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Visual Abstract

Significance Statement

Extracellular glutamate is excitotoxic and its levels are controlled by astrocyte uptake. Sphingosine 1-phos-
phate (S1P) is a bioactive lipid originating from cell membrane sphingolipids and associates with carrier
molecules like albumin, ApoM, and ApoA4 to produce cellular effects. S1P signals extracellularly through
five G-protein-coupled receptors and it is found in higher concentrations in neurologic diseases like multiple
sclerosis (MS) where excitotoxic neurodegeneration has been implicated. Here, we show that astrocytic
S1P2 activation by S1P results in glutamate uptake inhibition to promote excitotoxic damage. S1P receptor
modulators, including approved drugs for treating MS, e.g., fingolimod (FTY720) and siponimod (BAF312),
do not engage S1P2, thus avoiding glutamate uptake inhibition. S1P2 antagonists may provide a means to
reduce S1P-induced glutamate neurotoxicity and ameliorate neurologic diseases.
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Glutamate is the principal excitatory neurotransmitter in the human brain. Following neurotransmission, astro-
cytes remove excess extracellular glutamate to prevent neurotoxicity. Glutamate neurotoxicity has been re-
ported in multiple neurologic diseases including multiple sclerosis (MS), representing a shared
neurodegenerative mechanism. A potential modulator of glutamate neurotoxicity is the bioactive lysophospho-
lipid sphingosine 1-phosphate (S1P) that signals through five cognate G-protein-coupled receptors, S1P1–

S1P5; however, a clear link between glutamate homeostasis and S1P signaling has not been established.
Here, S1P receptor knock-out mice, primary astrocyte cultures, and receptor-selective chemical tools were
used to examine the effects of S1P on glutamate uptake. S1P inhibited astrocytic glutamate uptake in a dose-
dependent manner and increased mitochondrial oxygen consumption, primarily through S1P2. Primary cultures
of wild-type mouse astrocytes expressed S1P1,2,3 transcripts, and selective deletion of S1P1 and/or S1P3 in
cerebral cortical astrocytes, did not alter S1P-mediated, dose-dependent inhibition of glutamate uptake.
Pharmacological antagonists, S1P2-null astrocytes, and Ga12 hemizygous-null astrocytes indicated that S1P2-
Ga12-Rho/ROCK signaling was primarily responsible for the S1P-dependent inhibition of glutamate uptake. In
addition, S1P exposure increased mitochondrial oxygen consumption rates (OCRs) in wild-type astrocytes and
reduced OCRs in S1P2-null astrocytes, implicating receptor selective metabolic consequences of S1P-medi-
ated glutamate uptake inhibition. Astrocytic S1P-S1P2 signaling increased extracellular glutamate, which could
contribute to neurotoxicity. This effect was not observed with the FDA-approved S1P receptor modulators, si-
ponimod and fingolimod. Development and use of S1P2-selective antagonists may provide a new approach to
reduce glutamate neurotoxicity in neurologic diseases.
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Introduction
L-glutamate is the most abundant free amino acid in the

brain, and it is the primary excitatory neurotransmitter
(Lipton and Rosenberg, 1994; Vandenberg and Ryan,
2013; Lewerenz and Maher, 2015). Glutamate dysregula-
tion has been associated with neurologic conditions such
as epilepsy (Mathern et al., 1999; Barker-Haliski and
White, 2015), Alzheimer’s disease (Masliah et al., 1996; Li
et al., 1997; Scott et al., 2011), Huntington’s disease
(André et al., 2010), amyotrophic lateral sclerosis (Bruijn
et al., 1997; Ilieva et al., 2009), and multiple sclerosis (MS;
Srinivasan et al., 2005; Baranzini et al., 2010; Muhlert et

al., 2014; MacMillan et al., 2016; Macrez et al., 2016). The
involvement of glutamate dysregulation in these neuro-
logic diseases makes pharmacological modulation of glu-
tamate uptake an attractive therapeutic target (Anderson
and Swanson, 2000).
Astrocytes are the predominant cell type involved in the

