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Abstract: Tau is a brain microtubule-associated protein that directly binds to a microtubule and
dynamically regulates its structure and function. Under pathological conditions, tau self-assembles
into filamentous structures that end up forming neurofibrillary tangles. Prominent tau neurofibrillary
pathology is a common feature in a number of neurodegenerative disorders, collectively referred to
as tauopathies, the most common of which is Alzheimer’s disease (AD). Beyond its classical role as
a microtubule-associated protein, recent advances in our understanding of tau cellular functions have
revealed novel insights into their important role during pathogenesis and provided potential novel
therapeutic targets. Regulation of tau behavior and function under physiological and pathological
conditions is mainly achieved through post-translational modifications, including phosphorylation,
glycosylation, acetylation, and truncation, among others, indicating the complexity and variability
of factors influencing regulation of tau toxicity, all of which have significant implications for the
development of novel therapeutic approaches in various neurodegenerative disorders. A more
comprehensive understanding of the molecular mechanisms regulating tau function and dysfunction
will provide us with a better outline of tau cellular networking and, hopefully, offer new clues for
designing more efficient approaches to tackle tauopathies in the near future.
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1. Introduction

From an analytical point of view, the three main cell compartments—nucleus, cytoplasm, and
membrane—have been mostly studied in the past century by three different scientific disciplines:
molecular biology (nucleus), cell biology (cytoplasm), and cell signaling (membrane). During the 1970s
and 1980s, in an effort to introduce the molecular biology to the study of the cell cytoplasm, proteins
located at the cytoplasm were analyzed. These were mainly those involved in the components of
the cytoskeleton: microtubules, microfilaments, and intermediate filaments. Microtubules are highly
enriched in the cytoplasm of neuronal cells and, therefore, neuronal microtubules were the first ones
to be characterized at the molecular level [1].

Brain microtubules can be isolated in vitro and they are composed mostly (about 90%) of tubulin
subunits, with the remaining 10% consisting of the microtubule-associated proteins (MAPs) that,
according to the order of its electrophoretic mobility, were classified as MAP1, MAP2, and tau [2].
Later on, improved electrophoretic techniques allowed further fractionation of MAP1 into MAP1A,
MAP1B, and MAPIC (a dynein subunit) [3]. Moreover, different isotypes were described for MAP2
and tau proteins [2]. Tau protein was first isolated at Kirschner’s lab in 1975 [4] and from that year up to
1988, the study of tau shifted from that of a microtubule-associated protein [5-8] to that of a component
of the paired helical filaments found in the brain of Alzheimer’s disease (AD) patients [9-18]. To date,
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the analysis of tau protein has been mainly focused on its dysfunction. Here we review and discuss
recent findings about the role of both function and dysfunction of tau protein.

2. Tau Function and Dysfunction

2.1. Tau Function

In the central nervous system of mammals, tau protein is composed of six different isotypes
produced by alternative splicing mechanisms. Three of these isotypes contain three copies of the
imperfect 31 amino-acid repeats that constitute the microtubule-binding domain (tau 3R) whereas
the other three isotypes contain four repeats (tau 4R) [19]. In vivo, the most well-known function
for tau is microtubule stabilization [20,21]. Hence, it is difficult to obtain non-neuronal proliferating
cells that are expressing tau in a stable form since the presence of tau at high levels makes it difficult
to depolymerize interphase microtubules to allow the onset of mitosis [22]. For that reason tau 3R
(a weaker microtubule stabilizer than tau 4R) can be more readily expressed at high levels than tau 4R
in non-neuronal proliferating cells [23]. Thus, tau is mainly present in neuronal, non-proliferating,
differentiated cells [19].

Microtubule stabilization could be the mechanism underlying the role of tau on the development
of axonogenesis although, in this process, tau can also play an additional role on the localization
of some microtubule plus-end tracking proteins (+TIPs), like end-binding (EB) proteins, at the later
stages of axon development [24]. Embryonic hippocampal cultures from tau-deficient mice show
an abnormal pattern of axonal growth and a significant delay in maturation; an effect that can be
rescued by mating those mice with transgenics overexpressing human tau protein [25].

Interestingly, loss of tau could also result in iron accumulation in neurons. It has been reported
that amyloid precursor protein (APP) displays a ferroxidase activity that, coupled with a ferroportin,
allows for iron export. Since tau facilitates the traffic of the amyloid precursor protein (APP) to the cell
surface, loss of tau leads to iron accumulation in primary neuronal cultures [26].

Regulation of tau function is predominantly achieved through post-translational modifications,
primarily phosphorylation at many sites (see [27] for a review). Thus, an increase in tau phosphorylation
reduces its affinity for microtubules, resulting in neuronal cytoskeleton instability. Moreover, a gradient
of tau concentration exists along the axon in mature neurons, with higher levels at the synapse where
it can block the binding of motor proteins and favor the local release of their cargo. Additonally, tau
phosphorylation by glycogen synthase kinase-3 (GSK3) at specific residues appears to modulate
long-term depression (LTD) [28].

It has been demonstrated that tau is also extensively post-translationally modified by lysine
acetylation, leading to impaired tau function and promoting pathological aggregation [29], as discussed
below. Intriguingly, it has been recently reported that mammalian tau proteins possess intrinsic
enzymatic acetyltransferase activity capable of catalyzing self-acetylation at lysines by using catalytic
cysteine residues located at the microtubule-binding domain [30]. It remains to be known whether
other possible substrates for this activity may exist.

On the other hand, a possible role for tau in sleep regulation has been proposed [26,31].
The activity of neocortical pyramidal cells during various arousal states was measured in a mouse
model of tauopathy, showing that membrane potential oscillations were slower during slow-wave
sleep and under anesthesia [31]. The observed changes in activity patterns are due to longer down
states and state transitions of membrane potentials.

However, probably the most interesting function for tau protein is its role on long-term
depression (LTD). Various persistent modifications in neuronal and synaptic functioning provide
the biological basis of learning and memory in neuronal circuits and, among these, long-term
synaptic plasticity is thought to play a primary role. Long-term synaptic plasticity appears in various
forms of potentiation (LTP) and depression (LTD). LTP is an activity-dependent increase in synaptic
transmission/strength between two neurons, whereas LTD is an activity-dependent decrease in
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synaptic transmission/strength. This reduction in the synaptic strength may facilitate a further loss of
the synapse. It has been described that loss of tau prevents LTD and it may result in a deficit in spatial
reversal learning [28]. Thus, this role of tau in LTD may lead to impairment of stabilized memories
and new learning.

Furthermore, within the MAPT gene there is a cryptic protein, saithoin, located in the intron 9,
between exons 9 and 10, [5,32]. This protein may have an antioxidant role, a function that will be lost
in the absence of the tau gene.

2.2. Tau Dysfunction

Although loss of tau in mice results in some deficits, these are not sufficient to affect the viability
of the animal [25,33]. Thus, tau loss of function, except for its role in LTD, may not be the primary
cause of the group of pathologies known as tauopathies [19].

There seems to be a general agreement that tauopathies are the consequence of a gain of toxic
function due to an increase in the amount of tau protein or its modification [19]. An increase in tau
levels has been shown to exist in the most prevalent tauopathy, Alzheimer’s disease (AD) [34,35].
Additionally, there are several post-translational modifications of tau protein, such as phosphorylation,
acetylation, glycation, truncation, or glycosylation that could confer a toxic gain of toxic function [19].
In particular, tau hyperphosphorylation seems to lead to toxicity [19]. A recent study of mutant
tau transgenic mice has demonstrated that hyperphosphorylated, aggregated tau directly harms
proteasomal function in vivo [36], although the precise molecular mechanism remains unclear.

The original observation relating to tau pathology and dysfunction was its self-aggregation
to form polymers, such as paired helical or straight filaments [6-18]. There are some tauopathies
of familial origin in which tau mutations at specific sites might facilitate its subsequent abnormal
aggregation [37]. This self-aggregation takes place mainly through the microtubule-binding regions of
the tau protein [5,25]. Hence, it is not surprising that not every tau isotype shows the same capacity for
microtubule binding or self-aggregation [38]. The high molecular weight isotype (big tau) present in the
peripheral nervous system [39] is an isotype with a lower capacity to self-aggregate. This observation
agrees well with the recent report indicating the protective role of the high molecular weight tau
isotype present in the longest lived rodent, mouse-sized naked-mole rats [40]. An increase in tau
phosphorylation by kinases such as GSK3 has been correlated with increased tau aggregation [41,42].
Recently, it has been suggested that under stress conditions tau can be phosphorylated at threonine
175, inducing GSK3 activation which in turn modifies tau at threonine 231, and leads to pathologic
fibril formation [43].

