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Abstract

A loss of synaptic density and connectivity is observed in multiple brain regions of Alzheimer’s disease (AD) patients, resulting
in a reduced expression of synaptic proteins such as SNAP-25 (synaptosomal-associated-protein-25). SNAP-25 alterations thus
could be an index of the degree of synaptic degeneration in the central nervous system (CNS). We isolated from serum of both
AD patients and healthy controls (HC) a population of neuron-derived exosomes (NDEs) and measured the concentrations of
SNAP-25 contained in such NDEs. The levels of SNAP-25 carried by NDEs were reduced in AD patients (mean 459.05 ng/ml,
SD 146.35 ng/ml) compared to HC (mean 686.42 ng/ml, SD 204.08 ng/ml) (p < 0.001). As a further confirmation of these results,
ROC (receiver operating characteristic) analyses indicated that the level of SNAP-25 carried by NDEs has the power to
discriminate between AD and HC (AUC =0.826, sensitivity = 87.5%, specificity = 70.6%, p <0.0001, cut-off value
587.07 ng/ml). Notably, a correlation between the levels of SNAP-25 carried by NDEs and levels and cognitive status measured
by MMSE score (»=0.465, 95% CI 0.11 to 0.714, p =0.01) was detected. This is the first report of SNAP-25 measurement in
serum. These data suggest that NDE-carried SNAP-25 could be an effective and accessible biomarker that reflects synapses

integrity in the brain.
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Introduction

Alzheimer’s disease (AD) is the most common type of demen-
tia and accounts for 50-70% of prevalent neurodegenerative
dementia cases [1]. AD is characterised by the formation of 3-
amyloid (A{3) plaques and neurofibrillary tangles in the brain
parenchyma; this results in the loss of synapses and neurons
which is observed in the early phases of AD and throughout
the disease progression [2]. Notably, animal models of the
early phases of AD have demonstrated that soluble A3 olig-
omers cause loss of presynaptic proteins and synaptic dys-
function [3, 4]. As a consequence, the first and most evident
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clinical symptom of AD is a progressive loss of cognitive
abilities with short-term memory impairment.

In the central nervous system (CNS), SNAP-25 (synapto-
somal-associated protein-25), an essential component of the
SNARE (soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptors) complex, is a marker of functional
synapses. SNARE complex proteins mediate synaptic com-
munication by initiating the docking of synaptic vesicles to
the presynaptic membrane in neurons [5]. The interaction
between SNAP-25, syntaxin 1, and synaptobrevin or VAMP
(vescicle-associated membrane protein) allows neuronal exo-
cytosis. The observation that a reduction of synaptic proteins
could be a biomarker, indicating the degree of synaptic de-
generation [6, 7], has prompted interest in detecting synaptic
proteins in human biological fluid samples. SNAP-25 was
first identified and measured in CSF in 1998 [8].
Subsequent analysed showed that SNAP-25 concentrations
in CSF are significantly correlated with Parkinson’s disease
(PD) in a disease specific manner and with cognitive and
motor symptom severity [9]. Other results suggested that
measurement of SNAP-25 in CSF from AD patients using
affinity purification and quantitative mass spectrometry could
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be a useful CSF biomarker in the differential diagnosis of
patients with AD and prodromal AD [7].

The early pathological impairments that characterize neu-
rodegenerative diseases such as AD and PD are asymptomat-
ic, and there is the urgent need of new biomarkers both for
early identification and longitudinal follow-up of future cases
[10, 11]. SNAP-25 demonstrated to be a potential good can-
didate biomarker of neurodegeneration, but CSF-based bio-
markers are invasive and cannot be used on a large scale.
Thus, we wondered if it was possible to detect and measure
in peripheral blood SNAP-25 protein of neural origin. Our
hypothesis was that SNAP-25 could be carried in peripheral
blood by extracellular vesicles (EVs) and, in particular, by
neuron-derived exosomes (NDEs).

Exosomes are nano-sized (30-100 nm diameter) spherical
particles surrounded by a phospholipid bilayer and loaded
with a variety of bioactive molecules as protein and nucleic
acids from donor cells. They participate in intercellular com-
munication and are found in biologic fluids such as blood,
urine, saliva, seminal fluid, ascites, amniotic liquid, synovial
fluid, breast milk and CSF [12]. Exosomes are released as a
result of the fusion of the multivesicular bodies (MVBs) with
the plasma membrane [13, 14]; their composition is a conse-
quence of their formation as well as the mechanisms of their
secretion. Accumulating evidence shows that exosomes, be-
cause of their size, can cross the blood—brain barrier (BBB) in
both directions [15—17]. As an example, glioblastoma specific
mRNA was found in sera of patients and was suggested to be a
biomarker in this disease. [18, 19].

