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A B S T R A C T   

Looking at the puzzle that depicts the molecular determinants in neurodegeneration, many pieces are lacking and 
multiple interconnections among key proteins and intracellular pathways still remain unclear. Here we focus on 
the concerted action of α-synuclein and the microtubule cytoskeleton, whose interplay, indeed, is emerging but 
remains largely unexplored in both its physiology and pathology. α-Synuclein is a key protein involved in 
neurodegeneration, underlying those diseases termed synucleinopathies. Its propensity to interact with other 
proteins and structures renders the identification of neuronal death trigger extremely difficult. Conversely, the 
unbalance of microtubule cytoskeleton in terms of structure, dynamics and function is emerging as a point of 
convergence in neurodegeneration. Interestingly, α-synuclein and microtubules have been shown to interact and 
mediate cross-talks with other intracellular structures. This is supported by an increasing amount of evidence 
ranging from their direct interaction to the engagement of in-common partners and culminating with their 
respective impact on microtubule-dependent neuronal functions. Last, but not least, it is becoming even more 
clear that α-synuclein and tubulin work synergically towards pathological aggregation, ultimately resulting in 
neurodegeneration. In this respect, we supply a novel perspective towards the understanding of α-synuclein 
biology and, most importantly, of the link between α-synuclein with microtubule cytoskeleton and its impact for 
neurodegeneration and future development of novel therapeutic strategies.   

1. Introduction 

Biological mechanisms of neurodegeneration are extremely complex, 
as discussed for Parkinson’s disease (Panicker et al., 2021). However, 
molecular determinants responsible for neuronal damage first and 
foremost warrant to be defined being the conditio sine qua non for the 
design of an efficient strategy for both neuroprotection and potential 
therapies. 

In the context of neuropathologies, α-synuclein is, to some extent, a 
“master regulator” for neurodegeneration. α-Synuclein’s established 
involvement in numerous neurodegenerative disorders (Parkinson’s 
disease, dementia with Lewy bodies, multiple system atrophy and pure 
autonomic failure), has led to the classification of these as synucleino-
pathies. However, beyond synucleinopathies, emerging evidence links 
α-synuclein to Alzheimer’s disease and tauopathies (Twohig and Niel-
sen, 2019). Further, recent investigations have broadened the involve-
ment of α-synuclein to neurodevelopmental disorders, including autism 

spectrum disorders (Morato Torres et al., 2020), and epileptic seizure 
(Hussein et al., 2019). These recent investigations suggest its broad as-
sociation with numerous pathways which underpin the overall health of 
the nervous system. This is thought to be driven by its physico-chemical 
characteristics. α-Synuclein is a 14 kDa soluble protein which exists as 
intrinsically unfolded, and thus highly predisposed towards the adop-
tion of multiple conformations. Such tendencies catalyse its interaction 
with several partners (Lassen et al., 2016). As briefly mentioned, there 
are many potential partners and pathways that could trigger α-synu-
clein-associated neuronal damage. Here we focus on its interplay with 
microtubules. 

Unbalance of microtubules is becoming a point of convergence in 
neurodegeneration (Matamoros and Baas, 2016). Neuron’s morpholog-
ical integrity and physiological function strictly rely on a healthy 
microtubule system (Kapitein and Hoogenraad, 2015). More specif-
ically, homeostasis of neuronal microtubules depends on fine regulation 
of their dynamics (Rolls et al., 2021) and post-translational 
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modifications (Moutin et al., 2021). This, in turn, contributes to sustain 
microtubule-dependent functions in somato-dendritic, axonal, and 
synaptic compartments with axonal transport role (Guedes-Dias and 
Holzbaur, 2019) and synaptic activity (Qu et al., 2019). In light of such 
functions, it is not surprising that microtubular defects have been linked 
to a wide range of neurodegenerative diseases: Charcot-Marie-Tooth 
disease (d’Ydewalle et al., 2011), Hereditary Spastic Paraplegia (Roll- 
Mecak and Vale, 2008), Alzheimer’s disease (Brandt and Bakota, 2017), 
and Parkinson’s diseases (Cappelletti et al., 2021; Cartelli and Cappel-
letti, 2017; Pellegrini et al., 2017). 

To date, understanding cross-talks between α-synuclein and micro-
tubule in the context of neurodegeneration can contribute towards the 
construction of a novel model capable of elucidating the physico- 
chemical mechanisms which lead to irreversible neuronal damage. 

2. α-Synuclein: a “driving force” in neurodegeneration? 

Two seminal papers published in 1997 linked α-synuclein to neuro-
degeneration. The first fundamental study evidences a mutation in 
SNCA, the gene coding for α-synuclein, as a driver of an autosomal early- 
onset form of Parkinson’s disease (Polymeropoulos et al., 1997) giving 
rise to the so-called “genetic era” for Parkinson’s disease. The second 
paper demonstrates the localization of α-synuclein within Lewy bodies, 
suggesting that these structures are the major repository of such protein 
aggregations that are the pathological hallmarks of Parkinson’s disease 
(Spillantini et al., 1997). As a result of these two key findings, over the 
last 20 years, α-synuclein has been the focus of numerous studies dis-
secting synucleinopathies (Goedert et al., 2017). α-Synuclein is a 
“natively unfolded” protein, since a peculiar characteristic is its intrinsic 
disordered structure (Uversky, 2002). In physiological conditions, it has 
been proposed that α-synuclein is mainly present as unfolded monomers 
in neurons (Burré et al., 2013). α-Synuclein protein is characterized by 
three main domains: the N-terminal region (residues 1-60), the non- 
amyloid-β component (NAC; residues 61-96), and the C-terminal 
domain (residues 97-140). While the N-terminal and NAC domains 
contain seven imperfect repeats of the consensus sequence KTKEGV, the 
C-terminal domain lacks them and is enriched in negatively charged 
amino acids and proline residues, which are known to disrupt secondary 
protein structure (George et al., 1995; Ulmer et al., 2005). Moreover, 
α-synuclein shows 18 glycine residues, distributed along the entire 
sequence, that, with a hydrogen side chain, exhibit minimal conforma-
tional restrictions on protein folding. It is thought that all these features 
increase the flexibility of the protein and contribute to its intrinsically 
disordered nature (Holec et al., 2022). In detail, structural studies 
indicate that the N-terminal region folds into two α-helices connected by 
a linker sequence when α-synuclein bound to acidic lipids, while the C- 
terminal domain remains disordered. On the contrary, in pathological 
conditions (i.e. in synucleinopathies) this natively unfolded protein is 
able to acquire β-sheet-rich structures, in which the central region 
(composed by the last residues of the N-terminal domain and the NAC 
domain) became structured while the peripheral regions remain un-
structured. The mechanisms of synucleinopathies involve the aggrega-
tion of α-synuclein into several forms (oligomers and fibrils) in both 
neurons and glial cells. However, stemming from the findings of Spill-
antini and co-workers (Spillantini et al., 1997), α-synuclein fibrils have 
been found to be the main components of Lewy bodies in neurons of 
Parkinson’s disease and dementia with Lewy bodies patients. Addi-
tionally, α-synuclein fibrils have also been identified in Papp-Lantos 
bodies localized in glial cells of multiple system atrophy patients 
(Dickson, 2012), and were found to be predominantly phosphorylated in 
pathological lesions (Fujiwara et al., 2002). Interestingly, phosphory-
lated α-synuclein has been also evidenced in nerve fibers of the auto-
nomic nervous system in skin biopsies obtained from synucleinopathies 
affected patients and also in pure autonomic failure (Donadio et al., 
2013). Beyond fibrils, increasing attention has been paid on α-synuclein 
oligomers, regarded as the most toxic species (Bengoa-Vergniory et al., 

