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Neurofibrillary Tangles in Alzheimer’s disease: Failure of Transport and Collapse of
Microtubules Without Tau Hyperphosphorylation

Nattida Kampuang, PhD, Warangkana Sompranon

“In Alzheimer's disease, excessive tau hyperphosphorylation causes neuronal cytoskeletal
collapse, intracellular transport failure, and neurofibrillary tangle formation. These processes
are discussed in detail in this literature review from a mechanistic viewpoint.”
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neuronal cytoskeleton for axonal transport. In Alzheimer’s
disease, kinases are upregulated while phosphatases are
downregulated, and there is a change to an environment
conducive to hyperphosphorylation of tau on threonine and
serine residues. Hyperphosphorylated tau has a low microtubule
affinity and dissociates in the somatodendritic compartment.
Hyperphosphorylated tau then sequesters normal microtubule-
associated proteins MAP1 and MAP2 and endogenous tau,
augmenting its toxic function. The depletion of a microtubule
stabilizer by this sequestration leads to cytoskeletal collapse. The
microtubule collapse prevents motor-mediated trafficking along
the networks of axonal cytoskeletal microtubules, impeding
delivery of vesicles, mitochondria and required nutrients to
synaptic terminals. At the same time, tau hyperphosphorylates
and aggregates into paired helical filaments of insoluble
neurofibrillary tangles. Here we review recent evidence for
mechanisms of tau hyperphosphorylation and disassembly of
microtubules and blockage of axoplasmic transport that result in
synaptic loss in Alzheimer's disease.
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Introduction aggregated  amyloid-f  peptides  and

Alzheimer’s disease (AD) is the most  intracellular neurofibrillary tangles of
common form of dementia in the elderly. The = hyperphosphorylated tau protein(Rawat et
main histopathological lesions of the AD  al., 2022). Abnormal cleavage of amyloid
brain are extracellular senile plaques of precursor protein and the resultant
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accumulation of soluble amyloid-f3 oligomers
induce early synaptic stress, as elaborated in
the preceding article. As detailed above when
considering upstream pathogenic triggers, it
is increasingly evident that neurofibrillary
tangle density  and spatiotemporal
distribution are much more correlated with
the clinical dementia, synaptic loss, and
neurodegeneration(Boutajangout,
Sigurdsson, & Krishnamurthy, 2011; Igbal,
Liu, Gong, Alonso Adel, & Grundke-Igbal,
2009; Simic¢ et al., 2016). than with amyloid
plaque burden.

MAPT (microtubule-associated
protein tau) gene, located on chromosome
17921, encodes tau, a normal microtubule-
associated protein found in the axons of
neurons. In the adult human brain, MAPT
undergoes alternative splicing to produce six
tau protein isoforms. According to whether
they contain N-terminal inserts (ON, 1N, 2N)
or microtubule binding repeats (3R or
4R)(Igbal et al., 2009). Tau is an intrinsically
disordered protein with no defined tertiary
structure. It basically binds to tubulin
heterodimers (repeated domains) to stabilize
cytoskeleton and promote microtubule
assembly. Microtubule arrays (Song et al.,
2024) form tracks for trophic factor and
vesicular and organellar transport in
axoplasmic transport into and out of
terminals.

But in diseases such as AD, tau is
abnormally modified by
hyperphosphorylation (Boutajangout et al.,
2011). Under normal conditions, presence of
2-3 mol phosphate per mol protein, 5-9 or
more mol phosphate per mol protein is
observed in AD neurofibullary lesions.
Advances in pathological phosphorylation
remove basic charges and cause structural
alterations and loss of tau binding and
stabilizing associations with
microtubules(Weingarten, Lockwood, Hwo,
& Kirschner, 1975). This results in gradual
cytoskeleton  disruption, inhibition of
transport routes, and neurodegeneration of
Tau-affected neurons. In this review, we
discuss the molecular mechanisms of tau
hyperphosphorylation ~ that  result in
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cytoskeletal sequestration, blockage of
transport pathways, and neurofibrillary tangle
formation in AD(A. D. Alonso, Grundke-
Igbal, Barra, & Igbal, 1997).

