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Abstract 

Increasing evidence suggests synaptic dysfunction is a central and possibly triggering factor in Amyotrophic Lateral 
Sclerosis (ALS). Despite this, we still know very little about the molecular profile of an ALS synapse. To address this 
gap, we designed a synaptic proteomics experiment to perform an unbiased assessment of the synaptic proteome 
in the ALS brain. We isolated synaptoneurosomes from fresh-frozen post-mortem human cortex (11 controls and 
18 ALS) and stratified the ALS group based on cognitive profile (Edinburgh Cognitive and Behavioural ALS Screen 
(ECAS score)) and presence of a C9ORF72 hexanucleotide repeat expansion (C9ORF72-RE). This allowed us to assess 
regional differences and the impact of phenotype and genotype on the synaptic proteome, using Tandem Mass 
Tagging-based proteomics. We identified over 6000 proteins in our synaptoneurosomes and using robust bioinfor‑
matics analysis we validated the strong enrichment of synapses. We found more than 30 ALS-associated proteins 
in synaptoneurosomes, including TDP-43, FUS, SOD1 and C9ORF72. We identified almost 500 proteins with altered 
expression levels in ALS, with region-specific changes highlighting proteins and pathways with intriguing links to 
neurophysiology and pathology. Stratifying the ALS cohort by cognitive status revealed almost 150 specific alterations 
in cognitively impaired ALS synaptic preparations. Stratifying by C9ORF72-RE status revealed 330 protein alterations in 
the C9ORF72-RE +ve group, with KEGG pathway analysis highlighting strong enrichment for postsynaptic dysfunction, 
related to glutamatergic receptor signalling. We have validated some of these changes by western blot and at a single 
synapse level using array tomography imaging. In summary, we have generated the first unbiased map of the human 
ALS synaptic proteome, revealing novel insight into this key compartment in ALS pathophysiology and highlighting 
the influence of cognitive decline and C9ORF72-RE on synaptic composition.

Keywords:  ALS, Synapse, Proteomics, FTD, C9ORF72, Human brain

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
ALS is a devastating neurodegenerative disease, caused 
by the loss of upper and lower motor neurons. Patients 
suffer progressive muscle wastage, resulting in paralysis 
and death, commonly within 3 years of diagnosis. There 
is no cure, and a greater understanding of ALS pathogen-
esis is required to change this bleak prognosis.

Open Access

*Correspondence:  chenstridge@dundee.ac.uk

1 Division of Cellular and Systems Medicine, School of Medicine, University 
of Dundee, Dundee, Scotland, UK
Full list of author information is available at the end of the article

http://orcid.org/0000-0001-5317-1207
http://orcid.org/0000-0002-0393-180X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-022-01455-z&domain=pdf


Page 2 of 20Laszlo et al. Acta Neuropathologica Communications          (2022) 10:156 

ALS is strikingly heterogenous, with 90% of cases 
being sporadic and the rest due to known alterations 
in a growing number of genes such as SOD1, TARDBP, 
FUS and C9ORF72. Hexanucleotide repeat expansion 
in C9ORF72 (C9ORF72-RE) accounts for approximately 
40% of familial ALS and 5% of sporadic disease, making 
it the most common genetic cause [1].

Growing genetic, clinical and pathological evidence 
suggests that ALS and Frontotemporal Dementia (FTD) 
lie at opposite ends of a disease spectrum. Almost one 
third of FTD patients have a C9ORF72-RE [2]. Approxi-
mately 15% of FTD patients also develop ALS and 
approximately 15% of ALS cases are diagnosed with 
co-morbid FTD [3]. In the middle of this spectrum are 
30–40% of ALS patients that present with more subtle 
cognitive (ALS cognitive impairment (ALSci)) and/or 
behavioural (ALS behavioural impairment – ALSbi)) 
change. While these changes do not meet the criteria 
for FTD diagnosis, they still affect daily life and associ-
ate with quicker disease progression [4, 5]. These non-
motor symptoms become much more common in the 
later stages of disease when up to 80% of ALS patients 
will present with cognitive or behavioural change [6]. 
Imaging studies highlight the dorsolateral prefrontal 
cortex (Brodmann Area 9 (BA9)) as a particularly vul-
nerable area in relation to cognitive decline in ALS, 
especially with regards to executive dysfunction which 
is the most common characteristic in ALSci [4, 7–11]. 
Furthermore, using a combination of cognitive pro-
filing, post-mortem tissue and high-resolution imag-
ing we recently showed that synapse loss in BA9 was 
associated with lower cognitive performance [12]. This 
was the first evidence that synapse loss was associated 
with cognitive change in ALS. Interestingly, recent PET 
studies in FTD patients revealed synapse loss in fronto-
temporal cortices that correlated with lower cognitive 
scores, thus highlighting overlapping synaptic vulner-
ability between ALSci and FTD [13].

Synapse loss is one of the earliest conserved patho-
logical features across the heterogenous spectrum of 
ALS, occurring in the periphery at the neuromuscu-
lar junction (NMJ) and within the cortex, often before 
presentation of symptoms [14–16]. Recent transcrip-
tomic and proteomic studies in human ALS brain have 
also highlighted changes in synaptic genes and proteins 
[17, 18]. However, protein alterations in small struc-
tures such as the synapse can be diluted in whole cell/
tissue analyses. Furthermore, deep proteomic profiling 
of human brain can reveal changes in protein expres-
sion that are not highlighted by RNA expression anal-
ysis [19, 20]. This highlights the importance of using 
well-characterised human samples for the develop-
ment of comprehensive proteomic datasets. There are 

no such datasets currently available for the human ALS 
synapse.

To address this gap, we have isolated synaptically-
enriched fractions from ALS and control brain and per-
formed high-resolution proteomic analysis to uncover 
the changes in the ALS synaptic proteome. We have 
identified almost 6000 proteins at the human synapse, 
showcasing the breadth of analysis possible. We provide 
comprehensive datasets of the synaptic proteome from 
two cortical brain areas, BA4 (primary motor cortex) and 
BA9 (dorsolateral prefrontal cortex). Furthermore, we 
stratified the ALS cohort by cognitive performance and 
C9ORF72-RE status to uncover links between these clini-
cal factors and underlying molecular changes at the syn-
apse. Using a robust bioinformatics approach, we have 
uncovered specific pathways and proteins altered in the 
ALS synaptic proteome compared to controls. Impor-
tantly, we discovered the presence of a C9ORF72-RE has 
a distinct effect on the synaptic proteome.

This study not only provides valuable datasets for the 
field, but also strengthens the hypothesis for synaptic 
dysfunction as an important feature of ALS and high-
lights proteins and pathways that could be exploited for 
future therapeutic development.

Materials and methods
Donor characteristics and brain collection
All donors were assessed using the revised El Escorial 
criteria for diagnosing ALS [21]. Patients were recruited 
through the Scottish Motor Neurone Disease Register 
and data collected in the CARE-MND database (Clini-
cal Audit Research and Evaluation). Ethical approval for 
this register was obtained from Scotland A Research Eth-
ics Committee 10/MRE00/78 and 15/SS/0216. All clinical 
data were subsequently extracted from the CARE-MND 
database. Use of patient samples for genetic profiling has 
been approved by the Chief Scientist Office Scotland; 
MREC/98/0/56 1989–2010, 10/MRE00/77 2011–2013, 
13/ES/0126 2013–2015, 15/ES/0094 2015-present.

The genetic and cognitive status of ALS patients was 
obtained via the CARE-MND database. Cognition was 
assessed using the Edinburgh Cognitive and Behavioural 
ALS Screen (ECAS, [22]) and genetic profile confirmed 
as previously described [23]. Following completion of 
the proteomics data it became apparent that one ALS 
case was incorrectly classified as ALSci and in fact had a 
normal ECAS score (red symbol in Additional File 2: Fig. 
S1D). We expect this to have minimal effect as the influ-
ence of this one sample will be dampened by the other 8 
within the ALSci experimental pool. Whether we physi-
cally pool individual samples or generate a mean value 
from individual samples after western blot, the result is 
remarkably similar, suggesting the influence of a single 
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sample is minimal on the overall group result (Additional 
File 2: Fig. S3).

