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Linking acetylated a-Tubulin redistribution to a-Synuclein
pathology in brain of Parkinson’s disease patients
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Highly specialized microtubules in neurons are crucial to both health and disease of the nervous system, and their properties are
strictly regulated by different post-translational modifications, including a-Tubulin acetylation. An imbalance in the levels of
acetylated a-Tubulin has been reported in experimental models of Parkinson’s disease (PD) whereas pharmacological or genetic
modulation that leads to increased acetylated a-Tubulin successfully rescues axonal transport defects and inhibits a-Synuclein
aggregation. However, the role of acetylation of a-Tubulin in the human nervous system is largely unknown as most studies are
based on in vitro evidence. To capture the complexity of the pathological processes in vivo, we analysed post-mortem human brain
of PD patients and control subjects. In the brain of PD patients at Braak stage 6, we found a redistribution of acetylated a-Tubulin,
which accumulates in the neuronal cell bodies in subcortical structures but not in the cerebral cortex, and decreases in the axonal
compartment, both in putamen bundles of fibres and in sudomotor fibres. High-resolution and 3D reconstruction analysis linked
acetylated a-Tubulin redistribution to a-Synuclein oligomerization and to phosphorylated Ser 129 a-Synuclein, leading us to
propose a model for Lewy body (LB) formation. Finally, in post-mortem human brain, we observed threadlike structures, resembling

tunnelling nanotubes that contain a-Synuclein oligomers and are associated with acetylated a-Tubulin enriched neurons. In
conclusion, we support the role of acetylated a-Tubulin in PD pathogenesis and LB formation.
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INTRODUCTION

Cytoskeleton is a pivotal structural component in neurons, where
it regulates the architecture and also orchestrates many intracel-
lular events'. Neuronal microtubules are cytoskeletal filaments
that are essential for the health of the nervous system not only
during neurodevelopment but also in mature neurons as they
enable a high degree of morphological and functional complexity,
regulate the trafficking of molecules and organelles, and control
synaptic plasticity and dendritic spine structure®™. In the last two
decades, microtubule imbalance has emerged as a player in
diseases of the nervous system. Different mutations in tubulin
genes are linked to a set of neurological disorders, mainly featured
by cortical malformation®. Moreover, loss of microtubules or
changes in their stability and dynamics may contribute to
neurodegeneration as happens in Amyotrophic Lateral Sclerosis,
Alzheimer's disease and Parkinson’s disease (PD)~'°.

Neuronal microtubules are finely regulated by the “tubulin code”
that is the result of different a- and (- tubulin isoforms and a
plethora of post-translation modifications (PTMs), which controls
both the structure and specific functions of each microtubule’~'3,
Among these PTMs, acetylation of tubulin has been widely
investigated. Lysine 40 acetylation of a-tubulin, found in Chlamy-
domonas flagella', is fundamental for neuronal architecture during
development*'>'6, and is largely present in the axon initial
segment and in the axon in mature neurons'’. Recently, it has
been demonstrated that acetylated a-tubulin enhances microtubule

flexibility making them more resilient, protecting them against
mechanical aging and stresses'®', In addition, many cellular
processes rely on acetylated a-tubulin, including cell migration®’,
autophagy?', intracellular trafficking®? and cell adhesion®.

The defective regulation of acetylated a-tubulin has been linked
to PD?*25, Studies with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine (MPTP), and its toxic metabolite 1-methyl-4-phenylpiridinium
(MPPT) have shown that the imbalance of acetylated a-tubulin
drives cell degeneration. In fact, MPP* increases the fraction of
acetylated a-tubulin and induces defects in axonal transport and
mitochondrial damage in PC12 cells?’ and in murine primary
dopaminergic cultures?®. Furthermore, mice treated with MPTP
showed an early imbalance of acetylated a-tubulin in nigrostriatal
dopaminergic fibres. This is rescued by Epothilone D, a
microtubule stabilizer, which attenuates nigrostriatal degeneration
showing that microtubule stabilization is neuroprotective?. In
addition, recent biochemical data have shown a decrease
in acetylated a-tubulin in the substantia nigra and no alteration
in the cerebral cortex of post-mortem human brain obtained from
PD patients compared to controls°.

PD is the most common neurodegenerative movement
disorder®'2, and is characterized by a set of motor and non-
motor symptoms and by a-Synuclein aggregation into Lewy
bodies (LBs) and Lewy neurites®*=3>. a-Synuclein aggregation
implies the formation of different pathological species including
oligomers and fibrils3¢. a-Synuclein cell-to-cell spreading has been
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indicated as the route of disease propagation®’-*8, Studies in
cellular models revealed that the transfer can occur thought
tunnelling nanotubes, exosomes and endocytosis®**~*!. a-Synu-
clein aggregation has been linked to the impairment of different
cellular processes including regulation of lysosomal and protea-
somal functions, mitochondrial activity, biological membrane and
synaptic activity, cytoskeleton assembly and functions?®3132,
Some data in human brain have pointed to a-Synuclein
aggregation as a process characterized by different stages,
starting with a-Synuclein that accumulates diffusely in neuronal
cytoplasm. It then forms a shapeless and irregular aggregate with
moderate a-Synuclein staining, and later acquires a well-defined
round shape with discrete staining for a-Synuclein in the so-called
pale body stage. Finally, it forms an aggregate with a central core
and a ring-shaped surrounding halo positive for a-Synuclein that
is a typical LB****, Interestingly, thanks also to advanced electron
microscopy, LBs are defined as crowded aggregates, which in
addition to proteins, also contain lipid membranes, vesicular
structures, and dysmorphic organelles such as mitochondria and
lysosomes®. Very recently, Moors and co-workers successfully
used super-resolution microscopy to study the subcellular
arrangement of a-Synuclein in PD human brain and demonstrated
the presence of an onion skin-type LB containing a well-organized
cytoskeletal framework associated with phosphorylated Ser129
(Ser129 P) a-Synuclein®. Neurofilament and (-Tubulin are
distributed mainly in the peripheral part of this structure
suggesting that such an organization is important in LB
formation?®. Additionally, Lewy neurites display cytoskeletal
abnormalities due to the possible disruption in the neurofilament
network®.

Increasing evidence suggests that a-Synuclein can interact with
the microtubular cytoskeleton*”=%°, Initially, a-Synuclein was found
to co-immunoprecipitate with a-tubulin from zebra finch and
murine forebrain extracts*®. Next, Alim and colleagues not only
confirmed this interaction by demonstrating that a-tubulin co-
precipitates with a-Synuclein in the cytoplasm of rat brains®', but
also showed that a-Synuclein impacts on microtubule assembly
and polymerization in vitro®2. In recent years, many studies have
further supported this interaction based on in vitro and in cultured
cell assays*®°3, and also on Proximity Ligation Assay (PLA) in
mouse brains and in post-mortem human brains®*. Nevertheless,
this interplay seems to be altered in pathological conditions®®,
Mutated forms of a-Synuclein impact negatively on microtubule
assembly in vitro and in neuronal cell systems*®°2°% and a-
Synuclein overexpression is associated with disruption of the
microtubule network causing impairment of axonal transport and
neurite degeneration®®. As regards human tissues, very few and
incomplete data are available. It has been proven that a-Tubulin®'
as well as HDAC6, the main o-Tubulin deacetylase, and its
phosphorylated active form>” are localised in LBs. However, the
mechanism that links a-Tubulin and a-Synuclein during the
formation of aggregates warrants further investigation.

