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ABSTRACT

A critical analysis of the literature on the structure and properties of alpha-synuclein
under physiological and pathological conditions is presented, when the conformation
of this protein changes, which contributes to its aggregation and changes in localiza-
tion features in brain structures in such neurodegenerative diseases as Parkinson’s dis-
ease, dementia with Lewy bodies, multiple systemic atrophy and Alzheimer’s disease.
It has been shown that the toxic effect of conformationally altered alpha-synuclein
can indirectly affect the functions of neurons due to its interaction with neuroglial
cells, primarily microglia and astrocytes, and can also modulate the aggregation
and expression of other proteins that are functionally important for the development
of neurodegeneration.

Further study of the mechanisms of interaction of conformationally altered alpha-
synuclein with other proteins and clarification of the relationship between its accu-
mulation in brain structures and neuronal dysfunction remains relevant for modern
neurology.

Literature search was carried out in the “PubMed” and “eLIBRARY” databases.
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PE3IOME

[MpedcmasneH kpumuyeckul aHaau3 aumepamypsi 0 CMPOEHUU U c8olcmaax
asbgha-CUHyKIeUuHa 8 (hu3UO0I02UHECKUX YC/T08USX U 8 YC/I08UAX NAMOJI02UU, KO2-
0a u3meHsaemMcs KOHopMayusa 3mo2o besikd, Ymo cnocobcmeyem e20 azpe2ayuu
U U3MeHeHUto ocobeHHocmel 10KAAU3AYUU 8 CMPYKMypax 20/108H020 M032d
npu makux HelipoOezeHepamueHbix 3a601e8aHUAX, KaK 60s1e3Hb [TapKUHCOHGA,
demeHYus ¢ menbuyamu Jlegu, MHOXXeCmeeHHAs cucmemMHds ampogus u 6os1e3Hb
Anbuzetimepa.

lMokazaHo, Ymo mokcuyeckoe delicmaue KOHBHOPMAUUOHHO U3MEHEHHO020 a/lbgha-
CUHYKJIeUHA MOXem 0nocpedo8aHHO 8/1UAMb HA yHKUUU HEUpOHO8 8Ciedcmaue
€20 83aumMoOelicmaus C Kilemkamu Helpo2siuu, 8 nepayto o4epedb ¢ Mukpoziueli
u acmpoyumamu, a makxe Moxem MoOyIUPO8AMb A2pe2ayuio U SKCNpeccuro
Opyaux 6es1Ko8, (hyHKYUOHAIbHO 3HAYUMbIX 0/18 pazsumus HelipoOezeHepayuu.
JaneHeliwee uccnedosaHue MexaHu3mMo8 83aumooelicmaus KOH(OPMAayUuoHHO
U3MeHeHHO020 aslbha-CUHyKIeuHa c Opy2umu 6esIKamu U ymoyHeHuUe 83aUMOocea3u
Mex0y e20 HaKkonsieHUeM 8 CmMpyKmypax 20/108H020 M032d U OucyHKYuel Helipo-
HO8 0OCMarmcsa akmyassbHbIMU 0718 CO8peMeHHOU HEBPOI02UU.

Mouck numepamypeol nposodusics 8 6aszax 0aHHbIx «PubMed» u «eLIBRARY».

Knroyeevwle cnoea: KoH@popmayuu anbphd-cUHyKIeUHd, HelpOoHsl, Helipo2ius,
60s1e3Hb [lapKuHCOHaA, 0eMeHUuUs ¢ mesbyamu Jlesu, MHOXecmeeHHAs cCucmemMHas
ampodus, 6one3Hb Anbyzelimepa

OnauymntnpoBanma: Canbkos B.H., BopoHkos [1.H. HakonneHue arpernposaHHoro anboda-
CUHYKIEeNHa B CTPYKTYpax HEPBHOWN TKaHW NpU HelpogereHepaTnBHbIX 3a60/1eBaHMsX.
Acta biomedica scientifica. 2023; 8(6): 153-161. doi: 10.29413/ABS.2023-8.6.14
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INTRODUCTION

