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The brain is an exceptionally lipid-rich organ with a very complex lipid composition.
Lipids are central in several neuronal processes, including membrane formation
and fusion, myelin packing, and lipid-mediated signal transmission. Lipid diversity
is associated with the evolution of higher cognitive abilities in primates, is affected
by neuronal activity, and is instrumental for synaptic plasticity, illustrating that lipids
are not static components of synaptic membranes. Several lines of evidence
suggest that the lipid composition of synapses is unique and distinct from
other neuronal subcompartments. Here, we delve into the nascent field of
synaptoneurolipidomics, offering an overview of current knowledge on the
lipid composition of synaptic junctions and technological advances that will
allow us to study the impact on synaptic function.

Synaptic membrane lipid structure and membrane organization

The primary cellular function of lipids is to form membranes essential for cellular compartmentaliza-
tion. They also serve as energy-building blocks, storage molecules, and signaling molecules. Unlike
metabolites, lipids enable the solubilization of hydrophobic proteins and provide crucial anchor
points for protein immobilization at the outer and inner membrane leaflets through their polar or
ionic headgroups. Lipids are small, chemically diverse, amphipathic molecules that assemble
under aqueous conditions to complex membranes (Figure 1A,B). Due to different backbones,
headgroups, and the number and length of fatty acyl groups, they create membranes of different
thicknesses, shapes, and polarities (Figure 1A,C). The leaflets can be composed of different lipids:
for example, the inner leaflet of the pre- and postsynaptic membrane is rich in anionic lipids carrying
polyunsaturated fatty acyls, while the outer leaflets are rich in cholesterol and glycosphingolipids [1]
(Figure 1C,D). The anionic lipid classes, such as phosphatidylinositols (Pls), phosphatidylglycerols,
and phosphatidic acids (PAs), are important anchor points for intracellular signaling, whereas
glycosphingolipids at the outer leaflet are crucial for cell-cell communications. Membrane fluidity
(see Glossary) and its phase (Box 1) are likely driven by cholesterol on the outer side and the
number of esterified polyunsaturated fatty acids on the inner side of the membrane (Figure 1A).

Neural information processing relies on the proper formation and maintenance of synaptic con-
tacts; those between lipids and between lipids and proteins are especially crucial in neural circuits
because they are the synapitic interface. In the following sections we provide first a general overview
of lipid function at synaptic membranes. We then summarize the current knowledge about their
lipid inventory before describing the involvement of lipids in sophisticated mechanisms of synaptic
neurotransmission. We finally address recent technological advances and future challenges to
establish a reliable synapitic lipid inventory in health and disease.

Lipid function at synapses
The synaptic junction is the central building block of a chemical synapse that mediates cell-cell
contact and signal transduction (Figure 2). Compelling evidence suggests a crucial role of lipids
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Synaptic transmission is mediated by
specialized junctions that are charac-
terized by a complex lipid and protein
composition.

The protein composition of synapses is
diverse, and it remains unclear whether
the molecular diversity of lipids impacts
circuit-specific differences in neurotrans-
mission as well as differential predisposi-
tion to synaptic dysfunction in disease.

Recent work has shown that rather
subtle changes in lipid content can in-
fluence synaptic function, but those
that depend on molecular interactions
between lipids and proteins remain
unknown as technical limitations have
precluded lipidomic studies at the level
of individual synapses.

Novel technologies, including mass
spectrometry imaging and chemical
tagging, now exist to study lipid function
with the necessary molecular and
spatial detail to resolve the lipidome
of single synaptic junctions.
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in synaptic neurotransmission where negatively charged lipids in the plasma membrane, including ~ "Correspondence:
phosphatidylinositol phosphates (PIPs) and phosphatidylserine (PS), are essential for multiple ;ize:{ii:ferﬁsr(e@;zg:ﬁf;:;szbﬁl:;g:s)
steps of the synaptic vesicle cycle [1]. In addition, several studies show how lipids determine  (M.R. Kreutz).

membrane shape, regulate ion channel activity and protein interactions, and control endocytosis

machinery, as well as receptor activity [2—7]. Since most lipid mediators are direct or indirect

products of polyunsaturated phospholipids, sufficient molar content of complex polyunsaturated

lipids must be located at synaptic junctions to guarantee lipid mediator formation and neurotrans-

mitter release. Intriguingly, several lines of evidence suggest that the lipid composition of synapses

might be dynamic following the induction of synaptic plasticity [8,9]. Additionally, recent work

indicates that the molecular diversity of synapses at the protein level is presumably vast [10,11]
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Figure 1. Chemical diversity of lipids and the organization of excitatory synapses. (A) The chemical structure of a lipid determines physical membrane properties.
The contributing lipid classes are sorted according to their abundance (top 10%), with each class's most abundant lipid species displayed below. (B) The headgroup
polarity, fatty acyl chain length, and the number of fatty acyls determine the cross-leaflet movement besides the active transport. Depicted in the middle is a
postsynapse with receptor recycling and lipid-protein interaction at the postsynaptic density. Below is the release of neurotransmitter and synaptic vesicle recycling at
the presynapse depicted. (C) Lipid-ordered and disordered regions are essential as anchor points for transmembrane and cytoskeletal proteins the color code
corresponds to A. (D) Chain length and saturation level determine membrane thickness and fluidity and are mainly determined in synapses by the esterified fatty acids:
FA 16:0, 18:0, 18:1, 20:4, and 22:6. Abbreviations: Cer, ceramide; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,
phosphatidylinositol; PIP, phosphatidylinositol phosphate; PS, phosphatidylserine; PUFA, polyunsaturated fatty acid.
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and this diversity is presumably crucial for neural circuit function. It is conceivable that lipid diversity
equally contributes to circuit-specific properties of synaptic connectivity.

Current knowledge about synaptic lipid inventory

In recent years, a few studies have tried to shed light on different aspects of lipids in neurobiology,
such as the diversity of lipids noted earlier. Usually, in such investigations, the white matter or
different brain regions were analyzed [12,13]. The challenge with omics data derived from such
tissue samples is that they present a mixture of different regions, cell types, and extracellular
matrices. Given that glial cells clearly outnumber neurons in most brain regions, the major contri-
bution to the lipidome under study stems from glial cells and their metabolism. However, the
results are often interpreted in such a way that they are connected to neuronal function or brain
disorders.

By contrast, two recent studies contributed a lipid inventory of the hippocampus [9,13], a brain
region that is intimately linked to learning and memory. Synaptic junctions isolated from hippo-
campal heavy membranes primarily consist of three lipid categories: sterols (STs), glycerophos-
pholipids, and sphingolipids [9]. The machinery for lipid metabolism, including anabolism and
catabolism, was also present at the synaptic membrane [9]. For example, the de novo
sphingolipid synthesis initiating enzyme, serine palmitoyltransferase (SPTCL), was found in both
of its isoforms. Also, as expected from the long-chain base profile of sphingolipids present in
synaptic junctions, with LCB 18:1;02 as the most prominent fatty acyl, CERS1 was the main
ceramide (Cer) synthase detected. Besides these anabolic enzymes, catabolic enzymes such
as ceramidases (SMPD1-3) or sialidases (NEU3 and 4) can be found in synaptic junctions.
Overall, the main sphingolipid metabolic enzymes for the de novo, salvage, and sphingomyelin

Box 1. Lipid phases in synaptic membranes

All observed membrane phase behaviors are derived from the chemical properties of the most abundant membrane lipids.
This means the phase properties depend on ST > PC >PE > PS, and SM in synapses. A plausible perspective is that mem-
brane proteins influence and potentially regulate the phase behaviors by lipid-lipid interactions, which, therefore, need to
be understood first.

