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Abstract: This study provides evidence of the existence of presynaptic inhibitory sphingosine-1-
phosphate receptor 1 (S1P1R) and facilitatory S1P3R in cortical nerve endings (synaptosomes) of
healthy mice. The conclusion relies on the findings that (i) the SIP1R agonist CS-2100 (0.1-30 nM)
inhibits the 12 mM KCl-evoked glutamate exocytosis (quantified as the release of [*H]D-aspartate)
while the S1P3R allosteric agonist CYM-5541 potentiates it and (ii) these effects are inhibited by the
S1P1R antagonist Ex 26 (30-300 nM) and the S1P3R antagonist TY-52156 (100-1000 nM), respectively.
Confocal microscopy and western blot analysis confirmed the presence of SIP1R and S1P3R proteins
in cortical glutamatergic synaptosomes, which were scarcely accessible to biotin in a biotinylation
study. Then, we demonstrated that SIPIR and S1P3R densities and their release activity are amplified
in cortical synaptosomes of mice suffering from experimental autoimmune encephalomyelitis (EAE),
despite receptors maintain their preferential internal distribution. Receptor changes recover following
chronic oral therapeutic FTY720 (0.03 mg/Kg/day). These results improve our knowledge of the
role of presynaptic release-regulating SIP1Rs and S1P3Rs controlling glutamate transmission in the
CNS also unravelling functional adaptations during EAE that recover following chronic FTY720. In a
whole, these findings provide new information on the central neuroprotectant activities of FTY720.
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1. Introduction

Sphingosine-1-phosphate receptors (51PRs) belong to class A G protein-coupled re-
ceptors. They are divided into five different subtypes (S1P1-S1P5 receptors) and couple
to different G proteins, triggering either excitatory or inhibitory effects based on associ-
ated transduction pathways. They are widely distributed in the central nervous system
(CNS), where they are expressed in immune cells, microglia, astrocytes, neurons, and
oligodendrocytes. Among the different subtypes, SIP5R has a preferential distribution
in oligodendrocytes, while SIP1R and S1P3R subtypes are expressed in astrocytes and
neurons [1,2].

Besides the “immunological” role in controlling T lymphocyte egression and traf-
ficking, SIPRs have been proposed to exert central “non -immunological” functions that
support the neuroprotective and anti-excitotoxic effects of SIPR ligands [3-7]. The issue is
particularly relevant taking into consideration that (i) alteration in synaptic transmission
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favors the onset of synaptopathy, the main pathogenic mechanism in different central
diseases, including multiple sclerosis (MS), [8-10] and (ii) drug(s) able to restore the effi-
ciency of synaptic connections can provide new therapeutic approaches for the manage-
ment of these pathologies. For example, the broad spectrum S1PR modulator fingolimod
(FTY720) [11], the first drug approved for oral treatment of MS, is now under validation for
the management of other central disorders [7,12-14]. When therapeutically administered,
FTY720 reduces brain volume loss in patients suffering from relapsing-remitting MS [15].
Furthermore, it counteracts synaptic dysfunctions in mice suffering from experimental
autoimmune encephalomyelitis (EAE), returning glutamatergic transmission to physio-
logical levels in selected brain regions, including the cortex, the hippocampus, and the
striatum [16-18]. Although the “immunological” activity of FTY720 is undoubtedly pivotal
to its therapeutic activities, the possibility that its central “non-immunological” therapeutic
effects may also involve S1PRs to control synaptic connection is attractive and deserves
further investigation.

The recent literature on S1PRs suggests that these receptors directly control the release
of glutamate in neurons [6,19-22]. In our opinion, these studies need further analysis
to deepen our understanding of the role of these receptors as modulators of glutamate
exocytosis from nerve terminals and to highlight possible pathological adaptations that
might affect their density/activity during demyelinating diseases and that could be selec-
tively targeted by drugs such as FTY720. To answer these questions, our study focused on
two S1PR subtypes, S1P1 and S1P3 receptors, which, based on the available literature, are
predicted to be located presynaptically in glutamatergic nerve endings (synaptosomes) and
control glutamate exocytosis [20,21,23]. We first characterized these receptors in the cortex
of healthy mice from a functional and biochemical point of view. We then analyzed their
density and functions in EAE mice and investigated whether their adaptations could be
targeted by FTY720.

2. Materials and Methods
2.1. Animals

Mice (female, strain C57BL/6]) were purchased from Charles River (Calco, Italy)
and housed in the animal facility at the Department of Pharmacy, School of Medical and
Pharmaceutical Sciences, University of Genoa (authorization n. 484 of 8 June 2004). EAE
mice were sacrificed 25 & 1 d.p.i. via cervical dislocation and then decapitated to collect the
cortices. The experimental procedures were conducted in accordance with the European
legislation (Directive 2010/63/EU for animal experiments) and the ARRIVE guidelines.
They were approved by the Animal Subjects Review Board of the University of Genoa
and by the Italian Ministry of Health (DDL 26/2014 and previous legislation; protocol no.
50/2011-B and 612/2015-PR).

2.2. EAE Induction and Clinical Scores

Mice (female, strain C57BL/6], 18-20 g, 6-8 weeks) were immunized following a
standard protocol, with minor modifications [24]. Briefly, animals were administered
incomplete Freund’s adjuvant containing 4 mg/mL Mycobacterium tuberculosis (strain
H37Ra) and 200 pg of the myelin oligodendrocyte protein 35-55 (MOGgs5_55). This was
followed by intraperitoneal administration of 400 ng of Pertussis toxin on the day of
immunization and two days after. Animals were scored daily for clinical symptoms of EAE
according to the following scale: 0, no clinical signs; 1, flaccid tail; 2, hindlimb weakness;
3, hindlimb paresis; 4, tetraparalysis; 5, death; intermediate clinical signs were scored by
adding 0.5 [17].

2.3. Drug Treatment

FTY720 was administered orally—dissolved in drinking water (0.03 mg/Kg)—following
an already validated therapeutic protocol [17]. Drug administration started 11 & 1 d.p.i. and
continued for 14 days.
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2.4. Synaptosomes

Purified synaptosomes were prepared as previously described [25]. Briefly, after
decapitation, the cortices were rapidly removed and homogenized in 0.32 M sucrose,
buffered to pH 7.4 with Tris-(hydroxymethyl)-amino methane [Tris, final concentration
(f.c.) 0.01 M] using a glass/Teflon tissue grinder (clearance 0.25 mm). The homogenates
were centrifuged at 1000x g for 5 min to remove the nuclei and cellular debris and the
supernatant was stratified on a discontinuous Percoll® gradient (2%, 6%, 10%, and 20% v/v
in Tris-buffered sucrose) and centrifuged at 33,500 g for 6 min. The layer between 10%
and 20% Percoll® (synaptosomal fraction) was collected and washed by centrifugation.

2.5. Superfusion Experiments

Synaptosomes were resuspended in a physiological medium with the following com-
position (mM): NaCl, 140; KCl, 3; MgSOy, 1.2; CaCly, 1.2; NaHpPOy, 1.2; NaHCO3, 5;
HEPES, 10; glucose, 10; pH 7.2-7.4, and incubated for 15 min at 37 °C in a rotary water bath
in the presence of [*H]D-aspartate (f.c. 50 nM), an unmetabolizable analog of glutamate
that efficiently mimics the uptake, the vesicular storage, and the exocytosis of glutamate
from synaptosomes [26]. Identical portions of the synaptosomal suspensions were stratified
on microporous filters at the bottom of parallel chambers in a Superfusion System (Ugo
Basile, Comerio, Varese, Italy) [27] and maintained at 37 °C. The particles were superfused
with a standard physiological solution at 0.5 mL/min. After 39 min of superfusion to equi-
librate the system, synaptosomes were transiently exposed (90 s) to a high KCl-containing
solution (12 mM KCl solution; NaCl substituting for an equimolar concentration of KCI) in
the presence or absence of S1PR agonists [sphingosine-1-phosphate (S1P), C5-2100, and
CYM-5541] or antagonists [Ex 26 and TY-52156]. When not otherwise indicated, the su-
perfusion was carried out under resting conditions (in a medium containing 3 mM KCI).
Three superfusate fractions (two basal 3-min fractions, one before (t = 36-39 min; fraction
1) and one after (t = 45-48 min; fraction 3) a 6-min fraction (t = 39-45 min; fraction 2))
were collected. These fractions and the filters (containing the superfused particles) were
counted for radioactivity. The amount of radioactivity released into each fraction was
expressed as a percentage of the total radioactivity (i.e., the sum of radioactivity in the
collected fractions and the superfused synaptosomes at the end of the experiments). The
KCl-induced overflow was estimated by subtracting the neurotransmitter content collected
from the first and third fractions from that collected from the 6-min fraction (fraction 2). The
effect of the compounds was expressed as a percentage of the respective tritium overflow
elicited by the KCl solutions (3 mM and 12 mM).