1.Molecular mechanisms of tau
misregulation

The balance between tau protein
kinases and tau protein phosphatases
regulates the phosphorylation status of tau.
There are > 80 phosphorylation sites on tau.
In AD, hyperphosphorylation is driven by
increased kinase signaling and reduced
phosphatase(Buée et al., 2010).

Kinases involved in tau
hyperphosphorylation in AD are divided into
proline-directed protein kinases and non-
proline directed protein kinases. Proline-
directed kinases phosphorylate tau on
serine/threonine residues adjacent to proline
motifs(Igbal & Grundke-Igbal, 2008). The
main proline-directed kinases associated with
tau pathology include glycogen synthase
kinase-3beta (GSK-3p) and cyclin-dependent
kinase 5 (CDKS5). GSK-3B phosphorylates
tau at Ser199, Thr231, Ser396, and Ser404 in
its active form. Calpain-cleaved p35 to p25
activates CDKS5 that leads to phosphorylation
of tau at Ser202, Thr205, Thr212, and
Ser235. Other MAP kinases, including p38,
ERK1/2, and c-Jun N-terminal kinase, are
also involved in response to stress(Lagalwar,
Berry, & Binder, 2007).

Non-proline-directed kinases, such as
protein kinase A, calcium/calmodulin-
dependent protein kinase II, and microtubule
affinity-regulating kinase, phosphorylate
non-proline sites(Kobayashi et al., 1993).
Protein kinase A and microtubule affinity-
regulating kinase phosphorylate Ser262 and
Ser356 in pTau repeat regions and decrease
tau binding affinity to tubulin. Importantly,
non-proline-directed phosphorylation is a
priming event. Phosphorylation of Ser262 or
Thr212 by protein kinase A or DYRKIA

primes tau for secondary
hyperphosphorylation by GSK-3f and
CDK5, which induces conformational

changes that make tau more accessible(Cho
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& Johnson, 2003; Wang,
Grundke-Igbal, & Igbal, 1998).

Simultaneously, the activity of protein
phosphatases is impaired in Alzheimer's
brain. The major tau phosphatase, protein
phosphatase-2A, accounts for more than
seventy percent of the tau dephosphorylating
activity. In AD, protein phosphatase-2A
activity is inhibited by 50%(Li, Sengupta,
Haque, Grundke-Igbal, & Igbal, 2004).
Endogenous protein phosphatase-2A
inhibitors 11 PP2 and 12 PP2A are
overexpressed and redistributed in the
cytoplasm  of  degenerating  neurons,
inhibiting protein phosphatase-2A.
Moreover, the hypometabolic state for
glucose inhibits the antagonistic
phosphorylation-induced  posttranslational
modification of tau by O-GlcNAcylation,
worsening tau hyperphosphorylation(Igbal &
Grundke-Igbal, 2008).

Wu, Smith,

2.Sequestration of Microtubule-Associated
Proteins and Cytoskeletal Breakdown
Hyperphosphorylation of tau decreases its
binding to microtubules in the axons.
Phosphorylation  introduces  negatively
charged hydrophilic phosphate groups that
change tau electrostatics, protein shape, and
neutralize basic charges needed to move
along the acidic surface of tubulin.
Hyperphosphorylated tau is then cleaved
from the microtubule surface into the soluble
cytosolic pool and is mislocalized from axons
to the somatodendritic compartment.
Hyperphosphorylated cytosolic tau is
not inert but acquires a toxic function(A. C.
Alonso, Zaidi, Grundke-Igbal, & Igbal,
1994). Hyperphosphorylated tau can bind
normal tau and high molecular weight
microtubule-associated proteins MAPIA,
MAPIB, and MAP2 (MAP = microtubule-
associated proteins). In normal neurons,
MAPs are required for microtubule survival,
but they are present in lesser quantities than
tubulin. Hyperphosphorylated tau has higher
affinity than tubulin for normal tau, MAP1,
and MAP2 and sequesters them from the
microtubule lattice(A. D. Alonso et al., 1997).
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Hyperphosphorylation (Figure 1)
initiates a cascade of structural events that
remove tau from tubulin protofilaments,
sequester structural proteins, and lead to
depolymerization of the microtubule
network.