As already mentioned, acetylation of soluble tau has important effects on its properties, including
stability, protein-protein interaction, and aggregation. A complex tau acetylation pattern has been
recently demonstrated in vitro with high-resolution NMR techniques, showing that there are more
than 20 acetylated sites within the tau molecules [44].

Moreover, tau acetylation is increased in AD brain lysates, whereas tau acetylation at lysine 174 has
been reported to be an early change in AD [45]. Overexpression of a tau mutant mimicking acetylation
at that residue in mouse brain led to increased hippocampal atrophy and decreased behavioral
performance. Furthermore, treatment of tau transgenic mice with acetyltransferase inhibitors lowered
tau acetylation, rescued tau-induced memory deficits, and prevented hippocampal atrophy [45].
All together, these findings highlight tau acetylation as a pathogenic step in AD and tauopathies and
open new therapeutic avenues to be explored.

3. The Tauopathies and Propagation of Pathology

3.1. The Tauopathies

The main risk factor for the most prevalent tauopathy, AD, is aging. Similarly, other tauopathies
are also more prevalent above 40 years old. However, several tauopathies have been described at
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young ages, such as fetal or infantile tauopathies like hemimegalencephaly, tuberous sclerosis complex
(TSC), focal cortical dysplasia type 2b, and ganglioglioma [46].

Patients with a developmental disorders, such as Down syndrome (DS), the most common genetic
form of intellectual disability [47], have a striking propensity to develop early-onset Alzheimer disease
(EOAD), including the accumulation of neurofibrillary tangles (NFT). In spite of several similarities
between both pathological processes, DS-specific potential mechanisms for cognitive deficits have been
recently proposed, such as an intracellular chloride accumulation mediated by GABA receptors [48].
In the hippocampus of adult DS mice GABA 4 seems to be excitatory rather than inhibitory [48]. In the
case of AD, it has been proposed that NMDA receptors present at the dendritic spines could favor A
toxicity mediated by the presence of the complex Fyn-tau [49]. It will be of interest to know whether
tau could play a similar function in the GABA 4 receptors-containing postsynaptic density in DS.

Pre-senile tauopathies include types of early-onset dementia, such as fronto-temporal dementia
(FTD) or familial AD (FAD), whereas sporadic AD (SAD) is the most prevalent advanced-age, senile
tauopathy [19]. While rare mutations in the MAPT gene lead to FTDP-17-tau, the vast majority of
tauopathies is sporadic, non-inherited, with aggregation of the wild-type protein [50]. Curiously, one of
these tau mutations could also led to progressive apraxia of speech [51], whereas a single nucleotide
polymorphism in MAPT has also been identified as an important risk factor for Parkinson’s disease
(PD) [52,53].

During the progression of AD pathology, neuronal death leads to intracellular tau being released
to the extracellular space. It has been suggested that once tau is in the extracellular space it could
become toxic for the surrounding neurons [54]. However, tau transmission from cell to cell could occur
by exocytosis and endocytosis without the need for neuronal death to release extracellular tau [54-56].
On the other hand, to explain that tau transmission only occurs during neurodegenerative processes
and not in normal physiological conditions, it has been proposed that aggregated tau is the toxic form
for that spreading [26,57]. However, it is unclear if the endocytosis may take place in any cell type or
whether a specific receptor, such as muscarinic receptors, are required [55].

Generally speaking, there are three main characteristics for a tauopathy: (a) an increase in
tau levels; (b) a modification, like hyperphosphorylation [58,59], sometimes related to another
posttranslational modifications such as truncation [60] or acetylation [45]; and (c) an abnormal tau
aggregation [61]. Additionally, in some tauopathies a change in tau 3R/4R ratio could facilitate the
onset of the disorder.

Regarding tau levels, it is important to know how human MAPT gene expression takes place [62].
The role of different types of tau post-translational modifications has been already mentioned, although
focusing on truncation, it should be indicated that toxic tau fragments could arise by truncation at both
ends (N-terminal or C-terminal) of the tau molecule [63,64]. Moreover, tau truncation could modulate
tau spreading [65]. Finally, changes in tau 3R /4R ratio may result in differences in microtubule stability.
Recently, microtubule dynamics has been correlated with some neurodegeneration disorders [66].
Some diseases, like AD, could be associated to a decrease in microtubule stability, whereas others, like
heredity spastic paraplegia, could be rather linked to the presence of hyper stable microtubules [66].
Tau 3R and tau 4R isoforms result from different alternative splicing events. Interestingly, it has been
recently described that Huntington’s disease could also be a tauopathy resulting from an increase in
the tau 4R /3R ratio [67].

3.2. Propagation of Tau Pathology

In the brains of AD patients, tau pathology propagates following an anatomically-defined pattern,
from the entorhinal cortex through the hippocampus and into the limbic and associated cortexes,
which correlates with the clinical cognitive status of the patient [68]. A body of evidence has been
gathered in recent years that strongly suggests that accumulation of abnormal tau is mediated through
spreading of protein seeds from cell to cell and involving extracellular tau species as the main agent
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in the interneuronal propagation of neurofibrillary lesions and spreading of tau toxicity throughout
different brain regions [69,70].

Long regarded primarily as an axonal protein, tau also accumulates in the somatodendritic
compartment during AD [71], and mislocation to dendritic spines may lead to synaptic dysfunction [72,73].
The presence of tau in the synapse in healthy brains suggests a role for tau in regulating normal
synaptic function, whereas during neurodegeneration tau synaptotoxicity seems to be related
to soluble forms rather than insoluble aggregates [74]. Measurement of tau synaptic levels in
synaptosomal fractions from human post mortem AD brains has shown that tau is normally localized in
cortical synaptic terminals and that tau cleavage may facilitate tau aggregation and secretion from the
pre-synaptic compartment [75]. Interestingly, a trans-synaptic mechanism of spreading of pathology
through anatomically-connected neuronal networks has been recently shown in transgenic animal
models of tauopathy [57,76], which supports neuropathological studies in post mortem brains from
argyrophylic grain disease (AGD) [77].

Remarkably, intracerebral inoculation of synthetic preformed tau fibrils induced NFT-like
inclusions that propagated from injected sites to connected brain regions in a time-dependent
manner [78]. Furthermore, conformation-specific trans-cellular propagation of tau fibrils after release
into the extracellular space and subsequent triggering of aggregation in recipient cells by contacting
native protein has been shown in co-culture experiments [79]. Intriguingly, using a lentiviral-mediated
rat model, it has been shown that human wild-type tau protein trans-synaptically spreads much
faster that mutant tau [80]. More recently, using artificial neuronal circuits in vitro, it has been further
demonstrated that non-synaptic and synaptic mechanism act in parallel to promote tau spreading [81].
Another exciting recent finding is that microglia depletion drastically suppresses propagation of tau
pathology in an AAV-based mouse model [82]. Furthermore, microglia are able to secrete tau via
exosomes and inhibiting exosome synthesis significantly diminishes tau propagation in vivo.

Taken together, cell-to-cell spreading of abnormal tau and toxicity provides a mechanism for
tau-targeted immunotherapies as therapeutic strategy for AD and tauopathies (see below).

4. Therapeutic Strategies

4.1. Therapeutic Targets

Therapies can be designed to reverse a loss of function or to correct a gain of function. With regard
to tau loss of function, since it can result in iron accumulation in some specific neurons, the use of an iron
chelator, clioquinol, has been proposed [83]. However, as already mentioned, tauopathies are mainly
the consequence of (1) an increased tau protein level; (2) increased post-translational modifications;
(3) increased aggregation; or (4) altered tau 3R/4R ratio in some specific neuronal populations.

