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Abstract

Astrocytes, the most abundant glial cells in the mammalian brain, directly associate with and 

regulate neuronal processes and synapses and are important regulators of brain development. 

Yet little is known of the molecular mechanisms that control the establishment of astrocyte 

morphology and the bi-directional communication between astrocytes and neurons. Here we 

show that neuronal contact stimulates expression of S1PR1, the receptor for the bioactive 

sphingolipid metabolite sphingosine-1-phosphate (S1P), on perisynaptic astrocyte processes and 

that S1PR1 drives astrocyte morphological complexity and morphogenesis. Moreover, the S1P/

S1PR1 axis increases neuronal contact-induced expression of astrocyte secreted synaptogenic 

factors SPARCL1 and thrombospondin 4 that are involved in neural circuit assembly. Our findings 

have uncovered new functions for astrocytic S1PR1 signaling in regulation of bi-directional 

astrocyte-neuron crosstalk at the nexus of astrocyte morphogenesis and synaptogenesis.
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1 | INTRODUCTION

Astrocytes, the most abundant glial cells in the mammalian brain, are present all across 

the central nervous system (CNS) and regulate many physiological functions controlling 

brain homeostasis (Allen & Barres, 2009). Astrocytes provide metabolic support to neurons, 
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modulate neuronal circuit assembly and functions, establish blood brain barrier integrity, 

and regulate ion homeostasis (Allen & Barres, 2009). They perform most of these functions 

by acquiring complex morphologies and directly associating with and regulating neuronal 

processes including synapses via contact-mediated and secreted soluble factors (Allen 

& Eroglu, 2017; Khakh & Sofroniew, 2015). Bidirectional communication with neurons 

maintains astrocyte-synapse association and circuit functions (Durkee & Araque, 2019; 

Martin et al., 2015). While neuron-derived cues such as cardiotrophin-1, ephrins, sonic-

hedgehog, and neurexins induce astrocyte differentiation, heterogeneity, and morphological 

maturation (Farmer et al., 2016; Freeman, 2010; Stogsdill et al., 2017), astrocytes regulate 

excitatory synapse formation, function and plasticity by secreted several factors including, 

SPARCL1 (also known as hevin), thrombospondins (TSP1-4), glypicans, and norrin (Eroglu 

et al., 2009; Miller et al., 2019; Singh et al., 2016). SPARCL1 induces thalamocortical 

excitatory synaptogenesis, recruits NMDAR subunits to the postsynapses, and is required 

for the plasticity of the thalamocortical connections in the developing visual cortex (Singh 

et al., 2016). Astrocytic TSPs also induce excitatory synaptogenesis and are involved 

in the development of proper barrel cortex plasiticity (Eroglu et al., 2009). Astrocyte 

morphological complexity and expression of synaptogenic factors are altered in many 

neuropathologies including, autism, Alzheimer’s disease, schizophrenia, and neuropathic 

pain (Blanco-Suarez et al., 2017; Burda & Sofroniew, 2014; Ji et al., 2019; Seddighi et 

al., 2018). However, mechanisms regulating expression of the synaptogenic factors and 

astrocyte-neuron interactions are yet to be fully explored.

Sphingosine-1-phosphate (S1P), a bioactive metabolite of membrane sphingolipids that 

are highly enriched in the brain, plays an important role in regulation of neuronal 

survival, neurite growth, synaptic transmission, myelination, oligodendrocyte development, 

and neuroinflammation (Bryan et al., 2008; Cartier & Hla, 2019; Karunakaran & van 

Echten-Deckert, 2017). S1P binds to and activates five specific G protein-coupled receptors 

(GPCR) named S1PR1-5 (Spiegel & Milstien, 2011). S1PR5 is specifically expressed in 

oligodendrocytes and regulates their survival and development (Jung et al., 2007). S1PR1 

has been associated with reactive astrocytes and neuroinflammation (Choi et al., 2011; Kim 

et al., 2018; Singh & Spiegel, 2019). Astrocyte specific deletion of S1PR1 protected mice 

from experimental autoimmune encephalomyelitis (EAE) (Choi et al., 2011), a model for 

multiple sclerosis (MS), and from development of neuropathic pain (Chen et al., 2019; 

Stockstill et al., 2018). Furthermore, FTY720 (Fingolimod, Gilenya), primarily a S1PR1 

modulator used for treatment of MS, drastically suppresses demyelination, axonal loss, and 

astrogliosis in EAE (Choi et al., 2011). FTY720 also suppressed chemotherapy induced- and 

nerve injury derived neuropathic pain (Chen et al., 2019; Stockstill et al., 2018). FTY720 is 

a pro-drug phosphorylated in vivo to a S1P mimetic that acts as a functional antagonist of 

S1PR1 suppressing lymphocyte egress from lymphoid organs and thus, limiting CNS attack 

by pathogenic lymphocytes. Importantly, its efficacy in EAE and neuropathic pain has also 

been linked to antagonism of astrocytic S1PR1 signaling (Chen et al., 2019; Choi et al., 

2011; Singh & Spiegel, 2019; Stockstill et al., 2018).

Although, S1P-S1PR signaling has attracted much attention as a drug target for treatment of 

MS and other neurological disorders, its roles in regulating astrocyte-neuron interactions 

during brain development and in neurological disorders are largely unknown. Here, 
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we examined the involvement of astrocytic S1PRs in bidirectional astrocyte-neuron 

communication. We discovered that S1PR1 controls astrocyte complexity, astrocyte-neuron 

interactions, and plays a critical role regulating expression of astrocyte-secreted SPARCL1 

and TSP4 proteins that control structural synapse formation and neuronal circuit assembly.

