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Abstract
The interest in peripheral blood biomarkers is growing exponentially in several neurological disorders
including Ischemic Stroke (IS). The identi�cation of neurological biochemical signs through blood sample
analyses would be revolutionary allowing a better pathology diagnosis giving also information on
potential recovery after speci�c treatments. Indeed, the increased permeability of the blood-brain barrier,
following a brain infarct, allows the detection of synaptic proteins in the blood �ow. In this work, we
analyzed the expression levels of two synaptic proteins belonging to the Soluble N-ethylmaleimide-
Sensitive Fusion Protein Attachment Protein Receptor (SNARE) family, Syntaxin (STX)-1a and
Synaptosomal Associated Protein, 25 kDa (SNAP-25), in Peripheral Blood Mononuclear Cell (PBMC),
serum and in Neuronal Derived Extracellular vesicles (NDEs) of IS patients, age and sex matched healthy
control (HC) and younger HC (Y-HC). Interestingly, we found, for the �rst time, that STX-1a protein is
present in the cytoplasm of PBMC. Moreover, both protein, STX-1a and SNAP-25, levels were signi�cantly
augmented in all IS patient’s blood fractions (serum, PBMCs and NDEs) compared to control subjects.
Interestingly, the STX-1a blood levels always correlated with the IS clinical scales National Institutes of
Health Stroke Scale (NIH-SS) and the modi�ed Barthel Index (BI). These results prompted us to speculate
that STX-1a and SNAP-25 hematic �uctuations depict the brain damage after an ischemic attack and
that their hematic detection could represent a novel and accessible IS biomarkers.

Introduction
Ischemic Stroke is a severe pathology originating from a thrombolytic or embolic event that reduces
blood supply to the brain [1]. It represents the third leading cause of death in the industrialized countries
(40-60% of IS patients die within 5 years after the ischemic event) and the second most common origin of
dementia [2, 3]. The current therapies and patients management are not su�cient to increase the lifetime
expectancy after stroke [4, 5]. One of the main obstacles encountered in ordinary therapies is certainly be
given by the heterogeneous nature of the pathology and the patient’s individual variability. Indeed, the
possibility to tailor speci�c therapies for each patient is a medical unmet need [6].

The brain tissue affected by stroke presents two distinct areas of damage that can be identi�ed as the
ischemic core, in which the blood �ow is completely absent and neuronal death occurs within a few
minutes, and the penumbra, in which the blood �ow is moderately reduced and the brain tissues,
although functionally impaired, is still semi-viable [7]. Neurons located in the ischemic core region
undergo death, mainly through necrosis mechanisms including the lack of ATP (Adenosine Tri-
Phospahte), increased concentrations of ions and glutamate, and tissue acidosis [8]. By contrast, neurons
in the ischemic penumbra undergo a similar fate if blood �ow (and therefore, oxygen and glucose supply)
is not restored within a short time. Neurons in the penumbra area die because of the strong activation of
the apoptotic pathway driven by the augmentation of Ca2+ into cells that causes cells death for the
excess of glutamate released [9].
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The over-�ow of glutamate and its persistence in the synaptic cleft induces a cascade of biochemical
events, known as ‘excitotoxicity’, which includes a prolonged activation of glutamate receptors and forms
a vicious circle between elevated concentrations of intracellular Ca2+ ions and aberrant glutamate
release, worsening at the end the effect of the ischemic event and leading to neuronal cells loss [10].

The release of neurotransmitters, including glutamate, relies on a well-studied molecular mechanism
which involves a group of proteins, implicated in the synaptic release of glutamate, that form a complex
called SNAREs. Indeed, it is reported that the disruption of the SNARE complex formation induces the
neurotransmitter release disorder especially by cleaving SNAP-25, a key SNARE complex protein [11-14].

Another essential partner for the formation of SNARE complex is STX-1a, a protein anchored to the
presynaptic membrane, which it requires a switch from closed to open conformation to bind SNAP-25
and participate in the release of neurotransmitters [15].

Few evidence highlighted the involvement of both STX-1a and SNAP-25 in IS, but still, further research is
needed to understand their contribution to this pathology. Indeed, the protein level of STX-1a is markedly
up-regulated in the cortex of a rat model of IS, probably suggesting the attempt of the brain to preserve
the neuronal synaptic function after cerebral ischemia [16]. The correlation between SNAP-25 and IS is
not clear: the mRNA (Messanger Ribonucleic Acid) levels of SNAP-25 has been found increased in the
mossy �ber layer of gerbils up to 7 days after induced transient ischemia lasted for 5 minutes [17] while,
another study on rat models indicates that IS induced its protein reductions [18].

Several proteins such as GFAP (Glial Fibrillary Acid Protein), S100β (S100 calcium-binding protein B), NSE
(Neuron Speci�c Enolase), Lp-PLA 2 (Lipoprotein-associated Phospholipase A2), MMP-9 (Matrix
Metalloproteinase-9), D-dimer and HSP70 (Heat Shock Protein 70) [19, 20], has been proposed as clinical
biomarkers for IS, but none of them has reached successfully the clinical usage. Alterations of synaptic
proteins levels, instead, have been proposed as pathological biomarkers for Alzheimer’s disease [21],
therefore, the detection of these proteins in human biological �uid samples has raised scienti�c interest.

Recently, the extracellular vesicles isolated from blood samples of patients have been indicated as a
good biological sample to identify pathological biomarkers [22]. Extracellular vesicles, and in particular
exosomes, which are endosome-derived small membrane vesicles (30-150 nm size) carry biological
active molecules (such as genetic material, proteins and lipids), interact with neighboring cells to transmit
their cargo from cells to cells, thus playing an essential role in intercellular communication [23, 24]. Brain
cells, including neurons, also release extracellular vesicles into the extracellular milieu to be then uptaken
by neighboring cells or pass into the cerebrospinal �uid and blood [25, 26]. Recent studies have reported
that neuronal derived exosomes, found in the blood of patients, carry substances associated with
neurological diseases [27].

Interestingly, it has been demonstrated that STX-1a, known as exclusively neuronal protein, is potentially
expressed in human blood cells in which a wide number of syntaxins was found [28]. In addition, the
STX-1a mRNA, but not the mRNA for STX-1b and SNAP-25, has been detected in human CD8+ T cells
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[29]. On the other hand, SNAP-25 has been assessed in human serum [30] while its expression in PBMCs
has never been detected [29, 31]. More recently, both STX-1a and SNAP-25 have been measured in
neuronal derived exosomes and proposed as potential biomarkers for neurodegenerative diseases [30,
32]. Anyway, the expression of these two proteins in blood samples of IS patients still has not been
described.

Therefore, in this work, we showed the presence of both STX-1a and SNAP-25 in human blood fractions:
serum, PBMCs and NDEs. We then analyze their expression levels in the blood components in a clinically
characterized cohort of IS patients, HC and Y-HC subjects.

Materials And Methods

Study population
Samples were obtained from IS patients between 11 to 51 days after the ischemic event when they are
hospitalized in Casa di Cura Privata del Policlinico (CCPP) after the acute ischemic event. A total of 30 IS
patients (age mean 70.0 ± 11.5 years, 45-87 years range; 15 men and 15 women), 30 healthy age-
matched controls (HC, age mean 72.1 ± 7.3 years, 51-87 years range; 15 men and 15 women) and 15 Y-
HC subjects (age mean 32.6 ± 4.0 years, 26-39 years range; 6 men and 9 women) samples were analyzed
in this study. IS patient’s samples were selected based on the diagnosis with homogenous parameters of
gender, age, and treatment, whereas HC subject’s samples were chosen based on homogenous
parameters of gender and age. IS patients were clinically evaluated and analyzed based on the following
scales for stroke outcomes: NIH-SS and BI. The NIHSS quanti�es stroke severity based on language,
motor function, sensory loss, consciousness, visual �elds, extra ocular movements, coordination, neglect,
and speech [33], whereas, functional outcomes and daily life activities were measured using the BI scale
[34]. Moreover, both IS patients and HC subjects have been analyzed by using CIRS (Cumulative Illness
Rating Scale) [35], a typical comorbidity scale, and the MMSE (Mini-Mental State Examination) [36] to
evaluate the cognitive function. Samples belonging to IS patients with neurological comorbidity (e.g.
Parkinson’s or Alzheimer’s diseases, major head trauma, neuromuscular diseases etc.) or psychiatric (e.g.
psychosis, bipolar disorder) or oncological pathologies in progress have been excluded.

A summary of cases is shown in Table 1.
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Table 1
Study population and clinical data. TES = Thrombo-Embolic Stroke; ACS = Anterior Circulation Stroke;

PCS = Posterior Circulation Stroke; MMSE = Mini-Mental State Examination; NIH-SS = National Institutes
of Health Stroke Scales; BI= Bartel Index; n.c. = not calculated.

Population Characteristics

  IS patients HC subjects Young HC
subjects

N° 30 30 15

Males/Females 15/15 15/15 6/9

Age (mean ± SD; range) 70.0 ± 11.5 (45-
87)

72.1 ± 7.3 (51-
87)

32.6 ± 4.0 (26-
39)

TES (%) 26.7 n.a. n.a.

ACS (%) 46.7 n.a. n.a.

PCS (%) 26.7 n.a. n.a.

MMSE

(mean ± SD; range)

25.6 ± 8.8 (0-30) 29.1 ± 1.4 (25-
30)

n.c.

NIH-SS

(mean ± SD; range)

4.9 ± 2.8 (2-14) n.a. n.a.

BI (mean ± SD; range) 59.4 ± 20.0 (25-
95)

n.a. n.a.

Processing Days after IS (mean ± SD;
range)

30.3 ± 12.1 (14-
51)

n.a. n.a.

Blood Collection
Serum, plasma and PBMCs samples have been obtained from the venous sampling of Y-HC, HC subjects
and IS patients.

