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Abstract: The microtubule skeleton plays an essential role in nerve cells as the most important 

structural determinant of morphology and as a highway for axonal transport processes. Many neuro-

degenerative diseases are characterized by changes in the structure and organization of microtubules 

and microtubule-regulating proteins such as the microtubule-associated protein tau, which exhibits 

characteristic changes in a whole class of diseases collectively referred to as tauopathies. Changes in 

the dynamics of microtubules appear to occur early under neurodegenerative conditions and are also 

likely to contribute to age-related dysfunction of neurons. Thus, modulating microtubule dynamics 

and correcting impaired microtubule stability can be a useful neuroprotective strategy to counteract 

the disruption of the microtubule system in disease and aging. In this article, we review current mi-

crotubule-directed approaches for the treatment of neurodegenerative diseases with microtubules as 

a drug target, tau as a drug target, and post-translational modifications as potential modifiers of the 

microtubule system. We discuss limitations of the approaches that can be traced back to the rather 

unspecific mechanism of action, which causes undesirable side effects in non-neuronal cell types or 

which are due to the disruption of non-microtubule-related interactions. We also develop some 

thoughts on how the specificity of the approaches can be improved and what further targets could be 

used for modulating substances. 
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1. INTRODUCTION

1.1. The Neuronal Microtubule Cytoskeleton 

The cytoskeleton is the most important intracellular de-
terminant of cell shape. One of the main components of the 
cytoskeleton are microtubules, long and straight hollow cyl-
inders, which in neurons preferably consist of 13 laterally 
associated protofilaments [1]. Microtubules are inherently 
polar structures that provide structural stability and form a 
track for directed motor-protein dependent transport [2]. This 
is particularly important for nerve cells that have a strong 
functional and morphological polarization into an axonal and 
a somatodendritic compartment. The compartmentalization 
of neurons is also reflected in the organization of the micro-
tubule skeleton, which differs in the soma, the dendrites, and 
the axon [3]. In the soma, microtubules emanate from a mi-
crotubule-organizing center and are anchored there, similar 
to the organization of microtubules in most other mammalian 
cell types. In contrast, microtubules in the dendrite and axon 
are discontinuous, where they have multiple start and stop 
sites. The organisation of the microtubule array also differs 
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between axons and dendrites, as microtubules in the axon are 
uniformly orientated with their plus-end pointing outwards, 
while in the dendrites, they have a mixed orientation [4]. The 
uniform orientation of the microtubules is of particular im-
portance for axons that crucially depend on efficient 
transport, especially since in some neurons, the axon can be 
more than a meter long. 

Microtubules are dynamic structures, and their organiza-
tion and dynamics are important for the development of pro-
cesses and the maintenance of the structural and functional 
plasticity of neurons [5, 6]. The dynamics of microtubules 
show strong local variations and are regulated by a large 
number of associated proteins that modulate the assembly 
state, the organization, and the stability of the microtubule 
skeleton in a spatially restricted manner [7]. Such associated 
proteins include microtubule-associated proteins (MAPs), 
which bind to microtubule polymer on one side, and proteins 
such as stathmin, which bind to soluble tubulin dimers on the 
other, thereby shifting the polymerization/depolymerization 
equilibrium either to the polymer or to the dimer state [8, 9]. 
In addition, plus-end binding proteins (+TIPs) dynamically 
accumulate at the growing end of microtubules, and micro-
tubule severing enzymes such as katanin and spastin cause 
MT fragmentation [10, 11]. Bioinformatic analyses have 
suggested that changes in MAPs and tubulin-sequestering 
proteins in particular are important drivers for the develop-
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ment of increased neuronal complexity during mammalian 
evolution [12], which indicates the importance of these two 
protein classes for the development of neurons and the 
maintenance of their structure.  

Paradigmatic examples of MAPs in nerve cells are the 
neuronal MAPs tau and MAP2, which show a compartment-
specific distribution in mature neurons, with tau accumulat-
ing in the axon, while MAP2 is mainly present in the soma-
todendritic compartment [13]. Originally it was assumed that 
MAPs like tau and MAP2 stabilize microtubules in their 
respective compartments. However, recent data has shown 
that they have more complex functions; in fact, their primary 
role may not be to stabilize microtubules since, for example, 
mice knocked out in tau show only minor phenotypic chang-
es with no apparent change in microtubule stability [14]. It is 
now recognized that MAPs, in addition to microtubules, can 
have multiple interaction partners and serve as proteins that 
anchor components of signal cascades and can dynamically 
connect the microtubule skeleton to other cellular structures 
such as the neuronal plasma membrane [15-17]. It has also 
been recognized that MAPs are highly dynamic and exhibit 
kiss-and-hop interaction with microtubules, and their interac-
tions are modulated by phosphorylation and probably other 
post-translational modifications as well [18, 19]. 

Further complexity arises from the fact that microtubules 
themselves undergo several post-translational modifications. 
These modifications include acetylation, tyrosination, glu-
tamylation, and glycylation, just to name a few. These modi-
fications have the potential to create a wide variety of micro-
tubule identities known as the “tubulin code” [20]. These 
modifications can, in turn, affect the interaction with micro-
tubule-binding proteins, including motor proteins, whereby a 
mutual influence of several actors of the microtubule system 
arises. 

2. CHANGES IN THE STRUCTURE AND ORGANI-
ZATION OF MICROTUBULES AND MICROTU-

BULE-REGULATING PROTEINS DURING AGING 

AND NEURODEGENERATIVE DISEASES 

Given the important role of the microtubule system in the 
structure, function, and plasticity of neurons, it is not surpris-
ing that changes in the organization of microtubules and mi-
crotubule-regulating proteins are common with aging and in 
neurodegenerative diseases. An example is the observation 
of a significant age-dependent decrease in the microtubule 
density in neuronal cells of older people and a significant 
reduction in the number and length of microtubules in py-
ramidal neurons from the brain of Alzheimer's disease (AD) 
patients compared to control cases [21]. Changes in microtu-
bules, particularly decreased levels of acetylated tubulin, a 
marker of a more stable microtubule subpopulation, have 
also been observed in patients with other neurodegenerative 
diseases such as Huntington’s disease. Table 1 shows some 
examples of microtubule changes in several neurodegenera-
tive diseases. 

Characteristic changes in MAPs during aging and in neu-
rodegenerative diseases such as AD have also been de-
scribed. For example, an age-dependent reduction in MAP2 
in the hippocampus of rodents was observed [22], and an 
abnormal location of MAP5 was found in post-mortem AD 

brains [23]. Best known and studied are changes in the tau 
proteins as key indicators of normal and pathological aging. 
During AD and other tauopathies, tau aggregates in the so-
matodendritic compartment of neurons in selected brain re-
gions, where it forms neurofibrillary tangles (NFTs) [24]. 
The redistribution of tau from the axon to the somatodendrit-
ic compartment is associated with increased tau phosphoryla-
tion [25-28]. Tau is also subject to several other post-
translational modifications such as O-glycosylation, ubiqui-
tination, nitration, and truncation, all of which can contribute 
to the pathological changes in tau localization and function 
[29]. 

It is still controversial whether changes in the organiza-
tion of the microtubule skeleton play a primary role in the 
pathological process or are a by-product of degenerating 
neurons. This is also illustrated by the potential contribution 
of the tau proteins. The classical view that impairment of the 
function of tau to interact with microtubules leads to micro-
tubule breakdown in affected neurons has been challenged 
by the observation that neither chronic nor acute knockdown 
of tau has an obvious impact on axonal microtubule stability 
[14, 30]. In contrast, a knockdown of tau can even have a 
protective effect in the case of stress and several neuronal 
diseases that further question a tau “loss of function” hy-
pothesis [31-33]. Thus, disease-related post-translational 
modifications and the formation of oligomeric tau species 
can actually induce neurotoxicity, which supports a “gain of 
toxic function” hypothesis via the involvement of tau in the 
disease process [34]. It is still an open question whether such 
a “gain of toxic function” is related to a malfunction of mi-
crotubules or whether it is a change in the interaction of tau 
with other cell partners. In fact, the non-microtubule-binding 
N-terminal region (NTR) of tau has been reported to interact 
with many proteins that may contribute to its physiological 
and pathological role [17]. Bioinformatic analyses have 
shown that proteins that have been mapped to specifically 
interact with the NTR are involved in plasma membrane 
binding and function, endo-/exocytosis, and various signal-
ing mechanisms [35]. 

Recently, a “tau propagation hypothesis” was developed 
to explain the stereotypical progression pattern of the for-
mation of NFTs in AD [36]. According to this hypothesis, 
pathological forms of tau can be transmitted between neu-
rons by releasing tau from one neuron and ingesting it into 
another. In fact, in vitro and in vivo models showed that 
pathological forms of extracellular tau are taken up by cells 
and can induce intracellular tau aggregates [37-39]. The 
propagation properties of tau can depend on its isoforms, its 
state of aggregation, and post-translational modifications, 
which can also determine the respective tauopathy [40]. The 
concept remains controversial but has attracted attention as a 
potential therapeutic target for stopping the progression of 
tauopathies since reducing extracellular tau could slow the 
spread of the tau pathology. 

Regardless of whether changes in the microtubular sys-
tem play a primary role in the disease process, it may still be 
helpful to stabilize the microtubule skeleton and reduce the 
potentially toxic activities of intra- or extracellular tau to aid 
longer survival and to maintain the proper function of the 
affected neurons in the disease process (Fig. 1). 
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Table 1. Examples of microtubule changes in neurodegenerative diseases. 

Disease Type Changes of Microtubules References 

Primary Tubulinopathies 

Hypomyelination with atrophy of the 

basal ganglia and cerebellum 
Patients with mutation in TUBB4A, which encodes tubulin beta-4A [88] 

Congenital-onset spastic paraplegia Patients with mutation in TUBB4A, which encodes tubulin beta-4A [89] 

Complex cortical malformations Patients with mutation in TUBA1A, TUBB2B, TUBB3, TUBB5, TUBG1 [90] 

Changes in post-translational modifications of microtubules 

Charcot-Marie-Tooth disease 
Decreased microtubule acetylation in a mouse model of mutant HSPB1-induced Charcot-Marie-

Tooth disease 
[91] 

Alzheimer’s disease 
Reduction of acetylated alpha-tubulin immunoreactivity in neurofibrillary tangle-bearing neurons in 

Alzheimer’s disease patients 
[92] 

Huntington disease Reduced levels of acetylated tubulin in the brains of patients affected by Huntington disease [93] 

Alzheimer’s disease Glutamylation on tubulin is increased in the hippocampi of patients with Alzheimer’s disease [94] 

Alzheimer’s disease 

Polyglutamylation, tyrosination, and detyrosination are proportionally reduced in patients with 

Alzheimer’s disease. 

Increase in the proportion of the acetylated α-tubulin in the remaining α-tubulin (overall decrease of 

α-tubulin) 

[95] 

Microcephaly, intellectual disability 

and delayed gross motor and speech 

development 

Reduction of detyrosinated tubulin in brain tissue [96] 

Changes induced by microtubule modulating proteins 

All tau related diseases 

Site-specific pseudophosphorylation of tau promotes distinct microtubule organizations: stable 

single microtubules, stable bundles, or dynamic bundles. Disease-related tau mutations increase the 

formation of highly dynamic bundles. 

[97] 

Alzheimer Disease and Hereditary 

Spastic Paraplegia  

Loss of microtubules due to polyglutamylation of microtubules, which acts as a trigger for spastin 

mediated severing of dendritic microtubules in AD. 

Spastin function in terms of microtubule severing is decreased at least for the gene product of the 

mutated allele, resulting in overstable microtubules in disease model systems of HSP 

[98] 

Parkinson’s disease Parkin binds to alpha/beta tubulin and increases their ubiquitination and degradation [99] 

Parkinson’s disease Leucine-rich repeat kinase 2 regulates tubulin acetylation [100] 

 
3. MICROTUBULE-DIRECTED APPROACHES FOR 

THE TREATMENT OF NEURODEGENERATIVE 
DISEASES 

Several small molecules have been or are in clinical trials 
aimed at modifying microtubule-associated processes (Table 
2). The drugs target microtubules themselves, target mono-
meric or aggregated tau protein, or target post-translational 
modifications as potential modifiers of the microtubule sys-
tem, such as phosphorylation or O-glycosylation. In addition, 
several active and passive immunotherapy approaches also 
target all or are selective for some isoforms of the tau protein 
(Table 3). Information of candidate molecules was obtained 
from ALZForum (https://www.alzforum.org/), ClinicalTri-
als.gov (https://clinicaltrials.gov/), and AdisInsight – Spring-
er (https://adisinsight.springer.com).  

3.1. Microtubules as a Drug Target 

Modulating microtubule dynamics and correcting im-
paired microtubule stability can be a useful neuroprotective 

strategy to counteract the disruption of the microtubule sys-
tem seen in several neurodegenerative diseases.  