2 | MATERIALS AND METHODS

2.1 | Mice

S1pr1eGFP/eGFP mice (B6.129P2-S1pr1tm1Hrose/J) on C57Bl/6J background were from 

Jackson Laboratory (Bar Harbor, ME, #028623) and housed in the animal care facilities at 

Virginia Commonwealth University under standard temperature, humidity, and timed light 

conditions and provided with standard rodent chow and water ad libitum. The Institutional 

Animal Care and Use Committee of Virginia Commonwealth University approved all animal 

protocols and procedures.

2.2 | Brain tissue collection

Two pups were randomly collected from the same litter at the indicated postnatal age 

(between P5 and P21). Brain regions (cortices and cerebella) were dissected out quickly and 

immediately flash frozen in liquid nitrogen and stored at −80°C. Frozen tissues were crushed 

into powder using a tissue pulverizer on dry ice and lysed in TRIzol reagent (Invitrogen) to 

isolate total RNA or in modified RIPA buffer for protein analyses.

2.3 | Astrocyte, neuron culture, and coculture

Human cortical astrocytes were prepared from fetal tissue from Advanced Bioscience 

Resources (Alameda) and cultured in DMEM media supplemented with 10% fetal bovine 

serum, non-essential amino acids, pen/strep, sodium pyruvate and glutamine as described 

previously (Kordula et al., 1998). Briefly, human cortical astrocyte cultures were established 

using dissociated human cerebral tissue at 16–20 week gestation. Cortical tissue was 

washed with PBS, mechanically dissociated by repeated pipetting, and the solution was 

passed through a 100 μm nylon cell strainer (Falcon). The cells obtained were pelleted 

by centrifugation for 5 min at 200× g, resuspended in a trypsin/EDTA solution (0.05% 

trypsin and 0.53 mm EDTA in Hanks’ balanced salt solution, Life Technologies, Inc.), and 

incubated for 20 min at 37°C. Modified Eagle’s medium containing 1% glucose, 1 mm 

sodium pyruvate, 1 mm glutamine, and 10% fetal bovine serum (MEM/FBS) and DNase 

(final concentration of 0.05 mg/ml) were added, and the cells were pelleted and resuspended 

in MEM/FBS. 1.6 × 108 cells were seeded in a T-150 tissue culture flask coated with 

poly-D-lysine. Cultures were maintained in an H2O-saturated incubator with an atmosphere 

of 95% air and 5% CO2 at 37°C. The culture medium was changed 1 and 4 days after 

plating, and the cultures were then left undisturbed for at least 1 week. The cells from one 

T-150 flask were replated into three to five T-150 flasks. Just before confluence, the cells 

were re-passaged by trypsinization. The human astrocytes used in this study were >99% 

pure as determined by GFAP positive cells and lack of Cd11b or CC1 staining (Gupta et al., 

2019).
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Mouse cortical neurons were isolated by immunopanning as described (Singh et al., 2016). 

Briefly, cortices were dissected from P1 pups and digested with papain (Worthington 

Biochemical Corp), followed by low and high concentrations of ovomucoid incubation 

to inhibit papain. Triturated cells were first passed through 40 μm nitex filters (Fisher 

Scientific) and then applied to a series of negative panning dishes (to remove unwanted cells 

and debris): 2× Bandeiraea Simplicifolia Lectin I-coated petri dishes (Vector Laboratories); 

AffiniPure goat-anti mouse IgG + IgM (H + L) (Jackson Immunoresearch Laboratories, 

PA) coated dish; and AffiniPure goat-anti rat IgG (H + L) (Jackson) coated dish. Cell 

suspensions were then incubated with rat anti-neural cell adhesion molecule L1 (MAB5272, 

Millipore) coated positive panning dishes to obtain >95% pure cortical neurons. Cortical 

neurons were then plated on poly-d-lysine (PDL) and laminin coated glass coverslips in 

24-well plates (for imaging studies) or in 12 well plates (for gene expression analyses) 

containing neuronal growth medium (NGM) comprised of neurobasal media supplemented 

with SATO (Gibco), BDNF (Peprotech), CNTF (Peprotech) and forskolin (Sigma). Neurons 

were cultured in a humidified chamber with 10% CO2 at 37°C. Half of the media was 

replaced with fresh NGM every 3 days. Additionally, AraC (2 μm) was added for 24–36 h to 

prevent contaminating glial cell growth.

2.4 | Coculture of human astrocytes with mouse cortical neurons and S1P stimulation

Human astrocytes were cultured for 5–6 days in 10% FBS containing DMEM medium, 

trypsinized, counted, and resuspended in serum-free neuronal growth medium and plated 

on DIV6-8 cortical neuronal cultures maintained in serum-free neuronal growth medium 

at a neuron to astrocyte ratio of 3:1 which is similar to the ratio found in human brain 

cortex (Herculano-Houzel, 2014) and as used by others (Baldwin et al., 2021; Stogsdill et 

al., 2017). Twelve to sixteen hours later, cocultures were treated with S1P (100 nM) for the 

indicated times.

2.5 | Transfection and knockdown

Human astrocytes were transfected with pEYFP-C1 plasmid from Clontech (Mountain View, 

CA) using Lipofectamine 2000 plus (Life Technologies). Twenty to twenty-four hours 

later, transfected astrocytes were trypsinized, counted, resuspended in NGM and plated on 

neuronal cultures at a neuron to astrocyte ratio of 3:1. For downregulation, human astrocytes 

were transfected with 50 nM SmartPool siRNAs (#L-003655-00-0005) using Lipofectamine 

2000 plus (Life Technologies), according to the manufacturer’s instructions. Thirty-six to 

forty hours after siRNA transfection, astrocytes were trypsinized, counted and plated on 

neuronal cultures at a neuron to astrocyte ratio of 3:1.