We verified whether SNAP-25-containing NDEs could be
identified in peripheral blood and, if that was the case, whether
such SNAP-25-contaning NDEs could be used as a biomarker
of synaptic loss in central nervous system (CNS) and, as a
consequence, of AD.

Methods
Sample Collection and Study Population

Twenty-five patients with a diagnosis of AD were enrolled at
the Neurologic Rehabilitation Unit of the IRCCS Don Carlo

Gnocchi Foundation in Milano. All AD patients underwent
complete medical and neurological evaluation, laboratory
analysis, CT (computerized tomography) scan or MRI (mag-
netic resonance imaging), and other investigations (e.g., EEG
(electroencephalography), SPECT (single-photon emission
computed tomography) scan, CSF examination) to exclude
reversible causes of dementia. The clinical diagnosis of AD
was performed according to the NINCDS-ADRDA work
group criteria [20] and the DSM-IV-TR [21].
Neuropsychological evaluation and psychometric assessment
were performed with a Neuropsychological Battery that in-
cluded the following: Mini Mental State Examination
(MMSE), Digit Span Forward and Backward, Logical
Memory and Paired Associated Words Tests, Token Test, su-
pra Span Corsi Block Tapping Test, Verbal Fluency Tasks,
Raven Colored Matrices, the Rey Complex Figure and
Clinical Dementia Rating Scale (CDR) [22, 23]; the study
conformed to the ethical principles of the Helsinki
Declaration.

Seventeen healthy controls (HC) were recruited among rel-
atives of AD patients; they underwent MRI (magnetic reso-
nance imaging) scans that excluded the presence of any neu-
rodegenerative pathology and in particular AD. Subject char-
acteristics are summarized in Table 1.

The Ethical Committee of the Don C. Gnocchi Foundation
IRCCS approved the study (Prot. N°10/2018/CE_FdG/SA);
all the participants when possible, or patients’ legal guardians
when it was not, gave informed consent.

Ten millilitres of whole blood were collected from each
subject participating at the study following standard proce-
dures using a serum separator tube (SST II Advance, BD
Vacutainer®). Samples were allowed to clot for 1 h at room
temperature and then were centrifuged for 10 min at 3500 g.
After centrifugation samples were aliquoted and stored at —
80 °C until use.

Total Exosomes and NDE Isolation from Peripheral
Blood

Total exosomes were isolated from frozen sera samples with
ExoQuick® (System Biosciences, LCC, USA) according to
manufacturer’s instructions and as previously described [24].

Table 1 Characteristics of

patients and control subjects Age (years) MMSE score (corrected)  Disease duration
Diagnosis Total (n) M/F (n) Mean + SEM (SD) Mean + SEM (SD) Mean + SEM
AD 24 8/16 77.67+1.40 (6.84)  21.91+0.91* (4.09) 4.50+0.87 (2.87)
HC 17 4/13 76.47+1.49(6.16)  28.73+0.43* (1.20) NA

The significance of difference between cognitive state (MMSE) values (*p <0.0001) was calculated by an

unpaired Student’s ¢ test for AD vs HC

M male, F' female, SEM standard error of the mean, SD standard deviation, NA not applicable
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NDESs were isolated as previously described [25] starting from
total exosomes isolation with ExoQuick® followed by immu-
noprecipitation with biotinylated LICAM (CD171) antibody.
L1CAM is a neuronal surface marker; it was selected as target
for immunoprecipitation due to its high and relatively specific
expression in neural tissue and because previous research
demonstrated its high expression on exosomes derived from
cultured neurons [26].

