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Abstract: Lipid rafts, specialised microdomains within cell membranes, play a central role in orches-
trating various aspects of neurodevelopment, ranging from neural differentiation to the formation
of functional neuronal networks. This review focuses on the multifaceted involvement of lipid
rafts in key neurodevelopmental processes, including neural differentiation, synaptogenesis and
myelination. Through the spatial organisation of signalling components, lipid rafts facilitate precise
signalling events that determine neural fate during embryonic development and in adulthood. The
evolutionary conservation of lipid rafts underscores their fundamental importance for the structural
and functional complexity of the nervous system in all species. Furthermore, there is increasing
evidence that environmental factors can modulate the composition and function of lipid rafts and
influence neurodevelopmental processes. Understanding the intricate interplay between lipid rafts
and neurodevelopment not only sheds light on the fundamental mechanisms governing brain devel-
opment but also has implications for therapeutic strategies aimed at cultivating neuronal networks
and addressing neurodevelopmental disorders.

Keywords: lipid rafts; neurodevelopment; evolution; synaptogenesis; myelination; environmental
factor

1. Introduction

The development of the human brain is a complicated and dynamic process that
lays the foundation for cognitive, motor, emotional and social abilities. This complex
phenomenon begins in utero and extends into early adulthood [1]. It involves a variety of
structural and functional changes that are influenced by both genetic and environmental
factors [2]. Neurogenesis, the formation of neurons, initiates the developmental journey
and sets the stage for subsequent phases, such as migration, in which neurons migrate to
their destined regions in the brain [3]. This precise orchestration ensures that the basic
architecture of the brain is formed. Following neurogenesis, the proliferation of synapses, or
synaptogenesis, marks a period of exuberant connectivity that facilitates the initial wiring
of the brain’s neuronal circuits [4]. This phase is particularly characterised by its rapid
pace in the first years of life and highlights the increased plasticity and susceptibility of the
developing brain to environmental factors. In parallel, synaptic pruning refines these con-
nections by removing excess neurons and synapses to improve neuronal efficiency [5]. This
process continues into adolescence and is crucial for optimising brain function. Myelination,
the process by which nerve fibres are insulated with myelin, accelerates signal transmission
between neurons and is crucial for the efficient functioning of neuronal networks. This
process begins prenatally and continues into young adulthood [6]. This underscores the
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longevity of brain development and the gradual maturation of cognitive and motor func-
tions. The concept of critical and sensitive periods highlights the windows of time when the
developing brain is particularly receptive to certain environmental stimuli and emphasises
the importance of timely and appropriate experiences for optimal development [7]. The
cognitive, emotional and social areas each have their own trajectories and milestones that
are influenced by the interplay of genetic predispositions and environmental conditions [1].

Lipid rafts, specialised microdomains in cell membranes, have been shown to be cru-
cial regulators in the intricate process of brain development [8]. These dynamic structures,
characterised by their specific lipid composition and protein content, orchestrate a variety of
signalling pathways that are critical for neuronal function and development [9]. The brain,
with its complex network of neurons and glial cells, relies on the precise coordination of sig-
nalling processes for its development, and lipid rafts play a central role in this sophisticated
orchestration [10]. The involvement of lipid rafts in brain development involves several
fundamental processes, including neurogenesis, neuronal migration, differentiation and
synaptogenesis [11,12]. By compartmentalising cell membranes, lipid rafts create localised
environments that facilitate efficient signal transduction, which is crucial for the spatial and
temporal regulation of developmental signals. Thanks to this unique property, lipid rafts
can serve as platforms for bundling signalling molecules, enhancing the specificity and
speed of signal propagation essential for coordinated nervous system development [13]. In
addition, lipid rafts are involved in modulating the function of neurotransmitter receptors
and the organisation of synaptic components that are critical for synaptic plasticity and the
assembly of functional neuronal circuits [11]. The dynamic nature of lipid rafts combined
with their ability to interact with cytoskeletal elements also contributes to the morphological
changes that neurons undergo during their development, such as axon formation, dendritic
branching, and spine maturation. Recent advances in molecular biology and imaging
techniques have shed light on the composition, dynamics and functional role of lipid rafts
and provided insights into their involvement in neurodevelopmental processes [14,15]. In
addition, numerous studies have been carried out in vitro on cell cultures, which represent
an important tool for research into neuronal circuits [16]. Neuronal cell cultures provide
precise insights into neural development by culturing neuronal networks outside the organ-
ism. This technique enables controlled experiments on neural behaviour, connectivity and
the effects of various factors on neural development and provides a detailed understanding
of complex neuronal dynamics [17]. However, the precise mechanisms by which lipid rafts
influence brain development and the effects of their dysfunction in neurodevelopmental
disorders are still the subject of active investigation.

In this article, we provide an overview of the multifaceted role of lipid rafts in brain
development and highlight their contribution to important developmental processes such
as neuronal differentiation, synaptogenesis, cell signalling dynamics and myelination. In
addition, the influence of some environmental factors, such as dietary lipids and external
factors, on the composition and functionality of lipid rafts during neuronal development
is described. Understanding the interplay between genetic predispositions, environmen-
tal influences and lipid raft dynamics may shed light on their contribution to various
neurodevelopmental outcomes and open new perspectives on brain development.

2. Structure and Function of Lipid Rafts

Lipid rafts are nanoscale, dynamic, essential microdomains of lipids and proteins
that exist in the cell membrane and play a multifaceted role in cellular processes [18]. The
structure of lipid rafts is dynamic and can change in response to various stimuli [19]. This
dynamic organisation is crucial for the regulation of cellular processes as it enables the
rapid assembly and disassembly of signalling complexes within the rafts [20]. The term
“lipid raft” characterises the cholesterol- and sphingolipid-rich microdomains within cell
membranes [21], which are functional units of neuronal cell membranes [22]. Cholesterol,
an essential component of the plasma membrane, is crucial for the proper functioning of the
nervous system and plays an important role during development and adulthood [22,23].
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Cholesterol synthesis is active in the central nervous system (CNS) during the first weeks
after birth, indicating its importance in different cellular processes related to neurodevel-
opment, such as neurite outgrowth, glial cell proliferation, synaptogenesis and myelina-
tion [22,24,25]. Sphingolipids are another important component of the lipid rafts and are
essential for the development and maintenance of the functional integrity of the nervous
system [26,27]. Common subclasses of sphingolipids include ceramides, sphingomyelins,
glycosphingolipids (including cerebrosides and gangliosides) and sphingosine-1-phosphate.
Each subclass has distinct structural features and biological functions that contribute to the
overall diversity and complexity of sphingolipid metabolism and signalling in cells [28–31].
Glicerophospholipids in lipid rafts often have saturated acyl chains. They interact with
cholesterol and sphingolipids and contribute to the formation and stability of these mi-
crodomains in cell membranes [18]. Their specific interactions and organisation contribute
to the dynamic properties of lipid rafts and their role in various cellular processes such
as signal transduction, membrane trafficking and protein sorting [32]. Lipid rafts serve
as platforms for the localisation and organisation of various proteins. These proteins are
crucial for the structural integrity and functional properties of lipid rafts and play diverse
roles in cellular processes [33,34]. Proteins in lipid rafts that are important for neurode-
velopment include receptor tyrosine kinases (Trk family receptors), G protein-coupled
receptors (neurotransmitter receptors), Src family kinases (Fyn and Lyn), adaptor pro-
teins (PSD-95 and SAP97), cholesterol-binding proteins (caveolins and flotillins), signalling
proteins (Ras-MAPK, PI3K-Akt and PKC pathways) and transporter proteins. Protein
kinases play a crucial role in the regulation of dendritic growth and plasticity through
their precise phosphorylation of specific substrates. Dysfunctions in kinase activity are
closely associated with neurodevelopmental and psychiatric disorders [35]. Changes in the
expression and function of G protein-coupled receptors (GPCRs) are generally observed
during ageing. These changes particularly affect the central nervous system (CNS), leading
to decreased brain function, the inhibition of neuroregeneration and increased suscep-
tibility to neurodegenerative diseases like Alzheimer’s and Parkinson’s [36]. Based on
results relating to changes in the composition of lipid rafts, Alzheimer’s disease could
be considered a plasma membrane disorder [37,38]. In the case of Alzheimer’s disease,
modifying the lipid composition and structure of cell membranes through the depletion of
sphingolipids or cholesterol holds promising potential for treating chronic inflammatory,
neuropathic or cancer-related pain, particularly by targeting peripheral mechanisms [39].
Their dynamic structural organisation and functional properties make lipid rafts crucial
components of neuronal membranes, influencing neuronal migration, synaptogenesis,
myelination, and neurotransmission. Although the functional importance of lipid rafts
in animal brain development has not been systematically studied, largely due to various
challenges, understanding the structure and function of lipid rafts in neurodevelopment
provides valuable insights into the mechanisms underlying normal brain development
and may offer potential therapeutic targets for neurodevelopmental disorders. The most
important lipid raft structures involved in neurodevelopment are shown in Figure 1.
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Figure 1. The most relevant lipid raft components important for neurodevelopment. The figure was
made using https://www.biorender.com/, accessed on 18 January 2024.

3. Lipid Rafts Evolution

In this section, only the most important findings on the evolution of the molecules that
are crucial for the formation of lipid rafts and their importance for brain development are
addressed. Cholesterol is a hallmark of the eukaryotic plasma membrane, with a content of
20% to 50% [40]. It is also an essential component of lipid rafts, but the physical properties
of cholesterol are critical for lipid raft formation and function. An appropriate range of
cholesterol concentrations is essential for the rafts to exhibit certain physico-chemical prop-
erties (e.g., a certain viscosity, lipid bilayer thickness and elastic rigidity) [41]. The synthesis
of one molecule of cholesterol requires eleven molecules of oxygen [42], suggesting that
the evolution of the cholesterol biosynthetic pathway (CBP), which involves more than
20 enzymes, was likely an adaptive response to increased oxygen levels on Earth [43]. The
emergence of the CBP coincided with the appearance of the Last Eukaryotic Common
Ancestor (LECA), enabling cell function over a broad temperature scale [44]. Despite the
common origin of the biosynthetic pathway, the different eukaryotic kingdoms—animals,
plants and fungi—use different sterols: cholesterol (27 carbon atoms), phytosterol (28 car-
bon atoms) and ergosterol (29 carbon atoms), respectively [44]. The absorption of dietary
phytosterols and ergosterols competes with and reduces the absorption of cholesterol in hu-
man intestines; however, neither sterol is directly converted into cholesterol [45,46]. Recent
genomic studies confirm that most animals are cholesterol prototrophs capable of de novo
synthesis. However, the basal eumetazoans and most species within the protostome clades
(arthropods, nematodes—including C. elegans) are cholesterol auxotrophs, primarily due
to the loss of three crucial enzymes: farnesyl-diphosphate farnesyltransferase 1 (FDFT1),
squalene monooxygenase (SQLE) and lanosterol synthase (LSS) [47,48]. The independent
loss of CBP genes in various animal clades can be attributed to the lack of exogenous
sterols and disturbances in marine oxygen supply. In this context, the loss of energetically
demanding metabolic reactions (18 moles of acetyl-CoA, 36 moles of ATP and 16 moles of
NADPH per mole of cholesterol) was a selective advantage aimed at the conserving limited
resources [49]. In contrast, CBP genes are conserved in deuterostomes, particularly in
highly evolved vertebrates, suggesting a greater requirement for cholesterol that cannot be
met from external sources [47]. We hypothesise that the independence of higher vertebrates
from external sources of cholesterol was an advantage in building a complex nervous
system because it is the nervous system that suffers the most consequences in terms of CBP
gene mutations [50]. The role of cholesterol in early brain neurogenesis is reflected in its
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involvement in the Sonic Hedgehog (SHH) signalling pathway. The processing of SHH, as
well as signal reception in HH-responding cells, is directly dependent on cholesterol [51–54].
We can assume that the components of the SHH signalling pathway serve as sensors of
available cholesterol levels.

