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nuclear factor of activated T-cell (NFAT)
modulating synaptic homeostasis and apoptosis
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Abstract

Background Soluble oligomeric forms of alpha-synuclein (aSyn-O) are believed to be one of the main toxic species

in Parkinson’s disease (PD) leading to degeneration. aSyn-O can induce Ca?* influx, over activating downstream path-
ways leading to PD phenotype. Calcineurin (CN), a phosphatase regulated by Ca?* levels, activates NFAT transcription
factors that are involved in the regulation of neuronal plasticity, growth, and survival.

Methods Here, using a combination of cell toxicity and gene regulation assays performed in the presence of classical
inhibitors of the NFAT/CN pathway, we investigate NFAT's role in neuronal degeneration induced by aSyn-O.

Results aSyn-O are toxic to neurons leading to cell death, loss of neuron ramification and reduction of synaptic
proteins which are reversed by CN inhibition with ciclosporin-A or VIVIT, a NFAT specific inhibitor. aSyn-O induce NFAT
nuclear translocation and transactivation. We found that aSyn-O modulates the gene involved in the maintenance

of synapses, synapsin 1 (Syn 1). SynT mRNA and protein and synaptic puncta are drastically reduced in cells treated
with aSyn-O which are reversed by NFAT inhibition.

Conclusions For the first time a direct role of NFAT in aSyn-O-induced toxicity and SynT gene regulation was demon-
strated, enlarging our understanding of the pathways underpinnings synucleinopathies.
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Introduction

Parkinson’s disease (PD) is characterized by a preferen-
tial loss of dopaminergic (DA) neurons in the substantia
nigra and accumulation of intracellular inclusions known
as Lewy bodies (LB) and Lewy neurites (LN). These
inclusions are primarily made up of the protein alpha-
synuclein (aSyn) (Spillantini et al. 1997), an abundant
presynaptic and nuclear protein (Pinho et al. 2019; Koss
et al. 2022), possibly playing a role in vesicular traffick-
ing and synaptic vesicle biology (Hurtley 2010). In Lewy
body diseases, aSyn is thought to aggregate into fibrils
that are the main components of LB and LN (Spillantini
et al. 1997; Braak et al. 1999). The accumulation of these
deposits is accompanied by inflammation, progressive
neuronal dysfunction and, eventually, death of affected
neuronal populations, leading to the various clinical fea-
tures of the disease (Braak et al. 2003, 2005; Caviness
et al. 2011). Several missense mutations in the SNCA
gene, which encodes for aSyn, are linked to rare forms
of familial PD (Polymeropoulos et al. 1997; Kriiger et al.
1998; Zarranz et al. 2004; Singleton et al. 2003; Chartier-
Harlin et al. 2004; Fujioka et al. 2014; Conway et al. 1998),
suggesting aSyn may gain a toxic function that possibly
contributes to disease. Although aSyn and its mutants
can form amyloid fibers in vitro, and accumulate in LBs
in the brain, aSyn fibrils have been hypothesized to be
protective, by sequestering the more toxic intermediate
aggregates such as oligomers (Olanow et al. 2004). This
is consistent with the observation that, in certain juvenile
forms of PD, extensive neurodegeneration is observed in
the absence of LB formation (Olanow et al. 2004; Baba
et al. 1998; Takahashi et al. 1994). In addition, it has also
been shown that LB-bearing neurons may not exhibit
cytotoxic phenotypes (Gertz et al. 1994; Tompkins et al.
1997; Osterberg et al. 2015). Furthermore, in vitro and
in vivo experiments have illustrated that aSyn oligom-
ers (aSyn-O) are toxic to neural cells, while fibrils are
not (Kayed et al. 2003; Outeiro et al. 2008; Winner et al.
2011). Interestingly, some aSyn mutants, such as A30P,
have a higher propensity to form oligomers than fibers
(Lee et al. 2004; Lazaro et al. 2014), which is advanta-
geous for testing phenotypes associated with the accu-
mulation of oligomeric aSyn species.

An implication of the theories of spreading of aSyn
pathology (Braak et al. 1999; Kordower et al. 2008; Brun-
din et al. 2008) is the occurrence of aSyn extracellular
species. In fact, such species were shown to be of path-
ological relevance in various experimental paradigms
(Lee 2008; Brown 2010; Didgenes et al. 2012). aSyn-O
can be released from cultured cells and primary neurons
(Emmanouilidou et al. 2010; Foulds et al. 2011; Danzer
et al. 2011), and are detectable in the soluble protein frac-
tion of brains of patients with LB dementia (El-Agnaf
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et al. 2006; Paleologou et al. 2009), as well as in the cer-
ebral spinal fluid of PD patients (El-Agnaf et al. 2006).
Importantly, the occurrence of extracellular aSyn-O in
other synucleinopathies suggests they may be relevant
not only in PD but also in other related disorders (Lee
2008).

One of the possible effects of extracellular oligomeric
forms of aSyn is the induction of Ca®* influx into neurons
and glial cells, and the consequent activation of down-
stream pathways, leading to pathological alterations and,
ultimately, to cell death (Martin et al. 2012; Caraveo et al.
2014; Ferreira et al. 2017).

Calcineurin (CN) is largely responsible for transduc-
ing signals generated by changes in Ca*" levels (Li et al.
2011). CN is a calmodulin-dependent serine/threonine
phosphatase. Pharmacological inhibition of calcineurin
catalytic subunit (calcineurin A; CnA), with a clinically
used inhibitor such as FK506 can reduce aSyn toxic-
ity in different models (Martin et al. 2012; Caraveo et al.
2014). The family of transcription factors (TF) named
nuclear factor of activated T-cell (NFAT), which includes
NFATc1, NFATc2, NFATc3 and NFATc4, is the main fam-
ily of TF downstream of CN (Crabtree 1999). In rest-
ing cells, NFAT proteins are hyperphosphorylated and
reside mainly in the cytoplasm. Upon activation, NFAT
undergoes rapid CnA-dependent dephosphorylation
and translocate to the nucleus, where they regulate gene
transcription (Mognol et al. 2016). The immunosup-
pressive drugs cyclosporin A (CsA) and FK506, which
are well-known inhibitors of CnA, inhibit NFAT activ-
ity by blocking its dephosphorylation (Park et al. 1995;
Loh et al. 1996). More recently a new and specific NFAT
inhibitor called VIVIT has been described inhibiting only
the interaction of CN/NFAT, but not inhibiting the activ-
ity of the enzyme (Aramburu et al. 1999; Noguchi et al.
2004). Although the family of NFAT transcription factors
was initially characterized in the immune system, recent
studies have highlighted the importance of this family of
proteins in neurons, where they are involved in the regu-
lation of synaptic plasticity, axonal growth, and neuronal
survival (Graef et al. 2003). NFAT proteins directly regu-
late the expression of apoptosis-related genes such as Fas-
L, Nur77, c-Flip and with the promotion of inflammatory
process such as TNF-a, COX-2 and IL1-f in different cell
types (Mognol et al. 2016; Robbs et al. 2013; Lucena et al.
2016). Both, apoptosis and inflammation are processes
widely involved in the development of PD. However, the
involvement of NFAT in aSyn-mediated degeneration of
mesencephalic DA (mDA) neurons is unclear.