Serum samples were collected in tubes with Clot activator and spun at 1500 g for 15’ at R.T. (Room
Temperature, at least after 30’ from blood collection and max within 1h).

Plasma samples were collected in ethylenediaminetetraaceticacid-K2 vacuum blood (K2EDTA) pre-coated
tubes and spin at 2000 g for 15’ at R.T.

PBMCs samples were collected in K2-EDTA tubes. Whole blood was diluted with the same amount of
RPMI 1640 (Roswell Park Memorial Institute culture medium) without glutamine (Euroclone), layered on
Ficoll-Histopaque (Ficoll-PlaqueTM Plus, GE HealthCare) and centrifuged at 800 g for 30’ brake off at R.T.
PBMCs pellet were collected from the interface and washed 3 times with PBS (Phosphate Buffered
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Saline) without calcium and magnesium (Euroclone). Platelets were eliminated by an additional wash
and centrifugation at 200 g for 10’ at R.T.

All blood samples were stored at -80°C in the CCPP Biobank and the experiments were performed using
frozen PBMCs.

Albumin and IgG removal from serum and plasma samples
Albumin and the major subclasses of IgG (Immunoglobulin G) were removed from serum and plasma by
using the commercial kit ThermoScienti�cTMPierceTM Removal Kit [37]. Brie�y, ≈ 500 µg of serum or
plasma diluted in “Binding/Wash Buffer” were loaded onto a spin column previously immobilized by the
“Cibacron Blue/Protein A gel” and incubated 10’ at R.T. on an orbital shaker. The samples were pulled
down by 1’ of centrifugation at 10000 g at R.T. and the recovered �ltrate was re-applied on the resin bed.
After an additional 10’ of incubation suited by 1’ of centrifugation at 10000 g at R.T., 75 µL of
“Binding/Wash Buffer” were loaded to the column and blood samples, removed from albumin and IgG,
were recovered after 1’ of centrifugation at 10000 g at R.T. The column was then washed with 100 µL of
“Binding/Wash Buffer” and the �ow through recovered by adding 100 µL of Laemmli Loading Buffer 1x
and centrifuged 1’ at 10000 g at R.T.

Western Blotting Analysis
After the determination of the protein concentration performed by Coomassie Protein Assay (Thermo
Scienti�c), 100 µg of serum, plasma and PBMCs lysates, 0.5 µg of mouse brain cortex lysates and 50 µg
of extracellular vesicles lysates were analyzed by Western Blot (WB). PBMCs, mouse brain cortex and all
extracellular vesicles fractions were resuspended in RIPA buffer (Radioimmunoprecipitation Assay
Buffer) and sonicated before the determination of protein concentration. 10 µL of the �ow through,
obtained after the stripping of albumin and IgG from serum or plasma, were loaded for WB analysis while
4 µL of each nuclear and cytoplasmic fraction were loaded for subcellular fractionation analysis. All
samples were diluted in Laemmli Loading Buffer (WVR Life Science). WB analysis was performed by
incubating the PVDF (polyvinylidene di�uoride) membranes (GE Healthcare) for 1h at R.T. or overnight
(O.N.) at 4°C in a blocking solution containing 4% dried milk (Serva Electrophoresis GmBH) or BSA
(Bovine Serum Albumin, PanReac AppliChem) in TBS (Tris-Buffered Saline, Corning) to which 0.1%
Tween-20 was added. After incubation with primary antibody (1.5h at R.T. or O.N. at 4°C), the membranes
were extensively washed in TBS and 0.1% Tween-20 and incubated for 1h at R.T. with a speci�c rabbit or
mouse peroxidase-conjugated immunoglobulins (Jackson Immuno Research). The immunoreactivity
signals were detected by Super SignalTMWest Femto Maximum Sensitivity Substrate (Thermo Scienti�c)
using the following primary antibodies: rabbit polyclonal anti-STX-1a (1:350), rabbit polyclonal anti-
ERp57 (1:2000), rabbit polyclonal anti-CD9 (1:500), all from Elabscience; rabbit monoclonal anti-STX-1a
(1:750, AbCam); rabbit polyclonal anti-SNAP-25 (1:200, Atlas Antibodies); rabbit polyclonal anti-Lamin
A/C (1:200), rabbit monoclonal anti-SV2A (1:200), rabbit monoclonal anti-GFAP (1:1000), rabbit
monoclonal anti-PSD95 (1:500), all from Cell Signaling Technology; mouse monoclonal anti-β-actin
(ACTB, 1:10000), rabbit polyclonal anti-APO A1 (1:500), rabbit polyclonal anti-NSE (1:400), all from
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Biorbyt; mouse monoclonal anti-GM130 (1:200, BD Biosciences); mouse monoclonal anti-CD107a
(1:2000, Exbio Antibodies). For WB analysis of serum and plasma, PVDF membranes were subsequently
stained for total proteins content with Coomassie-Blue (WVR Life Sciences).

WB densitometric analyses were performed by using Image J software (Meida Cybernetics).

Cells cultures
PBMCs cultures, obtained from an healthy subject, were performed as previously described [38]. Brie�y,
after their isolation from blood (as stated above), cells have been extensively washed in DMEM
(Dulbecco’s Modi�ed Eagle medium, Biowest LLC, without FBS, Fetal Bovine Serum, Corning) and
resuspended in 1 mL of DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. Cells
concentration have been adjusted at 1x10^6 cells/mL and 500 µL of cells suspension have been seeded
in a 24 well culture plate and incubated at 37°C in a 5% CO2. As reported, cells adhering to the plate are
the monocyte population whereas the �oating one are lymphocytes [38]. After 2, 4 and 9 days of culture,
cells were harvested, counted and resuspended in Laemmli Loading Buffer to reach 1x10^4 cells/µL,
sonicated and 20 µL of each sample (2X10^5cells) has been used for WB analyses.

The SH-SY5Y human glioblastoma cells (ATCC CRL-2266), received from EBRI Rita Levi-Montalcini
Foundation, were maintained in DMEM supplemented with 10% FBS, 2 mM L-glutamine and 1%
penicillin/streptomycin (Aurogene) at 37°C in a 5% CO2 incubator.

Immuno�uorescence experiments
For immunostaining of PBMCs, round glass coverslips were coated with poly-L-lysine 0.1 mg/mL solution
(Serva Electrophoresis GmBH) for 5’ at R.T. and then dried for 2h. Frozen PBMCs were resuspended in
100 µl of PBS and seeded for 1h on coated coverslips at 4°C. Cells were �xed in 1% p-formaldehyde
(Thermo Scienti�c) 15’ at 4°C.

PBMC’s colocalization analysis between STX-1a and β-actin or STX-1a and GM130 were performed on a
subpopulation of 5 HC subjects. In the same way, STX-1a expression levels of PBMC were analyzed, by
immuno�uorescent experiments, in a subpopulation of 5 IS patients and 5 HC subjects.

SH-SY5Y cells were seeded on round glass coverslips (2.5x10^5 cells each) and incubated for 24h at
37°C and 5% CO2, then washed with PBS (Euroclone) and �xed with 4% p-formaldehyde for 15’ at 4°C.

Both PBMCs and SH-SY5Y cells were permeabilized and unspeci�c binding sites were blocked by
incubation at R.T. in PBS supplemented with 0.2% Triton X-100 and 1% BSA. The coverslips were
incubated O.N. at 4°C with primary antibodies: rabbit polyclonal anti-STX-1a (1:200), rabbit polyclonal
anti-SNAP-25 (1:200), mouse monoclonal anti-β-actin (1:50) and mouse monoclonal anti-GM130 (1:100).
Cells were then washed in PBS supplemented with 1% BSA and incubated 1h at R.T., in dark, with anti-
rabbit TRITC and anti-mouse FITC (1:400, Jackson Immuno Research). After extensive washing with PBS
and PBS supplemented with 0.2% Triton X-100 and 1% BSA, cells were incubated 10’ at 4°C, in dark, with
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0.1 µg/mL of DAPI (PanReac AppliChem) for nucleus staining. Coverslips with no primary antibodies
were analyzed as negative controls.

Fluorescence microscopy and image analysis
Fluorescent images were acquired using NIS-Elements Basic Research software using a �uorescent
microscope (Nikon Eclipse Ti2-E). Fluorescence acquisition settings were identical among all images
acquired. To avoid, artifacts, the background was subtracted to each image and independent threshold
was calculated. Image J software was used to evaluate �uorescent intensity that was calculated by
taking in considering at least 15 isolated cells for each subject and the mean was calculated by the
analysis of at least 5 subjects for each group. Before calculating colocalization analysis and the STX-1a
�uorescent levels in IS patients and HC groups, a median �lter was applied to the images to reduce the
background noise.

The colocalization parameters (between STX-1a and β-actin or STX-1a and GM130) were estimated by
measuring the percentage of colocalized area and Pearson’s coe�cient. To evaluate the �uorescent
areas, for each channel were automatically drawn a color mask using the Color threshold module. In
Pearson’s coe�cient analysis the JACoP plugin was used.

For the quanti�cation of STX-1a levels in IS patients and HC subjects, �uorescence intensity of nuclei
(stained with DAPI), cytoplasm (stained with β-actin) and STX-1a were calculated. The quanti�cation of
STX-1a expression levels was obtained by dividing the values of its signal by the β-actin value from
which the nucleus �uorescence was subtracted. These analyses were made by using an
immuno�uorescence area mask for DAPI and β-actin channels and the Set Measurement module for
STX-1a determination.