A paradigmatic and well characterized molecule is 
Epothilone D (EpoD, BMS-241027), a small molecule mi-
crotubule stabilizer. EpoD is a brain-penetrating synthetic 
taxol-derived compound [41]. In various transgenic tau 
mouse models, EpoD reduced transport deficits and im-
proved cognition by stabilizing axonal microtubules [42-44]. 
However, dose-dependent neurotoxic effects of EpoD and 
related drugs have also been identified [45-47]. In February 
2012, BMS-241027 entered a phase I clinical trial to evalu-
ate its safety, efficacy, and tolerability in patients with mild 
AD. The clinical study aimed to establish a pharmacodynam-
ic profile for BMS-241027 in cerebrospinal fluid (CSF)-
present tau protein. After 9 weeks of intravenous (IV) ad-
ministration of BMS-241027, safety and cognitive tests us-
ing magnetic resonance imaging (MRI) were performed for 
the patients with mild AD. The study was completed in Oc-
tober 2013. Clinical studies on AD were then discontinued 
due to a lack of mechanistic selectivity for neurons. 
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Fig. (1). Age- and disease-related disturbance of axonal microtubule polymerization as a potential target of microtubule modulating-agents. 

Tubulin is shown as blue spheres (light blue: beta tubulin; dark blue: alpha tubulin). (A higher resolution/colour version of this figure is 
available in the electronic copy of the article). 
 

Another small molecule microtubule stabilizer and a syn-
thetic taxane derivative that can cross the blood-brain barrier 
is TPI-287. TPI-287 has been evaluated for pharmacokinet-
ics, pharmacodynamics, safety, and efficacy in two phase I 
clinical trials in patients with neurological disorders, mild to 
moderate AD, corticobasal syndrome, and progressive su-
pranuclear palsy (PSP), respectively. Both studies ended in 
September 2019. There are currently no active studies on 
TPI-287. 

Davunetide (NAP) is called a "neuronal tubulin-
preferring agent" and thereby modulates the pool of microtu-
bules in neurons, but its exact mechanism of action is not 
clear. Davunetide is derived from a glial-derived growth 
factor known as activity-dependent neuroprotective protein 
(ADNP) and is made up of a sequence of eight amino acids 
with neuroprotective activity. In an AD mouse model, 
davunetide reduced tau pathology and improved cognitive 
function [48]. It can have pleiotropic functions, which makes 
it unclear to what extent direct microtubule-related functions 
are involved in its activity. Davunetide completed two phase 
I and II clinical trials of PSP. Due to the negative endpoints 
released after the studies were completed, no further clinical 
studies were planned. 

The disappointing results of clinical trials with general mi-
crotubule stabilizers such as EpoD, TPI-287, and perhaps 
davunetide may also reflect the critical involvement of micro-
tubules in different cell types and biological processes. This 
makes it problematic to reduce microtubule dynamics in all 
cell types without distinguishing between neurons and glial 
cells. In particular, microglia, as the brain’s primary innate 
immune cells, may need dynamic microtubules to modulate 
their cell shape and ramification, which are necessary to re-
spond appropriately to tissue injuries or diseases [49]. 

3.2. Tau as a Drug Target  

As described in paragraph 2, tau proteins are key indica-
tors of pathological aging and tauopathies. Post-translational 

modifications of tau, such as increased phosphorylation at 
selected sites or proteolytic cleavage are associated with neu-
rodegenerative diseases. Thus, a reduction in the total 
amount of tau protein or a selective reduction in disease-
associated tau proteoforms could be of therapeutic value. 

Several small molecules targeting tau protein have been 

or are in clinical trials. BIIB080 is an antisense oligonucleo-

tide that inhibits tau mRNA translation, thereby reducing the 
total amount of tau protein. In preclinical studies, the anti-

sense oligonucleotide showed a decrease in NFT spread and 

decreased neuronal loss in adult tau-transgenic mice [50]. A 
clinical study to evaluate the safety, tolerability, and phar-

macological kinetics and dynamics of BIIB080 in patients 

with mild AD was initiated in June 2017 and will be com-
pleted in May 2022. 

Several small molecules such as ACI-3024, TRx0014, 

TRx0037, and TRx0237 aim to reduce tau aggregation and 
thereby dissolve or prevent the formation of potentially toxic 

tau aggregates. It has been claimed that ACI-3024 has the 

property of selectively disrupting pathological tau aggregates 
without side effects from other tau species or Aβ plaques. To 

date, two clinical studies have been conducted for ACI-3024. 

The first clinical study was phase I and started in July 2019 
with the aim of investigating the safety, admissibility, phar-

macokinetics, and dynamics of ACI-3024 in healthy volun-

teers. This study was reported as completed in the AC Im-
mune media release in March 2021. The second study was 

phase II and started in March 2020 with the aim of determin-

ing the drug’s effectiveness as a potential treatment for AD 
and is ongoing. 

TRx0014, TRx0037, and TRx0237 are derivatives of me-
thylthioninium chloride (MTC), also known as methylene 
blue. They have been reported to inhibit tau aggregation 
[51]. In a preclinical study, methylene blue preserved cogni-
tion in a mouse model of tau aggregation [52]. TRx0014 and 
TRx0037 did not show promising results in clinical trials and 

Disturbed MT dynamics
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Table 2.  Clinical trials of tau or microtubule-targeting small molecules against neurodegenerative diseases. 

Drug Synonym 
Assumed Mecha-

nism of Action 
Class 

Originator/ 

Developer 
Type 

Clinical Trials Regarding  

Neurodegenerative Diseases 

FDA 

Clinical 

Trials 

Comment 

ACI-3024 

Tau 

Mor-

phomerTM 

Target: Tau protein. 

 

Inhibits tau aggrega-

tion, disaggregates 

neurofibrillary 

tangles. 

 

Anti-

tauopathy 

AC Immune 

SA 

Country: 

Switzerland 

Small 

molecule 

First-in-human, randomized, place-

bo-controlled, double-blind, sequen-

tial single and multiple ascending 

dose (SAD/MAD) study with open-

label food effect and pharmacody-

namic assessment arms to assess the 

safety, tolerability, pharmacokinet-

ics, and pharmacodynamics of ACI-

3024  

Completed: March 2021. 

Phase II clinical trial of a tau mor-

phomer (ACI-3024) for the treat-

ment of AD. 

Status: Still ongoing. 

Phase 

I/II 
Ongoing 

AZP-2006 

Ezeprogind 

- AlzPro-

tect 

Target: Tau protein. 

 

Blocks tau phos-

phorylation by 

stabilizing the 

prosaposin-

progranulin com-

plex. 

 

Antidemen-

tias, Neuro-

protectants, 

Anti tau-

hyperphos-

phorylation 

AlzProtect 

Country: 

France 

Small 

molecule 

A study assessing the potential ef-

fects of food intake on pharmacoki-

netics of AZP2006 in healthy volun-

teers. 

Completed: February 20th, 2019. 

Multi-center, randomized, double-

blind, placebo-controlled, parallel 

group study to assess tolerability, 

safety, pharmacokinetics and effect 

of AZP2006 on cerebrospinal fluid 

biomarkers in 36 patients with Pro-

gressive Supranuclear Palsy (PSP). 

Estimated completion date: June 

30th, 2021. 

Phase II 

Ongoing 

and re-

cruiting 

BIIB080 

ISIS 

814907, 

IONIS 

BIIB4RX, 

IONIS-

MAPTRX  

Target: Tau protein. 

 

Interferes with tau 

expression by 

inhibiting tau 

mRNAs translation 

into protein. 

 

Tau mRNA 

translation 

inhibitor 

IONIS 

Pharmaceu-

ticals, Inc., 

Biogen 

Country: 

US/US 

Antisense 

oligonu-

cleotide 

Randomized, double-blind, placebo-

controlled study, followed by an 

open-label extension, to evaluate the 

safety, tolerability, pharmacokinetics 

and pharmacodynamics of multiple 

ascending doses of intrathecally 

administered ISIS 814907 in patients 

with mild AD. 

Estimated Completion: May 2022. 

Phase 

I/II 
Active 

BMS-241027 
Epothilone 

D 

Target: Tau protein; 

tubulin; microtu-

bules.  

 

Tau protein inhibi-

tor; Tubulin modu-

lator; Microtubule 

stabilizer. 

 

Antidementia,

microtubule 

stabilizer 

Bristol-

Myers 

Squibb 

Country: 

USA 

Small 

molecule 

Randomized, double-blind, placebo-

controlled, multiple ascending dose 

study to evaluate the safety, tolera-

bility and pharmacokinetics of a 

microtubule stabilizer (BMS-

241027) in healthy females. 

Completed: July 2013. 

 

Phase I, multi-center, randomized, 

double-blind, placebo-controlled 

study to evaluate the safety, tolera-

bility and the effect of BMS-241027 

on cerebrospinal fluid biomarkers in 

subjects with mild AD. 

Completed: October 2013. 

Discon-

tinued 

Lacks 

neuronal 

selectivity 

(Table 2) contd…. 
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Drug 
Syno-

nym 

Assumed 

Mechanism of 

Action 

Class 
Originator/ 

Developer 
Type 

Clinical Trials Regarding  

Neurodegenerative Diseases 

FDA 

Clinical 

Trials 

Comment 

Davunetide 
NAP, 

AL-108 

Target: Microtu-

bules 

 

MT stabilizer 

and decreases 

tau phosphoryla-

tion 

Antide-

mentia 

Allon Ther-

apeutics 

Inc. 

Country: 

Canada 

Neuropep-

tide 

12 week randomized, double blind, 

placebo-controlled pilot study of 

Davunetide (NAP, AL-108) in pre-

dicted tauopathies. 

Completed: December 2010. 

Phase II/III, randomized, double-

blind, placebo-controlled, study to 

evaluate the safety and efficacy of 

Davunetide for the treatment of 

Progressive Supranuclear Palsy. 

Completed: December 2012 

Phase II 

Stopped 

for PSP 

(negative 

endpoints) 

LY3372689 

O-

Glc-

NAcase 

inhibi-

tor - Eli 

Lilly 

and 

Com-

pany 

Target: Tau 

protein/O-

GlcNAcase.  

 

Inhibits O-

GlcNAcase that 

in turn reduces 

tau aggregation. 

 

Anti-

tauopathy, 

Antide-

mentia 

Eli Lilly 

and Com-

pany 

Country: 

USA 

Small 

molecule 

Single-ascending dose, safety, toler-

ability, and pharmacokinetic study 

of LY3372689. 

Completed: June 24th, 2019. 

Multiple-ascending dose, safety, 

tolerability, and pharmacokinetic 

study of LY3372689. 

Completed: February 12th, 2020. 

Assessment of brain O-GlcNAcase 

(OGA) enzyme occupancy after 

single oral doses of LY3372689 as 

measured by positron emission to-

mography (PET) with the radiolig-

and [18F]LSN3316612 in healthy 

subjects. 

Completed: February 19th, 2020 

Assessment of brain O-GlcNAcase 

(OGA) enzyme occupancy after 

multiple oral doses of LY3372689 as 

measured by positron emission to-

mography (PET) with the radiolig-

and [18F]LY3316612 in healthy 

subjects. 

Completed: October 14th, 2020. 

Phase I Completed 

Tideglusib 

NP-12, 

AMO-

02 

NP031

112, 

Nypta®

, Zen-

tylor™ 

Target: GSK3-β.  

 

Inhibits GSK3-β 

that in turn de-

creases tau hy-

perphosphoryla-

tion 

 

GSK3-β 

inhibitor 

Zeltia 

Group/AM

O Pharma 

Country: 

Spain/US 

Small 

molecule 

Phase IIa 20 week double-blind, 

placebo-controlled, randomized, 

escalating dose study to evaluate the 

safety and tolerability of four oral 

doses of NP031112, a novel GSK3 

Inhibitor, in mild to moderate AD 

patients with stable anticholinester-

asic treatment. 

Completed: November 2009. 

A double-blind, placebo-controlled, 

randomized, parallel-group study 

evaluating the safety, tolerability, 

and efficacy of two different oral 

doses of NP031112, a GSK-3 inhibi-

tor, versus placebo in the treatment 

of patients with mild-to-moderate 

Progressive Supranuclear Palsy 

(PSP). 

Completed: November 2011. 

Multicenter, randomized, double-

blind, placebo-controlled, 4-arm, 26 

week parallel-group study to evalu-

ate efficacy, safety and tolerability 

of 2 oral doses and 2 regimes of 

Tideglusib vs placebo in mild-to-

moderate AD patients. 

Completed: October 2012. 

Phase II 

Discontin-

ued for AD 

and PSP. 

Ongoing 

for con-

genital 

Myotonic 

dystrophy 

(Table 2) contd…. 
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Drug Synonym 
Assumed Mecha-

nism of Action 
Class 

Originator/ 
Developer 

Type 
Clinical Trials Regarding  

Neurodegenerative Diseases 

FDA 

Clinical 
Trials 

Comment 

TPI-287 
ARC-100; 
NBT-287 

Target: Tubulin and 
microtubules. 

