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Abstract
Parkinson’s disease (PD) is a neurodegenerative disorder that affects over 10 million aging people worldwide. This condition 
is characterized by the degeneration of dopaminergic neurons in the pars compacta region of the substantia nigra (SNpc) and 
by aggregation of proteins, commonly α-synuclein (SNCA). The formation of Lewy bodies that encapsulate aggregated pro-
teins in lipid vesicles is a hallmark of PD. Glycosylation of proteins and neuroinflammation are involved in the pathogenesis. 
SNCA has many posttranslational modifications and interacts with components of membranes that affect aggregation. The 
large membrane lipid dolichol accumulates in the brain upon age and has a significant effect on membrane structure. The 
replacement of dopamine and dopaminergic neurons are at the forefront of therapeutic development. This review examines 
the role of membrane lipids, glycolipids, glycoproteins and dopamine in the aggregation of SNCA and development of PD. 
We discuss the SNCA-dopamine-neuromelanin-dolichol axis and the role of membranes in neuronal stem cells that could 
be a regenerative therapy for PD patients.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder 
that develops in about 1% of the aging population and is 
characterized by the degeneration and cell death of dopa-
minergic neurons in the midbrain, initially in the substan-
tia nigra pars compacta (SNpc). This degeneration leads 
to a reduced concentration of circulating dopamine (DA) 
neurotransmitter. Ten million people worldwide live with 
PD and experience symptoms such as motor dysfunctions, 
rigidity, tremor and more. There are many potential and 
mostly unknown causes of PD where about 10% are geneti-
cally based. The major problem appears to be synucleinopa-
thy, i.e. increased aggregation of α-synuclein (SNCA) that 
accumulates in cytoplasmic inclusions (Lewy bodies) con-
sisting mainly of misfolded and aggregated SNCA together 
with ubiquitin and membrane components [1–3]. High con-
centrations of both SNCA and gangliosides are present in 
presynaptic membranes. SNCA interacts with membranes 

in which specific lipids and gangliosides influence its fold-
ing and oligomerization. PD is also associated with neu-
ronal inflammation, oxidative stress, as well as lysosomal 
and mitochondrial dysfunction [4]. The mechanism of cell 
death in PD is complex and not well understood.

Mutations in the SNCA gene were shown to be associ-
ated with a high degree of SNCA aggregation [5–7]. Other 
genetic links include mutations in the genes encoding 
PARK1, PARK12 and others [8]. Most of the PD cases 
appear to be sporadic and of unknown causes. In about 10% 
of PD patients a glucocerebrosidase mutation was found, 
similar to Gaucher’s disease, and this association indicates 
a significant risk factor for PD [9]. The decreased activ-
ity of mutant glucocerebrosidase causes increases in the 
concentrations of glucocerebroside (GlcCer) in membranes 
throughout the brain [10]. However, the activity of this 
enzyme appears to be low in PD patients even in the absence 
of mutations. NMR studies suggest that glucocerebrosidase 
associates with acidic residues and possibly Tyr residues at 
the C-terminus of SNCA [11].

Aging is a key factor for developing PD and among 
many age-related alterations, specific membrane lipids 
and glycosphingolipids (GSL) change upon aging [12, 13]. 
Despite of a large amount of scientific data, mainly on 
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animal and cell models, it is still unknown which features 
of aging contribute to PD. Humans accumulate dolichol 
(Dol) up to 21-fold in the aging brain [14]. Dol is known 
to disrupt membrane structure and functions [15, 16] and 
binds to melanin, the dark pigment of SNpc which also 
accumulates with age [17, 18].

Although SNCA functions normally as a presynaptic 
protein for many decades, at about age 60 it starts in vul-
nerable PD patients to form toxic oligomers and fibrous 
aggregates that cause neuronal cell death, formation of 
Lewy bodies, synaptic dysfunction and the symptoms of 
PD. The question is why dopaminergic neurons are pref-
erentially affected in PD patients and why SNCA is the 
aggregating protein while in other age-related neurode-
generative diseases different proteins aggregate.

SNCA is a small 14  kDa unstructured protein that 
associates with the membrane due to its amphipathic 
properties. Under certain conditions SNCA can change 
conformation that predisposes it to oligomerization and 
fibrillar aggregation to form cytotoxic species [19, 20]. 
This process can be caused by overexpression of SNCA 
[21, 22], SNCA mutations, changes in posttranslational 
modifications (Table 1) or alterations in membrane com-
position. The different oligomeric types exist in a dynamic 
equilibrium and toxic oligomers slowly form fibrils that 
cannot be degraded [23, 24].

The microenvironments of lipids in membranes, vesicles 
and lipid rafts determine the functional properties of mem-
branes, and SNCA oligomerization and aggregation is con-
trolled by interactions with membrane lipids and glycolip-
ids [20, 25–31]. However, the exact mechanisms underlying 
SNCA misfolding and aggregation remain unknown.

The loss of DA in PD is partially restored with Levodopa 
(L-DOPA) medications that cross the blood brain barrier 
(BBB) [32] and are converted to DA in neurons. However, 
long-term effective neuroprotective or restorative therapies 
remain to be developed. Research on pluripotent stem cells 
that differentiate into dopaminergic neurons has brought 
hope for the restoration of dopaminergic neurons [33, 34].

Several cell and animal models are available that can 
answer specific questions on pathological mechanisms such 
as dopaminergic cell death and SNCA aggregation mecha-
nisms, mutations and membrane changes and can be used 
to assess the effectiveness and toxicity of new pharmaco-
logical agents. However, there is no model that has all the 
features of PD, especially since the causes of sporadic PD 
are still unknown and the disease is multi-faceted. Cellular 
models are also useful to study specific aspects of the loss 
of non-dopaminergic cells [35]. Lund human mesencephalic 
(LUHMES) cells are immortalized human neuronal cells that 
can differentiate to dopaminergic cells [36]. The human neu-
roblastoma cell line SH-SY5Y and rat pheochromocytoma 

Table 1  Posttranslational 
modifications of alpha-
synuclein

Human alpha-synuclein amino acid sequence:
     1 mdvfmkglsk akegvvaaae ktkqgvaeaa gktkegvlyv gsktkegvvh gvatvaektk
    61 eqvtnvggav vtgvtavaqk tvegagsiaa atgfvkkdql gkneegapqe giledmpvdp
   121 dneayempse egyqdyepea

Type of modification Residues Role

Phosphorylation Ser87, Ser129 component of most Lewy bodies
Tyr39, Tyr125, Ser129 promotes aggregation

inhibits degradation
Ser87 increases flexibility, blocks

aggregation
Tyr133, Tyr136 dissociation of membrane bound

SNCA
inhibits intracellular trafficking
obstructs mitochondrial functions
through ROS

Nitration Tyr39, Tyr125, Tyr133, Tyr136 toxicity, crosslinking?
blocks membrane interactions

Ubiquinylation Lys residues promotes degradation
Acetylation N-terminal Met1 regulates SNCA conformers,

cellular localization to highly curved
membranes,
supports binding to neurexin

O-GlcNAc Thr64, Thr72, Ser87, Ser129 prevents aggregation
Glycation Lys forms AGE, inflammation
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cell line PC12 have been extensively used since they produce 
catecholamines and can develop neuron-like properties such 
as the formation of neurites.

Glycosphingolipid changes have been observed in PD and 
levels of GM1 are low in the SNpc of PD patients [27], but 
the mechanisms of these changes need to be determined. 
The effect of ganglioside accumulation and deprivation and 
the role of SNCA mutations have been examined in mouse 
models of PD. One of the enzymes that synthesizes GM1 
is β1,4-GalNAc-transferase B4GALNT1. B4GALNT1 gene 
knockout mice lack the major brain gangliosides such as 
GM2, GD2 and GM1 [37]. These mice show PD symptoms, 
including motor impairment upon aging, loss of dopaminer-
gic neurons and aggregation of SNCA, as well as non-motor 
symptoms that can be reversed by GM1 analog treatment.