Subcellular Fractionation of PBMCs
A cytosolic cellular fraction (containing soluble proteins) and an insoluble nuclear fraction were prepared
by differential centrifugation [39, 40]. Brie�y, cellular pellets were lysed in hypotonic buffer (10 mM
Hepes/NaOH pH 7.5, 250 mM sucrose, 10 mM NaCl, 3 mM MgCl2, 0.5% Triton X-100, protease and
phosphatase inhibitor cocktails, from Thermo Scienti�c) and the cytoplasmic fractions were separated
from nuclei by 5’ centrifugation at 2000 g at 4°C. Pellets were resuspended in 100 mM Tris-HCl pH 7.4, 1
mM EDTA pH 7.5 and 500 mM NaCl, protease and phosphatase inhibitor cocktails, incubated 10’ at 4°C
followed by 1:10 dilution and 15’ of incubation at 4°C with 10 mM Tris-HCl pH 7.4, 1 mM EDTA pH 7.5,
0.5% NP-40, protease and phosphatase inhibitor cocktails and centrifuged 5’ at 150 g at 4°C. Both the
cytoplasmic and the nuclear fractions were precipitated by the addition of 9 volumes of ethanol, cooled
2h at -80°C and then centrifuged for 30’ at 18400 g at 4°C. After discarding the supernatant, pellets
(containing cytoplasmic or nuclear proteins) were resuspended in 30 µL of Laemmli Loading Buffer 1X
and 4 µL of each sample were loaded for WB analysis.

The analysis of STX-1a expression levels in the cytosolic fractions were performed in a subpopulation of
10 IS patients, 10 HC and 5 Y-HC subjects.
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Extracellular vesicles puri�cation from serum samples
Extracellular vesicles were isolated, as previously reported [41], by using 500 µL of frozen sera added to
500 µL of PBS containing three times more than the suggested concentrations of protease and
phosphatase inhibitor cocktails and were spun at 4000 g for 20’ at 4° C. Supernatants were gently mixed
with 250 µL of ExoQuick (System Biosciences) in a fresh tube, incubated 1h at 4°C and then centrifuged
at 1500 g for 20’ at 4° C. The pellets were resuspended in 500 µL of Ultra-Pure Water (Lonza Bioscience
Solution) containing three times the suggested concentrations of protease and phosphatase inhibitors
and incubated for 2h at R.T. with rotation. Then, 100 µL of samples were stored as total extracellular
vesicles proteins (T). NDEs were then immunoprecipitated by using 4 µg of mouse anti-human CD171 (L1
cell adhesion molecule [L1CAM]) biotinylated antibody from eBioscience) in a total volume of 45 µl of 3%
BSA in PBS and incubated 1h at 4° C with rotation. Samples were then incubated with 13.5 µl of
streptavidin-agarose Ultralink resin (Thermo Scienti�c) in a total volume of 40 µl of 3% BSA for 30’ at 4° C
with rotation. The pH was adjusted to ~ 7.0 and samples were spin-down at 200 g for 10’ at 4° C.
Supernatants represent the total extracellular vesicles fraction depleted of NDE (T–N), while pellets were
resuspended in 160 µL of 0.1 M Glycine, pH 2.5-3, vortexed 30’’ and centrifuged at 4500 g, for 5’ at 4° C.
Supernatants, which represent NDEs fractions (N), were added of 13.5 µl of 1 M Tris-HCl, pH 8, 22.5 µl of
3% BSA in PBS and 234 µl of RIPA Buffer, in a fresh tube, containing three times the suggested
concentrations of protease and phosphatase inhibitors. Samples were subjected to 2 freeze-thaw cycles
and sonication, before the determination of the protein concentration and WB analysis.

The analysis of STX-1a expression levels in NDEs and of SNAP-25 in both total extracellular vesicles and
NDE fractions were performed in a subpopulation of 10 IS patients and 10 HC subjects.

Transmission electron microscopy
Extracellular vesicles isolated from HC subjects have been used to perform ultrastructural analysis by
transmission electron microscopy (TEM), as previously described [42]. Brie�y, extracellular vesicles were
�xed in 2% paraformaldehyde and adsorbed on formvar-carbon-coated copper grids. The grids were then
incubated in 1% glutaraldehyde for 5’, washed with deionized water eight times, and then negatively
stained with 2% uranyl oxalate (pH 7) for 5’ and methyl cellulose/uranyl for 10’ at 4°C. Excess of methyl
cellulose/uranyl was blotted off, and the grids were air-dried and observed with a TEM (FEI
Morgagni268D) at an accelerating voltage of 80 kV. Digital images were taken with Mega View imaging
software.

Statistical Analysis
Variation of STX-1a and SNAP-25 levels in the populations analyzed were evaluated by one-way analysis
of variance and post-hoc Tukey signi�cance tests by using Kaleidagraph (Synergy Software).
Signi�cance was assessed as * p≤0.05; ** p≤0.005; *** p≤0.001.

Correlation between NIH-SS, BI and MMSE clinical scales and STX-1a and SNAP-25 levels in the different
blood components were determined by Pearson’s correlation coe�cient r with 95%. As for the strength of
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correlation, it has been classi�ed according to British Medical Journal guidelines, which regard signi�cant
correlation coe�cients of 0-0.19 as very weak, 0.2-0.39 as weak, 0.4-0.59 as moderate, 0.6-0.79 as strong
and 0.8-1 as very strong [43].

Results

STX-1a and SNAP-25 are detected in human peripheral
blood
In order to con�rm the presence of STX-1a and SNAP-25 in human blood fractions, we �rstly analyzed, by
WB, the different human blood components (i.e. PBMC, serum and plasma) from healthy donors. In
PBMC, the band corresponding to STX-1a was found at the predicted molecular weight of 33 kDa and it
was comparable to the one observed in the mouse brain cortex lysate loaded as positive control. On the
other hand, as expected, no speci�c signal was detected for SNAP-25 (Fig. 1a). These results have been
also con�rmed by immuno�uorescence analysis in which STX-1a was found expressed around the nuclei
(Fig. 1b) similarly to the signal observed in the neuronal-like cells SH-SY5Y, used as positive control (Fig.
SI 1a). On the other hand, SNAP-25 speci�c signal was completely absent in PBMC (Fig. 1b), thus
con�rming our WB results.

Both STX-1a and SNAP-25 proteins were expressed in serum and plasma, although the immunoreactive
band for STX-1a appears to be shifted at higher molecular weight (around 50 kDa) (Fig. 1a), still, further
investigations are needed to elucidate the band entity.

The analysis of human blood samples is often complicated by the presence of high concentrations of
albumin and IgG, which can count for 70% of total serum proteins [37]. For this reason, serum and
plasma samples have been re-probed after the IgG and albumin removal. Indeed, both STX-1a (at the
higher molecular weight) and SNAP-25 signals were still observed (Fig. 1c). Flow through samples
coming from the IgG/albumin removal were analyzed and they showed very faint bands for both proteins
(Fig. SI 1b) con�rming the antibodies speci�city for the proteins probed.

Subcellular localization of STX-1a in PBMCs from healthy
donors
Fluorescence images demonstrated that STX-1a is mostly expressed outside the nucleus (Fig. 1b) with a
higher localization in the cytoplasm where strongly colocalizes with the cytoplasmic marker β-actin
(Fig. 2a). This interaction is also con�rmed by the colocalization areas (60.0 ± 7.7%; Fig. 2b) and
Pearson’s Coe�cient (0.605 ± 0.141; Fig. 2c) analyses. Moreover, we observed a partial colocalization of
STX-1a and the speci�c marker of the Golgi’s apparatus (GM130) (Fig. 2a) of which the colocalization
area (14.8 ± 4.2%; Fig. 2b) and the Pearson’s Coe�cient have been calculated (0.380 ± 0.076; Fig. 2c).
These results suggest that STX-1a could be synthesized by PBMCs rather than been uptaken from
outside.
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Then, to con�rm the cytosolic localization of STX-1a in PBMCs we performed a subcellular fractionation
experiment in which we found that STX-1a was present in the soluble cytoplasmic fraction but not in the
nuclear compartment. β-Actin and lamin A/C have been used respectively as markers of cytoplasmic and
nuclear compartments to test the quality of the fractionation method (Fig. 2d).

PBMCs chie�y consists of monocytes and lymphocytes, therefore, we �nally analyzed whether STX-1a
was expressed in both cellular subtypes or one speci�c sub-population. For this reason, PBMCs have
been cultured for 9 days, the longest time point possible before they died, and the expression of STX-1a
was monitored at different time points showing that it was expressed in both monocytes and
lymphocytes at each time analyzed (Fig. 2e).

STX-1a and SNAP-25 are detected in NDEs puri�ed from
human serum of healthy donors
NDEs were puri�ed from the serum of healthy donors in order to con�rm the presence of the two SNARE
proteins. The fraction prepared are total extracellular vesicles (T), the NDEs (N) and the total fraction
depleted of the NDEs (T-N). Firstly, we examined our preparations in order to verify their quality, indeed all
extracellular vesicles fractions resulted pure and free from contaminations by other cells organelles such
as Golgi apparatus (GM130), endoplasmic reticulum (ERp57), lysosomes (CD107a) and nucleus (lamin
A/C) (Fig. 3a). Moreover, extracellular vesicles preparation resulted positive to CD9 antibody, speci�c for
exosomal population, while it was not present in PBMCs, serum and mouse brain cortex (Fig. 3a, b, c).
Lipoprotein particles are very abundant in the circulation and are often co-puri�ed with extracellular
vesicles fractions [44]. In our preparations, the WB analysis showed that the subsequential puri�cation
steps succeeded to obtain NDE fractions (N) with a reduced contamination of apolipoproteins, if
compared to the other two extracellular vesicles fractions (T and T-N) (Fig. 3a). The puri�ed NDEs
fractions, which are enriched of neuronal proteins, were positively immunoreactive to main neuronal
markers NSE and SV-2a (Synaptic Vesicle Glycoprotein 2a), but negative to the astrocyte’s marker GFAP
and to the post-synaptic marker PSD95 (Post Synaptic Density Protein 95) (Fig. 3b), thus con�rming the
neuronal origin of these vesicles, potentially from the presynapses. Then, we probed the NDEs for both
STX-1a and SNAP-25. Interestingly, STX-1a was present, at the typical molecular weight of 33 kDa, in T
extracellular vesicles and also in NDE but not in T-N. In particular, STX-1a appears signi�cantly enriched
in NDEs fractions with respect to that of T extracellular vesicles, while it was undetectable in the fractions
of T-N. SNAP-25 was present in T and N extracellular vesicles fractions and in less extent also in T-N
(Fig. 3c). These results suggest that the presence of both SNARE proteins in human serum may be due to
their transport through NDEs.