Most neurodegenerative diseases associated with old
age are characterised by morphochemical signs of pro-
teinopathies, i.e. impairment accompanied by disturbanc-
es in the structure of certain proteins (alpha-synuclein,
tau-protein, beta-amyloid, etc.) and their metabolism [1].
The most common diseases in this group are Parkinson’s
(PD) and Alzheimer’s (AD) diseases [2]. At their core are pro-
teinopathies associated with impaired aggregation of al-
pha-synuclein, a protein that accumulates in brain struc-
tures [3]. In experiments on laboratory animals and studies
using brain autopsy material in the mentioned nosological
forms of alpha-synucleinopathies, the peculiarities of chang-
es in the structure of this protein have been revealed [4],
but the peculiarities of its accumulation in nervous tissue
in these and other forms of alpha-synucleinopathies have
been studied insufficiently.

THE AIM OF THE STUDY

To characterise the peculiarities of aggregated alpha-
synuclein accumulation in neural tissue structures in neuro-
degenerative diseases based on the analysis of literature
sources.

GENERAL CHARACTERIZATION
OF ALPHA-SYNUCLEIN AND
ITS BIOCHEMICAL PROPERTIES

Alpha-synuclein is a small protein (molecular mass
not exceeding 40 kilodaltons) that is synthesised mainly
in the cytoplasm and presynaptic terminals of neurons
of the human and vertebrate central nervous system [5].
The structure of this protein distinguishes between a hy-
drophobic central domain, known as the non-amyloid
component, and two terminal areas: one is the N-termi-
nal, which exhibits amphipathic properties and inter-
acts with cell membranes, and the other area is the neg-
atively charged C-terminal, which contains several phos-
phorylation sites [6]. The non-amyloid component accu-
mulates in high concentrations in senile plaques during
AD [7], the N-terminus has the ability to undergo most
of the known mutations associated with PD — A53T, A30P
as well as E46K, G51D and H50Q [8], and phosphoryla-
tion (by serine) of site-129 of the C-terminus causes im-
paired polymerisation and aggregation of alpha-synucle-
in with subsequent formation of intracellular inclusions
in brain structures, which is characteristic of both PD
and other alpha-synucleinopathies (dementia with Lewy
bodies (DLB), multiple system atrophy (MSA), etc.) [9].
Compared to other synucleins with a similar structure
to alpha-synuclein, it has a significant level of expres-
sion in brain structures (compared to gamma-synuclein)
and is capable of aggregation (compared to beta-synu-
clein, which has no non-amyloid component in its struc-
ture) [10].

155

Alpha-synucleinis characterized by structural diversity.
Thus, while in physiological conditions it is located in cells
in the state of a monomer (non-toxic low-molecular poly-
peptide capable of polymerisation reactions), in the above-
mentioned neurodegenerative diseases its structure chan-
ges, which promotes its self-organisation first into oligom-
ers (dimers, trimers, tetramers), which consist of single mon-
omers, and later, by transforming all or part of the previous-
ly unstructured polypeptide into well-defined 3-sheet-rich
secondary structures (insoluble filaments or fibrils) [11],
penetrating into other neurons, “recruiting” endogenous
alpha-synuclein into them, and forming new insoluble ag-
gregates[12]. Due to the ability of pathological forms of al-
pha-synuclein to be transmitted from neuron to neuron,
alpha-synucleinopathies are often correlated with prion
diseases [13] and it is assumed that, by analogy with pri-
on diseases, which are caused by different strains of pri-
ons that differ in their biochemical characteristics (ability
to be cleaved by proteinase K, glycosylation capacity, etc.),
different alpha-synucleinopathies may also be associated
with different “strains” of pathological alpha-synuclein [14].
As evidence, the observation that the pathological process
in the limbic cortex, as well as in other areas of the brain,
develops much faster in DLB than in PD [15] is provided,
and it is suggested that this may be due to the fact that
these diseases are caused by different “strains” of alpha-sy-
nuclein [6]. Such evidence is not conclusive, however, since
to date no biochemical differences have been demonstrat-
ed between the types of alpha-synuclein that accumulates
in cortical structures during PD and DLB. It would appear
that a more significant argument in favour of the “prion
hypothesis” is the fact that wild-type alpha-synuclein con-
tains glutamate at amino acid residue 46 and lysine in cas-
es of hereditary forms of PD [16]. The change in this resi-
due is sufficient to prevent alpha-synuclein conformation,
which accumulates in hereditary forms of PD, from adopt-
ing any of the conformations that alpha-synuclein protofi-
brils have in MSA.

