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Abstract. Neurodegeneration is defined as the progressive loss of structure or function of the neurons. As the nature of
degenerative cell loss is currently not clear, there is no specific molecular marker to measure neurodegeneration. Therefore,
researchers have been using apoptotic markers to measure neurodegeneration. However, neurodegeneration is completely
different from apoptosis by morphology and time course. Lacking specific molecular marker has been the major hindrance
in research of neurodegenerative disorders. Alzheimer’s disease (AD) is the most common neurodegenerative disorder, and
tau accumulation forming neurofibrillary tangles is a hallmark pathology in the AD brains, suggesting that tau must play
a critical role in AD neurodegeneration. Here we review part of our published papers on tau-related studies, and share our
thoughts on the nature of tau-associated neurodegeneration in AD.
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THE NEUROPROTECTIVE ROLE OF TAU
PHOSPHORYLATION
Hyperphosphorylation of wild-type tau proteins
forming neurofibrillary tangles is one of the hallmark
pathologies in the brains of sporadic Alzheimer’s disease (AD) patients, which accounts for over 95% of
the AD populations. As hyperphosphorylated tau is
the major protein component of the neurofibrillary
tangles in the degenerated neurons of AD brains, neuroscientists have been taken it for granted that tau
phosphorylation must promote cell apoptosis. However, initiated from unexpected results, our systemic
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studies demonstrate that tau phosphorylation not only
not promotes cell death, but also renders the cells
more resistant to apoptosis induced by various proapoptotic factors.
Tau phosphorylation renders cells anti-apoptosis
We first established HEK293 cell lines with stable
expression of wild-type full-length human tau or the
empty vector, or selected N2a cell lines that express
low level or high level of tau protein (to be noted
that different N2a cell lines show variable expression levels of endogenous tau proteins, from scarce
expression to high level of endogenous tau; therefore, it is important to identify which type of cell
lines you are using during tau studies). Then we
treated the cells with different apoptosis inducers,
including staurosporine, tunicamycin, thapsigargin,
camptothecin, amyloid-␤ (A␤), and hydrogen per-
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oxide, respectively, and analyzed the relationship of
tau phosphorylation and cell apoptosis. We found
unexpectedly that the cells or neurons expressing
hyperphosphorylated tau exhibit marked resistance to
apoptosis induced by the aforementioned apoptotic
stimuli [1, 2]. We also demonstrated that activating glycogen synthase kinase 3␤ (GSK-3␤) induces
apoptosis, while simultaneous expression of tau
attenuates GSK-3␤-induced cell apoptosis [1].
Phosphotyrosyl phosphatase activator (PTPA) is
decreased in the AD brains. We found that PTPA is
located in the integral membrane of mitochondria,
and downregulating PTPA induces cell apoptosis
by decreasing mitochondrial membrane potential,
which leads to translocation of Bax and a simultaneous release of cytochrome C. Overexpression of
tau rescues PTPA deficit-induced cell apoptosis [3].
Phosphorylation of tau by death-associated protein
kinase 1 also antagonizes kinase-induced cell apoptosis [4]. On the other hand, dephosphorylation of tau
promotes cell apoptosis [5]. These data together support the role of tau phosphorylation in anti-apoptosis.
Tau phosphorylation plays an essential role in
neurogenesis
We observed that immature neurons were only
immunoreactive to phosphorylated tau but not to the
non-phosphorylated tau in adult rat brain and human
AD brain slices. A correlative increase of immature neuron markers and tau phosphorylation was
induced in rat hippocampal dentate gyrus (DG), a
niche enriched with progenitor cells, by upregulating
GSK-3, and the increased neurogenesis was due to an
enhanced proliferation but not survival or differentiation of the newborn neurons [6]. These data imply
that spatial/temporal manipulation of tau phosphorylation may be compensatory for the neuron loss
in AD. The molecular mechanisms underlying tau
phosphorylation-regulated neurogenesis deserve further investigation.