This sequestration deprives tubulin
heterodimers of structural stabilizers,
resulting in rapid depolymerization of axonal
microtubules.  Microtubule  dissociating
activity of hyperphosphorylated tau isolated
from brains of patients with AD sequesters
normal tubulin. Dephosphorylation of
hyperphosphorylated tau with protein
phosphatase-2A eliminates this sequestering
activity and restores the microtubule
assembling activity of tau. Thus, the direct
cause of aberrant hyperphosphorylation is the
destabilization of the cytoskeleton within
neurons(A. D. Alonso et al., 1997).

3.0rganelles Starvation and intra-cellular
Transport Failure

Microtubule disassembly disrupts the
intracellular transport system of neurons and
jeopardizes neuron survival. These motor
proteins are essential in cargo transport along
the axons carrying cargo from the soma to the
distal synapses. Kinesin motor proteins bind
to vesicles, mitochondria, and peroxisomes,
inducing anterograde flow toward nerve
terminals, and dynein motor proteins do the
reverse (retrograde) induced by apoptosis
influx commandeering neurotrophic
complexes to troop contrary to the effect back
to the cell body (Futerman & Banker, 1996).

Disruption of microtubule
polymerization severely handicaps
axoplasmic flow and kinesin movement and
thus creates traffic jams of cell cargoes on
axonal shafts. The accumulated cell cargos
accumulate in axonal swelling and dystrophic
neurites, resulting in metabolite deficiency in
presynaptic terminals (Rawat et al., 2022).

Mitochondrial  transport  deficits
particularly affect neurons. Because kinesin

facilitates  anterograde  transport  of
mitochondria, tau hyperphosphorylation
impairs kinesin-dependent forward

mitochondrial transport, which places
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TAU HYPERPHOSPHORYLATION & MICROTUBULE COLLAPSE
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Microtubule collapse pathways of hyperphosphorylated Tau. Schematic of

microtubule destabilization. Normal tau (left) stabilizes microtubules. Dissociation of tau
causes hyperphosphorylation of tau by a kinase enzyme (center), preventing tau from
promoting microtubule assembly and resulting in neurofibrillary tangle formation (right).

mitochondria originated from distal axons at
migrants retrograde to the cell body. These
phenomenons result to loss of mitochondria
at the terminus, problems of adenosine
triphosphate  stores, altered calcium
homeostasis, and increased production of
reactive oxygen species and oxidative stress.
Hyperphosphorylated tau also  binds
mitochondrial ~ fission  protein  Drpl,
increasing the GTPase activity of the latter
and leading to mitochondrial fission(Hanger,
Anderton, & Noble, 2009).

Also, blocking transport precludes the
contribution of peroxisomes and endoplasmic
reticulum to distal neurites. Misfolded tau
from the endoplasmic reticulum favors the
unfolded protein response and pro-
inflammatory cascades. ApoE4 aggregates
via cleavage, dyspopminating oxons, and C-
terminal truncation and phosphorylation,
resulting in lysis of cells with starvation and
demise of synaptic compartments, apoptotic
death of cells with cell lysis, and "dying
back" of neurites(Igbal et al., 2009; Rawat et
al., 2022).
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Hyperphosphorylated tau also self-
associates to form insoluble aggregates in
addition to disassembling the cytoskeleton.
Such tau self-association is prevented under
physiological conditions by charge repulsion
of basic flanking N-terminal and C-terminal
domains. Hyperphosphorylation neutralizes
basic charges and causes a change in tau
conformation exposing hydrophobic
hexapeptide motifs in microtubule-binding
repeats R2 and R3. Tau self-assembly is
stabilized by the [-sheet motifs and
intermolecular  hydrophobic  interaction
(Igbal et al., 2009; Simié et al., 2016).
The cascade of collapse includes several
morphologically distinct steps:

1. Pre-tangles (soluble
hyperphosphorylated monomers):
phosphorylated tau dissociates from
tubulin and assumes an abnormal
conformation(Kopeikina, Hyman, &
Spires-Jones, 2012).