Here, we investigated the role of NFAT signaling in
the cellular pathology and loss of synaptic proteins asso-
ciated with extracellular aSyn. We demonstrate that
aSyn-O induce cell death in primary DA neurons and
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neuroblastoma cells in a CN/NFAT dependent fashion,
since it’s inhibition completely abolishes the toxic effect
of the oligomers. Accordingly, after the analysis of a panel
of 91 genes related to various cellular processes involved
in PD/synucleinopathies by real-time qPCR, and further
validation at protein level, we found that aSyn-O modu-
late the gene involved in the maintenance of synapses,
synapsin 1 (SynI). Synl mRNA and protein and synap-
tic puncta are drastically reduced in cells treated with
aSyn-O. Furthermore, we show for the first time the pres-
ence of two conserved putative NFAT biding site in the
promoter regions of Synl gene and that NFAT specific
inhibition rescues synapsin 1 transcripts and protein to
normal levels. To our knowledge, this is the first dem-
onstration of a direct role of NFAT in aSyn-O-induced
toxicity and Syml gene regulation, with implication to
synucleinopathies.

Methods

A30P-aSyn purification

Purification of A30P-aSyn mutant was performed
according to Conway et al. (1998). The cDNA encoding
the aSyn was cloned into the expression plasmid (pET21)
and transformed by heat shock into the Escherichia
coli strain (BL21DE3). Bacteria were cultured at 37 °C
under shaking at 180 rpm in the presence of 100 pg/mL
ampicillin until reaching the Optical Density (OD) of
0.6 at 600 nm. Induction of the expression of the pro-
tein was performed using 500 mM isopropyl 1-thiol-f-
galactopyranoside (IPTG) (Bioagency). Cells were then
kept under the same conditions for 4 h and collected by
centrifugation at 6000 rpm for 15 min at 4 °C. The super-
natant was discarded, and the pellet resuspended in lysis
buffer (50 mM Tris, 50 mM KCI). The solution was soni-
cated for 30 min/30 s intervals at 4 °C. Cell debris was
removed by centrifugation at 13,000 rpm for 20 min at
4 °C. The sample was then boiled for 15 min and centri-
fuged at 13,000 rpm for 20 min. After centrifugation, the
volume of the supernatant was measured and transferred
to a becker, added 361 g/L of (NH,),SO,, stirred for
30 min and again centrifuged. In order to remove salt, the
precipitate was resuspended in 25 mM Tris buffer pH 7.5
and dialyzed 4 times against H,O milliQ in a final volume
of 4 L at 4 °C on a 3500 Da pore membrane (Spectrum"
Spectra/Por' Fischersci). Subsequently, the sample was
applied to an ion exchange column (Source 30Q GE
Healthcare) initially equilibrated with 25 mM Tris buffer
pH 7.5, and a 0 to 1 M NaCl gradient was performed. The
presence of protein was verified by the absorbance of the
samples at 280 mm. The samples corresponding to aSyn
were collected, dialyzed against H,O milliQ, aliquoted
into 1 mL tubes and lyophilized for 18 h. The samples
were then resuspended in phosphate buffer (PBS) and
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loaded onto an 18% SDS-PAGE gel. In addition, prior
to use, the samples were subjected to a new purification
step by exclusion chromatography on a Superdex 200 col-
umn (GE Healthcare®). The system was equilibrated with
PBS buffer at a flow rate of 0.5 mL/min. The elution was
monitored by absorbance at 280 nm and the peak corre-
sponding to the monomer was collected and used in all
assays.

The samples were concentrated by ultrafiltration in an
AMICON system (Millipore) with a 10,000 Da exclusion
membrane. The concentration of aSyn samples was esti-
mated by measuring the absorbance at 280 nm using the

extinction coefficient of 5960 M~! cm™L.

A30P-aSyn oligomerization and aggregation

After purification and confirmation of the purity of the
sample, aSyn was incubated at the concentration of
140 pM in PBS pH 7.5 under sterile conditions, under
agitation at 800 rpm and 37 °C in a Thermo-Shaker for
TS-100 microtubes (Biosan) for up to 10 days. A 5 pL ali-
quot of the aSyn protein not incubated or incubated for
different periods under aggregating conditions was trans-
ferred to a nitrocellulose membrane (Bio-rad®; 0.45 pm).
The sample was then blocked with OdysseyTM blocking
buffer for 60 min at 22 °C. After this period, the mem-
brane was incubated with primary antibody against aSyn
(Monoclonal anti-human mouse a-synuclein Syn211
Invitrogen '), against A1l oligomers (Polyclonal Rab-
bit Anti-amyloid oligomer A11 AB9234 Millipore™) and
against amyloid fibers OC (Polyclonal Rabbit Anti-amy-
loid fibers OC AB2286 Millipore'") all at 1:1000 dilution
for 18 h at 4 °C. After the incubation period, the mem-
brane was washed 5 times under agitation for 5 min each
wash with 0.1% PBS-Tween20. After washing, the mem-
brane was incubated with antibody against IgG at a dilu-
tion of 1:10,000, in Odyssey' blocking buffer +0.1% PBS,
which can be anti-rabbit or mouse depending on the host
of the primary antibody. Incubation took place for 2 h
at 22 °C under gentle agitation and then the membrane
was washed 5 times with 0.1% PBS-Tween20 under agi-
tation for 5 min each wash and kept in PBS buffer pro-
tected from light. The membrane was then digitized and
scanned in the appropriate channel (700 nm for Cy5.5
antibody and 800 nm for IRDyeTM antibody using the
Odyssey Infrared Imaging System instrument.

Atomic force microscopy (AFM)

Topographic AFM images were obtained at room tem-
perature using TappingMode® AFM with Dimension
ICON (Novascan). Images were acquired using Si3N4
oxide AFM (K ~ 3 N/m) cantilever (Model: OTESPA). The
scan rate was 0.5 Hz, and the scan resolution was 512 per
line. The images were subjected to baseline adjustment
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with 2nd order polynomial when necessary to reduce the
effects of curvature and skew of the images. To obtain the
images, 5 pL of samples aggregated for different periods
were applied on a previously cleaved mica. The samples
were in contact with the mica for 5 min and washed with
100 pL of MilliQ water. The samples adsorbed onto the
mica were then incubated at room temperature for 24 h
to dry.

Detection of aSyn fibrillization using Thioflavin-T

A Thioflavin-T (Th-T) assay was performed to charac-
terize the species of aSyn present at different times of
aggregation. Th-T is a dye widely used to detect amyloid
fibrils, since its fluorescence increases upon biding spe-
cifically to those structures. Fluorescence spectra of Th-T
were obtained using the ISS-PC1 spectrofluorometer
(ISS, Champaign, IL) with excitation at 450 nm and the
emitted light was detected in the range between 470 and
530 nm. An aliquot of aSyn sample was mixed with Th-T
in PBS buffer before measurement. The ratio between the
concentration of aSyn and Th-T (Sigma) was 1:10 in all
assays.