Use of human tissue for post-mortem studies has been 
reviewed and approved by the Edinburgh Brain Bank 
ethics committee and the ACCORD medical research 
ethics committee, AMREC (ACCORD is the Academic 
and Clinical Central Office for Research and Develop-
ment, a joint office of the University of Edinburgh and 
NHS Lothian, approval number 15-HV-016). The Edin-
burgh Brain Bank has research ethics committee (REC) 
approval (21/ES/0087).

Tissue was obtained from the primary motor cortex 
(BA4) and the dorsolateral prefrontal cortex (BA9) of 
age/gender matched clinically diagnosed ALS patients 
(n = 11) and control (no neurological condition) indi-
viduals (n = 18). Summary demographics can be found in 
Table 1 and individual donor information found in Addi-
tional File 3: Table S1.

Preparation of synaptoneurosomes
Total homogenate (TH) and synaptoneurosome (SNS) 
preparation was performed as described previously 
[24, 25], see Additional File 2: Fig. S1A. Briefly, tissue 
from BA4 and BA9 from each case was homogenised 
in homogenisation buffer (25  mM HEPES (pH 7.5), 
120  mM NaCl, 5  mM KCl, 1  mM MgCl2, 2  mM CaCl2, 
protease inhibitors (Roche #11,836,153,001) and phos-
phatase inhibitors (Thermo Scientific #A32959)) using 
glass homogenisers, on ice. The homogenised tissue was 
then filtered through an 80 µm nylon filter, and a TH ali-
quot was stored on dry ice. The remainder of the crude 
homogenate was filtered further through a 5  µm filter 
(Millipore, SLSV025LS) and centrifuged for 5  min at 
1000 g. Pellets were washed in homogenisation buffer and 
supernatant was disposed. The final pellet was weighed 
and resuspended in 100  mM Tris–HCL Buffer (pH 7.6) 
4% SDS containing 1% protease inhibitor cocktail (Roche 

#11,836,153,001) in 1:5 dilution based on pellet weight. 
Samples were further homogenised by hand and centri-
fuged at 17,000 g at 4 °C for 20 min, and the supernatant 
collected. Concentration of the samples were determined 
using a Micro BCA Protein Assay kit (Thermo Scientific 
#23,235).

Pooling samples into experimental groups
25 µg of protein from each individual donor was pooled 
based on the stratification of the subjects (Fig.  1B), to 
generate 10 experimental pools. This resulted in one rep-
resentative pooled master sample for each group, along 
with original samples from individuals, and all samples 
were stored at -80  °C until further experiments. The 10 
pools were as follows: Pool 1—Control BA9 (n = 11); Pool 
2—ALS BA9 (n = 18); Pool 3—Control BA4 (n = 11); Pool 
4—ALS BA4 (n = 18); Pool 5—ALSnoci BA9 (n = 9); Pool 
6—ALSnoci BA4 (n = 9); Pool 7—ALSci BA9 (n = 9); 
Pool 8—ALSci BA4 (n = 9); Pool 9—C9ORF72-ve BA9 
(n = 12); Pool 10—C9ORF72 +ve BA9 (n = 6).

Western blot
10 µg of sample was prepared with 4X Laemilli sample 
buffer (Bio-Rad, #1,610,747), beta-mercaptoethanol 
and denatured at 95 °C for 5 min. Samples were loaded 
into 4–20% Tris–Glycine 1.0  mm polyacrylamide pre-
cast gels (Thermo Fisher, #WXP42020BOX) along with 
5 µl protein ladder (Li-Cor #928–70,000). After electro-
phoresis, proteins were transferred onto nitrocellulose 
membrane using precast transfer stacks (Invitrogen, 
#IB23001) with the iBlot™ 2 Gel Transfer Device (Inv-
itrogen, #IB21001). Membrane was then stained for 
total protein using REVERT™ 700 Total Protein stain 
(Li-Cor, REVERT™ 700 Total Protein Stain Kits, #926–
11,010) and imaged with the Li-Cor Odyssey system. 
After imaging, the membrane was destained based on 
manufacturer’s instructions. Membranes were block 

Table 1  Summary demographic data of donors. Post-mortem interval, age at death and ECAS score are presented as mean ± S.D. 
ECAS score was significantly lower in ALSci compared to ALSnoci (*2-tailed t-test; p = 0.0005). No differences were found between any 
other group comparisons. Presence of pTDP43 pathology was assessed blind to diagnosis and cases were classed as pTDP43 positive if 
aggregates were observed anywhere in the paraffin-embedded section

Experimental group n Post-mortem 
interval (hrs)

Age at death 
(years)

ECAS score 
(Max. 136)

Gender (% 
Male)

pTDP43 BA4 
(positive cases)

pTDP43 BA9 
(positive 
cases)

Control 11 74 ± 24 66 ± 18 64 0/11 1/11

ALS 18 81 ± 29 64 ± 10 56 15/18 10/18

ALSnoci 9 95 ± 29 66 ± 9 117 ± 5 44 8/9 5/9

ALSci 9 67 ± 24 62 ± 11 99 ± 11* 67 7/9 6/9

ALS c9 −ve 12 88 ± 29 58 ± 9 108 ± 15 58 10/12 6/12

ALS c9 +ve 6 66 ± 27 67 ± 9 108 ± 8 50 5/6 4/6
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with 5%milk/TBST or 5% BSA/TBST solution for an 
hour. Primary antibodies were diluted in the suitable 
block solution and membranes were incubated over-
night at 4 °C. Next day, after extensive washes second-
ary antibody was diluted in block and incubated for an 
hour at room temperature, then imaged with the Li-
Cor Odyssey system. The details of primary and sec-
ondary antibodies are summarized in Additional File 4: 
Table S2. Total protein stains shown in Additional File 
2: Fig. S1D were generated by running 3ug total protein 
in 4–20% Tris–Glycine 1.0 mm polyacrylamide precast 
gels (as above) and performing an Instant Blue total 
protein stain, per manufacturer instructions (Expe-
deon). All original blots are found in Additional File 5: 
Appendix 1.

Tandem mass tagged (TMT) liquid chromatography mass 
spectrometry (LC–MS/MS)
S‑trap processing of samples
100 µg of total protein per experimental group was pro-
cessed using S-trap mini protocol (Protifi) as recom-
mended by the manufacturer. Samples were applied on 
the S-trap mini spin column and trapped proteins were 
washed 5 times with S-TRAP binding buffer. Samples 
were digested with trypsin (1:50) overnight at 37  °C in 
150 µl of TEAB at a final concentration of 100 mM. Pep-
tides from S-Trap mini spin column were eluted by cen-
trifugation at 4000 g for 30 s in 160 µl of 50 mM TEAB, 
then 160 µl of 2% aqueous formic acid and finally 160 µl 
of 50% acetonitrile/0.2% formic acid. Resulting tryp-
tic peptides were pooled, dried and quantified using 
Pierce Quantitative fluorometric Peptide Assay (Thermo 
Scientific).