2.6. Confocal Microscopy

Mouse cortical synaptosomes (40 pg of proteins) were fixed with 2% paraformalde-
hyde, permeabilized with 0.05% Triton X-100 PBS and incubated in suspension overnight
at 4 °C with the following primary antibodies diluted in 3% bovine serum albumin (BSA)
in PBS: rabbit anti-S1P1R (1:600, AB11424, Abcam, Cambridge, UK), rabbit anti-S1P3R
(1:300, AB108370, Abcam, Cambridge, UK), goat anti-syntaxin 1A (1:3000, AF7237, R&D
systems, Minneapolis, MN, USA), and guinea pig anti-vesicular glutamate transporter
type 1 (VGLUT1; 1:1000, AB5905, Millipore, Darmstadt, Germany). Particles were then
washed in PBS and incubated for 1 h at room temperature with the respective secondary
antibodies diluted in 3% BSA/PBS: donkey anti-rabbit AlexaFluor-555 (1:900, A-31572,
Life Technologies; Thermo Fisher Scientific, Waltham, MA, USA), donkey anti-guinea pig
AlexaFluor-488 (1:900, AB_2340472, Jackson ImmunoReasearch, Pennsylvania, PA, USA),
and donkey anti-goat AlexaFluor-647 (1:900, A-21447, Life Technologies). Synaptosomes
were resuspended in ProLong™ Gold Antifade Mountant (P10144; Life Technologies) and
then applied onto coverslips. Fluorescence images (512 x 512 x 8 bit) were acquired using
a three-channel Leica TCS SP2 laser-scanning confocal microscope equipped with 458,
476, 488, 514, 543, and 633 nm excitation lines through a plan-apochromatic oil immer-
sion objective 63x /1.4 NA. Based on the objective properties, images were approximately
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246 x 246 pm? in area. Light collection configuration was optimized based on the combina-
tion of chosen fluorochromes, and sequential channel acquisition was performed to avoid
crosstalk. Background subtraction was performed whenever necessary. The Leica ‘LAS AF
software package was used for image acquisition. Quantitative estimation of co-localized
proteins was performed by calculating the Pearson correlation coefficient (P), expressing the
spatial correlation between two channels of a dual-color image, and calculating Mander’s
colocalization coefficient (M) [28]. The fraction of co-localizing molecular species in each
component of a dual-color image was expressed; if two molecular species are co-localized,
the overlay of their spatial distributions has a correlation value higher than what would
be expected by chance alone. In 2004, Costes and colleagues [29] developed an automated
procedure for evaluating the correlation between the green and red channels with a signifi-
cance level > 95%. The same procedure automatically determines an intensity threshold
for each color channel based on a linear least-square fit of the green and red intensities in
the image’s 2D correlation cytofluorogram. Costes” approach was conducted using macro
routines integrated as plugins (WCIF Colocalization Plugins, Wright Cell Imaging Facility,
Toronto Western Research Institute, Toronto, ON, Canada) in the Image] 1.53q software
(Wayne Rasband, NIH, USA).

2.7. Western Blot Analysis

Cortical synaptosomes of mice from the different experimental groups (control,
FTY720-untreated EAE, and FTY720-treated EAE) were lysed in modified RIPA buffer
(10 mM Tris, pH 7.4; 150 mM NaCl; 1 mM EDTA; 0.1% SDS; 1% Triton X-100; protease
inhibitors) and the protein content was determined using the Pierce™ BCA assay kit (23225,
Thermo Scientific, Waltham, MA, USA). Samples were resuspended in SDS-PAGE load-
ing buffer, boiled at 95 °C for 5 min, separated on 7.5% SDS-PAGE (20 pg/lane), and
transferred onto polyvinylidene difluoride (PVDF) membranes (GE10600023, Amersham).
Membranes were incubated for 1 h at room temperature in Tris-buffered saline-Tween
(t-TBS: 0.02 M Tris, 0.15 M NaCl, and 0.05% Tween 20) containing 5% (w/v) non-fat dried
milk and then incubated overnight at 4 °C with different primary antibodies: rabbit anti-
CD11b (1:2500, AB13357, Abcam, Cambridge, UK), rabbit anti-MAP2 (1:2000, GTX133109,
GeneTex, Irvine, CA, USA), mouse anti-GFAP (1:5000, G3893, Sigma-Aldrich, St. Louis, MO,
USA), rabbit anti-GluA2 (1:2000, AB206293, Abcam, Cambridge, UK), rabbit anti-SIP1R
(1:1000, AB11424, Abcam, Cambridge, UK), rabbit anti-S1P3R (1:300, AB108370, Abcam,
Cambridge, UK), and mouse anti- tubulin (1:500, T8660, Merck Life Science, Milan, Italy).
After three washes in t-TBS (0.05%), membranes were incubated for 1 h at room tempera-
ture with appropriate horseradish peroxidase-linked secondary antibodies (1:10,000, A9044
(anti-mouse) and A9169 (anti-rabbit), Sigma-Aldrich, St. Louis, MO, USA). Immunoblots
were visualized using the enhanced chemiluminescence western blotting detection system
Immobilon Forte Western HRP substrate (WBLUF0100, Merck Life Science, Milan, Italy).
Images were acquired using the Alliance LD6 image capture system (Uvitec, Cambridge,
UK) and analyzed using the UVI-1D software.

2.8. Biotinylation Studies

Mouse cortical synaptosomes were divided into two aliquots. The first aliquot was
lysed in modified RIPA buffer and used to analyze S1P1R and S1P3R protein contents in
the total synaptosomal lysate (L). The other aliquot was labeled with EZ-Link Sulfo-NHS-
SS-Biotin (2 mg/mL; 21,331 Thermo Scientific) for 1 h at 4 °C in PBS/ Ca2+—Mg2+ with the
following composition (mM): 138 NaCl, 2.7 KCl, 1.8 KH,POy, 10 NayHPO4, 1.5 MgCl,,
0.2 CaCly, pH 7.4. The biotinylation reaction was stopped by incubating synaptosomes
with PBS/Ca?*-Mg?* containing 100 mM glycine for 20 min at 4 °C. After two washes
in PBS/Ca?*-Mg?*, synaptosomes were lysed in modified RIPA buffer. The biotinylated
samples (200 ug) were incubated, under shaking, with Dynabeads MyOne Streptavidin
T1 beads (65601, Invitrogen) for 30 min at room temperature to pulldown the biotinylated
proteins. Non-biotinylated samples (200 pg) were analyzed following the same procedure
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to check the specificity of streptavidin pulldown (negative control, N). After three washes
in PBS-Tween (0.01%), the samples were resuspended in SDS-PAGE loading buffer and
boiled for 5 min at 95 °C to separate biotinylated proteins from the beads. The beads
were discarded and the supernatant was loaded on a polyacrylamide gel (7.5%) and
analyzed using an immunoblot assay. The immunoreactivity of S1P1/3Rs was detected
using rabbit anti-S1P1R (1:1000, AB11424, Abcam, Cambridge, UK) and rabbit anti-S1P3R
(1:300, AB108370, Abcam, Cambridge, UK) antibodies in the total synaptosomal lysate
(L), in streptavidin pulldown of the non-biotinylated synaptosomal lysate (N), and in
the biotinylated synaptosomes samples (B). Mouse anti- tubulin (1:500, T8660, Sigma,
St. Louis, MO, USA) and rabbit anti-GluA2 (1:2000, AB206293, Abcam, Cambridge, UK)
were used as negative and positive controls, respectively, in the biotinylation protocol.

2.9. Statistical Analysis

SigmaPlot data analysis and graphing software package (10.0 version) was used for
data handling/analysis and for drawing graphs. Analysis of variance was performed using
ANOVA followed by Dunnett’s test (Figures 1A,B and 2A,B) or Tukey—Kramer (8) multiple-
comparisons test. Direct comparisons were performed using Student’s t-test (Figures 1C,
2C, 8 and 9). Post-hoc tests were performed only if the F value was significant. Results
were considered significant at p < 0.05.

2.10. Drugs and Chemicals

Aspartic acid, D-[2,3-3H] was obtained from Perkin Elmer (NET581001MC, Boston,
MA, USA). Pertussis toxin was acquired from List Biological Laboratories (#181, Campbell,
Santa Clara Country, California, USA) and incomplete Freund’s adjuvant was obtained from
Sigma-Aldrich (F5506, Saint Louis, MO, USA). Myelin oligodendrocyte glycoprotein (MOG)
was purchased from Espikem (EPK1, Florence, Italy). Mycobacterium tuberculosis (H37Ra)
was obtained from DIFCO BACTO Microbiology (241141, Becton, MD, USA). FTY720 was
supplied by Novartis Pharma AG (Basel, Switzerland). N,N-dimethylsphingosine (DMS,
4640), sphingosine-1-phosphate (S1P, 1370), CS-2100 (4543, EC50 = 4.0 nM), CYM-5541
(4897, EC50 = 72-132 nM), Ex 26 (5833, IC50 = 0.93 nM), and TY-52156 (5328, Ki = 110 nM)
were all purchased from Tocris Bioscience (Bristol, UK).

3. Results
3.1. Presynaptic Release-Regulating S1P1 Receptors in Cortical Synaptosomes of Healthy Mice

In 2021, Wang and colleagues proposed the existence of presynaptic release-regulating
S1P1Rs in cortical glutamatergic nerve endings [21]. To implement the pharmacological
characterization of these receptors, release experiments were conducted to investigate the
impact of the SIP1R agonist, CS-2100 [30], and the SIP1R antagonist, Ex 26 [31], on the
release of glutamate (monitored as the release of preloaded [3H]D—aspartate [26]) from
cortical synaptosomes of healthy mice. First, we investigated the efficiency of the SIP1R
agonist in modifying the spontaneous release of glutamate (quantified as release of [*°H]D-
aspartate, Figure 1A) and then we verified its efficiency in controlling the KCl-evoked
release of tritium from cortical synaptosomes (Figure 1B).