maintenance of glutamate homeostasis, which can be al-
tered in disease states (Mahmoud et al., 2019). Astrocytes
take up excess glutamate via the transmembrane expres-
sion of glutamate transporter-1 (GLT-1; Pines et al., 1992)
and L-glutamate/L-aspartate transporter (GLAST; Storck
et al., 1992) and then glutamate is converted to non-toxic
glutamine (Henn et al., 1974; Su et al., 2003). Glutamate
uptake is an ATP-driven process (McKenna, 2013), where
the glutamate taken up by astrocytes enters the TCA
cycle (McKenna et al., 1996) and aids in mitochondrial
respiration (Sonnewald et al., 1993; Hertz and Hertz,
2003). Activated astrocytes have also been implicated in
several disease states (Sofroniew, 2014; Groves et al.,
2018; Ponath et al., 2018; Yamanaka and Komine, 2018;
Siracusa et al., 2019), and in a recent report using a
mouse model of MS, astrocytes were predominantly
activated during the disease development phase and
were suppressed by fingolimod (FTY720) treatment
(ieAstrocytes; Groves et al., 2018). FTY720 is a pro-
drug approved as a medicine for MS patients that must
be phosphorylated to become an active agent
(FTY720-P), where it acts a structural analog of sphin-
gosine 1-phosphate (S1P; Blaho and Hla, 2014) to tar-
get S1P1,3,4,5 (Brinkmann et al., 2002; Mandala et al.,
2002). Additional S1P receptor modulators have re-
cently become available for MS treatment that do not
require phosphorylation, including the S1P1,5-selec-
tive modulators, ozanimod and siponimod (BAF312;
Chun et al., 2021). As additional S1P receptor modula-
tors are developed for central nervous system disease
treatment, an understanding of how S1P signaling
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functions within the brain, including the receptors me-
diating these functions, becomes increasingly impor-
tant. In the present study, primary astrocytes from
wild-type and S1P receptor-null mouse cerebral corti-
ces were combined with pharmacological assess-
ments employing S1P receptor modulators to identify
S1P receptor-mediated effects on glutamate uptake
and mitochondrial respiration.

Materials and Methods
Mice
All animal procedures were conducted in accordance

with Institutional Care and Use Committee guidelines of
Sanford Burnham Prebys Medical Discovery Institute.
Postnatal day (P)0–1 C57BL/6J pups were collected for
primary astrocyte cultures. S1P1 astrocyte conditional
(GFAP Cre) null As-S1P1

�/� mice, S1P3 null mice, As-
S1P1/S1P3 double-null mice, and Ga12 heterozygous-null
mice were on a C57BL/6J background. S1P2

�/� mice
were on a BALB/c background. All the experiments were
performed regardless of sex of the mouse.

Primary astrocyte culture
Cerebral hemispheres were harvested from P0–P1

C57BL/6J pups and the meninges were removed and
placed in DMEM/F12 (Life Technologies) containing peni-
cillin and streptomycin (PS; Life Technologies), 50 mg/ml
DNase I (Sigma-Aldrich), and 0.05% trypsin (Sigma-
Aldrich). After gentle dissociation, the tissue was incu-
bated for 30min at 37°C. Trypsin was inactivated with
DMEM/F12 containing 10% FBS (Gemini), and the cell
suspension was centrifuged at 800 rpm for 5min, resus-
pended in DMEM/F12 containing 10% FBS, and filtered
through a 40mm cell strainer (BD Biosciences). The cells
were cultured in DMEM/F12 containing 10% FBS and
passaged once. On their second passage, the cells were
distributed into 24-well plates. After 24 h, the cells were
serum-starved overnight, and experiments were con-
ducted unless otherwise noted. FTY720-P-containing
medium was replenished every 24 h over 3.5 d of expo-
sure to ensure functional antagonism activity.

Reagents
L-[3,4-3H]-glutamic acid was obtained from PerkinElmer.