2017; Wong and Krainc, 2017). Oligomers of α-synuclein have been 
identified with the aid of proximity ligation assays in neurons of both 
brain (Roberts et al., 2015) and skin biopsy (Mazzetti et al., 2020a, 
2020b) obtained from patients affected with Parkinson’s disease. 
Interestingly, in multiple system atrophy brains, α-synuclein oligomers 
were present in glial cells, but were also abundant in neurons, demys-
tifying atrophy of numerous nuclei of brain stem neurons and Purkinje 
cells within cerebellum (Sekiya et al., 2019). 

The role and extensive implications of α-synuclein oligomers and 
fibrils on neuronal and glial activities is emerging. Studies using mul-
tiple models and approaches revealed that α-synuclein aggregates exert 
a variety of deleterious effects, including mitochondrial (Archer, 2013; 
Devi et al., 2008; Schapira, 2007) and Calcium homeostasis alterations 
(Mosharov et al., 2009; Surmeier et al., 2017), oxidative stress (Ander-
son and Kedersha, 2002; Salemi et al., 2021), as well as impairment of 
both the ubiquitin proteasome system and the autophagy lysosomal 
pathway (Mazzetti et al., 2020a; Olanow et al., 2004; Pan et al., 2008). 
Collectively, these alterations lead to overall inflammation that involves 
glial cells (Hirsch and Hunot, 2009; Mazzetti et al., 2022; Ransohoff, 
2016). 

It is important to mention that α-Synuclein aggregation occurs 
alongside abnormal deposits of other proteins (Visanji et al., 2017) that 
are classically indicated as the main hallmark of other proteinopathies, 
including: tau (Holmes et al., 2014; Yan et al., 2018), transactive 
response DNA binding protein 43 kDa (TDP-43; (Koga et al., 2018)), 
amyloid-β (Aβ; (Swirski et al., 2014)), or prions (Haïk et al., 2002). This 
suggests that α-synuclein aggregation could be crucial not only in syn-
ucleinopathies but also in pathologic comorbidities of other neurode-
generative diseases, including tauopathies, Alzheimer’s disease, 
amyotrophic lateral sclerosis and prion disease (Visanji et al., 2019). 
However, two important questions still remain largely unanswered: i) 
whether α-synuclein could be defined as the “main driver” in neuro-
degeneration; and ii) how it could play this role. We believe that the 
answers will come from understanding the physiological partners and 
functions of α-synuclein that, indeed, are focal points within the scien-
tific community. In the context of α-synuclein biology, we attempt to 
elucidate whether its loss of function could be linked to aggregation and, 
consequently, be the trigger or the hallmark of neurodegeneration. Here 
we focus on emerging partners of α-synuclein, tubulin and microtubules, 
with a different perspective towards neurodegenerative pathologies. 

3. α-Synuclein and tubulin: partners in health 

The first evidence of a link between α-synuclein and microtubule 
cytoskeleton dates to the beginning of this millennium, when α-synu-
clein was found to co-immunoprecipitate with α- and β-tubulin in zebra 
finch and murine forebrains (Payton et al., 2001). During the last twenty 
years, this issue was not intensively addressed, but significant amounts 
of experimental evidence have been produced to strengthen this link and 
understand its meaning, thus adding little but important pieces to the 
puzzle (Calogero et al., 2019). Before looking in detail at the data that 
support the cross-talk between α-synuclein and tubulin/microtubules in 
physiological condition, we cite the key features regarding the micro-
tubule organization and homeostasis in neurons. Polarity, stability, and 
interaction with specific microtubule-associated proteins are essential to 
make microtubules unique for achieving the extraordinary morpholog-
ical, mechanical, and functional complexity of the neuron. The axonal 
and somato-dendritic compartments display a uniform and mixed- 
oriented microtubule array, respectively, which establishes their 
different polarity and determines the binding of plus and minus end- 
directed molecular motor and, consequently, anterograde and retro-
grade transport of proteins, mRNA, and organelles, as well as their 
sorting (Aiken and Holzbaur, 2021). In addition, the stability of mi-
crotubules marks out neuronal compartments as stabilized and dynamic 
microtubules are differentially present in axons, dendrites, and synapses 
where they both shape microtubule arrays and control microtubule- 
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dependent functions (Baas et al., 2016; Waites et al., 2021). Pivotal role 
for regulation of microtubule polarity, stability, and their dependent 
intraneuronal processes are both post-translational modifications of 
tubulin and the activity of a plethora of microtubule-associated proteins 
(Janke and Magiera, 2020). In this context, understanding which is the 
role of α-synuclein as a partner of tubulin and how it impacts on 
neuronal microtubules is challenging. 

