms varies
according to the type of disease-causing tau mutation (de Silva
et al., 2006; Andreadis, 2012; Rossi and Tagliavini, 2015).

TAU-TARGETED THERAPIES

Tau-targeted drugs may be a promising disease-modifying
therapy because previous studies focusing on the correlation
of AD neuropathological changes (Aβ plaques and NFT) with
cognitive impairment have shown that the severity of cognitive
impairment correlated best with the burden of abnormal tau
(Nelson et al., 2012). Accordingly, many clinical trials of drugs
targeting tau have been conducted.

Post-translational Modifications
Tau undergoes a variety of post-translational modifications,
including phosphorylation, acetylation, glycation, nitration,
addition of β-linked N-acetylglucosamine (O-GlcNAcylation),
oxidation, polyamination, sumoylation, and ubiquitination
(Martin et al., 2011; Morris et al., 2015). Here, we discuss some
of the post-translational modifications of tau, its function and
relationship to disease, and drugs that have been developed to
prevent or ameliorate these modifications (Figure 2).

Tau Phosphorylation
Phosphorylation is the best known post-translational
modification of tau. Tau bears 85 phosphorylation sites,
including 45 serine residues, 35 threonine residues, and five
tyrosine residues (Hanger et al., 2009). Tau phosphorylation
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FIGURE 1 | Mechanism of tau-targeted drugs in clinical trials. In tauopathies, tau protein is dissociated from microtubules by post-translational modifications,

including phosphorylation, and tau is mis-sorted into the somatodendritic compartment. The mis-sorted tau undergoes further post-translational modifications and is

converted to misfolded tau. After tau self-assembly, tau filaments are formed via tau oligomers. The pathological tau seed is subsequently released from the

pre-synapse and propagated into post-synapses. Tau-based drugs in clinical trials are inhibitors of post-translational modification (Figure 2) or tau aggregation

inhibitors (Figure 3), as well as oligonucleotides to reduce tau expression, microtubule stabilizers, and immunotherapeutics.

regulate its binding to microtubules (Gong and Iqbal, 2008).
Phosphorylation of tau, including at residues S262, S293, S324,
and S356, cause a dissociation of the bond between tau and
microtubules, whereas these bonds are enhanced when tau is
hypophosphorylated (Mandelkow et al., 1995; Martin et al.,
2011). NFT in the AD brain are accumulations of PHF and SF
comprised of hyperphosphorylated tau (Gendron and Petrucelli,
2009). Under normal conditions, there is an average 2–3 moles
of phosphate per molecule of tau is present, but in AD, this
ratio can be about 3–4 times higher (Gong and Iqbal, 2008).
Tau hyperphosphorylation induces accumulation of tau in the
somatodendritic compartment (mis-sorting), self-aggregation,
polymerization, defects of axonal mitochondrial trafficking,
ultimately leading to neuronal toxicity (Zempel et al., 2010;
Zempel and Mandelkow, 2019; Lauretti and Praticò, 2020). Tau
phosphorylation precedes the formation of tau fibrils in the AD
brain (Iqbal et al., 2005). Together, these observations suggest
that tau hyperphosphorylation is involved in the development
and pathogenesis of tauopathies and that its inhibition may be a
therapeutic strategy.

Tau phosphorylation is tightly controlled by the balance of
protein kinase and phosphatase activity (Hanger et al., 2009).
Tau is a major substrate of protein phosphatase 2A (PP2A)
whose activity is reduced in the AD brain (Gong et al., 1993,
1995; Sontag et al., 2004; Liu et al., 2005). However, because
of its substrate specificity and several regulatory subunits,
PP2A is not easily amenable to drug targeting (Wolfe, 2016).
Therefore, attention has been paid to developing protein kinase
inhibitors that can reduce tau aggregation and neuronal death in
tauopathies (Hanger et al., 2009).

Glycogen Synthase Kinase 3β
Of the tau amino acid residues observed to be phosphorylated in
AD, at least 26 sites have been identified as targets of glycogen
synthase kinase 3 (GSK3). Indeed, the total protein level and
activity of GSK3 in brains with tauopathies seem to correlate with
the progression of neurodegeneration (Yamaguchi et al., 1996;
Imahori and Uchida, 1997; Pei et al., 1997), and over-activation
of GSK3β contributes to tau hyperphosphorylation (Blalock
et al., 2004; Guo et al., 2017). Interestingly, Aβ activates GSK3β
and tau hyperphosphorylation and, subsequently, neuronal
death (Takashima et al., 1993, 1996; Takashima, 2006). While
non-phosphorylated recombinant tau is polymerized in the
presence of an inducer of arachidonic acid, the phosphorylation
of tau by GSK3β promotes polymerization (Rankin et al.,
2007). Other supporting data includes demonstration that
co-transfection of truncated tau at D421 and GSK3β (Cho
and Johnson, 2004), or triple expression of wild-type tau,
GSK3β and JNK (Sato et al., 2002) in cultured cells leads
to the formation of detergent-insoluble tau and thioflavin-
S-positive inclusions. In transgenic mice, lithium or NP12,
a pharmacological inhibitor of GSK3β, causes a reduction
of tau phosphorylation and NFT formation (Caccamo et al.,
2007; Leroy et al., 2010) and also restored the loss of
neurons (Serenó et al., 2009). Based on this knowledge,
an open-label trial of lithium for PSP syndrome and CBD
(www.ClinicalTrials.gov Identifier: NCT00703677), but was
discontinued because of poor tolerability (Panza et al., 2020).
The TAUROS trial to evaluate another GSK3β inhibitors
(tideglusib) showed that while the test drug reduced brain
atrophy in PSP patients (Höglinger et al., 2014) it failed to

Frontiers in Molecular Neuroscience | www.frontiersin.org 3 December 2020 | Volume 13 | Article 590896207

www.ClinicalTrials.gov
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Soeda and Takashima Direction for Tau-Targeted Therapies

FIGURE 2 | Mechanism of tau post-translational modification inhibitors in clinical trials. Post-translational modifications, including phosphorylation and acetylation,

regulate the binding of tau to microtubules. Microtubule instability and depolymerization are observed in tauopathies, suggesting a therapeutic role for microtubule

stabilizers. Phosphorylation, acetylation, or both, enhance tau aggregation. O-GlcNAcylation at serine and threonine compete with phosphorylation of the same

residues. Tau degradation is inhibited by acetylation. The post-translational modifications are tightly regulated by various enzymes that mediate the addition and

removal of the modifying groups. In clinical trials, tau kinase inhibitors or P300 acetyltransferase inhibitors have been investigated for their ability to inhibit tau

phosphorylation or tau acetylation. The usefulness of O-GlcNAcase inhibitors to elevate tau O-GlcNAcylation has also been examined in clinical trials. Ac, acetylation;

Gly, O-GlcNAcylation; P, phosphorylation.

demonstrate clinical efficacy in patients with mild to moderate
PSP (Tolosa et al., 2014).

Cyclin-Dependent Kinase 5
At least 17 kinases have been identified as tau phosphorylation
kinases (Martin et al., 2013), with GSK3β and cyclin-dependent
kinase 5 (CDK5) being the most frequently reported among
them. CDK5 is a proline-directed serine/threonine-protein
kinase. Physiological activation is controlled by binding the
regulatory subunit, p35 or p39, to CDK5, leading to brain
development and synaptic activity. The p35 and p39 are cleaved
by calpain, producing p25 or p29. The binding of p25 or
p29 to CDK5 leads to pathological hyperactivation (Kimura
et al., 2014a). CDK5 phosphorylates tau at 9–13 sites (Kimura
et al., 2014a). CDK5 was also found in the neurons having
pretangle or NFT (Pei et al., 1998). An experiment on cross-
transgenic mice overexpressing p25 and P301L tau transgenic
mice (JNPL3) showed increased tau phosphorylation level and
number of NFT (Noble et al., 2003). The silencing of CDK5
by si-RNA reduced tau phosphorylation in triple-transgenic AD
mice (Piedrahita et al., 2010). Roscovitine is a small-molecule
drug that inhibits CDK5 activity. CDK5 is also involved in
various cancers (Pozo and Bibb, 2016); therefore, clinical trials on
roscovitine have been conducted in patients with cancer (Cicenas

et al., 2015). No trials on CDK5 inhibitors have been reported
in tauopathies. Notably, Wen et al. reported that administration
of CP681301, a CDK5 inhibitor, enhanced tau phosphorylation
in p25 overexpression transgenic mice (Wen et al., 2008). CDK5
indirectly phosphorylates GSK3β at S9 and inhibits its activity
(Engmann and Giese, 2009), suggesting that CDK5 inhibition
enhances tau phosphorylation by activating GSK3β. As CDK5
can phosphorylate molecules other than tau, therapeutic agents
targeting CDK5 should be developed with great caution.

Fyn
Tau protein has five tyrosine residues (18, 29, 197, 310, and 394
sites) that are phosphorylated by tyrosine kinases. Src family
kinase, including Fyn, modulates neurotransmitter function and
NMDA trafficking (Ohnishi et al., 2011). Interestingly, tau
reduction improved Aβ-induced cognitive impairments in J20
transgenic mice that express a human APP with the Swedish
(K670M/N671L) and Indiana (V717F) mutants (Roberson et al.,
2007; Yoshikawa et al., 2018). Fyn is located at the PSD95-
rich post-synapse by binding to tau and phosphorylates the
NMDA receptor subunit NR2b. This complex promoted Aβ-
induced excitotoxicity (Ittner et al., 2010). Fyn preferentially
phosphorylated Tyr18 among the five tyrosine residues in tau
(Scales et al., 2011). Biochemical and immunocytochemical
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assays showed that phosphorylated tau at Y18 was observed in
the NFT from the AD brain (Lee et al., 2004). Fyn deficiency
reduced tau NFT formation and hyperphosphorylation in mice
overexpressing P301L-tau (Liu et al., 2020). These facts suggest
that Fyn inhibition is a potential target for tauopathy treatment.
Saracatinib is a small-molecule inhibitor of Fyn. Preclinical
studies showed that saracatinib rescued synaptic depletion and
spatial memory deficits in APP (Swe)/presenilin 1(1E9) mice
(Kaufman et al., 2015; Smith et al., 2018). A phase 1b trial in
mild and moderate AD showed that saracatinib is safe, has good
tolerability, and can penetrate into the central nervous system
(Nygaard et al., 2015). Unfortunately, the phase 2 trial showed no
positive therapeutic effects of the drug in patients with AD (van
Dyck et al., 2019).

Thousand-and-One Amino Acid Kinases
Recently, thousand-and-one amino acid kinases (TAOKs) have
been identified as tau kinases, which may be involved in the onset
of AD pathology and dementia (Tavares et al., 2013; Giacomini
et al., 2018). TAOKs are referred to as prostate-derived sterile
20-like kinases (PSKs), i.e., serine/threonine kinase. TAOKs have
two isoforms: TAOK1 (PSK2) and TAOK2 (PSK1). TAOKs
phosphorylated ≥40 sites on recombinant human tau (Tavares
et al., 2013). High TAOK activation (pS181) was observed in NFT
and pretangles of the entorhinal cortex in subjects with Braak
stage II but not in control subjects (Giacomini et al., 2018). A
TAOK inhibitor, compound 43, inhibited tau phosphorylation
at AT8 and 12E8 sites in vitro and in vivo (Giacomini et al.,
2018). Furthermore, the drug also inhibited phosphorylation at
T123 and T427 sites, newly found in AD (Giacomini et al.,
2018), suggesting that TAOKs may be a novel target to improve
tau-related pathogenesis. A previous report showed that TAOKs
modulate microtubule dynamics and organization (Mitsopoulos
et al., 2003). Compound 43 promoted cell death in a cultured
cancer cell line (Koo et al., 2017). These findings suggest that the
development of TAOK inhibitor should proceed with caution.

Because many tau kinases are involved in physiological
intracellular signaling pathways, tau kinase inhibitor
development appropriately avoiding physiological on targets
might be difficult. Meanwhile, based on the view that a
specific phosphorylation pattern is required to induce tau
self-assembly (Fichou et al., 2019; Lauretti and Praticò, 2020),
several groups have reported data indicating that the phospho-
S396/404 epitope constitutes an effective therapeutic target
(Boutajangout et al., 2011; Gu et al., 2013; Liu et al., 2016;
Rosenqvist et al., 2018). Thus, studies have used immunotherapy
targeting tau phosphorylation at S396/404. In a preclinical
study, subcutaneous injection of the liposome-based vaccine
ACI-35 into wild-type mice and mice carrying the P301L
tau mutation induced the formation of antibodies specific
to phospho-S396 and S404 tau and reduced soluble and
insoluble tau in the brain. This vaccine also improved body
weight loss and clasping frequency and survival (Theunis
et al., 2013). Thus, far, ACI-35 has been used in a phase 1 trial
(Main ID in the WHO International Clinical Trials Registry
Platform: ISRCTN13033912) (see section on Tau Clearance
and Immunotherapy).

Tau Acetylation
There are≥30 lysine residues that are potentially acetylated in the
tau sequence (Kontaxi et al., 2017), mainly located in the proline-
rich region, the microtubule-binding region, and the C-terminal
domain (Kontaxi et al., 2017). The level of their acetylation is
regulated by acetyltransferases (p300 and CREB-binding protein;
Min et al., 2010; Cohen et al., 2011; Cook et al., 2014b) and
deacetylases (histone deacetylase 6 and sirtuin 1; Cook et al.,
2014a). Tau proteins promote the self-acetylation of autologous
lysine residues via catalytic cysteine residues (C291 and C322)
in the microtubule-binding domain (Cohen et al., 2013). Lysine
residues in tau are more highly acetylated in the brains of
AD and other tauopathy patients than in healthy brains (Irwin
et al., 2012, 2013). Specific acetylation at residues K280/K281 on
tau inhibits microtubule stabilization and promotes fibrillar tau
aggregate formation (Trzeciakiewicz et al., 2017). An increase
in acetylated tau by deletion of sirtuin 1, a class III protein
deacetylase, inhibits its degradation, leading to the accumulation
of pathogenic phospho-tau in vivo (Min et al., 2010). These
facts suggest that tau acetylation may be important for tau-
induced toxicity.

Salsalate is an old salicylate derivative which has with
anti-inflammatory properties related to its ability to inhibit
activation of the NF-κB pathway (Panza et al., 2019). Min et al.
reported that salsalate inhibits tau acetylation by blocking p300
acetyltransferase activity and acetylation of K174 in the PS19
transgenic mouse line which overexpresses P301S-tau. Moreover,
these authors found that salsalate prevents hippocampal atrophy
and memory impairment (Min et al., 2015). An open-label pilot
study (phase 1) of salsalate (2,250 mg/day) in 10 PSP patients
found that although salsalate was safe andwell-tolerated, the drug
did not significantly improve cognitive performance in patients
(VandeVrede et al., 2020b). This may be explained by either the
poor penetration of salsalate into the brain (<3%), or by an
increase in tau aggregation following reduced tau acetylation.

Tau Ubiquitination
Lysine residues undergo not only acetylation but also
ubiquitination which is closely related to the proteasomal
degradation pathway (Cook et al., 2014b). Hyperphosphorylated
tau is ubiquitinated in patients with AD (Mori et al., 1987; Perry
et al., 1987; Cripps et al., 2006) and interestingly, dysfunction
of either the proteasomal or lysosomal degradation pathways
may lead to accumulation of excessive ubiquitinated tau species
in AD patients that can contribute to NFT formation in disease
(Wang and Mandelkow, 2012; Cook et al., 2014b). Given this,
it is plausible that tau acetylation competes with ubiquitination
and therefore reduces tau ubiquitination and NFT formation.
Another observation warranting the role of tau acetylation in
tauopathies is thar Aβ-induced tau bead (mostly acetylated and
oligomeric tau) formation in neurites is inhibited by the HDAC6
inhibitor, Tubastatin A (Tseng et al., 2017).

O-GlcNAcylation
Glycosylated tau is present in PHF from Alzheimer disease
brains (Wang et al., 1996). The addition of β-linked N-
acetylglucosamine (O-GlcNAcylation) is the non-canonical form
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is glycosylation, and the levels are strictly regulated by O-
GlcNAc transferase and neutral β-hexosaminidase known as O-
GlcNAcase (OGA). Since serine and threonine residues undergo
O-GlcNAcylation (Arnold et al., 1996), there is a competition
between O-GlcNAcylation and phosphorylation (Liu et al., 2004;
Hart et al., 2007; Di Domenico et al., 2019). In P301L tau
transgenic mice (JNPL3), an OGA inhibitor was found to
increase tau O-GlcNAcylation, thereby inhibiting the formation
of tau aggregates and neuronal loss (Yuzwa et al., 2012). In
the AD brain, reduction of tau O-GlcNAcylation (Liu et al.,
2004; Wang et al., 2016) is linked to neurofibrillary pathology
(Liu et al., 2009). On the other hand, forebrain-specific O-
GlcNAc transferase conditional knockout mice display increased
neurodegeneration and tau phosphorylation and cognitive
impairment (Wang et al., 2016). These findings suggest that
upregulation of tau O-GlcNAcylation may be a therapeutic
strategy for tau-related neurodegeneration.

Thiamet G is an inhibitor of OGA, reportedly with good
bioavailability (Yu et al., 2012; Yuzwa et al., 2012; Borghgraef
et al., 2013). Acute injection of thiamet G into the lateral
ventricle of wild-type tau transgenic mice decreased the site-
specific phosphorylation of T181, T212, S214, S262/S356, S404,
and S409 residues (Yu et al., 2012). Also, oral administration
of thiamet G in the drinking water increased O-GlcNAcylation,
and inhibited tau aggregates and neuronal cell loss (Yuzwa
et al., 2012). A low-molecular-weight OGA inhibitor, MK-8719,
developed in a collaboration between Alectos Therapeutics and
Merck, was found to elevate brain O-GlcNAc levels, reduce
pathological tau, and ameliorate brain atrophy in an rTg4510
mouse model of tauopathy (Wang et al., 2020). Recently, a
clinical trial in 16 healthy controls showed that MK-8719 was
well-tolerated (VandeVrede et al., 2020a). Administration of
another OGA inhibitor, ASN120290 (developed by Asceneuron)
to P301S transgenic mice leads to increased O-GlcNAcylated tau
and decreased tau phosphorylation (VandeVrede et al., 2020a);
subsequently ASN120290 was found to be safe and well-tolerated
in a phase 1 study involving 61 healthy volunteers (VandeVrede
et al., 2020a).

TAU AGGREGATION

Onset and progression of tauopathies involve the formation of
misfolded and oligomerized tau and the appearance of NFT.
Classically, NFT gradually overload nerve cells and eventually
cause neuronal cell death (Ward et al., 2012; Guo et al., 2017).
The appearance of tau deposition is a typical pathological sign in
many tauopathies, including AD, and has been used to classify
disease stage in the Braak system (Braak and Braak, 1995).
Tau is self-assembled through the microtubule-binding domain
and then converted to aggregates. In the microtubule-binding
region, at least two amino acid sequences are involved in tau
aggregation (Schweers et al., 1995; von Bergen et al., 2000, 2001).
Hexapeptide segments known as PHF6 (306VQIVYK311) and
PHF6∗ (275VQIINK280) are present in R3 and R2, respectively.
The segments are enriched in hydrophobic amino acids, and
inter-molecular interaction is essential for forming the β-sheet

structure (von Bergen et al., 2000, 2001). In vitro and in silico
experiments showed that intact tau monomer has a β-hairpin
structure in regions including the PHF6 segment. In the presence
of P301L-tau mutation, PHF6 was shifted to disfavor the local
compact structure, which enhanced the aggregation propensity
(Chen et al., 2019). Disulfide bridges formed between cysteine
residues contribute to protein structure or protein–protein
(peptide) interaction. Although the role of cysteine residues in
tau aggregation remains disputable, some reports showed that an
intermolecular disulfide bond is involved in the seed formation
to initiate tau polymerization (Bhattacharya et al., 2001) and
tau oligomer (Schweers et al., 1995; Sahara et al., 2007). Our
finding that inhibition of tau oligomer formation by capping
cysteine residues with 1,2-dihydroxybenzene provides support
for the role of cysteine in the oligomer formation (Soeda et al.,
2015). Hyper-phosphorylated tau at various sites is observed in
NFT. It has been shown that tau kinase inhibitors reduce tau
phosphorylation at multiple sites and inhibit tau aggregation (Lee
et al., 2011; Noble et al., 2020). While tau phosphorylation at
specific sites promotes tau aggregation (Jeganathan et al., 2008;
Despres et al., 2017), phosphorylation at some sites inhibits
tau aggregation (Schneider et al., 1999). The facts suggest that
compounds that directly target tau aggregation may be more
effective tauopathies than tau kinase inhibitors. Here, we describe
tau aggregation inhibitors.

The recombinant tau protein is polymerized in the presence
of polyanion, including heparin (Goedert et al., 1996) or
RNA (Kampers et al., 1996), and the aggregation level can
be monitored by fluorescent dye Thioflavin-T (S). Using this
experimental system, many researchers screened tau aggregation
inhibitors (Taniguchi et al., 2005; Bulic et al., 2009; Crowe et al.,
2009). Many of the aggregation inhibitors discovered share a
common characteristic: a negative or positive charge in their
structure, antioxidant properties, and natural compounds.

Curcumin
Curcumin is a primary component of the Indian turmeric spice
extracted from the rhizome of Curcuma longa. Turmeric is an
herbal medicine used to treat respiratory conditions, abdominal
pain, sprains, and swelling (Chen et al., 2018), and curcumin
has multifaceted actions as antioxidant, anti-angiogenic, anti-
inflammatory, and neuroprotective effects (Maheshwari et al.,
2006). Due to these actions, curcumin has been repeatedly
reported to have potential benefit for cognitive function (Dong
et al., 2012; Cox et al., 2015). Curcumin inhibits amyloidogenic
protein aggregation, including not only Aβ (Ono et al., 2004)
but also tau (Rane et al., 2017; Bijari et al., 2018). The
inhibitory mechanisms of tau aggregation by curcumin are
involved in the reduction of tau oligomer level (Rane et al.,
2017) and the interaction to PHF6 segment (Bijari et al.,
2018). These facts suggest that curcumin may contribute to tau-
related neurodegeneration therapy. However, curcumin is poorly
bioavailable and is rapidly degraded in the body (Vareed et al.,
2008). Furthermore, clinical trials in AD showed no therapeutic
benefit of curcumin (Chen et al., 2018). This has led to the
development of analogs that improved bioavailability (Okuda
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et al., 2017; Lo Cascio et al., 2019). The results of clinical trials
of these drugs are expected.

Resveratrol
Resveratrol is a non-flavonoid polyphenol rich in grape skin
and red wine (Xia et al., 2010). Resveratrol extends their
lifespan in species, including mammals (Bauer et al., 2004;
Viswanathan et al., 2005; Baur et al., 2006). Wine consumption
has had beneficial effects on dementia (Orgogozo et al., 1997).
These reports suggest that resveratrol may be beneficial for
the treatment of AD. The Aβ fibrillary level was reduced by
resveratrol in cultured cells (Feng et al., 2009; Ge et al., 2012)
and APP/PS-1 transgenic mice (Porquet et al., 2014). Resveratrol
inhibited the aggregation of the repeat domain of tau (K18) in
vitro (PubChem BioAssay AID 1460, CID 445154). The level of
tau phosphorylation at AT8 sites was reduced by resveratrol in
P301L tau transgenic mice (JNPL3) (Yu et al., 2018). Resveratrol
enhanced the tau dephosphorylation through PP2A activation
(Schweiger et al., 2017) or downregulation of ERK1/2 and GSK3β
signaling pathways (Jhang et al., 2017). The drug treatment
rescued cognitive deficits in P301S tau transgenic mice (PS19)
(Sun et al., 2019). Thus, resveratrol appears to both directly and
indirectly inhibit tau aggregation. Alternatively, antioxidation
and anti-inflammatory actions by resveratrol may contribute
to the inhibitory effect on tau aggregation. Resveratrol has
low bioavailability through rapid metabolism in the liver and
intestine, leading to the development of nanocarriers and analogs
(Chimento et al., 2019).

Purpurin
Purpurin is a natural dye obtained from the madder extract
and has an anthraquinone skeleton. In vitro, purpurin inhibited
tau fibrillization by heparin through interaction with PHF6
segment (Viswanathan et al., 2020). Moreover, the drug broke
down the pre-formed fibrils (Viswanathan et al., 2020). In
Drosophila, overexpressing human tau, eye neurodegeneration
was prevented by purpurin (Viswanathan et al., 2020). The
purpurin permeability was observed in the cultured blood–brain
barrier (BBB) model (Viswanathan et al., 2020), suggesting it may
be suitable for the treatment of tau-related dementia.

Ginseng
Ginseng is the root of Panax ginseng Meyer and has been used as
an herbal medicine for various diseases. Red ginseng is believed
to be a processed form of ginseng with enhanced pharmacological
efficacy (Lee et al., 2015). Tau aggregation was inhibited by the
red ginseng treatment in vitro (Shin et al., 2020b). As ginseng
includes saponin and flavonoids (Choi, 2008), the inhibitory
effect may be involved in the surfactant action or antioxidation
by ginseng.

Metal Nickel
The association between metals and neurodegenerative diseases,
including AD, has been frequently reported (Aizenman and
Mastroberardino, 2015). Focusing on the relationship between
tau and metals, accumulation of iron (Spotorno et al., 2020)
or aluminum (Walton, 2010) is associated with the NFT

formation in patients with AD. Zinc (Huang et al., 2014), lead
(Zhu et al., 2011), or aluminum (Shin et al., 1994) interacted
with the microtubule-binding region or phosphorylation sites
on tau, leading to aggregation in vitro. Metal nickel and its
synthetic morpholine conjugate at 100µM, conversely, inhibited
tau aggregation in vitro (Gorantla et al., 2020). Unlike other
metals, the inhibitory mechanism seems to be involved in
the degradation and fragmentation of soluble tau. However,
subcutaneous administration of nickel solution showed the
accumulation of nickel and morphological changes in the
liver, kidney, and spleen of mice (Pereira et al., 1998). Nickel
concentrations in the liver, kidney, and spleen are 1.23–1.27µg/g
(9.79–10.11 nmol/g), 0.95–0.96µg/g (7.56–7.64 nmol/g), and
4.96–4.98µg/g (39.49–39.65 nmol/g), respectively (Pereira et al.,
1998), indicating that the nickel administered to humans requires
careful observation.

Folic Acid
Low folate level in the serum is strongly associated with mild
cognitive impairment (Quadri et al., 2004). Administration of
folic acid (1.25 mg/day) improved cognitive scores for patients
with AD treated with donepezil in a randomized trial (Chen
et al., 2016), indicating that the supplementationmay be clinically
beneficial. An in vitro study showed that folic acid inhibited tau
aggregation by stabilizing the tau native state (Ghasemzadeh and
Riazi, 2020). Further, in cultured cells, folic acid reduced the
tau phosphorylation level by regulating PP2A methylation (Li
et al., 2015). Results of clinical trials on drugs against tauopathies
besides AD are expected.

Methylene Blue
Methylene blue (MB) or phenothiazine was first developed in
the late 1800’s for the treatment of malaria (VandeVrede et al.,
2020a). MB was found in vitro to block tau–tau interaction and
prevent self-aggregation (Wischik et al., 1996). Its administration
to transgenic mice decreases the amount of phosphorylated tau
aggregates (Hosokawa et al., 2012; Hochgrafe et al., 2015) and
prevents memory impairment (Stack et al., 2014; Hochgrafe et al.,
2015). Akuory et al. reported that MB inhibits tau aggregation
by modifying cysteine residues in tau protein (Akoury et al.,
2013) such that its disordered monomeric form is retained,
preventing formation of filaments and their toxic precursors
(Akoury et al., 2013). A phase 2 clinical trial of MB (Rember R©;
TauRx, Singapore) in 321 patients with moderate AD showed
that, as compared to placebo, 24 weeks of MB administration at a
medium dose (138mg/day) resulted in a significant improvement
in AD subjects’ ADAS-Cog score (Wischik et al., 2014). However,
200mg of LMTM (LMTX, TRx0237), a MB-derived compound
with greater tolerability and absorption, failed to achieve the pre-
specified primary endpoint in two phase 3 trials involving∼1,700
patients with mild AD and 220 patients with the behavioral
variant frontotemporal dementia (Gauthier et al., 2016; Wilcock
et al., 2018). Because urine and stools were stained blue by MB
and related compounds, blinding was deemed necessary; for this,
a low dose of the active compound (8 mg/day) was given to the
placebo group, but since a cohort analysis showed that the low
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dose might be effective (Wilcock et al., 2018), a phase-3 low-
dose study of LMTM in AD (LUCIDITY; NCT03446001) was
eventually launched.

A number of findings suggest that tau-induced toxicity is not
due to tau filaments but rather to tau abnormality before the tau
filaments (Kimura et al., 2010; Shafiei et al., 2017; Maeda and
Takashima, 2019). For example, (i) the amount of neuronal loss
in the AD brain exceeds the accumulation of NFT (Gómez-Isla
et al., 1997) (ii) suppression of human tau in human P301L tau
transgenic mice (rTg4510) by doxycycline does not inhibit tau
filament formation but reduces neuronal loss (Santacruz et al.,
2005); (iii) human Tau overexpression in Drosophila, results in
neuronal loss without NFT formation (Wittmann et al., 2001);
(iv) analysis of in vivo multiphoton imaging suggests that the
formation of tangles is off-pathway to acute neuronal death (de
Calignon et al., 2010); and (v) neurons containing NFT are
functionally intact in cortical circuits in vivo (Kuchibhotla et al.,
2014).

Analysis using recombinant protein showed the existence of
two different intermediate aggregates called tau oligomers and
granular tau oligomers before the formation of tau filaments
(Maeda et al., 2007). Importantly, granular tau oligomers can
be detected in the brain before the onset of clinical symptoms
of AD (Maeda et al., 2006). Analysis of wild-type tau (Kimura
et al., 2007) and P301L tau transgenic mice (Kimura et al., 2010)
indicated that hyperphosphorylated tau/oligomeric tau and
granular tau oligomer are involved in synaptic loss and neuronal
loss, respectively (Takashima, 2013). Screening of a library
of natural compound derivatives identified low-molecular-
weight compounds bearing a 1,2-dihydroxybenzene backbone
as inhibitors of tau aggregation, specifically, of tau oligomer
formation. In P301L tau transgenic mice, one such compound,
DL-isoproterenol, decreased detergent-insoluble aggregated tau
and neuronal cell loss (Soeda et al., 2015). Together with themore
recent finding that MB reduces the number of tau fibrils and
increased the number of granular tau oligomers when applied to
recombinant tau protein (Soeda et al., 2019), these results support
the notion that tau-mediated toxicity is not due to tau fibril
formation but rather to formation of intermediate tau aggregates
(Figure 3).

Immunotherapy is one potential therapeutic approach for
preventing tau aggregation, a line followed by a number of
academic and industrial research groups. These efforts have
resulted in the generation of the TOC1 (Patterson et al., 2011),
TOMA (Castillo-Carranza et al., 2014), and T22 (Lasagna-
Reeves et al., 2012) antibodies that recognize intermediate tau
aggregates. While ongoing tau immunotherapy-based clinical
trials mainly targeted phosphorylated tau, monomeric tau, and
aberrant conformational changes in tau (details below), it is likely
that the next generation of antibodies will be directed at tau
intermediate aggregates.

STABILIZATION OF MICROTUBULES

Because axonopathy, including microtubule instability and
disruption, have been observed in cultured cell models (Arawaka

FIGURE 3 | Processes of tau aggregation. Hyperphosphorylated tau is

detached from microtubules and mislocalized in the somatodendritic

compartment of neurons. In vitro studies have shown that tau is

self-assembled to form tau oligomers and granular tau oligomers before

forming NFTs. Tau aggregation inhibitors that halt these processes may be

useful in the treatment of tauopathies.

et al., 1999) and animal models (Spittaels et al., 1999; Probst
et al., 2000) of tauopathy, and in the brains of tauopathy
patients (Kneynsberg et al., 2017), microtubule stabilizers have
been developed to prevent axonal/dendritic degeneration and
therefore, to improve symptoms of tauopathies, including AD
(Lee et al., 1994; Khanna et al., 2016). Davunetide (NAP, AL-108),
an 8-amino acid peptide (Asn-Ala-Pro-Val-Ser-Ile-Pro-Gln)
derived from the activity-dependent neuroprotective protein
(Gozes et al., 1999), was shown to reduce tau pathology (AT8,
AT180, and CP13 site-positive phosphorylated tau) and enhance
cognitive function in triple-transgenic AD mice (Matsuoka
et al., 2008). In a phase 2 trial of 144 patients with mild
cognitive impairment (MCI), davunetide treatment for 12 weeks
was shown to be safe and tolerable (Morimoto et al., 2013).
However, the drug was found to be inefficacious (primary and
secondary outcomes) in a phase 2/3 trial on 360 patients with
PSP treated for 52 weeks (Boxer et al., 2014) and its development
was discontinued.

Epothilone D (BMS-241027) is a microtubule stabilizer
isolated from the myxobacterium Sorangium cellulosum.
Epothilone D can cross the BBB (VandeVrede et al., 2020a)
whereas taxanes with a similar structure are less penetrant
(Fellner et al., 2002). Administration of Epothilone D reduced
the number of dystrophic axons and inhibited cognitive deficits
in P301S-tau transgenic mice (Brunden et al., 2010). The drug
caused only one grade 3 hypersensitivity reaction when given to
healthy women in a phase 1 study (VandeVrede et al., 2020a)
but its development was halted without a report of its effects
in a phase 1/2 study (NCT01492374; 40 patients with mild AD;
Medina, 2018).

The traxane-derivative TPI287 (abeo-taxane) which has high
BBB permeability proved safe and well-tolerated in a phase 1
study (NCT02133846) in patients with CBD or PSP (n = 44)
and a phase 1 study (NCT01966666) in patients with mild to
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moderate AD (n= 33). However, the drug caused adverse effects
in the AD group and worsened dementia symptoms in the CBD
and PSP patients. It appears that TPI287 is no longer being
developed for clinical use (VandeVrede et al., 2020a).

Recent reviews propose that tau is not a stabilizer of
microtubules in the axon but rather confers flexibility to
the labile domain of microtubules and leads to microtubule
elongation (Qiang et al., 2018; Baas and Qiang, 2019). Further, an
analysis of fast single-molecule tracking showed that microtubule
assembly is regulated by more rapid tau dynamics, kiss-and-
hop mechanism, than previously reported (Janning et al., 2014).
These observations suggest that microtubule stabilizers may not
be suitable as inhibitors of tau-related dysfunction.

TAU CLEARANCE AND IMMUNOTHERAPY

Tau is degraded in both the ubiquitin–proteasome system and the
autophagy–lysosome system (Lee et al., 2013), both of which are
disrupted in AD and followed by the emergence of aberrant forms
of tau (Chesser et al., 2013). Previous research reported that direct
or indirect enhancement of the ubiquitin–proteasome system
(Shimura et al., 2004b; Myeku et al., 2016) or the autophagy–
lysosome system (Majumder et al., 2011; Di Meco et al., 2017;
Lauretti et al., 2017) can significantly enhance the clearance
of toxic forms of tau with improvements in neuronal health
and synaptic function. To date, however, drugs targeting these
systems have not been tested in clinical trials. Protein clearance
is enhanced by treatment with vaccines or antibodies and both,
active (Troquier et al., 2012; Ando et al., 2014) and passive
immunotherapies (Courade et al., 2018; Albert et al., 2019) to
target tau have yielded promising results, with several clinical
trials for AD and related tauopathies now in progress (Table 1)
(Sandusky-Beltran and Sigurdsson, 2020).

Active Immunotherapy (Vaccinations)
AADvac-1
Active immunization is an attractive therapeutic approach
because it can induce a sustained autoantibody response in small
doses. Moreover, unlike passive immunity, the therapeutic effects
should not be limited by the production of anti-drug antibodies.

The first approach for tau active immunization was
to immunize normal C57BL6J mice with full-length
recombinant human tau whose response included the display
of encephalomyelitis, axonal damage, and inflammation
(Rosenmann et al., 2006). To circumvent these effects,
active immunization subsequently used fragmented tau or
phosphorylated peptides of tau. Injection of a 30-amino acid tau
phospho-peptide (aa 379–408 residues, including phospho-S396
and S404) into P301L tau transgenic mice (JNPL3) reduced
aggregated tau in the brain and slowed progression of the tangle-
related behavioral phenotype (Asuni et al., 2007). AADvac1,
a synthetic peptide consisting of amino acids 294–305 of the
tau (KDNIKHVPGGS) reduced tau pathology and pathology-
associated behavioral deficits in transgenic rats (Kontsekova
et al., 2014). The vaccine was the first anti-tau vaccine to enter
clinical trials in 30 patients with mild to moderate AD, and had
a favorable safety profile and excellent immunogenicity. A phase

I pilot trial of AADvac1 (40 or 160 µg) for 2 years in patients
(n = 30) with the non-fluent/agrammatic variant of primary
progressive aphasia was conducted (AIDA) (NCT03174886). A
phase 2 trial to evaluate its safety and efficacy was conducted
in patients with mild AD for 24 months (ADAMANT)
(NCT02579252). Axon Neuroscience presented, at the 2020
virtual AAT-AD/PD FocusMeeting, that the incidence of adverse
events under the treatment of the antibody did not differ from
the placebo group. More than 80% of participants immunized
by the vaccine acquired high-affinity tau antibodies. In the trial,
AADvac-1 decreased the level of blood neurofilament, a marker
for neurodegeneration. While the vaccine treatment did not
improve the cognitive score in an analysis for participants of all
ages, a preplanned age subgroup analysis showed that treatment
trended to slow cognitive decline among younger participants.
The vaccine treatment decreased phosphorylated tau levels
in cerebrospinal fluid (CSF), but the CSF changes were not
statistically significant. Axon Neuroscience is appeared to plan
a phase 3 trial (Alzforum.org, Therapeutics; AADvac1. https://
www.alzforum.org/therapeutics/aadvac1).