In vertebrates, an additional selective advantage is the uncoupling of cholesterol
synthesis from extraneural tissues in the central nervous system (CNS). While most of the
body’s cholesterol requirements are met by de novo synthesis in the liver (70%) or by diet
(30%) [55], the blood–brain barrier (BBB) prevents the passage of lipoproteins (cholesterol
carriers) into the CNS.

Before the BBB is closed, the brain utilises external sources and its own synthesis
of cholesterol, both in glial cells and in neurons. The BBB function is established in the
mouse brain at E10-11 [56], whereas in the human brain, this probably occurs after the 19th
week of pregnancy [57]. The maturation of the BBB leads to an uncoupling of cholesterol
biosynthesis, resulting in increased cholesterol accumulation in the brain. Consequently,
cholesterol concentration in the human brain is 7 mg/g at birth and increases to 15–30 mg/g
in adulthood, while in extraneural tissue, it averages 1.5 mg/g [58]. Cholesterol plays a
crucial role in myelination and is also important for the function of lipid raft-associated
proteins, synaptogenesis, neuronal plasticity, differentiation, clustering of postsynaptic
receptors, response to ischemic injury and regeneration processes [50,59].

In summary, cholesterol serves as a living molecular fossil that plays an indispensable
role in permeability, the regulation of lipid chain order, optimisation of protein function
and, more broadly, influencing the thermomechanical properties of the plasma membrane.

The second key component of vertebrate lipid rafts is sphingomyelin (SM). It accounts
for 5–10% of all phospholipids in the plasma membrane of higher animals and various inver-
tebrates, whereas it is not found at all in fungi and plants [60]. Lower animals can synthesise
a hydrophobic ceramide anchor, but instead of phosphocholine, the polar head group often
consists of phosphoethanolamine, aminoethylphosphonate and their derivatives [61,62].
The chemical properties of SM (chemical inertness of choline in the polar head group and
its shielding effect towards the small polar group of cholesterol, the chemical robustness of
the ceramide and the relatively straight shape of the hydrophobic moiety), as well as its
positioning in the outer leaflet of the plasma membrane, make it an ideal binding partner
for cholesterol, as studies on artificial and biological membranes have shown [63,64]. If one
adds the binding of SM to the transmembrane domains of specific proteins [65] but also the
necessity of SM domains for the accumulation of phosphatidylinositol-4,5-bisphosphate in
the inner leaflet of the plasma membrane during cytokinesis [66], the prerequisites for the
signalling function of lipid rafts in eukaryotic cells are established. The biochemical obstacle
for the formation of this favourable interaction lies in the bifurcation of the metabolism
after ceramide synthesis: ceramide synthesised in the endoplasmic reticulum (ER) can be
converted to SM by sphingomyelin synthase (SMS) in the medial/trans-Golgi region [67]
or serve as a precursor for a wide range of glycosphingolipids whose synthesis begins with
glucosylceramide synthase (GCS) and glucosylceramide in the cis-Golgi region and/or
the subregion of the ER [68]. It has been shown that the formation of a heterodimer with
SMS and GCS leads to the upregulation of SM [69]. In contrast, the silencing of SMS1,
but not SMS2, leads to the upregulation of glucosylceramide and the synthesis of other
glucosylceramides [70]. Another mechanism that favours sphingomyelin synthesis is via
ceramide transport proteins (CERT), which participate in the non-vesicular transfer of
ceramide into the Golgi compartment where SMS is located. Data suggest coevolution
between SMS and CERT [71].

Although the brain successfully synthesises sphingomyelin, it is worth emphasising
that it is also found in the diet, particularly in breast milk, and that increased intake is
associated with enhanced myelination and faster cognitive development [30].

The third key component of brain lipid rafts is sialic acid-containing
glycosphingolipids—gangliosides. Their synthesis is a continuation of the biosynthetic
pathway originating from ceramide and glucosylceramide [72]. The major brain ganglio-
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side structures (GM1, GD1a, GD1b and GT1b) have been well conserved in the evolution
of mammals and birds [73]. Brain development is accompanied by the progressive accu-
mulation of gangliosides, as has been demonstrated in teleost fish, chickens, mice, rats
and humans [74–79]. The concentration plateau is reached during maturation and begins
to decline with ageing [80–82]. In the adult organism, neural tissues have a one to two
orders of magnitude higher concentration of glycosphingolipids compared to extraneural
tissues [83]. This exceeds the phenomenon of cholesterol accumulation in neural tissues.
The crucial difference is in the fact that most tissues can perform de novo synthesis of
glycosphingolipids, whereas this is not the case for cholesterol.

Different developmental stages are characterised by the synthesis of different ganglio-
sides or different ratios of glycosphingolipids, which are formed via different synthesis
pathways (0, a, b and c). In most vertebrates, neurogenesis is characterised by the synthesis
of simpler structures (GM3 and GD3, 9-OAcGD3). Differentiation involves the synthesis
of complex structures (GD1a, GT1b and GQ1b), and synaptogenesis leads to an increase
in GD1a and myelination to an accumulation of GM1 [77,79,84,85]. These changes are
associated with the level and pattern of expression of enzymes involved in ganglioside
synthesis, the regulation of their translation, post-translational modifications and epigenetic
changes, as described in the review by Robert K. Yu and colleagues [86]. In addition to
different neurogenic processes with variations in ganglioside expression, fully differenti-
ated cell types in the brain exhibit their characteristic ganglioside patterns, as excellently
demonstrated in immunohistochemical studies using monoclonal antibodies [87–90]. At
this point, we would like to hypothesise that gangliosides, as an evolutionary mechanism,
contribute to the enormous diversity of lipid raft compositions in the brain. The spatio-
temporal complexity of their expression becomes even more apparent in imaging mass
spectrometry studies [14,91,92]. In their recent work, Tania C. B. Santos, Tamir Dingjan,
and Anthony Futerman introduce the concept of ‘anteome’ (from Latin “ante” for before
+ “omic”) to emphasise the coevolution of the network of metabolic pathways leading to
the expression of glycosphingolipids in the brain [93]. The concept of the evolutionary
significance of glycosphingolipids in the development of brain complexity can be criticised
due to the initial relatively mild phenotype observed in B4galnt1 (encoding enzyme beta-
1,4-N-acetylgalactosaminyltransferase 1 or GM2/GD2 synthase) knock-out mice which lack
the synthesis of GM1, GD1a, GD1b and GT1b [94–96]. It is important to emphasise that the
block in ganglioside synthesis is quantitatively compensated by the synthesis of remaining
structures (GM3 and GD3) and the more pronounced synthesis of alternate structures
(0-series glycosphingolipids), providing evidence of the flexibility and robustness of their
metabolism [97]. Recent studies clearly show that disorders related to the ganabolism or
catabolism of ganglioside are associated with severe neurological symptoms [98].

In summary, we can conclude that enabling the organisation of lipid rafts is an impor-
tant prerequisite and evolutionary driver for the development of the nervous system in
vertebrates, as shown by perturbations in the synthesis or degradation of molecules that are
the primary organisers of lipid rafts: cholesterol, sphingomyelin and glycosphingolipids.

4. Role of Lipid Rafts in Brain Development
4.1. Neuronal Differentiation and Synaptogenesis

Neural differentiation and synaptogenesis are crucial processes in the development
and function of the nervous system. These complicated processes involve a variety of
molecular interactions in which lipid rafts play a crucial role [99]. In our research on brain
development, we propose that lipid rafts act as specialised platforms for the spatial and
temporal regulation of signalling pathways that are crucial for neuronal differentiation,
influence the determination of neural stem cells, and contribute to the formation of distinct
neuronal subtypes during brain development. Lipid rafts serve as hubs for signalling
molecules involved in neural differentiation pathways, such as the Notch [100], Wnt [101]
and Sonic Hedgehog [102] pathways. The spatial organisation of signalling components
within lipid rafts facilitates precise signalling processes, orchestrating the neural progen-
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itor cell fate determination [103]. One of the key signalling processes is the activation of
growth factor receptors. Growth factors, such as fibroblast growth factor (FGF), epidermal
growth factor (EGF) and brain-derived neurotrophic factor (BDNF), bind to their respective
receptors on the cell surface [104]. This binding triggers receptor dimerisation and the
activation of downstream signalling cascades. Signalling events within lipid rafts also
regulate the progression of the cell cycle of neural progenitor cells and ensure the correct
timing of cell division and differentiation [103]. In vitro studies suggest that lipid rafts are
also essential for glial cell line-derived neurotrophic factor (GDNF) function. The GDNF
receptor, including GFRα1 and Ret, resides in lipid rafts. Through a knock-in mouse model,
it has been shown that GDNF’s developmental functions in the periphery depend on
GFRα1 translocation into lipid rafts [105]. Lipid rafts mediate cell adhesion and migration
processes that are crucial for neural progenitor cell migration and neuronal polarisation.
Adhesion molecules, including integrins and cadherins, are localised in lipid rafts and
facilitate cell–cell and cell–matrix interactions that are important for neural tissue morpho-
genesis [106]. Additionally, there is a crucial regulatory role of lipid raft microdomains in
the initial adhesion and subsequent neuronal differentiation of human mesenchymal stem
cells (hMSCs). Initially, lipid rafts facilitate the internalisation of cell adhesion molecules,
subsequently recruiting them to various plasma membranes [107]. In addition, lipid rafts
contribute to neurite outgrowth, a fundamental process in neuronal differentiation. Pro-
teins associated with lipid rafts, such as cytoskeletal regulators, modulate the cytoskeletal
dynamics that are necessary for neurite extension and guidance [108]. The prion protein
(PrPC), located within plasma membrane lipid raft microdomains, undergoes expression
modulation based on the degree of cell differentiation. It is implicated in the complex
signalling pathways governing neuronal differentiation. A recent study conducted by
Martellucci et al. revealed the presence of PrPC in human dental pulp-derived stem cells
(hDPSCs) and its involvement in neuronal differentiation. Furthermore, the study high-
lights the critical role of lipid raft integrity in facilitating PrPC-induced signalling pathways
that are essential for hDPSC neuronal differentiation induced by epidermal growth factor
and basic fibroblast growth factor (EGF/bFGF) [109,110].