Mechanisms underlying the anti-apoptotic effect
of tau
As a cytoskeleton protein, how tau phosphorylation affects cell apoptosis is currently not fully
understood. Our studies showed that tau hyperphosphorylation was accompanied by an increased
nuclear translocation of ␤-catenin, a survival-priming
molecule. We found that tau hyperphosphorylation
inhibits competitively phosphorylation and prote-

olysis of ␤-catenin in the cytoplasm. Increasing
cytoplasmic ␤-catenin leads to a significant increase
in the level of nuclear ␤-catenin. Thus, we speculate that increased tau phosphorylation may prevent
␤-catenin from phosphorylation/proteolysis, and
nuclear translocation of the preserved ␤-catenin
primes survival signaling pathway to lead the cells
to escape apoptosis; or in other words, the substrate
competitive phosphorylation of tau and ␤-catenin
renders the cells anti-apoptosis [1, 7]. We also
observed that overexpression of tau attenuates endoplasmic reticulum (ER) stress-induced apoptosis
with upregulated unfolded protein response and
immunoglobulin-binding protein (Bip) [8, 9], which
indicates the involvement of ER in the anti-apoptosis
of tau. The anti-apoptotic effects of tau also involve
activation of Akt and modulation of the mitochondrial pathway, such as preservation of Bcl-2 and
suppression of Bax, of cytochrome C release, and
of caspase-3 activation [2, 5]. Furthermore, expression of 1N3R-tau isoform inhibits cell proliferation
by inducing S phase arrest in N2a cells, which maybe
also involved in the anti-apoptotic effect of tau [10].
In addition to tau phosphorylation, other antiapoptotic machineries also deserve investigation
during aging and in the AD brains. For instance,
we found that protein phosphatase-2A inhibitor-2
(I2PP2A) could simultaneously activate Akt and p53.
Akt is actively involved in the survival-promoting
signaling, while p53 mainly participates in apoptotic
pathways. Therefore, activation of Akt can counteract
the hyperactivated p53-related cell apoptosis. In the
brains of AD patients and transgenic mice, the levels
of I2PP2A, Akt, and p53 were all increased, suggesting that increased I2PP2A can trigger apoptosis by
p53 upregulation, but simultaneous activation of Akt
can lead to neurons aborting from apoptosis [11].
During the long course of AD, the brain must be
soaked in a pro-apoptotic environment. However, the
majority of neurons, especially those enriched with
neurofibrillary tangles, do not seem to go into apoptosis. How can this happen? Our studies suggest that
tau phosphorylation can lead the neurons to escape
from apoptosis.

THE DELETERIOUS EFFECTS OF TAU
ACCUMULATION
As mentioned above, tau phosphorylation can
lead the neurons to escape apoptosis. Then, is tau
phosphorylation eventually beneficial to the neurons?
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Our observations suggest that tau phosphorylation
plays a dual role in protecting the neurons from acute
apoptosis, and simultaneously triggering chronic
neurodegeneration. We speculate that the turning
point from protection to damage may be due to the
increasing intracellular accumulation of tau proteins.
Factors promoting tau accumulation
In AD brains, abnormally hyperphosphorylated tau
is the major protein component of neurofibrillary
tangles [12, 13], suggesting a critical role of tau accumulation in tangle formation and neurodegeneration.
It has been shown that abnormal hyperphosphorylation of tau promotes self-assembly into tangles of
paired helical filaments and straight filaments [14].
To further explore why the hyperphosphorylated tau
proteins are more prone to the aggregation, we studied the interaction of tau phosphorylation with other
posttranslational modifications, such as SUMOylation. We observed that SUMOylation of tau at K340
mutually promotes tau phosphorylation at multiple
AD-associated sites, which in turn inhibits tau ubiquitination and its proteolytic degradation with a reduced
solubility. These data suggest that a mutual stimulation of tau phosphorylation and SUMOylation
induces its accumulation [15]. As tau has much less
putative sites for SUMOylation than phosphoryla-
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tion, targeting SUMOylation may be more promising
in preventing tau accumulation.
We also observed that inhibiting proteasome
activity by lactacystin increases total and insoluble tau levels [16]. A moderate tau phosphorylation
activates proteasome, while a profound tau phosphorylation/accumulation in turn inhibits the protease
activity. These results suggest a mutual stimulation
of tau phosphorylation and proteasome inhibition
[17]. Additionally, we observed that O-glycosylation
attenuates tau phosphorylation [18], while Nglycosylation may aggravate tau phosphorylation
and accumulation [19]. In future studies, it will be
interesting to clarify that how these different posttranslational modifications of tau interact each other
to affect the structural and biological activity of tau
proteins.
Tau accumulation impairs synaptic function
Accumulation of hyperphosphorylated tau has
been employed as readout in AD studies. We speculate that intracellular tau accumulation may in
turn serve as an upstream causative factor to affect
neuronal metabolisms and the functions, i.e., the
cause-and-effect alternating vicious circle (Fig. 1).