ACI-35
ACI-35 is a liposomal vaccine developed by AC Immune
(Switzerland); its constituents include tau fragment (393–408)
with several phosphorylated serine residues (S396/S404). In
December 2013, AC Immune initiated a 6 month phase 1b
study to compare low-, moderate-, and high-dose ACI-35 in
mild to moderate AD subjects (ISRCTN, ISRCTN13033912)
(Alzforum.org, Therapeutics; ACI-35. https://www.alzforum.
org/therapeutics/aci-35). Results, presented at the virtual
AAT-AD/PD Focus Meeting in 2020, showed that although
the vaccine was well-tolerated, it elicited a weak immune
response (Alzforum.org, news; https://www.alzforum.org/
news/conference-coverage/active-tau-vaccine-hints-slowing-
neurodegeneration). ACI-35 was redesigned, and ACI-35.030
was produced. This showed a more robust immune response
than ACI-35 in rhesus monkeys. The vaccine is now licensed to
Janssen, and a multicenter phase 1b/2a study is being conducted
to evaluate the safety and immunogenicity of this vaccine in
AD patients (NCT04445831). In July 2020, AC Immune firstly
announced that positive safety and immunogenicity data were
obtained in the lowest dose of ACI-35.030 (AC immune press
release; https://ir.acimmune.com/news-releases/news-release-
details/ac-immune-advances-phospho-tau-alzheimers-vaccine-
phase-1b2a).

Passive Immunotherapy
The target for passive immunotherapy is commonly an
extracellular protein because antibodies having a molecular
weight of ∼150 kDa cannot efficiently penetrate cells. Studies
in AD patients (Braak and Braak, 1995) as well as in vitro
(Frost et al., 2009) and in vivo (Clavaguera et al., 2009), have
shown that the spread of tau accumulation in tauopathy is
related to the prion-like properties of tau (Mudher et al., 2017;
Duyckaerts et al., 2019). Thus, the tau propagation hypothesis
posits that pathological forms of tau (tau seeds) released from
donor cells can be taken up by recipient cells where they induce
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TABLE 1 | Summary of tau immunotherapies.

Drug Epitope Preclinical study Clinical Trial

Subject Current

stage

Trials No. Sponsor/Company References

AADvac-1 Tau a.a. 294–305 AADvac-1 reduced AD-type

hyperphosphorylation of tau and improved

the sensorimotor functions of transgenic

rats (Kontsekova et al., 2014).

AD Phase 2 NCT02579252 Axon

Neuroscience

SE

Novak et al., 2017,

2018b, 2019

ACI-35 Phospho-S396/404 ACI-35 reduced insoluble tau level and

improved survival in P301L tau transgenic

mice (Theunis et al., 2013).

Early AD Phase 1b/2a NCT04445831 AC Immune

SA—Janssen

RG7345 Phospho-S422 RG7345 inhibited tau pathology in

3xTg-AD mice (Collin et al., 2014).

Healthy volunteers Phase 1 -

discontinued

NCT02281786 F. Hoffmann-La

Roche

BIIB092 Secreted N-terminal

tau fragments

(Tau a.a. 15–24)

IPN002, the murine analog of BIIB092,

reduced the secretion of extracellular tau

in cell culture and in P301L tau JNPL

transgenic mice (Bright et al., 2015).

Early AD Phase 2 NCT03352557 Biogen

(Bristol-Meyers

Squibb; iPerian)

Qureshi et al., 2018;

Boxer et al., 2019

C2N-8E12 Extracellular form

of pathological tau

(Tau a.a. 25–30)

HJ8.5, the original mouse antibody of

C2N-8E12, reduced tau seeding activity in

vitro and in vivo (Yanamandra et al., 2013,

2015).

Early AD Phase 2 NCT02880956

NCT03712787

AbbVie

UCB0107 Mid-region of tau

(Tau a.a. 235–246)

Antibody D, the original mouse antibody of

UCB010, inhibited tau propagation in vivo

and in vitro (Courade et al., 2018; Albert

et al., 2019).

PSP Phase 1 NCT04185415 UCB Biopharma

LY3303560 Same as MC1

antibody

(Tau a.a. 7–9,

313–322)

MC1 injection reduced tau pathology in

tau transgenic mice (Chai et al., 2011;

d’Abramo et al., 2013).

Patients with early

symptomatic AD

Phase 2 NCT03518073 Eli Lilly

BIIB076 Monomeric and fibrillar

tau

Healthy volunteers

and AD

Phase 1 NCT03056729 Biogen

JNJ-63733657 Mid-region of tau Healthy subjects

and AD

Phase 1 NCT03375697

NCT03689153

Janssen

Lu AF87908 Phospho-S396 The original mouse antibody inhibited tau

propagation in vitro and in vivo

(Rosenqvist et al., 2018).

Healthy subjects

and AD

Phase 1 NCT04149860 H. Lundbeck

A/S

PNT001 cis-phospho-T231 The original mouse antibody improved

traumatic brain injury-related structural

and functional sequelae in a mouse model

(Kondo et al., 2015).

Healthy volunteers Phase 1 NCT04096287 Pinteon

Therapeutics

RO7105705 N-terminal region of

tau

RO7105705 reduced brain pathology in

P301L tau transgenic mice (Lee et al.,

2016).

AD Phase 2 NCT03289143

NCT03828747

AC Immune

SA—

Genentech—F.

Hoffmann-La

Roche

Kerchner et al., 2017

3xTg-AD mice harbor a PSEN1 mutation (M146V) and the co-injected Swedish mutant amyloid precursor protein and tauP301L transgenes.
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the formation of intracellular tau aggregates. Based on this, tau
passive immunotherapy is considered a suitable treatment for
removing extracellular tau (Colin et al., 2020). On the other
hand, anti-taumonoclonal antibodies reportedly invade neurons,
probably through clathrin-mediated endocytosis, indicating that
intracellular tau can also be targeted by tau antibodies (Congdon
et al., 2013). At present, there are 10 tau antibodies that have
entered clinical trials.

RG7345 (RO6926496)
The first passive immunization test in a clinical trial (RO6926496)
was carried out with the antibody RG7345 which targets
phosphorylated tau at the S422 residue found in pathological
tau aggregates. In a triple-transgenic mouse model harboring
three mutations (presenilin 1 M146V, Swedish mutant amyloid
precursor protein (APP), and tauP301L), RG7345 was previously
shown to inhibit tau pathology (Collin et al., 2014). A phase 1
trial by Hoffman-La Roche in healthy volunteers was initiated
to evaluate the safety, tolerability, and pharmacokinetics of
RG7345 (NCT02281786). The development of this drug has been
discontinued. While the results have not been published to the
best of our knowledge, negative speculations about the antibody’s
pharmacokinetic has been expressed (Congdon and Sigurdsson,
2018; Sandusky-Beltran and Sigurdsson, 2020).

BIIB092 (BMS-986168, IPN007, Gosuranemab)
BIIB092 is a humanized monoclonal antibody against an N-
terminal fragment of tau (extracellular tau) secreted from
familial AD patient-derived pluripotent stem cells. The epitope
is considered to be N-terminal amino acids 15–24 and notably,
IPN002, the murine analog of BIIB092 was reported to reduce
the secretion of extracellular tau in cell culture and in P301L tau
JNPL transgenic mice (Bright et al., 2015). Results from phase 1
trials (NCT02294851) (NCT02460094) indicate that BIIB092 is
safe and well-tolerated (Qureshi et al., 2018; Boxer et al., 2019).
The phase 1 trial reported a marked reduction in CSF-free N-
terminal tau post-immunization in healthy participants (Qureshi
et al., 2018) and PSP (Boxer et al., 2019). The PASSPORT
(NCT03068468) phase 2 trial, conducted in PSP patients was
discontinued however because of a lack of efficacy in the interim
analysis (Sandusky-Beltran and Sigurdsson, 2020). The lack of
efficacy might be explained by the fact that the amount of CSF
tau did not change between the control subjects and PSP patients
(Sandusky-Beltran and Sigurdsson, 2020) and that IPN002 did
not reduce amounts of intracellular free tau in cultured cells
(Bright et al., 2015). BIIB092 is in a phase 2 clinical trial for AD
(TANGO; NCT03352557).

C2N-8E12 (ABBV-8E12)
C2N-8E12 is a humanized immunoglobulin (Ig)G4 antibody
that recognizes an aggregated extracellular form of pathological
tau. HJ8.5, the original mouse antibody of C2N-8E12, reduced
tau seeding activity in vitro (Yanamandra et al., 2013) and in
vivo (Yanamandra et al., 2013, 2015). Epitope of HJ8.5 was at
residues 25–30 aa (Yanamandra et al., 2013). While a phase 1
trial (NCT03413319) in PSP patients showed safety and good
tolerability (Sandusky-Beltran and Sigurdsson, 2020), interim

results of a phase 2 trial (NCT02985879) in patients with PSP
symptoms for <5 years failed to find any therapeutic beneficial
effects of this antibody (Alzforum.org, News, https://www.
alzforum.org/news/research-news/abbvies-tau-antibody-flops-
progressive-supranuclear-palsy), leading to a discontinuation
of the PSP trial (Sandusky-Beltran and Sigurdsson, 2020).
However, trials with C2N-8E12 in AD patients were conducted
(NCT02880956). An extension study (NCT03712787) is being
conducted for patients who have successfully completed the
phase 2 trial to evaluate long-term safety and tolerability.

UCB0107
The monoclonal antibody UCB0107 binds to the mid-region
of tau (amino acids 235–246). Its preceding mouse version
(antibody D) reportedly inhibited transneuronal propagation of
pathogenic and aggregated tau in vivo (Albert et al., 2019), and
seeding activity of human AD and PSP tau in vitro (Courade
et al., 2018). Two phase 1 studies aimed to evaluate the
safety, tolerability, and pharmacokinetic properties of UCB0197
in healthy adult males were conducted (NCT03464227 and
NCT03605082). A phase 1 study is ongoing in patients with PSP
(NCT04185415). The results of the trials are not yet available.

LY3303560 (Zagotenemab)
LY3303560 is a humanized anti-tau monoclonal antibody, its
prototype being monoclonal anti-mouse MC1 which recognizes
conformation-specific epitopes that appear along with tau
aggregation. In vivo experiments showed that MC1 injection
reduced tau pathology in tau transgenic mice (Chai et al.,
2011; d’Abramo et al., 2013) and since MC1 antibodies are
not incorporated by neurons (d’Abramo et al., 2013), their
mechanism of action is thought to involve binding and removal
of extracellular PHF tau. The epitopes recognized by LY3303560
are two discontinuous portions of tau, 7–9 and 313–322
amino acid residues (Jicha et al., 1997, 1999). LY3303560 binds
preferentially to tau aggregates rather than monomers. To date,
a phase 1 trial of LY3303560 has been conducted to evaluate
safety in MCI and mild to moderate AD (NCT03019536) while
an ongoing phase 2 trial (NCT03518073) is being undertaken in
early symptomatic AD patients. The results of both studies are
currently awaited.

BIIB076
BIIB076 is a human recombinant monoclonal anti-tau antibody.
Although the epitope to which this antibody is directed has
not been revealed, it is known that it recognizes monomeric
and fibrillar tau (Alzforum.org, Therapeutics; BIIB076. https://
www.alzforum.org/therapeutics/biib076). So far, a phase 1 trial
to examine the safety of BIIB076 has been conducted in healthy
volunteers and AD patients (NCT03056729).

JNJ-63733657
JNJ-63733657 is a monoclonal antibody that recognizes the
central domain of tau (Sigurdsson, 2018), but the exact epitope
is unknown and results of preclinical testing are not available. A
phase 1 trial of JNJ-63733657 in healthy volunteers and patients
with prodromal or mild AD has been conducted (NCT03375697
and NCT03689153).
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Lu AF87908
The monoclonal antibody Lu AF87908 binds to the phospho-
S396 region of tau (Sandusky-Beltran and Sigurdsson, 2020).
A preclinical study showed that the original mouse antibody
inhibited tau propagation induced by exposure of tau transgenic
brain lysates in vivo and in vitro (Rosenqvist et al., 2018).
Currently, a phase 1 trial (NCT04149860) is assessing the
tolerability of Lu AF87908 in healthy individuals and AD
patients (NCT04149860).

PNT001
Phosphorylated T231 on tau has a cis- or trans-structure
(Albayram et al., 2016), but only the cis form appears early
in the brains of patients with MCI where it is localized to
dystrophic neurites during the progression of AD (Nakamura
et al., 2012). Monoclonal antibodies against cis-phospho-
T231 improved traumatic brain injury-related structural and
functional sequelae in a mouse model (Kondo et al., 2015)
of chronic traumatic encephalopathy (CTE) in which tau
pathology is observed (Katsumoto et al., 2019). Currently a
phase 1 study is being undertaken in healthy volunteers to
evaluate the safety, tolerability, and pharmacokinetics of this
antibody (NCT04096287).

RO7105705 (MTAU9937A, RG6100, Semorinemab)
RO7105705 is a monoclonal IgG4 antibody, which is modified
to reduce effector function, such as microglial activation (Lee
et al., 2016). This antibody recognizes N-terminus on tau
and reacts with all six isoforms of human tau, both with
or without phosphorylation. Further, the antibody can bind
monomeric and oligomeric tau, and reduced brain pathology
in P301L tau transgenic mice (Alzforum.org, THERAPEUTICS,
https://www.alzforum.org/therapeutics/semorinemab). A phase
1 study was conducted in healthy volunteers and patients with
mild-to-moderate AD (Kerchner et al., 2017) (NCT02820896).
The trial showed that no serious adverse events occurred,
and RO7105705 plasma half-life was 32 days. Two phase
2 trials were conducted in AD patients to evaluate efficacy
and safety (NCT03289143 and NCT03828747). Genentech
announced top-line results from a phase 2 trial. Unfortunately,
RO7105705 did not meet the primary efficacy end-point
of reducing the decline of the cognitive score (Genentech
press release).

Tau immunotherapy can directly target tau via binding to
specific sequences or specific conformational changes. Since
phosphorylation of S396/S404 (Augustinack et al., 2002) and
S422 (Augustinack et al., 2002; Vana et al., 2011; Kanaan et al.,
2016) was increased with the progression of AD (Augustinack
et al., 2002; Vana et al., 2011) and CTE (Kanaan et al.,
2016) stage, antibodies such as Lu AF87908 and ACI-35
target phosphorylation may be effective in halt progression
of the disease. Antibodies that bind to the N-terminus
region or mid-domain region target extracellular tau. Since
an antibody against the mid-region of tau (antibody D) was
more efficient at preventing both seeding and propagation
(Albert et al., 2019) than were antibodies targeting the N-
terminal region or C-terminal region (Nobuhara et al., 2017;

Courade et al., 2018), mid-domain targeted antibodies, such
as JNJ-63733657 and UCB0107 may be more effective than
N-terminal-directed antibodies at disrupting the seeding and
propagation of aberrant tau. Recently, Genentech showed no
efficacy of the N-terminal-directed antibody, RO7105705, in a
phase 2 trial.

REDUCING TAU EXPRESSION BY
OLIGONUCLEOTIDE THERAPY

Oligonucleotide therapy, including antisense and Si-RNA, is
a new strategy for difficult-to-treat hereditary diseases. The
therapies aim to control the onset and progression of the
disease by regulating protein expression levels. Previous reports
using tau-knockout mice have shown a beneficial effect on the
electrophysiological and/or behavioral deficits in models of AD
(Roberson et al., 2007; Yoshikawa et al., 2018). In P301S tau
transgenic mice, tau antisense oligonucleotides (ASO) reduced
the amounts of tau mRNA by ∼50%, inhibiting hippocampal
atrophy, neuronal loss, and a behavioral abnormality (DeVos
et al., 2017). Immunocytochemical analysis revealed that
stereotactic injections of Si-RNA against tau into the brains of
the mice suppress pathological tau phosphorylation (AT180 and
CP13) and conformational changes in tau (MC1), suggesting that
potential gene therapeutic value of Si-RNA against tauopathies
(Xu et al., 2014). The ASO drug BIIB080 is in a phase 1/2, double-
blind, placebo-controlled trial (NCT03186989) (Alzforum.org,
THERAPEUTICS, https://www.alzforum.org/therapeutics/
biib080; https://ir.ionispharma.com/static-files/4ab8c591-c51b-
45e1-8b0d-ef83a46c0853) in which subjects with mild AD (aged
50–74 years old) are being intrathecally injected with BIIB080 to
evaluate safety and pharmacokinetics.

Regulation of tau alternative splicing may also be worthy of
exploration for the treatment of tauopathies. In FTDP-17, an
inherited tauopathy, single nucleotide polymorphisms [SNP,≥47
(Rossi and Tagliavini, 2015)] are present on the MAPT gene are
causally related to a wide variety of clinical symptoms. Many
SNPs are located on exon 10 and intron 10. Some of these
SNPs (N279K, N296H, 1K280) alter the ratio of 3R and 4R
tau isoforms (Andreadis, 2012): whereas the N279K or N296H
mutations increased 4R tau transcripts, a 1K280 decreased the
number of 4R tau transcripts (Rossi and Tagliavini, 2015). The
ratio of tau isoforms is also altered in other primary tauopathies.
For example, while PSP and CBD predominantly exhibit 4R
tau, the insoluble tau in the brain of PiD is mainly 3R tau
(Arai et al., 2003). Therefore, oligonucleotide therapy, which can
specifically reduce 4R or 3R tau, is useful in treating tauopathies.
In a mouse model of human tau expression, ASO treatment
significantly shifted the splicing pattern to lower 4R tau without
altering the abundance of total tau (Schoch et al., 2016) and led
to a phenotypic improvement (Schoch et al., 2016). Importantly,
because of the physiological functions of tau proteins, such as
synaptic plasticity (Kimura et al., 2014b), signaling (Marciniak
et al., 2017) and nucleic acid protection (Sultan et al., 2011; Violet
et al., 2014), closemonitoring of adverse effects of oligonucleotide
therapies is essential.
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NEW TAU-TARGET THERAPY FOR
TAUOPATHIES

Liquid–Liquid Phase Separation (LLPS)
In addition to the above, candidate therapeutic targets for
tauopathies include tau truncation (Novak et al., 2018a),
impairment of axonal transport (Combs et al., 2019), dysfunction
of tau in the nucleus (Bukar Maina et al., 2016), and
functional impairment of dendritic tau (Ittner and Ittner, 2018).
As previously mentioned, tau protein is a large intrinsically
disordered protein (IDP) (Tompa, 2002) that can interact with
multiple binding partners (Morris et al., 2011; Guo et al., 2017;
Salvi, 2019). Tau is well-known to partner with microtubules
(Butner and Kirschner, 1991; Gustke et al., 1994) and also
interacts with other cytoskeletal proteins, such as actin (Griffith
and Pollard, 1978; Fulga et al., 2007; Whiteman et al., 2009), and
neurofilaments (Mandelkow and Mandelkow, 2012). Tau also
interacts with kinases involved in post-translational modification
of tau (Takashima et al., 1998; Sun et al., 2002), chaperones
(Shimura et al., 2004a; Dickey et al., 2007) and nucleic acids
(Loomis et al., 1990; Kampers et al., 1996; Sultan et al., 2011).

Currently, many cell biologists are turning their attention
to liquid–liquid phase separation (LLPS) which can make a
non-membrane-bound compartment in cells via liquid–liquid
de-mixing and separation from the liquid cytoplasm (Hyman
et al., 2014). Change of phase transition state by LLPS leads to
formation of a protein condensate referred to as liquid droplets.
These droplets are transient in nature owing to their weak
interactions (electrostatic, cation-π, and π-π) (Brangwynne
et al., 2015). In 2015, Uversky et al. hypothesized that intrinsically
disordered IDP serve as essential drivers of intracellular LLPS
that generate various membrane-less organelles (Uversky et al.,
2015). Abnormal LLPS is associated with neurodegenerative
diseases; for example, RNA-binding protein fused in sarcoma has
a low-complexity domain within the N-terminal domain, which
is SYGQ-rich (serine-, tyrosine-, glycine-, glutamine-rich), can
be transformed to liquid droplets through LLPS (Patel et al.,
2015) and converted to an aggregate state over time as seen in
amyotrophic lateral sclerosis patients (Patel et al., 2015). Other
IDP, including TAR DNA-binding protein-43 (Mann et al., 2019)
and heterogeneous nuclear ribonucleoprotein A1 (Molliex et al.,
2015) with a low-complexity domain, have also been reported
to form liquid droplets by LLPS and are involved in forming
pathological inclusions. These findings suggest that LLPS is an
essential physiological and pathological event and indeed, several
studies have shown that LLPS-mediated conversion of tau protein
to liquid droplets (Ambadipudi et al., 2017; Zhang et al., 2017;
Wegmann et al., 2018; Boyko et al., 2019; Kanaan et al., 2020).

Stress granules are membrane-less organelles produced via
LLPS. In stress granules, proteins and RNA interact with many
partners to form reversible complexes. The granules bear a
cytoprotective function against stress since they temporarily
inhibit the translation of non-essential mRNA and promote
translation of transcripts necessary for cell survival (Kedersha
et al., 2000; Liu-Yesucevitz et al., 2011). Tau has been shown to
undergo polymerization by RNA (as well as heparin) (Kampers
et al., 1996; Wang et al., 2006). Tau can binds to RNA in

living cells (Zhang et al., 2017) and it has been shown that
multiple tau molecules bound to tRNA leads to an increase in
tau levels and formation of coacervates (Kosik and Han, 2019);
thus, incubation of a tau-poly (U) RNA complex under droplet-
forming conditions results in a gradual increase in thioflavin
T (ThT) fluorescence over 15 h. These observations have been
supported by others showing that the formation of seeding-
competent tau aggregates from tau condensates (Wegmann
et al., 2018). Thus, the fact that β-sheets form by prolonged
retention of tau droplets, suggests that the highly condensed-
phase state of tau is a precursor to protofibrillation. Tau LLPS
may be initiated by localized gathering of tau into cellular
compartments (e.g., dendrites). Although the physiological
intracellular concentration of tau has been suggested to be
∼2µM (Wegmann et al., 2018), more than 50% of tau
molecules are bound to microtubules (Ackmann et al., 2000).
During NFT formation, non-fibrillar and hyperphosphorylated
tau accumulate in the soma and dendrites of neurons (Götz
et al., 1995; Uchihara et al., 2001). Therefore, tau dissociated
from microtubules migrates into the cytoplasm and forms the
first aggregates. Presumably, the localized gathering of tau is a
singularity of aggregation, but the mechanism is unknown.

Molecular crowding tunes the physical properties of RNP
condensates (Kaur et al., 2019). Different independently-
performed studies have reported the formation of tau liquid
droplets in vitro (tau concentrations from 1 to 25µM) in the
presence of crowding agents that mimic molecular crowding
(∼100–200 mg/ml proteins) in an intracellular environment
(Hernández-Vega et al., 2017; Wegmann et al., 2018). Tau
phosphorylation by microtubule affinity-regulating kinase 2,
which dissociates tau from microtubules, is converted to liquid
droplets (Wegmann et al., 2018). Together, these findings suggest
that LLPS is involved in local tau localization (Wegmann, 2019).

A relationship between tau and stress granules has been
reported (Apicco et al., 2018; Piatnitskaia et al., 2019) in which T-
cell intracellular antigen-1 (TIA-1), a DNA/RNA-binding protein
transferred from the nucleus to the cytoplasm during stress
may play an important role (Kedersha et al., 2000). In fact,
TIA-1 co-localizes with pathological tau in human tissue from
AD patients (Vanderweyde et al., 2012), and a 50% reduction
in TIA-1 expression of cytoplasmic stress granules in P301S
tau transgenic (PS-19) mice leads to improvements in behavior
and lifespan in parallel with reduced neuronal and synaptic
degeneration (Apicco et al., 2018). In cultured hippocampal
neurons, knockdown or knockout of TIA-1 also reduced tau
misfolding and toxicity, and kinase inhibitors that reduce stress
granule formation reduced tau abnormalities (Vanderweyde
et al., 2016). Therefore, inhibition of tau droplet formation
could be an important focus of therapeutic developments for
tauopathies. Since a droplet is a reversible structure formed by
weak interactions, tau droplets may be a better drug target than
irreversible tau aggregation (Figure 4). On the other hand, since
it has been shown that the condensed tau phase is involved
in the nucleation of microtubules in vitro (Hernández-Vega
et al., 2017), identification of the droplets formed specifically in
tauopathies and the search for inhibitors of the droplets will be a
challenge for the future.
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FIGURE 4 | Tau droplet formation by liquid-liquid phase separation (LLPS) is a

key initial step in aberrant tau aggregation. Tau must be abundant before it

begins to aggregate. LLPS-mediated formation of droplets supersaturated

with tau may be a key step in the latter process. A droplet is a reversible

structure formed by weak interactions, suggesting that tau droplets may be a

better drug target than irreversible tau aggregation.

Inflammation
GWAS studies reported 40 risk loci associated with AD (Andrews
et al., 2020), many of which appear to be associated with
immune response/inflammation, APP processing, endocytosis,
lipid metabolism, tau pathology, and cell migration (Ikezu
and Gendelman, 2016). Several reports link dysregulation of
inflammation with AD (McGeer et al., 1989; Akiyama et al., 2000;
Kinney et al., 2018). In the central nervous system, microglia
have major roles in the inflammatory process (Kim and Joh,
2006). Carriers of the R47H allele on TREM2 have a 2 to 4.5-
fold increased risk of developing late-onset AD, suggesting that
TREM2 is the secondmost relevant risk gene after apolipoprotein
E-ε4 (Kinney et al., 2018). TREM2 is specifically expressed in
microglia and is essential for maintaining microglial metabolic
fitness during stress events (Ulland and Colonna, 2018). In
mice expressing humanized TREM2, R47H impairs TREM2
function, restores Aβ-induced microgliosis and microglial
activation (Song et al., 2018). Some authors, studying the role
of TREM2 in tauopathies, have reported that TREM2 deficiency
exacerbates tau pathology [e.g., tau hyperphosphorylation and
aggregation via activated neuronal stress kinases (Bemiller et al.,
2017)]. Further, TREM2 deficiency was reported to attenuate
neuroinflammation and protects against neurodegeneration in
P301S mutant human tau transgenic (PS19) mice (Leyns et al.,
2017). Even though the role of TREM2 in tau pathology
and tau-mediated toxicity remains a matter of debate, it is
notable that a correlation between microglia activation and
formation of pathological tau has been recorded (Laurent et al.,
2018). Other recent studies have focused on the link between
NLRP3 inflammasomes formed within the microglia and tau.
Extracellular tau monomers and oligomers stimulate NLRP3

activation, increasing tau hyperphosphorylation. Since loss of
function of the NLRP3 inflammasome has been shown to reduce
tau pathology (Ising et al., 2019; Zhang et al., 2020b), it appears
that properly-regulated inflammation may protect against tau
pathology and tau-mediated toxicity.

Tau Loss of Function
A number of studies have suggested that correcting the loss of
tau function may be valuable or more valuable than correcting
the toxic gain-of-tau function (including hyperphosphorylation
and aggregation), in drug discovery programs for tauopathies
(Trojanowski and Lee, 2005). The majority of tau-targeted drugs
are designed to reduce the gain-of-toxic-tau and increase the
amount of normal tau (e.g., microtubule stabilizers). Since the
2010’s, a number of studies have pointed to the role of tau
in dendrites and nuclei. For example, in vivo and ex vivo
electrophysiological studies have shown dysregulation of synaptic
plasticity to be associated with tau deficiency (Ahmed et al.,
2014; Kimura et al., 2014b; Regan et al., 2015; Marciniak et al.,
2017) and studies in a tau deficiency model showed that nuclear
tau is protective against the cellular response to stress (Sultan
et al., 2011; Violet et al., 2014). These findings indicate that tau
has other physiological functions other than its better-known
microtubule-stabilizing effects; therefore, treatments that restore
tau function may be helpful the management of tauopathies.

DISCUSSION

There has been great interest in conducting tau-targeted
therapeutics in clinical trials to slow the onset and progression
of tauopathies such as AD (Giacobini and Gold, 2013). These
have been driven by the fact that phase 3 clinical trials for AD
using Aβ-targeted drugs failed to reach their primary predicted
outcome (Holmes et al., 2008; Rosenblum, 2014). Importantly,
the shift in focus on tau has led to the discovery of atypical
tau functions (Sotiropoulos et al., 2017) that may uncover new
strategies for preventing and treating AD.

Recent electron cryomicroscopy (cryo-EM) studies on the
structure of tau fibrils in postmortem brain samples from
tauopathy patients have provided interesting perspectives into
the direction of current and future tau-targeted therapies. The
pattern of tau isoform deposition varies with each tauopathy;
all six isoforms are presented in AD and CTE, and 3R-tau and
4R-tau are predominately expressed in Pick’s disease and CBD,
respectively. In 3R/4R tauopathies, the tau filament folds are
very similar to those found in AD (Fitzpatrick et al., 2017) and
CTE (Falcon et al., 2019), although the filament folds in Pick’s
disease (Falcon et al., 2018) and CBD (Zhang et al., 2020a)
differ from those observed in 3/4R tauopathies and the tau
filament core in Pick’s disease is distinct from that in CBD.
These observations suggest that different tau sequences must
be targeted in 3/4R, 3R, and 4R tauopathies. A combination of
cryo-EM and mass spectrometric post-translational modification
mapping indicate that ubiquitination of tau can mediate inter-
protofilament interfaces in fibrils from CBD and AD (Arakhamia
et al., 2020). While classical biochemical assays have detected tau
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ubiquitinations in PHF from AD (Mori et al., 1987; Morishima-
Kawashima et al., 1993), a re-focusing on the regulation of tau
ubiquitination may help efforts to inhibit tau aggregation.

The ability of immunotherapies (vaccines and antibodies)
to reach the brain at sufficient doses remains questionable.
Preclinical studies have shown that CSF penetration of some
IgG monoclonal antibodies is only 0.1–1% (Shin et al., 2020a),
prompting efforts to improve BBB permeability by designing bi-
specific antibodies with a therapeutic arm and a BBB-crossing
arm (targeting the transferrin receptor and insulin receptor) have
been developed (Neves et al., 2016). The presence of tau released
from neurons in the CSF (Meredith et al., 2013; Sato et al.,
2018) and interstitial fluid (Yamada et al., 2011, 2014) has led
to the development of immunotherapies targeting extracellular
tau. Since targetable extracellular tau is estimated to be 0.01–
0.001% of intracellular tau, targeting intracellular tau has been
suggested to be a more promising approach (Sandusky-Beltran
and Sigurdsson, 2020). Conventional monoclonal antibodies are
150-kDamultimeric proteins containing a heavy chain and a light
chain. To reduce manufacturing costs and to target previously
neglected molecules, smaller recombinant antibody fragments,
such as antigen-binding fragment and single-chain variable
fragment (scFv), have been developed. The US FDA has approved
two scFvs: brolucizumab, a humanized scFv for neovascular
(wet) age-related macular degeneration, and blinatumomab, a
mouse scFv for acute lymphoblastic leukemia. Camelid single-
domain (12–15 kDa) antibodies (sdAbs or VHHs, also widely
known as nanobodies) have full antigen-binding potential and
strong affinity to their cognate antigen (Arbabi-Ghahroudi, 2017;
Jovčevska and Muyldermans, 2020). Caplacizumab, a nanobody,
has been approved by the EMA and FDA to treat thrombotic
thrombocytopenic purpura. Although an ScFv could be used as
an intrabody (an intracellular antibody), they are destabilized by
intracellular reduction and often fail to function as antibodies
(Stocks, 2005). Kabayama and colleagues reported a method
for engineering an ultra-stable cytoplasmic antibody (STAND),
which fuses scFv into peptide tags with a highly negative charge
and a low isoelectric point (Kabayama et al., 2020). It has been
shown that STAND-A36 binds to the presynaptic vesicle protein
synaptotagmin and inhibits dopamine release in cultured cells
(Kabayama et al., 2020). Since tau is an intracellular protein, gene
therapy, in which cDNA expressing a tau intrabody is loaded into
neurons, may also prove efficacious for treating tauopathies.

We are attempting to approach both tau gain- and loss-
of-function to discover the therapeutic potential of tau. One

tau gain-of-function is tau oligomer formation that emerges
before forming tau fibrils. In particular, granular tau oligomers
have been suggested to be correlated with neuronal loss
(Takashima, 2013).We found that isoproterenol reduces granular
tau oligomer formation and inhibits cell death and behavioral
disorders (Soeda et al., 2015). Recently, we screened monoclonal
antibodies that recognize granular tau oligomers, which may be
used to develop therapeutic agents in the future. We reported
that tau has a critical physiological function in LTD (Kimura
et al., 2014b). We are currently investigating the mechanism,
which may lead to discovering new drugs targeting tau loss-
of-function.

Clinical trials of tau-based drugs aimed at gain-of-toxic-tau
function (e.g., dysregulation of post-translational modifications
and tau aggregation) or loss-of-function (microtubule instability)
have been conducted in tauopathy patients. Once these clinical
trials have been completed, the potential benefit of tau in the
treatment of progressive neurodegenerative dementias may be
revealed. However, even if these trials fail, they will serve as
a foundation for the next generation of tau-based drugs. New
tau abnormalities in the pathological and (previously unknown)
physiological functions of tau have been reported inmany papers.

The research reviewed here amply shows that basic research
related to tau drug discovery, integration of research results, and
clinical studies on candidate therapeutics must continue in our
effort to treat tauopathies.
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Tau is a microtubule-associated protein (MAPT) that is highly expressed in neurons and
implicated in several cellular processes. Tau misfolding and self-aggregation give rise to
proteinaceous deposits known as neuro-fibrillary tangles. Tau tangles play a key role in
the genesis of a group of diseases commonly referred to as tauopathies; notably, these
aggregates start to form decades before any clinical symptoms manifest. Advanced
imaging methodologies have clarified important structural and functional aspects of tau
and could have a role as diagnostic tools in clinical research. In the present review, recent
progresses in tau imaging will be discussed. We will focus mainly on super-resolution
imaging methods and the development of near-infrared fluorescent probes.

Keywords: tau, super-resolution imaging, neurodegeneration, BODIPY, near-infrared fluorescent probes,
Alzheimer’s disease, tauopathies

INTRODUCTION

Tauopathy is a general term referring to a group of disorders characterized by the accumulation
of misfolded tau protein. Highly heterogeneous from a clinical perspective, tauopathies can be
further divided into primary tauopathies (where tau is the leading cause of neurodegeneration)
and secondary tauopathies (where a tauopathy is associated with other pathologies). Progressive
supranuclear palsy (PSP), Pick’s disease (PiD), and fronto-temporal dementia (FTD) are examples
of primary tauopathies while, Alzheimer’s disease (AD), Lewy’s body disorder (LBD), and Down’s
syndrome (DS) belong to the second group (Arendt et al., 2016; Saha and Sen, 2019). Tau is
a microtubule-associated protein (MAPT) highly expressed in neurons where it takes part in
several physiological functions vital to the cell. Since the discovery of tau as a major component
of neurofibrillary tangles (NFT; Grundke-Iqbal et al., 1986; Kosik et al., 1986; Wood et al., 1986),
researchers have focused their attention to the study of its features. Indeed, a better understanding
of tau functions could contribute to shed light on the basic mechanisms involved in the genesis of
tauopathies. Tau aggregates start to form in the brain 10–15 years before the manifestation of any
clinical symptoms, thus presenting an appealing possibility to diagnose and monitor tauopathies
by using tau aggregates as an early biomarker. This has strongly encouraged the development of
biomedical advanced methodologies for its visualization. Positron emission tomography (PET)
is the golden standard for imaging-based diagnosis of neurodegenerative disorders. However,
several research groups are trying to develop alternative strategies. In addition, studies examining

Abbreviations: AD, Alzheimer’s disease; CSF, cerebrospinal fluid; DS, Down’s syndrome; FTD, frontotemporal dementia;
GFAP, glial fibrillary acid protein; GFP, green fluorescent protein; IVIS, in vivo imaging system; LBD, Lewy body
disorder; MAO-B, monoamine oxidase-B; MAPT, microtubule-associated protein tau; NFT, neurofibrillary tangles; NIR,
near infrared; OA, okadaic acid; PiD, Pick’s disease; PSP, progressive supranuclear palsy; PET, positron emission
tomography; ScFv, single chain antibody fragment; shRNA, small-hairpin RNA; SMLM, single-molecule localization
microscopy; SRM, super-resolution microscopy; STED, stimulated-depletion microscopy; STORM, stochastic optical
reconstruction microscopy.
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tau biology through super-resolution microscopy (SRM) are
beginning to become available. In the present article, we would
like to provide a short overview about some of the recent imaging
methodologies adopted to visualize tau protein, discussing their
strengths, limitations, and future developments.

