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Abstract
Cognitive decline and dementia in neurodegenerative diseases are associated with synapse dysfunction and loss, which may 
precede neuron loss by several years. While misfolded and aggregated α-synuclein is recognized in the disease progression 
of synucleinopathies, the nature of glutamatergic synapse dysfunction and loss remains incompletely understood. Using 
fluorescence-activated synaptosome sorting (FASS), we enriched excitatory glutamatergic synaptosomes from mice over-
expressing human alpha-synuclein (h-αS) and wild-type littermates to unprecedented purity. Subsequent label-free prot-
eomic quantification revealed a set of proteins differentially expressed upon human alpha-synuclein overexpression. These 
include overrepresented proteins involved in the synaptic vesicle cycle, ER–Golgi trafficking, metabolism and cytoskeleton. 
Unexpectedly, we found and validated a steep reduction of eukaryotic translation elongation factor 1 alpha (eEF1A1) levels 
in excitatory synapses at early stages of h-αS mouse model pathology. While eEF1A1 reduction correlated with the loss 
of postsynapses, its immunoreactivity was found on both sides of excitatory synapses. Moreover, we observed a reduction 
in eEF1A1 immunoreactivity in the cingulate gyrus neuropil of patients with Lewy body disease along with a reduction in 
PSD95 levels. Altogether, our results suggest a link between structural impairments underlying cognitive decline in neuro-
degenerative disorders and local synaptic defects. eEF1A1 may therefore represent a limiting factor to synapse maintenance.
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Introduction

Since the description of alpha-synuclein (α-syn) as the major 
constituent of Lewy bodies [70], this protein has been in 
the focus for understanding the etiology of a group of dis-
eases called synucleinopathies. Parkinson’s disease (PD) 
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is the most prominent member of this group which further 
includes Parkinson’s disease dementia (PDD), dementia with 
Lewy bodies (DLB), multiple system atrophy (MSA) and 
some less well-characterized neuroaxonal dystrophies [80].

In neurons, α-syn is a component of synaptic vesicles 
and has been described as unfolded when soluble in the 
cytoplasm and forming α-helices when binding to curved 
membranes [6] and lipid rafts [5, 24, 27, 29]. α-syn influ-
ences synaptic vesicle clustering [24, 31, 67], exocytosis 
[48, 59, 67], endocytosis [81] and microtubule dynamics 
[15]. Nevertheless, the molecular mechanism responsible 
for the presynaptic (dys-)functions of α-syn remains poorly 
understood and the triggers for α-syn accumulation in synu-
cleinopathies are not precisely known.

In a previous study, we have shown that the excess of 
α-syn causes destabilization and loss of dendritic spines in 
the mouse neocortex. Mice overexpressing α-syn under the 
PDGFβ promotor show high levels of cortical α-syn [2, 52] 
and spine loss months before any behavioral impairment 
becomes apparent [8]. Yet, the molecular changes underly-
ing the observed synapse loss remained unknown. Therefore, 
we embarked on an unbiased mass spectrometry approach 
to analyze the relative protein composition between excita-
tory synapses of PDGF-h-αS and control mouse forebrains.

Due to the enormous complexity of brain tissue proteome 
[26, 40, 68] and the synaptic localization of α-syn [29, 49], 
a sample preparation that aims to reduce complexity and 
to remove extra-synaptic peptides is mandatory. To that 
end, subcellular fractionation of intact synaptic compart-
ments—termed synaptosomes—has been used [21, 34, 79]. 
Yet this type of samples still suffer from the presence of a 
significant fraction of extra-synaptic material and all types 
of synapses regardless of their neurochemical nature [66]. 
We recently developed the fluorescence-activated synapto-
some sorting (FASS) which allows the separation of specific 
synaptic subpopulations using a genetically encoded fluo-
rescence reporter and a cell sorter [7, 50]. FASS purifica-
tion of excitatory synaptosomes labeled with the vesicular 
glutamate transporter VGLUT1VENUS [39] depleted several 
hundreds of proteins compared to classical sucrose synapto-
somes and thus permitted the identification of new synaptic 
players [7].

In the present work, we applied FASS purification of 
VGLUT1venus excitatory synapses to PDGF-h-αS and control 
littermates. Label-free quantitative analysis of their protein 
composition revealed the upregulation of 40 proteins and 
the downregulation of 2 proteins. Interestingly, the multi-
function translation elongation factor eEF1A1 displayed 
a massive drop in expression upon α-syn overexpression 
[1, 53]. We thus further investigated the behavior of this 
marker in our mouse model and post-mortem tissue from 
patients with Lewy body disease (LBD). Our results point 
to an early molecular event involved in α-syn-mediated 

synapse dysfunction and loss which are relevant in human 
α-synucleinopathies.

Materials and methods

Animals

PDGF-h-αS transgenic mice were obtained from QPS Aus-
tria Neuropharmacology (Grambach, Austria) and bred 
on a C57Bl/6 background [52]. The generation and char-
acterization of the VGLUT1VENUS knock-in mouse line 
were previously described [39]. C57Bl6 wild-type and 
Thy1-eGFP transgenic mice (GFP-M) were obtained from 
Jackson Laboratory (Bar Harbor, ME, USA). PDGF-h-αS 
× VGLUT1VENUS (termed h-αS in this paper) and PDGF-
h-αS × GFP-M lines were created by interbreeding. All ani-
mals were housed in groups under pathogen-free conditions 
and bred in the animal housing facility at the Center for 
Neuropathology and Prion Research of the Ludwig-Max-
imilians-University Munich, with food and water provided 
ad libitum (21 ± 2 °C, at 12/12-h light/dark cycle). Breeding 
and experimental procedures followed the European guide 
for the care and use of laboratory animals and the Ethical 
Review Board of the Government of Upper Bavaria (Az. 
55.2-1-54-2532-204-2014) and the current laws of France. 
All data are reported according to the ARRIVE criteria [45].