Series of studies have been carried out to test
this point. We observed that tau accumulation causes

Fig. 1. Tau hyperphosphorylation plays a dual role in anti-apoptosis and neurodegeneration. ①Imbalance of protein kinases and protein
phosphatases induces tau hyperphosphorylation. ②Tau hyperphosphorylation leads the neurons abort acute apoptosis with the mechanisms
involving preservation of ␤-catenin. ③Tau phosphorylation mutually promotes its accumulation by inducing other posttranslational modifications (such as SUMOylation) and inhibiting proteasome activity. ④Tau accumulation induces mitochondrial dysfunction, ER stress,
inflammation and synaptic impairments, eventually leading to neurodegeneration.
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remarkable dephosphorylation of cAMP response
element binding protein (CREB) in the nuclear
fraction. The mechanisms involve activation of
calcium-dependent protein phosphatase calcineurin,
which mediates tau-induced CREB dephosphorylation [20]. As CREB is a critical transcriptional
factor involved in synapse and cognitive functions,
our data reveal a novel mechanism underlying tauinduced synapse impairments and cognitive deficits.
Additionally, tau accumulation can mutually activate
GSK-3␤ [1] and disrupts axonal transport in cholinergic neurons [21].
In HEK293 cells, the exogenously transfected tau
proteins were expressed with the hyperphosphorylated form and a large proportion of the phosphorylated tau was detected in the nuclear fraction, in which
the Thr205 and Ser214 phosphorylated tau proteins
were almost exclusively detected in the nuclear fraction when proper amount of protein was loaded.
Furthermore, accumulation of the hyperphosphorylated tau induces calcium/calmodulin-dependent
protein kinase-IV (CaMKIV) activation that aggravates nuclear tau hyperphosphorylation [22]. These
data suggest that HEK293 cells with transient or stable expression of human tau may serve as an ideal
model for studying tau hyperphosphorylation and its
nuclear effects and as well as drug screening.

Tau accumulation impairs mitochondrial
dynamics and induces mitophagy deﬁcit
Mitochondrion is the power station of the cells
that directly influence cell survival or death. To
understand how tau proteins may regulate cell
viability, we measured the effects of tau accumulation on mitochondrial dynamics and the functions.
We found that tau proteins were allocated dosedependently into the mitochondria along with its
cytoplasmic accumulation. The mitochondrial insertion of tau enhances mitochondrial fusion and their
perinuclear aggregation, increases mitochondrial
membrane potential which disrupts mitochondrial
residence of PTEN-induced kinase 1 (PINK1) and
Parkin. The mitochondrial accumulation of tau also
induces mitophagy deficits shown by the increased
levels of COX IV, TOMM20, and the increased ratio
of mtDNA to genomic DNA (mt-Atp6/Rpl13). At a
later stage, tau accumulation decreases ATP level and
complex I activity. Most interestingly, we observed
that the mitophagy deficit was only shown in the AD
patients who had an increased total tau level [23, 24].

Tau accumulation mutually induces ER stress
ER stress plays a crucial role in AD pathogenesis,
but the role of tau was not understood. We observed
that overexpression of tau induces ER stress shown by
the upregulation of unfolded protein response, i.e., the
increased phosphorylation of PERK, eIF2, and IRE1
with an increased cleavage of ATF6 and ATF4 [8].
Furthermore, upregulation of Bip during ER stress
promotes association of GSK-3␤ with tau, which
promotes tau hyperphosphorylation [9], suggesting
a mutual stimulation of ER stress and tau hyperphosphorylation/accumulation. We also found that
the cerebellum was more resistant to tunicamycininduced ER stress compared with the temporal cortex,
frontal cortex, and hippocampus. These observations
partially explain why the AD-like neuropathologies, such as neurofibrillary tangles, have been
scarcely seen in cerebellum [25]. Additionally, Golgi
fragmentation induces tau hyperphosphorylation by
activating cyclin-dependent kinase-5 and extracellular signal-regulated kinase [26]. It is currently not
known whether and how intracellular tau accumulation may impair Golgi apparatus.
Tau accumulation activates microglia and
induces inﬂammation
Microglia activation and inflammation have been
observed in the AD brains. Tau was observed
in microglia, but its role was not illustrated. We
observed that microglia was activated in rodents’
brain during aging with a significantly enhanced
tau phosphorylation in the activated microglia. We
demonstrated that transient expression of tau in the
cultured rat microglia increased Iba1 expression with
elevation of interleukin (IL)-1␤, IL-6, IL-10, tumor
necrosis factor-␣, and nitric oxide. The exogenously
expressed human tau promotes microglial migration
and phagocytosis without affecting its proliferation.
These data suggest a novel role of tau in microglial
activation [27]. The in vivo role of different tau
species on glial cells and the influence on the neurons
or vice versa deserve further investigations.