2. Soluble Tau Oligomers: Small-sized
soluble granular oligomers formed

4|Page

© 2026 Vega Medical Services. All rights reserved.



from hyperphosphorylated
monomers(Rawat et al., 2022).

3. Ultrastructure: Paired helical and
straight filament oligomers(Rankin,
Sun, & Gamblin, 2007).

4. Neurofibrillary tangles:
Filamentous tangles in soma and
dendrites(Rankin et al., 2007).

Neurofibrillary tangles were
proposed to be the major neurotoxic species
in AD pathogenesis. Major paradigm shift in
neuropathological evidence. Novel evidence
suggests soluble tau oligomers as the most
toxic species. The oligomers cause toxicity
by perturbing the plasma membrane and
excitotoxicity, which increases Ca*" influx
and disrupts synaptic cellular plasticity,
which leads to endoplasmic reticular stress
before the intermediate filaments(Song et al.,
2024).

But hyperphosphorylated tau can
form insoluble neurofibrillary tangles of
degenerating neurons that may be protective.
Hyperphosphorylated tau polymerizes to
filaments in vitro and substitutes for normal
MAPs, an inhibitor of MAPs active as
neurotoxins in complexes with intact
microtubules(Igbal & Grundke-Igbal, 2008).
Re-expression of Tau transgene in dying
neurons in transgenic mice improved
cognition from pre-existing neurofibrillar
tangles. However, they can form ghost
tangles, even block the organelles and change
nuclear cell shape in aged dying
neurons(Rawat et al., 2022).

Depicted in figure 2, in their course
from soluble hyperphosphorylated
monomers to soluble oligomers, paired
helical filaments, and dense neurofibrillary
tangles, they produce traffic jams in
organelles, as well as progressive synaptic
loss.

5.Synaptic degeneration and propagation
in time and space

Neurofibrillary degeneration follows
a reproducible spatiotemporal cascade in
networks of interconnected brain regions. A
similar pattern holds for tau biology, in which
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one starts with tau pathology in the entorhinal
cortexes, progresses onward into the
hippocampus, and finally to neocortical
association areas, as shown by braak
neuropathological staging(Rawat et al., 2022;
Simié et al., 2016).

Tau transmission is trans-synaptic as
observed for prions and is non-random.
Degenerative presynaptic tau oligomer seeds
are released or exocytosed into the synaptic
cleft. Extracellular tau seeds reach
postsynaptic recipient cells by exosome
fusion as well as fluid-phase endocytosis and
macropinocytosis. Once internalized, these
tau seeds act as conformational templates for
misfolding and aggregation of endogenous
tau. Microglia also phagocytose extracellular
tau and serve as a local source of undegraded
tau seeds (Rankin et al., 2007; Rawat et al.,
2022; Simié et al., 2016).

Hyperphosphorylated tau
transsynptically spreads and correlates with
being lost from synapses. Mislocalization of
tau into dendritic spines and interaction with
postsynaptic density protein 95, and Fyn
kinase to enhance N-methyl-D-aspartate
receptor with loss of splicing and intracellular
calcium overload. The cognitive decline in
the network matrix of synapses progresses to
dementia.(Rawat et al., 2022).

Discussion

AD, tau
hyperphosphorylation/neurofibrillary
tangles, major cytoskeleton/organelle fall-

offs, and intracytoplasmic mechanistic
interference  of  cytoskeleton/organelle
transport. Neuro-degenerative/neuro-
behavioral biology loci/detections  of

amyloid-f oligomeric precursors at the site of
pathology and tau pathology detection of
synaptic stress/amyloid pore pathology, and
biology of virus treatment(Rawat et al.,
2022). Furthermore, soluble amyloid-$
oligomers congest a7 nicotinic acetylcholine
receptors and instruct cellular prion protein,
Frizzled receptor(s), and pan ErbB-receptors
presumably to up-regulate and regulate Wnt
cascades, activate intracellular cascades of
protein kinase including
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Figure 2. Cellular biology of tau pathology. Normal tau Hyperphosphorylated tau
disassembles microtubules arresting axonal transport (top) and forming neurofibrillary tangles