There is no specific biochemical or cellular test for PD, 
and the diagnosis is based on the presence of clinical fea-
tures such as motor deficits and the response to L-DOPA. 
The search for biomarkers continues, and may well include 
membrane components that are commonly found in neurode-
generative disease such as PD, Alzheimer’s or Huntington’s 
disease.

Alterations in the composition of special membrane areas 
named lipid rafts may be observed before PD symptoms appear 
[38, 39]. Metabolites related to lipid oxidation and oxidative 
stress could support an inflammatory environment in the brain 
[40]. The neuroinflammation in PD patients has also been 
attributed in part to advanced glycation end products (AGE) 
that increase with age and cause inflammation by binding to 
the AGE receptor RAGE [41]. Metabolites of glycated pro-
teins form AGE that are considered pro-inflammatory media-
tors involved in neurodegeneration [42]. The N-glycosylation 
patterns of Immunoglobulin G (IgG) have been suggested 
to be novel biomarkers of PD [43]. Several of the N-glycan 
structures of IgG from PD patients were different from normal 
and the IgG glycome may be a marker for PD. These spe-
cific glycoforms of IgG may be related to a state of low-grade 
inflammation. However, differences in N-glycosylation of IgG 
have previously been observed in several other inflammatory 
diseases and cancer [43].

In this review we discuss the lipid and glycoconjugate 
components of neuronal membranes including Dol and focus 
on their relationship with SNCA and DA. We will summa-
rize the therapies available for PD treatment and evaluate the 
potential of neural stem cells for restoration of dopaminergic 
neurons in PD.

Pathophysiology of Parkinson’s disease

Many possible factors are thought to cause the pathogen-
esis of PD that includes progressive slowing of physical 
movement and loss of coordination among many other 

symptoms. Aging is the greatest risk factor for PD but the 
specific changes responsible need to be determined. Spo-
radic occurrence of PD contributes to at least 80% of cases 
and SNCA is the most common protein to aggregate. Hun-
dreds of distinct DNA variants in five disease genes are asso-
ciated with familial PD. The mutated genes include SNCA, 
Parkin (PARK2), PTEN-induced putative kinase 1 (PINK1, 
PARK6), DJ-1 (PARK7), VPS35 (PARK17) and Leucine-
rich repeat kinase 2 (LRRK2, PARK8) [8, 44]. The SNCA 
mutations found in PD patients are A30P, E46K, H50Q, 
G51D, A53T, A53E within the N-terminal domain. The 
familial mutations A30P and A53T are associated with a 
higher ability to form fibrils in the presence of heparin [5]. 
Overexpression by gene duplication or triplication increases 
SNCA and symptoms of PD [21]. High amounts of SNCA 
in the cell therefore enhance its aggregation. The multiple 
interactions of SNCA with membranes seem to be critical 
for its function and its pathogenicity [45]. Transgenic mice 
that express human SNCA or A53T mutant SNCA exhibit 
the formation of toxic filamentous SNCA in neuronal inclu-
sions with neurodegeneration [46]. The pathophysiology of 
PD can be studied in mice injected with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine, which is toxic to dopaminergic 
neurons in the SN [47].

Potential risk factors for PD include exposure to envi-
ronmental toxins, pesticides, metals and drugs. Signaling 
pathways and receptors, transporters and enzymes involved 
in DA metabolism are critically involved. Impaired protein 
clearance via the ubiquitin–proteasome and autophagy-
lysosomal systems associated with oxidative stress and 
dysfunction of mitochondria contribute to accumulation of 
misfolded proteins and pathogenesis [48].

PD patients also experience non-motor symptoms. The 
gastrointestinal tract and the enteric nervous system (ENS) 
are clearly associated with PD and ENS also contains 
dopaminergic neurons and SNCA. The gut microbiota 
composition is altered in PD and could be in part due to 
decreased gut motility [49]. Mucus and electrolyte secre-
tion is regulated by the ENS via acetylcholine and vaso-
active intestinal peptide transmitters. Lewy bodies have 
also been found in the colon. In a mouse model of PD, 
it was suggested that α-synucleinopathy spread from the 
ENS to the CNS. Gut colonization in germ-free mice was 
required to induce SNCA aggregation, neuroinflammation 
and PD symptoms such as motor deficits [50]. It is possi-
ble that short chain fatty acids are involved. However, the 
detailed pathogenesis of synucleinopathy in the gut needs 
to be explored [50, 51]. Bacteria adhere to mucins and 
cleave mucin glycans that serve as a source of energy. The 
glycosylation of mucins therefore determines the spectrum 
of adhering bacteria. Neurological dysfunctions in PD 
lead to decreased gut motility but in addition, the intes-
tinal microbiome plays a role in establishing the mucin 
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expression, glycosylation and barrier function, as well 
as the ENS function via their outer polysaccharides [51]. 
There are significant changes in the population of bacte-
ria in the intestine of PD patients [52] but the molecular 
details of how the altered microbiome affects pathogenic-
ity of PD remain to be established.

One prominent feature of PD is the presence of intracel-
lular neuronal inclusions that are rich in membrane compo-
nents, neurofilaments, ubiquitin and various forms of oli-
gomeric and insoluble SNCA aggregates and may contain 
other aggregated proteins. These inclusions develop to Lewy 
bodies with different morphologies that can be visualized 
by electron microscopy inside the neuronal cell body and in 
neurites [1]. Toxic SNCA species disrupt and disorganize 
membranes [53].

In the intermediate stage of Lewy body formation, the 
SNpc and other areas of the midbrain are affected and show 
pathology. Dying dopaminergic neurons release their con-
tents, and Lewy bodies spread further throughout the nerv-
ous system [54]. SNCA may pass between cells and has 
the potential to propagate misfolded and aggregated SNCA 
in neighbouring cells. Neuroinflammation with activated 
microglial cells and astrocytes, increased proinflammatory 
cytokines and altered immune cells are also implicated in the 
pathogenesis [55, 56]. SNCA is found in secretory vesicles 
that are externalized via exocytosis, and taken up by other 
cells via diffusion through the membrane or endocytosis. 
Thus, Lewy body pathology with SNCA aggregation and 
spreading of its toxic forms may include a prion-like mecha-
nism [57]. Heparan sulfate appears to be involved in the 
vesicle trafficking and cell to cell transmission of pathology 
[58, 59]. The heparan sulfate agrin colocalizes with SNCA 
in the SNpc and accelerates SNCA fibrillization [60]. The 
insoluble aggregates of SNCA and Lewy bodies are not spe-
cific for PD but are also present in a number of neurological 
conditions including dementia with Lewy bodies.

The search for the vulnerability of PD patients has sug-
gested that extensive arborization of axons, mitochondrial 
dysfunction, defects in protein degradation, altered metab-
olism of DA and increased abundance and mutations of 
SNCA contribute to the degeneration of dopaminergic neu-
rons in SNpc and to PD pathology [61, 62].

Several cell surface glycoproteins are involved in the 
interaction with SNCA or its toxic forms and in further 
transmission of pathology [63]. Toll-like receptors TLR2 
and TLR4 are N-glycosylated plasma membrane recep-
tors that are activated by microbial fragments and induce 
inflammation but also bind SNCA. TLR2 is expressed in 
microglial cells and appears to be more specific for binding 
to aggregated SNCA. The N-glycans of TLR2 contribute 
to its efficient cell surface expression [64]. TLR4 is highly 
expressed in SN and was shown to contribute to the for-
mation of reactive oxygen species (ROS) and neuronal cell 

death [65]. Activation of TLR4 is controlled by α2,3-linked 
sialic acid linkages [66].

