
PATHOLOGICAL FEATURES

OF ALZHEIMER’S DISEASE

Alzheimer’s disease (AD) is the most common

incurable neurodegenerative disorder that affects the

processes of memory formation and storage and leads to

progressive cognitive decline. In most cases, AD appears

sporadically with advanced age being the major risk fac-

tor. Genetically inherited familial forms of AD (FAD,

approximately 1-2% cases) are characterized by the early

onset and rapid progression [1]. FAD are caused by muta-

tions in genes encoding amyloid-precursor protein

(APP), presenilin 1 (PS1), or presenilin 2 (PS2) proteins

[1-3]. Presenilins form catalytic subunits of the γ-secre-

tase complex, which together with β-secretase is respon-

sible for the APP protein cleavage and generation of toxic

Aβ peptides [4]. Extracellular plaques composed of Aβ

peptide aggregates are one of the key histopathological

features of AD. Another feature is neurofibrillary tangles

(NFTs) formed by hyperphosphorylated form of the

microtubule-associated protein tau. On the cellular level,

AD is characterized by the loss of dendritic spines and

alteration in their morphology that correlates with the

extent of cognitive decline in AD patients [5, 6]. Changes

in dendritic spines occur at the early AD stages, prior to

neuronal death and amyloid plaque formation [5-8].

Dendritic spines represent the most ubiquitous post-

synaptic sites of excitatory inputs in neurons. They con-

trol signal transduction in individual synapses and partic-

ipate in synaptic input compartmentalization [9].

Dendritic spines can be classified into three groups

reflecting the key features of their morphology: mush-

room, thin, and stubby [10, 11]. Relatively stable mush-

room spines have a big head and small neck. They form

strong synaptic connections and supposedly act as sites of

memory storage [12, 13]. More dynamic thin spines, hav-

ing a smaller head, are proposed to be “learning spines”

responsible for the formation of new memories [12].

Stubby spines are likely to form as a result of mushroom

spine elimination [14]. Reduction in the number of
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mushroom spines is proposed to underlie memory loss

observed in AD patients [15-17]. Indeed, the shift from

mushroom to stubby spines was observed in cortical biop-

sies from AD patients [18]. Reduction in the mushroom

spine density has been shown in various AD mice models,

including PS1-M146V-KI [19], APP-KI [20, 21], and

APPPS1 mice [18], in ex vivo hippocampal slice cultures

from APPSDL transgenic mice [22, 23], and under con-

ditions of amyloid toxicity in vivo and in vitro [24, 25].

The density of mushroom and thin spines in the pyrami-

dal neuron is significantly decreased in the prefrontal cor-

tex of AD patients with dementia in comparison to cogni-

tively normal individuals with AD pathology [26]. The

authors speculate that such organization of dendritic

spines makes these individuals more resilient to dementia

despite pathological brain lesions.

While exact reasons of AD are still debated, it has

become clear that therapeutic intervention at earlier dis-

ease stages is preferable and more effective. Restoration

or stabilization of normal spine morphology may help to

preserve human memory and present potential therapeu-

tic approaches for AD treatment [15-17]. Recent studies

suggest that abnormalities of tubulin cytoskeleton may

contribute to the process of dendritic spine shape alter-

ations and subsequent dendritic spine loss in AD. This

review discusses potential mechanisms that link tubulin

cytoskeleton dynamics and dendritic spine morphology,

as well as ideas for potential AD therapeutic develop-

ment.

DYNAMICS OF NEURONAL TUBULIN

CYTOSKELETON AND DENDRITIC SPINES 

Microtubules (MTs) are polar tubulin polymers that

represent exceptionally important cytoskeletal compo-

nents. In neurons, MTs form the carcass of thin and

extremely extended neuronal processes – dendrites and

axons – and serve as tracks for cargo trafficking. MT plus-

ends undergo repeated process of polymerization/

depolymerization (the so-called dynamic instability) [27]