Finally, the NDE preparation underwent TEM analyses showing the presence of nano-sized, rounded-
shaped vesicles with a typical diameter range of 70–100 nm which can de�nitely correspond to serum
isolated NDEs (Fig. 3d).

Demographic and clinical characteristics of the human
subjects selected for the study
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A population of 30 IS patients (mean age 70.0 ± 11.5; 50% females) and 30 age-and-sex matched healthy
controls (HC, mean age 72.1 ± 7.3; 50% females) has been selected to study the expression levels of STX-
1a and SNAP-25 in serum, PBMCs and NDEs isolated from serum. Being the SDS-PAGE (sodium dodecyl
sulphate–polyacrylamide gel electrophoresis) migration of the serum STX-1a at a molecular weight
higher than normal, we decided to analyze the expression levels of STX-1a only in PBMCs and NDEs,
while being SNAP-25 absent in PBMCs, we analyzed it in serum and NDEs. Moreover, 15 healthy young
subjects (Y-HC, mean age 32.6 ± 4.0; 60% females) have been enrolled in the study to assess whether the
expression levels of STX-1a and SNAP-25 varied during aging. Table 1 presents the demographic and
clinical features of the population studied.

Age or gender distribution was homogeneous between the IS and the HC population groups. Patients
suffering from transient ischemic attack (TIA) and hemorrhagic stroke have been excluded from the
study. Blood samples of all IS patients were obtained between 14 to 51 days (mean 30.3 ± 12.1 days)
from the ischemic event, which is considered the beginning of the post-acute phase of IS, and the
majority of the stroke events had origin in the anterior circulation (46.7%). The average of the speci�c
stroke clinical scales, i.e. NIH-SS and the modi�ed BI were 4.9 ± 2.8 and 59.4 ± 20.0 respectively, while
MMSE is 25.6 ± 8.8 vs 29.1 ± 1.4 of the HC population.

Peripheral levels of STX-1a and SNAP-25 were signi�cantly increased in IS patients compared to HC
subjects and STX-1a correlates with IS clinical scales

First of all, the expression levels of STX-1a in PBMCs and of SNAP-25 in serum have been analyzed by
WB analysis and subsequent densitometric measurement in IS patients, HC and Y-HC subjects. Our
analyses revealed that both SNARE proteins signi�cantly increased in IS patients compared to either HC
or Y-HC (Fig. 4). We also con�rm the “altered” migration of STX-1a in sera of IS patients (around 50 kDa,
Fig. SI 2a) and the concomitant absence of SNAP-25 in their PBMCs (Fig. SI 2b).

Interestingly, the densitometric analyses showed an increased expression level of STX-1a in PBMCs of IS
patients compared to both HC and Y-HC subjects (1.5 ± 0.5 vs 0.97 ± 0.3 and 0.94 ± 0.2 for HC and Y-HC,
respectively, p=0.0002; Fig. 4a, b). We then analyzed a possible correlation between protein expression
level in PBMCs and the NIH-SS, BI and MMSE clinical scales. We found a moderate negative correlation
with NIH-SS scale (-0.407) (Fig. 4c) and a moderate positive correlation with BI score (0.400) (Fig. 4d).
Both these correlations are statistically signi�cant (p=0.03). On the other hand, no signi�cant correlation
has been found between STX-1a concentration measured in IS PBMCs and MMSE (Fig. SI 2c).

Moreover, the expression levels of SNAP-25 have been found signi�cantly increased in serum of IS
subjects with respect to both HC and Y-HC subjects (0.47 ± 0.07 vs 0.28 ± 0.12 and 0.09 ± 0.02 for HC
and Y-HC, respectively, p=0.00004; Fig. 4e, f). Of note, in this case, SNAP-25 is signi�cantly more
abundant in the HC population in comparison with the Y-HC subjects. Nevertheless, the Pearson’s
analysis between these data and the three aforementioned clinical scales did not lead to any statistically
signi�cant results (Fig. SI 2d, e, f).



Page 13/34

Finally, we demonstrate that the increased SNAP-25 expression levels in IS sera were not affected by the
IgG and albumin content since SNAP-25 expression has been observed in serum of the three analyzed
population (Fig. 4g), while no signals have been observed in the �ow through samples (Fig. SI 2g).

STX-1a increased in PBMC samples of a subpopulation of
IS patients
Immuno�uorescence analysis of PBMCs of a subpopulation of IS patients showed a higher presence of
STX-1a signal in this group compared to the HC subjects (Fig. 5a). Indeed, the �uorescent analysis of
STX-1a expression con�rms that STX-1a was signi�cantly increased in IS patients (107 ± 15.4 vs 73.1 ±
12.9, p=0.005; Fig. 5b).

Later we performed subcellular fractionation of PBMCs of a subpopulation of IS patients. The WB
con�rmed the presence of STX-1a in the cytoplasm of PBMCs in the population analyzed (Fig. 5c).
Moreover, STX-1a expression levels have been found signi�cantly higher in the cytoplasm of PBMCs of IS
patients with respect to HC subjects (1.6 ± 0.6 vs 0.59 ± 0.1, p=0.0002; Fig. 5d) and Y-HC (0.77±0.3,
p=0.0027; Fig. 5d). No signi�cant differences were observed between the two control groups, HC and Y-
HC (p=0.70) (Fig. 5d).

STX-1a and SNAP-25 expression levels are signi�cantly increased in NDEs puri�ed from serum of a
subpopulation of IS patients

STX-1a and SNAP-25 proteins content have been analyzed in the extracellular vesicles’ fractions isolated
from the serum of a subpopulation of IS patients and HC subjects. All extracellular vesicle fractions have
been tested for the exosomal marker CD9 and the neuronal marker NSE (Fig. 6). The STX-1a signal was
barely visible but not quanti�able in the total extracellular vesicles’ fractions (Fig. 6a), and absolutely
absent in the total extracellular vesicles fractions depleted from NDEs (T-N) (Fig. 6f), but it was
signi�cantly increased in NDEs derived from IS patients with respect to HC (1.8 ± 0.3 vs 1.1 ± 0.3,
p=0.00005; Fig. 6c, d). On the other hand, SNAP-25 resulted strongly in the total extracellular vesicles
fractions compared with STX-1a, but differences of SNAP-25 expression were not signi�cant between the
two above-mentioned populations (p=0.91) (Fig. 6a, b). However, SNAP-25 expression level was
statistically higher in NDEs isolated from IS patients than HC subjects (4.1 ± 0.9 vs 2.9 ± 0.9, p=0.02;
Fig. 6c, e).

Finally, SNARE protein contents in NDEs have been correlated with the clinical scales through a Pearson’s
correlation analysis and only STX-1a showed signi�cant results. In particular, a moderate positive
correlation between STX-1a and NIH-SS scale (0.521) (Fig. 6g) and a moderate negative correlation with
BI scores (-0.431) (Fig. 6h) were found. Both correlations are statistically signi�cant (p=0.003 and p=0.02,
for NIH-SS and BI scales, respectively). On the other hand, no correlation has been observed between
STX-1a and MMSE (Fig. SI 3a) and between SNAP-25 NDE’s concentration and the clinical scales (Fig. SI
3b, c, d). Finally, even the levels of the two SNARE proteins in the NDEs are not statistically correlated with
each other (Fig. SI 3e).
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Discussion
The identi�cation of IS blood-based biomarkers would represent a fundamental step for unsure a better
prediction of the outcomes of the ischemic event and for the identi�cation of a personalized treatment for
each patient with the advantage to be very little invasive and relative at low-cost. Emerging evidences
demonstrate that exosomes regulate brain intercellular communication after IS [45], for this reason, the
development of techniques to isolate NDEs from peripheral blood has opened interesting opportunities in
the �eld of the identi�cation of IS biomarkers. In addition, PBMC, being present at the peripheral level, can
represent another source of IS biomarkers. These cells selectively migrate and in�ltrate the ischemic brain
tissue [46] and an alteration of their gene expression pro�le has been observed in IS patients [47]. Indeed,
the destruction of the blood-brain barrier allows proteins to leak into the blood �ow and their serological
detection become therefore possible. Interestingly, it has been demonstrated that some cerebral proteins
are released and detected into blood samples of IS patients [19].

In this work, we investigated the IS peripheral expression levels of two proteins member of the SNARE
complex, STX-1a and SNAP-25, that play a fundamental role in the release of neurotransmitters from the
pre-synaptic side [48, 49] and which concentration is altered in the brain tissue of IS animal models [16-
18]. Recently, both proteins have been detected in NDEs isolated from blood serum and the reduction of
their expression levels have been associated with Alzheimer and Parkinson diseases [30, 32]. Moreover,
both proteins have yet been described in blood cells like neutrophils [28, 50, 51] and platelets [52, 53], but
only the mRNA of STX-1a (but not that of SNAP-25) was detected in PBMC [29].

First of all, we con�rmed the presence of both proteins at peripheral levels and we found that SNAP-25
was present in serum and in both total extracellular vesicles and NDEs lysates, but not in PBMC, as
already reported in the literature [29, 31]. On the other hand, STX-1a expression was observed in NDEs,
while in total extracellular vesicles was almost undetectable by WB analyses, and surprisingly we found it
expressed in PBMC. Although, it was reported that STX1a mRNA is present in PBMC [29], its protein
expression in these cells is here described for the �rst time. Still, there are no available data about the role
of STX1a in PBMC, although it is known that these cells are able to release cytokines [54], so potentially
syntaxins protein family could be useful for the release machinery in these cells.