TAU SUPER-RESOLUTION IMAGING

A major drawback of light microscopy is represented by the
resolution limit imposed by light diffraction that does not
allow objects located at a distance <200 nm apart to be
separated (Sigal et al., 2018). Light microscopy renders a detailed
examination of proteins and organelles involved in cellular
processes, an arduous task. However, ground-breaking progress
in the field of microscopy has allowed the development of
new imaging techniques commonly termed super-resolution
microscopy (SRM). These techniques provide a spatial resolution
as low as 20–50 nm (Sahl et al., 2017); currently, their application
spans different areas of life sciences research. One of the recent
super-resolutive techniques is Stimulated Emission Depletion
Microscopy (STED). The main advantage offered by this method
relies on the fact that it allows features of fluoresce microscopy to
be combined, while bypassing the diffraction limit (Vicidomini
et al., 2018). STED microscopy has been used to investigate the
distribution of physiological tau protein at mossy-fiber synapse
in the CA3 hippocampal region of the adult mouse brain (Kubo
et al., 2019). In this work, tau has been described as nonuniformly
distributed and rather sparsely localized at the level of axonal
microtubules, with a distance of ∼200 nm. According to the
authors, this organization suggests that physiological tau does not
saturate axonal microtubule (MT) binding. The same imaging
technique has been adopted to visualize tau with a resolution of
77 nm in postmortemAD human brain slices (Benda et al., 2016).
Immunofluorescence with the phospho-tau (p-tau) primary
antibody 12E8 followed by STED imaging, revealed that the
protein is organized mainly in filaments characterized by a
smooth ribbon-like structure. However, the presence of puncta
70–80 nm wide has been reported as well. Colocalization of
tau with both stable and dynamic microtubules and with actin
filaments has been observed at the level of fixed growth cones
in cultured cortical neurons (Biswas and Kalil, 2018). Reducing
tau levels with small hairpin RNA (shRNA) did not affect
cone morphology but was responsible for a reduction of axon
outgrowth and growth cone turning. Human excitatory cortical
neurons derived from patients with FTD have been used to
investigate the effect of the autosomal-dominant MAPTP301L
and IVS10+ 16 tau mutations on the protein function. In
FTD-MAPT neurons, hyperphosphorylated tau mislocalize to
cell bodies and dendrites; moreover, three-dimensional (3D)
STED experiments, revealed that in FTD neurons, an aberrant
microtubular organization was responsible for the deformation
of the nuclear lamina (Paonessa et al., 2019).

First introduced in 2006 (Betzig et al., 2006), stochastic optical
reconstruction microscopy (STORM) is a powerful method for
protein localization. STORM achieves an image resolution below
20 nm and is based on the random activation of fluorophores
with photoactive properties followed by image reconstruction.

Using this technique, exogenous tau fibrils clustering at the
neuronal membrane has been investigated by performing
imaging experiments on cultured hippocampal neurons after
application of preformed tau fibrils labeled with ATTO-647 dye.
While the density of exogenous tau fibrils binding to neurons
increased over time, the radius of clusters was not affected
(Shrivastava et al., 2019). STORM has been combined with
neuropathological immunohistochemistry methods to image
ptau in the prefrontal, parietal, and temporal cortex of AD
patients with a resolution <50 nm (Codron et al., 2020). Tau
aggregates appeared organized in filamentous structures at the
axonal level while at the soma, they presented a honeycombed
structure most likely arising from the presence of proteins and
organelles. These results confirm and extend those obtained by
Benda et al. (2016). Last, single-molecule localizationmicroscopy
(SMLM) has been used to investigate the tau organization at the
nanoscale level in both physiological and pathological conditions
(Gyparaki et al., 2020).

Although few in number, works reviewed above considered
different aspects of tau protein biology, demonstrating how,
super-resolution imaging methods represent a powerful
approach to unravel the less well-understood aspects of tau
structure and function both in physiological and pathological
conditions. Single molecule tracking and cryo-electron
microscopy studies have indicated tau-MT interaction as weak
and dynamic (Janning et al., 2014; Kellogg et al., 2018; see Barbier
et al., 2019 for review); in line with this, recent SRM studies
seem to favor a nonuniform rather than diffuse tau distribution
along the microtubules. A possible explanation for this could be
that, previous studies mostly performed by conventional light
microscopy approaches were unable to solve structures with
distances <200 nm (see Figure 1 for a comparison between
the resolution level of confocal and STORM microscopies).
SRM is particularly useful in that they allow to monitor protein
dynamics in situ, both in fixed and living specimens, opening
the way for the study of the initial steps of protein aggregation
and their dynamics over time. Works examining these aspects
at subcellular level are starting to become available (Schierle
et al., 2016; Lu et al., 2020); however, some technical aspects such
as long-term imaging, fluorophore bleaching, and specimen
thickness are still major obstacles that need to be overcome (see
‘‘Conclusion and Future Directions’’ section).

PET PROBES

A definitive diagnosis for neurodegenerative disorders can
be solely made from postmortem immunohistochemical
examination of brain samples (Delacourte, 1998). Nevertheless,
analysis of biomarkers in the cerebrospinal fluid (CSF)
combined with high-resolution imaging techniques and
clinical examination is an elective method for the diagnosis
of neurodegenerative disorders in living patients. Imaging tau
in AD patients could be very important from a clinical point
of view as it has been suggested that NFT density seems to
show a better correlation with neurodegeneration and cognitive
impairments compared with Aβ plaques (Dickson et al., 1992).
This aspect is of interest as it could serve for disease prediction
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FIGURE 1 | Stochastic optical reconstruction microscopy (STORM) image of
beta-amyloid plaque and neurofibrillary tangles (NFT) in Alzheimer’s disease
(AD) patient brain slice. (A) Confocal microscopy image of beta-amyloid
aggregates (in red) and neuro-fibrillary tangles (A1) from an AD patient brain
specimen. Super-imposed images are shown in panel (A2). Same senile
plaque as in panel (A), imaged by combining fluorescence microscopy for
beta-amyloid aggregate (B) with STORM microscopy for NFT (B1).
Super-imposed images are shown in panel (B2). Note the difference in
resolution between image in panels (A2) and (B2). Modified from Codron
et al. (2020) under the Creative Commons CC-BY-NC-ND.

and staging and for the evaluation of the effectiveness of
pharmacological treatments. Therefore, beyond the diagnostic
value, tau visualization on a temporal and spatial scale could also
assume prognostic significance. PET uses isotope-conjugated
tracers able to bind to molecules of interest ideally with high
affinity and specificity in order to visualize them. PET has
been successfully used in order to visualize β-amyloid plaques.
Since the pioneering article published by Klunk et al. (2004),
a plethora of tracers have been proposed. More recently,
the approach already undertaken for the visualization of
beta-amyloid aggregates has been extended to NFT. However,
the peculiar structural organization and localization of this
protein constitute a major challenge for the development of
reliable radiotracers (Villemagne and Okamura, 2016; Leuzy
et al., 2019). First, in NFT, tau can be present under different
isoforms and/or posttranslational modifications. In addition,
NFT are located mainly intracellularly; therefore, selective
tracers need to cross the plasma membrane. Among the first
generation of tau PET tracers, there are [18F] THK5351,
[18F]THK5317, [18F]AV1451 (also known as flortaucipir), and
[11C]PBB3. These compounds represented a ‘‘proof of concept’’
in the process of tau PET imaging and their properties have
extensively been examined (Leuzy et al., 2019). A rigorous
and final validation step for PET tracer requires verification
of the correspondence between antemortem PET images with
postmortem immunohistochemical analysis in the same patient.
Despite its usefulness, implementing this paradigm is not
easy and, to date, very few studies are available. Correlation
analysis has been performed by Harada et al. (2018) on an
autopsy-confirmed AD patient (81 years old). The man had a
history of progressive memory impairment and cognitive decline
and underwent PET scanning with the [18F]THK5351 tracer

before death (Harada et al., 2018). The authors reported that
in vivo cortical [18F]THK5351 retention correlated not only
with postmortem tau immunohistochemistry but also with
monoamine oxidase-B (MAO-B) in the whole brain; in addition,
MAO-B correlated with glial fibrillary acid protein (GFAP)
a marker for astrocytes, and therefore they concluded that
[18F]THK5351 PET could be useful to evaluate tau-associated
neuroinflammatory states in AD rather than tau pathology. PET
scanning using the tracer [18F]AV-1451 was performed on a
76-year-old female patient carrying theMAPT R406Wmutation.
This mutation leads to the presence of tau aggregates similar to
those found in AD. Clinically, the patient presented a long history
of cognitive deficits and behavioral abnormalities. Postmortem
immunohistochemical staining for hyperphosphorylated tau
protein showed a strong positive correlation between in vivo
[18F]AV-1451 retention and the density of tau aggregates
(Smith et al., 2016). PET scans with the same tracer have been
performed on three male subjects (age 77, 68, and 56 years
old, respectively) affected by non-Alzheimer tauopathy (two
PSP and one MAPT P301L mutation carrier). In this study, no
significant correlation was reported between in vivo PET and
autoptic examination of tau deposits; therefore, the authors
conclude that [18F]-AV-1451 may not be suited to detect
tau aggregates in these non-AD tauopathies (Marquié et al.,
2017). Lastly, [18F] flortaucipir antemortem PET imaging scans
have been compared with postmortem immunohistochemical
identification of tau pathology using a larger cohort compared
with previous studies (Fleisher et al., 2020). As the authors
suggest, some limitations were present in the study (patients
older than normally selected for clinical trials and tracer
retention in subcortical structures as a potential off-target
effect); however, they conclude that the overall results obtained
support the ability of flortaucipir to bind to NFT and its role in
AD diagnosis.

Works reviewed here clearly demonstrate the difficulties
in obtaining selective ligands for tau. A major concern is
represented by off-target effects. Nonspecific binding could be
due to the presence of β-sheet motives, a common feature
of protein aggregates other than NFT (such as TDP-43,
α-synuclein, et cetera). Another big obstacle is represented by
the heterogeneous structural organization of tau aggregates in
AD and non-AD-related tauopathies. The need for dyes with
better selectivity, affinity, and specificity is opening the door for
the development of a second generation of tau tracers (see Kolb
and André, 2017). Tau structure has recently been described at
atomic level (Fitzpatrick et al., 2017; Kellogg et al., 2018). It is
likely that in the future, growing knowledge in this field will
lead to the development of better tau radiotracers to be used for
clinical purposes.

NEAR-INFRARED PROBES

Several research groups are actively involved in developing
affordable probes/methodologies that could be potentially used
for the diagnosis of tau-based neurodegenerative disorders. A
plethora of approaches using different chemical strategies have
been proposed (Verwilst et al., 2018). In the present paragraph,
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we will examine near-infrared probes (NIR) exclusively as these
seem to be good candidate probes for future in vivo application.
NIR are a class of compounds characterized by an emission
wavelength ranging from ∼650–900 nm of the electromagnetic
spectrum. Optical probes with an emission wavelength falling
in this range facilitate photon penetration into tissue, reducing
the effects of autofluorescence and light scattering (Hilderbrand
and Weissleder, 2010). With respect to the development of
PET probes, the availability of NIR probes for tau aggregates
is limited compared with that for the Aβ amyloid plaques.
Compounds based on boron dipyrrin platform (4,4-difluoro-
4-bora3a,4a-diaza-s-indacene, also known as BODIPY) have
been receiving additional interest for their potential biomedical
applications. These compounds are endowed with interesting
spectroscopic and photodynamic features that can easily be
customized through relatively simple chemical reactions thus
making them suitable for several applications (Durantini et al.,
2018). Based on molecular docking observations, the synthesis
of two BODIPY-based probes selective for tau (Tau1 and Tau2)
has been described (Verwilst et al., 2017). These probes presented
a large Stokes shift, emission at ∼650 nm and high selectivity
for tau. Immunofluorescence experiments performed following
okadaic acid (OA) injection in adult mice, further confirmed
that Tau1 is capable of labeling hyperphosphorylated tau as
costaining with the antibody AT-180 revealed good overlap
between the two signals (Figure 2). A similar result was also
observed using the 3xTg AD mouse model. Beta-amyloid and
tau aggregates are known to be labeled by curcumin, a natural
pigment derived from the rizoma Curcuma longa. Following
structural modification of CRANAD-2, a NIR curcumin-based
probe selective for beta-amyloid (Ran et al., 2009), a tracer
for tau aggregates has been proposed. The derivative 1c was
characterized by a significant change in fluorescence upon
binding to tau fibrils, but fluorescence emission wavelength
was slightly off from the NIR range (∼620 nm). In vitro
experiments confirmed its ability to label intracellular tau
aggregates; however, no experiments on mouse models of
tauopathies nor on postmortem human AD tissues have been
performed (Park et al., 2015). Two more probes (3g and
3h) with better fluorescence emission upon tau aggregates
binding (λem = 650 nm) have been proposed (Seo et al.,
2016); in this case, probe selectivity was tested both in vitro
and on AD human brain slices. Immunofluorescence staining
revealed good merging between signals from the 3g or 3h
probe and the signal given by an antibody against ptau.
Lastly, the compound 2e is characterized by a high specificity
for tau over beta-amyloid, a very interesting fluorescence
emission (λem = 660 nm) and a large Stokes shift (110 nm).
When incubated with AD human brain slices, the probe 2e
displayed a staining pattern that resembled that which was
obtained with an antibody against ptau epitopes (Ser202/Thr205;
Park et al., 2017). A different strategy using small tau
antibody fragments (scFV) conjugated to a near-infrared
fluorescent probe has been reported (Krishnaswamy et al.,
2014, 2018). scFv antibodies have a smaller size compared
with full-length antibodies and offer the possibility to target
specific tau epitopes and are more selective over β-sheet

FIGURE 2 | 4,4-difluoro-4-bora3a,4a-diaza-s-indacene (BODIPY)-based
probe binds to neurofibrillary tangles in a mouse model of AD. (A)
Near-infrared probes (NIR) Tau 1&2 bind to NFT structures. (B)
Immunostaining showing the colocalization between pTau (green signal) and
Tau1 (red signal) in the CA1 (upper panels) and CA3 (lower panels)
hippocampal region of a mouse treated with okadaic acid. Colocalization of
the two signals is shown. Adapted with permission from Verwilst et al. (2017).
Copyright 2017 American Chemical Society.

dyes. Following NIR-labeled scFv235 injection into two mouse
models of tauopathy, in vivo imaging system (IVIS) experiments
allowed a strong and stable signal from the brain of both
JNPL3 and htau/PS1 mice to be detected. Very little signal
was observed in control animals. Moreover, older mice from
both genotypes showed higher signals compared with younger
mice further suggesting the specificity of the scFv 235 antibody
(Krishnaswamy et al., 2014).

CONCLUSIONS AND FUTURE
DIRECTIONS

Advanced imaging methodologies are providing valuable
information about tau structure, interaction with proteins and
organelles, localization, and mechanisms of self-aggregation.
Far from being definitive, these techniques are still under active
development as several limitations need to be overcome. A
critical step for improvement is represented by protein labeling
with fluorescent probes (Wang et al., 2019). Fluorophore-
conjugated antibodies or synthetic compounds have been
used for this purpose; however, in some cases, their size could
represent an obstacle (Sahl et al., 2017). Also, it is reasonable
that the fluorophore may cause steric hindrance thus altering
protein trafficking or delicate mechanisms of protein–protein
interaction. Last, the incomplete labeling could lead to spurious
results; this represents a very critical point for the study of in vitro
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aggregation of misfolded proteins in particular (Cosentino et al.,
2019). It is likely that in the future a refinement of labeling
methods for SRM combined with label-free microscopy (Schierle
et al., 2016) could allow these problems to be overcome. The
development of selective probes for diagnostic purposes is a very
active field of research. NIR-based probes have been proposed
as a valuable approach for the labeling of tau aggregates. Works
reviewed here have indicated reasonably high specificity of
these compounds both in vitro and in vivo. Tau aggregates
have recently been described in the retina of AD patients
(Schön et al., 2012; den Haan et al., 2018; Grimaldi et al., 2019).
It has therefore been proposed that retinal imaging of tau
aggregates could have a role for AD diagnosis (Ngolab et al.,
2019). Although further investigations are needed, NIR probes
represent a valuable tool for this purpose. However, aspects such
as low quantum yield and short emission wavelength must be
taken in account. Also, the solubility of these compounds and
the need for a pharmacophore could represent a clear obstacle
to overcome for further human biomedical application. New
imaging methodologies combined with information about tau

structure will have a profound impact on both clinical and basic
tau research.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia. Its prevalence will significantly
increase in the coming decades, whereas no efficient treatment is currently available. AD has
two main neuropathological lesions: amyloid plaques and neurofibrillary tangles (NFTs). Amyloid
plaques are composed of amyloid ß (Aß) peptides cleaved from the Amyloid Precursor Protein
(APP) (Glenner andWong, 1984). NFTs, present in the brain of AD and related neurodegenerative
diseases, are constituted of tau proteins (Brion et al., 1985) in hyperphosphorylated and aggregated
form (Wang and Mandelkow, 2016).

ENDOLYSOSOMAL ABNORMALITIES IN AD

Evidence from both genetic and biochemical studies supports the involvement of endolysosomal
abnormalities in the development of Alzheimer brain lesions (Van Acker et al., 2019). Enlargement
of endosomes in neurons and peripheral cells is observed at early stage of AD and of Down
syndrome (DS) individuals who are at high risk for AD (Cataldo et al., 1996; Botte and Potier,
2020). The endocytic machinery may thus be a highly vulnerable cascade that undergoes alterations
at the early stages of AD. Importantly, endocytosis is closely linked to the development of both
Aß and tau pathologies. On one hand, it is believed that modifications of the endolysosomal
compartment in AD and DS are mostly linked to increased Aβ production as the amyloidogenic
processing of APP occurs in the endosomal pathway (Koo and Squazzo, 1994; Botte et al., 2020).
On the other hand, uptake of abnormal tau by endocytosis is an important step to sustain tau
spreading from cell to cell (Wu et al., 2013; Evans et al., 2018; Puangmalai et al., 2020; Rauch et al.,
2020). Tau pathology is strongly correlated to functional deficits in AD brains (Nelson et al., 2012).
The brain propagation of tau pathology in AD follows neuroanatomical pathways and can reflect
transmission of abnormal tau proteins from cell to cell in a “prion-like” manner. This transcellular
transfer of abnormal tau is thought to induce recruitment and seeding of the normal soluble tau
proteins into pathological aggregated tau and would need cellular internalization of abnormal
tau through endocytic mechanisms (Mudher et al., 2017). In this review, we mainly focus on
endocytic abnormalities in AD brains, the underlying potential mechanisms, and the relationship
with tau pathology.
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GENETIC RISK FACTORS FOR
LATE-ONSET AD (LOAD) AND
LOAD-RELATED ENDOLYSOSOMAL
PROTEINS

Familial AD (FAD) accounts for <5% of AD cases and is well
characterized by mutations in three genes (APP, PSEN1, and
PSEN2). Although genetic factors are estimated to represent 60%
of the risk to develop LOAD, they remained largely unknown
for a long time except for APOE (Gatz et al., 2006). Genome-
wide association studies (GWAS) and whole genome sequencing
studies (WGS) have identifiedmore than 45 genes/loci increasing
or decreasing the susceptibility to develop LOAD (Lambert
et al., 2013; Dourlen et al., 2019). Some GWAS hit genes
encode key proteins involved in endocytosis and membrane
dynamics such as INPP5D (SHIP1), Bridging Integrator 1
(BIN1), Phosphatidylinositol Binding Clathrin Assembly Protein
(PICALM), Ras and Rab Interactor 3 (RIN3), CD2 Associated
Protein (CD2AP), Sortilin Related Receptor 1 (SORL1), Cas
scaffolding protein family member 4 (CASS4) (Lambert et al.,
2013). In addition, several independent studies have reported the
involvement of genes encoding endolysosomal proteins in AD
such as INPPL1 (SHIP2) (Mostafavi et al., 2018), Synaptojanin-
1 (SYNJ1) (Miranda et al., 2018) and phospholipase D3 (PLD3)
(Cruchaga et al., 2014). The pathophysiological mechanisms by
which these genes may modulate the risk for LOAD are still
not fully understood.

DYNAMIN-DEPENDENT ENDOCYTOSIS
AND LOAD-RELATED ENDOLYSOSOMAL
PROTEINS

The endolysosomal proteins listed above play critical roles at
various steps of dynamin-dependent endocytosis and further
steps (Figure 1A). Endocytosis starts with the recruitment of
endocytic proteins to the plasma membrane subdomain enriched
with phosphatidylinositol (PI) 4,5-bisphosphate [PI(4,5)P2] to
form a clathrin-coated pit (CCP) (Ferguson and De Camilli,
2012;Wang et al., 2019). SHIP2 negatively regulates the dynamics
of CCP formation (Nakatsu et al., 2010) by engaging a change in
PI(3,4)P2 (Ghosh et al., 2018) and PI(4,5)P2 (Elong Edimo et al.,
2016). Membrane invagination starts from this pit by assembling
clathrin and AP-2 with the adaptor protein PICALM (Tebar et al.,
1999). BIN1 is involved in membrane curvature and remodeling
but BIN1 is also detected in the early endosomes of axons in
neurons and is also implicated in recycling BACE1, a ß-site APP
cleaving enzyme present in early endosomes (Ubelmann et al.,
2017). Deep invagination of the bud and narrow neck formation
are assisted by actin polymerization where SYNJ1 and dynamin
interact with their protein partners possessing BAR domains
(Chang-Ileto et al., 2011). After scission of newly formed vesicles
by dynamin, SYNJ1 plays a critical role in clathrin-coated vesicle
uncoating (Cremona et al., 1999). Then, RIN3 joins in the
transport pathway from plasma membrane to early endosomes
(Kajiho et al., 2003). Similarly, CD2AP is detected in the early
endosomes of the dendrites in cultured neurons and is involved

in actin remodeling, membrane trafficking (Lehtonen et al.,
2002) and in APP sorting (Ubelmann et al., 2017). SORL1,
directly interacting with APP, is localized primarily to early
endosomes and the trans-Golgi network, shuttling between these
two membrane compartments (Willnow et al., 2008). Lastly,
PLD3 is implicated in endolysosomal system (Fazzari et al., 2017).
CASS4 is rather implicated in focal adhesion integrity and tau
toxicity (Dourlen et al., 2019). Most of these proteins are directly
or indirectly involved in interactions with actin networks as
described for dynamin (Zhang et al., 2020), SHIP1 (Lesourne
et al., 2005), SHIP2 (Ghosh et al., 2018), BIN1 (Butler et al.,
1997; Drager et al., 2017), SYNJ1 (Sakisaka et al., 1997), CD2AP
(Lehtonen et al., 2002; Lynch et al., 2003; Tang and Brieher,
2013) and CASS4 (Deneka et al., 2015). Tau itself is also involved
in organizing actin networks (Elie et al., 2015). Given that
many of these endocytic proteins are also implicated in synaptic
vesicle endocytosis and focal adhesion formation at the synaptic
cleft, they are assumed to be involved in synaptic dysfunctions
observed in AD (Dourlen et al., 2019; Perdigao et al., 2020).

INVOLVEMENT OF ENDOCYTIC PROTEINS
WITH PROLINE-RICH DOMAIN (PRD) AND
SRC-HOMOLOGY3 (SH3)-DOMAIN IN
ENDOCYTIC ALTERATIONS IN AD

Dynamin-dependent endocytosis is regulated by the interplay
of the interactions between PRD of dynamin and SH3 domain-
containing proteins (Ferguson and De Camilli, 2012). Some of
the endocytic proteins discussed above possess SH2 or SH3
domains and/or PRD (Figure 1B). These endocytic proteins form
an interconnected protein network by direct or indirect protein-
protein interactions. For example, BIN1 directly interacts with
PICALM, SYNJ1, dynamin, RIN3 and tau (Chapuis et al., 2013;
Shen et al., 2020). We hypothesize that dynamin-dependent
endocytosis could be highly vulnerable and sensitive. Firstly,
cyclin-dependent kinase 5 (CDK5), a kinase activated in AD
brains (Patrick et al., 1999), phosphorylates PRD of both
dynamin1 and SYNJ1 to block the interaction with SH3 domains
of their protein partners (Ferguson and De Camilli, 2012).
Secondly, the expression level of each of these endocytic proteins
has a profound effect on endosomal structures. For example,
depletion of SHIP2 accelerates the maturation of CCPs (Nakatsu
et al., 2010) and depletion of PICALM leads to enlargement
of clathrin-coated vesicle sizes (Miller et al., 2015). Likewise,
depletion of BIN1, SYNJ1, CD2AP, and SORL1 results in an
enlargement of early endosomes in cultured cells (Calafate et al.,
2016; Ubelmann et al., 2017; Fasano et al., 2018; Knupp et al.,
2020). In view of the fact that most of the LOAD-related SNPs
reside in noncoding regions of the genome, they are supposed
to play a role in regulating gene expression. Long-term up- or
down-regulation of even one of these endocytic proteins encoded
by LOAD-susceptibility genes might thus provoke endosomal
abnormalities. In other words, endocytic alterations might begin
much earlier than the appearance of AD lesions in the individuals
bearing risk alleles of these GWAS-hit genes.
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FIGURE 1 | (A) Schematic representation of the associations of Alzheimer key proteins in CCP formation and dynamin-dependent endocytosis. Some of the recently

identified AD susceptibility factors are involved in the early and late stages of dynamin-dependent endocytosis. GWAS-hits are shown in pink. SHIP1 is rather

implicated in phagosome formation in macrophages and CASS4 in focal adhesion. SHIP1 and CASS4 are not included in (A). *SHIP2, SYNJ1, and PLD3 are

endolysosomal proteins involved in AD pathogenesis but not categorized as GWAS hits and shown in red. Dynamin is shown in orange. (B) The schematic illustration

of the endolysosomal proteins. Some of them possess SH2, SH3 domains, or PRD. PRD, proline-rich domain; MTR, microtubule binding repeats; PH,

pleckstrin-homology; SH2, Src homology 2; 5-Ptase, phosphoinositide 5-phosphatase domain; SAM, sterile alpha motif; NPxY, a conserved tyrosine phosphorylation

motif (Asn-Pro-x-Tyr); ANTH, AP180 N-terminal homology (ANTH) domain; CLAP, clathrin-associated protein-binding; AD1CLAP, A second sub-domain without

clearly crucial motifs for clathrin binding. CNS, central nervous system; BAR, BIN/Amphiphysin/Rvs; SH3, Src homology 3; SAC1, suppressor of actin 1; RH,

RIN-homology; Vps, vacuolar protein sorting; RA, Ras-association (RA); CC, coiled coil; TM, transmembrane; PDE, phosphodiesterase; SH2 Binding, tyrosine

phosphosite-enriched domain containing binding sites for partners with SH2 domains; FLSR, central serine rich region; FAT, focal adhesion targeting domain; EGF,

epidermal growth factor; CR cluster, complement-type repeat domains; FNIII, fibronectin type III repeats. *It has to be noted that tau, dynamin, SHIP2, SYNJ1, and

PLD3 are not GWAS hits. (C) Schematic summary of our hypothesis. Genetic factors are linked to both APP processing (Aß production) and tau pathology via actin

network, PI metabolism and endolysosomal pathway/autophagy, leading to neuronal dysfunctions. PI metabolism is modulated by both Aß (Berman et al., 2008) and

tau (Hwang et al., 1996). Aß is linked to tau by accelerating brain tau-seeded pathology (He et al., 2018; Vergara et al., 2019).

INTERACTIONS BETWEEN TAU,
ENDOCYTOSIS REGULATION, AND
PHOSPHOINOSITIDES

Given that endocytic proteins such as SHIP1, SHIP2, and
SYNJ1 are PI-5-phosphatases involved in PI metabolism (Ramos
et al., 2019), we hypothesize that upstream dysregulation of PI
metabolism in AD brains may as well accelerate AD pathology.
PIs act as signaling molecules in several biological functions,
including membrane dynamics, cell adhesion, autophagy, and
endocytosis. The homeostasis of PIs, tightly regulated by PI
kinases and phosphatases in healthy cells (Di Paolo and De
Camilli, 2006), is dysregulated in AD brains (Stokes and

Hawthorne, 1987; Jope et al., 1994; Morel et al., 2013). While
Aß modulates PI(4,5)P2 metabolism (Berman et al., 2008;
He et al., 2019), PI(4,5)P2 may as well be involved in the
formation of tau pathology. PI(4,5)P2 directly interacts with
tau (Surridge and Burns, 1994) and can induce fibrillization
of recombinant tau in vitro (Talaga et al., 2018). Indeed,
PI(4,5)P2 is abnormally concentrated with lipid raft markers
in NFTs and in granulovacuolar degeneration bodies in post-

mortem brain tissues of AD and other tauopathies (Nishikawa
et al., 2014) and is associated with several tau kinases in
the raft structures (Nishikawa et al., 2016). Furthermore, tau
possesses a PRD composed of seven Pro-X-X-Pro (PXXP)
motifs, in its central domain (Figure 1B). Tau interacts with
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various SH3-containing proteins including phospholipase C
(PLC) γ1 (Reynolds et al., 2008). PLC hydrolyses PI(4,5)P2 to
generate diacylglycerol (DAG) and inositol 1,4,5-trisphosphate
[Ins(1,4,5)P3], an important second messenger to mobilize
calcium from internal stores. Tau modulates cellular signaling
by interacting with PLC γ1 thereby enhancing the cleavage of
PI(4,5)P2 (Hwang et al., 1996). In vitro phosphorylation of tau
by GSK3ß, a kinase abnormally activated in AD brains (Leroy
et al., 2007), significantly decreases interaction with some of its
SH3-containing partners such as PLC γ1 (Reynolds et al., 2008).
This implies that interactions between tau and its SH3-containing
partners including PLC γ1 are likely to be disrupted in AD brains.
Tau hyperphosphorylation may thus trigger dysregulation of PI
metabolism and the upstream cascade of endocytosis (Wallroth
and Haucke, 2018). It is also speculated that some of the proteins
possessing SH2 and SH3 domains and/or PRDmay be influenced
by the release of “free” SH3 domains of tau partners due to
tau detachment. On the other hand, the somatodendritic tau
concentration is∼8-fold higher in AD compared to age-matched
controls (Khatoon et al., 1992). Tau is associated with some of
these endocytic proteins such as BIN1 (Calafate et al., 2016;
Sartori et al., 2019), PICALM (Ando et al., 2013, 2016, 2020a)
and SYNJ1 (Ando et al., 2020b). By direct interaction with tau,
these endocytic proteins may (i) play roles in internalization of
pathological tau during endocytosis by directly binding to tau, (ii)
undergo a significant alteration in their subcellular localizations
due to sequestration by tau. Some endocytic proteins interacting
with phosphorylated tau are significantly decreased from the
soluble fraction of AD brain lysates as observed for PICALM
(Ando et al., 2016) and SYNJ1 (Ando et al., 2020b). While
PICALM and SYNJ1 play critical roles in endocytosis, they also
modulate autophagy (Moreau et al., 2014; Vanhauwaert et al.,
2017). It is presumed that tau sequestration of such endocytic
proteins could also lead to defects in both endolysosomal and
autophagy pathways, central network to clearance of cellular
macromolecules including Aß and tau.

DISCUSSION

Many of the endocytic machinery proteins implicated in
AD risk possess SH2, SH3 domains, and/or PRD and are

involved in actin dynamics as well as in regulation of PIs.
Because the endocytic machinery needs fine-tuned regulation
of PIs and endocytic protein-protein interactions, the endocytic
pathway must be highly vulnerable. Dysregulation of even
one of these endocytic proteins could lead to significant
endocytic abnormalities. Hyperphosphorylation of tau may
further accelerate endocytic dysregulation. Genetic risk factors
and tau pathology might well have profound impacts on
synaptic functions, endolysosomal/autophagic pathways, and
APP processing via dysfunction of endocytosis, actin network,
and PI metabolism (Figure 1C). Endolysosomal/autophagic
abnormalities are also linked to both Aß and tau pathologies.
Aß and tau are also tightly linked: Aß inhibits proteasome
pathway (Almeida et al., 2006) and accelerates tau pathology
progression (He et al., 2018; Vergara et al., 2019). Several
genetic risk factors for LOAD may have pathological effects
by inducing endocytic abnormalities leading to Aß production,
tau pathology progression, synaptic failure, and deficits in
membrane dynamics, all events observed in the progression
of AD.
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Tau protein is subject to phosphorylation by multiple kinases at more than 80 different
sites. Some of these sites are associated with tau pathology and neurodegeneration,
but other sites are modified in normal tau as well as in pathological tau. Although
phosphorylation of tau at residues in the microtubule-binding repeats is thought to
reduce tau association with microtubules, the functional consequences of other sites
are poorly understood. The AT8 antibody recognizes a complex phosphoepitope site
on tau that is detectable in a healthy brain but significantly increased in Alzheimer’s
disease (AD) and other tauopathies. Previous studies showed that phosphorylation
of tau at the AT8 site leads to exposure of an N-terminal sequence that promotes
activation of a protein phosphatase 1 (PP1)/glycogen synthase 3 (GSK3) signaling
pathway, which inhibits kinesin-1-based anterograde fast axonal transport (FAT). This
finding suggests that phosphorylation may control tau conformation and function.
However, the AT8 includes three distinct phosphorylated amino acids that may be
differentially phosphorylated in normal and disease conditions. To evaluate the effects of
specific phosphorylation sites in the AT8 epitope, recombinant, pseudophosphorylated
tau proteins were perfused into the isolated squid axoplasm preparation to determine
their effects on axonal signaling pathways and FAT. Results from these studies suggest a
mechanism where specific phosphorylation events differentially impact tau conformation,
promoting activation of independent signaling pathways that differentially affect FAT.
Implications of findings here to our understanding of tau function in health and disease
conditions are discussed.

Keywords: tau phosphorylation, fast axonal transport, signal transduction, GSK3, JNK, PP1

INTRODUCTION

Tau is a neuronal microtubule-associated protein enriched in axons, which becomes abnormally
phosphorylated and aggregated in a group of neurodegenerative diseases including Alzheimer’s
disease (AD), collectively known as tauopathies (Wang and Mandelkow, 2016). Due to early
work showing tau promotes microtubule assembly in vitro, the major functional role of tau has
been thought to be microtubule stabilization (Weingarten et al., 1975). However, tau has a highly
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dynamic secondary structure and post-translational
modifications, including phosphorylation, might stabilize
specific conformations. Furthermore, a wide variety of
observations support additional roles for this protein,
including regulation of intracellular organelle trafficking
through modulation of phosphotransferases (Kanaan et al.,
2013; Kneynsberg et al., 2017). Such roles appear consistent with
findings of tau interactions with various protein kinases and
phosphatases (Lee et al., 1998; Liao et al., 1998; Sun et al., 2002;
Sontag et al., 2012).

In its soluble monomeric form, WT tau displays a highly
dynamic secondary structure (Melková et al., 2019) but
the monomers mainly adopt a ‘‘paperclip’’ conformation,
where the N- and C-terminals fold in towards the central
microtubule-binding domains (Jeganathan et al., 2006). Tau is a
major phosphoprotein in the brain, with over 80 potential
phosphorylation sites. Of those, approximately 50 may
be phosphorylated in normal development and/or disease
conditions (Šimi ć et al., 2016). Phosphorylation has been
shown to impact tau conformation with pseudophosphorylation
of the AT8 (pS199, pS202, pT205) or PHF1 (pS396, pS404)
antibody epitopes promoting ‘‘open’’ conformations where
both the N- and C-termini are displaced away from the
central microtubule-binding domains (Jeganathan et al., 2008;
Bibow et al., 2011; Kanaan et al., 2011; Combs and Kanaan,
2017). However, several questions remain about the effects of
phosphorylation of tau at specific sites. Phosphorylated sites
within the AT8 antibody epitope (pS199, pS202, pT205) are of
particular interest, as these sites are detected in normal brain
tissues and widespread AT8 immunoreactivity is frequently used
for the diagnosis of tauopathies (Goedert et al., 1993; Watanabe
et al., 1993; Maurage et al., 2003). Moreover, the question of how
these conformational changes may affect tau function other than
microtubule-binding has not been addressed.

Our prior work has linked conformation-dependent effects
of tau on fast axonal transport (FAT), a cellular process
involving bidirectional translocation of organelles along axons
(Kneynsberg et al., 2017). Anterograde FAT delivers organelle
cargoes carried by members of the kinesin superfamily of
motor proteins, away from the cell body towards the synapse,
whereas cytoplasmic dynein carries other cargoes in the
retrograde direction (Morfini et al., 2016; Brady and Morfini,
2017). Studies in the isolated squid axoplasm model showed
that monomeric tau pseudophosphorylated at all three S/T
residues in the AT8 epitope (hTau40-AT8) selectively inhibited
kinesin-1-based anterograde FAT (Kanaan et al., 2011). This
inhibitory effect was associated with aberrant exposure of
an 18 amino acid biologically active domain at the amino
terminus of tau termed the phosphatase activating domain
(PAD). Increased PAD exposure leads to activation of a
protein phosphatase 1 (PP1)-glycogen synthase 3β (GSK3β)
signaling pathway, which in turn promotes detachment of
kinesin-1 from its transported organelle cargoes (Kanaan et al.,
2011). Intriguingly, there is considerable overlap between tau
phosphospecies found in the context of tauopathies and those
seen in normal developing or adult brains, including the
AT8 epitope (Matsuo et al., 1994; Kimura et al., 2016b)

suggesting these tau phosphospecies may have a normal function
in the regulation of FAT.

Collectively, the observations above prompted us to evaluate
whether phosphorylation of monomeric tau at selected residues
within the AT8 epitope (S199, S202, T205 in hTau40) suffice to
confer upon tau a modulatory effect(s) on FAT. Surprisingly,
we found that pseudophosphorylation of selected residues
sufficed for monomeric tau to inhibit either anterograde
FAT or both anterograde and retrograde FAT. Additionally,
we present evidence linking these effects to PAD exposure
and activation of selected kinase pathways. Collectively,
findings here are consistent with a mechanism linking
residue-specific phosphorylation of tau, stabilization of unique
conformations, and activation of selected phosphotransferase
signaling pathways. Implications of these findings to disease and
developmental-related roles of tau are discussed.

