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Synapses are integral for healthy brain function and are becoming increasingly
recognized as key structures in the early stages of brain disease. Understanding
the pathological processes driving synaptic dysfunction will unlock new
therapeutic opportunities for some of the most devastating diseases of our
time. To achieve this we need a solid repertoire of imaging and molecular tools
to interrogate synaptic biology at greater resolution. Synapses have historically
been examined in small numbers, using highly technical imaging modalities,
or in bulk, using crude molecular approaches. However, recent advances in
imaging techniques are allowing us to analyze large numbers of synapses,
at single-synapse resolution. Furthermore, multiplexing is now achievable with
some of these approaches, meaning we can examine multiple proteins at
individual synapses in intact tissue. New molecular techniques now allow
accurate quantification of proteins from isolated synapses. The development of
increasingly sensitive mass-spectrometry equipment means we can now scan
the synaptic molecular landscape almost in totality and see how this changes
in disease. As we embrace these new technical developments, synapses will be
viewed with clearer focus, and the field of synaptopathy will become richer with
insightful and high-quality data. Here, we will discuss some of the ways in which
synaptic interrogation is being facilitated by methodological advances, focusing
on imaging, and mass spectrometry.

synapses, imaging, synaptosomes, proteomics, synaptoneurosomes, neurodegeneration,
mass spectrometry

Introduction

There are approximately 86 billion neurons in the human brain and each one estimated
to have 1,000-15,000 synapses, meaning the average human brain contains over a trillion
synaptic connections (Azevedo et al, 2009; Obi-Nagata et al., 2019). Synapses allow
quick responses to motor, behavioral or emotional stimuli and, synaptic plasticity, an
activity-dependent process that changes the strength of neuronal networks, facilitates the
strengthening and storage of memories. Therefore, when synaptic dysfunction occurs it
can induce catastrophic consequences for essential neurological processes. Synaptopathies,
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characterized by pathological synaptic dysfunction and loss,
are now recognized as a common component of many
neurodegenerative disorders such as Alzheimer’s disease (AD),
Amyotrophic Lateral Sclerosis (ALS), Parkinson’s disease (PD),
and Huntington’s disease (HD) (Kerrigan and Randall, 2013;
Nishimura and Arias, 2021; Bellucci et al.,, 2022). Synaptopathy
may arise in various ways: for example, mislocalization and
aggregation of disease-associated proteins can affect synaptic
function leading to breakdown (Lim and Yue, 2015; Wang
et al, 2017; Taoufik et al, 2018). Alternatively, alterations in
integral synaptic molecular composition may result in protein
networks becoming dysregulated, driving synaptic dysfunction,
and loss (Ardiles et al., 2017; Torres et al., 2017). Further, aberrant
glial-mediated synaptic pruning is increasingly recognized as
a driving mechanism of neurodegenerative disease, revealing
non-autonomous influencers on synapse health (Cho, 2019). It has
been shown that multiple proteins from the complement system,
an innate immune response pathway, are elevated in the brains of
patients with various neurodegenerative diseases and this pathway
may be a major player in glial phagocytosis of synapses (Hong
et al., 2016; Gomez-Arboledas et al., 2021; Fatoba et al., 2022).

Growing evidence suggests that structural and functional
dysregulation of synapses is one of the earliest pathological
events in neurodegeneration (Henstridge et al., 2019). Stopping
or reversing synaptic dysfunction could help slow down or halt
disease progression, making synapses an attractive target for
further study, and therapeutic interventions. For example, recent
work studying synthetic organizer proteins has shown they can
potentially restore synaptic function in neurodegenerative diseases
through interaction with presynaptic cell adhesion proteins and
postsynaptic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors. This encouraged excitatory synapse
formation both in vitro and in vivo and resulted in improved
motor coordination in models of spinal cord injury and improved
memory in mouse models of AD (Suzuki et al., 2020). Having the
capacity to intervene and preserve or potentiate synaptic function
could result in a new wave of treatments for diseases in which
synaptopathy is a central feature.

However, synapses are not easy structures to study. Their
vast numbers, small size, and structural delicacy means that
developing and utilizing techniques to investigate synapse structure
and molecular composition can be difficult. In this review, we
will discuss various methods used to study synapses, both at
the structural and molecular level, outlining their advantages
and limitations to help paint a picture of how synapses can be
studied, and how these methods can be implemented in individual
studies. We will also discuss advancements made using these
techniques in the field of neurodegeneration to understand more
about synaptopathies and their role in neurodegenerative diseases.
Using robust techniques to study synapses is pivotal in the aim
of developing potential future therapeutics for people living with
neurodegenerative disease.

Imaging synapses in intact tissue
Despite the challenges that imaging synapses poses, modern
technologies now allow us to study various aspects of synaptic

structure and composition from a whole brain level, down to
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subsynaptic resolution, using different imaging approaches. Here,
we will start by discussing some of the techniques developed
for human synaptic analysis, from in vivo whole-brain imaging
to higher resolution imaging of post-mortem tissue. We will
then explore other new imaging approaches that have been only
used in model systems to date but show great potential for
understanding human disease.