Tau accumulation impairs GABAergic and
cholinergic functions
Patients with AD commonly show psychotic disorders, such as depression, and anxiety behaviors,
and so on. We found that overexpression of human
tau in mouse hippocampus significantly decreases
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Fig. 2. Nature of neurodegeneration and the implication in intervention. ①Neurons lacking tau hyperphosphorylation enter apoptosis in a
pro-apoptotic environment. ②Tau hyperphosphorylation allows neurons to escape apoptosis. ③Neurons that escape apoptosis go through
degeneration with the increasing accumulation of hyperphosphorylated tau. ④Targeting tau accumulation may prohibit neurodegeneration
in AD and other tauopathies.

the extracellular ␥-aminobutyric acid (GABA) level
with inhibition of ␥-oscillation and the evoked
inhibitory postsynaptic potential, and the mice
show age-dependent anxiety behaviors. Further studies demonstrated that tau accumulation selectively
suppresses expression of the intracellular vesicular GABA transporter (vGAT), among the factors
responsible for GABA synthesis, release, uptake,
and transport. The mechanism involves an increased
miR92a, which targets vGAT mRNA 3’ UTR and
inhibits vGAT translation [28]. These data suggest
that the AD-like tau accumulation induces anxiety
by disrupting miR92a-vGAT-GABA signaling.
We also observed that tau accumulation inhibits
␣4 subunit of nicotinic acetylcholine receptors
(nAChRs) with an increased cleavage of the receptor
producing a ∼55 kDa fragment in primary hippocampal neurons and in the rat brains. Meanwhile, the ␣4
nAChR currents decreased, suggesting the impairment of cholinergic functions [29]. The molecular
and neural-circuit mechanisms need further investigation.
Taken together, our studies strongly suggest that
tau phosphorylation plays a dual role in AD neurodegeneration, i.e., transient tau phosphorylation helps
cells abort from an acute apoptosis with the mechanisms involving preservation of ␤-catenin, while
persistent tau hyperphosphorylation/accumulation
induces a chronic neurodegeneration by impairing

multiple cellular functions (Fig. 1). We believe that
the nature of “AD neurodegeneration” represents a
novel type of tau-regulated chronic neuron death,
termed neurodegenerasis [7].
We propose that during the long chronic course
of AD pathogenesis, the neurons lack of tau hyperphosphorylation machinery die of apoptosis in the
early phases when challenged by pro-apoptotic stimuli, while the neurons with tau hyperphosphorylation
escape from the acute apoptosis. With increasing
accumulation of hyperphosphorylated tau and formation of tangles, the neurons degenerate. Therefore,
the degenerated neurons bearing tangles observed
in AD brain autopsy must be those that survived
the tau-induced apoptosis escape. As the turning
point between anti-apoptosis and deterioration is the
increasing intracellular tau accumulation, and targeting tau accumulation may prohibit neurodegeneration
in AD and other tauopathies (Fig. 2).
ROLE OF GSK-3␤ AND PP2A IN TAU AND
AD PATHOLOGIES
Activation of protein kinases and/or inhibition of
protein phosphatases are the direct cause of tau hyperphosphorylation. Among various protein kinases and
the protein phosphatases in AD-like tau hyperphosphorylation and aggregation, GSK-3␤ [30] and PP2A
[31–34] are among the most implicated.
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GSK-3β activation mediates tau
hyperphosphorylation in multiple models
GSK-3␤, a Ser/Thr protein kinase abundantly
expressed in neurons, plays diverse functions in
physiological and neurodegenerative conditions. We
demonstrated that pharmacological inhibition of
phosphoinositol-3 kinase (PI3K) by wortmannin
induces a transient GSK-3 activation and tau hyperphosphorylation, while simultaneous inhibition of
protein kinase C (PKC) by GF-109203X and PI3K
results in a sustained GSK-3 activation with tau
hyperphosphorylation and impairment of spatial
memory. These results indicate that inhibition of
PI3K and PKC results in additive effects on GSK3 activation and tau hyperphosphorylation [35]. The
pharmacological activation of GSK-3 significantly
decreases the acetylcholine level via inhibition of
choline acetyl transferase rather than regulating
acetylcholinesterase, while inhibition of GSK-3 by
LiCl or SB216763 rescues the cholinergic functions. These data reveal the molecular mechanism
that may underlie the cholinergic impairments in AD
patients [21].