Protein Isolation and Western Blot Analysis

Proteins were extracted from (1) total sera samples, (2) total
exosomes extracted from sera, (3) total exosomes extraction
supernatants, (4) NDEs and (5) NDEs extraction supernatants
samples with M-PER™ reagent (Thermo Fisher Scientific,
USA) according to manufacturer’s instructions, adding a
cocktail of protease and phosphatase inhibitors. Protein con-
centrations were determined with a Qubit™ fluorometer
(Thermo Fisher Scientific, USA). Samples were stored at —
80 °C until use. Proteins extracted from NDEs were separated
by SDS-PAGE using Mini PROTEAN® TGX™ precast gels
(Bio-Rad, USA) and automatically transferred to PVDF
(polyvinylidene difluoride) membranes with Trans-Blot® in-
strument (Bio-Rad, USA). The membranes were blocked (5%
non-fat dry milk in Tris-buffered saline containing 0.1%
Tween 20), then incubated with primary mouse monoclonal
antibodies against SNAP-25 (1:1000; SNAP-25 monoclonal
antibody (SP12), Invitrogen), TSG101 (1:1000; TSG101
monoclonal antibody (4A10), Thermo Fisher Scientific,
USA), Alix (1:1000; Alix monoclonal antibody (3A9),
Thermo Fisher Scientific, USA) and CD171 (1:1000;
CD171 Monoclonal Antibody (eBio5G3 (5G3),
eBioscience™) at room temperature for 2 h or 4 °C overnight
and followed by incubation with a secondary anti mouse
HRP-conjugated antibody for 1 h 45 min (1:20,000) at room
temperature. The membranes were developed with Clarity
Max Western ECL Substrate (Bio-Rad, USA) and imaged
by ChemiDoc™ Gel Imaging System (Bio-Rad, USA).

Measurement of SNAP-25 Carried by NDEs by ELISA

Protein extracts from NDEs were further analysed using
Human SNAP-25 sandwich enzyme-linked immunosorbent
assay (ELISA) kits (LS-F17747, LifeSpan BioSciences, Inc.,
USA). A 1:10 dilution of NDE protein extracts obtained from
an initial volume of 500 pl of serum was used. Samples were
incubated in the plates coated with SNAP-25 antibody for 2 h
at 37 °C. A biotin-conjugated detection antibody was then
added, which binds to the captured antigen. Unbound detec-
tion antibody was washed away. An avidin-horseradish per-
oxidase (HRP) conjugate was then added which binds to the
biotin. After washing, a TMB substrate was then added which
reacts with the HRP enzyme resulting in colour development.
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A sulphuric acid stop solution was then used to terminate
colour development reaction, and then, the optical density
(OD) of the well was measured at a wavelength of 450 nm
via an absorbance microplate reader (SunRise™, TECAN,
Switzerland). The OD of the samples was compared with
the OD standard curve generated using known antigen
concentrations.

Statistical Analysis

Shapiro—Wilks tests showed that SNAP-25 concentration data
were normally distributed in both AD and HC groups. A one-
way ANOVA test was performed to compare NDEs” SNAP-
25 levels between groups and logistic regression was applied
considering the condition of illness as dependent variable and
NDEs’ SNAP-25 concentrations and gender as covariates.
The discriminatory ability of NDEs” SNAP-25 concentration
was presented by using receiver operating characteristic
(ROC) analyses with calculation of the area under the curve
(AUCQ), sensitivity and specificity as well as 95% confidence
interval (CI). The relationship between MMSE cognitive
scores and SNAP-25 levels was determined using Pearson
correlation coefficient (r) with 95% CI and linear regression
analyses. In all cases, differences were considered statistically
significant when p <0.05. MedCalc® software (MedCalc®,
14.10.2, Belgium) was used for all statistical analyses.

Results
Peripheral SNAP-25 Is Carried by NDEs

Serum of AD patients and HC was analysed to verify whether it
would have been possible to detect the presence of SNAP-25.
Results showed that this was indeed the case as SNAP-25 could
be identified in sera of both groups of individuals (Fig. 1a).

The origin of the SNAP-25 detected in sera was analysed
next. In particular, we examined the possibility that SNAP-25
could be carried form the CNS to peripheral blood by
exosomes that originated in neural cells. To this end, the pres-
ence of SNAP-25 was analysed in total exosomes proteins
extracts, in proteins extracts from L1CAM-expressing NDEs
and in protein extract of total exosomes depleted of NDEs.
Results clearly showed that SNAP-25 was detectable in total
exosomes and in NDEs but not in total exosomes depleted of
NDE:s either in AD patients or in HC (Fig. 1b), clearly indi-
cating that SNAP-25 in serum is carried by NDE:s.