Our study shows that acetylated a-Tubulin is strongly redis-
tributed in PD brains. First, we identified an accumulation of
acetylated a-Tubulin in neuronal cell bodies and a decrease in
axons both in the central and peripheral nervous system. We also
correlated acetylated a-Tubulin redistribution with LB formation
and analysed in depth the link with a-Synuclein oligomers and
Ser129 P a-Synuclein. Interestingly, we highlighted a driving role
of acetylated a-Tubulin during LB formation in PD human brain.

RESULTS

Neuronal acetylated a-Tubulin rearrangement in the
substantia nigra of PD patients

We analysed acetylated a-Tubulin distribution in the substantia
nigra, which is the main region linked to the onset of motor
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symptoms in PD. In controls, we found that acetylated a-Tubulin is
mainly present in cellular processes of neuropil, and surrounds
tyrosine hydroxylase (TH) positive neurons, whose cell bodies are
mostly negative (Fig. 1a—a™). In contrast, in PD samples, acetylated
a-Tubulin is enriched in the cellular body (Fig. Tb-b™). Although
we used the well characterized anti acetylated a-Tubulin antibody
(clone 6-11B-1), we confirmed this pattern using a different
acetylated a-Tubulin antibody (clone D20G3; Fig. 1c, ¢, d, d).
Interestingly, the observed alterations in acetylated a-Tubulin do
not match with changes in total a-Tubulin staining that is present
in neuronal cell body of both control and PD patients (Fig. 1c”, d”).

Therefore, our first goal was to investigate whether this
differential distribution of acetylated a-Tubulin is exclusive to
neurons or could also be ascribed to glial cells, which are
emerging players in PD®®. We stained mesencephalic brain
sections with acetylated o-Tubulin and glial markers: S100
Calcium Binding Protein {3 (S1008) for astrocytes, ionized calcium
binding adaptor molecule 1 (IBA1) for microglia, and myelin
basic protein (MBP) for oligodendrocytes (Supplementary Fig. 1).
We observed that astrocytes display more ramifications in PD
(Supplementary Fig. 1b, b") than in controls (Supplementary Fig.
1a, a”). However, quantitative analysis did not reveal any
significant difference between control subjects and PD patients
in either the percentage of astrocytes positive for acetylated a-
Tubulin (Supplementary Fig. 1c) or the co-localization between
S100B and acetylated a-Tubulin (Mander’s coefficient; Supple-
mentary Fig. 1d). As for microglia, which has been stated to be
highly involved in the phagocytosis of damaged neurons®?, the
IBA1 marker is clearly visible in the cell bodies (Supplementary
Fig. 1e, f”). Quantitative analysis revealed no significant
difference between control subjects and PD patients in the
percentage of microglial cell bodies positive for acetylated a-
Tubulin (Supplementary Fig. 1g) and the co-localization between
IBA1 and acetylated a-Tubulin (Mander’s coefficient; Supplemen-
tary Fig. 1h). Finally, using MBP, we found that acetylated a-
Tubulin is mainly distributed along the neuropil in the substantia
nigra in both control subjects (Supplementary Fig. 1 i, i") and PD
patients (Supplementary Fig. 1j, j"), while it is not present in
oligodendrocytes. Quantitative analysis demonstrated no sig-
nificant difference between control subjects and PD patients in
terms of MBP co-localisation with acetylated a-Tubulin (Mander’s
coefficient; Supplementary Fig. 1k). Collectively, these data reveal
that in PD, localisation of acetylated a-Tubulin changes
exclusively in neurons.

Acetylated a-Tubulin mislocalizes in subcortical regions in PD
patients
We analysed acetylated a-Tubulin in PD patients, starting from
representative subcortical regions to the cerebral cortex®. In
controls, acetylated a-Tubulin was mainly localised in the
neuropil, as expected, and, rarely, in neuronal cellular bodies in
the substantia nigra (Fig. 1e), locus coeruleus (Fig. 1h), and dorsal
motor nucleus of vagus (Fig. 1k), while in PD, the percentage of
neurons with a cell body strongly positive for acetylated a-
Tubulin were abundant and greatly increased in all three regions
(Fig. 1f, g, i, j, I, m). We confirmed the data in the subcortical
regions, using a different acetylated a-Tubulin antibody (clone
D20G3; Supplementary Fig. 2a-i), showing the significant
increase in the percentage of acetylated a-Tubulin positive
neurons in PD patients compared to controls (Supplementary
Fig. 2¢, f, i). Notably, this is not related to changes in the
percentage of neuronal cell bodies positive for total a-Tubulin,
that remains constant in both control and PD samples
(Supplementary Fig. 2j-r).

On the other hand, no differences in acetylated a-Tubulin were
observed in the cerebral cortex. Indeed, we investigated the
frontal cortex (Supplementary Fig. 3a-e), cingulate cortex
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Fig. 1 Acetylated a-Tubulin distribution in post-mortem human brain. Acetylated o-Tubulin distribution in dopaminergic neurons of

substantia nigra in post-mortem human brain of control subjects (Ctrl) and PD patients (PD). Acetylated a-Tubulin (clone 6-11B-1) is localised
only in neuropil of control samples (a-a"’) while it strongly accumulates within the cell body of dopaminergic neurons (TH positive) in PD
(b-b™). Nuclei are counterstained with Hoechst. Scale bar, 20 pm. ¢, d”” Total a-Tubulin staining is present in the cell bodies of both Ctrl and
PD neurons, while the presence of acetylated a-Tubulin (clone D20G3) only in PD samples (d-d"’) is confirmed. Scale bar, 20 pm. e-m Control
samples show acetylated a-Tubulin only in neuropil and in axonal fibres in SN (e) LC (h) and DMV (k). In the same regions of PD samples (f-i-I)
acetylated a-Tubulin is strongly localised and accumulated in neuronal cytoplasm, and is also present in neuronal processes. White asterisks:
neurons containing neuromelanin. Scale bar, 40 pm. The graphs show the percentage of acetylated a-Tubulin positive neuronal cell bodies ((g)
SN Ctrl, N=6, 263 neurons vs PD, N=7, 496 neurons; (j) LC Ctrl, N=6, 259 neurons vs PD, N=6, 131 neurons; (m) DMV Ctrl, N=6, 334
neurons vs PD, N = 8, 404 neurons). Data in graphs are reported as mean * standard deviation. Mann-Whitney test, **p < 0.01; ***p < 0.001. SN:

substantia nigra; LC: locus coeruleus; DMV: dorsal motor nucleus of vagus.