S1P and VPC23019 were obtained from Avanti Polar Lipids.
FTY720-phosphate was obtained from Novartis Pharma, AG
and Cayman Chemical. RP001, Y27632, and JTE013 were
from Tocris Bioscience. BAF312 (Siponimod) was obtained
from Novartis Pharma AG and Apexbio. Pertussis toxin (PTX)
from Bordetella pertussis was obtained from List Biological
Laboratories.

Glutamate uptake assay
Serum-starved primary astrocytes (;105 cells per sam-

ple) were incubated with 2 mM L-sodium glutamate
(Sigma) and 20 nM 3H-Glutamic acid. Cells were immedi-
ately stimulated with agonist or treated with vehicle for 1 h
at 37°C. The cell supernatant was then aspirated, the

primary astrocytes were washed thoroughly with cold
HBSS containing Ca21/Mg21 ions, and then incubated
with 0.25 mL of 0.2 N NaOH for 2 h at room temperature.
EcoLume scintillation cocktail (MP Biomedicals) was added
to the samples and radioactivity [counts per minute (cpm)]
was measured with a scintillation counter (Beckman). The
percentage (%) of glutamate uptake by astrocytes was cal-
culated as the (cpm in the test sample � 100) / (cpm in the
vehicle sample).

Gene expression analysis
Gene expression was measured using TaqMan fast ad-

vance master mix and TaqMan probes for b -actin and
S1P1-5 (ThermoFisher Scientific) and analyses were con-
ducted on a Bio-Rad CFX 384 Touch Real-Time PCR
Detection System. All reactions were performed in tripli-
cate and the average Ct was used to calculate the recep-
tor expression relative to b -actin.

Seahorse analysis
An Agilent Seahorse XF Cell Mito Stress Kit was used

to measure oxygen consumption rate (OCR). Briefly,
primary astrocytes (7� 104/well) were plated on the
Seahorse 24-well culture plate. After allowing the cells
to acclimate in a 37°C non-CO2 incubator, the analyzer
was calibrated, and the OCR was measured through se-
quential injection of electron transport chain inhibitors:
(1) 1 mM oligomycin (ATP synthase inhibitor); (2) 1 mM
FCCP (uncoupling agent); and (3) a combination of 0.5
mM rotenone (complex I inhibitor) and 0.5 mM antimycin
A (complex III inhibitor). The non-mitochondrial respira-
tory rate (NMRR) corresponds to the OCR measurement
after injection of rotenone and antimycin A. Basal OCR
was calculated by subtracting NMRR from the initial re-
corded OCR (endogenous OCR). Proton leak was cal-
culated by subtracting the NMRR from the OCR
following oligomycin injection. Maximal OCR was cal-
culated by subtracting the NMRR from the OCR follow-
ing FCCP injection. Spare respiratory capacity is the
difference between the maximal and the basal OCR.

Statistical analysis
Statistics were analyzed using GraphPad Prism 8. All

dose response curves are an average of two to three inde-
pendent experiments with two technical replicates each.
The data were fitted by performing nonlinear regression.
All data are represented as mean6 SEM unless otherwise
noted. A summary of the statistical analyses is presented
in Table 1.

Results
S1P-mediated inhibition of glutamate uptake by
astrocytes is dose-dependent and distinct from S1P
receptor modulators
To understand how S1P affects astrocyte glutamate

