Journal of Molecular Science
Volume 32 Issue 4, Year of Publication 2022, Page 98-101

Journal of Molecular Science Dol-17.4687/1000-9035.2022.032

Journal of Molecular Science

www.jmolecularsci.com

ISSN:1000-9035

Functional Implications of Lipid Raft-Associated Membrane Proteins in

Synaptic Signaling and Neurodegenerative Diseases
Luca Moretti, Sophia Miiller, Yuki Nakamura, Isabella Fernandez

Article Information
Received: 18-10-2022
Revised: 12-11-2022
Accepted: 28-11-2022
Published: 20-12-2022

Keywords
Cholesterol
Sphingolipids

ABSTRACT

Lipid rafts are specialized membrane microdomains enriched in
cholesterol and sphingolipids, which play a crucial role in cellular
signaling. In the nervous system, lipid raft-associated membrane proteins
facilitate synaptic transmission, plasticity, and neuronal communication.
Dysregulation of these proteins has been implicated in various
neurodegenerative disorders, including Alzheimer's disease, Parkinson's
disease, and Huntington's disease. This review examines the molecular
characteristics of lipid rafts, their role in synaptic signaling, and their
association with neurodegenerative pathologies. Understanding these
interactions may provide new therapeutic targets for neurodegenerative
diseases.

INTRODUCTION:

Neurons rely on precise signaling mechanisms for
communication, which are facilitated by specialized
membrane domains known as lipid rafts. These
microdomains act as organizing centers for proteins
involved in synaptic transmission and signal
transduction. Dysfunction of lipid raft-associated
proteins has been linked to impaired neuronal
function and the progression of neurodegenerative
diseases. This study aims to explore the structural
and functional aspects of lipid rafts and their
involvement in synaptic signaling and neurological
disorders.

2. Molecular Characteristics of Lipid Rafts

2.1 Composition and Structure

Lipid rafts are primarily composed of cholesterol,
sphingolipids, and glycosylphosphatidylinositol
(GPI)-anchored proteins. Their unique composition
allows them to serve as signaling hubs for various
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Synaptic Signaling

Lipid rafts are specialized membrane microdomains
rich in cholesterol and sphingolipids that play a
critical role in organizing synaptic signaling
complexes. These microdomains facilitate the
clustering of receptors, ion channels, and signaling
molecules, thereby regulating synaptic function,
neurotransmission, and neuronal plasticity.

3.1 Neurotransmitter Receptor Regulation

Lipid rafts influence the trafficking, clustering,

and activity of neurotransmitter receptors,

modulating synaptic strength and excitability:

NMDA and AMPA Receptors:

e NMDA (N-methyl-D-aspartate) and AMPA (a-
amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors, crucial for
excitatory neurotransmission, are regulated by
lipid rafts.

e NR2 subunits of NMDA receptors interact with
raft-associated proteins (e.g., caveolin-1),
modulating receptor internalization and synaptic
retention.

e AMPA receptor mobility is regulated by raft-
associated scaffolding proteins, impacting
synaptic potentiation.

GABAergic Receptors:

e GABA(A) receptors rely on lipid rafts for
proper anchoring at inhibitory synapses.
Disrupting raft integrity can impair GABAergic
transmission, leading to hyperexcitability and
neuronal dysfunction.

Neurotrophic Receptors (TrkB and p75NTR):

e The localization of TrkB receptors (brain-
derived neurotrophic factor receptor) in lipid
rafts  enhances  neurotrophic  signaling,
supporting neuronal survival, synaptogenesis,
and plasticity.

3.2 Signal Transduction Pathways

Lipid raft-associated proteins regulate intracellular

signaling cascades that control neuronal survival,

synaptic remodeling, and plasticity:

PI3K-Akt Pathway:

e Phosphatidylinositol 3-kinase (PI3K) is
recruited to lipid rafts, where it activates Akt
(Protein Kinase B).

e This pathway enhances synaptic plasticity,
neuroprotection, and long-term potentiation
(LTP).

e Dysregulation of raft-associated Akt signaling is
implicated in neurodegenerative diseases (e.g.,
Alzheimer's, Parkinson's).

MAPK (Mitogen-Activated Protein Kinase)

Pathway:

e Lipid rafts facilitate the activation of Ras-ERK
signaling, which governs neurite outgrowth,
dendritic spine formation, and synaptic
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plasticity.

e ERK1/2 phosphorylation in rafts enhances
long-term memory formation.

Caveolin-Dependent Endocytosis:

e Caveolin-1, a key lipid raft protein, mediates
receptor endocytosis and turnover, maintaining
synaptic receptor homeostasis.

3.3 Implications for Neurodegenerative Diseases
Disruption of lipid raft integrity is associated with
synaptic dysfunction in neurodegenerative
disorders:

Alzheimer’s Disease (AD):

e p-amyloid peptides disrupt raft domains,

altering NMDA receptor signaling and
promoting excitotoxicity.
e Decreased cholesterol levels impair raft-

dependent synaptic signaling.

Parkinson’s Disease (PD):

e o-Synuclein aggregates destabilize lipid rafts,
impairing dopaminergic receptor function.

e Loss of raft integrity contributes to
dopaminergic neurodegeneration.