(Supplementary Fig. 3f-j) and entorhinal cortex (Supplementary
Fig. 3k-0) and found that the staining was intense in the apical
dendrites (Supplementary Fig. 3a, ¢, f, h, k, m) and in a limited
number of pyramidal neurons (Supplementary Fig. 3b, d, g, i, |, n)
in both control and PD samples. However, the non-significant
changes in acetylated a-Tubulin (Supplementary Fig. 3e, j, 0) could
be due to the complexity of the cerebral cortex added to the
intrinsic variability of human samples. We then investigated in-
depth the compartmentalization of acetylated a-Tubulin in cortical
neurons. First, we focused on apical dendrites. We double-stained

Published in partnership with the Parkinson’s Foundation

frontal cortex slides with antibodies against acetylated a-Tubulin
and MAP2, which is a marker of the somatodendritic compart-
ment. MAP2 was present in the cellular bodies and apical
dendrites both in control (Supplementary Fig. 3p, p”) and PD
samples (Supplementary Fig. 3g, g"). Quantitative analysis
revealed no significant difference between control subjects and
PD patients in terms of either apical dendrites positive for
acetylated o-Tubulin (Supplementary Fig. 3r) or co-localization
between MAP2 and acetylated a-Tubulin (Mander's coefficient;
Supplementary Fig. 3s). Furthermore, we investigated the cortical
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Ctrl

white matter and found that no differences in the distribution of
acetylated a-Tubulin are detectable among controls and PD
patients (Supplementary Fig. 4).

Our data disclose the region-specific enrichment of acetylated
a-Tubulin in neuronal cell body in PD patients.

npj Parkinson’s Disease (2024) 2

Acetylated
i B

o~ Tubulin

e *
2094 ™
S

w t

) 5 O

c

£ .
o

S

2

Q

<

s

©

®

<

Ctrl PD

/Hoechst

=

~ 100~ ”

Area of Ac-Tub in PGP 9.5 fibers (%
fo))
o
1

Ctrl PD

Acetylated a-Tubulin is reduced in fibre bundles of putamen
In addition to the cortex, we studied the bundle of fibres in the
putamen, which plays a role in movement control through direct
and indirect circuits. The axonal myelinated bundles, which
cross the grey matter, displayed intense staining for acetylated
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Fig.2 Acetylated a-Tubulin distribution in the fibres of the central and peripheral nervous system. a, b Acetylated a-Tubulin is localised in
nigro-striatal fibres of putamen but not in neuronal cell bodies in controls (a-a’), whereas it is enriched mainly in neuronal cell bodies in PD
patients (b, b’; black arrow). BF: bundle of fibres Scale bar, 100 pm. c-e In controls, acetylated a-Tubulin positive axons in putamen run parallel
to each other (¢, c’; dashed square: 2x magnified) while they are less dense in PD samples (d, d’; dashed square: 2x magnified). Nuclei are
counterstained with Hoechst. The graphs show the percentage of the area covered by acetylated o-Tubulin (e; Ctrl, N=3 vs PD, N=4) in
putamen BF. Scale bar, 20 um. Data in graphs are reported as mean * standard deviation. Mann-Whitney test, *p < 0.05. f-h Acetylated a-
Tubulin localisation (f, g) within PGP 9.5 positive fibres (f”, g”) around sweat glands both in control subjects (f—f”) and PD patients (g—g”).
Merge in (f', g’). Nuclei are counterstained with Hoechst. The graph ((h) Ctrl, N=9 vs PD, N = 12) indicates the percentage of the area covered
by acetylated a-Tubulin in PGP 9.5 positive fibres. f, g Scale bar, 10 um. ', f*, g’, g”: Scale bar, 20 um. Data in graphs are reported as

mean * standard deviation. Mann-Whitney test, *p < 0.05.

W

Fig. 3 Schematic illustration of the neuroanatomical structures
investigated in this study for acetylated a-Tubulin distribution.
Both the central (CNS) and the peripheral nervous system (PNS) of
PD patients were immunostained, analyzed, and the changes
observed in the neuronal cell body and in the axonal compartment
are indicated in green and red, respectively. Acetylated o-Tubulin is
increased in the neuronal cell bodies in DMV, LC, SN and Putamen,
whereas it remained unchanged in the cerebral cortex (PFC, Cing,
and EC). Acetylated a-Tubulin is decreased in the axons of putamen
and in the PNS namely in the axon innervating sweat gland. Cing
cingulum; DMV dorsal motor nucleus of vagus; EC entorhinal cortex;
LC locus coeruleus; SN substantia nigra; PFC prefrontal cortex; Pu
putamen.

a-Tubulin in control subjects (Fig. 2a), but were weakly stained in
PD patients (Fig. 2b). On the contrary, neuron cell bodies lacked
acetylated a-Tubulin in controls (Fig. 2a’) but were strongly
positive in PD (Fig. 2b’).

We used confocal microscopy to perform quantitative analysis,
evaluating acetylated a-Tubulin localisation in putamen bundles
of fibres (Fig. 2c-d’). Acetylated a-Tubulin was significantly
decreased in PD patients (Fig. 2e). This decrease in acetylated a-
Tubulin in axons could be related to the increased number of
neuronal cell bodies positive for acetylated a-Tubulin in the
substantia nigra, that we observed and could suggest
the translocation or redistribution of acetylated a-Tubulin from
the axons to the cellular bodies.

Published in partnership with the Parkinson’s Foundation

Acetylated a-Tubulin is reduced in PNS autonomic fibres in PD
patients

Recently, PD has been defined as a multisystem disorder®’ which
does not only involve the central nervous system but also the
peripheral nervous system. Notably, some studies have shown
that a-Synuclein aggregation occurs in the autonomic structure of
the skin in PD patients®27%%, In particular, PD patients experienced
sweating alterations, and we previously found a significant
increase in a-Synuclein oligomers in the autonomic fibres
innervating the sweat glands®. This led us to wonder whether
the decrease in acetylated a-Tubulin that we saw in fibres of the
central nervous system could be present also in the autonomic
fibres that innervate the sweat glands in skin biopsies. We
performed double immunofluorescence for acetylated a-Tubulin
and PGP 9.5, which is a marker for fibres. We observed that
acetylated a-Tubulin (Fig. 2f-f, g-g’) localises inside PGP 9.5
positive fibres (Fig. 2f'-f", g’-g”), which surround the sweat glands,
both in control and PD samples. Quantitative analysis revealed a
significant decrease in acetylated a-Tubulin in the fibres of PD
patients (Fig. 2h) that is in line with results obtained in the
putamen.

Acetylated a-Tubulin interplay with a-Synuclein aggregation
into LB

Given the redistribution of acetylated a-Tubulin in PD (summar-
ized in Fig. 3), we moved to investigate the relationship between
a-Synuclein pathology and acetylated a-Tubulin using a double
immunoenzymatic method in those regions where LBs are
abundant®® and acetylated a-Tubulin accumulates in the soma:
substantia nigra (Fig. 4a), nucleus basalis of Meynert (Fig. 4b), and
entorhinal cortex (Fig. 4 c). In all these areas, four populations of
neurons were identified and scored: (i) neurons with cell bodies
positive for acetylated a-Tubulin; (i) neurons containing LBs; (iii)
neurons positive for acetylated a-Tubulin and containing LBs; (iv)
neurons negative for both acetylated a-Tubulin and LBs. Despite
the loss of neurons that characterizes the substantia nigra, the
highest percentage of cells displaying acetylated a-Tubulin
accumulation was in this region (Fig. 4a’). Furthermore, in all the
areas analysed we found that acetylated a-Tubulin positive cells
were ~40-70% (Fig. 4a’-c’), while neurons positive for acetylated
a-Tubulin and containing LBs were uncommon (1-5 %; Fig. 4a’-c’),
as confirmed by confocal microscopy (Fig. 4d-e”). Rarely we
observed LBs positive for acetylated o-Tubulin (Fig. 4e-e”),
whereas they were strongly positive for Ser129P a-Synuclein
(Supplementary Fig. 5), a marker used for LBs and a-Synuclein
pathology®®. Taken together, these data suggest that neurons
positive for acetylated a-Tubulin and those containing LB tend to
be mutually exclusive.