Post‑mortem tissue samples

Post-mortem human tissue samples were obtained from the 
Neurobiobank Munich. All donors or their families provided 
written informed consent for brain donation. Samples were 
collected in accordance with Institutional Review Board pro-
tocols approved by the local ethics committee (#345-13). 
Ethics approval for the procedures of this study was granted 
(#17-722). All procedures of this study were in accordance 
with the 1964 Helsinki Declaration and its later amendments 
or comparable ethical standards. Studies were performed 
using tissue from patients with neuropathologically con-
firmed LBD [77] and age-matched controls. Samples from 
LBD patients were at Braak stages 3/4 (termed ‘mid-stage’) 
and stages 5/6 (termed ‘late-stage’) [9] (Supplementary 
Table S4, online resource). For immunohistochemistry, 
formalin-fixed and paraffin-embedded tissue of the ante-
rior cingulate gyrus was used (LBD: n = 18; ctrl: n = 9). For 
Western blot, frozen tissue of the anterior cingulate gyrus 
was homogenized in ten volumes of lysis buffer [Tris-buff-
ered saline containing 2% SDS and 1 × Complete protease 
inhibitor mixture (Roche)] using a OMNI TH homogenizer 
and centrifuged at 17,000g for 1 h at 4 °C. The resulting 
supernatants were used for Western blotting (LBD: n = 6, 
late-stage; ctrl: n = 5).
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Preparation of S‑synaptosomes and FACS 
instrumentation

For the enrichment of glutamatergic synaptosomes 
and the concurrent study of proteomic changes due to 
excess α-syn, we used mice carrying the VGLUT1VENUS 
knock-in Ref. [39] and the PDGF-h-αS transgene [52] 
at 12–13 weeks of age. Littermates negative for h-αS 
were used as controls. The S-synaptosome preparation 
was adapted from a protocol previously described [7, 
79]. Sample size for FASS was 12 animals (6 WT, 2 × 3 
PDGF-h-αS × VGLUT1VENUS, littermates, mixed gender, 
12 weeks old). Details on synaptosome preparation and 
FASS gating strategy were described previously [7, 50] 
and additionally can be found in the online supplementary 
material.

Fluorescence‑activated synaptosome sorting (FASS) 
and protein recovery

Fresh S-synaptosomes were diluted, kept cold and pro-
tected from light. Directly before sorting, incubation of 
synaptosomes with the lipophilic styryl dye FM4-64 (1 µg/
µl) provided bulk red labeling of membranes. Samples 
were analyzed and sorted at event rates of 18,000–22,000 
evt/s until approximately 80 × 106 particles had been col-
lected. To test the quality of sorted samples (FASS syn-
aptosomes), they were reanalyzed by flow cytometry with 
identical instrument setting. Before proteomic analysis, 
FASS synaptosomes were concentrated on polycarbonate 
filters with a pore size of 0.1 µm using a custom-built 
vacuum concentrator. Proteins were recovered with 70 µl 
of SDS sample buffer and sample concentration was deter-
mined through SDS-PAGE and regular silver staining.

SDS‑PAGE and Western blotting

The primary antibodies used in this study are listed in 
Supplementary Table S1 (online resource). SDS-PAGE 
using 4–20% Mini-PROTEAN® TGX Stain-Free™ gels 
(Bio-Rad) were carried out according to the manufactur-
er’s recommendations, while Western blotting was per-
formed according to standard procedures. We used fluo-
rophore coupled secondary antibodies (Li-Cor, 1:20,000) 
and visualized signals with an Odyssey® Classic scanner 
and Image Studio™ software. Quantification of bands was 
performed in ImageJ (National Institutes of Health) and 
their intensity was normalized to the intensity of bands in 
the entire lane, using Bio-Rad’s stain-free blot technology, 
ImageLab software (Bio-Rad) and a ChemiDoc™ system.

Immunofluorescence

1 ml (correlating to ~ 106 particles) of diluted FASS syn-
aptosomes were added on top of a 12 mm diameter gelati-
nized cover slip and centrifuged for 34 min at 6800g. FASS 
synaptosomes were fixed with 4% paraformaldehyde for 
20 min, washed and stored in PBS. Primary antibody incu-
bation was performed overnight at 4 °C, followed by second-
ary antibody incubation for 1 h at room temperature. For 
mounting on glass coverslips, VECTASHIELD® Mounting 
Medium (Vector Laboratories) was used. For immunofluo-
rescence in free-floating sections, mice were transcardially 
perfused with 1 × phosphate-buffered saline (PBS) and 4% 
paraformaldehyde under deep ketamine/xylazine anesthesia. 
Slice preparation and staining were performed as previously 
described [8].

Immunohistochemistry

Immunohistochemistry (IHC) was performed on formalin-
fixed, paraffin-embedded tissue which was sectioned (4 µm 
per section), deparaffinized, and rehydrated. Immunohisto-
chemical staining was done using primary eEF1A1 antibody, 
UltraView DAB Detection Kit and a Ventana BenchMark 
ULTRA staining instrument (Roche) according to the man-
ufacturer’s specifications. The Ventana staining procedure 
included pretreatment with Cell Conditioner 1 (pH 6) for 
56 min, followed by incubation with 1:1000 diluted eEF1A1 
antibody at room temperature for 32 min and detection with 
UltraView DAB (Roche). Counterstaining with hematoxylin 
was performed prior to dehydration and mounting. For α-syn 
staining, the same protocol was adapted to use 36 min of 
pretreatment and 1:200 (pS129) or 1:2000 (α-syn42) diluted 
α-syn antibody.