that is precisely controlled by various MT-associated pro-

teins. In contrast, MT minus-ends are much more stable

[28]. In mature neurons, MTs exist as autonomous struc-

tures of various length that are not attached to the centro-

some (unlike MTs in non-neuronal cells) [28]. MTs in

neurons are more stable than MTs in dividing cells, which

helps them to maintain specific shape of neurons. It

should be mentioned that neurons also have a fraction of

dynamic MTs in dendrites and axons [28]. Another

cytoskeletal protein, actin, maintains the structure of

dendritic spines that are highly dynamic in comparison to

neurites. It had been believed before that tubulin and

actin cytoskeleton structures do not overlap in neurons:

tubulin forms cytoskeleton in neurites, while actin does

the same in dendritic spines. However, recent advances in

live cell imaging uncovered transient entry of dynamic

MTs into dendritic spines [29-32] (figure, panel (a)). The

reasons why this phenomenon had not been observed in

previous studies were recently discussed in [29]. Further

experiments revealed that transient entry of MTs into the

spines lasts on average for a few minutes, and that only

small percentage of spines are targeted simultaneously.

However, over time, most spines undergo MT invasion

that appears to be facilitated by neuronal activity and

depends on calcium influx into the spines and actin poly-

merization [31, 33]. MT entry triggers spine head

enlargement [31, 32] and elevates the content of PSD-95

in the spines [34]. Induction of long-term potentiation

increases the frequency of MT entry into the spines and

the number of targeted spines [31]. Taking together, these

results suggest that MT entry into dendritic spines is

involved in synaptic plasticity. To corroborate this

hypothesis, it was found that the early phase of memory

formation (0.5-1 h after learning) is associated with a

decrease in MT stability, but the later phase (8 h after

learning) is characterized by hyperstable MTs [35].

Therefore, it was proposed that entry of dynamic MTs

into dendritic spines is necessary for cargo/signal delivery

to the spines and involved in the induction of structural

changes in the spines through interaction with actin

cytoskeleton as a response to increased activity at the site

of synaptic contact [29] (figure, panel (a)).

Distal ends of growing MTs are decorated with a spe-

cific group of MT plus-end-tracking proteins (+TIPs)

that regulate MT dynamics and interaction with other

cellular components [36]. The group of +TIPs proteins

includes end-binding protein 3 (EB3), a neuron-specific

member of the EB protein family [37]. EB3 protein is

ubiquitously expressed in the nervous system, including

dendritic spines, which it enters at the tips of growing

MTs [31-33, 38]. EB3 fused to GFP (green fluorescent

protein) is a powerful tool for visualization of growing

MTs in neurons [39]. Changes in the EB3 expression

influence dendritic spine morphology. Thus, EB3 knock-

down results in the reduction in the number of mushroom

spines, while EB3 overexpression causes their robust

increase [32, 40]. Moreover, EB3 overexpression reverses

the deficiency of mushroom spines in PS1-M146V-KI

mice (AD model) [40]. Another study showed that EB3

silencing results in the reduction of dendritic spine densi-

ty without changes in the spine shape [30]. These data

suggest that EB3 is implicated in the regulation of den-

dritic spine morphology, although the mechanism of this

process still remains unknown. One possible link between

EB3 and spine shape is EB3 binding to the p140Cap scaf-

fold protein that affects actin organization in dendritic

spines [32]. Another link is EB3 interaction with the

STIM2 protein that controls store-operated calcium

entry essential for the functioning of mushroom spines

[40-42]. Disruption of the STIM2–EB3 interactions

leads to the decrease in the relative content of mushroom
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dendritic spines in neurons [40]. In non-excitable cells,

interaction between EB1 and STIM1 proteins (EB3 and

STIM2 homologs, respectively) regulates store-operated

calcium entry [43] and controls endoplasmic reticulum

(ER) movement through the MT tip-attachment complex

mechanism, when ER tubule elongates together with a

growing MT end [44]. It was suggested that ER tubules

may be one of the proposed cargo types delivered by the

MT entry into dendritic spines and that tubulin

cytoskeleton may be involved in the regulation of calcium

homeostasis in the spines [40]. Drebrin, another EB3

binding partner, mediates interactions between F-actin

and MTs. It was shown that in neurons, drebrin promotes

MT entry into dendritic spines [45]. The authors pro-

posed a model, according to which synaptic calcium

influx triggers F-actin polymerization at the base of the

spine, where F-actin-bound drebrin interacts then with

EB3 to guide polymerizing MT plus-ends into the spines

[33]. Alzheimer’s disease is characterized by the loss of

drebrin from dendritic spines that occurs prior to the loss

of synapses and neurodegeneration [46]. Reduced levels

of drebrin may contribute to impaired MT entry into the

spines and disturbed synaptic stability in AD [47].