10‑plex TMT labelling and high pH reverse phase 
fractionation
Samples were labelled with TMT tags using Pierce High 
pH Reversed-Phase Peptide Fractionation kit (Thermo 
Scientific, #84,868) following manufacturer’s protocol. 
Desalted tryptic peptides (37 µg each sample) were dis-
solved in 100  µl of 100  mM TEAB. The 10 TMT labels 
were added to different samples after being dissolved in 
41 µl of anhydrous acetonitrile. Mixtures were incubated 
for 1  h at room temperature, 8  µl of 5% hydroxylamine 
was added per sample to stop the labelling reaction. 
Samples were mixed, desalted and dried in speed-vac 
at 30 °C following labelling with TMT. 200 µl of ammo-
nium formate (NH4HCO2) (10  mM, pH 9.5) was used 
to re-dissolve the samples and peptides were fraction-
ated using High pH RP Chromatography. A C18 Col-
umn from Waters (XBridge peptide BEH, 130 Å, 3.5 µm 
2.1 × 150  mm, Waters, Ireland) with a guard column 
(XBridge, C18, 3.5  µm, 2.1X10mm, Waters) were used 

on an Ultimate 3000 HPLC (Thermo Scientific). Buffer 
A: 10  mM ammonium formate in milliQ water pH 9.5 
and Buffer B: 10 mM ammonium formate, pH 9.5 in 90% 
acetonitrile were used for fractionation. Fractions were 
collected at 1  min intervals using a WPS-3000FC auto-
sampler (Thermo Scientific). Column and guard were 
equilibrated with 2% Buffer B for 20  min at a flow rate 
of 0.2 ml/min. Separation gradient of column was started 
1 min after 190 µl of TMT labelled peptides were injected 
into the column. Elution of peptides was done with a col-
umn gradient of 2% Buffer B to 10% Buffer B in 6  min, 
and then from 10% Buffer B to 47% Buffer B in 53 min. 
Column was washed for 15  min in 100% Buffer B and 
equilibrated at 2% Buffer B for 20  min. Fraction collec-
tion resulted in a total of 80 fractions, 200 µl each, as the 
fraction collection was stopped after 80  min. The total 
number of fractions concatenated was set to 20 and the 
content of the fractions was dried and suspended in 50 µl 
of 1% formic acid prior to analysis with LC–MS.

LC–MS analysis
Mass spectrometry analysis was carried out at the ‘Fin-
gerPrints’ Proteomics Facility, School of Life Sciences, 
University of Dundee.

Analysis of peptides was performed on a Q-Exactive-
HF (Thermo Scientific) mass spectrometer coupled with 
a Dionex Ultimate 3000 RSLC Nano (Thermo Scientific). 
LC buffers were the following: buffer A (0.1% formic acid 
in Milli-Q water (v/v)) and buffer B (80% acetonitrile 
and 0.1% formic acid in Milli-Q water (v/v). Aliquots of 
5–7.5 μL of each sample were loaded at 10 μL/min onto 
a trap column (100 μm × 2  cm, PepMap nanoViper C18 
column, 5 μm, 100 Å, Thermo Scientific) equilibrated in 
0.1% formic acid. The trap column was washed for 5 min 
at the same flow rate with 0.1% formic acid and then 
switched in-line with a Thermo Scientific, resolving C18 
column (75  μm × 50  cm, PepMap RSLC C18 column, 
2 μm, 100 Å). The peptides were eluted from the column 
at a constant flow rate of 300  nl/min starting from 5% 
buffer B to 5% buffer B in 8 min, then from 5% buffer B to 
35% buffer B in 125 min, and then to 98% buffer B within 
2 min. The column was then washed with 98% buffer B 
for 20 min and re-equilibrated in 5% buffer B for 17 min. 
The column was kept all the time at a constant tempera-
ture of 50 °C.

Q-Exactive HF was operated in data dependent positive 
ionisation mode. The source voltage was set to 2.4 kV and 
the capillary temperature was 250  °C. A scan cycle com-
prised MS1 scan (m/z range from 335 to 1600, with a max-
imum ion injection time of 50 ms, a resolution of 120,000 
and automatic gain control (AGC) value of 3 × 106) fol-
lowed by 15 sequential dependant MS2 scans (resolu-
tion 60,000) of the most intense ions fulfilling predefined 
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selection criteria (AGC 1 × 105, maximum ion injection 
time 200 ms, isolation window of 0.7 m/z, fixed first mass 
of 100  m/z, NCE/Stepped nce32, spectrum data type: 
centroid, AGC target of 1e5, exclusion of unassigned, sin-
gly and > 6 charged precursors, peptide match preferred, 
exclude isotopes on, dynamic exclusion time of 45 s). Mass 
accuracy is checked before the start of samples.

Peptide quantification
The raw mass spectrometric data files obtained for each 
experiment were collated into a single quantitated data 
set using MaxQuant (version 1.6.2.10) [26]  and searched 
against the SwissProt subset of the H. sapiens Uniprot 
database (May 2019 release) using the Andromeda search 
engine software [27]. Enzyme specificity was set to that 
of trypsin, allowing for cleavage of N-terminal to proline 
residues and between aspartic acid and proline residues. 
Other parameters used were: (i) variable modifica-
tions, methionine oxidation, deamidation (N,Q) protein 
N-acetylation, gln—pyro-glu, Phospho(STY); (ii) fixed 
modifications, cysteine carbamidomethylation; (iii) TMT 
10-plex labels; (iv) MS/MS tolerance: FTMS- 10  ppm, 
ITMS- 0.06  Da; (vi) maximum peptide length, 6; (vii) 
maximum missed cleavages, 2; (vii) maximum of labelled 
amino acids, 3; and (viii) false discovery rate, 1%. The cor-
rection factors for the TMT labelling were also applied.

The mass spectrometry proteomics data have been 
deposited to the ProteomeXchange Consortium via the 
PRIDE partner repository (https://​www.​ebi.​ac.​uk/​pride/) 
with the dataset identifier PXD037393.

Bioinformatic analyses
MaxQuant output files were filtered by number of unique 
peptides per protein and by missing values. Protein iden-
tifications that were assigned with ≥ 2 unique peptides 
were retained. In addition, those proteins which were not 
detected in all samples, were excluded. After these robust 
clean-up steps, there were 5,348 analysis-ready proteins. 
ALS data was normalised to control and then 1/median 
normalized to correct for any minor loading variables, 
generating ratiometric values for each protein for each 
experimental comparison. We chose a threshold vale 
of 20% as a relevant change in protein expression (≥ 1.2 
or ≤ 0.8 ratio change). This value was chosen as post-hoc 
validation of protein change by modern western blotting 
technology is sensitive enough to validate these changes 
[25, 28]. This analysis-ready dataset can be found in 
Additional File 1: Dataset 1.

Enrichment analysis
All Swiss-Prot ID were inputted into Database for Anno-
tation, Visualisation and Integrated Discovery (DAVID) 

software to identify enriched biological themes within 
the dataset [29, 30]. This database generates a gene-to-
gene similarity matrix using a clustering algorithm to 
classify highly related genes into functionally related 
groups. As DAVID can only analyse a maximum of 3000 
IDs at once, we halved our dataset using a random num-
ber generator tool in Excel. Each protein ID was assigned 
a random number which was then organised by descend-
ing order. Group1 and Group2 contained 2674 gene sym-
bols (Additional File 2: Fig. S2D). Clusters were identified 
using the Functional Annotation Clustering tool. For 
more information on the statistics and enrichment algo-
rithms, see the original paper and recent update [29, 30].

To identify the enriched Gene Ontology terms (GO) 
and KEGG pathways we used g:Profiler and ShinyGo 
v0.75. Swiss-Prot IDs were submitted into the online 
platforms with the specification of Homo Sapiens data-
sets. Then, enriched terms were downloaded and plotted.

Data visualization
For visualization of enrichment data we used R version 
4.1.2, ggplot2 package. For calculating and plotting Venn 
diagrams, we used the free online software of the Van de 
Peer Lab: https://​bioin​forma​tics.​psb.​ugent.​be/​webto​ols/​
Venn/. For visualizing heatmaps, first, all protein ratio-
metric values were log2 transformed, and the Z-score 
was counted using the following formula:

Heatmaps were plotted using the heatmap.2 module 
from the gplots package of R software, using hierarchi-
cal clustering with Euclidean distance.

Workflow and schematic figures were prepared using 
BioRender, www.​biore​nder.​com.