Primary culture of dopaminergic and hippocampal
neurons

C57BL6 animals were used from the 15th embryonic
day (E15). Mice were bred and maintained under spe-
cific pathogen free conditions in the animal facility of the
University Medical Center Gottingen (Gottingen, Ger-
many). Animal procedures were performed in accord-
ance with the European Community (Directive 2010/63/
EU), institutional and national guidelines (license num-
ber 19.3213). Females were euthanized by cervical dislo-
cation and pups removed and transferred to a petri dish
containing PBS buffer at 22 °C. With the aid of a magnify-
ing glass, the brains were removed from the cranial vault
and the region corresponding to the ventral integumen-
tary area (VTA) was dissected to obtain dopaminergic
neurons. The tissue was then dissociated, first mechani-
cally using forceps and then with 0.03% trypsin/PBS
for 5 min at 37 °C. Cells were seeded in 24-well plates
with polylysine coated coverslips at a density of 60,000
cells per well. Cultures were maintained in Neurobasal
medium (Gibco®) supplemented with 1% B27 (Invivo-
cell®). The experiments were performed after 14 days of
neuron maturation in vitro.

For primary hippocampal neuronal cultures from E18
animals were used. The meninges were removed, and the
hippocampi were dissected and transferred to ice-cold
1x Hanks balanced salt solution (CaCl, and MgCl, free;
HBSS) (Gibco Invitrogen, CA, USA) supplemented with
0.5% sodium bicarbonate solution (Sigma-Aldrich, MO,
USA) and enzymatic digested. Then, the cell suspension
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was centrifugate again at 300Xg for 5 min, and cells were
resuspended in pre-warmed neurobasal medium (Gibco
Invitrogen, CA, USA) supplemented with 1% penicillin—
streptomycin (Pan Biotech, Aidenbach, Germany), 0.5%
GlutaMax and 2% B27 (Gibco Invitrogen, CA, USA).
were maintained at 37 °C with 5% CO2, and one-third of
the medium was changed every 3—4 days.

Neuroblastoma 2-a (N2a) cell culture

N2a cells (ATCC® CCL-131TM) originated from murine
neuroblastomas were maintained in DMEM culture
medium “Dulbecco’s modified Eagles medium” (Gibco®)
supplemented with 10% Fetal Bovine Serum (FBS) (Invi-
vocell®), 4 mM of L-glutamine (Sigma®), 100 units/mL
penicillin and 100 pg/mL streptomycin at 37 °C in 5%
CO,. The cells were kept under these conditions until
they reached 80% confluence, where they were either
transferred to a new bottle containing new medium or
seeded in plates for the assays.

Differentiation of N2a cells in dopaminergic neurons
Differentiation of N2a cells into dopaminergic neurons
was performed as described by Tremblay et al. (2010) and
Latge et al. (2015). Cells were seeded in 6-well plates for
Western blot and qPCR analysis at a density of 2.0x 10°
and in 24-well plates for toxicity and NFAT transactiva-
tion assays or on coverslips at a density of 1.5x10° for
immunofluorescence analysis. They were maintained for
24 h in DMEM medium supplemented with 10% FBS
(Invivocell®), 4 mM L-glutamine (Sigma®), 100 units/mL
of penicillin and 100 pg/mL of streptomycin at 37 °C in
5% CO,. After the rest period, the maintenance medium
was removed and replaced by the differentiation medium,
which consists of DMEM supplemented with 0.5% FBS
(Invivocell®), 4 mM L-glutamine (Sigma®), 100 units/mL
of penicillin, 100 pg/mL streptomycin and 1 mM N6,2"-
O-dibutyryladenosine 3’,5"-cyclic sodium monophos-
phate salt (dbcAMP) (Sigma®). Cells were maintained
with the differentiation medium at 37 °C in 5% CO, for
3 days.

Immunofluorescence analysis

N2a cells or primary dopaminergic neurons were fixed
with 4% paraformaldehyde for 20 min at room temper-
ature, permeabilized with Triton X-100 (1% in PBS) for
4 min at room temperature and incubated with Odys-
seyTM blocking buffer for 1 h at the same temperature
condition. N2a cells were then incubated with polyclonal
anti-TH (tyrosine hydroxylase; 1:100, Millipore) and
anti-MAP2 (1:100; Millipore) antibodies to probe dif-
ferentiation and with anti-NFAT (NFATc3, Santa Cruz
Biotechnology) for the NFAT translocation experiments
in OdysseyTM blocking buffer+0.1% Triton X-100.
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Primary cells from dopaminergic neurons were incu-
bated with anti-MAP2 (1:100, Millipore) and anti-syn-
apsin 1 (1:200; Millipore) polyclonal antibody under the
same conditions. Then, they were washed with PBS and
incubated with secondary antibodies conjugated to Alexa
Fluor 488 (1:1000 anti-rabbit; Molecular Probes) and
Alexa Fluor 546 (1:500 anti-mouse; Molecular Probes)
for 18 h at 4 °C. Cells were then washed with PBS, stained
with DAPI (300 nM), washed three more times with
PBS and mounted. N2a cells were photographed using
an Evos® microscope (AMG, FL Cell Imaging System),
with a 20X objective, or a Fluoview FV10i (Olympus Co.)
laser scanning confocal microscope, with a 100X objec-
tive. Dopaminergic neurons were imaged using the Zeiss
Axioplan Microscope (LSM800, Zeiss, USA), with a 100x
objective. All images of both cell types were processed
using Image] software.

Cell viability assays

To determine the toxicity in N2a cell lines and in pri-
mary cultures of dopaminergic neurons, a commercial
kit for membrane integrity determination (based on
LDH release), cytoTox-ONE" Homogeneous Membrane
Integrity Assay (Promega®) was used. The tests were
performed according to the manufacturer’s instructions.
After 14 days of maturation of the primary neuron cul-
tures in vitro, the cells were treated with vehicle (PBS) or
the stated concentrations of monomeric, oligomeric and
fibrillar aSyn. When indicated, cells were pretreated for
20 min with cyclosporine (CsA) or VIVIT (Calbiochem).
After 24 h of incubation at 37 °C with 5% CO,, the culture
supernatant was collected, and the protocol suggested by
the manufacturer was performed. In cultures of the N2a
cell line, cells were seeded in 24-well plates with cover-
slips at a density of 2.0 x 10% cells per well. After 24 h of
incubation at 37 °C and 5% CO,, the cells were subjected
to the cAMP differentiation protocol. After the differen-
tiation period, the cells were treated as stated before for
primary neurons in culture.