uptake, mouse primary astrocytes were cultured in the
presence of radiolabeled glutamate and treated with in-
creasing doses of S1P for 1 h. The percent of astrocytic
glutamate uptake decreased with an increasing dose of
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S1P, resulting in a ;40% reduction in glutamate uptake
at the highest doses (Fig. 1A). An S1P1-selective agonist,
RP001, did not inhibit glutamate uptake (Fig. 1A), indicat-
ing that S1P1 is not the primary receptor responsible for
inhibiting glutamate uptake. Quantitative RT-PCR re-
vealed that mouse primary astrocytes express mRNAs for
S1P1,2,3 but not S1P4,5 (Fig. 1B). To determine whether
S1P receptor modulators with distinct receptor subtype
engagement affect astrocyte glutamate uptake, BAF312
and FTY720-P were tested on primary astrocytes. The
S1P1,5 modulator, BAF312 (Chun et al., 2021), did not
alter glutamate uptake at any dose tested under agonist
conditions (Fig. 1C). FTY720-P, a high-affinity S1P recep-
tor modulator for S1P1,3,4,5, did produce a 10% reduction
of glutamate uptake at 1 mM, the highest concentration
examined (Fig. 1D). A 3.5 d pretreatment with FTY720-P
(functional antagonist conditions) did not produce an ob-
servable change in S1P-mediated astrocyte glutamate
uptake inhibition compared with non-treated controls
(Fig. 1E). These data show that astrocyte-mediated con-
trol of extracellular glutamate occurs through an S1P
dose-dependent mechanism and is likely mediated
through S1P2.

Receptor-null astrocytes show that glutamate uptake
inhibition is not mediated through S1P1 or S1P3

To understand how S1P1 and/or S1P3 influence astro-
cyte glutamate uptake, primary astrocytes derived from
mice lacking these receptors were incubated with in-
creasing doses of S1P (Fig. 2). A moderate decrease (left
shift of curve) in glutamate uptake was observed in the
absence of S1P1 on astrocytes compared with wild-type
astrocytes (Fig. 2A), indicating that S1P1 might aid in glu-
tamate uptake homeostasis. On the other hand, in the ab-
sence of S1P3, glutamate uptake was inhibited in a
manner similar to that of wild-type astrocytes (Fig. 2B). To
confirm the role of S1P1 on astrocyte glutamate uptake,
As-S1P1-null and S1P3-null mice were crossed to obtain
As-S1P1/S1P3-null mice. Primary astrocytes cultured
from As-S1P1/S1P3-null mice exhibited a similar trend to
that of S1P3-null with increasing doses of S1P, indicating
that neither S1P1 nor S1P3 are primarily involved in astro-
cyte glutamate uptake (Fig. 2C).

S1P2 mediates S1P-induced astrocyte-mediated
glutamate uptake inhibition
Pharmacological antagonists were employed to test

whether S1P2 plays a role in astrocyte glutamate uptake

inhibition. Primary astrocytes were preincubated with
VPC23019, an antagonist for S1P1 and S1P3, and then
stimulated with S1P for 1 h (Fig. 3A). No significant differ-
ences in glutamate uptake were observed compared with
non-treated controls. Combined with prior results (Figs. 1,
2), these data indicated that S1P2 is primarily involved in
inhibiting glutamate uptake. Indeed, the S1P2 antagonist,
JTE013, rescued the inhibitory effect of S1P on astrocyte
glutamate uptake (Fig. 3B). S1P2 couples with Gi, G12/13,
or Gq proteins to initiate downstream signaling pathways.
Therefore, astrocytes were pretreated with PTX (an inhibi-
tor of the Gi proteins by ADP-ribosylation) and Y27632
(an inhibitor of Rho kinase downstream of G12/13) to de-
ermine the pathways involved in S1P2-mediated gluta-
mate uptake inhibition. Pretreatment with PTX did not
alter S1P-induced glutamate uptake inhibition (Fig. 3C).
Conversely, Y27632 completely rescued the S1P-induced
inhibition of astrocyte glutamate uptake (Fig. 3D). These
results indicated that Ga12/13 signaling downstream of
S1P2 inhibits glutamate uptake in astrocytes.
In addition to pharmacological studies, glutamate up-

take in astrocytes genetically-null for S1P2 or hemizy-
gously null for Ga12 was tested. Astrocytes null for S1P2

(Fig. 4A) or hemizygously null for Ga12 (Fig. 4B) exhibited
an increase (right shift of curve) in glutamate uptake when
compared with controls which supports S1P2 and Ga12

playing a role in inhibiting glutamate uptake. The possible
involvement of additional S1P receptors or non-receptor
mechanisms (e.g., non-cell autonomous effects) in S1P-
induced glutamate uptake inhibition could not be ex-
cluded since glutamate uptake was not completely re-
stored by genetic ablation of S1P2 or reduction of Ga12.