While the lamellar states depicted in the inlet are crucial for the structure of membrane bilayers, it is important to recognize
the potential significance of other nonlamellar lipid phases. These phases, such as the cubic or hexagonal phase, might
play a vital role in vesicular transport and the associated fission and fusion processes, thereby underscoring their relevance
in biological processes.

The status of a phase is intricately linked to the structure of the lipids, including their length, degree of unsaturation, and the
number and type of lipids present. Equally important are the interactions between these lipids at a given time. This under-
scores the crucial role of lipid structure and interaction in determining the phase status, thereby clarifying the factors
influencing phase behavior. Bilayers (Figure I) can occur in solid (SO) liquid-ordered (LO) and liquid-disordered (LD) phase
and be converted into each other.

The most abundant lipid species, cholesterol, does not form a bilayer, but together with bilayer-forming lipids such as PC,
SM, and PE, cholesterol forms a highly ordered phase with high translational mobility. However, PC cholesterol-dominated
membranes can transition to an LD phase depending on the degree of unsaturation in phospholipids and the number of
cholesterol molecules in the leaflet.

In addition, both leaflets can influence each other in dependence on composition and membrane asymmetry. For example,
models for the inner leaflet of the plasma membrane — comprising three-component mixtures of PC, PE, PS plus cholesterol,
with one saturated and one unsaturated acyl chain — are homogeneous by themselves but separate into two phases when
phase separation occurs in the opposite bilayer leaflet. At the synaptic membrane phase, behavior is mainly controlled by
cholesterol (ST), PC, and PE and their degree of unsaturation. Notably, fatty acyl 18:1 esterified to different phospholipids
is decreased in the synaptic membrane, whereas FA 22:6 (DHA) and FA 22:4 (AA) are not compared with heavy membranes.
Due to their high amount these polyunsaturated fatty acids (PUFAs), are a further component to be considered in studies of
synaptic phase behavior.
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Glossary

Heavy membranes: fraction that
contains the plasma membrane,
organelles, and that is enriched in
synaptosomes. This crude membrane
extract is further used for synapse
purification using sucrose-density
gradient ultracentrifugation.

Lipid mediators: bioactive lipids that
are often derived from polyunsaturated
fatty acids, and that are potent signaling
molecules.

Matrix-assisted laser desorption/
ionization (MALDI): soft ionization
technique that enables MS analysis of
many different biomolecular classes.
MALDI-2: next-generation ionization
process with higher sensitivity and
efficiency that use a two-step ionization.
MALDI-MSI: technical combination of
MALDI as the soft ionization technique
and label-free imaging to visualize the
spatial distribution of molecules with a
resolution of up to 1 um.

Mass spectrometry imaging (MSI):
label-free imaging is a technique to
visualize the molecular content of cells
and tissue slices.

Membrane fluidity: refers to the
viscosity of the lipid bilayer of the cell.
Nanodiscs: solubilized particles
consisting of a lipid bilayer (with or
without embedded proteins) stabilized
by a polymer, which can be a protein or
a synthetic polymer.

Nanodomain: macromolecular protein
and lipid complexes found in the cell
membrane.

Nano-secondary ion mass
spectrometry imaging (NanoSIMS):
measures, visualizes, and quantifies
the distribution of elements and their
stable isotopes with a resolution of up
to 50 nm.

Phase: the phase behavior of a
membrane depends upon the relative
fluidity and temperature-dependent
mobility changes of the lipid molecules.
Lipid membranes can exist in liquid or
solid phases.

Phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P2): polar
anionic glycerophospholipid with
multiple negative charges.
Postsynapse: part of the neuron that is
located on a dendrite or soma, with
receptors for neurotransmitters.
Presynapse: part of the neuron that is
located on the axon and contains
vesicles with neurotransmitters.
SIMPLEX: simple method for
extraction of metabolites, proteins, and



Trends in Biochemical Sciences

- e
OBI4 33 533 5 4
HREREE g
SIS ¢ o

by 'tit* \”§ e
B t’x‘i‘t}&% e
o :}% L 6e T

FIYYY

P ARARARRS

I '\
FIYY
; 3“?1“)‘5

-3

oot
o

I
- Cholesterol
+PUFA

Ta W

t\ *ﬁ\L\ . <

Dk REETE BFE

g IRtk &
=% @R HoFEe

£z fE 3 oF

,’:fgﬂffif PR T ;,%

2V 2a M &

PC18:0/20:4

Figure |. Synaptic phase behavior. (I) Transition between different phases. (ll) Phase diagram. Abbreviations: LD, liquid
disordered; LO, liquid ordered; PC, phosphatidylcholine; PUFA, polyunsaturated fatty acid; SO, solid; ST, sterol.
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lipids from one sample, reduces sample
amount for multiomics experiments.
Soluble N-ethylmaleimide-
sensitive-factor attachment
receptor (SNARE) complex:
catalyzes the fusion of lipid membranes;
for example, during the exocytosis of
small molecules at the synaptic cleft.
Spine: most abundant type of synapse
in the mammalian brain. A dendritic
spine is a membranous protrusion that
typically receives input from a single
axon.

Styrene-maleic acid lipid particle
(SMALP): a specific type of lipid
nanodisc.

Synaptic plasticity: refers to the use
and activity-dependent modification of
synaptic strength and input.
Synaptoneurolipidomics: deals with
the quantitative assessment of synaptic
membrane composition by assessment
of their lipid inventory and lipid
metabolism.
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Figure 2. Dendritic spine synapses in the rodent hippocampus. Overview and spatial relationship of synaptic connectivity in a brain region that is relevant for
learning and memory. (A) Immunofluorescence staining of hippocampal neurons with an antibody directed the dendritic marker protein MAP2. (B) A single pyramidal
neuron of the CA1 region of the hippocampus filled with biocytin. Such a neuron can accommodate up to 15 000 spine synapses. (C) 3D reconstruction with IMARIS
of the synapitic layer structure of the CA1 region. (D) Golgi-cox staining of a pyramidal neuron visualizes dendritic protrusions called spine synapses. (E) An electron
micrograph shows multiple pre- and postsynaptic structures, as well as an astrocytic endfeet (*) in close contact with synapses. Note the presence of numerous
synaptic vesicles in the presynaptic boutons. (F) Topology of synaptic junctions. Synaptic transmembrane proteins are anchored to protein components of the PSD.
Spines are rich in F-actin and some spines contain smooth endoplasmic reticulum (SER). Abbreviations: CAZ, cytomatrix at the active zone; PSD, postsynaptic
density; SV, synaptic vesicle. Scalebar: 100 nm.

(SM) hydrolysis pathways are present, allowing the local production of the entire bandwidth of
sphingolipids. A similar enzyme inventory can also be found for glycerophospholipids and STs
[9]. Additionally, the main enzymes involved in fatty acid synthesis, desaturation, and beta-
oxidation are detectable at synaptic junctions [9].