Violet crystal cell proliferation assay

N2a cells were differentiated as described above in
96-well plates, 2.0 10® cells per well, in triplicate. Then,
they were treated with 10 uM of aSyn oligomers with or
without previous treatment with 10 uM of VIVIT. After
24 h, the level of toxicity was assessed by crystal violet
staining. Crystal violet staining consists of fixing the cells
with absolute ethanol for 10 min, staining the fixed cells
with 0.005% crystal violet in 20% ethanol for 10 min,
washing with distilled water, solubilizing the crystal vio-
let with methanol for 5 min and read the plate absorb-
ance in a spectrophotometer at 595 nm.
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Analysis of cell death by propidium iodide labeling

For cell death analysis, differentiated N2a cells were
grown in 6-well plates at a density of 2.0x 10° per well.
Then, they were treated with 10 uM of aSyn oligom-
ers with or without previous treatment with 10 uM of
VIVIT. After 24 h of treatment, cells were trypsinized
and washed once with PBS buffer. Cells were labeled with
propidium iodide (PI) (5 pg/mL). Cell death analysis was
determined by collecting 10,000 events by flow cytom-
etry (FACScalibur).

Analysis of gene expression by real-time PCR
Differentiated N2a cells were treated with 10 uM of aSyn
oligomers with or without pretreatment with 10 pM of
VIVIT for 16 h. CA-NFATc2-ER N2a cells (see below)
were treated with vehicle or 150 nM Tamoxifen. RNA
from these cultures was extracted and purified using the
RNeasy Kit (QIAGEN). Quantification of purified RNA
was measured using a Nanodrop-UV-visible spectro-
photometer (Thermo Scientific) and RNA integrity was
determined by analyzing 28S and 18S ribosomal mRNA
bands on an agarose gel. The cDNA was synthesized
using the KIT Quantitec Transcription KIT (QIAGEN)
as recommended by the manufacturer. Real-time poly-
merase chain reaction (RT-PCR) was performed using
SYBR Green PCR Master mix (Applied Technologies)
on QuantStudio3 Real-Time PCR System (Applied Bio-
systems) according to the manufacturer’s instructions.
The quality of the primes was tested through the analy-
sis of the dissociation curve (melting curve). In the first
Real-Time round, we used a panel of 91 genes known
to be involved in the process of programmed cell death,
dynamics and formation of dendritic spines and neuronal
synapses with possible implications for PD. Primers were
synthesized by the company Real Time Primers. The list
of these genes and their sequences are presented in Addi-
tional file 1: Table S1.

NFAT nuclear translocation

N2a cells were differentiated and treated with oligomers
of aSyn. After treatment, the cells were fixed with 4% par-
aformaldehyde and followed by the immunocytochemis-
try described protocol, using DAPI for nuclear labeling
and anti-NFAT (NFATc3, Santa Cruz Biotechnology).
Cover slides were mounted and observed on a Fluoview
FV10i (Olympus Co.) laser scanning confocal microscope
to reveal cellular disposition of NFAT. The quantification
of the translocation was performed with Image]. Nuclear
region was determined by the DAPI staining. The inten-
sity of red (NFAT) signal on nucleus or on the cytoplasm
was used to calculate the ratio of translocation.
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NFAT transactivation

To study the NFAT transactivation induced by aSyn
oligomers, we used co-transfection experiments with
the reporter plasmid pGL4.30 (Promega) that contains
upstream to the Firefly luciferase sequence 3x a binding
sequence for NFAT, and the plasmid pRL-SV40 (Renilla
luciferase) that is under constitutive expression promot-
ers and allows the normalization of transcription data. In
these assays, the measurement of the luminescence gen-
erated by the luciferases allows comparing the degree of
NFAT activation under the conditions tested. N2a cells
were seeded at 70% confluence on 24-well plates and
differentiation was induced. After 72 h, cells were trans-
fected with Fugene HD (Promega) using DNA:reagent
ratio 1:3. Twenty-four hours later, the cells were treated
with ionomycin, aSyn oligomers or pre-incubated also
with CsA and VIVIT. After more 18 h, the luminescence
detection assay was performed following all the manu-
facturer’s recommendations (Dual-Luciferase Reporter
Assay Kit System E1910 (Promega).

CA-NFATc2-ER N2a cells construction

To confirm that cell death in differentiated N2a cultures
treated with aSyn oligomers is caused by activation of
NFAT and to analyze gene transcription under NFAT
regulation in our models, we used a N2a strain stably
transduced with CA-NFATc2-ER. Briefly, retroviral plas-
mid pLIRES-EGFP-CA-NFATc2-ER was constructed as
described in Robbs et al. (2013). The BD EcoPack2 eco-
tropic packaging cell line (BD-Biosciences) was tran-
siently transfected with a retroviral vector via calcium
phosphate precipitation for 24 h. Cell-free virus-con-
taining supernatant was collected 48 h after transfection,
mixed 1:1 with fresh medium, supplemented with 8 pg/
mL polybrene (FLUKA Chemie, Buchs, Switzerland), and
immediately used for spin-infection (245 min at 420Xg,
room temperature) of 2.5x 10* N2a cells. Infected cells
were incubated at 37 °C for an additional 24 h. After-
wards, transduced cells were selected with G418 (Invitro-
gen) at 1000 pug/mL for 14 days where all remaining cells
were GFP positive. In this chimera, the estrogen receptor
truncated in the N-terminal region, and responsive only
to the drug tamoxifen, is linked to the C-terminal por-
tion of NFATc2. When tamoxifen (4-hydroxytamoxifen
from Invitrogen) binds to the estrogen receptor, NFATc2
is activated (Robbs et al. 2013). We treated differentiated
CA-NFATc2-ER N2a cultures with different concentra-
tions of tamoxifen.

Statistical analysis

All statistical analysis were performed with GraphPad
Prism 5.0 software (GraphPad, San Diego, CA) from at
least three independent experiments. Significance was
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calculated using One-Way ANOVA test with Dunnett’s
posttest with multiple comparison against untreated or
control sample where p<0.05 were significant. Data are
presented as means + SD.

Results

A30P-aSyn oligomer-induced cytotoxicity and synapses
loss is mediated by the calcineurin pathway

Previously, we have demonstrated that ectopic applied
recombinant aSyn aggregates are toxic to primary cul-
tures of mDA neurons (Follmer et al. 2007; Braga et al.
2011). Here, we used the same approach to ask if differ-
ently aged aggregates of A30P-aSyn added to neurons
in culture, in the absence or in the presence of the Cal-
cineurin A (CnA) inhibitor, cyclosporin A (CsA), would
remain toxic. First, we probed which species of A30P-
aSyn, namely monomers, oligomers, or fibrils, would be
cytotoxic to primary dopaminergic neurons in culture.
Characterization of all these specie is shown in Addi-
tional file 1: Fig. S1. Consistently with previous studies,
only oligomers (A30P-aSyn-O) were toxic to these cells,
causing ~45% of cell death. However, when cells were
pre-incubated with CsA, there was a significant reduc-
tion in oligomer-induced cytotoxicity (Fig. 1A). Further-
more, we quantified the number of neurons per field in
those samples and, again, we found in the A30P-aSyn-O
sample a reduction of 60% in the number of neurons.
CsA reverted the cytotoxicity induced by A30P-aSyn-O,
reducing cell death, and restoring neuronal arborization
(Fig. 1B, C).