S1P affects mitochondrial respiration through S1P2

Astrocytic glutamate uptake is an ATP-driven process
known to affect mitochondrial function and health
(Sonnewald et al., 1993; Hertz and Hertz, 2003). To under-
stand how exposure to glutamate and S1P affects mito-
chondrial health, Seahorse analyses were used to
measure the rate of oxygen consumption (Fig. 5A). Wild-
type primary astrocytes were exposed to vehicle, gluta-
mate, S1P, or a combination of glutamate and S1P for 1
h, then washed and incubated with Seahorse assay
media containing glucose and pyruvate. The OCR was
measured through the sequential addition of oligomycin,
FCCP, and rotenone/antimycin A (Fig. 5B). S1P increased
the endogenous OCR when compared with vehicle (Fig.
5C), indicating an increased energy demand. In all em-
ployed conditions, no significant difference in the NMRR
was observed (Fig. 5D). Glutamate did not change basal
OCR (Fig. 5E) or proton leak (Fig. 5F), whereas S1P in-
creased basal OCR and proton leak regardless of the
presence or absence of glutamate. These data suggest
that S1P signaling directly increases mitochondrial OCR,
which may be independent from intracellular glutamate
pools (Hamilton and Attwell, 2010). However, the maximal
OCR (Fig. 5G) and the spare respiratory capacity (Fig. 5H)
were significantly elevated by glutamate exposure, but
were not affected by S1P, indicating that a glutamate pool
is crucial for responding to increased energy demand.

Table 1. Statistical table

Figure Method performed
1A,C,D Non-linear regression
1E Two-way ANOVA/Sidak’s multiple comparisons test
2A–C Non-linear regression
3A–D Two-way ANOVA/Sidak’s multiple comparisons test
4A,B Non-linear regression
5C Unpaired t test
5D–H Ordinary one-way ANOVA/Tukey’s multiple

comparisons test
5I Two-way ANOVA/Tukey’s multiple comparisons test

Research Article: New Research 4 of 9

July/August 2021, 8(4) ENEURO.0040-21.2021 eNeuro.org



The observed elevation in spare respiratory capacity on
glutamate exposure was diminished by the addition of
S1P (Fig. 5H), indicating that S1P inhibition of glutamate
uptake might be responsible for this decrease.
Lastly, to test whether the endogenous astrocyte OCR

is altered in an S1P2-dependent manner, astrocytes

derived from wild-type and S1P2-null mutant mice were
exposed to S1P for 1 h, and the OCR was measured.
Exposure of wild-type astrocytes to S1P produced a stat-
istically significant increase in OCR that was not observed
in S1P2 null astrocytes (Fig. 5I), indicating that S1P-S1P2

signaling increases mitochondrial respiration.

Figure 1. Inhibition of glutamate uptake by S1P contrasts with S1P receptor modulator effects. Primary astrocytes were incubated
with labeled glutamate, S1P, or respective agonists for 1 h at 37°C. The glutamate uptake assay was performed as described. A,
S1P inhibited glutamate uptake by astrocytes in a dose-dependent manner, while the S1P1-specific agonist, RP001, did not. B, The
relative expression of S1P1-5 (normalized to b -actin) in wild-type primary astrocytes derived from cerebral cortices of P0 pups. C,
The S1P1,5 modulator, BAF312, did not induce glutamate uptake inhibition at the indicated doses. D, The S1P1,3,4,5 modulator,
FTY720-P, induced partial inhibition. A, C, D, Data are from two independent experiments and curve fitting was performed by non-
linear regression. E, Incubation with FTY720-P for 3.5 d, followed by stimulation with S1P, induced glutamate uptake inhibition simi-
lar to no FTY720-P pretreatment controls. Data are representative of three independent experiments. Error bars indicate (mean 6
SD). Statistics are calculated by two-way ANOVA performing Sidak’s multiple comparisons test (***p, 0.0005, **p, 0.005; ns, not
significant).