Alpha-synuclein under physiological conditions
can be found in the cell in a membrane-bound and solu-
ble stable state; the latter was discovered by examining
the proteins in human erythrocytes using analytical cen-
trifugation [17, 18]. In cells, alpha-synuclein binds to lipid
membrane structures such as liposomes, lipid droplets
and lipid rafts, which require the presence of oxidised li-
pids [19] such as phosphatidylserine or phosphatidylin-
ositol and involves membrane interaction with lysines
found in the structure of this protein. Binding to negative-
ly charged lipid membrane structures causes alpha-synu-
clein to acquire a helical conformation [20]. This form of al-
pha-synuclein is thought to be observed in cells as two
variants: a single elongated a-helix and a broken a-helix
represented by two antiparallel non-interacting helices
[21]. Molecular modelling methods have been used to re-
veal that the formation of an elongated a-helix is promot-
ed by the interaction of alpha-synuclein with membrane
structures of large diameter (~100 nanometres or more),
while its interaction with membrane structures of small-
er diameter promotes the formation of a broken a-helix



[22]. The above spiral shapes appear to be characteristic
of native alpha-synuclein under physiological conditions,
whereas under pathological conditions it takes the form
of a B-sheet. This alpha-synuclein conformation is asso-
ciated with the processes of aggregation of this protein,
formation of fibrils and their deposition in Lewy's bod-
ies, which are formed in the black substance neurons
of the brain as a result of PD [23]. The 3-sheet alpha-synu-
clein conformation is thought to be neurotoxic, but the ex-
act genesis of this form remains unclear [24].

ALPHA-SYNUCLEIN TOXICITY
AND ITS INTERACTION WITH NEURONAL
DYSFUNCTION

Serine phosphorylated alpha-synuclein (a-Syn-p129)
was found experimentally to be highly toxic regardless
of the size of its aggregates accumulating in nerve cells
and neuropil [25]. Accordingly, it was revealed that if both
single oligomers of a-Syn-p129 and its larger aggregates
(fibrils) obtained from PD patients were stereotactically
injected into the brain shell structures of adult baboons,
which in turn were isolated from Lewy’s bodies of autopsy
brains of individuals with PD (brain donation programme
of the Brain Bank ‘GIE NeuroCEB'), then in 2 years in ex-
perimental animals, regardless of the size of alpha-synu-
clein fractions administered to them, neurodegeneration
developed in the compact part of the black substance
of the brain, leading to the death of not only dopamine
neurons, but also other neurons. The cytotoxicity of alpha-
synuclein may be attributed to its ability to bind to large
curvature membranes [26], which is a common property
foramphipathic a-helices and is explained by the fact that,
compared to flattened membranes, large curvature mem-
branes provide a higher density of binding sites for helix-
shaped proteins when interacting with lipid membrane
structures [27]. Furthermore, it is suggested that in impair-
ment, alpha-synuclein, by acting on mitochondrial mem-
branes, may cause their fragmentation [28]. At the same
time, binding mainly to the inner mitochondrial mem-
brane, it can interact with complex |, which reduces mito-
chondrial activity and increases autophagy (mitophagy)
of these structures [29].

The neurotoxicity of a-Syn-p129 is also manifest-
ed in the fact that it can induce the influx of calcium ions
into the cell both directly, through the formation of pore-
like ring structures in the plasma membrane [30], and indi-
rectly, through the activation of potential-dependent N-type
calcium channels [31], as a result of which the concentra-
tion of calcium ions in neurons increases, and the cell mem-
brane of the nerve cell depolarises, which leads to the re-
lease of neurotransmitters.