The progressive loss of dopaminergic neurons leads to 
decreased capacity to synthesize DA and loss of the black 
pigment neuromelanin (MN) in the SN. Other areas of the 
brain are also affected by the lack of DA, and this contrib-
utes to multisystem degeneration. Neuronal cell death is 
counteracted by survival signals induced by neurotrophic 
factors. These growth factors bind to their membrane-bound 
glycoprotein receptors, stimulating survival cascades, neu-
rite outgrowth or synapse formation [67]. Upregulation of 
the growth factors and their receptors could partially restore 
dopaminergic cell survival and differentiation and improve 
DA function.

Biosynthesis and transport of dopamine

The neurotransmitter DA is the major catecholamine in the 
brain and controls motor activity, mood, autonomic and 
many other functions. DA is synthesized in the cytosol of 
dopaminergic neurons in the brain, in the central nervous 
system (CNS) as well as in the adrenal gland and other 
organs. The highest concentration of dopaminergic inner-
vations is in the striatum. The precursor substrates for DA 
synthesis are Phe and Tyr. The major pathway is through 
the rate-limiting step, hydroxylation of Tyr by cytoplasmic 
tyrosine 3-monooxygenase (tyrosine hydroxylase, TH) to 
form L-DOPA (Fig. 1). TH is a major marker for dopa-
minergic neurons. SNCA can bind to TH and inhibits its 
activity by preventing its phosphorylation at Ser40 [68–70]. 
L-DOPA is decarboxylated by L-amino acid decarboxylase 
(AADC) to form DA. In a minor pathway, Tyr is decar-
boxylated to form tyramine by AADC, followed by CYP2D 
oxidation to form DA. Oxidation reactions of DA and its 
metabolites can result in highly reactive compounds and 
precursors of NM polymers. While the charged DA and its 
metabolites cannot cross the BBB, L-DOPA can reach the 
brain if taken orally. It is converted to DA by AADC inside 
functional dopaminergic neurons and thus partially replaces 
the DA loss due to decreased numbers of dopaminergic cells 
in PD.

The conversion of DA to sulfated and glucuronylated forms 
enhances its secretion [71]. DA can also be metabolized by 
monoamine oxidase (MAO) localized to mitochondrial outer 
membranes and by catechol O-methyl-transferase (COMT) 
that is found as a soluble enzyme in the cytoplasm and in the 
membrane-bound form and forms 3-methoxytyramine. Dopa-
mine β-hydroxylase (DBH) is a secreted glycoprotein that 
converts DA to norepinephrine (Fig. 1). Inhibition of these 
enzymes has the potential to increase DA levels and this is 
exploited in PD treatment. The potential of DA to be metabo-
lized can be dangerous for the cell and can lead to high ROS 
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levels and oxidative stress, making the dopaminergic cells 
susceptible to degeneration [72]. It is therefore advantageous 
for DA to be sequestered into vesicles. Synaptic vesicular 
amine transporter VMAT2 that localizes to synaptic vesicu-
lar membranes translocates soluble DA into synaptic vesicles 
and transports DA to the exterior by exocytosis. VMAT2 has 
12 transmembrane domains and 2 N-glycosylation sites near 
the N-terminus and interacts with SNCA. The function of 
VMAT2 is crucial in maintaining a low concentration of DA 
in the cytosol, preventing accumulation of toxic metabolites of 
DA [73]. SNCA maintains vesicle trafficking, tethers synaptic 
vesicles to the inner leaflet of the cell membrane and affects 
proteins that regulate DA availability [74]. The complex role 
of SNCA in DA trafficking was shown by knockdown of 
SNCA expression in cultured dopaminergic neuronal cells 
that reduced the cell surface expression of DA reuptake recep-
tor (DAT) but increased the density of VMAT2 transporters 
per vesicle [69, 75]. A rare mutation of VMAT2 was found in 
an infant with PD symptoms showing the essential function 
of VMAT2 in DA homeostasis. The condition was partially 
corrected with DA agonists but not with L-DOPA [76].

In the exterior of the cell, DA can bind to DAT for 
re-uptake into the presynaptic terminus. Alternatively, 
DA binds to DA receptors D1, D2 or D3 on the plasma 
membrane of the postsynaptic termini. DAT and DA 

receptors are N-glycosylated glycoproteins. DAT is a 
Cys-palmitoylated, Thr-phosphorylated plasma mem-
brane protein with 12 transmembrane domains and 
3  N-glycosylation sites in the extracellular domain, 
having both N- and C termini in the cytoplasm. The 
N-glycosylation of DAT plays a role in the vulnerability 
of dopaminergic cells in PD. DAT transporter expres-
sion and function are regulated by N-glycosylation [77]. 
DAT is highly expressed in the SN, and translocating 
excess DA regulates the levels and effects of DA. DAT 
function is modulated by SNCA and most DAT-SNCA 
protein complexes are found at the plasma membrane 
of dopaminergic neurons where SNCA can increase DA 
efflux [69, 70]. The soluble N-ethylmaleimide-sensitive 
factor attachment protein receptor (SNARE) complex 
functions in the release of neurotransmitters, and SNCA 
has a chaperone-like activity in the maintenance of the 
complex [78]. These studies indicate that SNCA func-
tions by multiple mechanism to affect DA levels.

Of the five human DA receptors activated by DA, only 
D1, D2 and D3 have a significant function in the synapses 
[79–82]. D2 and D3 receptors are widely distributed in the 
striatum [83]. These G-coupled receptors activate adenylyl 
cyclase and are localized at the plasma membrane having 7 
transmembrane domains, several N-glycosylation sites, and 
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Fig. 1  Dopamine metabolism The nerve transmitter dopamine (DA) 
is synthesized in dopaminergic neurons. Tyr is converted to levodopa 
(L-DOPA) by tyrosine hydroxylase (TH). Tyrosinase can also intro-
duce the hydroxyl group into the phenyl ring to synthesize L-DOPA. 
L-Amino acid decarboxylase (AADC) synthesizes the catecholamine 
dopamine. A minor reaction is the conversion of tyramine to dopamine 
by cytochrome oxidase CYP2D. Dopamine metabolites include nor-
epinephrine, synthesized by dopamine beta-hydroxylase (DBH), and 
3-methoxytyramine synthesized by catecholamine O-methyltransferase 

(COMT). A number of oxidation products have various biological 
effects and are intermediates in the polymerization to form the dark pig-
ment neuromelanin. Tyrosinase is involved in these oxidation reactions 
and synthesizes the quinones from L-DOPA and dopamine. Dopamine 
quinone can be cyclized to dopaminochrome and further converted to 
5,6-dihydroxyindole, a common precursor for neuromelanin polymer 
synthesis. Dopamine binds to membrane receptors VMAT2 and DA 
receptors, to dopamine transporter (DAT), neuromelanin (NM) and 
alpha-synuclein (SNCA)
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Cys-palmitoyl modification. While DA binding to D1 and 
D2 receptors is not changed in PD, there is a significant 
decrease in D1 and D2 function in Huntington’s disease [82]. 
An additional minor DA receptor is TAAR1 that is a high 
affinity plasma membrane receptor for DA with 7 transmem-
brane domains and 2 N-glycosylation sites.

Both D2 and D3 receptors were shown to carry com-
plex type N-glycans. Studies of D2 receptor expression in 
CHO cells showed that N-glycans must be fully processed 
for efficient cell surface expression [84]. Similarly, D2 and 
D3 expression in HEK293 cells showed that N-glycans are 
required for the cell surface expression of DA receptors [85]. 
Tunicamycin treatment of HEK293 cells decreased the cell 
surface localization of D2 and D3 receptors but decreased 
the internalization of D3. Mutations of multiple but not 
individual N-glycosylation sites led to decreased cell sur-
face expression of D3. In contrast, tunicamycin treatment of 
HEK293 cells increased D2 receptor internalization which 
reduces its function on the cell surface. This shows that the 
role of N-glycans varies with the specific receptor protein.