Figure 2. Glutamate uptake inhibition is not eliminated in S1P3-null and astrocyte-specific (As)-S1P1/S1P3-double-null astro-
cytes. Primary astrocytes from As-S1P1, S1P3, and As-S1P1/S1P3 receptor-null mice were incubated with labeled glutamate
and S1P for 1 h at 37°C. A, Glutamate uptake in As-S1P1

�/� astrocytes exhibited a slight left shift (decrease in glutamate up-
take) compared with littermate controls. S1P3

�/� (B) and As-S1P1/S1P3
�/� (C) astrocytes exhibited control levels of gluta-

mate uptake. Data in each panel are from three independent experiments. Curve fitting was performed by nonlinear
regression.
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Discussion
This is the first study to report that astrocyte S1P-S1P2

signaling affects glutamate uptake. S1P concentration
gradients are perturbed in neurologic diseases (Cartier
and Hla, 2019) and could contribute to glutamate neuro-
toxicity by disrupting glutamate homeostasis to produce
increased extracellular glutamate (Mahmoud et al., 2019).
Glutamate levels are controlled in part by astrocytes that ex-
press glutamate transporters capable of removing excess glu-
tamate following neurotransmission (Anderson and Swanson,
2000; Mahmoud et al., 2019). S1P was found to inhibit gluta-
mate uptake in a dose-dependent manner that was primarily
because of the activation of S1P2 through a Ga12 pathway.
Glutamate also affects astrocyte mitochondrial metabolism via
entry into the TCA cycle (Jackson and Robinson, 2018), which
was reported to be important for themaintenance of surround-
ing neurons in a stroke model (Fiebig et al., 2019). Seahorse
analyses indicated that inhibition of glutamate uptake through
S1P2 may affect mitochondrial health, implicating a change in
themetabolic state of the astrocytes that can be abrogated by
the loss of S1P2.
The results from the present study were obtained using

primary cultures of astrocytes from newborn S1P2-null

Figure 3. Pharmacological inhibition of S1P2, but not S1P1 or S1P3, eliminates astrocytic inhibition of glutamate uptake by S1P.
Primary astrocytes were preincubated (A) with or without 10 mM VPC23019, an antagonist for S1P1 and S1P3, for 45min, (B) 10 mM
JTE 013, an S1P2 antagonist, for 30min, (C) 200 ng/mL PTX overnight, and (D) 10 mM Y27632 for 30min at 37°C followed by incu-
bation with or without 20 nM S1P for 1 h. Glutamate uptake assays were performed as described. Data in each panel are represen-
tative of two independent experiments (n=3 or 4). Error bars represent mean 6 SD; ns, not significant; **p, 0.005, ***p, 0.001,
two-way ANOVA with Sidak’s multiple comparisons test.

Figure 4. Genetic removal of S1P2 or Ga12 downstream signal-
ing reduces astrocytic glutamate uptake inhibition by S1P.
Primary astrocytes from S1P2-null or Ga12-hemizygous-null
mice were incubated with labeled glutamate and S1P for 1 h at
37°C. Glutamate uptake in S1P2

�/� (A) and Ga12
1/� (B) astro-

cytes exhibited a right shift (increase in glutamate uptake) when
compared with controls. Data in each panel are from three inde-
pendent experiments. Curve fitting was performed by nonlinear
regression.
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mice on a BALB/c background. Previous research re-
ported seizure activity in S1P2-null mice which was attrib-
uted to background strain differences and possible
glutamate excitotoxicity during a developmentally

discrete period of young adulthood (between P25 and
P45; MacLennan et al., 2001; Ishii et al., 2002; Akahoshi
et al., 2011). S1P2 is also required for auditory and vestib-
ular function wherein its constitutive loss results in early