Regarding the cellular distribution of STX-1a, we observed, by mean of immuno�uorescence and
subcellular fractionations experiments, that it was expressed mainly in the cytosol. Interestingly, the
partial colocalization of STX-1a with the GM130-Golgi apparatus marker led us to assume that STX-1a
could be processed by the Golgi organelle during its in-situ syntheses. Moreover, another hypothesis on
the cause of the presence of STX-1a in the PBMC could be that it is up-taken by the cells from the quote
of the protein freely moving in the blood �ow. Interestingly, we demonstrated that both monocytes and
lymphocytes, the two main cellular sub-population of PBMC, express STX-1a. In line with our results,
syntaxin proteins, but not STX-1a, were reported to play an important role in the cellular release of
cholesterol and choline-phospholipids to apolipoprotein A-I (apoA-I) in monocytes by binding ATP-binding
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cassette transporter A1 (ABCA1) [55], and in addition, STX-11 was found to regulate lymphocyte-
mediated secretion and cytotoxicity [56].

We analyzed the peripheral expression of STX-1a and SNAP-25 in a cohort of IS patients that has been
characterized by the classical IS clinical scales NIH-SS and BI as well as by MMSE [36] and CIRS [35] in
order to also evaluate their cognitive function as well as to select patients with low comorbidity levels.
Our data indicated that in all blood components analyzed, the levels of both SNARE proteins were
signi�cantly higher in IS patients compared to the two control populations (HC and Y-HC). In particular,
we demonstrated that the level of STX-1a was increased in PBMCs of IS patients and no signi�cant
difference was observed between HC and Y-HC subjects leading us to speculate that the expression
protein level �uctuation is related to the ischemic event rather than to the aging process. These results are
in line with reported data showing that other brain pathologies stimulate up-regulation of proteins in
PBMCs as for example happens for α-synuclein in Parkinson’s disease patients [57] or the increase of
mRNAs like IL-1 (Interleukin) beta, IL-8, and IL-17 mRNA in PBMC during brain ischemia [58]. Likewise,
SNAP-25 levels were signi�cantly increased in sera of IS patients compared to the age-matched healthy
subjects and, interestingly, its expression level seems to be also in�uenced by aging processes, since HC
subjects were characterized by signi�cant higher SNAP-25 serum levels with respect to the younger
population. The role of SNAP-25 in aging is so far not explored, however our �ndings suggest that its
peripheral levels could re�ect some physiological modi�cation of brain synapses which occurs during the
aging.

In addition, both STX-1a and SNAP-25 levels were signi�cantly enriched in NDEs puri�ed from sera of IS
patients. The release of neuronal proteins in extracellular vesicles has been reported to show a potential
use of their quanti�cation as a biomarker for different pathologies like Alzheimer’s in the case of SNAP-
25 [30] and Parkinson’s, for the presynaptic SNARE protein complex (i.e. STX-1a, SNAP-25 and VAMP-2)
[32]. Moreover it has been demonstrated that STX-1a plays an important role in the regulation of the
release of exosomes from the central nervous system [59] and, interestingly, other syntaxin isoforms were
found to have a role mainly in exosomal secretion from different cell types [60, 61].

The Pearson’s correlation analysis of STX-1a levels, in both PBMCs and NDEs, lead us to hypothesize that
the presence of STX-1a is correlated with the IS pathology since it is associated with NIH-SS clinical
scale, which is among the most frequent clinical and demographical scale associate with stroke mortality
[33] and with BI, that measures the performance in activities of daily living [34]. However, we did not
observe any correlation with the MMSE ,which is not a speci�c clinical scale for the IS, but an assessment
of cognitive functions [36]. These results demonstrate that STX-1a not only is linked to the pathology
onset but also correlated with its severity, being higher in patients with a more severe score in clinical
scales. On the other hand, the levels of SNAP-25 never showed any statistical difference when compared
with the clinical scales, probably the presence of these proteins is not strictly related to the severity of the
IS (indeed, we also observed its blood accumulation in aging), but its peripheral levels increase is anyway
associated with brain ischemia pathology.
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All these �ndings prompted us to propose that the observed biological modi�cations of STX-1a and
SNAP-25 could potentially represent the extent of brain damage and, consequently, they could be studied
as potential prognostic biomarkers for IS. A deeper knowledge on the role of these two synaptic
molecules in the peripheral blood samples could be used to support the clinical investigations on the
severity of the brain damage occurring in IS and, after following studies, as a molecular predictor of the
functional recovery of individuals affected by IS.

Conclusion
Our study demonstrates the SNARE proteins STX-1a and SNAP-25 are present in human blood fractions
and to the best of our knowledge, this is the �rst time that the neuronal STX-1a protein is observed in
PBMCs. The analysis of their expression levels showed that both the two SNARE proteins analyzed are
augmented in the blood fractions of a cohort of IS patients, HC and Y-HC subjects. Interestingly, STX-1a
increase, in both PBMCs and NDEs, always correlates with the severity of the pathology assessed by
using the IS clinical scales NIH-SS and BI. Indeed, these �ndings might set the basis to study the synaptic
plasticity changes, following an ischemic attack, at peripheral level and STX-1a and SNAP-25 could be
considered as potential prognostic biomarkers for understanding the effects of rehabilitation
interventions on the population affected by IS.

Abbreviations
ABCA1
ATP-Binding Cassette transporter A1
ApoA-I
Apolipoprotein A-I
ATP
Adenosine Tri-Phospahte
BI
Bartel Index
BSA
Bovine Serum Albumin
CCPP
Casa di Cura Privata del Policlinico
CIRS
Cumulative Illness Rating Scale
DMEM
Dulbecco’s Modi�ed Eagle medium
FBS
Fetal Bovine Serum
GFAP



Page 17/34

Glial Fibrillary Acid Protein
HC
Healthy Controls
HSP70
Heat Shock Protein 70
IgG
Immunoglobulin G
IL
Interlerukin
IS
Ischemic Stroke
K2EDTA
ethylenediaminetetraaceticacid-K2
L1CAM
L1 Cell Adhesion Molecule
Lp-PLA 2
Lipoprotein-associated Phospolipase A2
MMP-9
Matrix Metalloproteinase 9
mRNA
Messenger Ribonucleic Acid
MMSE
Mini-Mental State Examination
NDE
Neuronal Derived Extracellular Vesicles
NIH-SS
National Institutes of Health Stroke Scale
NSE
Neuron Speci�c Enolase
O.N.
Over Night
PBMC
Peripheral Blood Mononuclear Cells
PBS
Phosphate Buffered Saline
PSD95
Post Synaptic Density Protein 95
PVDF
polyvinylidene di�uoride
RIPA



Page 18/34

Radioimmunoprecipitation Assay Buffer
RPMI
Roswell Park Memorial Institute culture medium
R.T.
Room Temperature
S100β
S100 calcium-binding protein B
SDS-PAGE
sodium dodecyl sulphate–polyacrylamide gel electrophoresis
SNAP-25
Synaptosomal Associated Protein, 25 kDa
SNARE
Soluble N-Ethylmaleimide-Sensitive Fusion Protein Attachment Protein Receptor
STX
Syntaxin
SV-2a
Synaptic vesicle Glycoprotein 2a
TIA
Transient Ischemic Attack
TBS
Tris-Buffered Saline
TEM
Transmission Electron Microscopy
WB
Western Blot
Y-HC
Young Healthy Controls

Declarations
Acknowledgments: We are thankful to Dr. Peppino Tropea for his help in the statistical analyses and Dr.
Elda Judica for her help as neurologist on the choice of patient samples. 

Funding: This study was funded by Casa di Cura Privata del Policlinico di Milano.

Competing interests: The authors have no �nancial or non-�nancial interests to discolse.

Author’s contributions: Conceptualization was performed by [Marco Feligioni], data curation and
methodology were performed by [Pamela Cappelletti and Marco Feligioni], formal analysis, investigation
and writing-original draft- were performed by [Pamela Cappelletti], funding acquisition, project
administration, supervision and writing-review and editing- were performed by [Massimo Corbo and



Page 19/34

Marco Feligioni], TEM investigation was performed by [Laura Masuelli and Roberto Bei], blood sample
resources was performed by [Melania Filareti], writing-review and editing- was performed by [Kambiz
Hassanzadeh].

Data Availability: The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request. All data generated or analyzed during this study
are included in this published article (and its supplementary information �les).

Ethic approval: This study was performed in line with the principles of the Declaration of Helsinki.
Approval was granted by the Ethics Committee of Milan: n ° 285_2019 bis for sample collection and n°
729-2021 for the experimental study.

Consent to participate: Informed consent was obtained from all individual participants included in the
study. 

Consent to publish: Patients signed informed consent regarding publishing their data.

References
1.           Deb P, Sharma S, Hassan KM (2010) Pathophysiologic mechanisms of acute ischemic stroke: An
overview with emphasis on therapeutic signi�cance beyond thrombolysis. Pathophysiology 17(3):197–
218. http://dx.doi.org/10.1016/j.pathophys.2009.12.001.

2.           Bakhai A (2004) The burden of coronary, cerebrovascular and peripheral arterial disease.
Pharmacoeconomics 22 Suppl 4:11–8. doi:10.2165/00019053-200422004-00004.

3.           Romain G, Mariet AS, Jooste V, Duloquin G, Thomas Q, Durier J, Giroud M, Quantin C, Béjot Y
(2019) Long-term relative survival after stroke: The dijon stroke registry. Neuroepidemiology 498–505.
doi:10.1159/000505160.

