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Abstract
Sphingosine-1-phosphate (S1P) is best known for its roles as vascular and immune regulator. Besides, it is also present 
in the central nervous system (CNS) where it can act as neuromodulator via five S1P receptors (S1PRs), and thus control 
neurotransmitter release. The distribution of S1PRs in the active zone and postsynaptic density of CNS synapses remains 
unknown. In the current study, we investigated the localization of S1PR1-5 in synapses of the mouse cortex. Cortical nerve 
terminals purified in a sucrose gradient were endowed with all five S1PRs. Further subcellular fractionation of cortical nerve 
terminals revealed S1PR2 and S1PR4 immunoreactivity in the active zone of presynaptic nerve terminals. Interestingly, only 
S1PR2 and S1PR3 immunoreactivity was found in the postsynaptic density. All receptors were present outside the active zone 
of nerve terminals. Neurons in the mouse cortex and primary neurons in culture showed immunoreactivity against all five 
S1PRs, and  Ca2+ imaging revealed that S1P inhibits spontaneous neuronal activity in a dose-dependent fashion. When test-
ing selective agonists for each of the receptors, we found that only S1PR1, S1PR2 and S1PR4 control spontaneous neuronal 
activity. We conclude that S1PR2 and S1PR4 are located in the active zone of nerve terminals and inhibit neuronal activity. 
Future studies need to test whether these receptors modulate stimulation-induced neurotransmitter release.
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Abbreviations
BSA  Bovine serum albumin
CNS  Central nervous system
DMSO  Dimethylsulfoxide
FWHM  Full-width at half-maximum
NMDA  N-Methyl-D-aspartate
PBS  Phosphate-buffered saline
PEG  Polyethyleneglycol
PSD95  Post-synaptic density protein 95
S1P  Sphingosine-1-phosphate
S1PR  Sphingosine-1-phosphate receptor

SNAP25  Synaptosomal-associated protein 25
SphK1  Sphingosine kinase 1

Introduction

Sphingolipids play important biological roles, and defects in 
metabolism of sphingolipids have been linked to neurode-
generative diseases, such as Alzheimer’s disease, Parkinson's 
disease and multiple sclerosis [1]. Particularly interesting is 
sphingosine-1-phosphate (S1P) and its signaling axis, which 
have been implicated in mechanisms of neurodegeneration 
and neuroinflammation [2–5] and thus, have been proposed 
to offer neuroprotection targets [1].

S1P is a lysophospholipid with pleiotropic functions that 
are mediated both via intracellular signaling and by binding to 
five G protein-coupled membrane S1P receptors S1PR1-5 [6, 
7]. Their subsequent signaling through  Gi,  Gq or  G12/13 relays 
signals to phosphoinositade 3-kinase (PI3K), protein kinase 
C (PKC), phospholipases or cyclic adenosine monophosphate 
(cAMP) [8]. All S1PRs have been identified in at least one cell 
type of the central nervous system (CNS), such as neuroblasts, 
neurons, astrocytes, microglia and oligodendrocytes (reviewed 
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by Groves et al. [9]). S1PRs influence important functions in 
CNS development and further have roles in pathological con-
ditions, such as brain ischemic stroke, schizophrenia and mul-
tiple sclerosis, as well as hearing loss and seizures [7]. S1PR1 
is important during development, namely for vascularization 
and neurogenesis [10], and has a key role in immunological 
development as it regulates the amount of circulating immune 
cells [11]. S1PR2 plays an essential role in regulating endothe-
lial polarity, which influences blood–brain-barrier permeabil-
ity and capture of infiltrating lymphocytes as it is connected to 
regulation of adherent junctions [12]. S1PR2 is also functional 
in neurons, and its genetic deletion in mice induces hyper-
excitability [13]. S1PR3 is present in astrocytes and microglia, 
and is involved in gliosis and neuroinflammation processes 
[14–17]. Although little importance has been given to brain 
S1PR4 [18], it is expressed during neuronal development 
[19], and it can modulate brain function through regulating 
blood–brain-barrier permeability [20]. S1PR5 is considered 
to be mostly located within oligodendrocyte precursor cells 
and mature oligodendrocytes, where it contributes to regulate 
the differentiation process [21].

As sphingolipids and their metabolites are reported to mod-
ulate multiple aspects of cellular survival, stress response and 
aging, the significance of studying these interactions in the 
CNS in relation to neurodegenerative diseases and aging could 
provide opportunities for therapeutic interventions. Fingoli-
mod (FTY720; approved for the treatment of remitting relaps-
ing multiple sclerosis) is a S1P receptor modulator that crosses 
the blood brain barrier, is phosphorylated and acts on central 
S1PRs [9, 22]. Fingolimod interacts with S1PR1,3,4,5, and has 
been shown to provide neuroprotection in animal models of 
brain ischemia [23–25], traumatic brain injury [25], epilepsy 
[26, 27], Parkinson's disease [28, 29], and Alzheimer's dis-
ease [30–32]. Interestingly, lower S1P levels and sphingosine 
kinase activity were reported to occur early in Alzheimer’s 
disease pathogenesis and thus, constitute a possible target for 
preventing disease development [33].

Neuromodulation roles of S1P are not fully understood. It 
has been suggested that the unspecific S1P modulator Fin-
golimod inhibits glutamate release from synaptosomes [34], 
and promotes neurogenesis and neuronal survival [35]. These 
actions are attributed to the binding to S1PR1, but other S1PRs 
in neurons might contribute to neuronal Fingolimod effects. In 
this study, we aimed at determining the synaptic distribution of 
S1PRs, and explored their ability to control neuronal activity.

Materials and Methods

Drugs

S1P was obtained from Cayman chemicals (BioNor-
dika, Sweden). Selective agonists for S1PR1-5 were, 

respectively, 5-[4-Phenyl-5-(trifluoromethyl)thiophen-2-
yl]-3-[3-(trifluoromethyl)phenyl]1,2,4-oxadiazole (≥ 99%, 
SEW2871 from Tocris Bio-Techne, Abingdon, UK), 
1-[2-[2,5-Dimethyl-1-(phenylmethyl)-1H-pyrrol-3-yl]-
2-oxoethyl]-1,6-dihydro-6-oxo-3-pyridinecarbonitrile 
(≥ 99%, CYM5520, Tocris), N,N-Dicyclohexyl-5-cy-
clopropyl-3-isoxazolecarboxamide (≥ 97%, CYM5541, 
Tocris), (2Z,5Z)-5-[[1-(2,4-Difluorophenyl)-2,5-dime-
thyl-1H-pyrrol-3-yl]methylene]-2-[(2-methoxyethyl)imino]-
3-methyl-4-thiazolidinone (≥ 98%, CYM 50308, Tocris), 
1-[[4-[(3,4-Dichlorophenyl)methoxy]phenyl]methyl]-3-aze-
tidinecarboxylic acid (≥ 99%, A971432, Tocris). Fatty-acid 
free bovine serum albumin (BSA; Sigma-Aldrich) was used 
to prepare the vehicle for S1P delivery. Polyethyleneglycol 
of molecular weight 190–210 (PEG; Sigma-Aldrich #88440) 
was used as vehicle for S1PR agonists.

Animals

Experiments were performed according to EU Directive 
2010/63/EU under approval of the Malmö/Lund Commit-
tee for Animal Experiment Ethics, and are reported follow-
ing the ARRIVE guidelines (Animal Research: Reporting 
In Vivo Experiments, NC3Rs initiative, UK). Sample size 
was estimated from previous work [36]. Male and female 
C57BL/6 J mice were obtained from Taconic Biosciences 
(Ry, Denmark). Mice were housed in groups of 4–5 animals 
on a 12 h light–dark cycle with lights on at 07:00, room 
temperature of 21–23 °C and humidity at 55–60%. Mice 
were habituated to the facility for at least 1 week before 
experimentation. Food and water were provided ad libitum.

Brain Tissue Sampling

Six mice (10–14 weeks old) were anaesthetized with isoflu-
rane and quickly decapitated, and brains were dissected. For 
preparation of synaptosomes brains were kept in isolation 
buffer (see below) on ice. For total protein extracts, brain 
samples were frozen in  N2 (l) and stored at − 80 °C until 
further experiments.

