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The Revitalized Tau Hypothesis on Alzheimer’s Disease
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rmaccion@manquehu

0188-4409/$esee fron
doi: 10.1016/j.arcm
Many hypotheses have been raised regarding the pathophysiology of Alzheimer’s disease
(AD). Because amyloid beta peptide (Ab) deposition in senile plaques appears as a late,
nonspecific event, recent evidence points to tau phosphorylation and aggregation as the
final common pathway in this multifactorial disease. Current approaches that provide
evidence in favor of neuroimmunomodulation in AD and the roles of tau pathological
modifications and aggregation into oligomers and filamentous forms are presented. We
propose an integrative model on the pathogenesis of AD that includes several damage
signals such as Ab oligomers, oxygen free radicals, iron overload, homocysteine,
cholesterol and LDL species. These activate microglia cells, releasing proinflammatory
cytokines and producing neuronal degeneration and tau pathological modifications.
Altered and aggregated forms of tau appear to act as a toxic stimuli contributing to
neurodegeneration. Recent findings provide further support to the central role of tau in
the pathogenesis of AD, so this protein has turned into a diagnostic and therapeutic target
for this disease. � 2010 IMSS. Published by Elsevier Inc.
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Introduction

Alzheimer’s disease (AD) is one of the human disorders that
has triggered the largest number of hypotheses to explain its
pathogenesis, possibly strengthened by the fact that no cure
has yet been found for this devastating disease. Unfortu-
nately, none of these hypotheses accounted coherently for
the diversity of the initial events that trigger neurodegenera-
tion and that result in the deposition of senile plaques (SP)
and neurofibrillary tangles (NFTs). The most commonly
held amyloid hypothesis, prevailing for over two decades,
has broken as a result of solid evidence that SP do not
account for the complex pathophysiology of AD, and the
fact that these structures are not pathognomonic for the
disease. Recent findings pointing to unpleated Ab oligomers
as responsible for synaptic impairment, indicate that these
oligomers are only one among several other damage signals
affecting the integrity of brain function. Amyloid deposits
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thus appear to be a rather late event and have even been
postulated to have a neuroprotective role.

In this context, the early tau hypothesis strengthens in
light of observations that tau oligomers are neurotoxic,
clinical correlations with tau pathology and the fact that
anomalous tau hyperphosphorylations constitute a common
final pathway for the different altered molecular signals that
affect brain neurons. This raises the question as to precisely
what triggers the pathological phosphorylations. We postu-
lated that a series of damage signals that include, among
other factors, Ab oligomers, oxygen free radicals, iron
overload, cholesterol levels in neuronal rafts, LDL species
and homocysteine trigger, by innate immunity, the activa-
tion of microglial cells with the consequent release of
proinflammatory cytokines that modify neuronal behavior
through anomalous signaling cascades that finally promote
tau hyperphosphorylation. Tau modifications lead to its
oligomerization and the long-term production of NFTs.
As a result of neuronal death, oligomeric forms and tau fila-
ments are released to the extracellular environment,
contributing to activation of microglial cells and stimu-
lating the deleterious cycle leading to progressive neuronal
degeneration.
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The Tau Protein in AD

More than a century ago, the discovery by Alois Alzheimer of
NFTs in the brains of patients with the neurodegenerative
disorder named after him (Alzeimer’s disease) provided the
basis for a significant amount of studies to elucidate the
molecular, cellular and genetic features of this disease
(1e3). However, the discovery that the protein components
of NFTs and the paired helical filaments (PHFs) were hyper-
phosphorylated forms of tau was achieved only during the
1980s (4). Many studies have improved our understanding
of tau hyperphosphorylation, changes in tau interaction
patterns with microtubules, and alteration of the neuronal
cytoskeleton (5,6), whereas recent reports have shed light
on the mechanisms of tau self-polymerization.

AD is a multifactorial disorder in which protein
alterations, oxidative stress, neuroinflammation, immune
deregulation, impairment of neuronal�glial communication,
and neurotoxic agents appear among factors triggering
neuronal degeneration, and the balance among these may
vary from patient to patient. Although diverse, these factors
induce deleterious signaling through different sets of
neuronal receptors that finally converge in the hyperphos-
phorylation of tau molecules.