3.1. Evidence for the direct interaction of α-synuclein with tubulin/ 
microtubules 

The concept of potentially direct interaction between α-synuclein 
and tubulin/microtubules in neurons was firstly suggested by Payton 
et al. (2001), and then developed thanks to the work of other teams. 
α-Synuclein and tubulins co-immunoprecipitate from both human brain 
and rat brain extracts and, furthermore, they co-purify with soluble 
tubulin from rat brain following a restrictive purification procedure 
(Alim et al., 2004; Alim et al., 2002). The association between α-synu-
clein and different isoforms of tubulins was further supported by 
quantitative proteomics in rat MES cells (Zhou et al., 2004). Further 
experimental evidence coming from mouse and rat nervous system 
(Amadeo et al., 2021; Toba et al., 2017) and in post-mortem human brain 
(Amadeo et al., 2021). In detail, α-synuclein co-localizes and is in close 
proximity to α-tubulin in murine and human brain as revealed by 
confocal and electron microscopy analysis (Amadeo et al., 2021). Next, 
focusing on microtubules, α-synuclein binding to in vitro assembled 
microtubules has been revealed (Toba et al., 2017). However, although 
the above-described evidence strongly suggests the direct interaction of 
α-synuclein with tubulin, further data are required to consolidate the 
hypothesis that α-synuclein is a true microtubule associated protein, 
namely a protein able to bind tubulin or microtubules and regulate their 
behaviour. 

Certainly, at least the direct binding between α-synuclein and β-III 
tubulin has been demonstrated in vitro using two human proteins puri-
fied from E. coli, thus suggesting that indirect binding, from other pro-
teins, could be excluded (Suzuki et al., 2014). However, it is important 
to consider that proteins purified from E. coli are completely undressed 
from all those post translational modifications which are known to exert 
a fundamental role in the regulation of tubulin functions and in-
teractions (Janke and Magiera, 2020). For solving the open question and 
get an insight into the molecular basis of the potential direct interaction 
between α-synuclein and tubulin, it is crucial to further investigate such 
interaction with the aid of advanced analytical approaches and tubulin 
purified by mammalian cells or organs. With this knowledge, the for-
mation of a complex between α-synuclein and soluble tubulin has been 
demonstrated by native mass spectrometer/nano-electrospray ioniza-
tion and NMR diffusion measurements approaches (Cartelli et al., 2016), 
and by surface plasmon resonance (Toba et al., 2017). On the other 
hand, crystal structures of the α-synuclein-tubulin complex have yet to 
be acquired due to the intrinsically unstructured nature of α-synuclein 
that makes the formation of a stable complex highly improbable. From 
the available literature, different groups propose distinct regions of 
α-synuclein to be involved in its interaction with tubulin/microtubules, 
including mainly N-terminal region (Cartelli et al., 2016), NAC region 
(Zhou et al., 2010), or C-terminal region (Alim et al., 2004). Vast dif-
ferences in proposed regions of interest suggest that the entire α-synu-
clein sequence could be involved in such interactions. Further studies, 
however, warrant to investigate further the residues which could be 
responsible for direct interaction between α-synuclein and tubulin/ 
microtubules. 

3.2. Evidence for the indirect interaction of α-synuclein with tubulin 

Looking at the other side of the coin, the interplay between α-synu-
clein and tubulin/microtubules could be indirect and likely mediated by 
common partners (Carnwath et al., 2018). Indeed, a plethora of protein 

partners of α-synuclein were found in cellular compartments, from 
presynapse and mitochondria to endoplasmic reticulum, and are 
involved in both metabolic and catabolic processes (Burré et al., 2018; 
Lassen et al., 2016). Interestingly, some of them have the potential to 
play a role in the proposed interaction between α-synuclein and tubulin/ 
microtubules. The first candidate is tau protein that has been shown to 
be an α-synuclein ligand in human brain cytosol by affinity chroma-
tography. Their interacting domain was evidenced, using protein frag-
mentation and recombinant peptides, in C-terminus of both α-synuclein 
and tau, the same region where tau includes the repeated microtubule 
binding domains (Jensen et al., 1999). Interestingly, α-synuclein pro-
motes tau phosphorylation, and thus can indirectly affecting microtu-
bules (Jensen et al., 1999). In fact, tau is a well-known microtubule- 
associated protein (MAP), involved in regulating microtubule dynamic 
instability (Wang and Mandelkow, 2016) and in enabling axonal mi-
crotubules to have long labile domains (Baas and Qiang, 2019). It is now 
established that tau plays crucial synergistic effects with α-synuclein in 
neurons and mediates cross-talk essential in maintaining neuronal ho-
meostasis, including the regulation of microtubules’ stability and poly-
merization (Vacchi et al., 2020). Notably, other MAPs have been 
identified as α-synuclein interactors by a proteomic screen, including: 
MAP1B, MAP2 and MAP6 (Betzer et al., 2015), although MAP1B is re-
ported to preferentially bind α-synuclein fibrils (Jensen et al., 2000). A 
second group of putative in-common partners of α-synuclein and mi-
crotubules are molecular motors. Indeed, α-synuclein needs to be rapidly 
transported along microtubules to reach synapses. Studies on α-synu-
clein in rat cortical primary neurons using live cell imaging and co- 
immunoprecipitation techniques demonstrated its link with both kine-
sin 1 and dynein (Utton et al., 2005). Toba and co-workers also 
demonstrated that α-synuclein’s interaction with βIII-tubulin occurs in 
rat nerve, where, together with dynein, they form a complex that allow 
the transport of short microtubules (Toba et al., 2017). On the contrary, 
in human brain neurons, α-synuclein transport by dynein has been 
suggested to occur via histone deacetylase 6 (HDAC6). These results 
were suggested as proximity ligation assay failed to reveal the direct 
association of α-synuclein with dynein (Mazzetti et al., 2020a). Finally, 
additional candidates proposed as common partners between α-synu-
clein and tubulin/microtubules could belong to the family of prolyl 
oligopeptidase enzymes, such as prolyl oligopeptidase or prolyl endo-
peptidase PREP/PEP (Gerard et al., 2010; Kilpeläinen et al., 2020). PREP 
directly interacts with α-synuclein in vitro and in cells, and thus a 
protein-protein interaction increases α-synuclein dimerization inde-
pendently of PREP proteolytic activity (Savolainen et al., 2015). On the 
other hand, PREP is involved in regulating microtubule dynamics 
(Chambraud et al., 2022; Schulz et al., 2005). PREP specifically was 
implicated in the cellular transport and protein secretion independent of 
its peptidase function (Schulz et al., 2005). This data suggests that PREP 
could bridge α-synuclein and microtubule network. 