The presence of neurons displaying the enrichment of
acetylated a-Tubulin in cell bodies and lacking mature LBs inside
them, let us to hypothesize that the observed change in
acetylated a-Tubulin could be involved in the initial step of a-
Synuclein aggregation. We therefore focused on a-Synuclein
oligomers®, the earliest a-Synuclein aggregated species>67:8,
Using super-resolution microscopy, we found a staging-like

npj Parkinson’s Disease (2024) 2
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Fig. 4 Linking acetylated a-Tubulin redistribution with a-Synuclein pathology in human brain. a-c’ Four categories of neurons are
distinguishable in the substantia nigra (a N = 3, 574 neurons), nucleus basalis of Meynert (b N = 3, 154 neurons) and entorhinal cortex (¢ N=3,
1173 neurons) of PD patients: neurons exclusively positive for acetylated a-Tubulin (white arrow), neurons containing a-Synuclein
accumulated as Lewy bodies (black arrowheads), neurons positive for both acetylated a-Tubulin and a-Synuclein (black arrow) and neurons
lacking staining (asterisk). Scale bar, 100 pm. Insets show 1.5 x magnification of the representative neuronal cell bodies for the four categories.
Pie charts (a’-c’) showing cell percentages for each category in the three regions. d, e In controls, acetylated a-Tubulin is present in fibres
(d-d’) and a-Synuclein shows synaptic staining (d, d”). In PD samples, acetylated a-Tubulin accumulates in neuronal cell bodies and in few a-
Synuclein positive aggregates (e-e”, white arrow). Nuclei are counterstained with Hoechst. Scale bar, 25 pm. Ac tub acetylated a-Tubulin; LB a-
Synuclein positive-Lewy bodies.

distribution between a-Synuclein and acetylated a-Tubulin. The shape is undefined; stage 5, inclusions are roundish with an
combination between PLA to detect a-Synuclein oligomers and external ring-shaped structure composed of acetylated a-Tubulin
classical immunofluorescence for acetylated a-Tubulin allowed us and a-Synuclein oligomers, which are also found in the centre of
to identify different stages that could describe LB formation the structure; stage 6, a-Synuclein oligomers are localized mainly
(Fig. 5): stage 1, redistribution is already present as the cytoplasm in the periphery of the aggregate, acetylated a-Tubulin staining is

of neurons is rich in acetylated a-Tubulin; stage 2, some a- weak while diffuse Hoechst staining is detectable in the core
Synuclein oligomers are spread in the cytoplasm in which region. To supply a more complete view on LB formation, we
acetylated a-Tubulin is widespread; stage 3, acetylated a-Tubulin investigated also the relationship between acetylated a-Tubulin
starts to accumulate in small aggregates containing a-Synuclein and Ser129 P a-Synuclein staining (Supplementary Fig. 6).
oligomers; stage 4, acetylated a-Tubulin is entirely incorporated Interestingly, Ser129 P a-Synuclein staining is detectable, although

together with a-Synuclein oligomers inside the aggregate, whose at low level, starting from the stage 2, it localizes inside small
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Fig. 5 Linking acetylated a-Tubulin redistribution with a-Synuclein aggregation in Lewy body formation. a Six different stages are
distinguishable in post-mortem human brain sections of PD patients following PLA assay for detecting a-Synuclein oligomers (green) and
immunofluorescence for detecting acetylated a-Tubulin (red). b Schematic model showing the hypothetical sequences of events in LB
formation starting from the redistribution of acetylated a-Tubulin (red) in the cell bodies of dopaminergic neurons to a-Synuclein oligomers
(green) and Ser129 P a-Synuclein (yellow in the squared insets, see supplementary Fig. 6). Stage 1 shows the strong presence of acetylated a-
Tubulin accumulated in the soma of neurons; in stage 2, acetylated o-Tubulin is still accumulated inside the cell body while some small and
spared a-Synuclein oligomers and Ser129 P a-Synuclein appear; in stage 3, acetylated a-Tubulin starts to accumulate into a small aggregate
with a-Synuclein oligomers and also Ser129 P a-Synuclein; stage 4 shows acetylated o-Tubulin in a bigger and compact aggregate with an
undefined shape with a-Synuclein oligomers inside and strong Ser129 P a-Synuclein signal, whereas the cytoplasm is now negative for
acetylated a-Tubulin staining; stage 5 shows a ring-shaped aggregate where acetylated a-Tubulin forms an external ring and a-Synuclein
oligomers are distributed not only along the ring but also inside it. Ser129 P a-Synuclein has a pattern of distribution similar to a-Synuclein
oligomers; in stage 6, the ring-shaped aggregate is weakly positive for acetylated a-Tubulin and has few a-Synuclein oligomers, while the
Ser129 P a-Synuclein fibrils are still abundant in the external part. Hoechst staining (blue) is detectable in the core of aggregates at stage 6.
Scale bar, 20 pm.

aggregates at stage 3, and strongly increases at stage 4. The
staining for Ser129 P a-Synuclein becomes compact in the
external part of the ring-shaped structure at stage 5, where also
acetylated a-Tubulin is present, and in the inner part, where
acetylated o-Tubulin is not detected. To note, a-Synuclein
oligomers show a similar distribution of Ser129 P a-Synuclein
at this stage (Fig. 5a). Finally, at stage 6, the staining of Ser129 P
a-Synuclein remains intense in the external part of the aggregate,
whereas acetylated a-Tubulin is almost absent and a-Synuclein
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oligomers are confined to the periphery (Fig. 5). Finally, we
explored the relationship of acetylated a-Tubulin and a-Synuclein
aggregation using a conformational antibody (clone 5G4,5°),
whose staining confirms our data of a-Synuclein oligomers and
Ser129 P a-Synuclein in LB formation (Supplementary Fig. 7).

All these data highlight the involvement of acetylated a-Tubulin
in the complex process of LB formation.

We further investigated the interplay between acetylated a-
Tubulin and a-Synuclein oligomers by applying the imaging arivis
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Fig. 6 Representative 3D reconstruction of four stages of Lewy body formation (stage 3-6) obtained with confocal and arivis Vision4D®

"

software. a-a"’ stage 3; b-b"’ stage 4; c—¢

frontal view of 3D reconstruction by arivis Vision4D® software; a”, b”, ¢”, d”: lateral view of 3D reconstruction by arivis Vision4D® software; a"”’,

stage 5; d-d”’ stage 6. a, b, ¢, d: confocal 3D reconstruction obtained with Fiji software; a’, b’, ’, d”:

”r

b"’, ¢, d"": magnifications by arivis Vision4D® software. a-a”, b-b"”, c-c”, d-d": scale bar, 20 um; a"’, b"’, ¢, d"’: scale bar, 5 pm.