Array tomography
Tissue was processed for array tomography as previ-
ously described [31]. Briefly, fresh post-mortem tissue 
from BA9 was dissected and fixed in 4% paraformalde-
hyde in PBS for 2, 3  h. Samples were then dehydrated 
through ascending ethanol washes (50%, 70%, 90% and 
100%, respectively) and incubated in LR White resin 
(Electron Microscopy Sciences) overnight. Blocks 
were then placed individually into capsules containing 
LR White and polymerized overnight at 60  °C. Tissue 
blocks were cut into serial sections of 70  nm thick-
ness using an ultracut microtome (Leica UC7) with 
a Histo Jumbo Diamond knife (Diatome, Hatfield, 
PA). Tissue ribbons were collected on gelatin-coated 
glass coverslips and permeabilised using a 50 mM gly-
cine solution and blocked for 30  min (0.1% fish skin 

ratiometric value− groupmean

standard deviation of group

https://www.ebi.ac.uk/pride/
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://bioinformatics.psb.ugent.be/webtools/Venn/
http://www.biorender.com
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gelatin and 0.05% Tween20 in TBS). Afterwards, sam-
ples were immunostained with primary antibodies 
against synaptophysin (1:50, ab8049, Abcam) and syn-
aptopodin (1:50, 21,064–1-AP, Proteintech) overnight. 
No primary, negative control was included to rule out 
non-specific binding of the secondary antibodies. The 
following day, the staining was developed with fluores-
cently-labelled secondary antibodies (1:50 donkey anti-
mouse Alexa fluor 488–ab150105, Abcam; 1:50 donkey 
anti-rabbit Alexa fluor 594–ab150076, Abcam, respec-
tively) for 30 min and DAPI (1:1000, ab228549, Abcam) 
for 5 min. Samples were then mounted onto slides with 
Immumount mounting media. Images were obtained 
at the same position on each section along the ribbon 
using a DeltaVision Elite widefield fluorescence micro-
scope (Image solutions) equipped with a CoolSnap 
digital camera and softWoRx software. High resolution 
images were obtained with a 63 × 1.4NA Plan Apochro-
mat objective. At least two image stacks were captured 
per region for each case. Stacks were aligned using the 
ImageJ Multistack Reg plugin [32]. All aligned image 
stacks were then thresholded, segmented and puncta 
densities measured using a custom MATLAB script. 
Colocalisation analysis of the segmented images was 
performed using an in-house Python script. All custom 
software can be downloaded from GitHub at https://​
github.​com/​array​tomog​raphy​users/​Array_​tomog​
raphy_​analy​sis_​tool and https://​github.​com/​lewis​wilki​
ns/​Array-​Tomog​raphy-​Tool.

Results
To ensure the production of a high-quality proteom-
ics dataset that allows biologically meaningful compari-
sons to be made, we designed an experiment comprising 
29 brain donors (11 healthy controls and 18 ALS cases). 
Samples were age and gender matched and summary 
demographic information can be found in Table 1. More 
detailed individual demographic data can be found in 
Additional File 3: Table S1.

Our experimental design incorporated disease, brain 
region, C9ORF72-RE status and cognitive profile, as 
summarised in Fig.  1A, B. To prevent confounding 
influences of individual samples due to subtle differ-
ences in brain handling, sample preparation or protein 
extraction, we pooled samples into 10 pre-determined 
experimental groups (Fig.  1B). Pooling produces a rep-
resentative master sample for each experimental group, 
generated from multiple individual samples, which can 
be further analysed for inter-individual variability using 
other approaches. Pooling provides evidence of protein 
changes at a population level and minimises the influ-
ence of unusually divergent changes driven by individual 
samples. This is important as data suggests that protein 

extraction from human brain is the stage at which most 
variability is introduced to a proteomics experiment [33]. 
Essentially, due to the dilution of all individuals into the 
pooled sample, only robust changes that occur in all or 
most individuals will emerge within our pool. We have 
retained all individual samples for validatory experi-
ments. Furthermore, it allows the direct comparison of 
multiple experimental groups at the same time in the 
same mass-spectrometer, eliminating the natural vari-
ability accompanying multiple experimental runs and 
dramatically reducing equipment runs and costs. We 
have used this optimised approach in numerous previous 
publications [25, 28, 34–37].

Synaptoneurosome characterisation
Synaptoneurosomes consist of re-sealed presynaptic ter-
minals and postsynaptic spines. We have shown in pre-
vious work using transmission electron microscopy that 
intact synapses with clear pre- and postsynaptic com-
partments are retained in these preparations [24, 25]. 
They keep their trans-synaptic connection, membrane 
proteins and cytosolic proteins, vesicles and organelles. 
They will also contain tightly bound glial processes 
(Additional File 2: Fig. S1B). Therefore, synaptoneuro-
somes can provide extensive insight into the synaptic 
environment but should not be considered as purified 
synaptic preparations.

The quality of the synaptically-enriched preparations 
(Additional File 2: Fig. S1C–E) was assessed using well-
characterised molecular approaches as described pre-
viously [24, 25, 28]. We first confirmed that the nuclear 
protein lamin was not detected in synaptic preparations 
and the synaptic protein synaptophysin was enriched 
(Additional File 2: Fig. S1C). Furthermore, in addition to 
the 10 experimental pools, all constituent individual sam-
ples were run as total protein gels and consistent banding 
and expression between samples was observed (Addi-
tional File 2: Fig. S1D, E).

Bioinformatic characterisation of synaptoneurosome 
proteome
Following the validation of synaptoneurosome quality, we 
initiated a bottom-up, discovery, 10-plex TMT LC–MS/
MS proteomics workflow (Fig.  1A). All 10 experimen-
tal pools were run at the same time, through the same 
mass-spec, allowing direct comparison and quantifica-
tion of proteins between groups. In total, 6059 proteins 
were putatively detected. We filtered these protein IDs 
based on the stringent identification criteria of 2 or more 
unique peptides and removed any proteins not detected 
in one or more groups, yielding 5348 analysis-ready 
proteins (Additional File 2: Fig. S2A, Additional File 1: 

https://github.com/arraytomographyusers/Array_tomography_analysis_tool
https://github.com/arraytomographyusers/Array_tomography_analysis_tool
https://github.com/arraytomographyusers/Array_tomography_analysis_tool
https://github.com/lewiswilkins/Array-Tomography-Tool
https://github.com/lewiswilkins/Array-Tomography-Tool
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Dataset 1). Therefore, all proteins analysed throughout 
were identified by ≥ 2 unique peptides and identifiable 
within all 10 samples, allowing robust comparisons of 
protein expression to be made between groups. To con-
firm that our dataset profiled an enriched synaptic pro-
teome, we performed several alignment and enrichment 
analyses. Firstly, we aligned our filtered dataset with two 
recent human brain and synapse proteome studies [38, 
39]. This revealed > 99% of our dataset matched recently 
published data (Fig.  1C). We also aligned our data with 
three synapse proteome databases [40–42], reveal-
ing > 90% of our data overlapped (Additional File 2: Fig. 
S2B). KEGG pathway analysis showed strong enrichment 
of common neuronal and synaptic pathways (Fig. 1D) and 
ShinyGO online analyses [43] revealed strong enrich-
ment of synaptic terms in cellular compartment, molecu-
lar function, and biological processes (Fig. 1E). Utilising 
two further enrichment tools (g:Profiler [44] and DAVID 
functional annotation [29]), we continually reported clear 
enrichment of synaptic terms (Additional File 2: Fig. S2C, 
D).

Taken together, this comprehensive analysis revealed 
strong enrichment of synaptic components in our sam-
ples and significant overlap with previously published 
human proteomic data.

To ensure changes identified by mass-spectrometry 
truly reflect the protein changes within the samples, we 
assessed the change in expression of a selection of pro-
teins by western blot. We selected two proteins that were 
increased in ALS, two that were decreased and two that 
did not change, to ensure we gathered a range of pro-
tein alterations to assess for correlation between the two 
methodologies. Ratiometric change in protein expression 
was quantified (by dividing ALS protein intensity by con-
trol intensity) and plotted against the proteomics ratio-
metric data (by dividing ALS protein intensity by control 
intensity and correcting by 1/median), revealing a robust 
correlation (R2 = 0.849, p = 0.0032; Additional File 2: Fig. 
S3A, B). This suggests the protein changes highlighted 
by our mass-spectrometry approach, are reflective of the 
protein changes occurring within our samples as they 
could be validated using two distinct methodologies. To 
assess inter-individual variability within our group sam-
ples, we randomly selected 6 ALS samples and 6 controls, 
then blotted for two proteins (Additional File 2: Fig. S3C). 
While inter-individual variability was high as expected 
for human samples, the mean population change in 
expression closely matched the proteomics data gener-
ated by pooled samples, showing increases and decreases 
where expected (Additional File 2: Fig. S3C). This sug-
gests our pooling strategy does generate a population 
level sample and is representative of our experimental 
cohort. This also shows that our proteomics approach 

can be used to highlight population-level alterations at 
the synapse, which can then be further analysed post-hoc 
at an individual sample level.