Preparation of Synaptosomes and Synaptic 
Fractions

Synaptosomal fractionation was modified from Morato et al. 
[37]. Briefly, the mouse cortex was homogenized in 1 mL 
of isolation buffer (in mmol/L: 320 sucrose, 0.1  CaCl2, 0.1 
 MgCl2, pH 7.4) at 4 °C in a 5-mL Potter–Elvehjem glass/
teflon homogenizer (10 strokes at 700–900 rpm). The result-
ing homogenate was mixed with 6 mL sucrose (2 mol/L) 
and 2.5 mL  CaCl2 (0.1 mmol/L) in an ultra-clear centrifuge 
tube (#344059, Beckman Coulter, USA). Then, 2.5 mL of 
sucrose (1 mol/L) containing 0.1 mM  CaCl2 was carefully 
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added on top to form a discontinuous sucrose gradient. All 
centrifugations were performed in an Optima XL-100 K 
Ultracentrifuge (Beckman Coulter) with SW41Ti swing-
ing bucket rotor (Beckman Coulter). After centrifugation 
for 3 h at 100,000 g, 4 °C, the synaptosomes were collected 
from the interphase between 1.25 and 1 mol/L sucrose and 
diluted 10 times in isolation buffer, centrifuged for 30 min 
at 15,000 g, 4 °C, and the resulting synaptosomal pellet was 
re-suspended in 1 mL of isolation buffer.

For fractioning synaptosomes, part of each sample was 
diluted 1:5 in 0.1 mmol/L  CaCl2, and an equal volume of 
solubilization buffer (2% Triton X-100, 40 mmol/L Tris, 
pH 6.0) was added to the suspension. The suspension was 
incubated for 30 min on ice with constant agitation and the 
insoluble material (synaptic junctions) was pelleted by cen-
trifugation for 30 min at 40,000 g, 4 °C. The supernatant 
(extra-synaptic fraction) was concentrated using an Ami-
con Ultra 15 10 K (#UFC901008, Merck Millipore, Ireland) 
and protein was precipitated with six volumes of acetone 
at – 20 °C and recovered by centrifugation for 30 min at 
18,000 g, – 15 °C. The pellet containing synaptic junctions 
was washed in solubilization buffer at pH 6.0, and then re-
suspended in 10 volumes of a second solubilization buffer 
(1% Triton X-100 and 20 mmol/L Tris, pH 8.0). After incu-
bation under agitation for 30 min on ice, the mixture was 
centrifuged and the supernatant (pre-synaptic fraction) 
was processed as described for the extra-synaptic fraction, 
whereas the insoluble pellet corresponds to the post-syn-
aptic fraction All synaptic fractions were re-suspended in 
5%(w/v) sodium dodecylsulfate with protease inhibitors 
(#11697498001, Roche, Switzerland).

Total Protein Extracts

Tissue samples were homogenized with a sonicator 
probe in lysis buffer [in mmol/L: 150 NaCl, 1 EDTA, 50 
tris(hydroxymethyl)aminomethane (Tris)-HCl, 1% (w/v) 
sodium dodecylsulfate, pH 8.0] containing protease inhibi-
tors and phosphatase inhibitors (#4906837001, Roche, Swit-
zerland). The homogenate was maintained in constant agita-
tion for 2 h at 4 °C. After centrifugation at 3000 g for 10 min 
at 4 °C to remove major debris, the supernatant was saved.

Immunoblotting

Total protein content of the samples was measured with 
the bicinchoninic acid assay (kit from Pierce, Thermofisher 
Scientific, Göteborg, Sweden). Then, Western blotting was 
carried out as detailed previously [38]. Briefly, samples 
were heated for 5 min at 95 °C in sample buffer (#NP0007, 
Invitrogen, USA), and then separated on 4–12% Bis–Tris 
mini gels (#NP0336, Invitrogen, USA), followed by trans-
fer onto nitrocellulose membranes, pore size 0.45  μm 

(#GE10600002, GE Healthcare, Germany). The mem-
branes were blocked for 60–120 min in 5% milk or bovine 
serum albumin in Tris-buffered saline (in mmol/L: 20 Tris, 
150 NaCl, pH 7.6) containing 1% Tween 20, and incubated 
with primary and secondary antibodies (Table 1) diluted in 
this blocking solution. Immunoblots were developed with 
a chemiluminescence kit (#34580, Thermofisher, USA) 
using the Chemidoc XRS + interfaced to Image Lab 5.2.1 
for image analysis (Biorad, Stockholm, Sweden).

Neuronal Cell Cultures

Primary embryonic neurons were prepared from the cor-
tices and hippocampi of embryonic day 15–17 WT mouse 
embryos, as detailed by [36]. Briefly, neurons were disso-
ciated through trypsinization and subsequent trituration in 
Dulbecco’s modified Eagle medium (DMEM, 30243.01#, 
Cytiva, Marlborough, MA-USA) supplemented with 10% 
fetal bovine serum (#10100-147, Gibco, Australia), 1% 
penicillin–streptomycin (#15140122, Thermofisher) and 
then placed onto poly-D-lysine coated coverslips. After 
3–5 h, medium was switched to Neurobasal medium sup-
plemented with glutamine (#25030081, Thermofisher), B27 
(#A3582801, Thermofisher) and penicillin–streptomycin. 
Cells were cultured in vitro for 19–21 days before being 
used for experiments.

Spontaneous Neuronal Activity by  Ca2+ Imaging

Before imaging, primary neurons were incubated for 30 min 
with 2 µmol/L of the green-fluorescent calcium indicator 
Fluo-4 (#F14201, Invitrogen, Thermofisher) prepared in 
0.2%(v/v) DMSO. Live-cell microscopy was performed with 
a Nikon Eclipse Ti microscope at 10 × with 1.4 NA. Live 
cell imaging chamber (Okolab, Pozzuoli, Italy) was kept at 
5%  CO2 and 37 °C. Cells were imaged every 100 ms for a 
duration of 2 min with an iXon Ultra CCD camera (ANDOR 
Technology, Belfast, UK).

S1P (Avanti Lipids) stock was prepared in 4% fatty 
acid-free BSA. S1P was at concentrations of 1, 10, 100 or 
1000 nmol/L or vehicle (4% fatty acid-free BSA in water) 
was added to the cells 1 min prior to imaging. S1PR ago-
nists (Table 2; stock solution prepared in 5% PEG in water) 
or vehicle (5% PEG in water) were added to the cells 1 min 
prior to imaging. For verifying that the experimental system 
detects changes in neuronal activity (hyper-/hypo-activity), 
cells were exposed to 20 μmol/L bicuculline methbromide 
(Sigma-Aldrich) or 1 μmol/L tetrodotoxin citrate (Tocris) for 
15 min prior to imaging. All experiments were conducted in 
a paired fashion, that is, neurons prepared from an embryo 
received vehicle and all S1P doses, or vehicle and S1PR 
agonists.
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Regions of interest (ROIs) were defined for the soma of 
neurons in each stack of  Ca2+ images using ImageJ (NIH, 
Bethesda, MD, USA). Fluorescence intensity over time was 
extracted, baseline corrected and normalized, and analyzed 
in Peakcaller [39] running on MATLAB 2019a (MathWorks, 
Natick, MA-USA). Peak amplitude was calculated as fluo-
rescence variation and normalized to baseline fluorescence 
(ΔF/F). Spike detection threshold was set to 3% above base-
line. Non-responding cells were considered silent neurons 
and excluded for analysis of spiking frequency. Cells with 
non-neuronal shape and with full-width at half-maximum 
(FWHM) above 50 ms were not analyzed. Cells showing 
only one spike were excluded from frequency analysis, as 
their frequency becomes the inverse of the imaging period.