Schizophrenia and Mood Disorders:

e Aberrant lipid raft organization affects
dopaminergic and glutamatergic
neurotransmission, contributing to cognitive
deficits and mood instability.

4. Lipid Rafts in Neurodegenerative Diseases
Lipid rafts play a crucial role in maintaining
neuronal integrity, facilitating synaptic signaling,
and regulating protein trafficking. Disruptions in
lipid raft composition and function are increasingly
recognized as contributors to the pathogenesis of
neurodegenerative diseases. These disruptions can
lead to abnormal protein aggregation, impaired
neurotransmitter signaling, and increased
oxidative stress, all of which contribute to neuronal
dysfunction and degeneration.

4.1 Alzheimer’s Disease (AD)

Alzheimer’s disease is characterized by amyloid-
beta (AP) accumulation, tau pathology, and
synaptic loss. Lipid rafts contribute to AD
pathology in several ways:

AP Accumulation in Lipid Rafts:

e Amyloid precursor protein (APP) is processed
in lipid rafts by p-secretase (BACE1), leading
to the production of A peptides.

e Cholesterol-rich rafts promote A
oligomerization, which disrupts synaptic
function and leads to cognitive decline.

e AP accumulation in rafts alters receptor
signaling, including NMDA and insulin

receptors, contributing to synaptic dysfunction
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and neurotoxicity.

Tau Pathology and Lipid Rafts:
e Hyperphosphorylated tau interacts with lipid

rafts, affecting cytoskeletal stability and
contributing to  neurofibrillary  tangle
formation.

Therapeutic Insights:

e Modulating raft cholesterol levels (e.g., using
statins) has been proposed to reduce AP
production and slow disease progression.

4.2 Parkinson’s Disease (PD)

Parkinson’s disease is primarily driven by

dopaminergic neuron loss, alpha-synuclein

aggregation, and mitochondrial dysfunction.

Lipid rafts influence PD pathology in multiple ways:

o-Synuclein Aggregation in Rafts:

e Lipid rafts regulate a-synuclein localization
and aggregation, which is central to the
formation of Lewy bodies.

e Disruptions in raft composition can accelerate a-
synuclein misfolding, leading to neuronal
toxicity.

¢ Dopaminergic Signaling and Lipid Rafts:

e Dopamine transporters (DAT) and dopamine
receptors (D1, D2) localize to lipid rafts, where
they regulate dopamine uptake and signaling.

e Altered raft integrity impairs dopamine
neurotransmission, contributing to motor
dysfunction and disease progression.

Therapeutic Insights:

e Cholesterol-lowering agents may help stabilize
lipid rafts, preventing a-synuclein aggregation and
improving dopaminergic function.

4.3 Huntington’s Disease (HD)

Huntington’s disease is caused by mutant

huntingtin (mHTT) protein, leading to neuronal

toxicity, motor dysfunction, and cognitive

decline. Lipid rafts contribute to HD pathology

through:

Lipid Raft Composition and mHTT Aggregation:

e mHTT interacts with raft-associated proteins,
leading to altered membrane dynamics and
synaptic dysfunction.

e Changes in cholesterol and sphingolipid levels
affect membrane fluidity, impacting protein
trafficking and cell signaling.

Neurotransmitter Dysfunction in HD:

e mHTT disrupts lipid raft-associated NMDA and
glutamate receptors, leading to excitotoxicity
and neuronal death.

e Loss of raft integrity impairs BDNF (brain-
derived neurotrophic factor) signaling, which
is crucial for neuronal survival and plasticity.
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Therapeutic Insights:

e Restoring lipid raft stability through lipid
metabolism modulators could help mitigate
neuronal damage and improve synaptic function
in HD.

5. Therapeutic Perspectives

5.1 Targeting Lipid Rafts for Drug Development
Modulating lipid raft composition and associated
proteins presents a novel therapeutic avenue for
neurodegenerative diseases.

5.2 Potential Pharmacological Interventions
Cholesterol-lowering agents, lipid raft disruptors,
and neuroprotective compounds are being explored
as potential treatments.

6. CONCLUSION:

Lipid rafts are specialized microdomains within the
plasma membrane, enriched in cholesterol and
sphingolipids, that serve as organizing centers for
signal transduction. These dynamic structures
regulate the localization and function of key
membrane proteins, including neurotransmitter
receptors, ion channels, and signaling molecules
essential for synaptic activity.In neurodegenerative
diseases such as Alzheimer’s, Parkinson’s, and
Huntington’s disease, lipid raft disruption has been
linked to altered receptor trafficking, impaired
synaptic plasticity, and increased aggregation of
pathological proteins like amyloid-f and o-
synuclein. Cholesterol metabolism and lipid raft
composition influence neuronal resilience, making

them critical targets for therapeutic
intervention.Emerging research suggests that
modulating  lipid raft integrity  through

pharmacological agents, dietary lipids, or genetic
approaches may help restore synaptic function and
slow disease progression. Potential strategies
include  targeting  cholesterol ~ homeostasis,
enhancing lipid raft-associated neuroprotective
signaling, and preventing toxic  protein
accumulation. Further investigation into lipid raft-
targeted therapies could pave the way for novel
treatments aimed at mitigating neurodegeneration
and preserving cognitive function.
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