 
Microtubule stabi-

lizing agent and 
Tubulin binder. 

 

Taxanes 
Antide-
mentias, 
Antineo-
plastics 

Tapestry 
Pharmaceu-
ticals, Inc.; 

Cortice 
Biosciences 

Country: 
US/US 

Small 
molecule 

Phase I, randomized, double-blind, 
placebo-controlled, sequential co-

hort, dose-ranging study of the safe-
ty, tolerability, pharmacokinetics, 

pharmacodynamics, and preliminary 
efficacy of TPI 287 in patients with 

primary four-repeat tauopathies: 
Corticobasal Syndrome or Progres-

sive Supranuclear Palsy (PSP). 
Completed: September 2019. 

Phase I, randomized, double-blind, 
placebo-controlled, sequential co-

hort, dose-ranging study of the safe-
ty, tolerability, pharmacokinetics, 

pharmacodynamics, and preliminary 
efficacy of TPI-287 in patients with 

mild to moderate AD. 
Completed: September 2019. 

Phase I Inactive 

TRx0014 

Rem-
berTM, 

Methylene 
blue - 
TauRx 

Target: Tau protein/ 
 

aggregates. 
 

Prevents/dissolves 
tau aggregates in 

tauopathies. 
 

Tau ag-
gregation 
inhibitor 

TauRx 
Therapeu-
tics, Ltd. 
Country: 

Singapore 

Small 
molecule 

An exploratory placebo-controlled, 
dose-ranging study of the effects of 
TRx0014 30 mg TID, 60 mg TID 
and 100 mg TID in patients with 
mild or moderate dementia of the 

Alzheimer type. 
Completed: December 2007. 

Comparative bioavailability of 
TRx0037 and TRx0014 in healthy 

elderly volunteers. 
Completed: April 2010. 

Open label continuation study of the 
effects of TRx0014 30 mg TID and 

60 mg TID in patients with AD. 
Completed: December 2nd, 2010. 

Phase II 
Discontin-

ued 

TRx0037 - 

Target: Tau protein. 
 

Inhibits tau aggre-
gates  

Tau ag-
gregation 
inhibitor 

TauRx 
Therapeu-
tics, Ltd. 
Country: 

Singapore 

Small 
molecule 

Comparative bioavailability of 
TRx0037 and TRx0014 in healthy 

elderly volunteers. 
Completed: April 2010. 

Phase I study consisting of a double-
blind, placebo controlled multiple 
dose study of TRx0037 in healthy 

elderly volunteers. 
Completed: May 2010. 

Phase I 
Discontin-

ued 

TRx0237 

LMTM, 
LMT-X, 
Leuco-

methylthi-
oninium-
bis(Hydro

methanesul
thanesul-
fonate), 

Hydrome-
thylthio-

nine 
mesylate - 

TauRx 
Pharma-
ceuticals 

Target: Tau protein/ 
 

aggregates. 
 Prevent/dissolve tau

aggregates  
in tauopathies. 

 

Tau ag-
gregation 
inhibitor 

TauRx 
Therapeu-
tics, Ltd. 
Country: 

Singapore 

Small 
molecule 

Double-blind, placebo-controlled, 
randomised, 4-week safety and 

tolerability study of TRx0237 in 
subjects with mild to moderate AD 
on pre-existing stable acetylcholin-
esterase inhibitor and/or Memantine 

therapy. 
Started in September 2012, was 

terminated for administrative rea-
sons. 

Randomized, double-blind, placebo-
controlled, parallel-group, 15-month 

trial of TRx0237 in subjects with 
mild to moderate AD. 

Completed: November 2015. 
Randomized, double-blind, placebo-
controlled, parallel-group, 18-month 

safety and efficacy study of 
TRx0237 in subjects with mild AD. 

Completed: May 2016. 
Randomized, double-blind, placebo-

controlled, three-arm, 12-month, 
safety and efficacy study of 

TRx0237 monotherapy in subjects 
with AD followed by a 12-month 

open-label treatment. 
Estimated completion date: June 

2023. 

Phase III Active 
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Table 3.  Clinical trials of active or passive immunotherapy targeting tau. 

Drug Synonym 

Assumed 

Mechanism of 

Action 

Class 
Originator/ 

Developer 
Type 

Clinical Trials Regarding  

Neurodegenerative Diseases 

FDA 

Clinical 

Trials 

Comment 

AADvac1 

Axon pep-

tide 108 

conjugated 
to KLH 

Target: Tau 

protein. 

 

Evokes immune 

response 

against tauopa-
thies. 

Immuno-

therapy 
(active) 

Axon Neu-

roscience 

SE 

Country: 

Slovakia 

Synthetic 

peptide 

3-months randomized, placebo-

controlled, parallel group, double-

blinded, multi-center, phase I study 

to assess tolerability and safety of 

AADvac1 applied to patients with 

mild-moderate AD with 3-months 

open label extension. 

Completed: March 2015. 

18-months open label phase I fol-

low-up study on patients with AD 

who have completed the AADvac1 

phase I study "AXON CO 18700". 

Completed: December 2016. 

24 months randomised, placebo-

controlled, parallel group, double 

blinded, multi center, phase II study 

to assess safety and efficacy of 

AADvac1 applied to patients with 

mild AD. 
Completed: June 2019. 

Phase II 

Active, 

and under 

investiga-
tions 

ACI-35 - 

Target: Tau 

protein. 

 

Immune  

response  

(neither  

including B 

cells immune 

nor T cells); 

targeted against 

specific forms 

of pathological 

phosphorylated 
tau. 

Immuno-

therapy 
(active) 

AC Immune 

SA, Janssen 

Pharma-

ceuticals 

Country: 

Switzer-

land/Belgiu
m 

Synthetic 

tau frag-
ment 

Phase I double-blind, randomized, 

placebo-controlled study of the 

safety, tolerability and immunogen-

icity of ACI-35 in patients with mild 

to moderate AD. 

Completed: July 3rd, 2017 

Phase Ib/IIa multicenter, double-

blind, randomized, placebo-

controlled study to evaluate the 

safety, tolerability and immunogen-

icity of different doses, regimens and 

combinations of tau targeted vac-

cines in subjects with early AD. 

Estimated completion date: Oct. 
31st, 2023 

Phase II 
Active and 

recruiting 

BIIB076 

NI-105, 

6C5 (previ-
ous name) 

Target: Tau 

protein. 

 

Targeted 

against the  

mid-domain of 

tau to decrease 

the spread of 

pathological tau 

aggregates 

across neurons. 

Immuno-

therapy 

(passive) 

 

Neurim-

mune AG / 

Biogen 

Country: 

Switzer-
land/USA 

Mono-

clonal 
antibody 

Phase I, randomized, blinded,  

placebo-controlled, single-

ascending-dose study to evaluate the 

safety, tolerability, and pharmacoki-

netics of BIIB076 in healthy volun-

teers and subjects with AD. 
Completed: March 3rd, 2020. 

Phase I 

Still under 

investi-
gation 

Beprane

mab 

UCB-0107, 

Antibody D 

Target: Tau 

protein. 

 

Anti-tau anti-

body that acts 

on the mid-tau 

region to limit 

tauopathies 
propagation. 

Immuno-

therapy 
(passive) 

UCB S.A., 

Hoffmann-

La Roche  

Country: 

Bel-

gium/Switz

erland 

Mono-

clonal 
antibody 

Subject-blind, Investigator-blind, 

randomized, placebo-controlled, 

first-in-human study to evaluate 

safety and tolerability, pharmacoki-

netics, and pharmacodynamics of 

single ascending intravenous doses 

of UCB0107 in healthy male sub-

jects. 

Completed: December 1st, 2018. 

Single-center, investigator-blind, 

subject blind, randomized, placebo-

controlled study to evaluate safety 

and tolerability and pharmacokinet-

ics of single doses of UCB0107 in 

healthy Japanese subjects. 
Completed: March 11th, 2019 

Phase I 

Active for 

PSP study. 

Planning a 

proof of 

concept 

study for 

AD 

(Table 3) contd…. 



790    Current Neuropharmacology, 2022, Vol. 20, No. 4 Soliman et al. 

Drug Synonym 

Assumed 

Mechanism of 

Action 

Class 
Originator/ 

Developer 
Type 

Clinical Trials Regarding  

Neurodegenerative Diseases 

FDA 

Clinical 

Trials 

Comment 

� � � � � �

Participant-blind, investigator-blind, 

placebo-controlled, phase Ib study to 

evaluate the safety, tolerability, and 

pharmacokinetics of UCB0107 in 

study participants with Progressive 

Supranuclear Palsy (PSP). 
Estimated completion date: April 1st, 

2022 

Open-label extension study to evalu-

ate the safety and tolerability of 

long-term UCB0107 administration 

in study participants with Progres-

sive Supranuclear Palsy (PSP). 

Estimated completion date: Novem-

ber 2026�

� �

E2814 - 

Target: Tau 

protein. 

 
Anti-tau anti-

body that tar-

gets the 

HVPGG 

epitope found 

in tauopathies. 

 

Immuno-
therapy 

(passive) 

Eisai Co., 
Ltd. 

Country: 

Japan 

Mono-
clonal 

antibody 

Randomized, double-blind, placebo-

controlled, single ascending dose 

study to assess safety, tolerability, 
pharmacokinetics, immunogenicity, 

and pharmacodynamics of intrave-

nous infusions of E2814 in healthy 

subjects 

Estimated completion date: August 

27th, 2021 

Phase I 

Active, not 

recruiting. 
Planning 

study on 

AD patient 

(not yet 

recruiting) 

Gosuran

emab 

BIIB092, 
BMS-

986168, 

IPN007 

Target: Tau 

protein. 

 
Anti-tau  

antibody that 

targets the N-

terminal frag-

ments of tau 

pathological 

forms to limit 

its propagation. 

 

Immuno-
therapy 

(passive) 

iPieri-
an/Biogen, 

Bristol-

Myers 

Squibb 

Country: 

USA/USA 

Mono-
clonal 

antibody 

Randomized, double-blind, placebo-

controlled, single ascending dose 

study of intravenously administered 

BMS-986168 in healthy subjects. 

Completed: April 30th, 2016 

Phase Ib, randomized, double-blind, 
placebo-controlled, parallel cohort 

safety, tolerability, pharmacokinet-

ics, pharmacodynamics and prelimi-

nary efficacy study of intravenously 

infused BIIB092 in patients with 

four different primary tauopathy 

syndromes. 

Completed: December 13th, 2019 

Randomized, double-blind, placebo-

controlled, parallel-group study to 

assess the safety, tolerability, and 

efficacy of BIIB092 in subjects with 
mild cognitive impairment due to 

AD or with mild AD. 

Planned completion date: March 

26th, 2024 

Randomized, double-blind, placebo-

controlled, multiple ascending dose 

study of intravenously administered 

BMS-986168 in patients with Pro-

gressive Supranuclear Palsy (PSP). 

Completed: October 19th, 2016 

Randomized, double-blind, placebo-

controlled, parallel-group study to 
evaluate the efficacy and safety of 

intravenously administered BIIB092 

in participants with Progressive 

Supranuclear Palsy (PSP). 

Completed: February 7th, 2020. 

Multicenter, open-label, long-term 

treatment study of intravenously 

administered BIIB092 in patients 

with Progressive Supranuclear Palsy 

(PSP) who participated in Study 

CN002003. 

Completed: March 31st, 2020 

Phase II 
 

Active for 

AD.  
Discontin-

ued for 

PSP be-

cause of 

missing 

the end-

point of 

desire 

(Table 3) contd…. 
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Drug Synonym 

Assumed 

Mechanism of 
Action 

Class 
Originator/ 
Developer 

Type 
Clinical Trials Regarding  

Neurodegenerative Diseases 

FDA 

Clinical 
Trials 

Comment 

JNJ-
63733657 

JNJ-3657 

Target: Tau 
protein. 

 
Anti-phospho-
tau antibody 

that recognizes 
residue 217 in 
the pathogenic 
phosphorylated 

tau forms. 
 

Immuno-
therapy 

(passive) 

Janssen 
Research & 
Develop-

ment, LLC 
Country: 
Belgium 

Mono-
clonal 

antibody 

Randomized, placebo-controlled, 
double-blind, single ascending dose 
study to investigate safety, tolerabil-
ity, pharmacokinetics and pharma-
codynamics of JNJ-63733657 in 

healthy Japanese Ssubjects. 
Completed: July 11th, 2019 
2-part randomized, placebo-

controlled, double-blind, single and 
multiple ascending dose study to 
investigate safety and tolerability, 

pharmacokinetics and pharmacody-
namics of JNJ-63733657 in healthy 

subjects and subjects with AD.  
Completed: December 16th, 2019 

Randomized, double-blind, placebo-
controlled, parallel-group, multicen-
ter study to assess the efficacy and 
safety of JNJ-63733657 in partici-

pants with early AD. 
Completed: March 7th, 2025. 