Structures of alpha‑synuclein

SNCA is a small amphipathic protein that is mainly found 
in the nerve terminals of presynaptic neurons in the SNpc 
of the midbrain. Many functions have been proposed for 
SNCA, including vesicle trafficking, synaptic activity, regu-
lation of DA activity, metal and lipid binding and interaction 
with several proteins and membrane lipids [48, 70, 86]. In 
PD, it is mostly SNCA proteins that form toxic forms such 
as oligomers, protofibrils and fibrils that cause degenera-
tion and dysfunction of dopaminergic cells and initiation 
of inflammation in the SNpc. Specific oligomeric forms are 
thought to be the most cytotoxic species.

SNCA can be purified to a stable monomer of about 
18 kDa by various methods including heat treatment and 
anion exchange chromatography. The N-terminal domain of 
SNCA is mainly responsible for its α-helix formation upon 
membrane binding and contains 7 series of KTKEGV repeat 
sequences that are also found in the α-helical domains of 
apolipoproteins. The charged Lys residues can interact with 
phospholipids and mediate membrane association. Polyun-
saturated fatty acids (PUFAs) bind to the N-terminus [87]. 
The central, non-amyloid component (NAC) domain [83] 
has many hydrophobic residues, flanked by Lys residues 
and binds phospholipids. The NAC domain is required for 
aggregation and fibril formation through β-structure forma-
tion. Mutagenesis of SNCA showed that a short stretch of 12 
amino acids  (V71TGVTAVAQKTV82) in the NAC domain 
is necessary for fibrillization. This peptide alone can also 
form β-structure and straight filaments [88]. Many Glu and 
Asp residues render the C-terminal domain highly negatively 

charged, giving a net negative charge to the molecule. The 
C-terminal domain is flexible and forms random coils due 
to its low hydrophobicity and plays a role in regulating 
SNCA aggregation. Neutralizing the negative charge of the 
C-terminal domain by mutations increases its aggregation 
potential [89]. The mutations of SNCA in PD have diverse 
effects on the structure and function of SNCA [90, 91]. For 
example, the A53T mutant is more likely to cause fibrillation 
while the A30P mutation prefers oligomerization.

Interconversion of SNCA structures

After association with the cellular membrane, the unfolded 
SNCA monomer changes to an extended α-helical confor-
mation [29, 45]. Tetramers of SNCA have been found [92] 
that are resistant to conversion to toxic forms [93]. The 
KTKEGV repeat sequences are critical for SNCA tetrameri-
zation. Mutations in these repeat sequences caused excess 
monomers and neurotoxicity [7].

The initiating factors of SNCA aggregation are not well 
defined. Randomly structured SNCA monomers can form 
anti-parallel β-sheets and progress to oligomers. The oli-
gomers are thought to be the main toxic species of SNCA  
that cause neurodegeneration. Toxic oligomers can be 
removed from neurons via exocytosis. Subsequent aggrega-
tion and formation of insoluble fibrils develop slowly. At 
later stages, loosely associated disordered aggregates are 
present, and finally protofibrils and amyloid-like mature 
about 10 nm wide fibrils appear [19].

The aggregated forms of SNCA accumulate in Lewy bod-
ies. In PD models such as cultured dopaminergic SH-SY5Y 
cells aggregating SNCA can be measured by Thioflavin-T 
fluorescence, electron microscopy or circular dichroism. 
Protofibrillar or fibrillar SNCA caused a much more rapid 
destruction of the membrane than soluble monomeric SNCA 
[94, 95].

Posttranslational modifications of SNCA

SNCA can undergo a number of posttranslational modi-
fications (PTM) that affect its function and aggregation 
(Table 1) [20]. Phosphorylation, nitration, and ubiquitina-
tion are associated with toxic or aggregated SNCA [91]. A 
major proportion of SNCA in both Lewy bodies and glial 
cell cytoplasmic inclusions is phosphorylated at Ser129 
[69, 96]. Phosphorylation of Tyr125 and Ser129 promotes 
aggregation while inhibiting degradation and intracellular 
trafficking of SNCA. Phosphorylation of Ser87 increases the 
conformational flexibility of SNCA and blocks its aggrega-
tion [97]. Thus, phosphorylation has site-specific functions.

The N-terminal Met residue can be acetylated and this 
may decrease the rate of fibril formation [98, 99]. The 
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N-acetyl group contributes to the formation of the α con-
formation of SNCA which is resistant to aggregation and 
binds to GM1 [100]. N-terminal acetylation was shown to 
be crucial for the cellular localization of SNCA.

Diabetes appears to pose an increased risk for future 
PD development [101], and the diagnosis of diabetes 
prior to PD may be associated with more severe PD dis-
ease. Anti-diabetic drugs appear to reduce the incidence 
of PD and are neuroprotective in animal models of PD. 
However, the relationship of diabetes, high blood sugar 
and PD needs to be re-examined in further studies. The 
15 Lys residues of SNCA are potential targets for non-
enzymatic glycation and the formation of AGE in the 
presence of prolonged high Glc concentration in the 
blood. The N-terminal Lys residues are likely to be can-
didates for glycation [102, 103] which has been shown 
to induce the nucleation of protein aggregates and oxi-
dative stress, potentially leading to neurodegeneration. 
AGE levels are increased in PD brains and around Lewy 
bodies and activate RAGE which stimulates inflamma-
tion and the generation of reactive oxygen species and 
can initiate apoptosis [72, 104].

Lys residues of misfolded SNCA can also be ubiquit-
inylated which serves to degrade SNCA. Ubiquitin can be 
attached to Lys residues and target the protein to the pro-
teasome for degradation. However, ubiquitinylated SNCA 
is resistant to proteases and accumulates in vesicles and 
Lewy bodies. In addition, Lys residues can be acetylated, 
and the clearance of acetylated SNCA is increased com-
pared to non-acetylated SNCA. Sirtuin 2 is a deacetylase 
that can induce aggregation of SNCA and neurodegenera-
tion. This suggests that Lys-acetylation has a protective 
function in cortical neurons [105].

Nitration of Tyr residues of SNCA can occur in the 
presence of increased ROS. This nitration is a marker of 
oxidative stress and promotes oligomerization and Lewy 
body formation. Nitration of Tyr 39 at the N-terminus 
interferes with membrane interactions of SNCA [106]. 
Mutation of Tyr133 to Ala led to SNCA that was mainly 
in the �-helical conformation and did not form fibrils [6].

Many cytosolic and nuclear proteins in the brain, and 
especially in nerve terminals, carry O-GlcNAc [107]. Neu-
rons are an abundant source of the GlcNAc-transferase 
(OGT) that adds O-GlcNAc to Ser/Thr, as well as the 
enzyme that hydrolyzes O-GlcNAc (OGA) [108]. O-Glc-
NAc was found on Thr72 and Ser87 residues of SNCA 
but can also be attached to additional Ser/Thr residues 
[109, 110]. Especially the GlcNAc-O-Thr72 form of 
SNCA showed decreased conversion to toxic species [86, 
109–111]. GlcNAc-O-Thr72 also affects phosphorylation, 
and this has potential to diminish aggregation in synucle-
inopathies [86, 112].

Role of neuronal membranes

The lipids in neuronal membranes are diverse and include 
phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), phosphatidylserine (PS), cholesterol, fatty acids, 
triacylglycerol and glycosphingolipids (GSL). Neurons 
are particularly rich in di- and tri-sialylated GSL, gangli-
osides and sulfatide. Neurites contain mainly trisialylated 
gangliosides GT1b and disialylated GD1b. Docosahexae-
noic acid (DHA) and arachidonic acid (AA) are abundant 
essential fatty acids in brain membranes. In the SN of 
PD patients, multiple changes of ganglioside levels were 
found. For example, there is less GD1a and GT1b [113]. 
The SN of PD patients was also found to have decreased 
levels of GM1 and increased levels of biosynthetic pre-
cursor GSLs such as GM3 and glucosylceramide [114, 
115].