The toxicity of alpha-synuclein conformation
may be associated with the loss of the helical confor-
mation by this protein [32]. The relative stability of hel-
icality was demonstrated in an in vitro experiment
in which the addition of small single-layer negatively
charged lipid vesicles did not induce significant conforma-
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tional changes in the native alpha-synuclein tetramer [17].
However, exposure to a number of factors, such as ge-
netic mutations, aging, inflammatory process, and en-
vironmental toxins, can contribute to the fact that it lo-
ses the orderliness of its structure and consequently lo-
ses its helical conformation, taking the form of an insuf-
ficiently structured protein, i.e. -sheet [33]. Such alpha-
synuclein conformation is adopted in neurodegenerative
diseases, the development of which is induced by oxida-
tive stress and accumulation of nitric oxide (Il) in nervous
tissue [34]. Alpha-synuclein oligomers formed during ox-
idative stress are phosphorylated and as a result hydro-
gen peroxide molecules are released [35]. This process
results in the presence of transition metal ions exhibit-
ing redox properties: Fe (ll), Cu (I) and others. Metal ions,
binding to the alpha-synuclein molecule, form specific
oxygen bridges that are destabilised when the alpha-sy-
nuclein conformation changes and oligomerises. This re-
leases superoxide anion, which subsequently undergoes
reversible conversion to hydrogen peroxide [36]. Nitro-
sative stress, in which the formation of active nitrogen
forms exceeds the possibilities of their neutralisation or
elimination, leads to the formation of covalent bonds
between nitric oxide (Il) and specific thiol groups of pro-
teins and can be considered as a probable mechanism,
contributing to NO-induced incorrect aggregation of var-
ious proteins, including alpha-synuclein [37], which is con-
firmed by the detection of nitrosylated alpha-synuclein
in Lewy’s bodies, which are localised in brain structures
during PD [38].

The relationship between the accumulation of high-
ly toxic a-Syn-p129 in neurons and their dysfunction,
however, remains unclear [39]. The number of neurons
in the black substance significantly decreases even be-
fore the development of the main clinical symptoms
of PD or at early stages of the disease (from 50 to 90 %)
[40], which, according to studies of the relationship be-
tween neuronal loss and the accumulation of a-Syn-p129
in dopamine neurons of the black substance in this im-
pairment, suggests that its accumulation in brain struc-
tures is not as significant as the loss of nerve cells [39].
In other nervous system entities, such as the enteric nerv-
ous system, the clinical manifestations of Parkinsonism
are not related to neuronal death but to the accumula-
tion of a-Syn-p129 in nervous tissue [41]. Simultaneous-
ly, transgenic mice with high expression of wild-type al-
pha-synuclein showed impaired behavioural responses
associated with changes in olfaction, intestinal peristalsis
and motor activity, but they did not reveal morphological
signs of neurodegenerative process [42]. Besides, mor-
phological signs of alpha-synuclein accumulation were
observed in autopsy material of the midbrain of elderly
people who died from intercurrent diseases, but no neu-
rological symptoms were revealed in these people during
their lifetime [43]. Accordingly, it is suggested that the ac-
cumulation of aggregated alpha-synuclein in the brains
of neurologically healthy individuals is an adaptive re-
sponse of the organism, and the increase in morpho-
chemical indicators of the neurodegenerative process



in the brains of PD patients is the result of the accumu-
lation of toxic a-Syn-p129.

Consequently, despite the high toxicity of a-Syn-p129,
the excessive accumulation of this protein in nervous tis-
sue aloneis clearly insufficient for the development of neu-
rodegeneration, and its actual role in the development
of this process remains to be determined.

The information about the structural characteristics
of aggregated alpha-synuclein and its neurotoxicity out-
lined above was obtained mainly in experimental animal
studies. Accordingly, they do not provide a complete pic-
ture of the morphological basis and possible mechanisms
of pathogenesis of alpha-synucleinopathies. Meanwhile,
these data significantly expand and supplement the data
of pathomorphological studies performed by immuno-
histochemical methods on autopsy material of patients
with alpha-synucleinopathies.

ALPHA-SYNUCLEIN LOCALIZATION
AND ACCUMULATION
IN PARKINSON'S DISEASE

Localisation of a-Syn-p129 during PD, considered
as an alpha-synucleinopathy, is observed not only
in the central (CNS) but also in the peripheral nervous sys-
tem [44], and in the latter this protein often starts to accu-
mulate earlier than in the CNS [45]. This can probably ex-
plain the earlier appearance during PD of symptoms in-
dicating peripheral cranial nerve damage (hyposmia, re-
duced visual contrast and colour discrimination), symp-
toms of gastrointestinal and cardiovascular dysfunction,
and the later appearance of symptoms of motor disorders,
which are considered to be the main clinical manifestations
of the disease [44].