MicroRNAs (miRNAs) have been linked to neurodegenerative processes and its dysregulation
contributes to tau neurotoxicity. The highly-conserved brain miRNA miR-219 has been shown
to be decreased in post mortem brains from AD and also severe primary age-related tauopathy.
miR-219 binds directly to the 3’-UTR of the tau mRNA and post-transcriptionally represses tau
synthesis, suggesting that this pathway could be used as a possible therapy [23]. On the other hand,
the use of specific tau kinase inhibitors (for example lithium or tideglusib for GSK3 or tamoxifen for
cdkb) [84] has been proposed but, at present, no clear results have been obtained in clinical trials [85,86].
Post-translational modifications involving tau cleavage resulting in the appearance of truncated toxic
tau fragments have been reported [87] and the use of protease inhibitors has been suggested as potential
therapy since the use of an uncleavable tau mutant shows attenuated pathological and behavioral
defects in a tau transgenic model [87]. Moreover, several compounds able to inhibit formation of tau
oligomers and fibrils have already been tested in different animal models [88,89]. A methylene blue
derivative is currently being tested in phase Il clinical trials for AD and FTD [90]. Curiously, methylene
blue was already used by Cajal to stain dendritic spines [91], a structure that contains tau protein [92].
On the other hand, it has been reported recently that a highly conserved PDZ (an acronym combining
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the first letters of three proteins: post synaptic density proteins (PSD95), Drosophila disc large tumor
suppressor (Dlgl), and zonula occludens-1 protein (zo-1); which were discovered to share the domain)
serine protease, HTRA1, is able to untangle and chop up tau fibrils in an ATP-independent fashion,
decreasing the aggregate burden in a cellular model of cytoplasmic tau aggregation and suggesting
some therapeutic potential [93].

4.2. Immunotherapeutic Tau Approaches

Immunotherapy for various neurodegenerative diseases has recently emerged as a promising
approach for the clearance of pathological proteins in these disorders. The immunotherapy approach is
based on eliciting anti-tau antibodies able to clear tau molecules that negatively affect neuronal viability,
thus resulting in clearance of tau pathological species and eventually neuronal function improvement.
Newly aggregated intracellular tau that transfers between co-cultured cells can provide a model for
tau-targeted immunotherapies for AD and tauopathies [94,95]. Both passive and active immunization
approaches have been pursued in recent years and have shown potential in animal models.

Although the active immunization approach has certain advantages, it may have autoimmune side
effects that can be avoided with passive immunization. Several passive immunotherapy approaches
targeting tau with specific antibodies have also been reported recently [96]. Specific phospho-tau
antibodies have been used recently to prevent the induction of tau pathology in both primary
neuronal cultures and in animal models of propagation of tau pathology [97] showing a significant
decrease in tau spreading after systemic administration. Interestingly, not every phospho-specific
tau antibodies shows efficacy at preventing tau pathology in animal models and some of them seem
to even exacerbate pathology [98]. It is also worth mentioning the use of antibodies specifically
targeting cis conformation in specific tau phospho-epitopes in animal models of traumatic brain injury,
preventing tau spreading and pathology development [99,100]. Noticeably, intravenous injection
of a tau oligomer-specific monoclonal antibody in aged APP transgenic mice led to the removal of
age-dependent tau oligomers, reversed memory deficits and shifted the A pathway towards plaque
formation [101], also highlighting a mechanistic interaction between tau oligomers and Af.

It has been suggested that the most likely mechanism of action for anti-tau antibodies is targeting
tau released from cells [102], although several different mechanisms of antibody clearance of tau are
likely to act in concert. Determining and targeting, specifically, the most toxic tau species will definitely
increase the therapeutic efficacy.

Some clinical trials of tau immunotherapy are already ongoing [103,104] and several more are
likely to be initiated in the near future. The recent development of imaging-based biomarkers [105]
will enable the progression of tau pathology to be tracked in living patients and greatly facilitate the
early-phase testing of tau immunotherapy and other tau-based therapeutic strategies.

5. Conclusions

We have reviewed recent developments in tau biology relevant to AD and tauopathies. It has
become increasingly clear that, apart from the well-established intracellular functions of tau in
microtubule stabilization and axonal transport, intracellular and extracellular tau have important
signaling roles that could contribute to the neurodegenerative process in AD and related tauopathies.
In addition, the presence of tau in synaptic regions of healthy brain suggests that tau may play a role in
the regulation of normal synaptic function. Furthermore, recent studies have suggested that misfolding
of tau in diseased brains leads to abnormal conformations of tau that can be transferred to surrounding
neurons. Thus, pathological progression seems to involve transmission of tau protein via a potential
prion-like seeding mechanism resulting in neurodegeneration in susceptible brain regions.

Some important questions still need to be clarified, such as selective neuronal vulnerability, the
exact nature of the tau species involved, or the precise seeding/templating mechanisms, among
others. More research is needed to identify disease mechanisms driving release of tau from neurons
and propagation of tau pathology and to determine the impact of extracellular tau on cognitive
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decline during neurodegeneration. The observation that misfolded tau can be secreted and taken
up by adjacent neurons calls for the development of novel strategies to block the propagation of tau
pathology in the brain, such as immunotherapies. The next few years will certainly bring new insights
into the cellular mechanisms underlying tau secretion and uptake, likely identifying novel therapeutic
approaches aimed at interfering early on in the process of propagation of tau pathology.

Acknowledgments: This study was funded by grants from the Ministerio de Economia y Competitividad
(SAF2014-53040-P and BUF2013-40664-P), the Centro de Investigacién en Red de Enfermedades Neurodegenerativas
(CIBERNED, ISCIIL JA).

Author Contributions: M.M., EH. and J.A. have planned and wrote the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dustin, P. Microtubules (Second Totally Revised Edition); Springer-Verlag: Berlin, Heidelberg, Germany;
New York, NY, USA; Tokyo, Japan, 1984.

2. Matus, A. Microtubule-associated proteins: Their potential role in determining neuronal morphology.
Annu. Rev. Neurosci. 1988, 11, 29-44. [CrossRef] [PubMed]

3. Avila, J. Microtubule dynamics. FASEB J. 1990, 4, 3284-3290. [PubMed]

4. Weingarten, M.D.; Lockwood, A.H.; Hwo, S.Y.; Kirschner, M.W. A protein factor essential for microtubule
assembly. Proc. Natl. Acad. Sci. USA 1975, 72, 1858-1862. [CrossRef] [PubMed]

5. Conrad, C.; Vianna, C.; Freeman, M.; Davies, P. A polymorphic gene nested within an intron of the tau gene:
Implications for Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 2002, 99, 7751-7756. [CrossRef] [PubMed]

6. Fellous, A.; Francon, J.; Lennon, AM.; Nunez, J. Microtubule assembly in vitro. Purification of
assembly-promoting factors. Eur. ]. Biochem. 1977, 78, 167-174. [CrossRef] [PubMed]

7. Binder, L.I; Frankfurter, A.; Rebhun, L.I. The distribution of tau in the mammalian central nervous system.
J. Cell Biol. 1985, 101, 1371-1378. [CrossRef] [PubMed]

8. Serrano, L.; Montejo de Garcini, E.; Hernandez, M.A.; Avila, J. Localization of the tubulin binding site for tau
protein. Eur. J. Biochem. 1985, 153, 595-600. [CrossRef] [PubMed]

9. Grundke-Igbal, I; Igbal, K,; Tung, Y.C; Quinlan, M.; Wisniewski, HM.; Binder, LI Abnormal
phosphorylation of the microtubule-associated protein tau (tau) in alzheimer cytoskeletal pathology.
Proc. Natl. Acad. Sci. USA 1986, 83, 4913-4917. [CrossRef] [PubMed]

10. Grundke-Igbal, I; Igbal, K.; Quinlan, M.; Tung, Y.C.; Zaidi, M.S.; Wisniewski, H.M. Microtubule-associated
protein tau. A component of alzheimer paired helical filaments. J. Biol. Chem. 1986, 261, 6084—6089. [PubMed]

11. Kosik, K.S.; Joachim, C.L.; Selkoe, D.J. Microtubule-associated protein tau (tau) is a major antigenic
component of paired helical filaments in alzheimer disease. Proc. Natl. Acad. Sci. USA 1986, 83, 4044-4048.
[CrossRef] [PubMed]

12. Wood, J.G.; Mirra, S.S.; Pollock, N.J.; Binder, L.I. Neurofibrillary tangles of alzheimer disease share antigenic
determinants with the axonal microtubule-associated protein tau (tau). Proc. Natl. Acad. Sci. USA 1986, 83,
4040-4043. [CrossRef] [PubMed]

13. TIhara, Y.; Nukina, N.; Miura, R.; Ogawara, M. Phosphorylated tau protein is integrated into paired helical
filaments in Alzheimer’s disease. J. Biochem. 1986, 99, 1807-1810. [PubMed]