4.           Katzan IL, Hammer MD, Hixson ED, Furlan AJ, Abou-Chebl A, Nadzam DM, Cleveland Clinic Health
System Stroke Quality Improvement Team (2004) Utilization of Intravenous Tissue Plasminogen
Activator for Acute Ischemic Stroke. Arch Neurol 61(3):346-50. doi:10.1001/archneur.61.3.346.

5.           Wang DZ, Rose JA, Honings DS, Garwacki DJ, Milbrandt JC (2000) Treating Acute Stroke Patients
With Intravenous tPA The OSF Stroke Network Experience.  Stroke 31(1):77-81.
doi:10.1161/01.str.31.1.77.

6.           Lin Y,Li Z, Liu C, Wang Y (2018) Towards precision medicine in ischemic stroke and transient
ischemic attack. Front Biosci 23(7):1338–59. doi:10.2741/4647. 

7.           Astrup J, Siesjo BK, Symon L (1981) Thresholds in cerebral ischemia - the ischemic penumbra.
Stroke12(6):723–5. doi:10.1161/01.str.12.6.723.



Page 20/34

8.           Lo EH, Moskowitz MA, Jacobs TP (2005) Exciting, radical, suicidal: how brain cells die after
stroke. Stroke 36(2):189–92. doi:10.1161/01.STR.0000153069.96296.fd.

9.           Sims NR, Muyderman H (2010) Mitochondria, oxidative metabolism and cell death in stroke.
Biochim Biophys Acta 1802(1):80–91. doi:10.1016/j.bbadis.2009.09.003.

10.         Belov Kirdajova D, Kriska J, Tureckova J, Anderova M (2020) Ischemia-Triggered Glutamate
Excitotoxicity From the Perspective of Glial Cells. Front Cell Neurosci 14:1–27.
doi:10.3389/fncel.2020.00051

11.         Kustanovich V, Marriman B, McGough J, McCracken JT, Smalley SL, Nelson SF (2003) Biased
paternal transmission of SNAP-25 risk alleles in attention-de�cit hyperactivity disorder. Mol Psychiatry
8(3):309–15. doi:10.1038/sj.mp.4001247.

12.         Nakamura K, Anitha A, Yamada K, Tsujii M, Iwayama Y, Hattori E, Toyota T, Suda S, Takei N, Iwata
Y, Suzuki K, Matsuzaki H, Kawai M, Sekine Y, Tsuchiya KJ, Sugihara GI, Ouchi Y, Sugiyama T, Yoshikawa T,
Mori N (2008) Genetic and expression analyses reveal elevated expression of syntaxin 1A (STX1A) in
high functioning autism. Int J Neuropsychopharmacol 11(8):1073–84.
doi:10.1017/S1461145708009036.

13.         Etain B, Dumaine A, Mathieu F, Chevalier F, Henry C, Kahn JP, Deshommes J, Bellivier F, Leboyer
M, Jamain S  (2010) A SNAP25 promoter variant is associated with early-onset bipolar disorder and a
high expression level in brain. Mol Psychiatry 15(7):748–55. doi:10.1038/mp.2008.148. 

14.         Wang C, Xu B, Ma Z, Liu C, Deng Y, Liu W, Xu ZF  (2017) Inhibition of Calpains Protects Mn-
Induced Neurotransmitter release disorders in Synaptosomes from Mice: Involvement of SNARE Complex
and Synaptic Vesicle Fusion Sci Rep 7(1):1–11. doi:10.1038/s41598-017-04017-9.

15.         Acuna C, Guo Q, Burré J, Sharma M, Sun J, Sudhof TC (2014) Microsecond dissection of
neurotransmitter release: SNARE-complex assembly dictates speed and Ca²  sensitivity. Neuron
82(5):1088-100. doi:10.1016/j.neuron.2014.04.020.

16.         Cao F, Hata R, Zhu P, Niinobe M, Sakanaka M (2009) Up-regulation of syntaxin1 in ischemic
cortex after permanent focal ischemia in rats. Brain Res 1272:52–61.
doi:10.1016/j.brainres.2009.03.047. 

17.         Martí E, Ferrer I, Ballabriga J, Blasi J (1998) Increase in SNAP-25 immunoreactivity in the messy
�bers following transient forebrain ischemia in the gerbil. Acta Neuropathol 95(3):254–60.
doi:10.1007/s004010050795.

18.         Chen HY, Hung YC, Chen TY, Huang SY, Wang YH, Lee WT, Wu TS, Lee EJ (2009) Melatonin
improves presynaptic protein, SNAP-25, expression and dendritic spine density and enhances functional



Page 21/34

and electrophysiological recovery following transient focal cerebral ischemia in rats. J Pineal Res
47(3):260–70. doi:10.1111/j.1600-079X.2009.00709.x.

19.         Maestrini I, Ducroquet A, Moulin S, Leys D, Cordonnier C, Bordet R (2016) Blood biomarkers in the
early stage of cerebral ischemia. Rev Neurol (Paris) 172(3):198–219. doi:10.1016/j.neurol.2016.02.003. 

20.         Choi J Il, Ha SK, Lim DJ, Kim SD, Kim SH (2018) S100ß, matrix metalloproteinase-9, D-dimer, and
heat shock protein 70 are serologic biomarkers of acute cerebral infarction in a mouse model of transient
MCA occlusion. J Korean Neurosurg Soc 61(5):548–58. doi:10.3340/jkns.2017.0200.

21.         Kvartsberg H, Portelius E, Andreasson U, Brinkmalm G, Hellwig K, Lelental N, Kornhuber J,
Hansson O, Minthon L, Spitzer P, Maler JM, Zetterberg H, Blennow K, Lewczuk P (2015) Characterization
of the postsynaptic protein neurogranin in paired cerebrospinal �uid and plasma samples from
Alzheimer’s disease patients and healthy controls. Alzheimers Res Ther 7(1):40. doi:10.1186/s13195-015-
0124-3.

22.         Matsumoto A, Takahashi Y, Nishikawa M, Sano K, Morishita M, Charoenviriyakul C, Saji H,
Takakura Y (2017) Role of Phosphatidylserine-Derived Negative Surface Charges in the Recognition and
Uptake of Intravenously Injected B16BL6-Derived Exosomes by Macrophages. J Pharm Sci 106(1):168–
75. doi:10.1016/j.xphs.2016.07.022. 

23.         Lai CPK, Breake�eld XO (2012) Role of exosomes/microvesicles in the nervous system and use
in emerging therapies. Front Physiol 3:1–14. doi:10.3389/fphys.2012.00228.

24.         Colombo M, Raposo G, Théry C (2014) Biogenesis, Secretion, and Intercellular Interactions of
Exosomes and Other Extracellular Vesicles. Annu Rev Cell Dev Biol 30(1):255–89. doi:10.1146/annurev-
cellbio-101512-122326. 

25.         Fauré J, Lachenal G, Court M, Hirrlinger J, Chatellard-Causse C, Blot B, Grange J, Schoehn G,
Goldberg Y, Boyer V, Kirchhoff F, Raposo G, Sadoul R (2006) Exosomes are released by cultured cortical
neurones. Mol Cell Neurosci 31(4):642–8. doi:10.1016/j.mcn.2005.12.003.

26.         Colombo E, Borgiani B, Verderio C, Furlan R (2012) Microvesicles: Novel biomarkers for
neurological disorders. Front Physiol 3:1–6. doi:10.3389/fphys.2012.00063.

27.         Chen KH, Chen CH, Glenn Wallace C, Yuen CM, Kao GS, Chen YL, Shao PL, Chen YL, Chai HT, Lin
KC, Liu CF, Chang HW, Lee ML, Yip HK (2016) Intravenous administration of xenogenic adipose-derived
mesenchymal stem cells (ADMSC) and ADMSC-derived exosomes markedly reduced brain infarct volume
and preserved neurological function in rat after acute ischemic stroke. Oncotarget 7(46):74537–56.
doi:10.18632/oncotarget.12902.

28.         Martín-Martín B, Nabokina SM, Lazo PA, Mollinedo F (1999) Co-expression of several human
syntaxin genes in neutrophils and differentiating HL-60 cells: Variant isoforms and detection of syntaxin



Page 22/34

1. J Leukoc Biol 65(3):397–406. doi:10.1002/jlb.65.3.397.

29.         Pattu V, Qu B, Schwarz EC, Strauss B, Weins L, Bhat SS, Halimani M, Marshall M, Rettig J, Hoth M
(2012) SNARE protein expression and localization in human cytotoxic T lymphocytes. Eur J Immunol
42(2):470–5. doi:10.1002/eji.201141915.

30.         Agliardi C, Guerini FR, Zanzottera M, Bianchi A, Nemni R, Clerici M (2019) SNAP-25 in Serum Is
Carried by Exosomes of Neuronal Origin and Is a Potential Biomarker of Alzheimer’s Disease. Mol
Neurobiol 56(8):5792–8. doi:10.1007/s12035-019-1501-x.

31.         Spessott WA, Sanmillan ML, McCormick ME, Kulkarni VV, Giraudo CG (2017) SM protein Munc18-
2 facilitates transition of Syntaxin 11-mediated lipid mixing to complete fusion for T-lymphocyte
cytotoxicity. Proc Natl Acad Sci U S A 114(11):E2176–85. doi:10.1073/pnas.1617981114.

32.         Agliardi C, Meloni M, Guerini FR, Zanzottera M, Bolognesi E, Baglio F, Clerici M (2021)
Oligomeric α-Syn and SNARE complex proteins in peripheral extracellular vesicles of neural origin are
biomarkers for Parkinson’s disease. Neurobiol Dis 148:105185. doi:10.1016/j.nbd.2020.105185. 