The sequence of a-Syn-p129 deposition in different
parts of the nervous system revealed in pathomorpho-
logical studies formed the basis for the scheme of clinical
and morphological stages of PD, which considered the in-
volvement of both peripheral and central parts of the ner-
vous system in the pathological process and postulated
the spread of pathological changes from caudal brain
formations to cortical formations [46]. Furthermore,
the “double hit” hypothesis has been proposed to ex-
plain the progression of PD in terms of matching the se-
quence of stages of the clinical picture of the disease with
the morphological changes observed [47]. Based on this
hypothesis, an unknown neurotropic pathogen (presum-
ably a virus) can penetrate through the olfactory tract and
the fibres of the vagus nerve innervating the digestive
system into brain structures: in the first case into the tem-
poral lobe, in the second case into the medulla oblonga-
ta, pons cerebelli and mesencephalon. In the latter for-
mation, namely in the compact part of the black sub-
stance, there is a secondary accumulation of a-Syn-p129
in the form of Lewy’s bodies localised both in the cy-
toplasm of neurons and outside the cells, resulting
in the death of dopamine neurons. Initially, a-Syn-p129
accumulates either in the olfactory bulbs or in the dor-

sal motor nucleus of the glossopharyngeal and vagus
nerves. The hypothesis was confirmed by cross-section-
al analysis of pathological changes in brain samples from
individuals with PD who died as a result of intercurrent
diseases. The scheme of PD stages and the “double hit”
hypothesis, despite its popularity, have been repeated-
ly and justifiably criticised by the scientific community.
Consequently, a-Syn-p129 accumulations were revealed
simultaneously in various brain formations, thus refuting
the possibility of this protein spreading only in the di-
rection from the medulla oblongata to the mesenceph-
alon and cerebrum structures [48]. Besides, the concept
did not explain the presence of oligomeric alpha-synu-
cleinin elevated amounts in the plasma and liquor of PD
patients [49]. Finally, the scheme to define the clinical and
morphological stages of PD was questioned by the au-
thor himself [50].

It is currently believed that impaired alpha-synucle-
in aggregation, and subsequently its accumulation, oc-
curs simultaneously in several structures of the central
and peripheral nervous system already at the latent stage
of the neurodegenerative process [51]. Furthermore, sin-
gle-photon emission computed tomography revealed
that different clinical scenarios of PD course correspond
to the involvement of different structures of the nerv-
ous system in the pathological process [52], and the ac-
cumulation of a-Syn-p129 in the nervous tissue is not al-
ways the cause of dopamine neuron death in this disease
[53]. The accumulation of a-Syn-p129, however, can acti-
vate microglia whose activity level corresponds to the de-
gree of neurotoxicity [54], and, in addition, oligomeric al-
pha-synuclein enhances the phagocytic function of mi-
croglia [55].

Consequently, a-Syn-p129, which accumu-
lates in brain structures during PD, can apparent-
ly have the same toxic effect on dopamine neurons
of the black substance as other pathogenic factors: met-
al ions, pesticides, etc. [56].

ALPHA-SYNUCLEIN ACCUMULATION
IN OTHER NEURODEGENERATIVE DISEASES

Clinically, DLB is very similar to dementia during PD
[57], and they are distinguished using the “1-year rule”:
if dementia occurs against the background of PD at least
1 year after diagnosis, the case is considered as ‘demen-
tia in Parkinson’s disease’; if dementia precedes or oc-
curs simultaneously with the appearance of clinical
symptoms of Parkinsonism or it develops within a year
after their appearance, DLB is diagnosed. Both diseas-
es are characterised by the accumulation of aggregat-
ed alpha-synuclein in the form of Lewy bodies and Lewy
neurites, which in autopsy brains of individuals with PD
are revealed only in brainstem and limbic system struc-
tures, while in DLB and dementia developed on the back-
ground of PD, they are also found in the neocortex [58].
Positron emission tomography and pathomorphology re-
vealed that cortical atrophy in DLB was more pronounced
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than in dementia developed on the background of PD
[59]. However, the number of Lewy bodies in the limbic
region, especially in the CA2 field of the hippocampus,
and in the temporal region of the neocortex was signif-
icantly higher during DLB than in dementia developed
on the background of PD [60], and in the latter case
there was significantly higher death of dopamine neu-
ronsin the black substance [61]. Moreover, DLB is charac-
terised by loss of dopamine neurons in the medioventral
segment of the black substance, whereas dementia in PD
is characterised by loss of dopamine neurons in its dor-
solateral segment.