Phase II 
 

Targets 
early AD 
patient. 
Active, 
and re-
cruiting 

Lu 
AF87908 

- 

Target: Tau 
protein. 

 
Slows down the 
propagation of 

pathological tau 
aggregates, and 
mediates their 

lysosomal 
degradation. 

Immuno-
therapy 

(passive) 

H. 
Lundbeck 

A/S 
Country: 
Denmark 

Mono-
clonal 

antibody 

Interventional, randomized, double-
blind, placebo-controlled, single-

ascending-dose study investigating 
the safety, tolerability, and pharma-
cokinetic properties of Lu AF87908 
in healthy subjects and patients with 

AD. 
Estimated completion date: May 

2021. 

Phase I 

Targets 
AD, cur-

rently 
active and 
recruiting 

PNT001 - 

Target: Tau 
protein. 

 
Binds to the cis 
conformation of 
phospho-tau at 

Thr231 to  
decrease toxic 

aggregates. 

Immuno-
therapy 

(passive) 

Pinteon 
Therapeu-
tics, Inc. 
Country: 

USA 

Mono-
clonal 

antibody 

Phase I, randomized, double-blind, 
placebo-controlled, single-

ascending-dose trial to evaluate the 
safety, tolerability, immunogenicity, 
and pharmacokinetics of intravenous 

PNT001 in healthy volunteers. 
Completed: February 15th, 2021 

Phase I 

Completed 
phase I 
study – 

Active for 
AD and 

traumatic 
brain inju-

ry 

RG7345 
RO692649

6 

Target: Tau 
protein. 

 
Targets phos-

pho-tau at S422 
to reduce tau 
aggregation. 

Immuno-
therapy 

(passive) 

Hoffmann-
La Roche 
Country: 

Switzerland 

Mono-
clonal 

antibody 

A single-center, randomized, inves-
tigator/subject blind, single ascend-

ing dose, placebo controlled, parallel 
study to investigate the safety, toler-

ability and pharmacokinetics of 
RO6926496 following intravenous 

infusion in healthy subjects. 
Completed: October 1

st, 2015 

Discon-
tinued 

Terminat-
ed due to 
incidence 
of adverse 

events 

Semorinem
ab 

RO710570
5, MTAU-

9937A, 
RG6100 

Target: Tau 
protein. 

 
Binds to the N-
terminus of all 

six CNS tau 
isoforms. 

 

Immuno-
therapy 

(passive) 

AC Immune 
SA/ Genen-
tech (part of 
Hoffmann-
La Roche) 
Country: 
Switzer-

land/USA 

Anti-Tau 
IgG4 

antibody 

Phase I, randomized, placebo-
controlled, double-blind, single and 

multiple ascending dose study to 
assess the safety, tolerability, and 

pharmacokinetics of intravenous and 
subcutaneous RO7105705 adminis-
tered in healthy volunteers and pa-
tients with mild-to-moderate AD. 

Completed: June 26
th, 2017 

Phase II, multicenter, randomized, 
double-blind, placebo-controlled, 

parallel-group, efficacy, and safety 
study of MTAU9937A in patients 

with prodromal to mild AD.   
Completed: January 15th, 2021 

Phase II, multicenter, randomized, 
double-blind, placebo-controlled, 

parallel-group, efficacy, and safety 
study of MTAU9937A in patients 

with moderate AD. 
Completed: June 3rd, 2023 

Phase II 
Active for 

AD re-
search 

(Table 3) contd…. 
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Drug Synonym 
Assumed 

Mechanism of 
Action 

Class 
Originator/ 
Developer 

Type 
Clinical Trials Regarding  

Neurodegenerative Diseases 

FDA 

Clinical 
Trials 

Comment 

Tila-

vonemab 

ABBV-
8E12, C2N 

8E12 

Target: Tau 
protein. 

 
Anti-tau anti-
body that tar-

gets the N-
terminal frag-

ments of 
tauopathies 
targeting the 

progression of 
NFTs. 

 

Immuno-
therapy 

(passive) 

AbbVie, 
C2N Diag-

nostics, 
LLC 

Country: 
USA 

Human-
ized IgG4 
antibody 

Double-blind, placebo controlled, 
single ascending dose study to assess 
the safety, tolerability, and pharma-
cokinetics of C2N-8E12 in subjects 

with Progressive Supranuclear Palsy 
(PSP).    

Completed: August 2016. 
Randomized, double-blind, placebo-

controlled multiple dose study to 
assess efficacy, safety, tolerability, 
and pharmacokinetics of ABBV-
8E12 in Progressive Supranuclear 

Palsy (PSP). 
Completed: November 20th, 2019 

Extension Study of ABBV-8E12 in 
patients with progressive Supranu-
clear Palsy (PSP) who completed 

study C2N-8E12-WW-104. 
Completed: November 20th, 2019 

Extension Study of ABBV-8E12 in 
Progressive Supranuclear Palsy 

(PSP). 
Completed: December 13th, 2019 

Phase II multiple dose, multicenter, 
randomized, double-blind, placebo-

controlled study to evaluate the 
efficacy and safety of ABBV-8E12 

in subjects with early AD. 
Estimated completion date: July 23rd, 

2021 
Extension Study of ABBV-8E12 in 

Early AD. 
Estimated completion date: July 14th, 

2026 

Phase II 

PSP; Dis-
continued 
due to low 
efficacy in 
AD; ongo-

ing in 
Phase II 

Zago-

tenemab 
LY3303560 

Target: Tau 
protein. 

 
Recognizes 

tau’s N-
terminus, tar-
geting soluble 

tau pathological 
accumulations. 

 

Immuno-
therapy 

(passive) 

Eli Lilly & 
Co. 

Country: 
USA 

Human-
ized anti-
Tau IgG4 
antibody 

Single-dose, dose-escalation study 
with LY3303560 to evaluate the 

safety, tolerability, and pharmacoki-
netics in healthy subjects and pa-
tients with mild cognitive impair-

ment due to AD or mild to moderate 
AD. 

Completed: July 10th, 2018 
Multiple-dose, dose-escalation study 

to assess the safety, tolerability, 
pharmacokinetics and pharmacody-
namics of LY3303560 in patients 

with mild cognitive impairment due 
to AD or mild to moderate AD. 

Completed: June 5th, 2019 
Assessment of safety, tolerability, 

and efficacy of LY3303560 in early 
symptomatic AD. 

Estimated Completion date: October 
22nd, 2021 

Phase II 
Active for 

AD 

 
have been discontinued. TRx0237, a reduced form of me-
thylthioninium chloride, was then developed as a second-
generation compound for improved intestinal absorption and, 
as a result, increased bioavailability. TRx0237 entered phase 
III clinical trials. It has undergone studies to evaluate its 
safety and effectiveness in AD patients (mild to moderate 
cases) and is ongoing with an active study. Another clinical 
study was also conducted to evaluate the safety and tolerabil-
ity of TRx0237 in patients with mild to moderate AD who 
were taking a pre-existing stable acetylcholinesterase inhibi-
tor or memantine therapy. This study was discontinued be-
cause of administrative reasons. 

The small molecule AZP-2006 is said to block tau phos-
phorylation by stabilizing the prosaposin-progranulin com-
plex. Progranulin and prosaposin are neuroprotective secret-
ed proteins that correlate with phosphorylated tau levels [53]. 
AZP-2006 was claimed to lower levels of phosphorylated tau 
and the resulting neuroinflammation in mouse models with 
the accelerated aging phenotype. A clinical study of AZP-
2006 to study the drug's pharmacokinetics in healthy volun-
teers was conducted in September 2018 and completed in 
February 2020. A recent phase II clinical trial was conducted 
in June 2020 in patients with PSP that was expected to end 
after one year. 
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Several active and passive immunotherapy studies 
against various tau proteoforms and tau domains have been 
completed or are still active. These include active immuniza-
tions with a peptide consisting of the mid-domain of tau 
(AADvac1), the region of tau involved in microtubule bind-
ing and tau aggregation, and a tau phosphoepitope (ACI-35). 
However, most studies used passive immunizations with 
monoclonal antibodies directed against the middle domain of 
tau (BIIB076, Bepranemab, E2814), the N-terminal region of 
tau (Gosuranemab, Semorinemab, Tilavonemab, Zago-
tenemab), which is believed to aid in tau spreading [54], and 
potentially neurotoxic phosphorylated tau species (JNJ-
63733657, Lu AF87908, PNT001, RG7345). While some of 
the studies were discontinued due to side effects (RG7345) 
or failure to meet the endpoint for certain diseases 
(BIIB076), most of the studies are still ongoing and their 
effectiveness is not yet known. 

The reduction of the tau level can be a promising ap-
proach, especially in Alzheimer’s disease, which is associat-
ed with increased amounts of tau in neurons and the cerebro-
spinal fluid [55, 56]. This also applies to indications of a 
toxic gain of function of the tau protein in various neuro-
degenerative diseases. The physiological role of tau is not 
fully understood as it does not appear to be required for mi-
crotubule stabilization, as discussed in paragraph 2. Howev-
er, because tau is known to have multiple interacting partners 
and contribute to various signalling mechanisms, long-term 
reductions in the total amount of tau in neurons can pose a 
risk. 

In immunotherapeutic approaches, it is important to con-
sider whether the antibodies can penetrate the neurons or 
only remain in the extracellular space since the tau levels 
within the cells are considered to be of higher magnitude 
than in the interstitial and cerebrospinal fluid [57]. In fact, 
some antibodies have been shown to be taken up by neurons 
[58-60], but this may not be the case for all antibodies as 
charge and dissociation constants appear to play an im-
portant role in cellular uptake [61]. Thus, these factors can 
be an important determinant of effectiveness. 

3.3. Targeting Post-translational Modifications as Poten-
tial Modifiers of the Microtubule System 

Several components of the microtubule system undergo 
post-translational modifications, including tubulin itself, 
tubulin dimer binding proteins such as stathmin, and MAPs 
such as tau. Phosphorylation of tau is probably the best stud-
ied modification of the microtubule system due to its in-
volvement in tauopathies. Increased phosphorylation of tau 
at selected sites has been linked to AD, can modulate tau 
aggregation in NFTs, and affect the localization and function 
of tau within neurons [62]. The phosphorylation of tau at 
several sites reduces the activity of tau to polymerize micro-
tubules and to bind to other interaction partners such as 
membrane components [63]. Thus, reducing pathological tau 
phosphorylation, either directly or indirectly, may modulate 
disease progression. 

Tideglusib is a small molecule inhibitor of thiadiazoli-
dinone origin for glycogen synthase kinase 3 beta (GSK-3β), 
a kinase that phosphorylates tau at multiple positions, includ-
ing sites that have increased phosphorylation in tau from 

paired helical filaments (PHFs). Treatment with a thiadiazol-
idinone compound decreased tau phosphorylation and re-
duced cell death in a mouse model of AD [64]. Tideglusib 
underwent two clinical studies for AD and one study for 
PSP. The three studies aimed to evaluate the drug's safety 
and effectiveness and to determine the effects of its admin-
istration on cognitive changes in AD patients. The results 
were negative as expectations were missed; as a result, stud-
ies on Tideglusib in AD and PSP patients were discontinued. 
However, studies of the drug to treat congenital myotonic 
dystrophy are still ongoing. 

LY3372689 targets another post-translational modifica-
tion of tau, O-linked N-acetylglucosamine (O-GlcNAc) mod-
ification. O-GlcNAcylation is a common post-translational 
modification of cytoskeletal proteins in which N-
acetylglucosamine is added to serine and threonine residues. 
O-glycosylation is an interesting modification because it 
blocks potential phosphorylation sites. Therefore, increased 
O-glycosylation of tau may lead to decreased phosphoryla-
tion at selected sites. Consequently, LY3372689 acts as an 
inhibitor of the enzyme O-GlcNAcase, which removes the 
glycosyl residue. Treatment with an O-GlcNAcase inhibitor 
in a mouse model for tauopathies slowed neurodegeneration, 
reduced tau phosphorylation at disease-relevant sites, and 
decreased tau aggregation [65, 66].  Four clinical studies 
were performed to examine LY3372689 in healthy subjects. 
Two studies aimed to investigate the pharmacokinetics, via-
bility, and safety of LY3372689. The other two studies were 
initiated to assess the O-GlcNAcase occupancy for single 
and multiple oral doses of LY3372689. All four studies were 
phase I clinical studies and were conducted between 2019 
and 2020. 

Several other small molecules may also have a more indi-
rect effect on the phosphorylation state of tau. This is the 
case with davunetide (NAP) and the various methylene blue 
derivatives. It has been shown that NAP also inhibits the 
aggregation of amyloid-β (Aβ) peptide in a mouse model of 
AD [67] and may thereby indirectly reduce tau phosphoryla-
tion by inhibiting Aβ-mediated GSK-3β activation [68]. 
Methylene blue has antioxidant and mitochondrial protective 
effects [69] and has also been shown to inhibit the potential 
neurotoxic Aβ oligomerization [70]. 