2.6 | RNA isolation and quantitative PCR

Total RNA was prepared from flash frozen tissue or cells with Trizol (Life Technologies). 

RNA was treated with DNAse (Promega), then reverse transcribed with a high-capacity 

cDNA kit (Applied Biosystems) and amplified on the BioRadCFXConnect Real-time 

System. Species (human or mouse) and gene specific pre-designed SYBR green primers 

(Bio-Rad) were used. Gene expression levels were normalized to either 18S RNA or 

GAPDH and presented as fold expression over the control.
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2.7 | Western blotting

Powdered brain tissue was lysed in ice-cold modified RIPA buffer (20 mM Tris pH 7.4, 

150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 1% Triton-X100, 0.5% NP-40 and protease/

phosphatase inhibitor). After sonication, supernatants were collected after centrifugation 

at 12,000 rpm for 15 min at 4°C. Proteins were quantified by BCA protein assay kit 

(Pierce; #23227), and equal amounts were separated by SDS-PAGE on precast gradient 

gels (Bio-Rad) and transferred onto nitrocellulose membranes (Bio-Rad). Blots were first 

blocked in 10% blotting grade milk and then incubated with the following primary 

antibodies: anti-β-tubulin (1:2000) (Santa Cruz Biotechnology; sc-9104), anti-S1PR1 

(1:1000) (Millipore; MABC94), anti-GFAP (1:1000) (Cell Signaling; #3670), and anti-

SPARCL1 (1 μg/ml) (Singh et al., 2016). Immunopositive bands were visualized on X-ray 

films by chemiluminescence with horseradish peroxide conjugated secondary antibodies 

(anti-rabbit #111035045 or anti-mouse #115035166 or anti-rat #112035003 (Jackson 

ImmunoResearch Laboratories, West Grove, PA, USA) and Pico Plus substrate (Thermo 

Fisher Scientific). ImageJ was used to quantify band intensities of respective blots from 

scanned images of X-ray films. Tubulin band intensity was used to normalize the expression 

levels.

2.8 | Immunofluorescence

S1pr1eGFP/eGFP mice were perfused intracardially with Tris-buffered saline (TBS, 25 mM 

Tris-base, 135 mM NaCl, 3 mM KCl, pH 7.6) supplemented with 7.5 μM heparin followed 

with 4% paraformaldehyde (PFA; Electron Microscopy Sciences, PA) in TBS. Brains were 

removed and fixed for 24 h in 4% PFA and then cryopreserved in 30% sucrose (in 1μ 

TBS) for 2–3 days at 4°C. Sucrose immersed brains then were embedded in 2:1 mixture 

of 30% sucrose/OCT medium. Twenty-five micrometers of sagittal sections were prepared 

using a cryostat (Thermo) and stored as floating sections in 1:1 glycerol/TBS solutions 

in −20°C (Risher et al., 2014). Sections were washed three times in TBS, then blocked 

with 10% normal goat serum and 0.2% Triton-X100 in TBS for 1 h at room temperature. 

Sections were incubated overnight at 4°C with the following antibodies in blocking buffer: 

anti-GFAP (1:500, Cell Signaling; #3670), anti-MAP2 (1:500, Cell Signaling; #8707), anti-

GLT1 (1:400, Millipore; AB1783), anti-calbindin (1:1000, Cell Signaling; #13176), and 

anti-SPARCL1 (1 μg/ml). Subsequently, sections were washed and incubated with species-

specific secondary antibodies conjugated with Alexa Fluor 594 or Alexa Flour 647 (1:1000 

or 1:500, respectively, Invitrogen) for 2 h at room temperature, followed by washing with 

TBS and finally mounted with DAPI containing Vectashield mounting media (Vector labs). 

Sections were imaged using Zeiss LSM 880, Zeiss LSM 710, BZ-X810 (Keyence) or ZOE 

fluorescent imager (Bio-rad) as indicated. Tiled images in Zeiss 880 were obtained using a 

10X magnification lens with a 15% overlap between tiles. Confocal images were taken with 

1 μm step sizes in 5–8 Z-stacks comprising a total of 5–8 μm. Representative images were 

processed for average intensity projections of 1–2 optical steps in FIJI. Three to six images 

were acquired per animal.
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2.9 | Image analyses

For assays of astrocyte morphological complexity, eYFP+ astrocyte signals were imaged 

randomly at 20X in each condition. Complexity was analyzed by Sholl analyses plugin in 

FIJI. SPARCL1 signal intensity was quantified by determining the integrated signal intensity 

of SPARCL1 in red per image. Briefly, the red channel was first converted into a gray 

scale image, followed by an image color threshold step. Then integrated signal intensity was 

quantified with the analyze measure tool. Perimeter of astrocytes were determined as the 

overall periphery of GFAP stained areas in FIJI using the analyze measure tool after the 

images were converted into a binary profile. An example image with its perimeter tracing as 

obtained from FIJI is found in Figure S5.

2.10 | Statistical analyses

Statistical significance was determined by unpaired 2-tailed Student t tests for comparison 

of 2 groups or ANOVA with post hoc analysis for multiple groups (GraphPad Prism 9). p ≤ 

.05 was considered significant. The number of independent experiments (n) and the number 

of analyzed cells is noted in figure legends. All biochemical data were from biological 

triplicates, whereas imaging data was quantified from multiple cells as indicated in the 

figure legends.

3 | RESULTS

3.1 | Increased expression of S1PR1 during postnatal mouse brain development

Although S1P-S1PR signaling has been extensively studied in several neuropathological 

states and in cultured CNS cells, not much is known on their functions in developing brain. 