Within these lipid categories of STs, glycerophospholipids, and sphingolipids, the top ten lipid
classes account for almost 100% of membrane lipids, with the following percentages: STs
(82%), phosphatidylcholine (PC, 28%), phosphatidylethanolamine (PE, 22%), PS (9%), PI (3%),
SM (4%), cardiolipins (CLs, 1%), Cers (1%), PA (0.8), and galactosylceramides (GalCers, 1%)
[9,14-17]. Initially described through classical biochemical experiments, the concentration of
most lipid classes has been corroborated by modern lipidomics mass spectrometry (MS)
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workflows, providing detailed insights into their fatty acyl and double bond composition [9].
Compared with heavy membranes, in synaptic junctions, Cers show an increased concentration
while cholesterol slightly decreases, indicating a significant shift in membrane composition [9]. In
addition, synaptic membranes exhibit decreased proportions of simple glycosphingolipids like
sulfatides and GalCers, displaying distinct lipidome compositions of pre-and postsynaptic com-
partments in comparison to whole brain samples [13]. Fatty acids ranging from 14 to 24 carbons
with 0—-6 double bonds are typical in the brain, but synaptic environments also feature 12-carbon
and very long chain fatty acids up to 26 carbons. In hippocampus rodent-derived synapses, the
most common fatty acids are 16:0 < 18:0 < 18:1 < 20:4 < 22.6 < 22:4, with arachidonic acid (AA,
20:4) and docosahexaenoic acid (DHA, 22:6) being pivotal in inflammation-related signaling [18].
Notably, long-chain fatty acids (20-26 carbons) are reduced except for AA and DHA, which are
constant compared with hippocampus sections [9,13]. With lower levels of monounsaturated
and very long chain fatty acids, as well as a higher proportion of DHA and AA, hippocampal
synaptic membranes acquire a thinner, more fluid nature for an effective vesicular signaling.
Therefore, higher fluidity is further supported by a lower cholesterol level.

However, DHA- and AA-derived lipids are also crucial sources of various lipid-derived mediators,
such as oxidized fatty acids and endocannabinoids, which have been proven to directly influence
synaptic plasticity. These bioactive lipids, along with their metabolic pathways and, to some
extent, their receptors, are present in synapses and in the synaptic cytoplasm [9,19,20].

Recent studies have highlighted that AA-derived lipids such as 2-arachidonoylglycerol (2-AG) and
leukotriene (LT)B4/A4 impact synaptic function. Where 2-AG, an endocannabinoid, was shown
to affect long-term synaptic plasticity [9,20], the inhibition of oxylipin production, specifically
LTB4/A4, has been demonstrated to directly increase the expression of glutamate/N-methyl-d-
aspartate receptors in hippocampal CA1 synapses [19]. More than 416 membrane lipids have
been identified in synaptic junctions, yet only 15 lipid species constitute 75% of the total
membrane content [9]. Overall, the synaptic membrane lipidome composition seems to be
controlled by only 4% of all present lipids; we predict the other 96% of membrane lipids are likely
to fine-tune the synaptic membrane and its signaling components.

Lipids are crucially involved in synaptic neurotransmission

As we explore in the following sections, lipids directly or indirectly control synaptic function via
interaction with membrane proteins, including ion channels and G-protein-coupled receptors
(GPCREs), as well as several steps of neurotransmitter release [1]. Additionally, the metabolism of
these lipids impacts synaptic function. In addition, the positioning of synaptic proteins influences
their signaling capacity. Lipid rafts are sphingolipid and cholesterol-enriched membrane microdo-
mains that serve as hubs for a variety of signal transduction pathways. Palmitoylated signaling
proteins accumulate at lipid rafts in dendrites [21]. Dendritic spines are the postsynaptic sites of
most excitatory synapses, found along the dendrites of neurons (Figure 2D,E). The enrichment of
the postsynaptic membrane in cholesterol and sphingolipids and an abundance of palmitoylated
proteins in spine synapses suggest that highly confined nanodomains reminiscent of lipid rafts
exist in this type of synapse. Reversible palmitoylation translocate otherwise soluble proteins to
the plasma membrane and enables docking to lipid rafts [21]. This in turn could impact activity-
dependent changes in protein organization at synapses, thereby controlling synaptic physiology
and function.

Synaptic lipidome impacts surface mobility of transmembrane proteins
It is known since many years that compartmentalization of lipids in the synaptic membrane
controls the localization of synaptic proteins which in turn is critical for their function [22,23].
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Membrane thickness and fluidity are determined by lipids such as cholesterol, sphingolipids, and
glycerophospholipids lipids that supposedly cluster proteins at nano- and microdomains at
synaptic junctions [2]. Lipid composition determines membrane fluidity and thereby the mobility
and lateral diffusion of membrane proteins [24]. Surface mobility of ion channels, foremost
voltage-dependent calcium channels [25] and ionotropic glutamate receptors [26], plays a key
role in synaptic neurotransmission and is a bona fide mechanism of synaptic plasticity [27]. Lateral
diffusion of synaptic membrane proteins in and out of the synapse appears to be controlled at
least in part by the lipid composition of the plasma membrane [28]. The exchange of glutamate
receptors between synaptic and extrasynaptic sites is highly dynamic and the exchange rates
are surprisingly different for miscellaneous synaptic transmembrane proteins [29]. Moreover,
single-particle tracking studies revealed that the mobility of lipid-anchored proteins clearly differs
between synaptic and extrasynaptic membrane regions [30], suggesting substantial differences
in membrane fluidity or type of lipid anchor. However, these differences might also reflect their
anchorage to the specialized synaptic cytoskeleton, the cytomatrix of the active zone beneath
the presynaptic membrane and its counterpart the postsynaptic density (Figure 2E,F).

Synapitic lipids serve highly specialized functions

Although several studies have suggested that the synapitic lipid bilayer exhibits a heterogeneous
spatial organization of membrane lipids and associated proteins, the lack of tools to resolve the
spatial organization of lipids in the postsynaptic membrane has precluded a more detailed test
of this hypothesis (Boxes 2 and 3). This is unfortunate because the profound impact of subtle
lipid—protein interactions on various facets of synaptic function has become obvious in many
studies published in recent years. Space limitations do not allow us to cover all published work
but we want to showcase just a few examples of recent work that demonstrates the necessity
to expand the tool box beyond classical biochemical purification [9] for the study of synaptic lipids
to break new ground.

The significance of anionic synaptic lipids as crucial membrane components that serve as anchor
points for proteins is well established [31,32]. Most studies focused on membrane—protein
interactions at the postsynaptic membrane [20,26], while the existence of lipid nanodomains at
the presynaptic membrane has recently attracted substantial interest. In particular, the central
role of the charged phospholipid phosphatidylinositol 4,5-bisphosphate (P1(4,5)P2) and its
synthesis, which might be regulated locally, for synaptic vesicle fusion and exocytosis has
recently become much clearer. For example, the calcium sensor synaptotagmin 1, which is an
integral membrane protein of synaptic vesicles, couples vesicle fusion to the endocytic retrieval
of synaptic vesicle membrane by promoting the local activity-dependent formation of PI(4,5)

Box 2. Lipid nanodiscs

The study of membrane proteins in their isolated form is more complex than for soluble proteins because their recombinant
expression is usually of low yield, and their isolation requires a solubilization step. Traditionally, detergents have been used
to strip away the membrane lipids and isolate membrane proteins in micelles. However, the lipid bilayer of the membrane
influences the structure, stability and function of membrane proteins. The reconstitution of solubilized membrane proteins
into liposomes re-introduces a membrane environment, but liposomes are not compatible with all types of biochemical
and biophysical assays. Moreover, the original lipids surrounding the membrane protein of interest are lost. To address
these problems, several agents have been developed that can stabilize disc-like particles with lipid bilayers and embedded
proteins. Although the nomenclature slightly varies in the literature, we will here refer to all of these bilayer-filled discs as lipid
nanodiscs. Nanodiscs can be formed by using a membrane scaffolding protein, by the lipid-binding protein saposin A [33], or
by applying styrene-maleic acid (SMA) amphipathic polymers [84]. While the protein scaffolds need prior detergent
solubilization of the membrane protein of interest, SMA and its derivatives can be applied to isolated membrane fractions
or even whole mammalian cells for direct solubilization of membrane proteins into so-called native lipid nanodiscs. These
techniques have led to increased structural and functional insights into membrane proteins, including those occurring at
the synaptic membrane.
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Box 3. MSI