To conclude, direct and indirect interaction of α-synuclein with 
tubulin/microtubes are likely and, in principle, are not mutually 
exclusive. Thus, a more complete theory should consider that both might 
contribute to neuronal health, for which α-synuclein could exert part of 
its functions thanks to its direct binding to tubulin/microtubules, while 
additional functions can occur thanks to its interaction with other 
tubulin/microtubule binding proteins. 

4. α-Synuclein and tubulin interplay: From health to neuronal 
dysfunction 

Trying to dissect whether and how α-synuclein interplay with 
tubulin/microtubules contributes to neuronal dysfunction and, ulti-
mately, to neurodegeneration, two major issues must be assessed: the 
maintenance/loss of their interaction, both direct and mediated by in- 
common partners, and the impact on microtubule system behaviour 
and related function. The emerging data from in vitro and in mouse 
disease models that support this analysis are summarized in Table 1. 
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Firstly, we hypothesise that alteration of the interaction between 
α-synuclein and tubulin could be directly linked to a pathogenic process. 
In vitro data obtained through different approaches indicate that muta-
tions related to Parkinson’s disease compromise the ability of α-synu-
clein to interact with tubulin/microtubules. In fact, A30P and E46K 
mutations completely suppressed the binding affinity of the protein to 
tubulin, as well as affecting microtubule assembly (Toba et al., 2017). 
Also, A30P, A46K, and A53T α-synuclein variants exhibit changes in 
folding as they do not undergo tubulin-induced folding (Cartelli et al., 
2016). Furthermore, we pointed out that all the suggested putative 
microtubule binding domains on α-synuclein overlap with regions that 
are involved in its self-aggregation (Calogero et al., 2019), being located 
as previously mentioned, in the central region able to acquire β-sheet 
structures (Cartelli et al., 2016; Zhou et al., 2010), or located in the C- 
terminal region (Alim et al., 2004). Interestingly, C-terminal region 
seems to interact with the N-terminal region of α-synuclein in order to 
protect the aggregation-prone NAC domain, relevant towards the for-
mation of compact aggregation-resistant monomeric structures (Ber-
toncini et al., 2005; Dedmon et al., 2005). On the basis that α-synuclein 
binding to microtubules leads to acquisition of α-helices structures in 
physiological condition (Cartelli et al., 2016) and considering the high 
structural flexibility of α-synuclein and its predisposition to aggregate 
when the NAC domain is available, its proper interaction with its 
physiological partners, and therefore also with tubulins, can be required 
to avoid α-synuclein fold rearrangements that lead to self-aggregation 
(Fig. 1). 

A second branch of evidence stems from studies on Tubulin Poly-
merization Promoting Protein (TPPP/p25), a brain-specific protein 
involved in the regulation of dynamics and stability of the microtubule 
system and capable of inducing microtubule bundling (Lehotzky et al., 
2004). Pathologically, TPPP/p25α binds α-synuclein at its C-terminus 
region and forms α-synuclein oligomers/aggregates in neurons and oli-
godendrocytes in Parkinson’s disease and multiple system atrophy, 
respectively (Oláh et al., 2020). The physiological role, if any, resulting 
from the interaction of TPPP/p25α with α-synuclein is still unknown as 
this complex has been detected exclusively at pathological conditions 
where defects in regulating microtubules are also observed. Thus, the 
role played by TPPP/p25α could be attributable to it being a common 
partner for both α-synuclein and microtubules. 

A third branch of evidence links the interplay between α-synuclein 
and tubulin with neurodegeneration. This has been suggested following 
studies on neuronal functions that rely on healthy microtubule system. 
The physiological outcome of the α-synuclein interplay with tubulin/ 
microtubules includes the regulation of microtubule behaviour in terms 
of assembly kinetics and dynamics, as well as axonal transport. 

4.1. Impact on microtubule dynamics 

Right from the beginning, it has been demonstrated that α-synuclein 
influences tubulin assembly kinetics both promoting (Alim et al., 2004; 
Alim et al., 2002; Toba et al., 2017) and inhibiting microtubule forma-
tion (Zhou et al., 2010). Subsequently, a more detailed view of such 
behaviour suggests that α-synuclein i) acts as a dynamase, due to its 
ability to regulate both microtubule nucleation and catastrophe in cell- 

Table 1 
Evidence for the cross-talk between α-synuclein and tubulin/microtubules in 
synucleinopathies.  

Disease Experimental model Results References 

Parkinson’s 
disease 

In vitro assays using 
purified 
α-synucleins (wild- 
type and mutated 
variants linked to 
Parkinson’s disease) 
and purified tubulin 

• Mutated forms display 
defective interaction with 
tubulin1 

• Mutated forms do not 
undergo tubulin-induced 
folding2 

• Mutated forms interfere 
with tubulin assembly3 

• Tubulin accelerates 
α-synuclein aggregation 
into fibrils 4 

1Cartelli 
et al., 2016;  
Toba et al., 
2017 
2Cartelli 
et al., 2016 
3Alim et al., 
2004; Zhou 
et al., 2010;  
Toba et al., 
2017 
4Alim et al., 
2002; Kim 
et al., 2008;  
Nakayama 
et al., 2012 

Mouse primary 
neurons 
overexpressing 
α-synuclein 

• Disruption of the 
microtubule network and 
impairment of 
microtubule-dependent 
trafficking1 

1Lee et al., 
2006 

MPP+-treated 
murine microglia 
cells 

• The activation of 
inflammasome by 
α-synuclein occurs trough 
microtubule-driven 
mechanisms1 