Synaptic expression of ALS‑associated proteins
Confident that we have a synaptically-enriched dataset 
and a validated proteomics approach, we first looked 
for ALS-associated proteins within our data. Using four 
recently published studies [1, 45–47] we collated 58 ALS-
associated genes and found the protein product of 37 of 
them in our dataset (Additional File 2: Fig. S4A). Proteins 
were described to have altered abundance if their expres-
sion changed by more than 20%. This cut off was chosen 
for a technical reason and is described in the Methods 
section. Importantly, we see expression changes in 
some of these proteins including FUS, SOD1, SQSTM1 
and MATR3. As observed in previous work [48] we 
see a remarkably similar 20% decrease in expression of 
C9ORF72 in the C9ORF72-RE +ve group (Additional 
File 2: Fig. S4B). Importantly, C9ORF72 forms a molec-
ular complex with SMCR8 and we found SMCR8 levels 
also drop by a similar 20%. The most significant change 
is an upregulation of COG3 (part of the Conserved Oli-
gomeric Golgi complex) in ALS BA4 and BA9. COG3 is 
a recently identified ALS-associated gene [45] and its role 
is yet to be elucidated in ALS. COG proteins are essen-
tial for regulating Golgi processes and influence protein 
trafficking and glycosylation in neurons, with mutations 
linked to several neurological disorders [49]. Golgi frag-
mentation occurs presymptomatically in models of ALS 
and is observed in both familial and sporadic human 
patients (reviewed in [50]). Interestingly, several mem-
bers of the COG complex were found to be altered in 
our dataset, with some increased across all groups (Addi-
tional File 2: Fig. S4C, D).

Regional variation in the ALS synaptic proteome
Following this targeted analysis of ALS-associated pro-
teins, we next took a broader look at synaptic protein 
change between control and ALS samples from both BA4 
and BA9. We identified almost 500 proteins in either BA4 
or BA9 with altered expression in ALS compared to con-
trols (Additional File 2: Fig. S5A).

When stratified by region, which revealed region-
specific changes in protein abundance (Fig.  2A), more 
than 300 proteins changed in ALS BA4 (236 UP, 82 
DOWN) and almost 250 changed in ALS BA9 (168 UP, 
82 DOWN) when compared to controls (Additional File 
2: Fig. S5A). KEGG pathway analyses using just the up- 
and downregulated proteins revealed enrichment for 
inflammatory pathways such as complement and coagu-
lation pathways in both brain areas (Fig. 2B, C). Interest-
ingly, BA4 revealed more diverse changes at the pathway 
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level, highlighting the importance of GABAergic signal-
ling and RNA splicing in ALS (Fig. 2B). Following further 
analysis using the synaptic database by Sorokina and col-
leagues [40] we discovered that most of the altered pro-
teins were postsynaptic in both brain areas (Fig. 2D). Of 
the > 300 altered proteins in BA4, 221 were specific for 
that region and KEGG analysis revealed strong enrich-
ment of lipid metabolism pathways (Fig. 2E–G). Next, we 
submitted the BA4-specific proteins into the experimen-
tally validated SynGO database, which revealed the sub-
synaptic localization of each protein (Fig.  2J). Despite a 
small percentage of presynaptic change (Fig. 2D), SynGO 
highlighted disruption in presynaptic vesicular trafficking 
(Fig.  2J). Interestingly, postsynaptic glutamate receptor 
upregulation and cytoskeletal changes dominated.

In BA9, 152 proteins were specifically altered, which 
were mostly enriched in peptide metabolism and synap-
tic translation pathways (Fig. 2H, I). As can be seen from 
Fig. 2J, we also found a remarkable downregulation of key 
mitochondrial proteins which may reflect mitochondrial 
stress and energy disbalance at the synapse (Fig. 2J). Sev-
eral ribosomal proteins were specifically upregulated at 
the BA9 synapse, possibly highlighting a dysfunction in 
synaptic RNA processing as an early marker of ALS syn-
aptic stress.

Synaptic protein changes in ALS with cognitive 
impairment
ALS patients with cognitive impairment (ALSci) have 
a worse disease prognosis [51] and the underlying 

Fig. 1  Enrichment analysis of our synaptic fractions. A Schematic diagram shows experimental workflow. Synaptically-enriched fractions were 
collected using BA9 and BA4 brain areas from both control and ALS patients. Synaptic protein fractions were Tandem Mass Tag (TMT) labelled and 
analysed by liquid chromatography, mass spectrometry-based quantification and identification (LC–MS/MS). Data was analysed using MaxQuant 
quantitative proteomics software. B Schematic showing our experimental pooling strategy. Each coloured rectangle represents one experimental 
group, there are 10 in total. The number of individual samples in each pool is indicated. C The identified 5348 unique proteins demonstrate a 99% 
overlap with previously published human proteomics data. D, E Bioinformatics analysis using ShinyGo enrichment analyser with protein IDs show 
the top 30 KEGG pathways (D) and plotted based on fold enrichment and gene counts/pathway (dot size), colorized by -log10(FDR). Colorized bar 
graphs by gene counts show (E) the top 15 enriched biological terms in Gene Ontology (GO) clusters
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pathophysiology for this is unknown. We previously dis-
covered synaptic loss associated with cognitive decline 
in BA9 in ALSci [12], however, nothing is known about 
the molecular changes at the synapse. To address this, we 
analysed the synaptic proteome in BA4 and BA9 in ALSci 
samples versus ALS cases with no cognitive impair-
ment (ALSnoci) to specifically highlight distinct protein 
alterations in ALSci synapses. Cognitive function was 
determined by the extensively validated ECAS test [8]. 

Patients with a total ECAS scores below 105 were classi-
fied as impaired [22]. We discovered altered expression of 
more than 400 proteins in ALS BA9 compared to control, 
when samples were stratified by cognitive status (Addi-
tional File 2: Fig. S5C, Fig. 3A). Enriched KEGG pathways 
within the altered proteins include numerous pathways 
involved in molecular transport and protein localisation 
and complement pathways (Fig. 3B). More than 260 pro-
teins changed in the ALSci group compared to controls 

Fig. 2  Regional differences in the ALS synaptic proteome A Heatmap shows the region-specific protein changes. KEGG pathways show the 
most enriched terms in both BA4 (B) and BA9 (C) using only the ≥ 20% changed protein IDs. Graphs were plotted based on fold enrichment and 
gene counts/pathway (dot size) and coloured based on  −log10(FDR) D Subsynaptic compartmentalization of the changed proteins utilising the 
Sorokina database shows mostly postsynaptic enrichment in both brain areas. E Top 10 up- and downregulated proteins in both brain areas. F, 
H. Top up- and downregulated proteins specifically changed in highlighted brain area. G, I. Enrichment analysis shows the top GO—molecular 
function terms in both brain areas. J. Subsynaptic localization of the brain area-specific, up- and downregulated proteins, discovered by the SynGO 
database. D and J were created with BioRender.com
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and 143 of these were specific for the ALSci group, 
100 proteins were upregulated and 43 downregulated 
(Fig. 3C–E). Gene ontology analysis of these 143 proteins 
revealed enrichment of inflammatory signalling path-
ways and RNA biology (Fig. 3E). In addition, subsynaptic 
compartmentalization analysis revealed that important 
synapse-spanning adhesion (CDH7) and postsynaptic 

scaffolding proteins (FRMPD4) are downregulated, 
meanwhile several ribosomal proteins are upregulated 
(Fig. 3F).