MSI enables the label-free imaging of many different molecular classes throughout tissues and cells. Lipids are one of
the most widely studied analytes using MSI and contemporary methods can image up to many hundreds of different
lipid species in a single experiment. MSI is most widely performed using ionization techniques such as MALDI and
SIMS, which can often detect and image hundreds of different lipids in a single experiment. MALDI is a soft ionization
technique capable of imaging many intact lipids such as phospholipids, sphingolipids, glycerolipids, and sterols. It
has been used to study how lipid composition varies throughout brain tissue [85] and even individual cells. Recent
developments now enable spatial resolution as low as 1 pm that can achieve subcellular resolution for lipid imaging
[67]. Techniques such as MALDI-MSI are being deployed for single-cell lipidomics, capable of resolving the lipid
profiles of many different cells within a single experiment, and can be combined with fluorescence microscopy. Such
approaches have revealed how sphingolipids determine cell fate of fibroblasts [71] and the role of lipids in defining
cellular heterogeneity [73]. SIMS is a more energetic ionization technique that can lead to more extensive lipid fragmen-
tation (i.e., detection of only lipid-class specific fragments) but offers spatial resolutions as low as ~50 nm. This makes it
a powerful technique for performing MSI at subcellular resolution, but at the cost of lipid coverage. However, combined
with recent developments in gas cluster ion sources that now enable detection of many intact lipid species at resolu-
tions down to 1 um, SIMS offers a powerful method for lipid imaging at cellular and subcellular resolutions. Techniques
such as NanoSIMS offer spatial resolutions as low as 50 nm, and when combined with stable isotope labelling, can
reveal changes in molecular turnover within individual organelles, including for lipids [63,86].

P2 at presynaptic sites [33]. Thus, highly localized lipid production and signaling maintains the
essential homeostatic balance between exo- and endocytosis at presynaptic terminals.

A recent report showed a highly specific role of membrane lipid—protein interaction preceding the
cell adhesion contact in synaptogenesis [34]. It appears that interactions of the synapse defective
protein (SYD)-1 with plasma membrane Pl(4,5)P2 is necessary for presynaptic assembly of cell
adhesion molecules before initiating the cell-cell contact [34]. The rare late endosomal signaling
lipid phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2] then directs the axonal cotransport of
synaptic vesicle and active zone proteins in precursor vesicles that are important for assembly of
the presynapse [35]. In neuronal development, these vesicles are transported to nascent synaptic
junctions by concurrent detection of PI(3,5)P2 and the Arf-like GTPase ARLS via kinesin KIF1A [35].

Another recent study by Xu et al. [36] reported an example of a unique type of lipid signaling. The
authors showed that the adaptor protein AP-3 targets the phospholipid flippase ATP8A1 to a
subfraction of synaptic vesicles and this results in the recruitment of synapsin by the cytoplasmi-
cally oriented PS translocated by ATP8A1. Synapsin thereby increases the number of synaptic
vesicles available for release via exocytosis [36]. This prevents depletion by rapid and synchro-
nous synaptic vesicle release during high-frequency action potential firing.

Activity-dependent lipid metabolism and synaptic function

Synaptic plasticity, the use-dependent modification of synaptic strength, is a tightly regulated
cellular mechanism that is essential for the formation of memory. A complex interplay of multiple
signaling pathways and molecular players drives the underlying processes, which act on different
time scales. The best studied lipids in the context of synaptic plasticity are phosphoinositides that
are important for structural changes in synapses following the induction of long-term potentiation
(LTP) [37,38]. Recent studies contribute to the mounting evidence for physiological relevant
alterations in lipid synthesis and metabolism at synaptic sites that are intimately linked to synaptic
plasticity. Environmental enrichment of mouse housing conditions directly affects endocannabi-
noid catabolism and respective plasticity at spine synapses [9]. Contextual fear conditioning, a
learning paradigm in mice, induces palmitoylation of dozens of synaptic proteins within just 1 h
[39]. Similar results were obtained following the induction of LTP [39]. One of the palmitoylated
proteins was the lipid phosphatase PRG-1, an integral membrane protein that directly regulates
the membrane insertion of AMPA receptors and thereby might regulate synaptic strength [40].
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Following LTP induction the type lIl phosphatidylinositol 4-kinase Pl4Kllla associates with the dendritic
plasma membrane and causes a local increase in the levels of PI4P [8]. This increase is necessary for
trafficking of the AMPA receptor to synaptic membranes during LTP induction, and interruption of this
process causes severe impairment of LTP and long-term memory [8]. In several studies, phospholi-
pase (PL)AT activity has been shown to modulate synaptic plasticity and gene knockout of the PLA1
isoform DDHD2 in mice results in reduced saturated free fatty acid in various memory tasks that
present with severe memory deficits [41]. Although the emerging picture from these studies is still
rather sketchy, and many other lipids might be involved in synaptic plasticity, collectively this work
suggests an intimate causal link between activity-dependent lipid metabolism and synaptic plasticity.

Recent technological advances in spatial lipidomics

Synaptoneurolipidomics strives to understand how lipids interact with the embedded mem-
brane proteins and how protein composition is related to and influenced by lipid composition.
The existence of >40 different lipids known to modulate signaling and/or to influence membrane
geometry in neurons, synapses, and synaptic vesicles, some of which were described earlier,
demands a systematic large-scale study of lipid abundance and functional regulation in neuronal
subcompartments. Comparison of neuronal lipidomes in different animal species revealed that
lipid diversity rapidly expanded in primates, linking the complexity of the brain lipidome to the
evolution of higher cognitive brain functions [42]. Moreover, analysis of cell-type specific lipid
profiles in mice revealed that neurons are particularly enriched in cholesterol and Cer [13]. How-
ever, as noted earlier, studying brain lipids has largely been performed by analysis of entire brain
regions without prior subcellular fractionation and isolation of neuronal subcompartments [13,37].
Thus, although it is known from early work that synapses are enriched in certain lipid species [1],
the lack of detailed knowledge about their lipid composition precludes a deeper appreciation of
membrane dynamics of synaptic junctions, as well as the consequences of lipid—protein interac-
tions for synapse formation, organization, and function.

Lipid nanodiscs for studying lipid—protein interactions, lipid species, and lipid-lipid exchange
Towards the latter point, advances in lipid nanodiscs have expanded our ability to probe membrane
biology in synapses (Figure 3A). Lipid particles stabilized by macromolecules, here referred to as lipid
nanodiscs (Box 2), have been used since the early 2000s to facilitate research on the structure and
function of integral membrane proteins. While the majority of studies so far are protein-centered
and do not analyze interactions with lipids [43], insights into their function at the synapse have been
investigated such as the membrane saturation of amyloid 3 oligomers at synapses [44].

In addition, complexes such as v- and t-SNAREs (soluble N-ethylmaleimide-sensitive factor
attachment protein receptors) that are central for the fusion of synaptic vesicles with the presynaptic
membrane were investigated. By using membrane scaffold protein (MSP)-stabilized lipid nanodiscs
(with various amounts of the v-SNARE VAMP2 embedded) as fusion partners for liposomes (with
embedded t-SNAREs), the fusion complex was trapped in its nascent fusion pore state, the first
step in vesicle fusion where release of vesicle content already takes place. It turned out that one
v-SNARE is sufficient for formation of such a pore, but that three v-SNARE-t-SNARE complexes
are necessary for efficient release [45]. The glycine receptor (GlyR) is an ionotropic receptor that
leads to an influx of chloride ions upon interaction with the inhibitory neurotransmitter glycine.
Interestingly, different conformational states were detected by performing cryo-electron microscopy
(EM) of styrene—maleic acid lipid particles (SMALPs) containing the GlyR, in complex with the
full agonist glycine and the partial agonists taurine and GABA [46].