In vivo study of human synapses

A rapidly developing area is the in vivo study of synapses in the
human brain. This is a reasonably non-invasive technique that can
provide insight into disease progression and how synapses correlate
with phenotypic change. This could highlight synaptic targets at
early disease stages, as well as serve as a useful monitoring tool of
disease progression in clinical trials.

In vivo synaptic density can be imaged by positron-emission
tomography (PET) scanning of the brain after exposure to a
radioligand coupled to a synaptic marker—for instance, synaptic
vesicle glycoprotein 2 (SV2) (Finnema et al., 2016; Cai et al., 2019).
This technique is proving insightful and could shine a light on
dynamic changes in synaptic density at different stages of disease.
However, there are still some challenges with this technique, such
as generating robust, reliable, and specific markers that can cross
the blood-brain barrier and achieving accurate segmentation of
whole brain scans into anatomical areas of interest. Still, there are
now several publications using this technique in the context of
neurodegenerative diseases. For instance, SV2 PET scanning has
been used to study synaptic density loss in the hippocampus (Chen
et al., 2018), and whole brain (Mecca et al., 2020) of AD patients
as well as the association between amyloid plaques and synaptic
density (O’Dell et al., 2021). Similarly, studies in Parkinson’s, have
used this technique to confirm synaptic loss in the substantia
nigra, red nucleus and locus coeruleus, the main affected areas
in PD (Matuskey et al., 2020) as well as to study overall cerebral
synaptic density in primary tauopathies (Holland et al., 2022). In
ALS, '8F-SynVesT-1 PET (another SV2 radiomarker) was used
to assess synaptic density changes in different areas of the brain
(Tang et al.,, 2022) and importantly, the results closely aligned with
previous post-mortem data (Henstridge et al., 2018). Moreover,
SV2A PET has also been used in frontotemporal dementia (FTD),
which is thought to exist on a disease spectrum with ALS, to
study synaptic density changes in patients with behavioral variant
FTD (Malpetti et al., 2023), and in carriers of a repeat expansion
in the chromosome 9 open reading frame 72 (C9ORF72) gene,
which has been linked to both ALS and FTD (Malpetti et al,
2021). This exciting work revealed region-specific synaptic change
that associates with cognitive change and genotype. As the utility
of this approach widens, there is interesting recent evidence that
synaptic PET imaging in the spinal cord is possible (Rossano et al.,
2022), which will be important for diseases like ALS as well as
understanding spinal cord injury and monitoring regeneration.

It is clear that the real-time imaging of synapse density in the
living human brain will have a huge impact on our understanding
of synapse changes in disease. However, issues surrounding tracer
specificity, sensitivity, and whole brain image analysis at the
millimeter scale need to be refined to improve the accuracy
of this approach.
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Post-mortem study of human synapses

For more detailed synaptic imaging at a greater resolution
than the in vivo techniques described above, we need to use
post-mortem tissue. This approach allows the use of advanced
imaging techniques to gain nanometer resolution, but generally
limits the study to end-stage human disease. Another challenge is
that synapses are smaller than the axial (z-plane) resolution limit
of normal light microscopy. This means that if synapses are very
close to each other - and given their density in the brain it is likely
they would be - light microscopes would often see them as one
large object rather than two or more separate entities (Figure 1).
Therefore, researchers have invested a lot of effort over several
decades to develop ways of breaking the light diffraction limit and
achieve super-resolution detail.

Electron microscopy
Historically, the most common approach to study synaptic

(EM).
microscopes break the light diffraction limit in the 2-dimensional

structure has been electron microscopy Electron
planes by using a controlled beam of electrons instead of photons
of light, achieving resolutions of less than a nanometer. There are
two main modalities of EM, transmission electron microscopy
(TEM), in which the beam of electrons travels through ultrathin
tissue sections providing a 2D monochrome image, and scanning
electron microscopy (SEM), where the electrons are detected after
bouncing off the sample, resulting in a 3D image of the surface of
the sample (Titze and Genoud, 2016). Heavy metals such as lead
are often used in EM to increase the contrast in the sample and
allow for accurate structure observation.

Electron microscopy is still considered the gold standard
imaging technique for studying synaptic structure and has been
used to study synapse density in Alzheimer’s disease since the
seminal work by DeKosky and Scheff (1990) and Scheff et al.
(1993). More recently, it has been used to assess the hallmark
neurofibrillary tangles and amyloid deposits and their impact on
synapses (Katsuse et al., 2006). Exploiting the exquisite detail
obtained by EM, recent work has highlighted brain region specific
changes in the synaptic accumulation of mitochondria in human
AD brains compared to controls (Pickett et al., 2018). EM has
also proved useful in revealing early evidence of synapse loss in
human ALS and highlighting altered synaptic ultrastructure and
immaturity (Sasaki and Maruyama, 1994a,b; Sasaki and Iwata,
1996a,b; Qiu et al., 2014; Henstridge et al., 2018; Deshpande et al,,
2019).