We also observed that AGEs induce AD-like tau
hyperphosphorylation via RAGE-mediated GSK-3
activation [36]. Endogenously produced A␤ induces
tau hyperphosphorylation by activating GSK-3 with
downregulation of PKC, which further supports that
inactivation of PKC is involved in GSK-3 activation [37]. Peroxynitrite simultaneously induces
tau hyperphosphorylation, nitration, and accumulation, and activation of GSK-3␤ and the inhibition
of proteasome activity are responsible for the
peroxynitrite-induced tau hyperphosphorylation and
accumulation, respectively [38]. The filtrate of
H. pylori induced tau hyperphosphorylation at multiple AD-related sites in N2a cells and rat brains
with activation of GSK-3␤; simultaneous inhibition
of GSK-3 efficiently attenuated the H. pylori-induced
tau hyperphosphorylation [39].
It is to be noted that GSK-3␤ can robustly phosphorylate tau at basal activity under certain conditions.
For instance, we observed that infusion of forskolin,
an activator of protein kinase A (PKA), into rat lateral ventricle of the brain increases PKA activity
by several fold and concurrently enhances tau phosphorylation at multiple AD-related sites, including
Ser214, Tau-1, and PHF-1 epitopes. The forskolininduced tau hyperphosphorylation at Ser214 was
antagonized by simultaneous inhibition of PKA, but
the phosphorylation at Tau-1 and PHF-1 epitopes was

not affected. At the condition of PKA activation, only
basal GSK-3 can induce tau hyperphosphorylation at
Tau-1 and PHF-1 epitopes. These data suggest that
tau becomes a more favorable substrate for GSK-3
when it is pre-phosphorylated by PKA; or in other
words, phosphorylation of tau by PKA primes it for
the phosphorylation by GSK-3 [40]. Additionally,
Bip enhances the association of GSK-3␤ with tau
during ER stress both in vivo and in vitro and thus
promotes tau hyperphosphorylation by the kinase at
basal activity [9].
GSK-3β overactivation impairs synaptic
plasticity
Our studies demonstrated that overactivation of
GSK-3␤ induces a series of damages to the brain.
For instance, over-activating GSK-3␤ suppresses
long-term potentiation (LTP) induction and presynaptic release of glutamate in rat hippocampus.
GSK-3␤ also induces LTP-associated post-synaptic
impairments, including reduced protein levels of
PSD93, GluN2A, and GluN2B, thinner postsynaptic
density, and broader synaptic cleft [41]. GSK3␤ phosphorylates the intracellular loop-connecting
domains II and III (L(II-III)) of P/Q-type calcium
channel and disrupts formation of soluble Nethylmaleimide-sensitive factor attachment protein
receptor complex (SNARE). Simultaneous inhibition
of GSK-3␤ by lithium or SB216763 or transient expression of a dominant-negative GSK-3␤
mutant (dnGSK-3␤) attenuates the synapse impairments [42]. These data together demonstrate that
over-activating GSK-3␤ impairs both pre- and postsynaptic structure and the functions, and it inhibits
presynaptic vesicle exocytosis by phosphorylating
P/Q-type calcium channel and interrupting SNARE
complex formation. Whether and how tau hyperphosphorylation/accumulation contributes to the GSK3␤-induced synapse impairment deserves further
verification.
GSK-3β deletion in DG excitatory neuron also
impairs synaptic plasticity
The current studies on GSK-3␤ are mainly
pan-neuron manipulated. To explore the neuron
type-specific influence of GSK-3␤, we recently
infused AAV-CaMKII-Cre-2A-eGFP into GSK3␤lox/lox mice to selectively delete the kinase in
excitatory neurons of hippocampal DG. To our
surprise, we observed that GSK-3␤ deletion in
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DG excitatory neurons also induces spatial and
fear memory defects but with an anti-anxiety
behavior. At the molecular level, GSK-3␤ deletion reduces levels of several post-synaptic proteins,
including NMDAR subunits (GluN1, GluN2A, and
GluN2B), AMPAR subunit (GluA1), PSD93 and
drebrin, and presynaptic Syn1. GSK-3␤ deletion also
suppresses the activity-dependent neural activation
and calcium/calmodulin-dependent protein kinase
II (CaMKII)/CaMKIV-CREB signaling. These data
demonstrate that as overactivation, GSK-3␤ deletion
is also detrimental to the neurons, suggesting that
GSK-3␤ in DG excitatory neurons is essential for
maintaining synaptic plasticity and cognitive functions [43].