Throughout the neural differentiation process of the multipotent embryonic carcinoma
cell line (P19 cells), the flotillin protein family member (Flot2) tends to concentrate in
detergent-resistant membrane fractions (DRM Frs) rich in lipid rafts, where it associates
with tyrosine kinase (Fyn). This association likely leads to the phosphorylation of Flot2
during neural differentiation. Some findings suggest that the interaction between the lipid
raft scaffold protein, Flot2 and acylated proteins, like Fyn and c-Src, could be pivotal for
the development and function of the central nervous system [111]. Additionally, in the
nervous system, either the excessive or insufficient expression of Flot1 can contribute to
the development of different neurological disorders, like Alzheimer’s disease, Parkinson’s
disease and major depressive disorder [112].

Neural differentiation and synaptogenesis are closely linked processes that together
control the development of the nervous system. The differentiation of neurons into spe-
cific subtypes provides the structural diversity necessary for precise synaptic connections.
Synaptogenesis, in turn, refines these connections through activity-dependent mecha-
nisms, leading to the formation of functional neural circuits that are essential for sensory
processing, motor control, cognition and behaviour [113].

Synaptogenesis involves the formation of synapses, specialised junctions between
neurons enabling neuronal communication. Lipid rafts play different roles in synaptogene-
sis and influence the formation, maturation and plasticity of synapses. They are involved
in the growth of the axon and its pathfinding until the axon finds and reaches its target.
However, the story does not end there. Instead, lipid rafts are involved in the formation
of functional synapses and their stability. Lipid rafts are important for axonal growth and
guidance, most likely due to the accumulation of signalling molecules in them [114]. Some
of these are the glycoprotein M6a and ephrinB receptors, which influence the neuronal
cytoskeleton [115,116], particularly the actin network [11], and others are cell adhesion
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molecules and receptors for the guidance of signalling proteins (e.g., netrin-1) [12,117].
When an axon reaches the postsynaptic target membrane, lipid rafts provide a suitable
microenvironment for the formation of a new synapse. Cholesterol appears to be the major
factor in synaptogenesis. Cholesterol has been shown to induce synaptogenesis in cultured
retinal ganglion cells [4]. This induction of synaptogenesis could occur via an increase in
the number of lipid rafts [118]. Moreover, cholesterol seems to be the limiting factor for the
formation of numerous and effective synapses [119]. Among neurotrophins, brain-derived
neurotrophic factor (BDNF) has garnered considerable attention due to its wide-ranging
biological functions, notably its crucial involvement in synaptic transmission and activity-
dependent synaptic plasticity [120,121]. Nevertheless, the exact role of lipid rafts in the
formation of functional synapses is still unknown and is the subject of intense research.
To maintain synapse function, it is important that the ratios of the lipid raft components
do not change [122]. For example, the depletion of cholesterol leads to a gradual loss of
synapses [121], and lipid rafts lose their functionality when their lipid–protein ratios are
disturbed [123].

Lipid rafts also modulate the activity and signalling of synaptic proteins by affecting
their interactions with other molecules, such as ligands, kinases and phosphatases [13,124].
A decrease in cholesterol and sphingolipid levels results in the destabilisation of surface
AMPA receptors and a progressive decline in both inhibitory and excitatory synapses, along
with dendritic spines [125]. In raft-depleted neurons [116], the remaining synapses and
spines exhibit significant enlargement. For this study, cultured hippocampal neurons were
treated with inhibitors of sphingolipid and cholesterol synthesis (such as fumonisin B1,
mevastatin and mevalonate) to obtain raft-depleted neurons. This underscores the critical
role of lipid rafts in maintaining normal synapse density and morphology, providing insight
into why cholesterol facilitates synapse maturation in retinal ganglion cells. Moreover, this
association suggests a potential connection between disrupted cholesterol metabolism and
the loss of synapses observed in neurodegenerative diseases [120].

In summary, lipid rafts are dynamic structures important for synaptogenesis because
they provide a suitable microenvironment not only for synaptogenesis but also for the
maintenance of stable and functional synapses. The disruption of lipid rafts during synap-
togenesis can impair normal behaviour and result in psychiatric disorders (depression,
schizophrenia, etc.) [126].

4.2. Myelination

Lipid rafts contribute to the regulation of myelination processes in the developing brain.
By influencing the distribution of lipids, particularly sphingolipids and cholesterol, within
the myelin sheath, lipid rafts can affect the structural integrity and functionality of axons.
This, in turn, affects the speed and efficiency of signal transmission in neuronal circuits.

Myelination is a crucial biological process in which a myelin sheath forms around
nerve fibres or axons. The main function of myelin is to insulate the axons and increase
the speed at which electrical impulses (action potentials) are transmitted along the axon.
This is achieved by reducing the capacitance of the axon membrane and increasing its
electrical resistance. A notable benefit of myelin is its ability to reduce the energy required
to transmit nerve impulses, making this process more efficient [127]. This efficient signal
transmission is essential for proper neurological function, including motor control and
sensory processing. In addition, myelin provides trophic support to the axon and maintains
its long-term integrity. It also facilitates three-directional communication between the
neuron, the myelinating cell and the environment [128].

Myelination is a dynamic process that begins during foetal development and continues
into early adulthood. It is initiated when either oligodendrocytes in the central nervous
system (CNS) or Schwann cells in the peripheral nervous system (PNS) recognise and bind
to an axon. According to Simons et al., myelination begins with the establishment of cell
polarity, a phenomenon that is triggered by external signals emanating from the axon. The
assembly of the myelin sheath begins with the pre-assembly of myelin-specific proteins



Biomolecules 2024, 14, 362 9 of 25

and lipids that undergo the biosynthetic pathway. This preparatory phase ensures that
the myelin components are correctly organised before they reach the plasma membrane.
Once at the plasma membrane, these pre-assembled domains are further organised and
expanded through interactions with myelin basic protein (MBP). MBP plays a central role
in this process. It is synthesised locally at the site of myelination by the local translation of
its mRNA. The interaction of MBP with the pre-assembled myelin components promotes
their assembly and thus improves the structural integrity of the myelin sheath [129].

During the formation of myelin, the axon is coated with layers of cell membranes.
Oligodendrocytes expand their cell membranes to wrap around several axons, while
Schwann cells myelinate a single axon segment. This sheathing process proceeds in a spiral
way, and as it progresses, the layers of the cell membrane thicken to exclude most of the
cytoplasm and form a dense, lipid-rich sheath [130]. As a result of this sheathing process,
a compact, multilayered sheath is formed that includes characteristic regions such as the
nodes of Ranvier and the internodal segments. The nodes of Ranvier are periodic gaps
in the myelin sheath that occur at regular intervals along the axon. They play a crucial
role in facilitating the rapid conduction of electrical impulses through a process known as
saltatory conduction. In this mechanism, nerve impulses jump from one node of Ranvier
(an unmyelinated gap) to the next, bypassing the myelinated segments. This sophisticated
process significantly increases the speed of signal transmission in the nervous system [131].

Myelin consists mainly of lipids, which make up about 70% of its composition, while
proteins account for the remaining 30%. This unique composition contrasts with most
biological membranes, which have a roughly equal ratio of proteins to lipids [131]. The high
lipid content in oligodendrocytes and myelin membranes includes cholesterol, phospho-
lipids and glycosphingolipids (GSLs). Cholesterol and GSLs are the major lipid components
of myelin, accounting for ~27% and 31% of total myelin lipids, respectively [130,131]. GSLs
are a class of sphingolipids that have a sphingoid base, a straight-chain amino alcohol with
18–20 carbon atoms, usually carrying a saturated or unsaturated fatty acid chain. Depend-
ing on the attachment of a mono- or oligosaccharide head group to the sphingoid base,
different subclasses of GSLs are formed, such as cerebrosides, sulfatides and gangliosides.
Two GLSs are especially enriched in the myelin membrane, galactosylceramide, (GalC)
and its sulfated derivative, sulfatide, which account for approximately 23 and 4% of the
total lipid pool [132]. Although galactolipids are important key factors for the integrity and
long-term maintenance of myelin membranes, their presence does not appear to be essential
for myelin biogenesis and assembly [133,134]. These data clearly indicate that both GalC
and sulfatide play distinct roles in oligodendroglial differentiation, myelin maintenance
and the overall stability and functionality of the myelin membrane.

These lipids, together with cholesterol, are involved in the formation of lipid rafts [8,135] that,
in the context of myelination, play an important role in regulating myelination processes
in the developing brain [10]. These signalling domains in the cell membranes of oligoden-
drocytes organise receptors and signalling molecules that are required for myelination.
Enhancing the production or accessibility of cholesterol and gangliosides could potentially
be associated with Huntington’s disease [136].

Gangliosides consist of a sialylated glycan attached to a ceramide lipid and are mainly
located on the outer surface of the plasma membrane. With their outward-facing glycans,
the gangliosides associate laterally with each other, sphingomyelin, cholesterol and selected
proteins in lipid rafts [73]. However, gangliosides are not always components of lipid rafts.
It has been shown that the distribution between the rafts and the non-raft parts of the
membrane depends on their concentration. At physiological concentrations, gangliosides
can form their own domains, which are preferentially located in the liquid-disordered
(non-raft) part of the membrane [137,138]. Two of the four major brain gangliosides, GD1a
and GT1b, are expressed on the axonal membrane and interact with the sialic acid-binding
protein MAG on the periaxonal surface of the myelin membrane [139,140]. In this way,
these molecules on opposing surfaces facilitate the interaction between axons and glia and
promote myelin stability [141,142]. These interactions were investigated with genetically
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modified mice. Depending on the mutation, the phenotypes can be very different. Mice
with a disrupted GM2/GD2 synthase gene that lacked complex gangliosides showed only
subtle defects in their nervous system [96], but later studies showed marked pathology
in these mice, including axonal degeneration, an increase in unmyelinated fibres and
redundant myelin loops, the disruption of paranodal junctions and the mislocalisation and
dysfunction of ion channels [143,144]. In contrast, mutants lacking the gangliosides of the -b
and -c series (GD3 synthase-null) show no demyelination in the brain [145]. The most severe
phenotype was observed in the transgenic mice completely lacking ganglio-gangliosides
(Siat9 and Galgt1 double knock-out). These mice showed profound axonal degeneration,
the vacuolisation of CNS white matter and impaired paranodal stability, as evidenced by
the presence of paranodal loops facing away from the axon [146]. These studies suggest
a role for gangliosides in the interaction between axons and glia. As mentioned above,
the interactions between lipids and proteins are crucial for myelin formation and the
maintenance of myelin. They regulate protein transport and molecular organisation within
the myelin sheath [6].