Despite the unquestionable power of EM when it comes
to understanding synapse structure and density, it is a difficult
technique to master and requires highly specialized microscopes.
One issue that can have a dramatic impact on image quality
is difficulty retaining tissue structural integrity during sample
processing. One approach to retain integrity is to use cryo-
electron tomography (cryo-EM). Flash-freezing samples at very low
temperatures can improve structure preservation and by utilizing
this tissue processing approach, cryo-EM can achieve incredible
resolution of protein structure, down to 3.5 A. This technique can
easily achieve the resolution required to study synaptic structure,
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however, given its highly technical nature, only a few research
teams have mastered it (Gopalakrishnan et al, 2011; Liu et al,,
2020). Still, cryo-EM has been used to study the structure of
aggregation-prone proteins commonly found in diseased brain.
For example, it has been used to study the ultrastructure of tau
filaments from the brain of an AD patient, revealing how different
isoforms of tau aggregate (Fitzpatrick et al., 2017). Cryo-EM has
also been used in ALS to study the ultrastructural composition of
reversible and irreversible TAR DNA binding protein 43 (TDP-
43) aggregates, a hallmark of the disease (Cao et al.,, 2019). It
has also been used to describe the structure and composition
of dipeptide repeat aggregates, characteristic of C9ORF72-ALS -
the most common genetic form of ALS-and the authors showed
aggregates can recruit proteasomal subunits, pointing to a potential
pathological mechanism (Guo et al,, 2018). Cryo-EM has also
been crucial in PD, revealing the ultrastructure of aggregation
prone a-synuclein inclusions (Guerrero-Ferreira et al., 2019; Boyer
et al.,, 2020), which could shine a light into potential therapeutic
approaches to prevent aggregation.

A variation of electron microscopy, immuno-EM, adds detail to
EM images by using antibodies with electron-dense gold particles
attached. This allows for specific labeling of proteins of interest,
which is useful for providing detail on protein localization at the
nanometer scale. This approach has been widely used to accurately
assess the synaptic and subsynaptic localization of key synaptic
proteins, and in skilled hands, it is possible to use different sizes
of gold particles to label different proteins in the same sample
(Nusser et al., 1994; Matsubara et al., 1996; Petralia et al., 1998,
2001; Xiao et al., 1998; Valtschanoff and Weinberg, 2001; Paik
et al,, 2021; Petralia and Wang, 2021). In the context of disease,
immuno-EM has been used to characterize a-synuclein as the main
component of Lewy Bodies (Spillantini et al., 1997), characteristic
of PD and dementia with Lewy bodies, and that these are present
in the substantia nigra of PD patients (Crowther et al., 2000). It
was also used to reveal that perisynaptic protein complexes are
discretely disrupted in Fragile X-syndrome, which is impactful
enough to pathologically impair synaptic function (Jung et al,
2012). However, a drawback of this approach, discussed in Kay et al.
(2013), is the fact that immuno-EM techniques can be thwarted
by low antibody penetration or epitope access, which makes it
challenging to use EM for studies of synaptic protein composition.
However, several comprehensive reviews describe optimization
approaches one can take to increase antibody penetrance and
specificity to help circumvent these issues (Phend et al, 1992;
Petralia and Wang, 2021; Tao-Cheng et al., 2021).

Clearly, EM-with all its modifications discussed above-is a
powerful technique that has provided significant insight on synapse
structure and density changes in health and disease. However,
electron microscopy is a time-consuming imaging approach that
generally allows the study of a small number of synapses per
sample due to the extremely small images captured, therefore other
approaches that can provide a similar level of detail but in a more
high-throughput manner would be preferable.

Array tomography

Array tomography (AT) is one imaging approach that

can overcome some of the difficulties faced with EM
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FIGURE 1

Limitations of confocal microscopy for 3D synaptic imaging. Diagram showing 4 synapses in a 3-dimensional piece of brain tissue and how different
imaging approaches would resolve them. Confocal microscopes have a diffraction-limited resolution in all axis, meaning two synapses in close
proximity will be observed as just one large entity. To solve this problem, array tomography resolves all the synapses by cutting the tissue very thin
(70 nm) thus setting the axial resolution by the thickness of the sections. 3D super-resolution single molecule light microscopy is able to pinpoint all
synapses by carefully identifying the central point of each synapse and highlighting them separately. Resolutions achieved by the different

