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Abstract

Accumulating evidence indicates that neuroinflammation contributes to the pathogenesis and 

exacerbation of neurodegenerative disorders, such as Alzheimer disease (AD). Sphingosine-1-

phosphate (S1P) is a pleiotropic bioactive lipid that regulates many pathophysiological processes 

including inflammation. We present evidence here that the spinster homolog 2 (Spns2), a S1P 

transporter, promotes microglia pro-inflammatory activation in vitro and in vivo. Spns2 knockout 

(Spns2KO) in primary cultured microglia resulted in significantly reduced levels of pro-

inflammatory cytokines induced by lipopolysaccharide (LPS) and amyloid-beta peptide 1-42 

oligomers (Aβ42) when compared to littermate controls. Fingolimod (FTY720), a S1P receptor 1 

(S1PR1) functional antagonist and FDA approved drug for relapsing-remitting multiple sclerosis, 

partially blunted Aβ42-induced pro-inflammatory cytokine generation, suggesting that Spns2 

promotes microglia pro-inflammatory activation through S1P-signaling. Spns2KO significantly 

reduced Aβ42-induced nuclear factor kappa B (NFκB) activity. S1P increased, while FTY720 

dampened, Aβ42-induced NFκB activity, suggesting that Spns2 activates microglia inflammation 

through, at least partially, NFκB pathway. Spns2KO mouse brains showed significantly reduced 

Aβ42-induced microglia activation/accumulation and reduced levels of pro-inflammatory 

cytokines when compared to age-matched controls. More interestingly, Spns2KO ameliorated 

Aβ42-induced working memory deficit detected by Y-Maze. In summary, these results suggest 
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that Spns2 promotes pro-inflammatory polarization of microglia and may play a crucial role in AD 

pathogenesis.

Graphical Abstract

Main point: Using a mouse line deficient for the S1P transporter, Spns2, we demonstrate that 

Spns2 promotes Aβ42-induced pro-inflammatory activation of microglia through NFκB pathway 

and contributes to Aβ42-induced cognitive decline. These data suggest that Spns2 is a potential 

new mediator of Aβ42-induced pro-inflammatory polarization of microglia and may play a role in 

AD pathogenesis.
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Introduction

Microglia, accounting for about 5–12% of all glial cells, are the first line defense of the 

central nervous system (Greter and Merad 2013; H et al. 2017; Parisi et al. 2016). Although 

more complicated functional heterogeneity is being discovered recently, microglia activation 

are mainly categorized into two states: the pro-inflammatory neurotoxic state and the anti-

inflammatory neuroprotective state, (Cunningham 2013; Greter and Merad 2013). Pro-

inflammatory microglia are generally identified by expression of pro-inflammatory 

cytokines and chemokines, such as tumor necrosis factor α (TNFα), interleukin-6 (IL6), 

IL-1β, and nitric oxide, while anti-inflammatory-polarized microglia identified by high 

expression of Arginase-1 (Arg1), Interleukin-4 (IL4), and CD206 (H et al. 2017; Parisi et al. 

2016). Treatment with endotoxin LPS, amyloid beta peptide (Aβ), and other agents lead to 

pro-inflammatory polarization, whereas treatment with anti-inflammatory agents, such as 

IL4 and glatiramer acetate, result in anti-inflammatory polarization (Cao et al. 2017; Lee et 

al. 2008; McGeer and McGeer 2002; Minett et al. 2016). However, many aspects of the 

microglia biology, especially the intrinsic molecular mechanisms leading to different 

activation states and their corresponding effect on cellular and neuronal function in different 

pathophysiological context, remain elusive and demand further investigation (Cherry et al. 

2014; McGeer and McGeer 2002; Minett et al. 2016; Moller et al. 2001; Ramesh et al. 2013; 

Wang et al. 2015b).