Next, the effects of the different species composed
of A30P-aSyn on synapse formation, stabilization and
morphology were investigated. It has been previously
demonstrated that oligomeric aSyn reduce the levels
of synapsin-1 as well as its localization in presynaptic
vesicles, which correlates with cognitive impairment in
patients (Larson et al. 2017). Treatment of dopaminer-
gic neurons with A30P-aSyn-O, but not with monomers,
led to a drastic reduction in the number of synapses con-
taining synapsin-1 loaded vesicles. Again, this effect was
completely abolished by CsA treatment (Fig. 2). Together,
these data support a major role for the calcineurin path-
way in A30P-aSyn-O induced neural degeneration.

The toxic effects of aSyn oligomers are mediated

by the calcineurin-NFAT pathway leading to NFAT
translocation into the nucleus activating reporter genes

To further investigate the role of CnA and the possible
involvement of the NFAT transcription factor path-
way in these cellular models of PD, we differentiated
N2a cells into dopaminergic phenotype by treating the
cells with butyryl AMPc in reduced serum medium for
72 h, as previously described (Tremblay et al. 2010; Wu
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Fig. 1 The cytotoxic effect of A30P-aSyn-O to primary dopaminergic
neurons in culture is mediated by calcineurin. Mouse mesencephalic
neurons were treated with 5 uM of different A30P-aSyn species
(monomer, oligomer of fiber) in the absence or in the presence

of 2 uM of CsA. After 24 h of treatment, cell viability was evaluated
by LDH release (A). The number of neurons per field was quantified
(B) in the cultures treated with A30P-aSyn-O in the presence

or absence of CsA, and immuno-stained with anti-MAP2 antibody
(C). All experiments were performed at least three times and graphs
are represented as mean and SD where *p>0.05, **p>0.01

and ***p>0.001, Scale bar=50 um

et al. 1998). The levels of tyrosine hydroxylase (TH) and
MAP2 were evaluated as indicators of differentiation
efficacy as described and demonstrated by our group in
Latge et al. (2015) and as shown for TH in Additional
file 1: Fig. S3.

Next, we evaluated the cytotoxicity of different con-
centrations of A30P-aSyn monomers, oligomers, and
fibrils, as previously done with primary neurons. As
expected, monomers and fibrils were not significantly
toxic to differentiated N2a, not even at the concentra-
tion of 10 uM, while 5 and 10 puM of oligomers were
able to Kkill, respectively, 20% and 42% of the cells
(Fig. 3A and Additional file 1: Fig. S2A). Interestingly,
non-differentiated N2a were insensitive to oligomers
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Fig. 2 A30P-aSyn-O-induced synaptic loss in primary dopaminergic
neurons is mediated by calcineurin. Primary mouse midbrain
dopaminergic neurons were treated with 5 uM of aSyn monomers
or oligomers in the absence or in the presence of 2 uM

of CsA for 24 h. Cells were immuno-stained with anti-MAP2

and anti-synapsin 1 antibodies (A). The number of synapses in each
condition was evaluated by counting synaptic puncta (B). All
experiments were performed at least three times and graphs are
represented as mean and SD. Scale bar=50 um

treatment at any concentration (Additional file 1: Fig.
S2B) confirming the high sensitivity of dopaminergic
neurons to oligomer of aSyn. Again, the pre-treatment
of the culture with 2 uM of CsA significantly protected
the cells from oligomer-induced toxicity (Fig. 3A).

To evaluate a direct implication of NFAT in aSyn toxic-
ity, we used VIVIT, a selective peptide inhibitor of NFAT
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Fig. 3 A30P-aSyn-O-induced toxicity in differentiated N2a
dopaminergic cells is dependent on NFAT activation. Differentiated
N2a were treated with different concentrations of A30P-aSyn
monomers (M), oligomers (O), and fibrils (F) in the absence or in the
presence of 2 uM of CsA and cellular damage was evaluated by LDH
release (A). The specific NFAT inhibitor VIVIT was able to prevent

the cellular damaged caused by A30P-aSyn-O evaluated by LDH (B),
crystal violet (C) or propidium iodide staining (D). All experiments
were performed at least three times and graphs are represented

as mean and SD where *p>0.05, **p>0.01 and ***p>0.001

activation. VIVIT blocks only the interaction of CnA
with NFAT, making it a very specific inhibitor of NFAT
pathway, as it does not interfere with CnA phosphatase
activity, as CsA (Noguchi et al. 2004; Aramburu 1999).
The cells were pre-treated with 1, 5 or 10 uM of VIVIT
followed by the addition of 10 uM A30P-aSyn-O, and cell
death was evaluated as described (Fig. 3B). We observed
a dose dependent inhibition of oligomer-induced cyto-
toxicity by the analysis of cell membrane integrity loss
by propidium iodide (PI) (Fig. 3C) and by crystal violet
staining (Fig. 3D). Around 60% of the cells treated with
oligomers were positive for PI, while pre-treatment with
VIVIT lowered PI signal to around 30%. As expected,
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2 pM of CsA prevented oligomer-induced cytotoxic-
ity. Together these data strongly support the hypothesis
that the NFAT pathway is involved in neuronal cell death
induced by aSyn oligomers.

To determine whether the NFAT transcription factor
is activated by A30P-aSyn-O, we assessed the subcellu-
lar localization of NFAT upon treatment of the cells with
oligomers. As expected, in untreated, control cells, NFAT
was found mainly in the cytosol, and in almost all cells
the nuclei were not stained. When cells were treated with
A30P-aSyn-O, NFAT could be detected in the nucleus
3 h after treatment (Fig. 4A). Importantly, NFAT-nuclear
localization was completely abolished by treatment with
CsA or VIVIT (Fig. 4A). The extent of NFAT transloca-
tion into the nucleus was quantified by measuring the
ratio between the intensities of the signal in the nucleus
and in the cytosol, and we found a 3.5-fold increase upon
treatment with A30P-aSyn-O (Fig. 4B).

To further confirm that A30P-aSyn-O could activate
the NFAT pathway, translocating the TF to the nucleus
and activating target genes, we used a plasmid encod-
ing for the firefly luciferase reporter under the control of
the NFAT promoter (3x NFAT). After transfection with
this plasmid, cells were differentiated into DA neurons
as described above. As a control, we used that the cal-
cium ionophore ionomycin, a well-known NFAT activa-
tor, which caused 2.5-fold increase in the expression of
firefly luciferase, confirming that NFAT was activated,
migrating to the nucleus, and activating the expression of
the reporter gene (Fig. 4C). As expected, CsA and VIVIT
abolished the effect induced by ionomycin, by blocking
the NFAT pathway (Fig. 4C). Importantly, we found that
A30P-aSyn-O activated the transcription of the luciferase
reporter gene by 1.3-fold, and again, CsA and VIVIT
abolished this effect (Fig. 4D). Taken together, these data
show that A30P-aSyn-O induce nuclear translocation and
functional activation NFAT, likely mediating cytotoxicity
and neuronal death.