The fluidity and lateral mobility of membranes depend 
largely on the length and degree of unsaturation of acyl 
chains. Phospholipids, cholesterol and gangliosides con-
tribute to the curvature of the membrane and the fusion of 
vesicles. There is a dynamic interaction between lipids, 
proteins and rafts that are specialized areas of the mem-
brane. Specific lipids can disorder the bilayer structure. 
For example, PUFAs and Dol can disrupt the regular 
bilayer [31, 116].

Lipid rafts in neuronal membranes are PC-rich and 
contain protein complexes of diverse biological functions 
including cell signaling that is supported by the lipid com-
position. Lipid rafts have a relatively high content of GM1 
and GM2 and other GSL. The lipid composition changes 
upon aging and neurodegeneration [117]. Cholesterol, 
PUFAs, Dol and gangliosides are particularly prone to 
changes during aging and this affects the properties of the 
membranes and lipid rafts [12, 13, 117]. Lipid oxidation 
also appears to increase with age and this may be a critical 
factor in neurodegeneration [118].

The neuronal cell membrane has several enzymes that 
can form complexes with cell membrane receptors and 
have the potential to restructure cell surface glycopro-
teins and glycolipids, including sialyltransferase and 
neuraminidase [119]. Neuronal membranes are essen-
tial for neurotransmitter release and responses, and for 
receptors of neurotrophins that regulate cell survival and 
cell death, proliferation, differentiation and neurite out-
growth. Polysialic acids (PSA) are primarily linked to 
neural cell adhesion molecules (NCAM) [120, 121] and 
are critical for development as well as maintenance and 
plasticity of the nervous system. These Sialylα2-8 linked 
polymers are synthesized by polysialyltransferases and 
control cell–cell interactions during the development of 
the nervous system via their anti-adhesive properties. 
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PSA are common on neural stem cells (NSC). During 
differentiation to dopaminergic neurons the synthesis of 
PSA increases sharply. However, studies in mice showed 
that mature dopaminergic neurons no longer require PSA 
for their functions [122].

Growth factors that affect neuronal proliferation 
include neurotrophic factors NGF3, NGF4, glial cell 
derived neurotrophic factor (GDNF), cerebral DA neu-
rotrophic factor (CDNF) and mesencephalic astrocyte-
derived neurotrophic factor (MANF). The cell surface-
bound receptors involved in neuronal cell survival include 
NGFR p75 and Tyrosine kinases TrkA, TrkB and TrkC 
that are heavily N-glycosylated. The p75 receptor is 
related to TNFα receptors and can also induce apopto-
sis. O-glycans of p75 direct receptor localization [123]. 
The N-glycans of TrkA are required for localization of 
the receptors at the cell surface in a complex with GM1 
and neuraminidase Neu3 [124]. Changes in the membrane 
composition and GM1 content can alter the response to 
neurotrophic factors such as GDNF [125] and affect neu-
ronal cell survival.

Neurexin and neuroligin are N-glycosylated glycopro-
teins that cooperate in cell–cell interactions and work 
together to localize synaptic vesicles and maintain the 
synapse structure [126, 127]. In SH-SY5Y neuronal cells, 
complex N-glycans were shown to be essential for neu-
rexin and neuroligin function in binding to N-terminally 
acetylated SNCA [127] which inhibits aggregation [100]. 
Neuroligin-1 also has O-glycans in its stem region near 
the transmembrane domain. The N-acetylated form of 
SNCA as well as SNCA fibrils bind to neurexin-1α.

Alpha‑synuclein interacts with membranes 
and lipids and changes conformation

The neuronal cell membrane plays a critical role in protein 
aggregation and controls SNCA conformational transition [128, 
129] (Fig. 2). Soluble SNCA exists as a random coil structure 
that increases its α-helical conformation after interacting with 
membrane phospholipids. The N-terminal of SNCA is critical 
for interaction with membranes [38, 130]. N-acetylated SNCA 
localizes to highly curved, ordered membranes inside a cell. 
Upon knockdown of the N-acetyltransferase NatB [131] SNCA 
was observed to redistribute from the plasma membrane to the 
cytosol.

The binding of SNCA to membrane lipids facilitates the 
transport between soluble and membranous compartments 
of cells and increases pore formation and membrane lysis. 
SNCA and especially its N-acetylated form prefers to inter-
act with curved membranes which are common in synaptic 
vesicles [98, 99, 132]. In rat neuroblastoma cells especially 
the A53T mutant localized near the neuronal membrane 
compared to A30P mutant and wild type SNCA. Confor-
mational studies confirmed that the A53T mutant as well as 
the E57K mutant could interact with membranes [90].

Multiple studies have shown that an increase in acidic 
asymmetric lipids such as phosphatidic acid (PA) and 
DHA increases SNCA accumulation and aggregation. 
SNCA binds preferably to phospholipids that are nega-
tively charged such as PA, PS and phosphatidyl inositol 
(PI) [98, 99, 133, 134]. PUFAs such as α-linolenic, DHA 
and eicosapentaenoic acid interact with SNCA [20, 135] 
and can induce aggregation [118, 134, 136–138]. The 
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α-tetramer β-oligomers fibrils
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PA

GM1Growth factor receptors Dopamine

Fig. 2  Proposed pathogenesis of Parkinson’s disease: role of mem-
brane lipids. Alpha-synuclein (SNCA) is central to the pathogenesis 
of Parkinson’s disease. SNCA interacts with many lipids, proteins, 
and curved cell membranes and vesicular membranes in the presyn-
aptic termini of dopaminergic neurons. SNCA is normally unfolded 
but can form tetramers with α-helix structures (α-tetramer) that sup-
port neuroprotection. Ganglioside GM1 binds to SNCA, supports 
formation of SNCA α-tetramers and interacts with growth factor 
receptors that promote neuronal survival. Under still unknown stimuli 
involving specific membrane lipids SNCA can misfold to form toxic 
oligomers with β-sheet structures that develop to toxic fibrils and 

accumulate in Lewy bodies. Polyunsaturated fatty acids (PUFAs), 
docosahexaenoic acid (DHA), and phosphatidic acid (PA) have been 
shown to be involved in the pathways to neurodegeneration. Doli-
chol (Dol) and neuromelanin (NM) interact with SNCA but the con-
sequence of this interaction is still unclear. Dol disrupts membrane 
structures and may support SNCA misfolding. Dopamine binds to 
SNCA, and dopamine metabolites participate in the synthesis of NM. 
Knowledge of the complex interactions between SNCA and mem-
brane components is critical for understanding the pathogenesis of 
Parkinson’s disease
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phospholipid 1,2-dimyristoyl-sn-glycero-3-phospho-
L-serine co-assembles with SNCA to form thinner and 
curlier fibrils (proto-fibrils) and thus perturbs the kinetics 
of SNCA aggregation [24]. The binding to lipids converts 
most of the SNCA molecules to an α-helical conformation 
[139] that is not likely to form fibrils [95]. However, spe-
cific lipids such as dioleoyl-PA selectively bind to SNCA 
and strongly induce its aggregation [134]. The composition 
and ratio of various lipids as well as the ratio of protein to 
lipids are critical in their effects on SNCA conformation 
and oligomerization [98]. De Franceschi [137] found that 
a ratio of 1:10 protein/DHA induces fibril formation while 
at a ratio of 1:50 protein/DHA oligomerization occurred. 
The His50 residue of SNCA appears to be responsible for 
binding to DHA.

In vitro, SNCA preferably binds to small unilamellar 
vesicles (SUV) that contain ganglioside GM1 [140]. GM1 
has been shown to bind to SNCA, supporting the α-helix 
formation and reducing its propensity to aggregate and form 
fibrils [27]. Especially the acetylated form of SNCA asso-
ciates with GM1. In contrast, GM2 or GM3, asialo-GM1 
or other GSL showed much less binding or effect on fibril 
formation. The glycan structure of GSL is therefore critical 
for SNCA binding. It is likely that the sialic acid moiety 
interacts with Lys residues in the α-helical conformation of 
SNCA. Sulfatide does not bind to SNCA which means that 
it is not simply the charge that is responsible for binding.