14. Montejo de Garcini, E.; Carrascosa, J.L.; Correas, I.; Nieto, A.; Avila, J. Tau factor polymers are similar to
paired helical filaments of Alzheimer’s disease. FEBS Lett. 1988, 236, 150-154. [CrossRef]

15. Montejo de Garcini, E.; Serrano, L.; Avila, ]. Self assembly of microtubule associated protein tau into filaments
resembling those found in alzheimer disease. Biochem. Biophys. Res. Commun. 1986, 141, 790-796. [CrossRef]

16. Wischik, C.M.; Novak, M.; Edwards, P.C.; Klug, A.; Tichelaar, W.; Crowther, R.A. Structural characterization
of the core of the paired helical filament of alzheimer disease. Proc. Natl. Acad. Sci. USA 1988, 85, 4884-4888.
[CrossRef] [PubMed]

17.  Wischik, C.M.; Novak, M.; Thogersen, H.C.; Edwards, P.C.; Runswick, M.].; Jakes, R.; Walker, ].E.; Milstein, C.;
Roth, M,; Klug, A. Isolation of a fragment of tau derived from the core of the paired helical filament of
alzheimer disease. Proc. Natl. Acad. Sci. USA 1988, 85, 4506—4510. [CrossRef] [PubMed]


http://dx.doi.org/10.1146/annurev.ne.11.030188.000333
http://www.ncbi.nlm.nih.gov/pubmed/3284444
http://www.ncbi.nlm.nih.gov/pubmed/2253844
http://dx.doi.org/10.1073/pnas.72.5.1858
http://www.ncbi.nlm.nih.gov/pubmed/1057175
http://dx.doi.org/10.1073/pnas.112194599
http://www.ncbi.nlm.nih.gov/pubmed/12032355
http://dx.doi.org/10.1111/j.1432-1033.1977.tb11726.x
http://www.ncbi.nlm.nih.gov/pubmed/913395
http://dx.doi.org/10.1083/jcb.101.4.1371
http://www.ncbi.nlm.nih.gov/pubmed/3930508
http://dx.doi.org/10.1111/j.1432-1033.1985.tb09342.x
http://www.ncbi.nlm.nih.gov/pubmed/3935441
http://dx.doi.org/10.1073/pnas.83.13.4913
http://www.ncbi.nlm.nih.gov/pubmed/3088567
http://www.ncbi.nlm.nih.gov/pubmed/3084478
http://dx.doi.org/10.1073/pnas.83.11.4044
http://www.ncbi.nlm.nih.gov/pubmed/2424016
http://dx.doi.org/10.1073/pnas.83.11.4040
http://www.ncbi.nlm.nih.gov/pubmed/2424015
http://www.ncbi.nlm.nih.gov/pubmed/2427509
http://dx.doi.org/10.1016/0014-5793(88)80304-1
http://dx.doi.org/10.1016/S0006-291X(86)80242-X
http://dx.doi.org/10.1073/pnas.85.13.4884
http://www.ncbi.nlm.nih.gov/pubmed/2455299
http://dx.doi.org/10.1073/pnas.85.12.4506
http://www.ncbi.nlm.nih.gov/pubmed/3132715

Biomolecules 2016, 6, 21 8 of 12

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Goedert, M.; Wischik, C.M.; Crowther, R.A.; Walker, J.E.; Klug, A. Cloning and sequencing of the
cdna encoding a core protein of the paired helical filament of alzheimer disease: Identification as the
microtubule-associated protein tau. Proc. Natl. Acad. Sci. USA 1988, 85, 4051-4055. [CrossRef] [PubMed]
Avila, J.; Lucas, ].J.; Perez, M.; Hernandez, F. Role of tau protein in both physiological and pathological
conditions. Physiol. Rev. 2004, 84, 361-384. [CrossRef] [PubMed]

Caceres, A.; Kosik, K.S. Inhibition of neurite polarity by tau antisense oligonucleotides in primary cerebellar
neurons. Nature 1990, 343, 461-463. [CrossRef] [PubMed]

Drubin, D.G.; Kirschner, M.W. Tau protein function in living cells. J. Cell Biol. 1986, 103, 2739-2746. [CrossRef]
[PubMed]

Santa-Maria, I.; Hernandez, F; del Rio, J.; Moreno, EJ.; Avila, J. Tramiprosate, a drug of potential interest for
the treatment of Alzheimer’s disease, promotes an abnormal aggregation of tau. Mol. Neurodegener. 2007, 2,
17. [CrossRef] [PubMed]

Santa-Maria, I.; Alaniz, M.E.; Renwick, N.; Cela, C.; Fulga, T.A.; van Vactor, D.; Tuschl, T.; Clark, L.N.;
Shelanski, M.L.; McCabe, B.D.; et al. Dysregulation of microrna-219 promotes neurodegeneration through
post-transcriptional regulation of tau. J. Clin. Investig. 2015, 125, 681-686. [CrossRef] [PubMed]

Sayas, C.L.; Tortosa, E.; Bollati, F.; Ramirez-Rios, S.; Arnal, I.; Avila, J. Tau regulates the localization and
function of end-binding proteins 1 and 3 (EB1/3) in developing neuronal cells. J. Neurochem. 2015, 133,
653-667. [CrossRef] [PubMed]

Dawson, H.N.; Ferreira, A.; Eyster, M.V,; Ghoshal, N.; Binder, L.I.; Vitek, M.P. Inhibition of neuronal
maturation in primary hippocampal neurons from tau deficient mice. J. Cell Sci. 2001, 114, 1179-1187.
[PubMed]

Lei, P; Ayton, S.; Finkelstein, D.I.; Spoerri, L.; Ciccotosto, G.D.; Wright, D.K.; Wong, B.X.; Adlard, P.A;
Cherny, R.A,; Lam, L.Q.; et al. Tau deficiency induces parkinsonism with dementia by impairing
app-mediated iron export. Nat. Med. 2012, 18, 291-295. [CrossRef] [PubMed]

Medina, M.; Avila, J. Further understanding of tau phosphorylation: Implications for therapy.
Expert Rev. Neurother. 2015, 15, 115-122. [CrossRef] [PubMed]

Regan, P; Piers, T.; Yi, J H,; Kim, D.H,; Huh, S.; Park, SJ; Ryu, J.H.; Whitcomb, D.J.; Cho, K.
Tau phosphorylation at serine 396 residue is required for hippocampal LTD. J. Neurosci. 2015, 35, 4804—4812.
[CrossRef] [PubMed]

Cook, C.; Stankowski, ].N.; Carlomagno, Y.; Stetler, C.; Petrucelli, L. Acetylation: A new key to unlock tau’s
role in neurodegeneration. Alzheimers Res. Ther. 2014, 6, 29. [CrossRef] [PubMed]

Cohen, TJ.; Friedmann, D.; Hwang, A.W.; Marmorstein, R.; Lee, V.M. The microtubule-associated tau protein
has intrinsic acetyltransferase activity. Nat. Struct. Mol. Biol. 2013, 20, 756-762. [CrossRef] [PubMed]
Menkes-Caspi, N.; Yamin, H.G.; Kellner, V.; Spires-Jones, T.L.; Cohen, D.; Stern, E.A. Pathological tau disrupts
ongoing network activity. Neuron 2015, 85, 959-966. [CrossRef] [PubMed]

Gao, L.; Tse, SSW.; Conrad, C.; Andreadis, A. Saitohin, which is nested in the tau locus and confers
allele-specific susceptibility to several neurodegenerative diseases, interacts with peroxiredoxin 6.
J. Biol. Chem. 2005, 280, 39268-39272. [CrossRef] [PubMed]

Harada, A.; Oguchi, K.; Okabe, S.; Kuno, J.; Terada, S.; Ohshima, T.; Sato-Yoshitake, R.; Takei, Y.; Noda, T.;
Hirokawa, N. Altered microtubule organization in small-calibre axons of mice lacking tau protein. Nature
1994, 369, 488-491. [CrossRef] [PubMed]

Barton, A.J.; Harrison, PJ.; Najlerahim, A.; Heffernan, J.; McDonald, B.; Robinson, J.R.; Davies, D.C.;
Harrison, W.J.; Mitra, P; Hardy, J.A.; et al. Increased tau messenger rna in Alzheimer’s disease hippocampus.
Am. ]. Pathol. 1990, 137, 497-502. [PubMed]