In BA4 we found a more severe change with over 600 
proteins altered across ALSci and ALSnoci groups com-
pared to controls (Additional File 2: Figs. 4A, 5B). KEGG 
pathway analysis of these proteins revealed enrichment 

Fig. 3  Cognitive impairment is associated with specific pathway changes in BA9. A Heatmap shows the protein expression differences between 
cognitively impaired (ALSci) and non-impaired (ALSnoci) groups. B KEGG pathway analysis visualises the most enriched pathways in these groups. 
Graph was plotted based on fold enrichment and gene counts/pathway (dot size), coloured based on -log10(FDR). C Heatmaps show the Top 10 
up- and downregulated proteins in each group. D Top 10 ALSci-specific protein changes with the number of the up and down-regulated proteins. 
E Gene ontology analysis show the most enriched molecular function terms using ALSci-specific proteins. F Subsynaptic localization of the 
ALSci-specific protein changes, discovered by the SynGO database. Schematic figure was created by using BioRender.com
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of pathways involved in complement activation, meta-
bolic pathways and the regulation of actin cytoskeleton 
(Fig.  4B). When stratified by cognitive status we found 
that ALSci BA4 synapses expressed 271 upregulated 
and 114 downregulated proteins (Additional File 2: Figs. 

S5B and S4C). ALSci-specific synaptic changes in BA4 
consisted of 162 upregulated and 68 downregulated pro-
teins (Fig.  4D). Gene ontology of these 230 ALSci-spe-
cific proteins in BA4, revealed significant enrichment of 
RAGE receptor biology, cytoskeleton pathways and RNA 

Fig. 4  Cognitive impairment is associated with specific pathway changes in BA4. A Heatmap shows the protein expression differences between 
non cognitively impaired (ALSnoci) and impaired (ALSci) groups. B Further enrichment analysis shows the most enriched KEGG pathways which 
were plotted based on fold enrichment and gene counts/pathway (dot size), coloured based on -log10(FDR). C Top 10 up- and downregulated 
proteins per highlighted group. D Heatmap shows the ALSci-specific protein changes with the number of proteins noted. E Gene ontology analysis 
shows the top enriched molecular terms based on the ALSci-specific proteins. F Schematic figure shows the localization of the ALSci-specific 
proteins, discovered by the SynGO database. Panel was created using BioRender.com
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biology (Fig. 4E). Interestingly, subsynaptic analysis iden-
tified proteins involved in synaptic vesicle docking and 
turnover were downregulated, along with several key 
proteins involved in synaptic adhesion (Fig. 4F).

Impact of C9ORF72‑RE on the synaptic proteome
Finally, we assessed the role of C9ORF72-RE on the ALS 
synaptic proteome by stratifying BA9 samples based on 
the patient’s C9ORF72-RE status. Analysis of protein 
changes across both groups revealed almost 600 altered 

proteins compared to controls (Additional File 2: Fig. S5A 
and D). Interestingly, almost twice as many proteins were 
altered in the C9ORF72-RE+ ve group (453) compared to 
the C9ORF72-RE-ve group (257) when compared to con-
trols (Additional File 2: Fig. S5D). KEGG pathway anal-
ysis of all 587 altered proteins across groups, revealed 
enrichment of complement and metabolism pathways 
again, but also synaptically-important pathways involv-
ing different synapse types (glutamatergic and seroton-
ergic), and neurodegenerative disease pathways such as 

Fig. 5  Impact of C9ORF72-RE on ALS synaptic proteome. A Heatmap showing the protein expression differences between C9ORF72-ve and 
C9ORF72-RE +ve groups. B KEGG pathways revealing the most enriched signalling pathways in both groups. Diagram was plotted based on fold 
enrichment and gene counts/pathway (dot size), coloured based on -log10(FDR). C Top 10 up- and downregulated proteins per group. D Heatmap 
shows C9ORF72 +ve-specific protein changes with the number of altered proteins highlighted. E Gene ontology analyses show the top enriched 
molecular terms using C9ORF72 +ve-specific protein IDs. F Schematic figure shows the subsynaptic localization of the C9ORF72 +ve-specific 
proteins discovered by the SynGO database. Panel was created using BioRender.com
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Parkinson’s and Prion disease (Fig. 5B). Strikingly, 330 of 
the 453 altered proteins in the C9ORF72-RE +ve group, 
were specifically altered in that group (Fig.  5D). Gene 
ontology analysis of those 330 proteins revealed signifi-
cant enrichment of synaptic receptor pathways, with a 
strong focus on glutamatergic receptor function (Fig. 5E). 
Interestingly, in confirmation of this, subsynaptic analysis 
of the C9ORF72-RE +ve specific proteins revealed that 
the majority were found postsynaptically and enriched 
within the postsynaptic density or the actin cytoskeleton 
(Fig.  5F). Strikingly, many key synaptic scaffolding pro-
teins such as Shanks and Homers were upregulated. In 
addition, we found that several presynaptic vesicular pro-
teins were altered, which may result in the malfunction 
of neurotransmitter release. The dramatic postsynaptic 
changes may be an attempt to compensate for presynap-
tic dysfunction (Fig. 5F).

To confirm if the dramatic postsynaptic change is 
reflective of changes in the intact brain, we analysed 
expression and localisation of two proteins at the sin-
gle synapse level using array tomography. We selected 
the unchanged presynaptic protein synaptophysin and 
the upregulated postsynaptic scaffolding protein synap-
topodin and compared their expression in 3 randomly 
selected control, C9ORF72-ve and C9ORF72 +ve cases. 
Both antibodies produced beautiful synapse-like puncta 
throughout the BA9 cortical neuropil (Additional File 
2: Fig. S6A). Synaptopodin puncta were typically found 
directly opposed to the presynaptic protein synapto-
physin (Additional File 2: Fig. S6B), as expected for a 
postsynaptic protein [52]. There was no change in syn-
aptophysin density, in agreement with the proteomics 
data. However, analysis of synaptopodin density revealed 
an approximate 28% change in C9ORF72 +ve cases com-
pared to C9ORF72−ve cases, which is remarkably similar 
to the 27% increase observed using proteomics (Addi-
tional File 2: Fig. S6C).

Discussion
In this study we have profiled for the first time, the syn-
aptic proteome in human ALS, revealing regional, geno-
typic and phenotypic differences. Using an unbiased 
high-resolution proteomic approach, we have identi-
fied hundreds of altered proteins in two key brain areas 
associated with ALS clinical presentation and assessed 
the influence of the most common genetic cause of 
ALS/FTD, C9ORF72-RE. We have performed extensive 
molecular and bioinformatic validation of our proteom-
ics dataset and confirmed some changes at a single syn-
apse resolution in intact human post-mortem material.

We identified more than 6000 proteins in the human 
cortical synaptoneurosome fraction and highlight sig-
nificant overlap of our dataset with several published 

human proteomic studies and online proteomic datasets. 
This preparation consists of resealed presynaptic termi-
nals and postsynaptic spines, along with bound glial pro-
cesses. This provides critical proteomic insight on the full 
synaptic composition, rather than isolated presynapses 
or postsynaptic densities, as is common with other syn-
aptic studies. Stringent filtering of our dataset resulted 
in 5348 analysis-ready proteins which we robustly show 
are enriched in synapses. However, it is important to 
consider this to be an enriched and not purified synap-
tic fraction and to realise the limitations of “bottom-up” 
proteomics, resulting in the loss of information on post-
translational modification and some protein isoforms.