MATERIALS AND METHODS

Reagents and Antibodies
The following antibodies were used for Western blots: KHC
(H2 clone; Pfister et al., 1989); Total GSK3 (Cell Signaling
Technology #D75D3); pJNK (Cell Signaling Technology #9251).
Anti-dp-ser9/21-GSK3α/β (clone 15C2; Grabinski and Kanaan,
2016) and anti-tau (clone TNT1) were provided by Dr. Nicholas
Kanaan (Michigan State University).

Recombinant Tau Proteins
Recombinant tau proteins in Figure 1 were prepared as
previously described (Tiernan et al., 2016; Combs et al., 2017).
Single or multiple pseudophosphorylation point mutations
were introduced into a cDNA construct encoding full-length
hTau40 using Quikchange II XL Site-Directed Mutagenesis Kit
(Agilent) and confirmed by Sanger sequencing. All constructs
included a C-terminal 6× Histidine tag to aid protein
purification. For protein expression, cDNA constructs encoding
WT or pseudophosphorylated hTau40 were transformed in
Rosetta2 competent cells (Novagen) and starter cultures (100 ml)
were incubated overnight at 37◦C with shaking before being
used to inoculate TB with 0.2% glucose (1 L). Cultures were
incubated for a further 3 h to an OD600 ∼0.8 at which time
IPTG (Isopropyl β-D-1-thiogalactopyranoside) was added to a
final concentration of 0.4 mM to induce protein expression. After
3 h, bacteria pellets were collected by centrifugation at 8,000 g
and resuspended in lysis buffer (500 mM NaCl, 10 mM Tris, 5
µM Imidazole) with protease inhibitor cocktail (Sigma–Aldrich).
Cells were sonicated on ice and tau was purified from cleared
lysates with Talon Metal Affinity Resin as per the manufacturer’s
instructions (Takara Bio). Eluted proteins were concentrated
and buffer exchanged into 50 mM HEPES, 100 mM KCl using
Amicon 30 kDa columns (Millipore).

Squid Axoplasm Vesicle Motility Assays
Axoplasms were extruded from giant axons of the squid
Loligo pealii (Marine Biological Laboratory) as described
(Song et al., 2016). Tau recombinant proteins were diluted
into buffer X/2 (175mM potassium aspartate, 65mM taurine,
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FIGURE 1 | Schematic of recombinant tau proteins used. (A) hTau40-WT corresponds to the longest isoform of human CNS tau containing two N-terminal inserts
(exons 2 and 3) and four microtubule-binding repeats. (B) The hTau40-S199E, hTau40-S202E, and hTau40-T205E recombinant proteins were each
pseudophosphorylated by a single point mutation (S→E or T→E) of the AT8 epitope. (C) The hTau40-S199E/S202E and hTau40-S202E/T205E recombinant
proteins were pseudophosphorylated at two combinations of the individual mutation sites. (D) Each recombinant tau protein was run on SDS–PAGE (1 µg/lane) and
the gel was stained with Coomassie to show each protein. ∗DnaK (∼70 kDa) copurifies with tau protein (Combs et al., 2017).

35mM betaine, 25mM glycine, 10mM HEPES, 6.5mM
MgCl2, 5mM EGTA, 1.5mM CaCl2, 0.5mM glucose, pH 7.2)
supplemented with 5mM ATP and perfused into isolated squid
axoplasm at final concentration of 2 µM. For TNT1 blocking
experiments (Figure 3), tau recombinant proteins were
incubated with 3 mg/ml TNT1 for 1 h on ice before the
addition of buffer X/2 and perfusion. Vesicle motility was
analyzed on a Zeiss Axiomat with a 100×, 1.3N.A. objective,
and differential interference contrast optics. Images were
acquired using a Model C2400 CCD through a Hamamatsu
Argus 20 and further process using a Hamamatsu Photonics
Microscopy C2117 video manipulator for image adjustment and
generation of calibrated cursors and scale bars. Anterograde and
retrograde FAT rates were measured by matching calibrated
cursor movements to the speed of vesicles moving in the
axoplasm over 50 min. FAT rates were plotted as a function
of time.

Immunoblotting-Based Analysis of Kinase
Activity in Squid
Lysates were prepared from ‘‘sister’’ axoplasms as described
(Kang et al., 2016). Briefly, two axons from an individual squid
were dissected and extruded onto glass slides. One axoplasm
was perfused with a Control perfusion mix (Buffer X/2) and
the other with an Experimental perfusion mix (5 µM Tau
recombinant protein). After 50 min incubation, axoplasms were
collected in 1% SDS and 6× sample buffer in preparation
for immunoblotting.

Squid axoplasm lysates were run on 4–12% Bis/Tris gels
(Invitrogen) in MOPS buffer and proteins were transferred to
PVDF membrane (Bio-Rad) using Towbin buffer with 10%
methanol. Membranes were dried for at least 1 h before
being reactivated in methanol and blocked in 1% milk in
TBS supplemented with 2 mM Sodium Orthovanadate and

10 mM Sodium Fluoride to block phosphatase activity present
in milk. Primary antibodies were incubated overnight diluted
in 1% BSA in TBS supplemented as before. Goat anti-mouse
or goat anti-rabbit secondary antibodies (LiCor) were incubated
for 1 h at RT and immunoblots visualized using a LiCor
Odyssey Fc imaging system. LiCor ImageStudio Lite was used for
quantitation of signal intensity.

Statistics
All experiments were repeated at least three times (specific
n values shown in Figures). For vesicle motility assays,
the difference between the mean of velocity measurements
obtained between 0–10 and 30–50 min after perfusion was
calculated for both anterograde and retrograde FAT in each
experiment. For biochemistry experiments, signal intensities
of ‘‘sister’’ axoplasms were quantified as described in Section
‘‘Immunoblotting-Based Analysis of Kinase Activity in Squid’’
(Kang et al., 2016). Experiments were analyzed by unpaired
(vesicle motility assay) or paired (biochemistry) Student’s t-test.
Statistical tests were carried out in Graphpad Prism 7 software
and significance was at p < 0.05 for all experiments.

RESULTS

Pseudophosphorylated Tau Proteins Can
Inhibit Axonal Transport
Tau is a well-documented phosphoprotein that undergoes
phosphorylation at multiple potential sites in vivo (Šimi ć et al.,
2016). Among several well-characterized phosphorylation sites,
there is considerable overlap of tau residues phosphorylated
during development and in tauopathies (Brion et al., 1993;
Goedert et al., 1993; Yu et al., 2009). To date, the functional
significance of specific phosphorylation events in tau has
mainly been limited to measuring their impact on aggregation
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or microtubule-binding, without consideration of other
potential functions. One exception is the AT8 epitope,
comprising a set of phosphorylation sites prominent both
in AD and during development (Matsuo et al., 1994; Kimura
et al., 2016b). Previously, we evaluated the effect of triply
pseudophosphorylated hTau-AT8 on FAT using vesicle
motility assays in the isolated squid axoplasm preparation
(Kanaan et al., 2011). This assay is a well-characterized ex
vivo model system that allows for quantitative analysis of
anterograde and retrograde FAT (Song et al., 2016). When
perfused in squid axoplasm hTau-AT8 monomers specifically
inhibited anterograde, kinesin-1-dependent FAT through a
mechanism involving exposure of PAD and activation of a
PP1-GSK3β pathway, which in turn promoted detachment
of the anterograde FAT motor kinesin-1 from its transported
cargoes (Morfini et al., 2002, 2004; LaPointe et al., 2009;
Kanaan et al., 2011).

The findings above established a mechanism linking a
specific pathological tau species (tau triply phosphorylated at the
AT8 epitope) to PAD exposure and activation of a downstream
PP1-GSK3β signaling pathway. However, ample data exists
showing that some tau phosphospecies are detectable in the
normal and pathological brain including phosphorylation of
some, but not all three S/T residues in the AT8 antibody
epitope. For example, pS202 and pT205 tau are detected
in cerebrospinal fluid of AD patients, with pT205 showing
the highest correlation with disease progression (Barthélemy
et al., 2020). Additionally, tau phosphorylated at S199 and
S202 residues are enriched in the somatodendritic compartment,
whereas tau phosphorylated at T205 mainly localizes to axons
(Binder et al., 1985; Hernández et al., 2003). Based on
these precedents we examine more closely whether defined
phosphorylation sites in the AT8 epitope, individual or in two
combinations, suffice to confer upon WT tau a modulatory
effect(s) on FAT.

Pseudophosphorylated forms of recombinant tau proteins
were generated featuring triple mutation of serine and threonine
residues within the AT8 epitope (S199E, S202E, T205E) to
glutamic acid, which mimics the negative charge effect associated
with phosphorylation (Figure 1). Following expression in
bacteria, purified before being tested using vesicle motility
assays in the squid axoplasm preparation (Figure 2). As
shown in Figure 2A, perfusion of htau40-WT monomers
did not affect either anterograde or retrograde FAT, a
result consistent with our prior work (Morfini et al., 2007;
LaPointe et al., 2009; Kanaan et al., 2011). Similarly, hTau40-
S202E did not affect FAT rates in either the anterograde
(Figures 2B,G) or retrograde (Figures 2B,H) directions.
By contrast, htau40-T205E selectively inhibited anterograde
(Figures 2D,G), but not retrograde FAT (Figures 2D,H), much
as reported for AT8 tau (S199E/S202E/T205E; Kanaan et al.,
2011). Surprisingly, hTau40-S199E was found to inhibit both
anterograde (Figures 2C,G) and retrograde FAT (Figures 2C,H)
an effect previously observed with aggregated hTau40-S422E
(Tiernan et al., 2016). Taken together, these results revealed
that single pseudophosphorylation of tau at either S199 or
T205 residues sufficed to confer uponmonomeric tau differential

effects on FAT and tau conformation, whereas phosphorylation
at S202 did not.

Next, we set out to determine whether the effects elicited
by hTau40-T205E and hTau40-S199E on FAT were impacted
by phosphorylation of the adjacent S202 residue. As shown
in Figures 2E,G,H, hTau40-S199E/S202E significantly inhibited
FAT in both directions, like hTau40-S199E. By contrast,
hTau40-S202E/T205E significantly inhibited retrograde FAT
(Figures 2F,H). Although the effects of hTau40-S202E/T205E
on anterograde FAT did not reach significance, there was
a clear trend towards reduced rates that may have reached
significance with longer incubation (Figure 2G). Thus, while
pseudophosphorylation of the S202 residue did not change the
effects of hTau40-S199E on either FAT direction, it modulated
the effects of hTau40-T205E on FAT and tau conformation.

Differential Effects of
Pseudophosphorylated Tau Proteins on
Fast Axonal Transport Involve
PAD-Dependent and PAD-Independent
Pathways
Exposure of PAD in tau, an event associated with various
pathological post-translational modifications, has been shown
to trigger a PP1-GSK3β pathway that inhibits anterograde FAT
(Kanaan et al., 2011). To explore whether inhibition of FAT
elicited by pseudophosphorylated tau proteins involves PAD
exposure, we performed co-perfusion experiments (Figure 3).
Specifically, we evaluated the ability of the TNT1 antibody,
which binds to PAD (Figure 3A; Kanaan et al., 2011) to
prevent inhibitory effects of hTau40-S199E, hTau40-T205E, and
hTau40-S202E/T205E on FAT. Recombinant tau proteins were
preincubated with TNT1 antibody for 1 h before perfusion
into the isolated squid axoplasm for the vesicle motility assay
(Figure 3A). Perfusion of TNT1 antibody alone did not affect
either direction on FAT (data not shown).

Co-perfusion of TNT1 with hTau40-T205E prevented
inhibition of anterograde FAT by this protein (Figures 3C,E). By
contrast, co-perfusion with TNT1 failed to prevent the inhibitory
effect of hTau40-S199E in either anterograde (Figures 3B,E) or
retrograde (Figures 3B,F) directions. These results indicated
that exposure of the PAD is necessary for hTau40-T205E to
inhibit anterograde FAT and that hTau40-S199E inhibits both
directions of FAT through a PAD-independent mechanism.
Co-perfusion of TNT1 antibody did not change the effects
of hTau40-S202E/T205E on FAT, which mildly inhibited
anterograde FAT and significantly inhibited retrograde FAT,
indicating that pseudophosphorylation at both of these sites
in the same protein does not promote PAD exposure, and
suggested that modifying both S202 and T205 induces a different
conformation of tau than modification of T205 only.

Differential Effects of htau40-T205E and
htau40-S199E on FAT Involve Activation of
Distinct Kinase Signaling Pathways
Exposure of PAD leads to activation of GSK3β, which in
turn inhibits anterograde FAT by phosphorylating light chain
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FIGURE 2 | Differential phosphorylation of tau within the AT8 epitope can inhibit either anterograde or both directions of fast axonal transport (FAT). (A–F) The
vesicle motility assay in isolated squid axoplasm is an ex vivo model system that allows for simultaneous, quantitative analysis of anterograde and retrograde FAT
(Song et al., 2016). Graphs are plotted as velocity (µm/s) against time with right arrows (I) indicating anterograde data points and left arrows (J) indicating
retrograde data points. (A) Perfusion of WT tau monomers did not affect the rate of axonal transport in either the anterograde or retrograde direction. (B)
hTau40-S202E monomers were not sufficient to inhibit FAT in either the anterograde or retrograde directions. (C) In contrast, Tau monomers pseudophosphorylated
at serine 199 (hTau40-S199E) inhibited FAT in both directions, whereas (D) pseudophosphorylation of tau monomers at threonine 205 (hTau40-T205E) selectively

(Continued)
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FIGURE 2 | Continued
inhibited anterograde FAT. (E) Pseudophosphorylation of tau monomers at
serine 199 and serine 202 (hTau40-S199E/S202E) inhibited FAT in both
directions whereas (F) tau monomers pseudophosphorylated at serine
202 and threonine 205 (hTau40-S202E/T205E) inhibited retrograde FAT with
a trend towards inhibition of anterograde FAT. (G) Quantitative analysis of FAT
demonstrated that S199E (n = 5; p = 0.011), T205E (n = 7; p = 0.016), and
S199E/S202E (n = 5; p = 0.003) significantly inhibited anterograde FAT
compared to hTau40-WT (n = 6). By contrast, S202E (n = 6, p = 0.469) and
S202E/T205E (n = 5; p = 0.101) were not significantly different from
hTau40-WT, although anterograde FAT showed a tendency for reduction with
S202E/T205E that may become significant after longer incubation. (H)
Compared to hTau40-WT, retrograde FAT was significantly inhibited by S199E
(n = 5; p = 0.019), S199E/S202E (n = 5; p = 0.016), and S202E/T205E
(n = 5; p = 0.038) but was unaffected by S202E (p = 6; p = 0.102) and T205E
(n = 7; p = 0.077). All scatter plots are presented as mean ± 95% confidence
interval.

subunits of kinesin-1 (Morfini et al., 2002; Kanaan et al., 2011).
Results from co-perfusion experiments suggested that hTau40-
T205E may also act through this pathway (Figures 3C,E).
To evaluate this possibility, we performed immunoblotting
experiments in ‘‘sister’’ axoplasms perfused with either buffer
X/2 alone (control) or with hTau40-T205E (diluted in Buffer
X/2). Immunoblots were developed using a well-characterized
antibody that selectively recognizes active GSK3β species
dephosphorylated at the regulatory serine 9 residue (anti-dpS9-
GSK3β; Figure 4). Dephosphorylation of this critical regulatory
residue in GSK3β by any of several protein phosphatases,
including PP1, represents a major activation mechanism for
this kinase (Grabinski and Kanaan, 2016). A phosphorylation-
independent antibody against GSK3β provided an internal
protein loading control (anti-Total GSK3β). Due to variation in
baseline kinase activation among different squid, all comparisons
were pairwise between sister axoplasms (Figure 4A; Kang et al.,
2016), visualized in Figure 4B (hTau40/Buffer X/2). Perfusion
of hTau40-WT (Figures 4B,C) or hTau40-S199E (Figures 4B,D)
did not affect GSK3β activity. In contrast, perfusion of hTau40-
T205E tau caused a statistically significant increase in anti-
dpGSK3β/anti-Total GSK3β immunoreactivity ratios, indicative
of GSK3β activation (Figure 4E).

When perfused in axoplasm, hTau40-S199E inhibited both
directions of FAT and these effects were not rescued by TNT1
co-perfusion (Figures 3B,E,F). Prior work revealed several
kinases that inhibit both directions of FAT, including selected
JNK (JNK3) and p38 kinase (p38β) isoforms (Brady andMorfini,
2017). Interestingly, JNKs are well known to be activated in
AD (Pei et al., 2001; Zhu et al., 2001; Yarza et al., 2015)
and were previously implicated as a downstream effector of
trafficking defects in tau knockout Drosophila (Voelzmann et al.,
2016). Based on these precedents, lysates prepared from sister
axoplasms perfused with hTau40-WT and hTau40-S199E were
analyzed for activation of JNK kinases by immunoblotting with
an antibody that recognizes phosphorylated, catalytically active
JNKs (pJNK). An antibody that recognizes heavy chain subunits
(KHC) of squid kinesin-1 (Brady et al., 1990) was used for
normalization purposes (Figure 5A). As shown in Figures 5B,D,
hTau40-S199E perfusion significantly increased pJNK/KHC

immunoreactivity ratios, whereas hTau40-WT (Figures 5B,C)
or hTau40-T205E (Figures 5B,E) did not. Taken together, these
experiments indicate activation of different downstream kinase
pathways by hTau40-T205E and hTau40-S199E in a manner
dependent and independent of PAD, respectively.

DISCUSSION

Tau was originally identified through its interactions with
microtubules (Weingarten et al., 1975). Subsequent studies on
tau function naturally focused on microtubule binding. Studies
on the role of tau in AD and other tauopathies established a
high level of phosphorylation for tau as a major histopathological
hallmark (Wang and Mandelkow, 2016). Consistent with the
focus on microtubule binding, increased phosphorylation of
tau in pathological states correlated with reduced binding to
microtubules. However, tau has more than 80 sites that can
be phosphorylated and most of these sites are not associated
with the microtubule-binding repeats (Šimi ć et al., 2016). This
raised the question of how tau phosphorylation at sites that are
heavily phosphorylated in pathological tau affects tau functions
or structure.

Previously, we reported that triple pseudophosphorylation at
the AT8 epitope (S199, S202, T205) led to a conformational
change in tau that exposed a biologically active motif
in the N-terminal of tau that is normally sequestered in
dephosphorylated tau (Kanaan et al., 2011). This sequence (the
Phosphatase Activating Domain or PAD) activates a PP1/GSK3β
signaling pathway resulting in specific inhibition of anterograde
FAT (Morfini et al., 2004; LaPointe et al., 2009; Kanaan et al.,
2011). PAD undergoes aberrant exposure during early disease
stages in tauopathies, in a manner concomitant with progressive
tau aggregation and phosphorylation at the AT8 epitope (Kanaan
et al., 2011, 2016; Combs et al., 2016). These studies provided
a potential mechanism linking pathological forms of tau to
deficits in FAT and axonal pathology in the context of AD
and other tauopathies (Kneynsberg et al., 2017). However, tau
also undergoes extensive phosphorylation during development,
including at selected sites within the AT8 epitope (Goedert
et al., 1993; Watanabe et al., 1993). In vivo, the three residues
within the AT8 epitope (S199, S202, T205) can be differentially
phosphorylated either singly or in different combinations
(Binder et al., 1985; Maurage et al., 2003; Barthélemy et al., 2019).
Based on these precedents, we sought to evaluate the effects
of phosphorylation of tau at single and doubly phosphorylated
residues in the AT8 epitope had any effect(s) on FAT.

Despite the proximity of the three phosphorylation sites
analyzed here, we found that single phosphorylation at
S199 or T205, but not at S202, produces monomeric tau
that differentially affects FAT by activation of two distinct
downstream signaling pathways. Specifically, hTau40-T205E
inhibited anterograde FAT through a mechanism involving
exposure of the N-terminal PAD and PP1/GSK3β activation, as
seen with hTau40-AT8 in prior studies (Kanaan et al., 2011).
By contrast, perfusion of hTau40-S199E inhibited FAT in both
directions, an effect previously seen with aggregated hTau40-
S422E (Tiernan et al., 2016). In a model that encompasses
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FIGURE 3 | Specific inhibition of anterograde FAT can be blocked by incubation with a PAD antibody. (A) Pseudophosphorylated tau monomers were incubated
with TNT1 antibody which specifically binds the PAD (Kanaan et al., 2011) for 1 h before perfusion into the isolated squid axoplasm. (B) Even after incubation of
hTau40-S199E with TNT1 FAT was still inhibited in both directions. (C) Incubation of TNT1 with hTau40-T205E prevented the specific inhibition of anterograde FAT.
(D) Co-perfusion of TNT1 with hTau40-S202E/T205E did not prevent inhibition of FAT. (E) Quantitative analysis of anterograde FAT revealed no significant difference
between hTau40-S199E perfused with (n = 4) or without (n = 5) incubation with TNT1 (p = 0.223). By contrast, hTau40-T205E + TNT1 (n = 3) was comparable to
hTau40-WT (n = 5; p = 0.430) and was significantly different to hTau40-T205E without TNT1 (n = 7; p < 0.001). There was no significant difference between
hTau40-S202E/T205E alone (n = 5) or hTau40-S202E/T205E + TNT1 (n = 4; p = 0.466). (F) hTau40-S199E + TNT1 (n = 3) still significantly inhibited retrograde FAT
compared to hTau40-WT (n = 5; p = 0.008). hTau40-T205E (n = 7) did not inhibit retrograde FAT and there was no change with TNT1 (n = 3; p = 0.389).
hTau40-S202E/T205E + TNT1 (n = 3) was not significantly different from hTau40-S202E/T205E alone (n = 4; p = 0.577). All scatter plots are presented as
mean ± 95% confidence interval.

the data here (Figure 6), phosphorylation of monomeric
tau at specific residues induces distinct conformations that
increase the exposure of the PAD or another yet to be
determined biologically active domain(s). In turn, these domains
differentially trigger activation of a PP1-GSK3β pathway or
a MAPK pathway leading to JNK kinases. The differences
in downstream effects of individually pseudophosphorylated
monomeric tau indicate a high degree of complexity in the
manner by which phosphorylation promotes conformational
change(s) and alters tau function.

Tau is generally classified as an intrinsically disordered
protein. However, multiple studies have indicated that
monomeric tau normally folds into a ‘‘paperclip’’ conformation
with the N- and C-terminals near the central microtubule-

binding domains (Jeganathan et al., 2008; Bibow et al., 2011;
Di Primio et al., 2017). In vitro, pseudophosphorylation
of the AT8 epitope exposes the N-terminal whereas
pseudophosphorylation at the C-terminal PHF1 epitope
promotes exposure of the C-terminal (Jeganathan et al.,
2008). Our results suggest that the relationship between
tau’s phosphorylation state and its conformation is more
complex than a simple opening up of the N- or C- terminals,
as three closely linked phosphorylation sites confer upon
tau distinct effects on FAT and kinase-based signaling.
Pseudophosphorylation at T205E effects similar to the effects
of triple phosphorylation (Kanaan et al., 2011), exposing the
N-terminal PAD and activating a PP1/GSK3 signaling pathway
that is blocked by TNT1. In contrast, S199E inhibited both
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FIGURE 4 | hTau40-T205E activates GSK3β. (A) Representative images showing immunoblots of lysates from three “sister” axoplasm pairs, each obtained from a
single independent squid (squids 1–3; Kang et al., 2016). Each “sister” axoplasm pair was perfused with either Buffer X/2 (control) vs. hTau40-WT monomers, Buffer
X/2 vs. hTau40-S199E monomers, or Buffer X/2 vs. hTau40-T205E monomers. After a 50-min incubation, axoplasm lysates were prepared, separated by
SDS–PAGE and immunoblots revealed using antibodies recognizing (active) dephosphorylated-ser9-GSK3β and total GSK3β. (B) Quantitation of dpGSK3β

immunoblot signal (normalized to total GSK3β) for “sister” axoplasm pairs (hTau40/Buffer X/2; n = 5 axoplasm pairs for each hTau40 pseudophosphorylated protein).
(C–E) Quantification of active dp-GSK3β immunoblot signal normalized to total GSK3β revealed that perfusion of hTau40-T205E monomers led to more active
dp-GSK3β compared to Buffer-X perfused sister axoplasms (n = 5; p = 0.044; E). Perfusion of hTau40-WT (n = 5; p = 0.399; C) and hTau40-S199E (n = 5;
p = 0.261; D) did not result in more active dp-GSK3β.All data are presented as mean ± 95% confidence interval.

anterograde and retrograde FAT which could not be rescued by
TNT1, indicating that the PAD exposure was not responsible
for these effects. Instead, the results suggest that hTau40-S199E
folds into a conformation that led to the activation of JNK
kinases. Interestingly, some JNK isoforms mimic the effects
of hTau40-S199E on FAT, also inhibiting both anterograde
and retrograde FAT (Morfini et al., 2009a; Brady and Morfini,
2017). The mechanism by which tau can activate JNK remains
to be elucidated, but tau contains numerous PXXP motifs,
which can bind to SH3 motifs that are a common feature of
selected MAP3Ks upstream of JNK (Gallo and Johnson, 2002).
Consistent with this idea, tau is known to interact with several
SH3 domain proteins in a phosphorylation-dependent manner
(Reynolds et al., 2008; Usardi et al., 2011; Sottejeau et al., 2015).

Investigation of dually pseudophosphorylated
hTau40 proteins indicated additional levels of complexity.
Both hTau40-S199E/S202E and hTau40-S199E similarly
inhibited both directions of FAT, implying that
S202 pseudophosphorylation does not alter the specific
hTau40 conformation elicited by S199 pseudophosphorylation
significantly. In contrast, pseudophosphorylation of
S202 significantly changed the effects of hTau40-T205E.Whereas
hTau40-T205E affected only anterograde FAT and the effect was
blocked by TNT1, hTau40-S202E/T205E inhibited retrograde
FAT and exhibited a slow decline in anterograde FAT that did
not reach significance in 50 min. Co-perfusion with TNT1 did

not change the effects on either anterograde or retrograde FAT
by hTau40-S202E/T205E. Tau is known to have a dynamic
secondary structure, which can be stabilized by phosphorylation
of selected residues (Jeganathan et al., 2008; Bibow et al.,
2011). Our results suggest hTau40-S202E/T205E may have
a more dynamic structure than other pseudophosphorylated
hTau40 proteins tested, and the possibility remains that this may
reflect still another conformation and signaling pathway.

Although most studies on tau function have focused on
microtubule dynamics, there is evidence that tau can also affect
neuronal signaling in other ways. For example, tau has also
been suggested to potentiate NGF-ERK signal transduction in
differentiating PC12 cells specifically through a mechanism
involving phosphorylation at T231. Tau depleted cells were
unable to initiate neurite extension and the effect could be
rescued by exogenous expression of WT but not Tau-T231A
(Leugers and Lee, 2010). Interestingly, expression of Tau-
S199D/S202D actually decreased activation of ERK in response
to NGF compared to WT tau demonstrating that signal
transduction through tau phosphorylation depends on the
site modified and the function examined (Leugers et al.,
2013). Other studies have suggested that phosphorylation at
S396/404 is essential for hippocampal LTD although it has
not been determined whether this leads to downstream signal
transduction or involves some other mechanism (Kimura et al.,
2014b). Combined with our results, these studies strongly suggest
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FIGURE 5 | hTau40-S199E activates pJNK. (A) Representative images showing immunoblots of lysates from three “sister” axoplasm pairs, each pair obtained from
a single independent squid (squids 1–3; Kang et al., 2016). Each “sister” axoplasm was perfused with either Buffer X (control) vs. hTau40-WT monomers, Buffer X vs.
hTau40-S199E monomers, or Buffer X vs. hTau40-T205E monomers. After a 50-min incubation, axoplasm lysates were prepared, separated by SDS–PAGE and
immunoblots revealed using antibodies that recognize phosphorylated-active forms of JNK kinases (pJNK), and with a monoclonal antibody that recognizes heavy
chain subunits of the motor kinesin-1 (KHC, internal control for total axoplasmic protein loading). (B) Quantitation of pJNK immunoblot signal (normalized to KHC) for
“sister” axoplasm pairs (hTau40/Buffer X/2; n = 5 axoplasm pairs for each hTau40 pseudophosphorylated protein). (C–E) Quantification of pJNK immunoblots.
Perfusion of hTau40-S199E significantly increased pJNK activation compared to Buffer X (n = 5; p = 0.037; D) whereas hTau40-WT (n = 5; p = 0.453; C) or
hTau40-T205E (n = 5; p = 0.434; E) had no overall effect. pJNK signal intensity was normalized to kinesin heavy chain (KHC). All data are presented as mean ± 95%
confidence interval.

that tau may function as a scaffolding protein. Taken together,
the various reports documenting an association of tau with
selected protein kinases and phosphatases, in combination with
data here, provide strong evidence that tau functions as a
‘‘signaling hub,’’ playing a role in regulating signaling pathways
by scaffolding and modulation of phosphotransferase activity in
a phosphorylation-dependent manner.

While tau phosphorylation has commonly been studied
in the context of disease, various lines of evidence indicate
that it also has additional physiological functions, especially
important during development. The relative levels of tau
phosphorylation and the specific sits modified change during the
development and maturation of the brain. When tau from the
fetal brain is analyzed for the amount of phosphorylation, it has
approximately six phosphates per molecule of tau whereas in tau
from the adult human brain the ratio is 2–3 mol of phosphate
per mol of protein (Kenessey and Yen, 1993; Köpke et al., 1993).
However, these are averages for phosphorylation levels in total
tau and the phosphates are unlikely to be split evenly between
all tau protein, so a given pool of tau may bear phosphorylation
at a few sites while others may have levels much higher than
the average. Studies using PhosTag gels of adult mouse tau
have found that a large fraction of tau had no detectable
phosphorylation (Kimura et al., 2016a). Moreover, tau has long
been known to be differentially phosphorylated in different

neuronal domains. For example, the Tau1 antibody recognizes
tau that is unphosphorylated between S195 to S202, and
Tau1 immunoreactivity is primarily seen in axons (Binder et al.,
1985; Papasozomenos and Binder, 1987), while tau antibodies
to epitopes that are not subject to phosphorylation detect tau
in both axonal and somatodendritic domains. Correspondingly,
tau phosphorylated at pS199 is enriched in the somatodendritic
region in both young and old healthy brains (Maurage et al.,
2003). Although our study found that perfusion of hTau40-
S199E led to inhibition of both anterograde and retrograde FAT
through activation of a pJNK signaling pathway, the location
of pS199-phospho-tau in neurons suggests that this pathway
may primarily function outside of the axon. These observations
suggest that the cellular and subcellular context is important
for understanding the significance of phosphorylation of specific
sites on tau.

Further evidence of this is seen from the enrichment of
AT8 immunoreactivity in gray matter, which is typically at low
levels in adulthood, but at higher levels during development
and in tauopathies (Brion et al., 1993; Watanabe et al., 1993).
Despite the widespread use of the AT8 antibody to document
pathological inclusions of tau, regulation of phosphorylation at
this site is complex and phosphorylation at S202 and T205 are
not intrinsically linked. For example, phosphorylation at both of
these sites is found on tau released into the CSF. However, the
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FIGURE 6 | Proposed model for inhibition of FAT by pseudophosphorylated tau proteins. (A) Tau monomers individually pseudophosphorylated at S199
(hTau40-S199E), or doubly pseudophosphorylated at S199 and S202 (hTau40-S199E/S202E), or S202 and T205 (hTau40-S202E/T205E) fold into a conformation
that exposes an unidentified MAPK activating domain leading to activation of pJNKs which can directly phosphorylate kinesin-1 heavy chain subunits inhibiting their
association with microtubules (Morfini et al., 2009b). JNK3 also inhibits retrograde FAT through an unknown mechanism. (B) Pseudophosphorylation of tau
monomers at T205 (hTau40-T205E) or S199, S202 and T205 (hTau40-S199E/S202E/T205E; Kanaan et al., 2011) fold into a conformation that exposes the
N-terminal PAD resulting in activation of a PP1/GSK3β signaling cascade that phosphorylates kinesin light chain ending in release of the cargo from kinesin.

level of pS202 remains constant during the course of AD, whereas
pT205 levels increase (Barthélemy et al., 2020). Additionally,
pS202 has been identified by mass spectroscopy as one of the
most common sites of tau phosphorylation, whereas pT205 was
not detected in the analysis of healthy adult rat, mouse, or human
brains (Watanabe et al., 1993; Morris et al., 2015; Barthélemy
et al., 2019). However, this may be due to its extremely short
half-life as 50% of the pT205 signal in mouse brain lysates is
lost within 60 s of death (Wang et al., 2015). Interestingly, this
is consistent with the activation of PP1 by pT205 tau due to
increased exposure to the PAD.

It is important to note that a fourth phosphorylation site in
tau, pS208, may also be recognized by the AT8 antibody (Malia
et al., 2016). pS208 has beenmuch less studied than the other sites
of this epitope, but recent mass spectrometry articles have found
evidence of phosphorylation at this site in AD (Barthélemy et al.,
2019; Horie et al., 2020). Soluble, but not insoluble tau purified
from AD brains was phosphorylated at S208, although to a lesser
extent than S202 or T205 (Horie et al., 2020). Similar to pT205,
pS208 could not be identified in soluble tau from control brain
tissues, but low levels were detected in control CSF (Barthélemy
et al., 2019; Horie et al., 2020). While phosphorylation at this
site appears to occur at low frequency, it is known to affect
tau aggregation properties in vitro (Despres et al., 2017) and

could therefore also affect tau monomer conformation in such
a way as to influence the activation of downstream signaling
pathways. Additional studies are needed to determine whether
S208 phosphorylation of tau leads to effects on FAT.

Phosphoprotein-species are maintained by an intricate
balance of kinase and phosphatase activities, which are spatially
and temporally regulated. In vitro S199, S202, T205 all have
the potential to be phosphorylated by at least seven kinases,
including GSK3β and Cdk5 (Singh et al., 1995; Liu et al., 2004;
Cavallini et al., 2013; Kimura et al., 2014a). Although it is
unknown how many of these kinases phosphorylate tau in vivo,
tau certainly has the potential to be a central point for multiple
signaling pathways potentiating disparate downstream functions,
depending on which site is modified. Equally important is
switching off the signaling by dephosphorylation. The major
phosphatase for tau is PP2A accounting for∼70% of the activity,
but certain sites are preferentially dephosphorylated by either
PP2B or PP1 (Liu et al., 2005). Interestingly, T205 is a site that
is more efficiently dephosphorylated by PP1. This sets up the
possibility of a negative feedback loop, an important feature of
many signaling cascades.

Many questions remain about the role of tau in spatial and
temporal regulation of signaling pathways, suggesting this is a
rich area for further study. For example, an important feature
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of tau biology not addressed here relates to isoform-specific
differences (Cox et al., 2016). Studies have shown that tau
isoforms are phosphorylated differentially by multiple kinases
and the switch from fetal to adult tau is matched by a net
reduction in overall phosphorylation (Singh et al., 1996; Tuerde
et al., 2018). For example, there were distinct differences between
tau isoforms in the potentiation of NGF signaling with fetal 0N3R
tau causing greater activation of ERK than any other isoform
(Leugers et al., 2013). Additionally, we previously showed that
0N4R tau aggregates inhibited anterograde FAT to a greater
extent than any other isoform (Cox et al., 2016). In this study,
we used hTau40 (also known as 2N4R), the longest isoform
of tau in the adult CNS as a continuation of our previous tau
phosphorylation studies (Kanaan et al., 2011; Tiernan et al.,
2016). This isoform is not present during development, and it
has also been suggested 2N tau is preferentially sorted to the
somatodendritic compartment of neurons (Zempel et al., 2017).
Future studies will address whether effects on FAT elicited by
pseudophosphorylation of hTau40 at AT8 sites extend to other
tau isoforms. Nevertheless, recent observations suggest a much
larger set of biological roles for tau than just regulation of
microtubule dynamics.

CONCLUSIONS

The data presented in this study strongly supports our hypothesis
that phosphorylation of tau at individual sites can modulate tau
function as a signaling hub. Tau is well known to have a highly
dynamic protein structure and several lines of research suggest
that phosphorylation of tau at specific sites can stabilize distinct
conformations. These conformations may allow activation of
diverse signaling pathways through the exposure of multiple
biologically active domains such as the N-terminal PAD and
others yet to be defined (Ittner et al., 2009; Leugers and Lee, 2010;
Kanaan et al., 2011; Combs et al., 2016).
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Over four decades ago, in vitro experiments showed that tau protein interacts with
and stabilizes microtubules in a phosphorylation-dependent manner. This observation
fueled the widespread hypotheses that these properties extend to living neurons and
that reduced stability of microtubules represents a major disease-driving event induced
by pathological forms of tau in Alzheimer’s disease and other tauopathies. Accordingly,
most research efforts to date have addressed this protein as a substrate, focusing
on evaluating how specific mutations, phosphorylation, and other post-translational
modifications impact its microtubule-binding and stabilizing properties. In contrast,
fewer efforts were made to illuminate potential mechanisms linking physiological and
disease-related forms of tau to the normal and pathological regulation of kinases and
phosphatases. Here, we discuss published work indicating that, through interactions
with various kinases and phosphatases, tau may normally act as a scaffolding protein to
regulate phosphorylation-based signaling pathways. Expanding on this concept, we also
review experimental evidence linking disease-related tau species to the misregulation
of these pathways. Collectively, the available evidence supports the participation
of tau in multiple cellular processes sustaining neuronal and glial function through
various mechanisms involving the scaffolding and regulation of selected kinases and
phosphatases at discrete subcellular compartments. The notion that the repertoire
of tau functions includes a role as a signaling hub should widen our interpretation
of experimental results and increase our understanding of tau biology in normal and
disease conditions.