33.       Adams HP Jr, Davis PH, Leira EC, Chang KC, Bendixen BH, Clarke WR, Woolson RF, Hansen MD
(1999) Baseline NIH Stroke Scale score strongly predicts outcome after stroke: A report of the Trial of Org
10172 in Acute Stroke Treatment (TOAST). Neurology 53(1):126–31. doi:10.1212/wnl.53.1.126.

34.     Ohura T, Hase K, Nakajima Y, Nakayama T (2017) Validity and reliability of a performance
evaluation tool based on the modi�ed Barthel Index for stroke patients. BMC Med Res Methodol 17(1):1–
8. doi:10.1186/s12874-017-0409-2.

35.    Linn BS, Linn MW, Gurel L (1968) Cumulative illness rating scale. J Am Geriatr Soc 16(5):622–6.
doi:10.1111/j.1532-5415.1968.tb02103.x.

36.     Folstein MF, Folstein SE, McHugh PR (1975) “Mini-mental state”. A practical method for grading the
cognitive state of patients for the clinician. J Psychiatr Res 12(3):189–98. doi:10.1016/0022-
3956(75)90026-6.

37.         Larry Sparks D, Kryscio RJ, Sabbagh MN, Ziolkowski C, Lin Y, Sparks LM, Liebsack C, Johnson-
Traver S (2012) Tau is reduced in AD plasma and validation of employed ELISA methods. Am J
Neurodegener Dis 1(1):99–106. 

38. Panda SK, Ravindran B (2013) Isolation of Human PBMCs. Bio-protocol 3(3):e323.
https://doi.org/10.21769/BioProtoc.323.

39.     Gundacker N, Bayer E, Traxler E, Zwickl H, Kubicek M, Stockl J, Gerner C (2006) Knowledge-based
proteome pro�ling: Considering identi�ed proteins to evaluate separation e�ciency by 2-D PAGE.
Electrophoresis 27(13):2712–21. doi:10.1002/elps.200500964.



Page 23/34

40.         Mohr T, Haudek-Prinz V, Slany A, Grillari J, Micksche M, Gerner C (2017) Proteome pro�ling in IL-
1β and VEGF-activated human umbilical vein endothelial cells delineates the interlink between
in�ammation and angiogenesis. PLoS One 12(6):1–23. doi:10.1371/journal.pone.0179065.

41.     Mustapic M, Eitan E, Werner JK Jr, Berkowitz ST, Lazaropoulos MP, Tran J, Goetzl EJ, Kapogiannis D
(2017) Plasma extracellular vesicles enriched for neuronal origin: A potential window into brain
pathologic processes. Front Neurosci 11:1–12. doi:10.3389/fnins.2017.00278.

42.     Borrelli C, Ricci B, Vulpis E, Fionda C, Ricciardi MR, Petrucci MT, Masuelli L, Peri A, Cippitelli M,
Zingoni A, Santoni A, Soriani A (2018) Drug-induced senescent multiple myeloma cells elicit nk cell
proliferation by direct or exosome-mediated IL15 trans-presentation. CancerImmunol Res 6(7):860–9.
doi:10.1158/2326-6066.CIR-17-0604.

43.    thebmj. www.bmj. com/ about- bmj/ resources- readers/ publications/ statistics square-one/ 11-
correlation- and- regression.

44.         Karimi N, Cvjetkovic A, Jang SC, Crescitelli R, Feizi MAH, Nieuwland R, Lotvall J, Lasser C (2018).
Detailed analysis of the plasma extracellular vesicle proteome after separation from lipoproteins. Cell Mol
Life Sci 75(15):2873–86. doi:10.1007/s00018-018-2773-4. 

45.         Zhang ZG, Chopp M (2016) Exosomes in stroke pathogenesis and therapy. J Clin Invest
126(4):1190–7. doi:10.1172/JCI81133.

46.         Kochanek PM, Hallenbeck JM (1992) Polymorphonuclear leukocytes and
monocytes/macrophages in the pathogenesis of cerebral ischemia and stroke. Stroke 23(9):1367–79.
doi:10.1161/01.str.23.9.1367.

47.         Moore DF, Li H, Jeffries N, Wright V, Cooper RA Jr, Elkahloun A, Gelderman MP, Zudaire E, Blevins
G, Yu H, Goldin E, Baird AE (2005) Using peripheral blood mononuclear cells to determine a gene
expression pro�le of acute ischemic stroke: A pilot investigation. Circulation 111(2):212–21.
doi:10.1161/01.CIR.0000152105.79665.C6.

48.         Hou Q, Gao X, Zhang X, Kong L, Wang X, Bian W, Tu Y, Jin M, Zhao G, Li B, Jing N, Yu L
(2004) SNAP-25 in hippocampal CA1 region is involved in memory consolidation. Eur J Neurosci
20(6):1593–603. doi:10.1111/j.1460-9568.2004.03600.x.

49.         Fujiwara T, Mishima T, Kofuji T, Chiba T, Tanaka K, Yamamoto A, Akagawa K (2006) Analysis of
knock-out mice to determine the role of HPC-1/syntaxin 1A in expressing synaptic plasticity. J Neurosci
26(21):5767–76. doi:10.1523/JNEUROSCI.0289-06.2006.

50.         Nabokina S, Egea G, Blasi J, Mollinedo F (1997) Intracellular location of SNAP-25 in human
neutrophils. Biochem Biophys Res Commun 239(2):592–7. doi:10.1006/bbrc.1997.7515.



Page 24/34

51.         Nuyanzina VA, Nabokina SM (2004) Identi�cation of exocytosis mediator proteins in peripheral
blood neutrophils of patients with chronic myeloid leukemia. Bull Exp Biol Med 137(4):361–3.
doi:10.1023/b:bebm.0000035130.80245.13.

52.         Reed GL, Houng AK, Fitzgerald ML (1999) Human platelets contain SNARE proteins and a Sec1p
homologue that interacts with syntaxin 4 and is phosphorylated after thrombin activation: Implications
for platelet secretion. Blood 93(8):2617–26. http://dx.doi.org/10.1182/blood.V93.8.2617.

53.         Redondo PC, Harper AGS, Salido GM, Pariente JA, Sage SO, Rosado JA (2004) A role for SNAP-25
but not VAMPs in store-mediated Ca2+ entry in human platelets. J Physiol 558(1):99–109.
doi:10.1113/jphysiol.2004.064899.

54.         Friberg D,  Bryant J, Shannon W, Whiteside TL (1994) In vitro cytokine production by normal
human peripheral blood mononuclear cells as a measure of immunocompetence or the state of
activation. Clin Diagn Lab Immunol 1(3):261–8. doi:10.1128/cdli.1.3.261-268.1994.

55.         Maa Bared S, Buechler C, Boettcher A, Dayoub R, Sigruener A, Grandl M, Rudolph C, Dada A,
Schmitz G (2004) Association of ABCA1 with Syntaxin 13 and Flotillin-1 and Enhanced Phagocytosis in
Tangier Cells. Mol Biol Cell 15:5399–407. doi:10.1091/mbc.e04-03-0182. 

56.         Arneson LN, Brickshawana A, Segovis CM, Schoon RA, Dick CJ, Leibson PJ (2007) Cutting edge:
syntaxin 11 regulates lymphocyte-mediated secretion and cytotoxicity. J Immunol 179(6):3397-401.
doi:10.4049/jimmunol.179.6.3397.

57.         Pei Y, Maitta RW (2019) Alpha synuclein in hematopoiesis and immunity. Heliyon 5(10):e02590.
doi:10.1016/j.heliyon.2019.e02590.

58.         Kostulas N, Pelidou SH, Kivisakk P, Kostulas V, Link H (1999) Increased IL-1beta, IL-8, and IL-17
mRNA expression in blood mononuclear cells observed in a prospective ischemic stroke study. Stroke
30(10):2174–9. doi:10.1161/01.str.30.10.2174.

59.         Budnik V, Ruiz-Canada C, Wendler F (2016) Extracellular vesicles round off communication in the
nervous system. Nat Rev Neurosci 17(3):160–72. doi:10.1038/nrn.2015.29.

60.         Peak TC, Panigrahi GK, Praharaj PP, Su Y, Shi L, Chyr J, Rivera-Chavez J, Flores-Bocanegra L,
Singh R, Vander Griend DJ, Oberlies NH, Kerr BA, Hemal A, Bitting RL, Deep G (2020) Syntaxin 6-mediated
exosome secretion regulates enzalutamide resistance in prostate cancer. Mol Carcinog 59(1):62–72.
doi:10.1002/mc.23129.

61.         Giovannone AJ, Reales E, Bhattaram P, Fraile-Ramos A, Weimbs T (2017) Monoubiquitination of
syntaxin 3 leads to retrieval from the basolateral plasma membrane and facilitates cargo recruitment to
exosomes. Mol BiolCell 28(21):2843–53. doi:10.1091/mbc.E17-07-0461.