Cryo-EM structural studies on lipid nanodiscs have enabled the identification of protein—lipid inter-
actions [47], but this remains a challenging task. The large heterogeneity amongst lipid species
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Figure 3. Spatial lipidomics with nanodiscs and mass spectrometry. (A) Workflows of lipid nanodisc purification by
styrene-maleic acid (SMA) (top) or membrane scaffold protein (MSP) (bottom) lipid nanodisc with subsequent shotgun
lipidomics analysis. (B) Correlated light microscopy and Nano-SIMS to image protein turnover in organelles of a neuronal
axon section. (i) Immunostaining of a rat primary neuron (left to right) for TOMM20 (mitochondrial marker, green, confocal),
synaptophysin 1 (synaptic vesicle marker, red, confocal), and active zone marker (bassoon, blue confocal). Image second
from right shows an overlay of the three confocal images. Arrows indicate a synapse, where all three labels are colocalized.
Right hand panel shows STED microscopy of Bassoon staining. (i) NanoSIMS imaging neuronal axon section after culture
with 15N-labelled leucine for 3 days. Panel shows the ion images of 14N, 15N and 15N/14N ratio (left to right), where
elevated 15N/14N ratio is observed in the synapse. Right hand plot compares 15N/14N ratio for synapse and axon regions.
Scale bar = 2 pm. Image adapted, with permission, from [62]. Abbreviations: HR MS, high-resolution mass spectrometry;
MS/MS, tandem mass spectrometry; Nano-SIMS, nano-secondary ion mass spectrometry imaging; NSI, SIMS, secondary
ion mass spectrometry; SMALP, styrene-maleic acid lipid particle; STED, stimulated emission depletion microscopy.
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complicates the determination of the precise nature of lipids in structural studies. With tandem
MS on intact proteins in SMALPs it was possible to identify an ether phospholipid bound to rho-
dopsin [48] that had been observed in crystal structures previously [49].

Lipidomics can be used to identify the exact lipid species in a protein-lipid nanodisc sample. Of

course, this is most relevant if the protein is isolated in a lipid nanodisc with native membrane
composition. In a study on water channel aquaporin Z (AqpZ), Schmidt et al. catalogued the
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annular lipids from SMALP-purified AgpZ tetramers while evaluating direct affinities of lipids by
intact protein MS, revealing an interaction site for CL [50]. By lipidomics, as well as thin-layer
chromatography (TLC) analysis, phosphatidyl ethanolamine, phosphatidyl glycine, and CL were
identified as annular lipids in SMA- and diisobutylene—-maleic acid (DIBMA)-based lipid discs
containing the intramembrane protease GlpG [51,52].

Lipid-lipid exchange between nanodiscs also creates opportunities for novel methodological
avenues. MSP-stabilized nanodiscs embedding a membrane protein of interest, and subjected
these to lipid exchange with nanodiscs incorporate a very specific lipid mixture [53]. Some lipid
classes are depleted during exchange, whereas others remained unchanged in class, but their
average tail length and average tail saturation changed. These results point towards interactions
of membrane proteins with specific lipids. In light of these findings, it is plausible that the isolation
of membrane proteins of the pre- and postsynaptic membrane within lipid nanodiscs allows the
identification of the annular shell of lipids surrounding these proteins. This, in turn, creates a higher
resolution of the spatial organization of the synaptic lipidome.

MS imaging for understanding lipid metabolism and membrane composition

Besides the chemical nanodisc toolbox, recent advances in MS imaging (MSI) technology may
enable the study of lipid metabolism within the synapse and the surrounding cellular and tissue
environment (Box 3). MSl is the core technology that has enabled the field of spatial lipidomics
that is now widely applied to both biological tissues and single cells [54,55]. MSI allows for
label-free imaging of many different lipid species by virtue of detecting their mass-to-charge
values at different spatial coordinates across a sample. Given the small size of the synapse,
only secondary ion mass spectrometry (SIMS)-based approaches offer the spatial resolution
for synapse analysis [56]. SIMS uses a focused ion beam to sputter and ionize material from
the sample which is then detected using MS [57].

SIMS methods, such Nano-secondary ion mass spectrometry imaging (NanoSIMS), offer a
spatial resolution down to ~50 nm when using atomic-based beams but as a consequence of
the energetic sputtering extensive molecular fragmentation is widely observed. This results largely
in the detection of elements and molecular fragments. For lipids this often means only detection of
class-identifying fragments such as the phosphocholine headgroup fragment at m/z 184. Recent
developments in giant gas cluster beams allow for significantly enhanced detection of intact lipids
but are often limited in spatial resolution of =21 um [58]. NanoSIMS offers the highest spatial
resolution of any MSI technique (up to ~50 nm) but the extensive fragmentation means only
atomic and diatomic fragments are detected [59].

However, when coupled with stable isotope labeling, localized enrichment of isotope ratios
(e.g., "3C and "®N) can provide insight into biomolecular synthesis and turnover. For example,
NanoSIMS has been used to visualize sphingolipid-enriched domains within fibroblasts [60]
using "°N labeled sphingolipids and imaging of 15N labeled cholesterol and sphingomyelin
binding proteins in Chinese hamster ovary cells [61]. Combining NanoSIMS with super-resolution
optical microscopy (Figure 3B) has also been used to study protein turnover within different
organelles of cultured hippocampal neurons [62]. Enriched '°N signals in the synapse were
observed providing evidence for higher protein turnover than surrounding organelles. NanoSIMS
has also been used to quantitatively map the distribution of '°C-labeled drugs within PC12 vesicles
[56]. While not at the single organelle level, other studies have used conventional SIMS approaches
such as: time of flight (TOF)-SIMS to study lipids within various cellular systems, such as PC and
vitamin E within single neurons derived from induced pluripotent stem cells (IPSCs) [63]; investigating
the effect of n-3 and n-6 18:2 fatty acid supplementation on catecholamine release dynamics,
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vesicle consent, and membrane lipid composition in single PC12 cells [64]; and alterations in lipid
composition of neurons and neurites upon treatment with tetrodotoxin and bicuculline which can
induce changes in synaptic activity [64].

Other MSI techniques such as matrix-assisted laser desorption ionization (MALDI) also
offer powerful approaches for imaging lipids within biological tissues. Unlike SIMS-based
methods, MALDI, along with many other soft ionization technologies, offers significant benefits
by providing fuller information regarding the lipid composition across the sample and can
detected hundreds of intact lipids within a single MSI experiment, while providing information
regarding their identification using accurate MS and tandem MS approaches [65]. The rise of
postionization technologies such as MALDI-2 [66] has dramatically expanded the sensitivity of
MSI for many lipids, providing increases of several orders of magnitude for many lipids classes
such as glycosphingolipids and sterols. Recent developments in MALDI-based approaches
employing new ion source designs now enable rich spatial lipidomics data to be acquired at
pixel sizes as low as 1 uym [67,68]. However, as MALDI required application of a suitable matrix
to the sample, great care must be taken to ensure this does not distort the spatial distributions
of analytes within the sample.

MALDI-MSI has been widely applied to studying lipids within neuronal tissue [55], including
investigating the lipid composition of amyloid plagques [69], among many others. Besides tissue
imaging MALDI-MS] also finds increasing use for high-throughput single cell lipidomics studies
where the profiles of hundreds to thousands of individual cells can be acquired in a single experi-
ment. This approach was used for studying lipid heterogeneity amongst neurons and astrocytes
derived from rat brain tissue [70]. Other examples of single cell lipidomics used MALDI-MSI include
studying the role of sphingolipids in defining subpopulations of fibroblasts [71], mapping lipid
distributions throughout the soma and processes of single neuronal cells [72], and investigating
lipidomic changes occurring during differentiation of monocytes to MO macrophages and hetero-
geneity among Vero B4 cells at 2-um sizes [73]. Critically, the latter studies also begin to provide
insight into subcellular localization of lipids which is clearly a direction single cell MSI is heading
towards. MSI thus provides exciting capabilities that can enhance the field of synaptic
neurolipidomics by enabling localized analysis of lipids from tissue and cells. However, while the
spatial resolution of MSI techniques that allow for broad detection of intact lipids still requires
improvements to enable analysis of synaptic structures within neuronal cells, the field is rapidly
advancing in this area. With these developments, new applications are likely to emerge, such as
the ability to investigate the synaptic lipidome of different neuronal subtypes and synapse diversity
within different brain regions.