techniques are shown in the axis. Created with BioRender.com.
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(Sanchez Avila and Henstridge, 2022).  Developed in 2007,
(Micheva and Smith, 2007) and later adapted for human post-
mortem tissue (Kay et al, 2013), this high-resolution imaging
technique allows a detailed study of the synapse at both a density
and protein composition level. Array tomography overcomes
the axial resolution limit of light microscopy by physically
cutting ultrathin (70 nm) serial sections of resin embedded
tissue (Figure 1). Sections are immuno-stained and imaged using
widefield fluorescence microscopes. The images are then stacked
and rendered into a 3D model. This approach is advantageous over
EM as the microscopes are more easily accessible and the technique
and analysis is generally less time consuming. Another advantage
is the opportunity for multiplexing, as ribbons can be stripped
and re-stained. This allows the analysis of multiple proteins
within individual synapses and has been validated for up to six
stripping rounds, allowing for the identification of 18 different
synaptic markers (Kleinfeld et al.,, 2011). Array tomography has
now been widely used as a high-resolution imaging technique
to study synapses in several contexts such as Alzheimer’s disease
(Kofhie et al., 2012, 2009; Tai et al., 2012; Spires-Jones and Hyman,
2014; Hesse et al., 2019; Pickett et al., 2019, 2016; Querol-Vilaseca
et al, 2019; Rupawala et al.,, 2022), dementia with Lewy bodies
(Colom-Cadena et al., 2017, 2013; Rupawala et al., 2022) and
ALS (Henstridge et al, 2018). Collectively, these studies (and
others) have highlighted changes in synaptic density, molecular
composition, and the aggregation of disease-associated proteins in
the synapse. Thus, AT is an established technique that allows for a
high throughput study of synapses and the multiplexing of several
proteins of interest.
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Super-resolution microscopy

While AT uses physical dissection to improve image
resolution, another approach is to exploit super resolution
microscopy techniques (Eisenstein, 2015; Lambert and Waters,
2017; Radulovie et al,, 2021; Fuhrmann et al., 2022) such as
stochastic optical reconstruction microscopy (STORM, Rust
et al, 2006), stimulated emission depletion (STED, Hell and
Wichmann, 1994), photoactivated localization microscopy [PALM,
(Betzig et al, 2006)], and structured illumination microscopy
(SIM, Gustafsson, 2000). Briefly, these super-resolution imaging
techniques achieve low nanometer resolutions by utilizing different
ways to localize fluorophores more accurately in a sample, for
instance by switching the fluorescent state of single molecules
one at a time and determining their precise localization or by
using two different lasers in a donut formation to selectively
switch some fluorophores on while depleting others around them.
These techniques have been used on their own (Masch et al,
2018; Boger et al, 2019), or in combination (Broadhead et al,
2016; Crosby et al., 2019) to study synapses (Jones et al., 2017)
as well as disease relevant structures, such as amyloid plaques
(Querol-Vilaseca et al., 2019) in human post-mortem tissue.
These approaches have been available for many years now but
are still relatively limited in use due to expensive custom setups
required and extensive user training. A more detailed explanation
of these approaches as well as their potential application in the
field of neuroscience, can be found in other excellently written
reviews (Sigrist and Sabatini, 2012; Tennesen and Nagerl, 2013;
Padmanabhan et al., 2021).
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Imaging synapses in disease models

While this review largely focuses on the study of human
synapses, we will briefly explore recent imaging techniques that
have only been used to date in models of neurodegeneration but
show tremendous potential if applied to human studies.

In vivo

As previously discussed, there is very valuable information to be
gained from in vivo study of human synapses. However, there are
imaging approaches that for various ethical and practical reasons
cannot be utilized in humans and so we must rely on the use
of model systems.

One simple yet elegant approach for in vivo synaptic imaging in
mouse models is the use of cranial windows to gain imaging access
to superficial layers of the cortex. Researchers can fill neurons with
fluorescent molecules such as Green fluorescent protein (GFP) via
intracortical injection or genetic modification and longitudinally
image individual spines using multiphoton imaging. This technique
also allows for the study of dendritic spine density and dynamics
and has been used in murine models of AD to study the toxic effects
of amyloid-f on spines near amyloid plaques (Spires et al., 2005;
Wu et al,, 2010).

Super resolution imaging has also been adapted for in vivo
analysis. STED has been performed in live mice and has provided
exquisite synaptic detail from both the cortex and hippocampus
(reviewed by Fuhrmann et al., 2022). Moreover, techniques such as
PALM can be taken one step further to perform what is known as
sptPALM, which allows single-particle tracking in in vivo models;
this is still a relatively new approach and is limited by the need
for models to be transparent enough to image in vivo, but it has
been used to track syntaxin -1A at the motor nerve terminal of a
Drosophila larvae (Bademosi et al., 2018).

In vitro

Super resolution imaging can also be performed on cultured
neurons. For instance STORM has been used to study the synaptic
localization of FUS, a protein of interest in ALS, in cultured rat
hippocampal neurons and human iPSC-derived motor neurons
(Deshpande et al., 2019). SIM was used to study the synaptic
localization of Binl, an Alzheimer’s-associated protein and both
STORM and STED were used to study the synaptic localization of
y-secretase, the protease that cleaves the AD-associated B-amyloid
(Schedin-Weiss et al., 2016).

Post-mortem

Array tomography and EM can also be combined in what is
called conjugate AT. This approach has only been used for studying
rodent brain to date, but shows great potential for advancing our
understanding of human disease.

In conjugate AT, serial sections are taken of the tissue
embedded in either resin or plastic. Then, the sections are immuno-
stained and imaged as per conventional AT protocols. Afterward,
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the ribbons are washed and prepped for EM. This technique
combines the strengths of EM and AT, conserving as much of
the ultrastructure as possible as well as allowing multiplexing of
different proteins (Collman et al., 2015; Bloss et al.,, 2018). AT
has also been performed on physiologically characterized synapses
(Valenzuela et al., 2016; Holderith et al., 2020; Micheva et al.,
2021). Combining physiological and molecular analyses at a single-
synapse level in this way will undoubtedly reveal important insight
into physiological and pathological synaptic function.

Super resolution studies in the context of
neurodegeneration have also mostly used disease models.
STED has revealed, in a Drosophila larvae model of FUS-ALS, the

structural degeneration of neuromuscular junctions (Shahidullah

imaging

et al., 2013). These techniques can also be combined with AT to
provide super-resolution in all three dimensions (Querol-Vilaseca
et al,, 2019; Kim et al,, 2021). However, despite the undeniable
power of these super-resolution imaging approaches, they require
specialized equipment and highly experienced users, currently
restricting their mainstream use.

There are several new imaging and sample processing
developments that may facilitate the analysis of synaptic biology.
For example, the recently published SEQUIN imaging approach
(Sauerbeck et al., 2020). SEQUIN (Synaptic Evaluation and
QUantification by Imaging Nanostructure) combines image
scanning microscopy and localization-based analysis. The authors
used SEQUIN to analyze the synaptic density in three different
mouse models of Alzheimer’s disease, and reveal synapse loss near
amyloid plaques, replicating previous literature (Koffie et al., 2009).
This technique is reasonably accessible, and its high throughput
ability would be advantageous over techniques such as EM.
Moreover, it has the capacity to be combined with other techniques
for the study of physiologically characterized synapses as well as
adaptation for in vivo use, making it a potentially excellent resource
for future synaptic studies.

Lastly, another recent approach one can use is expansion
microscopy. This technique involves physically expanding the
sample by using a polymer that swells in the presence of water
(Chen et al., 2015), meaning the nanometer scale expands to the
micrometer scale making to possible to gain super-resolution detail
without the need of specialized super-resolution microscopy setups.
Expansion microscopy has now been used in a variety of tissues and
model systems to reveal nanometer-scale information (Gallagher
and Zhao, 2021). Some recent work has developed this approach
to study synaptic structure and amyloid fibrils, and the authors
terming the optimized technique “expansion revealing” (Sarkar
et al,, 2022). This sample processing technique may help make the
analysis of synaptic biology easier and more accessible, by simply
making them bigger.

Imaging summary

There are multiple imaging methods to consider when studying
synaptic structure, and the appropriateness of each technique
will vary depending on the aims of the study and the problem
being addressed. However, imaging approaches have the obvious
advantage of providing visual data on the structure and protein
composition of the synapse and, as techniques improve and
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become more accessible, we will surely see increased uptake in
neurodegenerative research.
The powerful imaging techniques allow us

to investigate synaptic structure, composition, and loss of

discussed

synaptic density at the whole brain level and fixed brain tissue
sections, providing insights into structural synaptic changes in
neurodegeneration. However, the full pathological underpinnings
of synaptopathies in neurodegeneration are yet to be fully
understood and we cannot delve further into the mechanisms
behind synaptopathies through imaging techniques alone. To
do this, we need to reduce synapses down to their molecular
composition and identify changes in synaptic protein expression,
from which bioinformatic analyses can reveal dysregulated
pathways that may be contributing to synaptic dysfunction.

Studying synapses at the molecular
level

Generating synaptic samples

There are several protocols that allow us to go from whole
brain tissue down to a synaptically enriched fraction, and through
this process that we can start to access the molecular composition
of synapses. First, fresh frozen brain tissue is homogenized in
isotonic solution to lyse the tissue, and then the homogenate
undergoes either a series of ultracentrifugation or filtration steps
to isolate the synapses. Through ultracentrifugation, synaptosomes
are generated, described in 1964 as “thin-walled bags containing
cytoplasm packed with synaptic granules or vesicles, frequently one
or more mitochondria are also present” (Whittaker et al., 1964).
Synaptosome preparation protocols vary slightly but generally all
follow homogenization and ultracentrifugation steps (Gulyassy
et al, 2020). Through this process, synaptic terminals are
detached from their axons and their membrane reseals, creating
a membrane-bound presynaptic terminal sac containing synaptic
vesicles and mitochondria. The post synaptic component of a
synaptosome consists of a segment of the postsynaptic membrane
and spine with the post synaptic density (PSD) still intact and
connected to its outer surface (Weiler, 2009). Synaptosomes are
relatively homogenous and maintain many synaptic metabolic
and enzymatic activities (Whittaker et al, 1964; Ahmad and
Liu, 2020). Some synaptosome protocols have been expanded to
incorporate synaptosome sorting via fluorescence, Fluorescence
Activated Synaptosome Sorting (FASS). FASS is a sorting method
that results in ultrapure synaptosomes, almost free of other non-
synaptic components, by utilizing mouse lines genetically modified
to express fluorescent synaptic proteins. This protocol has been
used recently to define commonalities and differences of the
synaptic proteome across a range of brain regions and cell types
(Biesemann et al., 2014; van Oostrum et al., 2023). Synaptosomes
have been widely used as an ex vivo model across to address many
diverse topics of synaptic biology (Veldsquez et al., 2017; Mallozzi
et al,, 2018; Plum et al., 2020; Sapp et al., 2020; Kumar et al., 2022).
Recently, protocols have been developed that enable the isolation of
synaptosomes from human iPSC-derived neurons, incorporating
steps to also generate PSD-enriched fractions (Rajkumar et al,
2023). This approach combined with the power of patient-derived
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cells will undoubtedly increase our knowledge of synaptic change
in human disease.

Despite synaptosomes being widely used as an ex vivo model,
there is increasing evidence to support the idea that synapses
consist of more than just pre- and postsynaptic terminus (Chung
and Barres, 2012; Henstridge et al., 2019; Morizawa et al., 2022).
The tripartite synapse acknowledges the important role that
glial cells play in synaptic function: astrocytes, microglia, and
oligodendrocytes support synapses within the central nervous
system (CNS), and Schwann cells support the neuromuscular
junction (NM]) in the peripheral nervous system (Perea et al., 2009;
Petrov et al, 2021). Glia have roles crucial for proper synaptic
function, including clearance and reuptake of neurotransmitters,
Ca?t homeostasis, receptor distribution, phagocytosing synaptic
material, and synaptogenesis (Murphy-Royal et al., 2017; Um, 2017;
Kono et al,, 2021; Shan et al., 2021; di Benedetto et al., 2022).
Neuron-glial interactions have also been shown to participate
in synaptic formation, development, and plasticity (Kim et al,
2020). Furthering this, the tripartite synapse has been extended
to the tetrapartite synapse described in 2011. The tetrapartite
synapse integrates a fourth component to the equation of synaptic
function: the extracellular matrix (ECM). Important for synaptic
transmission, the ECM can store and consolidate neuronal and
glial processes on the molecular level and assists synaptic plasticity
through modulation of pre- and postsynaptic receptors and ion
channels (Dityatev and Rusakov, 2011).

Considering this complex composition, the use of “crude”
synaptic fractions, has been argued to be more biologically
than Thus,
synaptoneurosomes, or “synaptically enriched” fractions. Produced

relevant synaptosomes. many studies utilize
via a series of filtration steps using nylon filters, synaptoneurosomes
consist of a resealed presynaptic sac, a resealed postsynaptic spine,
intact PSD and glial processes, as well as components of the ECM
(Figure 2). Synaptoneurosome studies can therefore reveal changes
in glial proteins which, given their significant role in synaptic
processes and contribution to neurodegeneration, are important
to understand. Not only do synaptoneurosomes present biological
advantages, technical advantages such as higher final protein yield
with lower amounts of tissue suggest additional time and cost
benefits (Hollingsworth et al., 1985; Johnson et al., 1997).

Deciphering the specific location of a protein within the
synapse is impossible from a homogenized synaptic sample, but can
be achieved by further subcellular fractionation, which separates
the pre- and postsynaptic components of the synaptosome or
synaptoneurosome sample. Through a series of ultracentrifugation
steps on a sucrose density gradient, the pre- and postsynaptic
terminals can be separated and analyzed via mass spectrometry
(MS) or western blot to identify the localization of specific proteins.
This is beneficial when the project aims are to identify the
subsynaptic location of a specific protein, such as pathological tau
in AD (Tai et al., 2012; Bermejo et al., 2014).

Taking this a step further, a modified synaptosome protocol was
developed to extract a presynaptic vesicle-enriched fraction. The
authors used this approach to reveal that amyloid precursor protein
(APP), which is cleaved to produce pathological Amyloid-beta (AB)
in AD, was present in rat synaptic vesicles, providing extremely
detailed information on the subsynaptic localization of this disease-
relevant protein (Groemer et al., 2011).
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Subcellular isolation of synapses. (A) Depiction of the tetrapartite synapse including glial influences and ECM (blue dots) in the extracellular synaptic
space. (B) Synaptosome produced through gradient ultracentrifugation. (C) Synaptoneurosome (SNS) contains microglial processes and astrocytic
endfeet as well as EMC molecules, and represents a “crude” synaptic fraction. Created with BioRender.com.

Proteomics

Once synapses have been isolated from brain tissue in the
form of synaptosomes or synaptoneurosomes, methods can be used
to determine the synaptic proteome. Proteomics is the study of
all the proteins expressed by a biological system, tissue, cell, or
structure, such as a synapse. Proteomics is considered a particularly
insightful “-omic” approach, as proteins provide a more accurate
foundation to interpret biological processes— their presence
indicates a functional biological role whether physiological or
pathological, as opposed to transcriptomics for example, where
some RNAs identified may be degraded before being translated
into functional proteins. Nonetheless, transcriptomic studies can
reveal important information about synapses and synaptopathies.
A recent transcriptomics study investigated synaptic translation
behavior using synaptosomes and provided evidence of protein
synthesis at excitatory presynaptic boutons, thus exposing the
translational ability of presynaptic terminals (Hafner et al,
2019). Despite the interesting insights that transcriptomics can
provide into the synaptic translation, proteomics is still arguably
considered a more biologically insightful approach when studying
synaptopathies and the pathological processes underlying them.
Thus, proteomics in neuroscience (“neuroproteomics”) is being
increasingly implemented, due to the wide coverage capabilities and
the functionally accurate data generated. Further, neuroproteomics
can also be used to identify potential biomarkers or potential
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therapeutic targets within a pathological molecular process (Hasin
etal., 2017; Kline et al., 2022).

Mass Spectrometry (MS) is the most common method used
in proteomic studies. Here, molecules within a sample are ionized
and the mass-to-charge ratio (m/z) is measured, and the identified
peptides used to determine parent proteins by blasting against
proteomic databases such as MaxQuant and ProtMAX (Figure 3).
Prior to MS, all the proteins in a sample are digested enzymatically
[bottom-up MS (BU-MS)] for an unbiased proteomics approach, or
specific proteins are selected beforehand for MS analysis (targeted
proteomics). Investigations of the proteome generally adhere to
BU-MS due to its unbiased nature, ability to detect peptides as small
as 0.8-3kDa and initiative to follow the data. All are important
considerations when aiming to identify small synaptic proteins and
perform a deep characterization of the synaptic proteome (Timp
and Timp, 2020).

Traditionally, the most common MS approach has been data-
dependent acquisition (DDA) MS, in which peptides with this
highest abundance in the sample are identified. This occurs through
the selection of the peak spectra in the MS1 phase—only the peptides
from the highest peak spectra will be further fragmented and
analyzed in the MS2 phase. This approach has been favorable
in many proteomic studies of the synapse as it allows the
incorporation of tagging, such as isobaric tags used in Tandem
Mass Tagged Liquid Chromatography MS (TMT-LC-MS/MS).
Tagging enables a multiplex investigation of (currently) up to 16
samples in one MS experiment, which not only reduces technical
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breaking apart the tissue. The sample is then pushed through an 80 wm filter, removing any tissue components, leaving a total homogenate sample
containing fragmented cellular components. Further filtration through a 5 wm filter removes all nuclear components of the sample, leaving
synaptoneurosomes. Synaptoneurosome proteins are then accessed through protein extraction with a lysis buffer and digested into peptides. The
peptides are inputted into the mass spectrometer and identified peptides are blasted against proteomic databases to identify the corresponding

proteins. Created with BioRender.com.

variance, but also results in a lower demand on equipment and
computational resources, reducing the experimental cost. Thus,
many researchers utilize the multiplexing capabilities of this
MS approach, including recent proteomic studies investigating
neuroinflammation at the human and mouse AD synapse using
synaptosomes (Wijasa et al., 2020).

Recently, however, there has been a shift to data-independent
acquisition (DIA). Unlike, DDA MS, DIA identifies all the peptides
present in a sample, by selecting spectra in sequential time
windows in the MSI1 phase regardless of peak size. This means all
peptides present in a sample will be further fragmented in MS2
and taken forward for analysis, not just those with the highest
abundance as is the case in DDA. Due to this, DIA allows more
proteome coverage with less bias. DIA also requires study-specific
spectral libraries for data processing. Studies lacking such libraries
such as analysis of post-translational modifications or subcellular
compartments will require libraries to be generated prior. This
spectra library availability is important to consider prior to DIA
MS, as significantly more sample and instrument time is required
if there is a need to generate a study-specific library, this increasing
costs (Krasny and Huang, 2021). Regardless of the approach taken,
synaptoneurosome-based mass-spectrometry analyses can identify
around 5,000-6,000 proteins, providing the researcher with an
extremely deep coverage of the proteome.

Specific to the synaptic proteomics field, Gajera et al.,, 2019
developed an adaptation of mass cytometry MS and synaptosome
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protocols, which they termed “mass synaptometry,” to study
the protein content of individual synapses. Mass synaptometry
combines synaptosome protocols with cytometry by time-of-flight
mass spectrometry (CyTOF), a method that uses antibody probes
bound to metal ions to analyze the proteomes of individual cells.
The use of metal ions rather than fluorescent tags, as is used in
flow cytometry, is beneficial as many antibodies can be combined
in a single sample whilst reducing spectral overlap that occurs
when using fluorescence. Cell autofluorescence can also be avoided
by employing this method (Nowicka et al., 2017). The adaptation
of CyTOF to mass synaptometry results in a high-throughput
study of individual synaptosomes, which could further reveal how
synaptopathies progress in neurodegeneration, such as the prion-
like spread seen in tauopathies (Robbins et al., 2021).

Changes in protein expression levels may not necessarily
reveal the full picture of molecular change at the synapse. For
example, protein-protein interactions are important to identify
so we can try to understand how these may change in disease
and what the consequences might be on synaptic function
(LaCava et al, 2015). Immunoprecipitation MS (IP-MS) can
identify interacting proteins by performing a conventional
antibody-based immunoprecipitation of a target protein,
followed by MS identification of the proteins pulled out in
the bound protein complex. A recent IP-LC-MS/MS study of
synaptosomes demonstrated that it is possible to identify the
co-immunoprecipitated protein partners of SNAP-25, to help focus
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specifically on SNARE protein changes in AD (Brinkmalm et al,,
2014). Despite IP-MS traditionally being the main method to
study and identify protein-protein interactions, recent years
have seen an increased implementation of TurboID biotin
labeling. This method employs biotin ligase, a promiscuous
enzyme, to indiscriminately tag neighboring proteins with
biotin which can then be extracted and identified by mass-
spectrometry (Strack, 2018; Marcassa et al., 2023). This proves
much more sensitive than IP-MS and has been used to
identify tripartite synaptic connections between astrocytes and
neuronal synapses (Takano and Soderling, 2021). Similar methods
can be used with ascorbate peroxidase-derived (APEX2) or
horseradish peroxidase (HRP), peroxidase enzymes that are more
suited to ex vivo models and have been used to investigate
dopaminergic synaptosomes, and the presynaptic proteome
(Hobson et al., 2022).

Following any type of proteomic experiment, data collected
must then be analyzed, and interpreted biologically using various
bioinformatic analyses (Chen et al., 2020). Enrichment analysis
is insightful for identifying enriched GO terms within a data set,
this can be done using software such as DAVID (Database for
Annotation, Visualization, and Integrated Discovery), g:Profiler
and ShinyGo (Raudvere et al,, 2019; Ge et al, 2020; Sherman
et al., 2022). Pathway analysis enables identification of molecular
pathways that involve proteins within the dataset, software such
as REACTOME, KEGG, and Ingenuity Pathway Analysis are
commonly used for proteomic pathway analysis (Kanehisa and
Goto, 2000; Kramer et al.,, 2014; Gillespie et al., 2022). In terms
of synapse specific bioinformatic analysis, SynGO can be used
to reveal subsynaptic localization of your identified proteins
(Koopmans et al., 2019).

Interestingly, whole tissue homogenates have also been used in
neuroproteomic studies and many have cemented the importance
of synaptic protein changes in neurodegenerative diseases. For
example, a recent LC-MS/MS proteomics study identified synaptic
markers of cognitive decline in post-mortem AD homogenates
and described a correlation between the loss of certain synaptic
proteins and the extent of cognitive impairment (Bereczki et al,,
2018). Synaptic proteins were also recently shown to be significantly
altered in ALS-FTD whole tissue homogenates from human cortex
(Umoh et al., 2018). These studies show that even in a very complex
sample, changes in synaptic proteins and processes, even without
isolating synapses prior, can be detected reinforcing the notion of
synaptopathy playing a significant role in disease.

Experimental considerations

The use of synaptosomes or more complex synaptoneurosomes
is an important choice to consider, as subsequent pathway analyses
will be influenced by the biological content of the sample. For
example, a recent TMT-LC-MS/MS study of synaptoneurosomes
generated from human AD cortex, revealed an enrichment of
immune-related pathways (Hesse et al, 2019). Another recent
TMT-LC-MS/MS analysis of synaptoneurosomes from ALS cortex,
found complement, and coagulation cascades were highly enriched
in ALS patients with cognitive decline (Laszlo et al, 2022).
These findings may have only been identified due to glial
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processes being present in synaptoneurosomes. This is important
because glia are known to utilize the complement cascade at
the synapse to instigate phagocytosis of synapses, which is
known to be increased in neurodegeneration (Henstridge et al.,
2019; Dalakas et al, 2020; Liu et al, 2023). This highlights
the importance of considering the physiological differences
between synaptosomes and synaptoneurosomes when investigating
dysregulated pathological synaptic pathways.

Proteomic approaches can be extremely useful ways to review
the molecular landscape of synaptic pathology. Synaptosomes
and synaptoneurosomes are robust and relatively easily produced
ex vivo models which can be produced from cultured cells, animal
tissue, and human post-mortem brain, allowing the researcher to
focus specifically on synaptic protein content. However, the data
needs to be validated, preferably in intact tissue. This shows an
important interplay is required between molecular and imaging
approaches to truly uncover the important aspects of synaptic
change in disease.

Conclusion

Overall, with the increasing awareness that synaptopathy is
one of the first pathological events in many neurodegenerative
diseases, ensuring that we study synapses with accurate and
reliable techniques is crucial. From high resolution imaging
techniques such as array tomography, to highly sensitive
molecular investigations using mass spectrometry, all have
their advantages and limitations and the use of a particular
tool in a study investigating synapses will depend on the
study’s aims. Imaging technologies continue to improve
and the study of protein changes at the synaptic scale are
becoming ever more accessible. Furthermore, MS equipment
is becoming ever more sensitive and sophisticated, providing
deeper coverage and more accurate identification of protein
content. Excitingly, these two seemingly disparate modalities
are now beginning to overlap, and the development of spatial
proteomics approaches may herald the future of synaptic
analysis. By embracing new techniques and applying them
to human disease, we may soon be able to understand the
molecular changes driving synaptopathy and design new ways of
stopping it, and in doing so, treat some of the most devastating

diseases of our time.
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