CS-2100 (3-30 nM) did not modify the release of [PH]D-aspartate under resting con-
ditions (i.e., 3 mM KCl, Figure 1A), but reduced the 12 mM KCl-evoked [3H]D—aspartate
exocytosis from cortical synaptosomes (Figure 1B). The agonist inhibited the tritium over-
flow in a concentration-dependent manner (0.1-30 nM) and was maximally active at 3 nM.
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Figure 1. Effects of the SIP1R agonist, CS-2100, on the spontaneous and KCl-evoked release of [*H]D-
aspartate from mouse cortical synaptosomes: reversal by the SIP1R antagonist Ex 26. Synaptosomes
from the cortex of healthy mice were preloaded with [*H]D-aspartate and then superfused under
resting (3 mM KCl, (A)) or depolarizing (12 mM KCI, (B,C)) conditions. Results are expressed
as the percentages of the respective controls (the spontaneous (A) and KCl-evoked (B,C) tritium
release in the absence of the ligands). Data are means £ SEM of at least five experiments run in
triplicate; ** p < 0.01 vs. 12 mM KCl-evoked tritium overflow; # p <0.05vs. 12mM KCl/3 nM CS-2100
(3 nM)-evoked tritium overflow.

To confirm—from a pharmacological point of view—the involvement of the presy-
naptic S1P1Rs in the releasing activity, experiments were carried out to verify whether
the S1P1R antagonist, Ex 26, can antagonize the inhibitory effect elicited by CS-2100. The
S1P1R antagonist, Ex 26 (30-300 nM), did not affect the tritium overflow elicited by the
high KCl solution (Figure 1C) but largely reverted the 3 nM CS-2100-induced inhibition
of the 12 mM KCl-evoked [*H]D-aspartate exocytosis when concomitantly added to the
agonist (Figure 1C). These results confirm—from a pharmacological point of view—that
the presynaptic inhibitor S1IPR involved in the CS-2100-induced effect belongs to subtype 1.
We concluded that cortical synaptosomes are endowed with presynaptic release-regulating
S1P1Rs whose activation does not modify the spontaneous release of glutamate but inhibits
the exocytosis elicited by a mild depolarizing stimulus.

3.2. Presynaptic Release-Regulating S1P3 Receptors Exist in Cortical Synaptosomes of
Healthy Mice

Experiments were then carried out to verify the existence of SIP3R. We focused on this
receptor subtype based on some conflicting observations in the literature concerning its
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potential role as a presynaptic release-regulating receptor (see the discussion, [20,21]. First,
release experiments were carried out to study the impact of the SIP3R-positive allosteric
modulator, CYM-5541, on the spontaneous and KCl-evoked release of tritium from cortical
synaptosome. CYM-5541 (100-1000) did not modify the release of tritium under resting
conditions (3 mM KCl, Figure 2A), but potentiated the 12 mM KCl-evoked [*H]D-aspartate
overflow in a concentration-dependent (10-1000 nM) manner (Figure 2B). The maximum
effect of CYM-5541 was observed when 100 nM of the ligand was added (Figure 3B). CYM-
5541-evoked tritium overflow was inhibited by the concomitant addition of the S1IP3R
antagonist, TY-52156 (100 nM, Figure 2C [32]). The antagonist (0.1-1 uM) did not modify
the 12 mM KCl-evoked release of [*H]D-aspartate on its own (Figure 2C).
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Figure 2. Effect of the SIP3R agonist, CYM-5541, on the spontaneous and KCl-evoked release of
[*H]D-aspartate from mouse cortical synaptosomes. Reversal by the SIP3R antagonist, TY-52156.
Synaptosomes from the cortex of healthy mice were preloaded with [H]D-aspartate and then
superfused under resting (3 mM KCl, (A)) or depolarizing (12 mM KCl, (B,C)) conditions. Results are
expressed as percentages of the respective controls (the spontaneous (A) and KCl-evoked (B,C) tritium
release in the absence of ligands). Data are means &= SEM of at least five experiments run in triplicate;
**p < 0.01 vs. 12 mM KCl-evoked tritium overflow; *# p < 0.01 vs. 12 mM KC1/100 nM TY-52156-
evoked tritium overflow.

The functional observations support the conclusion that cortical glutamatergic nerve
endings are also endowed with presynaptic facilitatory release-regulating sphingosine
receptors with a pharmacological profile consistent with the SIP3R subtype that positively
controls the exocytosis of [*’H]D-aspartate, leaving its spontaneous outflow unchanged.
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3.3. Cortical Glutamatergic Synaptosomes of Healthy Mice Are Endowed with S1P1 and S1P3
Receptor Proteins

To further support the existence of S1P1 and S1P3 autoreceptors on cortical gluta-
matergic synaptosomes, western blot studies, and confocal analyses were performed to
verify the presence of SIP1R and S1P3R proteins in these particles. Preliminary experi-
ments were dedicated to verifying the purity of the synaptosomal fraction, which was
assessed using antibodies against astrocyte (glial fibrillary acidic protein, GFAP), neu-
ron (microtubule-associated protein 2, MAP2), and microglia (CD11b protein) markers
to highlight the presence of glial and astrocytic-derived particles in the synaptosomal
preparation. The immunopositivity for the three markers was concomitantly analyzed in
cortical homogenate and synaptosomal lysate. The three proteins were largely expressed
in the cortical homogenate. Conversely, the synaptosomal lysates were immunopositive
for MAP2, whereas GFAP and CD11b immunostainings were scarce, almost undetectable
(Figure 3A). These results indicate negligible contamination of astrocytes and glial compo-
nents in the synaptosomal fraction and support the conclusion that the cortical preparation
mainly consists of isolated nerve endings (i.e., synaptosomes).

& >
& &
&o% & o B
A & N & Synaptosomal

N A lysates
CD11b - 170 kDa 10pg 20 pg
o ‘ - | 7w SIPIR | ™™ e | 44kDa
i —_— SIP3R | ee— 3 42 kDa

— a

Figure 3. Cortical synaptosomes are endowed with S1IP1R and S1P3R. (A) Comparative analysis
of the presence of astrocytes (GFAP-immunopositivity), microglia (CD11b-immunopositivity), and
neuron (MAP2 immunopositivity) markers in total cortical homogenates and in synaptosomal lysates.
(B) Western blot analysis of SIP1R and S1P3R proteins in cortical synaptosomal lysates. The figure
shows representative images of three (A) and four (B) different analyses carried out on different
samples on different days.

The synaptosomal preparation was then analyzed for the presence of S1P1 and S1P3
receptor proteins. The S1P1R antibody highlighted the presence of an immunostain con-
sistent with the mass of the SIPIR protein in cortical synaptosomal lysates (10 and 20 pg)
(44 kDa, Figure 3B). Similarly, the anti-S1P3R antibody staining showed the presence of
immunopositivity with a mass (42 kDa) corresponding to the S1P3R protein (Figure 3B).

The presence of S1P1R and S1P3R in cortical glutamatergic nerve endings was con-
firmed using confocal microscopy (Figure 4B,C, respectively). This technique enables the
discrimination of different synaptosomal subpopulations (i.e., glutamatergic, GABAergic,
etc.) and evidentiates the presence of the receptor proteins in a selected subpopulation. In
particular, glutamatergic synaptosomes were identified using antibodies against vesicular
glutamate transporter type 1 (VGLUT1, Figure 4(Aa), magenta) and syntaxin-1A (STX1A)
protein (Figure 4(Ab), red). VGLUT1 and STX1A were efficiently stained in the mouse
cortical synaptosomal preparations (Figure 4(Ab), red) [33]. Merging these images revealed
that a high percentage of STX1A-positive particles were also positive for VGLUT1 protein
(Figure 4(Ac), merge, purple; Mander’s coefficient: 90.13 + 4.88%, Pearson correlation
coefficient: 0.75 £ 0.07%).
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20 pm

Figure 4. SIP1IR and S1P3R located on glutamatergic nerve terminals isolated from the cortex of
control mice. (A) Colocalization (¢, merge, purple) of vesicular glutamate transporter type 1 (VGLUT1,
a magenta) and syntaxin-la (STX1A, b, red). (B) Colocalization (f, merge, pink) of SIPIR (d, green)
and VGLUT1 (e, magenta) and colocalization (i, merge, yellow) of SIPIR (g, green) and STX1A
(h, red) in mouse cortical synaptosomes. (C) Colocalization (I, merge, pink) of SIP3R (j, green) and
VGLUT1 (k, magenta) and colocalization (o, merge, yellow) of SIP3R (m, green) and STX1A (n, red)
in mouse cortical synaptosomes. The figure shows representative images of at least five independent
experiments carried out on different samples.