Immunofluorescence Confocal Microscopy

Primary neurons on cover glasses were fixed for 15 min in 
4%(w/v) paraformaldehyde and 4%(w/v) sucrose at room 
temperature, and stored in phosphate-buffered saline (PBS; 
in mmol/L: 137 NaCl, 2.7 KCl, 1.5  KH2PO4, 8.1  Na2HPO4, 

pH 7.4) at 4 °C until usage. Fixed neurons or 20-µm cryostat-
sectioned brain slices (prepared as reported by Garcia-Ser-
rano et al. [40]) were incubated for 1 h at room temperature 
with blocking buffer [PBS containing 5% (v/v) goat serum 
(#16210-064, Gibco, New Zealand), 1% (w/v) bovine serum 
albumin and 0.3% (v/v) Triton X-100], followed by 2-h 
incubation with primary antibodies (Table 1). After wash-
ing in PBS, the samples were incubated with AlexaFluor-
conjugated secondary antibodies, washed again, mounted for 
microscopy with ProLong Glass Antifade (#P36980, Invitro-
gen, USA), and examined under a Nikon A1RHD confocal 
microscope with a CFI Apochromat TIRF 100 × Oil, NA 
1.49 or CFI Plan Apochromat Lambda 20×/40× NA 0.75 
(Nikon Instruments, Tokyo, Japan). Images were acquired 
with NIS-elements (Laboratory Imaging, Nikon), and then 
processed in ImageJ.

Statistics

Results are presented as mean ± SD of independent biologi-
cal replicates (mice/embryos). Data were analyzed by paired 

Table 1  Primary antibodies used for Western blot (WB) and immunofluorescence microscopy in neurons (IFn) or brain slices (IFs)

Antibody Dilution Source

Rabbit anti-S1PR1 1:1000 (WB)/1:500 (IFn)/1:200 (IFs) Thermofisher (PA1-40,000)
Rabbit anti-S1PR2 1:500 (WB)/1:250 (IFn)/1:100 (IFs) Origene (AP01311PU-N)
Rabbit anti-S1PR3 1:1000 (WB)/1:500 (IFn)/1:200 (IFs) Origene (TA329055)
Rabbit anti-S1PR4 1:1000 (WB)/1:250 (IFn)/1:100 (IFs) Novus (NBP2-24,500)
Rabbit anti-S1PR5 1:500 (WB)/1:250 (IFn)/1:100 (IFs) Novus (NBP2-24,712)
Rabbit anti-PSD95 1:2000 (WB) Abcam (ab76115)
Rabbit anti-SNAP25 1:5000 (WB) Abcam (ab109105)
Rabbit anti-synaptophysin 1:10,000 (WB) Abcam (ab32127)
Chicken anti-MAP2 1:500 (IFn) Abcam (ab5392)
Goat anti-GFAP 1:500 (IFs) Abcam (ab53554)
AlexaFlour488-tagged rabbit anti-MAP2 1:500 (IFs) Abcam (ab225316)
HRP-tagged anti-rabbit IgG 1:5000 (WB) Abcam (ab6802)
AlexaFluor405-conjugated anti-goat IgG 1:1000 (IFs) Invitrogen (ab175664)
AlexaFluor488-conjugated anti-rabbit IgG 1:1000 (IFn) Invitrogen (R37116)
AlexaFlour568-conjugated anti-rabbit IgG 1:1000 (IFs) Invitrogen (A21069)
AlexaFluor647-conjugated anti-chicken IgY 1:1000 (IFn) Abcam (ab150171)

Table 2  S1PR agonists, EC50 
and concentration applied to 
cultured neurons in this study

Drug Pubchem ID Reported EC50 (nmol/L) Concen-
tration 
(nmol/L)

S1PR1 agonist SEW2871 4077460 14–21 (Sanna et al. [59]) 150
S1PR2 agonist CYM5520 25110470 480 (Satsu et al. [60]) 150
S1PR3 agonist CYM5541 17253208 72–132 (Jo et al. [61]) 75
S1PR4 agonist CYM50308 49835928 56 (Urbano et al. [62]) 75
S1PR5 agonist A971432 46872626 4–6 (Hobson et al. [63]) 25
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Student t-tests (for  Ca2+ imaging data), or by repeated-
measures ANOVA (for immunoblotting data) followed by 
independent comparisons with the Fisher’s least significant 
difference (LSD) test in Prism 9.3.1 (GraphPad, San Diego, 
CA-US; RRID:SCR_002798). Dose-dependent effects of 
S1P were fitted to an inverted logistic sigmoid function to 
determine the IC50 (concentration that provokes a response 
half way between the maximal response and the maximally 
inhibited response).

Results

Synaptosomes from the mouse cortex were subsequently 
fractioned into synaptic preparations that are rich in PSD95 
(post-synaptic density protein 95), SNAP25 (synaptosomal-
associated protein 25) and synaptophysin, which correspond 
to the post-, pre- and extra-synaptic zones, respectively 
(Fig. 1A). Immunoreactivity against all five S1PRs was 
observed in synapses (Fig. 1B). Immunoreactivity quanti-
fication reveals larger S1PR1 and S1PR3 enrichment in the 
extrasynaptic fraction than in pre- and postsynaptic frac-
tions (Fig. 1C), while S1PR2 and S1PR4 immunoreactivity 
is strongest in presynaptic fractions. Furthermore, S1PR4 
was more enriched in synapses than in total protein extracts. 
Immunofluorescence microscopy also confirmed the pres-
ence of S1PR1-5 in cortical neurons (Fig.  2A). While 
immunoreactivity for some S1PRs was observed nearly in 
all  MAP2+ cells (neurons), that was not the case for S1PR5, 
which immunoreactivity was only found in a few neurons 
of the mouse cortex.

We next investigated whether S1PRs are present and 
functionally active in cultured neurons. Immunofluores-
cence microscopy showed the presence of all five S1PRs 
in primary neurons in culture (Fig. 2B). Live cell imaging 
with the  Ca2+ indicator Fluo-4 was used to investigate spon-
taneous activity of neurons in culture. This primary culture 
of mixed cortical and hippocampal neurons displayed a 
wide range of activity patterns (Fig. 3A), and acute S1P 
administration inhibited neuronal activity (Fig. 3B). Namely, 
S1P reduced the number of responding neurons in a dose-
dependent manner with  IC50 of 38 nmol/L (Fig. 3C), while 
having negligible effects on spiking frequency, amplitude or 
FWHM (Fig. 3D–F).

To test S1PR involvement in controlling spontaneous 
activity of cultured neurons, calcium transients were meas-
ured after applying selective S1PR agonists. Activation of 
S1PR2 with the selective agonist CYM5520 (150 nmol/L) 
reduced the fraction of responding neurons (P < 0.05, 
Fig. 4A). Neuronal spiking frequency was reduced by the 
S1PR2 agonist, and by activation of S1PR4 by CYM50308 
(75 nmol/L) (P < 0.05 for both, Fig. 4B). The mean ampli-
tude of neuronal spikes was reduced by activation of S1PR1 

with the selective agonist SEW2871 (150 nmol/L) and of 
S1PR4 with the selective agonist CYM50308 (75 nmol/L) 
(P < 0.05 for both, Fig. 4C). Selective activation of S1PR3 
with 75 nmol/L CYM5541, or of S1PR5 with 25 nmol/L 
A971432 did not significantly impact neuronal activity. 
FWMH was not affected by any S1PR agonist (Fig. 4D).

Discussion

This study demonstrates that mouse cortical neurons and 
their synapses are endowed with all five S1PRs, and that 
S1PR2 and S1PR4 are particularly enriched in the active 
zone of the presynaptic nerve terminal. Furthermore, cal-
cium imaging reveals that spontaneous activity of primary 
neurons in culture is inhibited by S1P, which is not surpris-
ing since it has been reported that Fingolimod inhibits gluta-
mate release [34]. The present study, however, demonstrates 
that selective agonists of S1PR1, 2 and 4, but not of S1PR3 
or 5, can inhibit either the frequency or amplitude of spon-
taneous calcium spikes in primary neurons.