Keywords: tauopathy, kinase, phosphatase, scaffold protein, axon, synpase, nucleus, oligodendrocyte

INTRODUCTION

In 1975, the microtubule (MT)-associated protein tau was identified by the Kirschner laboratory
as a protein that co-purified with tubulin and that significantly enhanced MT assembly in vitro
(Weingarten et al., 1975; Witman et al., 1976; Cleveland et al., 1977a,b). These findings, together
with the widespread expression of tau in the nervous system and its presence in axons, led to
the presumption that tau was needed to stabilize microtubules in the axon, which has continued
to be the most common description of tau function. Curiously, the generation of tau-null
mice fell short of broadly changing this initial perception, despite their modest phenotype with
advancing age and largely normal appearance of their nervous system (Harada et al., 1994;
Dawson et al., 2001).
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Several independent reports also showed that tau is the main
constituent of paired helical filaments, a major histopathological
hallmark of neurons affected in a group of neurodegenerative
disorders termed tauopathies, which includes Alzheimer’s
disease (AD; Grundke-Iqbal et al., 1986; Ihara, 1986; Wood et al.,
1986; Kosik et al., 1988). In the mid-90s, strong genetic evidence
linking mutations in the MAPT gene to inheritable forms of
tauopathies indicated that altered tau function contributes to the
pathogenesis of these diseases (Spillantini and Goedert, 1998).
Also, amyloid-β neurotoxicity was reported to depend, at least
in part, on the presence of tau protein (Rapoport et al., 2002).
Thus, earlier work suggested a role for tau in stabilizing the
MT cytoskeleton, further implicating this protein as an active
contributor to neurodegenerative disease pathogenesis.

Concurrently, a significant body of experimental evidence
gradually emerged suggesting that the repertoire of physiological
tau functions might extend well beyond the regulation of
MT stability. For example, early immunohistochemical studies
documented tau localization at the leading growth cone of
developing neurites, a compartment largely devoid of stable MTs
(DiTella et al., 1994; Brandt et al., 1995; Black et al., 1996; Liu
et al., 1999). Also, tau is localized within dendrites and somata of
neuronal cells, and within compartments featuring scarce MTs,
such as the nucleus and the subcortical cytoskeleton immediately
adjacent to the inner plasma membrane (Papasozomenos and
Binder, 1987; Loomis et al., 1990; Brandt et al., 1995). Although
these observations strongly implied tau functions unrelated to
MT stabilization, research efforts focused on unveiling such roles
have remained relatively limited. Illuminating compartment-
specific functions of tau would significantly advance our
knowledge of its normal physiology and provide critical clues on
the pathobiological roles played by this protein.

Scaffold proteins are important regulators of many
intracellular signaling pathways. They often interact with various
signaling proteins, coordinating their activities and localizing
them to discrete cellular compartments or structures (Lester
and Scott, 1997; Shaw and Filbert, 2009; Buday and Tompa,
2010). Interestingly, tau was reported to interact with many
signaling proteins serving a wide variety of cellular functions
(Morris et al., 2011; Sinsky et al., 2020). Notably, among tau
interactors are a wide variety of kinases and phosphatases
including protein phosphatase 1 (PP1), protein phosphatase 2A
(PP2A), glycogen synthase kinase 3β (GSK3β), cyclin-dependent
protein kinase 5 (CDK5), src-family kinases (cSrc, Fgr, Fyn, and
Lck), as well as other proteins with established roles in signaling
pathways including growth factor receptor-bound protein 2
(Grb2), p85α, and PLCγ (Liao et al., 1998; Sontag et al., 1999,
2012; Sun et al., 2002; Morris et al., 2011). Independently, other
microtubule-associated proteins were found to interact with
protein kinases. Among those, MAP2 interacts with protein
kinase A (PKA) and acts as a PKA-anchoring protein (AKAP)
that localizes this kinase in dendrites (Carnegie and Scott, 2003;
Zhong et al., 2009).

Scaffold proteins commonly exhibit a remarkable degree of
conformational flexibility, a feature that facilitates their dynamic
interaction with multiple binding partners (Gunasekaran et al.,
2003; Tompa and Fersht, 2009). Such flexibility represents

another characteristic of tau documented by extensive structural
and biophysical studies (Mandelkow and Mandelkow, 2012;
Sabbagh and Dickey, 2016; Stern et al., 2017). Indeed,
intrinsically disordered proteins, including tau, are known for
their unique structural plasticity, conformational adaptability,
and binding promiscuity enabling their involvement in diverse
signaling roles (Uversky, 2015; Brandt et al., 2020). Interestingly,
there is a clear evolutionary increase in disorder within the
amino-terminal region of tau that likely enabled the development
of novel protein-protein interactions (Trushina et al., 2019). It
is noteworthy that, despite being categorized as an intrinsically
disordered protein, tau is known to adopt specific folded
conformations as a soluble protein (e.g., global hairpin folding;
Jeganathan et al., 2006) and in the context of pathology (as
identified by conformation-specific antibodies such as Alz50 or
MC1; Wolozin et al., 1986; Carmel et al., 1996; Jicha et al., 1997,
1999). Some studies estimated the majority of tau is bound to
MTs at any given moment, despite its dynamic interaction with
MTs (∼40 ms residence time in vitro). Such dynamics likely
impact tau’s availability to interact with kinases and phosphatases
on and off the MT surface (Weissmann et al., 2009; Janning
et al., 2014). Based on its widespread subcellular distribution,
diverse interactome and highly dynamic structural properties,
tau could be considered a scaffold protein or ‘‘signaling hub’’
for the regulation of phosphorylation-based pathways in discrete
subcellular compartments, as previously suggested (Lee et al.,
1998; Morris et al., 2011; Kanaan et al., 2012; Götz et al., 2013;
Sotiropoulos et al., 2017).

The goal of this review is to present an overview of
published work supporting the role of tau in numerous
cellular processes through interactions with and/or regulation of
selected kinases and phosphatases. This overview includes the
description of a PP1-GSK3β pathway by which tau regulates
the transport of vesicles and other cellular organelles in axons.
We also describe evidence supporting the role of tau on the
regulation of Fyn kinase at post-synaptic compartments and
oligodendrocyte processes, which impacts synaptic function and
myelination, respectively. We discuss the potential roles of
tau on the modulation of signaling pathways in nuclear and
synaptic compartments.We succinctly review emerging evidence
suggesting a role of tau on the modulation of phosphorylation-
based pathways elicited by insulin and neurotrophic factors.
Finally, based on strong genetic and experimental evidence
linking pathological forms of tau to tauopathies, we examine
evidence demonstrating deregulation of these pathways by
pathogenic forms of tau.

TAU REGULATION OF SIGNALING
PATHWAYS IN AXONS

The movement of membrane-bound organelles (MBOs) along
axons, a cellular process referred to as fast axonal transport
(FAT), is critical for appropriate maintenance of neuronal
connectivity and survival (Black, 2016). The correct functionality
of specialized axonal subcompartments, including nodes of
Ranvier and pre-synaptic terminals, critically depends on the
sustained supply of MBOs moving via anterograde FAT (aFAT;
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from the neuronal soma towards the cell periphery). Conversely,
neuronal survival and homeostasis depend on retrograde
FAT (rFAT) of specialized MBOs bearing neurotrophins and
degraded materials from peripheral compartments towards the
neuronal soma. In the mature brain, aFAT and rFAT are
mainly driven by the multi-subunit motor proteins kinesin-1
(conventional kinesin) and cytoplasmic dynein, respectively.
Both directions of FAT are regulated, in part, by signaling
pathways controlling phosphorylation of these microtubule-
based motors (Gibbs et al., 2015; Brady and Morfini, 2017).
Highlighting the critical importance of FAT regulation to
neuronal function, genetic and experimental evidence has linked
deficits in FAT, synaptic dysfunction, and axonal pathology
to numerous neurodegenerative diseases, including tauopathies
(Morfini et al., 2009; Kanaan et al., 2013; Kneynsberg et al., 2017).

A PP1-GSK3β pathway was previously defined that selectively
regulates kinesin-1-based aFAT (Morfini et al., 2004). This
pathway involved PP1 activation, resulting in dephosphorylation
and activation of GSK3β, GSK3β-mediated phosphorylation of
kinesin-1 light chain subunits, and detachment of this motor
protein from its transported MBO cargoes (Ratner et al.,
1998; Morfini et al., 2002, 2004; Figure 1, lower panel). Tau’s
role in regulating this pathway was identified by experiments

in isolated squid axoplasm, a plasma membrane-free ex vivo
preparation uniquely suited for the study of FAT mechanisms
(Gibbs et al., 2015; Song et al., 2016). Perfusion of squid
axoplasm with physiological levels of recombinant human
wild-type tau monomers did not affect aFAT or rFAT. In
contrast, perfusion of axoplasm with disease-related forms of
tau, including mutant and aggregated forms, selectively inhibited
aFAT in a manner dependent on PP1 and GSK3β activities
(LaPointe et al., 2009; Kanaan et al., 2011, 2012; Cox et al.,
2016). Providing a mechanistic basis for these results, deletion
experiments mapped a specific motif in the extreme N-terminus
of tau, termed the Phosphatase Activating Domain (PAD),
which was necessary and sufficient to activate the PP1-GSK3β
pathway in axons (Kanaan et al., 2011, 2012). Specifically,
aggregates composed of tau in which PAD was deleted did not
inhibit aFAT, whereas perfusion with a synthetic PAD peptide
(amino acids 2-18) sufficed to inhibit aFAT in the isolated
axoplasm preparation (Kanaan et al., 2011). The observation
that wild-type, soluble monomeric tau did not affect FAT
despite featuring the PAD was consistent with studies showing
that soluble tau monomers adopt a globally folded ‘‘paperclip’’
conformation, in which the C-terminus interacts with the
MTBR, and the N-terminus interacts with the C-terminus

FIGURE 1 | Tau regulates anterograde fast axonal transport through a PP1-GSK3β pathway. Lower panel: Exposure of a phosphatase activating domain (PAD,
red domain) located at the N-terminus of tau causes activation of protein phosphatase 1 (PP1, in purple). Active PP1 (labeled by red asterisks) dephosphorylates and
activates glycogen synthase kinase 3β (GSK3β). Active GSK3β (labeled by red asterisks) phosphorylates light chain subunits of kinesin-1, an event that promotes the
release of membrane-bound organelle (MBO) cargoes transported by this major motor protein. Spatially discrete post-translational modifications in tau that either
promote (i.e., phosphorylation events in the proline-rich region) or prevent (i.e., N-terminal phosphorylation) PAD exposure may thus allow the localized delivery of
selected MBOs at functionally distinct axonal subdomains, such as en passant pre-synaptic terminals or nodes of Ranvier under normal physiological conditions.
Although depicted bound to microtubules (MT), tau’s dynamic interaction with MTs in normal conditions likely provides opportunities for tau to interact with PP1
(and/or other enzymes) on or off the MT surface. Upper panel: By extension, aberrant PAD exposure associated pathological forms of tau such as
aggregates/oligomers (oTau), mutant tau, and selected pathological post-translational modifications (e.g., phosphorylation, pTau), may disrupt homeostatic
maintenance of this process.
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(Jeganathan et al., 2006). Thus, folding of tau into the paperclip
or paperclip-like conformations likely reduces exposure and
accessibility of PAD in the soluble monomeric state. In support,
monomeric tau lacking amino acids 144-273, a region that
confers flexibility necessary for the N-terminus to fold into
the paperclip conformation, inhibited aFAT when perfused in
the isolated squid axoplasm preparation (Kanaan et al., 2011).
Relevant to disease pathogenesis, truncation of amino acids
144-273 in tau is caused by a mutation in MAPT associated
with an inherited tauopathy (Rovelet-Lecrux et al., 2009).
Collectively, the findings above revealed a mechanism where
various pathological modifications, including selectedmutations,
truncations, and aggregation, induced conformational changes
in tau that promoted PAD exposure, activation of a PP1-GSK3β
pathway, and inhibition of aFAT (Figure 1, upper panel).

In addition to mutations and aggregation, some
phosphorylation events in tau were also found to promote
PAD exposure, activation of the PP1-GSK3β pathway, and
FAT inhibition. For example, the paperclip conformation is
disrupted in tau monomers featuring pseudophosphorylation
of three residues within the AT8 antibody epitope (i.e., S199,
S202, and T205; pAT8-Tau), causing aberrant exposure of
the N-terminus (Jeganathan et al., 2006; Kanaan et al., 2011).
As expected, perfusion of squid axoplasm with pAT8-Tau
monomers inhibited aFAT, an effect blocked by both PP1 and
GSK3β inhibitors (Kanaan et al., 2011). In addition, aggregates
composed of tau pseudophosphorylated at S422, a modification
found in pre-tangle neurons affected early in AD, also inhibited
both aFAT and rFAT when perfused in isolated axoplasm,
but a potential involvement of PAD on these effects has not
yet been evaluated (Tiernan et al., 2016). The highly dynamic
conformational flexibility of tau, differentially impacted by
phosphorylation of specific residues, might confer upon this
protein its ability to work as a signaling hub and activate and/or
modulate different signaling pathways (Smith et al., 2006; Kang
et al., 2020). Collectively, these and other studies suggest a
complex relationship between specific phosphorylation events
in tau and their net impact on tau conformation, as well as the
potential co-existence of additional biologically active domains
in tau that, like PAD, may promote activation of other signaling
pathways (Morris et al., 2020).

The ability of PAD to recruit and activate a PP1-GSK3β
pathway close to microtubules bears important implications
for our understanding of axon-specific functions of tau in
normal and disease states (Figure 1). For example, spatially
discrete phosphorylation events in tau that promote PAD
exposure may facilitate the delivery of selected MBOs to their
correct destinations (i.e., MBOs containing synaptic vesicle
precursors to pre-synaptic terminals, or MBOs containing
sodium channels at nodes of Ranvier; Morfini et al., 2001, 2016).
Interestingly, phosphorylation of Y18 within PAD prevented
the inhibitory effect of pathological tau species on aFAT
(Kanaan et al., 2012), suggesting that phosphorylation of the
Y18 residue by non-receptor tyrosine kinases might act as
a negative feedback mechanism to prevent or downregulate
PAD-dependent activation of the PP1-GSK3β pathway (Lee
et al., 2004; Lebouvier et al., 2008; Lee and Leugers, 2012).

Truncation of tau’s N-terminal region containing PAD by
caspases or other proteases may represent an irreversible version
of another negative feedback mechanism (Horowitz et al.,
2004; Sengupta et al., 2006). Finally, the intriguing observation
that tau phosphorylation at the Tau1 epitope (aa 192-204) is
significantly lower in axons than in the soma and dendrites
might relate to modulatory effects of this modification on global
tau conformation, which in turn would promote or prevent
activation of selected signaling pathways at discrete subcellular
compartments (Papasozomenos and Binder, 1987; Mandell and
Banker, 1995).

PAD’s contribution to neuronal pathology in the context
of tauopathies is supported by immunochemical studies using
the monoclonal antibodies tau N-terminal 1 and 2 (TNT1 and
TNT2). These antibodies selectively recognize an epitope within
PAD that is exposed in a conformation-dependent manner
(Kanaan et al., 2011; Combs et al., 2016; Cox et al., 2016).
Neurons featuring pre-tangle tau inclusions are immunoreactive
to TNT antibodies across all Braak stages with relatively little
reactivity in control cases and substantial reactivity in AD brains
(Kanaan et al., 2011; Combs et al., 2016). TNT1/2 antibodies
also robustly label tau inclusions in several non-AD tauopathies
including progressive supranuclear palsy (PSP), corticobasal
degeneration (CBD), Pick’s disease, and chronic traumatic
encephalopathy (CTE; Kanaan et al., 2011, 2012; Combs et al.,
2016; Cox et al., 2016; Tiernan et al., 2016; Combs and Kanaan,
2017). Moreover, pathological forms of tau known to inhibit FAT
including oligomers, AT8 phospho-tau, and tau phosphorylated
at Ser422 are all recognized by TNT1 and TNT2 antibodies in
the context of human tauopathies (Kanaan et al., 2011, 2012,
2016; Patterson et al., 2011; Combs et al., 2016; Cox et al.,
2016; Tiernan et al., 2016; Morris et al., 2020). Overall, this
body of work strongly supports a mechanism linking several
specific pathological tau species to aberrant PAD exposure,
abnormal activation of a PP1-GSKβ pathway, and deficits in
FAT. Potential pathological consequences of tau-induced FAT
deficits may include impaired delivery of synaptic vesicles and/or
mitochondria to pre-synaptic compartments, which would
promote synaptic dysfunction and degeneration (Kneynsberg
et al., 2017; Pérez et al., 2018).

TAU MODULATION OF SIGNALING
PATHWAYS CONTROLLING SYNAPTIC
FUNCTION

Long-term, activity-dependent strengthening or weakening of
synapses are referred to as long-term potentiation (LTP) or
long-term depression (LTD), respectively (Lüscher andMalenka,
2012). The regulation of both LTP and LTD involves the
coordinated modulation of several neurotransmitter receptors
and their downstream signaling pathways. N-methyl-D-aspartate
receptors (NMDARs) are major mediators of LTP, although
some forms of LTP are NMDAR-independent and can
involve metabotropic receptors, kainate receptors, and α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic receptors (AMPARs;
Bliss et al., 2018). One mechanism that underlies the sustained
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enhanced synaptic response in LTP is the insertion of α-amino
AMPARs into the synaptic membrane (Bliss et al., 2018).
Conversely, AMPAR endocytosis is a mechanism contributing
to LTD (Lüscher and Malenka, 2012). Accumulating evidence
suggests that, by regulating the activity of specific signaling
proteins involved in these processes, tau may impact synaptic
function in health and disease states.

Under normal conditions, tau undergoes activity-dependent
translocation to excitatory post-synapses (Frandemiche et al.,
2014), a location where tau interacts with Fyn kinase and
other post-synaptic proteins, including PSD-95 and NMDARs
(Ittner et al., 2010). Analysis of tau knockout mouse models
suggested the involvement of tau in the regulation of LTP,
LTD, or potentially both (Ahmed et al., 2014; Kimura et al.,
2014; Regan et al., 2015). Interestingly, Regan et al. (2015)
showed that hippocampal LTD requires phosphorylation of tau
at S396 (a residue within the PHF-1 epitope; Kimura et al.,
2014). While these studies provide evidence that tau modulates
synaptic function, the precise mechanisms and/or requirement
of tau for LTP and LTD requires further investigation. In
the context of disease, other studies documented the effects
of pathological tau species on synaptic function (Tracy and
Gan, 2018; Hanger et al., 2019; Hill et al., 2020). Indeed,
oligomeric tau, mutant forms of tau associated with inherited
tauopathies, abnormally phosphorylated tau species, acetylated
tau, and caspase-cleaved tau were shown to impair LTP
and/or LTD function, promoting abnormal AMPAR trafficking
through various mechanisms (Yoshiyama et al., 2007; Hoover
et al., 2010; Warmus et al., 2014; Min et al., 2015; Fá et al.,
2016; Tracy et al., 2016; Zhao et al., 2016; Puzzo et al.,
2017; Ondrejcak et al., 2018). Below, we present a succinct
discussion of mechanisms linking tau to the regulation of
signaling pathways sustaining the functionality of pre- and
post-synaptic compartments.

Several studies indicated that neural network excitability
is promoted by tau overexpression and counteracted by tau
reduction (Roberson et al., 2007; Miyamoto et al., 2017).
These effects were linked to alterations in the subcellular
localization and activity of Fyn, a member of the Src family of
non-receptor tyrosine kinases highly enriched in brain tissue.
Mice overexpressing Fyn showed NMDAR overactivation and
excitotoxicity, highlighting a role for this kinase on synaptic
function (Ittner et al., 2010; Xia et al., 2015). The projection
domain of tau contains seven PXXP motifs, two of which can
directly interact with the SH3 domain of Fyn (Umemori et al.,
1992; Lee et al., 1998). Specifically, tau-Fyn interaction depends
on prolines 213, 216, and 219 within the fifth and sixth PXXP
motifs (Lau et al., 2016), although isoform-specific differences
may exist (Bhaskar et al., 2005). Known tau modifications,
such as phosphorylation in the N-terminal half of the protein
(Bhaskar et al., 2005; Reynolds et al., 2008) and pathological
aggregation (Fitzpatrick et al., 2017; Goedert and Spillantini,
2019), may alter tau conformation in the proline-rich region
and block Fyn binding domains. Tau is not only a substrate
of Fyn (Lee et al., 2004; Bhaskar et al., 2005), but also
increases auto-phosphorylation and activation of this kinase
(Sharma et al., 2007).

Several lines of evidence support the tau-based localization
of Fyn to the postsynaptic compartment. For example, reduced
levels of Fyn in post-synapses were observed in tau knockout
mice (Ittner et al., 2010). Also, a recent study used single-
molecule tracking to show that tau knockdown increased the
mobility of Fyn in dendritic shafts (as opposed to spines), an
effect rescued by tau expression (Padmanabhan et al., 2019).
Tau-mediated localization of Fyn to post-synapses facilitated
Fyn-mediated phosphorylation of the NMDAR subunit 2b at
tyrosine 1472 (Nakazawa et al., 2001; Ittner et al., 2010). This
phosphorylation event promotes stabilization of NMDARs by
facilitating their interaction with the scaffolding protein PSD-95
(Grant et al., 1992; Suzuki and Okumura-Noji, 1995; Nakazawa
et al., 2001; Roche et al., 2001; Rong et al., 2001). Conversely,
reduced localization of Fyn to the post-synapse negatively
impacted the stability of the NMDAR-PSD-95 complexes (Ittner
et al., 2010). Collectively, these studies demonstrate that tau acts
as a scaffold protein for Fyn in the post-synaptic compartment
where it participates in NMDAR-mediated synaptic functions by
modulating Fyn localization and/or activity (Figure 2).

Pathological forms of tau promote abnormalities in the
Fyn-dependent control of synaptic function through a variety
of mechanisms. Some tau mutants associated with inherited
tauopathies displayed increased interaction with Fyn (Bhaskar
et al., 2005), and other reports documented abnormalities in
Fyn localization in mouse models of inheritable tauopathies.
For example, recent characterization of Fyn nanoclustering in
mouse hippocampal dendritic spines showed that P301L mutant
tau trapped Fyn in the spines (Padmanabhan et al., 2019),
a finding consistent with prior reports (Hoover et al., 2010;
Ittner et al., 2010; Xia et al., 2015), and a role of tau as a
scaffolding protein. Also, Hoover and colleagues documented
increased localization of P301L tau in dendritic spines of rat
cultured neurons compared to wild-type tau, and this finding
was confirmed in living neurons of transgenic mice expressing
mutant P301L tau (Tg4510 line; Hoover et al., 2010). Using
overexpression experiments in cultured mouse hippocampal
neurons, Xia et al. (2015) reported 5-fold higher levels of spine
localization for P301L tau, compared to wild-type tau. Both
groups also showed that phosphorylation of tau at specific sites
influenced its targeting to dendritic spines (Hoover et al., 2010;
Xia et al., 2015). Together, these studies suggest that mutations
and specific phosphorylation events may affect tau’s ability to
localize to post-synapses and/or bind and activate Fyn, an event
that might contribute to the synaptic dysfunction phenotype
observed in tauopathies.

In recent years, additional experimental evidence indicated
a potential role for tau in pre-synaptic function through
PP1 regulation. For example, injection of wild-type tau in
pre-synaptic terminals of the squid giant synapse increased
Ca2+ release and reduced neurotransmitter release. This effect
was associated with rapid phosphorylation of tau at the
AT8 epitope (Moreno et al., 2016), an event that promotes
increased exposure of PAD (Kanaan et al., 2011). Accordingly,
co-injection of wild-type tau with TNT1 antibody prevented
its toxic effect on synaptic transmission (Moreno et al.,
2016). Independently, other studies revealed increased levels
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FIGURE 2 | Tau regulates several signaling synaptic pathways. Upper panel: At the pre-synaptic compartment, tau undergoes phosphorylation at the AT8 epitope
(pTau). This event promotes PAD exposure, which in turn increases Ca2+ release from intracellular stores and reduces neurotransmitter release in an IP3-dependent
manner, which might involve PP1 and/or GSK3 (indicated by a red question mark). Also, pathological forms of tau reportedly restrict vesicle mobility through scaffold
interactions with the vesicular protein synaptogyrin-3 and F-actin. Lower panel: Tau localizes Fyn to the post-synapse allowing Fyn to phosphorylate NMDAR2b at
Y1472, which leads to NMDAR stabilization via interaction with PSD-95. Pathological forms of tau including aggregated/oligomeric tau (oTau), specific
phosphorylated forms of tau (pTau), or mutant tau (muTau) can affect tau-Fyn binding, ultimately leading to aberrant synaptic activity by promoting increased trapping
of Fyn in dendritic spines.

of phosphorylated tau associated with synaptic vesicles in AD
tissue, and mutant forms of tau (e.g., P301L, P301S, R406W, or
V337M tau) interfered with pre-synaptic function in multiple
models of tauopathy (Zhou et al., 2017; McInnes et al.,
2018). Mechanistically, these effects were linked to abnormal
scaffolding behavior of tau, which restricted vesicle mobility
through interactions with synaptogyrin-3 and actin (Zhou et al.,
2017; McInnes et al., 2018). Collectively, these findings suggest
that tau regulates the functionality of pre- and post-synaptic
compartments through the modulation and/or localization of
kinases and phosphatases and that pathological forms of tau
may alter such regulation through a variety of mechanisms
(Figure 2).

TAU REGULATION OF SIGNALING
PATHWAYS IN THE NUCLEUS

By regulating the activity of PP1 and associated downstream
signaling cascades, tau might regulate cellular processes in
compartments beyond axons and synapses. In support, both
tau and PP1 localize to the nucleus and soma (Rebelo et al.,
2015; Maina et al., 2016). PP1 is known to modulate multiple
signaling pathways (Rebelo et al., 2015), including a Wnt/β-
catenin pathway that promotes cell survival (Chen et al., 2001;
Voskas et al., 2010). This pathway involves phosphorylation-
dependent β-catenin degradation in the cytoplasm by a
β-catenin destruction complex composed of the proteins
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[GSK3β, casein kinase-I (CK-I), and adenomatous polyposis
coli (APC)] assembled by the scaffolding protein axin-I.
Disruption of this protein complex promotes the accumulation of
dephosphorylated β-catenin in the cytoplasm and its subsequent
translocation into the nucleus. Within the nucleus, β-catenin
associates with T-cell factor/lymphoid enhancer-binding factor
(TCF/LEF) DNA-binding proteins to stimulate the transcription
of prosurvival genes (Chen et al., 2001; Voskas et al.,
2010). Outside the nucleus, PP1 enhances β-catenin nuclear
transcription signaling by dephosphorylating axin-I. This event
prevents the formation of the cytoplasmic β-catenin destruction
complex, leading to accumulation and nuclear translocation
of β-catenin (Luo et al., 2007). Interestingly, expression of
a specific tau isoform (2N4R) in HEK293 and N2a cells
attenuated apoptotic responses elicited by GSK3β overexpression
or by treatment with the kinase inhibitor staurosporine. This
protective, prosurvival effect of 2N4R tau was associated with
reduced phosphorylation and enhanced nuclear translocation of

β-catenin in cells (Li et al., 2007). The physiological relevance of
these data remains to be established, but it appears consistent
with a potential mechanism where tau-mediated activation of
PP1 in the cytoplasm would impact nuclear β-catenin signaling
(Figure 3).

Early studies documenting localization of tau in the nucleus
implied a potential role of this protein in the control of
nuclear activities, but such roles remain largely elusive (Loomis
et al., 1990; Brady et al., 1995; Thurston et al., 1996). More
recently, various studies documented interactions between tau
and nuclear resident proteins such as TIP5, and roles for
tau in heterochromatin stability, repression of ribosomal DNA
transcription, and protection of DNA from stress-induced
damage were proposed (Li et al., 2007; Mansuroglu et al., 2016).
Inside the nucleus, PP1 regulates signaling pathways involved
in the control of gene transcription, splicing, and cell-cycle
progression (Rebelo et al., 2015). For instance, PP1 decreased
cAMP-dependent gene expression by dephosphorylating a

FIGURE 3 | Tau may control multiple signaling pathways in the nucleus. β-catenin degradation/signaling is regulated by the assembly or disassembly of a
cytoplasmic destruction complex [composed of glycogen synthase kinase-3β (GSK3β), casein kinase 1 (CK1), adenomatous polyposis coli (APC), and axin-I].
Whether β-catenin is free to translocate into the nucleus (anti-apoptotic conditions) or degraded in the cytoplasm through ubiquitination (Ub; in pro-apoptotic
conditions) is driven, at least in part, by the phosphorylation status of axin-I. PP1 directly regulates axin-I phosphorylation with PP1-dependent dephosphorylation of
axin-I preventing the formation of the destruction complex and favoring anti-apoptotic β-catenin signaling in the nucleus. Through interactions via its PAD domain,
cytoplasmic tau may activate PP1 (marked by a red asterisk) and promote axin-I dephosphorylation (indicated by a red question mark), but this potential mechanism
awaits further investigation. Similarly, the co-location of tau and PP1 within the nucleus suggests a potential role may exist for tau to modulate intra-nuclear
PP1-dependent pathways such as cAMP response element-binding protein phosphorylation and signaling and/or mRNA splicing. However, future studies are
needed to fully elucidate potential intra-nuclear tau signaling mechanisms (indicated by a red question mark).
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specific residue (Ser133) in cAMP-responsive element-binding
protein (CREB; Hagiwara et al., 1992). PP1 facilitates splicing
of pre-mRNAs by dephosphorylating spliceosome-associated
protein 155 (SAP155; Rebelo et al., 2015) via an interaction
facilitated by a nuclear inhibitor of protein phosphatase 1
(NIPP1). Furthermore, PP1 activity is required for the successful
execution of pre-mRNA splicing (Mermoud et al., 1992).
Considering the nuclear localization of tau and the functional
interaction between tau and PP1 elsewhere in neurons, it
is reasonable to speculate that tau-mediated PP1 activation
could regulate signaling pathways in this compartment. Specific
mechanisms linking tau to nuclear processes and potential
routes through which pathogenic tau species might impair such
processes warrant further investigation.

TAU MODULATION OF SIGNALING
PATHWAYS IN OLIGODENDROCYTES

Myelination of axons requires strict spatiotemporal regulation of
myelin basic protein (MBP) mRNA translation at the axon-glia
interface (White et al., 2008). In oligodendrocytes, MBP mRNA
binds to heterogeneous nuclear ribonucleoprotein A2 (hnRNP
A2) in mRNA transport granules, undergoing anterograde

transport from the nucleus to oligodendrocyte processes in a
translationally silent state (White et al., 2008; Müller et al.,
2013). After initial contact points between oligodendrocytes
and axons are established, Fyn kinase is activated by a β1-
integrin-dependent signal transduction cascade. Consequently,
Fyn phosphorylates hnRNP A2, reducing binding to MBP
mRNA and dismantling RNA transport granules, which in turn
allows local translation of MBP protein (White et al., 2008;
Müller et al., 2013). The role of Fyn kinase in myelination and
interactions between tau and Fyn suggest tau may impact this
process in oligodendrocytes (Figure 4).

Tau is expressed at significant levels in oligodendrocytes
(LoPresti, 2002, 2018) where it can form a complex with
Fyn and α-tubulin and/or potentially actin (Lee et al.,
1998; Klein et al., 2002). Seiberlich and colleagues reported
that tau silencing prevented MBP mRNA transport in
oligodendrocyte processes. Additionally, the absence of tau
significantly reduced interaction between α-tubulin and Fyn
(Seiberlich et al., 2015), suggesting that tau may act as a
scaffold by linking Fyn to MTs in oligodendrocytes. Similar
observations were made using a truncated form of wild-type
tau (∆tau, amino acids 1-228), which maintains the interaction
with Fyn but lacks the microtubule-binding repeat domain

FIGURE 4 | Tau modulates Fyn kinase pathways in myelinating oligodendrocytes. Myelination requires the outgrowth of oligodendrocyte processes and the
formation of contact points between oligodendrocytes and axons. For this to occur, the mRNA of the myelin basic protein (MBP) needs to be targeted to those
contact points. Tau acts as a scaffold protein linking Fyn kinase to the microtubule (MT) cytoskeleton of oligodendrocyte processes. Upon establishment of contact
points at the neuron-glia interface, a signaling cascade involving tau and Fyn kinase is activated. That signaling pathway culminates into the rearrangement of the cell
cytoskeleton that leads MBP mRNA to myelination sites and promotes the growth of oligodendrocyte processes.
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(Belkadi and LoPresti, 2008). CG-4 cells overexpressing ∆tau
displayed a shortening of oligodendrocyte processes along with
mislocalization of Fyn to the cell body instead of processes.
Furthermore, transplanting CG-4 cells that stably express ∆tau
into the spinal cord of amyelin-deficient rat model demonstrated
a failure in myelination capacity (Belkadi and LoPresti, 2008).
In transgenic mice expressing ∆tau, oligodendrocytes displayed
reduced myelination and the animals developed motor deficits
(LoPresti, 2015). Together, these findings suggest that tau
acts as a scaffold protein that targets Fyn kinase to MTs
in oligodendrocyte processes, and that disruption of this
function may impair mechanisms contributing to myelination
(LoPresti, 2018).

TAU MODULATION OF SIGNALING
PATHWAYS ACTIVATED BY INSULIN AND
NEUROTROPHIN RECEPTORS

Early studies involving immunostaining of cultured
neurons documented a fraction of tau close to the plasma
membrane of developing neurites, but functional roles at this
subcellular location, largely devoid of MTs, remained elusive
(Papasozomenos and Binder, 1987; Loomis et al., 1990; Brandt
et al., 1995). Emerging evidence, succinctly discussed below,
revealed modulatory effects of tau on signaling pathways
triggered by insulin and neurotrophin receptors at this location,
potentially shedding some light on this issue.

Signaling pathways activated by insulin play an important
role in the maintenance of neuronal function and peripheral
metabolism (Lee et al., 2016). Although typically associated
with diabetes mellitus, alterations in insulin pathway signaling
are also observed in AD, and a high rate of comorbidity
is observed between AD and diabetes (Ott et al., 1999;
Talbot et al., 2012). Insulin-related signaling is initiated
upon insulin hormone binding to insulin receptors (IR).
IRs are transmembrane tyrosine kinase receptors that
phosphorylate themselves and other downstream substrates,
including insulin receptor substrates (IRS1/2). IRS1/2 activate
phosphatidylinositol 3-kinase (PI3K) which in turn
phosphorylates phosphatidylinositol (3,4)-biphosphate (PIP2) to
convert it into phosphatidylinositol (3,4,5)-triphosphate (PIP3).
PIP3 recruits AKT to the cell membrane where it is activated
and phosphorylates numerous kinase substrates (i.e., GSK3β,
mTORC1, et cetera) that in turn regulate a multitude of
cellular processes. Phosphatase and tensin homolog (PTEN)
dephosphorylates PIP3, providing a mechanism to terminate
insulin-dependent signaling.

Several studies have linked insulin signaling pathway
dysfunction to abnormal phosphorylation of tau (El Khoury
et al., 2014). However, recent evidence also suggests that
tau might modulate this pathway, a notion with important
implications for normal and pathological tau functions. Genetic
deletion of MAPT impaired insulin signaling by disrupting
IRS-1 function and downstream PI3K-AKT-mTOR signaling
(Marciniak et al., 2017). While these changes occurred
in the brain, tau knockout mice also displayed peripheral

hyperinsulinemia, glucose intolerance, and an attenuated food
intake response to insulin treatment (Marciniak et al., 2017).
Providing a potential molecular mechanism for this phenotype,
tau interacted with PTEN via its proline-rich domain and
reduced its lipid phosphatase activity (Marciniak et al., 2017; Tai
et al., 2020). Accordingly, PTEN knockdown restored normal
insulin signaling response in Tau KO mouse neurons suggesting
that tau inhibits PTEN activity in physiological conditions.
Extending these findings to tauopathy models, the accumulation
of mutant P301L tau was associated with increased PTEN
activation in the rTg4510 tau transgenic mouse model, which
in turn contributed to synaptic degeneration (Benetatos et al.,
2020). Together, these studies provide evidence that in normal
conditions tau promotes PI3K-AKT signaling by inhibiting
PTEN directly or indirectly, further suggesting that pathological
modifications in tau that affect this interaction may promote
synaptic dysfunction (Figure 5).

A wide range of extracellular and intracellular stimuli,
including growth factors, hormones, and cytokines, trigger
activation of mitogen-activated protein kinases (MAPKs) to
regulate cell differentiation, survival, and death (Keshet and
Seger, 2010). In neurons, activation of MAPKs by insulin
and neurotrophic factor receptors (Trks) is linked to synaptic
plasticity and survival, among many other cellular processes
(Sun and Nan, 2017). Like IRs, Trks undergo tyrosine
autophosphorylation upon binding to their neurotrophic ligand,
an event that triggers interactions among Trks and various
SH2 domain-containing effector proteins. Among these is
Src homology phosphatase 2 (SHP2), a protein tyrosine
phosphatase also known as PTPN11. SHP2 promotes activation
of extracellular receptor kinases (ERKs), a specific subset
of MAPKs critically involved in neurotrophin-based survival
(Easton et al., 2006).