We examined the mRNA expression of S1PRs as assessed by qPCR in the developing mouse 

cortex and cerebellum during postnatal days 5–21 (P5-P21), when astrocyte morphogenesis 

occurs concomitantly with synaptic development (Morel et al., 2014). Expression of S1PR1 

and S1PR5 gradually increased between postnatal day P5 and P21 in both cortex and 

cerebellum (Figure 1a,b). The increase in S1PR5 expression is consistent with previous 

report that S1PR5 is expressed by oligodendrocytes (Terai et al., 2003), which are 

responsible for myelination that occurs during the early postnatal development. In contrast 

to S1PR1 and S1PR5, there were no major changes in the expression of S1PR2 and S1PR3, 

while S1PR4 significantly increased only in the cortical tissue (Figure 1a,b).

Because the first 3 weeks of postnatal mouse brain development is associated with 

synaptogenesis, circuit formation, and astrocyte maturation, we examined expression of 

astrocyte-secreted synaptogenic factors SPARCL1 and TSPs. As expected, expression of 

SPARCL1 and TSP4 also gradually increased during this period in the cortex (Figure 1a) 

as previously reported (Christopherson et al., 2005; Risher et al., 2014). While SPARCL1 

expression increased in the cerebellum, TSP4 expression decreased (Figure 1a,b), suggesting 

brain region specific expression of TSP4. In addition, expression of the other TSPs was 

relatively unchanged except that TSP1 expression significantly decreased only in the 

cortex (Figure 1a,b). Western blot analysis confirmed increased expression of S1PR1 

and SPARCL1 in cortical and cerebellar tissue (Figure 1c,d, Figure S1). As expected, 
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expression of a well-known astrocyte marker, glial fibrillary acidic protein (GFAP), was also 

upregulated during the development of the CNS.

To further explore the expression of S1PR1 in mouse brain, we utilized S1PR1 reporter 

mice (S1pr1eGFP/eGFP) in which the EGFP gene is inserted downstream of the coding 

region of the S1pr1 gene allowing the monitoring of S1PR1 protein expression at cell-type 

and tissue levels (Cahalan et al., 2011). Confocal analysis showed S1PR1-eGFP signals in 

all brain regions including cortex, hippocampus, and cerebellum (Figure 2a,b). Consistent 

with mRNA expression (Figure 1a,b), S1PR1 protein also increased from P8 to P21. 

S1PR1 was highly expressed in the cerebellum, particularly in the area corresponding to 

the molecular layer (ML), which harbors Purkinje cell (PC) dendrites and Bergman glia 

(BG) processes. Moreover, there was no detectable GFP signal in the corpus callosum 

(CC) or white matter (WM) of the cerebellum (Figure 2a,b). Consistent with the S1PR1-

eGFP fluorescence (Figure 2a,b), the in situ expression data (the Allen-Brain Atlas (http://

atlas.brain-map.org) confirmed a widespread expression of S1PR1 throughout the brain, 

with high expression levels in the cerebellar molecular layer (Figure 2c). These findings 

suggest that S1PR1 expression coincides with the developmental phase of synaptogenesis 

and astrocyte maturation in the rodent brain.

3.2 | S1PR1 is primarily expressed on peripheral processes of astrocytes

To further characterize expression of S1PR1 in CNS cells, we first analyzed its expression 

in publicly available databases (www.brainrnaseq.org). In both mouse and human brain, 

the highest expression levels of S1PR1 were found in astrocytes and were even greater 

than in brain endothelial cells known to express high levels of S1PR1 (Figure 3a). In 

comparison, neurons, oligodendrocytes, and microglia expressed S1PR1 at very low levels 

(Figure 3a). Interestingly, there was a 50-fold increase in S1PR1 expression in mature 

human astrocytes compared to fetal astrocytes, suggesting a critical role of S1PR1 in 

the mature cells (Figure 3a). We further sought to corroborate S1PR1 mRNA abundance 

by characterizing S1PR1 protein expression in S1PR1-eGFP knock-in mouse brain. The 

S1PR1-eGFP mouse brain sections were immunostained for astrocyte marker GFAP and 

neuronal dendrite marker MAP2 and visualized by confocal microscopy (Figure 3b,c). As 

expected, GFAP staining was almost completely absent in the cortical area but abundant in 

the hippocampus and cerebellum (Figure 3b). However, only a small proportion of S1PR1-

eGFP signal colocalized with GFAP in the hippocampus and in the cerebellar molecular 

layer (ML) (arrows) (Figure 3b). Since, S1PR1 is a GPCR primarily located on the plasma 

membrane, as expected, it did not extensively colocalize with intracellular cytoskeletal 

protein GFAP. There was also no co-localization of eGFP signal with neuronal MAP2 

(Figure 3c).

Astrocytes acquire complex morphologies generating thousands of fine peripheral astrocyte 

processes or perisynaptic astrocyte processes (PAPs) during their maturation (Heller & 

Rusakov, 2015). PAPs are found near and around synapses and are marked by the presence 

of glutamate transporter 1 (EAAT2 or GLT1) and water channel aquaporin 4 (AQP4). 

Interestingly, we found that S1PR1-eGFP signal strongly colocalized with both GLT1 and 

AQP4 in the cortex, hippocampus, and cerebellum (Figure 4a,b). It is also noteworthy that 
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not all S1PR1-eGFP was associated with GLT1 and AQP4 staining. Taken together, these 

data demonstrate that S1PR1 is primarily expressed by astrocytes and is predominantly 

present on PAPs.