We observed immunoreactivity against all S1PRs in neu-
rons, and in synapses, which is in line with RNA sequenc-
ing data for both human and murine brain cells showing 
expression of all S1PRs in neurons, as well as astrocytes 
[41]. In contrast, earlier studies have reported that primary 
rat hippocampal neurons only express mRNA for S1PR1 
and S1PR3 [42]. To specifically localize S1PR expression 
in synapses, we prepared subcellular fractions of cortical 
nerve terminals and found all five S1PRs expressed out-
side the active zone of nerve terminals. In addition to that, 
S1PR2 and S1PR4 immunoreactivity was also observed in 
the active zone of presynaptic nerve terminals, which spurs 
the speculation of their involvement in modulation of neu-
rotransmitter release. Accordingly, S1P at a concentration 
of 10 nmol/L was reported both to trigger glutamate release 
and to potentiate depolarization-evoked glutamate secretion 
in cultured hippocampal neurons [42]. Moreover, application 
of 1 μmol/L S1P to rat hippocampal slices for 10 min was 
found to increase the rate of AMPA receptor-mediated min-
iature excitatory postsynaptic currents (mEPSCs) recorded 
from the CA3 region [43].

Substantial immunoreactivity against S1PR1 and S1PR3 
was observed in nerve terminals outside the active zone. 
Notably, the extrasynaptic fraction contains presynaptic 
plasma membrane that is not part of the active zone, as 
well as membranes from intracellular organelles (depicted 
in Fig. 1A) [44, 45]. Therefore, receptors in this fraction 
comprise pools located within intracellular membranes, and 
can be readily trafficked to the active zone on demand, as 
proposed for S1PR3 [43, 46]. The present results show that 
only S1PR2 and S1PR3 are placed within the postsynaptic 
density where a marked enrichment of N-methyl-D-aspartate 
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(NMDA) receptor subunits is expected [44, 47, 48]. This 
observation provides molecular support for a role of 
S1PR2/3 signalling in controlling NMDA receptor func-
tion, and therefore participating in synaptic plasticity. The 
importance of S1P signalling in synaptic plasticity has been 
evaluated by studies showing S1P-dependence of mossy 
fiber-CA3 long-term potentiation in hippocampal slices 
from mice that lack the S1P generating enzyme Sphingosine 
kinase 1 (SphK1) [43]. Similarly, Caenorhabditis elegans 
mutants lacking SphK1 presented impaired neurotransmitter 
release from neuromuscular junctions [49]. S1P-mediated 

modulation of hippocampal long-term potentiation was 
suggested to involve pre-synaptic S1PR3-mediated control-
ling of glutamatergic transmission [43, 46]. Although our 
results provide evidence for S1PR3 located mainly extra-
synaptically, it does not exclude its presence in the active 
zone (Fig. 1F).

Exogenous S1P application led to a dose-dependent 
reduction in the number of responding neurons without 
apparent effects on the mean frequency or mean amplitude 
of calcium transients in our study. This lack of calcium 
transient modulation in active neurons upon exogenous 
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Fig. 1  S1PRs are present in synapses of the mouse cortex. A Schema 
depicting synaptosome preparation that is then fractioned into pre-
synaptic (Pre), post-synaptic (Post) and extra-synaptic (Extra) frac-
tions. B Immunoblotting of synaptic fractions prepared from the 
mouse cortex show enrichment in SNAP25, PSD95 and synaptophy-
sin in pre, post and extra, respectively. C Typical relative immunore-
activity against S1PR1-5 in total protein extracts (TE), synaptosomes 
(Syn), extra-, pre- and post-synaptic fractions. Protein loaded in gels 

was 20 µg. D–H Quantitative analysis of Western blot immunoreac-
tivity against S1PR1-5. Circles represent individual replicates and 
bars are mean ± SD of n = 3–6. ANOVA F- and P-values comparing 
protein extracts are shown within each graph. Letters over data-points 
indicate significant differences relative to immunoreactivity in synap-
tosomes or as indicated (aP < 0.05, bP < 0.01 and cP < 0.001) based on 
Fisher’s LSD post hoc comparison after repeated-measures one-way 
ANOVA
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S1P treatment is likely due to simultaneous binding to the 
5 receptors that show distinct cellular locations (see Fig. 1), 
and might also be assigned to specific receptor kinetics or 
their targeting to diverse intracellular signalling pathways 
[50]. In addition to effects mediated through its receptors, 
S1P is also a notable intracellular second messenger that 
directly modulates  Ca2+ homeostasis [51, 52]. However, 
exogenously applied S1P is taken up by cells at a rate that 
can be considered negligible within the few min of our 
calcium imaging experiments [53–55]. Therefore, we can 
disregard intracellular effects of exogenously applied S1P 
in the time course of our experiments in cultured neurons. 
In turn, stimulation of individual S1PRs with specific ago-
nists revealed apparent S1PR1, 2 and 4-mediated effects on 

frequency and/or amplitude of calcium transients. While 
S1PR1, 2 and 4 dampened the amplitude or inhibited the 
frequency of the calcium transients, only S1PR2 modulated 
the fraction of responding neurons. Such discrepancy can-
not be solely attributed to sub-cellular distribution of recep-
tors since S1PR2 and 4 show identical synaptic localization. 
Other factors contributing to distinct features of S1PR stimu-
lation might include the presence of co-regulatory agents, 
and the heterotrimeric G-proteins that are recruited [56].

Thus far, S1PR5 abundance has been mainly discussed 
in oligodendrocytes [21]. Our data using immunoblot-
ting and immunofluorescence with a validated antibody 
[57] suggests that it is present in neurons and their syn-
apses. S1PR5 localization showed distribution patterns in 

S1PR1 S1PR1 / MAP2MAP2

S1PR2 S1PR2 / MAP2MAP2

S1PR3 S1PR3 / MAP2MAP2

S1PR4 S1PR4 / MAP2MAP2

S1PR5 S1PR5 / MAP2MAP2

Mouse cortexA

S1PR2 MAP2 S1PR2 / MAP2

S1PR3 S1PR3 / MAP2MAP2

S1PR4 MAP2 S1PR4 / MAP2

S1PR5 MAP2 S1PR5 / MAP2

S1PR1 MAP2 S1PR1 / MAP2

Primary neuronsB

Fig. 2  Identification of S1PRs in neurons of the mouse cortex (A), 
and in primary cultured neurons (B). Representative immunofluores-
cence micrographs of mouse brain sections and cultured cortical neu-
rons show staining for S1PR1-5 (magenta) and the neuronal marker 

MAP2 (green). S1PR1-5 immunoreactivity was identified in  MAP2+ 
cells in the cortex (examples indicated by arrows), and throughout the 
cell soma and axons of cultured neurons. Scale bars in micrographs 
are 20 µm
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Fig. 3  Dose response of S1P on neuronal activity measured by live 
 Ca2+ imaging. A Examples of raw fluorescence  Ca2+ signals traced 
with fluo-4 from 8 nearby cells identified as neurons. The scale bar 
in the micrograph represents 50  μm. B Control experiments depict-
ing effect of bicuculline (BIC, 20  μmol/L) and tetrodotoxin (TTX, 
1 μmol/L) on the number of responding neurons, spiking frequency, 
peak amplitude and half-width calculated at the half-maximum 
amplitude of the peak. Symbols represent each neuron analysed in 3 
experiments from one cell isolation (1 biological replicate). C Typical 
fluorescence  Ca2+ traces in neurons exposed to 1 µmol/L S1P or vehi-

cle (BSA) as processed in PeakCaller. Time in seconds, neuron num-
ber and signal amplitude (ΔF/F) are in x- y- and z-axis, respectively. 
D S1P (concentrations in mol/L) reduced the number of responding 
neurons in a dose dependent manner with  IC50 of 38  nmol/L, but 
had no overall effect on spiking frequency (E), peak amplitude (F) 
or half-width calculated at the half-maximum amplitude of the peak 
(G). Data in D-G shows mean ± SD of 3 biological replicates over-
laid, when applicable, on top of smaller circles representing single 
neuron measurements
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synapses similar to those of S1PR1. However, while the 
S1PR1 agonist affected the amplitude of calcium transients 
in cultured neurons, S1PR5 activation was devoid of any 
significant effects. It is likely that S1PR5 levels in neurons 
and synapses are much lower than those of other recep-
tors, which could be quantitatively ascertained by binding 
experiments using labeled selective agonists. Notably, in 
the mouse cortex, immunofluorescence microscopy did not 
show detectable S1PR5 immunoreactivity in all neurons, 
in contrast to other S1PRs (see Fig. 2A).