Structural studies, together with the elucidation of the
signaling cascades in neurodegeneration, led us to postulate
a hypothesis based on the concept that tau hyperphosphor-
ylation constitutes a final common pathway in AD
pathogenesis, upon which a host of signaling mechanisms
converge, and that this phenomenon precedes widespread
neuronal degeneration (7e9). In this context, the tau
hypothesis is based on converging neurobiological studies
(10e12) and clinical data sets (13,14). Actually, increasing
evidence indicates that the tau hypothesis provides the
closest approximation to clinical observations on AD
patients. Among these, (i) severity on this type of dementia
correlates well with the increasing accumulation of NFTs in
the brain (3,13), (ii) the high correlation between the
hyperphosphorylated tau species in the cerebrospinal fluid
(CSF) of AD patients with the extent of cognitive impair-
ment (14) and (iii) that a decrease in tau filaments by
target-directed drugs alleviate cognitive impairment (15).

The establishment of an experimentally testable unifying
hypothesis on AD is the basis on which to build innovative
diagnostic and therapeutic approaches. The unchallenged
acceptance of the amyloid hypothesis for about two
decades (16,17) has led to unsuccessful efforts to generate
drugs to control AD because pleated amyloid and SPs are
most probably not the cause of neuronal degeneration
(16), and the expectations harbored on antiamyloid thera-
pies will most likely not materialize. The revised version
of the most commonly held amyloid hypothesis (17) rests
on the concept that Ab (1e42) self-polymerizes over years
to form SPs, which then trigger subsequent brain lesions.
However, SPs are also common in neurologically healthy
individuals and not unique to AD. Unpleated Ab oligomers
(ADDLs) rather than SPs appear to be the elements respon-
sible for synaptic impairment well before the accumulation
of fibrillary amyloid (18). On the basis of these findings and
evidence of tau filament formation, followers of the tau
hypothesis have pointed to the fact that tau aggregation
and neurotoxicity associated with the hyperphosphorylated
forms constitute common events determinant for the neuro-
degenerative cascade.

We focus our discussion on the updated tau hypothesis
together with our current neuroimmunomodulation concepts
that provide a novel unifying hypothesis of AD pathophysi-
ology that account coherently for almost all known facts on
AD and point the way for subsequent efforts toward its
elucidation. Therefore, information obtained in the process
of testing this new hypothesis experimentally will likely be
helpful to formulate an innovative AD therapy and to design
reliable biomarker strategies for its diagnosis (19). Thus,
beyond the classical formulation of the tau hypotheses, the
recent postulates on the role of neuroimmunomodulation
changes in the pathogenesis strengthen the idea that damage
signals activate microglia, which in turn overproduce proin-
flammatory cytokines that trigger deleterious signal cascades
in neuronal cells (8) with deregulation of protein kinases and
phosphatases controlling tau phosphorylations and the conse-
quent neurofibrillary degeneration. As a result of neuronal
death, tau oligomeric species are released into the extracel-
lular environment, thus contributing to microglial activation
and providing positive feedback on the deleterious cycle that
lead to progressive degeneration of neurons in AD brains (20).

Anomalous Signaling and Tau Hyperphosphorylation and
Oligomerization

The low molecular weight microtubule-associated protein
(MAP) tau is the major component of the MAPs in axons
and plays critical roles in stabilizing microtubules and
inducing its own assembly (6). However, under patholog-
ical conditions tau self-aggregates into PHFs, which turn
into the NFTs during the course of AD, a neuropathological
hallmark of AD and tauopathies (21,22). Recent studies
indicate that hyperphosphorylated tau oligomers exert path-
ological effects, triggering neurotoxic actions that affect the
normal interaction patterns of the neuronal cytoskeleton
(23). Pathological tau oligomerization seems to correlate
with cognitive impairment (24). Important advances toward
our understanding on in vitro tau polymerization have
contributed to clarify the molecular mechanisms (25e27)
even though the structural transitions from the native
conformation of tau to its neurotoxic polymers remains to
be elucidated.

It has been shown that polyanions that promote PHF
aggregation as well as microtubules interact with tau
through positive charges near the ends of tau repeats (28)
and through the b-structure forming-motifs at the beginning
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of repeats 2 and 3. The binding nature of polyanions
supports the hypothesis that stable microtubules prevent
PHF formation by blocking tau�polyanion interaction
sites, which are crucial for anomalous PHF formation
(29). Moreover, tau oligomers with a prefilamentous
structure appear to play a role at early stages of AD and
tauopathies but also in asymptomatic patients with Braak-
stage I neuropathology where clinical symptoms of AD
and NFTs in frontal cortex are absent. This suggests that
an increase in tau oligomers occurs before individuals
manifest clinical symptoms of AD. Interestingly, ligands
of the family of quinolines and derivatives with high
affinity for tau oligomers control tau polymerization (30),
thus offering an avenue toward generation of potential
tau-aggregation inhibitory drugs for treatment of AD.