A general problem with targeting post-translational mod-
ifications of proteins of the microtubule system is that the 
corresponding modifications and enzymes also act on non-
microtubule related targets. Phosphorylation is a very gen-
eral modification that affects the function of various signal-
ling pathways, and individual kinases are also involved in 
many processes. This is especially true for GSK-3β, which is 
seen as an important link between Aβ and tau pathology, but 
dysregulations are also involved in the development of can-
cer, diabetes, schizophrenia, and bipolar disorder [71]. Thus, 
even very specific targeting of GSK-3β activity can have 
many undesirable side effects. 

The same is true for O-GlcNAcylation. Approximately 
1000 proteins have been described as O-GlcNAcylated [72], 
and like phosphorylation, O-GlcNAcylation can modulate 
enzymatic activity, protein turnover, protein interactions, and 
subcellular localization and is involved in a wide variety of 
biological processes and diseases, including cancer [73].  
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4. POSSIBILITIES AND LIMITS WITH REGARD TO 
THE NEURONAL MICROTUBULE SYSTEM AS A 

TARGET STRUCTURE FOR DRUG INTERVEN-

TIONS 

Microtubules play a crucial role in neuronal stability, and 
disruption of the microtubule skeleton is a characteristic 
downstream event in various neurodegenerative diseases. 
Thus, the stabilization of the microtubule system can have 
neuroprotective potential and support critical microtubule-
dependent processes such as efficient axonal transport. 

While the stabilization of microtubules by small mole-
cules, such as EpoD, reduced axonal degeneration in mouse 
models of tauopathies, no clear beneficial roles have been 
found in patients so far. A problem with the type of microtu-
bule stabilizers that have so far been in clinical trials is that 
they act quite non-specifically on microtubules in several 
cell types and subcellular compartments. While stabilization 
of microtubules may be beneficial in the axons of neurons 
affected in tauopathies, similar stabilization of microtubules 
in dendrites of the same or other neurons can be counterpro-
ductive. In fact, even subnanomolar concentrations of EpoD 
induce a dendritic simplification in organotypic hippocampal 
slices [74]. This suggests that drug-induced hyperstabiliza-
tion of microtubules in dendrites can negatively affect the 
connectivity of neurons. Stabilization of microtubules in 
other cell types in the brain, such as microglia, can also have 
undesirable side effects. A rearrangement of microtubules is 
involved in the transition of microglia between a ramified, 
resting phenotype and an amoeboid, activated state, which is 
closely related to their function in inflammatory responses of 
the brain [75]. In fact, Epothilone B treatment has been re-
ported to affect functional recovery after spinal cord injury 
by changing cytokine release, likely released by activated 
microglia [76]. 

Therefore, tau may be a better target because it is en-
riched in neurons and pathological changes in tau are associ-
ated with several neurodegenerative diseases collectively 
known as tauopathies. The modulation of the total amount of 
tau is not likely to affect microtubule stability per se since a 
genetic or functional knockout of tau did not influence mi-
crotubule stability. Thus, contrary to popular belief, tau is 
clearly not a microtubule-stabilizing protein in the axon un-
der physiological conditions (see discussion in paragraph 2). 
Instead, it has been shown that tau can act as a modifier in 
various neurological diseases, which indicates a toxic gain of 
function of the disease-modified tau protein. Current find-
ings support the view that soluble oligomeric tau species act 
as neurotoxic agents both within cells and, when secreted, on 
other cells [77-79]. Such a neurotoxic tau species probably 
consists of post-translationally modified tau, in particular 
tau, which shows increased phosphorylation at specific sites 
or is proteolytically cleaved at certain positions, which may 
drive the production of the oligomers [80]. However, the 
physiological function of tau has not yet been clarified. Tau 
is the product of a gene duplication event at the beginning of 
vertebrate development, and so far, all vertebrates appear to 
contain at least one gene encoding tau, suggesting that tau 
cannot be dispensed with [81]. In addition to microtubules, 
tau has many interaction partners, and in particular, the N-
terminal region of tau that does not bind to microtubules can 

be involved in signal transduction mechanisms or mem-
brane-associated functions [16, 35]. Thus, the suppression of 
tau expression can have undesirable side effects in the long 
term. 

Small molecule interventions or immunization that target 
potentially toxic proteoforms of tau or tau oligomers may 
therefore be more advisable. A problem, however, can arise 
from the observation that the same region involved in tau 
aggregation is also the region that binds to microtubules. 
Thus, potential tau aggregation inhibitors that act by binding 
to the repeat region of tau can also adversely affect the inter-
action of tau with microtubules and thereby induce undesira-
ble side effects. 

5. WILL IT EVER WORK? WHAT CAN BE LEARNT 
FOR FUTURE APPROACHES? 

Both general modifiers of microtubule polymerization 
and stability and drugs that target the general amount of tau 
act rather non-specifically, and in some cases, it is not even 
clear whether microtubules or tau are the main targets. This 
applies in particular to drugs that address post-translational 
modifications such as GSK-3β inhibitors or inhibitors of O-
GlcNAcylation since in addition to components of the micro-
tubule system, many proteins are targets of these enzymes. 
This also applies to substances such as methylthioninium 
chloride (MTC), which are claimed to inhibit tau aggregation 
but whose antioxidant effects can modulate the activity of 
various enzymes and signalling components. If these sub-
stances promote neuron survival, they could still be a useful 
addition to the toolbox to support overall brain health, but 
classifying them as microtubule-targeting drugs is mislead-
ing. 

A lesson from using microtubule stabilizing drugs such 
as EpoD is that stabilizing microtubules in the axon can be 
beneficial in tauopathy models, but that microtubules in oth-
er compartments require sufficient dynamics to enable struc-
tural and functional plasticity. The reduction of microtubule 
dynamics through drug-induced stabilization of dendritic 
microtubules leads to a dendritic simplification, which nega-
tively influences the synaptic connectivity, which is certainly 
counterproductive for efficient communication between neu-
rons. Artificial stabilization of microtubules in other cell 
types such as microglia or astrocytes can also have undesira-
ble side effects since the microtubule stabilization can nega-
tively influence a dynamic reaction of these cell types to the 
environment.  

One solution could be small molecules that specifically 
modulate axonal microtubules but are neutral to microtu-
bules in other compartments or cell types. Special features of 
axonal microtubules are that they are uniformly organized 
with their plus ends towards the axon tip,  are present in 
fragments, are relatively straight (not curved), have a uni-
form inter-microtubule distance in the entire axon, and thus 
have a high concentration of potential binding sites. A cell-
permeable small molecule that takes advantage of these 
properties and specifically binds to a straight, parallel, and 
dense array of microtubules could be a useful drug to prevent 
or counteract disease-associated destabilization of axonal 
microtubules. In fact, MAPs such as doublecortin seem to be 
able to specifically recognize the curvature of microtubules 
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[82] and tau seems to preferentially bind to sites with high 
microtubule curvature in cells [83]. This suggests that the 
development of drugs that specifically recognize an axon-
like microtubule organization may also be possible. Mole-
cules that mimic the behaviour of the axonally enriched tau 
proteins by interacting with microtubules through a kiss-and-
hop mechanism, thereby modulating microtubule polymeri-
zation without disrupting axonal transport, could also form 
the basis for an axon-specific drug.  

With regard to tau as a drug target, it may be advisable to 
reduce its amount only moderately so as not to impair other 
tau-dependent interactions and activities. The reduction of 
potential neurotoxic species such as proteolytically cleaved 
tau species or post-translationally modified tau at selected 
residues could be particularly helpful here. 

In addition, other components of the axonal microtubule 
system may be useful drug targets. Under physiological con-
ditions, axonal microtubule stabilization appears to be pri-
marily mediated by MAP6 (STOP protein) [84-86] and drug-
induced upregulation of this protein may modulate microtu-
bule stability with a preference for the axon. Reduction of 
tubulin dimer binding proteins such as stathmins, which shift 
the equilibrium of microtubule polymerization towards de-
polymerized microtubules, can in turn be a useful target 
since a decreased amount of stathmin can, in turn, increase 
microtubule polymerization and stability. Since stathmin-
deficient mice develop age-dependent axonopathy, this can 
be an interesting drug target [87]. 

CONCLUSION 

Hence, there seems to be some potential to develop new 
microtubule modulation strategies that could prevent axonal 
degeneration, but the way things are, we are not there yet. 

CONSENT FOR PUBLICATION 

Not applicable. 

FUNDING 

This work was supported by the European Union’s Hori-
zon 2020 research and innovation program H2020-MSCA-
ITN-2019-EJD - Grant agreement no: 860070 (AS and RB) 
and the Deutsche Forschungsgemeinschaft (DFG BR1192/-
14-1 to RB). 

CONFLICT OF INTEREST 

The authors declare no conflict of interest, financial or 
otherwise. 

ACKNOWLEDGEMENTS 

Declared none. 

REFERENCES 

[1] Cleveland, D.W.; Hoffman, P.N. Neuronal and glial cytoskeletons. 

Curr. Opin. Neurobiol., 1991, 1(3), 346-353. 

 http://dx.doi.org/10.1016/0959-4388(91)90051-8 PMID: 1821676 

[2] Lasek, R.J.; Garner, J.A.; Brady, S.T. Axonal transport of the cyto-

plasmic matrix. J. Cell Biol., 1984, 99(1 Pt 2), 212s-221s. 

 http://dx.doi.org/10.1083/jcb.99.1.212s PMID: 6378920 

[3] Penazzi, L.; Bakota, L.; Brandt, R. Microtubule dynamics in neu-

ronal development, plasticity, and neurodegeneration. Int. Rev. Cell 
Mol. Biol., 2016, 321, 89-169. 

 http://dx.doi.org/10.1016/bs.ircmb.2015.09.004 PMID: 26811287 

[4] Black, M.M.; Baas, P.W. The basis of polarity in neurons. Trends 
Neurosci., 1989, 12(6), 211-214. 

 http://dx.doi.org/10.1016/0166-2236(89)90124-0 PMID: 2473556 

[5] Mitchison, T.; Kirschner, M. Cytoskeletal dynamics and nerve 

growth. Neuron, 1988, 1(9), 761-772. 

 http://dx.doi.org/10.1016/0896-6273(88)90124-9 PMID: 3078414 

[6] Hahn, I.; Voelzmann, A.; Liew, Y.T.; Costa-Gomes, B.; Prokop, A. 

The model of local axon homeostasis - explaining the role and reg-

ulation of microtubule bundles in axon maintenance and pathology. 

Neural Dev., 2019, 14(1), 11. 

 http://dx.doi.org/10.1186/s13064-019-0134-0 PMID: 31706327 

[7] Baas, P.W.; Rao, A.N.; Matamoros, A.J.; Leo, L. Stability proper-

ties of neuronal microtubules. Cytoskeleton (Hoboken), 2016, 

73(9), 442-460. 

 http://dx.doi.org/10.1002/cm.21286 PMID: 26887570 

[8] Avila, J.; Domínguez, J.; Díaz-Nido, J. Regulation of microtubule 

dynamics by microtubule-associated protein expression and phos-

phorylation during neuronal development. Int. J. Dev. Biol., 1994, 

38(1), 13-25. 

PMID: 8074993 

[9] Grenningloh, G.; Soehrman, S.; Bondallaz, P.; Ruchti, E.; Cadas, 

H. Role of the microtubule destabilizing proteins SCG10 and 

stathmin in neuronal growth. J. Neurobiol., 2004, 58(1), 60-69. 

 http://dx.doi.org/10.1002/neu.10279 PMID: 14598370 

[10] Yu, W.; Qiang, L.; Solowska, J.M.; Karabay, A.; Korulu, S.; Baas, 

P.W. The microtubule-severing proteins spastin and katanin partic-

ipate differently in the formation of axonal branches. Mol. Biol. 
Cell, 2008, 19(4), 1485-1498. 

 http://dx.doi.org/10.1091/mbc.e07-09-0878 PMID: 18234839 

[11] van de Willige, D.; Hoogenraad, C.C.; Akhmanova, A. Microtu-

bule plus-end tracking proteins in neuronal development. Cell. Mol. 
Life Sci., 2016, 73(10), 2053-2077. 

 http://dx.doi.org/10.1007/s00018-016-2168-3 PMID: 26969328 

[12] Trushina, N.I.; Mulkidjanian, A.Y.; Brandt, R. The microtubule 

skeleton and the evolution of neuronal complexity in vertebrates. 