Khatoon, S.; Grundke-Igbal, I.; Igbal, K. Brain levels of microtubule-associated protein tau are elevated in
Alzheimer’s disease: A radioimmuno-slot-blot assay for nanograms of the protein. J. Neurochem. 1992, 59,
750-753. [CrossRef] [PubMed]

Myeku, N.; Clelland, C.L.; Emrani, S.; Kukushkin, N.V,; Yu, W.H.; Goldberg, A.L.; Duff, K.E. Tau-driven 26s
proteasome impairment and cognitive dysfunction can be prevented early in disease by activating camp-pka
signaling. Nat. Med. 2016, 22, 46-53. [CrossRef] [PubMed]

Goedert, M.; Spillantini, M.G. Tau gene mutations and neurodegeneration. Biochem. Soc. Symp. 2001, 67,
59-71. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.85.11.4051
http://www.ncbi.nlm.nih.gov/pubmed/3131773
http://dx.doi.org/10.1152/physrev.00024.2003
http://www.ncbi.nlm.nih.gov/pubmed/15044677
http://dx.doi.org/10.1038/343461a0
http://www.ncbi.nlm.nih.gov/pubmed/2105469
http://dx.doi.org/10.1083/jcb.103.6.2739
http://www.ncbi.nlm.nih.gov/pubmed/3098742
http://dx.doi.org/10.1186/1750-1326-2-17
http://www.ncbi.nlm.nih.gov/pubmed/17822548
http://dx.doi.org/10.1172/JCI78421
http://www.ncbi.nlm.nih.gov/pubmed/25574843
http://dx.doi.org/10.1111/jnc.13091
http://www.ncbi.nlm.nih.gov/pubmed/25761518
http://www.ncbi.nlm.nih.gov/pubmed/11228161
http://dx.doi.org/10.1038/nm.2613
http://www.ncbi.nlm.nih.gov/pubmed/22286308
http://dx.doi.org/10.1586/14737175.2015.1000864
http://www.ncbi.nlm.nih.gov/pubmed/25555397
http://dx.doi.org/10.1523/JNEUROSCI.2842-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25810511
http://dx.doi.org/10.1186/alzrt259
http://www.ncbi.nlm.nih.gov/pubmed/25031639
http://dx.doi.org/10.1038/nsmb.2555
http://www.ncbi.nlm.nih.gov/pubmed/23624859
http://dx.doi.org/10.1016/j.neuron.2015.01.025
http://www.ncbi.nlm.nih.gov/pubmed/25704951
http://dx.doi.org/10.1074/jbc.M506116200
http://www.ncbi.nlm.nih.gov/pubmed/16186110
http://dx.doi.org/10.1038/369488a0
http://www.ncbi.nlm.nih.gov/pubmed/8202139
http://www.ncbi.nlm.nih.gov/pubmed/2119143
http://dx.doi.org/10.1111/j.1471-4159.1992.tb09432.x
http://www.ncbi.nlm.nih.gov/pubmed/1629745
http://dx.doi.org/10.1038/nm.4011
http://www.ncbi.nlm.nih.gov/pubmed/26692334
http://dx.doi.org/10.1042/bss0670059
http://www.ncbi.nlm.nih.gov/pubmed/11447840

Biomolecules 2016, 6, 21 90f12

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Lu, M.; Kosik, K.S. Competition for microtubule-binding with dual expression of tau missense and splice
isoforms. Mol. Biol. Cell 2001, 12, 171-184. [CrossRef] [PubMed]

Couchie, D.; Mavilia, C.; Georgieff, I.S.; Liem, R.K.; Shelanski, M.L.; Nunez, J. Primary structure of high
molecular weight tau present in the peripheral nervous system. Proc. Natl. Acad. Sci. USA 1992, 89,
4378-4381. [CrossRef] [PubMed]

Orr, M.E,; Garbarino, V.R; Salinas, A.; Buffenstein, R. Sustained high levels of neuroprotective, high
molecular weight, phosphorylated tau in the longest-lived rodent. Neurobiol. Aging 2015, 36, 1496-1504.
[CrossRef] [PubMed]

Perez, M.; Hernandez, E.; Lim, F.,; Diaz-Nido, J.; Avila, ]J. Chronic lithium treatment decreases mutant tau
protein aggregation in a transgenic mouse model. J. Alzheimers Dis. 2003, 5, 301-308. [PubMed]

Noble, W.; Planel, E.; Zehr, C.; Olm, V.; Meyerson, J.; Suleman, F.; Gaynor, K.; Wang, L.; LaFrancois, J.;
Feinstein, B.; et al. Inhibition of glycogen synthase kinase-3 by lithium correlates with reduced tauopathy
and degeneration in vivo. Proc. Natl. Acad. Sci. USA 2005, 102, 6990-6995. [CrossRef] [PubMed]
Moszczynski, A.J.; Gohar, M.; Volkening, K.; Leystra-Lantz, C.; Strong, W.; Strong, M.J. Thr175-phosphorylated
tau induces pathologic fibril formation via GSK3beta-mediated phosphorylation of Thr231 in vitro.
Neurobiol. Aging 2015, 36, 1590-1599. [CrossRef] [PubMed]

Kamah, A.; Huvent, I; Cantrelle, FEX.; Qi, H.; Lippens, G.; Landrieu, I.; Smet-Nocca, C. Nuclear magnetic
resonance analysis of the acetylation pattern of the neuronal tau protein. Biochemistry 2014, 53, 3020-3032.
[CrossRef] [PubMed]

Min, S.W.; Chen, X,; Tracy, T.E.; Li, Y.; Zhou, Y.; Wang, C.; Shirakawa, K.; Minami, S.S.; Defensor, E.; Mok, S.A.;
et al. Critical role of acetylation in tau-mediated neurodegeneration and cognitive deficits. Nat. Med. 2015,
21,1154-1162. [CrossRef] [PubMed]

Sarnat, H.B.; Flores-Sarnat, L. Infantile tauopathies: Hemimegalencephaly; tuberous sclerosis complex; focal
cortical dysplasia 2; ganglioglioma. Brain Dev. 2015, 37, 553-562. [CrossRef] [PubMed]

Patterson, D.; Costa, A.C. Down syndrome and genetics—A case of linked histories. Nat. Rev. Genet. 2005, 6,
137-147. [CrossRef] [PubMed]

Deidda, G.; Parrini, M.; Naskar, S.; Bozarth, LF.; Contestabile, A.; Cancedda, L. Reversing excitatory GABAAR
signaling restores synaptic plasticity and memory in a mouse model of down syndrome. Nat. Med. 2015, 21,
318-326. [CrossRef] [PubMed]

Ittner, L.M.; Ke, Y.D.; Delerue, E; Bi, M.; Gladbach, A.; van Eersel, J.; Wolfing, H.; Chieng, B.C.; Christie, M.].;
Napier, I.A.; et al. Dendritic function of tau mediates amyloid-beta toxicity in Alzheimer’s disease mouse
models. Cell 2010, 142, 387-397. [CrossRef] [PubMed]

Goedert, M.; Jakes, R. Mutations causing neurodegenerative tauopathies. Biochim. Biophys. Acta 2005, 1739,
240-250. [CrossRef] [PubMed]

Marshall, C.R.; Guerreiro, R.; Thust, S.; Fletcher, P.; Rohrer, ].D.; Fox, N.C. A novel mapt mutation causing
corticobasal syndrome led by progressive apraxia of speech. J. Alzheimers Dis. 2015, 48, 923-926. [CrossRef]
[PubMed]

Simon-Sanchez, J.; Schulte, C.; Bras, ].M.; Sharma, M.; Gibbs, ].R.; Berg, D.; Paisan-Ruiz, C.; Lichtner, P.;
Scholz, S.W.; Hernandez, D.G.; et al. Genome-wide association study reveals genetic risk underlying
parkinson’s disease. Nat. Genet. 2009, 41, 1308-1312. [CrossRef] [PubMed]

Edwards, T.L.; Scott, WK.; Almonte, C.; Burt, A.; Powell, E.H.; Beecham, G.W.; Wang, L.; Zuchner, S;
Konidari, I.; Wang, G.; et al. Genome-wide association study confirms SNPs in SNCA and the mapt region as
common risk factors for parkinson disease. Ann. Hum. Genet. 2010, 74, 97-109. [CrossRef] [PubMed]
Gomez-Ramos, A.; Diaz-Hernandez, M.; Cuadros, R.; Hernandez, E.; Avila, J. Extracellular tau is toxic to
neuronal cells. FEBS Lett. 2006, 580, 4842-4850. [CrossRef] [PubMed]