Light microscopy

Confocal imaging of FASS synaptosomes was performed 
on an LSM 780 (Zeiss) equipped with a 63 ×/1.40 oil 
immersion objective. Laser wavelengths used for excita-
tion and collection range of emitted signals were as follows: 
Alexa488/VGLUT1—488  nm/−  585  nm; Alexa594—
561 nm/585–743 nm; Alexa647—633 nm/638–755 nm. 
For imaging FASS synaptosomes, 16-bit data stacks of 
2048 × 2048 pixels were acquired from five different fields 
of view on the cover slip (lateral resolution 0.082 µm/pixel, 
axial resolution 0.3 µm/pixel). Stimulated emission deple-
tion (STED) microscopy images were acquired on a Leica 
SP8-3XSTED microscope equipped with a 100 ×/1.40 oil 
immersion objective. Laser wavelengths used for excita-
tion and depletion were as follows: Alexa488/VGLUT1—
488 nm/670 nm; Alexa594/eEF1A—594 nm/670 nm. Pixel 
size was 22 nm, bit depth was set to 8 bits and several frames 
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were accumulated. Immunostained free-floating mouse brain 
sections were imaged accordingly: 16 bit, 1024 × 1024, lat-
eral resolution 0.044 µm/pixel, axial resolution 0.2 µm/pixel. 
Confocal imaging of apical tuft dendrites in h-αS × GFP-M 
mice were performed as previously described [8]. DAB-
stained immunohistochemical samples of human brain tissue 
were digitized on an Olympus BX41 microscope equipped 
with an Olympus SC30 digital camera using a 40 × objective.

Electron microscopy

Transmission electron microscopy (TEM) was performed 
in the somatosensory cortex of h-αS and control mice (n = 4 
per group). Detailed description of sample preparation and 
electron microscope settings can be found in the supplemen-
tary material.

Image processing and analysis

Analysis of spine density was performed on deconvoluted 
(AutoQuantX3, Media Cybernetics) confocal image stacks 
as previously described [8]. To quantify the immunofluo-
rescence and VGLUT1VENUS signal of individual FASS 
synaptosomes, custom-written MATLAB cluster analysis 
was applied. VGLUT1VENUS positive synaptosomes were 
detected in 3D by applying the 80th percentile as minimal 
threshold. To separate contacting synaptosomes, the data 
were segmented morphologically by calculating the dis-
tance transformation, followed by watershed segmentation 
along minimal distance ridges. Only structures with a vol-
ume > 0.15 µm3 were counted as synaptosomes. The vol-
ume of each synaptosome was refined to correct for photon 
scattering. For this, the half-width VGLUT1VENUS intensity 
was calculated and was used as a minimal threshold for the 
final dimension. The mean and summed VGLUT1VENUS flu-
orescence signal and the immunofluorescence signal were 
calculated for the center plane of each synaptosome. In the 
case of postsynaptic proteins, the immunofluorescence com-
monly appears somewhat off the synaptosome. Therefore, 
the mean and summed immune signal were derived from 
contacting immunopositive structures. All images were 
recorded with identical laser power and microscope set-
tings on the same day. Due to the thin sample size of 1 µm 
(diameter of single synaptosome), photon aberration only 
marginally deteriorates the signal intensity. Thus, detected 
fluorescence intensity constitutes a quantitative measure of 
the amount of labeled protein per synaptosome. Detection 
and quantification of eEF1A1-, VLGUT1- and PSD95-pos-
itive structures in mouse brain tissue were performed using 
Imaris v.7.7.2 (Bitplane Inc.) software with the spot detec-
tion algorithm [XY diameter: 0.5 µm (PSD95) or 0.7 µm 
(eEF1A1/VGLUT1); Z diameter: 1.4  µm]. Background 
subtraction was enabled and region growing type was set to 

local contrast with a manual threshold of 30 defined for all 
datasets. Spots were filtered for volume > 0.01 µm2. The data 
were compiled in MATLAB using ImarisXT interface. Color 
images from IHC stainings were color deconvoluted and 
converted to grayscale using ImageJ. Of the resulting image, 
the average intensity was calculated using inverted LUT, 
so that the lower values represent weaker immunosignal. 
TEM micrographs were analyzed with ImageJ, to measure 
the presynaptic area, length of postsynaptic density (PSD) 
and the number of synaptic vesicles (SV) to calculate vesi-
cle density. For quantification of DAB staining intensity in 
neurons, cell bodies were detected semi-automatically using 
CellProfiler 3.0 [14].

Proteomics

Sample preparation and nanoliquid chromatography tan-
dem mass spectrometry (nano LCMS/MS) as well as label-
free quantitative data analysis and results processing are 
described in detail in the supplementary material.

Proteomics data archival

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium (https​://www.prote​
omece​ntral​.prote​omexc​hange​.org) via the PRIDE partner 
repository [76] with the dataset identifier PXD006812.

Bioinformatics

Gene ontology term and KEGG pathway analyses were done 
using DAVID Bioinformatics Resources 6.8, National Insti-
tute of Allergy and Infectious Diseases (NIAID), NIH [42, 
43].

Statistics

The sample size of animals was calculated based on the 
experience from our previous work [7, 8]. Sample sizes of 
human material were based on tissue availability. Graphs 
were created and statistics were calculated in Prism v 7.04 
(GraphPad Software, San Diego, CA, USA). For assessment 
of inter-group differences at single time points, Student’s t 
test (unpaired, two-sided) was applied. Normal distribution 
was assumed according to the central limit theorem, as spine 
densities and immunofluorescence of FASS synaptosomes 
were calculated as the mean of means for every mouse. For t 
tests, the variance between groups was tested (F test) and not 
found to be significantly different. For comparing cumula-
tive distributions, Kolmogorov–Smirnov test (KS test) was 
used. Data are expressed as mean ± s.e.m., with p = 0.05 as 

https://www.proteomecentral.proteomexchange.org
https://www.proteomecentral.proteomexchange.org
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significance threshold (*p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001).

Results

Screening for proteins in VGLUT1‑containing 
synapses by FASS

Our previous work showed that mice overexpressing 
human α-syn (PDGF-h-αS mice) progressively lose den-
dritic spines of excitatory cortical neurons [8]. Confocal 
imaging and analysis of apical tuft dendrites from layer V 
somatosensory cortical neurons in PDGF-h-αS × GFP-M 
mice (Fig. 1a) shows that dendritic spine density is not 
significantly different in mice aged 8 weeks. However, at 
18 weeks of age, a reduction of spine density is present 
in h-αS mice, which agrees with our previous finding that 
spine loss starts to occur in an age-dependent manner at 

around 12 weeks in these mice (Fig. 1b) [8]. Using this 
observation as a basis, we set out to investigate which 
changes in the protein composition of glutamatergic syn-
apses might contribute to this phenotype.