3.3 | S1PR1 is highly expressed by the Bergman glia of the cerebellum

Because PAPs are generated during astrocyte maturation (Farmer et al., 2016; Tsai et 

al., 2012), we investigated changes in expression of S1PR1 in the developing molecular 

layer of cerebella during postnatal days 8–21, when astrocytes mature concomitantly with 

the development of synapses (Farmer et al., 2016; Heller & Rusakov, 2015). Cerebellar 

S1PR1-eGFP sections were immunostained for SPARCL1, an astrocytic protein specifically 

required for the formation of a subset of excitatory synapses (Singh et al., 2016) and for 

Purkinje cell (PC) marker calbindin. Although S1PR1-eGFP signal was found in both the 

granule cell layer and ML, it was most abundant in the ML (Figure 5a). Structurally, ML 

is primarily comprised of three components: synapse dense PC dendrites; BG-main radial 

processes spanning the ML; and BG-fine peripheral processes ensheathing PC synapses 

(Cerminara et al., 2015). S1PR1-eGFP did not colocalize with calbindin stained PC 

neuronal processes (Figure 5c) but was present on the main and peripheral processes of 

BG expressing SPARCL1 (arrows) (Figure 5a,b). Moreover, S1PR1-eGFP on BG peripheral 

processes extended over only half of the ML at P8 but over the entire ML by P21 

(Figure 5a,b). As this BG-peripheral process growth pattern coincided with PC dendritic 

growth during this developmental period (Lordkipanidze & Dunaevsky, 2005), our findings 

suggest that S1PR1 expression may regulate cross-communication of BG and PC during 

development.

3.4 | Neuronal contact stimulates S1PR1 expression in astrocytes

Interaction of PAPs with dendritic spines is highly dynamic and modulates synaptic function 

(Heller & Rusakov, 2015). In turn, neuronal contact stimulates astrocyte morphological 

complexity, PAP growth, and PAP-synapse association (Stogsdill et al., 2017). Because 

S1PR1 is present on PAPs and is thus poised to regulate neuron-astrocyte interaction, 

we further explored the role and regulation of S1PR1 expression in astrocyte-neuron cross-

communication. To this end, we developed an in vitro coculture of mouse cortical neurons 

with human astrocytes. This unique coculture system enabled us to analyze changes in 

gene expression in both astrocytes and neurons (Figure 6a). Astrocytic expression can be 

selectively measured due to the human specific qPCR primers (Figure S2). Surprisingly, 

co-culture with neurons induced 3.5-fold induction in the expression of astrocyte S1PR1 

compared to the astrocyte alone cultures (Figure 6b). In contrast, expression of other 

S1PRs present on astrocytes, S1PR2, S1PR3, and S1PR5, was significantly decreased in 

the cocultures (Figure 6b). Because S1PR1 expression coincides with the expression of 

SPARCL1 and TSP4 in the developing brain (Figure 1), we next analyzed expression 

of these synaptogenic factors in the in vitro cocultures. Similarly, to S1PR1 expression 

pattern, expression of both SPARCL1 and TSP4 increased in astrocytes when cocultured 

with neurons (Figure 6c). We also measured the expression of gene products expressed by 

matured astrocytes including, GFAP, nuclear factor I X (NFIX), glial high-affinity glutamate 

transporter (GLAST), and glutamate transporter 1 (GLT1). While expression of NFIX 

was increased, GFAP levels decreased and GLT1 and GLAST remained unaltered (Figure 
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6c), suggesting that coculture with neurons does not induce maturation of astrocytes but 

specifically upregulates expression of synaptogenic factors and that astrocytes may become 

receptive to S1P signaling primarily via S1PR1 signaling.

3.5 | Neuronal contact dependent expression of synaptogenic SPARCL1 and TSP4 in 
astrocytes is induced by S1P/S1PR1 axis

As astrocytic S1PR1, SPARCL1 and TSP4 expression was induced by neuronal contact, 

we asked whether the S1P/S1PR1 axis regulates expression of these synaptogenic factors. 

Astrocytes alone or cocultured with neurons were stimulated with S1P, the natural ligand 

for S1PR1. Interestingly, S1P stimulated expression of both SPARCL1 and TSP4 only in 

astrocytes cocultured with neurons but had little or no effect on astrocytes alone (Figure 

7a). This response was rapid with expression of SPARCL1 and TSP4 peaking at 2 h and 

8 h respectively (Figure 7a). The observed induction was very specific as no changes in 

expression of the two other TSP family genes TSP1 and TSP2 were noted (Figure 7a). To 

further demonstrate the critical role of S1PR1, its levels were downregulated in astrocytes 

using specific S1PR1 siRNA (siS1PR1) prior to coculture with neurons. Expression of 

S1PR1 was efficiently downregulated by more than 70% (Figure 8a). We have verified 

that transfection did not affect the reactivity status of astrocytes by measuring mRNA 

expression of reactive astrocyte marker genes including SERPINA3N, TIMP1, S100b, 

and GFAP (Figure S3) (Escartin et al., 2021; Liddelow et al., 2017). Significantly, S1P-

stimulated expression of both SPARCL1 and TSP4 in astrocytes co-cultured with neurons 

was completely blocked by S1PR1 siRNA but not by control siRNA (Figure 8a). In contrast, 

downregulation of S1PR1 did not alter expression of other gene products expressed by 

astrocytes, including S1PR3, TSP1, NFIX, and GLAST (Figure 8b). Furthermore, silencing 

S1PR1 also reduced SPARCL1 immunostaining specifically in astrocytes contacting neurons 

(Figure 8c). Taken together, these data suggest that the S1P/S1PR1 axis is critical for 

neuronal contact-induced expression of astrocyte synaptogenic factors SPARCL1 and TSP4.

3.6 | Neuronal contact-induced morphological complexity of astrocytes depends on 
S1PR1

Because S1PR1 is expressed on PAPs (Figure 4) and is also associated with the arborization 

of BG peripheral processes (Figure 5), we wondered whether astrocyte S1PR1 might control 

astrocyte morphological complexity. Consistent with previous studies (Hasel et al., 2017; 

Stogsdill et al., 2017), astrocyte complexity, determined by Sholl analyses as the number 

of intersections at a given periphery, was greatly enhanced by coculture with neurons 

with longer and increased branching compared to astrocytic monocultures (Figure 9a,b). 