Research on the pathophysiology of the major molecular
factors triggering AD has provided clues on the structura-
lefunctional underpinnings of tauetau interactions (31) as
well as on the links between Ab production and tau hyper-
phosphorylations (32,33). According to our unifying hypoth-
esis—built on the role of tau as a final common effector
pathway—abnormal signaling leading to degenerative
processes starts with the continuous activity of individually
variable factors such as oxidative agents (34), iron overload
(35), disorders of lipid metabolism, hyperglycemia, deregu-
lation of insulin levels (36), chronic infections, head trauma,
and others (8). These factors are likely to activate endoge-
nous alarm signals that trigger anomalous cellular signaling
cascades in microglial cells and astrocytes (Figure 1).

In turn, activated glial cells respond by releasing NF-kB
and overproduce proinflammatory cytokines (TNFa, Il-6,
IL-1b), thus leading to brain inflammation (37) and serious
alterations in neuroneglia interaction patterns (20,38). Inter-
estingly, overproduction of IL-6 activates the JAK/Stat
system via IL-6 and/or NMDA receptors, which in turn acti-
vates MAP kinases, thus promoting the activity of transcrip-
tion factor Egr-1 that increases p35 expression. This latter
effect results in the activation of cdk5 protein kinase involved
in neuronal development (32) with subsequent tau hyper-
phosphorylation. Activation of the kinase p38 also results
in tau hyperphosphorylations (39). Moreover, IL-6 and
TNFa also activate specific neuronal receptors, inducing cell
cycle activity without proliferation. One of the critical
kinases involved in neuronal development, cdk5, is deregu-
lated in AD according to in vitro evidence, studies in animal
models with tau pathology (33), and studies in the human
brain. Hence, deregulation of cdk5 results in tau hyperphos-
phorylation at Ser 202 and Thr 205. Inhibitors of cdk5 control
tau hyperphosphorylation, neuronal degeneration, and
neuronal death. Thus, deregulation of the sensitive equilib-
rium between protein kinases and phosphatases is critical
in the degenerative phenotype of neurons (34).

Anomalous cascades mediated by tau hyperphosphoryla-
tions have alo been reported in several pathological pathways
in neurons such as p75 activated by an excess of NGF
(or altered processing of NGFs) produced by Ab-activated
astrocytes (40), NO effects (41), direct action of Ab oligomers
on neuronal synapses, toxicity of advanced glycation end-
products (AGEs) via AGEs receptors (RAGEs) (42), down-
stream the degenerative cascade where hyperphosphorylated
tau appears to be a final common pathway for neuronal degen-
eration associated with AD. Hyperphosphorylated tau species
and other modified tau variants have the tendency to self-
aggregate. Thus, a long-term process of anomalous tau modi-
fications and aggregation will affect neuron function and
eventually will result in neuronal death with the consequent
release of tau oligomeric species and filaments. This, in turn,
triggers microglia activation. In this context, through a posi-
tive feedback mechanism, anomalous tau-induced activation
of microglia cells will re-activate the cycle leading to activa-
tion of the inflammatory cascade (20,30) with the subsquent
death of neuronal populations (Figure 1). This evidence
provides further support to the tau hypothesis and the scien-
tific background to build future therapeutic avenues based on
the inhibition or the disassembly of tau filaments.
Tau Filaments as Therapeutic Targets for AD