The experimental workflow including synaptosome 
purification using FASS and validation using Western blot, 
immunofluorescence and immunohistochemistry of mouse 
and human brain tissue is illustrated in Fig. 1c. During the 
FASS procedure, 80 × 106 FASS synaptosomes were col-
lected from each mouse sample for proteomic analysis. 
Additional 1 × 106 FASS synaptosomes were sedimented 
onto glass coverslips for immunofluorescence imag-
ing (Fig. 1c). Endogenous VGLUT1VENUS expression in 
homogenates and S-synaptosomes of the mice used for 
FASS was found to be not significantly different (Fig. 1d). 
Before sorting, S-synaptosome preparations contained ~ 30% 
VGLUT1VENUS fluorescent particles eligible for sorting 
(ctrl: 28.7 ± 2.35%; αS: 31.6 ± 1.98%). After FASS sorting, 
the fraction of VGLUT1VENUS positive particles increased 

Fig. 1   Spine loss in PDGF-h-αS mice is the scientific background 
for FASS. a Exemplary confocal images of apical tuft dendrites 
with spines (green arrowheads) in the somatosensory cortex of 
h-αS × GFP-M mice. b Age-dependent spine loss in young adult 
h-αS mice occurs between 8 and 18  weeks of age. n = 5 mice per 
group, mean with s.e.m., Student’s t test; **p < 0.01, ***p < 0.001; 
scale bar = 5  µm. c FASS workflow; synaptosomes were obtained 
from 12-week-old h-αS × VGLUT1VENUS mice and purified using 

FASS. Validation was performed on mouse and human brain tis-
sue. d Western blot shows no differential expression of endogenous 
VGLUT1VENUS levels in control and h-αS mice. e Sub-gating of par-
ticles according to their size and VGLUT1VENUS fluorescence during 
FASS. Fraction P3 represents VGLUT1VENUS positive events. f Inde-
pendent FASS experiments from individual mice show comparable 
enrichment in VGLUT1VENUS particles
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to ~ 65% (ctrl: 65.9 ± 1.44%; αS: 64.4 ± 0.94%) (Fig. 1e). 
The enrichment in VGLUT1VENUS fluorescent particles was 
comparable across all samples (Fig. 1f).

To systematically assess differences in protein compo-
sition of synapses in αS animals versus controls, we used 
mass spectrometry (MS)-based protein identification and 
label-free quantification. Samples (n = 3 mice per group) 
were separated by one-dimensional SDS-PAGE, trypti-
cally digested in the gel and analyzed by nano LC–MS/MS 
followed by protein database search using SEQUEST as a 
search engine. About 1200 protein groups were identified 
and quantified by label-free mass spectrometry. After statis-
tical testing using ANOVA, 115 proteins were found to be 
significantly changed in h-αS overexpressing mouse brains 
compared to controls. Considering only hits with at least two 
unique peptides identified left 42 differentially expressed 
proteins (see Supplementary Table S2, online resource). Fur-
thermore, the overexpression of human α-syn in the h-αS 
mice on the protein level was confirmed by Western blots of 
homogenates and S-synaptosomes (Supplementary Fig. 1a, 

online resource) and quantitative MS data of FASS synap-
tosomes (Supplementary Fig. 1b, online resource).

Overexpression of α‑syn induces an increased 
expression of proteins at synapses

Of the 42 differentially expressed proteins, the majority dis-
played an increased abundance in h-αS samples (Fig. 2a). 
Therefore, we tested whether this trend may result from 
structural alterations, e.g., an increased number of synaptic 
vesicles per presynapse. We therefore performed transmis-
sion electron microscopy and measured the presynaptic area, 
the postsynaptic density length, the number and density of 
synaptic vesicles. We did not observe any difference between 
control and h-αS mice on any of these parameters (Supple-
mentary Fig. 2, online resource).

Among the significantly upregulated targets are proteins 
of the endocytic machinery (Ap2a1, Ap2b1), intracellular 
trafficking-related Rab GTPases (Rab1b, Rab3a), regula-
tors of ER structure and function (Rtn4, Rtn1) and Ca2+ 
homeostasis (Ppp3r1), cytoskeleton and associated proteins 

Fig. 2   Proteomic MS data reveals a set of 42 proteins with sig-
nificantly different abundance in h-αS synaptosomes. a Graphic 
representation of protein hits according to log2(fold change) and 
−  log10(p value). Gene names: Ap2a1/-b1: AP-2 complex subu-
nit alpha-1/-beta1; eEF1A1: eukaryotic elongation factor 1 alpha-1; 
Mapt: microtubule-associated protein tau; Ppp3r1: calcineurin subu-
nit B; Ndufs6: NADH dehydrogenase iron–sulfur protein 6; Nufv1: 
NADH dehydrogenase flavoprotein1; Rab1B/-3A: Ras-related protein 

Rab-1B/-3A; Rtn 1/-4: Reticulon 1/-4; Sprr2b: small proline-rich pro-
tein 2B; Syngr3: synaptogyrin 3; Stxbp1: syntaxin-binding protein 
1 (Munc18-1); Tuba4a: tubulin alpha-4A; Tubb2a/-3/-4a/-5: tubu-
lin beta-2A/-3/-4A/5. b KEGG pathway enrichment highlights the 
involvement of related cellular and disease-related protein pathways. 
c IntAct database analysis for the determination of the interacting 
proteomic network. The majority of proteins listed have eEF1A1 as 
interacting partner (see Supplementary Table S3, online resource)
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[Tuba4a, Tubb2a/3/4a/5, Actn1, Mapt (also known as tau)], 
mitochondrial proteins (Ndufv1, Ndufs6), synaptic vesicle 
proteins (Syngr1, Syngr3) and the synaptic vesicle exocyto-
sis regulator Stxbp1, also known as Munc-18–1. The 42 pro-
teins that we found to be significantly enriched or depleted 
in our PDGF-h-αS × VGLUT1VENUS samples were further 
classified according to their ascribed cellular localization 
and molecular function using gene ontology (GO) terms 
(Supplementary Fig. 3a, online resource).