Towards a reliable lipid inventory of synaptic junctions

During the past decade, MS has evolved into a state-of-the-art technology for lipid analysis. The
technical progress regarding sensitivity, speed, and resolution in MS, combined with advances in
systems biology, the accessibility of lipid databases and search engines [56], along with the
availability of lipid standards for quantification allow us to address intriguing questions related
to lipid function and regulation [74].

However, it remains a challenge to identify and quantify lipids accurately [75]. Many laboratories
over-report the depth of the elucidated structures or even report lipids that can hardly be found
in mammalian systems [76,77]. To assess such flaws, it is crucial to report the concentration of
lipids to assess if the reported membrane lipidome divagates from known membrane composi-
tions [78]. Most importantly, such information is essential to foster data-driven judgments of
changing membrane thickness, degree of saturation, fluidity, and enzymatic activity, including
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identifying molecules serving as precursors for lipid signaling [9,79]. Such information would stay
hidden if a relative quantification is used.

Because synapses must be purified from brain homogenates and the number of biological
samples is limited, extraction procedures should be applied to access multiple molecular classes
related to lipid metabolism, such as enzymes, lipid building blocks, and complex lipids. These
multiomics protocols, SIMPLEX or MPLEX, support lipidomics experiments by reducing the
amount of biological material and delivering proteomics- and metabolomics-based experimental
evidence to support observed lipidome changes [80]. In the future, although isolation of synapses
form iPSC-derived neuronal cultures could potentially reduce variability due to the complexity of
sample preparation from brain tissue, this approach has the downside that it will not be suitable
to address synapse diversity.

The lipidome should not be a report of a compilation of lipid features, which are uncharacterized
ions in the gas phase derived from liquid-liquid extraction presumably containing lipids, but rather
annotated molecules with a fine granular resolved molecular structure [9] that should be based on
experimental evidence and at least contain information about the length of fatty acyls and the
number of double bonds.

Concluding remarks

The rapid technological advances and the development of novel tools to study the role of lipids in
synaptic function likely enable faster progress than in previous years. This includes the use of an
isotope lipid building block to study the turnover of lipid molecules at synapses applying NanoSIMS
to clarify how fast lipids are synthesized and degraded at the pre- and postsynapse. The field still
suffers from the lack of reliable lipidomics search engines, and without time-consuming manual
intervention by experts, the false-discovery rate of identified lipids is high. Different initiatives, such
as the lipidomics standard initiative and the global ring trials of the International Lipidomics
Society aim for an increased density of knowledge in lipidomics experiments and definition of
reference values of lipids [75]. Tools that increase the comparability across data sets, such as
GOSLIN and LIPIDSPACE, are essential building blocks of synaptoneurolipidomics because they
enhance the comparability across experiments and species [81,82]. Finally, pinpointing the positions
of fatty acyl chains and double bonds in complex lipids including analysis at the isomer level will en-
hance now our understanding of lipid diversity within the synapse lipidome and establish a connec-
tion between lipid and protein function, which are often isomer-specific (see Outstanding questions).
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Outstanding questions

A direct test of how individual lipids
contribute to membrane organization
or functioning in living cells is still
lacking. Specific modulation of the
composition of cellular membranes
cannot be achieved with common
pharmacological treatments. Therefore,
there is still a void in molecular tools
to locally and temporally manipulate
membrane composition without
affecting downstream pathways. Optical
manipulation of lipid biosynthesis might
be an interesting future direction
to manipulate lipid levels with high
spatiotemporal precision.

The stoichiometry of individual lipids
and synaptic transmembrane proteins
is currently unknown but is essential
to determine the capacity of lipids to
alter protein function. Therefore, both
quantitative lipidomics and quantitative
proteomics are needed to elucidate
the protein copy number at the synapse.

What does the complexity of the
lipidome reveal about synaptic function?
Only relatively highly abundant lipids
contribute to synaptic membrane
composition in comparison to the
more complex lipidome of entire cells
or tissue. This suggests a high level of
control over synapse lipid complexity.
Is lipid diversity sacrificed for a more
stable lipidome composition at the
synapse, and how does this relate to
synaptic function?

Major building blocks of lipids are fatty
acyls, which are used not only for 3-
oxidation but also to generate signaling
molecules. This ability strongly depends
on the presence of complex lipid precur-
sors in high quantity. A precise, high-
resolution structural picture of membrane
composition is needed to estimate the
potential of synapses to produce these
molecules. New MS and computational
sciences approaches might be important
tools for this analysis.


https://bit.ly/44A30s1
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0005
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0005
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0010
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0010
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0015
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0015
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0015
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0015

Trends in Biochemical Sciences

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Vaughen, J.P. et al. (2023) From seconds to days: neural plasticity

viewed through a lipid lens. Curr. Opin. Neurobiol. 80, 102702

. Valles, A.S. and Barrantes, F.J. (1864) (2022) The synaptic lipidome

in health and disease. Biochim. Biophys. Acta Biomembr. 11,
184033

. Jang, W. and Haucke, V. (2024) ER remodeling via lipid metabolism.

Trends Cell Biol. 34, 942-954

. Incontro, S. et al. (2025) Lipids shape brain function through ion

channel and receptor modulations: physiological mechanisms
and clinical perspectives. Physiol. Rev. 105, 137-207

. Guo, Z. et al. (2022) Activity-dependent PI4P synthesis by

Pl4Klllalpha regulates long-term synaptic potentiation. Cell Rep.
38, 110452

. Borgmeyer, M. et al. (2021) Multiomics of synaptic junctions

reveals altered lipid metabolism and signaling following environ-
mental enrichment. Cell Rep. 37, 109797

. van Qostrum, M. et al. (2023) The proteomic landscape of

synaptic diversity across brain regions and cell types. Cell 186,
5411-5427 23

. Cizeron, M. et al. (2020) A brainwide atlas of synapses across the

mouse life span. Science 369, 270-275

. Gopalan, A.B. et al. (2024) Lipotype acquisition during neural

development is not recapitulated in stem cell-derived neurons.
Life Sci. Alliance 7, 202402622

. Fitzner, D. et al. (2020) Cell-type- and brain-region-resolved

mouse brain lipidome. Cell Rep. 32, 108132

. Breckenridge, W.C. et al. (1972) The lipid composition of adult rat

brain synaptosomal plasma membranes. Biochim. Biophys. Acta
266, 695-707

. Cotman, C. et al. (1969) Lipid composition of synaptic plasma

membranes isolated from rat brain by zonal centrifugation.
Biochemistry 8, 4606-4612

. Nagy, A. et al. (1976) The preparation and characterization of

synaptic vesicles of high purity. Brain Res. 109, 285-309

. Takamori, S. et al. (2006) Molecular anatomy of a trafficking

organelle. Cell 127, 831-846

. Bazinet, R.P. and Laye, S. (2014) Polyunsaturated fatty acids

and their metabolites in brain function and disease. Nat. Rev.
Neurosci. 15, 771-785

. Adams, J.M. et al. (2023) Leukotriene A4 hydrolase inhibition im-

proves age-related cognitive decline via modulation of synaptic
function. Sci. Adv. 9, eadf8764

Albarran, E. et al. (2023) Postsynaptic synucleins mediate endo-
cannabinoid signaling. Nat. Neurosci. 26, 997-1007