This study did not explore S1PRs in different neuronal 
populations, although it is believed that modulation of 
activity by S1P might occur preferentially in excitatory 
neurons. Riganti et al. [15] showed that S1P applied to rat 
hippocampal neurons at 50 nmol/L for 30 min mobilizes 
synapsin I from synaptic vesicles to extrasynaptic areas in 
glutamatergic but not GABAergic synapses. Synapsin I is 
a presynaptic phosphoprotein that controls the availability 
of synaptic vesicles for exocytosis, and thus can mediate 
S1P effects on glutamate release. Given the presynaptic 
location of S1PR2/4 found in this study, they could strate-
gically operate S1P-dependent glutamatergic regulation.

The studies discussed above poise brain S1P as a physi-
ological modulator of synaptic activity, and the present 
work supports the view of a S1P neuromodulatory system 

with highly heterogeneous distribution of its membrane 
receptors within cortical synapses. While acting as neuro-
modulator at relatively low concentrations [15, 42, 43, 49], 
S1P becomes neurotoxic at concentrations of 10 µmol/L 
and above [9, 58]. Exacerbated production of S1P might 
occur in disease (e.g. [3, 4]), and then contribute to damp-
ening neurotransmission, synaptic plasticity, and overall 
depression of neuronal activity. In such conditions, selec-
tive targeting of S1PRs that are synaptically active, could 
constitute a strategy for improving brain function.

In conclusion, the present results obtained from fractiona-
tion of nerve terminals and spontaneous activity measure-
ments in primary neurons has enabled us to determine that 
S1PR2 and S1PR4 are located in the active zone of nerve 
terminals, a strategic location for modulating neurotransmis-
sion, and inhibition of neuronal activity. Further studies need 
to explore whether and how S1PRs mediate modulation of 
stimulation-induced neurotransmitter release.

Acknowledgements The Lund University Bioimaging Centre and the 
MultiPark Live Cell Imaging platform are acknowledged for providing 
experimental resources.

Author Contributions JD, AM and GG designed the study. CS and 
IM performed experiments. CS and JD analyzed data and wrote the 
manuscript. All authors revised and approved the manuscript.

✱
✱✱

✱ ✱

Vehicle S1PR1 S1PR2 S1PR3 S1PR4 S1PR5
0.00

0.02

0.04

FW
H

M
 (s

)

0.06 pre
post

A

DC

B

Fig. 4  Effect of acute S1PR activation on spontaneous activity of 
cortical neurons in culture, as depicted by changes in number of 
responding cells (A), spiking frequency (B), peak amplitude (C) and 
full-width at half-maximum (FWHM) of the peak (D). Imaging was 
conducted before (pre) and after (post) administration of S1PR ago-

nists or vehicle. Data is shown as mean ± SD of n = 4–6 overlaid on 
top of, when applicable, smaller circles representing single neuron 
measurements. Symbols over data-points indicate significant differ-
ences between pre and post (*P < 0.05) based on paired Student t-tests



3123Neurochemical Research (2022) 47:3114–3125 

1 3

Funding Open access funding provided by Lund University. This work 
was funded by the Swedish Research Council (2019-01130), Crafoord 
Foundation, Swedish Diabetes Foundation (Diabetesfonden, Dia2019-
440), Direktör Albert Påhlssons stiftelse, Demensfonden, and the Royal 
Physiographic Society of Lund. The Knut and Alice Wallenberg foun-
dation and the Medical Faculty at Lund University are acknowledged 
for generous financial support to JMND and AM. The authors acknowl-
edge the support from the Lund University Diabetes Centre, which is 
funded by the Swedish Research Council (Strategic Research Area 
EXODIAB, Grant 2009-1039), the Swedish Foundation for Strategic 
Research (Grant IRC15-0067).

Data Availability All data generated and analyzed for the current study 
are included in the manuscript, and are available from the correspond-
ing author on reasonable request.

Declarations 

Competing interests The authors declared no potential conflict of 
interest with respect to the research, authorship, and publication of 
this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Alaamery M, Albesher N, Aljawini N, Alsuwailm M, Massadeh S, 
Wheeler MA, Chao CC, Quintana FJ (2021) Role of sphingolipid 
metabolism in neurodegeneration. J Neurochemistry 158(1):25–
35. https:// doi. org/ 10. 1111/ jnc. 15044

 2. Hagen N, Hans M, Hartmann D, Swandulla D, van Echten-Deck-
ert G (2011) Sphingosine-1-phosphate links glycosphingolipid 
metabolism to neurodegeneration via a calpain-mediated mecha-
nism. Cell Death Differ 18(8):1356–1365. https:// doi. org/ 10. 1038/ 
cdd. 2011.7

 3. Don-Doncow N, Vanherle L, Zhang Y, Meissner A (2019) T-cell 
accumulation in the hypertensive brain: a role for sphingosine-
1-phosphate-mediated chemotaxis. Int J Mol Sci 20(3):537. 
https:// doi. org/ 10. 3390/ ijms2 00305 37

 4. Salas-Perdomo A, Miró-Mur F, Gallizioli M, Brait VH, Justicia C, 
Meissner A, Urra X, Chamorro A, Planas AM (2019) Role of the 
S1P pathway and inhibition by fingolimod in preventing hemor-
rhagic transformation after stroke. Sci Rep 9(1):8309. https:// doi. 
org/ 10. 1038/ s41598- 019- 44845-5

 5. Vanherle L, Matuskova H, Don-Doncow N, Uhl FE, Meissner A 
(2020) Improving cerebrovascular function to increase neuronal 
recovery in neurodegeneration associated to cardiovascular dis-
ease. Front Dev Cell Biol 8:53. https:// doi. org/ 10. 3389/ fcell. 
2020. 00053

 6. Spiegel S, Milstien S (2003) Sphingosine-1-phosphate: an enig-
matic signalling lipid. Nat Rev Mol Cell Biol 4(5):397–407. 
https:// doi. org/ 10. 1038/ nrm11 03

 7. Choi JW, Chun J (2013) Lysophospholipids and their recep-
tors in the central nervous system. Biochim Biophys Acta 
1831(1):20–32. https:// doi. org/ 10. 1016/j. bbalip. 2012. 07. 015

 8. Farooqui AA, Ong WY, Farooqui T (2010) Lipid mediators in 
the nucleus: their potential contribution to Alzheimer’s disease. 
Biochim Biophys Acta 1801(8):906–916. https:// doi. org/ 10. 
1016/j. bbalip. 2010. 02. 002

 9. Groves A, Kihara Y, Chun J (2013) Fingolimod: direct CNS 
effects of sphingosine 1-phosphate (S1P) receptor modulation 
and implications in multiple sclerosis therapy. J Neurol Sci 
328(1–2):9–18. https:// doi. org/ 10. 1016/j. jns. 2013. 02. 011

 10. Mizugishi K, Yamashita T, Olivera A, Miller GF, Spiegel S, 
Proia RL (2005) Essential role for sphingosine kinases in neural 
and vascular development. Mol Cell Biol 25(24):11113–11121. 
https:// doi. org/ 10. 1128/ MCB. 25. 24. 11113- 11121. 2005

 11. Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, 
Brinkmann V et al (2004) Lymphocyte egress from thymus 
and peripheral lymphoid organs is dependent on S1P receptor 
1. Nature 427(6972):355–360. https:// doi. org/ 10. 1038/ natur 
e02284

 12. Cruz-Orengo L, Daniels BP, Dorsey D, Basak SA, Grajales-Reyes 
JG, McCandless EE et al (2014) Enhanced sphingosine-1-phos-
phate receptor 2 expression underlies female CNS autoimmunity 
susceptibility. J Clin Invest 124(6):2571–2584. https:// doi. org/ 10. 
1172/ JCI73 408

 13. MacLennan AJ, Carney PR, Zhu WJ, Chaves AH, Garcia J, 
Grimes JR et al (2001) An essential role for the H218/AGR16/
Edg-5/LP(B2) sphingosine 1-phosphate receptor in neuronal 
excitability. Eur J Neurosci 14(2):203–209