1Xueping 
et al., 2022 

Brain slices from 
wild type mice 

• Mutated α-synucleins 
(A30P and A53T) lose the 
ability to regulate vesicle 
endocytosis via 
microtubule over- 
assembly in presynaptic 
terminals1 

1Eguchi 
et al., 2017 

MPTP-treated and 
α-synuclein 
overexpressing mice 

• α-Synuclein induces 
hyperphosphorylation of 
the microtubule binding 
protein tau1 

1Duka et al., 
2009 

Transgenic mice 
overexpressing 
A53T α-synuclein 

• The synergic action of 
α-synuclein and 
microtubules promotes 
the mutual 
polymerization into 
fibrils1 

1Giasson 
et al., 2003 

Human cybrid cells • Loss of microtubules 
mass influences 
α-synuclein aggregation1 

1Esteves, 
2010 

Human iPSC- 
derived 
dopaminergic 
neurons of patients 

• Oligomeric α-synuclein 
preferentially binds 
tubulin isoforms, as 
revealed by unbiased 
mass spectrometry 1 

1Seebauer 
et al., 2022 

Post-mortem human 
brain 

• Presence of tubulin in 
α-synuclein positive Lewy 
bodies1 

• The main tubulin 
deacetylase (HDAC6) co- 
localizes with α-synuclein 
in Lewy bodies and 
contributes to Lewy body 
morphogenesis 2 

1Galloway 
et al., 1992;  
Alim et al., 
2002; Moors 
et al., 2021 
2Mazzetti 
et al., 2020a;  
Moors et al., 
2021 

Multiple 
system 
atrophy 

Primary neurons 
from transgenic 
mice overexpressing 
human α-synuclein 
in oligodendrocytes 

• α-Synuclein binds βIII- 
tubulin and triggers 
aggregation. Drug- 
induced 
depolymerization of 
microtubules suppresses 
aggregation1 

• Accumulation of 
α-synuclein is impaired 
by using a peptide of 
tubulin that specifically 
binds α-synuclein 2 

1Nakayama 
et al., 2009,  
Nakayama 
et al., 2012;  
Ito et al., 
2012 
2Suzuki et al., 
2014  

Table 1 (continued ) 

Disease Experimental model Results References 

Brain of transgenic 
mice overexpressing 
human α-synuclein 
in oligodendrocytes; 
Post-mortem human 
brain 

• Co-localization of βIII- 
tubulin with α-synuclein 1 

1Suzuki et al., 
2014 

Dementia 
with Lewy 
bodies 

Post-mortem human 
brain 

• Co-localization tubulin/ 
α-synuclein 1 

1Iseki et al., 
2000  

S. Mazzetti et al.                                                                                                                                                                                                                                



Experimental Neurology 359 (2023) 114251

5

free systems; ii) increases microtubule growth rate in cells; and iii) 
colocalizes with tyrosinated α-tubulin, which is associated with the most 
dynamic microtubules, in human neurons derived from embryonic stem 
cells expressing endogenous levels of α-synuclein itself (Cartelli et al., 
2016). Moving to the context of synucleinopathies, the interference of 
α-synuclein with tubulin assembly kinetics and dynamics has the po-
tential to be a key player in the pathogenesis. Microtubule assembly is 
reduced by A30P, A53T or E46K variants when compared to wild-type 
protein in cell free systems (Alim et al., 2004; Toba et al., 2017), and 
in cells (Cartelli and Cappelletti, 2017). 

4.2. Effect on axonal transport 

α-Synuclein overexpression in primary neurons correlates with 
disruption of the microtubule network, impairment of microtubule 
dependent trafficking and neurite degeneration (Lee et al., 2006). To 
note, α-synuclein has been demonstrated to play a role also in tau ag-
gregation leading to microtubule instability and axonal transport 
impairment (Giasson et al., 2003; Jensen et al., 1999; Torres-Garcia 
et al., 2022). α-Synuclein induces tau phosphorylation via protein kinase 
A on serine residues 262 and 356 (Jensen et al., 1999), and also via 
glycogen synthase kinase 3 beta, as demonstrated in the MPTP-treated 
mouse model of Parkinson’s disease (Duka et al., 2009). 

Beyond models of Parkinson’s disease, some interesting data have 
been gathered from a transgenic mouse model of multiple system atro-
phy in which human wild-type α-synuclein is selectively expressed in 
oligodendrocytes and has been shown to result in neuronal degenera-
tion. In primary cells obtained from this model, it has been demon-
strated that binding of α-synuclein to β-III tubulin caused the formation 
of insoluble complexes. Both the formation and accumulation of these 
α-synuclein insoluble aggregates was shown to be suppressed by 
microtubule depolymerization induced by nocodazole (Nakayama et al., 
2009, 2012). Interestingly, treatment with nocodazole attenuates 

pathological processes in this mouse model (Ito et al., 2012), which 
suggests that the binding of α-synuclein to β-III tubulin is a key process in 
the development of neuronal degeneration in multiple system atrophy. 

4.3. Impact on synapses 

The important role and the main localization of α-synuclein inside 
presynaptic terminals rise the questions of whether the interplay be-
tween α-synuclein and microtubules occurs inside this compartment, 
and which could be its physiological/pathological impact. First and 
foremost, it is important to state that the presence of microtubules inside 
synapses is a long-lasting controversial issue (Dent, 2020). The diffi-
culties associated with microtubule visualization within the synaptic 
compartment is a direct consequence of their intrinsic instability and 
scarcity. Nonetheless, their presence was highlighted for the first time in 
presynapses of central nervous system, specifically in the varicosities of 
the autonomic nervous system and in rat brain synaptosomes only by 
using specific fixatives enriched in EGTA. The addition of these fixatives 
enabled prevention of their disassembly by Calcium influx (Gordon- 
Weeks et al., 1982). More recently, microtubule visualization was 
evinced by means of live cell imaging studies in Drosophila which 
showed microtubules inside synaptic boutons (Bodaleo and Gonzalez- 
Billault, 2016). It has been suggested that the role of α-synuclein in 
maintaining recycling pool vesicles homeostasis relies on its ability of 
modulating intersynaptic vesicular dynamics and is related also to its 
interaction with microtubules (Scott and Roy, 2012). More recently, in 
mammalian neurons, microtubule’s functional role was demonstrated in 
the excitatory en passant varicosities release (Qu et al., 2019). Looking at 
this evidence and using multiple approaches, from proximity ligation 
assay to electron microscopy techniques, the interplay between α-syn-
uclein and tubulin was confirmed inside presynaptic terminals in both 
mouse and human brain (Amadeo et al., 2021). This discovery suggested 
that the presynapse could be the compartment in which α-synuclein 