Biol. Chem., 2019, 400(9), 1163-1179. 

 http://dx.doi.org/10.1515/hsz-2019-0149 PMID: 31116700 

[13] Kosik, K.S.; Finch, E.A. MAP2 and tau segregate into dendritic 

and axonal domains after the elaboration of morphologically dis-

tinct neurites: An immunocytochemical study of cultured rat cere-

brum. J. Neurosci., 1987, 7(10), 3142-3153. 

 http://dx.doi.org/10.1523/JNEUROSCI.07-10-03142.1987 PMID: 

2444675 

[14] Harada, A.; Oguchi, K.; Okabe, S.; Kuno, J.; Terada, S.; Ohshima, 

T.; Sato-Yoshitake, R.; Takei, Y.; Noda, T.; Hirokawa, N. Altered 

microtubule organization in small-calibre axons of mice lacking tau 

protein. Nature, 1994, 369(6480), 488-491. 

 http://dx.doi.org/10.1038/369488a0 PMID: 8202139 

[15] Brandt, R.; Léger, J.; Lee, G. Interaction of tau with the neural 

plasma membrane mediated by tau’s amino-terminal projection 

domain. J. Cell Biol., 1995, 131(5), 1327-1340. 

 http://dx.doi.org/10.1083/jcb.131.5.1327 PMID: 8522593 

[16] Brandt, R.; Leschik, J. Functional interactions of tau and their 

relevance for Alzheimer’s disease. Curr. Alzheimer Res., 2004, 

1(4), 255-269. 

 http://dx.doi.org/10.2174/1567205043332054 PMID: 15975055 

[17] Trushina, N.I.; Bakota, L.; Mulkidjanian, A.Y.; Brandt, R. The 

Evolution of Tau Phosphorylation and Interactions. Front. Aging 
Neurosci., 2019, 11, 256. 

 http://dx.doi.org/10.3389/fnagi.2019.00256 PMID: 31619983 

[18] Janning, D.; Igaev, M.; Sündermann, F.; Brühmann, J.; Beutel, O.; 

Heinisch, J.J.; Bakota, L.; Piehler, J.; Junge, W.; Brandt, R. Single-

molecule tracking of tau reveals fast kiss-and-hop interaction with 

microtubules in living neurons. Mol. Biol. Cell, 2014, 25(22), 

3541-3551. 

 http://dx.doi.org/10.1091/mbc.e14-06-1099 PMID: 25165145 

[19] Niewidok, B.; Igaev, M.; Sündermann, F.; Janning, D.; Bakota, L.; 

Brandt, R. Presence of a carboxy-terminal pseudorepeat and dis-

ease-like pseudohyperphosphorylation critically influence tau’s in-



796    Current Neuropharmacology, 2022, Vol. 20, No. 4 Soliman et al. 

teraction with microtubules in axon-like processes. Mol. Biol. Cell, 
2016, 27(22), 3537-3549. 

 http://dx.doi.org/10.1091/mbc.e16-06-0402 PMID: 27582388 

[20] Janke, C. The tubulin code: Molecular components, readout mech-

anisms, and functions. J. Cell Biol., 2014, 206(4), 461-472. 

 http://dx.doi.org/10.1083/jcb.201406055 PMID: 25135932 

[21] Cash, A.D.; Aliev, G.; Siedlak, S.L.; Nunomura, A.; Fujioka, H.; 

Zhu, X.; Raina, A.K.; Vinters, H.V.; Tabaton, M.; Johnson, A.B.; 

Paula-Barbosa, M.; Avíla, J.; Jones, P.K.; Castellani, R.J.; Smith, 

M.A.; Perry, G. Microtubule reduction in Alzheimer’s disease and 

aging is independent of tau filament formation. Am. J. Pathol., 
2003, 162(5), 1623-1627. 

 http://dx.doi.org/10.1016/S0002-9440(10)64296-4 PMID: 

12707046 

[22] Di Stefano, G.; Casoli, T.; Fattoretti, P.; Gracciotti, N.; Solazzi, M.; 

Bertoni-Freddari, C. Distribution of map2 in hippocampus and cer-

ebellum of young and old rats by quantitative immunohistochemis-

try. J. Histochem. Cytochem., 2001, 49(8), 1065-1066. 

 http://dx.doi.org/10.1177/002215540104900818 PMID: 11457938 

[23] Chauhan, N.; Siegel, G. Age-dependent organotypic expression of 

microtubule-associated proteins (MAP1, MAP2, and MAP5) in rat 

brain. Neurochem. Res., 1997, 22(6), 713-719. 

 http://dx.doi.org/10.1023/A:1027306227402 PMID: 9178955 

[24] Braak, H.; Braak, E. Evolution of the neuropathology of Alz-

heimer’s disease. Acta Neurol. Scand. Suppl., 1996, 165, 3-12. 

 http://dx.doi.org/10.1111/j.1600-0404.1996.tb05866.x PMID: 

8740983 

[25] Delacourte, A.; Flament, S.; Dibe, E.M.; Hublau, P.; Sablonnière, 

B.; Hémon, B.; Shérrer, V.; Défossez, A. Pathological proteins Tau 

64 and 69 are specifically expressed in the somatodendritic domain 

of the degenerating cortical neurons during Alzheimer’s disease. 

Demonstration with a panel of antibodies against Tau proteins. Ac-
ta Neuropathol., 1990, 80(2), 111-117. 

 http://dx.doi.org/10.1007/BF00308912 PMID: 2117840 

[26] Liu, W.K.; Dickson, D.W.; Yen, S.H. Heterogeneity of tau proteins 

in Alzheimer’s disease. Evidence for increased expression of an 

isoform and preferential distribution of a phosphorylated isoform in 

neurites. Am. J. Pathol., 1993, 142(2), 387-394. 

PMID: 7679548 

[27] Holzer, M.; Holzapfel, H.P.; Zedlick, D.; Brückner, M.K.; Arendt, 

T. Abnormally phosphorylated tau protein in Alzheimer’s disease: 

Heterogeneity of individual regional distribution and relationship to 

clinical severity. Neuroscience, 1994, 63(2), 499-516. 

 http://dx.doi.org/10.1016/0306-4522(94)90546-0 PMID: 7891861 

[28] Probst, A.; Tolnay, M.; Langui, D.; Goedert, M.; Spillantini, M.G. 

Pick’s disease: Hyperphosphorylated tau protein segregates to the 

somatoaxonal compartment. Acta Neuropathol., 1996, 92(6), 588-

596. 

 http://dx.doi.org/10.1007/s004010050565 PMID: 8960316 

[29] Alquezar, C.; Arya, S.; Kao, A.W. Tau post-translational modifica-

tions: dynamic transformers of tau function, degradation, and ag-

gregation. Front. Neurol., 2021, 11, 595532. 

 http://dx.doi.org/10.3389/fneur.2020.595532 PMID: 33488497 

[30] Tint, I.; Slaughter, T.; Fischer, I.; Black, M.M. Acute inactivation 

of tau has no effect on dynamics of microtubules in growing axons 

of cultured sympathetic neurons. J. Neurosci., 1998, 18(21), 8660-

8673. 

 http://dx.doi.org/10.1523/JNEUROSCI.18-21-08660.1998 PMID: 

9786973 

[31] Lopes, S.; Vaz-Silva, J.; Pinto, V.; Dalla, C.; Kokras, N.; Bedenk, 

B.; Mack, N.; Czisch, M.; Almeida, O.F.; Sousa, N.; Sotiropoulos, 

I. Tau protein is essential for stress-induced brain pathology. Proc. 
Natl. Acad. Sci. USA, 2016, 113(26), E3755-E3763. 

 http://dx.doi.org/10.1073/pnas.1600953113 PMID: 27274066 

[32] Tai, C.; Chang, C.W.; Yu, G.Q.; Lopez, I.; Yu, X.; Wang, X.; Guo, 

W.; Mucke, L. Tau reduction prevents key features of autism in 

mouse models. Neuron, 2020, 106(3), 421-437.e11. 

 http://dx.doi.org/10.1016/j.neuron.2020.01.038 PMID: 32126198 

[33] Roberson, E.D.; Scearce-Levie, K.; Palop, J.J.; Yan, F.; Cheng, 

I.H.; Wu, T.; Gerstein, H.; Yu, G.Q.; Mucke, L. Reducing endoge-

nous tau ameliorates amyloid beta-induced deficits in an Alz-

heimer’s disease mouse model. Science, 2007, 316(5825), 750-754. 

 http://dx.doi.org/10.1126/science.1141736 PMID: 17478722 

[34] Selkoe, D.J.; Hardy, J. The amyloid hypothesis of Alzheimer’s 

disease at 25 years. EMBO Mol. Med., 2016, 8(6), 595-608. 

 http://dx.doi.org/10.15252/emmm.201606210 PMID: 27025652 

[35] Brandt, R.; Trushina, N.I.; Bakota, L. Much more than a cytoskele-

tal protein: Physiological and pathological functions of the non-

microtubule binding region of tau. Front. Neurol., 2020, 11, 

590059. 

 http://dx.doi.org/10.3389/fneur.2020.590059 PMID: 33193056 

[36] Uemura, N.; Uemura, M.T.; Luk, K.C.; Lee, V.M.; Trojanowski, 

J.Q. Cell-to-cell transmission of tau and α-synuclein. Trends Mol. 
Med., 2020, 26(10), 936-952. 

 http://dx.doi.org/10.1016/j.molmed.2020.03.012 PMID: 32371172 

[37] Kfoury, N.; Holmes, B.B.; Jiang, H.; Holtzman, D.M.; Diamond, 

M.I. Trans-cellular propagation of Tau aggregation by fibrillar spe-

cies. J. Biol. Chem., 2012, 287(23), 19440-19451. 

 http://dx.doi.org/10.1074/jbc.M112.346072 PMID: 22461630 

[38] Takahashi, M.; Miyata, H.; Kametani, F.; Nonaka, T.; Akiyama, 

H.; Hisanaga, S.; Hasegawa, M. Extracellular association of APP 

and tau fibrils induces intracellular aggregate formation of tau. Acta 
Neuropathol., 2015, 129(6), 895-907. 

 http://dx.doi.org/10.1007/s00401-015-1415-2 PMID: 25869641 

[39] Rauch, J.N.; Luna, G.; Guzman, E.; Audouard, M.; Challis, C.; 

Sibih, Y.E.; Leshuk, C.; Hernandez, I.; Wegmann, S.; Hyman, 

B.T.; Gradinaru, V.; Kampmann, M.; Kosik, K.S. LRP1 is a master 

regulator of tau uptake and spread. Nature, 2020, 580(7803), 381-

385. 

 http://dx.doi.org/10.1038/s41586-020-2156-5 PMID: 32296178 

[40] Vaquer-Alicea, J.; Diamond, M.I.; Joachimiak, L.A. Tau strains 

shape disease. Acta Neuropathol., 2021, 142(1), 57-71. 

 http://dx.doi.org/10.1007/s00401-021-02301-7 PMID: 33830330 

[41] Altmann, K.H.; Wartmann, M.; O’Reilly, T. Epothilones and relat-

ed structures-a new class of microtubule inhibitors with potent in 
vivo antitumor activity. Biochim. Biophys. Acta, 2000, 1470(3), 

M79-M91. 

PMID: 10799747 

[42] Brunden, K.R.; Zhang, B.; Carroll, J.; Yao, Y.; Potuzak, J.S.; Ho-

gan, A.M.; Iba, M.; James, M.J.; Xie, S.X.; Ballatore, C.; Smith, 

A.B., III; Lee, V.M.; Trojanowski, J.Q. Epothilone D improves mi-

crotubule density, axonal integrity, and cognition in a transgenic 

mouse model of tauopathy. J. Neurosci., 2010, 30(41), 13861-

13866. 

 http://dx.doi.org/10.1523/JNEUROSCI.3059-10.2010 PMID: 

20943926 

[43] Zhang, B.; Carroll, J.; Trojanowski, J.Q.; Yao, Y.; Iba, M.; Potu-

zak, J.S.; Hogan, A.M.; Xie, S.X.; Ballatore, C.; Smith, A.B., III; 

Lee, V.M.; Brunden, K.R. The microtubule-stabilizing agent, 

epothilone D, reduces axonal dysfunction, neurotoxicity, cognitive 

deficits, and Alzheimer-like pathology in an interventional study 

with aged tau transgenic mice. J. Neurosci., 2012, 32(11), 3601-

3611. 

 http://dx.doi.org/10.1523/JNEUROSCI.4922-11.2012 PMID: 

22423084 

[44] Barten, D.M.; Fanara, P.; Andorfer, C.; Hoque, N.; Wong, P.Y.; 

Husted, K.H.; Cadelina, G.W.; Decarr, L.B.; Yang, L.; Liu, V.; 

Fessler, C.; Protassio, J.; Riff, T.; Turner, H.; Janus, C.G.; Sanka-

ranarayanan, S.; Polson, C.; Meredith, J.E.; Gray, G.; Hanna, A.; 

Olson, R.E.; Kim, S.H.; Vite, G.D.; Lee, F.Y.; Albright, C.F. Hy-

perdynamic microtubules, cognitive deficits, and pathology are im-

proved in tau transgenic mice with low doses of the microtubule-

stabilizing agent BMS-241027. J. Neurosci., 2012, 32(21), 7137-

7145. 

 http://dx.doi.org/10.1523/JNEUROSCI.0188-12.2012 PMID: 

22623658 

[45] Chiorazzi, A.; Nicolini, G.; Canta, A.; Oggioni, N.; Rigolio, R.; 

Cossa, G.; Lombardi, R.; Roglio, I.; Cervellini, I.; Lauria, G.; 

Melcangi, R.C.; Bianchi, R.; Crippa, D.; Cavaletti, G. Experimental 

epothilone B neurotoxicity: Results of in vitro and in vivo studies. 