The increased complexity was also corroborated by the increased perimeter of astrocytes 

in cocultures (Figure 9c). Interestingly, we also observed that human astrocytes when 

cultured in the absence of neurons showed larger cell soma (Figure 9a,b). We speculate 

that neuronal presence drives astrocytic morphological changes such that astrocytic soma 

size is reduced and membrane is utilized to create extended complex branching with 

finer processes ready to contact and ensheath synapses. In an in vivo setting, this might 

also ensure that most of the neuropil is available for formation of synaptic connections 

and their association with astrocyte fine processes but not occupied by astrocytic large 

soma. Indeed, in the developing mouse visual cortex, astrocyte cell soma appears larger at 
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postnatal day P7 (when neuronal connections have not established yet and astrocytes are 

morphologically less complex) compared to that at P21 (when neuronal connections have 

established, and astrocytes have acquired complex morphology) (Stogsdill et al., 2017). 

To directly demonstrate the significance of S1PR1 signaling in astrocyte morphological 

complexity, we used the S1PR1 antagonist W146 (Gonzalez-Cabrera et al., 2008) and 

siRNA approaches. Treatment with W146 (Figure 9d) or downregulation of S1PR1 (Figure 

9e) significantly altered complexity of the co-cultured astrocytes, which were characterized 

by shorter processes, fewer branches, and decreased perimeters (Figure 9a–e). To further 

validate the direct effect of S1P on astrocyte complexity, human astrocyte and mouse 

neuronal cocultures were treated with 100 nM S1P for 21 h. S1P potently induced 

astrocytic morphological complexity determined by Sholl analyses (Figure S4). Next, we 

tested whether S1PR1 also controls astrocyte-synapse association. We downregulated S1PR1 

in astrocytes and cocultured with neurons and stained for postsynaptic marker protein 

homer-1 (Figure 9f,g). Interestingly, homer-1 puncta associated with astrocytic processes 

were significantly reduced by S1PR1 downregulation (Figure 9f,g), while the size of the 

homer-1 puncta remained unchanged (Figure 9, right panel). These data suggest that S1PR1 

signaling in astrocytes is needed for neuronal contact-induced growth of astrocyte processes, 

generation of astrocyte complexity, and astrocyte-synapse association.

4 | DISCUSSION

Although astrocytes were initially considered as non-excitable and space filling cells in 

the brain, these cells have emerged as key players actively regulating neuronal synaptic 

circuit assembly and functions as well as animal behavior (Stogsdill & Eroglu, 2017). 

Astrocytes contact the majority of synapses by their PAPs and modulate synapse formation 

and synaptic transmission by releasing soluble synaptogenic signals such as SPARCL1 

and TSPs, gliotransmitters D-serine and ATP, and by maintaining ion homeostasis in 

the extrasynaptic milieu (Stogsdill & Eroglu, 2017). Emerging evidence indicates the 

existence of dynamic interplay between astrocytes and neurons beyond the tight physical 

and functional association between neuronal synapses and PAPs (Allen & Eroglu, 2017; 

Bernardinelli et al., 2014; Lavialle et al., 2011). However, the mechanisms regulating 

these dynamic interactions have just begun to be explored. In this work, we show that 

neuronal contacts induce expression of S1PR1 in astrocytes and stimulation of S1PR1 in 

turn regulates expression of astrocyte synaptogenic factors SPARCL1 and TSP4. Moreover, 

S1PR1 is expressed on PAPs and its expression is developmentally regulated in rodent brain.

Previously we showed that SPARCL1 secreted by astrocytes recruits NMDARs at the 

postsynapse, induces vesicular glutamate transporter 2 (VGLUT2) positive thalamocortical 

synapse formation, and plasticity in the developing visual cortex (Singh et al., 

2016). Expression of SPARCL1 is upregulated during astrocyte differentiation by DNA 

demethylation of its promoter and binding of the transcription factor NFIX (Hatada et 

al., 2008; Singh et al., 2011; Wilczynska et al., 2009). However, the signals that regulate 

expression of SPARCL1 were unknown. After an extensive screening of many bioactive 

molecules, including cytokines, growth factors, and numerous lipids (data not shown), we 

discovered that S1P specifically induced SPARCL1 expression in astrocytes cocultured 

with neurons by binding to S1PR1. In our knowledge this is the first evidence that 
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an external signal stimulate expression of SPARCL1 in astrocytes. Since we found that 

downregulation of S1PR1 in astrocytes cocultured with neurons does not significantly alter 

NFIX expression, this transcription factor is not likely regulating SPARCL1 expression in 

response to S1PR1 activation. S1P-S1PR1 signaling has been reported to activate STAT3 

(Lee et al., 2010; Liang et al., 2013), which is an established astrocyte differentiation 

factor (Bonni et al., 1997). Thus, it is tempting to speculate that STAT3 could contribute to 

regulation of SPARCL1 expression.

Like SPARCL1, TSPs have also been shown to induce excitatory synapse formation in 

cultured neurons (Eroglu et al., 2009). Furthermore, TSP4 contributes to neuropathic pain 

generation by increasing VGLUT2 positive synapses and their activity in the dorsal horn of 

the spinal cord (Park et al., 2016). Because the kinetics of TSP4 and SPARCL1 induction 

by S1P/S1PR1 were dissimilar, it is likely that distinct downstream pathways are involved. 