Gomez-Ramos, A ; Diaz-Hernandez, M.; Rubio, A.; Miras-Portugal, M.T.; Avila, J. Extracellular tau promotes
intracellular calcium increase through M1 and M3 muscarinic receptors in neuronal cells. Mol. Cell. Neurosci.
2008, 37, 673-681. [CrossRef] [PubMed]

Clavaguera, F; Bolmont, T.; Crowther, R.A.; Abramowski, D.; Frank, S.; Probst, A.; Fraser, G.; Stalder, A K,;
Beibel, M.; Staufenbiel, M.; et al. Transmission and spreading of tauopathy in transgenic mouse brain.
Nat. Cell Biol. 2009, 11, 909-913. [CrossRef] [PubMed]


http://dx.doi.org/10.1091/mbc.12.1.171
http://www.ncbi.nlm.nih.gov/pubmed/11160831
http://dx.doi.org/10.1073/pnas.89.10.4378
http://www.ncbi.nlm.nih.gov/pubmed/1374898
http://dx.doi.org/10.1016/j.neurobiolaging.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25576082
http://www.ncbi.nlm.nih.gov/pubmed/14624025
http://dx.doi.org/10.1073/pnas.0500466102
http://www.ncbi.nlm.nih.gov/pubmed/15867159
http://dx.doi.org/10.1016/j.neurobiolaging.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25573097
http://dx.doi.org/10.1021/bi500006v
http://www.ncbi.nlm.nih.gov/pubmed/24708343
http://dx.doi.org/10.1038/nm.3951
http://www.ncbi.nlm.nih.gov/pubmed/26390242
http://dx.doi.org/10.1016/j.braindev.2014.08.010
http://www.ncbi.nlm.nih.gov/pubmed/25451314
http://dx.doi.org/10.1038/nrg1525
http://www.ncbi.nlm.nih.gov/pubmed/15640809
http://dx.doi.org/10.1038/nm.3827
http://www.ncbi.nlm.nih.gov/pubmed/25774849
http://dx.doi.org/10.1016/j.cell.2010.06.036
http://www.ncbi.nlm.nih.gov/pubmed/20655099
http://dx.doi.org/10.1016/j.bbadis.2004.08.007
http://www.ncbi.nlm.nih.gov/pubmed/15615642
http://dx.doi.org/10.3233/JAD-150477
http://www.ncbi.nlm.nih.gov/pubmed/26402116
http://dx.doi.org/10.1038/ng.487
http://www.ncbi.nlm.nih.gov/pubmed/19915575
http://dx.doi.org/10.1111/j.1469-1809.2009.00560.x
http://www.ncbi.nlm.nih.gov/pubmed/20070850
http://dx.doi.org/10.1016/j.febslet.2006.07.078
http://www.ncbi.nlm.nih.gov/pubmed/16914144
http://dx.doi.org/10.1016/j.mcn.2007.12.010
http://www.ncbi.nlm.nih.gov/pubmed/18272392
http://dx.doi.org/10.1038/ncb1901
http://www.ncbi.nlm.nih.gov/pubmed/19503072

Biomolecules 2016, 6, 21 10 of 12

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

De Calignon, A.; Polydoro, M.; Suarez-Calvet, M.; William, C.; Adamowicz, D.H.; Kopeikina, K.J.; Pitstick, R.;
Sahara, N.; Ashe, K.H.; Carlson, G.A; et al. Propagation of tau pathology in a model of early Alzheimer’s
disease. Neuron 2012, 73, 685-697. [CrossRef] [PubMed]

Alonso, A.C.; Grundke-Igbal, I; Igbal, K. Alzheimer’s disease hyperphosphorylated tau sequesters normal
tau into tangles of filaments and disassembles microtubules. Nat. Med. 1996, 2, 783-787. [CrossRef]
[PubMed]

Alonso, A.D.; di Clerico, J.; Li, B.; Corbo, C.P,; Alaniz, M.E.; Grundke-Igbal, I.; Igbal, K. Phosphorylation of
tau at Thr212, Thr231, and Ser262 combined causes neurodegeneration. J. Biol. Chem. 2010, 285, 30851-30860.
[CrossRef] [PubMed]

Flores-Rodriguez, P.; Ontiveros-Torres, M.A.; Cardenas-Aguayo, M.C.; Luna-Arias, ].P.; Meraz-Rios, M.A ;
Viramontes-Pintos, A.; Harrington, C.R.; Wischik, C.M.; Mena, R.; Floran-Garduno, B.; et al. The relationship
between truncation and phosphorylation at the c-terminus of tau protein in the paired helical filaments of
Alzheimer’s disease. Front. Neurosci. 2015, 9, 33. [CrossRef] [PubMed]

Fontaine, S.N.; Sabbagh, ].J.; Baker, J.; Martinez-Licha, C.R.; Darling, A.; Dickey, C.A. Cellular factors
modulating the mechanism of tau protein aggregation. Cell. Mol. Life Sci. 2015, 72, 1863-1879. [CrossRef]
[PubMed]

Caillet-Boudin, M.L.; Buee, L.; Sergeant, N.; Lefebvre, B. Regulation of human MAPT gene expression.
Mol. Neurodegener. 2015, 10, 28. [CrossRef] [PubMed]

Derisbourg, M.; Leghay, C.; Chiappetta, G.; Fernandez-Gomez, E]J.; Laurent, C.; Demeyer, D.; Carrier, S.;
Buee-Scherrer, V.; Blum, D.; Vinh, J.; et al. Role of the tau n-terminal region in microtubule stabilization
revealed by new endogenous truncated forms. Sci. Rep. 2015, 5, 9659. [CrossRef] [PubMed]

Corsetti, V.; Florenzano, F.; Atlante, A.; Bobba, A.; Ciotti, M.T.; Natale, F.; Della Valle, F.; Borreca, A.;
Manca, A.; Meli, G,; et al. NH2-truncated human tau induces deregulated mitophagy in neurons by aberrant
recruitment of parkin and UCHL-1: Implications in Alzheimer’s disease. Hum. Mol. Genet. 2015, 24,
3058-3081. [CrossRef] [PubMed]

Matsumoto, S.E.; Motoi, Y.; Ishiguro, K.; Tabira, T.; Kametani, F.; Hasegawa, M.; Hattori, N. The twenty-four
KDa C-terminal tau fragment increases with aging in tauopathy mice: Implications of prion-like properties.
Hum. Mol. Genet. 2015, 24, 6403-6416. [CrossRef] [PubMed]

Dubey, J.; Ratnakaran, N.; Koushika, S.P. Neurodegeneration and microtubule dynamics: Death by
a thousand cuts. Front. Cell. Neurosci. 2015, 9, 343. [CrossRef] [PubMed]

Fernandez-Nogales, M.; Cabrera, ].R.; Santos-Galindo, M.; Hoozemans, J.J.; Ferrer, I.; Rozemuller, A.J.;
Hernandez, F,; Avila, J.; Lucas, ].J. Huntington’s disease is a four-repeat tauopathy with tau nuclear rods.
Nat. Med. 2014, 20, 881-885. [CrossRef] [PubMed]

Braak, H.; Braak, E. Demonstration of amyloid deposits and neurofibrillary changes in whole brain sections.
Brain Pathol. 1991, 1, 213-216. [CrossRef] [PubMed]

Medina, M.; Avila, J. The role of extracellular tau in the spreading of neurofibrillary pathology.
Front. Cell. Neurosci. 2014, 8, 113. [CrossRef] [PubMed]

Clavaguera, F.; Hench, J.; Goedert, M.; Tolnay, M. Invited review: Prion-like transmission and spreading of
tau pathology. Neuropathol. Appl. Neurobiol. 2015, 41, 47-58. [CrossRef] [PubMed]

Ballatore, C.; Lee, V.M.; Trojanowski, J.Q. Tau-mediated neurodegeneration in Alzheimer’s disease and
related disorders. Nat. Rev. Neurosci. 2007, 8, 663-672. [CrossRef] [PubMed]