Myelin expresses a unique set of lipid raft-associated proteins, including proteolipid
protein (PLP), myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG),
myelin-associated glycoprotein (MAG), 2′,3′-cyclic-nucleotide 3′-phosphodiesterase (CNP),
myelin and lymphocyte protein (MAL) and neurofascin-155 (NF155), of which PLP and
MBP are the most abundant [147].

PLP is an integral membrane protein that has two different isoforms, PLP and DM20 [148].
The protein primarily plays a role in stabilising the intraperiod line by assembling the
extracellular leaflets of the myelin membrane [149]. PLP contains a cholesterol recogni-
tion/interaction sequence and is a major cholesterol-interacting protein in oligodendrocytes,
and these properties may be responsible for the association of PLP with these domains [150].
However, PLP mice do not show a demyelination phenotype, suggesting that PLP is not
essential for the actual assembly of the myelin sheath. Instead, PLP is important for the
proper assembly of myelin lipid rafts [132]. PLP may also be important at the ultrastructural
level once myelin has formed, as in PLP-null mice, the extracellular compaction of neigh-
bouring membranes is abnormally condensed, which could be a sign of reduced myelin
stability [151]. Overall, it is not the absence of PLP but the expression of properly folded
PLP in physiological amounts that seems to play a crucial role in the proper assembly of
myelin [132].

MBP is the second most abundant protein in myelin and accounts for 30% of the
total myelin protein in the CNS. MBP exists in various isoforms of different sizes and
charges, which are formed by alternative splicing of an mRNA transcript [152]. MBP is
the only known structural myelin protein that is absolutely required for myelin membrane
formation, presumably due to its role in myelin membrane compaction, as it can hold the
cytoplasmic leaflets together [153]. Due to its highly positive charge, MBP can interact as a
cytoplasmic peripheral membrane protein with anionic phospholipids in the inner leaflet
of the myelin membrane, and this binding is probably crucial for myelin assembly [152].
Interestingly, the dynamics of MBP are also influenced by changes in the dynamics of the
galactolipids of the extracellular leaflet [154], suggesting that “indirect” interactions may
occur between the galactolipids of the extracellular leaflet and MBP at the cytoplasmic
surface of the membrane. Given its actin-binding properties, MBP may also play a key
role in the transmission of galactolipid-mediated signalling. The destruction of the myelin
sheath leads to neurodegeneration and conduction failure, as observed in demyelinating
diseases such as multiple sclerosis (MS). MBP has long been investigated as a factor in the
pathogenesis of the autoimmune neurodegenerative disease multiple sclerosis [155], and
it is clear that MBP and its functions in myelin formation and long-term maintenance are
associated with MS.

MAG is a transmembrane protein that is selectively expressed by myelinating cells [156]
and is an important component of the myelin sheath. In the CNS, MAG is only found on
the innermost (periaxonal) myelin sheath, which lies directly on the axon surface. This
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protein plays a crucial role in the interaction between myelinating glial cells and axons.
It contributes to the stability and integrity of the myelin sheath by mediating adhesion
between the myelin membrane and the axon. Mice lacking MAG show abnormalities in
the formation of the periaxonal cytoplasmic collar, suggesting that the interaction between
MAG and ganglioside is important for the organisation and maintenance of the periaxonal
space and the cytoplasmic collar [157]. The phenotypes of mutant mice with altered ganglio-
side expression, as described above, are consistent with a role for GD1a and GT1b in MAG
functions [142]. Mice lacking complex gangliosides (B4galnt1-null) show many of the same
phenotypic features as Mag-null mice, including myelin abnormalities, progressive axon
degeneration in the central and peripheral nervous system, reduced neurofilament spacing,
reduced the diameters of myelinated axons and disrupted the nodes of Ranvier [144].

The myelin and lymphocyte protein (MAL) is associated with the lipid rafts of myelin
membranes. MAL is upregulated in mature oligodendrocytes and is involved in the apical
sorting machinery of polarised cells [158]. It is speculated that MAL may be involved
in the intracellular targeting of neurofascin-155 (NF155) [159], a key protein required for
paranodal formation [160].

In summary, myelin is an indispensable component of the nervous system, ensuring
the rapid and efficient transmission of nerve impulses. The orchestration of the myelination
process by specialised glial cells is fundamental to the health and functionality of neural
networks. Myelin’s significance extends beyond facilitating communication between
neurons; it also underpins cognitive development and contributes to the resilience and
adaptability of the nervous system throughout an individual’s life. Lipid rafts play a pivotal
role in the myelination process within the developing brain, serving as crucial platforms
for organising signalling molecules, facilitating interactions between cells, and regulating
intracellular signalling pathways. These specialised membrane domains also influence the
physical properties of the membrane and support axonal contact and guidance, which are
essential for the proper formation of myelin. When lipid rafts malfunction, it can result in
demyelination, leading to a range of neurological disorders and impairments.

4.3. Environmental Influences

Our hypothesis suggests that environmental factors, including dietary lipids and
external stimuli, may modulate the composition and function of lipid rafts during brain
development. Understanding the interplay between genetic factors, environmental influ-
ences and lipid raft dynamics may shed light on how these microdomains contribute to
individual variability in neurodevelopmental outcomes. Environmental factors such as
maternal nutrition [161,162], exposure to pathogens [163] and hormonal influences [164],
especially glucocorticoids through chronic stress [165] during pregnancy, can influence
the composition, organisation and functionality of lipid rafts in the developing foetal
brain [166].

4.3.1. Maternal Nutrition

Maternal nutrition is an essential foundation for proper foetal brain development [7].
Nutrients such as cholesterol, omega-3 fatty acids and glycolipids are essential for proper
neuronal membrane formation and synaptic connectivity [167,168].

Cholesterol modulates membrane fluidity, provides structural support and influences
protein localisation and signal transduction through lipid rafts [9,18]. Disruption or re-
moval of cholesterol from the raft leads to the dissociation of proteins and disrupts their
function and signalling through lipid rafts [18]. Cholesterol is either supplied from the
diet or synthesised de novo by the liver, intestine and skin [169], starting from acetyl-CoA
as a substrate and involving at least 20 enzymes [170]. A genetic deficiency in choles-
terol metabolism causes Smith–Lemli–Opitz syndrome, in which children show a range of
symptoms, including learning disabilities [171]. Staneva and coworkers analysed possible
raft-related consequences of the accumulation of the metabolic precursor of cholesterol,
7-dehydrocholesterol, which occurs in Smith–Lemli–Opitz syndrome, and how subtle differ-
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ences in the structure of the sterol nucleus can cause membrane lipid dysfunction [172,173].
The domains containing 7-DHC were smaller and had more diffuse boundaries, and the
location of 7-DHC was more loosely defined than that of cholesterol. The difference in sterol
structure can play a role in membrane organisation and the sorting of certain proteins, such
as the morphogenic protein Sonic Hedgehog [102]. In addition, 7-DHC is more susceptible
to oxidation than cholesterol, and its accumulation can increase oxidative stress in cells,
potentially exposing membranes to the dangers of free radicals. Dietary cholesterol is
derived exclusively from animal products and is associated with the decreased synthesis of
endogenous cholesterol, a compensatory mechanism that maintains constant cholesterol
homeostasis [174].

Omega-3 (n-3) polyunsaturated fatty acids (PUFAs) such as docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) are found in fish and some vegetable oils such
as flaxseed and are integral components of cell membranes [175]. They can infiltrate into
lipid rafts and increase the unsaturated fatty acids content, alter the physical properties
of lipid rafts by affecting their fluidity and stability, which is incompatible with rigid
cholesterol, and disrupt the organisation of lipid rafts, which could affect downstream
signalling. [176,177]. The increased fluidity affects the mobility and arrangement of pro-
teins within the rafts [178]. DHA controls neurotransmission through dopamine and
serotonin [179], protects neurons from apoptosis [180], promotes growth cones during
brain development [181] and regulates nerve growth factors [182]. It remains to be clarified
whether the abovementioned effects are due to the influence of n-3 PUFAs on lipid rafts.

Since gangliosides are important raft residents, dietary intake of these glycolipids
during pregnancy could be crucial for proper neurodevelopment. Diary, animal and soy
products are rich in gangliosides and should be included in the diet during pregnancy [183].
Although dietary gangliosides are degraded in the intestinal tract, their degradation prod-
ucts (saccharides and lipids) are absorbed and affect ganglioside expression in tissues [184].
Compared to the peripheral organs, the brain contains more gangliosides, and their dis-
tribution is more concentrated in grey matter than in white matter [185]. Between weeks
16 and 22 of gestation, ganglioside concentration in the frontal cortex doubles, increases
by 30% in the hippocampus and remains highly concentrated until 30 weeks of gestation.
Among various ganglioside species, GM1 has been associated with brain function [186].
Changes in ganglioside composition during development may be a feature of brain dif-
ferentiation, probably through modifications of lipid rafts [187]. The role of gangliosides
in the CNS can be investigated by studying knock-out mice models lacking a particular
ganglioside or with impaired glycosphingolipid metabolism. In all cases of ganglioside
knock-out models, disorders involving lipid rafts have been found to be associated with
CNS disorders [73,188].

The availability of these nutrients during pregnancy alters the lipid composition of
lipid rafts, potentially altering their structure and function in the developing brain. In
addition, dietary components, such as antioxidants, vitamins and polyphenols, can also
modulate membrane properties and indirectly influence lipid raft behaviour and associated
cellular processes [189].

4.3.2. Pathogens

Many pathogens can be dangerous for foetal development during pregnancy, both viral
(SARS-CoV-2, cytomegalovirus, varicella zoster, Zika virus [190,191] and bacterial (group B
Streptococci, Listeria monocytogenes [192,193]. For pathogens, a lipid raft can be viewed as an
“island with an airport in the middle of the ocean” equipped with various proteins/receptors
that ensure that a pathogen reaches a desired location, supports pathogen replication and
deceives the host immune system [194,195].