Assessing the changes across the brain in all ALS cases 
and controls, we identified altered expression of 470 
proteins. KEGG pathway analysis highlighted inflamma-
tory processes, synapse subtypes and intriguing ALS-
associated pathways such as the spliceosome (Fig.  2B, 
C). Neuroinflammation is a common feature of nearly all 
neurodegenerative diseases and has been reviewed previ-
ously in ALS [53]. Inflammatory proteins at the synapse 
could appear due to non-autonomous changes in the syn-
aptic milieu or increased synaptic expression of proteins 
typically considered to be non-neuronal. For example, the 
complement system is a key feature of the innate immune 
system [54] but certain components are expressed at syn-
apses, tagging them for removal by microglia [55]. This 
has recently been shown to be a driver of Alzheimer’s dis-
ease pathogenesis [56] and our data revealing increased 
expression of several complement proteins at the ALS 
synapse, may suggest a similar process renders ALS syn-
apses vulnerable to aberrant removal. Glutamate excito-
toxicity is important in ALS pathogenesis and is driven 
by excessive activity of excitatory neurons. This could 
be due to intrinsic changes in neuronal firing proper-
ties or reduced inhibitory control by GABAergic cells. 
It is therefore interesting to note that, “GABAergic syn-
apse” was enriched in our BA4 KEGG analyses and may 
highlight inhibitory networks as a sight of vulnerability 
in ALS (Fig.  2B). This has been suggested in ALS mod-
els and post-mortem human material [57–59]. Alterna-
tive splicing of many RNA targets is altered in ALS [60]
and key splicing factors and RNA binding proteins are 
known to function in or near synapses [61, 62]. We find 
the spliceosome enriched within BA4 ALS synapses, and 
it would be important to unravel what effect this may 
have on the splicing and subsequent composition of syn-
aptic proteins, especially given recent data linking TDP-
43 mislocalisation to aberrant splicing and decreased 
expression of the synaptic protein Munc13-1 (UNC13A) 
[63, 64].

Looking at the individual protein level, there were 
many changes consistent across cortical regions. For 
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example, SLC12A7 is a K+ –Cl−co-transporter (also 
called KCC4) that maintains intracellular Cl− concentra-
tion (critical for balancing neuronal ionic gradients) and 
plays an important role in regulating cell size by mediat-
ing ion transport in response to cell swelling [65]. KCC4 
was within the top 10 upregulated proteins in both BA4 
and BA9 (Fig.  2E), possibly as a shared compensatory 
mechanism to correct fluctuating neuronal ionic gra-
dients or as a result of cell soma and axonal swelling, a 
known pathological feature of ALS [66, 67]. Furthermore, 
GSTM1 (glutathione S-transferase, mu subtype 1) was 
decreased in both BA4 and BA9 synaptoneurosomes 
(Fig. 2E). GSTM1 is exclusively expressed in astrocytes in 
mouse brain and is involved in proinflammatory activa-
tion of microglia during neuroinflammation [68]. We also 
observed increased expression of GFAP in BA4 (Fig. 2F), 
highlighting complex bidirectional changes in astrocytic 
proteins around ALS synapses. This has gained added 
significance following a recent study highlighting GFAP-
containing tripartite synapses as the most vulnerable 
subtype in ALS spinal cord [69].

Region‑specific alterations
Looking at region-specific changes, we found a signifi-
cant increased expression of PTP4A3 (also known as 
PRL-3) in BA4 (Fig.  2F). PRL-3 is a phosphatase highly 
expressed in several cancers, increasing cell proliferation 
and survival [70]. Very little is known about its physi-
ological role in the brain, however a recent paper [71] 
highlighted a critical role for the Drosophila orthologue 
(prl-1) in axonal arborisation and synaptogenesis. This 
may suggest that PRL-3 is significantly upregulated in our 
data as a compensatory response to retain axonal com-
plexity and synaptic connectivity within a degenerating 
motor cortex.

Rab34 was significantly and specifically downregulated 
in BA4 synapses (Fig. 2F). Rab34 is a member of the Ras-
related proteins in brain (Rab) family, which is involved in 
intracellular vesicle trafficking and phagosome/lysosome 
dynamics. Rab34 plays a role in the positioning of lys-
osomes [72] but is also known to interact with the synap-
tic vesicle priming protein Munc13-2 [73, 74]. Munc13-2 
is important for vesicle priming and is often co-expressed 
in the same synapses as Munc13-1 [75]. Mutations in the 
Munc13-1 gene (UNC13A) are causative for ALS and two 
recent papers highlight TDP-43-dependent alterations in 
UNC13A and decreased protein product [63, 64]. There-
fore, decreased expression of Rab34 at BA4 synapses may 
render these vulnerable due to inefficient vesicle prim-
ing and disrupted synaptic transmission. We discovered 
Munc13-1 at the synapse but did not see a change in 
expression level, likely due to the mixed population of 

synapses collected from neurons with/without TDP-43 
mislocalisation.

In the frontal cortex, TRIM47 was specifically upregu-
lated more than twofold compared to control synapses 
(Fig.  2H). TRIM47 is an E3 ubiquitin-protein ligase 
that mediates the degradation of CYLD lysine 63 deu-
biquitinase (CYLD) [76], which has very recently been 
highlighted as a rare causative gene for FTD [77, 78] 
and possibly ALS [79]. Interestingly, CYLD is known to 
interact with proteins already implicated in ALS/FTD, 
such as TBK1, OPTN and SQSTM1 [77]. Few cases have 
been described and there is debate around what effect 
the disease-associated mutations have on CYLD activity 
[79, 80], however it is interesting to note that the most 
upregulated protein in the ALS frontal cortex is known 
to regulate levels of a protein directly implicated in FTD. 
Supporting the link between TRIM47 and cognitive 
change, TRIM47 was increased more than twofold in the 
ALSci samples. TRIM47 has also been recently shown to 
accelerate brain injury after cerebral ischaemia/reperfu-
sion, with TRIM47 knockdown being both neuropro-
tective and anti-inflammatory [81]. Therefore, increased 
TRIM47 expression may indicate inflammatory processes 
at play within the synaptic milieu.

PCP4 (also known as PEP-19) is a calcium/calmodulin 
binding protein which regulates calmodulin function by 
modulating its interaction with calcium [82]. PEP-19 is 
expressed in the cortex of post-mortem human brain and 
its levels are significantly decreased in Alzheimer’s, Hun-
tington’s and Parkinson’s disease [83]. PEP-19 knockout 
in mice produces significant alterations in synaptic plas-
ticity and behaviour, likely due to its loss of control over 
calmodulin activity, a key process in synaptic plasticity 
[84]. Here, we discovered a specific decrease of PEP-19 
in synapses of the ALS frontal cortex (Fig.  2H), intro-
ducing PEP-19 as a potential new player in ALS synaptic 
dysfunction.

Synaptic alterations in ALSci
ALSci patients have a worse prognosis and present with 
cognitive and behavioural changes, reminiscent of FTD 
[51]. We recently discovered that ALSci cases have syn-
apse loss in the frontal cortex [12] and in this study we 
stratified our samples by cognitive status to try and 
uncover the molecular changes that may influence 
synaptic integrity. We identified 143 proteins specifi-
cally altered in the ALSci BA9 samples and gene ontol-
ogy analysis revealed enrichment of toll-like receptor 
4 (TLR4) pathways (Fig. 3E), critical components of the 
innate immune system. Recent work has shown TLR4-
dependent synapse loss after traumatic brain injury, 
which could be reduced by TLR4 blockade [85]. Fur-
thermore, TLR4 knockout in hSOD1G93A mice leads to 
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improved grip strength and extended survival [86]. TLR4 
induction also leads to increased synapse loss around spi-
nal motor neurons in peripheral nerve crush models [87]. 
Together, this suggests our observation of TLR4 pathway 
enrichment is likely to be detrimental to synaptic func-
tion and structure.

RNF146 (also known as Iduna) is an E3 ubiquitin ligase 
that uses poly (ADP ribose) (PAR) to recognise its sub-
strates [88], tagging them for degradation, and here is 
specifically upregulated in ALSci synapses (Fig. 3D). PAR 
polymerases (PARPs) add PAR motifs to target proteins, 
with PARP1 being the most prolific [89]. PARP1 initiates 
a form of cell death known as parthanatos [90]and recent 
studies describe increased PARP1 activity in ALS spinal 
motor neurons and the beneficial effects of a small mol-
ecule PARP inhibitor [91, 92]. Interestingly, Iduna is an 
NMDA-receptor induced survival molecule that inter-
feres with parthanatos [93]. Iduna is normally expressed 
at very low levels in neurons, but following NMDA 
receptor activation or neuronal stress, Iduna levels sig-
nificantly increase and have a neuroprotective effect [93]. 
Therefore, increased RNF146 expression may represent a 
pro-survival signal retained within stressed synapses, or 
disease associated RNF146 increase may drive ubiquit-
ination and subsequent degradation of important synap-
tic proteins.