Hayashi, T. (2021) Evolutionarily established palmitoylation-
dependent regulatory mechanisms of the vertebrate glutamatergic
synapse and diseases caused by their disruption. Front. Mol.
Neurosci. 14, 796912

Dotti, C.G. et al. (2014) Lipid dynamics at dendritic spines. Front.
Neuroanat. 8, 76

Brachet, A. et al. (2015) LTP-triggered cholesterol redistribution
activates Cdc42 and drives AMPA receptor synaptic delivery.
J. Cell Biol. 208, 791-806

Morzy, D. and Bastings, M. (2022) Significance of receptor
mobility in multivalent binding on lipid membranes. Angew.
Chem. Int. Ed. Eng. 61, €202114167

Schneider, R. et al. (2015) Mobility of calcium channels in the
presynaptic membrane. Neuron 86, 672-679

Heine, M. et al. (2008) Surface mobility of postsynaptic AMPARs
tunes synaptic transmission. Science 320, 201-205

Choquet, D. and Triller, A. (2013) The dynamic synapse. Neuron
80, 691-703

Dupuis, J.P. and Groc, L. (2020) Surface trafficking of neuro-
transmitter receptors: From cultured neurons to intact brain
preparations. Neuropharmacology 169, 107642

Chamma, . et al. (2020) Biophysical mechanisms underlying
the membrane trafficking of synaptic adhesion molecules.
Neuropharmacology 169, 107555

Renner, M. et al. (2009) Control of the postsynaptic membrane
viscosity. J. Neurosci. 29, 2926-2937

Thakur, N. et al. (2023) Anionic phospholipids control mecha-
nisms of GPCR-G protein recognition. Nat. Commun. 14, 794
Schmidpeter, P.A.M. et al. (2022) Anionic lipids unlock the gates
of select ion channels in the pacemaker family. Nat. Struct. Mol.
Biol. 29, 1092-1100

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Bolz, S. et al. (2023) Synaptotagmin 1-triggered lipid signaling
facilitates coupling of exo- and endocytosis. Neuron 111, 3900
Frankel, E.B. et al. (2023) Protein-lipid interactions drive presyn-
aptic assembly upstream of cell adhesion molecules. bioRxiv,
Published online November 17, 2023. https://doi.org/10.1101/
2023.11.17.567618

Rizalar, F.S. et al. (2023) Phosphatidylinositol 3,5-bisphosphate
facilitates axonal vesicle transport and presynapse assembly.
Science 382, 223-230

Xu, H. et al. (2023) Adaptor protein AP-3 produces synaptic
vesicles that release at high frequency by recruiting phospholipid
flippase ATP8A1. Nat. Neurosci. 26, 1685-1700

Ueda, Y. and Hayashi, Y. (2013) PIP(3) regulates spinule forma-
tion in dendritic spines during structural long-term potentiation.
J. Neurosci. 33, 11040-11047

Lei, W. et al. (2017) Phosphoinositide-dependent enrichment of
actin monomers in dendritic spines regulates synapse develop-
ment and plasticity. J. Cell Biol. 216, 2551-2564

Nasseri, G.G. et al. (2022) Synaptic activity-dependent changes
in the hippocampal palmitoylome. Sci. Signal. 15, eadd2519
Trimbuch, T. et al. (2009) Synaptic PRG-1 modulates excitatory
transmission via lipid phosphate-mediated signaling. Cell 138,
1222-1235

Akefe, 1.0. et al. (2024) The DDHD2-STXBP1 interaction
mediates long-term memory via generation of saturated free
fatty acids. EMBO J. 43, 533-567

Bozek, K. et al. (2015) Organization and evolution of brain
lipidome revealed by large-scale analysis of human, chimpanzee,
macaque, and mouse tissues. Neuron 85, 695-702

Dallo, S. et al. (2023) Designer nanodiscs to probe and repro-
gram membrane biology in synapses. J. Mol. Biol. 435, 167757
Lo Bu, R. et al. (2018) SMPL Synaptic membranes: nanodisc-
mediated synaptic membrane mimetics expand the toolkit for
drug discovery and the molecular cell biology of synapses.
Springer Protocols Neuromethods 141 pp. 227-250

Shi, L. et al. (2012) SNARE proteins: one to fuse and three to
keep the nascent fusion pore open. Science 335, 1355-1359
Yu, J. et al. (2021) Mechanism of gating and partial agonist action
in the glycine receptor. Cell 184, 957-968 e21

Flegler, V.J. et al. (2020) The MscS-like channel Ynal has a gating
mechanism based on flexible pore helices. Proc. Natl. Acad. Sci.
U. S. A 117, 28754-28762

Hoi, K.K. et al. (2021) Detergent-free Lipodisq nanoparticles
facilitate high-resolution mass spectrometry of folded integral
membrane proteins. Nano Lett. 21, 2824-2831

Mitsuoka, K. et al. (1999) The structure of bacteriorhodopsin at
3.0 A resolution based on electron crystallography: implication
of the charge distribution. J. Mol. Biol. 286, 861-882

Schmidt, V. et al. (1861) (2019) The lipid environment of
Escherichia coli Aquaporin Z. Biochim. Biophys. Acta Biomembr.
2, 431-440

Reading, E. et al. (2017) Interrogating membrane protein confor-
mational dynamics within native lipid compositions. Angew.
Chem. Int. Ed. Eng. 56, 15654-15657

Barniol-Xicota, M. and Verhelst, S.H.L. (2021) Lipidomic and in-gel
analysis of maleic acid co-polymer nanodiscs reveals differences in
composition of solubilized membranes. Commun. Biol. 4, 218
Zhang, G. et al. (2023) Identifying membrane protein-lipid interac-
tions with lipidomic lipid exchange-mass spectrometry. J. Am.
Chem. Soc. 145, 20859-20867

Li, D. et al. (2023) Mass spectrometry imaging for single-cell or
subcellular lipidomics: a review of recent advancements and
future development. Molecules 28, 2712

Jha, D. et al. (2024) Spatial neurolipidomics-MALDI mass spec-
trometry imaging of lipids in brain pathologies. J. Mass Spectrom.
59, e5008

Thomen, A. et al. (2020) Subcellular mass spectrometry imaging
and absolute quantitative analysis across organelles. ACS Nano
14, 4316-4325

Gu, C. et al. (2020) Mass spectrometric imaging of plasma mem-
brane lipid alteration correlated with amperometrically measured
activity-dependent plasticity in exocytosis. Int. J. Mol. Sci. 21, 9519
Samfors, S. and Fletcher, J.S. (2020) Lipid diversity in cells and
tissue using imaging SIMS. Annu Rev Anal Chem (Palo Alto,
Calif) 13, 249-271

¢ CellP’ress
OPEN ACCESS

Trends in Biochemical Sciences, February 2025, Vol. 50, No.2 169



http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0020
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0020
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0025
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0025
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0025
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0030
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0030
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0035
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0035
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0035
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0040
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0040
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0040
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0045
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0045
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0045
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0050
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0050
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0050
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0055
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0055
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0060
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0060
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0060
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0065
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0065
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0070
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0070
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0070
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0075
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0075
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0075
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0080
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0080
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0085
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0085
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0090
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0090
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0090
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0095
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0095
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0095
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0100
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0100
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0105
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0105
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0105
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0105
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0110
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0110
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0115
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0115
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0115
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0120
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0120
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0120
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0125
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0125
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0130
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0130
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0135
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0135
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0140
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0140
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0140
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0145
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0145
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0145
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0150
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0150
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0155
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0155
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0160
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0160
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0160
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0165
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0165
https://doi.org/10.1101/2023.11.17.567618
https://doi.org/10.1101/2023.11.17.567618
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0175
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0175
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0175
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0180
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0180
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0180
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0185
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0185
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0185
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0190
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0190
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0190
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0195
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0195
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0200
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0200
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0200
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0205
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0205
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0205
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0210
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0210
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0210
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0215
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0215
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0220
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0220
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0220
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0220
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0225
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0225
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0230
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0230
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0235
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0235
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0235
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0240
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0240
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0240
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0245
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0245
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0245
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0250
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0250
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0250
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0255
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0255
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0255
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0260
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0260
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0260
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0265
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0265
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0265
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0270
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0270
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0270
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0275
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0275
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0275
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0280
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0280
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0280
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0285
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0285
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0285
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0290
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0290
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0290