Page 25/34

Figures

Figure 1

Detection of STX-1a and SNAP-25 in peripheral blood of healthy donors. a) WB analysis of the SNARE
proteins in blood components. PBMCs, serum (SE), plasma (PL) and mouse brain cortex lysate (CTX,
loaded as positive control) have been immunostained with STX-1a and SNAP-25 antibodies. STX-1a was
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detected in all blood components, but only in PBMCs at the predicted M.W., while SNAP-25 was observed
in serum and plasma but not in blood cells. b) Immuno�uorescence analysis of STX-1a and SNAP-25 in
PBMCs. Fluorescence analysis of PBMCs con�rms the presence of STX-1a but not that of SNAP-25 (red
channels). Nuclei have been labeled with the marker DAPI (blue channels). Original magni�cation: 60X.
Bars correspond to 10 µm. c) WB analysis of STX-1a and SNAP-25 in serum and plasma depleted from
IgG and albumin. After the stripping of IgG and albumin from serum and plasma (as shown by
Coomassie Blue staining) both STX-1a (at the shifted M.W) and SNAP-25 immune-recognition signals
persist. For WB analysis 100 µg of blood components, 0.5 µg of mouse brain cortex lysate and 10 µL of
�ow through have been loaded in each lane
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Figure 2

Analysis of the subcellular and cellular localization of STX-1a in PBMCs of healthy donors. a) IF analysis
of the cellular distribution of STX-1a in PBMCs. PBMCs have been immunostained with the cytoplasmic
marker β-actin (upper panel) or the Golgi apparatus marker GM130 (lower panel) (green channels) and
STX-1a (red channels). In the merge images, a clear colocalization of STX-1a with β-actin is evident thus
indicating a cytoplasmic localization of the SNARE protein in PBMCs. A partial colocalization of STX-1a
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and GM130 is also shown. Original magni�cation: 60X. Bars correspond to 10 µm. b) Colocalization
analysis. Histogram showing the percentage of colocalized area compared to the total �uorescent area.
c) Pearson’s Coe�cient. Histogram showing Pearson’s Coe�cient. Green points and histograms
represents the % of colocalization area (b) and the Pearson’s Coe�cient (c) of STX-1a compared to β-
actin, orange points and histograms represents the % of colocalization area (b) and the Pearson’s
Coe�cient (c) of STX-1a compared to GM130. d) PBMC’s subcellular fractions analysis. WB analysis
con�rmed the cytoplasmic localization of STX-1a in PBMCs. The successful separation of the nuclear
(Nc) and the cytoplasmic fractions (Cyto) of PBMCs is demonstrated by the presence of the nuclear
marker lamin A/C only in the nuclear fraction and that of β-actin only in the cytoplasmic one. e) STX-1a is
expressed in both major PBMCs subtypes in cultures. WB analysis reveals that STX-1a is expressed in
both monocytes (M) and lymphocytes (L) and that its expression is maintained over time in cultured
cells. For IF analysis at least 15 cells for each subject (n=5) have been analyzed. For WB analysis 4 µL of
PBMCs subcellular fractions (i.e. Nc and Cyto), 100 µg of whole PBMCs, 0.5 µg of mouse brain cortex
lysate and 2X10^5 of cultured PBMCs have been loaded in each lane

Figure 3
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WB analysis of a representative NDE puri�cation from the serum of healthy donors. a) Quality analysis of
extracellular vesicle preparation. Extracellular vesicles samples are not contaminated by Golgi apparatus
(GM130), endoplasmic reticulum (Erp57), lysosomes (CD107) and nucleus (lamin A/C). The presence of
the HDL marker APO A1 is detectable in both total extracellular vesicles (T) and total extracellular vesicles
depleted to NDE (T-N), but disappear in NDEs fractions (N). CD9 is a common exosome marker. b) NDE
characterization. WB analysis show an enrichment of neuronal markers (NSE and SV-2a) in NDEs with
respect to the other two extracellular vesicles fractions. Moreover, NDE samples are negative to the
astrocytes and the post synaptic markers GFAP and PSD95, respectively. c) STX-1a and SNAP-25 are
enriched in NDE fractions. The levels of both SNARE proteins are increased in NDE with respect to the two
other extracellular vesicles fractions. d) Representative EM analysis of NDE. The ultrastructural analysis
of NDE shows the presence of rounded-shaped vesicles with a diameter range of 70–100 nm. Bars
correspond to 50nm. For WB analysis 100 µg of whole PBMCs, 50 µg of serum (SE), extracellular vesicles
fractions (T, N, T-N) and 0.5 µg of mouse brain cortex lysate have been loaded in each lane
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Figure 4

Quantitative analysis of STX-1a in PBMCs and of SNAP-25 in sera in all population analyzed. a, e)
Representative WB analysis of STX-1a in PBMCs (a) and of SNAP-25 in serum (e) in IS and HC subjects.
PBMCs are immunostained for STX-1a (a) and serum for SNAP-25 (e). For each sample, the STX-1a
densitometric value is normalized to that of β-actin, while the SNAP-25 densitometric values is
normalized to that of total blood proteins content revealed by Coomassie Blue staining. b) Densitometric



Page 31/34

analysis STX-1a expression levels in PBMCs. STX-1a expression levels have been analyzed by using One-
way ANOVA with post-hoc Tukey test: STX-1a signi�cantly increase in PBMCs of IS patients with respect
to HC and Y-HC subjects (p≤0.0001), while no differences are observed between control groups (p=0.97).
c, d) Pearson’s correlation analysis between expression of STX-1a in IS PBMC and the clinical stroke
scales. STX-1a levels in PBMCs of IS patients present a moderate negative correlation with NIH-SS
(p=0.03) (c) and a moderate positive correlation with BI (d) (p=0.03). f) Densitometric analysis SNAP-25
expression levels in sera. SNAP-25 expression levels have been analyzed by using One-way ANOVA with
post-hoc Tukey test: SNAP-25 levels are signi�cantly increased in serum of IS patients with respect to HC
and Y-HC subjects (p≤0.0001). A signi�cant increase of SNAP-25 expression is also observed in HC with
respect to Y-HC subjects (p≤0.0001). g) WB analysis of SNAP-25 in sera depleted of IgG and albumin.
The increased SNAP-25 levels in IS patient are not in�uenced by the presence of serum proteins. For WB
analysis 100 µg of whole PBMCs and of serum (SE) have been loaded in each lane. In quantitative
graphs (panels b and f) each point in a frame depicts the value for a single subject (n=30 IS patients, 30
HC subjects and 15 young HC subjects) while bars represent the median value ± SD. ***p≤0.001. In
panels b and f light blue points and histograms correspond to Y-HC subjects, blue points and histograms
correspond to HC subjects, red points and histograms correspond to IS patients

Figure 5
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Con�rmation of increased STX-1a levels in PBMCs of IS patients with respect to HC subjects. a)
Representative Immuno�uorescence analysis of STX-1a in PBMCs of IS patients and HC subjects.
PBMCs have been labeled with β-actin (green) and STX-1a (red). The STX-1a �uorescence intensity has
been normalized by dividing the measure of its intensity by that of the β-actin subtracted from that
measured for the nucleus (DAPI immunostaining). b) Quantitative analysis STX-1a levels in PBMCs. The
normalized STX-1a expression levels have been analyzed by using One-way ANOVA with post-hoc Tukey
test: STX-1a levels are signi�cantly increased in PBMCs of IS patients with respect to HC subjects
(p=0.005). Original magni�cation: 60X. Bars correspond to 10 µm. c) Representative WB of STX-1a
expression levels in PBMC cytoplasmic fractions. Representative WB analysis of cytoplasmic and nuclear
fractions of PBMCs. For each sample, the STX-1a densitometric values have been normalized to that of
β-actin. The successful separation of the nuclear (Nc) and the cytoplasmic fractions (Cyto) of PBMCs is
demonstrated by the presence of the nuclear marker lamin A/C in the nuclear fraction and that of β-actin
in the cytoplasmic one. d) Quantitative analysis of cytoplasmic STX-1a. STX-1a expression levels have
been analyzed by using One-way ANOVA with post-hoc Tukey test: STX-1a signi�cantly increase in
PBMCs of IS patients with respect to HC (p≤0.0001) and Y-HC (p≤0.003) subjects, while no difference is
observed between the two control groups (p=0.7). For IF analysis at least 15 cells for each subject have
been analyzed. For WB analysis 4 µL of each fraction (Nc and Cyto) and 100 µg of whole PBMCs have
been loaded in each lane. In quantitative graphs (panels b and d) each point in a frame depicts the value
for a single subject (n=5-10 IS patients, 5-10 HC subjects and 0-5 young HC subjects, respectively in b and
d) while bars represent the median value ± SD. **p≤0.005; ***p≤0.001. In panels b and d light blue points
and histograms correspond to Y-HC subjects, blue points and histograms correspond to HC subjects, red
points and histograms corresponds to IS patients
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Figure 6

Analysis of SNARE in extracellular vesicles of IS and HC subjects. a, c, f) Representative WB analysis of
the expression levels of STX-1a and of SNAP-25 in extracellular vesicles derived from sera.
Representative WB analysis of total (T) extracellular vesicles (a), NDE (N) (c) and total extracellular
vesicles depleted of NDE (T-N) (f) fractions. Each sample has been tested against CD9 (total exosomes
marker), NSE (NDE marker), STX-1a and SNAP-25. The SNAP-25 densitometric values in total
extracellular vesicles fraction have been normalized to that of CD9 (a), while the STX-1a and SNAP-25
densitometric values in NDE have been normalized to that of NSE (c). b, d, e) Densitometric analysis of
STX-1a and SNAP-25 in extracellular vesicles The normalized SNAP-25 levels in T extracellular vesicles
(b) and those of both STX-1a (d) and SNAP-25 (e) in NDE have been analyzed by using One-way ANOVA
with post-hoc Tukey test. Both STX-1a and SNAP-25 expression levels are signi�cantly increased in NDE
of IS patients with respect to HC subjects (p≤0.0001 and p≤0.02 for STX-1a (d) and SNAP-25 (e)
respectively), while no differences is observed for SNAP-25 in the T fraction (p=0.91) (b). g, h) Pearson’s
correlation analysis between expression of STX-1a in IS NDEs and the clinical stroke. STX-1a levels in
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NDE of IS patients present a moderate positive correlation with NIH-SS (p=0.003) (g) and a moderate
negative correlation with BI (p=0.02) (h). For WB analysis 50 µg of each extracellular vesicles fraction and
0.5 µg of mouse brain cortex lysate have been loaded in each lane. In quantitative graphs (panels b, d
and e) each point in a frame depicts the value for a single subject (n=10 IS patients and 10 HC subjects)
while bars represent the median value ± SD. *p≤0.05; ***p≤0.001. In panels b, d and e blue points and
histograms correspond to HC subjects, red points and histograms correspond to IS patients
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