FRMPD4 was the most significantly decreased protein 
in ALSci BA9 (Fig.  3D). FRMPD4 is a PSD-95 binding 
protein that regulates dendritic spine morphogenesis and 
interacts with Homer and mGluR1/5 to regulate down-
stream signalling [94, 95]. Furthermore, mutations in 
FRMPD4, resulting in significant protein loss, have been 
linked to a severe form of intellectual disability [96]. 
Interestingly, a recent transcriptomic study in the fron-
tal cortex of sporadic FTD cases, identified a decrease 
in FRMPD4 expression [97]. Together, this advances the 
cognitive and pathological overlap between ALSci and 
FTD to the synaptic level, and highlights FRMPD4 as a 
key synaptic protein affected in both diseases.

Given the worse prognosis of ALSci patients, we 
hypothesised these patients may have a more aggres-
sive form of disease, resulting in a distinct molecular 
change in their BA4 synapses. We discovered 230 spe-
cifically altered proteins in the ALSci BA4 samples, and 
gene ontology analysis highlighted strong enrichment 
of RAGE receptor pathways (Fig. 4E). In fact, numerous 
RAGE receptor ligands were upregulated in BA4 syn-
apses, including several S100 calcium-binding proteins. 
RAGE receptor activation leads to the strong induc-
tion of pro-inflammatory signals and increased expres-
sion has been shown at presymptomatic stages of SOD1 
and TDP43 mouse models of ALS [98]. Furthermore, 
RAGE knockout in hSOD1G93A mice leads to reduced 

inflammation and extended lifespan [98]. In a recent 
human dataset a negative association between high 
RAGE expression and earlier age at death was observed 
[99], supporting our idea that ALSci patients have a more 
severe form of disease, and this may be driven by RAGE-
dependent mechanisms.

Interestingly, we observed a significant decrease in syn-
aptic expression of HTR1A, (the 5HT1A serotonin recep-
tor) in BA4 of ALSci samples (Fig. 4D). Previous human 
PET imaging revealed a decrease in 5HT1A receptor 
binding in the cortex (motor and extra-motor regions) 
of ALS patients versus controls [100]. ALS patients were 
not tested for cognitive impairment, so data cannot be 
stratified to assess any association between ALSci and 
5HTR1A reduction. Here we identified a loss of 5HT1A 
receptor in the motor cortex of ALSci patients, but sur-
prisingly found an increased expression in BA9. This 
may reflect synaptic changes at different disease stages, 
as the disease spreads forward from motor to non-motor 
regions.

The impact of C9ORF72‑RE on synaptic proteome
The physiological role of the C9ORF72 protein is not 
fully understood, but it is believed to regulate vesi-
cle trafficking and autophagy by interacting with Rab 
proteins [101]. Furthermore, recent studies have 
revealed C9ORF72 to be presynaptic and to interact 
with Rabs involved in synaptic vesicle trafficking [48, 
102, 103]. This has been reinforced in iPSC-derived 
neurons from C9ORF72-RE patients, showing presyn-
aptic dysfunction and altered neuronal network activ-
ity [104, 105]. Given the growing literature on the 
synaptic localisation and function of C9ORF72, we 
stratified our BA9 samples by the patient’s C9ORF72-
RE status. There were 587 altered proteins, regard-
less of C9ORF72-RE status and KEGG pathway 
analysis highlighted enrichment of inflammatory 
pathways, but also synaptic subtypes (glutamatergic 
and serotonergic) and several disease-associated path-
ways such as Parkinson’s disease and prion disease 
(Fig.  5B). 453 proteins were altered in the C9ORF72-
RE +ve group, of which a remarkable 330 were spe-
cifically altered (Fig. 5D). Interestingly, gene ontology 
analysis highlighted enrichment of synaptic recep-
tor pathways, specifically post-synaptic glutamater-
gic pathways (Fig.  5E), reinforcing the influence of 
glutamate-induced hyperexcitability in C9ORF72-
associated ALS [106]. Metabotropic glutamate recep-
tor 1 and important scaffolding proteins (SynGAP1, 
Shanks and Homers) were all upregulated (Fig.  5F). 
This dramatic postsynaptic reorganisation may be a 
response to altered presynaptic function. We discov-
ered several proteins involved in vesicular trafficking 
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and homeostasis to be altered at the presynapse. It 
fits that decreased expression of C9ORF72 protein 
as a result of C9ORF72-RE, may impact presynaptic 
function which results in a compensatory reorganisa-
tion of the postsynapse to try and maintain synaptic 
balance. We have also shown for the first time at the 
single-synapse level in intact human tissue, that post-
synaptic scaffolding proteins such as synaptopodin are 
upregulated in C9ORF72-RE +ve cases (Additional File 
2: Fig. S6). Furthermore, increased expression of syn-
aptotagmin-13 is of note, due to recent work suggest-
ing this presynaptic vesicular protein is preferentially 
expressed in resilient neurons in ALS and Syt13 gene 
therapy increased survival of SOD1G93A ALS mouse 
models [107]. These results highlight the complexity of 
compensatory pre and postsynaptic protein alterations 
to try and maintain synaptic integrity.

Increasing more than twofold was PCSK1N, also 
known as pro-SAAS (Fig.  5D). This small secretory 
chaperone is expressed throughout the brain [108] and 
has been linked to several neurodegenerative diseases, 
including FTD [109–112]. Pro-SAAS can prevent fibril-
lisation of disease associated proteins such as amyloid 
[113] and a-synuclein [114], suggesting it may serve 
important neuroprotective roles. Importantly, several 
ALS-associated proteins undergo fibrillisation and 
subsequent aggregation, such as TDP-43 [115] and the 
dipeptide repeats (DPRs) generated from C9ORF72-
RE [116]. Therefore, this may suggest that pro-SAAS 
upregulation at the C9ORF72-RE +ve synapses is an 
attempt to combat fibrillisation and aggregation of dis-
ease-associated proteins.

Strikingly, TMEM106B was specifically decreased in 
the C9ORF72-RE +ve samples (Fig.  5D). TMEM106B 
is involved in lysosomal homeostasis and overexpres-
sion leads to abnormalities in lysosmal acidification, 
size and number [117]. TMEM106B is a genetic risk 
factor for FTLD-TDP, especially in patients with gran-
ulin mutations [118], yet intriguingly the same alleles 
appear protective for C9ORF72-RE carriers, result-
ing in later age of onset and death [119]. Furthermore, 
TMEM106B knockout in a granulin model of ALS, 
leads to reversal of lysosomal alterations and preven-
tion of neurodegeneration [120]. Therefore, specific 
reduction of TMEM106B in C9ORF72-RE +ve samples 
may be a compensatory attempt to regulate lysosomal 
function, or a concomitant loss of lysosomal proteins 
due to C9ORF72-RE-dependent lysosomal dysfunction. 
Alternatively, lower synaptic expression of TMEM106B 
may be due to mislocalisation and aggregation in other 
neuronal compartments, as recently shown in FTLD-
TDP [121]. Finally, TMEM106B knockdown leads to 
altered lysosomal trafficking and reduced dendritic 

arborisation [122], so a loss of TMEM106B at the syn-
apse may drive vulnerability.

Conclusions
In summary, we have mapped the first unbiased pro-
teome of the human ALS synapse, uncovering novel 
players in synaptic dysfunction and highlighting ALS-
associated proteins in this vulnerable subcellular com-
partment. It is important to note the complexity of a 
synaptoneurosomal fraction and the limitations of a 
bottom-up proteomics workflow when interpreting the 
data. However, this work has strengthened many previ-
ous findings implicating ALS-associated proteins at the 
synapse and revealed hundreds of new proteins and path-
ways for future exploitation. Importantly, future work in 
model systems will uncover the mechanisms leading to 
these protein changes, adding critical insight into ALS 
pathogenesis, and highlighting novel avenues of under-
standing and therapeutic development.
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