Another insight into relationships between MT

dynamics and dendritic spines has been offered by the

studies using MT-targeted drugs. It was reported that sub-

nanomolar concentrations of epothilone D (EpoD),

which slightly stabilizes MTs, increased the fraction of

thin spines and decreased the fraction of mushroom

spines without affecting overall spine density [22]. In the

same study, it was shown that application of the MT-

depolymerizing drug nocodazole (200 nM) from 16 to 20

DIV (days of in vitro culturing) caused spine loss in con-

trol cultures without changes in spine morphology [22].

In another study, it was shown that 4-h incubation of CA1

hippocampal slices with 200 nM nocodazole did not

affect the total number of dendritic protrusions, but

markedly reduced the number of mushroom spines and

increased the number of filopodia [32]. Similar effects

were observed in dissociated hippocampal cultures after

their overnight incubation with nocodazole [32]. It was

found that nocodazole (200 nM) inhibited MT dynamics

without altering MT density, abolished EB3 accumula-

tion at MT ends, and induced changes in spine morphol-

ogy similar to those observed in EB3 knockdown [32]. In

the same study, incubation with 2 µM MT-stabilizing

drug taxol for 4 h induced reduction in protrusion densi-

ty but did not affect the spines shape. Mice treated with

nocodazole and subjected to contextual fear conditioning

showed a significantly lower number of both cortical and

hippocampal dendritic spines in comparison with vehi-

cle-threated mice; this effect was prevented by MT stabi-

lization with taxol [48]. Another study failed to detect

changes in the spine morphology or density in hippocam-

pal cultures after 24-h incubation with either 10 nM taxol

or 500 nM nocodazole [30]. However, the same study

revealed that taxol facilitated while nocodazole blocked

an increase in the spine density after application of brain-

derived neurotrophic factor (BDNF) [30]. For yet

unknown reasons, EB3 knockdown in this study did not

cause alterations in the spine shape [30], which contra-

dicts the results of other publications. Another research

group detected reduction in the dendritic spine density

and number of mushroom spines in primary neuronal

a b c

Dendritic spine morphology is regulated by the balance between MT dynamics and stability. a) In normal neurons, dynamic MTs transiently

enter dendritic spines in the activity-dependent manner. b) Stabilization of MTs (early response to Aβ) causes simplification of dendritic spine

shape. c) Subsequent toxic cellular response to MT stabilization at later AD stages results in the reduction of MT density and length and caus-

es the loss of dendritic spines

Toxic cell

response

Late ADEarly ADNormal spines
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cultures following 3-h incubation with 10 nM taxol [25].

This effect persisted up to 21 h after taxol removal, which

allowed the authors to suggest that even acute short-term

stabilization of dynamic MTs has long-term effects on

synaptic density [25].

Based on these results, we can conclude that spine

shape and density depend on a precise balance in the MT

dynamics, whereas excessive stabilization or destabiliza-

tion result in detrimental effects. In the above-mentioned

studies, MT-stabilizing agents were used in low concen-

trations to limit their action only to dynamic MT tips [30,

49]; however, it is still possible that these agents affect

basic MT functions, such as axonal transport. Spatially

restricted application of MT drugs (e.g., photo-uncaging)

in a selected number of spines may help to identify the

origin of the observed effects more precisely.

DYNAMICS OF NEURONAL MICROTUBULES

IN ALZHEIMER’S DISEASE

Oligomeric aggregates of Aβ peptides are considered

to be major toxic species inducing AD pathogenesis [50].