The characteristic qualitatively abnormal hyperphosphory-
lation of tau is the common denominator of all tauopathies
and AD (43). In transgenic mice, the onset of pathology and
functional impairment is not evidenced prior to the emer-
gence of this biochemical hallmark. This suggests that with
or without mutations on tau, it is the hyperphosphorylation
and subsequent tau aggregation that converts a latent
problem into active pathology during aging. Inhibition of
this process is therefore highly plausible to prevent, retard,
or possibly reverse—even partially—AD. Even though
transgenic models of tauopathy based on tau mutations
have been available since the year 2000, only few reports
of their use for therapeutic purposes have been published.
Focusing on abnormal conformations of mutant tau,
hsp90 inhibitors have been tested in the JNPL3 mouse
model with spinal cord pathology and motor phenotype
(44). Inhibition of heat-shock protein (hsp90) leads to
reduced chaperone activity and enhanced degradation of
the mutant tau over normal tau protein. This leads to
reduced formation of sarcosyl-insoluble PHF-tau species,
frequently used as a biochemical model to pathologically
define NFTs. However, the relationship of these operation-
ally defined species to the overall scope of tau hyperphos-
phorylation is less certain than generally assumed. It is
unclear whether this approach would be viable in the much
more frequent tauopathies not driven by tau mutations,
where tau levels may be unresponsive to hsp90 inhibition.
In view of this concern, mutant tau transgenic models
may not be particularly representative for AD in this
specific approach. On the other hand, the levels of a host
of other proteins not involved in pathology are likely to
be affected in view of the normal function of hsp90.



Figure 1. Model of microglial activation leading to neurodegeneration. Microglia cells sensitive to different damage signals are overactivated in the long

term, resulting in an activated, amoeboid phenotype and the secretion of cytotoxic compounds (mainly pro-inflammatory cytokines) leading to neuronal

damage and tau hyperphosphorylation and aggregation to form tau oligomers, PHFs and NFTs. When the neuron degenerates tau aggregates are released

to the extracellular environment and act as a new damage signal contributing to the deleterious cycle of microglial cells activation.
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Other studies using mutant tau transgenic mice directly
address inhibition of tau hyperphosphorylation. Because
GSK3b has been implicated as a tau kinase, JNPL3 mice
were treated with therapeutic levels of lithium, a specific
GSK3 inhibitor (45). There was a reduction in pathological
markers when applied before the age of symptom onset, but
it is questionable whether this was related to GSK3 inhibi-
tion in view of the increasing recognition of lithium as an
enhancer of autophagy. In any case, a retardation of func-
tional impairment was not seen with this treatment, which
corroborates results discussed below that the generally used
pathological markers of tauopathy, which biochemically
represent downstream products, may not be the dominant
toxic tau species. Significant efficacy, even at ages around
disease onset, on the level of abnormally hyperphosphory-
lated tau species as well as for onset and/or progression of
motor impairment in the same model was observed with the
orally bioavailable and brain-penetrating compound SRN-
003-556, exhibiting a broader kinase inhibitory spectrum
(46). This compound was developed on the basis of efficacy
in cell models of tau hyperphosphorylation induced by the
mainly PP2A inhibiting agent okadaic acid, which are
the only models where all criteria of PHF-type tau
hyperphosphorylation become manifest. Only inhibitors
that include those for ERK2 were active in this model,
although inhibition of ERK2 alone was not sufficient.
Consequently, SRN-003-556 was optimized with ERK2
as a lead assay, although collateral inhibitory activities
are probably relevant as well. An observation in this study
was the apparent uncoupling of tau hyperphosphorylation,
determined by biochemical means from pathologically
assessed NFT counts.
Therapies against Tau Aggregation

Considering the theoretical background supporting a neuro-
toxic role of tau modifications and aggregation in AD,
attention has been focused during recent years to tau aggre-
gation inhibition or disassembly as a possible therapeutic
approach for AD.

Methylene blue (MB), a phenothiazine compound
initially used as an antiseptic and currently approved for
treating methemoglobinemia, inhibits tau and Ab aggrega-
tion in vitro. In a phase II clinical trial MB (Rember, TauRx
Therapeutics, Singapore) significantly improved cognitive
functions compared to placebo controls and slowed the
progression of AD over the course of a year (47). Other
compounds like anthraquinones (48) and cyanine dyes
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(15) were screened for their ability to disrupt tau aggregates
in vitro and in cell cultures.

In conclusion, AD is a clear example of how the prevailing
conceptual frame regarding pathophysiology of a disease can
affect the resources and efforts invested in the basic investi-
gation and development of diagnostic and therapeutic strate-
gies for such an important disease. Currently, there is
a renewed interest in the role that tau and tau modifications
may play in AD. Studies in this direction have allowed the
design of new strategies for AD diagnosis with molecules
that may permit the specific visualization of tau aggregates
(49), along with the development of treatment strategies for
AD and other tauopathies based on inhibitors of tau modifi-
cation and/or aggregation.
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