Sphingosine-1-Phosphate (S1P) is a major signaling lipid that plays a crucial function in 

inflammation in a cell type and context dependent manner (Maceyka et al. 2012; Maceyka 

and Spiegel 2014; Spiegel et al. 1998; Takabe and Spiegel 2014; Yu et al. 2004). S1P has 

been found to induce anti-inflammatory polarization of macrophages (Hughes et al. 2008) 
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while promoting a pro-inflammatory phenotype in microglia ischemic stroke conditions 

(Moon et al. 2015). However, the roles of S1P in AD are unclear. On one hand, the level of 

S1P is reduced in postmortem AD patient brains suggesting a protective role, consistent with 

S1P’s often observed neuroprotective or proliferative effects in neurons and astrocytes 

(Ceccom et al. 2014; Couttas et al. 2014; He et al. 2010). Corroborating with this notion, the 

level of sphingosine kinase 1 (SphK1) is increased and that of S1P lyase (SgPL1) is 

decreased in these postmortem brains (Ceccom et al. 2014). On the other hand, there are also 

studies suggesting an opposite and disease-causative function in the initiation and/or 

progression of AD (Hagen et al. 2011; Lei et al. 2017; Takasugi et al. 2011). Prolonged 

exposure of hippocampal neurons to S1P resulted in apoptosis due to Ca2+-mobilization, 

depending upon the activation of protein phosphatases, possibly calcineurin and phosphatase 

2A or a related phosphatase (Moore et al. 1999). Hagen et al show that accumulation of 

sphingosine kinase 2 (SphK2)-generated S1P induces apoptosis in SgPL1-deficient neurons, 

which involved dephosphorylation to sphingosine and rephosphorylation catalyzed by 

SphK2 (Hagen et al. 2011). Deletion of SphK2 enhanced contextual fear conditioning is 

enhanced in SphK2 knockout mice (Lei et al. 2017). More importantly, in a longitudinal 

study investigating patients with mild cognitve impairment (MCI), the level of S1P is 

significantly increased in the cerebral spinal fluid of those AD patients that were developed 

from MCI (MCI-AD), authough the S1P level eventually decreases in fully-developed AD 

patients, implicating S1P plays a role in the early pathogenesis of AD (Ibanez et al. 2013). 

Given these conflicting report and the complex roles it plays in the regulation of cellular 

functions, more detailed functional and mechanistic insights are needed to better understand 

the function of S1P and its signaling in AD (Hisano et al. 2012; Rothhammer et al. 2017).

Spns2 is an S1P transporter first discovered in zebrafish by a mutagenesis study (Kawahara 

et al. 2009). Mutation of Spns2 in zebrafish causes impaired migration of cardiomyocyte 

precursors and cardia bifida (two hearts) which can be rescued by S1P injection, indicating 

that Spns2 is an essential S1P transporter in vivo (Kawahara et al. 2009; Osborne et al. 

2008). This S1P transportation function is validated in in vitro studies and by genetic 

knockout in mice, in which Spns2 deficiency results in marked reduction of lymph (or 

serum) S1P level. Spns2KO mice show a divergent function of this gene in mammals, 

exhibiting reduced circulating lymphocytes, early onset hearing loss, and cataracts (Chen et 

al. 2014; Kawahara et al. 2009; Mendoza et al. 2012; Mendoza et al. 2017; Nagahashi et al. 

2012; Nijnik et al. 2012). Knockout of lymphatic endothelial Spns2 reduces pulmonary 

metastasis via a mechanism that involves induction of a lymphopenia and an increase in 

effector T cell and natural killer cell number to enhance tumor cell killing in the lung (van 

der Weyden et al. 2017). A most recent study shows that the reduced number of circulating 

T cells in Spns2KO mice is due to increased naive T cell death in the lymph nodes 

(Mendoza et al. 2017). Further, Spns2KO mice are protected in adaptive immune and in 

autoimmune disease models such as airway inflammation, colitis, arthritis and experimental 

autoimmune encephalopathy (Donoviel et al. 2015). However, Spns2’s function in microglia 

and neuroinflammation is not known.

In this study, we examined the function of Spns2 and S1P in microglia biology underlying 

AD pathology using both in vitro and in vivo approaches. Our results show that Spns2 

deficiency leads to reduced pro-inflammatory polarization of primary cultured microglia in 
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vitro. Exogenous S1P dose-dependently increased pro-inflammatory cytokine generation, 

and Fingolimod (FTY720), partially blunted Aβ42-induced pro-inflammatory cytokine 

generation, suggesting that Spns2/extracellular S1P promotes microglia inflammation. 

Spns2KO significantly reduced Aβ42-induced NFκB activity. S1P supplementation in both 

control and Spns2KO microglia increased the level of pP65, although the level was higher in 

Con than in Spns2KO. FTY720 treatment dampened Aβ42-induced NFκB activity. 