Fig. 1. Proposed cross-talk of α-synuclein 
and tubulin/microtubules in neuro-
degeneration. 
In physiological condition, α-synuclein in-
teracts with tubulin in both axonal and 
synaptic compartments. Confocal micro-
scopy images show the close association 
between α-synuclein and tubulin, as visual-
ized using proximity ligation assay, in axons 
of control human brain (brown signal) and 
in synaptic terminals of mouse brain (green 
signal: α-synuclein/tubulin association; red 
signal: synaptophysin) (see Amadeo et al., 
2021 for details). Evidence exists that such 
an interplay could be direct o mediated by 
in-common partners of α-synuclein and 
tubulin/microtubules (including protein tau, 
molecular motors, and the main α-tubulin 
deacetylase HDAC6). The impact of this 
cross-talk is reported in the regulation of 
microtubule dynamics, microtubule- 
dependent processes as axonal transport, 
and vesicle recycling. Additional neuronal 
processes modulated by this interplay 
remain to be disclosed. 
In neurodegeneration, emerging data sug-
gest that the interplay between α-synuclein 
and tubulin/microtubules is weakened or 
disrupted. This has the potential to dramat-
ically affect neuronal function, being the 
cause or the consequence of changes in 

microtubule stability, imbalance of post-translationally modified tubulins and microtubules, impairment of intraneuronal transport, and α-synuclein aggregation. It 
has left a question over whether and how α-synuclein interplay with tubulin/microtubules plays a role in synaptic dysfunction underlying neurodegeneration. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)   
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modulates synaptic release and activity also via regulation of microtu-
bules, due to its dynamase activity (Cartelli et al., 2016). Interestingly, a 
study on the calyces of Held presynaptic terminals in brain slices from 
mature rats revealed that wild-type α-synuclein, but not A53T and A30P 
variants, primarily inhibits vesicle endocytosis via microtubule over- 
assembly, thereby impairing neurotransmission (Eguchi et al., 2017). 

All together these experimental data support our hypothesised as-
sociation between α-synuclein and microtubules system in the different 
neuronal compartments, an association which could play a role in trig-
gering neuronal dysfunction. 

5. α-Synuclein and tubulin work synergically in pathological 
aggregation 

Beyond the potential to trigger neurodegeneration via the regulation 
of tubulin assembly and dynamics and the impairment of microtubule- 
based functions, α-synuclein could work side by side with tubulin in 
the formation of protein aggregates that mark synucleinopathies. 

Historically, the first attempt to define the molecular composition of 
Lewy bodies revealed that they are composed of filamentous inclusions 
and contain cytoskeletal proteins, including tubulin, MAPs, and neuro-
filaments (Galloway et al., 1992). The same authors that discovered the 
link between α-synuclein and tubulin suggested that tubulin could be 
involved in Parkinson’s disease pathology. This hypothesis was sup-
ported by their demonstration that α-tubulin colocalizes with α-synu-
clein within brains of patients, at the level of both Lewy bodies and Lewy 
neurites (Alim et al., 2002). 

Regarding the other synucleinopathies, α-Synuclein co-localizes with 
β-III tubulin in the brain tissues of patients with multiple system atrophy 
(Suzuki et al., 2014), while Lewy bodies positive for tubulin were also 
found in DLB brains (Iseki et al., 2000). Notably, by employing a pro-
teomic screen, three tubulin chains have been identified as preferential 
interactors of oligomeric α-synuclein, namely α-4a, β-3, and α β-4 tu-
bulins (Betzer et al., 2015). In line with this evidence, α-synuclein ag-
gregates isolated from cells overexpressing wild-type α-synuclein and 
human iPSC-derived dopaminergic neurons of Parkinson’s disease pa-
tients were analysed by means of mass spectrometry. These studies 
revealed that the preferential binding of such aggregated conformers 
occurs towards a number of tubulin isoforms (Seebauer et al., 2022). 
Even if the presence of tubulins in insoluble aggregates of α-synuclein is 
evidenced, it does not directly imply that they play a pathogenic role. In 
fact, few studies have been published which demonstrate that tubulin 
could affect α-synuclein aggregation. Indeed, in vitro experiments indi-
cate that α-tubulin can induce and accelerate α-synuclein aggregation 
into fibrils (Alim et al., 2002; Kim et al., 2008). This is true also for β-III 
tubulin, which is able to increase α-synuclein aggregation in a 
concentration-dependent manner (Nakayama et al., 2012). Moving to 
cellular models of Parkinson’s disease, evidence exists suggesting that 
the loss of microtubule mass influences α-synuclein aggregation 
(Esteves, 2010), and that the regulation of tubulin acetylation using both 
pharmacological and genetic inhibition of the deacetylase SIRT2 re-
duces the formation of α-synuclein inclusions and alleviates neurotox-
icity (Outeiro et al., 2007). Also, many studies support the proposed role 
of HDAC6, as the main deacetylase that specifically targets tubulin as a 
non-histone substrate, on α-synuclein aggregation. Nonetheless, the 
behaviour observed with HDAC6 could be attributable to the acetylation 
of tubulin and/or protein clearance mechanisms (Lemos and Stefanova, 
2020). Importantly, the use of a short peptide fragment of β-III tubulin, 
which specifically binds α-synuclein, suppresses α-synuclein accumula-
tion in primary cultured neurons from multiple system atrophy mice 
model (Suzuki et al., 2014). 