Neurobiol. Dis., 2009, 35(2), 270-277. 

 http://dx.doi.org/10.1016/j.nbd.2009.05.006 PMID: 19464369 

[46] LaPointe, N.E.; Morfini, G.; Brady, S.T.; Feinstein, S.C.; Wilson, 

L.; Jordan, M.A. Effects of eribulin, vincristine, paclitaxel and ixa-

bepilone on fast axonal transport and kinesin-1 driven microtubule 

gliding: Implications for chemotherapy-induced peripheral neurop-

athy. Neurotoxicology, 2013, 37, 231-239. 



Microtubule-modulating Agents against Neurodegeneration Current Neuropharmacology, 2022, Vol. 20, No. 4    797 

 http://dx.doi.org/10.1016/j.neuro.2013.05.008 PMID: 23711742 

[47] Clark, J.A.; Blizzard, C.A.; Breslin, M.C.; Yeaman, E.J.; Lee, 

K.M.; Chuckowree, J.A.; Dickson, T.C. Epothilone D accelerates 

disease progression in the SOD1G93A mouse model of amyotrophic 

lateral sclerosis. Neuropathol. Appl. Neurobiol., 2018, 44(6), 590-

605. 

 http://dx.doi.org/10.1111/nan.12473 PMID: 29380402 

[48] Matsuoka, Y.; Jouroukhin, Y.; Gray, A.J.; Ma, L.; Hirata-Fukae, 

C.; Li, H.F.; Feng, L.; Lecanu, L.; Walker, B.R.; Planel, E.; 

Arancio, O.; Gozes, I.; Aisen, P.S. A neuronal microtubule-

interacting agent, NAPVSIPQ, reduces tau pathology and enhances 

cognitive function in a mouse model of Alzheimer’s disease. J. 
Pharmacol. Exp. Ther., 2008, 325(1), 146-153. 

 http://dx.doi.org/10.1124/jpet.107.130526 PMID: 18199809 

[49] Ilschner, S.; Brandt, R. The transition of microglia to a ramified 

phenotype is associated with the formation of stable acetylated and 

detyrosinated microtubules. Glia, 1996, 18(2), 129-140. 

 http://dx.doi.org/10.1002/(SICI)1098-

1136(199610)18:2<129::AID-GLIA5>3.0.CO;2-W PMID: 

8913776 

[50] DeVos, S.L.; Miller, R.L.; Schoch, K.M.; Holmes, B.B.; Ke-

bodeaux, C.S.; Wegener, A.J.; Chen, G.; Shen, T.; Tran, H.; Nich-

ols, B.; Zanardi, T.A.; Kordasiewicz, H.B.; Swayze, E.E.; Bennett, 

C.F.; Diamond, M.I.; Miller, T.M. Tau reduction prevents neuronal 

loss and reverses pathological tau deposition and seeding in mice 

with tauopathy. Sci. Transl. Med., 2017, 9(374), eaag0481. 

 http://dx.doi.org/10.1126/scitranslmed.aag0481 PMID: 28123067 

[51] Wischik, C.M.; Edwards, P.C.; Lai, R.Y.; Roth, M.; Harrington, 

C.R. Selective inhibition of Alzheimer disease-like tau aggregation 

by phenothiazines. Proc. Natl. Acad. Sci. USA, 1996, 93(20), 

11213-11218. 

 http://dx.doi.org/10.1073/pnas.93.20.11213 PMID: 8855335 

[52] Hochgräfe, K.; Sydow, A.; Matenia, D.; Cadinu, D.; Könen, S.; 

Petrova, O.; Pickhardt, M.; Goll, P.; Morellini, F.; Mandelkow, E.; 

Mandelkow, E.M. Preventive methylene blue treatment preserves 

cognition in mice expressing full-length pro-aggregant human Tau. 

Acta Neuropathol. Commun., 2015, 3, 25. 

 http://dx.doi.org/10.1186/s40478-015-0204-4 PMID: 25958115 

[53] Mendsaikhan, A.; Tooyama, I.; Bellier, J.P.; Serrano, G.E.; Sue, 

L.I.; Lue, L.F.; Beach, T.G.; Walker, D.G. Characterization of ly-

sosomal proteins Progranulin and Prosaposin and their interactions 

in Alzheimer’s disease and aged brains: Increased levels correlate 

with neuropathology. Acta Neuropathol. Commun., 2019, 7(1), 

215. 

 http://dx.doi.org/10.1186/s40478-019-0862-8 PMID: 31864418 

[54] Kanmert, D.; Cantlon, A.; Muratore, C.R.; Jin, M.; O’Malley, T.T.; 

Lee, G.; Young-Pearse, T.L.; Selkoe, D.J.; Walsh, D.M. C-

Terminally truncated forms of tau, but not full-length tau or its C-

terminal fragments, are released from neurons independently of cell 

death. J. Neurosci., 2015, 35(30), 10851-10865. 

 http://dx.doi.org/10.1523/JNEUROSCI.0387-15.2015 PMID: 

26224867 

[55] Khatoon, S.; Grundke-Iqbal, I.; Iqbal, K. Levels of normal and 

abnormally phosphorylated tau in different cellular and regional 

compartments of Alzheimer disease and control brains. FEBS Lett., 
1994, 351(1), 80-84. 

 http://dx.doi.org/10.1016/0014-5793(94)00829-9 PMID: 8076698 

[56] Sunderland, T.; Linker, G.; Mirza, N.; Putnam, K.T.; Friedman, 

D.L.; Kimmel, L.H.; Bergeson, J.; Manetti, G.J.; Zimmermann, M.; 

Tang, B.; Bartko, J.J.; Cohen, R.M. Decreased beta-amyloid1-42 

and increased tau levels in cerebrospinal fluid of patients with Alz-

heimer disease. JAMA, 2003, 289(16), 2094-2103. 

 http://dx.doi.org/10.1001/jama.289.16.2094 PMID: 12709467 

[57] Han, P.; Serrano, G.; Beach, T.G.; Caselli, R.J.; Yin, J.; Zhuang, 

N.; Shi, J. A Quantitative Analysis of Brain Soluble Tau and the 

Tau Secretion Factor. J. Neuropathol. Exp. Neurol., 2017, 76(1), 

44-51. 

 http://dx.doi.org/10.1093/jnen/nlw105 PMID: 28069930 

[58] Collin, L.; Bohrmann, B.; Göpfert, U.; Oroszlan-Szovik, K.; 

Ozmen, L.; Grüninger, F. Neuronal uptake of tau/pS422 antibody 

and reduced progression of tau pathology in a mouse model of 

Alzheimer’s disease. Brain, 2014, 137(Pt 10), 2834-2846. 

 http://dx.doi.org/10.1093/brain/awu213 PMID: 25085375 

[59] Congdon, E.E.; Gu, J.; Sait, H.B.; Sigurdsson, E.M. Antibody 

uptake into neurons occurs primarily via clathrin-dependent Fcγ re-

ceptor endocytosis and is a prerequisite for acute tau protein clear-

ance. J. Biol. Chem., 2013, 288(49), 35452-35465. 

 http://dx.doi.org/10.1074/jbc.M113.491001 PMID: 24163366 

[60] Gu, J.; Congdon, E.E.; Sigurdsson, E.M. Two novel Tau antibodies 

targeting the 396/404 region are primarily taken up by neurons and 

reduce Tau protein pathology. J. Biol. Chem., 2013, 288(46), 

33081-33095. 

 http://dx.doi.org/10.1074/jbc.M113.494922 PMID: 24089520 

[61] Congdon, E.E.; Chukwu, J.E.; Shamir, D.B.; Deng, J.; Ujla, D.; 

Sait, H.B.R.; Neubert, T.A.; Kong, X.P.; Sigurdsson, E.M. Tau an-

tibody chimerization alters its charge and binding, thereby reducing 

its cellular uptake and efficacy. EBioMedicine, 2019, 42, 157-173. 

 http://dx.doi.org/10.1016/j.ebiom.2019.03.033 PMID: 30910484 

[62] Arendt, T.; Stieler, J.T.; Holzer, M. Tau and tauopathies. Brain 
Res. Bull., 2016, 126(Pt 3), 238-292. 

 http://dx.doi.org/10.1016/j.brainresbull.2016.08.018 PMID: 

27615390 

[63] Maas, T.; Eidenmüller, J.; Brandt, R. Interaction of tau with the 

neural membrane cortex is regulated by phosphorylation at sites 

that are modified in paired helical filaments. J. Biol. Chem., 2000, 

275(21), 15733-15740. 

 http://dx.doi.org/10.1074/jbc.M000389200 PMID: 10747907 

[64] Serenó, L.; Coma, M.; Rodríguez, M.; Sánchez-Ferrer, P.; Sánchez, 

M.B.; Gich, I.; Agulló, J.M.; Pérez, M.; Avila, J.; Guardia-

Laguarta, C.; Clarimón, J.; Lleó, A.; Gómez-Isla, T. A novel GSK-

3beta inhibitor reduces Alzheimer’s pathology and rescues neu-

ronal loss in vivo. Neurobiol. Dis., 2009, 35(3), 359-367. 

 http://dx.doi.org/10.1016/j.nbd.2009.05.025 PMID: 19523516 

[65] Yuzwa, S.A.; Shan, X.; Macauley, M.S.; Clark, T.; Skorobogatko, 

Y.; Vosseller, K.; Vocadlo, D.J. Increasing O-GlcNAc slows neu-

rodegeneration and stabilizes tau against aggregation. Nat. Chem. 
Biol., 2012, 8(4), 393-399. 

 http://dx.doi.org/10.1038/nchembio.797 PMID: 22366723 

[66] Graham, D.L.; Gray, A.J.; Joyce, J.A.; Yu, D.; O’Moore, J.; Carl-

son, G.A.; Shearman, M.S.; Dellovade, T.L.; Hering, H. Increased 

O-GlcNAcylation reduces pathological tau without affecting its 

normal phosphorylation in a mouse model of tauopathy. Neuro-
pharmacology, 2014, 79, 307-313. 

 http://dx.doi.org/10.1016/j.neuropharm.2013.11.025 PMID: 

24326295 

[67] Matsuoka, Y.; Gray, A.J.; Hirata-Fukae, C.; Minami, S.S.; Water-

house, E.G.; Mattson, M.P.; LaFerla, F.M.; Gozes, I.; Aisen, P.S. 

Intranasal NAP administration reduces accumulation of amyloid 

peptide and tau hyperphosphorylation in a transgenic mouse model 

of Alzheimer’s disease at early pathological stage. J. Mol. Neuro-
sci., 2007, 31(2), 165-170. 

PMID: 17478890 

[68] Tackenberg, C.; Brandt, R. Divergent pathways mediate spine 

alterations and cell death induced by amyloid-beta, wild-type tau, 

and R406W tau. J. Neurosci., 2009, 29(46), 14439-14450. 

 http://dx.doi.org/10.1523/JNEUROSCI.3590-09.2009 PMID: 

19923278 

[69] Zakaria, A.; Hamdi, N.; Abdel-Kader, R.M. Methylene blue im-

proves brain Mitochondrial ABAD Functions and Decreases Aβ in 

a Neuroinflammatory Alzheimer’s Disease Mouse Model. Mol. 
Neurobiol., 2016, 53(2), 1220-1228. 

 http://dx.doi.org/10.1007/s12035-014-9088-8 PMID: 25601181 

[70] Necula, M.; Breydo, L.; Milton, S.; Kayed, R.; van der Veer, W.E.; 

Tone, P.; Glabe, C.G. Methylene blue inhibits amyloid Abeta oli-

gomerization by promoting fibrillization. Biochemistry, 2007, 

46(30), 8850-8860. 

 http://dx.doi.org/10.1021/bi700411k PMID: 17595112 

[71] Llorens-Martín, M.; Jurado, J.; Hernández, F.; Avila, J. GSK-3β, a 

pivotal kinase in Alzheimer disease. Front. Mol. Neurosci., 2014, 

7, 46. 