Vision4D® software on high-resolution
Supplementary Movie 1-4). This analytical programme guarantees

images (Figs. 6, 7;
precise and reproducible quantitative morphometric ana-
lyses’®72, This is particularly important for visualizing complex
structures and their relationships, such as LB formation and the
possible correlation between the acetylated a-Tubulin and a-
Synuclein oligomers. Figure 6 reports representative images of
aggregates from stage 3 to stage 6 that show 3D reconstructions
obtained using a confocal microscope (Fig. 6a-d) and processed
by arivis Vision4D® software (Fig. 6a’-a”, b'-b", c'-c”, d'-d").
These analyses enabled us to explore in detail how a-Synuclein
oligomers and acetylated a-Tubulin are distributed inside the
different aggregates. Having confirmed the progressive changes
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in the localization of a-Synuclein oligomers inside the aggregates,
we performed further in-depth measurements of PLA puncta in
two main types of aggregates: (i) undefined aggregates, as
observed in stages 3 and 4 (Fig. 7a-b”), and (ii) ring-shaped
aggregates, as observed in stages 5 and 6 (Fig. 7d-e”). To better
differentiate the two groups of aggregates, we also investigated
total a-Synuclein staining (Fig. 7a, b”, d, e”). The average volume of
PLA puncta was lower in undefined aggregates (0.029 =+
3.197x10° um?3, n. of PLA puncta = 26712 in 17 aggregates;
Supplementary Fig. 8) compared to ring-shaped aggregates
(0.045 + 5534x10° um3 n. of PLA puncta = 17889 in 15
aggregates; Supplementary Fig. 8), which is in line with
progressive a-Synuclein aggregation. Furthermore, we analysed
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Volume of acetylated a-tubulin structure (um?)
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1000
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Fig. 7 Correlation of a-Synuclein oligomers and acetylated a-Tubulin positive structures between undefined and ring-shaped
aggregates. a, b” 3D reconstruction obtained with Nis Elements software (a) and arivis Vision4D® software (b-b”) of an undefined aggregate.
Graph (c) shows the linear correlation between the volume of a-Synuclein oligomers and volume of acetylated a-Tubulin positive structures.
d-f 3D reconstruction obtained with Nis Elements software (d) and arivis Vision4D® software (e-e”) of a ring-shaped aggregate. Graph (f)
shows the linear correlation between the volume of a-Synuclein oligomers and the volume of acetylated a-Tubulin positive structures. Scale

bar, 10 pm.

the correlation between the volume of PLA puncta
inside acetylated a-Tubulin positive structures and the acetylated
a-Tubulin total volume. We found a correlation in both undefined
(Fig. 7c; index correlation: 0.77) and ring-shaped (Fig. 7f; index
correlation: 0.54) aggregates, supporting the hypothesis that the
formation of acetylated a-Tubulin positive structures is strictly
linked to a-Synuclein aggregation.

Finally, the extensive analysis of brain sections that we stained
for a-Synuclein oligomers and acetylated a-Tubulin revealed a
structure, that resembles the so-called tunnelling nanotube,
previously described mainly in vitro in cellular models373%4%, but
never found in human brain. Indeed, we observed 6 threadlike
structures in the substantia nigra detected by the presence of a-
Synuclein oligomers in different patients. In detail, the tunnelling
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nanotubes are located between a neuron positive for acetylated a-
Tubulin and another neuron (Fig. 8) or, alternatively, vessels and
glial cells (Supplementary Fig. 9). 3D reconstruction enables us to
better visualize the distribution of a-Synuclein oligomers in the
sample (Fig. 8b-b"). The structures we identified could indicate
the spreading of oligomers, confirming the diffusive properties of
this species also in human brain.

DISCUSSION

This study explores the formation of a-Synuclein aggregates,
referred to as the histopathological hallmark of PD, with the goal
to understand the role of a-Tubulin in triggering neurodegenera-
tive processes. Importantly, we performed these analyses on
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o-Synuclein oligomers(PLA)

Fig. 8 Tunnelling nanotube linking two neurons in substantia
nigra of post-mortem human brain of PD patients. a-a” o-
Synuclein oligomers (a-a’) and acetylated a-Tubulin (@”) mark the
morphology of an undefined aggregate in neuronal cytoplasm. A
tunnelling nanotube (white dashed rectangle, 2x magnified in a’)
connects the two neurons and contains small oligomers. b-b” 3D
reconstruction of the above confocal image with arivis Vision4D®
software. Scale bar, 10 pm.

human tissues obtained from PD patients aware that this is the
only way to understand the pathological processes that experi-
mental models may not be able to fully recapitulate. We disclose
the redistribution of acetylated a-Tubulin in post-mortem human
brain of PD patients (as summarized in Fig. 3) and report its strong
accumulation in neuronal cell bodies in the subcortical areas
affected by LB pathology, from the dorsal motor nucleus of
vagus to the substantia nigra®®. Notably, acetylated a-Tubulin
decreases in the fibres of both the putamen and skin sweat glands
suggesting that its rearrangement could play a role both in the
central and peripheral nervous system. Hence, we linked the
redistribution of acetylated a-Tubulin with a-Synuclein pathology
and found that the accumulation of acetylated a-Tubulin in the
cell soma precedes the formation of mature LBs, as revealed by
the detailed analysis of the earliest forms of a-Synuclein
aggregation i.e. oligomers. Starting from the staging of LB
maturation previously proposed*?®73, we unravelled a correla-
tion between the redistribution of acetylated a-Tubulin
and the formation of a-Synuclein oligomers as well as Ser129 P
a-Synuclein. This supplies further evidence to the emerging
picture of LB formation, in which acetylated a-Tubulin may have
an active part and play a driving-role.