Albeit understanding the underlying mechanisms which dictate the 
build-up of protein aggregates remains a challenge, the strategy pro-
posed to investigate the morphogenetic pathways triggering monomeric 
α-synuclein towards mature Lewy bodies, is promising. Moors and col-
leagues demonstrated, by using high-resolution imaging approach, the 

intricate organization of cytoskeletal elements as neurofilaments and 
β-tubulin in close association to Ser129-phosphorylated α-synuclein at 
the peripheral portion of Lewy bodies (Moors et al., 2021). Indeed, these 
authors contributed towards the understanding of “orchestration of 
Lewy pathology in Parkinson’s disease” and suggested that a regulated 
Lewy body morphogenesis and maturation take place in neurons starting 
from aggresomes. The formation of aggresomes is a strategy employed 
by the cells towards the clearance of ubiquitinated α-synuclein aggre-
gates, which are too big to be degraded by the ubiquitin proteasome 
pathway (Bence et al., 2001). The aggresome formation starts at the 
microtubule organizing center (MTOC) and it is driven by HDAC6, 
which exerts its role through inherent modulatory effects on cytoskeletal 
proteins. As such, HDAC6 essentially behaves as a bridge between 
microtubule network and polyubiquitinated misfolded proteins. This is 
also the case for α-synuclein (Richter-Landsberg and Leyk, 2013). 
Furthermore, HDAC6 and its phosphorylated form have recently been 
localized in Lewy bodies and in glial cytoplasmic inclusions of multiple 
system atrophy (Mazzetti et al., 2020a). Indeed, aggresome could be 
considered an important defence mechanism recruited to counteract 
misfolded proteins accumulation for those aggregates that can be 
degraded solely by macroautophagy (Lamark and Johansen, 2010). 
Interestingly, it has been proposed that such mechanism could represent 
an initial step towards to Lewy body morphogenesis (Moors et al., 2021). 
Furthermore, evidence linked aggresomes to inflammasomes (Magupalli 
et al., 2020), a word coined in 2002 to define a multiprotein complex 
that play key roles in immune surveillance and mediates production and 
the rapid inflammatory form of cell death called “pyroptosis” (Broz and 
Dixit, 2016; Rathinam et al., 2012; Strowig et al., 2012). Inflammasome 
is also linked to microtubule cytoskeleton, due to its formation at the 
MTOC and the HDAC6 engagement. Furthermore, inflammasome 
degradation is induced by MTOC, promoting fusion of autophagosomes 
with lysosomes, enriched in the pericentriolar region (Kagan et al., 
2014). Thus, MTOC seems to have a dual opposite role, either activating 
or inhibiting inflammasome. This link could also enforce the suggested 
interplay between inflammation and neurodegeneration, and in partic-
ular synucleinophaties, since inflammasome signalling was associated 
also to Parkinson’s disease (Haque et al., 2020). Interestingly, α-synu-
clein aggregation has been shown to activate inflammasome trough 
microtubule-driven mechanisms in MPP+-treated murine cells (Xueping 
et al., 2022). 

Despite synucleinopathies and tauopathies exhibit different neuro-
pathological features, several findings support the idea that they could 
share some of the mechanisms that lead to aggregation (Hamilton, 2000; 
Judkins et al., 2002; Lippa et al., 1998; Mori et al., 2002; Yancopoulou 
et al., 2005). The first key difference involves mutations in the SNCA and 
MAPT genes, encoding for α-synuclein and tau, respectively, which can 
both lead to parkinsonism-characterized neurodegenerative diseases 
(Dumanchin et al., 1998; Fujioka et al., 2014; Polymeropoulos et al., 
1997; Spillantini et al., 1998). Secondly, α-synuclein and tau inclusions 
co-occur in multiple diseases, such as Alzheimer’s disease with Lewy 
bodies, dementia with Lewy bodies and Parkinson’s disease with de-
mentia (Lippa et al., 1999; Lippa et al., 1998; Moussaud et al., 2014). 
Finally, phosphorylated tau is found in both Lewy bodies (Ishizawa 
et al., 2003) apart from neurofibrillary tangles, which are not exclusive 
for tauopathies but are frequently present also in Parkinson’s disease 
patients (Galpern and Lang, 2006; Zhang et al., 2018). From a mecha-
nistic point of view, evidence exists towards the proposed α-synuclein 
mediated tau pathology. We mentioned above that α-synuclein pro-
motes tau phosphorylation and aggregation (Jensen et al., 1999). To 
note, α-synuclein and tau synergically promote the mutual polymeri-
zation into fibrils in multiple animal models including transgenic mice 
expressing A53T human α-synuclein and bigenic mice expressing wild- 
type human α-synuclein plus P301L mutant tau (Giasson et al., 2003). 
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6. Conclusion and final remarks 

Albeit a vast literature addressed the mechanisms underlying neu-
rodegeneration and proposed a role for a plethora of intracellular targets 
and pathways, many questions remain unanswered, and many knowl-
edge gaps are still answering. Nonetheless, with respect to α-synuclein 
biology, here we propose a novel perspective towards the interpretation 
of the role α-synuclein holds in neurodegeneration and image a bunch of 
events whereby defects in the interplay between α-synuclein and 
tubulin/microtubules could initiate a pathogenic cascade leading to 
neuronal death (Fig. 1). Indeed, the deleterious impact resulting from 
the impaired cross-talk between α-synuclein and the microtubular 
cytoskeleton could include: change in microtubule stability, imbalance 
of post-translational modifications of tubulin, alteration of intra-
neuronal trafficking, dysregulation of synaptic activity, and, last but not 
least, α-synuclein aggregation. 