Hoover, B.R.; Reed, M.N.; Su, J.; Penrod, R.D.; Kotilinek, L.A.; Grant, M.K.; Pitstick, R.; Carlson, G.A.;
Lanier, L.M.; Yuan, L.L.; et al. Tau mislocalization to dendritic spines mediates synaptic dysfunction
independently of neurodegeneration. Neuron 2010, 68, 1067-1081. [CrossRef] [PubMed]

Koleske, A.J. Molecular mechanisms of dendrite stability. Nat. Rev. Neurosci. 2013, 14, 536-550. [CrossRef]
[PubMed]

Pooler, A.M.; Noble, W.; Hanger, D.P. A role for tau at the synapse in Alzheimer’s disease pathogenesis.
Neuropharmacology 2014, 76 Pt A, 1-8. [CrossRef] [PubMed]

Sokolow, S.; Henkins, K.M.; Bilousova, T.; Gonzalez, B.; Vinters, H.V.; Miller, C.A.; Cornwell, L.; Poon, WW.;
Gylys, K.H. Pre-synaptic C-terminal truncated tau is released from cortical synapses in Alzheimer’s disease.
J. Neurochem. 2015, 133, 368-379. [CrossRef] [PubMed]

Liu, L.; Drouet, V.; Wu, ] W.; Witter, M.P,; Small, S.A.; Clelland, C.; Duff, K. Trans-synaptic spread of tau
pathology in vivo. PLoS ONE 2012, 7, e31302. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.neuron.2011.11.033
http://www.ncbi.nlm.nih.gov/pubmed/22365544
http://dx.doi.org/10.1038/nm0796-783
http://www.ncbi.nlm.nih.gov/pubmed/8673924
http://dx.doi.org/10.1074/jbc.M110.110957
http://www.ncbi.nlm.nih.gov/pubmed/20663882
http://dx.doi.org/10.3389/fnins.2015.00033
http://www.ncbi.nlm.nih.gov/pubmed/25717290
http://dx.doi.org/10.1007/s00018-015-1839-9
http://www.ncbi.nlm.nih.gov/pubmed/25666877
http://dx.doi.org/10.1186/s13024-015-0025-8
http://www.ncbi.nlm.nih.gov/pubmed/26170022
http://dx.doi.org/10.1038/srep09659
http://www.ncbi.nlm.nih.gov/pubmed/25974414
http://dx.doi.org/10.1093/hmg/ddv059
http://www.ncbi.nlm.nih.gov/pubmed/25687137
http://dx.doi.org/10.1093/hmg/ddv351
http://www.ncbi.nlm.nih.gov/pubmed/26374846
http://dx.doi.org/10.3389/fncel.2015.00343
http://www.ncbi.nlm.nih.gov/pubmed/26441521
http://dx.doi.org/10.1038/nm.3617
http://www.ncbi.nlm.nih.gov/pubmed/25038828
http://dx.doi.org/10.1111/j.1750-3639.1991.tb00661.x
http://www.ncbi.nlm.nih.gov/pubmed/1669710
http://dx.doi.org/10.3389/fncel.2014.00113
http://www.ncbi.nlm.nih.gov/pubmed/24795568
http://dx.doi.org/10.1111/nan.12197
http://www.ncbi.nlm.nih.gov/pubmed/25399729
http://dx.doi.org/10.1038/nrn2194
http://www.ncbi.nlm.nih.gov/pubmed/17684513
http://dx.doi.org/10.1016/j.neuron.2010.11.030
http://www.ncbi.nlm.nih.gov/pubmed/21172610
http://dx.doi.org/10.1038/nrn3486
http://www.ncbi.nlm.nih.gov/pubmed/23839597
http://dx.doi.org/10.1016/j.neuropharm.2013.09.018
http://www.ncbi.nlm.nih.gov/pubmed/24076336
http://dx.doi.org/10.1111/jnc.12991
http://www.ncbi.nlm.nih.gov/pubmed/25393609
http://dx.doi.org/10.1371/journal.pone.0031302
http://www.ncbi.nlm.nih.gov/pubmed/22312444

Biomolecules 2016, 6, 21 11 of 12

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Rabano, A.; Rodal, I.; Cuadros, R.; Calero, M.; Hernandez, F; Avila, J. Argyrophilic grain pathology as
a natural model of tau propagation. J. Alzheimers Dis. 2014, 40, S123-S133. [PubMed]

Iba, M.; Guo, J.L.; McBride, J.D.; Zhang, B.; Trojanowski, ].Q.; Lee, V.M. Synthetic tau fibrils mediate
transmission of neurofibrillary tangles in a transgenic mouse model of Alzheimer’s-like tauopathy. J. Neurosci.
2013, 33, 1024-1037. [CrossRef] [PubMed]

Kfoury, N.; Holmes, B.B.; Jiang, H.; Holtzman, D.M.; Diamond, M.I. Trans-cellular propagation of tau
aggregation by fibrillar species. . Biol. Chem. 2012, 287, 19440-19451. [CrossRef] [PubMed]

Dujardin, S.; Lecolle, K.; Caillierez, R.; Begard, S.; Zommer, N.; Lachaud, C.; Carrier, S.; Dufour, N.;
Auregan, G.; Winderickx, J.; et al. Neuron-to-neuron wild-type tau protein transfer through a trans-synaptic
mechanism: Relevance to sporadic tauopathies. Acta Neuropathol. Commun. 2014, 2, 14. [CrossRef] [PubMed]
Calafate, S.; Buist, A.; Miskiewicz, K.; Vijayan, V.; Daneels, G.; de Strooper, B.; de Wit, ]J.; Verstreken, P;
Moechars, D. Synaptic contacts enhance cell-to-cell tau pathology propagation. Cell Rep. 2015, 11, 1176-1183.
[CrossRef] [PubMed]

Asai, H; Ikezu, S.; Tsunoda, S.; Medalla, M.; Luebke, ].; Haydar, T.; Wolozin, B.; Butovsky, O.; Kugler, S.;
Ikezu, T. Depletion of microglia and inhibition of exosome synthesis halt tau propagation. Nat. Neurosci.
2015, 18, 1584-1593. [CrossRef] [PubMed]

Lei, P; Ayton, S.; Appukuttan, A.T.; Volitakis, I.; Adlard, P.A.; Finkelstein, D.L; Bush, A.I. Clioquinol rescues
parkinsonism and dementia phenotypes of the tau knockout mouse. Neurobiol. Dis. 2015, 81, 168-175.
[CrossRef] [PubMed]

Corbel, C.; Zhang, B.; Le Parc, A.; Baratte, B.; Colas, P.; Couturier, C.; Kosik, K.S.; Landrieu, I; Le Tilly, V.;
Bach, S. Tamoxifen inhibits CDKS5 kinase activity by interacting with p35/p25 and modulates the pattern of
tau phosphorylation. Chem. Biol. 2015, 22, 472-482. [CrossRef] [PubMed]

Del Ser, T.; Steinwachs, K.C.; Gertz, H.J.; Andres, M.V.; Gomez-Carrillo, B.; Medina, M.; Vericat, J.A.;
Redondo, P; Fleet, D.; Leon, T. Treatment of Alzheimer’s disease with the GSK-3 inhibitor tideglusib: A pilot
study. J. Alzheimers Dis. 2013, 33, 205-215. [PubMed]

Lovestone, S.; Boada, M.; Dubois, B.; Hull, M.; Rinne, J.O.; Huppertz, H.J.; Calero, M.; Andres, M.V,;
Gomez-Carrillo, B.; Leon, T.; et al. A phase II trial of tideglusib in Alzheimer’s disease. ]. Alzheimers Dis.
2015, 45, 75-88. [PubMed]

Zhang, Z.; Song, M; Liu, X.; Kang, S.S.; Kwon, 1.S.; Duong, D.M.; Seyfried, N.T.; Hu, W.T; Liu, Z.; Wang, ].Z.;
et al. Cleavage of tau by asparagine endopeptidase mediates the neurofibrillary pathology in Alzheimer’s
disease. Nat. Med. 2014, 20, 1254-1262. [CrossRef] [PubMed]

Wischik, C.M,; Staff, R.T.; Wischik, D.J.; Bentham, P.; Murray, A.D.; Storey, ] M.; Kook, K.A.; Harrington, C.R.
Tau aggregation inhibitor therapy: An exploratory phase 2 study in mild or moderate Alzheimer’s disease.
J. Alzheimers Dis. 2015, 44, 705-720. [PubMed]