Various reports documented modulatory effects of tau on
neurotrophin-based activation of MAPK signaling (Figure 5).
For example, deletion of tau in PC12 cells impaired ERK
activation and neurite outgrowth induced by nerve growth
factor (NGF) stimuli (Leugers and Lee, 2010). Interestingly,
the phosphorylation status of tau impacted the response. Tau
phosphorylation at T231 potentiated NGF-induced activation
of ERK1/2 kinases, whereas phosphorylation at S214 or the
PHF1 site (S396/S404) inhibited this signaling (Leugers and
Lee, 2010; Leugers et al., 2013). Additional work suggested
that these effects might involve a direct, activating protein-
protein interaction between tau and SHP2 (Kim et al., 2019).
Tau and SHP2 interacted in pulldown assays and both
proteins were identified as components of a larger protein
complex using proximity ligation assays (Kim et al., 2019).
Pseudophosphorylation at T231 in tau enhanced the interaction
with SHP2 in cells compared to T231A tau (Kim et al.,
2019). Evidence from human tissue studies suggests tau-SHP2
interactions are increased in mild cognitive impairment and in
AD brains when compared to non-demented control brains (Kim
et al., 2019). Additionally, tau interacts with the SH3 domain
of an SHP2-activator protein, Grb2, but whether SHP2 and
Grb2 interact simultaneously with tau and the functional
implications of these interactions are not yet well-defined
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FIGURE 5 | Tau promotes signal transduction of insulin and neurotrophic factor pathways. Neurotrophic factors (NTF) and insulin activate specific receptor tyrosine
kinases (Trks and IRs, respectively). Following autophosphorylation, the receptors initiate signaling through multiple downstream pathways, two of which are partially
modulated by tau. Activation of AKT signaling by PI3K is regulated by PIP3 levels, increased through phosphorylation by PI3K and decreased through
dephosphorylation by PTEN. Tau reportedly binds to PTEN directly to inhibit its phosphatase activity (red inhibitory arrow), thereby promoting AKT activation. Tau can
also promote MAPK signaling through an interaction with SHP2, a tyrosine phosphatase downstream of the receptor tyrosine kinases. Tau also interacts with the
SH3 domain of Grb2, an activator of SHP2 but whether tau, SHP2, and Grb2 form a complex and the downstream effects are not known (indicated by a red
question mark). Phosphorylation at specific residues may impact the modulatory role of tau on these pathways.

(Reynolds et al., 2008). Considered together, these data suggest
that tau may modulate neurotrophin-induced activation of the
MAPK signaling pathway, but whether such effects involve direct
activation of SHP2 by tau directly or targeted localization to lipid
rafts awaits further investigation.

CONCLUSIONS

The long-held hypothesis that stabilization of MTs represents
tau’s primary biological function is being increasingly challenged
by a growing body of independent experimental evidence.
Continuing to challenge this dogma will help expand our
interpretation of such evidence and advance our understanding
of tau biology in health and disease conditions. For example,
the ability of tau to interact with MTs may reflect just one of
several features enabling a much more diverse set of functions
by this protein, such as the regulation of phosphorylation-
based signaling pathways in axons and other MT-rich subcellular
compartments. On the other hand,MT-independent interactions
with additional proteins may facilitate similar functions in
modulating pathways in other compartments featuring few or
no MTs. This notion appears consistent with tau’s widespread
subcellular distribution, its highly dynamic conformational
flexibility, and the numerous kinase and phosphatase binding

partners identified thus far. Based on these characteristics, we
posit that tau functions as a signaling hub, regulating a wide
set of cellular processes through the modulation of selected
kinases and phosphatases. This function in turn appears to
be impacted by specific modification events in tau, including
mutations, phosphorylation, truncation, and aggregation, which
could have important implications for physiological and disease
states. A more dynamic perspective of tau as a multifaceted
protein involved in the control of intracellular signaling may also
provide a novel framework for the development of therapeutic
approaches to treat tauopathies.
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Accumulation of intracellular neurofibrillary tangles (NFTs), which are constituted of
abnormally phosphorylated tau, is one of the neuropathological hallmarks of Alzheimer’s
disease (AD). The oligomeric aggregates of tau in AD brain (AD O-tau) are believed
to trigger NFT spreading by seeding normal tau aggregation as toxic seeds, in a
prion-like fashion. Here, we revealed the features of AD O-tau by Western blots using
antibodies against various epitopes and determined the effect of dephosphorylation
on the seeding activity of AD O-tau by capture and seeded aggregation assays.
We found that N-terminal truncated and C-terminal hyperphosphorylated tau species
were enriched in AD O-tau. Dephosphorylation of AD O-tau by alkaline phosphatase
diminished its activity in capturing tau in vitro and in inducing insoluble aggregates in
cultured cells. Our results suggested that dephosphorylation passivated the seeding
activity of AD O-tau. Inhibition of phosphorylation may be a potent strategy to prevent
the spreading of tau patho3logy.

Keywords: Alzheimer’s disease, neurofibrillary tangles, oligomeric tau derived from AD brain, dephosphorylation,
seeding activity

INTRODUCTION

The microtubule-associated protein tau is a highly water-soluble and basic protein. Normal tau
stabilizes microtubules in vitro by binding to the interface between tubulin heterodimers with its
microtubule-binding repeats (Kadavath et al., 2015). As a phosphoprotein, tau contains more than
80 residues that can potentially be phosphorylated, and at least 18 of these sites are abnormally
hyperphosphorylated in the brains of Alzheimer’s patients (Chu and Liu, 2018; Iqbal et al., 2018).
Hyperphosphorylated tau detaches from microtubules, resulting in microtubule loss in neurons
(Austin et al., 2017). Accumulation of intracellular neurofibrillary tangles (NFTs), which mainly
consist of hyperphosphorylated and truncated tau, is correlated directly with the degree of cognitive
decline in AD patients and is considered as one of the predominant hallmarks of AD.

The NFT pathology in AD brains initiates in the locus coeruleus and transentorhinal area, and
sequentially progresses to the limbic system and further to the isocortex, as described in the Braak
stages (Braak and Braak, 1991). Intrahippocampal injection of tau aggregates isolated from AD
patients or produced in vitro successfully induced tau hyperphosphorylation and NFT formation at
the injection sites and anatomically related regions in rodent brains, showing a similar stereotypical
propagation of tau pathology as observed in AD brain (Clavaguera et al., 2009; Boluda et al., 2015;
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Takeda et al., 2015; Hu et al., 2016; Miao et al., 2019).
Emerging evidence suggests that the prion-like seeding activity
of pathological tau in AD brain is crucial for its propagation. Due
to the induction of molecules with strong negative charges (such
as heparin and RNA) or even proteins, the inert tau monomer
could switch its conformation to form β-sheet structures that
are prone to oligomerization (Goedert et al., 1996; Mudher
et al., 2017; Wischik et al., 2018). The oligomeric tau aggregates,
acting like “seeds,” capture normal tau proteins and template
their conformational change in a prion-like mechanism, and
eventually assembles the paired helical filaments (PHFs) and
NFTs in neurons (von Bergen et al., 2005; Lasagna-Reeves et al.,
2012b). Oligomeric tau isolated from Alzheimer’s brain (AD
O-tau) has been reported to capture tau protein in vitro, seed
tau aggregation in cultured cells, and induce the propagation of
tau pathology in rodent brains (Lasagna-Reeves et al., 2012a; Hu
et al., 2016; Li et al., 2019).

Our previous studies showed that high-molecular-weight
oligomers of tau (HMW-tau) were specifically accumulated in the
brain of AD patients. HMW-tau lacked the N-terminal portion
and was hyperphosphorylated at multiple sites including Ser199,
Ser202, Thr205, Thr212, Ser214, Thr217, Ser262, Ser396, Ser404,
and Ser422 (Zhou et al., 2018; Li et al., 2019). According to the
reported cleavage sites on human tau in AD brain (Wang et al.,
2010; Zhang et al., 2014), we deleted the first 50, 150 or 230
amino acids (a.a.) and the last 20 or 50 a.a. of the longest human
tau isoform tau441, examined the pathological activities of each
truncated isoforms, and found that deletion of the first 150 and
the last 50 a.a. of tau enhanced its site-specific phosphorylation,
self-aggregation, and captured and seeded aggregation by AD
O-Tau (Gu et al., 2020).

Dephosphorylation of AD hyperphosphorylated tau with
protein phosphatases such as protein phosphatase 2A (PP2A)
restored the microtubule polymerization activity of tau (Wang
et al., 1996). Dephosphorylation with alkaline phosphatase (AP)
or PP2A diminished the ability of hyperphosphorylated tau
in inducing aggregation, prevented tangle formation in vitro
(Alonso et al., 1996), and reduced the number of NFTs in
mouse brain (Hu et al., 2016). However, the mechanism that
dephosphorylation inhibits the prion-like activity of toxic tau
seeds remains unclear.

In the present study, we isolated oligomeric tau from
AD brains and analyzed AD O-tau by Western blots using
antibodies against different epitopes of tau protein. We
found that AD O-tau was mainly N-terminal truncated and
C-terminal hyperphosphorylated. AP treatment successfully
reduced the phosphorylation of AD O-tau. Tau capture
assay revealed that compared with AD O-tau, the ability
of dephosphorylated AD O-tau (Dp-AD O-tau) to capture
free tau is decreased. Immunofluorescence showed that Dp-
AD O-tau templated less aggregates formation in HeLa cells.
Seeded tau aggregation assay in HEK-293FT cells revealed
that Dp-AD O-tau induced less accumulation of total and
phosphorylated tau in the insoluble fractions from cell lysates.
Our results suggested that dephosphorylation could be an
effective way to passivate the prion-like seeding activity of
AD O-tau.

MATERIALS AND METHODS

Human Brain Samples
Frozen frontal cortices from autopsied and histopathologically
confirmed AD (80 years old, female, 2.9 h post mortem interval,
Harvard Brain Tissue Resource Center McLean Hospital) and
age-matched normal human (84 years old, female, 4.25 h post
mortem interval, De Nederlandse Hersenbank) brains were
obtained without identification of donors. Brain samples were
frozen at −80◦C until analysis. The use of postmortem human
brain tissue was in accordance with the National Institutes
of Health Guidelines and was exempted by the Institutional
Review Board of New York State Institute for Basic Research
in Developmental Disabilities because “the research does not
involve intervention or interaction with the individuals,” nor “is
the information individually identifiable.”

Preparation of AD O-Tau,
Dephosphorylated-AD O-Tau (Dp-AD
O-Tau), and Heat-Stable Tau (HS-Tau)
AD O-tau was isolated from frozen autopsy cerebral cortex of
AD patient as described (Kopke et al., 1993). Briefly, the brain
tissue was homogenized in ninefold volume of ice-cold lysis
buffer containing 20 mM Tris-HCl, pH 8.0, 0.32 M sucrose,
10 mM β-mercaptoethanol, 10 mM glycerophosphate, 5 mM
MgSO4, 50 mM NaF, 1 mM EDTA, 1 mM Na3VO4, 1 mM 4-
(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF),
and 10 µg/ml each of aprotinin, leupeptin, and pepstatin. The
homogenate was centrifuged at 27,000 × g for 30 min at 4◦C. The
supernatant was aspirated and further centrifuged at 235,000 × g
for 45 min at 4◦C. The resulting pellet rich in AD O-tau was
collected, washed twice, and resuspended in saline. AD O-Tau
was stored at −80◦C and probe-sonicated for 2 min (0.5 s on,
3 s off) at 20% power before use.

The supernatant was saved and NaCl was added to a final
concentration of 0.75 M. The remaining aggregated tau in the
supernatant was removed by boiling for 5 min. After cooling,
the samples were centrifuged at 25,000 × g for 30 min. The
supernatant was collected, dialyzed against 10 mM Tris-HCl, pH
7.6, and concentrated by five times to obtain HS-tau.

Dp-AD O-tau was obtained by incubating AD O-tau (4 mg/ml
protein) with 196 U/ml AP in the reaction buffer (100 mM
Tris-HCl, pH 8.0, 1 mM phenylmethylsulfonyl fluoride, 2
µg/ml aprotinin, 2 µg/ml pepstatin, and 5 µg/ml leupeptin)
at 37◦C for 5 h. Dephosphorylated products were analyzed
by Western blots developed with Tau-1 antibody to show
dephosphorylation efficacy.

Dephosphorylation of AD O-Tau on
Nitrocellulose Membrane
Various amounts of AD O-tau were spotted on a nitrocellulose
membrane (Schleicher and Schuell, Keene, NH, United States) at
5 µl/grid of 7 × 7 mm. The membrane was incubated at 37◦C
for 1 h to allow protein binding to the membrane. Proteins on
the membrane were dephosphorylated as described previously
(Kopke et al., 1993) with slight modification. The membrane was
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wet by TBS and incubated with 196 U/ml AP in the reaction
buffer as described above at 37◦C for 5 h. After blocking with
5% milk in TBS (50 mM Tris-HCl, pH 7.4, 150 mM NaCl) for
30 min, membrane was then developed with specific antibodies
or subjected to tau capture assay.

Western Blots and Dot Blots
Brain homogenates were prepared in 10% in ice-cold lysis buffer
consisting of 50 mM Tris-HCl, pH 7.4, 8.5% sucrose, 2.0 mM
EDTA, 10 mM β-mercaptoethanol, 1 mM Na3VO4, 50 mM
NaF, 1 mM AEBSF, and 10 µg/ml each of aprotinin, leupeptin,
and pepstatin. The homogenates were diluted in 2 × Laemmli
sample buffer (250 mM Tris-HCl, pH 6.8, 20% glycerol, 20%
β-mercaptoethanol, 4% SDS and 0.008% bromophenol blue),
followed by boiling for 10 min. Protein concentration of each
sample was measured by the PierceTM 660 nm Protein Assay
kit (Thermo Fisher Scientific, Waltham, MA, United States).
Same amounts of protein in brain homogenate were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and electro-transferred to a polyvinylidene difluoride
(PVDF) membrane.

For dot blots, the cells were lysed with RIPA (radio
immunoprecipitation assay) buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1% Non-idet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM NaF, 1 mM Na3VO4, 1 mM AEBSF,
5 mM benzamidine, and 10 µg/ml each of aprotinin, leupeptin,
and pepstatin) and the protein concentration was determined.
Different amounts of protein were spotted on a nitrocellulose
membrane (Schleicher and Schuell, Keene, NH, United States) at
5 µl/grid of 7 × 7 mm. The blot was incubated at 37◦C for 1 h to
allow protein binding to the membrane.

The PVDF or nitrocellulose membrane was blocked with 5%
skim milk in TBS buffer (50 mM Tris-HCl, pH 7.4, and 150 mM

NaCl) for 30 min and was subsequently incubated overnight
with specific primary antibodies (Table 1) at room temperature.
After washing three times with TBST (TBS containing 0.05%
Tween-20), the membrane was incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody (1:4,000,
Jackson ImmunoResearch, West Grove, PA, United States)
at room temperature for 2 h, washed with TBST, incubated
with enhanced chemiluminescence (ECL) kit (Thermo Fisher
Scientific, Rockford, IL, United States), and exposed to X-ray
films (Denville Science, Holliston, MA, United States). The
intensity of bands on Western blots and dot blots was quantified
by Multi Gauge software (Fujifilm, Mito, Tokyo, Japan).

Cell Culture and Plasmids
HEK-293FT and HeLa cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (Thermo Fisher Scientific, Waltham, MA,
United States) at 37◦C in a humidified atmosphere of 5%
CO2/95% air.

pCI/HA (hemagglutinin)-tau1−441 and pCI/HA-tau151−391
were generated as previously described (Gu et al., 2020). The
DNA sequence of the plasmids was confirmed by Sanger
sequencing. PCI-neo plasmid was used as a negative control.
pCI/HA-tau1−441 or pCI/HA-tau151−391 was transfected into
HEK-293FT or HeLa cells by FuGENE R© HD Transfection
Reagent (Promega, Madison, WI, United States) following the
manufacturer’s instructions.

Seeded Tau Aggregation in Cultured
Cells
HEK-293FT cells were transfected with pCI/HA-tau1−441 or
pCI/HA-tau151−391. AD O-Tau or Dp-AD O-tau was sonicated

TABLE 1 | Primary antibodies used in this study.

Antibody Type Specificity Working dilution Species Source (catalog number)

113e Polyclonal Pan-tau (a.a. 19–32) 1:1,000 Rabbit In-house

43D Monoclonal Pan-tau (a.a. 6–18) 1:1,000 Mouse BioLegend (816601)

77G7 Monoclonal Pan tau (a.a. 244–368) 1:1,000 Mouse BioLegend (816701)

92e Polyclonal Pan-tau 1:1,000 Rabbit In-house

Anti-HA Polyclonal HA 1:2,000 Rabbit Sigma (H6908)

Anti-HA Monoclonal HA 1:30,000 Mouse Sigma (H9658)

Anti-pT181 Monoclonal Phospho-tau (T181) 1:500 Mouse Invitrogen (MN1050)

Anti-pS199 Polyclonal Phospho-tau (S199) 1:1,000 Rabbit Invitrogen (44-734G)

Anti-pT212 Polyclonal Phospho-tau (T212) 1:500 Rabbit Invitrogen (44-740G)

Anti-pS214 Polyclonal Phospho-tau (T214) 1:1,000 Rabbit Invitrogen (44-742G)

Anti-pT217 Polyclonal Phospho-tau (T217) 1:500 Rabbit Invitrogen (44-744)

Anti-pS262 Polyclonal Phospho-tau (S262) 1:500 Rabbit Invitrogen (44-750G)

Anti-pS422 Polyclonal Phospho-tau (S422) 1:500 Rabbit Invitrogen (44-764G)

HT7 Monoclonal Pan-tau (a.a. 159–163) 1:1,000 Mouse Invitrogen (MN1000)

PHF-1 Monoclonal Phospho-tau (S396/404) 1:500 Mouse Dr. Peter Davies

R134d Polyclonal Pan-tau 1:10,000 Rabbit In-house

Tau-1 Monoclonal Unphosphorylated-tau (a.a. 195,198,199, and 202) 1:500 Mouse Dr. Lester I. Binder

Tau46 Monoclonal Pan tau (a.a. 404–421) 1:1,000 Mouse Invitrogen (13-6400)

TAU-5 Monoclonal Pan-tau (a.a. 210–230) 1:1,000 Mouse Invitrogen (AHB0042)

GAPDH Monoclonal GAPDH 1:1,000 Mouse Santa Cruz (sc-47724)
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at 20% power for 2 min (0.5 s on, 3 s off) before use.
Six hours after transfection, AD O-Tau or Dp-AD O-tau
was mixed with 3% Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, United States) in Opti-MEM (Thermo Fisher Scientific,
Waltham, MA, United States) for 20 min at room temperature
and then added into the cell culture at a final concentration of
6.6 µg/ml. Forty-eight hours after transfection, the cells were
harvested and analyzed for tau aggregation by Western blots or
immunofluorescence.

To examine the accumulation of insoluble tau, the cells were
lysed in RIPA buffer for 20 min on ice and centrifuged at
130,000 × g for 45 min. The supernatants were collected as RIPA-
soluble fraction and diluted in 4 × Laemmli sample buffer. The
resulting pellets containing the insoluble fraction were washed
twice with RIPA buffer and resuspended in 1 × Laemmli buffer
by sonicating at 80% power for 8 min (5 s on, 20 s off) with
sonicator equipped with cup horn (Thermo Fisher Scientific,
Waltham, MA, United States). The samples were boiled for 5 min.
Levels of RIPA-insoluble and -soluble tau were determined by
Western blots developed with anti-HA antibody (Table 1). Levels
of phosphorylated tau at each specific site were analyzed by
Western blots developed with site-specific and phosphorylation-
dependent tau antibodies.

Immunofluorescence
HeLa cells were transfected with pCI/HA-tau1−441 or pCI/HA-
tau151−391 by FuGENE R© HD and treated with 6.6 µg/ml AD
O-tau or Dp-AD O-tau as described above. The cells were
harvested, fixed for 15 min with 4% paraformaldehyde in
phosphate-buffered saline (PBS), and treated with 0.3% Triton
in PBS for 15 min. After blocking with 5% newborn goat
serum, 0.05% Tween-20, and 0.1% Triton X-100 in PBS for
30 min, the cells were incubated with 77G7 (1:500) or anti-HA
(1:1,000) antibody in the blocking solution overnight at 4◦C.
After washing three times with PBS, the cells were incubated
with Alexa Fluor 555-conjugated or 488-conjugated IgG (1:1,000,
Thermo Fisher Scientific, Waltham, MA, United States) for 2 h
and TO-PRO-3 (5 mg/ml, Thermo Fisher Scientific, Waltham,
MA, United States) for 15 min at room temperature. After
washing with PBS, the cells were mounted using ProLongTM

Gold Antifade Mountant (Thermo Fisher Scientific, Waltham,
MA, United States). The images were captured with a Nikon
EZ-C1 confocal microscope (Nikon Instruments, Melville,
NY, United States).

The number of HA-tau151−391-expressing cells and the
number of cells with tau aggregates were counted under the
microscope. The percentage of cells with tau aggregates was
calculated by dividing the number of cells with aggregates by the
total number of HA-tau151−391-expressing cells on each slide.

Tau Capture Assay
Tau capture assay was carried out as described (Kremer et al.,
1988; Alonso et al., 1994; Li et al., 2019). HEK-293FT cells
overexpressing pCI/HA-tau151−391 were lysed in PBS containing
50 mM NaF, 1 mM Na3VO4, 1 mM AEBSF, 5 mM benzamidine,
and 10 µg/ml each of aprotinin, leuprotinin, and pepstatin. The
cell lysate was sonicated at 20% power for 2 min (0.5 s on, 3 s

off) and centrifuged at 10,000 × g for 10 min to extract the
supernatant containing HA-tau151−391. Different amounts of AD
O-tau or HS-tau were spotted on the nitrocellulose membrane
and dried at 37◦C for 1 h. The membrane was then blocked with
5% skim milk in TBS for 1 h, and incubated overnight with the
cell extract containing HA-tau151−391. After washing three times
with TBST, the membrane was examined by anti-HA antibody
using dot blot method.

Statistical Analysis
Data were presented as mean ± standard deviation (SD). The
statistical significance was analyzed by one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test for multiple
comparisons using GraphPad Prism 8 (GraphPad Software
Inc., San Diego, CA, United States). P < 0.05 was considered
statistically significant.

RESULTS

AD O-Tau Is Mainly N-Terminal Truncated
and C-Terminal Hyperphosphorylated
Truncation and hyperphosphorylation of tau are commonly
found in AD brains (Zhou et al., 2018; Li et al., 2019). Brain-
derived tau oligomers from the individuals with AD and related
tauopathies can capture normal tau and trigger the propagation
of tau pathology as cytotoxic seeds (Hu et al., 2016; Chu and
Liu, 2018). To determine whether oligomeric tau from AD brain
is also hyperphosphorylated and/or truncated, AD O-tau was
analyzed by Western blots developed with antibodies raised
against specific epitopes of tau (Figure 1A and Table 1). R134d,
a polyclonal antibody raised against the longest human tau
isoform, tau441 (Tatebayashi et al., 1999), detected smear bands
in AD O-tau and AD brain lysate but not in control brain lysates,
confirming the truncation and SDS- and β-mercaptoethanol-
resistant high-molecular weight of AD O-tau (Figure 1B).
Monoclonal antibodies 43D and HT7, which recognize the
N-terminal 6–18 a.a. and 159–163 a.a. of tau441, respectively,
detected tau bands in both control and AD brain lysates, but
not in AD O-tau. Similar results were found when using the
polyclonal antibody 113e (Li et al., 2019) that recognizes 19–
32 a.a. of tau, indicating that AD O-tau was mostly N-terminal
truncated (Figure 1B). 77G7 (244–368 a.a.) and Tau5 (210–
230 a.a.) that target the epitopes in or close to the microtubule
binding repeats of tau both showed stronger affinity to AD O-tau
than to AD or control brain lysates. The level of tau detected
by Tau46 (404–421 a.a.) was decreased in AD O-tau, implying
that AD O-tau could be partially C-terminal truncated. These
results suggested that truncated tau species were accumulated in
AD O-tau.

Tau is abnormally hyperphosphorylated in AD brain (Zhou
et al., 2018). Therefore, we used a series of phosphorylation
site-specific antibodies of tau to examine the phosphorylation
pattern of AD O-tau (Figure 1C). Phosphorylation of all the
epitopes tested, pS199, pT217, pS262, pS396/404, and pS422,
were increased in AD compared to control lysate, consistent with
previous reports (Zhou et al., 2018). However, the changes of
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FIGURE 1 | AD O-tau was N-terminal truncated C-terminal hyperphosphorylated. (A) The diagram of the longest human tau isoform (tau441) showing the epitopes
recognized by various pan-tau antibodies used in this study. (B,C) AD O-tau and the homogenates from AD and control human brains were analyzed by Western
blots developed with polyclonal or monoclonal pan-tau antibodies (B) and site-specific and phosphorylation-dependent tau antibodies (C).

site-specific phosphorylation in AD O-tau were not the same
as that in AD lysate. In AD O-tau, pS199 phosphorylation was
distinctly eliminated, which might be because of tau cleavage
at the N-terminus. pT217 showed comparable phosphorylation
levels in AD O-tau and AD lysate. Phosphorylation of pS262,
pS396/404, and pS422 was dramatically elevated in AD O-tau
than in AD and control lysate. The site-selective phosphorylation
of AD O-tau implied that C-terminal hyperphosphorylated tau
species were prone to aggregate in AD O-tau.

Dephosphorylation Inhibits the Ability of
AD O-Tau to Capture Tau151−391
Recently, we constructed 11 truncated forms of full-length tau
and analyzed the pathological activities of them (Gu et al., 2020).

We found that deletion of the first 150 or 230 a.a. and the
last 50 a.a. of tau enhanced its site-specific phosphorylation
and seeded aggregation by AD O-Tau. Among these truncated
proteins, tau151−391 exhibited the highest pathological activities
but did not show significant difference in cytotoxicity compared
with full-length tau (tau1−441) (Gu et al., 2020). In the present
study, HeLa cells were transfected with HA-tau1−441 or HA-
tau151−391. Six hours later, the cells were treated with AD
O-tau for 42 h and then subjected to immunofluorescence. The
immunofluorescence staining with 77G7 antibodies revealed that
both HA-tau1−441 and HA-tau151−391 were expressed in HeLa
cells. AD O-tau induced remarkable aggregates in the cytoplasm
and nucleus of HA-tau151−391-expressing cells, but only diffusion
distribution of tau in HA-tau1−441-transfected cells (Figure 2A).
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FIGURE 2 | AD O-tau captured HA-tau151−391 in vitro and seeded its aggregation in cultured cells. (A) HeLa cells were transfected with pCI/HA-tau1−441 or
pCI/HA-tau151−391, treated with AD O-tau for 42 h and immunostained with tau antibody 77G7 (red). Cell nuclei were labeled by TO-PRO-3 (blue). Bar, 10 µm.
(B,C) HEK-293FT cells were transfected with pCI/HA-tau1−441 or pCI/HA-tau151−391, treated with AD O-tau for 42 h and lysed with RIPA buffer. RIPA buffer-soluble
and -insoluble fractions were separated by centrifuging at 130,000 × g for 45 min. Dilution series of RIPA-soluble or -insoluble samples were applied on
nitrocellulose membranes and detected with anti-HA antibody. Corresponding cell lysates from parallel experiment were analyzed by Western blot developed with
anti-GAPDH (B). RIPA-soluble or -insoluble samples were analyzed by Western blots developed with anti-tau (R134d and 92e) and anti-GAPDH antibodies (C).
(D) A series of concentration gradients of AD O-tau or heat-stable tau (HS-tau) were applied on nitrocellulose membranes. The membrane was incubated with
HEK-293FT cell lysate expressing HA-tau151−391. HA-tau151−391 captured by AD O-tau or HS-tau was detected with anti-HA antibody. The total amount of AD
O-tau or HS-tau on the membrane was determined by the mixture of pan-tau antibodies, R134d and 92e.

For biochemical analyses, HEK-293FT cells were transfected
with HA-tau1−441 or HA-tau151−391, treated with AD O-tau
for 42 h and then lysed with RIPA buffer and centrifuged at
130,000 × g for 45 min to separate RIPA-insoluble pellets and
RIPA-soluble supernatants. Serial dilutions of the RIPA-soluble
or -insoluble samples were spotted on nitrocellulose membranes
and subjected to dot blots using anti-HA antibody (Figure 2B).
The results showed higher level of RIPA-soluble tau in HEK-
293FT/HA-tau1−441 cells than in HEK-293FT/HA-tau151−391

cells. O-tau treatment induced intensive insoluble aggregates of
HA-tau151−391, but not that of HA-tau1−441. Next, RIPA-soluble
or -insoluble fraction from HA-tau1−441- or HA-tau151−391-
expressing cells treated with or without AD O-tau were examined
by Western blots developed with tau antibodies (Figure 2C).
AD O-tau induced dramatic accumulation of tau151−391 in
RIPA-insoluble fraction, whereas less tau151−391 in RIPA-soluble
fraction, compared with tau1−441. These results further support
that tau151−391 could be more susceptible to AD O-tau seeded
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FIGURE 3 | Dephosphorylation of AD O-tau inhibited its ability to capture HA-tau151−391 in vitro. (A,B) A series of concentration gradients of AD O-tau were applied
onto nitrocellulose membranes. One set of membranes were treated with alkaline phosphatase (AP) to dephosphorylate AD O-tau. The control membranes were
incubated with only the reaction buffer. The membranes were then developed with PHF-1 (anti-pS396/404 tau) or a mixture of R134d and 92e (pan-tau) to analyze
the phosphorylation and total levels of AD O-tau, respectively (A). The relative levels of PHF-1 immunoreactivity were plotted against the amounts of AD O-tau or
Dp-AD O-tau (B). (C,D) Control or AP-treated membranes were incubated with HEK-293FT cell lysate expressing HA-tau151−391 and developed with anti-HA
antibody to measure the levels of HA-tau151−391 captured by AD O-tau or Dp-AD O-tau (C). Anti-HA immunoreactivity was plotted against the amounts of AD O-tau
and Dp-AD O-tau (D).

aggregation. Thus, HA-tau151−391, instead of HA-tau1−441, was
used in the following analyses for tau seeding activity.

Normal tau is heat-stable (Weingarten et al., 1975). Heat
treatment is commonly used to remove tau aggregates from the
soluble fraction of brain lysate (Planel et al., 2007; Miao et al.,
2019). Various amounts of AD O-tau or heat-stable tau (HS-tau)
were dotted on nitrocellulose membranes, which were further
incubated with cell lysate containing HA-tau151−391 to allow the
capture of HA-tau151−391 by AD O-tau or HS-tau. Captured
HA-tau151−391 was detected by anti-HA antibody (Figure 2D).
The results indicated that AD O-tau, but not HS-tau, captured
HA-tau151−391 (Figure 2D).

To determine the role of phosphorylation in modulating
the capture ability of AD O-tau, we applied various amount
of AD O-tau onto nitrocellulose membranes parallelly. One
set of membranes was treated with AP to dephosphorylate AD
O-tau on it. The control membranes were treated with the
reaction buffer parallelly. Dephosphorylation of AD O-tau by AP
was identified by reduced PHF-1 (recognizing phosphorylated

tau at Ser396/404) and enhanced Tau-1 (recognizing tau
unphosphorylated Ser195/198/199/202) immunoreactivity
(Figures 3A,B). Similar R134d (Tatebayashi et al., 1999) and 92e
(Grundke-Iqbal et al., 1988) immunoreactivity indicated that
AP treatment did not affect total tau levels on the membrane
(Figure 3A). The control and AP-treated membranes were
further incubated with cell lysate containing HA-tau151−391 to
allow the binding of HA-tau151−391 to AD O-tau. Captured
HA-tau151−391 developed with anti-HA was markedly decreased
in AP-treated membrane, suggesting that dephosphorylation of
AD O-tau inhibited its ability to capture tau (Figures 3C,D).

Dephosphorylation Inhibits AD
O-Tau-Induced Aggregation of
Tau151−391
To assess the ability of dephosphorylated AD O-tau (Dp-
AD O-tau) in triggering tau aggregation, we used AP to
dephosphorylate AD O-tau and added Dp-AD O-tau into

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 May 2021 | Volume 14 | Article 631833274

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


fnmol-14-631833 May 7, 2021 Time: 17:15 # 8

Wu et al. Dephosphorylation Passivates Tau Seeding Activity

FIGURE 4 | Dephosphorylation of AD O-tau inhibited its ability to seed tau aggregation in HeLa cells. (A) AD O-tau and Dp-AD O-tau were analyzed by Western
blots developed with a mixture of R134d and 92e (pan-tau) or Tau-1 (unphosphorylated tau). (B,C) HeLa cells were transfected with pCI/HA-tau151−391, treated with
AD O-tau, Dp-AD-O-tau, or AD O-tau and AP for 42 h, and immunostained with anti-HA antibody (B, green). Cell nuclei were labeled by TO-PRO-3 (B, blue). Bar, 20
µm. The number of HA-tau151−391-expressing cells and the number of cells with tau aggregates were counted (C). The experiment was performed in triplicate wells
and eight fields were photographed from each well of each group. Percentage of cells with aggregated tau was determined. Each experiment was repeated at least
twice. *P < 0.05. ***P < 0.001.

HeLa cells expressing HA-tau151−391 to investigate the
formation of aggregates. Western blots developed with
Tau-1 antibody (Binder et al., 1985) confirmed the up-
regulation of dephosphorylation levels in Dp-AD O-tau after
AP treatment (Figure 4A). Overexpression of HA-tau151−391
in HeLa cells usually leads to aggregation in less than 10%
of the transfected cells (HA positive) after 48 h transfection
when examined by immunofluorescence (Figure 4C).
Incubation with AD O-tau for 42 h significantly increased
the proportion of aggregate-bearing cells (Figures 4B,C;
Li et al., 2019; Gu et al., 2020). Unlike AD O-tau, Dp-AD
O-tau did not promote the formation of tau aggregates
(Figures 4B,C). In another set of experiments, 0.26 U AP
was added into the culture medium of HA-tau151−391-
expressing cells together with AD O-tau and also inhibited

AD O-tau-induced tau aggregation (Figures 4B,C). These
results suggested that dephosphorylation of AD O-tau and/or
its recruiting targets could help to reduce the formation
of tau aggregates.

Next, HEK-293FT cells were transfected with HA-tau151−391
and treated with AD O-tau or Dp-AD O-tau. The cell lysates
were separated into RIPA-soluble and RIPA-insoluble fractions.
Total and phosphorylated tau levels in each fraction were
analyzed by Western blot (Figure 5). AD O-tau induced dramatic
accumulation of total tau (Figures 5A,B) and tau phosphorylated
at T181, T212, S214, and T217 (Figures 5C,D) in RIPA-insoluble
fractions. However, compared with AD O-tau, Dp-AD O-tau
treatment significantly decreased both total and phosphorylated
tau deposit in RIPA-insoluble fractions (Figure 5). In both
groups, the levels of RIPA-soluble tau were not grossly affected.
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FIGURE 5 | Dephosphorylation of AD O-tau suppressed its ability to template tau aggregation. (A–D) HEK-293FT cells were transfected with pCI/HA-tau151−391,
treated with AD O-tau or Dp-AD O-tau and lysed with RIPA buffer. RIPA-soluble and -insoluble fractions were separated by centrifugation and analyzed with Western
blots developed with antibodies toward HA, total tau (R134d), GAPDH (A), or various phosphorylated tau (C). The experiment was performed in triplicate. Relative
levels of total (B) or phosphorylated (D) tau were measured. ∗∗P < 0.01. ∗∗∗∗P < 0.0001.

These data further supported that dephosphorylation of AD
O-tau could suppress its ability in templating tau aggregation.

DISCUSSION

Oligomeric tau derived from Alzheimer’s brain is capable of
capturing normal tau and templating misfolding and aggregation
of tau protein and is therefore considered to display prion-
like seeding properties. However, the characteristics of AD
O-tau were not fully understood. Here, we reported that AD
O-tau was mainly N-terminal truncated and C-terminal
hyperphosphorylated. Dephosphorylation of AD O-tau
significantly blocked its ability to capture tau and template
tau aggregation.

NFTs composed of abnormally hyperphosphorylated tau are
major pathological hallmarks of AD (Iqbal et al., 2016). Normal
tau contains two to three phosphate groups. However, the

phosphorylation levels of tau are increased by two to three
times in AD brains. Hyperphosphorylation of tau alters the
protein charge and conformation, which makes it easier to
aggregate (Iqbal et al., 2016). Tau in AD brain displays in
various pools—cytosolic and normal tau (AD-tau), cytosolic
and hyperphosphorylated/oligomeric tau (AD P-tau), and PHF-
tau (Kopke et al., 1993). AD P-tau, but not PHF tau,
sequesters/captures normal tau in vitro to form filaments in
a non-saturable manner (Alonso et al., 1994), which was the
first identification of prion-like activity of AD P-tau. AD P-tau
was isolated from the 27,000 to 200,000 × g fraction of AD
brain homogenate by extraction in 8 M urea and was further
purified by acid precipitation and ion chromatography (Kopke
et al., 1993). It was found that 3,000 and 10,000 × g AD brain
extracts, which presumably contained HMW proteins, showed
significantly higher seeding activity than 150,000 × g extracts
from which HMW tau was depleted by sedimentation (Takeda
et al., 2015). The 3,000 and 10,000 × g extracts contain various
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sizes of oligomeric tau (Takeda et al., 2015). Thus, AD O-tau
in the fraction by sedimentation of AD brain homogenates
from 27,000 to 235,000 × g predominantly varies in size of
oligomeric tau, which is hyperphosphorylated and displays SDS-
and β-mercaptoethanol-resistant HMW-tau. However, the size
distribution of AD O-tau remains to be characterized.