How can the defective interaction between α-synuclein and tubulin/ 
microtubules be explained? Intrinsic properties of α-synuclein have the 
potential to interfere and modulate α-synuclein and tubulin/microtu-
bules interplay. Although the molecular details are yet to emerge, data 
from in cell-free systems suggest that point mutations related to Par-
kinson’s disease compromise the ability of α-synuclein to interact with 
tubulin/microtubules (Cartelli et al., 2016; Toba et al., 2017). 
Conversely, microtubule or tubulin deficiency in binding α-synuclein 
could be the trigger for cellular dysfunctions. Microtubule alterations, as 
an example changes in the levels of their post-translational modifica-
tions, could prevent their interaction with α-synuclein. Additionally, if 
we imagine a microtubule as a track that is responsible for directed 
movement within the cells, the lacking interaction with α-synuclein 
could primarily provoke an impairment in its transport and prevent it 
from reaching its proper destination, the presynaptic compartment for 
instance. A similar effect could be attributed to chemical or functional 
modifications of microtubules themselves leading to defects of proteins 
that bind both microtubule and α-synuclein as, in this context, molecular 
motors could be. Hence, modulating or restoring the physiological 
interaction, be it directly and/or mediated, of α-synuclein with the 
microtubule system could be beneficial for correct neuronal activity. 
However, the challenge lies with the identification of how to achieve it. 
From a microtubule point of view, a multi-level strategy could rely on a 
pharmacological approach for correcting those microtubule defects that 
have been revealed by a large amount of in vitro and in vivo studies in 
models of neurodegeneration (Cappelletti et al., 2017). Among the 
others, strategies based on peptides that target microtubules could be 
promising. Interestingly, the peptide davunetide (NAP) stabilizes mi-
crotubules, promotes their assembly, thus reducing both tau phosphor-
ylation (Magen et al., 2014) and α-synuclein aggregation (Fleming et al., 
2011) in mouse model overexpressing α-synuclein. Likewise, in cybrid 
cell culture, NAP improves microtubule-dependent mitochondria traffic 
and leads to a decrease of α-synuclein oligomer content, thus recovering 
cell homeostasis (Esteves et al., 2014). In addition, SKIP, another pep-
tide consisting of only 4 amino acids, that crosses the blood-brain barrier 
better than NAP, is able to interact with NAP motif in activity-dependent 
neuroprotective protein (ADNP) and to preserve microtubules (Ivashko- 
Pachima et al., 2021). Notably, SKIP (Ivashko-Pachima et al., 2021) and 
ADNP (Hadar et al., 2021) can repair microtubules dynamics, restoring 
axonal transport in rat model or mouse/human in vitro cell models of 
Parkinson’s disease. All together these data clearly indicate that 
restoring or protecting microtubules impact on tau and α-synuclein ag-
gregation and, consequently, on cell wellness. This has driven clinical 
trials in the field of tauopathies but, unfortunately, the results did not fit 
with the promising background (Tsai et al., 2020). From the side of 
α-synuclein, there is still a long way to go. With respect to α-synuclein 
biology, and more specifically on its interaction with tubulin/microtu-
bules, a pharmacological approach could be a step further as, interest-
ingly, investigated within an ongoing project funded by the European 
Community (http://www.tubintrain.eu). 

Which are the current paradigms for understanding the roles of 
α-synuclein in the context of neurodegeneration? Two sides of the coin 
are worthy of consideration: the first is to place at the epicenter of 
research the idea that α-synuclein gains a toxic function and, in turn, 
leads to neurodegeneration, and on the opposite face we could suggest 
that the triggering force in neurodegeneration could be the loss of a 
physiologically active α-synuclein. 

In respect to the first side, the issue of α-synuclein aggregation is 
central to synucleinopathies and is linked to the gain of a toxic function. 
Starting from monomeric and tetrameric α-synuclein, which are the 
physiological forms of the protein, multiple states of aggregation are 
described, which ultimately lead to the formation of the mature aggre-
gates as Lewy bodies. A consensus has been achieved in the scientific 
community on the role of mature aggregates as scavengers that 
sequester toxic species. In this respect, the toxic species might be the 
early forms of aggregated α-synuclein as oligomers. Thus, the strategy of 
preventing their formation or sequestering these species has the poten-
tial to be the correct approach. Interestingly, among the players that 
could influence the aggregation processes there is the microtubule sys-
tem (Alim et al., 2002; Esteves, 2010; Kim et al., 2008; Nakayama et al., 
2012; Outeiro et al., 2007). This might suggest that targeting the 
interplay between α-synuclein and microtubules could prevent α-synu-
clein aggregation. To date, the evidence that aggregated α-synuclein is 
toxic established the theoretical background for the development of 
immunotherapy based on the use of antibodies that recognize and 
sequester aggregated form of α-synuclein. In this field, the work is in 
progress (Oliveira et al., 2021). Some promising results come from a 
clinical trial in early Parkinson’s disease using the Prasinezumab 
(PASADENA, a Phase II clinical trial, Roche), a monoclonal antibody 
directed against an epitope in the C-terminus of α-synuclein and binding 
human aggregated α-synuclein with high affinity (Pagano et al., 2021). 
On the contrary, SPARK study, a Phase II clinical trial based on the 
monoclonal anti-pathological α-synuclein Cinpanemab (BIIB054) in 
early Parkinson’s disease, did not meet its primary and secondary out-
comes and was discontinued (https://ClinicalTrials.gov identifier 
NCT03318523). 

The other side of the coin, however, suggests that the triggering force 
in neurodegeneration could be the loss of a physiologically active 
α-synuclein. According to this view, when α-synuclein cannot exert its 
function, due to its decreased levels or its defective nature, irreversible 
neuronal damage occurs. This is a change of the paradigm for which the 
pathological condition is a proteinopenia, instead of proteinopathy, as 
recently proposed for Alzheimer’s and Parkinson’s diseases (Espay, 
2022a, 2022b; Espay et al., 2019). So, looking at the α-synuclein 
biology, the crucial step in triggering neuronal damage could be the loss 
of its physiological functions including vesicle formation (Burré et al., 
2010), vesicle recycling and synaptic release (Nemani et al., 2010), 
interaction with lipids (Domingues et al., 2022) and, last but not least, 
interaction with microtubules (Cartelli et al., 2016). 

The extraordinary complexity of normal and disease function of 
α-synuclein needs an extraordinary effort to fill the current gaps and 
translate the big amount of experimental data into a strategy for ther-
apeutic intervention. Here, by collecting evidence and ideas on the 
emerging cross-talk between α-synuclein and tubulin/microtubules, we 
aimed to offer an additional brushstroke on the painting that, over time, 
will produce a coherent view of the pathogenetic mechanisms of neu-
rodegeneration and, hopefully, will reveal tools to manage, mitigate and 
cure the disease. 
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