(NFTs) displacing the cell organelles (bottom).

phosphatidylinositide 3-kinase and yeasts of
Src tyrosine kinases family, and over-express
glycogen synthase kinase-3f and cyclin-
dependent kinase 5 activities. This double-
edged cascade is believed to be associated
with early pathology-related amyloid
deposits and  funneling down to
hyperphosphorylation of tau as the progenitor
of irreversible neuronal demise(De Felice et
al., 2008; Igbal & Grundke-Igbal, 2008;
Rawat et al., 2022).

Complex molecular mechanisms
demonstrate the existence of several
therapeutic  approaches for preventing
neurofibrillary degeneration and conserving
neuronal architecture:

1. Kinase Inhibition: Saracatinib and
IX to prevent  pathological
phosphorylations of target serines and
threonines, restoring binding to
bivalent coats of tubulin and the
normal relationships of the bivalent
coats of the proteins(Rawat et al.,
2022).

2. Reactivating Phosphatases:
Elimination of intracellular I1_PP2A
and 12 PP2A reactivates PP2A to
limit cytosolic accumulation and
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hyperphosphorylation of normal
proteins through restoration of normal
dephosphorylation(Boutajangout et
al., 2011).

Microtubule-Stabilizing Agents
(MSAs): Replacement of missing tau
with  MSA to rebuild tubulin
protofilaments and stabilize
dynein/yang tracks of axoplasmic
transport and avoid organelle
starvation of synaptosomes(Igbal &
Grundke-Igbal, 2008).

Tau Aggregate Removal and
Prevention: Small-molecule agents,
tau-active cis-regulating HSR
modifiers, and tau-specific
passive/active immunization against
ultrastable, prion-like tau oligomers
collectively promote ejection of such
tau aggregates and aggregates in the
first place from synaptic matrices,
thus preventing their progressive
trans-synaptic spread between linked
brain territories(Boutajangout et al.,
2011).

CSF Tau Biomarkers and Tau PET
Imaging: The CSF and imaging tau
biomarkers may be useful for tracking
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the progression NFT to AD and may

enable an early diagnosis and an

adequate therapy for very selected
subpopulations of patients(Igbal &

Grundke-Igbal, 2008).

In addition, the therapeutic paradigm
has dramatically shifted on the basis of this
multifactorial pattern of AD process as the
pure single-molecularly directed therapy is
insufficient. It was found that a combined
regimen that clears the toxic amyloid
oligomers upstream and inhibits tau kinases
downstream of amyloid and stabilizes
microtubules and cellular autophagy was
more effective. In this regard, development of
polytherapeutic approaches in combination
with support of cytoskeletal integrity in place
of amyloid-clearing regimens was promising
to prevent cognitive decline and
neurodegeneration in AD(Igbal & Grundke-
Igbal, 2008; Rawat et al., 2022).
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Summary

Thus, hyperphosphorylation of tau is
an important pathological mechanism in AD.
Hyperphosphorylation by  deregulated
kinases and phosphatases leads to
dissociation of tau from tubulin and gain of a
toxic function. Hyperphosphorylated tau
assembles with normal tau and MAPI +
MAP2, shattering microtubules in axons.
Collapse of the cytoskeleton prevents
transport of vesicles, mitochondria, and
nutrients, thus starving the synapse and
causing neuronal death. Concurrently, tau
self-assembles to paired helical filaments and
neurofibrillary  tangles, which become
propagating agents in neural networks trans-
synaptically. Therapeutic approaches for
which outlook is promising include inhibition
of tau hyperphosphorylation, restoration of
protein phosphatase-2A, and microtubule
stabilization for preserving cytoskeletal
integrity and preventing neurodegeneration
in the AD brain.
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