PP2A deﬁcit in tau hyperphosphorylation and
synapse impairment
PP2A is indispensable in development, and deficits
of PP2A and deterioration of neuronal axons have
been observed in several neurodegenerative disorders. We found that PP2A catalytic subunit (PP2Ac)
is enriched in the distal axon of the hippocampal neurons. Inhibition of PP2A induces transport
deficits and axonopathy [44], whereas overexpression of PP2Ac promotes formation and elongation
of the functional axons, and rescues axon retardation
induced by PP2A inhibition. PP2A dephosphorylates collapsin response mediator protein-2 (CRMP2)
that executes axon polarization, whereas constitutive expression of phosphomimic-CRMP2 abolishes
the effect of PP2A upregulation. These data reveal a
mechanistic link between PP2A and axonogenesis or
axonopathy [45].
Hyperhomocysteinemia is an independent risk
factor of AD. We found that high plasma homocysteine induced by vena caudalis injection for
2 weeks induces tau hyperphosphorylation in rat
brain hippocampus. Homocysteine inhibits PP2A
shown by the increased Leu(309)-demethylation
and Tyr(307)-phosphorylation [46]. Homocysteine
also increases A␤ with the mechanisms involving
an increased amyloid-␤ protein precursor (A␤PP)
phosphorylation [47]. These results suggest that
homocysteine may be an upstream effector to induce
AD-like tau hyperphosphorylation and A␤ overproduction through inactivating PP2A. Zinc also
inactivates PP2A and induces tau hyperphosphorylation by Src-dependent phosphorylation of PP2A at
Tyr-307 [48].
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STRATEGIES TO INHIBIT TAU
HYPERPHOSPHORYLATION AND
ACCUMULATION
Accumulation of hyperphosphorylated tau in the
cytosol [49] not only disrupts tubulin-assembling
process [50, 51] but also disassembles microtubules
[52], by which it plays a crucial role in AD neurodegeneration [53]. Activation of GSK-3␤ and/or
inhibition of PP2A are direct causes for tau hyperphosphorylation and accumulation; therefore, we
studied strategies for controlling the toxic turning
point of tau by balancing GSK-3␤ and PP2A.
Strategies against GSK-3β activation
GSK-3␤ can phosphorylate tau at multiple ADassociated sites and activation of GSK-3␤ impairs
synapses. Therefore, GSK-3␤ has been considered a promising target of AD drug development.
Unfortunately, as GSK-3␤ possess broad critical
physiological functions, direct GSK-3␤ deletion
results in inacceptable side effects. Therefore, it is
important to search for new strategies against GSK3␤ overactivation. In this regard, we have tried to
achieve partial inhibition of GSK-3␤ by activating
the upstream membrane receptors, such as MT2 and
EphB2 receptors.
The MT2 receptor is a principal type of G
protein-coupled receptor that mainly mediates the
effects of melatonin and deficit of melatonin/MT2
signaling has been shown in AD brains. We
observed that upregulation of MT2 receptor activates
Akt/GSK-3␤/CRMP-2 signaling, and activation of
MT2 receptor is necessary and sufficient to mediate
the functional axonogenesis and synapse formation in
neurons [54]. In Tg2576 mice, we observed that treatment with melatonin for 4 months (from 4-8 months
of age) did not improve the pathology or behavioral performance of the mice. However, remarkable
attenuation of tau and A␤ pathologies with memory
improvement was observed when melatonin was supplied from the age of 8–12 months or 4–12 months of
the mice. More importantly, the disease stage-specific
alteration of GSK-3␤ was correlated with the alterations of the pathology and behavior, and the timely
targeting of GSK-3␤ was critical for the efficacy of
melatonin. These data suggest that melatonin treatment at the proper time can arrest AD by targeting
the activated GSK-3␤, which provides primary evidence for the importance and strategy in developing
disease-modifying interventions of AD [55].
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The EphB receptor, a bidirectional receptor, consists of an N-terminal glycosylated ligand-binding
domain, a transmembrane region and an intracellular
tyrosine kinase domain. The receptor preferentially
binds membrane-bound ephrin-B ligands and is
actively involved in nervous system. Homozygous
knockout mice of EphB exhibit impaired axon guidance and vestibular function. We observed that
activation of EphB2 receptor arrests tau hyperphosphorylation through its tyrosine kinase-mediated
PI3K/Akt activation and the downstream GSK-3␤
inhibition in SK-N-SH cells, HEK293-tau cells, cultured hippocampal neurons and the hippocampus
of human tau transgenic mice. These data provide
membranous target for antagonizing AD-like tau
pathologies [56].
The role of magnesium in AD has been debatable. We observed that level of magnesium in the
streptozotocin-induced sporadic AD model rats and
intraperitoneal administration of magnesium sulfate
increases brain magnesium levels and thus protects learning and memory capacities. Supplement
of magnesium sulfate reverses LTP impairments and
synaptic plasticity, and decreases tau hyperphosphorylation by inhibiting GSK-3␤ and activating the
upstream insulin receptor pathway [57].