We then detected a diffuse colocalization (Figure 4(Bf), merge, pink; Mander’s coeffi-
cient: 76.17 £ 4.75%, Pearson correlation coefficient: 0.87 & 0.03%) of S1IP1R immunoposi-
tivity (Figure 4(Bd,Bg), green) in VGLUT1-positive (Figure 4(Be), magenta) particles and a
comparable colocalization (Figure 4(Bi), merge, yellow; Mander’s coefficient: 76.00 £ 4.10%;
Pearson correlation coefficient: 0.86 £ 0.02%) in STX1A-positive (Figure 4(Bh), red) par-
ticles. S1P3R immunopositivity (green, Figure 4(Cj)) was detected in nerve terminals
specialized for glutamate exocytosis, i.e., in STX1A-positive particles (Figure 4(Cn), red;
Figure 4(Co), merge, yellow; Mander’s coefficient: 56.33 £ 3.39%; Pearson correlation
coefficient: 0.86 + 0.03%) and in VGLUT1-positive particles (Figure 4(Ck), magenta;
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Figure 4(Cl), pink, merge; Mander’s coefficient: 58.17 & 3.00%; Pearson correlation co-
efficient: 0.87 £ 0.05%).

3.4. Impact of Sphingosine-1-Phosphate and N,N-Dimethylsphingosine on the Release of
[PHID-Aspartate from Cortical Synaptosomes of Healthy Mice

The impact of the broad-spectrum S1PR agonist, sphingosin-1-phosphate (51P), on
[*H]D-aspartate release was also investigated. S1P (0.01-10 nM) did not significantly
modify the release of [3H]D—aspartate under resting conditions (3 mM KCl, Figure 5A)
nor did it affect the tritium overflow elicited by transient exposure of synaptosomes to
depolarizing stimulus (12 mM KClI solution; Figure 5B).
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Figure 5. Effects of sphingosine-1-phosphate (S1P) and N,N-dimethylsphingosine on the spontaneous
and KCl-evoked release of [3H]D-aspartate from mouse cortical synaptosomes. (A) Effect of S1P on
the [*H]D-aspartate release under resting condition or (B) elicited by high (12 mM) KCl solution.
(C) Effect of N,N-dimethylsphingosine (DMS) on the tritium release elicited by high (12 mM) KCI.
Results are expressed as a percentage of the respective control. Data are means + SEM of at least five
experiments run in triplicate. ** p < 0.01 vs. 12 mM KCl-evoked tritium overflow.

Interestingly, the sphingosine kinase (SphK) inhibitor N,N-dimethylsphingosine (DMS,
1 uM) concomitantly added to the high KCl solution significantly reduced the 12 mM KCl-
evoked [*H]D-aspartate exocytosis (Figure 5C).

3.5. §51P1 and S1P3 Receptors in Cortical Synaptosomal Plasma Membranes: Biotinylation Studies

It has been proposed that SIPRs are expressed in plasma membranes under resting
conditions and undergo rapid internalization upon activation with agonists. Biotinylation
studies were carried out to verify the presence of SIP1R and S1P3R in the plasma mem-
branes of cortical synaptosomes. Based on previous observations [34], the GluA2 subunit
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of the AMPA receptors was used as a positive control of the biotinylation process while
the 3-tubulin was used as a negative control. Based on expectations, GluA2 immunoposi-
tivity was detected in the total synaptosomal lysate as well as in the biotinylated fraction
(Figure 6A,B), while B-tubulin immunopositivity was absent in the biotinylated samples
but present in the synaptosomal lysates (Figure 6A,B). SIP1R and S1IP3R immunostainings
were detected in synaptosomal lysates but not in the biotinylated samples (Figure 6A,B,
respectively).

A

L N B
GluA2 - S | 100 kDa
S1P1R — 44 kDa
p-tubulin 50 kDa

L
GluA2 ‘ - WSS | 100 kDa
S1P3R h { 42KkDa
- —

50 kDa

p-tubulin

Figure 6. Surface expression of SIP1R and S1P3R proteins on plasma membranes of cortical synapto-
somes: biotinylation studies. (A) Representative Western blot analysis of the density of the SIP1R
and S1P3R (B) receptor proteins in cortical synaptosomal plasma membranes. GluA2 protein and
B-tubulin proteins were used as positive and negative controls, respectively. The blot compares
the total synaptosomal lysate (L), the synaptosomal membranes of cortical synaptosomes that were
not exposed to biotin but were subjected to streptavidin pulldown (negative control, N), and the
synaptosomal membranes of synaptosomes that were incubated with biotin and then subjected
to streptavidin pulldown (biotinylated, B). The blot is representative of three experiments run on
different days with different samples.

3.6. Clinical Signs in EAE Mice: Impact of FTY720

EAE (immunized, MOGg3s_55(+)) female C57BL /6] mice were randomly assigned to
the following two groups: FTY720-untreated EAE mice and FTY720 (0.03 mg/Kg)-treated
EAE mice. FYT720 was dissolved in drinking water and administered orally following
an already validated therapeutic protocol starting from the onset of the first clinical signs
[11 £ 1 day post-immunization (d.p.i), see [17] for 14 days. In untreated EAE mice, the
severity of the clinical symptoms increased over time and peaked around 19 d.p.i.,, when
the chronic phase was reached (Figure 7, clinical score 16 d.p.i. = 1.8 4= 0.13; clinical score
19 d.p.i=2.15 % 0.14). In FTY720-treated EAE mice, the clinical score was significantly
lower starting 16 d.p.i. (clinical score 16 d.p.i. = 0.97 £ 0.16, Figure 7) and decreased further
19 d.p.i, (clinical score 19 d.p.i. = 0.70 £ 0.20, Figure 7), consistent with the beneficial effects
of the drug on the progression of the disease.
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Figure 7. Impact of in vivo therapeutic FTY720 administration on the clinical score of mice with
experimental autoimmune encephalomyelitis (EAE). The animal score was recorded daily in fin-
golimod (FTY720)-untreated (grey circles, n = 10) and FTY720-treated EAE mice (black circles, n = 10).
FTY720 (0.03 mg/kg) (treatment started 11 £ 1 d.p.i., see arrow). The daily clinical score is reported
as mean £ SEM; ** p < 0.01 vs. FTY720-untreated EAE mice; *** p < 0.001 vs. FTY720-untreated
EAE mice.

3.7. Presynaptic Release-Regulating S1P1 and S1P3 Receptors in Cortical Synaptosomes of EAE
Mice Undergo Biochemical and Functional Adaptations That Are Prevented by Therapeutic
Chronic FTY720

We investigated whether MOG-immunization could modify the density and release
activity of the presynaptic SIP1Rs and S1P3Rs in cortical synaptosomes and, in the positive,
whether chronic therapeutic FTY720 could reverse the receptor maladaptation. A significant
increase in SIP1R was detected in synaptosomal lysates from FTY720-untreated EAE mice,
which largely reversed in EAE mice treated with FTY720 (Figure 8A,B). Similarly, the
density of SIP3Rs in synaptosomal lysates (Figure 8C,D) from FTY720-untreated EAE mice
was higher than that in control animals (Figure 8C) but diminished in FTY720-treated EAE
mice (Figure 8D).

Based on these results, we asked whether the changes in receptor densities in EAE
mice cortical synaptosomes could be paralleled by a re-distribution of S1P1/3R in plasma
membranes. To answer this question, biotinylation studies were carried out using synap-
tosomal lysates from the cortex of control and EAE mice. Again, SIP1R and S1P3R were
detected in synaptosomal lysates from control and FTY720-untreated EAE mice, but not in
biotinylated samples (S1P1R: Figure 8E; S1P3R: Figure 8F). GluA2, here used as a positive
biotinylation control, was observed in both synaptosomal lysates and biotinylated samples
(Figure SE,F).

Finally, we quantified the impact of CS-2100 (3 nM, Figure 9A) and CYM-5541 (100 nM,
Figure 9B) on the 12 mM KCl-evoked release of [*’H]D-aspartate from cortical synaptosomes
of control, FTY720-untreated EAE mice, and FTY720-treated EAE mice.

The inhibitory effect of CS-2100 on the KCl-evoked release of [3H]D—aspartate was
amplified in cortical synaptosomes of FTY720-untreated EAE mice but largely recovered
in synaptosomes of FTY720-treated EAE mice (Figure 9A), consistent with the changes
in SIP1R densities described in Figure 8A,B. Similarly, the release-promoting activity of
CYM-5541 (100 nM) in cortical synaptosomes of FTY720-untreated EAE mice was improved,
but significantly reduced in cortical synaptosomes isolated from FTY720-treated EAE mice
(Figure 9B), in line with the changes in receptor densities described in Figure 8C,D.
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Figure 8. SIP1R and S1P3R densities and surface expressions in cortical synaptosomes of EAE mice
at the acute stage of the disease: impact of therapeutic FTY720. (A-D) The figures show images from
representative Western blot analyses of SIP1R (A) and S1P3R (C) in cortical synaptosomal lysates
from control mice, FTY720-untreated EAE mice, and FTY720-treated EAE mice. The blot images are
representative of at least five analyses carried out using samples from different immunizations. The
densities of SIP1Rs and S1P3Rs were expressed as the S1PR1/ 3-tubulin ratio (B) and the SIPR3/3-
tubulin ratio (D) and data (mean + S.E.M.) are reported as percentages of the respective controls;
* p < 0.05 vs. control mice; ** p < 0.01 vs. control mice; - p < 0.01 vs. FTY720-untreated EAE mice;
" p <0.001 vs. FTY720-untreated EAE mice. (E,F) The figures show images from representative
Western blot analyses of biotinylation studies of SIPIR (E) and S1P3R (F) receptor proteins in
cortical synaptosomal plasma membranes. The blot compares the total synaptosomal lysate (L), the
synaptosomal membranes of cortical synaptosomes that were not exposed to biotin but were subjected
to streptavidin pulldown (negative control, N), and the synaptosomal membranes of synaptosomes
that were incubated with biotin and then subjected to streptavidin pulldown (biotinylated, B). The
blot is representative of four experiments run on different days with different samples.
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Figure 9. Effects of CS-2100 and CYM-5541 on the 12 mM KCl-induced [*H]D-aspartate in cortical
synaptosomes of EAE mice: impact of FTY720 treatment. Cortical synaptosomes from control (white
bar), FTY720-untreated EAE (grey bar), and FTY720-treated EAE (black bar) mice were exposed
in superfusion to 12 mM KCl in the absence or the presence of CS-2100 (3 nM) (A) or CYM-5541
(100 nM) (B) and the ligand-induced changes in [*H]D-aspartate exocytosis were expressed as
a percentage of the respective control (12 mM KCl-induced [*H]D-aspartate release). Data are
expressed as mean + SEM of at least five experiments run in triplicate. * p < 0.05 vs. 12 mM KCl-
evoked tritium release from control synaptosomes; ** p < 0.01 vs. 12 mM KCl-evoked tritium release
from control synaptosomes; $$ p < 0.01 vs. 12 mM KCl/3 nM CS-2100-evoked tritium release from
control synaptosomes; ° p < 0.05 vs. 12 mM KC1/100 nM CYM-5541-evoked tritium release from
control synaptosomes; °° p < 0.01 vs. 12 mM KC1/100 nM CYM-5541-evoked tritium release from
control synaptosomes; " p < 0.05 vs. 12 mM KCl-evoked tritium release from EAE synaptosomes;
## p <0.01 vs. 12 mM KCl/3 nM CS-2100-evoked tritium release from EAE synaptosomes; * p < 0.05
vs. 12 mM KC1/100 nM CYM-5541-evoked tritium release from EAE synaptosomes.