To validate the proteomic analysis, we performed a 
series of Western blots on homogenates and conventional 
S-synaptosomes (Supplementary Fig. 3b, Supplementary 
Fig. 4, online resource) as well as quantitative immunofluo-
rescence imaging on VGLUT1VENUS FASS synaptosomes 
targeting several protein hits. While no h-αS-related changes 
could be detected in homogenates, we observed a signifi-
cant increase of synaptogyrin 1 and Munc18-1 in S-syn-
aptosomes. Increased levels of ß-tubulin, synaptogyrin 3, 
and tau were not yet confirmed (Supplementary Fig. 3c–e, 
online resource).

Besides the overexpressed proteins, two proteins were 
found to be significantly reduced in abundance, the small 
proline-rich protein 2B (Sprr2B) and the eukaryotic trans-
lation elongation factor 1 alpha 1 (eEF1A1), which were 
reduced down to about 13% and 8%, respectively, of their 
mean normalized abundances in controls (Supplementary 
Table S2, online resource). While the synaptic functions 
of Sprr2B are unknown, eEF1A1 has, apart from its role 
as a translation factor, several non-canonical functions in 
synaptic plasticity and was therefore regarded with special 
attention in the present study.

Bioinformatic cluster analysis indicates 
α‑syn‑mediated disruption of the synaptic protein 
network

To better understand which cellular pathways are altered 
in response to α-syn overexpression, we performed KEGG 
pathway and gene ontology (GO) term analyses on the pro-
teins which were found to be differentially expressed in h-αS 
mice (Fig. 2b).

KEGG pathway enrichment analysis showed those path-
ways significantly enriched which contribute to neurotrans-
mitter release, such as ‘synaptic vesicle cycle’ or ‘calcium 
reabsorption’. Furthermore, pathways related to Alzheimer’s 
disease and Huntington’s disease were significantly enriched 
(Fig. 2b). Similarly, GO classification revealed molecular 
functions related to neurotransmission, such as ‘GTPase 
activity’ and ‘GTP binding’, which are involved in vesicle 
cycling via small G-proteins and presynaptic modulation of 
transmitter release via G-protein coupled neurotransmitter 
receptors (Supplementary Fig. 3a, online resource).

To determine the network of proteins interacting with 
those that were differentially expressed in tissue overex-
pressing α-syn, we performed an IntAct database analysis 
using DAVID Bioinformatics Resources 6.8 [42, 43]. This 
revealed, among others, a number of 14-3-3 constituents 
(Ywhab, Ywhaz and Ywhae), which are known for their 
interaction with α-syn aggregation intermediates and their 
presence in Lewy bodies [63]. Additional interaction part-
ners were, for example, PSD95 (Dlg4) or NMDA channel 
subunits (Grin2b, Grin1) (Fig. 2c). While these were, as 
expected by the input, proteins typically involved in synap-
tic function, eEF1A1 was listed as an interaction partner in 
a majority of the results (Supplementary Table S3, online 
resource). These results suggest that eEF1A1 may play a 
critical role in the regulation of synaptic function. We there-
fore decided to further characterize eEF1A1 in h-αS mice 
and human cases of Lewy body disease.

Validation of the differential expression of eEF1A1 
in synaptosomes

Quantitative MS data showed a marked reduction in 
the normalized abundance of eEF1A1 in PDGF-h-αS × 
VGLUT1VENUS FASS synaptosomes, with a fold change 
of 0.08 compared to control. To confirm this downregula-
tion, Western blots were performed with the homogenates 
and S-synaptosomal fractions. While the eEF1A1 level was 
significantly lower in S-synaptosomes of h-αS animals com-
pared to wild-type littermates, it was unchanged in homoge-
nates (Fig. 3a).

During FASS, 106 FASS synaptosomes per sample were 
further collected and fixed on glass coverslips. Immuno-
fluorescence confocal imaging followed by analysis of 
VGLUT1VENUS and eEF1A1 intensities allowed to con-
firm the local reduction of eEF1A1 signal at individual 
VGLUT1VENUS FASS synaptosomes (Fig. 3b). Figure 3c 
shows eEF1A1 immunosignal projections from 48 ran-
domly selected FASS synaptosomes, aligned for better rep-
resentation. In the sample from αS overexpressing animals 
(Fig. 3c2), the signal is reduced, which is especially relevant 
for structures expressing larger amounts of eEF1A1. The 
cumulative frequency distribution of the relative eEF1A1/
VGLUT1VENUS fluorescence shows a shift to the left in αS 
samples compared to controls, confirming lower eEF1A1 
signal in these synaptosomes (Fig.  3d). A reduction of 
the integrated eEF1A1 immunofluorescence in relation 
to VGLUT1VENUS signal intensity can also be observed 
in a representation of all imaged FASS synaptosomes 
(n = 630–755 measurements per sample) (Fig. 3e). Conse-
quently, the mean relative eEF1A1 intensity is significantly 
lower in FASS VGLUT1VENUS synaptosomes derived from 
αS animals (Fig. 3f).
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As synaptosomes consist mainly of the resealed presyn-
aptic element associated to the unsealed tip of the postsyn-
aptic spine [7, 37], we further determined eEF1A1 protein 

subcellular localization using STED microscopy with a reso-
lution of 60 nm. In most synaptosomes, eEF1A1 immuno-
fluorescence colocalized with VGLUT1VENUS signal, while 