The protease-independent entry of SARS-CoV-2 into the cell depends on the localisa-
tion of angiotensin-converting enzyme 2 (ACE2) receptors in lipid rafts [196]. Moreover,
the SARS-CoV-2 spike protein has a lateral N-terminal domain that binds to gangliosides
residing in lipid rafts [197].



Biomolecules 2024, 14, 362 13 of 25

Cytomegalovirus (CMV) is a leading cause of non-genetic hearing loss in children and
causes neurodevelopmental delay. CMV alters lipid rafts by increasing cholesterol efflux
and reducing the number of ABCA1 cholesterol transporters [198].

Varicella zoster causes serious health issues, with problems ranging from skin defects
to nervous system impairments. Like CMV, it utilises lipid rafts at many stages of infection.
Rafts contribute to viral envelope integrity and endocytosis [199].

Zika virus, which causes microcephaly in newborns, utilises lipid rafts as an entry
point into cells and alters them by accumulating flotillin-1 [200,201].

Bacterial infections can also cause many neurodevelopmental problems in babies and
very often utilise lipid rafts in a similar was as viruses. Bacterial pore-forming toxins
(e.g., aerolysin, streptolysin O) can interact with lipid rafts, leading to their disruption or
alteration [202]. Many bacterial species manipulate raft proteins to facilitate their survival
and replication or to become invisible to the immune system [99].

Newborns infected with group B Streptococci (GBS) can develop pneumonia, sep-
ticemia and meningitis. Raft-associated phosphatidylinositol 3-kinases have been shown to
be involved in GBS invasion [203].

Listeria monocytogenes causes severe infection with high mortality and neurodevel-
opmental abnormalities [204]. In this case, lipid rafts provide a binding site for bacterial
pore-forming toxin listeriolysin O [205].

By targeting and altering the properties of lipid rafts, pathogens can alter cellular
processes, thus contributing to successful infection and propagation in the host. This can
be particularly dangerous for the developing foetus, as pathogens can cross the placenta
and directly influence foetal development.

4.3.3. Drugs

Drugs can influence the function of lipid rafts in various ways. Some drugs interact
directly with lipid components or proteins residing in lipid rafts, altering their stability or
signalling, while others interfere with raft components by altering their composition [206].

Several classes of drugs have been studied for their influence on lipid rafts:

1. Statins: These drugs are used to lower cholesterol levels by inhibiting β-hydroxy
β-methylglutaryl-CoA (HMG-CoA) reductase, an enzyme involved in cholesterol
synthesis. Some studies suggest that statins interfere with lipid rafts due to the
hydrophobicity of the drugs. In addition, statins modulate the expression of the
ACE2 receptor, which is located in the lipid rafts. It has been shown that cerivastatin
increases the homogeneity of lipid rafts, making the raft aggregates smaller [207,208].

2. Anaesthetics: Certain anaesthetics, such as propofol and isoflurane, have been re-
ported to interact with lipid rafts by activating phospholipase D2 [209,210].

3. Antiviral drugs: Some antiviral drugs, such as entry inhibitors [211], target lipid
rafts as part of their mechanism of action. Some of those drugs aim to prevent viral
entry into host cells by interfering with ACE2 receptors located in lipid rafts [212,213].
25-hydroxycholesterol has been shown to interfere with cholesterol in the membrane,
making the bilayer less rigid and affecting the composition of lipid rafts [214].

4. Steroids: Steroid hormones, such as glucocorticoids and sex hormones, are known
to interact with cell membranes, including lipid rafts [215]. Glucocorticoids remove
the acyl-bound adaptor proteins and phosphoprotein required for T cell activation
from lipid rafts by inhibiting their palmitoylation [216]. In a small portion of estrogen
receptors (ERs), ER-α is located in the lipid rafts, exerting the effects of estrogens on
lipid rafts directly through their receptors [164].

5. Antipsychotics and antidepressants: Many antidepressants have been shown to colo-
calise with 5-HT3 receptors in lipid rafts [217]. Trazodone, an antidepressant, and
aripiprazole, an antipsychotic, have been shown to alter cholesterol metabolism and,
therefore, likely affect lipid raft composition and stability [218,219].
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Understanding how drugs interact with lipid rafts is crucial as it can provide insights
into therapeutic strategies targeting these specific membrane regions for various medical
conditions and avoiding unwanted side effects.

4.3.4. Hormones

Hormonal influences, including maternal stress and hormonal fluctuations during
pregnancy, influence foetal brain development [220]. Some of the hormonal effects are
directed towards lipid rafts.

Chronic stress during pregnancy and elevated glucocorticoid levels increase the risk of
neurodevelopmental disorders such as autism, ADHD, schizophrenia and depression [221].
Although glucocorticoids can be used to promote the rapid maturation of underdeveloped
organs in a developing foetus, they can cause unwanted side effects [222]. It has been
observed that glucocorticoids exert their effects via their receptors in lipid rafts [223]. In
addition, all the conditions mentioned have already been associated with changes in lipid
rafts [224–227].

Hormonal fluctuations during pregnancy are important for proper foetal development.
In the context of foetal brain development, hormones such as oestrogen, progesterone and
thyroid hormones orchestrate neuronal proliferation, migration, synaptogenesis, myelina-
tion and neurotransmitter release and contribute to overall brain growth [220,228–230]. All
of the abovementioned hormones interact with lipid rafts [164,231,232]; therefore, improper
hormonal balance can influence lipid metabolism, which alters the lipid composition of
cell membranes and subsequently affects the structure and function of lipid rafts in the
foetal brain.

Overall, the environmental influences on lipid rafts during foetal brain development
underscore the importance of maintaining a healthy maternal environment. Optimising
maternal nutrition, minimising exposure to toxins, managing stress and ensuring hor-
monal balance during pregnancy are crucial factors that can positively influence lipid raft
composition and function in the developing foetal brain.

5. In Vitro Neural Cell Culture—Model to Study Role of Lipid Rafts in Neurodevelopment

Understanding the intricate processes of neural development, from the formation of in-
dividual neurons to the assembly of complex neural circuits, is crucial for deciphering com-
plex brain functions. The in vitro neural cell culture, i.e., the cultivation and maintenance of
neurons outside the body, is a powerful tool for gaining insights into neural development
and its underlying mechanisms [233]. The cells used for culturing neuronal or neuron-like
cultures can be primary, immortalised continuous lines or derived/differentiated from
pluripotent stem cells [234]. Two main methods are generally used for culturing neuronal
cells: two-dimensional (2D) and three-dimensional (3D) cultures. In 2D culture, neurons are
grown on flat surfaces. This approach allows for the easy manipulation and visualisation of
the neurons but may not accurately reflect the complex architecture of the developing brain.
Specific treatments can be applied, and the behaviour of individual cells in response to the
treatment can be observed in real time. Jose et al. determined the importance of cholesterol
during the development and polarisation of rat hippocampal neurons [235]. Methylbetacy-
clodextrin (MβCD) was used to transiently deplete cholesterol from neurons in the early
developmental stage. The neurons were derived from P0/P1 rat pups. The reduction in the
length and number of neurites corresponded to the applied concentration of MβCD. On
the other hand, transient replenishment with cholesterol partially reversed the effects of
MβCD treatment [235]. This effect of cholesterol on neuronal polarisation could only be
observed in neurons that are not in direct contact with the surrounding neurons and, thus,
are not affected by synaptic signalling. Another good example of the use of 2D cell cultures
in neurodevelopment research is the study of neuronal growth cone morphology and
development. Cells can be differentially stimulated with different multiple growth factors
or compounds, and the growth cone is then monitored for changes in terms of morphology
and protein expression [236]. Similar to cholesterol, very long-chain fatty acids (VLCFAs)
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also play an important role in neuronal polarisation in the early developmental stages. A
lack of C16:0 ceramide and C24:0 phosphatidylcholine inhibits brain development in vivo.
In experiments with E14.5 hippocampal cell culture, VLCFAs were found to be important
for the proper integration of sphingolipid into the lipid rafts of the neuronal growth cone
and its subsequent development [237]. This experiment gave a good indication of why a
lack of C16:0 ceramide and C24:0 phosphatidylcholine specifically affects the early stages
of brain development. In both experiments, the cells were grown at low density per area,
which, in turn, prevented the neurons from forming proper networks that normally occur
in the brain. Seeding cells at a high density partially alleviates this problem by forming a
relatively flat synaptic network. The formation of synapses can be observed as a function
of lipid raft composition and without significant obstacles. By overexpressing the lipid
raft-associated protein flotillin 1 in hippocampal cell cultures, Swanwick et al. found that
it plays a role in the formation of glutaminergic synapses [238]. Further experiments on
primary hippocampal cell cultures showed the importance of tightly controlling lipid rafts
in the formation and stabilisation of AMPA receptors. Both receptors and their association
with lipid rafts are necessary for the formation of stable synapses. It is important to have
a tool that is capable of rapidly monitoring the formation, disruption or enhancement
of synapse formation, and densely seeded primary neuronal cell cultures provide this
tool [122,125,239,240].

Growing cells on flat surfaces can reveal relatively limited information about actual
neuronal organisation and interaction in the brain. Three-dimensional culture aims to
recreate the three-dimensional environment of the brain by using scaffolds or hydrogels
that provide a more natural substrate for neuron growth and interactions mimicking the
extracellular matrix (ECM). This approach can generate better-organised neuronal networks
that resemble the structure and function of the brain in vivo [16,241]. Furthermore, 3D
scaffolds can be specifically modified by adding different proteoglycans or laminins to
promote targeted differentiation or neurite growth [242–244]. The simplest form of 3D cell
culture for neurons are spheroids, as no 3D scaffold is required for their formation. Rather,
a hydrophobic vessel or suspension in the growth medium is required to facilitate cell
clumping. In this way, a gradient of nutrients and oxygen is created, and the cells are only
connected to the extracellular matrix cells they produced and neurite tangles [242,245,246].
A further development of spheroids is the suspension of cells in a scaffold such as Ma-
trigel, which is immersed in a growth medium. In this way, the cells are held in place,
and neurite growth can be selectively stimulated and observed. Most experiments using
this approach aim to repair damaged brain tissue from animal models or simulate the
damage in vitro [242,247–249]. The most complex of all 3D neuron cell cultures are brain
organoids. Brain organoids have emerged as a powerful tool for studying neurodevelop-
ment. These miniature brain models, derived from stem cells, self-organise into structures
with or without ECM, reflect different brain regions, and recapitulate many aspects of early
brain development. Brain organoids can be generated from a variety of stem cell sources,
including embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs) and neural
progenitor cells (NPCs) [17,250]. ESCs are pluripotent cells that can differentiate into all cell
types of the body, whereas iPSCs are derived from adult cells that have been reprogrammed
to a pluripotent state and can be harvested noninvasively from human donors. NPCs are
multipotent cells that can give rise to neurons, astrocytes, and oligodendrocytes [251]. Brain
organoids have been instrumental in elucidating the molecular signals that regulate NPC
proliferation, differentiation, and migration, providing insights into how these processes
are perturbed in various neurodevelopmental disorders. Additionally, they are a tool to
study the formation of neural circuits, the intricate networks of neurons that underlie
brain function. By manipulating the environment of brain organoids, the effect of various
factors, such as neuronal interactions, neurotransmitter signalling, and environmental
stimuli, can influence the development of neural circuits [252–257]. To date, the role of
lipid rafts in brain organoid development has not been studied in depth. This provides a
good opportunity to study the effects of different cholesterol levels and VLCFA derivatives
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on the development of appropriate neuronal networks in vitro using human cell-derived
brain organoids.