4. Discussion

In recent years, accumulated data has proven that, in EAE mice, S1PRs ligands (i.e., FTY720
and siponimod) modulate neuroprotective glutamatergic transmission [16,17,35]. In general,
the beneficial activity was ascribed to “immunological” effects elicited by S1PRs in immune
cells [11]. However, since S1IPR modulators can enter the CNS [36] and activate SIPRs located
on astrocytes and neurons, the possibility that these drugs may also elicit neuroprotective “non
immunological” events is attractive and deserves attention [4,16,37]. “in vitro” FT'Y720, for
istance, can either increase [38] or decrease [21] glutamate exocytosis.

FTY720-mediated inhibition of glutamate overflow from cortical synaptosomes has
been proposed to involve subtype 1 presynaptic release-regulating S1P receptors. The
conclusion relies on the finding that the inhibitory effect elicited by this drug is mimicked
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by the S1P1R agonist, SEW2871 [21,22], and was partially reverted by the SIP1R antagonist,
W146. The latter compound, however, imitated FTY720 when tested alone [21], shedding
some doubt on the pharmacological characterization of the receptor subtype involved in the
inhibitory effect. The functional observations were also supported by biochemical results
that showed the presence of SIP1R proteins in cortical glutamatergic synaptosomes [21,22].

On the other hand, the receptor subtype involved in FTY720-mediated glutamate
release has not been characterized, but S1IP3R has been proposed as a suitable candidate.
The hypothesis relies on the observation that the newly synthesized synaptic S1P acting on
synaptic S1P3Rs were shown to reorganize the STX1A distribution in presynaptic termi-
nals [14,20], an event that could favor glutamate exocytosis [14,23]. Although attractive,
this hypothesis was excluded by Wang and colleagues [21] based on the findings that
(i) suramin (an S1P3/S1P5 receptor antagonist) did not modify the FTY720-mediated inhi-
bition of glutamate exocytosis from cortical synaptosomes and (ii) SIP3R immunostaining
was not detected in these particles. However, Skoug and colleagues [22] later highlighted a
clear S1P3R immunopositivity in cortical synaptosomes, which we confirmed in the present
study, reproposing the question of the existence of presynaptic release-regulating S1P3Rs
in glutamatergic cortical nerve endings.

The first aim of our study was to provide new functional and biochemical evidence
that could improve the pharmacological characterization of presynaptic inhibitory S1P1Rs
in cortical glutamatergic synaptosomes and support the existence of presynaptic facilita-
tory S1P3Rs in these particles. To this aim, we first carried out release studies using an
experimental technique set up in our laboratory several years ago: the “superfusion of
a thin layer of synaptosomes”. This technique is widely recognized as an appropriate
approach for demonstrating the existence of presynaptic release-regulating receptors and
studying their mechanism of control of transmitter release [27]. Its main feature is the
continuous up—down superfusion that minimizes the autocrine /paracrine effects elicited by
endogenous compounds (which are rapidly removed), preserving the probability that lig-
and(s) exogenously added to the superfusion medium can access and activate presynaptic
receptors [27,39-42].

Under these experimental conditions, the findings that the KCl-evoked [*H]D-aspartate
overflow is significantly modified by SIP1R or S1P3R agonists concomitantly added to the
depolarizing stimulus (i.e., CS-2100 reduced tritium overflow while CYM-5541 increased it)
are consistent with the presence of inhibitory presynaptic SIP1Rs and facilitatory presynaptic
S1P3Rs in superfused cortical synaptosomes. The conclusion is further strengthened by the
results obtained using the S1P1R antagonist, Ex 26, and the S1P3R antagonist, TY-52156. The
two antagonists, unable to modify the tritium overflow on their own, prevented the presy-
naptic control of glutamate exocytosis mediated by CS-2100 and CYM-5541, respectively.
These observations confirm—from a functional point of view—the existence of presynaptic
release-regulating S1IP1R and S1P3R in mice cortical glutamatergic synaptosomes.

The functional observations are supported by biochemical data from Western blot
analysis and confocal microscopy, which highlighted the presence of S1IP1Rs and S1P3R
proteins in cortical glutamatergic synaptosomes [21,22]. Besides confirming the presence of
S1P1R proteins in cortical synaptosomes [21], the biochemical observations unveiled clear
S1P3R immunopositivity in the synaptosomal particles (see also Skoug and colleagues [22]),
specifically in glutamatergic nerve terminals (VGLUT1-positive particles) specialized for
exocytosis (STX1A-positive particles).

Release experiments were used also to investigate the impact of the endogenous S1IPR
ligand, S1P, on glutamate release. The results highlighted a lack of efficacy of the drug in
controlling the tritium overflow. S1P (up to 1 nM) did not modify the spontaneous release
of tritium, and only slightly, but not significantly, reduced KCl-evoked tritium exocytosis.
Several events might explain SIP’s ineffectiveness. First, the low SIP efficiency may be
apparent, representing the sum of opposite effects elicited by the two presynaptic S1P1 and
S1P3 receptors, that, if activated concomitantly, can compensate for each other. Alternatively,
its low efficiency in modulating glutamate exocytosis might be associated with its instability,
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since this compound is metabolically degraded in the presence of biological membranes
in vitro [43]. Lastly, transient depolarization [14] may increase the endogenous content of
S1P within synaptosomes (cortical synaptosomes possess SphK [14,21]) to a level sufficient
to activate and even almost saturate the SIPRs, which responses cannot be further increased
by exogenous S1P. The last hypothesis is attractive because it is indirectly supported by
the finding that the 12 mM KCl-evoked release of [*H]D-aspartate in the presence of the
competitive SphK inhibitor DMS (which prevents endogenous production of S1P) is signifi-
cantly lower than the tritium overflow in the absence of the enzyme inhibitor (see also [19]).
Furthermore,, a possible role of endogenous S1P in priming glutamate exocytosis is indi-
rectly suggested by the responsiveness of synaptosomes to CYM-5541. The compound is
an allosteric SIP3R modulator and therefore requires the presence of an orthosteric ligand
to exert its activity. Its efficiency in potentiating glutamate exocytosis indirectly implies
the presence of an endogenous orthosteric agonist (i.e., S1P) that would activate SIP3Rs
and permit their allosteric modulation. If this is the case, the SIP3R antagonist, TY-52156,
would be expected to compete with endogenous S1P for SIP3Rs, hence reducing glutamate
exocytosis. Contrary to expectation, the antagonist was inactive, suggesting that further
studies are needed to address this issue.

Another unexpected observation concerns the distribution of S1PRs in synaptosomes.
It is proposed that S1PRs are located on cellular plasma membranes and undergo a rapid
internalization upon activation (the functional antagonism [7,11,44]). Based on this as-
sumption, biotinylation studies were carried out under resting conditions (to limit the
endogenous production of S1P, which can indirectly modify receptor trafficking) and in
the absence of exogenous S1PR ligands to verify the presence of S1IPRs in the plasma
membranes of synaptosomes. Surprisingly, biotinylated samples did not show clear im-
munopositivity for both receptors, suggesting that, if present, the proteins were largely
“inaccessible” to biotin. A plausible explanation could be that a large part of the SIPRs
preferentially localize on the inner side of the membranes or even in the cytosolic pools. Ac-
cordingly, Skoug et al. [22] demonstrated that, in cortical synaptosomes, S1P1/3 receptors
were scarcely present in the pre-and post-synaptic components of the synaptic active zone
but were concentrated in the remaining parts of synaptosomal plasma membranes, namely
the “extrasynaptic” component, i.e., those parts of plasma membranes outside the synaptic
active zone or of cytosolic structures (see also [45]). If this is the case, SIPR agonists would
access the receptors by entering synaptosomes (indeed, the partition coefficient of the
S1P1R and the S1P3R ligands would allow their diffusion across the plasma membrane) to
modulate glutamate exocytosis. An alternative hypothesis is that the transient depolariza-
tion of synaptosomes may favor a rapid redistribution of the receptors (possibly sustained
by the concomitant production of endogenous S1P in isolated nerve terminals), which
could promote the interaction with ligands. Whatever the mechanism, it seems conceivable
to conclude that the trafficking of S1IPRs on plasma membranes is an event that is more
complex than expected.