Peripheral SNAP-25 Levels Are Lower in AD Patients
Compared to HC

Once the origin of SNAP-25 in sera was understood, SNAP-
25 concentration in NDEs was measured by ELISA in 24 AD
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Fig. 1 Western blots. a SNAP-25 in sera of AD patients and HC.
Representative result obtained in three AD patients and three HC is
shown. b Lane 1: protein extracts from serum; lane 2: protein extracts
from total exosomes; lane 3: protein extracts from total exosomes isola-
tion supernatant; lane 4: protein extracts from exosomes of neuronal
origin (NDEs); lane 5: protein extracts from NDE’s isolation supernatant.
CD171 was detected in serum, total exosomes, NDEs and slightly in
NDEs supernatants; Alix and TSG101 were detected in serum, total
exosomes, NDEs and in NDEs supernatants; SNAP-25 was visible in
serum, total exosomes and in NDEs

patients and 17 HC. Results showed that SNAP-25 concentra-
tions in NDEs resulted normally distributed in both AD pa-
tients and HC and were significantly reduced in AD patients
(mean 459.05 ng/ml; SD 146.35 ng/ml; range 165.66—
729.82 ng/ml) compared to HC (mean 686.42 ng/ml; SD
204.08 ng/ml; range 337.16-1135.48 ng/ml) (p <0.001).
These results are shown in Fig. 2.

Notably, the NDE concentration of SNAP-25 did not cor-
relate with age (p = 0.124, Pearson correlation coefficient =
—0.244 (95% CI —0.514-0.068) even when possible correla-
tions were sought in the two analysed groups separately (data
not shown). A logistic regression was performed next consid-
ering the presence/absence of a diagnosis of AD as the depen-
dent variable and NDEs’ SNAP-25 concentration and gender
as covariates. The model confirmed the previous results. Thus,
a correlation between NDEs” SNAP-25 concentration and AD
was observed (p =0.003), but no correlations could be
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Fig. 2 Distribution of SNAP-25 protein levels in neuronal-derived
exosomes extracted from serum in Alzheimer’s disease (AD) patients
and healthy controls (HC). Each point in a frame depicts the value for a
single subject (24 AD patients and 17 HC subjects); the horizontal line
represents the median value

detected between NDEs” SNAP-25 concentration and gender
(p =0.468) (overall model fit x* = 15,783; p =0.0004).

A ROC analysis was finally performed in order to assess
the diagnostic value of NDEs’ SNAP-25 concentration; the
performance was found to be good (AUC =0.826; sensitivi-
ty =87.5%, specificity = 70.6%; p <0.0001) (Fig. 2). ROC
analyses identified a cut-off value for SNAP-25 of
587.07 ng/ml (Fig. 3).

Peripheral SNAP-25 Levels Correlate with MMSE

Age and education MMSE-corrected scores were available for
20 AD patients and 8 HC. As per definition, mean MMSE
score in AD patients was significantly lower than that ob-
served in HC (p < 0.0001) (Table 1). The existence of possible
correlations between NDEs’ SNAP-25 concentration and
MMSE cognitive scores was analysed next. Results showed
that MMSE scores are indeed positively correlated with
NDEs’ SNAP-25 concentration in the overall group of AD
and HC individuals analysed (»=0.465, 95% CI 0.11 to
0.714, p=0.01, Pearson correlation) (Fig. 4). The correlation
between SNAP-25 levels in NDEs from AD patients and dis-
ease duration, instead, failed to reach statistical significance
(data not shown).

Discussion

A loss of synaptic density and of synaptic connectivity is
consistently observed in multiple brain regions of AD patients
in the early phases of AD and throughout disease progression
[2]; this results in alterations of presynaptic terminal proteins,
such as SNAP-25 [27]. With first experiments, we were able
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Fig. 3 ROC analysis of SNAP-25 concentrations in serum exosomes of
neural origin as candidate biomarker for Alzheimer’s disease (AD). ROC
receiver operating characteristic, AUC area under curve

to detect SNAP-25 in serum of both AD patients and HC
subjects. Because SNAP-25 is normally not expressed in
blood cells, our hypothesis was that peripheral SNAP-25
could derive from exosomes originated in CNS that cross
the brain—blood barrier (BBB) to end up in peripheral blood.
There is in fact accumulating evidence showing that exosomes
can cross the BBB in both directions [15, 16, 18]. Thus, (1)
astrocyte-derived exosomes were isolated from peripheral
blood [28] and (2) brain exosomes were shown to be present
in the peripheral blood of genetically modified animals [25].

Results herein confirm that SNAP-25 can be detected in
sera and indicate that SNAP-25 is transported in serum inside
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Fig. 4 Scatter diagram of the significant correlation between SNAP-25
carried by peripheral exosomes of neural origin and age- and education-
corrected MMSE scores (+=0.465, 95% CI 0.11 to 0.714, p=0.01,
Pearson correlation)
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exosomes of neuronal origin. Notably, experiments conducted
with protein extracts from such exosomes showed that mean
SNAP-25 levels were lower in AD compared to HC.
Moreover, SNAP-25 concentration correlated with cognitive
impairment, as measured by MMSE score, suggesting that
measurement of SNAP-25 serum concentration could be an
easy accessible marker to follow progression of cognitive de-
cline in AD. Notably, whereas serum concentration of other
synaptic proteins, including synaptotagmin, synaptopodin,
synaptophysin, neurogranin and GAP43, had been shown to
be reduced in NDEs of AD patients compared to HC [29], this
is the first description of an alteration of SNAP-25, an essen-
tial component of the SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptors) complex, in pe-
ripheral blood.

