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TAU OLIGOMERS

Neurofibrillary tangles (NFTs) composed of 
intracellular aggregates of tau protein are a 
key neuropathological feature of Alzheimer’s 
Disease (AD) and other neurodegenerative 
diseases, collectively termed tauopathies. 
The abundance of NFTs has been reported 
to correlate positively with the severity of 
cognitive impairment in AD. However, 
accumulating evidences derived from studies 
of experimental models have identified that 
NFTs themselves may not be neurotoxic. 
Now, many of tau researchers are seeking a 
“toxic” form of tau protein. Moreover, it was 
suggested that a “toxic” tau was capable to 
seed aggregation of native tau protein and to 
propagate in a prion-like manner. However, 
the exact neurotoxic tau species remain 
unclear. Because mature tangles seem to be 
non-toxic component, “tau oligomers” as the 
candidate of “toxic” tau have been investigated 

for more than one decade. In this topic, we will discuss our consensus of “tau oligomers” 
because the term of “tau oligomers” [e.g. dimer (disulfide bond-dependent or independent), 
multimer (more than dimer), granular (definition by EM or AFM) and maybe small 
filamentous aggregates] has been used by each researchers definition. From a biochemical point 
of view, tau protein has several unique characteristics such as natively unfolded conformation, 
thermo-stability, acid-stability, and capability of post-translational modifications. Although 
tau protein research has been continued for a long time, we are still missing the mechanisms of 
NFT formation. It is unclear how the conversion is occurred from natively unfolded protein to 
abnormally mis-folded protein. It remains unknown how tau protein can be formed filaments 
[e.g. paired helical filament (PHF), straight filament and twisted filament] in cells albeit in vitro 
studies confirmed tau self-assembly by several inducing factors. Researchers are still debating 
whether tau oligomerization is primary event rather than tau phosphorylation in the tau 
pathogenesis. Inhibition of either tau phosphorylation or aggregation has been investigated 
for the prevention of tauopathies, however, it will make an irrelevant result if we don’t know 
an exact target of neurotoxicity. It is a time to have a consensus of definition, terminology and 
methodology for the identification of “tau oligomers”.

Schematic illustrating the central role of tau 
oligomers in tauopathies. 
Image taken from: Gerson J.E. and Kayed 
R. (2013) Formation and propagation of 
tau oligomeric seeds. Front. Neurol. 4, 93. 
doi:10.3389/fneur. 2013.00093. 
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FIGURE 1 |The human tau gene and six protein isoforms. (A) The six
isoforms of human CNS tau. Exons 2 and 3 (E2 and E3) encode two
different inserts of 28 amino acids near the N-terminus of tau. Absence of
E2 and E3 gives rise to 0N tau isoforms, whereas inclusion of E2 produces
1N and inclusion of both E2 and E3 results in 2N tau isoforms. M1–M4
represent the four imperfect-repeat microtubule-binding domains, M2
being encoded by exon 10. Lack of M2 results in the formation of 3R tau

and M2 inclusion results in 4R tau isoforms. The proline-rich domain in the
center of the tau polypeptide is indicated. Alternative-splicing produces tau
isoforms of 352–441 amino acids, as indicated. (B) Positioning of
phosphorylation sites on tau from Alzheimer brain. Approximately 45
phosphorylation sites have been identified, these are found predominantly
in the proline-rich domain and the regions flanking the microtubule-binding
domain.

• Non-proline-directed kinases, such as casein kinase 1 (CK1)
(10), microtubule affinity-regulating kinases (MARKs) (28–30),
cyclic AMP-dependent protein kinase A (PKA) (31, 32), and
dual specificity tyrosine-phosphorylation-regulated kinase 1A
(DYRK-1A) (33, 34).

• Tyrosine kinases including Fyn (35, 36), Abl (37, 38), and
Syk (39).

In addition, several phosphatases dephosphorylate tau, includ-
ing protein phosphatase-1, -2A, and -5 (PP1, PP2A, and PP5)
(reviewed by (40).

Importantly, many of these enzymes have been implicated in
pathways affected by amyloid-beta (Aβ) in models of AD (27, 41–
43). It remains to be established if the overall phosphorylation
state of tau or phosphorylation at specific residues is important
in disease pathogenesis, as suggested by studies in flies (44). How-
ever, there is evidence that phosphorylation of individual residues
on tau can significantly impact its function, and this is discussed
below.

THE RELATIONSHIP BETWEEN PHOSPHORYLATION AND TAU
STRUCTURE
In addition to abnormal phosphorylation, tau protein in neurode-
generative disease brain can be modified in a number of ways,
including N- and C-terminal proteolytic cleavage, altered confor-
mation, nitration, glycosylation, acetylation, glycation, ubiquityla-
tion, O-GlcNAcylation, aggregation, and filament formation (45,
46). Much research has focused on elucidating the relationship
between phosphorylation and the changes in tau structure that
are common in neurodegenerative disease brain. Evidence from
this research suggests that phosphorylation occurs either prior to,
or at the same time as, these other post-translational modifications

and before aggregation occurs. It remains to be seen whether this
temporal precendence indicates a causative relationship.

PROTEOLYTIC TAU CLEAVAGE
Tau is subject to proteolytic cleavage by caspase-3 at aspartate
(D) residue 421 (47), and N-terminal cleavage by calpain-1 (48)
and caspase-6 (49). The tau fragments that are generated have
been detected in affected regions of human tauopathy brain (47,
50). Caspase-cleaved tau fragments show an increased propensity
to aggregate, and these may form a seeding nidus that promotes
the aggregation and fibrillization of full-length tau species (51).
In contrast, cleavage of tau by calpain may partially inhibit tau
aggregation (50). The temporal relationship between tau cleavage
and phosphorylation is unclear, with data showing that phospho-
rylation of different tau residues precedes (52), follows (47), and
inhibits (53) the proteolytic cleavage of tau by caspase-3. However,
substantial evidence shows that caspase-3-cleaved tau species are
particularly prone to phosphorylation in both primary neuronal
cells (54) and human tauopathy brain (47), and that phosphory-
lated and caspase-3-cleaved tau species readily form aggregates in
cells (55). These results therefore suggest that phosphorylation and
caspase-mediated cleavage of tau are important events during the
development of the characteristic tau aggregates that accumulate
in AD and other tauopathies.

ALTERED TAU CONFORMATION
Tau is a natively unfolded protein that adopts abnormal conforma-
tions in tauopathy brain. For example, tau cleavage by caspase-3
at D421 occurs early in disease development, following an alter-
ation in tau conformation detected by the Alz50 antibody, and
prior to the formation of the conformational Tau-66 epitope (tau
residues 155–244 and 305–331) which is detected in late-stage
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AD (56). Altered tau conformation is suggested to be a major
determinant in inducing tauopathy development in vivo (57), and
abnormal tau conformers are detected in mouse models of tauopa-
thy where elevated tau phosphorylation is apparent, but prior
to the appearance of substantial tau aggregation (22, 58). Thus,
caspase-3-induced tau cleavage appears to occur relatively early
during the development of tauopathies, contemporaneous with
increased phosphorylation and altered conformation of tau.

THE DEVELOPMENT OF TAU OLIGOMERS
A number of soluble and insoluble tau oligomers have been
detected in AD and FTLD brain (2). Tau oligomers display altered
conformation (59), are formed during the early stages of tau
aggregation (59), and are closely associated with neurodegen-
erative phenotypes (2, 60). For example, transgenic mice that
conditionally express a proline to leucine mutation at residue
301 (P301L) in human tau (1) exhibit high molecular weight
tau oligomers, prior to the presence of neurofibrillary tangles
(NFTs), that correlate with the development of cognitive deficits
(2). Similarly, in a Drosophila model of tauopathy, the suppres-
sion of tau-induced neurodegeneration is associated with clear-
ance of ubiquitinated and phosphorylated low molecular weight
(<250 kDa) tau oligomers, concomitant with increases in ubiq-
uitinated tau monomers and high molecular weight (>250 kDa)
tau oligomers (61). It should be noted that protection from tau-
associated toxicity in this latter study was also accompanied by
reduced phosphorylation of soluble monomeric tau. Phospho-
rylation of tau by GSK-3 promotes the formation of insoluble
oligomeric tau species that can constitute both full-length and
truncated tau species (62, 63). The majority of insoluble tau in
AD brain is intact (13). However, cleaved tau species are promi-
nent in insoluble tau preparations from PSP, CBD, and FTLD-tau
brain (13). The increased propensity of caspase-cleaved tau to
aggregation (47), and the close association of tau fragments with
cell death (64), suggests that although present as a relatively small
pool of total tau, cleaved tau may also play an important role in
disease. The presence of phosphorylated oligomeric tau species in
cortical synapses extracted from AD brain (65) supports a role for
highly phosphorylated tau multimers in tau-associated neuronal
dysfunction.

THE FORMATION OF INSOLUBLE TAU AGGREGATES
In cell-free systems, soluble tau is a hydrophilic, unstructured,
and dynamic protein (66). However, highly ordered aggregated
tau filaments constitute the characteristic neurofibrillary lesions
observed in tauopathy brain, including NFTs in AD and FTLD-tau,
astrocytic plaques in CBD and tufted astrocytes in PSP (67).