 14. Gaikwad SM, Heneka MT (2013) Studying M1 and M2 states in 
adult microglia. Methods Mol Biol 1041:185–197

 15. Riganti L, Antonucci F, Gabrielli M, Prada I, Giussani P, Viani P, 
Valtorta F, Menna E, Matteoli M, Verderio C (2016) Sphingosine-
1-phosphate (S1P) impacts presynaptic functions by regulating 
synapsin I localization in the presynaptic compartment. J Neurosci 
36(16):4624–4634. https:// doi. org/ 10. 1523/ JNEUR OSCI. 3588- 
15. 2016

 16. Gaire BP, Song MR, Choi JW (2018) Sphingosine 1-phosphate 
receptor subtype 3 (S1P3) contributes to brain injury after tran-
sient focal cerebral ischemia via modulating microglial activation 
and their M1 polarization. J Neuroinflamm 15(1):284. https:// doi. 
org/ 10. 1186/ s12974- 018- 1323-1

 17. Dusaban SS, Chun J, Rosen H, Purcell NH, Brown JH (2017) 
Sphingosine 1-phosphate receptor 3 and RhoA signaling medi-
ate inflammatory gene expression in astrocytes. J Neuroinflamm 
14(1):111. https:// doi. org/ 10. 1186/ s12974- 017- 0882-x

 18. Brunkhorst R, Vutukuri R, Pfeilschifter W (2014) Fingolimod 
for the treatment of neurological diseases-state of play and future 
perspectives. Front Cell Neurosci 8:283. https:// doi. org/ 10. 3389/ 
fncel. 2014. 00283

 19. Meng H, Yuan Y, Lee VM (2011) Loss of sphingosine kinase 1/
S1P signaling impairs cell growth and survival of neurons and 
progenitor cells in the developing sensory ganglia. PLoS ONE 
6(11):e27150. https:// doi. org/ 10. 1371/ journ al. pone. 00271 50

 20. Hansen L, Lohfink N, Vutukuri R, Kestner R-I, Trautman S, 
Hecht M, Wagner PV, Spitzer D, Khel MI, Macas J, Ferreirós N, 
Gurke R, Günther S, Pfeilschifter W, Devraj K (2021) Endothelial 
sphingosine-1-phosphate receptor 4 regulates blood-brain barrier 
permeability and promotes a homeostatic endothelial phenotype. 
J Neurosci. https:// doi. org/ 10. 1523/ JNEUR OSCI. 0188- 21. 2021

 21. Jaillard C, Harrison S, Stankoff B, Aigrot MS, Calver AR, Duddy 
G et al (2005) Edg8/S1P5: an oligodendroglial receptor with 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/jnc.15044
https://doi.org/10.1038/cdd.2011.7
https://doi.org/10.1038/cdd.2011.7
https://doi.org/10.3390/ijms20030537
https://doi.org/10.1038/s41598-019-44845-5
https://doi.org/10.1038/s41598-019-44845-5
https://doi.org/10.3389/fcell.2020.00053
https://doi.org/10.3389/fcell.2020.00053
https://doi.org/10.1038/nrm1103
https://doi.org/10.1016/j.bbalip.2012.07.015
https://doi.org/10.1016/j.bbalip.2010.02.002
https://doi.org/10.1016/j.bbalip.2010.02.002
https://doi.org/10.1016/j.jns.2013.02.011
https://doi.org/10.1128/MCB.25.24.11113-11121.2005
https://doi.org/10.1038/nature02284
https://doi.org/10.1038/nature02284
https://doi.org/10.1172/JCI73408
https://doi.org/10.1172/JCI73408
https://doi.org/10.1523/JNEUROSCI.3588-15.2016
https://doi.org/10.1523/JNEUROSCI.3588-15.2016
https://doi.org/10.1186/s12974-018-1323-1
https://doi.org/10.1186/s12974-018-1323-1
https://doi.org/10.1186/s12974-017-0882-x
https://doi.org/10.3389/fncel.2014.00283
https://doi.org/10.3389/fncel.2014.00283
https://doi.org/10.1371/journal.pone.0027150
https://doi.org/10.1523/JNEUROSCI.0188-21.2021


3124 Neurochemical Research (2022) 47:3114–3125

1 3

dual function on process retraction and cell survival. J Neurosci 
25(6):1459–1469

 22. Foster CA, Howard LM, Schweitzer A, Persohn E, Hiestand PC, 
Balatoni B, Reuschel R, Beerli C, Schwartz M, Billich A (2007) 
Brain penetration of the oral immunomodulatory drug FTY720 
and its phosphorylation in the central nervous system during 
experimental autoimmune encephalomyelitis: consequences 
for mode of action in multiple sclerosis. J Pharmacol Exp Ther 
323(2):469–475. https:// doi. org/ 10. 1124/ jpet. 107. 127183

 23. Hasegawa Y, Suzuki H, Sozen T, Rolland W, Zhang JH (2010) 
Activation of sphingosine 1-phosphate receptor-1 by FTY720 is 
neuroprotective after ischemic stroke in rats. Stroke 41(2):368–
374. https:// doi. org/ 10. 1161/ STROK EAHA. 109. 568899

 24. Nazari M, Keshavarz S, Rafati A, Namavar MR, Haghani M 
(2016) Fingolimod (FTY720) improves hippocampal synaptic 
plasticity and memory deficit in rats following focal cerebral 
ischemia. Brain Res Bull 124:95–102. https:// doi. org/ 10. 1016/j. 
brain resbu ll. 2016. 04. 004

 25. Zhang L, Ding K, Wang H, Wu Y, Xu J (2015) Traumatic brain 
injury-induced neuronal apoptosis is reduced through modula-
tion of PI3K and autophagy pathways in mouse by FTY720. 
Cell Mol Neurobiol 36(1):131–142. https:// doi. org/ 10. 1007/ 
s10571- 015- 0227-1

 26. Gol M, Ghorbanian D, Hassanzadeh S, Javan M, Mirnajafi-Zadeh 
J, Ghasemi-Kasman M (2017) Fingolimod enhances myelin repair 
of hippocampus in pentylenetetrazol-induced kindling model. Eur 
J Pharm Sci 96:72–83. https:// doi. org/ 10. 1016/j. ejps. 2016. 09. 016

 27. Pitsch J, Kuehn JC, Gnatkovsky V, Müller JA, van Loo KMJ, de 
Curtis M, Vatter H, Schoch S, Elger CE, Becker AJ (2019) Anti-
epileptogenic and anti-convulsive effects of fingolimod in experi-
mental temporal lobe epilepsy. Mol Neurobiol 56(3):1825–1840. 
https:// doi. org/ 10. 1007/ s12035- 018- 1181-y

 28. Zhao P, Yang X, Yang L, Li M, Wood K, Liu Q, Zhu X (2017) 
Neuroprotective effects of fingolimod in mouse models of Parkin-
son’s disease. FASEB J 31(1):172–179. https:// doi. org/ 10. 1096/ fj. 
20160 0751R

 29. Motyl J, Przykaza Ł, Boguszewski PM, Kosson P, Strosznajder 
JB (2018) Pramipexole and fingolimod exert neuroprotection in 
a mouse model of Parkinson’s disease by activation of sphingo-
sine kinase 1 and Akt kinase. Neuropharmacology 135:139–150. 
https:// doi. org/ 10. 1016/j. neuro pharm. 2018. 02. 023

 30. Hemmati F, Dargahi L, Nasoohi S, Omidbakhsh R, Mohamed Z, 
Chik Z, Naidu M, Ahmadiani A (2013) Neurorestorative effect 
of FTY720 in a rat model of Alzheimer’s disease: comparison 
with memantine. Behav Brain Res 252:415–421. https:// doi. org/ 
10. 1016/j. bbr. 2013. 06. 016

 31. Aytan N, Choi JK, Carreras I, Brinkmann V, Kowall NW, Jenkins 
BG, Dedeoglu A (2016) Fingolimod modulates multiple neuro-
inflammatory markers in a mouse model of Alzheimer’s disease. 
Sci Rep 6:24939. https:// doi. org/ 10. 1038/ srep2 4939