Along with the fact that aggregated alpha-synucle-
in in the structures of nervous tissue was revealed in PD
and DLB, it was also observed in MSA [62], but, unlike PD
and DLB, alpha-synuclein deposits in MSA were mainly ac-
cumulated in the cytoplasm and nuclei of oligodendro-
cytes, and they were also observed in the bodies and out-
growths of neurons [63]. Autopsy samples from the cere-
brum (n = 14) and spinal medulla (n = 11) of MSA patients
revealed alpha-synuclein inclusions in the cytoplasm of gli-
al cellsin structures of the motor cortex, putamen, pontine,
medulla oblongata, and suprasegmental centres of the au-
tonomic nervous system [64], as well as in the caudate nu-
cleus, external pallidum, black substance, locus coerule-
us, and cerebellum [65]. Considering that alpha-synucle-
in is not expressed in significant amounts in oligoden-
drocytes under physiological conditions, it is not clear
how its aggregated form accumulates in the cytoplasm
of glial cells in impairment [66]? In addressing this issue,
some authors believe that pathological inclusions in neu-
roglia can be formed on the basis of aggregated alpha-sy-
nuclein, which is released from neurons and then captured
by neighbouring astrocytes [67], while others suggest that
the cause of accumulation of alpha-synuclein aggregates
in oligodendrocytes is SNCA gene activation [66]. In addi-
tion, in vivo experiments demonstrated that oligodendro-
cytes can internalize aggregated alpha-synuclein when ad-
ministered to mice [68].

AD in a significant number of cases (up to 50 %) mani-
fests accumulation of aggregated alpha-synuclein in brain
structures [69], mainly in the amygdala [70], albeit its ac-
cumulation is not considered a characteristic patho-
morphological sign of this disease. For instance, on au-
topsy brains by immunohistochemical methods, Lewy
bodies were found during AD in 10 out of 22 cases [71]
and were detected in the bodies rather than in the out-
growths of neurons [72]. It is suggested that alpha-synu-
clein during AD directly interacts with AB-peptide and tau-
protein, and this contributes to the mutual aggregation
of these proteins [73]. Meanwhile, it has been also re-
vealed that injection of tau-protein grains and preformed
fibrils derived from purified recombinant alpha-synuclein
into the hippocampus and cortical plate region of labora-
tory mice significantly increases the number of tau-posi-
tive neurons but does not affect the number of alpha-sy-
nuclein-positive neurons [74].

Consequently, alpha-synuclein can modulate the ag-
gregation and expression of other proteins functionally

relevant for the development of neurodegeneration dur-
ing AD, but the effect of these proteins on alpha-synucle-
in aggregation has not been proven to date.

CONCLUSION

It has therefore been established to date that al-
pha-synuclein under physiological conditions is found
in the cytoplasm of neurons and presynaptic terminals
of axons. In impairment it can change its conformation
and acquire neurotoxic properties, which are being real-
ised as a result of its interaction with elements of neuro-
glia, primarily with microglial cells and astrocytes. Moreo-
ver, it can modulate the expression of other neuronal pro-
teins functionally relevant in neurodegenerative diseases
such as PD, DLB, MSA and AD. Along with this, the data
about the accumulation of aggregated alpha-synuclein
in the structures of nervous tissue do not allow us to ful-
ly establish its role in the pathogenesis of these diseases,
but this seems possible if we continue to study the mech-
anisms of its interaction with other proteins and clarify
the relationship between its accumulation in brain struc-
tures and neuronal dysfunction.
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