To test if NFAT activation was sufficient to induce death
of differentiated N2a, cells were transduced with retrovi-
ruses encoding CA-NFATc2-ER to stably express a consti-
tutively active NFAT (CA-NFATc2) protein that is activated
by tamoxifen (OHT), by fusing the previously character-
ized CA-NFATc2 to the N-terminally truncated G525R
estrogen receptor (ER"™), which is only responsive to OHT
(Robbs et al. 2013). The use of a conditioned NFATc2
protein enables temporal control and synchronization of
NFAT activation and, therefore, a more detailed analysis of
the gene expression profile mediated by this factor and cell
death kinetics. Furthermore, this construct bypasses the
need for a Ca?" influx to activate NFATc2 protein, reduc-

ing the background generated by the induction of other
Ca?*-responsive transcription factors, such as CREB and
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Fig. 4 A30P-aSyn-O induce NFAT translocation into the nucleus and cell death in differentiated N2a dopaminergic cells. Differentiated N2a cells
were treated with 10 uM A30P-aSyn-O for 3 h. A Cells were immunostained with anti-NFATc3 and DAPI and imaged on a confocal microscope.

The extent of NFAT translocation into nucleus was calculated by measuring the ratio of the red fluorescence intensity in the nucleus by the red
fluorescence intensity in the cytosol. Scale bar=>50 pm. B Differentiated N2a cells were co-transfected with pGL4.30 plasmids containing firefly
(reporter gene) and renilla luciferase (control gene). The firefly luciferase gene is under the regulation of 3x NFAT promoter, while renilla luciferase
is under the regulation of a constitutive promoter, serving as a normalizing control. N2a cells were treated with ionomycin 3 uM (C) or A30P-aSyn-O
10 uM (D). After 18 h, a dual-luciferase assay was performed to evaluate NFAT activation measured by firefly luciferase luminescence. Cells were
treated with 50-500 nM of OHT (Tamoxifen) as indicated in the X axis and after 48 h cytotoxicity was measured by LDH release (E). All experiments
were performed at least three times and graphs are represented as mean and SD where *p>0.05, **p>0.01 and ***p>0.001

MEEF2, or of other aSyn-O-induced pathways. As expected,
OHT did not induce cell death in differentiated wildtype
control N2a cells (data not shown). Interestingly, in dif-
ferentiated CA-NFATc2-ER N2a expressing cells, OHT
induced a marked and concentration dependent cell death
(Fig. 4E [OHT]). Altogether, these data indicate that NFAT
transcription factor is activated by A30P-aSyn-O and is suf-
ficient to induce cell death in differentiated N2a neurons,
suggesting a main role for this transcription factor in PD
pathology.

Expression of NFAT-regulated genes changes

upon treatment with aSyn oligomers

Since NFAT is a transcription factor, and given its
involvement in the aSyn-O-induced cytotoxicity and

synapse loss in both primary mesencephalic cultures
and in differentiated N2a cells, we performed real-time
qPCR assays to assess the involvement of the NFAT
pathway in regulating gene expression in response to
aSyn-O. We assembled a real-time qPCR panel of 91
genes related to various cellular processes involved in
PD/synucleinopathies, including inflammation, apop-
tosis, synaptic modulation, and neural development
genes (Additional file 1: Table S1), and assessed gene
expression alterations in differentiated N2a treated
with A30P-aSyn-O, in the absence or in the presence
of VIVIT. Genes with at least twofolds up- or down-
regulation, and that had their expression normalized
by VIVIT (Additional file 1: Table S1), were further
validated by real-time qPCR in primary neurons and
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in CA-NFATc2-ER N2a cells (Fig. 5). Of the 91 genes
tested, we identified 5 that were aSyn-O responsive
(twofold up or down-regulated) and modulated by the
NEFAT pathway, as analyzed by VIVIT inhibition: Syn1,
Tubb4, Kalrn, Bcl-2A1A and Bim (in bold the genes
downregulated). We identified 8 genes that were aSyn-
O responsive, but not responsive to NFAT inhibition:
Bbc3, Mcll, Xiap, Pmaipl, Bmp4, Map2K4, Ngf and
Nos2 (Additional file 1: Table S1). Interestingly the
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genes Synl, Tubb4, Kalrn are known to be involved in
formation and maintenance of synapses, and the other
two, Bcl-2A1A and Bim are known to be involved in
apoptosis. Furthermore, we found that the levels of
synapsin 1 (Synl) protein are drastically reduced in pri-
mary neurons treated with A30P-aSyn-O, supporting
that this gene is regulated by the NFAT transcription
factor (Fig. 2). Furthermore, the genes that were regu-
lated only by oligomers but did not respond to VIVIT
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Fig. 5 Synapsin 1 levels are decreased in the presence of A30P-aSyn oligomers in an NFAT-dependent pathway. Mouse primary hippocampal
neurons (A) or differentiated N2a cells (C) were treated with A30P-aSyn-O (10 uM) in the absence or in the presence of VIVIT (10 uM) for 18 h. Genes
responsive to NFAT pathway modulation found in the panel (SynT, Tubb4, Kalrn, Bcl-2A1A and Bim) were validated by real time PCR. CA-NFAT-ER

N2a cells were treated with 150 of OHT (Tamoxifen) and were analyzed after 24 h by real-time-PCR for the same genes (E). Western blot analyses
were made for the same cells and treatments to assess expression level of Syn1 protein (B, D, F; left). 3-Actin was used as loading control. Graphical
representation of band intensities of Syn1 normalized to 3-actin (B, D, F; right). Mouse primary hippocampal neurons were treated with 10 uM

of A30P-aSyn-O in the absence or presence of 2 uM of CsA or 10 uM of VIVIT for 24 h. Cells were immunostained with anti-MAP2 and anti-synapsin-1
antibodies (G). All experiments were performed at least three times and graphs are represented as mean and SD where *p >0.05, **p>0.01

and ***p>0.001. Scale bar=10 um
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NFAT-pathway inhibition, suggest that these genes are
likely enrolled in other cellular pathways.

To validate the aSyn-O NFAT regulated genes (Synl,
Tubb4, Kalrn, Bcl-2A1A and Bim), we first repeated the
real-time qPCR in primary neurons and in differenti-
ated N2a (Fig. 5A, C). Of the five tested only Synl gene
showed the same pattern of expression in both models.
Surprisingly, NFAT pathway inhibition by VIVIT com-
pletely reversed the suppression of this gene induced by
aSyn-O. While Tubb4 had the same pattern of regulation
as Synl, the changes were below the threshold we consid-
ered significant in real-time PCR (Ct + twofold).