 32. Jęśko H, Wencel PL, Lukiw WJ, Strosznajder RP (2019) Modula-
tory effects of fingolimod (FTY720) on the expression of sphin-
golipid metabolism-related genes in an animal model of Alzhei-
mer’s disease. Mol Neurobiol 56(1):174–185. https:// doi. org/ 10. 
1007/ s12035- 018- 1040-x

 33. Couttas TA, Kain N, Daniels B, Lim XY, Shepherd C, Kril J et al 
(2014) Loss of the neuroprotective factor sphingosine 1-phosphate 
early in Alzheimer’s disease pathogenesis. Acta Neuropathol 
Commun 2:9. https:// doi. org/ 10. 1186/ 2051- 5960-2-9

 34. Wang CC, Kuo JR, Wang SJ (2021) Fingolimod inhibits glutamate 
release through activation of S1P1 receptors and the G protein βγ 
subunit-dependent pathway in rat cerebrocortical nerve terminals. 
Neuropharmacology 185:108451. https:// doi. org/ 10. 1016/j. neuro 
pharm. 2021. 108451

 35. Sun Y, Hong F, Zhang L, Feng L (2016) The sphingosine-
1-phosphate analogue, FTY-720, promotes the proliferation of 
embryonic neural stem cells, enhances hippocampal neurogenesis 
and learning and memory abilities in adult mice. Br J Pharmacol 
173(18):2793–2807. https:// doi. org/ 10. 1111/ bph. 13557

 36. Martinsson I, Capetillo-Zarate E, Faideau M, Willén K, Esteras 
N, Frykman S, Tjernberg LO, Gouras GK (2019) APP depletion 
alters selective pre- and post-synaptic proteins. Mol Cell Neurosci 
95:86–95. https:// doi. org/ 10. 1016/j. mcn. 2019. 02. 003

 37. Morató X, López-Cano M, Canas PM, Cunha RA, Ciruela F 
(2017) Brain membrane fractionation: an ex vivo approach to 
assess subsynaptic protein localization. J Vis Exp 123:55661. 
https:// doi. org/ 10. 3791/ 55661

 38. Lizarbe B, Soares AF, Larsson S, Duarte JMN (2019) Neurochem-
ical modifications in the hippocampus, cortex and hypothalamus 
of mice exposed to long-term high-fat diet. Front Neurosci 12:985. 
https:// doi. org/ 10. 3389/ fnins. 2018. 00985

 39. Artimovich E, Jackson RK, Kilander MBC, Lin YC, Nestor 
MW (2017) PeakCaller: an automated graphical interface for the 
quantification of intracellular calcium obtained by high-content 
screening. BMC Neurosci 18(1):72. https:// doi. org/ 10. 1186/ 
s12868- 017- 0391-y

 40. Garcia-Serrano AM, Mohr AA, Philippe J, Skoug C, Spégel P, 
Duarte JMN (2022) Cognitive impairment and metabolite profile 
alterations in the hippocampus and cortex of male and female 
mice exposed to a fat and sugar-rich diet are normalized by diet 
reversal. Aging Dis 13(1):267–283. https:// doi. org/ 10. 14336/ AD. 
2021. 0720

 41. Tran C, Heng B, Teo JD, Humphrey SJ, Qi Y, Couttas TA, Stefen 
H, Brettle M, Fath T, Guillemin GJ, Don AS (2020) Sphingosine 
1-phosphate but not fingolimod protects neurons against exci-
totoxic cell death by inducing neurotrophic gene expression in 
astrocytes. J Neurochem 153(2):173–188. https:// doi. org/ 10. 1111/ 
jnc. 14917

 42. Kajimoto T, Okada T, Yu H, Goparaju SK, Jahangeer S, Nakamura 
S (2007) Involvement of sphingosine-1-phosphate in glutamate 
secretion in hippocampal neurons. Mol Cell Biol 27(9):3429–
3440. https:// doi. org/ 10. 1128/ MCB. 01465- 06

 43. Kanno T, Nishizaki T, Proia RL, Kajimoto T, Jahangeer S, Okada 
T, Nakamura S (2010) Regulation of synaptic strength by sphingo-
sine 1-phosphate in the hippocampus. Neurosci 171(4):973–980. 
https:// doi. org/ 10. 1016/j. neuro scien ce. 2010. 10. 021

 44. Phillips GR, Huang JK, Wang Y, Tanaka H, Shapiro L, Zhang 
W, Shan WS, Arndt K, Frank M, Gordon RE, Gawinowicz MA, 
Zhao Y, Colman DR (2001) The presynaptic particle web: ultra-
structure, composition, dissolution, and reconstitution. Neuron 
32(1):63–77. https:// doi. org/ 10. 1016/ s0896- 6273(01) 00450-0

 45. Rebola N, Pinheiro PC, Oliveira CR, Malva JO, Cunha RA 
(2003) Subcellular localization of adenosine A(1) receptors in 
nerve terminals and synapses of the rat hippocampus. Brain Res 
987(1):49–58. https:// doi. org/ 10. 1016/ s0006- 8993(03) 03247-5

 46. Kanno T, Nishizaki T (2011) Endogenous sphingosine 1-phos-
phate regulates spontaneous glutamate release from mossy fiber 
terminals via S1P(3) receptors. Life Sci 89(3–4):137–140. https:// 
doi. org/ 10. 1016/j. lfs. 2011. 05. 021

 47. Pinheiro PS, Rodrigues RJ, Silva AP, Cunha RA, Oliveira CR, 
Malva JO (2003) Solubilization and immunological identifica-
tion of presynaptic alpha-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid receptors in the rat hippocampus. Neurosci Lett 
336(2):97–100. https:// doi. org/ 10. 1016/ s0304- 3940(02) 01217-x

 48. Feligioni M, Holman D, Haglerod C, Davanger S, Henley JM 
(2006) Ultrastructural localisation and differential agonist-
induced regulation of AMPA and kainate receptors present at the 
presynaptic active zone and postsynaptic density. J Neurochem 
99(2):549–560. https:// doi. org/ 10. 1111/j. 1471- 4159. 2006. 04087.x

https://doi.org/10.1124/jpet.107.127183
https://doi.org/10.1161/STROKEAHA.109.568899
https://doi.org/10.1016/j.brainresbull.2016.04.004
https://doi.org/10.1016/j.brainresbull.2016.04.004
https://doi.org/10.1007/s10571-015-0227-1
https://doi.org/10.1007/s10571-015-0227-1
https://doi.org/10.1016/j.ejps.2016.09.016
https://doi.org/10.1007/s12035-018-1181-y
https://doi.org/10.1096/fj.201600751R
https://doi.org/10.1096/fj.201600751R
https://doi.org/10.1016/j.neuropharm.2018.02.023
https://doi.org/10.1016/j.bbr.2013.06.016
https://doi.org/10.1016/j.bbr.2013.06.016
https://doi.org/10.1038/srep24939
https://doi.org/10.1007/s12035-018-1040-x
https://doi.org/10.1007/s12035-018-1040-x
https://doi.org/10.1186/2051-5960-2-9
https://doi.org/10.1016/j.neuropharm.2021.108451
https://doi.org/10.1016/j.neuropharm.2021.108451
https://doi.org/10.1111/bph.13557
https://doi.org/10.1016/j.mcn.2019.02.003
https://doi.org/10.3791/55661
https://doi.org/10.3389/fnins.2018.00985
https://doi.org/10.1186/s12868-017-0391-y
https://doi.org/10.1186/s12868-017-0391-y
https://doi.org/10.14336/AD.2021.0720
https://doi.org/10.14336/AD.2021.0720
https://doi.org/10.1111/jnc.14917
https://doi.org/10.1111/jnc.14917
https://doi.org/10.1128/MCB.01465-06
https://doi.org/10.1016/j.neuroscience.2010.10.021
https://doi.org/10.1016/s0896-6273(01)00450-0
https://doi.org/10.1016/s0006-8993(03)03247-5
https://doi.org/10.1016/j.lfs.2011.05.021
https://doi.org/10.1016/j.lfs.2011.05.021
https://doi.org/10.1016/s0304-3940(02)01217-x
https://doi.org/10.1111/j.1471-4159.2006.04087.x