Recently, studies utilizing high-resolution quantitative
proteomics (Wesseling et al., 2020) and mass spectrometry
(Dujardin et al., 2020) identified 26 post-translational
modifications (PTM) in HMW-tau oligomers. Although
tau PTM profiles were heterogeneous across subjects, the
peptides spanning amino acid residues 195–209, 212–224,
and 396–406 featured high-frequency phosphorylation and
showed > 90% modification extent in AD patients (Wesseling
et al., 2020). Phosphorylation on Ser262 was positively correlated
with tau seeding capacity (Dujardin et al., 2020). Consistent with
these studies, pT217, pSer262, and pS396/404 were dramatically
elevated in AD O-tau compared to the control in this study.
Ser422, which is not considered as a phosphorylation hotspot of
HMW-tau oligomers (Wesseling et al., 2020), was also intensively
hyperphosphorylated in AD O-tau (Figure 1C), reflecting
heterogeneity in tau phosphorylation among individuals.

AD P-tau has litter activity to promote microtubule assembly
and dephosphorylation with AP restored its activity (Alonso
et al., 1994). AD P-tau associates with normal tau in solution
forming large tangles and dephosphorylation abolishes its ability
to aggregate with normal tau and prevents tangle formation
(Alonso et al., 1996). Dephosphorylation of AD P-tau by
PP2A inhibits its polymerization into PHF/straight filaments,
and rephosphorylation of PP2A-dephosphorylated AD P-tau
by kinases promotes AD P-tau assembly to PHF filaments
(Wang et al., 2007). Intrahippocampal injection of AD P-tau
(the same as AD O-tau mentioned in this work) induced tau
pathology first at the injection sites, and then to the anatomically
connected regions in mouse brain, mimicking the propagation
of tau pathology observed in AD patients (Lasagna-Reeves
et al., 2012a; Hu et al., 2016). Injection of dephosphorylated
AD P-tau treated by protein phosphatase-2A dramatically
diminished tau pathology, suggesting that dephosphorylation
could restrict the seeding activity of AD P-tau (Hu et al.,
2016). However, the mechanisms by which dephosphorylation
inhibits the prion-like transmission of tau seeds remain
unclear. Our results revealed that dephosphorylation of AD
O-tau significantly reduced its ability to capture and template
tau aggregation, which may explain why the prion-like
seeding activity of dephosphorylated AD O-tau was limited
in vivo.

AD O-tau and Dp-AD O-tau did not affect the levels of total or
phosphorylated tau species in RIPA-soluble cell lysate. AD O-tau
induced intensive accumulation of total and phosphorylated
tau in the insoluble fraction, while dephosphorylation of AD
O-tau significantly blocked that, suggesting that AD O-tau
was prone to capture and template phosphorylated tau, and
dephosphorylation could effectively inhibit its seeding activity.
Therefore, phosphorylation of AD O-tau is crucial for the seeded
aggregation of tau, and blockage of AD O-tau phosphorylation
could be a potent way to diminish tau aggregation.

Inhibition of tau hyperphosphorylation has long been
considered as a potential therapeutic approach for AD. A variety
of therapy strategies targets tau hyperphosphorylation by
interfering tau kinases or phosphatases (Iqbal et al., 2018).
For example, the antidiabetic biguanide metformin induced
activation of PP2A and reduced tau phosphorylation at PP2A-
dependent epitopes in murine primary neurons and in vivo
(Kickstein et al., 2010). Recently, a phase II clinical trial for
metformin in treating amnestic mild cognitive impairment
has been completed. In the present study, we showed that
dephosphorylation of AD O-tau by AP, a phosphatase usually
located on the outside surface of plasma membrane, significantly
inhibited its prion-like seeding activity. AP directly added into
the cell cultures could also reduce AD O-tau-induced aggregation
of HA-tau151−391 (Figure 4), showing a potential of inhibiting
tau pathology. Actually, tissue non-specific alkaline phosphatase
(TNAP) activity has been reported to increase in AD brain and
plasma (Kellett and Hooper, 2015). Cell membrane-anchored
TNAP is capable of dephosphorylating extracellular monomeric
tau, which acts as an agonist of muscarinic M1 and M3 receptors,
and provokes a sustained intracellular calcium increase leading
to neuronal cell death (Diaz-Hernandez et al., 2010; Kellett and
Hooper, 2015). Nevertheless, systemic administration of AP is
still proposed as a potential therapeutic intervention against
the pathology of AD, since sufficient anti-inflammatory AP
in circulation might leave endogenous TNAP to perform its
normal functions in the brain (Pike et al., 2015). Thus, the
role of AP in modulating tau pathology in vivo is still worth
further investigation.

In conclusion, dephosphorylation significantly decreased AD
O-tau’s activity in capturing tau and templating insoluble tau
aggregates. Dephosphorylation of AD O-tau could be an effective
way to inhibit its prion-like seeding activity and a potential target
for the treatment of AD.
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Phosphorylation of the neuronal microtubule-associated Tau protein plays a critical role
in the aggregation process leading to the formation of insoluble intraneuronal fibrils within
Alzheimer’s disease (AD) brains. In recent years, other posttranslational modifications
(PTMs) have been highlighted in the regulation of Tau (dys)functions. Among these
PTMs, the O-β-linked N-acetylglucosaminylation (O-GlcNAcylation) modulates Tau
phosphorylation and aggregation. We here focus on the role of the PHF-1 phospho-
epitope of Tau C-terminal domain that is hyperphosphorylated in AD (at pS396/pS404)
and encompasses S400 as the major O-GlcNAc site of Tau while two additional
O-GlcNAc sites were found in the extreme C-terminus at S412 and S413. Using
high resolution NMR spectroscopy, we showed that the O-GlcNAc glycosylation
reduces phosphorylation of PHF-1 epitope by GSK3β alone or after priming by
CDK2/cyclin A. Furthermore, investigations of the impact of PTMs on local conformation
performed in small peptides highlight the role of S404 phosphorylation in inducing
helical propensity in the region downstream pS404 that is exacerbated by other
phosphorylations of PHF-1 epitope at S396 and S400, or O-GlcNAcylation of S400.
Finally, the role of phosphorylation and O-GlcNAcylation of PHF-1 epitope was probed
in in-vitro fibrillization assays in which O-GlcNAcylation slows down the rate of fibrillar
assembly while GSK3β phosphorylation stimulates aggregation counteracting the effect
of glycosylation.

Keywords: Alzheimer’s disease, microtubule-associated protein tau, phosphorylation, O-GlcNAc glycosylation,
protein aggregation, NMR spectroscopy
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INTRODUCTION

Alzheimer’s disease (AD) is defined by two types of lesions,
the extraneuronal senile plaques made of Aβ peptides and
neurofibrillary degeneration constituted by intraneuronal
inclusions of hyperphosphorylated Tau proteins. Tau is a
microtubule (MT)-associated protein which is mainly expressed
in neuronal axons under six alternatively spliced isoforms in
adult brain. Although it has been shown that its primary function
is promoting assembly and stability of MTs (Weingarten et al.,
1975; Cleveland et al., 1977), other important functions have
been described more recently at the cell membrane (Morris et al.,
2011) and in the nucleus (Sultan et al., 2011; Mansuroglu et al.,
2016) regulating cell signaling, genome expression and stability,
and neuronal plasticity at synapses. The various functions of Tau
are regulated by phosphorylation that was also shown to play a
crucial role in Tau pathogenesis related to fibrillar aggregation
in neuronal disorders referred to as tauopathies. In addition
to phosphorylation, Tau is highly regulated in its physiological
state by an intricate array of posttranslational modifications
(PTMs) including ubiquitination, acetylation, N-glycosylation,
and O-β-linked N-acetylglucosaminylation (O-GlcNAcylation)
(Hanger et al., 1998; Morris et al., 2015).

Tau is an intrinsically disordered protein and its primary
structure is divided into four regions: an N-terminal projection
domain, a proline-rich domain (PRD), a microtubule-binding
domain (MTBD), and a C-terminal region (Figure 1)
(Mandelkow et al., 1996; Buée et al., 2000). In its fibrillar
state, however, Tau MTBD forms highly ordered structures that
are disease-specific (Fitzpatrick et al., 2017; Falcon et al., 2018a,b;
Fyfe, 2018). In AD, two types of filaments, the paired helical
filaments (PHFs) and straight filaments (SFs), are the main
constituents of the neurofibrillary inclusions consisting of the
same protofilament structure, yet differing by the protofilament
assembly (Fitzpatrick et al., 2017). In these structures, the region
encompassing residues 306–378 of Tau MTBD adopt a cross-
β/β-helix fold (Figure 1). While Tau is hyperphosphorylated
in its disease-associated fibrillar state, phosphorylation sites
(as well as other PTMs) were not observed in former cryo-EM
structures of PHF-Tau from AD brains presumably due to
PTM heterogeneity failing to provide a detail view of phosphate
accommodation into filament assembly (Fitzpatrick et al., 2017).
Tau filaments in AD and cortico-basal degeneration (CBD)
were shown to be extensively modified by phosphorylation,
acetylation, trimethylation and ubiquitination with acetylation
and ubiquitination occurring mainly within the fibril cores
(Arakhamia et al., 2020). In contrast, the large majority of

Abbreviations: AD, Alzheimer’s disease; CDK2: cyclin dependent kinase 2;
Fmoc, 9-fluorenylmethoxycarbonyl; HSQC, heteronuclear single quantum
correlation; IPTG: isopropyl-β-D-1-thiogalactopyranoside; MALDI-TOF MS,
matrix-assisted laser desorption ionization-time-of-flight mass spectrometry;
NOESY: Nuclear Overhauser SpectroscopY; pS, phosphorylated Ser; gS,
O-GlcNAcylated Ser; GSK3β, glycogen synthase kinase 3β; MT, microtubule; PTM,
posttranslational modification; O-GlcNAc, O-β-linked N-acetylglucosamine;
OGT, O-GlcNAc transferase; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; PHF, paired helical filaments; RP-HPLC: reverse phase
high performance liquid chromatography; TFA: trifluoroacetic acid; THP:
Tris(hydroxypropyl)phosphine; TOCSY: Total Correlation SpectroscopY.

phosphorylation sites are found in the proline-rich region and
the C-terminal domain localized at the N- and C-terminal
ends of MTBD, respectively (Hanger et al., 1992, 1998, 2007).
It has been proposed that ubiquitin or poly-ubiquitin could
stabilize the stacking of β-strands along the fibril axis and
mediate inter-protofilament interfaces in straight filaments from
AD (Arakhamia et al., 2020). Therefore, diverse PTM patterns
could be crucial in mediating distinct packing of protofilaments
leading to the ultra-structure polymorphism. However, despites
increasing knowledge in site-specific characterization of Tau
PTMs and structures of Tau filaments from various tauopathies,
the mechanisms underlying fibrillization as well as the role of
abnormal phosphorylation are still not fully understood. Besides
detaching Tau from microtubules, abnormal phosphorylation
was thought to alter Tau conformation inducing accumulation of
free Tau in the cytosol into a pathological conformation prone
to self-assembly that may convert normal Tau into abnormal
oligomers that are not only the primary state of insoluble fibrils
but also acting as seeds to propagate Tau pathology from neurons
to neurons (Goedert et al., 2010, 2017).

The O-GlcNAc glycosylation is another dynamic PTM
involved in regulation of Tau, notably through impairment
of its phosphorylation and toxicity (Arnold et al., 1996; Liu
et al., 2004, 2009; Yuzwa et al., 2008). While phosphorylation is
dynamically regulated by hundreds of kinases and phosphatases,
O-GlcNAcylation is only regulated by two antagonist enzymes,
O-GlcNAc transferase (OGT) and O-GlcNAc hydrolase (OGA)
(Hart, 1997, 2014; Hart et al., 2007; Bullen et al., 2014). It
has been shown that O-GlcNAcylation of Tau does not alter
microtubule polymerization but displays intrinsic properties
to reduce in vitro fibrillization of Tau induced by heparin
without altering its conformation (Yuzwa et al., 2012, 2014).
It could rather act by increasing monomer solubility or
directly hindering interactions at play in Tau self-assembly
during the fibrillization process. Pharmacological increase of O-
GlcNAcylation upon treatment of cells or mice with inhibitors
of OGA leads to neuroprotective effects therefore constituting
a potent strategy to tackle neurodegenerative diseases and
providing a valuable alternative to kinase inhibitors (Yuzwa et al.,
2012; Graham et al., 2014).

We have recently highlighted using high resolution
NMR spectroscopy that S400 O-GlcNAcylation and S404
phosphorylation act as a unique motif regulated by a direct
PTM crosstalk inducing each other chemical shift changes
that suggest a spatial proximity between both sites in full-
length Tau protein (Bourré et al., 2018; Theillet et al., 2012).
However, the overall effect of O-GlcNAcylation in modulation
of Tau phosphorylation is at least scarce in the context
of a low phosphorylation level that mimics physiological
phosphorylation state of Tau and absent in a context of high
phosphorylation level mimicking the hyperphosphorylated state
(Bourré et al., 2018). We have previously shown in peptides,
however, that S400 O-GlcNAcylation could act as a direct
mechanism that blocks the formation of the pathological PHF-
1 phospho-epitope (pS396/pS400/pS404) in the C-terminal
domain of Tau by disrupting the sequential phosphorylation
by GSK3β (Smet-Nocca et al., 2011). Although it was shown
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FIGURE 1 | Primary structure of human Tau protein (2N4R isoform of 441 residues) indicating AT8 (pS202/pT205) and PHF-1 (pS396/pS404) phospho-epitopes
(red) and O-GlcNAc sites (green). Sites that can be either phosphorylated or O-GlcNAcylated are indicated in blue. The inset depicts a representative conformation of
AT8 phospho-epitope in its di-phosphorylated form obtained by NMR and molecular dynamics (Gandhi et al., 2015). Ultrastructure of PHF (PDB ID: 5O3L) and SF
(PDB ID: 5O3T) cores of Tau protein from AD brain (tau 306-378) are depicted by pink and cyan ribbons, respectively (Fitzpatrick et al., 2017).

that O-GlcNAcylation does not perturb the conformation
of non-phosphorylated Tau (Yuzwa et al., 2014), another
potential role relies on conformational changes occurring in
(hyper)phosphorylated Tau in which O-GlcNAcylation could
prevent abnormal conformations that promote self-assembly
into insoluble filaments.

This points to a role of the O-GlcNAc modification in the
direct crosstalk with GSK3β-mediated phosphorylation towards
regulating Tau conformation and properties in fibrillar self-
assembly. GSK3β is a constitutively active serine/threonine kinase
involved in physiological Tau phosphorylation that regulates
its binding to MT (Spittaels et al., 2000; Sun et al., 2002).
Several studies have highlighted that GSK3β preferentially
phosphorylates most of its substrates, including Tau, after
prephosphorylation (priming) by other kinases such as Protein
Kinase A, Casein Kinases 1 and 2, cdk5 or members of the
mitogen-activated protein kinase family (Singh et al., 1995; Cho
and Johnson, 2003; Li et al., 2006). In most cases, GSK3β

phosphorylates (S/T)-XXX-(pS/pT) motifs (where pS/pT is the
priming site) that is at a Ser/Thr residue located four residues
N-terminal to the priming site, more rarely at a five or six residue
N-terminal to the priming site (Leroy et al., 2010). This points

towards a regulatory role of the O-GlcNAc modification either at
the priming sites or GSK3β targeted sites. Interestingly, primed
or unprimed Tau has a differential impact on its phosphorylation
by GSK3β with functional modulation on MT binding (Cho
and Johnson, 2003; Li et al., 2006). Tau encompasses as many
as 24 strict consensus sequences for GSK3β, fourteen of these
Ser/Thr pairs were found to be phosphorylated by GSK3β

in vitro (Reynolds et al., 2002). Furthermore, it has been
shown that phosphorylation of the PHF-1 epitope does not
required priming by another kinase. Instead, priming can be
performed by GSK3β itself in which phosphorylation of the
S404 proline-directed site plays a critical role (Leroy et al.,
2010). GSK3β plays also a key role in AD pathogenesis in
which it contributes to several phosphorylation sites found in
hyperphosphorylated PHF-Tau (Hanger et al., 1992; Morishima-
Kawashima et al., 1995; Reynolds et al., 2002; Avila et al., 2010;
Hernandez et al., 2012; Llorens-Maritin et al., 2014). In AD,
it has been proposed that GSK3β could be the link between
amyloid peptide and Tau phosphorylation since activation of
GSK3β is regulated by signaling pathways targeted by amyloid
peptide (Alvarez et al., 1999; Hernández et al., 2010). On the
other hand, GSK3β regulates Aβ level and toxicity through
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Tau phosphorylation and neurodegeneration. Overexpression
of GSK3β in vivo accelerates Tau-induced neurodegeneration
while Tau-knockout mice did not exhibit deleterious effects
of GSK3β overexpression indicating that Tau mediates GSK3β

toxicity. Inhibitors of GSK3β reduce tauopathy and alleviate
neurodegeneration in vivo (Noble et al., 2005), and are therefore
considered as therapeutic agents (Engel et al., 2008; Hernandez
et al., 2009; Medina et al., 2011) highlighting the role of GSK3β

in Tau pathology.
In this study, we have investigated by NMR spectroscopy

the phosphorylation pattern induced by GSK3β with or
without priming by CDK2/cyclin A and its modulation by the
direct crosstalk with O-GlcNAcylation. A per-residue resolution
allowed a precise characterization of Tau PTMs at the protein
level prior to investigating their role in Tau fibrillization
in vitro. Furthermore, conformational changes induced by PTM
combinations of Tau PHF-1 epitope was studied in chemically
synthesized and modified peptides (Reimann et al., 2015, 2017;
Schwagerus et al., 2016) by NMR chemical shift analyses.

MATERIALS AND METHODS

Tau Mutants
TauS262A mutant was obtained by site-directed mutagenesis of
Tau2N4R (longest isoform of 441 residues) (Despres et al., 2017).
TauPHF1 mutant was obtained by gene synthesis with codon
optimization for production in E. coli. Tau proteins were cloned
into pET15b vector (Novagen) into NcoI/XhoI allowing removal
of the sequence coding for the polyhistidine tag. TauPHF1 protein
corresponds to a mutated form of Tau2N4R in which every Pro-
directed Ser/Thr phosphorylation site as well as S262, S356 and
S191 were mutated into Ala to prevent phosphorylation except
those of the PHF-1 phospho-epitope (pS396/pS404).

Production of Tau Proteins
TauS262A and TauPHF1 mutants were produced as described
previously for wild-type Tau (Qi et al., 2017). Briefly, BL21(DE3)
E. coli strains transformed with Tau mutants were grown in
M9 minimal medium enriched with 15N as nitrogen source for
15N-labeling (6g Na2HPO4, 3g KH2PO4, 0.5g NaCl, 4g glucose,
1g 15NH4Cl, 0.5g 15N-Isogro R© (Sigma), 1 mM MgSO4, 10 ml
MEM vitamin cocktails (Sigma), 100 mg ampicillin per liter)
at 37◦C until OD at 600 nm reached 0.8–0.9. For 15N/13C-
labeling, 0.5g 15N/13C-Isogro R© (Sigma) and 2g 13C6-glucose
instead of glucose were used. Then, cultures were induced
by 0.5 mM isopropyl-thiogalactoside (IPTG) and cells were
grown at 37◦C for approximately 3 hours. The bacterial pellets
harvested by centrifugation were resuspended in 40ml per
liter of culture of cation exchange equilibrium buffer (50 mM
Na2HPO4/NaH2PO4 pH 6.6, 2 mM EDTA) supplemented with
0.5% Triton X100, 2 mM DTT and cOmpleteTM EDTA-free
protease inhibitor cocktail (Roche). Cell lysis was performed
by high pressure homogenization and the soluble extract was
obtained by centrifugation at 30,000 × g for 30 min at 4◦C.
Then, heating of the soluble extract at 80◦C for 15 minutes
followed by centrifugation was performed as a first purification

step before cation-exchange chromatography (HiTrap SP 5 ml
column, GE Healthcare). Homogeneous fractions containing
full-length Tau proteins as checked by SDS-PAGE and MALDI-
TOF mass spectrometry were pooled and buffer-exchanged in
50 mM ammonium bicarbonate prior to lyophilization.

O-GlcNAcylation of Tau by OGT
ncOGT (110 kDa, nucleocytoplasmic isoform) and O-GlcNAc
Tau (hereafter named Tau-G, Table 1) was obtained as
described in Bourré et al. (2018). Briefly, 10 mg of lyophilized
Tau protein was incubated at 800 µM with ncOGT at
0.5 mg/ml and 10 mM UDP-GlcNAc in OGT reaction buffer
(50 mM KH2PO4/K2HPO4 pH 7.6, 150 mM NaCl, 1 mM
EDTA, 0.5 mM THP, 12.5 mM MgCl2) at 31◦C for 2 days.
O-GlcNAcylated Tau protein was enriched by reverse phase
high-pressure liquid chromatography (Zorbax 300SB-C8 column
5µm, Agilent). To increase amounts of Tau-G for NMR
analyses, a second round of O-GlcNAcylation/purification was
performed with the non-O-GlcNAc enriched fraction. Both
O-GlcNAc-enriched fractions were pooled together. Following
this procedure, an average of 1.8 O-GlcNAc per Tau molecule
were found by MALDI-TOF mass spectrometry considering
a mass increment of +203 Da per GlcNAc group (see
Supplementary Figures 1E–G).

Phosphorylation of Tau by CDK2/Cyclin A
CDK2 phosphorylated at T160 was produced in E. coli by
coexpression of human GST–CDK2 and S. cerevisiae GST–
Cak1 using a pGEX vector (GE Healthcare), as described
(Brown et al., 1999; Welburn and Endicott, 2005). Human
cyclin A3 (residues 174–432) lacking the destruction box was
expressed in E. coli and co-purified with phosphorylated CDK2
on glutathione sepharose resin (GE Healthcare) (Brown et al.,
1999; Welburn and Endicott, 2005). The complex was eluted
through GST digestion on column by Prescission protease in
50 mM Tris pH 7.0, 150 mM NaCl, 1 mM DTT buffer.
The complex was then buffer-exchanged in phosphorylation
buffer (50 mM Hepes, KOH pH 7.8, 12.5 mM MgCl2, 1 mM
EDTA, 5 mM DTT), concentrated at 46 µM (as determined
by Bradford assay), frozen in liquid nitrogen and stored at
−80◦C until use.

TABLE 1 | Abbreviations used for the diverse PTM combination in Tau
proteins in this study.

Protein name Posttranslational Modifications

Tau –

Tau-P CDK2/cyclin A3 phosphorylation

Tau-PP CDK2/cyclin A3 followed by GSK3β phosphorylation

Tau-P(GSK3) GSK3β phosphorylation

Tau-G OGT O-GlcNAcylation

Tau-G/P OGT O-GlcNAcylation and CDK2/cyclin A3 phosphorylation

Tau-G/PP OGT O-GlcNAcylation and CDK2/cyclin A3 followed by
GSK3β phosphorylation

Tau-G/P(GSK3) OGT O-GlcNAcylation and GSK3β phosphorylation

Tau protein refers to either TauS262A or TauPHF1 mutants.
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Tau proteins (Tau or Tau-G) were incubated at a final
concentration of 0.1 mM with the recombinant CDK2/cyclinA3
complex and 5 mM ATP in phosphorylation buffer at 22◦C
overnight. After incubation, the kinase was removed by a heating
step at 80◦C for 15 min and subsequent centrifugation. Tau
proteins were then buffer-exchanged in 50 mM ammonium
bicarbonate prior to lyophilization. Overall phosphorylation
levels were determined by MALDI-TOF mass spectrometry
analyses considering a mass increment of +80 Da per phosphate
group. Tau or Tau-G proteins phosphorylated by CDK2 were
hereafter named Tau-P or Tau-G/P, respectively (Table 1).

Phosphorylation of Tau by GSK3β
BL21(DE3) E. coli strains transformed with a pGEX vector (GE
Healthcare) carrying the human gsk3β were grown in 1L LB
at 37◦C for 3 hours until OD at 600 nm reached 0.8–0.9, then
the culture was cooled down to 20◦C and protein induction
was performed at 20◦C overnight upon addition of 0.2 mM
IPTG. Harvested cells were resuspended in 40 ml extraction
buffer (PBS, 10% glycerol, 1% Triton X-100, 10 mM EDTA,
2 mM DTT complemented with protease inhibitor cocktail)
and cell lysis was performed by high pressure homogenization.
Soluble proteins were isolated by centrifugation at 30,000× g for
30 min at 4◦C followed by purification on 1 ml of glutathione
sepharose resin (GE Healthcare) per liter of culture. Resin beads
were incubated with the soluble extract at 4◦C for 3 hours
and extensively washed with the extraction buffer, then with
phosphorylation buffer supplemented with 50% glycerol. The
GST-GSK3β fusion protein on resin beads was stored at −20◦C
until further use.

Tau proteins (Tau, Tau-G, Tau-P or Tau-G/P) were incubated
at final concentrations of 0.1 mM with the recombinant GSK3β

kinase (the beads of GST-GSK3β kinase were washed with
phosphorylation buffer for glycerol removal) and 5 mM ATP
at 30◦C overnight in phosphorylation buffer. After incubation,
resin beads were removed by centrifugation and heating of
the supernatant was performed at 80◦C for 15 min followed
by centrifugation. Tau proteins were then buffer-exchanged in
50 mM ammonium bicarbonate prior to lyophilization. Overall
phosphorylation levels were determined by MALDI-TOF mass
spectrometry analyses. Tau, Tau-G, Tau-P or Tau-G/P proteins
phosphorylated by GSK3β were hereafter named Tau-P(GSK3),
Tau-G/P(GSK3), Tau-PP or Tau-G/PP, respectively (Table 1).

Peptide Synthesis, Purification, and
Characterization
All reagents, amino acids, and solvents were purchased from
commercial suppliers and used without further purification if
not further mentioned. Solvents- acetonitrile, dimethylchloride,
dimethylformamide (DMF)- were purchased from ACROS
ORGANICS. Peptides were synthesized on SyroXP-I peptide
synthesizer (Multi-SynTech, Witten, Germany) according
to standard Fmoc/tBu chemistry using O-(benzotriazol-1-
yl)-N,N,NORGANICS. Peptides were synthesiz-phosphate
(HBTU)/ hydroxybenzotriazole (HOBt) and preloaded resins
(Novabiochem). Fmoc-Ser/Thr(PO(OBzl)OH)-OH (Bachem)

was activated with N-[(Dimethylamino)-1H-1,2,3-triazolo-
[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium
hexafluorophosphate N-oxide (HATU)/ diisopropylethylamine
(DIPEA) and coupled manually to the resin. DIPEA was added
in 3-fold excess with respect to the amino acid and HATU.
The reaction time was extended to 6 hours. The coupling of
Fmoc-Ser(β-D-GlcNAc(Ac)3)-OH was carried out with 2 eq. of
the amino acid, HBTU, HOBt and DIPEA in DMF over a time
of 6 h (Schwagerus et al., 2016; Reimann et al., 2017). A mixture
of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and piperidine
(2% each) in DMF was used for Fmoc deprotection. Peptides
were cleaved from the resin by treatment with trifluoroacetic
acid (TFA)/triisopropylsilane (TIS)/H2O (95/2.5/2.5) for 3 hours
followed by precipitation with cold diethyl ether.

Purification was carried out by preparative reversed phase
HPLC on a Knauer Smartline system (Knauer, Berlin, Germany)
equipped with a Luna C8 column (10 µm, 250 × 21.20 mm;
Phenomenex, Torrance, CA, United States) running with
acetonitrile/0.1% TFA and water/0.1% TFA gradient at
20 mL/min. Purified peptides were characterized by analytical
HPLC and high resolution MS. The analytical HPLC was
carried out with a VWR-Hitachi Elite LabChrom system (VWR,
Darmstadt, Germany) equipped with a Luna C8 column (5 µm,
250 × 4.6 mm; Phenomenex, Torrance, CA, United States).
Peptide mass to charge ratios were measured by using an
Agilent 6210 ESI-TOF (Agilent Technologies, Santa Clara, CA,
United States) (Table 1).

NMR Spectroscopy
NMR experiments were performed at 293K on a Bruker 600 MHz
SB Avance III HD and 900 MHz Avance NEO spectrometer
(Bruker, Karlsruhe, Germany) equipped with 5-mm cryogenic
triple resonance probe heads. For NMR experiments, 15N-
labeled proteins and unlabeled peptides were dissolved at
0.2 mM and 2 mM, respectively, in a buffer containing 25 mM
NaH2PO4/Na2HPO4 pH 6.6, 25 mM NaCl, 2.5 mM EDTA, 1 mM
DTT and 5% D2O either in a volume of 200 µl (in 3 mm tubes)
or in 300 µl (in Shigemi tubes). All 1H spectra were calibrated
with 1 mM sodium 3-trimethylsilyl-3,3’,2,2’-d4-propionate as a
reference. 1H spectra were acquired with 64 scans and 32 dummy
scans, and a spectral windows of 14 ppm centered on 4.7 ppm
sampled with 32k points. For 2D and 3D experiments, a spectral
window of 14 ppm centered on 4.7 ppm was used for the
proton dimension.

For peptide assignment, standard NOESY and TOCSY
experiments were recorded on peptides with 200 and 69 ms
mixing times respectively, with 4096 and 512 points and using a
DIPSI2 sequence for mixing. TOCSY and NOESY spectra were
recorded with 32 scans and 64 scans per increment (and 128
dummy scans), respectively, with spectral windows of 13.98 and
10.0 ppm in each proton dimension centered on 4.69 ppm.
1H-15N HSQC spectra were recorded at nitrogen-15 natural
abundance with 128 scans per increment, with 2048 and 128
points in the proton and nitrogen dimensions, respectively, and
with a window of 25 ppm centered on 118 ppm for the nitrogen
dimension. 1H-13C HSQC spectra were recorded with 32 scans
per increment, with 1440 and 512 points in the proton and carbon
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dimensions, respectively, and with a window of 80 ppm centered
on 45 ppm for the carbon dimension.

For 15N-labeled proteins, 1H-15N HSQC spectra were
recorded with 32 scans per increment and 32 dummy scans with
3072 and 512 points in the proton and nitrogen dimensions,
respectively, and with a window of 25 ppm centered on
118 ppm for the nitrogen dimension. Heteronuclear experiments
were recorded with a WATERGATE sequence for water
suppression and a double INEPT (INsensitive nuclei Enhanced
by Polarization Transfer) for sensitivity improvement. All
experiments were acquired with a recycle delay of 1s.

Assignment of phosphorylation sites in CDK2/GSK3β

phosphorylated TauS262A protein required the acquisition
of three-dimensional NMR experiments on 15N/13C-labeled
Tau sample at 293K. The HNCACB and HN(CO)CACB
experiments were recorded with non-uniform sampling with
32 scans per increment and 16 dummy scans, with 1540, 90
and 180 points in the proton, nitrogen and carbon dimensions,
respectively, and with a window of 25 ppm and 60 ppm
centered on 118 ppm and 44 ppm for the nitrogen and carbon
dimensions, respectively. The HN(CA)NNH experiment
was recorded with non-uniform sampling with 24 scans per
increment and 16 dummy scans, with 2048, 120 and 100 points
in the proton and both nitrogen dimensions, respectively,
and with a window of 25 ppm centered on 118 ppm for the
nitrogen dimensions.

O-GlcNAc and phosphorylation levels were determined for
individual Ser/Thr residues based on intensity of their respective
amide correlations of modified and non-modified isoforms from
the 1H-15N HSQC experiment. Resonance assignment, peak
intensity and integration are given for phosphorylation and/or
O-GlcNAcylation sites in TauPHF1 proteins (see Supplementary
Table 1). Percentage of phosphorylation for a given residue
was calculated as the peak intensities corresponding to phospho
isoforms I(p) on the sum of total peak intensities including
non-modified I(np/ng) and O-GlcNAcylated I(g) isoforms as
described in Equation (1). Percentage of O-GlcNAcylation is
calculated similarly as described in Equation (2). Note that
modification of a given residue could affect resonances of vicinal
residues leading to resonance splitting, each corresponding
to a specific isoform (as exemplified by S400 and S404).
Therefore, I(p), I(g) or I(np/ng) corresponds to the sum of
peak intensities of a given residue in its phosphorylated,
O-GlcNAcylated or non-modified state, respectively, which could
occur as several resonances depending on the modification state
of its neighbors.

% phosphorylation =
I(p)

I(p)+ I(np/ng)+ I(g)
(1)

% O− GlcNAcylation =
I(g)

I(p)+ I(np/ng)+ I(g)
(2)

The levels of phosphorylation or O-GlcNAcylation can either
be determined using peak integration to take into account
changes of relaxation of amide 1H and 15N upon modification.
However, overlapping peak could lead to misinterpretation of

modification levels. A comparison of values obtained from
peak intensities and peak integrals gives similar results (see
Supplementary Table 2).

MALDI-TOF Mass Spectrometry
Tau proteins were analyzed by MALDI-TOF MS (Axima
Assurance, Shimadzu) in a linear positive ion mode with
sinapinic acid matrix after ZipTip R©-C4 desalting (Millipore). For
the calculation of overall phosphorylation and O-GlcNAcylation
levels, m/z increments of +80 Da and +203 Da were
used, respectively.

Aggregation of Tau Proteins
Aggregation reactions were performed into 96-well black plate
(Greiner) in a plate reader (PHERAStar, BMG Labtech) at 37◦C
without agitation. A 5 mM aqueous stock solution of ThT
(Sigma) was filtered through a 0.22µm-filter. Tau aggregation
was induced by heparin (as sodium salt from porcine intestinal
mucosa, polydisperse heparin with molecular weight range 6–
30 kDa with most chains in the 17–19 kDa range; Sigma)
and kinetics were measured for 5–7 days with 10 µM Tau
and 2.5 µM heparin (ratio 4:1) in a buffer containing 25 mM
NaH2PO4/Na2HPO4 pH 6.6, 25 mM NaCl, 2.5 mM EDTA,
0.33 mM DTT, and 50 µM ThT. Kinetics of fibril formation
were monitored by ThT fluorescence emission at 490 nm (with
excitation at 440 nm). Aggregation reactions of each Tau PTM
isoform were performed in duplicate or triplicate and kinetics
curves represented as mean ± standard deviation were fitted
with a model of single-phase association with the GraphPad
Prism software. Different batches of kinase and phosphorylated
Tau were prepared and involved in aggregation reactions with
kinetics curves similar as those depicted in Figure 5 except for the
plateaus that differ between batches. Measurements of decrease
in soluble Tau monomers upon aggregation was performed at
end-point on SDS-PAGE (4–20% polyacrylamide) by comparing
the protein amounts before and after aggregation (equivalent
of 5µg of monomeric Tau were loaded in each lane) using
the ImageJ software (Abramoff et al., 2004). Observation of
fibril morphology was performed at the end of aggregation
reactions by transmission electron microscopy (Zeiss EM 900
microscope at 80kV equipped with a Gatan Orius 1000 camera).
Two grids per sample were prepared with 10µl of aggregation
reaction that were applied on 400-mesh hexagonal formvar-
coated grids for 90 sec. The sample-loaded grids were washed
three times with ultrapure water and drained. The grids were
then negatively stained with 2% uranyl-acetate solution for 90
sec and washed twice with ultrapure water. All TEM images
were selected as representative for each experimental condition
(i.e., Tau isoform).

For aggregation reactions induced by seeding, seeds were
prepared by incubating TauS262A (in its non-modified form)
at 10 µM and heparin at 2.5 µM (ratio 4:1) for 7 days at
37◦C. After sonication, the aggregation reaction was diluted
at 1:10e in fresh monomeric Tau at 25 µM in 100 mM MES
pH 6.9, 2mM EGTA, 1mM MgCl2, 20 mM NaF, 1 mM DTT,
100 µM ThT. Control of seeds without fresh monomeric Tau
was performed in the same conditions. As a control of the
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FIGURE 2 | Phosphorylation patterns of 15N-TauPHF1 (A,C,D,E) and 15N13C-TauS262A (B,F) by GSK3β with and without priming by CDK2. (A,B) Phosphorylation
levels of the PHF-1 epitope phosphorylated by CDK2 (red bars), CDK2/GSK3β (black bars) and GSK3β without CDK2 priming (blue bars). (C,D) 1H-15N HSQC
spectra of TauPHF1 in its non-phosphorylated form (gray), phosphorylated by CDK2 (red) and by CDK2/GSK3β (black) showing the resonances of PHF-1 residues
corresponding to the phosphorylated state (C) and the non-phosphorylated state (D). (E,F) Mass spectrometry analyses of 15N-TauPHF1 (E) and
15N13C-TauS262A (F) with the same colors as NMR spectra depicted in (C,D).

absence of free heparin, TauS262A protein at 25 µM was
incubated with 0.25 µM heparin (ratio 100:1) in the same
conditions than the seeding reactions. Seeding reactions were
incubated for a total of 5 to 7 days at 37◦C. Negative-staining
TEM imaging and SDS-PAGE measurement of decrease in
soluble monomer concentration upon assembly were performed
at the aggregation end-point as described for heparin-induced
aggregation assays.