The second aim of this study was to verify whether, and to what extent, ongoing
neuroinflammatory and immune events can affect the density, distribution, and role of the
presynaptic release-regulating S1IP1 and S1P3 receptors on glutamatergic nerve endings. To
answer this question, we focused on EAE mice, animal models that recapitulate several
main inflammatory and immune responses affecting MS patients. The progression of
MS and EAE relies largely on the pathogenetic activation of astrocytes, microglia, and
infiltrating lymphocytes, which contribute to the maladaptive events subserving the gravity
of the disease. It is proposed that changes in the expression/function of the central S1PRs,
including those controlling glutamate exocytosis, would participate in the progression of
neurological symptoms [8,46,47]. Accordingly, FTY720 treatment efficiently reversed these
clinical signs, reducing the gravity of the disease [6,7,11,16,17].

In this context, besides highlighting the possible biochemical and functional changes of
S1P1Rs and S1P3Rs in cortical EAE synaptosomes, the study aimed to evaluate the impact
of the administration of therapeutic FTY720 on these receptors and their efficiency in con-
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trolling glutamate exocytosis. The working hypothesis is based on evidence in the literature
demonstrating that the compound recovers central glutamatergic derangements [6,16,17]
and modulates the expression of SIPR mRNA [48,49] in these mice.

The nerve terminals isolated from the cortex of EAE mice showed an increased density
of the two S1PRs. The EAE-induced adaptation, however, did not imply the redistribution
of the receptor proteins in the synaptosomal plasma membranes. Rather, biotinylation stud-
ies confirmed that S1P1 and S1P3 receptor proteins were still largely inaccessible to biotin.
Interestingly, the chronic administration of therapeutic FTY720 significantly reverted the
S1PR densities to physiological levels, unaffecting their preferential internal distribution.

We also observed a positive correlation between biochemical observations and func-
tional results. The overexpression of both receptors in cortical synaptosomal lysates from
untreated EAE mice was paralleled by changes in S1IP1R and S1P3R efficiency in control-
ling glutamate exocytosis. Thus, FTY720 administration, which significantly reduced the
densities of both S1P1 and S1P3 receptors, also restored their release-regulating activity to
levels consistent with those detected in control animals.

In conclusion, the findings obtained in the first part of the study demonstrate that
mouse cortical glutamatergic nerve endings are endowed with presynaptic release-regulating
S1P1 and S1P3 receptors. The two receptors are inactive under resting conditions, but
control glutamate exocytosis elicited by mild depolarizing stimuli, with opposite outcomes;
S1P1R inhibits glutamate exocytosis while SIP3R potentiates it. Our data does not allow us
to speculate on whether the two receptors colocalize on the same terminals or if they are
expressed in different structures; however, it suggests a preferential distribution of both
receptor proteins on the inner side of the synaptosomal particles. Furthermore, our study
allows some hypotheses on the role of endogenous S1P, including its overexpression and
accumulation in nerve terminals following exposure to a depolarizing stimulus.

The second part of the study focused on EAE mice and on the efficacy of FTY720
treatment in recovering synaptic maladaptation that could involve S1P1 and S1P3 receptors
controlling glutamate exocytosis. We provided evidence demonstrating that both receptors
undergo changes in terms of protein density and efficiency when controlling glutamate
exocytosis at the acute stage of EAE. Interestingly, these EAE-related adaptations largely
recover following therapeutic administration of FTY720. To note, the preferential inner
distribution of both receptor proteins is unaltered in EAE mice and largely unmodified by
FTY720 treatment.

Our data provides knowledge on the impact of FTY720 on SIPR-mediated control of
glutamatergic synaptic transmission in the cortex of mammals and unveils presynaptic
adaptations that could play an important role in the synaptic de-synchronization that typify
the course of MS.

Our research was limited to the cortex and EAE mice. It will be important in the future
to extend the research to study the existence and functional role of S1P receptors (including
the S1P2 and S1P5 receptor subtypes) as presynaptic modulators of chemical transmission
in other regions of the CNS to deepen our knowledge of the role of S1P in the control of
synaptic plasticity. The results of these studies will support the use of FTY720 and related
drugs in the management of central disorders other than MS.

Author Contributions: A.R.: substantial contributions to designing the study, carrying out exper-
iments, and the acquisition, analysis, and interpretation of data, and drafting and reviewing the
manuscript. G.O.: substantial contribution to the western blot and biotinylation analysis, the acqui-
sition, analysis, and interpretation of the data, and drafting and reviewing the manuscript. C.U.:
substantial contribution to the confocal microscopy, the acquisition, analysis, and interpretation of
the data, and drafting and reviewing the manuscript. T.V.: substantial contribution to the design of
the study, the analysis and interpretation of the data, drafting and reviewing the manuscript. A.P.:
substantial contribution to the design of the study, the acquisition, analysis, and interpretation of the
data, and drafting and reviewing the manuscript. All authors have read and agreed to the published
version of the manuscript.



Cells 2023, 12, 2343 18 of 20

Funding: This work was supported by #NEXTGENERATIONEU (NGEU) and funded by the Ministry
of University and Research (MUR), National Recovery and Resilience Plan (NRRP), project MNESYS
(PE0000006)—A Multiscale integrated approach to the study of the nervous system in health and
disease (DN. 1553 11.10.2022).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Subjects Review Board of the University of Genoa and by the Italian Ministry of Health (DDL 26/2014
and previous legislation; protocol no. 50/2011-B and 612/2015-PR).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bigaud, M.; Guerini, D,; Billich, A.; Bassilana, F.; Brinkmann, V. Second Generation S1P Pathway Modulators: Research Strategies
and Clinical Developments. Biochim. Biophys. Acta 2014, 1841, 745-758. [CrossRef] [PubMed]

2. O’Sullivan, S.; Dev, K.K. Sphingosine-1-Phosphate Receptor Therapies: Advances in Clinical Trials for CNS-Related Diseases.
Neuropharmacology 2017, 113, 597-607. [CrossRef] [PubMed]

3.  Mullershausen, F.; Craveiro, L.M.; Shin, Y.; Cortes-Cros, M.; Bassilana, F.; Osinde, M.; Wishart, W.L.; Guerini, D.; Thallmair,
M.; Schwab, M.E,; et al. Phosphorylated FTY720 Promotes Astrocyte Migration through Sphingosine-1-Phosphate Receptors. J.
Neurochem. 2007, 102, 1151-1161. [CrossRef] [PubMed]

4. Choi, J.W,; Gardell, S.E.; Herr, D.R.; Rivera, R.; Lee, C.-W.; Noguchi, K.; Teo, S.T.; Yung, Y.C.; Lu, M.; Kennedy, G.; et al. FTY720
(Fingolimod) Efficacy in an Animal Model of Multiple Sclerosis Requires Astrocyte Sphingosine 1-Phosphate Receptor 1 (S1P1)
Modulation. Proc. Natl. Acad. Sci. USA 2011, 108, 751-756. [CrossRef]

5. Anastasiadou, S.; Knoll, B. The Multiple Sclerosis Drug Fingolimod (FTY720) Stimulates Neuronal Gene Expression, Axonal
Growth and Regeneration. Exp. Neurol. 2016, 279, 243-260. [CrossRef]

6. Musella, A.; Gentile, A.; Guadalupi, L.; Rizzo, ER.; De Vito, E; Fresegna, D.; Bruno, A.; Dolcetti, E.; Vanni, V.; Vitiello, L.; et al.
Central Modulation of Selective Sphingosine-1-Phosphate Receptor 1 Ameliorates Experimental Multiple Sclerosis. Cells 2020,
9, 1290. [CrossRef]

7. Colombo, E.; Farina, C. Lessons from S1P Receptor Targeting in Multiple Sclerosis. Pharmacol. Ther. 2022, 230, 107971. [CrossRef]

8. Mandolesi, G.; Gentile, A.; Musella, A.; Fresegna, D.; De Vito, F; Bullitta, S.; Sepman, H.; Marfia, G.A.; Centonze, D. Synaptopathy
Connects Inflammation and Neurodegeneration in Multiple Sclerosis. Nat. Rev. Neurol. 2015, 11, 711-724. [CrossRef]

9. Bellingacci, L.; Mancini, A.; Gaetani, L.; Tozzi, A.; Parnetti, L.; Di Filippo, M. Synaptic Dysfunction in Multiple Sclerosis: A Red
Thread from Inflammation to Network Disconnection. Int. J. Mol. Sci. 2021, 22, 9753. [CrossRef]

10. Schwarz, K.; Schmitz, F. Synapse Dysfunctions in Multiple Sclerosis. Int. ]. Mol. Sci. 2023, 24, 1639. [CrossRef]

11.  Brinkmann, V. FTY720 (Fingolimod) in Multiple Sclerosis: Therapeutic Effects in the Immune and the Central Nervous System.
Br. J. Pharmacol. 2009, 158, 1173-1182. [CrossRef] [PubMed]