Figure 5. S1P increases astrocyte mitochondrial oxygen consumption rate (OCR) that is S1P2 dependent. A, Schematic of
Seahorse Mito Stress analysis. B, Primary astrocytes were exposed to four conditions: vehicle, 100 mM glutamate, 1 mM S1P, or a
combination of glutamate and S1P for 1 h at 37°C. After washing, Seahorse assay medium containing 1 mM pyruvate and 10 mM
glucose was added and the OCR measured with an Agilent Seahorse XF24 Cell Mito Stress kit. OCR was measured three times per
injection and was read in triplicate. C, S1P increased endogenous OCR when compared with vehicle *p, 0.05 unpaired t test. Non-
mitochondrial respiratory rate (NMMR = OCR after rotenone/antimycin A addition; D), basal OCR (= endogenous OCR – NMRR; E),
maximal OCR (= OCR after FCCP addition – NMRR; F), proton leak (= OCR after oligomycin injection – NMRR; G), and spare respi-
ratory capacity (= maximal OCR – basal OCR; H) is represented under different conditions as indicated, n=5 with OCR measured in
triplicate at each step. Data are representative of two independent experiments with similar results. D–H, Ordinary one-way ANOVA
with Tukey’s multiple comparisons test (*p, 0.05, **p, 0.005, ***p� 0.0005, ****p, 0.0001). I, Wild-type and S1P2 null primary as-
trocytes were incubated with Seahorse assay medium containing 1 mM pyruvate and 10 mM glucose followed by treatment with 10
nM S1P for 1 h. OCR was then measured using the Agilent Seahorse XF24 analyzer. % OCR in the presence of S1P was calculated
with respect to vehicle as indicated, ****p, 0.0001, two-way ANOVA with Tukey’s multiple comparisons test. ns, not significant.
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postnatal cochlear and vestibular degeneration
(MacLennan et al., 2006; Herr et al., 2007; Kono et al.,
2007). This involvement of S1P-S1P2 is consistent with
the rare occurrence of autosomal recessive hearing im-
pairment from S1P2 missense variants (Santos-Cortez et
al., 2016). This further underscores links between S1P-
S1P2, where modification by developmental age and ge-
netic background could result in additional pathology be-
yond glutamate neurotoxicity.
Hypothetically, S1P receptor modulators could also in-

crease extracellular glutamate levels because they engage
S1P receptors. However, none of the assayed S1P receptor
modulators inhibited glutamate uptake, which is consistent
with their avoidance of S1P2 engagement. RP001 (S1P1-se-
lective), BAF312 (siponimod, Mayzent; S1P1/5 selective;
Jackson et al., 2011; Gergely et al., 2012; Al-Salama, 2019;
Fig. 1C), and phosphorylated FTY720 (fingolimod/Gilenya;
S1P1,3,4,5 selective; Brinkmann et al., 2002; Mandala et al.,
2002) did not substantively inhibit glutamate uptake at 10 nM,
with FTY720-P showing only a 10% reduction in glutamate
uptake at 1 mM, which may reflect partial engagement of
S1P2 at this high concentration (Sobel et al., 2015). These re-
sults are consistent with the lack of high-affinity S1P2 en-
gagement by these modulators as compared with S1P for
both agonist and functional antagonist properties. These re-
sults support the development of S1P2 antagonists to restore
astrocytic glutamate uptake, which adds to the list of widely
diverse activities of S1P2 (Adada et al., 2013), including the
known effects on CCL5 expression that reduce neuroinflam-
mation (Yester et al., 2015). The prevention of glutamate up-
take inhibition by potential S1P2 antagonists currently under
development could be beneficial in preventing glutamate
neurotoxicity for a range of neurologic diseases with associ-
ated high brain levels of S1P. In summary, S1P-S1P2-Ga12-
Rho/ROCK signaling controls astrocytic glutamate uptake
and mitochondrial oxygen consumption, representing anoth-
er important role for S1P signaling in central nervous system
health and disease.
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