Combinative supplementation of S1P and Aβ42 exhibited a cumulative effect when 

compared to treatment alone, which was diminished by FTY720. Spns2 deficiency reduced 

microglial activation/proliferation in mice injected with Aβ42 oligomer in vivo. More 

interestingly, Spns2KO partially ameliorates memory loss induced by Aβ42 in vivo, 

suggesting Spns2/S1P plays a role in AD pathogenesis.

Materials and Methods

Materials:

The antibody against phosphorylated NFκB P65 (pP65) (Ser 536) and LPS were from 

Sigma Aldrich (St. Louis, MO), antibodies against GAPDH, pIκB, TNFα, IL4, IL6, and 

IL10 were from Santa Cruz Biotechnology (Dallas, TX). Anti-IBA1 was from Abcam 

(Cambridge, MA). Anti-NeuN was from EMD Millipore (Billerica, MA), Anti-P2Y12 was 

from Anaspec (Fremont, CA), and Aβ42 was from rPeptide (Watkinsville, GA). Huzzah® 

S1P (human serum albumin conjugated) and Control HAS were from Avanti Polar Lipids 

(Alabaster, AL).

Animals:

The Spns2 conditional knockout mice Spns2f/f was a generous gift from Dr. Susan Schwab 

(NYU Langone Medical Center). These mice were bred with mice carrying Cre recombinase 

under the control of β-actin promoter to generate Spns2 knockout mice (Spns2−/−, 

Spns2KO). Spns2KO mice lack exon 3 and thus were genotyped using a pair of primers 

flanking the exon: upstream: ACTTGGCCTTAGCCAGGAAT, and downstream: 

GGAGAAGCTAAGCAGGAGCA. All animal experiments were approved by the Augusta 

University Institutional Animal Care and Use Committee according to the National Institutes 

of Health’s Guide for the Care and Use of Laboratory Animals.

Methods

Preparation and treatment of primary microglia:

Primary glia culture were prepared from P1 to P3 pups of Spns2+/− breeding following 

published protocols (Ni and Aschner 2010). Microglia were collected by gently shaking the 

flasks and plating detached cells on dishes coated with Poly L-lysine (Invitrogen, Carlsbad, 

CA), following published protocols. The purity of microglia was routinely > 95% shown by 

labeling of CD11b (Ni and Aschner 2010). Microglia transcriptome undergoes extensive and 

rapid changes in culture (Gosselin et al. 2017). To minimize variations, we used primary 

cultures that were prepared from littermate control (Con) and Spns2KO pups prepared under 

the exact same conditions. The primary cultured microglia were treated with LPS (1μg/ml) 

and soluble human Aβ42 oligomers (1μM). The soluble Aβ42 oligomers were prepared by 
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following previous publications with minor modifications (Ryan et al. 2013). Briefly, Aβ42 

lyophilized powder was dissolved in 1% (w/v) NH4OH to prepare a stock solution of 221 

mM. The stock solution was aliquoted and frozen in 80°C. The Aβ42 stock was neutralized 

by HCl, diluted to 100 mM using serum-free medium, and incubated in 4°C for 24 hours 

before experiments.

RNA extraction, RT-PCR, and quantitative PCR:

Total RNA was extracted from cells or tissues using Trizol reagent following manufacturer’s 

instructions (Invitrogen, Carlsbad, CA). First strand DNA was synthesized using iScript 

cDNA synthesis kit (Bio-Rad, Hercules, CA). Quantitative PCR was performed on a CFX96 

Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA). The primers were: 

GAPDH, 5’-CGTGTTCCTACCCCCAATGT-3’ and 5’-

TGTCATCATACTTGGCAGGTTTCT-3’; TNFα, 5’- CTGAACTTCGGGGTGATCGG −3’ 

and 5’-TGGTGGTTTGTGAGTGTGAG-3’; IL6, 5’-GGATACCACTCCCAACAGACC-3’ 

and 5’-TGTTTTCTGCAAGTGCATCATCG-3’; IL-1β, 5’-

TGACGGACCCCAAAAGATGA-3’ and 5’-CTTGTTGATGTGCTGCTGCG-3’; Arg1, 5’-

TGTGGGGAAAGCCAATGAAG-3’ and 5’-GATGCTTCCAACTGCCAGAC-3’; CD206, 

5’-GCCCTGAACAGCAACTTGAC-3’ and 5’-CTCGTCAGCACCCCAGTTAG-3’; IL4, 5’-

GGTCTCAACCCCCAGCTAGT-3’ and 5’-GCCGATGATCTCTCTCAAGTGAT-3’.