SNAP-25 was first described to be present in CSF by
Thompson and collaborators [8]. Later, the group of
Brinkmalm, using a sophisticated method that combines af-
finity purification and mass spectrometry, purified SNAP-25
fragments in CSF and observed that the concentration of such
fragments was significantly increased in the CSF of AD pa-
tients compared to controls [7]. Even more recently, Ohrfelt
et al. confirmed that higher levels of SNAP-25 are present in
AD CSF [30]. Moreover, very recent results have also shown
that (1) CSF SNAP-25 concentration and the SNAP-25/A (342
ratio are increased in the early clinical stage of AD, (2) SNAP-
25 CSF concentration is significantly higher in AD patients
who carry APOE ¢4 compared to non-carriers and to individ-
uals with a diagnosis of mild cognitive impairment (MCI) [31]
and (3) SNAP-25 CSF concentration associates with MMSE
and A and tau CSF concentration [32]. Autopsy results,
finally, showed that SNAP-25 protein is significantly reduced
in brain samples of AD patients compared to controls [33-35].

Results herein, thus, are in accordance with those show-
ing that the concentration of other synaptic proteins is re-
duced in sera of AD [29], as well as those deriving from
autopsy analyses evidence, but are in contrast with data
indicating that the CSF concentration of SNAP-25 is in-
creased in AD. Notably, a similar dichotomy between sera
and CSF is also present when other synaptic proteins, e.g.
neurogranin, are measured. Thus, whereas the concentra-
tion of this protein is reduced in plasma NDEs of AD, its
concentration is increased in CSF of the same patients
compared to the values detected in controls [6, 36—38].

A possible way to explain these discrepancies is that,
whereas the SNAP-25 detected in peripheral blood is
contained in NDEs that generate from active synapses in the
brain and are actively released by neurons, SNAP-25 in the
CSF would result from the continuous leakage of protein from
various brain areas into the brain interstitial fluid that clears
into the CSF [39]. If this is the case, the measurement of NDE-
contained SNAP-25 in serum is a direct reflection of the syn-
aptic loss that characterizes the progression of AD.
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Because SNAP-25 is expressed not only in brain tissues
but also, for example, in pancreatic endocrine 3-cells
where it regulates insulin secretion [40], the measurement
of SNAP-25 transported from CNS to blood by NDEs in-
stead of measuring total SNAP-25 in the CSF is a way to
have a mirror of what happens in the brain. It is also to be
said that L1ICAM, the marker used for NDEs enrichment,
is highly expressed in neurons, but it is also expressed at
low levels in other cell types: for this reason, there is the
need to discover cellular surface biomarkers that are cell-
specific in order to find unique signatures of peripheral
exosomes subpopulations.

A limitation of this study is the relativity small sample
size; it is our intent (1) to confirm the results in a larger
cohort which could also include MCI (mild cognitive im-
pairment) patients; (2) to test SNAP-25 concentrations in
NDEs of patients with other non-AD dementias, including
vascular dementia, in order to evaluate the specificity and
prognostic value of NDEs’ SNAP-25 in AD diagnosis;
and (3) to test SNAP-25 levels in NDEs as AD biomarker
in prospective longitudinal studies designed to delineate
the clinical course of cognitively normal subjects with
altered NDE profiles to test if it may possible to identify
high-risk subjects early in the preclinical stage. If con-
firmed, these findings could be important for earlier diag-
nosis and also, for example, to assess the progression of
the disease and to monitor drug effects.

In conclusion, we investigated a possible new strategy
to study synaptic pathology in AD by measuring the pre-
synaptic protein SNAP-25 levels in peripheral exosomes
of neuronal origin. The technique can be extended both to
other pathologies of CNS and also to evaluate other
molecules.

AD, as other neurodegenerative diseases such as PD,
has an insidious course with a long preclinical phase; the
early pathological changes are often asymptomatic, and
there is the urgent need to find valid biomarkers of pa-
thology that should be non-invasive as CSF-based bio-
markers and less expensive than MRI and PET.
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