6. Conclusions

In summary, lipid rafts play a critical role in the development and function of the
nervous system in vertebrates, as highlighted by the impact of disorders affecting key lipid
raft organisers like cholesterol, sphingomyelin and glycosphingolipids. These dynamic
structures not only facilitate synaptogenesis but also contribute to the maintenance of
stable and functional synapses, with disruptions potentially leading to psychiatric disor-
ders. Moreover, myelin, which is orchestrated by specialised glial cells, is essential for
efficient nerve impulse transmission and cognitive development, with lipid rafts serving
as crucial platforms for myelination processes. Dysfunctions in lipid rafts can result in
demyelination and neurological disorders. Recognising the environmental influences on
lipid rafts underscores the importance of maintaining a healthy maternal environment
during foetal brain development, emphasising factors such as nutrition, toxin exposure,
stress management, and hormonal balance to optimise lipid raft function and support
healthy neural development.
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88. Vajn, K.; Viljetić, B.; Degmečić, I.V.; Schnaar, R.L.; Heffer, M. Differential Distribution of Major Brain Gangliosides in the Adult

Mouse Central Nervous System. PLoS ONE 2013, 8, e75720. [CrossRef] [PubMed]
89. Kotani, M.; Kawashima, I.; Ozawa, H.; Terashima, T.; Tai, T. Differential Distribution of Major Gangliosides in Rat Central

Nervous System Detected by Specific Monoclonal Antibodies. Glycobiology 1993, 3, 137–146. [CrossRef] [PubMed]
90. Kotani, M.; Kawashima, I.; Ozawa, H.; Ogura, K.; Ishizuka, I.; Terashima, T.; Tai, T. Immunohistochemical Localization of Minor

Gangliosides in the Rat Central Nervous System. Glycobiology 1994, 4, 855–865. [CrossRef] [PubMed]
91. Whitehead, S.N.; Chan, K.H.N.; Gangaraju, S.; Slinn, J.; Li, J.; Hou, S.T. Imaging Mass Spectrometry Detection of Gangliosides

Species in the Mouse Brain Following Transient Focal Cerebral Ischemia and Long-Term Recovery. PLoS ONE 2011, 6, e20808.
[CrossRef]

92. Colsch, B.; Woods, A.S. Localization and Imaging of Sialylated Glycosphingolipids in Brain Tissue Sections by MALDI Mass
Spectrometry. Glycobiology 2010, 20, 661–667. [CrossRef]

93. Santos, T.C.B.; Dingjan, T.; Futerman, A.H. The Sphingolipid Anteome: Implications for Evolution of the Sphingolipid Metabolic
Pathway. FEBS Lett. 2022, 596, 2345–2363. [CrossRef]

94. Chiavegatto, S.; Sun, J.; Nelson, R.J.; Schnaar, R.L. A Functional Role for Complex Gangliosides: Motor Deficits in GM2/GD2
Synthase Knockout Mice. Exp. Neurol. 2000, 166, 227–234. [CrossRef]

95. Furukawa, K.; Aixinjueluo, W.; Kasama, T.; Ohkawa, Y.; Yoshihara, M.; Ohmi, Y.; Tajima, O.; Suzumura, A.; Kittaka, D.; Furukawa,
K. Disruption of GM2/GD2 Synthase Gene Resulted in Overt Expression of 9-O-Acetyl GD3 Irrespective of Tis21. J. Neurochem.
2008, 105, 1057–1066. [CrossRef]

96. Takamiya, K.; Yamamoto, A.; Furukawa, K.; Yamashiro, S.; Shin, M.; Okada, M.; Fukumoto, S.; Haraguchi, M.; Takeda, N.;
Fujimura, K.; et al. Mice with Disrupted GM2/GD2 Synthase Gene Lack Complex Gangliosides but Exhibit Only Subtle Defects
in Their Nervous System. Proc. Natl. Acad. Sci. USA 1996, 93, 10662–10667. [CrossRef] [PubMed]

97. Saito, M.; Wu, G.; Hui, M.; Masiello, K.; Dobrenis, K.; Ledeen, R.W.; Saito, M. Ganglioside Accumulation in Activated Glia in the
Developing Brain: Comparison between WT and GalNAcT KO Mice. J. Lipid Res. 2015, 56, 1434–1448. [CrossRef] [PubMed]

98. Li, T.A.; Schnaar, R.L. Chapter Two—Congenital Disorders of Ganglioside Biosynthesis. In Progress in Molecular Biology and
Translational Science; Schnaar, R.L., Lopez, P.H.H., Eds.; Gangliosides in Health and Disease; Academic Press: Cambridge, MA,
USA, 2018; Volume 156, pp. 63–82.

99. Vieira, F.S.; Corrêa, G.; Einicker-Lamas, M.; Coutinho-Silva, R. Host-Cell Lipid Rafts: A Safe Door for Micro-Organisms? Biol. Cell
2010, 102, 391–407. [CrossRef]

100. Campos, L.S.; Decker, L.; Taylor, V.; Skarnes, W. Notch, Epidermal Growth Factor Receptor, and B1-Integrin Pathways Are
Coordinated in Neural Stem Cells*. J. Biol. Chem. 2006, 281, 5300–5309. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jmb.2016.05.020
https://doi.org/10.1007/BF00848317
https://doi.org/10.1111/j.1471-4159.1975.tb11687.x
https://www.ncbi.nlm.nih.gov/pubmed/1123639
https://doi.org/10.1111/j.1471-4159.1991.tb02078.x
https://www.ncbi.nlm.nih.gov/pubmed/2013764
https://doi.org/10.1016/0197-0186(92)90057-X
https://www.ncbi.nlm.nih.gov/pubmed/1304337
https://doi.org/10.1111/j.1471-4159.2007.04910.x
https://www.ncbi.nlm.nih.gov/pubmed/17883393
https://doi.org/10.1007/BF00848417
https://www.ncbi.nlm.nih.gov/pubmed/28305060
https://www.ncbi.nlm.nih.gov/pubmed/1814411
https://doi.org/10.1016/0005-2760(89)90175-6
https://doi.org/10.2478/v10134-010-0043-6
https://doi.org/10.5402/2012/506160
https://doi.org/10.1046/j.1471-4159.1994.62051965.x
https://doi.org/10.1111/j.1471-4159.1988.tb02484.x
https://www.ncbi.nlm.nih.gov/pubmed/3131485
https://doi.org/10.1007/s11064-012-0744-y
https://www.ncbi.nlm.nih.gov/pubmed/22410735
https://doi.org/10.1016/0006-8993(95)00923-E
https://www.ncbi.nlm.nih.gov/pubmed/8624728
https://doi.org/10.1371/journal.pone.0075720
https://www.ncbi.nlm.nih.gov/pubmed/24098718
https://doi.org/10.1093/glycob/3.2.137
https://www.ncbi.nlm.nih.gov/pubmed/8490240
https://doi.org/10.1093/glycob/4.6.855
https://www.ncbi.nlm.nih.gov/pubmed/7734848
https://doi.org/10.1371/journal.pone.0020808
https://doi.org/10.1093/glycob/cwq031
https://doi.org/10.1002/1873-3468.14457
https://doi.org/10.1006/exnr.2000.7504
https://doi.org/10.1111/j.1471-4159.2008.05232.x
https://doi.org/10.1073/pnas.93.20.10662
https://www.ncbi.nlm.nih.gov/pubmed/8855236
https://doi.org/10.1194/jlr.M056580
https://www.ncbi.nlm.nih.gov/pubmed/26063460
https://doi.org/10.1042/BC20090138
https://doi.org/10.1074/jbc.M511886200
https://www.ncbi.nlm.nih.gov/pubmed/16332675


Biomolecules 2024, 14, 362 20 of 25

101. Haack, F.; Lemcke, H.; Ewald, R.; Rharass, T.; Uhrmacher, A.M. Spatio-Temporal Model of Endogenous ROS and Raft-Dependent
WNT/Beta-Catenin Signaling Driving Cell Fate Commitment in Human Neural Progenitor Cells. PLoS Comput. Biol. 2015, 11,
e1004106. [CrossRef] [PubMed]

102. Zhang, S.; Zhu, N.; Li, H.F.; Gu, J.; Zhang, C.J.; Liao, D.F.; Qin, L. The Lipid Rafts in Cancer Stem Cell: A Target to Eradicate
Cancer. Stem Cell Res. Ther. 2022, 13, 432. [CrossRef]

103. Igarashi, M.; Honda, A.; Kawasaki, A.; Nozumi, M. Neuronal Signaling Involved in Neuronal Polarization and Growth: Lipid
Rafts and Phosphorylation. Front. Mol. Neurosci. 2020, 13, 150. [CrossRef]

104. Landreth, G.E. Classes of Growth Factors Acting in the Nervous System. In Basic Neurochemistry: Molecular, Cellular and Medical
Aspects, 6th ed.; Lippincott-Raven: Philadelphia, PA, USA, 1999.

105. Tsui, C.C.; Gabreski, N.A.; Hein, S.J.; Pierchala, B.A. Lipid Rafts Are Physiologic Membrane Microdomains Necessary for the
Morphogenic and Developmental Functions of Glial Cell Line-Derived Neurotrophic Factor In Vivo. J. Neurosci. 2015, 35,
13233–13243. [CrossRef]

106. Gumbiner, B.M. Cell Adhesion: The Molecular Basis of Tissue Architecture and Morphogenesis. Cell 1996, 84, 345–357. [CrossRef]
107. Jia, X.; Song, J.; Lv, W.; Hill, J.P.; Nakanishi, J.; Ariga, K. Adaptive Liquid Interfaces Induce Neuronal Differentiation of

Mesenchymal Stem Cells through Lipid Raft Assembly. Nat. Commun. 2022, 13, 3110. [CrossRef]
108. Head, B.P.; Patel, H.H.; Insel, P.A. Interaction of Membrane/Lipid Rafts with the Cytoskeleton: Impact on Signaling and Function.