Furthermore, to explore a possible regulation of these
gene exclusively and directly by NFAT activation, CA-
NFATc2-ER N2a cells were treated with OHT. In this
model, only Synl and Tubb4 were at least twofold down
regulated after OHT treatment, indicating that the NFAT
transcription factor pathway can directly and sufficiently
modulate these genes expression at mRNA level (Fig. 5E).
It is important to emphasize that mRNA and protein lev-
els were assessed at a time point before massive cell death
could be observed (18 h for primary neurons and differ-
entiated N2a cells and 24 h for CA-NFAT-ER-expressing
cells), greatly reducing a cell-death bias in these quantifi-
cations. To our knowledge, this is the first demonstration
of a possible direct regulation of the SynI gene by NFAT
transcription factor. Consistently, we identified two
well conserved putative NFAT-binding sites in the Synl
promoter region between five different animal species
(Additional file 1: Table S2), whereas no putative NFAT-
binding site was found in genes responsive to aSyn-O
but irresponsive to VIVIT (genes not regulated by NFAT
pathway).

Since the levels of Synl mRNA were the most respon-
sive to A30P-aSyn-O treatment and to NFAT pathway
inhibition, we further analyzed Synl protein levels in
primary neurons and in differentiated N2a cells. Consist-
ent with the reduction in mRNA levels, A30P-aSyn-O
significantly reduced Synl protein levels (approximately
twofold) (Fig. 5B, D). This effect was completely abol-
ished by CsA or VIVIT treatment, strongly suggesting a
role of the NFAT pathway in this regulation. Finally, the
sole activation of NFAT (in CA-NFATc2-ER N2a by OHT
treatment) induced a similar reduction of Synl levels,
demonstrating that NFAT can regulate (direct or indi-
rectly) the Synl gene (Fig. 5F). To further illustrate this
regulation, VIVIT treatment also completely reversed
the effects of A30P-aSyn-O on presynaptic vesicles, as
seen by Synl staining in neurons, and restored neuronal
morphology to levels comparable to control and CsA
treatment (Fig. 5G). Together, these data demonstrate
that A30P-aSyn-O can disrupt neuronal synapses by the
activation of NFAT signaling pathway and subsequent
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downregulation of Synl expression suggesting NFAT
pathway inhibition might be a target for pharmacological
modulation in synucleinopathies.

Discussion
In this study, we took advantage of the increased oli-
gomerization propensity of a mutant variant of aSyn
associated with familial forms of PD (A30P-aSyn) to
ascertain the signaling cascades triggered by oligomer-
enriched aSyn preparations. We investigated the role of
calcineurin-NFAT signaling pathway in the neurotox-
icity induced by aSyn oligomeric and fibrillar species.
Importantly, we show, for the first time, the direct impli-
cation of the NFAT family of transcription factors path-
way in the cytotoxicity and synaptic regulation induced
by a particular type of extracellular aSyn oligomers. We
show that extracellular aSyn oligomers, but not fibrillar
species, strongly induce cell death and loss of the pre-
synaptic protein synapsin 1, and that these effects are
completely reverted by calcineurin (CnA) inhibition with
ciclosporin A (CsA) and, surprisingly, also with VIVIT,
a specific peptide inhibitor of the CnA-NFAT pathway.
This suggests NFAT might be an important transcription
factor in PD. Furthermore, NFAT pathway regulation is
sufficient, as shown by exclusive NFAT activation (CA-
NFATc2-ER N2a), and necessary to induce PD-related
cellular phenotypes, including neural cell death, possibly
by regulating important genes involved in apoptosis and
synapsin 1 expression.

aSyn overexpression, extracellular accumulation, or
administration, have been used to generate numerous
cell and animal models of PD, as this protein is consid-
ered a major culprit in PD (Domingues et al. 2022). As
previously shown, oligomeric WT or mutant aSyn induce
cell death in dopaminergic cell lines and in primary
neuronal cultures, alter functional neuronal markers,
decrease synaptic plasticity, and induce memory defi-
cits (Martin et al. 2012; Domingues et al. 2022; Caraveo
et al. 2014b). Cells must tightly regulate Ca®>* homeosta-
sis to prevent pathological disorders and cell death due
to excitotoxicity (Wojda et al. 2008). Extracellular oligo-
meric forms of aSyn induce Ca*" overload into neurons,
and the consequent activation of downstream pathways
leads to pathological alterations and, ultimately, to cell
death and several other PD-related alterations (Martin
et al. 2012; Ferreira et al. 2017; Chan et al. 2007; Hurley
et al. 2013; Adamczyk and Strosznajder 2006; Danzer
et al. 2007). One hypothesis is that aSyn certain oligom-
ers may induce the formation of Ca®*-permeable pores at
the plasma membrane, in accord to what has been pos-
tulated for other aggregating proteins, such as amyloid-p
peptides and prion proteins (Domingues et al. 2022; Het-
tiarachchi et al. 2009).
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One of the best-characterized pathways activated by
Ca™? influx is the Ca?*-CaM-dependent serine/threonine
phosphatase calcineurin, an essential enzyme that plays
a key role in neurite extension, synaptic plasticity, mem-
ory, and learning (Zeng et al. 2001), and is implicated as
a key mediator of aSyn toxicity. Pharmacological inhibi-
tion of the catalytic subunit of calcineurin, calcineurin
A (CnA), with clinically used inhibitors, such as FK506
and CsA, can reduce aSyn toxicity in different models
(Martin et al. 2012; Caraveo et al. 2014; Kitamura et al.
1994; Guo et al. 2001; Yuan et al. 2010). Although the
role of Ca?*-CaM-CnA pathway in aSyn induced pheno-
types has been documented, the downstream signaling
pathways are still obscure. One of the main transcrip-
tion factors targeted by CnA dephosphorylation is the
NFAT-family (Loh et al. 1996). Here, we showed that
A30P-aSyn-O can activate the NFAT transcription factor
leading to its translocation into the nucleus and activa-
tion of reporter a gene (Fig. 4). Moreover, we showed that
inhibition of CnA with CsA and with VIVIT, a specific
inhibitor of the CnA-NFAT pathway, can revert this tran-
scription factor activation and block aSyn-O neurotoxic-
ity, as characterized by the almost complete inhibition of
cell death, reversal of neural ramification deterioration,
and loss of pre-synaptic synapsin 1 positive puncta for-
mation (Figs. 1, 2 and 3). Consistently, the NFAT tran-
scription factor has already been demonstrated to be
important in neural and axonal growth and development
(Graef et al. 2003, 2001; Nguyen and Giovanni 2008), sur-
vival (Ulrich et al. 2012), and death (Luoma and Zirpel
2008; Jayanthi et al. 2005; Liu et al. 1991), being local-
ized in the nucleus of neurons in aSyn transgenic mice in
postmortem brain tissue from PD patients (Caraveo et al.
2014), it can be activated by aSyn in mice neurons and
its modulation by the non-NFAT-specific inhibitor (CsA)
can ameliorated the aSyn-induced loss of mDA neurons
(Luo et al. 2014). Further, Ca*/CnA/NFAT signaling
pathway is linked to several nervous system diseases as
Down Syndrome, Alzheimer’s, Huntington’s, traumatic
brain injuries, amyotrophic lateral sclerosis, and others
(Kipanyula et al. 2016; Park et al. 2009; Minami 2014;
Sompol and Norris 2018) suggesting a relevant role for
this transcription factor pathway in nervous system phys-
iological maintenance and development, including Par-
kinson’s disease.