Paranjape, S.R.; Riley, A.P; Somoza, A.D.; Oakley, C.E.; Wang, C.C.; Prisinzano, T.E.; Oakley, B.R.;
Gamblin, T.C. Azaphilones inhibit tau aggregation and dissolve tau aggregates in vitro. ACS Chem. Neurosci.
2015, 6, 751-760. [CrossRef] [PubMed]

Seripa, D.; Solfrizzi, V.; Imbimbo, B.P,; Daniele, A.; Santamato, A.; Lozupone, M.; Zuliani, G.; Greco, A.;
Logroscino, G.; Panza, F. Tau-directed approaches for the treatment of Alzheimer’s disease: Focus on
leuco-methylthioninium. Expert Rev. Neurother. 2016, 16, 259-277. [CrossRef] [PubMed]

DeFelipe, J. The dendritic spine story: An intriguing process of discovery. Front. Neuroanat. 2015, 9, 14.
[CrossRef] [PubMed]

Avale, M.E.; Rodriguez-Martin, T.; Gallo, ].M. Trans-splicing correction of tau isoform imbalance in a mouse
model of tau mis-splicing. Hum. Mol. Genet. 2013, 22, 2603-2611. [CrossRef] [PubMed]

Poepsel, S.; Sprengel, A.; Sacca, B.; Kaschani, F.; Kaiser, M.; Gatsogiannis, C.; Raunser, S.; Clausen, T.;
Ehrmann, M. Determinants of amyloid fibril degradation by the PDZ protease HTRA1. Nat. Chem. Biol.
2015, 11, 862-869. [CrossRef] [PubMed]

Medina, M. Recent developments in tau-based therapeutics for neurodegenerative diseases. Recent Pat. CNS
Drug Discov. 2011, 6, 20-30. [CrossRef] [PubMed]

Golde, T.E.; Lewis, J.; McFarland, N.R. Anti-tau antibodies: Hitting the target. Neuron 2013, 80, 254-256.
[CrossRef] [PubMed]

Medina, M.; Avila, ]. New perspectives on the role of tau in Alzheimer’s disease. Implications for therapy.
Biochem. Pharmacol. 2014, 88, 540-547. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/24577470
http://dx.doi.org/10.1523/JNEUROSCI.2642-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23325240
http://dx.doi.org/10.1074/jbc.M112.346072
http://www.ncbi.nlm.nih.gov/pubmed/22461630
http://dx.doi.org/10.1186/2051-5960-2-14
http://www.ncbi.nlm.nih.gov/pubmed/24479894
http://dx.doi.org/10.1016/j.celrep.2015.04.043
http://www.ncbi.nlm.nih.gov/pubmed/25981034
http://dx.doi.org/10.1038/nn.4132
http://www.ncbi.nlm.nih.gov/pubmed/26436904
http://dx.doi.org/10.1016/j.nbd.2015.03.015
http://www.ncbi.nlm.nih.gov/pubmed/25796563
http://dx.doi.org/10.1016/j.chembiol.2015.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25865311
http://www.ncbi.nlm.nih.gov/pubmed/22936007
http://www.ncbi.nlm.nih.gov/pubmed/25537011
http://dx.doi.org/10.1038/nm.3700
http://www.ncbi.nlm.nih.gov/pubmed/25326800
http://www.ncbi.nlm.nih.gov/pubmed/25550228
http://dx.doi.org/10.1021/acschemneuro.5b00013
http://www.ncbi.nlm.nih.gov/pubmed/25822288
http://dx.doi.org/10.1586/14737175.2016.1140039
http://www.ncbi.nlm.nih.gov/pubmed/26822031
http://dx.doi.org/10.3389/fnana.2015.00014
http://www.ncbi.nlm.nih.gov/pubmed/25798090
http://dx.doi.org/10.1093/hmg/ddt108
http://www.ncbi.nlm.nih.gov/pubmed/23459933
http://dx.doi.org/10.1038/nchembio.1931
http://www.ncbi.nlm.nih.gov/pubmed/26436840
http://dx.doi.org/10.2174/157488911794079091
http://www.ncbi.nlm.nih.gov/pubmed/21118095
http://dx.doi.org/10.1016/j.neuron.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24139027
http://dx.doi.org/10.1016/j.bcp.2014.01.013
http://www.ncbi.nlm.nih.gov/pubmed/24462919

Biomolecules 2016, 6, 21 12 of 12

97.

98.

99.

100.

101.

102.

103.

104.
105.

Sankaranarayanan, S.; Barten, D.M.; Vana, L.; Devidze, N.; Yang, L.; Cadelina, G.; Hoque, N.; DeCarr, L.;
Keenan, S.; Lin, A; et al. Passive immunization with phospho-tau antibodies reduces tau pathology and
functional deficits in two distinct mouse tauopathy models. PLoS ONE 2015, 10, e0125614. [CrossRef]
[PubMed]

D’Abramo, C.; Acker, C.M.; Jimenez, H.; Davies, P. Passive immunization in JNPL3 transgenic mice using
an array of phospho-tau specific antibodies. PLoS ONE 2015, 10, e0135774. [CrossRef] [PubMed]

Kondo, A.; Shahpasand, K.; Mannix, R.; Qiu, ].; Moncaster, J.; Chen, C.H.; Yao, Y.; Lin, Y.M.; Driver, J.A,;
Sun, Y; et al. Antibody against early driver of neurodegeneration cis p-tau blocks brain injury and tauopathy.
Nature 2015, 523, 431-436. [CrossRef] [PubMed]

Wang, J.Z.; Zhang, Y. Configuration-specific immunotherapy targeting cis pThr231-Pro232 tau for alzheimer
disease. J. Neurol. Sci. 2015, 348, 253-255. [CrossRef] [PubMed]

Castillo-Carranza, D.L.; Guerrero-Munoz, M.J.; Sengupta, U.; Hernandez, C.; Barrett, A.D.; Dineley, K;
Kayed, R. Tau immunotherapy modulates both pathological tau and upstream amyloid pathology in
an Alzheimer’s disease mouse model. J. Neurosci. 2015, 35, 4857-4868. [CrossRef] [PubMed]

Yanamandra, K.; Kfoury, N.; Jiang, H.; Mahan, T.E.; Ma, S.; Maloney, S.E.; Wozniak, D.E; Diamond, M.IL;
Holtzman, D.M. Anti-tau antibodies that block tau aggregate seeding in vitro markedly decrease pathology
and improve cognition in vivo. Neuron 2013, 80, 402-414. [CrossRef] [PubMed]

Kontsekova, E.; Zilka, N.; Kovacech, B.; Novak, P.; Novak, M. First-in-man tau vaccine targeting structural
determinants essential for pathological tau-tau interaction reduces tau oligomerisation and neurofibrillary
degeneration in an Alzheimer’s disease model. Alzheimers Res. Ther. 2014, 6, 44. [CrossRef] [PubMed]
Sigurdsson, E.M. Tau immunotherapy. Neurodegener. Dis. 2016, 16, 34-38. [CrossRef] [PubMed]
Maruyama, M.; Shimada, H.; Suhara, T.; Shinotoh, H.; Ji, B.; Maeda, J.; Zhang, M.R.; Trojanowski, ].Q.;
Lee, VM.; Ono, M.; et al. Imaging of tau pathology in a tauopathy mouse model and in alzheimer patients
compared to normal controls. Neuron 2013, 79, 1094-1108. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.pone.0125614
http://www.ncbi.nlm.nih.gov/pubmed/25933020
http://dx.doi.org/10.1371/journal.pone.0135774
http://www.ncbi.nlm.nih.gov/pubmed/26270821
http://dx.doi.org/10.1038/nature14658
http://www.ncbi.nlm.nih.gov/pubmed/26176913
http://dx.doi.org/10.1016/j.jns.2014.11.011
http://www.ncbi.nlm.nih.gov/pubmed/25467137
http://dx.doi.org/10.1523/JNEUROSCI.4989-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25810517
http://dx.doi.org/10.1016/j.neuron.2013.07.046
http://www.ncbi.nlm.nih.gov/pubmed/24075978
http://dx.doi.org/10.1186/alzrt278
http://www.ncbi.nlm.nih.gov/pubmed/25478017
http://dx.doi.org/10.1159/000440842
http://www.ncbi.nlm.nih.gov/pubmed/26551002
http://dx.doi.org/10.1016/j.neuron.2013.07.037
http://www.ncbi.nlm.nih.gov/pubmed/24050400
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	
	
	
	

	
	
	

	
	
	

	