Biochim. Biophys. Acta 2014, 1838. [CrossRef] [PubMed]
109. Martellucci, S.; Manganelli, V.; Santacroce, C.; Santilli, F.; Piccoli, L.; Sorice, M.; Mattei, V. Role of Prion Protein-EGFR Multimolec-

ular Complex during Neuronal Differentiation of Human Dental Pulp-Derived Stem Cells. Prion 2018, 12, 117–126. [CrossRef]
[PubMed]

110. Martellucci, S.; Santacroce, C.; Santilli, F.; Manganelli, V.; Sorice, M.; Mattei, V. Prion Protein in Stem Cells: A Lipid Raft
Component Involved in the Cellular Differentiation Process. Int. J. Mol. Sci. 2020, 21, 4168. [CrossRef] [PubMed]

111. Hanafusa, K.; Hayashi, N. The Flot2 Component of the Lipid Raft Changes Localization during Neural Differentiation of P19C6
Cells. BMC Mol. Cell Biol. 2019, 20, 38. [CrossRef] [PubMed]

112. Zhan, Z.; Ye, M.; Jin, X. The Roles of FLOT1 in Human Diseases (Review). Mol. Med. Rep. 2023, 28, 212. [CrossRef] [PubMed]
113. Faust, T.; Gunner, G.; Schafer, D.P. Mechanisms Governing Activity-Dependent Synaptic Pruning in the Mammalian CNS. Nat.

Rev. Neurosci. 2021, 22, 657–673. [CrossRef]
114. Igarashi, M. Molecular Basis of the Functions of the Mammalian Neuronal Growth Cone Revealed Using New Methods. Proc.

Jpn. Acad. Ser. B Phys. Biol. Sci. 2019, 95, 358–377. [CrossRef]
115. Xu, N.-J.; Henkemeyer, M. Ephrin Reverse Signaling in Axon Guidance and Synaptogenesis. Semin. Cell Dev. Biol. 2012, 23, 58–64.

[CrossRef]
116. Formoso, K.; Billi, S.C.; Frasch, A.C.; Scorticati, C. Tyrosine 251 at the C-Terminus of Neuronal Glycoprotein M6a Is Critical for

Neurite Outgrowth. J. Neurosci. Res. 2015, 93, 215–229. [CrossRef]
117. Hérincs, Z.; Corset, V.; Cahuzac, N.; Furne, C.; Castellani, V.; Hueber, A.-O.; Mehlen, P. DCC Association with Lipid Rafts Is

Required for Netrin-1-Mediated Axon Guidance. J. Cell Sci. 2005, 118, 1687–1692. [CrossRef] [PubMed]
118. Suzuki, S.; Kiyosue, K.; Hazama, S.; Ogura, A.; Kashihara, M.; Hara, T.; Koshimizu, H.; Kojima, M. Brain-Derived Neurotrophic

Factor Regulates Cholesterol Metabolism for Synapse Development. J. Neurosci. 2007, 27, 6417–6427. [CrossRef] [PubMed]
119. Pfrieger, F.W. Role of Cholesterol in Synapse Formation and Function. Biochim. Biophys. Acta 2003, 1610, 271–280. [CrossRef]

[PubMed]
120. Edelmann, E.; Leßmann, V.; Brigadski, T. Pre- and Postsynaptic Twists in BDNF Secretion and Action in Synaptic Plasticity.

Neuropharmacology 2014, 76, 610–627. [CrossRef] [PubMed]
121. Zonta, B.; Minichiello, L. Synaptic Membrane Rafts: Traffic Lights for Local Neurotrophin Signaling? Front. Synaptic Neurosci.

2013, 5, 9. [CrossRef] [PubMed]
122. Hering, H.; Lin, C.-C.; Sheng, M. Lipid Rafts in the Maintenance of Synapses, Dendritic Spines, and Surface AMPA Receptor

Stability. J. Neurosci. 2003, 23, 3262–3271. [CrossRef] [PubMed]
123. Cholesterol and Lipid Microdomains Stabilize the Postsynapse at the Neuromuscular Junction|The EMBO Journal. Available

online: https://www.embopress.org/doi/full/10.1038/sj.emboj.7601288?pubCode=cgi (accessed on 31 January 2024).
124. Díaz, M.; Marin, R.; Díaz, M.; Marin, R. Lipid Rafts and Development of Alzheimer’s Disease. In Cerebral and Cerebellar

Cortex—Interaction and Dynamics in Health and Disease; IntechOpen: London, UK, 2021; ISBN 978-1-83968-094-6.
125. Hayashi, T. Membrane Lipid Rafts Are Required for AMPA Receptor Tyrosine Phosphorylation. Front. Synaptic Neurosci. 2022, 14,

921772. [CrossRef]
126. Cheon, S.Y. Impaired Cholesterol Metabolism, Neurons, and Neuropsychiatric Disorders. Exp. Neurobiol. 2023, 32, 57–67.

[CrossRef]
127. Snaidero, N.; Simons, M. Myelination at a Glance. J. Cell Sci. 2014, 127, 2999–3004. [CrossRef]
128. Nave, K.-A.; Trapp, B.D. Axon-Glial Signaling and the Glial Support of Axon Function. Annu. Rev. Neurosci. 2008, 31, 535–561.

[CrossRef]
129. Simons, M.; Trotter, J. Wrapping It up: The Cell Biology of Myelination. Curr. Opin. Neurobiol. 2007, 17, 533–540. [CrossRef]

[PubMed]

https://doi.org/10.1371/journal.pcbi.1004106
https://www.ncbi.nlm.nih.gov/pubmed/25793621
https://doi.org/10.1186/s13287-022-03111-8
https://doi.org/10.3389/fnmol.2020.00150
https://doi.org/10.1523/JNEUROSCI.2935-14.2015
https://doi.org/10.1016/S0092-8674(00)81279-9
https://doi.org/10.1038/s41467-022-30622-y
https://doi.org/10.1016/j.bbamem.2013.07.018
https://www.ncbi.nlm.nih.gov/pubmed/23899502
https://doi.org/10.1080/19336896.2018.1463797
https://www.ncbi.nlm.nih.gov/pubmed/29644924
https://doi.org/10.3390/ijms21114168
https://www.ncbi.nlm.nih.gov/pubmed/32545192
https://doi.org/10.1186/s12860-019-0225-0
https://www.ncbi.nlm.nih.gov/pubmed/31455216
https://doi.org/10.3892/mmr.2023.13099
https://www.ncbi.nlm.nih.gov/pubmed/37772385
https://doi.org/10.1038/s41583-021-00507-y
https://doi.org/10.2183/pjab.95.026
https://doi.org/10.1016/j.semcdb.2011.10.024
https://doi.org/10.1002/jnr.23482
https://doi.org/10.1242/jcs.02296
https://www.ncbi.nlm.nih.gov/pubmed/15811950
https://doi.org/10.1523/JNEUROSCI.0690-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/17567802
https://doi.org/10.1016/S0005-2736(03)00024-5
https://www.ncbi.nlm.nih.gov/pubmed/12648780
https://doi.org/10.1016/j.neuropharm.2013.05.043
https://www.ncbi.nlm.nih.gov/pubmed/23791959
https://doi.org/10.3389/fnsyn.2013.00009
https://www.ncbi.nlm.nih.gov/pubmed/24151466
https://doi.org/10.1523/JNEUROSCI.23-08-03262.2003
https://www.ncbi.nlm.nih.gov/pubmed/12716933
https://www.embopress.org/doi/full/10.1038/sj.emboj.7601288?pubCode=cgi
https://doi.org/10.3389/fnsyn.2022.921772
https://doi.org/10.5607/en23010
https://doi.org/10.1242/jcs.151043
https://doi.org/10.1146/annurev.neuro.30.051606.094309
https://doi.org/10.1016/j.conb.2007.08.003
https://www.ncbi.nlm.nih.gov/pubmed/17923405


Biomolecules 2024, 14, 362 21 of 25

130. Jackman, N.; Ishii, A.; Bansal, R. Oligodendrocyte Development and Myelin Biogenesis: Parsing Out the Roles of Glycosphin-
golipids. Physiology 2009, 24, 290–297. [CrossRef] [PubMed]

131. Characteristic Composition of Myelin—Basic Neurochemistry—NCBI Bookshelf. Available online: https://www.ncbi.nlm.nih.
gov/books/NBK28221/ (accessed on 31 January 2024).

132. Ozgen, H.; Baron, W.; Hoekstra, D.; Kahya, N. Oligodendroglial Membrane Dynamics in Relation to Myelin Biogenesis. Cell. Mol.
Life Sci. 2016, 73, 3291–3310. [CrossRef] [PubMed]

133. Bosio, A.; Binczek, E.; Haupt, W.F.; Stoffel, W. Composition and Biophysical Properties of Myelin Lipid Define the Neurological
Defects in Galactocerebroside- and Sulfatide-Deficient Mice. J. Neurochem. 1998, 70, 308–315. [CrossRef] [PubMed]

134. Marcus, J.; Honigbaum, S.; Shroff, S.; Honke, K.; Rosenbluth, J.; Dupree, J.L. Sulfatide Is Essential for the Maintenance of CNS
Myelin and Axon Structure. Glia 2006, 53, 372–381. [CrossRef] [PubMed]

135. Simons, K.; Sampaio, J.L. Membrane Organization and Lipid Rafts. Cold Spring Harb. Perspect. Biol. 2011, 3, a004697. [CrossRef]
[PubMed]

136. Meza, U.; Romero-Méndez, C.; Sánchez-Armáss, S.; Rodríguez-Menchaca, A.A. Role of Rafts in Neurological Disorders. Neurol.
(Engl. Ed.) 2023, 38, 671–680. [CrossRef] [PubMed]

137. Bao, R.; Li, L.; Qiu, F.; Yang, Y. Atomic Force Microscopy Study of Ganglioside GM1 Concentration Effect on Lateral Phase
Separation of Sphingomyelin/Dioleoylphosphatidylcholine/Cholesterol Bilayers. J. Phys. Chem. B 2011, 115, 5923–5929.
[CrossRef]

138. Galimzyanov, T.R.; Lyushnyak, A.S.; Aleksandrova, V.V.; Shilova, L.A.; Mikhalyov, I.I.; Molotkovskaya, I.M.; Akimov, S.A.;
Batishchev, O.V. Line Activity of Ganglioside GM1 Regulates the Raft Size Distribution in a Cholesterol-Dependent Manner.
Langmuir 2017, 33, 3517–3524. [CrossRef]

139. Yang, L.J.; Zeller, C.B.; Shaper, N.L.; Kiso, M.; Hasegawa, A.; Shapiro, R.E.; Schnaar, R.L. Gangliosides Are Neuronal Ligands for
Myelin-Associated Glycoprotein. Proc. Natl. Acad. Sci. USA 1996, 93, 814–818. [CrossRef]

140. Collins, B.E.; Yang, L.J.; Mukhopadhyay, G.; Filbin, M.T.; Kiso, M.; Hasegawa, A.; Schnaar, R.L. Sialic Acid Specificity of
Myelin-Associated Glycoprotein Binding. J. Biol. Chem. 1997, 272, 1248–1255. [CrossRef] [PubMed]

141. Vyas, A.A.; Schnaar, R.L. Brain Gangliosides: Functional Ligands for Myelin Stability and the Control of Nerve Regeneration.
Biochimie 2001, 83, 677–682. [CrossRef]

142. Brain Gangliosides in Axon–Myelin Stability and Axon Regeneration—Schnaar—2010—FEBS Letters—Wiley Online Library.
Available online: https://febs.onlinelibrary.wiley.com/doi/full/10.1016/j.febslet.2009.10.011 (accessed on 31 January 2024).