To date, the evidence for a functional role of a-Tubulin
acetylation is emerging in acute and toxic or gene-based models
of parkinsonism’. An overall increase in a-Tubulin acetylation
marks neuronal-like cells exposed to the neurotoxin MPP*2” and is
detectable in dopaminergic fibres of the corpus striatum and in
cell bodies of the substantia nigra dopaminergic neurons in mice
injected with the neurotoxin MPTP?°, Similarly, neuroblastoma
cells treated with 6-hydroxydopamine (6-OHDA) display an
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increase in acetylated a-Tubulin due to a reduction in the tubulin
deacetylase enzyme SIRT27>. Interestingly, such an imbalance in
the level of modified tubulin seems to precede the impairment of
mitochondria transport in MPP™-treated cells*’. Thus, these
studies converge on the hypothesis that increased acetylation of
a-tubulin is implicated in the mechanisms of neurodegeneration.
As regards genes linked to familial and non-familial forms of PD,
including PARK2 (encoding for Parkin) and LRRK2 (encoding for
Leucine-rich repeats kinase 2, LRRK2), the interplay between
changes in acetylation of a-tubulin and functional defects in
axonal transport is evident*®7¢, Beyond the known role of Parkin
in the stabilization of microtubules’””%, it has been reported that
in the PARK2 KO mouse model, acetylated a-tubulin has enhanced
in dopaminergic neurons and fibres, and precedes the impairment
of axonal mitochondria transport, as revealed by the clustering of
mitochondria along the axons’®. To note, in dopaminergic
neurons obtained from iPSCs, derived from patients carrying
PARK2 mutations, acetylated a-Tubulin is altered and displays a
discontinuous and gapped staining on microtubules suggesting
their overall weakness and dysfunction’®. Furthermore, primary
fibroblasts obtained from skin biopsies carrying the LRRK2
mutation (p.G2019S) display an increase in acetylated a-Tubulin
in their cellular bodies®®. In contrast, Godena and colleagues
demonstrated that LRRK2 pathogenic forms induce a decrease in
acetylated o-tubulin, impairing and disrupting mitochondrial
transport in cortical neurons and motor deficits in D. melanogaster,
which are rescued increasing the acetylation on microtubules®’.
Further to these debated results obtained in vitro and in animal
models, to date, the only evidence that the human brain
experiences an imbalance of acetylated a-Tubulin in PD lies on
biochemical analyses performed on the substantia nigra pars
compacta®®. In this study, the level of a-Tubulin acetylation is
significantly decreased in the substantia nigra of PD patients
whereas it remains unchanged in the hippocampus and in the
cortex. Using in-situ analyses, we demonstrate, that a redistribu-
tion of acetylated a-Tubulin occurs in patients affected with
idiopathic PD. Indeed, we unravelled the significant accumulation
of acetylated a-Tubulin in neuronal cell bodies of subcortical
regions whereas no significant change was observed in cortical
areas. To note, the area-specific alterations that we unravelled are
concordant with data of Esteves et al.>°. In addition, the apparent
discrepancy observed in Esteves’ and our work concerning the
decrease of acetylated a-Tubulin in PD, is due to the different
techniques applied. Using immunohistochemistry, we focused
only on neurons, and, in detail, on neuronal cell body. Instead,
using Western blotting, a cell type-related analysis cannot be
performed. For this reason, the two studies are not in contrast.
Surely, we cannot exclude that the decrease of acetylated a-
Tubulin revealed by biochemical data could be due to an
impairment in the tangle neuropil of substantia nigra pars
compacta. Finally, our data shed light on the emerging role of
acetylated a-Tubulin as a reliable player in neurodegeneration
processes underlying PD.

Our study first demonstrates that although the increase in the
number of neuronal cell bodies positive for acetylated a-Tubulin,
neurons containing mature LBs are rarely positive for acetylated
a-Tubulin. This could be due to the time-course of the events, in
which the enrichment of acetylated a-Tubulin occurs in an early
temporal window compared to the appearance of the final
aggregated form of a-Synuclein. Our analysis of a-Synuclein
oligomers, which are suggested to be the earliest and most
toxic species, at least in the context of the membrane damage, of
a-Synuclein aggregates®©67#2 allowed us to explore in detail the
formation of LBs and to propose a model of staging in which
acetylated a-Tubulin and a-Synuclein oligomers or small aggre-
gates are involved (Figs. 5b and 7b). To date, in the sequence of
events that leads to LB formation, a-Synuclein is first diffuse in the
cytoplasm, gradually accumulates into irregularly-shaped
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aggregates, and, finally, into well-defined round-shaped inclusions
such as pale bodies and LBs***%, The complexity of LB formation is
very difficult to be recapitulated in cell or animal models and the
histological analysis of brain section from post-mortem PD patients
was proved to be crucial for the investigation of both the
composition (more than 100 proteins have been localized inside
it) and the morphological aspects of LB*. The proteins detected
has been described to be involved in different cellular processes,
such as protein degradation, vesicular transport, oxidative stress,
signal transduction, synaptic transmission and apoptosis*>83-87,
Besides protein also lipids, as membranous fragments, organelles
and vesicles characterize LB biogenesis*#78, These data lead to a
staging of LB formation*2. Very recently, Moors and colleagues
confirmed a staging and revealed details as to the framework of
neurofilaments, a-Tubulin, and phosphorylated a-Synuclein inside
the aggregates using STED microscopy*®. Our study combined the
PLA approach to detect a-Synuclein oligomers and immunofluor-
escence for acetylated a-Tubulin with spinning disk confocal
microscopy, SoRa super-resolution, and 3D-reconstruction, to
propose a multistage model for LB formation. This model
involves acetylated a-Tubulin starting from stage 1, where it
accumulates in the neuronal cell bodies prior to the appearance of
a-Synuclein oligomers and Ser129 P a-Synuclein, to stage 6, where
oligomers are localised mainly at the periphery of the inclusion,
Ser129 P a-Synuclein is strongly present in the external ring, as
expected, and staining for acetylated a-Tubulin is weak (Fig. 7b).
The initial increase in a-Tubulin acetylation could be explained by
defects in the activity of the enzymes that regulate acetylation on
Lys40 of a-Tubulin, namely a-TAT189°° or its deacetylation, namely
HDAC6°"92. However, we observed the decrease of acetylated a-
Tubulin in the cytoplasm during LB formation. We hypothesise
that a-Synuclein might bind and sequester acetylated a-Tubulin
thus reducing its level in the cytoplasm or, on the contrary, that
accumulating acetylated a-Tubulin drives a-Synuclein oligomer-
ization and aggregation into LBs. Our data showing the correlation
between the volume of PLA puncta (i.e. a-Synuclein oligomers),
and acetylated a-Tubulin (Fig. 7c, f) point to the driving role of
acetylated a-Tubulin. In stage 6, acetylated a-Tubulin is reduced
inside ring-shaped aggregates (Fig. 7a). This decrease in acety-
lated o-Tubulin could be due by an increase of a-Tubulin
deacetylation, by its degradation or rather by the difficulties of
the antibody to reach its epitope, if buried inside the dense
inclusion. Based on previous work indicating that the main tubulin
deacetylated enzyme, HDACS, is present with its active form (i.e.
P-HDAC6) in the LBs of different parkinsonism, including PD>’, our
preferred hypothesis is the increase of Tubulin deacetylation. In
support of this, we found that acetylated ao-Tubulin is more
evident in the outer part of the aggregate (Supplementary Fig. 10),
while P-HDAC6 is mainly concentrated in the inner part, where
acetylated a-Tubulin is less visible. Based on this, we can speculate
that HDACG6 present inside the LB de-acetylates a-Tubulin causing
the lack of acetylated o-Tubulin staining. Our research on LBs
formation adds a piece to a puzzle whose building started since
their discovery. In particular, biogenesis of LBs has been also
related to aggresomes, which are cytoprotective inclusions
involved in the degradation of accumulated proteins®>. HDAC6
is implicated in the aggresome formation for the transport
of ubiquitinated misfolded proteins through the microtubule
network®. This link with HDAC6 could indicate a protective
role for acetylated a-Tubulin. However, the increase of acetylated
a-Tubulin in the neuronal cell body begins before LB formation.
For this reason, the question remains whether the increase of
acetylated a-Tubulin is protective or detrimental for neurons. The
inhibition of HDAC6 with Tubastatin A in a rat model of PD-like
neurodegeneration increases acetylated a-Tubulin and protects
dopaminergic neurons reducing not only a-Synuclein toxicity and
its phosphorylation at Ser129 but also neuroinflammation®. In
addition, Outeiro and colleagues revealed that the genetic and
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pharmacological inhibition of the other deacetylase of acetylated
o-tubulin, SIRT2%?, increases acetylated a-tubulin in cell
models and reduces a-Synuclein aggregation and toxicity®S.
Finally, studies on PD cybrid cells revealed that davunetide
(NAP), a peptide promoting microtubule assembly, is able to
reduce a-Synuclein oligomerization and restore microtubule-
dependent trafficking by increasing the levels of acetylated a-
Tubulin®”. Very recently, we showed that treatment of HDAC6 with
a specific inhibitor, Tubacin, leads to acetylated a-Tubulin
accumulation and, in turn, to an increase of oligomeric a-
Synuclein in cell model overexpressing a-Synuclein®®, Hence,
although data from experimental models suggest that acetylated
a-tubulin control could be a promising strategy to reduce a-
Synuclein aggregation and ameliorate PD conditions, its mechan-
ism, namely reduction or stimulation, remains a matter of debate.