GM1 is synthesized from lactosylceramide by the action 
of sialyltransferase ST3GALV, Gal-transferase B3GALT4 
and GalNAc-transferase B4GALNT1. In analyses of post-
mortem PD brain samples, the enzymes B3GALT4 and 
ST3GAL2 were found to be reduced in the NM-containing 
cells of the SN which also showed low levels of ganglio-
sides that carry the GalNAcβ1-4 residue [141]. However, 
B4GALNT1 expression was not determined. The synthesis 
of GM1 was deficient in B4GALNT1 knockout mice which 
also had PD symptoms and aggregated SNCA in the nigral 
area of the brain [27, 37, 142]. It remains to be determined 
if the levels of these glycosyltransferases are abnormal in 
PD and predispose these cells to develop toxic SNCA forms. 
This may be a cell-specific and age-related defect and the 
enzyme expression and activity in the degenerated dopamin-
ergic cells may be decreased due to the pathology in these 
cells. This remains to be determined. The balance of bio-
synthetic enzyme activities determines the relative amounts 
of gangliosides. For example, ST8SIA I knockout mice lack 
gangliosides having multiple sialic acid residues but have 
increased GM1 and GD1a. These mice were less susceptible 
to symptoms of PD. Thus, PD therapy may include GM1 or 
its less hydrophobic, membrane-permeable analog (LIGA-
20) [142]. Galβ1–3GalNAcβ1–4(Neu5Acα2-3)Galβ1–4Glc 
is the oligosaccharide moiety of GM1 and in itself has shown 
neuritogenic and protective effects in murine neuroblastoma 

cells, similar to the effect of GM1 [143]. GM1 as well as the 
GM1 oligosaccharide bound to neurotrophin receptor TrkA 
and increased its phosphorylation and activation.

The membrane composition of vesicles and membranes 
regulates the conformational changes of SNCA that could 
lead to aggregation [144]. The membrane surfaces and their 
curvature are of critical importance in the normal function 
of SNCA and in the change to toxic forms but the age-related 
changes in PD membranes need to be determined. Specific 
lipids and aggregated proteins can cause pore formation and 
overall architecture of the membrane [20]. For example, Dol 
is a large lipid that distorts the bilayer membrane [116]. The 
concentrations of these lipids relative to protein determine 
the effect on SNCA aggregation (Fig. 2).

Dolichol

The bilayer structure and permeability of the membrane 
depend on the temperature, the lipid composition and degree 
of saturation [145, 146]. The large membrane-bound poly-
isoprenol Dol (Fig. 3) is found in eukaryotic organisms and 
archaea and serves several essential functions. Dol, Dol-P 
and its glycosylated versions are distributed within cellular 
membranes with a high concentration in the ER. The glyco-
sylated Dol-phosphate (Dol-P)-based metabolites are donor 
substrates and intermediates for glycosylation reactions in 
the ER [147]. The biosynthesis of N-glycans, glycosylphos-
phatidylinositol anchors, O-Man-Ser/Thr and C-Man-Trp 
linkages all depend on Dol-P as the intermediate. Dol is a 
mixture of molecules having different numbers of isoprene 
units and different cis–trans configurations. The number of 
isoprene units in human Dol varies between 13 to 23. Rel-
evant to PD are the observations that Dol has a significant 
effect on the structure and permeability of membranes, its 
accumulation in the aging brain and its association with 
NM in the SNpc. Analyses of human brain samples from 
2 to 90 year-old patients showed that the amount of Dol 
in the human brain increases up to 21-fold upon aging [3, 
14, 148, 149]. The reason for this may be the lack of cata-
bolic pathways for Dol. In mouse liver tissues, Dol-P is a 
minor component of total Dol and it is mainly the free Dol 
that increases upon age [150]. An excess of Dol in neuronal 
membranes could contribute to the imbalance of SNCA oli-
gomeric species. This is supported by our preliminary stud-
ies that showed an acceleration of SNCA aggregation by Dol 
and polyisoprenols.

In rat liver, most of the cellular Dol-P is present in the 
microsomal membrane fraction while unmodified Dol is 
present in lysosomal and mitochondrial membranes [147]. 
In human brain, between 4 and 9.5% of total lipids are Dol, 
depending on the region [151]. Human Dol is an alcohol 
having a saturated α-isoprenoid group which is essential for 
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its function in glycosylation. In contrast, bacteria use unde-
caprenyl glycosylation intermediates that have an unsatu-
rated α-isoprene group.

Dol may act as a free-radical scavenger in cell membranes. 
Therefore, it could protect PUFAs from peroxidation [152]. 
Dol plays a critical structural role in membranes. Because 
of its large hydrophobic property, Dol significantly disrupts 
the membrane structures and fluidity [16]. This large lipid 
has the potential to distort microdomains and influence the 
interactions between membranes and SNCA. NMR spectros-
copy of phospholipid mixtures in the presence and absence of 
Dol demonstrated that Dol does have a significant effect on 
bilayer structure. The destabilizing effect on membranes is 
increased at higher Dol concentrations [153]. Dol promotes 
the leakage of membranes in liposomes composed of PE 
and PC but much less in liposomes composed only of PC. 
Using electron spin resonance experiments and a cationic 
spin probe, the percentage of membrane leakage induced by 
Dol was proportional to the concentration of Dol [15]. Meas-
ured by calcein fluorescence release, vesicles from PC alone, 
or with PC and Dol were far less permeable than vesicles 

containing PE. Thus, Dol significantly enhances the perme-
ability of phospholipid bilayers containing PE [116, 146].

Dolichol biosynthesis

The biosynthetic pathway to Dol is well known (Fig. 3) [147, 
154]. Dol and cholesterol are synthesized in the mevalonate 
pathway from acetyl-CoA. Dol synthesis follows the same 
pathway as cholesterol synthesis to the conversion of meva-
lonate to isopentenyl-diphosphate and farnesyl-pyrophosphate 
(FPP), with HMG-CoA reductase catalyzing the rate limit-
ing step. Statins that inhibit HMG-CoA reductase thus can 
block both cholesterol and Dol synthesis (Fig. 3) and may 
have neuroprotective properties [135]. Treatment of SNCA-
expressing neuroblastoma cells with statins decreased the 
amount of SNCA insoluble aggregates [155].

Treatment of SH-SY5Y cells with the HMG CoA reduc-
tase inhibitor simvastatin showed a reduction of both choles-
terol and Dol levels [156]. The synthesis of the polyprenol 
Dol occurs in the cytosol through the FPP over several steps. 
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Fig. 3  Synthesis of dolichol. Dolichol (Dol) is a large polyisoprenyl 
lipid that has significant influence on membrane structure and perme-
ability and binds to neuromelanin and many proteins. Dol concentra-
tion in the brain increases with aging. Acetyl-CoA is the precursor 
for the biosynthesis of Dol and cholesterol. HMG-CoA reductase is 
the rate-limiting enzyme in the pathways and is inhibited by statins. 
At the stage of farnesyl-diphosphate (Farnesyl-PP) the pathways 
branch. In the Dol synthesis pathway, farnesyl-diphosphate is elon-
gated by cis-prenyltransferase, and the diphosphate is removed by 
polyprenyl diphosphate phosphatase. The α-isoprene unit is reduced 
by polyprenol reductase to form human Dol that has about 13 to 23 
isoprene units. The last two ω isoprene units are throught to be in 

the trans-configuration while other units are in the cis-configuration. 
Neuromelanin contains Dol and a small amount of dolichoic acid 
which carries a carboxyl group replacing the hydroxyl of Dol. A rela-
tively minor proportion of total Dol is converted by Dolichol kinase 
to Dolichol-phosphate (Dol-P) which serves as an essential interme-
diate to synthesize donor substrates for glycosylation reactions. This 
includes Dol-P-Man synthase that synthesizes Dol-P-βMan, Dol-P-
Glc-transferase that synthesizes Dol-P-βGlc. GlcNAc-1-P-transferase 
synthesizes Dol-PP-αGlcNAc upon which the glycan chains of N-gly-
cosylated glycoproteins are built. There are no pathways known that 
catabolize Dol in mammalian cells, and Dol species accumulate in 
the brain
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Cis-prenyltransferase extends the isoprenyl chain and is pre-
sent in a long-chain heteromeric cis-prenyltransferase com-
plex [157, 158]. Polyprenyl diphosphate phosphatase then 
removes the diphosphate group. The final step is catalyzed 
by polyprenol reductase that reduces the β and ɣ carbon 
linkage of the polyprenol chain to form Dol. This enzyme 
is not present in bacteria that utilize the undecaprenyl inter-
mediate without reduction of the terminal isoprene unit. In 
humans, a deficiency of polyprenol reductase is associated 
with cerebellar ataxia and congenital eye malformations, 
named SRD5A3-congenital disorder of glycosylation [159].