¢? CellPress
OPEN ACCESS

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Lork, A.A. et al. (2022) Chemical imaging and analysis of sin-
gle nerve cells by secondary ion mass spectrometry imaging
and cellular electrochemistry. Front. Synaptic Neurosci. 14,
854957

Frisz, J.F. et al. (2013) Direct chemical evidence for sphingolipid
domains in the plasma membranes of fibroblasts. Proc. Natl.
Acad. Sci. U. S. A. 110, E613-E622

He, C. et al. (2017) High-resolution imaging and quantification of
plasma membrane cholesterol by NanoSIMS. Proc. Natl. Acad.
Sci. U. S. A. 114, 2000-2005

Saka, S.K. et al. (2014) Correlated optical and isotopic
nanoscopy. Nat. Commun. 5, 3664

Bruinen, A.L. et al. (2018) Identification and high-resolution
imaging of alpha-tocopherol from human cells to whole animals
by TOF-SIMS tandem mass spectrometry. J. Am. Soc. Mass
Spectrom. 29, 1571-1581

Agui-Gonzalez, P. et al. (2021) Secondary ion mass spectrome-
try imaging reveals changes in the lipid structure of the plasma
membranes of hippocampal neurons following drugs affecting
neuronal activity. ACS Chem. Neurosci. 12, 1542-1551

Ellis, S.R. et al. (2018) Automated, parallel mass spectrometry
imaging and structural identification of lipids. Nat. Methods 15,
515-518

Soltwisch, J. et al. (2015) Mass spectrometry imaging with laser-
induced postionization. Science 348, 211-215

Niehaus, M. et al. (2019) Transmission-mode MALDI-2 mass spec-
trometry imaging of cells and tissues at subcellular resolution. Nat.
Methods 16, 925-931

Kompauer, M. et al. (2017) Atmospheric pressure MALDI mass
spectrometry imaging of tissues and cells at 1.4-mum lateral
resolution. Nat. Methods 14, 90-96

Kaya, I. et al. (2018) Shedding light on the molecular pathology of
amyloid plaques in transgenic Alzheimer's disease mice using
multimodal MALDI imaging mass spectrometry. ACS Chem.
Neurosci. 9, 1802-1817

Neumann, E.K. et al. (2019) Lipid heterogeneity between astro-
cytes and neurons revealed by single-cell MALDI-MS combined
with immunocytochemical classification. Angew. Chem. Int. Ed.
Eng. 58, 5910-5914

Capolupo, L. et al. (2022) Sphingolipids control dermal fibroblast
heterogeneity. Science 376, eabh1623

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

170  Trends in Biochemical Sciences, February 2025, Vol. 50, No. 2

Trends in Biochemical Sciences

Castro, D.C. et al. (2023) Single-cell and subcellular analysis
using ultrahigh resolution 21 T MALDI FTICR mass spectrometry.
Anal. Chem. 95, 6980-6988

Bien, T. et al. (2022) Mass spectrometry imaging to explore mo-
lecular heterogeneity in cell culture. Proc. Natl. Acad. Sci. U. S. A.
119, 2114365119

Freyre, C.A.C. et al. (2019) MIGA2 links mitochondria, the ER,
and lipid droplets and promotes de novo lipogenesis in adipo-
cytes. Mol. Cell 76, 811-825 e14

McDonald, J.G. et al. (2022) Introducing the lipidomics minimal
reporting checklist. Nat. Metab. 4, 1086-1088

Kofeler, H.C. et al. (2021) Recommendations for good practice in
MS-based lipidomics. J. Lipid Res. 62, 100138

Skotland, T. et al. (2024) Pitfalls in lipid mass spectrometry of
mammalian samples - a brief guide for biologists. Nat. Rev.
Mol. Cell Biol. 25, 759-760

Kofeler, H.C. et al. (2021) Quality control requirements for the
correct annotation of lipidomics data. Nat. Commun. 12, 4771
Tulodziecka, K. et al. (2016) Remodeling of the postsynaptic
plasma membrane during neural development. Mol. Biol. Cell
27, 3480-3489

Coman, C. et al. (2016) Simultaneous metabolite, protein, lipid ex-
traction (SIMPLEX): a combinatorial multimolecular omics ap-
proach for systems biology. Mol. Cell. Proteomics 15, 1453-1466
Kopczynski, D. et al. (2022) Goslin 2.0 implements the recent
lipid shorthand nomenclature for MS-derived lipid structures.
Anal. Chem. 94, 6097-6101

Kopczynski, D. et al. (2023) LipidSpace: simple exploration, re-
analysis, and quality control of large-scale lipidomics studies.
Anal. Chem. 95, 15236-15244

Frauenfeld, J. et al. (2016) A saposin-lipoprotein nanoparticle
system for membrane proteins. Nat. Methods 13, 345-351
Dorr, J.M. et al. (2014) Detergent-free isolation, characterization, and
functional reconstitution of a tetrameric K+ channel: the power of
native nanodiscs. Proc. Natl. Acad. Sci. U. S. A. 111, 18607-18612
Vandenbosch, M. et al. (2023) Toward omics-scale quantitative mass
spectrometry imaging of lipids in brain tissue using a multiclass internal
standard mixture. Anal. Chem. 95, 18719-18730

Brunet, M.A. and Kraft, M.L. (2023) Toward understanding the
subcellular distributions of cholesterol and sphingolipids using
high-resolution NanoSIMS imaging. Acc. Chem. Res. 56, 752-762


http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0295
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0295
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0295
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0295
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0300
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0300
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0300
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0305
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0305
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0305
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0310
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0310
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0315
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0315
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0315
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0315
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0320
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0320
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0320
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0320
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0325
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0325
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0325
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0330
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0330
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0335
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0335
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0335
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0340
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0340
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0340
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0345
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0345
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0345
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0345
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0350
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0350
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0350
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0350
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0355
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0355
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0360
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0360
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0360
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0365
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0365
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0365
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0370
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0370
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0370
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0375
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0375
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0380
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0380
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0385
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0385
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0385
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0390
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0390
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0395
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0395
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0395
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0400
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0400
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0400
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0405
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0405
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0405
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0410
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0410
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0410
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0415
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0415
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0420
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0420
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0420
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0425
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0425
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0425
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0430
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0430
http://refhub.elsevier.com/S0968-0004(24)00276-7/rf0430

	Synaptoneurolipidomics: lipidomics in the study of synaptic function
	Synaptic membrane lipid structure and membrane organization
	Lipid function at synapses
	Current knowledge about synaptic lipid inventory
	Lipids are crucially involved in synaptic neurotransmission
	Synaptic lipidome impacts surface mobility of transmembrane proteins
	Synaptic lipids serve highly specialized functions
	Activity-dependent lipid metabolism and synaptic function

	Recent technological advances in spatial lipidomics
	Lipid nanodiscs for studying lipid–protein interactions, lipid species, and lipid–lipid exchange
	MS imaging for understanding lipid metabolism and membrane composition

	Towards a reliable lipid inventory of synaptic junctions
	Concluding remarks
	Acknowledgments
	Declaration of interests
	References