PMID: 24904272 

[72] Ostrowski, A.; van Aalten, D.M. Chemical tools to probe cellular 

O-GlcNAc signalling. Biochem. J., 2013, 456(1), 1-12. 

 http://dx.doi.org/10.1042/BJ20131081 PMID: 24156473 

[73] de Queiroz, R.M.; Carvalho, E.; Dias, W.B. O-GlcNAcylation: The 

sweet side of the cancer. Front. Oncol., 2014, 4, 132. 

 http://dx.doi.org/10.3389/fonc.2014.00132 PMID: 24918087 



798    Current Neuropharmacology, 2022, Vol. 20, No. 4 Soliman et al. 

[74] Golovyashkina, N.; Penazzi, L.; Ballatore, C.; Smith, A.B., III; 

Bakota, L.; Brandt, R. Region-specific dendritic simplification in-

duced by Aβ, mediated by tau via dysregulation of microtubule dy-

namics: A mechanistic distinct event from other neurodegenerative 

processes. Mol. Neurodegener., 2015, 10, 60. 

 http://dx.doi.org/10.1186/s13024-015-0049-0 PMID: 26541821 

[75] Davis, E.J.; Foster, T.D.; Thomas, W.E. Cellular forms and func-

tions of brain microglia. Brain Res. Bull., 1994, 34(1), 73-78. 

 http://dx.doi.org/10.1016/0361-9230(94)90189-9 PMID: 8193937 

[76] Mao, L.; Gao, W.; Chen, S.; Song, Y.; Song, C.; Zhou, Z.; Zhao, 

H.; Zhou, K.; Wang, W.; Zhu, K.; Liu, C.; Mei, X. Epothilone B 

impairs functional recovery after spinal cord injury by increasing 

secretion of macrophage colony-stimulating factor. Cell Death 
Dis., 2017, 8(11), e3162. 

 http://dx.doi.org/10.1038/cddis.2017.542 PMID: 29095439 

[77] Fath, T.; Eidenmüller, J.; Brandt, R. Tau-mediated cytotoxicity in a 

pseudohyperphosphorylation model of Alzheimer’s disease. J. 
Neurosci., 2002, 22(22), 9733-9741. 

 http://dx.doi.org/10.1523/JNEUROSCI.22-22-09733.2002 PMID: 

12427828 

[78] Gerson, J.; Castillo-Carranza, D.L.; Sengupta, U.; Bodani, R.; 

Prough, D.S.; DeWitt, D.S.; Hawkins, B.E.; Kayed, R. Tau oligo-

mers derived from traumatic brain injury cause cognitive impair-

ment and accelerate onset of pathology in htau mice. J. Neurotrau-
ma, 2016, 33(22), 2034-2043. 

 http://dx.doi.org/10.1089/neu.2015.4262 PMID: 26729399 

[79] Kopeikina, K.J.; Hyman, B.T.; Spires-Jones, T.L. Soluble forms of 

tau are toxic in Alzheimer’s disease. Transl. Neurosci., 2012, 3(3), 

223-233. 

 http://dx.doi.org/10.2478/s13380-012-0032-y PMID: 23029602 

[80] Plouffe, V.; Mohamed, N.V.; Rivest-McGraw, J.; Bertrand, J.; 

Lauzon, M.; Leclerc, N. Hyperphosphorylation and cleavage at 

D421 enhance tau secretion. PLoS One, 2012, 7(5), e36873. 

 http://dx.doi.org/10.1371/journal.pone.0036873 PMID: 22615831 

[81] Sündermann, F.; Fernandez, M.P.; Morgan, R.O. An evolutionary 

roadmap to the microtubule-associated protein MAP Tau. BMC 
Genomics, 2016, 17, 264. 

 http://dx.doi.org/10.1186/s12864-016-2590-9 PMID: 27030133 

[82] Bechstedt, S.; Lu, K.; Brouhard, G.J. Doublecortin recognizes the 

longitudinal curvature of the microtubule end and lattice. Curr. Bi-
ol., 2014, 24(20), 2366-2375. 

 http://dx.doi.org/10.1016/j.cub.2014.08.039 PMID: 25283777 

[83] Samsonov, A.; Yu, J.Z.; Rasenick, M.; Popov, S.V. Tau interaction 

with microtubules in vivo. J. Cell Sci., 2004, 117(Pt 25), 6129-

6141. 

 http://dx.doi.org/10.1242/jcs.01531 PMID: 15564376 

[84] Guillaud, L.; Bosc, C.; Fourest-Lieuvin, A.; Denarier, E.; Pirollet, 

F.; Lafanechère, L.; Job, D. STOP proteins are responsible for the 

high degree of microtubule stabilization observed in neuronal cells. 

J. Cell Biol., 1998, 142(1), 167-179. 

 http://dx.doi.org/10.1083/jcb.142.1.167 PMID: 9660871 

[85] Slaughter, T.; Black, M.M. STOP (stable-tubule-only-polypeptide) 

is preferentially associated with the stable domain of axonal micro-

tubules. J. Neurocytol., 2003, 32(4), 399-413. 

 http://dx.doi.org/10.1023/B:NEUR.0000011334.70648.87 PMID: 

14724383 

[86] Tortosa, E.; Adolfs, Y.; Fukata, M.; Pasterkamp, R.J.; Kapitein, 

L.C.; Hoogenraad, C.C. Dynamic Palmitoylation Targets MAP6 to 

the axon to promote microtubule stabilization during neuronal po-

larization. Neuron, 2017, 94(4), 809-825.e7. 

 http://dx.doi.org/10.1016/j.neuron.2017.04.042 PMID: 28521134 

[87] Liedtke, W.; Leman, E.E.; Fyffe, R.E.; Raine, C.S.; Schubart, U.K. 

Stathmin-deficient mice develop an age-dependent axonopathy of 

the central and peripheral nervous systems. Am. J. Pathol., 2002, 

160(2), 469-480. 

 http://dx.doi.org/10.1016/S0002-9440(10)64866-3 PMID: 

11839567 

[88] Hamilton, E.M.; Polder, E.; Vanderver, A.; Naidu, S.; Schiffmann, 

R.; Fisher, K.; Raguž, A.B.; Blumkin, L.; van Berkel, C.G.; 

Waisfisz, Q.; Simons, C.; Taft, R.J.; Abbink, T.E.; Wolf, N.I.; van 

der Knaap, M.S. Hypomyelination with atrophy of the basal gan-

glia and cerebellum: Further delineation of the phenotype and gen-

otype-phenotype correlation. Brain, 2014, 137(Pt 7), 1921-1930. 

 http://dx.doi.org/10.1093/brain/awu110 PMID: 24785942 

[89] Nicita, F.; Bertini, E.; Travaglini, L.; Armando, M.; Aiello, C. 

Congenital-onset spastic paraplegia in a patient with TUBB4A mu-

tation and mild hypomyelination. J. Neurol. Sci., 2016, 368, 145-

146. 

 http://dx.doi.org/10.1016/j.jns.2016.07.002 PMID: 27538619 

[90] Bahi-Buisson, N.; Poirier, K.; Fourniol, F.; Saillour, Y.; Valence, 

S.; Lebrun, N.; Hully, M.; Bianco, C.F.; Boddaert, N.; Elie, C.; 

Lascelles, K.; Souville, I.; Beldjord, C.; Chelly, J. The wide spec-

trum of tubulinopathies: What are the key features for the diagno-

sis? Brain, 2014, 137(Pt 6), 1676-1700. 

 http://dx.doi.org/10.1093/brain/awu082 PMID: 24860126 

[91] d’Ydewalle, C.; Krishnan, J.; Chiheb, D.M.; Van Damme, P.; Irobi, 

J.; Kozikowski, A.P.; Vanden Berghe, P.; Timmerman, V.; Rob-

berecht, W.; Van Den Bosch, L. HDAC6 inhibitors reverse axonal 

loss in a mouse model of mutant HSPB1-induced Charcot-Marie-

Tooth disease. Nat. Med., 2011, 17(8), 968-974. 

 http://dx.doi.org/10.1038/nm.2396 PMID: 21785432 

[92] Hempen, B.; Brion, J.P. Reduction of acetylated alpha-tubulin 

immunoreactivity in neurofibrillary tangle-bearing neurons in Alz-

heimer’s disease. J. Neuropathol. Exp. Neurol., 1996, 55(9), 964-

972. 

 http://dx.doi.org/10.1097/00005072-199609000-00003 PMID: 

8800092 

[93] Dompierre, J.P.; Godin, J.D.; Charrin, B.C.; Cordelières, F.P.; 

King, S.J.; Humbert, S.; Saudou, F. Histone deacetylase 6 inhibi-

tion compensates for the transport deficit in Huntington’s disease 

by increasing tubulin acetylation. J. Neurosci., 2007, 27(13), 3571-

3583. 

 http://dx.doi.org/10.1523/JNEUROSCI.0037-07.2007 PMID: 

17392473 

[94] Vu, H.T.; Akatsu, H.; Hashizume, Y.; Setou, M.; Ikegami, K. In-

crease in α-tubulin modifications in the neuronal processes of hip-

pocampal neurons in both kainic acid-induced epileptic seizure and 

Alzheimer’s disease. Sci. Rep., 2017, 7, 40205. 

 http://dx.doi.org/10.1038/srep40205 PMID: 28067280 

[95] Zhang, F.; Su, B.; Wang, C.; Siedlak, S.L.; Mondragon-Rodriguez, 

S.; Lee, H.G.; Wang, X.; Perry, G.; Zhu, X. Posttranslational modi-

fications of α-tubulin in Alzheimer disease. Transl. Neurodegener., 
2015, 4, 9. 

 http://dx.doi.org/10.1186/s40035-015-0030-4 PMID: 26029362 

[96] Pagnamenta, A.T.; Heemeryck, P.; Martin, H.C.; Bosc, C.; Peris, 

L.; Uszynski, I.; Gory-Fauré, S.; Couly, S.; Deshpande, C.; Sid-

diqui, A.; Elmonairy, A.A.; Jayawant, S.; Murthy, S.; Walker, I.; 

Loong, L.; Bauer, P.; Vossier, F.; Denarier, E.; Maurice, T.; Barbi-

er, E.L.; Deloulme, J.C.; Taylor, J.C.; Blair, E.M.; Andrieux, A.; 

Moutin, M.J. Defective tubulin detyrosination causes structural 

brain abnormalities with cognitive deficiency in humans and mice. 

Hum. Mol. Genet., 2019, 28(20), 3391-3405. 

 http://dx.doi.org/10.1093/hmg/ddz186 PMID: 31363758 

[97] Prezel, E.; Elie, A.; Delaroche, J.; Stoppin-Mellet, V.; Bosc, C.; 

Serre, L.; Fourest-Lieuvin, A.; Andrieux, A.; Vantard, M.; Arnal, I. 

Tau can switch microtubule network organizations: From random 

networks to dynamic and stable bundles. Mol. Biol. Cell, 2018, 

29(2), 154-165. 

 http://dx.doi.org/10.1091/mbc.E17-06-0429 PMID: 29167379 

[98] Zempel, H.; Mandelkow, E.M. Tau missorting and spastin-induced 

microtubule disruption in neurodegeneration: Alzheimer Disease 

and Hereditary Spastic Paraplegia. Mol. Neurodegener., 2015, 10, 

68. 

 http://dx.doi.org/10.1186/s13024-015-0064-1 PMID: 26691836 

[99] Ren, Y.; Zhao, J.; Feng, J. Parkin binds to alpha/beta tubulin and 

increases their ubiquitination and degradation. J. Neurosci., 2003, 

23(8), 3316-3324. 

 http://dx.doi.org/10.1523/JNEUROSCI.23-08-03316.2003 PMID: 

12716939 

[100] Law, B.M.; Spain, V.A.; Leinster, V.H.; Chia, R.; Beilina, A.; Cho, 

H.J.; Taymans, J.M.; Urban, M.K.; Sancho, R.M.; Blanca, R.M.; 

Biskup, S.; Baekelandt, V.; Cai, H.; Cookson, M.R.; Berwick, 

D.C.; Harvey, K. A direct interaction between leucine-rich repeat 

kinase 2 and specific β-tubulin isoforms regulates tubulin acetyla-

tion. J. Biol. Chem., 2014, 289(2), 895-908. 

 http://dx.doi.org/10.1074/jbc.M113.507913 PMID: 24275654 

 


	Microtubule-modulating Agents in the Fight Against Neurodegeneration:Will it ever Work?
	Abstract:
	Keywords:
	1. INTRODUCTION
	2. CHANGES IN THE STRUCTURE AND ORGANIZATIONOF MICROTUBULES AND MICROTUBULE-REGULATING PROTEINS DURING AGINGAND NEURODEGENERATIVE DISEASES
	Table 1.
	3. MICROTUBULE-DIRECTED APPROACHES FORTHE TREATMENT OF NEURODEGENERATIVEDISEASES
	Fig. (1).
	Table 2.
	4. POSSIBILITIES AND LIMITS WITH REGARD TOTHE NEURONAL MICROTUBULE SYSTEM AS ATARGET STRUCTURE FOR DRUG INTERVENTIONS
	5. WILL IT EVER WORK? WHAT CAN BE LEARNTFOR FUTURE APPROACHES?
	CONCLUSION
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES



