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Synapses are minuscule, intricate structures crucial for the correct communication between
neurons. In the 125 years since the term synapse was first coined, we have advanced a long
way when it comes to our understanding of how they work and what they do. Most of the fun-
damental discoveries have been invariably linked to advances in technology. However, due
to their size, delicate structural integrity and their sheer number, our knowledge of synaptic
biology has remained somewhat elusive and their role in neurodegenerative diseases still
remains largely unknown. Here, we briefly discuss some of the imaging technologies used
to study synapses and focus on the utility of the high-resolution imaging technique array
tomography (AT). We introduce the AT technique and highlight some of the ways it is utilised
with a particular focus on its power for analysing synaptic composition and pathology in
human post-mortem tissue. We also discuss some of the benefits and drawbacks of tech-
niques for imaging synapses and highlight some recent advances in the study of form and
function by combining physiology and high-resolution synaptic imaging.

Introduction
Throughout history, scientific advances are almost always tied to technological breakthroughs, and this
holds true within the field of neuroscience. Ramón Santiago y Cajal used contemporary staining tech-
niques in the late 1800s to highlight with exquisite neuroanatomical detail and draw the most beautiful –
and anatomically accurate – images of brain cells and other biological structures [1,2]. Thanks to pioneer-
ing work in the early 1900s by neuroscientists like Otto Loewi [3,4], Henry Dale and Paul Gaddum [5], we
now understand the chemical nature of synapses and how neurotransmitters control neuronal function.
More recently, in the 1970s, Neher and Sakmann developed patch clamp electrophysiology [6,7], at the
time a revolutionary technique that allowed the recording of single ion channel activity in neurons, helping
researchers explore the fundamental processes that govern neuronal activity. Our more recent advances
in understanding synaptic function are built upon many of these foundational studies and techniques.

All the machinery required for the generation, release, receipt and response to neurotransmitters is
maintained within minute synaptic compartments. Incredibly, it is estimated we have more of these synap-
tic contacts in our brain than there are stars in our galaxy [8]. Given their astronomical number, it follows
that their size would be in the nanoscale. This is why visualising synapses is incredibly difficult, yet es-
sential, since form and function go hand in hand and understanding their structure can provide crucial
information on how they work. However, it wasn’t until the invention of the electron microscope in the
mid 1900s that we could fully appreciate the intricacy of a synapse.

In 1955, the first electron microscopy image of a vertebrate’s central nervous system synapse was pub-
lished [9]. Electron microscopy uses a controlled beam of electrons rather than light to visualise the sam-
ple, which means resolutions in the low tens of nanometres can be achieved. This technique helped in-
crease our knowledge of synapse structure and allowed researchers to visualise critical synaptic compo-
nents such as presynaptic vesicles and the post synaptic density for the first time. Electron microscopy
remains the gold standard technique for studying synaptic anatomy. The two main electron microscopy
modalities are transmission electron microscopy (TEM) and scanning electron microscopy (SEM). Es-
sentially TEM relies on electrons travelling through ultrathin sample sections to build a monochrome
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2D image, whereas SEM detects the electrons as they rebound off the sample providing a 3D image of the sample sur-
face. The use of TEM or SEM will depend on the kind of information you want to gather from your sample and for a
more detailed description of their sample requirements and differences in image capture, there are several comprehen-
sive reviews on the topic [10,11]. Retaining the synaptic ultrastructural integrity throughout the sample processing
can be challenging. It is also worth noting that electron microscopy is labour intensive which usually restricts the
study to only a relatively small number of synapses at one given time, as well as being quite technically demanding
and requiring expensive, specialised equipment. Nonetheless, electron microscopes combined with block-face trim-
ming can automate the process of imaging large blocks of cortex at a synaptic level. This provides invaluable data
on neuronal connectivity and synaptic architecture, but the amount of data generated are difficult to handle which
means this approach is often restricted to large institutes and consortia employing many research staff, such as The
Machine Intelligence from Cortical Networks (MICrONS) program at the Allen Brain institute, who are using TEM
and artificial intelligence to reconstruct 200,000 cortical cells and 500,000,000 synapses [12,13]. Another handicap
is the fact that labelling proteins of interest using immuno-EM techniques is often hindered by poor antibody pene-
tration due to resin embedding. This can sometimes be bypassed by performing post-embedding immuno-EM, but
not all antibodies are suitable for this approach and rigorous controls are needed. Non-specific labelling, resin em-
bedding issues and an overall lack of suitable antibodies, means studies of synaptic protein composition can prove
difficult using electron microscopy [14]; therefore, we need complimentary techniques that overcome the inescapable
drawbacks.

Fluorescence-based light microscopy has advanced dramatically in recent decades, with the development of
high-resolution and super-resolution techniques. However with even the most powerful confocal microscope, it is
difficult to visualise individual objects that are within approximately 250 nm of each other in the x–y plane. This
is due to the unavoidable light diffraction limit which is determined by the microscope optics and the wavelength
of light emitted by the detection fluorophore. Furthermore, mostly due to light scatter, the best confocal axial reso-
lution (z-plane) within tissue is approximately 0.5–1 micron. Synapses are tightly packed into a dense neuropil and
although deconvolved confocal imaging may distinguish synapses in two dimensions, it will not achieve the resolution
required to observe single synapses accurately and consistently in 3D (Figure 1A). Therefore, imaging techniques that
can break this diffraction limit are required to accurately identify individual synapses within intact tissue. Super res-
olution microscopy techniques were developed by the Nobel Prize winning collective of Eric Betzig, Stefan Hell and
William E. Moerner, and have facilitated huge advances in our understanding of neuronal and synaptic composition
[15]. However, although techniques such as STORM (STochastic Optical Resolution Microscopy), STED (STimu-
lated Emission Depletion microscopy) and PALM (PhotoActivated Localisation Microscopy) can achieve resolutions
beyond the diffraction limit, they are expensive, and require extensive optimisation and experienced users.

Essentially, the technique of choice comes down to the question being addressed. For instance, if the aim is to
study synaptic protein composition at scale, mass spectrometry–based proteomics on synaptically enriched samples
from fresh frozen tissue can identify thousands of proteins [16–18]. This technique has provided crucial information
on the molecular structure of the synapse and revealed numerous disease-associated protein changes [18–20]. This
approach also allows for protein quantification, but at the cost of any intact tissue context as the entire sample is
homogenised before analysis. Obviously, this also prevents any analysis of synaptic density or anatomy. Ideally, in
many circumstances, it would be useful to analyse multiple proteins in individual synapses, in intact tissue, and in a
high-throughput manner. Furthermore, from a disease context, the reliance on animal models has proved somewhat
unreliable for impactful translational output, and arguably, a greater characterisation of human post-mortem material
will provide greater insight into the molecular mechanisms driving neurodegenerative disease. Given the critical role
of synapses in normal brain function and their early breakdown in neurodegenerative disease, it is important we have
the tools to study molecular changes within identifiable synaptic populations, to unravel the molecular mechanisms
driving synapse loss.

Here, we will introduce the high-resolution imaging technique array tomography (AT) which allows multiplexed
analysis at the single synapse level of human brain and summarise its impact on synaptic biology over the past 15
years.

Array tomography
Since its development in 2007 [22] and its later adaptation for use in human post-mortem tissue [14], the
high-resolution imaging technique known as immunofluorescent AT has been an invaluable tool for studying
synapses at both a density analysis and protein composition level, without the need for highly specialised micro-
scopes. AT overcomes the axial resolution problem of light microscopy by the simple – yet effective – approach of
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Figure 1. Array tomography: improving axial resolution by physical dissection

(A) Due to the limitations of confocal resolution and light scatter within tissue, some synapses within a 3D space will not be

resolved, as their fluorophore emission will overlap and be recorded as one large puncta. (B) AT addresses this problem by physically

sectioning the tissue at 70 nm. This significantly improves axial resolution from 500–1000 to 70 nm. Synapses are larger than 70 nm,

so real synaptic puncta should be present in several consecutive sections. Only collecting and analysing these 3D puncta allows

for accurate single synapse identification. A summary of the processing can be found in Figure 2. Created with BioRender.com.

physically dissecting the tissue in ultrathin (70 nm) serial sections of resin-embedded post-mortem tissue (Figures 1B
and 2A–C). This technique is not to be confused with SEM AT, which applies a similar ultrathin dissection approach
but uses an EM to visualise the sample and post-hoc 3D rendering. The serial AT sections – also called ribbons –
can then be stained using standard immunofluorescence protocols and the antibodies can be stripped and the sam-
ple can be re-stained [23,24]. This already proves an advantage over electron microscopy as it allows multiplexing of
several proteins [25], and it avoids the use of heavy metals, making it a safer, more accessible technique. Multiplexing
is a huge advantage of AT, allowing the analysis of multiple proteins within the same individually resolved synapses.
Theoretically, this process can be performed repeatedly; however, multiple rounds of washes and buffers eventually
take their toll on the tissue. Extensive validation is required to ensure antibodies are efficiently stripped; otherwise,
contamination of previous staining can influence the interpretation of future staining rounds. Over repeated strips,
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Figure 2. Array tomography workflow summary

(A) Tissue is obtained from fresh post-mortem brain, lightly fixed in 4% PFA and then embedded in an LR White resin capsule. (B)

Blocks are cut into approximately 20 serial sections of 70 nm thickness using an ultramicrotome, and the ribbon is collected on

to gelatin-coated coverslips. (C) Ribbons are blocked and stained using standard immunostaining protocols and mounted on to a

slide. (D) Images are taken using a widefield epifluorescence microscope equipped with a 63× 1.4NA Plan Apochromat objective.

(E) Twenty consecutive images are taken at the same position along the ribbon and then stacked into 3D volumes ready for analysis.

(F) Post-hoc 3D rendering of pre-synapses (synaptophysin, green) and nuclei (DAPI, blue). Created with BioRender.com

tissue quality degrades and staining performance drops; however, this approach has yielded good quality imaging
over four staining rounds of pathological amyloid proteins in the brain of a mouse model of Alzheimer’s disease [26]
and allowed the identification of 18 synaptic markers for stratifying excitatory and inhibitory synapses over 6 rounds
of staining and imaging [25]. The images can be obtained using a widefield epifluorescence microscope, which is
more convenient than EM and super resolution techniques [23]. AT is accessible to many research teams with access
to a few key pieces of equipment, often readily available in many imaging facilities.

The analysis performed after image acquisition will vary depending on the question being investigated, but all AT
analyses begin with 2D alignment of the serial images. Once the images are accurately aligned, they are rendered into
3D image stacks. These steps can be performed successfully with image alignment tools in open-access platforms such
as FIJI, but many labs are now writing their own scripts for automating batch alignments and downstream analyses.
For example, we perform synapse density analysis and protein co-localisation analysis on segmented images (Figure
3A,B) with freely available MATLAB scripts [27,28] and use open access visualisation software for 3D rendering
[29] (Figure 3C). Essentially, the script cleans up the images by removing puncta only found in one section (most
likely background) and retaining 3D puncta. These are segmented and binarized, ready for counting. Several imag-
ing channels can be prepared in the same way and co-localisation of proteins at the single synapse level, quantified.
Ultimately, the goal is to accurately segment and quantify true synaptic puncta in 3D and assess the co-localisation
of target proteins. More complex custom-made scripts have been generated to accurately identify synapse subtypes
and even subsynaptic composition, using a combination of closely opposed pre and postsynaptic proteins [30]. The
researchers called this approach SubSynMAP (SUB-SYNaptic, Multiplexed Analysis of Proteins). As research teams
start tackling larger 3D volumes, the sheer size of the image files and analysis demands will require significant hard-
ware performance and storage capabilities. Likely researchers will naturally navigate towards cloud-based software
and machine learning approaches to efficiently process and analyse the vast amounts of imaging data.

We have briefly summarised our AT protocol below (Figure 2A–F), but more details can be found in Kay et al.,
2013 [14] and in the excellent and comprehensive review by one of the inventors of the technique, Prof. Stephen Smith
[23].
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Figure 3. Basic image editing workflow

(A) Example of a stacked AT image, consisting of 20 serial 70 nm sections. Synaptophysin (presynapse) in magenta and PSD95

(postsynapse) in cyan. (B) Example of the same image after segmentation, which removes background puncta present in only one

70 nm section and binarizes the retained synaptic puncta which are present in at least two consecutive sections. (C) Example of

3D-rendered synapses from (B). See the close and direct apposition of the re and post-synaptic markers.

Utility of array tomography
In most neurodegenerative diseases, such as Alzheimer’s, Parkinson’s, Huntington’s and motor neuron disease,
synapse degeneration is thought to occur prior to neuronal loss [31]. This suggests synapses are vulnerable in disease,
but importantly we know they are also extremely plastic, making them an exciting avenue for therapeutics to slow or
even stop disease progression. However, there is still a lot to learn about the underlying mechanisms driving synaptic
pathology, which is why having different imaging tools in our arsenal will be essential in making those advances.

AT has been used as a high-resolution imaging technique to study synapses in several disease contexts, such
as Alzheimer’s disease, Fragile-X syndrome (FXS) and amyotrophic lateral sclerosis (ALS) [26,32–38]. Dr Kristina
Micheva, one of the pioneers of this technique along with Prof. Stephen Smith, has recently used it to study the in-
volvement of different synapse subtypes in FXS [38]. In FXS, increased tortuous spine density is well-characterised at
an anatomical level in mouse models, but the molecular identity of these changes has been difficult to discern [39,40].
They revealed a layer-specific increase in small VGluT1 positive synapses in the somatosensory cortex and a decrease
of large VGlut1-positive synapses, as well as a decrease of large inhibitory synapses throughout all cortical layers, in a
model of FXS. Interestingly, they also found a change in the astrocytic association with excitatory synapses. This level
of spatial and molecular detail at this scale would have proven extremely difficult with other imaging approaches and
really showcases the power of single-synapse, multiplex imaging of intact tissue.

Prof. Tara Spires-Jones was one of the first neuroscientists to utilise the power of AT for the analysis of human
post-mortem brain. Her work has led to significant advances in our understanding of several mechanisms involved
in synaptic pathology in Alzheimer’s disease. For example her team have described the presence ofβ-amyloid [26,41],
and Tau in Alzheimer’s synapses [26,35,42–45] as well as the synaptic presence of α-synuclein, tau and β-amyloid
in synapses of dementia with Lewy bodies brains [33,46]. More recently, they have also used AT to reveal loss of in-
hibitory synapses near amyloid plaques in Alzheimer’s disease and an accumulation of amyloid in remaining synapses
[41]. Furthermore, her team have also begun an important programme of work exploring synaptic changes within a
healthy-ageing cohort [47,48].

It is important to note that other groups have used this technique to study several aspects of synapse biology in
different contexts. Granger et al. studied the localisation of several synaptic proteins in the pre-synapse of ChAT+

and VIP+ interneurons in the mouse cortex [49]. AT has also been used to understand the synaptic connectome, for
instance Bloss et al., saw that presynaptic axons form clusters of synapses on the distal dendrites of CA1 pyramidal
neurons in mouse hippocampus [50]; moreover, Rah et al., used AT to assess synaptic input to the layer 5 pyramidal
neurons in mouse somatosensory cortex [51].

As a research group, we are interested in the association between synapse degeneration and clinical presentation of
ALS. Briefly, ALS is a devastatingly fatal neurodegenerative disease primarily affecting motor neurons, which leads
to muscle weakness, difficulty swallowing and talking, and eventually inability to breathe (which is usually the cause
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of death, occurring 2–5 years after diagnosis). Up to 50% of ALS patients will also display some level of cognitive
or behavioural impairment, which is very important as these patients have a worse prognosis, and we still do not
understand the underlying pathological correlate [52–54].

In ALS, motor neurons die. Two of the main ideas as to why that happens are the die back versus die forward
hypotheses. The die back hypothesis postulates that, following a toxic insult, there is synaptic degeneration, which
leads to axonal retraction and motor neuron death [55–57]; whereas the die forward hypothesis centres on excitotox-
icity, claiming a hyperexcitability of the motor neurons or an excess of glutamate leads to an increase of intracellular
calcium, which is toxic to the cells therefore causing neuronal death [58–64]. It is important to highlight that both hy-
potheses place synapses at the core. In fact, synapse loss preceding motor neuron death has been found to occur both
in the peripheral and central nervous system in ALS [65–69]. While working in the Spires-Jones lab, we used AT to
show that synapse loss in the dorsolateral prefrontal cortex of ALS patients was also linked to cognitive impairments
[34]. This was the first evidence that synapse loss is associated with the cognitive features of many ALS patients. AT
allowed us to analyse approximately 45,000 synapses per sample, compared to 100 per sample by TEM. It also allowed
us to show for the first time, that ALS-associated pathology was found at the human synapse.

Following this discovery, our interest lies in understanding the pathomechanisms underlying synapse degeneration
in ALS, with a special focus in using human post-mortem tissue. We use AT to study potential links between synapse
loss in different areas of the brain and symptoms displayed by patients, such as different types of cognitive or be-
havioural impairments. We also use array tomography to study the potential synaptic localisation of ALS-associated
proteins, namely, aggregation-prone proteins known to be associated with ALS such as TDP-43 (aggregates are found
in up to 97% of cases [70], and mutations in TDP-43 are disease-causative [71]) or FUS (protein aggregates in ALS
and mutations in gene are disease-causative [72–75]). To do so, we use AT to study the colocalisation of target pro-
teins with either pre or post synaptic markers. This level of molecular detail is difficult to obtain accurately with other
imaging methods unless you have the ability and resources to perform super-resolution microscopy.

While AT has facilitated great insight into synaptic composition and pathology in disease, there are caveats that
currently prevent its mainstream use. Resin-embedding can mask epitopes and make some proteins difficult to visu-
alise. Learning to use an ultramicrotome is time-consuming and a demanding technique that some will not master.
Analysing and interpreting thousands of synaptic puncta in 3D can be challenging. However, all these caveats are
surmountable and the rewards for persevering are significant. As the field advances and technology improves, it is
interesting to see how the benefits of array tomography are incorporated to unlock their full potential and we will
discuss some of these below.

Recent advances in array tomography
AT can be combined with other imaging techniques in what’s called conjugate AT [50,76,77]. For example, careful
sample processing allows the combination of AT with EM. The ultrathin tissue ribbons are immunostained and im-
aged as per conventional immunofluorescent array tomography protocols then the ribbons are washed and prepped
for EM imaging. This technique consequently combines the anatomical insight of EM with fluorescent multiplexing
of several proteins, providing both anatomical and molecular data at a single synapse resolution. The combination of
different protocols can affect ultrastructure and immunostaining so currently only a very small number of labs have
optimised this approach. As processing techniques improve, the power of combining these anatomical and molecular
imaging modalities will be fully realised. Another development is the use of super-resolution imaging on array to-
mography ribbons. Recent work studying the amyloid composition within and around amyloid plaques in Alzheimer’s
disease, reconstructed an entire amyloid plaque using confocal-array tomography and STED-array tomography [78].
The improved resolution and detection of smaller amyloid fragments when AT and STED were combined highlight
this combination of imaging modalities as a powerful way to achieve super-resolution in all three dimensions. Also,
array tomoghraphy has recently been combined with structured illumination microscopy (SIM) to reveal distinct cor-
tical synaptic input from different areas of the thalamus in mouse brain [79]. The research team named this approach
structured illumination microscopy on the putative region of interest on ultrathin sections (SIM-PRIUS). Combining
super-resolution imaging and AT appears an attractive method for gaining 3D data at the nanoscale, but at present is
not widely accessible due to the limitations of super-resolution imaging noted previously.

Some groups have combined the study of form and function by performing AT on physiologically characterised
synapses [80–82]. They achieved this by filling neurons with a dye via their recording electrode, and then embed-
ding the tissue in resin before performing AT. These studies provide exquisite detail on the synaptic connectivity be-
tween paired cells. Holderith et al. have devised an improved protocol for the imaging of physiologically characterised
synapses in epoxy resin-embedded tissue [83]. This paper is an impressive resource, describing several advances in
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the utility of AT and an improved methodology. For instance, some epitopes can be blocked by the hard resin used for
AT, yet this paper describes alternative tissue embedding and processing approaches, increasing the success rate for
primary antibody binding. The ultrathin ribbons were etched with Na-ethanolate to improve antigenicity and could
be labelled in multiple rounds, allowing for the multiplexing of proteins. They also performed STED microscopy on
characterised synapses, gaining super-resolution in all three dimensions. To highlight the power of their optimised
imaging protocol they describe its use following paired recordings, two-photon [Ca2+] or glutamate-sensor (iGluS-
nFR) imaging in slice preparations. They discovered that axonal varicosities in which Ca2+ release was not evoked
by an action potential contained vGluT1 but did not contain Munc-13-1 or opposing PSD-95. This suggests these
axonal swellings contain presynaptic vesicles but do not contain a presynaptic active zone and do not form functional
synapses. A striking example of correlated function and molecular composition at a single synapse scale.

These new approaches allow us to closely correlate changes in synapse function (based on the electrophysiologi-
cal recordings) with changes in their structure or protein composition. As technology develops, the high-resolution
scrutiny of physiologically characterised synapses is becoming more attainable, opening many avenues of research,
and providing crucial understanding of synaptic biology. Furthermore, these studies highlight AT as a powerful yet
accessible imaging tool that can be utilised to provide form to functional readouts. Reflecting on how these 125 years
have shaped and shifted our understanding of the synapse, we can’t help but wonder what Sir Sherrington would say
if he were able to see the beautiful images of synapses in the fantastic detail that AT provides.
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45 de Calignon, A., Polydoro, M., Suárez-Calvet, M., William, C., Adamowicz, D.H., Kopeikina, K.J. et al. (2012) Propagation of tau pathology in a model of
early Alzheimer’s disease. Neuron 73, 685–697, https://doi.org/10.1016/j.neuron.2011.11.033

46 Colom-Cadena, M., Gelpi, E., Charif, S., Belbin, O., Blesa, R., Martı́, M.J. et al. (2013) Confluence of α-synuclein, tau, and β-amyloid pathologies in
dementia with Lewy bodies. J. Neuropathol. Exp. Neurol. 72, 1203–1212, https://doi.org/10.1097/NEN.0000000000000018

47 Henstridge, C.M., Jackson, R.J., Kim, J.M., Herrmann, A.G., Wright, A.K., Harris, S.E. et al. (2015) Post-mortem brain analyses of the Lothian Birth
Cohort 1936: extending lifetime cognitive and brain phenotyping to the level of the synapse. Acta. Neuropathol. Commun. 3, 53,
https://doi.org/10.1186/s40478-015-0232-0

48 King, D., Holt, K., Toombs, J., He, X., Dando, O., Okely, J.A. et al. (2022) Synaptic resilience is associated with maintained cognition during ageing.
medRxiv, p. 2022.05.04.22274679. Available from: https://www.medrxiv.org/content/10.1101/2022.05.04.22274679v1

49 Granger, A.J., Wang, W., Robertson, K., El-Rifai, M., Zanello, A.F., Bistrong, K. et al. Cortical ChAT+ neurons co-transmit acetylcholine and GABA in a
target- and brain-region-specific manner. eLife 9, e57749, https://doi.org/10.7554/eLife.57749

50 Bloss, E.B., Cembrowski, M.S., Karsh, B., Colonell, J., Fetter, R.D. and Spruston, N. (2018) Single excitatory axons form clustered synapses onto CA1
pyramidal cell dendrites. Nat. Neurosci. 21, 353–363, https://doi.org/10.1038/s41593-018-0084-6

51 Rah, J.C., Bas, E., Colonell, J., Mishchenko, Y., Karsh, B., Fetter, R.D. et al. (2013) Thalamocortical input onto layer 5 pyramidal neurons measured
using quantitative large-scale array tomography. Front. Neural Circuits 7, 177, https://doi.org/10.3389/fncir.2013.00177

52 Goldstein, L.H. and Abrahams, S. (2013) Changes in cognition and behaviour in amyotrophic lateral sclerosis: nature of impairment and implications for
assessment. Lancet Neurol. 12, 368–380, https://doi.org/10.1016/S1474-4422(13)70026-7

53 Gordon, P.H., Goetz, R.R., Rabkin, J.G., Dalton, K., McElhiney, M., Hays, A.P. et al. (2010) A prospective cohort study of neuropsychological test
performance in ALS. Amyotroph. Lateral Scler. 11, 312–320, https://doi.org/10.3109/17482961003622585

54 Elamin, M., Phukan, J., Bede, P., Jordan, N., Byrne, S., Pender, N. et al. (2011) Executive dysfunction is a negative prognostic indicator in patients with
ALS without dementia. Neurology 76, 1263–1269, https://doi.org/10.1212/WNL.0b013e318214359f

55 Fischer, L.R., Culver, D.G., Tennant, P., Davis, A.A., Wang, M., Castellano-Sanchez, A. et al. (2004) Amyotrophic lateral sclerosis is a distal axonopathy:
evidence in mice and man. Exp. Neurol. 185, 232–240, https://doi.org/10.1016/j.expneurol.2003.10.004

56 Frey, D., Schneider, C., Xu, L., Borg, J., Spooren, W. and Caroni, P. (2000) Early and selective loss of neuromuscular synapse subtypes with low
sprouting competence in motoneuron diseases. J. Neurosci. 20, 2534–2542, https://doi.org/10.1523/JNEUROSCI.20-07-02534.2000

57 Henstridge, C.M., Pickett, E. and Spires-Jones, T.L. (2016) Synaptic pathology: a shared mechanism in neurological disease. Ageing Res. Rev. 28,
72–84, https://doi.org/10.1016/j.arr.2016.04.005

58 Kuo, J.J., Schonewille, M., Siddique, T., Schults, A.N.A., Fu, R., Bär, P.R. et al. (2004) Hyperexcitability of cultured spinal motoneurons from
presymptomatic ALS mice. J. Neurophysiol. 91, 571–575, https://doi.org/10.1152/jn.00665.2003

59 Rothstein, J.D., Martin, L.J. and Kuncl, R.W. (1992) Decreased glutamate transport by the brain and spinal cord in amyotrophic lateral sclerosis. N. Engl.
J. Med. 326, 1464–1468, https://doi.org/10.1056/NEJM199205283262204

60 Rothstein, J.D., Van Kammen, M., Levey, A.I., Martin, L.J. and Kuncl, R.W. (1995) Selective loss of glial glutamate transporter GLT-1 in amyotrophic
lateral sclerosis. Ann. Neurol. 38, 73–84, https://doi.org/10.1002/ana.410380114

61 Starr, A. and Sattler, R. (2018) Synaptic dysfunction and altered excitability in C9ORF72 ALS/FTD. Brain Res. 1693, 98–108,
https://doi.org/10.1016/j.brainres.2018.02.011

62 Takuma, H., Kwak, S., Yoshizawa, T. and Kanazawa, I. (1999) Reduction of GluR2 RNA editing, a molecular change that increases calcium influx through
AMPA receptors, selective in the spinal ventral gray of patients with amyotrophic lateral sclerosis. Ann. Neurol. 46, 806–815,
https://doi.org/10.1002/1531-8249(199912)46:6%3c806::AID-ANA2%3e3.0.CO;2-S

63 Tortarolo, M., Grignaschi, G., Calvaresi, N., Zennaro, E., Spaltro, G., Colovic, M. et al. (2006) Glutamate AMPA receptors change in motor neurons of
SOD1G93A transgenic mice and their inhibition by a noncompetitive antagonist ameliorates the progression of amytrophic lateral sclerosis-like disease.
J. Neurosci. Res. 83, 134–146, https://doi.org/10.1002/jnr.20715

64 Wainger, B.J., Kiskinis, E., Mellin, C., Wiskow, O., Han, S.S.W., Sandoe, J. et al. (2014) Intrinsic membrane hyperexcitability of amyotrophic lateral
sclerosis patient-derived motor neurons. Cell Reports 7, 1–11, https://doi.org/10.1016/j.celrep.2014.03.019

65 Fogarty, M.J., Noakes, P.G. and Bellingham, M.C. (2015) Motor cortex layer V pyramidal neurons exhibit dendritic regression, spine loss, and increased
synaptic excitation in the presymptomatic hSOD1G93A mouse model of amyotrophic lateral sclerosis. J. Neurosci. 35, 643–647,
https://doi.org/10.1523/JNEUROSCI.3483-14.2015

66 Nagao, M., Misawa, H., Kato, S. and Hirai, S. (1998) Loss of cholinergic synapses on the spinal motor neurons of amyotrophic lateral sclerosis. J.
Neuropathol. Exp. Neurol. 57, 329–333, https://doi.org/10.1097/00005072-199804000-00004

67 Qiu, H., Lee, S., Shang, Y., Wang, W.Y., Au, K.F., Kamiya, S. et al. (2014) ALS-associated mutation FUS-R521C causes DNA damage and RNA splicing
defects. J. Clin. Invest. 124, 981–999, https://doi.org/10.1172/JCI72723

68 Sasaki, S. and Maruyama, S. (1994) Synapse loss in anterior horn neurons in amyotrophic lateral sclerosis. Acta Neuropathol. (Berl) 88, 222–227,
https://doi.org/10.1007/BF00293397

69 Sasaki, S. and Maruyama, S. (1994) Decreased synaptophysin immunoreactivity of the anterior horns in motor neuron disease. Acta Neuropathol. (Berl)
87, 125–128, https://doi.org/10.1007/BF00296180

70 Neumann, M., Sampathu, D.M., Kwong, L.K., Truax, A.C., Micsenyi, M.C., Chou, T.T. et al. (2006) Ubiquitinated TDP-43 in frontotemporal lobar
degeneration and amyotrophic lateral sclerosis. Science 314, 130–133, https://doi.org/10.1126/science.1134108

71 Renton, A.E., Chiò, A. and Traynor, B.J. (2014) State of play in amyotrophic lateral sclerosis genetics. Nat. Neurosci. 17, 17–23,
https://doi.org/10.1038/nn.3584

72 Mackenzie, I.R., Rademakers, R. and Neumann, M. (2010) TDP-43 and FUS in amyotrophic lateral sclerosis and frontotemporal dementia. Lancet
Neurol. 9, 995–1007, https://doi.org/10.1016/S1474-4422(10)70195-2

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

9

https://doi.org/10.1016/j.neuron.2011.11.033
https://doi.org/10.1097/NEN.0000000000000018
https://doi.org/10.1186/s40478-015-0232-0
https://www.medrxiv.org/content/10.1101/2022.05.04.22274679v1
https://doi.org/10.7554/eLife.57749
https://doi.org/10.1038/s41593-018-0084-6
https://doi.org/10.3389/fncir.2013.00177
https://doi.org/10.1016/S1474-4422(13)70026-7
https://doi.org/10.3109/17482961003622585
https://doi.org/10.1212/WNL.0b013e318214359f
https://doi.org/10.1016/j.expneurol.2003.10.004
https://doi.org/10.1523/JNEUROSCI.20-07-02534.2000
https://doi.org/10.1016/j.arr.2016.04.005
https://doi.org/10.1152/jn.00665.2003
https://doi.org/10.1056/NEJM199205283262204
https://doi.org/10.1002/ana.410380114
https://doi.org/10.1016/j.brainres.2018.02.011
https://doi.org/10.1002/1531-8249(199912)46:6%3c806::AID-ANA2%3e3.0.CO;2-S
https://doi.org/10.1002/jnr.20715
https://doi.org/10.1016/j.celrep.2014.03.019
https://doi.org/10.1523/JNEUROSCI.3483-14.2015
https://doi.org/10.1097/00005072-199804000-00004
https://doi.org/10.1172/JCI72723
https://doi.org/10.1007/BF00293397
https://doi.org/10.1007/BF00296180
https://doi.org/10.1126/science.1134108
https://doi.org/10.1038/nn.3584
https://doi.org/10.1016/S1474-4422(10)70195-2


Neuronal Signaling (2022) 6 NS20220013
https://doi.org/10.1042/NS20220013

73 Nolan, M., Talbot, K. and Ansorge, O. (2016) Pathogenesis of FUS-associated ALS and FTD: insights from rodent models. Acta. Neuropathol. Commun.
4, 99, https://doi.org/10.1186/s40478-016-0358-8

74 Portz, B., Lee, B.L. and Shorter, J. (2021) FUS and TDP-43 Phases in Health and Disease. Trends Biochem. Sci 46, 550–563,
https://doi.org/10.1016/j.tibs.2020.12.005

75 Shang, Y. and Huang, E.J. (2016) Mechanisms of FUS mutations in familial amyotrophic lateral sclerosis. Brain Res. 1647, 65–78,
https://doi.org/10.1016/j.brainres.2016.03.036

76 Collman, F., Buchanan, J., Phend, K.D., Micheva, K.D., Weinberg, R.J. and Smith, S.J. (2015) Mapping synapses by conjugate light-electron array
tomography. J. Neurosci. 35, 5792–5807, https://doi.org/10.1523/JNEUROSCI.4274-14.2015

77 Lane, R., Wolters, A.H.G., Giepmans, B.N.G. and Hoogenboom, J.P. (2021) Integrated array tomography for 3D correlative light and electron microscopy.
Front. Mol. Biosci. 8, 822232, https://doi.org/10.3389/fmolb.2021.822232
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