Furthermore, developmental changes in expression of TSP4 are similar to the changes of 

SPARCL1 and S1PR1 expression in the cortex, but not in the cerebellum. Since astrocytes 

are heterogeneous and exhibit distinct expression and functional profiles to accordance with 

local needs (Huang et al., 2020), different population of astrocytes may also differentially 

regulate expression of SPARCL1 and TSP4 in response to S1P/S1PR1 signaling.

S1PR1 expression gradually increases in developing mouse brains and neuronal contact 

stimulates expression of S1PR1 in astrocyte cocultures, suggesting a continuous cell-cell 

interaction-based mechanism may increase S1PR1 expression. It was reported that neurons 

synthesize and secrete the neurotrophic cytokines that activate the gp130-JAK-STAT3 

signaling pathway important for astrocyte development in vitro (Barnabe-Heider et al., 

2005). As STAT3 transcriptionally upregulate S1PR1 expression (Lee et al., 2010; Liang 

et al., 2013), it is possible that JAK-STAT signaling also drives neuronal contact-mediated 

S1PR1 expression in astrocytes. We have uncovered new functions for astrocytic S1PR1 

signaling in regulation of bi-directional astrocyte-neuron crosstalk that controls astrocyte 

complexity and morphogenesis and astrocyte-synapse association. Astrocytic S1PR1 might 

also regulate synapse formation and function by increasing the expression of synaptogenic 

factors, such as SPARCL1 and TSP4. PAPs are highly dynamic structures, particularly 

in the developing brain as well as during synaptic activity, regulated by Rho/Rac/cdc42 

GTPases (Kofuji & Araque, 2021). Activation of Rac1 or CDC42 enhances PAPs formation. 

Because, S1PR1 is primarily localized to the PAPs and S1P-S1PR1 signaling activates these 

GTPases (Toman et al., 2004), S1PR1 may regulate astrocyte morphogenesis via Rac1- and 

CDC42-mediated actin rearrangements. S1PR1 is predominantly coupled to Gi. Studies 

using Designer Receptors Exclusively Activated by Designer Drugs (DREADD)-based 

chemogenetic tools showed that astroglial activation by Gi/o protein-mediated signaling 

stimulated gliotransmitter release, which increased neuronal excitability (Durkee et al., 

2019). Moreover, long term Gi-DREADD but not Gq-DREADD activation specifically 

in visual cortical astrocytes was required for proper visual circuit plasticity (Hennes 

et al., 2020). Similarly, Gi-DREADD activation in hypothalamic astrocytes modulated 

hypothalamic neural circuit function and ghrelin-dependent food intake (Yang et al., 2015). 

Thus, S1PR1 present on the PAPs are poised to regulate Gi-dependent astrocyte-neuron 

interplay and modulate circuit functions. These could be either by modulation of short-
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term Ca2+-regulated gliotransmitter release or long-term modulation of gene expression of 

synaptogenic factors, such as SPARCL1 and TSP4.

Since S1P levels increase during the first 4 weeks of cortical development in rodents 

(Davis et al., 2020), S1P-S1PR1 signaling may be crucial for the proper development 

of neural circuits and their functions. S1P can be generated by neurons, astrocytes and 

microglia during neuronal activity or neuroinflammation (Anelli et al., 2005; Karunakaran 

& van Echten-Deckert, 2017). Because S1PR1-5 are differentially expressed in these cells, 

S1P-S1PR signaling in cocultures could imply a complex system of paracrine or autocrine 

regulation (Karunakaran & van Echten-Deckert, 2017). Indeed, S1P activation of S1PR2 

in cultured astrocytes increases mitochondrial oxygen consumption and inhibits excess 

extracellular glutamate uptake, which could contribute to neurotoxicity (Jonnalagadda et al., 

2021). S1P has been shown to regulate presynaptic release of glutamate and it is also known 

that synaptic depolarization induces S1P release near vesicular release sites at the plasma 

membrane (Kajimoto et al., 2007). These observations suggest that S1P might be released 

at the neuronal presynaptic terminal during synaptic activity. Interestingly, levels of S1P, 

S1PR1, SPARCL1, and TSP4 are altered in many synaptopathology-associated disorders 

including, AD and neuropathic pain (Wang & Bieberich, 2018) (Pan et al., 2016; Seddighi 

et al., 2018; Singh & Spiegel, 2019). Thus, our current findings placing the S1P/S1PR1 axis 

as critical regulator of both astrocyte morphogenesis and astrocyte-neuron crosstalk, could 

have important implication not only for brain development but also for these neurological 

disorders.
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FIGURE 1. 
Dynamic expression of S1PRs and astrocyte-secreted synaptogenic factors during mouse 

brain development. (a, b) Expression of S1PR1-5 and major synaptogenic factors determined 

by qPCR in the cortices (a) and cerebella (b) of mouse brain at the indicated postnatal age. 

Data were normalized to 18S RNA and expressed as fold change relative to the expression 

at P5. n ≥ 5 independent measurements from three brains at each time point. Data are mean 

± SD, *p < .05, determined by one way ANOVA followed by Tukey’s multiple comparison 

test. (c, d) Protein levels of S1PR1, SPARCL1, and GFAP in the cortices (c) and cerebella 
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(d) at the indicated postnatal age determined by western blotting. Tubulin was used as 

a loading control. S1PR1 blots were quantified relative to tubulin by densitometry and 

expressed as fold change relative to P5 (right panels)
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FIGURE 2. 
Widespread expression of S1PR1 in the brain. (a) eGFP fluorescence of sagittal sections 

of S1PR1-eGFP mouse brains at P8 (top) and P21 (bottom). (b) Enlarged images of 

the indicated cortical, hippocampal and cerebellar regions from panel (a). (c) In situ 

hybridization (ISH) data for S1PR1 (Allen brain atlas) at the indicated time points of mouse 

brain development
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FIGURE 3. 
S1PR1 is expressed in mouse and human astrocytes. (a) Expression of S1PR1 in the various 

brain cell types (www.brainrnaseq.org). FPKM: fragments per kilobase of transcript per 

million mapped reads. (b, c) Confocal images of S1PR1-eGFP (green), astrocytic marker 