3125Neurochemical Research (2022) 47:3114–3125 

1 3

 49. Chan JP, Hu Z, Sieburth D (2012) Recruitment of sphingosine 
kinase to presynaptic terminals by a conserved muscarinic sign-
aling pathway promotes neurotransmitter release. Genes Dev 
26(10):1070–1085. https:// doi. org/ 10. 1101/ gad. 188003. 112

 50. Takabe K, Paugh SW, Milstien S, Spiegel S (2008) “Inside-out” 
signaling of sphingosine-1-phosphate: therapeutic targets. Phar-
macol Rev 60(2):181–195. https:// doi. org/ 10. 1124/ pr. 107. 07113

 51. Ghosh TK, Bian J, Gill DL (1994) Sphingosine 1-phosphate gen-
erated in the endoplasmic reticulum membrane activates release 
of stored calcium. J Biol Chem 269(36):22628–22635. https:// doi. 
org/ 10. 1016/ S0021- 9258(17) 31692-7

 52. Meyer zu Heringdorf D, Liliom K, Schaefer M, Danneberg K, 
Jaggar JH, Tigyi G, Jakobs KH (2003) Photolysis of intracellular 
caged sphingosine-1-phosphate causes  Ca2+ mobilization inde-
pendently of G-protein-coupled receptors. FEBS Lett 554(3):443–
449. https:// doi. org/ 10. 1016/ s0014- 5793(03) 01219-5

 53. Peest U, Sensken SC, Andréani P, Hänel P, Van Veldhoven PP, 
Gräler MH (2008) S1P-lyase independent clearance of extracellu-
lar sphingosine 1-phosphate after dephosphorylation and cellular 
uptake. J Cell Biochem 104(3):756–772. https:// doi. org/ 10. 1002/ 
jcb. 21665

 54. Qin J, Berdyshev E, Goya J, Natarajan V, Dawson G (2010) Neu-
rons and oligodendrocytes recycle sphingosine 1-phosphate to 
ceramide: significance for apoptosis and multiple sclerosis. J Biol 
Chem 285(19):14134–14143. https:// doi. org/ 10. 1074/ jbc. M109. 
076810

 55. Goto H, Miyamoto M, Kihara A (2021) Direct uptake of sphin-
gosine-1-phosphate independent of phospholipid phosphatases. 
J Biol Chem 296:100605. https:// doi. org/ 10. 1016/j. jbc. 2021. 
100605

 56. Lucaciu A, Brunkhorst R, Pfeilschifter JM, Pfeilschifter W, Sub-
burayalu J (2020) The S1P–S1PR axis in neurological disorders-
insights into current and future therapeutic perspectives. Cells 
9(6):1515. https:// doi. org/ 10. 3390/ cells 90615 15

 57. Mannioui A, Vauzanges Q, Fini JB, Henriet E, Sekizar S, Azoyan 
L, Thomas JL, Pasquier DD, Giovannangeli C, Demeneix B, 
Lubetzki C, Zalc B (2018) The Xenopus tadpole: an in vivo model 
to screen drugs favoring remyelination. Mult Scler 24(11):1421–
1432. https:// doi. org/ 10. 1177/ 13524 58517 721355

 58. Moore AN, Kampfl AW, Zhao X, Hayes RL, Dash PK (1999) 
Sphingosine-1-phosphate induces apoptosis of cultured hip-
pocampal neurons that requires protein phosphatases and activa-
tor protein-1 complexes. Neuroscience 94(2):405–415. https:// doi. 
org/ 10. 1016/ s0306- 4522(99) 00288-2

 59. Sanna MG, Liao J, Jo E, Alfonso C, Ahn MY, Peterson MS, Webb 
B, Lefebvre S, Chun J, Gray N, Rosen H (2004) Sphingosine 
1-phosphate (S1P) receptor subtypes S1P1 and S1P3, respectively, 
regulate lymphocyte recirculation and heart rate. J Biol Chem 
279(14):13839–13848. https:// doi. org/ 10. 1074/ jbc. M3117 43200

 60. Satsu H, Schaeffer MT, Guerrero M, Saldana A, Eberhart C, Hod-
der P, Cayanan C, Schürer S, Bhhatarai B, Roberts E, Rosen H, 
Brown SJ (2013) A sphingosine 1-phosphate receptor 2 selective 
allosteric agonist. Bioorg Med Chem 21(17):5373–5382. https:// 
doi. org/ 10. 1016/j. bmc. 2013. 06. 012

 61. Jo E, Bhhatarai B, Repetto E, Guerrero M, Riley S, Brown SJ, 
Kohno Y, Roberts E, Schürer SC, Rosen H (2012) Novel selective 
allosteric and bitopic ligands for the S1P(3) receptor. ACS Chem 
Biol 7(12):1975–1983. https:// doi. org/ 10. 1021/ cb300 392z

 62. Urbano M, Guerrero M, Velaparthi S, Crisp M, Chase P, Hodder 
P, Schaeffer MT, Brown S, Rosen H, Roberts E (2011) Discov-
ery, synthesis and SAR analysis of novel selective small molecule 
S1P4-R agonists based on a (2Z,5Z)-5-((pyrrol-3-yl)methylene)-
3-alkyl-2-(alkylimino)thiazolidin-4-one chemotype. Bioorg Med 
Chem Lett 21(22):6739–6745. https:// doi. org/ 10. 1016/j. bmcl. 
2011. 09. 049

 63. Hobson AD, Harris CM, van der Kam EL, Turner SC, Abibi A, 
Aguirre AL, Bousquet P, Kebede T, Konopacki DB, Gintant G, 
Kim Y, Larson K, Maull JW, Moore NS, Shi D, Shrestha A, Tang 
X, Zhang P, Sarris KK (2015) Discovery of A-971432, an orally 
bioavailable selective sphingosine-1-phosphate receptor 5 (S1P5) 
agonist for the potential treatment of neurodegenerative disor-
ders. J Med Chem 58(23):9154–9170. https:// doi. org/ 10. 1021/ acs. 
jmedc hem. 5b009 28

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1101/gad.188003.112
https://doi.org/10.1124/pr.107.07113
https://doi.org/10.1016/S0021-9258(17)31692-7
https://doi.org/10.1016/S0021-9258(17)31692-7
https://doi.org/10.1016/s0014-5793(03)01219-5
https://doi.org/10.1002/jcb.21665
https://doi.org/10.1002/jcb.21665
https://doi.org/10.1074/jbc.M109.076810
https://doi.org/10.1074/jbc.M109.076810
https://doi.org/10.1016/j.jbc.2021.100605
https://doi.org/10.1016/j.jbc.2021.100605
https://doi.org/10.3390/cells9061515
https://doi.org/10.1177/1352458517721355
https://doi.org/10.1016/s0306-4522(99)00288-2
https://doi.org/10.1016/s0306-4522(99)00288-2
https://doi.org/10.1074/jbc.M311743200
https://doi.org/10.1016/j.bmc.2013.06.012
https://doi.org/10.1016/j.bmc.2013.06.012
https://doi.org/10.1021/cb300392z
https://doi.org/10.1016/j.bmcl.2011.09.049
https://doi.org/10.1016/j.bmcl.2011.09.049
https://doi.org/10.1021/acs.jmedchem.5b00928
https://doi.org/10.1021/acs.jmedchem.5b00928

	Sphingosine 1-Phoshpate Receptors are Located in Synapses and Control Spontaneous Activity of Mouse Neurons in Culture
	Abstract
	Introduction
	Materials and Methods
	Drugs
	Animals
	Brain Tissue Sampling
	Preparation of Synaptosomes and Synaptic Fractions
	Total Protein Extracts
	Immunoblotting
	Neuronal Cell Cultures
	Spontaneous Neuronal Activity by Ca2+ Imaging
	Immunofluorescence Confocal Microscopy
	Statistics

	Results
	Discussion
	Acknowledgements 
	References