The main metabolite of Dol is synthesized by Dol kinase 
to produce Dol-P that is used in protein glycosylation path-
ways. This is an essential enzyme and a deficiency in Dol 
kinase (DOLK-CDG) is the cause of a severe hypoglycosyla-
tion phenotype in humans with death within the first year 
of life [160]. Several other Dol-related defects are known 
with patients experiencing severe symptoms, indicating the 
importance of a proper balance of Dol metabolites [154].

There are no known pathways for Dol degradation in 
humans. However, Dol can be oxidized to the acid form, 
dolichoic acid, that has been found in the SNpc in the brain 
[161]. The Dol oxidase that synthesizes dolichoate in the 
presence of  NAD+ has been identified in a bovine thyroid 
mitochondrial fraction. The NM pigment from human brain 
SN contained a high proportion of dolichoic acids having 14 
to 20 isoprene units [17]. It remains to be determined if an 
imbalance of Dol species in the brain of PD patients affects 
membrane functions.

Neuromelanin interactions

The dark pigment melanin occurs in several forms in skin, 
hair and brain. The black appearance of SN is from neu-
romelanin, a dark pigment in large, double membrane-
encased granules in dopaminergic cells [162–165]. Brain 
NM is related to skin melanin and is present in lysosomal-
like organelles that digest proteins and lipids. NM pigment is 
mostly insoluble and accumulates with aging, but the physi-
ological function of NM is still not clear. NM can chelate 
metals, bind toxic chemicals and may protect neurons from 
oxidative stress [165]. It is possible that the high vulnerabil-
ity of dopaminergic neurons in PD is due to the age-related 
production of insoluble NM.

NM reversibly binds to DA and is thought to be involved 
in DA storage and release through close association with 
VMAT2. The mixture of NM polymers contains aggregated 
proteins and Dol that form the insoluble core [18]. Brain 
NM appears to be specific for primates and is especially 
high in humans.

Dol as well as cholesterol bind to NM polymers in the 
SNpc, and Dol is the main lipid component of the pigment 

[18, 151, 163]. NM contains 14% of its weight in total Dol 
that includes 3.1% dolichoic acid [17, 18, 151, 163]. In addi-
tion, SNCA is entrapped within the pigment, and Lewy bod-
ies are also closely associated with NM in the cytoplasm.

A wealth of Tyr, tyramine, L-DOPA and DA metabolites 
are formed through oxidation reactions in the cytoplasm that 
are precursors for NM formation. Tyrosinase is a membrane-
bound, heavily N-glycosylated oxidase involved in melanin 
formation in skin melanosomes and in the human brain. 
Tyrosinase catalyzes oxidation reactions of catecholamines, 
including hydroxylation of Tyr to L-DOPA, conversion of 
L-DOPA or DA to quinones and other precursors for NM 
formation [165–167]. The DOPA quinone and DA qui-
none can be converted to DOPAchrome, dopaminochrome 
and 5,6-dihydroxyindoles with various modifications that 
include incorporation of Cys (Fig. 1). These reactive com-
pounds have cytotoxic, inhibitory and antimicrobial proper-
ties. In addition, quinones can react with SNCA and stabi-
lize toxic fibrillization intermediates [166–169]. The human 
tyrosinase gene in an adenovirus vector was injected into rat 
brain SN that lacked NM. The tyrosinase expression caused 
accumulation of NM in dopaminergic, TH positive neurons 
and an age-dependent PD phenotype with Lewy body forma-
tion and degeneration of dopaminergic neurons [166]. These 
studies implicate interactions between DA, SNCA, Dol and 
NM in the pathogenesis of PD. Membranes are intricately 
involved but the role of membranes in the interactions of 
NM and its binding partners remains to be shown.

Treatment options for PD

A wealth of compounds is available to relieve Parkinson’s 
symptoms. However, research should confirm their mech-
anism of action, transport across BBB, and clinical trials 
are required to confirm their effectiveness and safety. Other 
treatment options are being investigated and address neuro-
protection or replacement of dead cells.

If specific membrane lipids are partially responsible for 
SNCA aggregation, then these could be removed, for exam-
ple by introducing catabolic enzymes or by using specific 
biosynthetic inhibitors. Alternatively, the concentrations of 
lipids that inhibit aggregation may be increased by deliver-
ing analog compounds that cross the BBB or by overexpress-
ing their biosynthetic enzymes.

Several small molecules were found to inhibit aggrega-
tion and even destabilize existing fibrils, for example poly-
phenols, nicotine and curcumin. Vitamin K counteracts 
the SNCA fibril nucleation [170] leading to shorter fibrils. 
Phenolic compounds such as ferulic, caffeic and ros-
marinic acid have some structural similarity to L-DOPA; 
they counteract aggregated SNCA and destabilize fibrils 
by associating with the β-sheet conformation of proteins 
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[171]. Benzoic acid derivatives such as protocatechuic 
acid and gallic acid can also block the SNCA aggrega-
tion process. These compounds can cross the BBB and 
may be neuroprotective. The antibiotic Rifampicin can be 
used [172] to decompose existing fibrils. DA as well as 
dopaminochrome also inhibit fibril formation [173]. The 
effect of dopaminochrome (Fig. 1) is based on its interac-
tion with a YEMPS sequence at the C-terminus of SNCA 
that changes its conformation. Some flavonoid polyphenols 
have antioxidant properties and can reduce the toxicity of 
SNCA aggregates.

A high concentration of SNCA supports fibril forma-
tion [22]. SNCA expression and thus aggregation could be 
reduced by viral-based knockdown or by inhibitory RNA. 
Gene knockdown of SNCA in animal models has proven to 
be partially successful in preventing PD symptoms [174].

Since DA cannot cross the BBB due to its charge at physi-
ological pH, its biosynthetic precursor L-DOPA which has 
less charge is given (Fig. 1). Inhibitors of DA degradation 
enhance its effectiveness, such as AADC inhibitor Carbi-
dopa and COMT inhibitor Entacapone. These compounds do 
not cross the BBB but increase the availability of L-DOPA 
in the brain. Other potential compounds that support DA 
concentrations are MAO and DBH inhibitors, as well as DA 
agonists, e.g. Rotigotine [175]. Studies in PD models sug-
gested that nicotine and agonists of nicotinic receptors are 
neuroprotective [176].

Low activity of glucocerebrosidase is a genetic risk factor 
for about 10% of PD patients [10] and appears to contrib-
ute to the accumulation of undegraded GSL in lysosomes. 
Aggregated SNCA may also reduce normal lysosomal func-
tion. The treatment options for PD may resemble those for 
Gaucher’s disease to reduce the amount of GlcCer. Substrate 
reduction therapy involves the inhibition of the biosynthesis 
of GlcCer by ceramide β-Glc-transferase. Enzyme replace-
ment is a difficult procedure and has had moderate therapeu-
tic success. Gene therapy that introduces the glucocerebro-
sidase gene in an adenovirus vector into the brain has been 
successful in animal models of Gaucher’s disease and may 
be an option for patients with advanced PD in the future.