However, the direct role of this transcription factor in
neuronal degeneration and the regulation of the expres-
sion of relevant PD-related genes has not been deter-
mined. After the analysis of a panel of 91 genes related to
various cellular processes involved in PD/synucleinopa-
thies (including inflammation, apoptosis, synaptic modu-
lation, and neural development) by real-time qPCR, we
found several putative genes regulated by NFAT induced
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by A30P-aSyn-O. In differentiated N2a cells, Bc/2a and
Bim, two apoptotic related proteins, seemed to be regu-
lated by NFAT. However, after validation in primary
neurons and in N2a cells with only the NFAT pathway
specifically activated (NFAT-ER), we found their expres-
sion was close to the detection limit of the technique,
and that their pattern varied between different cell
types. NFAT directly regulates the expression of several
apoptosis-related genes such as Fas-L, Nur77, c-Flip and
TNF-a, Al and Bcl2 in several other cell types (Mognol
et al. 2016; Lucena et al. 2016; Teixeira et al. 2016). In
the future, further analysis will be needed to unveil how
NFAT pathway regulates neuron cell death induced by
aSyn-O, since both its inhibition and exclusive activation
is sufficient to modulate this process.

Interestingly, one gene that might be directly regu-
lated by NFAT at the transcriptional and translational
level is Synl, that encodes synapsin 1, as this was vali-
dated in our three different cells models (Fig. 5). Several
recent studies have suggested that intra- or extracel-
lular aSyn overexpression or accumulation can induce
presynaptic dysfunction by disturbing vesicular traf-
ficking, leading to defects in neurotransmitter release
(Nemani et al. 2010; Gitler et al. 2008; Soper et al. 2008;
Diao et al. 2013; Choi et al. 2013) and to the loss of sev-
eral presynaptic proteins important for neurotransmit-
ter release and synapse formation (Larson et al. 2017;
Nemani et al. 2010; Scott et al. 2010). Synapsin 1 is of
major importance because of its role in vesicle traf-
ficking. In resting conditions, synapsin 1 attaches the
vesicle to the actin-based cytoskeleton. During excita-
tion, and upon phosphorylated by different kinases, it
detaches from the vesicles facilitating neurotransmitter
release and mediates the binding of recycling vesicles to
the actin cytoskeleton (Paonessa et al. 2013; Roy et al.
2007; Hosaka et al. 1999). Interestingly, aSyn aggrega-
tion has been suggested to down-regulate the expres-
sion of synapsin 1, correlating with PD phenotypes such
as locomotion and memory impairment (Larson et al.
2017; Nemani et al. 2010; Scott et al. 2010; Spinelli et al.
2014). A recent study also suggested that synapsins are
implicated in the inhibition of synaptic vesicle exocy-
tosis by aSyn (Atias et al. 2019). Finally, at a molecu-
lar level, the transcriptional expression of synapsin
genes (Synl) is down-regulated in vivo and in vitro by
aSyn oligomers (Larson et al. 2017). However, although
synapsin 1 was already described as an important tar-
get for oligomeric aSyn, the molecular mechanisms
involved in the transcriptional regulation of synap-
sin 1 by aSyn were unknown. CnA inhibition has been
shown to reverse neuritic beading and rescue struc-
tural disruption of neuronal network in the presence of
AP (Kuchibhotla et al. 2008), and to regulate different
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Fig. 6 Schematic representation of the participation of NFAT on synapse degeneration in synucleinopathies. A specific population of aSyn-O
present in the extracellular milieu could be inserted in the plasma membrane leading to leakage of calcium to the interior of the neurons. Upon
calcium binding, activation of calcineurin takes place. This phosphatase dephosphorylates the hyperphosphorylated, inactive NFAT leading to its
activation and translocation to the nucleus. There, NFAT binds to its cognate promoter sequences including the one that regulates the expression
of the gene of synapsin 1 (SynT). NFAT downregulates the expression of this gene decreasing the amount synapsin 1, a protein that is involved

in vesicle trafficking facilitating neurotransmitter release. This cascade of events leads to synapse degeneration one of the events observed in PD

and other synucleionopathies

proteins involved in neurotransmitter release, including
synapsins, synaptotagmin, rabphilin2A, synaptobrevin,
and dephosphins (Greengard et al. 1993). However,
we show here for the first time, that NFAT transcrip-
tion factor has two possible highly conserved putative
binding sites in the Synl promoter, and is necessary
and sufficient for regulating Synl, leading to its down-
regulation at the transcriptional (mRNA) and transla-
tional level (protein). NFAT inhibition leads to synapsin
1 expression and accumulation at presynaptic puncta in
neurons, where it performs its normal function. NFAT
can bind to specific DNA-responsive elements defined
as (A/T)\GGAAA(A/N) (A/T/C) to activate or deacti-
vate gene transcription, either alone or in synergy with
several other transcriptional regulators (Mognol et al.
2012, 2016). Interestingly, we identified two well-con-
served (at least in five different animal species) puta-
tive NFAT-responsive elements in the Synl promoter
region, adding more evidence supporting NFTA regu-
lation of synapsin 1 gene translation. In the future, it
will be important to investigate the involvement of
NFAT in the regulation of Synl through techniques
such as Chip-qPCR, CRISPR-dCas9 mutation target-
ing the potential binding sites, and other methods to

provide evidence for or against NFAT binding to Synl
promoter.

Therefore, our current results reveal a previously
undocumented mechanism whereby small oligomeric
aSyn species may disturb synapses in PD, possibly affect-
ing memory function and cognitive ability (Fig. 6). Our
results further suggest that such pathological mecha-
nisms may be effectively targeted by pharmacological
inhibition of NFAT by selective small-molecule inhibitors
of calcineurin-NFAT signaling that mimic VIVIT, or by
already-approved drugs as CsA and FK506.

Conclusions

In summary, our data shows that aSyn-O exogenously
given to neurons leads to the activation of CaN/NFAT
pathway that is sufficient and necessary to induce a neu-
rodegeneration phenotype like PD, as neuron cells death
and loss of functional synapses as shown by the loss of
neuron ramification and synapsin-1 punctas. CnA inhibi-
tor, cyclosporin A, or the specific NFAT inhibitor, VIVIT,
were able to completely revert aSyn-O induced pheno-
type where exclusive NFAT activation led to neurodegen-
eration. Furthermore, we determined for the first time
that aSyn-O through activation of CnA/NFAT pathway
regulates synapisin-1 mRNA and protein expression
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possibly through biding to two putative NFAT DNA bid-
ing site present on SYNI promoter region. This is the first
time that a direct role for CnA/NFAT pathway is impli-
cated in aSyn-O induced neuron cell death and loss of
synapsin-1 punctas and of a possible direct regulation of
Syn-1 expression by NFAT proteins.
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