RESULTS

Phosphorylation and O-GlcNAcylation
Crosstalk in Tau Protein
GSK3β Phosphorylation of Tau With and Without
Priming by CDK2/Cyclin A
We aim to investigate how O-GlcNAcylation modulates
phosphorylation of Tau by GSK3β with or without priming
by the proline-directed kinase CDK2/cyclin A3 (referred
hereafter as CDK2). As major O-GlcNAc sites were all
found in the C-terminus of Tau (see Supplementary
Figures 1A,B) (Bourré et al., 2018), we focused the study of
PTM crosstalk between phosphorylation and O-GlcNAcylation
in a mutated form of Tau – TauPHF1– in which most of
Ser/Thr proline-directed phosphorylation sites except those
of the PHF-1 epitope were mutated into Ala residues (see

Supplementary Figure 2). Mutations in TauPHF1 allowed to
simplify the phosphorylation pattern for further functional
studies of the PHF-1 epitope’s role in Tau aggregation.
The PTM patterns of TauPHF1 were compared to those
of the TauS262A mutant protein in which S262 mutation
into alanine prevents inhibition of Tau aggregation by S262
phosphorylation (although phosphorylation of S262 is expected
here neither with CDK2 nor GSK3β activity). TauS262A
protein exhibits a more complex phosphorylation pattern
due to the presence of 17 Ser/Thr-Pro motifs targeted by
proline-directed kinases such as CDK2 (Amniai et al., 2009;
Landrieu et al., 2010).

To establish baseline conditions, we first compare GSK3β

phosphorylation with or without priming by CDK2 in non-
O-GlcNAcylated Tau mutants, using mass spectrometry and
NMR spectroscopy (Smet et al., 2004a; Lippens et al., 2006,
2016; Landrieu et al., 2010; Danis et al., 2016, 2019).
Without priming by CDK2, only few phosphorylations were
detected in the 1H-15N HSQC spectrum of TauS262A (see
Supplementary Figures 3B,D). Resonances corresponding to
the amide group of phospho-residues exhibiting downfield
1H chemical shifts as compared to their non-phosphorylated
counterparts were the same in both TauS262A and TauPHF1
mutants indicating that GSK3β-mediated phosphorylation is
restrained to residues of the PHF-1 epitope when Tau was
not primed by CDK2 (see Supplementary Figures 3A,B).
Mass spectrometry analyses of TauPHF1-P(GSK3) indicate a
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FIGURE 3 | Phosphorylation patterns of 15N-TauPHF1-G (A,C,D,E) by GSK3β without priming by CDK2 and 15N-TauS262A-G (B,F) by GSK3β with CDK2 priming.
(A,B) Phosphorylation levels of the PHF-1 epitope. (A) TauPHF1 (blue bars) and TauPHF1-G (orange bars) phosphorylated by GSK3β. (B) TauS262A-G
phosphorylated by CDK2 (pink bars) and GSK3β after CDK2 priming (purple bars). (C,D) 1H-15N HSQC spectra of TauPHF1 (blue) and TauPHF1-G (orange)
phosphorylated by GSK3β without priming by CDK2 showing the resonances of PHF-1 residues corresponding to the phosphorylated state (C) and the
non-phosphorylated state (D). Resonances related to the O-GlcNAcylated forms of S400 is indicated by “gS400”. (E,F) Mass spectrometry analyses of
15N-TauPHF1-G (E) before (green) and after GSK3β phosphorylation (orange) and 15N-TauS262A-G (F) before (green) and after CDK2 (pink) or CDK2/ GSK3β

(purple) phosphorylation.

m/z increment of +218.0 ± 52 Da as compared to the non-
phosphorylated protein corresponding to an average of 2.7 ± 0.6
phosphate per Tau molecule. The same overall phosphorylation
level was measured for TauS262A-P(GSK3) (see Supplementary
Figures 3C,D). Assignment of phospho-residue resonances
allowed both the identification of phosphorylation sites and the
quantification of phosphorylation levels in a site-specific manner
(Landrieu et al., 2010; Theillet et al., 2012; Danis et al., 2016,
2019). Single resonances were detected for each phospho-residue
(S396, S400, S404) (Figure 2C, see Supplementary Figures 3A,B)
together with similar phosphorylation levels of 72% ± 2%
for TauS262A and 65% ± 2% for TauPHF1 (Figures 2A,B).
These data indicate a homogenous pattern of phosphorylation
corresponding to the triple phosphorylated state of the PHF-1
epitope, hereafter named PHF1-3P.

In contrast, CDK2 priming prior to GSK3β phosphorylation
of TauS262A and TauPHF1 led to distinct phosphorylation
patterns (Figures 2E,F). CDK2-mediated phosphorylation of
TauS262A (annotated by TauS262A-P) occurred at several
sites in the proline-rich region at T153, T175, T181, S199,
S202, T205, T212, T231, S235 residues (see Supplementary
Figures 4A,B), upstream the MTBD, and at S396 and S404
within the C-terminal domain while only S396 and S404
were found in TauPHF1, as expected (Figures 2A–C and
Supplementary Figures 4A–C). Mass spectrometry analyses of

TauS262A-P indicate a m/z increment of +986.34 ± 64Da as
compared to the non-phosphorylated protein corresponding
to an average of 12.3 ± 0.8 phosphate per Tau molecule
(Figure 2F). Subsequent phosphorylation by GSK3β (annotated
by TauS262A-PP) is modulated by CDK2 priming. A m/z
increment of +1374.93 ± 61 Da as compared to the non-
phosphorylated protein corresponding to an average of 17.2± 0.8
phosphate per Tau molecule was found indicating an addition
by GSK3β of about 5 ± 0.8 phosphate per Tau (Figure 2F). In
TauS262A-PP, three new phosphorylation sites were identified
at S198 and S208 in the PRR resulting from priming at
S202 and T212, respectively, and S400 in the C-terminus
resulting from priming at S404 while S396 phosphorylation
level is strongly increased. Phosphorylation by GSK3β after
CDK2 priming leads to a triple phosphorylation state of
both AT8 (pS202/pT205/pS208, AT8-3P) and PHF-1 epitopes
(Figures 2B,F and Supplementary Figures 4A,B). At the PHF-
1 epitope, CDK2 phosphorylation reached 85% and 15% on
S404 and S396, respectively. After GSK3β phosphorylation, S404,
S400 and S396 were phosphorylated at a level of 95%, 80% and
88%, respectively, leading to an overall level of 80% for the
PHF1-3P epitope (75% in TauPHF1) considering a sequential
phosphorylation mechanism (Figures 2A,B, see Supplementary
Figure 4E). Together, these data indicate that PHF-1 epitope
is unique as GSK3β substrate within Tau sequence as the only
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FIGURE 4 | Neighbor-corrected structural propensity (ncSP) plots of Tau[392-411] peptide series indicating the impact of multiple PTMs on peptide conformation
(Tamiola and Mulder, 2012). Phospho and O-GlcNAc PTM sites are indicated by red and green arrows, respectively. Deviations of combined 1Hn, 15N, 1Hα, 13Cα

and 13Cβ chemical shifts of the WT (without PTM), pS404, gS400, 2P, 3P and GP peptides compared with neighbor-corrected IDP chemical shift library (Tamiola and
Mulder, 2012) illustrates conformational changes of peptide C-terminus upon pS404 which is enhanced by combination with either multiple phosphorylations or
O-GlcNAcylation.

epitope that does not require priming by another kinase. In
contrast, AT8-3P required priming at T212 by CDK2, or another
proline-directed kinase, prior to GSK3β phosphorylation.

GSK3β Phosphorylation of O-GlcNAcylated Tau With
and Without Priming by CDK2/Cyclin A
In a similar manner described for TauS262A and TauPH1, GSK3β

phosphorylation of O-GlcNAcylated forms was investigated with
and without CDK2 priming. In accordance with what we have
previously described (Bourré et al., 2018), when incubated with
full-length Tau, recombinant OGT (in its nucleocytoplasmic
isoform referred as ncOGT) provides three major O-GlcNAc sites

that are all found in the C-terminus at residues S400, S412 and
S413. These O-GlcNAcylated Tau proteins are hereafter named
Tau-G (TauS262A-G and TauPHF1-G). As the quantitative
pattern of O-GlcNAcylation is dependent on the conditions used
for the O-GlcNAc transferase reaction, we achieve a high level
of O-GlcNAc modification by reverse phase high-performance
liquid chromatography enrichment of O-GlcNAcylated species in
order to unambiguously detect perturbations of phosphorylation
patterns induced by O-GlcNAcylation. This procedure leads
to an overall O-GlcNAc level of 1.8 ± 0.3 GlcNAc per Tau
molecule and site-specific O-GlcNAcylation of 61% ± 2%,
27% ± 1% and 47% ± 2% on S400, S412 and S413,

Frontiers in Molecular Neuroscience | www.frontiersin.org 9 June 2021 | Volume 14 | Article 661368288

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


fnmol-14-661368 June 11, 2021 Time: 17:21 # 10

Cantrelle et al. Phosphorylation/O-GlcNAcylation of Tau PHF-1 Epitope

respectively, determined by high resolution NMR spectroscopy
on both TauS262A-G and TauPHF1-G (see Supplementary
Figures 1A,B,E,F).

GSK3β-mediated phosphorylation of TauPHF1-G drop down
to an average of 1.3 ± 0.6 phosphate per Tau molecule
(Figure 3E) with a phosphorylation level of 38% on S404 and
14% on both S400 and S396 (Figure 3A). Three resonances
were detected for the amide function of pS404 isoforms in
TauPHF1-G/P(GSK3β) representing 21%, 14% and 3% of the
total population and were assigned to pS404/gS400, pS404/pS400
and pS404/S400 isoforms (Figure 3C), respectively, based on
comparison with spectra of TauPHF1-P and TauPHF1-PP in
which resonance of pS404/S400 and pS404/pS400 were found,
respectively (Figure 2C). In contrast, O-GlcNAcylation did not
affect S404 and S396 phosphorylation by CDK2 (90% and
15%, respectively). However, subsequent GSK3β phosphorylation
is significantly reduced as compared to non-O-GlcNAcylated
Tau to ca. 36% and 40% on both S400 and S396 sites,
respectively (Figure 3B).

Hence, O-GlcNAcylation reduces GSK3β phosphorylation on
PHF-1 epitope in which S400 O-GlcNAcylation is likely involved.
Overall phosphorylation of PHF1-3P is reduced from 80 to 36%
approximately upon sequential activity of CDK2 and GSK3β,
and from 65 to 14% in the absence of CDK2 priming. In
TauPHF1-G/P(GSK3β), the overall S404 phosphorylation level
of 38% is distributed between three isoforms: 14% for PHF1-
3P, 21% for gS400/pS404 and 3% for S400/pS404, the last two
being not subjected to further phosphorylation at S400 and
S396 (Figure 3C). These data indicate that phosphorylation
and O-GlcNAcylation of respective S404 and S400 sites are
not exclusive but rather competitive. The non-phosphorylated
S404 isoform contains a higher proportion of gS400 (75%) than
the pS404 isoform (55%) indicating that O-GlcNAcylation is
preferentially associated to the non-phosphorylated isoform.

Furthermore, levels of 26% and 38% for pS400/pS404 and
gS400/pS404 isoforms, respectively, were expected considering
a S404 phosphorylation level of 65% (as PHF1-3P) and
S400 O-GlcNAcylation level of 60%. Lower values were
measured indicating that O-GlcNAcylation not only reduces
S404 phosphorylation by GSK3β (by two-fold) and directly
prevents formation of PHF1-3P epitope, but also reduces S404
phosphorylation in the S400 non-O-GlcNAc fraction indicating
a potential role of O-GlcNAcylation at S412 and S413 sites in
modulation of PHF-1 epitope phosphorylation.

In contrast, remote phospho-epitopes localized in the proline-
rich domain of TauS262A were not regulated by O-GlcNAc
modifications within the C-terminal domain. Therefore,
O-GlcNAcylation neither modulates CDK2 priming nor has a
long-range influence on phosphorylation sites localized in the
proline-rich domain.

PTMs of PHF-1 Epitope Modulate Local
Conformation of Tau Peptides
The effect of phosphorylation, O-GlcNAcylation and
combination of both PTMs on Tau conformation was
investigated by high-resolution NMR spectroscopy (see

TABLE 2 | Primary structure of the Tau-PHF1 peptide series and posttranslational
modification sites.

Modification
site

Tau[392-411] peptides
392IVYKSPVVSGDTSPRHLSNV411

WT pS396 pS400 pS404 2P 3P gS400 GP

S396

S400

S404

Phosphorylation are indicated in red and O-GlcNAcylation in green.

Supplementary Figures 5A,B) in small peptides centered on
the PHF-1 epitope from amino acid 392 to 411 (according to
numbering of the longest Tau2N4R isoform of 441 residues,
hereafter named Tau[392-411], Table 2). Here, solid-phase
peptide synthesis allows the introduction of PTMs in a site-
specific manner providing homogenous modification patterns.
All peptides exhibit random coil conformations as shown by 13C
secondary chemical shifts of Cα and Cβ (see Supplementary
Figure 6A). Peptides without PTM or with S400-O-GlcNAc
have both a weak propensity of secondary structure along the
entire sequence as shown by neighbor-corrected Structural
Propensity (ncSP) calculation (Figure 4) (Tamiola and Mulder,
2012). In contrast, peptides with phosphorylation on S404
have a slight propensity to adopt helical conformation in the
C-terminal region (from S404 to L408) as highlighted by both
secondary structure propensity (SSP) based on 1Hα, 13Cα

and 13Cβ (Supplementary Figure 6B) (Marsh et al., 2006)
and ncSP scores based on 1HN, 15N, 1Hα, 13Cα and 13Cβ

(Figure 4). This structural propensity is more pronounced in
the presence of other PTMs, either phosphorylation of S396
(Tau[392-411]-2P) or double phosphorylation of S396/S400
(Tau[392-411]-3P) or glycosylation of S400 (Tau[392-411]-GP)
while the N-terminal region (from I392 to D402) have an even
more pronounced extended conformation upon multiple PTMs
(Figure 4). Conformational changes induced by pS404 and
enhanced by multiple PTMs are also evidenced by the extent of
perturbations of amide and Hα-Cα chemical shifts from R406
to N410 (see Supplementary Figures 5B, 7A,B). Together, these
data suggest that phosphorylation of S396, and phosphorylation
or O-GlcNAcylation of S400 have a remote effect on the
conformation of the region immediately downstream pS404
inducing a propensity to helical structure probably stabilized by
H-bond and/or salt bridges between pS404 and basic residues
within the C-terminus.

Effect of Phosphorylation and
O-GlcNAcylation of PHF-1 Epitope on
the Formation of Tau Fibrillar Aggregates
The effect of PTMs within the PHF-1 epitope was then
investigated at the functional level in Tau self-assembly into
fibrillar aggregates. Without external inducer, neither TauS262A-
P(GSK3), TauPHF1-P nor TauPHF1-PP were able to form
fibrils as monitored by Thioflavin T (ThT) fluorescence during
several days at 37◦C and negative-staining transmission electron
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FIGURE 5 | Aggregation of TauPHF1 series induced by heparin. (A,B) Kinetics of TauPHF1 aggregation probed by ThT fluorescence emission plotted as
mean ± standard deviation. (C,D) TEM images showing the fibril morphology of TauPHF1 isoforms with 20,000× (upper panels) and 85,000× (lower panels)
magnification. The scale bars of the upper panels correspond to 2 µm and for the lower panels to 500 nm. Isoforms that are non-phosphorylated by GSK3β (Tau,
Tau-G, and Tau-P) and phosphorylated by GSK3β (Tau-P(GSK3), Tau-G/P(GSK3), and Tau-PP) are depicted in (C) and (D), respectively. (E) Elongation rate
constants calculated from curves fitted with a one-phase association model. The color coding is the same for all panels as indicated in (C) and (D) for the different
TauPHF1 isoforms.

microscopy (TEM). Hence, we first stimulated aggregation of the
diverse phosphorylated/O-GlcNAcylated Tau isoforms by using
heparin and tracking aggregation kinetics by ThT fluorescence
combined with TEM imaging at the end-point of aggregation to

probe fibril morphology and extent. We have previously shown
that heparin as a polyanionic cofactor mainly interacts with
lysine residues in Tau protein with higher avidity for MTBR
and flanking regions (Sibille et al., 2006; Kamah et al., 2014).
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Hence, multiple mutations of Ser/Thr into Ala residues did not
significantly affect heparin binding to TauPHF1 mutant which
forms fibrillar aggregates with kinetics similar to TauS262A
(Figure 5A,D, see Supplementary Figures 8A, 9A). We have
observed the formation of filaments for the various PTM
isoforms of TauPHF1 with morphology similar to PHFs as
detected by TEM (Figure 5D). However, it has been described
that heparin-induced fibrils of Tau are polymorphic and
morphologically distinct from those extracted from AD brain
(Fichou et al., 2018d; Zhang et al., 2019). As the molecular
structure of fibrils from Tau PTM isoforms may be different from
bona fide PHFs, we hereafter referred them to PHF-like fibrils.

Formation of filaments of TauPHF1 proteins was modulated
by the different PTMs. Notably, O-GlcNAcylation reduces
the elongation rate of TauPHF1 as previously shown (Yuzwa
et al., 2012). However, ThT signal of TauPHF1-G was increased
significantly at end-point of aggregation reactions although about
3 times lower than TauPHF1 (Figures 5A,B, see Supplementary
Figures 8A–C). TEM examination and measurement of
variations in the amount of soluble TauPHF1-G before and
at the end of aggregation indicate a high content of fibrils
together with a significant decrease of soluble protein suggesting
that O-GlcNAcylation does not prevent fibrillar assembly of
Tau (Figures 5B,D, see Supplementary Figures 8D,E). While
both CDK2 and sequential CDK2/GSK3β phosphorylation
strongly decrease TauS262A aggregation, aggregation of
TauPHF1 was modulated by the sole phosphorylation of
PHF-1 epitope in different way depending on kinase involved:
CDK2 phosphorylation decreases the rate of fibril formation
while GSK3β phosphorylation stimulates aggregation of all
proteins - Tau-P(GSK3), Tau-PP and Tau-G/P(GSK3) - as
shown by comparing the elongation rate constants derived
from aggregation kinetics with values of Tau proteins before
GSK3β phosphorylation - Tau, Tau-P and Tau-G, respectively
(Figure 5C). GSK3β phosphorylation after CDK2 priming or
without priming leads to similar patterns of phosphorylation in
TauPHF1 mutant primarily defined by a high level of PHF1-3P
(Figure 2A) and same aggregation kinetics of PHF-like fibril
formation (Figures 5A–C). In contrast, even though GSK3β

phosphorylation stimulates aggregation of Tau-G, it does not
restore the aggregation rate at the level of non-modified Tau
but rather parallel the aggregation kinetics of Tau-P. Together,
these data indicate that the PHF1-3P isoform plays an active role
in Tau aggregation and O-GlcNAcylation although decreasing
the elongation rate and modulating the extent of PHF1-3P
isoform interferes only weakly with the fibrillar assembly of
phosphorylated Tau.

TauS262A mutant phosphorylated by CDK2 or sequentially
by CDK2 and GSK3β (TauS262A-P or TauS262A-PP), both
providing high levels of phosphorylation, only marginally forms
fibrillar aggregates using heparin as external inducer as compared
to the non-phosphorylated isoform (see Supplementary
Figures 9A,B). Phosphorylation, either high level or site-specific,
probably competes with heparin binding making it impossible to
use and meaningless. Along this line, other PTM of Tau could also
modulate fibril formation by interfering with inducer binding
complicating data interpretation. To circumvent issues related

to potential reduction of heparin binding upon phosphorylation
and/or O-GlcNAcylation, we have then investigated aggregation
induced by seeds formed with TauS262A in the presence
of heparin. ThT fluorescence was only weakly increased in
aggregation reactions of soluble, monomeric Tau proteins at
25 µM in the presence of a 10-fold dilution of seeds rendering
difficult the interpretation and comparison of kinetics parameters
(see Supplementary Figures 10A,B). However, observation of
PHF-like fibrils by TEM clearly indicate an increase of the fibril
content and length in the presence of monomeric Tau proteins
bearing diverse PTMs as compared to seeds alone. A high content
of isolated and clusters of long PHF-like fibrils were observed for
both TauS262A and TauS262A-G proteins while only individual
short-length fibrils were detected for seeds alone (Figure 6). In
contrast, phosphorylated forms of TauS262A and TauS262A-G
prevents the formation of clusters of fibrils and promote rather
individual PHF-like filaments longer than those observed in
seeds alone. In TauPHF1 isoforms, phosphorylation by GSK3β

of either Tau, Tau-P or Tau-G promotes the formation of large
fibrillar clusters constituted of long PHF-like filaments (see
Supplementary Figure 11A).

DISCUSSION

We have investigated phosphorylation of Tau by GSK3β

with and without priming by CDK2, with and without
prior O-GlcNAcylation by OGT to probe modulation of
GSK3β-mediated phosphorylation pattern and its role on Tau
self-assembly into PHF-like filaments. The phosphorylation
pattern provided by GSK3β in TauS262A is highly regulated by
CDK2 priming. While only the triple phosphorylated state of
PHF-1 epitope or PHF1-3P (pS396/pS400/pS404) was observed
without priming as previously shown (Leroy et al., 2010),
prior CDK2 priming provides additional phosphorylation in
the PRD. CDK2 phosphorylates the AT180 phospho-epitope
(pT231/pS235) and AT8 epitope in its double phosphorylated
state or AT8-2P (pS202/pT205). Other phosphorylations were
also detected in the PRD (pT153, pT175, pT181, pT212) with
pT212 and pS202 that serves as priming sites for phosphorylation
by GSK3β of S208 and pS198, respectively, leading to a triple
phosphorylated state of AT8 or AT8-3P (pS202/pT205/pS208)
(Despres et al., 2017). Together, most of phosphorylation sites
were found within the C-terminal half of TauS262A protein with
an overall high phosphorylation level of 17± 1 phosphate per Tau
when sequentially combining CDK2 and GSK3 phosphorylation,
in agreement with physiological Tau expressed in Sf9 eukaryotic
cells (Drepper et al., 2020).

On the other hand, O-GlcNAcylation by OGT is solely
localized within the C-terminus of Tau at S400, S412 and S413
residues. With or without CDK2 priming, OGT glycosylation
only regulates phosphorylation of PHF-1 epitope primarily
through S400 O-GlcNAcylation embedded in that epitope (at a
level of ca. 60%), acting by both decreasing phosphorylation on
S404 and disrupting sequential phosphorylation of S400/S396
by GSK3β as previously described in peptides (Smet-Nocca
et al., 2011) while priming by CDK2 on S404 is not affected.
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FIGURE 6 | Transmission electron micrographs with negative staining of fibrillar aggregation of TauS262A protein series induced by Tau seeds prepared with
TauS262A and heparin (ratio 4:1) for 7 days at 37◦C, diluted 10-fold in 25 µM monomeric Tau (gray), Tau-P (red), Tau-PP (black), Tau-G (green), Tau-G/P (pink) and
Tau-G/PP (purple) showing three different magnification: 20,000× (A), 50,000× (B) and 85,000× (C). The scale bar of 2 µm applies to panels (A), 500 nm to panels
(B,C).

FIGURE 7 | Phosphorylation pattern of GSK3β at the PHF-1 epitope without CDK2 priming and its regulation by O-GlcNAc. (A,B) overlaid 1H-15N-HSQC NMR
spectra of TauPHF1-G/P(GSK3β) (orange), TauPHF1-P (red), and TauPHF1-PP (black) showing the resonance multiplicity of pS404 depending on the modification
state of S400. (C) Graphical representation of levels of S400 modifications (S400, pS400, or gS400) depending on the phosphorylation state of S404 in
TauPHF1-G/P(GSK3β) (orange bars) as compared to TauPHF1-P(GSK3β) (blue bars). Phosphorylation levels of S400 are depicted by filled areas, O-GlcNAcylation
levels by shaded areas and no PTM by dotted areas. (D) Schematic representation of phospho-/O-GlcNAc-isoforms of the PHF-1 epitope with their respective
distribution in TauPHF1-G, TauPHF1-P(GSK3β) and TauPHF1-G/P(GSK3β).

Formation of PHF1-3P by GSK3β without priming by CDK2
was decreased upon O-GlcNAcylation from about 65% to 14%
(Figures 3A, 7C). Phosphorylation and O-GlcNAcylation of
respective S404 and S400 sites are not exclusive as they co-exist in
an isoform representing 21% of all isoforms. However, the gS400
glycosylation, differentially distributed into pS404 and S404
isoforms, is prevalent in the non-phosphorylated S404 isoform
(see Supplementary Figure 12). This is in agreement with what
we have previously shown with phosphorylation of Tau-G by

the kinase activity of a rat brain extract (Bourré et al., 2018).
Furthermore, O-GlcNAcylation not only reduces the formation
of PHF1-3P epitope but also decreases S404 phosphorylation in
the S400 non-O-GlcNAc fraction pointing to regulatory role of
other O-GlcNAc sites at S412 and S413 in modulation of PHF-1
phosphorylation.

From a conformational point of view, our NMR data indicate
that amide resonances of pS404 or S404 are sensors of the
PTM state of S400, and conversely (Figures 2C,D, 3C,D, and
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Supplementary Figures 1C,D) underpinning a spatial proximity
of both sites and potential conformational crosstalk. The study
of local conformational changes induced by PTM of the PHF-
1 epitope was performed in small peptides (Table 2 and
Supplementary Figures 5A,B) ranging from residue 392 to
411 using NMR chemical shifts. Chemical shift index (Wishart
et al., 1992, 1995) and secondary chemical shift (Wishart
et al., 1991; Wishart, 2011) analyses based on 13Cα and
13Cβ indicate a random coil conformation for Tau[392-411]
peptides independently of their PTM status (see Supplementary
Figure 6A). Chemical shift analyses of Tau[392-411] peptides
with SSP and ncSP indicate an extended conformation for the
N-terminal region (from residue 392 to 402) while the peptide
C-terminus displays conformational changes according to PTM
involved. An extended conformation of a di-phosphorylated
peptide, pS396/pS404, was revealed by an X-ray structure
of the PHF-1 epitope in complex with a monoclonal Tau
antibody emphasizing side chain interactions between Y394
and pS396 stabilized by specific interactions with an antigen
binding site (Chukwu et al., 2018). In 1H-15N HSQC spectra
of pS396-containing Tau isoforms and peptides, a large shift
was observed for K395 resonance upon S396 phosphorylation
(see Supplementary Figures 4A,C, 5A, 7B) while perturbations
of chemical shifts of surrounding residues such as Y394 are
weaker. This suggests that adjacent K395 and pS396 residues
engage in a salt bridge as also shown in MD simulations of
model peptides of similar sequence surrounding a phospho-
site (Rani and Mallajosyula, 2017). It has been proposed that
an intramolecular salt bridge between lysine or arginine side
chain and phosphate locks the peptide in a Poly-Proline II
(PPII) conformation. In RT231PP sequence of Tau, a salt bridge
interaction between R230 and pT231 was suggested to compete
with an intermolecular salt bridge with tubulin (Schwalbe et al.,
2015). Similarly, phosphorylation of S396 could lock both K395
and S396 in a salt bridge preventing interactions of these residues
with other partners.

On the other hand, chemical shift analyses with SSP and
ncSP highlight a helical propensity in the C-terminus of
peptides containing phosphorylation at S404 (Figure 4). In
contrast, none of individual phosphorylation on S396 or S400 or
O-GlcNAcylation of S400 induce similar conformational changes
(see Supplementary Figure 6B). The S404 phosphorylation-
induced conformational change is in agreement with what
was previously observed for phosphorylation of AT180 epitope
where phosphorylation of T231/S235 induces a N-cap stabilizing
a α-helix in the C-terminal region of phosphorylation sites
(from S237 to A246) (Bielska and Zondlo, 2006; Sibille
et al., 2011). Interestingly, the helical conformation tendency
induced by pS404 is exacerbated when other PTMs are present
on either S396 and/or S400. Surprisingly, O-GlcNAcylation
(Tau[392-411]-GP) induces the same effect on the C-terminus
conformation as single phosphorylation of S396 (Tau[392-411]-
2P) or double phosphorylation of S396/S400 (Tau[392-411]-
3P) (Figure 4). It was shown in Tau peptides from PRD
that phosphorylation induces the formation of a PPII helix
while O-GlcNAcylation have an opposite role by destabilizing
it (Brister et al., 2014). In a study performed in model

α-helical peptides, both phosphorylation and O-GlcNAcylation
localized at the N-terminus of an α-helix were shown to
stabilize it with a greater effect for phosphorylation over
O-GlcNAcylation, and both destabilize it when localized within
the helix sequence with a greater effect for O-GlcNAcylation
(Elbaum and Zondlo, 2014). Here, in the PHF-1 epitope,
phosphorylation of S396 and S400 as well as O-GlcNAcylation
of S400 are located in an extended N-terminal region with
respect to those of helical propensity and remotely stabilize
a conformational change induced by phosphorylation of S404.
Such conformational changes may have critical implications in
interactions of Tau with microtubules or other binding partners,
in regulating Tau function of tubulin polymerization or self-
assembly into fibrils.

The role of PHF-1 phosphorylation and O-GlcNAcylation
in fibrillar aggregation was then investigated in vitro in
the presence of heparin or seeds of Tau2N4R to induce
aggregation. High level or site-specific phosphorylation are
likely to compete with Tau binding to heparin due to charge
repulsion, as illustrated by all phosphorylated isoforms of
TauS262A and TauS262A-G (see Supplementary Figures 9A–
C). Phosphorylation sites encompassed in the PRD are prone
to interfere with heparin binding due to a high proportion of
positively charged residues, especially lysine residues, in this
region involved in heparin interactions while the C-terminal
domain contains a lower concentration of binding sites (Sibille
et al., 2006; Kamah et al., 2014; Despres et al., 2019). Hence,
phosphorylation of PHF-1 epitope is less likely to interfere
with heparin binding than multiple phosphorylation within the
PRD. Reducing phosphorylation sites in TauPHF1 mutant leads
to appreciable aggregation rates of phosphorylated isoforms
as measured by ThT fluorescence and sizable amounts of
PHF-like fibrils observed by TEM. In this aggregation set-
up in which heparin stimulates the formation of filaments,
phosphorylation by CDK2 (Tau-P) as well as O-GlcNAcylation
by OGT (Tau-G) both reduce fibrillar aggregation rates with
a greater effect for O-GlcNAcylation, which also affects the
initial phase of fibrillization related to nucleation processes
(Figure 5, see Supplementary Figure 8). Nevertheless, significant
increase of ThT fluorescence and decrease of soluble protein
content at aggregation end-point as well as large amounts
of PHF-like filaments shown by TEM (Figure 5D, see
Supplementary Figure 8) indicate that O-GlcNAcylation does
not prevent fibrillar assembly of Tau but only reduces the
elongation rate.

In contrast, phosphorylation by GSK3β accelerates
aggregation rates of Tau, Tau-P or Tau-G isoforms by 1. 5-,
3.3- and 7.1-fold, respectively (Figure 5C). Each of the respective
phospho-isoforms resulting from GSK3β phosphorylation
contains PHF1-3P epitope at a relative level of 65%, 75% and
14% (Figures 2A, 3A, 7C). Even though Tau-G/P(GSK3β) still
contains a significant amount of non-phosphorylated gS400
isoform (48%) that was shown to strongly inhibit the aggregation
rate, GSK3β phosphorylation significantly stimulates fibrillar
assembly even with a low amount of PHF1-3P. Together these
data indicate that the PHF1-3P isoform is a potent stimulant of
Tau fibrillization. Along this line, it was previously shown that
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the C-terminus displays an inhibitory role in Tau assembly and
that inhibition can be partly reversed by pseudo-phosphorylation
at the PHF-1 epitope (S396E/S404E) or truncation of the
C-terminus (Abraha et al., 2000). Moreover, we have shown
in peptides that a combination of S400 O-GlcNAcylation and
S404 phosphorylation induces similar conformational changes
in the region downstream S404 as PHF1-3P. Therefore, in
Tau-G/P(GSK3β), the significant amount of gS400/pS404
isoform (21%) could also contribute to a large extent to
acceleration of Tau fibrillar aggregation thereby counteracting
the O-GlcNAc-mediated inhibition. This would suggest that a
combination of phosphorylation and O-GlcNAcylation could
be deleterious in the same way than PHF-1 phosphorylation in
fibrillar assembly.

We have shown here that seeds of Tau2N4R formed with
heparin are able to induce fibrillar aggregation of monomeric
TauS262A isoforms bearing various PTMs into PHF-like
filaments as detected by TEM (Figure 6). Despite the large
amount of fibrillar material, increase of ThT signals was by
far weaker as compared to those of aggregation reactions of
TauPHF1 series induced by heparin, and the variations of ThT
emission signal is too weak to be interpreted unambiguously.
It must be noticed, however, that ThT signals at the initial
time is high as compared to aggregation reactions induced
by heparin and higher than those of seeds alone, and there
is no lag phase as well. This argues that Tau seeds promote
aggregation of monomeric Tau regardless of the PTM status
by reducing the nucleation rate as previously described (Meyer
et al., 2014; Dinkel et al., 2015) even in the absence of external
cofactors. In our setup, a 10-fold dilution of seeds made of
Tau2N4R pre-incubated with heparin leads to a final heparin
dilution with monomeric Tau (equivalent to 0.25 µM heparin
for 25 µM monomeric Tau considering the initial heparin
concentration used to prepare seeds) beyond a concentration
in which heparin is able to efficiently promote aggregation (see
Supplementary Figure 10C). It is likely that most of heparin
used to prepare seeds is incorporated into fibrils and a very low
amount is expected to be available to induce aggregation of fresh
monomers. Fichou et al. have shown that Tau fibrils induced by
heparin dissociate upon treatment with heparinase concluding
that heparin is an essential cofactor of Tau aggregation and
a cofactor is required to sustain fibril seeding (Fichou et al.,
2018c, 2019). However, it appears in our study that Tau seeds
without additional heparin are able to stimulate fibril formation
but the content of fibrils is limited by the amount of seeds and
rapidly reaches a plateau. TEM imaging of aggregation reactions
of monomeric Tau and Tau-G shows the presence of individual
filaments together with large clusters of fibrils while seeds alone
are made of individual fibrils of shorter length (Figure 6).
These observations indicate that Tau seeds allow Tau and
Tau-G monomers to aggregate and O-GlcNAcylation does not
intrinsically inhibit the fibrillization process. Phosphorylation of
both Tau and Tau-G, on the other hand, induce the formation
of individual fibrils to a lesser extent with greater length
than seeds and no fibrillar clusters were observed indicating a
distinct mechanism of fibrillization as compared to the non-
phosphorylated isoforms. This suggests that at least part of

heparin within Tau seeds is still accessible as shown in Fichou
et al. (2018c), and reduces interactions of phosphorylated Tau
species with seeds. In contrast, seeding of TauPHF1 aggregation
also shows that GSK3β phosphorylation significantly stimulates
the formation of PHF-like filaments of Tau, Tau-P and Tau-
G isoforms as shown by a greater extent of long fibrillar
species and clusters, and the significant reduction of soluble
Tau monomers at aggregation end-point (see Supplementary
Figures 11A,C,D).

A reciprocal regulation of Tau phosphorylation and
O-GlcNAcylation has been shown in various cellular models
of tauopathies or in vivo in transgenic mice. In most cases,
decreasing protein O-GlcNAcylation through OGT knock-down
or by mimicking impaired glucose metabolism and uptake as
in AD brain leads to increased site-specific phosphorylation
of Tau (Liu et al., 2004, 2009). Conversely, Thiamet-G, a
potent OGA inhibitor, increases protein O-GlcNAcylation
in the brain of TG mice, reduces Tau phosphorylation and
alleviates Tau pathology (Yuzwa et al., 2008; Hastings et al.,
2017). However, Thiamet-G injection was also shown to trigger
GSK3β activation leading to an increased site-specific Tau
phosphorylation (Yu et al., 2012). The proposed mechanism
was that increased O-GlcNAcylation leads to inhibition of
AKT that negatively regulates GSK3β by phosphorylation
of serine 9. Here, we have shown that O-GlcNAcylation
modulates GSK3β phosphorylation of PHF-1 epitope as
previously observed in peptides (Smet-Nocca et al., 2011), but
does not modify CDK2 priming nor remote phosphorylation
in the proline-rich domain excluding an extended effect
of O-GlcNAcylation on phosphorylation distributed along
the entire Tau protein. Furthermore, O-GlcNAcylation does
not antagonize the conformational changes induced by
phosphorylation of S404 nor the increased fibrillization
properties of GSK3β-phosphorylated Tau. Our data sustain
the hypothesis that regulation of Tau phosphorylation and
aggregation as well as neurodegeneration through O-GlcNAc
modulation (e.g., with OGA inhibitors) is likely an indirect
process involving the O-GlcNAc-mediated regulation of
enzymes implicated in phosphorylation dynamics (Lubas
and Hanover, 2000; Dias et al., 2012; Shi et al., 2012; Wang
et al., 2012; Xie et al., 2016) or other actors in Tau pathology
(Smet et al., 2004b; Landrieu et al., 2006; Lippens et al., 2007;
Borghgraef et al., 2013).

CONCLUSION

In this study, we have shown that GSK3β exacerbates
fibrillar aggregation of Tau protein in vitro and significantly
counteracts inhibition of fibrillization mediated by O-GlcNAc
posttranslational modifications although O-GlcNAcylation
severely reduces the PHF1-3P isoform. Conversely, priming
by CDK2 increases GSK3β phosphorylation in both Tau
and O-GlcNAcylated Tau isoforms by providing a number of
phosphorylation sites in the proline-rich domain which otherwise
is not targeted by GSK3β activity. A conformational study of
the impact of PTMs in the C-terminal region around the PHF-1
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epitope shows that phosphorylation of S404 triggers a dynamic
conformational change in the region immediately downstream
S404 site that is enhanced by other phosphorylations of the PHF-
1 epitope or S400 O-GlcNAcylation. These data suggest that
multiple phosphorylations or combination of phosphorylation
and O-GlcNAcylation within the PHF-1 epitope have the same
conformational effect while increasing the formation of PHF-
like filaments.
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