Clinical trials in PD patients showed improvements in 
PD symptoms upon treatment with GM1 and give hope for 
a treatment that restores neuronal functions [177, 178]. Gan-
glioside GM1 has consistently shown to be beneficial in pre-
venting SNCA aggregation and also enhances the survival 
functions of neurotrophin receptors. The question is if any 
of these methods and agents are still effective at advanced 
stages of PD. It is thus critical to develop technology to 
replace non-functional or dead neurons. Transplantation of 
dopaminergic neurons developed from stem cells may offer 
a future remedy for neurodegenerative diseases [179].

Potential of neural stem cells

Stem cells are rich in cell surface receptor glycoproteins and 
GSL and are of great interest in the field of medical research 
because of their potential to restore diseased tissues. Thera-
peutic strategies for PD treatment should aim at preserving 
the structure and function of dopaminergic neurons. Sev-
eral stem cell types, procedures and reagents to differenti-
ate them towards dopaminergic neurons are available. Stem 
cells generally grow well in culture and can be induced to 
form brain-like organoids. This is a potential problem when 
introducing stem cells into the brain due to a possibility of 
tumor development. Stem cells may also be subject to poten-
tial transmission of the disease process into the healthy cells 
[61, 171]. Another potential hurdle is the targeting of stem 
cells or stem cell-derived cells to a specific area of the brain. 
The SNpc is buried inside the midbrain, making the deliv-
ery difficult. It could be achieved by invasive surgery. There 
are also reports that suggest homing mechanisms of cells 
from the CNS bypass the BBB [180] although this approach 
appears to be inefficient [181].

Human embryonic stem cells (hESC) are derived from 
blastocysts and can be differentiated with growth factors, 
small molecules and cytokines under specific conditions into 
pure populations of the desired cell type. Human induced 
pluripotent stem cells (iPSC) are very similar to hESC in 
that they respond to the same differentiation stimulus and 
generate functional mature cells. iPSC can be reprogrammed 
somatic cells, commonly fibroblasts or blood cells derived 
from the patient’s own cells. They have the advantage that 
they are autologous and do not induce immune responses. 
Pluripotent stem cells can also be induced to form organoids 
which may be transplanted into the human brain to replace 
dopaminergic neurons. Alternatively, neural stem cells 
(NSC) can be isolated from brain tissue, grown in culture 
and differentiated into dopaminergic neurons. Undifferenti-
ated NSC proliferate well without changing their multipo-
tency [182]. Self-renewing multipotent NSC are important 
to maintain the structures and functional plasticity in the 
adult nervous system. They are abundant during embryo-
nal development but are rare and mostly quiescent in the 
adult brain. Isolated NSC displayed heterogeneous glycan 
structures [182–186] and these glycans change during dif-
ferentiation.  Lewisx structures (Galβ1-4 (Fucα1-3) GlcNAc-) 
and HNK-1 epitopes  (HSO3-3GlcAβ1-3Galβ1-4GlcNAc-) 
are characteristic of undifferentiated NSC. The  Lewisx 
structures are related to the ability of these NSC to undergo 
apoptosis [182].

Technical difficulties exist in isolating and identifying 
stem cells. Therefore, biomarkers are critical, and specific 
glycans have been used as biomarkers. However, there is 
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a great variety of glycans between stem cells from differ-
ent sources and at different stages of differentiation. As 
expected, the glycosylation patterns are subject to regula-
tion during growth and differentiation and are cell–type and 
individual-specific [187–190]. Human NSC that express 
specific markers of DA neurons, release DA and exhibit 
functional properties have been successfully transplanted 
into animals [191]. Clinical trials in PD patients involving 
hESC and iPSC-derived neurons as well as fetal ventral 
mesencephalic cells have been partially successful [33, 179, 
192]. Transplantation of iPSC also appeared to be very suc-
cessful in a patient with advanced PD [193]. Stem cell cul-
tures offer the possibility of gene therapy to change growth 
factor or SNCA expression. They could also be engineered 
to decrease the risk of tumor formation [194].

The glycolipids SSEA-3 and SSEA-4 are among the bio-
markers to identify ESC [195, 196]. The earliest pluripotent 
hESC display SSEA-1  (Lewisx) as a marker [197]. Struc-
turally distinct glycans carrying  Lewisx determinants exist 
on subpopulations of NSC [198]. Human ESC were found 
to be rich in high mannose-type and fewer complex-type 
N-glycan structures [199]. The glycolipids expressed in NSC 
include GD2, GD3 and SSEA-1 [200]. Other glycans of stem 
cells include fucosylated and sialylated structures that are 
subject to regulation upon cell differentiation and in turn 
control cell proliferation [201]. Highly charged PSA chains 
attached to NCAM are common during brain development 
in humans and play a role in synapse formation and plastic-
ity [121]. ESC also express PSA during their development. 
PSA promote cell migration and neurite outgrowth [120, 
183, 202] and support neuronal survival after transplanting 
ESC-derived mouse motor neurons into the sciatic nerve of 
mice [203]. Depending on the cell culture conditions, non-
human, potentially antigenic glycans, e.g. Neu5Gc, can be 
found among cellular glycans [195].

During differentiation of hESC towards neuronal pro-
genitor cells, the cell surface glycans demonstrate a rapid 
decrease in the expression of SSEA-3 and SSEA-4, globo-
series and lacto-series GSL. Simultaneously, the expression 
of several gangliosides including GM1, GM3, GD3, GT3 
and 9-O-acetyl-GD3 was increased. This may reflect altered 
expression of specific glycosyltransferases [204, 205].

 Human iPSC can be differentiated by basic fibroblast 
growth factor and epidermal growth factor [206] and can 
be further differentiated to neural progenitor cells (NPC) 
and to dopaminergic or cortical neurons or to radial glial 
cells by brain-derived neurotrophic factor and GDNF. 
Human iPSC can also generate large organoid-like struc-
tures that contain distinct layers of neurons having charac-
teristic markers of the midbrain. Among these cells were 
mature dopaminergic neurons that produced NM-like 
granules such as those found in the SN [207]. The cells in 
organoids expressed markers of midbrain dopaminergic 

neurons that release DA and were functional after trans-
plantation into the adult rat striatum of PD rodent models 
[191, 208, 209]. Human iPSC can also be modified by 
multiple passaging to mimic aging [210]. Dopaminergic 
neurons derived from iPSC that exhibited SNCA tripli-
cation expressed nuclear aging markers and more SNCA 
aggregates compared to the non-aging cells.

A number of clinical trials has been initiated using 
stem cells transplantation into PD patients [34, 177–179]. 
However, further improvement on the detailed method-
ology and research on the therapeutic potential of stem 
cells should be ongoing and should include studies of 
the biological role of glycosylated proteins and lipids in 
membranes.

Conclusions

The etiology and pathogenesis of Parkinson’s disease centers 
around the neuronal plasma membrane, and the lipid compo-
sition of membranes regulates their functions. Membranes 
are instrumental in controlling the effect of DA and the func-
tion of SNCA and its conversion to toxic species. While indi-
vidual lipids have been shown to affect SNCA conversion 
in PD model systems, membranes are in a dynamic equilib-
rium and the age-related changes and particular properties 
of dopaminergic neuronal membranes of PD patients are not 
well known. The glycoconjugates on neuronal membranes 
regulate cell survival and apoptosis but their functions dur-
ing cell differentiation are not well understood. It is essential 
to stop further SNCA aggregation and restore functional DA 
levels and synapse function. DA metabolites have a mul-
titude of functions including NM synthesis and effects on 
SNCA toxicity. A new aspect of PD pathology is the link 
between SNCA, DA, NM and Dol that remains to be further 
explored. Clearly, multiple events lead to the unfortunate 
development of PD. Future knowledge of these events will 
allow the design of prevention and treatment of PD. Stem 
cells have enormous potential in replacing degenerated neu-
rons, and methods to improve their delivery and restore DA 
and synapse function are being developed.
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