Interestingly, we report in post-mortem human brains the
presence of threadlike structures that contain a-Synuclein
oligomers and resemble tunnelling nanotubes. Until now, these
structures have been seen exclusively in in vitro models.
Tunnelling nanotubes were visualised between a donor and an
acceptor neuron in co-cultures of mouse neuronal-like cells and
were composed of a-Synuclein fibrils in lysosomal vesicles that
can seed a-Synuclein aggregation in the acceptor cell*®. More
recently, another study elucidated the mechanism of a-Synuclein
spreading with tunnelling nanotubes showing that a-Synuclein is
able to modify the function of lysosomes and use these organelles
to propagate and spread between cells®®. Moreover, Valdinocci
and colleagues pointed out that a-Synuclein can bind migrating
mitochondria within tunnelling nanotubes to increase its aggre-
gation in mono and co-cultures of macrophages and neuroblas-
toma cells'®. Our study provides evidence that tunnelling
nanotubes could be a strategy used by neurons in the central
nervous system for the spreading of a-Synuclein pathology and,
also interestingly, that acetylated a-Tubulin could be involved in
the tunnelling nanotube formation. This hypothesis is based on
the observation that the neurons associated with the threadlike
structure containing a-Synuclein oligomers have increased
acetylated a-Tubulin.

The neuronal imbalance of acetylated a-Tubulin is not exclusive
to PD, but has been demonstrated in many neurodegenerative
diseases”. In detail, changes in acetylated a-Tubulin have been
reported in experimental models of Charcot-Marie-Tooth dis-
ease'®192 Amyotrophic Lateral Sclerosis'®'%4, Huntington’s'®®
and Alzheimer’s disease'%®. As regards post-mortem human brain,
an imbalance of acetylated a-Tubulin is recorded in patients
affected by neurodegenerative disease. In post-mortem striatal
samples of Huntington's disease (grade 3/4), Western blotting
analysis revealed a dramatic reduction in acetylated a-Tubulin
compared to controls, while total a-Tubulin levels were unaf-
fected'®. A recent study on post-mortem human brain of
Alzheimer's disease patients at Braak stage lll-IV reports a decrease
in the level of acetylated a-Tubulin in the cortex and hippocam-
pus3°. A previous work reported both a decrease in acetylated a-
Tubulin and a reduction of total a-Tubulin in the hippocampus of
Alzheimer's disease patients compared to controls, with a net
increase in the acetylation status of a-Tubulin’®’. However, the
implication of acetylated a-Tubulin in Alzheimer’s disease remains
controversial as recent evidence shows that it accumulates in post-
mortem brain tissues from patients'%. Interestingly, Zhang and
colleagues reported the accumulation of acetylated a-Tubulin in
cell bodies of hippocampal neurons and this is similar to what we
observed in PD brain and have described in our study'®’. Thus, our
data open the way to investigate how the redistribution of this
modified form of Tubulin, which is crucial for the maintenance of
the proper mechanical properties of microtubules, could impact
the susceptibility of specific anatomical areas to neurodegenera-
tion in PD and beyond.
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In conclusion, this study reveals the contribution of acetylated
a-Tubulin to LB formation in post-mortem human brains affected
by PD. The completely unexplored link between the redistribution
of acetylated a-Tubulin and a-Synuclein oligomerization in the
human brain definitively supplies a perspective for investigating
the drivers of pathological aggregation in PD.

METHODS

Patients, clinical and neuropathological assessment

All the patients were enroled in the study and followed during the
course of their disease by neurologists experienced in movement
disorders and dementia at the ASST G. Pini-CTO Parkinson'’s Centre
in Milan. Written informed consent was obtained from all subjects
prior to enrolment. Clinical diagnosis of PD was established
according to the UK Brain Bank criteria'®''°, Post-mortem human
brains were collected by the Nervous Tissues Bank (Milan, Italy)
and clinical diagnosis was confirmed by neuropathological
analysis, according to the current BrainNet Europe Consortium
guidelines'"" by two experts, GG and MB. Post-mortem human
brains obtained from patients fulfilling clinical and neuropatho-
logical diagnostic criteria for PD (N =12) and from age- and sex-
matched healthy subjects (N =6) were used. Demographic data,
disease duration and disease severity (according to the Hoehn and
Yahr staging system''?) are shown in Supplementary Table 1. The
study procedures were in accordance with the principles outlined
in the Declaration of Helsinki and approved by the Ethics
Committee of the University of Milan (protocol code 66/21). Skin
biopsies were collected from healthy subjects (N=9) and PD
patients (N=12) by the Parkinson Institute Biobank''® (Supple-
mentary Table 2).

Human brain samples

Human brains were obtained at autopsy and fixed in 10% buffered
formalin for at least 21days. Specimens from bulb, pons,
mesencephalon, basal ganglia, entorhinal, cingulate and the
frontal cortex of both controls and PD subjects were embedded
in paraffin and then cut into 5-um thick sections using a
microtome (MR2258, Histoline) and processed as follows: (i) one
slice was stained with haematoxylin and eosin to verify the tissue
morphology; (ii) one slice was stained for a-Synuclein to verify or
exclude its accumulation in LBs and to assess its relative staging,
and (iii) the sections underwent further immunohistochemistry
and immunofluorescence assay for comparative localization of the
different antigens.

Skin biopsies

Volar forearm skin biopsies were fixed in Zamboni solution for
24h at 4°C and processed as previously described®®. Briefly, the
paraffin embedded samples were sliced into 3-um thick serial
sections and processed: (i) for histology (haematoxylin and eosin
to verify the presence of sweat glands); (ii) immunohistochemistry
to evaluate the presence of a-Synuclein in the synaptic terminals;
and (iii) immunofluorescence assay for comparative localization of
the different antigens. In all these samples, we previously checked
the presence of a-Synuclein oligomers®®.