There is substantial evidence that tau phosphorylation pre-
cedes its aggregation. Highly phosphorylated mouse and human
tau undergoes self-assembly in vitro (68, 69), and dephosphory-
lation of soluble tau from AD brain inhibits its polymerization
and restores the ability of tau to stabilize microtubules (70).
Transgenic mice in which tau kinase activity is increased dis-
play increased tau phosphorylation prior to the presence of tau
aggregates (24, 25, 58, 71). Furthermore, treating tau transgenic
mice with kinase inhibitors results in reduced tau phosphoryla-
tion and also a reduced tau aggregate load (22, 72, 73). It should

be noted, however, that reduction of tau aggregate load in tau
transgenic mice following lithium treatment could result from
enhanced autophagy in addition to reduced GSK-3-mediated tau
phosphorylation (74). The relationship between tau phosphory-
lation and aggregation is clearly complex since phosphorylation
of tau at specific sites, that are known to result in tau detachment
from microtubules, can prevent tau aggregation (75). In addition,
disruption to tau phosphatase activity in transgenic mice leads
to the development of early disease-like tau abnormalities (76,
77). In particular, tau phosphorylation at the AT100 epitope is
apparent in mice with reduced PP2A activity (77), which show
cdk5-mediated enhanced activation of GSK3. Phosphorylation at
the AT100 site has previously been shown to precede NFT for-
mation (78), thus these findings may also suggest that changes in
tau phosphorylation precede its aggregation. However, NFT for-
mation was lacking in mice with reduced PP2A activity, an event
attributed to increased clearance of abnormal tau conformers (77).

It is possible that the formation of a small pool of cleaved
tau may be critically important in mediating the formation of
pathological tau aggregates. Caspase-cleaved tau is prone to phos-
phorylation at specific epitopes (47, 54) and forms aggregation
seeds that sequester full-length tau (51). Indeed, in vivo imag-
ing of tau transgenic mice has demonstrated that truncated tau
induces the misfolding of soluble tau and leads to the accumula-
tion of hyperphosphorylated tau in tangles (79). Whether or not
filamentous tau aggregates are toxic, protective, or inert remains
an issue of intense debate (for review, see 80). However, small
aggregated tau species have attracted interest recently because of
their reported involvement in the propagation/transmission of tau
pathology, and this topic is discussed in more detail below.

THE INFLUENCE OF PHOSPHORYLATION ON TAU
LOCALIZATION AND FUNCTION
Tau is ubiquitously expressed during early embryonic develop-
ment, but becomes localized predominantly in axons of mature
neurons. The mechanisms underlying the axonal sorting of tau
are not fully understood, but might involve selective trafficking
of tau mRNA or protein into axons (81, 82), a retrograde trans-
port barrier in the axon initial segment in mice (83), upregulation
of tau mRNA translation in axons (84) or selective degradation
of tau in dendrites (85). Tau is also found in association with
neuronal membranes, in the nucleus, dendrites and synapses,
and extracellularly. The localization of tau is altered in disease
states. In particular, the redistribution of hyperphosphorylated
tau to the somatodendritic compartment is considered a hallmark
pathological marker during early tauopathy development (86, 87).
The functional consequences of tau phosphorylation-mediated
changes in the cellular localization of tau are discussed below.

CYTOPLASMIC TAU: CYTOSKELETAL INTEGRITY AND AXONAL
TRANSPORT
A large proportion of tau is found in the cytosolic com-
partment, where it interacts with microtubules through its C-
terminal microtubule-binding domain (Figure 1, residues 244–
368). The binding of tau with microtubules is regulated by
tau phosphorylation status, with in vitro phosphorylation of
recombinant tau at S262 and S356, orthologous residues in
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adjacent microtubule-binding repeats, reducing tau interactions
with microtubules and rendering tau less susceptible to aggre-
gation (75). Phosphorylation of tau at residues outside of the
microtubule-binding domain of tau, including S214 and T231,
have also been shown to reduce its interaction with microtubules
(75, 88). These findings suggest that phosphorylation at different
tau sites may have opposing effects on the ability of tau to aggregate
Furthermore, interaction of the peptidyl-prolyl isomerase Pin1
with phosphorylated T231 mediates the interaction of PP2A with
the trans configuration of phosphorylated tau, and results in a
conformational change that restores the ability of tau to bind to
microtubules (89–91). Regardless of the particular sites involved,
increased tau phosphorylation that causes tau to detach from
microtubules leads to the disassembly of microtubules and dis-
ruption to the structure of the neuronal cytoskeleton. In addition,
the accumulation of unbound hyperphosphorylated tau in the
cytoplasm could cause further microtubule disassembly by seques-
tering normal tau and other microtubule-associated proteins (92).
When tau is in a filamentous state, its interaction with normal
(soluble) tau and its inhibition of microtubule stabilization is dis-
rupted (93). Preventing microtubule instability in tauopathies has
become an important target for drug development (94, 95).

Alterations in tau phosphorylation also affect its anterograde
axonal transport. In general, reducing tau phosphorylation at
S/T residues decreases, whereas mimicking tau phosphorylation
increases, the rate of axonal tau transport in fly, rodent, and human
neurons (21, 96–98). The influence of tau phosphorylation on
its transport appears to be associated with differential binding of
S/T phosphorylated tau to the molecular motor protein kinesin-1
(97, 98) and differential degradation rates of phospho-tau species
through the lysosomal autophagy system (98).

The interaction of tau with microtubules is critically involved
in the regulation of microtubule-dependent axonal transport (99),
therefore tau phosphorylation also plays a key role in regulating
the transport of other important cargoes. Increasing tau phos-
phorylation at N-terminal Y residues relieves the inhibition of
anterograde axonal transport observed in the presence of highly
phosphorylated tau aggregates in squid axons (100). However, tau
is not usually highly phosphorylated in squid axons and there-
fore it is unclear whether this provides a good model to examine
mammalian tau functions. In mice over-expressing FTLD-tau
mutations, there is impaired anterograde axonal transport of
vesicles containing the dopamine-synthesizing enzyme tyrosine
hydroxylase, which precede the loss of dopaminergic neurons
in the substantia nigra (101). The transport deficits reported in
this mouse model were shown to be mediated by interactions
between phosphorylated tau and JNK-interacting protein 1 (JIP-
1) (102). Since JIP-1 regulates the binding of cargo to kinesin, these
results further support the idea that increasing tau phosphoryla-
tion disrupts axonal transport. Alternatively, reduced degradation
or clearance of aggregated or mutant forms of tau might con-
tribute to a “clogging” of microtubules and consequent disruption
in axonal transport (103).

Disruption to axonal transport is predicted to be an early
event in several neurodegenerative diseases (104) and recent evi-
dence suggests that dysregulated axonal transport may contribute
to tau-induced degeneration. Genetic suppression of Miro, an

adapter protein essential for mitochondrial axonal transport, exac-
erbates the neurodegenerative phenotype in Drosophila expressing
human tau, through a mechanism dependent upon phosphoryla-
tion of tau at S262 by PAR-1, the Drosophila homolog of MARK
kinase (105). Similarly, deletion of kinesin light chain-1 results in
accumulation of hyperphosphorylated tau and the appearance of
axonal spheroids in mice (106), in line with numerous reports that
have characterized the binding of tau to kinesin (21, 96–98).

Finally, alterations in mitochondrial transport and function
are intrinsically linked with several neurodegenerative diseases
(107). Over-expression of tau in vivo results in alterations to
mitochondrial distribution that are associated with soluble, rather
than fibrillar, tau species (108). In addition, tau phosphorylation
alters the axonal transport and distribution of mitochondria in
cultured neuronal cells (109, 110), an effect recently attributed
to tau phosphorylation-dependent changes in inter-microtubule
spacing (110). Furthermore, highly phosphorylated tau has been
shown to interact with the mitochondrial fission protein, Drp1
(111), and DuBoff et al. (112) demonstrated that this relation-
ship is important for neurodegeneration. They show that actin
is over-stablised in Drosophila that express human tau, and that
this impairs the actin-based translocation of Drp1 and mitochon-
dria, which reduces their interaction and leads to accumulation
of Drp1 on F-actin, mitochondrial elongation, and downstream
neurotoxicity (112). Thus tau phosphorylation is closely linked to
alterations in the localization and/or function of mitochondria.
It is therefore likely that phosphorylated tau influences synaptic
dysfunction in tauopathies by contributing to the depletion of
functional mitochondria from synapses (113).

MEMBRANE-ASSOCIATED TAU: A CELL SIGNALING ROLE FOR TAU?
Tau interacts with several neuronal membranes, including the
endoplasmic reticulum (114), the Golgi network (114), and the
plasma membrane (115, 116). An increasing body of evidence
shows that the association of tau with plasma membranes is
regulated by phosphorylation (116–118). Plasma membrane-
associated tau is dephosphorylated at several sites known to be
aberrantly phosphorylated in AD brain (116, 117, 119, 120).
Indeed, phosphorylation of tau at N-terminal, but not C-terminal,
residues prevents its membrane localization in tau-transfected
cells, demonstrating that the phosphorylation state of tau directly
impacts its positioning at membranes (116).

Tau has also been detected within cell-surface lipid-rich
microdomains of the plasma membrane (35, 41, 121), and the
amount of tau associated with these lipid rafts is regulated by
tau phosphorylation at N-terminal tyrosine residues (121). Tau
interactions with the non-receptor tyrosine kinase Fyn are critical
for the interaction of tau with lipid rafts (35, 41, 121) and neu-
ronal plasma membranes (116). Tau can interact with Fyn via its
SH2 and SH3 domains (121, 122). Phosphorylation of tau at Y18
is important for tau interactions with Fyn-SH2 (121), whereas
phosphorylation of S/T residues on tau negatively influences its
interaction with Fyn-SH3 (122). Accumulating evidence there-
fore suggests that targeting of tau to the plasma membrane may
be regulated by the interaction of the tau N-terminal projection
domain with the SH3 or SH2 domains of tyrosine kinases such
as Fyn (118). Furthermore, these data suggest that by binding to
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several important signaling molecules in a manner that is regu-
lated by phosphorylation, tau has the potential for a broad role in
cell signaling (122).