Fig. 3   eEF1A1 is reduced in synaptosomes of h-αS mice. a West-
ern blot of homogenates and S-synaptosomes. n = 3 mice per group, 
mean with s.e.m., Student’s t test; *p < 0.05. b Example quantification 
of individual FASS synaptosomes. b1 VGLUT1VENUS fluorescence 
(green) was used to detect the volume of a synaptosome (delineated 
with white line). b2 Immunofluorescence of the second marker (here 
eEF1A1 in magenta) was used to detect volume of associated marker 
(delineated with white line). b3 Overlay of VGLUT1VENUS and 
eEF1A1 immunofluorescence. b4 Overlay of the detected synapto-
some and the associated eEF1A1-positive structure. Scale bar = 1 µm. 
c 48 randomly selected eEF1A1-positive synapses displayed as 

a gallery for control (c1) and h-αS (c2) mice; scale bar = 2  µm. d 
Cumulative frequency of eEF1A1/VGLUT1VENUS fluorescence sig-
nals; Kolmogorov–Smirnov test; ****p < 0.0001. e Intensity signals 
from all FASS synaptosomes quantified, as eEF1A1/VGLUT1VENUS 
ratios. f Mean eEF1A1/VGLUT1VENUS signals. n = 3 mice per group, 
mean with s.e.m, Student’s t test; **p < 0.01. g STED microscopy of 
eEF1A1 and VGLUT1VENUS signals reveals the location of eEF1A1 
at both pre- and postsynapses: arrows point to eEF1A1-positive struc-
tures excluded from the VGLUT1VENUS positive presynapse, likely 
belonging to the postsynaptic compartment; scale bar = 1 µm
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additional dots were opposed to presynapses (Fig. 3g). We 
therefore conclude that the eEF1A1 protein is present on 
both sides of synapses and may be directly impacted by 
presynaptic pathological processes induced by α-syn.

eEF1A1 is reduced in the brain tissue of h‑αS mice

As we were interested in the expression and distribution of 
eEF1A1 in intact tissue, we next examined eEF1A1 pro-
tein levels in brain tissue of 12-week-old PDGF-h-αS × 
VGLUT1VENUS mice. Two brain regions were investigated 
using immunofluorescence staining against eEF1A1 and 
confocal microscopy: layer I of the cingulate cortex and the 
somatosensory cortex (Fig. 4a), in which data on spine loss 
had been acquired previously. The fluorescence intensity of 
eEF1A1-positive puncta as well as their number was ana-
lyzed (Fig. 4b). We found a strong reduction in eEF1A1 
staining intensity in both the cingulate and the soma-
tosensory cortex (Fig. 4c, Supplementary Fig. 5a, online 
resource). As in one of the brain areas a small but significant 
difference in endogenous VGLUT1VENUS expression was 
measured (Supplementary Fig. 5b, online resource), we used 
the mean eEF1A1/VGLUT1VENUS fluorescence intensity for 
statistical comparison. The ratio proved to be profoundly 
reduced in h-αS tissue (Fig. 4d). Additionally, a reduction 
of the density of eEF1A1-positive puncta was detected in 
the two cortical areas of h-αS mice (Fig. 4e), whereas the 
mean puncta volume was unchanged between groups (Sup-
plementary Fig. 5c, online resource).

Similarly, we approached the question whether a change 
in the amount of excitatory postsynapses is present in this 
mouse brain tissue. Correlating with the loss of eEF1A1 in 
h-αS mouse samples, we indeed observed reduced PSD95 
immunofluorescence intensity in these brains (Fig. 4f, g), 
accompanied by a loss of PSD95-positive structures in the 
tissue (Fig. 4h). In this way, we confirm that spine loss is 
present at 12 weeks in h-αS mice and at the time of experi-
mental procedures in this study.

eEF1A1 is reduced in the neuropil of human LBD 
cases

To translate our findings to human cases, we investigated 
the expression of eEF1A1 in the cingulate gyrus of LBD 
brains compared to age-matched controls. In homogenates 
from the cingulate cortex, we did not observe a significant 
difference in eEF1A1 levels between control and LBD brains 
(Fig. 5a, b). Noticeably, PSD95 expression was reduced in 
LBD brains (Fig. 5a, c), indicating a loss of cortical syn-
apses. We therefore applied IHC to assess potential changes 
of eEF1A1 expression in the neuropil. We included tissue 
from mid-stage (Braak stages 3 or 4) and late-stage (Braak 
stages 5 or 6) LBD patients. Late-stage LBD cases featured 

significant α-syn pathology in the cingulate cortex (Fig. 5d 
and Supplementary Fig. 6a, online resource), whereas in 
mid-stage LBD, no α-syn pathology can be detected in the 
cingulate cortex. We performed eEF1A1 IHC on formalin-
fixed, paraffin-embedded tissue sections from the human 
cingulate gyrus. LBD cases from both mid- and late-stage 
groups showed less intense DAB staining patterns com-
pared to controls (Fig. 5e, Supplementary Fig. 6b, online 
resource). Strikingly, quantification of the DAB signal for 
eEF1A1 revealed significantly reduced values in the cortical 
layer I neuropil of LBD brains, whereas the DAB staining 
intensity within cell bodies was comparable between groups 
(Fig. 5f, Supplementary Fig. 6c, online resource). Existing 
co-pathologies or variation in post-mortem delay (PMD) had 
no effect on this observation (Supplementary Fig. 7, online 
resource). This indicates that α-syn-mediated reduction in 
eEF1A1 is not only present in the tissue of our mouse model, 
but also in human cases of LBD and that in both cases, this 
reduction is mainly at the level of synapses.

Discussion

Synapses are vulnerable to misfolded protein species like 
α-syn and their degeneration is crucially involved in the 
pathogenesis of neurodegenerative diseases [12]. Moreo-
ver, dendritic spine loss has been described as a structural 
correlate for cognitive impairment and dementia [4, 25, 62, 
73]. We show that spine loss is present in h-αS mice at the 
age of 18 weeks compared to both 8-week-old h-αS mice and 
age-matched controls. In a previous in vivo imaging study, 
we observed progressive spine loss in the cerebral cortex of 
mice overexpressing α-syn between 12 and 17 weeks of age 
[8], which precedes the onset of motor impairments by sev-
eral months [2, 52]. Based on this knowledge, we aimed to 
elucidate changes on the protein level in excitatory synapses 
that might explain the early synaptopathy induced by α-syn 
overexpression. We used FASS of VGLUT1VENUS express-
ing synapses to achieve a two to threefold enrichment of glu-
tamatergic synaptosomes compared to conventional prepara-
tions. Using highly sensitive proteomic analyses on FASS 
samples, we detected more than 600 synaptic proteins, out 
of which 42 were differentially expressed in samples overex-
pressing human α-syn. Among those, only two proteins were 
reduced, while the others show an increase in protein levels.