Immunohistochemistry

After deparaffination and rehydration, brain sections were sequen-
tially incubated with (i) 3% H,0, for 20 min; (ii) 1% BSA diluted in
0.01M phosphate saline buffer (PBS) containing 0.1% Triton™ X-100
(BSAT) for 20 min; (iii) the primary mouse anti-acetylated a-Tubulin
antibody (clone 6-11B-1), rabbit anti-acetylated a-Tubulin antibody
(clone D20G3) or mouse anti-a-Tubulin antibody, overnight at room
temperature (RT). Antigen-antibody interaction was visualized using
EnVision™ anti-mouse or anti-rabbit secondary antibody conjugated
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with HRP (1 h at RT), and 3,3’ diaminobenzidine as a chromogen
(DAB; Dako kit).

In order to assess the comparative localization of acetylated a-
Tubulin with a-Synuclein, we performed double immunoenzy-
matic staining using adjacent sections containing substantia
nigra, nucleus basalis of Meynert and entorhinal cortex. After
incubation with 20% acetic acid for 20 min to inactivate
endogenous alkaline phosphatase (AP), the samples were
incubated with a mix of mouse anti-acetylated a-Tubulin and
rabbit anti a-Synuclein antibody (53062, aa 111-132). To visualize
double immunostaining, we used: (i) anti rabbit InmPRESS™-AP
secondary antibody conjugated with AP and a substrate solution
of 1-Naphthyl phosphate disodium salt (1 mg/ml) and Fast Blue B
salt (1 mg/ml) dissolved in 0.1 M Tris-HCI (pH 9.2-9.4) for a-
Synuclein; and (ii) EnVision™ anti-mouse and DAB for acetylated
a-Tubulin.

Although we used the well-characterized mouse monoclonal 6-
11B-1 for the staining of acetylated a-tubulin''*, we checked for
its specificity on brain samples. First, primary antibody omission
was performed. Next, anti-acetylated a-Tubulin antibody pre-
adsorbed with an excess of tubulin (antibody: tubulin 1:5) and an
immunoenzymatic assay on post-mortem human brain samples
(Supplementary Fig. 11). The tubulin necessary for these experi-
ments was obtained in our laboratory from a healthy bovine brain
following a well-established protocol'’®, and an additional
chromatographic run using a MonoQ GL column (GE Healthcare
Life Sciences). Finally, tubulin was eluted in BRB80 buffer with 1 M
KCl, 0.1 mM GTP, 0.1 mM PMSF, 0.1 mM DTT and analysed by SDS-
PAGE and western blotting to verify the presence of acetylated a-
Tubulin.

Immunofluorescence and Proximity Ligation Assay

Tissue sections containing substantia nigra, basal ganglia, frontal
cortex and skin biopsies were used for classical immunofluores-
cence. The tissues were incubated with BSAT for 20 min at RT
followed by a mixture of anti-acetylated a-Tubulin (6-11B-1 or
D20G3) with different primary antibodies (TH, S1003, MBP, IBAT1,
MAP2, Tau, a-Synuclein S3062, Ser129 P a-Synuclein, aggregated
a-Synuclein 5G4, a-Tubulin, PGP 9.5, synaptophysin; see Supple-
mentary Table 3 for details on antibodies) overnight at RT,
followed by incubation with highly pre-adsorbed secondary
antibodies (see Supplementary Table 3 for details on antibodies)
for 2 h at RT in the dark.

We used PLA to detect a-Synuclein oligomers, as previously
described®. Briefly, mesencephalic sections were incubated with a
mixture containing a-Synuclein $S3062-MINUS, a-Synuclein S3062-
PLUS probes, and anti-acetylated a-Tubulin antibody in PLA
diluent for 2h at 37°C and overnight at RT. The amplification
reaction was performed in serial incubation steps: (i) ligase in
Duolink® ligation solution for 1 h at 37 °C, and (ii) polymerase in
Duolink® amplification reagent for 2 h at 37 °C, to which donkey
anti-mouse secondary antibody was added. Nuclei were stained
using Hoechst 33342 (10 min RT) and the samples were mounted
using Mowiol-DABCO®.

Microscopy and 3D reconstruction

The sections were analysed with a Nikon spinning disk confocal
microscope using a water-immersion 40x objective. In addition,
we used a spinning disk super-resolution by optical pixel
reassignment (SoRa) technique using the silicon-immersion
100x objective plus a resolution improvement of 2.8x. Images
were analysed with Fiji software (NIH). For 3D visualisation,
images were imported into arivis Vision4D® software (Zeiss
Company) containing all the z-stacks in their native format. The
images were transformed into the 12-pixel format and region of
interest (ROI) were selected using the “Transformation gallery >
Crop” tool. Images contain 4 colour channels: Hoechst in blue,
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acetylated a-Tubulin in red, a-Synuclein oligomers in green and
total synuclein in white. The “Intensity threshold segmentation”
pipeline was used for the blue and the red signals. The PLA
signal showed a scattered and pointy distribution, so the “Blob
Finder” pipeline was chosen and using “preview”, a suitable
range of exposure was selected. As staining was strong and
continuous in a compact area, “Machine Learning Segmenta-
tion” was chosen as a suitable pipeline for total-a-Synuclein.
Finally, the analysis was run from “Run analysis pipeline” and the
reconstruction was visualized via 4D view. The analysis was then
carried out using a “cell or particle compartmentalization
pipeline”, which can find partial or total overlapping conditions
between two reconstructed objects and can be applied to any
kind of small particles.

Data and statistical analysis

The data were gathered using Fiji software (NIH). In detail, Fiji tools
were used to measure areas, cell counter for counting cells in each
anatomic region, and JACOP plug-in for co-localization analysis
calculating Mander's coefficient' ', For skin, sweat glands confocal
images (40x magnification) were reconstructed in a z-stack and
analysed with Fiji software (NIH). We conducted the quantitative
analysis in the specimens in all the sweat glands (n=11 for
controls; n=18 for patients). The acetylated a-Tubulin staining
was rated as the area of acetylated a-Tubulin signal within PGP 9.5
positive fibres, normalized for the area of PGP 9.5 positive fibres. In
particular, the localization of acetylated a-Tubulin signal inside
fibres was assessed by the superimposition of the mask of the PGP
9.5-positive green channel and the acetylated a-Tubulin-positive
red channel.

Statistical analysis was carried out using GraphPad Prism 8. It
was performed the Mann-Whitney test, two-tailed, being the
distribution of the experimental data not normal, accordingly to
the normality tests (D’Agostino and Pearson test and Shapiro-Wilk
test). A p-value < 0.05 was considered statistically significant.

In the images obtained using arivis Vision4D® software, the
signal was transformed into an object. Data collected from the
“object table” by exporting “analysis objects” were the volume of
all PLA puncta, the volume of all acetylated a-Tubulin positive
objects, the volume of the PLA puncta inside acetylated a-Tubulin
positive objects, the volume of the PLA puncta intersecting at
least 1% acetylated a-Tubulin positive objects, the mean volume,
and the total number of each of the previously listed objects.
These data were analysed using frequency distribution and linear
correlation, obtaining Spearman’s rank correlation coefficients (p).

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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