Strategies for restoration of PP2A
Among various Ser/Thr protein phosphatases,
PP2A has the highest specific activity in dephosphorylating tau proteins [58–60] and it is inactivated in
AD brains [31, 32]. PP2A activity is repressed by
the endogenous inhibitory proteins, namely inhibitor1 of PP2A (I1PP2A) or (I2PP2A). In AD brain,
I2(PP2A) is significantly increased in neocortex,
and it is translocated from neuronal nuclei to the
cytoplasm and cleaved into an approximately 20-kd
fragment in cytosol [61]. By injecting lentivirusshRNA targeting I2PP2A into the hippocampus and
frontal cortex of 11-month-old Tg2576 mice, we
demonstrated that silencing I2PP2A restores PP2A
activity with attenuation of amyloidogenesis and
improvement of learning and memory [62]. Downregulating I1PP2A (also termed pp32, ANP32A)
also rescues synapse and cognitive impairments by
chromatin remodeling in AD mouse models [63].
These data suggest that I1PP2A and I2PP2A could
be promising targets for restoration of PP2A activity
in AD. In astrocytes, we observed that upregulation of
PP2A stimulates astrocytes migration via inhibiting
p38 MAPK in Tg2576 mice [64].

Nicotinamide mononucleotide adenylyltransferase 2 (Nmnat2) is a key enzyme involved in
energy metabolism and the mRNA level of Nmnat2
is reduced in the AD brains. We observed that
the mRNA and protein levels of Nmnat2 were
significantly decreased, while levels of p-Tyr307PP2A (the inactive form of the phosphatase) and
phosphorylated tau were increased in Tg2576
mice. In HEK293 cells with stable expression of
human wild-type full-length tau, simultaneous
inhibition of PP2A abolishes the Nmnat2-induced
tau dephosphorylation. Overexpression of Nmnat2
activates PP2A with attenuation of tau phosphorylation, whereas downregulation of Nmnat2 inhibits
PP2A with tau hyperphosphorylation. These data
suggest that Nmnat2 attenuates tau phosphorylation by activating PP2A [65]. Supplementation of
betaine or folate/vitamin-B12 also attenuates the
hyperhomocysteinemia-induced tau hyperphosphorylation through activation activating PP2A with
amelioration of memory deficits, LTP repression,
and synapse impairments [66, 67].
Inhibition of asparagine endopeptidase
Asparagine endopeptidase (AEP), also named
legumain, is a lysosomal cysteine protease that
activates, translocate, respectively, from neuronal
lysosomes and nucleus to the cytoplasm, then cleaves
both A␤PP and tau, mediating A␤ and tau pathology
in AD [68, 69]. In AD, AEP also cleaves ␣-synuclein
and mediates pathologies in Parkinson’s disease [70],
and phosphorylation of AEP by serine/threonineprotein kinase-2 enhances its enzymatic activity and
provokes AD pathogenesis [71]. An orally bioactive and brain permeable AEP inhibitor reduces tau
and A␤PP cleavage, ameliorates synapse loss and
augments LTP, resulting in protection of memory,
suggesting that this AEP inhibitor may be an effective
clinical therapeutic agent for AD [72].
Regulating neurotransmitters
Neurotransmitters play a key role in neuronal
signaling transmission. We found that tau accumulation induces GABA deficits, while upregulating
GABA by intraperitoneal injection of midazolam,
ChR2-mediated photostimulating and overexpressing vGAT, or blocking miR92a by specific antagomir
or inhibitor efficiently rescues tau-induced GABAergic dysfunctions with attenuation of anxiety. These
findings may lead to the development of new
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therapeutics for tauopathies [28]. We also observed
that tau accumulation inhibits nAChRs [29] and
selective dopamine receptor 4 activation mediates the
hippocampal neuronal calcium response via IP3 and
ryanodine receptors [73], therefore, preservation or
restoration of cholinergic or regulating dopaminergic
functions should be beneficial to tau pathologies.
We also tested the effects of a synthesized
juxtaposition composed of an acetylcholinesterase
inhibitor and a calcium channel blocker on the
hyperhomocysteinemia-induced AD rat model [46,
47]. We found that administration of the juxtaposition can attenuate tau hyperphosphorylation with
improvement of synaptic plasticity. These data suggest that the polytherapeutic targeting juxtaposition
against cholinergic deficits and calcium imbalance
may be promising for AD [74].