12.  Joshi, P; Gabrielli, M.; Ponzoni, L.; Pelucchi, S.; Stravalaci, M.; Beeg, M.; Mazzitelli, S.; Braida, D.; Sala, M.; Boda, E.; et al.
Fingolimod Limits Acute A Neurotoxicity and Promotes Synaptic Versus Extrasynaptic NMDA Receptor Functionality in
Hippocampal Neurons. Sci. Rep. 2017, 7, 41734. [CrossRef] [PubMed]

13.  McGinley, M.P,; Cohen, J.A. Sphingosine 1-Phosphate Receptor Modulators in Multiple Sclerosis and Other Conditions. Lancet
2021, 398, 1184-1194. [CrossRef]

14. Kanno, T.; Nishizaki, T.; Proia, R.L.; Kajimoto, T.; Jahangeer, S.; Okada, T.; Nakamura, S. Regulation of Synaptic Strength by
Sphingosine 1-Phosphate in the Hippocampus. Neuroscience 2010, 171, 973-980. [CrossRef] [PubMed]

15. De Stefano, N.; Silva, D.G.; Barnett, M.H. Effect of Fingolimod on Brain Volume Loss in Patients with Multiple Sclerosis. CNS
Drugs 2017, 31, 289-305. [CrossRef]

16. Rossi, S.; Lo Giudice, T.; De Chiara, V.; Musella, A.; Studer, V.; Motta, C.; Bernardi, G.; Martino, G.; Furlan, R.; Martorana, A.; et al.
Oral Fingolimod Rescues the Functional Deficits of Synapses in Experimental Autoimmune Encephalomyelitis. Br. ]. Pharmacol.
2012, 165, 861-869. [CrossRef] [PubMed]

17.  Bonfiglio, T.; Olivero, G.; Merega, E.; Di Prisco, S.; Padolecchia, C.; Grilli, M.; Milanese, M.; Di Cesare Mannelli, L.; Ghelardini,
C.; Bonanno, G.; et al. Prophylactic versus Therapeutic Fingolimod: Restoration of Presynaptic Defects in Mice Suffering from
Experimental Autoimmune Encephalomyelitis. PLoS ONE 2017, 12, e0170825. [CrossRef]

18. Levite, M. Glutamate, T Cells and Multiple Sclerosis. . Neural Transm. 2017, 124, 775-798. [CrossRef]

19. Kajimoto, T.; Okada, T; Yu, H.; Goparaju, S.K.; Jahangeer, S.; Nakamura, S. Involvement of Sphingosine-1-Phosphate in Glutamate
Secretion in Hippocampal Neurons. Mol. Cell Biol. 2007, 27, 3429-3440. [CrossRef]

20. Riganti, L.; Antonucci, F; Gabrielli, M.; Prada, I.; Giussani, P; Viani, P.; Valtorta, F.; Menna, E.; Matteoli, M.; Verderio, C.

Sphingosine-1-Phosphate (S1P) Impacts Presynaptic Functions by Regulating Synapsin I Localization in the Presynaptic Com-
partment. J. Neurosci. 2016, 36, 4624—4634. [CrossRef]


https://doi.org/10.1016/j.bbalip.2013.11.001
https://www.ncbi.nlm.nih.gov/pubmed/24239768
https://doi.org/10.1016/j.neuropharm.2016.11.006
https://www.ncbi.nlm.nih.gov/pubmed/27825807
https://doi.org/10.1111/j.1471-4159.2007.04629.x
https://www.ncbi.nlm.nih.gov/pubmed/17488279
https://doi.org/10.1073/pnas.1014154108
https://doi.org/10.1016/j.expneurol.2016.03.012
https://doi.org/10.3390/cells9051290
https://doi.org/10.1016/j.pharmthera.2021.107971
https://doi.org/10.1038/nrneurol.2015.222
https://doi.org/10.3390/ijms22189753
https://doi.org/10.3390/ijms24021639
https://doi.org/10.1111/j.1476-5381.2009.00451.x
https://www.ncbi.nlm.nih.gov/pubmed/19814729
https://doi.org/10.1038/srep41734
https://www.ncbi.nlm.nih.gov/pubmed/28134307
https://doi.org/10.1016/S0140-6736(21)00244-0
https://doi.org/10.1016/j.neuroscience.2010.10.021
https://www.ncbi.nlm.nih.gov/pubmed/20950672
https://doi.org/10.1007/s40263-017-0415-2
https://doi.org/10.1111/j.1476-5381.2011.01579.x
https://www.ncbi.nlm.nih.gov/pubmed/21740406
https://doi.org/10.1371/journal.pone.0170825
https://doi.org/10.1007/s00702-016-1661-z
https://doi.org/10.1128/MCB.01465-06
https://doi.org/10.1523/JNEUROSCI.3588-15.2016

Cells 2023, 12, 2343 19 of 20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Wang, C.C.; Kuo, J.R.; Wang, S.J. Fingolimod Inhibits Glutamate Release through Activation of S1P1 Receptors and the G Protein
By Subunit-Dependent Pathway in Rat Cerebrocortical Nerve Terminals. Neuropharmacology 2021, 185, 108451. [CrossRef]
[PubMed]

Skoug, C.; Martinsson, I.; Gouras, G.K.; Meissner, A.; Duarte, ] M.N. Sphingosine 1-Phoshpate Receptors Are Located in Synapses
and Control Spontaneous Activity of Mouse Neurons in Culture. Neurochem. Res. 2022, 47, 3114-3125. [CrossRef]

Kanno, T.; Nishizaki, T. Endogenous Sphingosine 1-Phosphate Regulates Spontaneous Glutamate Release from Mossy Fiber
Terminals via S1P3 Receptors. Life Sci. 2011, 89, 137-140. [CrossRef] [PubMed]

Vallarino, G.; Salis, A.; Lucarini, E.; Turrini, E; Olivero, G.; Roggeri, A.; Damonte, G.; Boggia, R.; Di Cesare Mannelli, L.;
Ghelardini, C.; et al. Healthy Properties of a New Formulation of Pomegranate-Peel Extract in Mice Suffering from Experimental
Autoimmune Encephalomyelitis. Molecules 2022, 27, 914. [CrossRef] [PubMed]

Dunkley, P.R; Jarvie, PE.; Robinson, PJ. A Rapid Percoll Gradient Procedure for Preparation of Synaptosomes. Nat. Protoc. 2008,
3,1718-1728. [CrossRef] [PubMed]

Grilli, M.; Raiteri, L.; Pittaluga, A. Somatostatin Inhibits Glutamate Release from Mouse Cerebrocortical Nerve Endings through
Presynaptic Sst2 Receptors Linked to the Adenylyl Cyclase-Protein Kinase A Pathway. Neuropharmacology 2004, 46, 388-396.
[CrossRef] [PubMed]

Raiteri, M.; Angelini, F; Levi, G. A Simple Apparatus for Studying the Release of Neurotransmitters from Synaptosomes. Eur. J.
Pharmacol. 1974, 25, 411-414. [CrossRef] [PubMed]

Manders, EM.M.; Verbeek, EJ.; Aten, ].A. Measurement of Co-Localization of Objects in Dual-Colour Confocal Images. J. Microsc.
1993, 169, 375-382. [CrossRef]

Costes, S.V.; Daelemans, D.; Cho, E.H.; Dobbin, Z.; Pavlakis, G.; Lockett, S. Automatic and Quantitative Measurement of
Protein-Protein Colocalization in Live Cells. Biophys. ]. 2004, 86, 3993-4003. [CrossRef]

Nakamura, T.; Asano, M.; Sekiguchi, Y.; Mizuno, Y.; Tamaki, K.; Kimura, T.; Nara, F.; Kawase, Y.; Shimozato, T.; Doi, H.; et al.
Discovery of CS-2100, a Potent, Orally Active and S1P3-Sparing S1IP1 Agonist. Bioorg. Med. Chem. Lett. 2012, 22, 1788-1792.
[CrossRef] [PubMed]

Cahalan, S.M.; Gonzalez-Cabrera, PJ.; Nguyen, N.; Guerrero, M.; Cisar, E.A.G.; Leaf, N.B.; Brown, S.J.; Roberts, E.; Rosen, H.
Sphingosine 1-Phosphate Receptor 1 (S1P1) Upregulation and Amelioration of Experimental Autoimmune Encephalomyelitis by
an S1P1 Antagonist. Mol. Pharmacol. 2013, 83, 316-321. [CrossRef] [PubMed]

Murakami, A.; Takasugi, H.; Ohnuma, S.; Koide, Y.; Sakurai, A.; Takeda, S.; Hasegawa, T.; Sasamori, J.; Konno, T.; Hayashi, K,;
et al. Sphingosine 1-Phosphate (51P) Regulates Vascular Contraction via S1P3 Receptor: Investigation Based on a New S1P3
Receptor Antagonist. Mol. Pharmacol. 2010, 77, 704-713. [CrossRef] [PubMed]

Alloisio, S.; Cervetto, C.; Passalacqua, M.; Barbieri, R.; Maura, G.; Nobile, M.; Marcoli, M. Functional Evidence for Presynaptic
P2X7 Receptors in Adult Rat Cerebrocortical Nerve Terminals. FEBS Lett. 2008, 582, 3948-3953. [CrossRef]