GFAP (red) (b) or neuronal dendrite marker MAP2 (red) (c) in cortical, hippocampal and 

cerebellar regions from P21 S1PR1-eGFP mice
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FIGURE 4. 
S1PR1 is highly expressed on perisynaptic astrocyte processes. (a) Confocal images of 

S1PR1-eGFP (green) in cortical layer L1-L2/3, hippocampus, and cerebellar molecular layer 

from P21 S1PR1-eGFP mice immunostained for (a) astrocytic glutamate transporter GLT1 

(red) or (b) astrocyte aquaporin 4 (AQP4) (red) as indicated. Enlarged boxed areas are 

shown (lower panels)
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FIGURE 5. 
Developmental expression of S1PR1 by Bregman glia. (a–c) Confocal images of S1PR1-

eGFP (green) of cerebellar sections at postnatal days P8, P15, and P21 from S1PR1-eGFP 

transgenic mice immunostained for SPARCL1 (red) or calbindin (magenta). Enlarged boxed 

areas are shown. GC, granular layer; ML, molecular layer
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FIGURE 6. 
Neuronal contact stimulates S1PR1 expression in astrocytes. (a) Diagram of the mouse 

cortical neuron and human astrocyte coculture system. (b, c) qPCR analyses of expression 

of astrocytic S1PRs (b) and synaptogenic and maturation markers (c) in human astrocytes 

cultured alone or co-cultured with mouse cortical neurons. Data were normalized to GAPDH 

and presented as fold expression compared to astrocytes alone. n = 3 independent primary 

cell preparation experiments. Data are mean ± SEM, *p < .05, two tailed Student’s t-test. For 

NFIX, *p < .05, one tailed Student’s t-test
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FIGURE 7. 
S1P specifically upregulates expression of synaptogenic factors in astrocytes cocultured with 

neurons. (a–c) Human astrocytes were cultured in the absence or presence of mouse cortical 

neurons and stimulated without or with 100 nM S1P. Expression of astrocyte synaptogenic 

factors was determined by qPCR and normalized to GAPDH presented as fold expression 

compared to untreated astrocytes alone. n = 3 independent culture experiments. Data are 

expressed as means ± SEM. *p < .05, one way ANOVA followed by Sidak’s multiple 

comparison test
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FIGURE 8. 
Neuronal contact induces astrocyte expression of SPARCL1 and TSP4 via astrocytic 

S1PR1. Human astrocytes were transfected with either siRNA targeting S1PR1 (siS1PR1) 

or control siRNA (siCon), then cultured in the presence (a) or absence (b) of mouse 

neurons and stimulated without or with 100 nM S1P. Expression of synaptogenic factors 

(a) and maturation markers (b) was determined by qPCR and normalized to GAPDH 

presented as fold expression compared to siCon. Data are expressed as means ± SEM. 

n = 3 independent culture experiments, *p < .05, one way ANOVA followed by Sidak’s 

multiple comparison test (a) or 2-tailed t-test (b). (c) Representative image of SPARCL1 

(red) immunostaining in astrocytes cocultured with neurons stained for MAP2 (Green). 

Right panel shows quantification of SPARCL1 fluorescence (red) intensity plotted as relative 

integrated density per area compared to siCon condition. Data are expressed as means ± 

SEM, n = 55–60 images per condition of nine independent cultures from three separate 

primary cell preparations, *p < .05, two tailed Student’s t-test
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FIGURE 9. 
S1PR1 regulates neuron-induced astrocyte morphological complexity and postsynapse 

association. (a) Representative images of eYFP transfected astrocytes cultured alone or with 

neurons in the presence or absence of 50, 150, or 500 nM W146. (b, d) Quantitation of 

astrocyte morphological complexity by Sholl analysis. Data is presented as numbers of total 

intersections at the indicated distance from the center of the cell body. n = 34–42 images 

per condition from six independent cultures from two primary cell preparations. Similar 

results were obtained in another 3rd biological replicate with 150 nM W146. Data are mean 

± SEM; *p < .05, one way ANOVA followed by Kruskal-Wallis test for the entire curves. 

(c) Quantitative analyses of perimeters of eYFP transfected astrocytes. Data are expressed 

as perimeter of eYFP filled area. n > 20 images per condition from three independent 

cultures; data are mean ± SEM; *p < .05, one way ANOVA followed by Sidak’s multiple 

comparison test. (e) Representative image of immunostained GFAP (green) in siCon or 

siS1PR1treated astrocytes cocultured with neurons. Quantitative analyses of images from (e) 

used to determine perimeter of astrocytes (f). Data are expressed as perimeter per GFAP 
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filled area (left panel) or GFAP intensity (right panel). n = 38–40 images per condition from 

six independent cultures from two separate primary cell preparations. Similar results were 

obtained in another 3rd biological replicate experiment. Data are mean ± SEM; *p < .05, 

two tailed Student’s t-test. (g) Representative images of synapse (homer-1, red) association 

with siCon or siS1PR1 transfected astrocytes (GFAP, green) in cocultures. (h) Quantification 

of homer-1 puncta association with astrocytes. Data are numbers per 100 μm2 area of GFAP 

positive astrocytes (left) or size of homer-1 puncta (right). n = 30–36 images per condition 

from six independent cultures from two separate primary cell preparations. Data are mean ± 

SEM; *p < .05, two tailed Student’s t-test
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