MT-associated tau protein forms neurofibrillary tangles

in AD brain that appear to be linked to neuronal cell

death. Does Aβ affect neuronal MT cytoskeleton? Are

these effects tau-dependent? The results that were

obtained in attempts to answer these questions are con-

tradictory. It was shown that Aβ compromises α-tubulin

acetylation, which is an indirect measure of MT stability

[51, 52]. This finding was corroborated by the observation

that the early effect of the exposure of mature primary

hippocampal cultures to Aβ is reduced α-tubulin poly-

merization, while the delayed effect is reduction in the

levels of total and polymerized βIII tubulin that correlates

with reduction in neurite length and DNA fragmentation

[52]. The decrease in both the number and total length of

MTs with no correlation to tau deposition was shown in

pyramidal neurons from AD patients [53]. On the other

hand, it was reported that oligomeric Aβ42 induces for-

mation of stable detyrosinated microtubules through acti-

vation of RhoA-dependent MT stabilization regulated by

integrin and formin mDia1 [54]. The same authors

showed that stabilization of dynamic MTs by Aβ occurred

through decreasing the frequency of MT catastrophe

events and promoted tau hyperphosphorylation and tau-

dependent loss of dendritic spines [25]. The reduction in

the frequency of MT catastrophe events was transient

with a peak at approximately 1.5 h after addition of Aβ

and then returned to basal level after 8 h. The authors sug-

gested that tau hyperphosphorylation occurs in order to

restore normal MT function after it is alteration by Aβ

through activation of pathways disrupting MT behavior

and/or tubulin posttranslational modification [25]. These

effects were inhibited in tau knock-out mice, in which

only an insignificant spine loss was observed in response

to Aβ [25]. On the contrary, the loss of dendritic spines

after pathological NMDA receptor activation by Aβ in

organotypic cultures was detected independently on the

presence or absence of tau, but in these experiments,

longer incubation times with Aβ were used [55].

The results described above suggest that effects of Aβ

on MTs are time-dependent. Aβ-driven MT stabilization

is the event occurring at the early disease stage that trig-

gers further toxic cell responses. We propose that the

early-stage simplification of the spine shape after Aβ

treatment occurs due to the inhibition of dynamic MT

entry (figure, panel (b)), while subsequent spine loss is

induced due to Aβ-dependent massive disruption of other

vital processes and structures in neurons, including MT

cytoskeleton (figure, panel (c)). This model can explain

how microtubule-stabilizing drug EpoD restores spine

density in APPSDL transgenic neurons [22]. These

results appear to be counterintuitive, as EpoD was shown

to induce reduction of mushroom spines in the hip-

pocampal neurons from wild-type slice cultures [22]. It is

possible that EpoD prevents MT disassembly at later

stages in APPSDL transgenic neurons and therefore sup-

ports neuronal morphology; however, it also inhibits MT

dynamics required for spine maturation [22].

Interestingly, nocodazole at low doses partially restores

the number of mushroom spines and spine density in

APPSDL transgenic neurons, possibly by promoting

dynamic MT entry into the spines [22]. These observa-

tions clearly support an important role of MT entry into

the spines in spine maturation, while Aβ disturbs this

process.

MICROTUBULES AS POTENTIAL TARGET

FOR AD DRUG DEVELOPMENT

For the reasons discussed above it is clear that nor-

malization of altered MT dynamics in AD neurons helps

to rescue dendritic spines and prevents the loss of synap-

tic connectivity. Indeed, several brain-penetrating MT-

stabilizing compounds, including EpoD [56], CNDR-

51657 [56], and dictyostatin [57] were reported to show

neuroprotective effects in mouse models of AD and

tauopathies. Phase 1 clinical trial for EpoD was conduct-

ed by Bristol-Myers Squibb, but because of insufficient

effect on cerebrospinal fluid biomarkers (tau N-terminal

fragments), the trial was stopped after 9 weeks. The results

obtained with AD mouse models suggest that 9-week

treatment is perhaps too short to observe significant posi-

tive effects [29]. The use of MT-stabilizing drugs in can-

cer therapy showed that they have a number of adverse

side effects [58] that may restrict their application in AD

treatment. As discussed above, both stabilization and

destabilization of MTs have detrimental effects on den-

dritic spines. Therefore, successful MT-targeting anti-

AD drug should be neuron-specific (to reduce side
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effects) and have a mild effect on MT dynamics without

major disturbance of tubulin cytoskeleton. Targeting MT

entry into the spines is a promising approach to satisfy

these requirements.
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