DENDRITIC TAU AND SYNAPTIC TOXICITY
A number of recent cell and animal studies have shown an impor-
tant role for tau in dendrites leading to the suggestion that tau-
mediated synaptic dysfunction may be one of the earliest events
in the pathogenesis of tauopathies. Several studies have indicated
that the presence of tau aggregates is detrimental to synaptic health
(123, 124), however, soluble tau species are associated with synapse
loss in mouse models of tauopathy (125) and phosphorylated tau
oligomers have also been detected in synapses in postmortem AD
brain (126).

A small amount of tau exisits in dendrites under normal
conditions, where it acts to target Fyn post-synaptically, regu-
lating N -methyl-d-aspartate (NMDA) receptor subunit 2 phos-
phorylation and interactions between NMDA receptors and the
post-synaptic density protein PSD-95 (3). Disease insults, such
as increased concentrations of Aβ in AD, lead to the detach-
ment of highly phosphorylated tau from microtubules and its
accumulation in intact dendritic spines (3). This in turn causes
local elevations in Ca2+ and disruption of synaptic function
through impaired trafficking and/or synaptic anchoring of glu-
tamate receptors (3, 127, 128). In a related study, the redistri-
bution of hyperphosphorylated tau into dendritic spines led to
reductions in α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor subtypes that caused impairments in basal
synaptic transmission and long term potentiation (129). Thus,
there is increasing evidence that tau-mediated synaptic dysfunc-
tion might be one of the earliest events in the pathogenesis of
tauopathies (reviewed by 130). Therefore, correction of aber-
rant tau phosphorylation may be therapeutically beneficial during
very early stages of disease progression when synaptic deficits
first develop. In this respect, it is worth noting that inhibi-
tion of GSK3 has previously been shown to attenuate deficits in
LTP (131).

NUCLEAR TAU – A ROLE IN DNA PROTECTION
It was first suggested that tau might have novel functions medi-
ated by interactions with DNA or RNA following observations
that tau is present in the nuclei of human neuroblastoma cells
(132). Full-length tau was identified in neuronal nuclei, where
it colocalizes with the chromosome scaffold, nuclear and nucle-
olar organization centers and can exist as SDS-insoluble species
(132, 133). Further studies revealed that the microtubule-binding
domain of tau can bind RNA (134),and single and double stranded
DNA (135, 136). The interaction of tau with RNA enhances tau
polymerization; the RNA acting as a nucleation center for tau
aggregation (134), whereas interaction of tau with DNA results in
conformational changes in DNA (133) and suppression of DNA
amplification in vitro (136). Insights into the nuclear function
of tau were recently revealed with the observation that tau pro-
tects DNA from heat damage and oxidative stress (137). Nuclear
tau appears to be largely dephosphorylated (137), suggesting that
increased tau phosphorylation in diseased states could interfere
with protective functions of non-phosphorylated tau in neuronal
nuclei.

EXTRACELLULAR TAU AND THE PROPAGATION OF TAU PATHOLOGY
Tau is present in brain insterstitial fluid in the absence of any
neurodegeneration (138). Recent evidence suggests that this extra-
cellular tau is likely to have important functional consequences
for neuronal health and for the spread of tau pathology across the
brain during disease progression.

To allow investigation of tau pathology spread in vivo, trans-
genic mice have been created with neuropsin-promoter targeted
expression of tau in layer II neurons of the entorhinal cortex. These
mice demonstrate an age-dependent spread of phosphorylated
and aggregated abnormal tau confomers from the site of transgene
expression to neighboring neurons and anatomically connected
brain regions (139, 140). There are several mechanisms that could
account for this observed spread of tau pathology. Firstly, degen-
erating neurons with high levels of transgene expression might
release pathological forms of tau that subsequently propagate in
a “prion-like” fashion through their uptake by neighboring neu-
rons. In support of this process, Frost et al. (141) demonstrated
that extracellular tau aggregates, but not tau monomers, are taken
up by cultured human embryonic kidney (HEK293) cells and neu-
ronal stem cells, leading to fibrillization of full-length intracellular
tau. Similarly, small oligomers of tau, similar to those found in
human tauopathy brain, can be taken up by cultured neuronal
cells via bulk endocytosis (142). It is possible that this process also
underlies the postulated prion-like transmission of tau pathol-
ogy to distal brain regions observed when pathological forms of
human tau are injected into mice expressing wild-type human tau
(143, 144). Secondly, tau pathology in the neuropsin-promoter
regulated tau transgenic mice appears to spread to anatomically
connected pathways in the absence of any notable cell loss (139,
140), suggesting that tau is released from intact neurons and then
taken up by connected cells. This process is supported in part by
recent findings showing endogenous tau release from cultured
neurons in the absence of cell death (145, 146). Interestingly,
the release of endogenous full-length tau from rat primary neu-
rons was shown to be a dynamic and physiological process that is
calcium-dependent and stimulated by AMPA receptor activation
and neuronal activity (146), suggesting that tau release may play
a role in signaling between neurons. Indeed, exogenously applied
tau can interact with muscarinic receptors on the surface of cul-
tured neuronal cells, promoting increases in intracellular calcium
that alter cell signaling pathways (147). It is also possible that tau
propagation may be mediated via glial cells, since cytosolic tau
accumulations are observed in neurons surrounded by activated
microglia (148) and astrocytes promote tau phosphorylation in
neighboring neurons (54).

The relationship between tau secretion and tau phosphoryla-
tion state is not yet established. However, extracellular tau released
from primary neurons, neuroblastoma cells and non-neuronal
cells is dephosphorylated at several epitopes known to be highly
phosphorylated in AD brain (145, 146, 149) and this has been pro-
posed to result from the action of extracellular tissue non-specific
alkaline phosphatase (149). How this relates to the phosphoryla-
tion state of intracellular tau is not clear, although the secretion of
C-terminally cleaved tau from non-neuronal cells can be enhanced
by the increased phosphorylation or cleavage of intracellular tau
(150). These studies indicate that changes in tau phosphorylation
can modulate its release from neurons, and therefore is also likely
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FIGURE 2 |The impact of phosphorylation on tau functions in different
cell locations. The figure shows the functions of tau in different cellular
compartments that are influenced by tau phosphorylation, and that likely
contribute to the development or progression of neurodegenerative
tauopathies.

to influence the effects of extracellular tau on neuronal health and
the spread of tau pathology in diseased brain.

TAU PHOSPHORYLATION AS A THERAPEUTIC TARGET
As summarized above, tau phosphorylation plays a key role in reg-
ulating tau function at different neuronal locations, including the
involvement of cytosolic tau in stabilizing the neuronal cytoskele-
ton and influencing axonal transport; the role of membrane tau
and extracellular tau in cell signaling and neurofibrillary pathology
spread through diseased brains; the relationship between nuclear
tau and protection from DNA damage; and dendritic functions of
tau that are involved in synaptotoxicity (Figure 2). These data sug-
gest that inhibition of tau phosphorylation could have widespread
disease-modifying effects in tauopathies. Therapeutic strategies
aimed at targeting tau phosphorylation have been widely reviewed
elsewhere (e.g., 8, 9, 67, 151), therefore we will comment only
briefly here.

Although several kinases and phosphatases regulate tau phos-
phorylation, only GSK-3 inhibitors have entered clinical trials for
the treatment of AD or rarer tauopathies such as PSP. Based on
promising data from animal models (21, 22, 152), the relatively
non-specific GSK-3 inhibitor, lithium, was tested in small-scale
clinical trials for mild to moderate AD. Whilst lithium did not
cause significant adverse effects in an open label study of a year

(153), neither did it have any beneficial effects in a short-term
trial (154). However, a small trial of lithium in patients with mild
cognitive impairment reduced phosphorylated tau in CSF and
reported better performance of treated patients in cognitive and
attention tasks (155), suggesting that administration of lithium
during the early stages of disease could have some therapeutic
benefit in defined patient populations.

Tideglusib (NP-12) is a non-ATP competitive inhibitor of GSK3
that has entered clinical trials. Tideglusib has disease-modifying
effects when administered to transgenic mice that develop both
tau and amyloid pathology (156). Pilot trials for tideglusib in AD
and PSP showed good tolerance of tideglusib (157) and phase II
studies are underway.

Kinase inhibitors have entered clinical use for conditions unre-
lated to neurodegeneration (158). However, kinases make for com-
plex therapeutic targets, and probably because of incomplete drug
specificity, off-target effects are problematical. An alternative strat-
egy may be to modulate the activity of proteins that directly affect
the activity of tau kinases. One interesting target in this respect is
lemur tyrosine kinase-2 (LMTK2). LMTK2 phosphorylates PP1C
on T320, thereby inhibiting PP1C activity (159–161). PP1 regu-
lates phosphorylation of GSK3β at the inhibitory phosphorylation
site S9 (162, 163), and therefore, via its effect on PP1C, LMTK2
regulates GSK-3β phosphorylation at S9, and ultimately GSK-3
activity (160, 161). Therefore, an alternative strategy for inhibiting
GSK-3 activity may be to increase LMTK2 expression or activity.
Small molecule allosteric agonists for a variety of kinases have now
been described, and the development of kinase agonists has been
identified as key area for the development of new therapies (164).

Finally, biomarkers are increasingly used to follow the progres-
sion of AD, and in some cases to support early diagnosis of the
disease (165). However, to accelerate the clinical translation of
therapeutics that modify tau phosphorylation, it is essential that
sensitive and specific biomarkers are available to allow the mea-
surement of drug–target interactions, and the impact of treatment
on downstream pathophysiology. The development of such target
validation biomarkers will allow a faster selection of candidate
treatments, and appropriate dose ranges. This should accelerate
the clinical development of tau phosphorylation inhibitors that
are likely to have wide-ranging benefit for the treatment of AD
and related tauopathies.
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The nature of “toxic” tau in Alzheimer’s disease (AD) has been unclear. During pathogen-
esis, the importance of tau oligomerization vs. tau phosphorylation is controversial and
the investigation of both remains critical toward defining the “toxicity” of tau. The phos-
phorylation of tau on serines and/or threonines occurs early in the disease course and
altering phosphorylation has been shown to disrupt neuropathogenesis. We have recently
reported that in PC12-derived cells, tau had a role in signal transduction processes activated
by NGF. By depleting tau, NGF-induced MAPK activation was attenuated and by restoring
tau, MAPK activation was restored. Furthermore, the phosphorylation of tau on Thr231
was required for tau to potentiate MAPK activation. Here we report the effects of addi-
tional disease-related tau phosphorylation sites and tau isoform on the ability of tau to
potentiate MAPK activation. Our findings, which tested three other sites of phosphoryla-
tion, showed that phosphorylation at these other sites mainly lessened MAPK activation;
none potentiated MAPK activation. In comparing 0N3R tau to the other five brain tau iso-
forms, most showed a trend toward less MAPK activation, with only 2N4R tau showing
significantly less activation. Since MAPK activation has been reported in AD brain and is
characteristic of cell proliferation mechanisms, tau phosphorylation that promotes MAPK
activation could promote cell cycle activation mechanisms. In neurons, the activation of
the cell cycle leads to cell death, suggesting that abnormally phosphorylated tau can be
a toxic species. The relationship between tau oligomerization and its ability to potentiate
MAPK activation needs to be determined.

Keywords: tau, MAPK activation, phosphorylation, signal transduction, NGF

INTRODUCTION
The existence of tau pathology occurs in many age-related neu-
rodegenerative diseases that are now termed“tauopathies.”Among
these diseases, Alzheimer’s disease (AD) is the most prevalent and
it has been suggested that the presence of tau is critical for dis-
ease progression (1, 2). Neurodegenerative diseases caused by both
missense and intronic mutations in the tau gene have indicated
the ability of tau to cause disease [reviewed by Ref. (3–5)]. How-
ever, the mechanism by which tau leads to neurodegeneration is
unknown. For instance, whether there is a loss of function or a gain
of toxic function remains controversial. In considering the role of
different tau species during neurodegeneration, hyperphosphory-
lated tau, and tau filaments have long been investigated. Evidence
suggesting that neurofibrillary tangles were not a toxic species
came from data indicating that tau-induced behavioral deficits
could be improved without changing the tangle burden (6). In
fact, neuronal loss did not correlate with neurofibrillary pathology
(7). Also, in Drosophila and C. elegans, tau-induced neurodegen-
eration occurred in the absence of neurofibrillary tangles (8, 9).
Most recently, the investigation of tau oligomers has suggested that
they may have an early role in neurodegeneration. Tau oligomers
correlate with cellular abnormalities (10–12) and neurodegenera-
tive disease (13–16). However, the molecular mechanism by which
tau oligomers cause toxicity has not been clearly demonstrated. In
addition, in these studies, the tau oligomers were composed of
phosphorylated tau, making it difficult to isolate the effects of
oligomerization from those of phosphorylation.

Tau phosphorylation is required for its neurotoxic effects (17,
18) and as tau is hyperphosphorylated early in the disease process,
it is not surprising that tau oligomers would be formed from phos-
phorylated tau. Therefore, in determining if tau oligomers have
specific function, one could also first determine the function of
abnormally phosphorylated tau, then ask if that tau was in the
form of oligomers. Recently, we found that tau has the ability to
potentiate NGF-induced MAPK activation and that phosphoryla-
tion on Thr231 was critical for the activity (19). Since this activity
was seen within 3 h after NGF addition, our data identified a new
role for tau in signal transduction processes that take place during
neuronal differentiation. At the same time, as Thr231 is phospho-
rylated early during neurodegeneration (20), it raised the question
of whether this new tau activity had a role in neurodegeneration.
To further probe the relationship between tau phosphorylation
and its ability to potentiate MAPK activation, here we investigate
the effects of additional phosphorylated sites, focusing on sites rel-
evant to AD. We also investigate the effects of alternative splicing
on the ability of tau to affect MAPK activation.

MATERIALS AND METHODS
CELL CULTURE
PC6-3 cells (21) were cultured on collagen (BD Biosciences) coated
dishes using RMPI 1640 medium with 10% horse serum and 5%
fetal bovine serum. D5 cells, a stable PC6-3 cell line with stable
over-expression of the 0N3R isoform of human tau, and rTau4
cells, a PC6-3 cell line with stable expression of hairpin RNAi
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targeting endogenous rat tau, were previously described (19).
Media for stable cell lines was supplemented with 200 µg/ml G418.

MAPK REPORTER ASSAYS
MAPK activation was measured by a luciferase reporter assay as
described by Leugers and Lee (19). The ability of tau mutants
to influence NGF-induced MAPK activation was studied by co-
transfecting tau plasmids with the MAPK reporter plasmids. Tau
plasmids used were pRc/CMV-0N3R, pRc/CMV-0N3R-S214D,
pRc/CMV-0N3R-S404D, pRc/CMV-0N3R-S396D/S404D, pRc/
CMV-0N3R-S202D, pRc/CMV-0N3R-S199D/S202D, pRc/CMV-
0N4R, pRc/CMV-0N4R-S202D, pRc/CMV-0N4R-S199D/S202D,
pRc/CMV-1N3R, pRc/CMV-2N3R, pRc/CMV-1N4R, and pRc/
CMV-2N4R. (0N3R, 0N4R, etc., denote tau isoforms where
0N3R contains 352 residues with no amino terminal inserts and
three microtubule binding repeats; 2N4R contains 441 residues
with two amino terminal inserts and four microtubule binding
repeats, etc.). Mutant tau plasmids with phospho-mimicking S
to D mutations were constructed using site-directed mutagenesis
(Stratagene, Inc.); sequences were confirmed by DNA sequencing.

TAU DETECTION IN CELL LINES
D5 cells were grown with or without NGF for 30 min and then har-
vested in RIPA buffer with protease and phosphatase inhibitors
(19). After rocking at 4° for 20 min, lysates were centrifuged
20 min. Supernatants were added to an equal volume of 2×
Laemmli sample buffer and boiled 5 min. Cell lysate samples
were subject to SDS-PAGE and transferred to PVDF membranes.
Membranes were probed with anti-phospho-Ser214-tau (Invit-
rogen, Inc.), PHF1 (22), AT8 (23), Tau5 (24), Tau12 (25), or
anti-GAPDH (Chemicon, Inc.). Signal was visualized using ECL
(Western Lightning Plus-ECL, Perkin Elmer, Inc.).

RESULTS AND DISCUSSION
To examine MAPK activation, PC6-3 cells, a PC12-derived cell
line (21), were treated with NGF. To probe tau function, we
used the rTau4 cell line, a PC6-3-derived cell line that expressed
a hairpin shRNA that selectively down-regulated the expres-
sion of endogenous rat tau without affecting the expression of
human tau mediated by transfection (19). In tau-depleted rTau4,
NGF-induced MAPK activation was attenuated and the addi-
tion of wild-type human tau (0N3R) was able to significantly
restore MAPK activity after growth factor treatment (19). More-
over, a phospho-mimicking mutation at Thr231 brought further
increases to MAPK activation while a Thr to ala mutation at
Thr231 showed a dominant negative effect on MAPK activation
(19). This led us to conclude that tau phosphorylation at Thr231
was required for the effect of tau on MAPK signaling. Based on
these findings, and the fact that tau can undergo phosphorylation
at a number of sites during early brain development (26) or during
neurodegeneration (27), we further investigated the effects of tau
phosphorylation on MAPK activation.

To select tau phosphorylation sites to test, we sought sites that
were modified in both AD and in the PC6-3 cells. We chose to
examine Ser214, Ser396/Ser404, and Ser199/Ser202, all of which
are known to be phosphorylated in AD. While tau phosphorylation
in NGF-treated PC12 cells has been examined, NGF treatments

greater than 24 h were often used and we were interested in ear-
lier time points as our focus was on signal transduction rather
than neurite outgrowth. To assess the phosphorylation of both
endogenous rat tau and exogenously expressed human tau (0N3R),
we utilized the previously described PC6-3-derived cell line D5,
that stably expresses human tau (19). In both undifferentiated
cells and cells stimulated with NGF, we observed phosphoryla-
tion at Ser199/Ser202, detected by AT8, as well as phosphorylation
at Ser396/Ser404, detected by PHF1 (Figure 1). NGF treatment
was performed for 30 min and no further changes in the level of
phosphorylation at these sites were observed for up to 3 h (data
not shown). The phosphorylation at Ser396/Ser404 was found to
occur in both rat tau and human tau species and the addition
of growth factor appeared to slightly increase the level of phos-
phorylation. Phosphorylation at Ser199/Ser202 was also observed
in both rat and human tau and did not appear to change upon
NGF addition. In contrast, phosphorylation at Ser214 appeared
increased after NGF induction (Figure 1). Our previous data had
shown that phosphorylation at Thr231 also increased after NGF
induction (19). These data indicate that these tau sites are being
phosphorylated in PC6-3 cells.

To examine MAPK activation, we tested a panel of phospho-
mimetic mutations at these tau phosphorylation sites. In advance
of measuring MAPK activation, protein produced by each plasmid
was visualized by western blotting in order to confirm that equiv-
alent amounts of each protein was being expressed in each exper-
iment (Figure 2A). In this way, differences in MAPK activation
would be attributed to protein identity rather than protein quan-
tity. In each experiment, WT tau was expressed in the tau-depleted
rTau4 cells as control. When expressing 0N3R human tau with
a phospho-mimicking mutation at Ser214 (S214D, Figure 2B),
we observed a significant attenuation of MAPK activation rela-
tive to WT tau. Next, we tested phosphorylation at Ser404 using
S404D and observed a trend of reduction in MAPK signaling
(Figure 2C), indicating that phosphorylation at this site might
also impair the ability of tau to enhance MAPK signaling. As
phosphorylation at Ser404 often occurred in conjunction with
phosphorylation at Ser396 (22, 26, 27), we also tested a double

FIGURE 1 | Phosphorylated tau is expressed in PC6-3 cells. Serum
starved D5 cells were stimulated with 50 ng/ml NGF for 30 min. Cells were
harvested as described in Section “Materials and Methods.” Following
SDS-PAGE, immunoblotting was performed with antibodies as indicated,
total tau being probed by Tau5 and human tau by Tau12.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels are shown as
a loading control. Arrowhead indicates human tau; the less abundant rat tau
was visualized with Tau5.
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FIGURE 2 |Tau phosphorylation modulates the effect of tau on
NGF-induced MAPK signaling. rTau4 was transfected with MAPK
reporter system plasmids and tau plasmid indicated. Thirty-six hours after
transfection, NGF was added 3 h prior to cell harvest. (A) To assure equal
tau expression in transfections to be assayed in (B–F), lysates from rTau4
cells transfected under identical conditions were probed with Tau13.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels are shown
as a loading control. (B–F) Fold-MAPK reporter increase was calculated
as previously described (19). (*p < 0.05; **p < 0.005; ***p < 0.001).
Data shown are mean+SE from three independent experiments; for
each experiment, transfections were performed in triplicate for each
condition.

mutant, S396D/S404D, and found MAPK signaling significantly
impaired relative to both control WT tau and S404D mutant
(Figure 2C). In addition, the phospho-mimicking substitution at
Ser202 was tested and we observed a trend of decreasing MAPK
activation (Figure 2D). The double mutant S199D/S202D was
also tested and we found a similar trend (Figure 2D). Together,
these findings identified several tau phosphorylation sites where
phosphorylation appeared to decrease the ability of 0N3R tau
to potentiate MAPK activation. Moreover, these findings indi-
cated that the ability of phospho-Thr231-tau to increase MAPK
activation was unique (Table 1).

Tau mutations that affect the alternative splicing of tau mRNA
can result in increased levels of 4R tau and cause neurodegenera-
tive disease [reviewed in Ref. (28, 29)]. To determine if the isoform
identity could alter the ability of tau to affect MAPK signaling, we
tested different isoforms of tau for their ability to rescue MAPK
activation in rTau4. In comparing the abilities of the wild-type
0N3R and 0N4R tau to restore MAPK signaling, while significant
differences were not demonstrated, there was a trend showing that
0N4R tau had reduced activity (Figure 2F). In addition, in both
3R and 4R isoforms, we observed a trend of decreased MAPK
activation as the N-terminal inserts were added (Figure 2F). A
significant difference between the largest and smallest isoforms of
tau (2N4R vs. 0N3R tau) was observed (Figure 2F). These obser-
vations demonstrated that the effects of tau on MAPK signaling
may be modulated by alternative splicing.

Lastly, we compared the effects of the phospho-mimicking
substitutions on 0N3R and 0N4R tau. Comparing the effects
of S202D on 0N3R and 0N4R, we found that the mutation
inhibited MAPK signaling to a larger extent in 0N4R, where
a significant decrease occurred (compare Figures 2D,E). How-
ever, when the effects of the double mutant S199D/S202D were
compared between 0N3R and 0N4R, we found that while 0N3R

Table 1 | Phospho-mimicking mutations in 0N3R tau, tested for their

ability to potentiate MAPK activation.

Ability to potentiate

MAPK activation

Phospho-Ser214 (S214D)

−
→

Phospho-Ser202 (S202D) ↓

Phospho-Ser199/Ser202 (S199D/S202D) ↓

Phospho-Ser404 (S404D) ↓

Phospho-Ser396/Ser404 (S396D/S404D)

−
→

Phospho-Thr231 (T231D)

←
−

(Bolded larger arrows indicate a statistically significant difference relative to

non-phosphorylated tau; non-bolded smaller arrows indicate a trending result.)

S199D/S202D resembled 0N3R S202D in its ability to decrease
MAPK signaling (Figure 2D), 0N4R S199D/S202D appeared to
rescue MAPK signaling, yielding levels similar to wild-type 0N4R
tau (Figure 2E). These findings suggest that in 0N4R, while the
phosphorylation of tau at Ser202 decreased the ability of tau
to potentiate MAPK activation, additional phosphorylation at
Ser199 neutralized the effect, returning MAPK activation lev-
els to WT tau levels. These data indicated that the effect of
phosphorylation on NGF-induced signaling depended on the tau
isoform used.

Our data shows that phosphorylation differentially affected the
function of 3R and 4R tau isoforms. This result resembles pre-
vious data reported for the interaction between tau and the SH3
domain of Fyn, where we found that phosphorylation differen-
tially affected the equilibrium binding constant of 0N3R and 0N4R
tau for the SH3 domain of Fyn (30). For the Fyn SH3 interaction,
phosphorylation at Ser199/Ser202 or at Ser396/Ser404 increased
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the binding of 0N4R to the Fyn SH3 domain whereas phospho-
rylation at Ser199/Ser202 decreased the binding of 0N3R to the
Fyn SH3 (phosphorylation at Ser396/Ser404 did not affect the
binding of 0N3R to Fyn SH3). While the details of the effects
of phosphorylation are not similar, both the SH3 binding data
and the MAPK activation data demonstrate that phosphoryla-
tion differentially affected the function of 0N3R and 0N4R tau
isoforms. Such findings might help explain why disease could
be caused by overexpressing 4R tau relative to 3R tau. In our
data, we noted that phosphorylation at Ser199/Ser202 on 4R
tau resembled WT tau in its ability to potentiate MAPK signal-
ing whereas the similar modification on 3R tau reduced MAPK
activation.

During development, tau phosphorylation changes, with phos-
phorylation at Ser199, Ser202, Ser214, and Ser404 first increasing,
then decreasing while phosphorylation at Thr231 and Ser396
remained unchanged (31). The expression of 4R tau was also
up-regulated during development as 0N3R tau was the only tau
isoform expressed in fetal brain while the remaining isoforms were
expressed in an adult specific manner (32). In our experimental
system where NGF was added to initiate neuronal differentiation,
phosphorylation could either potentiate or attenuate MAPK acti-
vation [Figure 2, Ref. (19)]. Phosphorylation at two sites (Ser214
and Ser396/Ser404) significantly down-regulated activation while
that at one site (Thr231) up-regulated activation. Therefore, the
exact effects of phosphorylation would depend on the quan-
tity of specific phosphorylated tau forms present. This, in turn,
would depend on the rate of phosphorylation and dephospho-
rylation of tau at specific sites. However, the spatial localization
of the various phosphorylated species may also be important.
Since we measure MAPK activation in a transfected cell, it is
possible that the spatial localization of the tau expressed by trans-
fection may not duplicate that of the endogenous tau. If the
ability of tau, expressed by transfection, to affect MAPK activa-
tion was dependent on a spatial localization not duplicated by
endogenous tau, caution needs to be exercised in the interpreta-
tion of our results. Nevertheless, a critical role for tau in MAPK
activation was confirmed by our experiments where ERK1/2 acti-
vation was examined without the transfection of MAPK reporter
plasmids (19).

Our tests have investigated the ability of disease-related tau
phosphorylation to affect the ability of tau to upregulate MAPK
signaling. Among the sites we have investigated, Thr231 was the
site whose phosphorylation occurred earliest during neurode-
generation (33, 34). Phosphorylation at Ser262/Ser356 occurred
next, with Ser214 close behind; phosphorylation at Ser199/Ser202
and Ser396/Ser404 accumulated latest during neurodegeneration
(33). Therefore, as tau phosphorylation changed during disease
progression, tau function would similarly change. Our data sug-
gested that phospho-Thr231-tau would potentiate MAPK acti-
vation and since phospho-Thr231 occurred early during the
neurodegenerative process (20), one could speculate that MAPK
activation would also occur. Data reporting the presence of acti-
vated ERK1/2 in pretangle neurons and in Braak stage I–III
brains (35) supports the hypothesis that phospho-Thr231-tau
may potentiate MAPK activation early in the neurodegenerative

process. Then, as tau phosphorylation changed during the neu-
rodegenerative process, the capacity for tau to potentiate MAPK
activation would also change. Phosphorylation at Ser262/Ser356
would not affect MAPK activation (19) whereas phosphoryla-
tion at Ser214 and Ser396/Ser404 would lead to a decrease in
the ability of tau to upregulate MAPK activation (Figure 2).
In tauopathies where the level of 4R tau was increased, the
isoform change alone might decrease MAPK activation. How-
ever, one could also speculate that the phosphorylation of 4R
tau, for instance at Ser199/Ser202, could lead to an increase in
MAPK activation, relative to that conducted by similarly phos-
phorylated 3R tau forms. To further investigate the relationship
between tau phosphorylation and MAPK activation during neu-
rodegeneration, tauopathy mouse models and/or human post-
mortem brain tissue would be probed for phospho-Thr231-tau
and activated MAPK. Using immunocytochemistry, if activated
MAPK only appeared in the same neurons that were positive for
phospho-Thr231 tau, this would suggest that phosphorylation of
tau at Thr231 was related to MAPK activation. One would also
look for a correlation between activated MAPK and phospho-
Ser199/Ser202 in 4R tau isoforms, in addition to a correlation
between phospho-Ser214-tau (or phospho-Ser396/Ser404) and a
reduction in activated MAPK.

The activation of MAPK can occur in signal transduction path-
ways where cell proliferation is upregulated [reviewed by Ref.
(36, 37)]. Therefore, increasing the activation of MAPK could
cause an increase in cell cycle activation. In Drosophila, the abil-
ity of tau to cause neurodegeneration was shown to involve cell
cycle components (17). Our data supports the hypothesis that tau
can potentiate cell cycle mechanisms. In a post-mitotic neuron,
the activation of cell division would lead to neurodegeneration
[reviewed by Ref. (38)].

It is not known whether tau participates in signal transduc-
tion in adult neurons. Gene expression in the tau-depleted mouse
was compared to that of WT mouse, using microarray analysis
of 8-week-old mice (39). In the tau-depleted mouse, the genes
with the highest increase in expression were FosB and c-fos [see
Supplemental Data in Ref. (39)]. Since MAPK activation drives
fos activation, our data leads us to speculate that the tau-depleted
mouse had increased fos expression as a compensatory measure.
Since the comparison had used an 8-week-old mouse, it is pos-
sible that tau was also necessary for signal transduction in the
adult.

While it is clear that phosphorylated tau can form oligomers,
we have not determined if the tau that upregulates MAPK acti-
vation is a monomer, dimer, trimer, or oligomer. Moreover, the
mechanism by which tau affects NGF signaling is under inves-
tigation. The ability of proteins to form dimers during signal
transduction processes is not unusual and in some cases, dimer
formation is linked to phosphorylation. It would be important
to determine if tau dimerization or oligomerization occurred
in the same manner as disease-related phosphorylation, where
dimerization or oligomerization would occur normally during
development, then become down-regulated in the adult. If tau
oligomers are found during normal development, the toxicity of
tau oligomers during neurodegeneration may be related to specific
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tau oligomer functions that were inappropriate or abnormal for
adult neurons.
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In normal adult brain the microtubule associated protein (MAP) tau contains 2–3 phos-
phates per mol of the protein and at this level of phosphorylation it is a soluble cytosolic
protein. The normal brain tau interacts with tubulin and promotes its assembly into micro-
tubules and stabilizes these fibrils. In Alzheimer disease (AD) brain tau is three to fourfold
hyperphosphorylated.The abnormally hyperphosphorylated tau binds to normal tau instead
of the tubulin and this binding leads to the formation of tau oligomers. The tau oligomers
can be sedimented at 200,000×g whereas the normal tau under these conditions remains
in the supernatant.The abnormally hyperphosphorylated tau is capable of sequestering not
only normal tau but also MAP MAP1 and MAP2 and causing disruption of the microtubule
network promoted by these proteins. Unlike Aβ and prion protein (PrP) oligomers, tau
oligomerization in AD and related tauopathies is hyperphosphorylation-dependent; in vitro
dephosphorylation of AD P-tau with protein phosphatase 2A (PP2A) inhibits and rehyper-
phosphorylation of the PP2A-AD P-tau with more than one combination of tau protein
kinases promotes its oligomerization. In physiological assembly conditions the AD P-tau
readily self-assembles into paired helical filaments. Missense tau mutations found in fron-
totemporal dementia apparently lead to tau oligomerization and neurofibrillary pathology by
promoting its abnormal hyperphosphorylation. Dysregulation of the alternative splicing of
tau that alters the 1:1 ratio of the 3-repeat: 4-repeat taus such as in Down syndrome, Pick
disease, and progressive supranuclear palsy leads to the abnormal hyperphosphorylation
of tau.

Keywords: microtubule associated protein tau, abnormal hyperphosphorylation of tau, O-GlcNAcylation of tau,
protein phosphatase 2A, alternate splicing of tau, Alzheimer neurofibrillary degeneration, Alzheimer disease,
tauopathies

In Alzheimer disease (AD) the oligomer states of Aβ and tau
pathologies are believed to cause the neurodegeneration. Oligomer
is an intermediate stage between monomer and a large polymer. It
consists of a relatively small and identifiable number of monomers,
which is usually 3–10 in the case of most proteins. Unlike a poly-
mer, if one of the monomers is removed from an oligomer, its
chemical properties are altered. Protein oligomers may be formed
by the polymerization of a number of monomers or the depoly-
merization of a large protein polymer. Protein polymerization is
employed by the cell to perform several useful functions, such
as neurofilaments and actin filaments serve as cytoskeleton of a
neuron and maintain the cell shape. Microtubules that are poly-
mers of tubulin facilitate axoplasmic flow, a vital function of a
neuron. Some protein polymerization reactions are very efficient
and almost all the protein in the cell is seen as polymers, as is
the case with neurofilaments. In contrast, microtubule assembly
and disassembly are extremely dynamic to meet the axoplasmic
transport needs of a neuron. The oligomers of neurofilaments
and microtubules are apparently very short-lived and are, to date,
of no known deleterious consequence.

In AD, Aβ and, in the case of tau also in tauopathies, the
protein polymerization is apparently employed as a detoxifying
process to get rid of the toxic protein oligomers, which seem to
stay in the diseased brain and have been isolated and studied.

Tau oligomerization is increasingly being suspected as a prion-
like phenomenon. This article, which is an update of our previous
article on this subject (1), discusses the tau oligomers seen in AD
brain and how they differ from Aβ and PrP oligomers.

In human brain tau is alternatively spliced into six isoforms
and the ratio of the 3-repeat: 4-repeat protein is altered in differ-
ent tauopathies. The alternative splicing of human tau pre-mRNA
results in six molecular isoforms of the protein (2). These six tau
isoforms differ in containing three (3R) or four (4R) microtubule
binding repeats (R) of 31–32 amino acids in the carboxy-terminal
half and one (1N) or two (2N) amino-terminal inserts (N) of 29
amino acids each; the extra repeat in 4R tau is the second repeat
(R2) of 4R taus. This alternative splicing of tau pre-mRNA results
in the expression of three 3R taus (0N3R, 1N3R, 2N3R) and three
4R taus (0N4R, 1N4R, 2N4R). The 2N4R tau is the largest size
human brain tau with a total of 441 amino acids (tau441) in length.
The smallest size tau isoform, which lacks both the two amino-
terminal inserts and the extra microtubule binding repeat (0N3R;
tau352) is the only isoform that is expressed in fetal human brain.
Tau has little secondary structure; it is mostly random coil with β

structure in the second and third microtubule binding repeats.
In a normal mature neuron almost all tau is bound to micro-

tubules; tubulin is present in over 10-fold excess of tau. The
concentration of tau in a neuron is ∼2 µM (3, 4) and it binds
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to microtubules at a kd (dissociation constant) of ∼100 nM (5).
Overexpression of tau causes microtubule bundling in cultured
cells. However,neither in AD nor in any tauopathy has microtubule
bundling been reported.

Neurofibrillary degeneration not only is seen in AD and Down
syndrome (DS) but also in a family of related neurodegener-
ative diseases called tauopathies. These include frontotemporal
dementia with Parkinsonism linked to chromosome 17 (FTDP-17)
caused by tau mutations, Pick disease, corticobasal degeneration,
dementia pugilistica, and progressive supranuclear palsy. In every
one of these tauopathies the neurofibrillary pathology is made up
of abnormally hyperphosphorylated tau and these pathological
changes in the neocortex are associated with dementia; in a large
number of supranuclear palsy cases the tau pathology in the brain
stem is associated with motor dysfunction.

OLIGOMERIZATION OF TAU AND HOW IT DIFFERS FROM
THAT OF Aβ AND PrP
In 1986 we discovered that not only Alzheimer neurofibrillary
tangles were made up from abnormally hyperphosphorylated tau
protein (6) but also the altered tau was present in AD brain
cytosol and was responsible for the inhibition of microtubule
assembly (7). In subsequent studies we showed that the cytosolic
AD abnormally hyperphosphorylated tau (AD P-tau) sequestered
some of the normal tau and sedimented at 200,000× g, whereas
most of the non-hyperphosphorylated tau from the same AD
brains remained in the 200,000× g supernatant (8, 9). The AD
P-tau showed up as globular particles by negative stained electron
microscopy (Figure 1). The sedimentable AD P-tau is increasingly
being referred to as the oligomeric tau or granular tau (10). In situ
demonstration of oligomeric tau seen immunohistochemically as
amorphous aggregates in the neuronal cytoplasm was described
at “stage 0” tangles for the first time by Bancher et al. (11). Bio-
chemical analysis of AD P-tau sedimented from AD brain showed
that it co-sedimented some of the non-hyperphosphorylated tau,
suggesting that the AD P-tau oligomers are hetero-oligomers of
hyperphosphorylated and non-hyperphosphorylated tau (8). Fur-
thermore, normal tau was found to co-aggregate with and promote
the aggregation of AD P-tau into filaments (12). As much as 40%

FIGURE 1 | Electron micrograph showing tau oligomers from an
Alzheimer disease brain negatively stained with phosphotungstic acid.

of abnormally hyperphosphorylated tau in AD brain is seen as AD
P-tau (8).

Unlike normal tau which binds to tubulin and promotes its
assembly into microtubules, the AD P-tau, instead of interacting
with tubulin, binds to normal tau as well as MAP1 and MAP2,
and causes depolymerization of microtubules (9, 12, 13). In vitro
hyperphosphorylation of tau revealed that the oligomeric tau was
an intermediate stage between monomeric and filamentous state
because at 4–6 mol phosphate/mole protein it became oligomeric
and microtubule-assembly inhibitory whereas further hyperphos-
phorylation made it polymerize into filaments. Neither the in vitro
formed hyperphosphorylated tau filaments nor PHF isolated from
AD brains had any detectable effect on tau-promoted assembly of
microtubules (14–16). While normal tau promoted GTP bind-
ing to tubulin and its assembly into microtubules, the AD P-tau
inhibited this activity. AD-PHF had no effect on GTP binding
but on in vitro dephosphorylation it promoted GTP binding to
tubulin (17). On dephosphorylation with protein phosphatase
2A (PP2A) the AD P-tau oligomers are converted into normal-
like non-sedimentable protein that, like normal tau, promotes
microtubule assembly (9, 12, 18). PP2A was also found to dis-
sociate Alzheimer neurofibrillary tangles, releasing protein which
behaved like normal tau in promoting microtubule assembly (19).
Thus, the AD P-tau oligomerization is unique because it is solely
induced by abnormal hyperphosphorylation and is reversible on
dephosphorylation of the protein (20).

In the AD field the interest in oligomers started with the initial
report of Lambert et al. (21) who showed that diffusible, non-
fibrillar ligands from Aβ1–42 were potent central nervous system
toxins. Though Aβ oligomers are toxic, in contrast to tau oligomer-
ization, they are formed by the strong hydrophobic nature of this
peptide and this process is not initiated or promoted by phos-
phorylation. Similarly, the PrP oligomers are formed at acidic pH
and on removal of denaturants such as sodium dodecyl sulfate
or salt from the protein solution (22, 23). Unlike AD P-tau and
Aβ1–42 oligomers, the PrP filaments are the infective state and
their depolymerization into oligomers results in the loss of the
infectivity (24). Most recently PrP cellular has been reported to
promote the Aβ oligomerization (25).

ROLE OF O-GLcNAcylation IN TAU OLIGOMERIZATION AND
NEURODEGENERATION
In addition to phosphorylation, tau is also modified by O-
GlcNAcylation, a dynamic protein posttranslational modifica-
tion, by which O-linked β-N -acetylglucosamine (O-GlcNAc) is
transferred enzymatically from a UDP-GlcNAc donor to the
hydroxyl group of serine or threonine residues of proteins. In
contrast to glycosylation of secreted and membrane proteins,
which occurs in the endoplasmic reticulum and Golgi appara-
tus, O-GlcNAcylation modifies nucleocytoplasmic proteins and
is more like protein phosphorylation (26). O-GlcNAcylation and
phosphorylation sometimes occur at identical or proximal sites
of a protein and thus are reciprocal to each other. The crosstalk
between O-GlcNAcylation and phosphorylation has been impli-
cated to be essential for the control of vital cellular processes
and for understanding the mechanisms of certain diseases (27,
28). O-GlcNAcylation also serves as a sensor of intracellular
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glucose metabolism (29), because the UDP-GlcNAc donor for
O-GlcNAcylation is formed from glucose metabolism via the
hexosamine biosynthetic pathway.

Tau is highly modified by O-GlcNAc, on average, with four O-
GlcNAc groups per tau molecule at more than 12 serine/threonine
residues (30, 31). Five O-GlcNAcylation sites (Thr123, Ser208,
Ser238, Ser400, and one site at Ser409, Ser412, or Ser413) have
been mapped to date (32–34). We previously demonstrated that
inhibition of O-GlcNAcylation leads to hyperphosphorylation of
tau in cultured cells and in rat brain slices (31). Experimental
reduction of brain glucose metabolism leads to decreased O-
GlcNAcylation and increased phosphorylation of tau in vivo (27,
35), and inhibition of protein O-GlcNAcylation induces hyper-
phosphorylation of tau in rat brain (27). Furthermore, we dis-
covered that the global O-GlcNAcylation of proteins, especially
of tau, is decreased, which likely results from impaired brain
glucose metabolism, and that the decrease in O-GlcNAcylation
correlates to hyperphosphorylation of tau in AD brain (27).
Furthermore, hyperphosphorylated tau purified from AD brains
contains approximately five times less O-GlcNAc than normal tau
(27). Therefore, we postulate that tau pathology and neurodegen-
eration can be caused by impaired brain glucose metabolism via
the down-regulation of tau O-GlcNAcylation in AD (27).

O-GlcNAcylation may also inhibit tau oligomerization directly.
The fourth microtubule binding repeat of tau self-aggregates at a
slower rate in vitro when it is modified by O-GlcNAc at Ser356
than the unmodified counterpart, as determined by turbidity, pre-
cipitation assay, and electron microscopy (36). A recent study
showed that O-GlcNAcylation inhibits tau aggregation in rodents
(37). O-GlcNAcylation also modulates proteotoxicity in C. elegans
models of human neurodegenerative diseases (38, 39). Therefore,
decreased O-GlcNAcylation may promote tau-mediated neurode-
generation through promoting tau oligomerization directly and
also indirectly by inducing its abnormal hyperphosphorylation.

ABNORMAL HYPERPHOSPHORYLATION OF TAU CAUSES
NEURODEGENERATION AND COGNITIVE IMPAIRMENT
Protein phosphatase 2A accounts for ∼70% of the total tau
phosphatase activity in the brain (40). A cause of the abnor-
mal hyperphosphorylation of tau in AD and adults with DS
is a decrease in the brain PP2A activity (41–43). PP2A activ-
ity is negatively regulated by two inhibitor proteins, I1

PP2A and
I2

PP2A in a substrate-specific manner (44, 45). Both I1
PP2A and

I2
PP2A inhibit PP2A activity toward AD hyperphosphorylated tau

(46) and these inhibitors are predominantly localized in the hip-
pocampus and the cerebellum (47). I1

PP2A, which is also known
as PHAP-1, is a 239 amino acid long cytoplasmic protein (48).
I2

PP2A, also known as SETα, PHAP-II, and TAF1β, is primarily a
nuclear protein of 277 amino acids in length with an apparent
molecular weight of 39 kDa on SDS-PAGE (45, 49, 50). mRNA
and protein expression levels of both I1

PP2A and I2
PP2A are selec-

tively increased in the affected areas of AD brain. I2
PP2A, which

is a 39 kDa and a primarily nuclear protein, is selectively cleaved
at N175 into an amino-terminal (I2NTF) and a carboxy-terminal
(I2CTF) fragment and translocated from the neuronal nucleus to
the cytoplasm in AD brain (51). Both I2NTF and I2CTF interact
with the PP2A catalytic subunit PP2Ac and inhibit its activity
toward hyperphosphorylated tau (52). Transduction of the brains

of newborn rats with adeno associated virus serotype 1 vector car-
rying human I2CTF (53) or I2NTF and I2CTF transgenes was found
to induce AD-like abnormal hyperphosphorylation and aggrega-
tion of tau, a loss of neuronal plasticity, and cognitive impairment
in these animals at 5–12 months post-infection (54); however, no
neurofibrillary tangles or Aβ plaques were detected in the brains
of AAV1-I2NTF-CTF rats up until 13 months. These findings sug-
gest a deleterious role of the abnormally hyperphosphorylated
oligomeric tau.

The inhibitory activity of the non-fibrillized abnormally hyper-
phosphorylated tau has been confirmed in yeast, drosophila, and
in mouse models that express human brain tau. The expression
of the longest human brain tau (2N4R tau) in yeast produces
pathological phosphoepitopes, assumes a pathological conforma-
tion, and forms aggregates. These processes are modulated by
yeast kinases Mds1 and Pho85, orthologs of GSK-3β and cdk5
(55, 56). In yeast the aggregation of tau increases with increas-
ing hyperphosphorylation and the mobility in SDS-PAGE retards.
The hyperphosphorylated tau isolated from the stably transfected
yeast is able to assemble into filaments, and nucleate the assem-
bly of the normal non-phosphorylated tau. These yeast studies,
like those carried out previously using AD P-tau, suggest that the
hyperphosphorylated tau works as a nucleation factor that initiates
and promotes the aggregation of tau (12, 15).

In wild-type human tau- and mutated human tau-transgenic
Drosophila, the accumulation of the abnormally phosphorylated
tau in the absence of its fibrillization into neurofibrillary tan-
gles leads to neurodegeneration (57). In a P301L tau inducible
transgenic mouse model, cognitive improvement was observed
when expression of human tau, which became abnormally hyper-
phosphorylated, was suppressed although neurofibrillary tangles
continued to form, suggesting that the accumulation of the cytoso-
lic abnormally hyperphosphorylated tau, and not its aggregation,
was apparently involved in behavioral impairment in these animals
(58). Reduction of soluble Aβ and soluble abnormally hyperphos-
phorylated tau, but not soluble Aβ alone, was found to ameliorate
cognitive decline in 3xTg mice that express both plaque and tangle
pathologies (59). Furthermore, in vitro dephosphorylation of neu-
rofibrillary tangles disaggregates filaments and, as a result, the tau
released behaves like normal protein in promoting microtubule
assembly (19).

Hyperphosphorylation of tau, though not to the same level as
in AD, is not only associated with the disease as in tauopathies,
but is also employed by the neuron to down regulate its activ-
ity transiently and reversibly where required. For instance, during
development the level of tubulin in the brain is at its highest, i.e.,
almost 33% of total cytosolic protein, which is almost 1.5-fold the
critical concentration of 4 mg/ml tubulin required for its poly-
merization into microtubules (60). Probably to avoid microtubule
bundling, the fetal tau is transiently hyperphosphorylated during
development. However, the level of hyperphosphorylation of tau
in fetal brain is far less than that seen in AD brain. Similarly, anes-
thesia and hypothermia induced by hibernation in animals induces
transient hyperphosphorylation of tau (61–64). The molecular
mechanism of the transient hyperphosphorylation of tau observed
during development is, at present, not understood. However, dur-
ing hypothermia the activity of PP2A is transiently and reversibly
reduced and is believed to cause the hyperphosphorylation of
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tau (62, 63). In AD and DS the decrease in brain PP2A activity
apparently involves different molecular mechanisms, and occurs
in a non-transient and irreversible manner (41–43). It is the non-
reversible nature of the abnormal hyperphosphorylation of tau
in AD, DS, and related tauopathies which results in an involun-
tary slowing down of neuronal activity and a consequent chronic
progressive neurodegeneration and its clinical phenotype, the
dementia.

There is approximately as much tau in the somatodendritic
compartment as in the axon (65). In the somatodendritic com-
partment tau is associated with rough endoplasmic reticulum
and Golgi apparatus (7, 8, 66, 67). The abnormal hyperphos-
phorylation of tau and its accumulation in the somatodendritic
compartment in AD might have been responsible for the mor-
phological alterations of the RER and the Golgi apparatus and
the abnormal N-glycosylation of tau in AD (68–71). In AD brain
abnormally hyperphosphorylated tau, in addition to forming neu-
rofibrillary tangles, is associated with granulovacuolar changes (6,
72–74). Overexpression of tau, which results in its hyperphospho-
rylation, has been found to induce fragmentation of Golgi both in
neuronal cultures and in neurons in JNPL3 P301L tau-transgenic
mice (66). In P301S tau-transgenic mice, which show abnormal
hyperphosphorylation of tau, a selective decrease in mitochon-
dria and RER has been observed (75). The chronic accumulation
of the hyperphosphorylated tau as a misfolded protein in the ER
could cause neurodegeneration due to protracted ER stress (76).
Hyperphosphorylation of tau might also be involved in neurode-
generation through alterations of RER and Golgi and a consequent
reduction in RER and mitochondria.

In addition to abnormal hyperphosphorylation, truncation of
tau has been found in neurofibrillary tangles in AD and in mutated
tau overexpression transgenic mouse models [e.g., (77–82)]. Of all
the proteases that can cleave tau, the role of caspases has been stud-
ied the most (83, 84). Caspase 3 and caspase 6 cleave tau at D421
and D13, respectively, and treatment with Aβ can induce the D421
cleavage in cultured neurons (78, 80, 81). Truncation of tau, along
with its hyperphosphorylation, promotes its aggregation into fib-
rils (85, 86). Although only a small fraction of tau is truncated in
AD, the truncated protein can apparently recruit the full-length
protein to co-aggregate with it in both tau-transgenic rat and
mouse models (87, 88). To date, the bulk of the evidence suggests
the soluble hyperphosphorylated tau is neurotoxic and upstream
of truncation and aggregation of this protein into neurofibrillary
tangles [e.g., (89, 90)].

ROLE OF MUTATIONS AND ALTERNATIVE SPLICING OF TAU
IN NEURODEGENERATION
In FTDP-17 several mutations in tau co-segregate with the disease
(91–93). Four of these missense mutations, G272V, P301L,V337M,
and R406W, which have been most studied to date, all make tau a
preferable substrate for abnormal hyperphosphorylation in vitro
(94). Some of the tauopathies are associated with altered alternate
splicing of tau. In normal human brain the 3-repeat and 4-repeat
taus are expressed in 1:1 ratio.

In some of the FTDP-17 mutations, i.e., tauK257T (95), tauG272V

(96), tau∆K280 (97), tauE10+19, and tauE10+29 (98), and in Pick dis-
ease most of the tau is 3R isoforms due to the exclusion of axon 10

which codes for the second microtubule binding repeat (R2). In
contrast, in other FTDP-17 mutations, cortical basal degeneration
and progressive supranuclear palsy, most of the tau is 4R (99, 100).

How the imbalance of 3R tau/4R tau leads to neurofibrillary
degeneration and dementia is currently not understood. The 4R
taus bind microtubules more readily than 3R taus. Thus, a change
in 3R:4R ratio of 1:1 in tauopathies results in free tau that is
unbound to microtubules and free tau becomes a favorable sub-
strate for abnormal hyperphosphorylation (101). In DS brain an
increase in 3R:4R ratio combined with an extra copy of Dyrk1A,
which can hyperphosphorylate tau, results in tau pathology dur-
ing the fourth decade of life which is almost two decades earlier
than the average age of onset of AD (102, 103).

Hyperphosphorylation by brain protein kinases induces the
self-assembly of all six human brain tau isoforms into tangles
of PHF/SF under physiological conditions of protein concentra-
tion, ionic strength, pH, temperature, reducing conditions, and the
absence of any cofactor (9). The hyperphosphorylation of tau is
catalyzed by one or more combinations of the proline-directed
protein kinases (PDPKs) and non-PDPKs. Phosphorylation of
tau by non-PDPKs generally primes taus for hyperphosphory-
lation by PDPKs (20, 104–106). Tau isoforms in vitro might be
phosphorylated differentially. 2N4R tau is a more favorable sub-
strate for phosphorylation by rat brain protein kinases and is
phosphorylated faster and to a higher extent than 2N3R tau at
Thr181, Ser199, Ser202, Thr205, Thr212, Ser214, Thr217, Thr231,
Ser235, Ser262, Ser396, Ser404, and Ser422 (94). The differen-
tial phosphorylation of 3R and 4R taus involves a combination
of non-PDPKs and PDPKs because, GSK-3β alone phospho-
rylates tau isoforms similarly (107). Pseudophosphorylation of
seven GSK-3β phosphorylation sites S199, S202, T205, T231,
S235, S396, and S404, affects the aggregation of tau isoforms
differently; the pseudophosphorylation at these seven sites was
found to enhance arachidonic acid-induced polymerization of
0N4R tau while greatly inhibiting the aggregation of the 3R iso-
forms (108). Thus, phosphorylation generated by the same set
of kinases could be sufficient to increase the propensity of some
isoforms to aggregate while reducing the aggregation of others,
resulting in the differential isoform inclusion in pathological tau
aggregates (108).

Aggregation of tau isoforms is affected by the type of inducer
for aggregation used. Arachidonic acid induces 4R tau to polymer-
ize to a greater extent than 3R tau (107). 0N tau requires higher
concentration of arachidonic acid to get maximal polymerization.
The concentration of arachidonic acid for reaching a maximal
polymerization of 1N tau and 2N tau were reported to be sim-
ilar, suggesting addition of exon 3 containing isoforms does not
further reduce inducer concentrations needed for maximal poly-
merization (107). Similar results were obtained for the heparin
induction of tau isoform polymerization (107). The 2N4R tau
required less heparin inducer for maximal polymerization than
1N4R and 0N4R taus. Aggregation of six tau isoforms by thi-
azine red inducer was also reported in a tau isoform-dependent
manner. Tau exons 2 and 10 were found to promote aggrega-
tion, whereas exon 3 depressed it with its efficacy dependent on
the presence or absence of a fourth microtubule binding repeat
(109).
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FIGURE 2 | Abnormal hyperphosphorylation of tau promotes its
oligomerization and self-assembly into paired helical filaments, forming
neurofibrillary tangles. A protein phosphorylation/dephosphorylation
imbalance apparently caused by a decrease in protein phosphatase 2A (PP2A)
activity leads to abnormal hyperphosphorylation of tau in AD brain. The
abnormally hyperphosphorylated tau binds to normal tau (and not to tubulin)

and this sequestration leads to the disruption of microtubules and the
formation of oligomers which can be sedimented at 200,000×g; the tau
oligomers show up as granular structures by negative stain electron
microscopy. The abnormally hyperphosphorylated tau isolated from AD brain
cytosol readily self-assembles into paired helical filaments in vitro under
polymerizing conditions.

Alzheimer disease P-tau sequesters normal tau, MAP1, and
MAP2 and disassembles microtubules and that the dephospho-
rylation of AD P-tau eliminates this toxic property (9, 13). Tau
isoforms bind to AD P-tau deferentially. The binding of AD P-
tau to 4R tau tends to be greater than to the corresponding
3R tau and its binding to normal human recombinant tau was
found to be 2N4R > 1N4R > 0N4R and 1N4R > 1N3R > 0N3R
(110). AD P-tau interacts preferentially with the tau isoforms that
have the amino-terminal inserts and four microtubule binding
domain repeats and that hyperphosphorylation of tau appears to
be sufficient to acquire AD P-tau characteristics. Thus, lack of
amino-terminal inserts and extra microtubule binding domain

repeat in fetal human brain might be protective from Alzheimer’s
neurofibrillary degeneration.

CONCLUSION
In conclusion, in AD and related tauopathies the abnormal hyper-
phosphorylation of tau promotes its oligomerization (Figure 2).
The tau oligomers sequester normal tau as well as MAP1 and
MAP2 and can be separated from normal tau by sedimenta-
tion at 200,000× g. The abnormal hyperphosphorylation of tau
seen in AD is different from the normal and from the transient
hyperphosphorylation of this protein that occurs during develop-
ment, anesthesia, or hypothermia. The oligomeric cytosolic AD
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P-tau probably causes neurodegeneration by sequestering normal
MAPs and disrupting the microtubule network. Tau mutations
found in frontotemporal dementia may cause neurodegeneration
through promoting abnormal hyperphosphorylation of tau. AD
P-tau self-assembles into PHF/SF, forming neurofibrillary tangles.
Tau truncation found in AD brain promotes its self-assembly into
PHF/SF. Unlike AD P-tau, the tangles neither show any detectable
activity to sequester normal MAPs nor inhibit microtubule assem-
bly. Inhibition of abnormal hyperphosphorylation of tau offers
a promising therapeutic target for AD and related tauopathies.
Animal models that recapitulate various disease mechanisms seen
in AD and related tauopathies are no less valuable for preclin-
ical studies for drug development than transgenic mouse and

rat models in which one or more mutated human proteins are
overexpressed to produce Aβ plaques and/or tau neurofibrillary
tangles.
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