Cisani, F,; Olivero, G.; Usai, C.; Van Camp, G.; Maccari, S.; Morley-Fletcher, S.; Pittaluga, A.M. Antibodies against the NH2-
Terminus of the GluA Subunits Affect the AMPA-Evoked Releasing Activity: The Role of Complement. Front. Immunol. 2021,
12,586521. [CrossRef] [PubMed]

Gentile, A.; Musella, A.; Bullitta, S.; Fresegna, D.; De Vito, E; Fantozzi, R.; Piras, E.; Gargano, F.; Borsellino, G.; Battistini, L.; et al.
Siponimod (BAF312) Prevents Synaptic Neurodegeneration in Experimental Multiple Sclerosis. |. Neuroinflamm. 2016, 13, 207.
[CrossRef] [PubMed]

Hunter, S.F; Bowen, J.D.; Reder, A.T. The Direct Effects of Fingolimod in the Central Nervous System: Implications for Relapsing
Multiple Sclerosis. CNS Drugs 2016, 30, 135-147. [CrossRef] [PubMed]

Cipriani, R.; Chara, J.C.; Rodriguez-Antigtiedad, A.; Matute, C. FTY720 Attenuates Excitotoxicity and Neuroinflammation. J.
Neuroinflamm. 2015, 12, 86. [CrossRef]

Darios, ED.; Jorgacevski, J.; Flasker, A.; Zorec, R.; Garcia-Martinez, V.; Villanueva, J.; Gutiérrez, L.M.; Leese, C.; Bal, M.; Nosyreva,
E.; et al. Sphingomimetic Multiple Sclerosis Drug FTY720 Activates Vesicular Synaptobrevin and Augments Neuroendocrine
Secretion. Sci. Rep. 2017, 7, 5958. [CrossRef]

Raiteri, L.; Raiteri, M. Synaptosomes Still Viable after 25 Years of Superfusion. Neurochem. Res. 2000, 25, 1265-1274. [CrossRef]
Popoli, M.; Yan, Z.; McEwen, B.S.; Sanacora, G. The Stressed Synapse: The Impact of Stress and Glucocorticoids on Glutamate
Transmission. Nat. Rev. Neurosci. 2011, 13, 22-37. [CrossRef]

Pittaluga, A. CCL5-Glutamate Cross-Talk in Astrocyte-Neuron Communication in Multiple Sclerosis. Front. Immunol. 2017,
8,1079. [CrossRef]

Pittaluga, A. Acute Functional Adaptations in Isolated Presynaptic Terminals Unveil Synaptosomal Learning and Memory. Int. J.
Mol. Sci. 2019, 20, 3641. [CrossRef] [PubMed]

Bradley, M.E.; McGuinness, N.; Williams, G.; Charlton, S.J.; Dowling, M.R. The in vitro Metabolism of Sphingosine-1-Phosphate:
Identification; Inhibition and Pharmacological Implications. Eur. J. Pharmacol. 2011, 672, 56-61. [CrossRef]

Cannavo, A.; Rengo, G.; Liccardo, D.; Pagano, G.; Zincarelli, C.; De Angelis, M.C.; Puglia, R.; Di Pietro, E.; Rabinowitz, ].E.; Barone,
M.V,; et al. Bl-Adrenergic Receptor and Sphingosine-1-Phosphate Receptor 1 (S1PR1) Reciprocal Downregulation Influences
Cardiac Hypertrophic Response and Progression to Heart Failure: Protective Role of SIPR1 Cardiac Gene Therapy. Circulation
2013, 128, 1612-1622. [CrossRef]


https://doi.org/10.1016/j.neuropharm.2021.108451
https://www.ncbi.nlm.nih.gov/pubmed/33428887
https://doi.org/10.1007/s11064-022-03664-3
https://doi.org/10.1016/j.lfs.2011.05.021
https://www.ncbi.nlm.nih.gov/pubmed/21683714
https://doi.org/10.3390/molecules27030914
https://www.ncbi.nlm.nih.gov/pubmed/35164175
https://doi.org/10.1038/nprot.2008.171
https://www.ncbi.nlm.nih.gov/pubmed/18927557
https://doi.org/10.1016/j.neuropharm.2003.09.012
https://www.ncbi.nlm.nih.gov/pubmed/14975694
https://doi.org/10.1016/0014-2999(74)90272-6
https://www.ncbi.nlm.nih.gov/pubmed/4151269
https://doi.org/10.1111/j.1365-2818.1993.tb03313.x
https://doi.org/10.1529/biophysj.103.038422
https://doi.org/10.1016/j.bmcl.2011.12.019
https://www.ncbi.nlm.nih.gov/pubmed/22264485
https://doi.org/10.1124/mol.112.082958
https://www.ncbi.nlm.nih.gov/pubmed/23204443
https://doi.org/10.1124/mol.109.061481
https://www.ncbi.nlm.nih.gov/pubmed/20097776
https://doi.org/10.1016/j.febslet.2008.10.041
https://doi.org/10.3389/fimmu.2021.586521
https://www.ncbi.nlm.nih.gov/pubmed/33717067
https://doi.org/10.1186/s12974-016-0686-4
https://www.ncbi.nlm.nih.gov/pubmed/27566665
https://doi.org/10.1007/s40263-015-0297-0
https://www.ncbi.nlm.nih.gov/pubmed/26715391
https://doi.org/10.1186/s12974-015-0308-6
https://doi.org/10.1038/s41598-017-05948-z
https://doi.org/10.1023/A:1007648229795
https://doi.org/10.1038/nrn3138
https://doi.org/10.3389/fimmu.2017.01079
https://doi.org/10.3390/ijms20153641
https://www.ncbi.nlm.nih.gov/pubmed/31349638
https://doi.org/10.1016/j.ejphar.2011.09.178
https://doi.org/10.1161/CIRCULATIONAHA.113.002659

Cells 2023, 12, 2343 20 0f 20

45.

46.

47.

48.

49.

Musante, V.; Summa, M.; Cunha, R.A.; Raiteri, M.; Pittaluga, A. Pre-Synaptic Glycine GlyT1 Transporter-NMDA Receptor
Interaction: Relevance to NMDA Autoreceptor Activation in the Presence of Mngr Ions. J. Neurochem. 2011, 117, 516-527.
[CrossRef] [PubMed]

Mandolesi, G.; Grasselli, G.; Musumeci, G.; Centonze, D. Cognitive Deficits in Experimental Autoimmune Encephalomyelitis:
Neuroinflammation and Synaptic Degeneration. Neurol. Sci. 2010, 31, S255-5259. [CrossRef] [PubMed]

Di Prisco, S.; Merega, E.; Pittaluga, A. Functional Adaptation of Presynaptic Chemokine Receptors in EAE Mouse Central Nervous
System. Synapse 2014, 68, 529-535. [CrossRef] [PubMed]

Hoffmann, ES.; Hofereiter, J.; Riibbsamen, H.; Melms, J.; Schwarz, S.; Faber, H.; Weber, P.; Piitz, B.; Loleit, V.; Weber, E,; et al.
Fingolimod Induces Neuroprotective Factors in Human Astrocytes. J. Neuroinflamm. 2015, 12, 184. [CrossRef]

Das, A.; Arifuzzaman, S.; Kim, S.H.; Lee, Y.S.; Jung, K.H.; Chai, Y.G. FTY720 (Fingolimod) Regulates Key Target Genes Essential
for Inflammation in Microglial Cells as Defined by High-Resolution MRNA Sequencing. Neuropharmacology 2017, 119, 1-14.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.1471-4159.2011.07223.x
https://www.ncbi.nlm.nih.gov/pubmed/21348870
https://doi.org/10.1007/s10072-010-0369-3
https://www.ncbi.nlm.nih.gov/pubmed/20635112
https://doi.org/10.1002/syn.21774
https://www.ncbi.nlm.nih.gov/pubmed/25092801
https://doi.org/10.1186/s12974-015-0393-6
https://doi.org/10.1016/j.neuropharm.2017.03.034

	Introduction 
	Materials and Methods 
	Animals 
	EAE Induction and Clinical Scores 
	Drug Treatment 
	Synaptosomes 
	Superfusion Experiments 
	Confocal Microscopy 
	Western Blot Analysis 
	Biotinylation Studies 
	Statistical Analysis 
	Drugs and Chemicals 

	Results 
	Presynaptic Release-Regulating S1P1 Receptors in Cortical Synaptosomes of Healthy Mice 
	Presynaptic Release-Regulating S1P3 Receptors Exist in Cortical Synaptosomes of Healthy Mice 
	Cortical Glutamatergic Synaptosomes of Healthy Mice Are Endowed with S1P1 and S1P3 Receptor Proteins 
	Impact of Sphingosine-1-Phosphate and N,N-Dimethylsphingosine on the Release of [3H]D-Aspartate from Cortical Synaptosomes of Healthy Mice 
	S1P1 and S1P3 Receptors in Cortical Synaptosomal Plasma Membranes: Biotinylation Studies 
	Clinical Signs in EAE Mice: Impact of FTY720 
	Presynaptic Release-Regulating S1P1 and S1P3 Receptors in Cortical Synaptosomes of EAE Mice Undergo Biochemical and Functional Adaptations That Are Prevented by Therapeutic Chronic FTY720 

	Discussion 
	References