Blood-brain barrier is one of the major obstacles
that hold back drug development in AD. To solve
this problem, we constructed a novel fusion peptide by linking the active domain of brain-derived
neurotrophic factor (BDNF) with an HIV-encoded
transactivator of transcription (TAT) that has a strong
membrane-penetrating property. By intraperitoneal
injection, the eGFP-TAT could be robustly detected
in different brain regions and BDNF injection significantly improved the cognitive impairments in two
AD rodent models [75].
Spatial training and neural circuit stimulation
Spatial memory loss is the earliest clinical symptom in AD patients. We investigated whether spatial
training in the Morris water maze could be beneficial in AD rodent models. We observed that spatial
training preserves associative memory capacity with
augmentation of dendrite ramification and spine generation in Tg2576 mice [76]. In A␤1-42 -injected
rats, spatial training promotes short-term survival and
neuron-like differentiation of newborn cells [77]. In
the hyperhomocysteinemia rat model, spatial training
stimulated dendrite ramification and spine generation
with memory improvement in a CaMKII-dependent
manner [78]. However, the paternal spatial training
can only enhance an offspring’s cognitive performance and synaptic plasticity in wild-type mice
but not improve memory deficit in AD transgenic
mice [79].
Emotion affects learning and memory capacities, but the underlying neurobiological mechanisms
remain elusive. We established models of learned
helplessness (LHL) and learned hopefulness (LHF)
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by exposing animals to inescapable foot shocks or
with anticipated avoidance trainings. By anterograde
and retrograde tracing, we identified a novel excitatory monosynaptic connection between posterior
basolateral amygdale (BLP) and ventral hippocampal CA1 (vCA1). We found that the LHF animals
show spatial memory potentiation with upscaling
BLP-vCA1 circuit, whereas the LHL show memory deficits with suppressed BLP-vCA1 connection.
These data demonstrate that opposite excitatory
monosynaptic scaling of BLP-vCA1 circuit controls LHF- and LHL-modulated spatial memory. It
not only reveals circuit-specific mechanisms linking
emotions to memory, but also suggests that stimulating the BLP-vCA1 circuit may be potential for AD
therapy [80]. We also observed a long-term ameliorative effect of the antidepressant fluoxetine exposure
on cognitive deficits in 3 × Tg AD mice [81].
EARLY DIAGNOSIS OR PREDICTION
OF AD
The long preclinical phase during the course of AD
provides opportunity for intervention, but it is generally already too late for an efficient therapy when
AD patients come to the clinic with complaints of
memory loss. Therefore, early diagnosis of AD is
critical for developing efficient interventions to postpone or prevent the disease. This requires developing
new diagnostic tools to predict dementia among the
high-risk populations.
Potential biomarkers in predicting AD from
diabetes patients
Both type 2 diabetes mellitus (T2DM) and AD are
common age-associated disorders, and the prevalence
for these two diseases is increasing with population
aging. Epidemiological studies show that patients
with T2DM have significantly increased risk of suffering from AD. Therefore, it is important to identify
who in T2DM populations will develop AD. By
randomly dividing T2DM patients into two groups:
T2DM with or without mild cognitive impairment
(MCI), we found that aging, activation of peripheral circulating GSK-3␤, expression of ApoE 4, and
olfactory deficit are diagnostic for MCI in T2DM
patients, and combination of these biomarkers can
improve diagnostic accuracy [82]. These T2DM
patients with MCI also show impairment in functional
magnetic resonance imaging compared with those

1314

Y. Yang and J.-Z. Wang / Nature of Tau-Associated Neurodegeneration

without MCI [83]. Further follow-up studies may
reveal the factors predicting which T2DM patients
will most likely develop AD, thus allowing the design
of non-drug interventions for these populations.
Modiﬁcation of methods for detecting AD
biomarkers
The enzyme linked immunosorbent assay (ELISA)
has high specificity to the target molecules; however, we found that this method was not sensitive
enough to measure the level of PHF-1 tau in CSF.
To solve this problem, we developed an ultrasensitive bienzyme-substrate-recycle enzyme-linked
immunosorbent assay for measurement of PHF-1 in
CSF. We demonstrated that the assay was approximately 400 and 1,300 times more sensitive than the
conventional ELISA in determining PHF-1 tau and
total tau, respectively. With this method, we successfully measured total tau and PHF-1 tau in lumbar
CSFs of AD and control patients. We found that elevation of PHF-1 tau in CSF is a promising diagnostic
marker of AD [84]. The elevated phosphorylated neurofilament in AD patients was also detected using
this method [85]. Additionally, we verified that dotblotting was as efficient as western blotting for testing
GSK-3␤ protein levels in peripheral blood [82].
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