Although FASS provides limited amounts of synapto-
some material for analysis, the removal of extra-synaptic 
compartments allowed us to obtain valuable and valid results 
with regards to existing literature on α-syn function and 
pathogenicity at glutamatergic synapses. The facts that the 
average level of VGLUT1 is unaffected in our samples prior 
to sorting and that the differential expression of identified 
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Fig. 4   eEF1A1 is reduced in the h-αS mouse cortex and is correlated 
with a reduction in PSD95. a Representative images of mouse soma-
tosensory cortex stained for eEF1A1; scale bar = 50 µm. b Top: maxi-
mum intensity projections of cortical layer I field of view. Bottom: 
magnified area from top panel illustrating spot detection (magenta). 
Scale bars = 10  µm. c Cumulative distribution of the mean eEF1A1 
intensity. The curves of h-αS mice show a strong left shift towards 

less intense values. d Mean eEF1A1/VGLUT1VENUS ratio of fluo-
rescence intensity. e Reduced density/µm of eEF1A1-positive spots 
in h-αS mice. f Cumulative distribution of the mean PSD95 inten-
sity. g Mean PSD95 fluorescence intensity is reduced in h-αS mice. 
h Reduction of PSD95 spot density/µm in h-αS mice. n = 5 mice 
per group, mean with s.e.m., Student’s t test; *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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proteins was not detected on our homogenates and—in most 
cases—S-synaptosomes indicate that local defects at gluta-
matergic synapses rather than global defects at the neuron 
level are present at the onset of disease progression. Our 
experiments suggest α-syn-related changes in vesicle traf-
ficking, cytoskeleton, ER- and Ca2+ homeostasis and mito-
chondrial metabolism.

Synucleins are known to be involved in the trafficking 
of synaptic vesicles [24, 31, 48, 59, 67, 81]. We identified 
upregulation of several proteins important for the synap-
tic vesicle cycle (Syngr1, Syngr3, Rab3A, Munc18-1, Nsf, 
Ap2a1, Ap2b1, Ap2m1, Sh3glb2). Previous studies in LBD 
and α-syn mouse models have shown an abnormal interac-
tion between α-syn and Rab3A, Rab5 and Rab8, thereby 
disrupting endocytic and secretory pathways [75, 78]. In 
our proteomic screen, we also found the synaptic vesicle 
proteins Syngr1 and Munc18-1 elevated in h-αS mice, which 
was confirmed by Western blot of S-synaptosomes, but not 
of homogenates. Apart from its role in regulation of exo-
cytosis, Munc18-1 has been shown to serve as a chaper-
one controlling α-syn aggregation [16] and its upregulation 

might counteract both directly the aggregation propensity 
of α-syn by stabilizing the aggregation-resistant membrane-
bound forms of α-syn and indirectly a decrease in functional 
Munc18-1 for secretion of synaptic vesicles due to co-aggre-
gation with α-syn.

Similarly, α-syn directly interacts with members of the 
cytoskeleton like βIII-tubulin and the microtubule-asso-
ciated protein tau (Mapt) [15]. Native α-syn also acts as 
a microtubule-associated protein, facilitating microtubule 
polymerization and neurite outgrowth in cultured neurons 
[47]. In the pathologic condition, its interaction with tubu-
lin and tau facilitates intracellular α-syn accumulation, 
impairing microtubule stability and microtubule-mediated 
transport [58, 64, 71]. A recent study reveals synapto-
gyrin-3 as specific interactor of mislocalized, presynap-
tic tau, restricting synaptic vesicle mobility and driving 
defects in neurotransmission in fly and mouse models of 
tauopathy [55]. Both Syngr3 and tau were found to be 
elevated in our proteomic data from h-αS mice, along with 
several tubulin subunits (Tuba4a, Tubb2a/3/4a/5). Though 
validation analysis revealed a trend towards an increase 

Fig. 5   eEF1A1 expression is reduced in post-mortem human neuro-
pil of LBD patients. a Western blot of cingulate cortex homogenate. 
b, c eEF1A1 levels are similar in homogenates of human cingulate 
cortex, PSD95 expression is reduced in advanced LBD (Braak 5/6). 
n = 5 (control) and n = 6 (LBD), mean with s.e.m., Student’s t test; 
*p < 0.05. d Deposits of phospho-α-syn are present as Lewy bod-
ies (arrowhead) and Lewy neurites (arrows) in the cingulate gyrus 

of late-stage LBD. Image from the same brain as in e (LBD 5/6). e 
Exemplary eEF1A1 staining in human cingulate gyrus from a control, 
mid-stage (Braak 3/4) and late-stage (Braak 5/6) LBD case, respec-
tively. f eEF1A1 staining intensity is reduced in layer I of the cingu-
late gyrus of LBD brains. n = 9 (ctrl), n = 6 (LBD 3/4), n = 12 (LBD 
5/6), mean with s.e.m., Student’s t test; *p < 0.05, **p < 0.01. Scale 
bars = 20 µm
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for Syngr3 and Tau in S-synaptosomes and for Syngr3, 
tau and β-tubulin in FASS synaptosomes without reaching 
significance, further investigations will be required to con-
firm the upregulation of those targets. Our results provide 
evidence for disease-related alterations of cytoskeletal and 
synaptic vesicle dynamics and open perspectives for future 
research.

A further line of evidence in our proteomic study implies 
the involvement of organelles and proteins regulating cyto-
solic Ca2+ homeostasis, which are found elevated in our h-αS 
FASS synaptosomes (Ppp3r1, Rtn4, Rtn1, Ndufs6, Ndufv1). 
Indeed, previous work identified that increasing levels of 
α-syn proportionally increase cytoplasmic Ca2+ concentra-
tions and drive cascade engaging calcineurin (Ppp3r1) and 
substrates that result in toxicity in mammalian cells [13]. 
Similarly, the reticulon proteins (Rtn4, Rtn1) are regula-
tors of ER structure and Ca2+ homeostasis and have a pro-
apoptotic function mediated by the induction of ER stress 
[23]. Several proteins of our screen further point towards 
alterations in mitochondrial energy metabolism, which is 
in line with previous studies on Parkinson’s disease [41]. 
Wild-type α-syn is present in mitochondria-associated ER 
membranes (MAM), regulating the mitochondrial calcium 
homeostasis [11, 36]. Finally, α-syn has also been shown to 
directly induce changes in mitochondria fission [57].