143. Sheikh, K.A.; Sun, J.; Liu, Y.; Kawai, H.; Crawford, T.O.; Proia, R.L.; Griffin, J.W.; Schnaar, R.L. Mice Lacking Complex Gangliosides
Develop Wallerian Degeneration and Myelination Defects. Proc. Natl. Acad. Sci. USA 1999, 96, 7532–7537. [CrossRef]

144. Pan, B.; Fromholt, S.E.; Hess, E.J.; Crawford, T.O.; Griffin, J.W.; Sheikh, K.A.; Schnaar, R.L. Myelin-Associated Glycoprotein and
Complementary Axonal Ligands, Gangliosides, Mediate Axon Stability in the CNS and PNS: Neuropathology and Behavioral
Deficits in Single- and Double-Null Mice. Exp. Neurol. 2005, 195, 208–217. [CrossRef] [PubMed]

145. Kawai, H.; Allende, M.L.; Wada, R.; Kono, M.; Sango, K.; Deng, C.; Miyakawa, T.; Crawley, J.N.; Werth, N.; Bierfreund, U.;
et al. Mice Expressing Only Monosialoganglioside GM3 Exhibit Lethal Audiogenic Seizures. J. Biol. Chem. 2001, 276, 6885–6888.
[CrossRef]

146. Interruption of Ganglioside Synthesis Produces Central Nervous System Degeneration and Altered Axon–Glial Interac-
tions|PNAS. Available online: https://www.pnas.org/doi/full/10.1073/pnas.0407785102 (accessed on 31 January 2024).

147. Baron, W.; Hoekstra, D. On the Biogenesis of Myelin Membranes: Sorting, Trafficking and Cell Polarity. FEBS Lett. 2010, 584,
1760–1770. [CrossRef]

148. Greer, J.M.; Lees, M.B. Myelin Proteolipid Protein—The First 50 Years. Int. J. Biochem. Cell Biol. 2002, 34, 211–215. [CrossRef]
[PubMed]

149. Werner, H.B.; Krämer-Albers, E.-M.; Strenzke, N.; Saher, G.; Tenzer, S.; Ohno-Iwashita, Y.; De Monasterio-Schrader, P.; Möbius, W.;
Moser, T.; Griffiths, I.R.; et al. A Critical Role for the Cholesterol-Associated Proteolipids PLP and M6B in Myelination of the
Central Nervous System. Glia 2013, 61, 567–586. [CrossRef]

150. Assembly of Myelin by Association of Proteolipid Protein with Cholesterol- and Galactosylceramide-Rich Membrane Domains
|Journal of Cell Biology|Rockefeller University Press. Available online: https://rupress.org/jcb/article/151/1/143/54254/
Assembly-of-Myelin-by-Association-of-Proteolipid (accessed on 31 January 2024).

151. Klugmann, M.; Schwab, M.H.; Pühlhofer, A.; Schneider, A.; Zimmermann, F.; Griffiths, I.R.; Nave, K.-A. Assembly of CNS Myelin
in the Absence of Proteolipid Protein. Neuron 1997, 18, 59–70. [CrossRef]

152. Boggs, J.M. Myelin Basic Protein: A Multifunctional Protein. Cell Mol. Life Sci. 2006, 63, 1945–1961. [CrossRef]
153. Readhead, C.; Hood, L. The Dysmyelinating Mouse Mutations Shiverer (Shi) and Myelin Deficient (Shimld). Behav. Genet. 1990,

20, 213–234. [CrossRef] [PubMed]
154. Participation of Galactosylceramide and Sulfatide in Glycosynapses between Oligodendrocyte or Myelin Membranes—Boggs—

2010—FEBS Letters—Wiley Online Library. Available online: https://febs.onlinelibrary.wiley.com/doi/10.1016/j.febslet.2009.11.
074 (accessed on 31 January 2024).

155. Martinsen, V.; Kursula, P. Multiple Sclerosis and Myelin Basic Protein: Insights into Protein Disorder and Disease. Amino Acids
2022, 54, 99–109. [CrossRef] [PubMed]

https://doi.org/10.1152/physiol.00016.2009
https://www.ncbi.nlm.nih.gov/pubmed/19815855
https://www.ncbi.nlm.nih.gov/books/NBK28221/
https://www.ncbi.nlm.nih.gov/books/NBK28221/
https://doi.org/10.1007/s00018-016-2228-8
https://www.ncbi.nlm.nih.gov/pubmed/27141942
https://doi.org/10.1046/j.1471-4159.1998.70010308.x
https://www.ncbi.nlm.nih.gov/pubmed/9422376
https://doi.org/10.1002/glia.20292
https://www.ncbi.nlm.nih.gov/pubmed/16288467
https://doi.org/10.1101/cshperspect.a004697
https://www.ncbi.nlm.nih.gov/pubmed/21628426
https://doi.org/10.1016/j.nrleng.2023.10.003
https://www.ncbi.nlm.nih.gov/pubmed/37858892
https://doi.org/10.1021/jp2008122
https://doi.org/10.1021/acs.langmuir.7b00404
https://doi.org/10.1073/pnas.93.2.814
https://doi.org/10.1074/jbc.272.2.1248
https://www.ncbi.nlm.nih.gov/pubmed/8995428
https://doi.org/10.1016/S0300-9084(01)01308-6
https://febs.onlinelibrary.wiley.com/doi/full/10.1016/j.febslet.2009.10.011
https://doi.org/10.1073/pnas.96.13.7532
https://doi.org/10.1016/j.expneurol.2005.04.017
https://www.ncbi.nlm.nih.gov/pubmed/15953602
https://doi.org/10.1074/jbc.C000847200
https://www.pnas.org/doi/full/10.1073/pnas.0407785102
https://doi.org/10.1016/j.febslet.2009.10.085
https://doi.org/10.1016/S1357-2725(01)00136-4
https://www.ncbi.nlm.nih.gov/pubmed/11849988
https://doi.org/10.1002/glia.22456
https://rupress.org/jcb/article/151/1/143/54254/Assembly-of-Myelin-by-Association-of-Proteolipid
https://rupress.org/jcb/article/151/1/143/54254/Assembly-of-Myelin-by-Association-of-Proteolipid
https://doi.org/10.1016/S0896-6273(01)80046-5
https://doi.org/10.1007/s00018-006-6094-7
https://doi.org/10.1007/BF01067791
https://www.ncbi.nlm.nih.gov/pubmed/1693848
https://febs.onlinelibrary.wiley.com/doi/10.1016/j.febslet.2009.11.074
https://febs.onlinelibrary.wiley.com/doi/10.1016/j.febslet.2009.11.074
https://doi.org/10.1007/s00726-021-03111-7
https://www.ncbi.nlm.nih.gov/pubmed/34889995


Biomolecules 2024, 14, 362 22 of 25

156. Quarles, R.H. Myelin-Associated Glycoprotein (MAG): Past, Present and Beyond. J. Neurochem. 2007, 100, 1431–1448. [CrossRef]
[PubMed]

157. Montag, D.; Giese, K.P.; Bartsch, U.; Martini, R.; Lang, Y.; Blüthmann, H.; Karthigasan, J.; Kirschner, D.A.; Wintergerst, E.S.; Nave,
K.-A.; et al. Mice Deficient for the Glycoprotein Show Subtle Abnormalities in Myelin. Neuron 1994, 13, 229–246. [CrossRef]
[PubMed]

158. Cheong, K.H.; Zacchetti, D.; Schneeberger, E.E.; Simons, K. VIP17/MAL, a Lipid Raft-Associated Protein, Is Involved in Apical
Transport in MDCK Cells. Proc. Natl. Acad. Sci. USA 1999, 96, 6241–6248. [CrossRef] [PubMed]

159. Schaeren-Wiemers, N.; Bonnet, A.; Erb, M.; Erne, B.; Bartsch, U.; Kern, F.; Mantei, N.; Sherman, D.; Suter, U. The Raft-Associated
Protein MAL Is Required for Maintenance of Proper Axon–Glia Interactions in the Central Nervous System. J. Cell Biol. 2004, 166,
731–742. [CrossRef] [PubMed]

160. Schafer, D.P.; Bansal, R.; Hedstrom, K.L.; Pfeiffer, S.E.; Rasband, M.N. Does Paranode Formation and Maintenance Require
Partitioning of Neurofascin 155 into Lipid Rafts? J. Neurosci. 2004, 24, 3176–3185. [CrossRef]

161. Yaqoob, P. The Nutritional Significance of Lipid Rafts. Annu. Rev. Nutr. 2009, 29, 257–282. [CrossRef]
162. Hermetet, F.; Buffière, A.; Aznague, A.; Pais de Barros, J.-P.; Bastie, J.-N.; Delva, L.; Quéré, R. High-Fat Diet Disturbs Lipid

Raft/TGF-β Signaling-Mediated Maintenance of Hematopoietic Stem Cells in Mouse Bone Marrow. Nat. Commun. 2019, 10, 523.
[CrossRef]

163. Fivaz, M.; Abrami, L.; van der Goot, F.G. Pathogens, Toxins, and Lipid Rafts. Protoplasma 2000, 212, 8–14. [CrossRef]
164. Frontiers|Estrogen Interactions with Lipid Rafts Related to Neuroprotection. Impact of Brain Ageing and Menopause. Available

online: https://www.frontiersin.org/articles/10.3389/fnins.2018.00128/full (accessed on 31 January 2024).
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