The translation factor eEF1A1 stands out by its strong 
depletion in our h-αS FASS synaptosomes. We validated 
our finding in S-synaptosomes as well as in FASS synap-
tosomes originating from the same mice as the proteomic 
data. The translation capacity of eEF1A1 and its potential to 
regulate actin dynamics and spine size predestine it for the 
control of synaptic plasticity at the protein level. Together 
with other proteins locally translated at synapses, a func-
tional synergy to maintain long-term potentiation (LTP) by 
signaling through the mTOR pathway is established [74]. 
Additionally, the expression of eEF1A1 at nerve terminals 
has been shown to be essential for maintaining newly grown 
synapses [33].

Both pre- and postsynaptic compartments have previously 
been demonstrated to express eEF1A1, which is in line with 
our observations. Using STED microscopy, we found the 
eEF1A1 immunosignal both colocalized with and excluded 
from VGLUT1VENUS fluorescence in single excitatory syn-
aptosomes. On the presynaptic side, eEF1A1 transcripts 
are enriched in mature CNS axons and are reduced follow-
ing axonal injury [72]. An increasing literature support the 
notion that the protein synthesis machinery is active within 
CNS axons and involved in synaptic plasticity [69]. Further-
more, several translation factor mRNAs including eEF1a1 
mRNA have been reported at the local transcriptome of 
presynapses [37], it is therefore likely that eEF1A1 expres-
sion can be differentially regulated between the soma and 
synapses. FASS provides a powerful tool to detect such local 

changes, which may be masked by the proportionately large 
abundance in somata in less enriched preparations.

eEFs also link up with the p70S6K pathway to protein 
expression in neurites and synapses, where they promote 
NGF-induced neurite outgrowth [38, 44, 61], synapse for-
mation and stabilization. Likewise, eEF1A1 has been con-
vincingly shown to be associated with dendrites and excita-
tory postsynapses and more specifically, the postsynaptic 
density within dendritic spines via binding actin [17, 18, 
28]. Moreover, eEF1A1 knockdown significantly decreases 
PSD95 expression levels in vitro [30]. Here, we extend this 
knowledge to the mouse brain, showing that a reduction of 
eEF1A1 is concomitant with a reduction in PSD95 intensity 
and spot density at the observed age. It connects our previ-
ous finding of commencing dendritic spine loss [8] to other, 
non-canonical functions of eEF1A1. eEF1A1 regulates 
cytoskeletal dynamics by bundling F-actin and binding to 
microtubules [10, 35, 46, 82], acts protective against apopto-
sis [65] and regulates M4 muscarinic acetylcholine receptor 
recycling [54] and protein degradation [19]. Furthermore, 
a recent study demonstrated that a CTIF–eEF1A1–DCTN 
complex links selective recognition and aggresomal tar-
geting of misfolded α-syn. This process is accompanied 
by a sequestration of CTIF and possibly eEF1A1 into the 
aggresome, which might in turn decrease the amount of 
synaptic eEF1A1 [60]. Additionally, α-syn toxicity and 
the corresponding elevation of synaptic Ca2+ could disrupt 
eEF1A1 dimer formation and lead to decreased F-actin bun-
dling impairing spine stabilization [10].

Strikingly, human brain tissue from LBD patients also 
showed reduced eEF1A1 staining intensity in the densely 
synaptic layer I of the cingulate cortex. We observed this 
in advanced stages of the disease (Braak 5/6) but also in 
earlier stages (Braak 3/4) in which no visible α-syn pathol-
ogy is present in the cingulate cortex and the neocortex. 
At the same time, differences in eEF1A1 expression were 
not detectable in cortex homogenates of late-stage LBD, 
whereas a reduction of overall PSD95 expression was pre-
sent. Together, these results indicate a local pathophysi-
ological role for eEF1A1 at synapses early in the disease 
progression. As de novo protein synthesis and cytoskeleton 
remodeling links chemically or electrically induced changes 
in synaptic strength to structural adaptations, it is the basis 
for memory consolidation in the brain and depletion of 
eEF1A1 can contribute to structural impairments observed 
in neurodegenerative conditions. In fact, a study in Alzhei-
mer’s disease brains has connected dysregulated eEF1A 
expression to synaptic plasticity impairments [3] and defects 
in de novo protein synthesis have been demonstrated in sev-
eral neurodegenerative disorders characterized by impaired 
synaptic plasticity, including Parkinson’s disease, Alzhei-
mer’s disease, frontotemporal lobar degeneration and prion 
diseases [22, 32, 51, 56]. eEF1A1 may therefore serve as a 



983Acta Neuropathologica (2019) 138:971–986	

1 3

universal marker for neurodegenerative diseases character-
ized by synapse loss, yet future research is needed for tying 
together these lines of evidence.

Our study highlights for the first time the functional 
role of eEF1A1 in α-synucleinopathies and opens 
new perspectives about the involvement of eEF1A1 in 
α-synucleinopathies. We therefore propose a model, in 
which synaptic eEF1A1 reduction is an early and central 
event, which is caused by a disruption of α-syn balance 
and may mediate alterations in the organization of the 
cytoskeleton, phagosomal activity and ultimately leads to 
synaptopathy. By altering the normal half-life of eEF1A1, 
estimated to be 4.7 days [20], α-syn overexpression might 
furthermore indirectly affect the turnover of other presyn-
aptic proteins and approaching this question could be 
subject to future research. A more detailed understand-
ing of the role of eEF1A proteins in the pathogenesis of 
α-synucleinopathies still remains to be determined. It will 
be important to investigate the mechanistic link between 
synaptic translation and α-syn-mediated synaptopathy 
in the future and to determine whether eEF1A1 or its 
upstream factors like the eukaryotic initiation factor 2α 
(eIF2α) represent genuine targets for novel therapeutic 
approaches.
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