ELISA:

Secreted TNFα, IL4, IL6, and IL10 proteins were measured using the TNFα Mouse ELISA 

kit (Invitrogen, Carlsbad, CA) and the mouse Single Analyte ELISAArray Kits Mouse 

(SABiosciences, Frederick, MD) for IL4, IL6, and IL10. Briefly, supernatant from primary 

cultured microglia were centrifuged at 2,000g for 10 min at 4°C to remove debris. Samples 

were added into the bottom of precoated microplate stripe wells. Mouse TNFα, IL4, IL6, or 

IL10 biotin conjugates were added, mixed, and incubated at room temperature for 90 min. 

Streptavidin-HRP were then added and incubated at room temperature for 30 min. The 

optical density was measured by a microplate reader after adding developer and stop 

solutions (BioRad, Hercules, CA).

Immunoblot analysis:

Protein concentrations were determined using the RC/DC protein assay, in accordance with 

the manufacturer’s (Bio-Rad) instructions. Equal amounts of protein were loaded onto a 

4-20% gradient gel, and SDS-PAGE was performed using the Laemmli method. For 

immunoblotting, membranes were first blocked with 5% dry milk (or 3% BSA for 

phosphorylated proteins) in PBST (PBS containing 0.1% Tween-20) and incubated with 

primary antibodies in the blocking buffer overnight at 4°C. Membranes were then washed 

three times with PBST and incubated with the appropriate horseradish peroxidase-

conjugated secondary antibodies for 1 h at room temperature. After washing, bands were 

detected using an Odyssey imaging system using a Li-Cor system (Li-Cor), or the ECL 

system (ThermoFisher Scientific).
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In vivo amyloid beta injection, immunostaining and laser confocal microscopy:

Male Spns2KO 6 to 8-month-old mice were used in the experiments. Heterozygote or wild 

type littermates were used as controls. After ketamine-xylazine induced anesthesia, the 

mouse was secured onto a Kopf stereotaxic device (David Kopf Instruments, Tujunga, CA). 

Under aseptic conditions, the skull was exposed, a burr holes drilled, and a needed inserted 

into both side of the subgranular zone of hippocampus (AP, −2.0 mm; ML, ±1.3 mm; DV, 

−2.2 mm). Four μl of 100 μM Aβ42 was injected at a rate of 0.5μl/min. After injection, the 

needle was kept in place for 5 min before being withdrawn to prevent reflux of the injected 

material. Six weeks after injection, the mice were used for a behavioral study (Y-maze) and 

sample collection for further analyses with immunohistochemistry and immunoblot. For 

immunohistochemistry, frozen sections were immunolabeled with antibodies and images 

taken using a Zeiss LSM 780 inverted or a LSM 510 upright confocal laser-scanning 

microscope equipped with a laser at wavelength of 488 nm, 543 nm, and 633 nm. LSM 510 

Meta 3.2 and Zen (blue version) software were used for image acquisition and processing.

Extraction of nuclear proteins:

Nuclear proteins were prepared using the CelLytic NuCLEAR Extraction kit following 

manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO). Briefly, cells were washed 

three times with cold PBS and collected. Lysis buffer (with DTT and protease inhibitor) and 

reagent IGEPAL CA-630 was added, incubated on ice for 15 min, and centrifuged at 

10,000-11,000 g and 5°C. The nuclear extractor mix (1 μl 0.1M DTT+1 μl protease inhibitor 

cocktail+98μl extractor buffer) was then added to the pellet, mixed, incubated, and 

centrifuge at 20,000-21,000 g for 5min at 5°C. The nuclear fraction (pellet) was saved at 

−80 °C until analysis.

Y-Maze:

Working memory was tested using a Y-maze (San Diego Instruments, San Diego, CA). The 

Y-maze consisted of three identical beige plastic arms at 120° angle that were labeled A, B, 

C. Each arm was 7.5 cm in width, 38 cm in length, and 12.5 cm in height. No visual or 

auditory cues were present in any of the arms. The whole apparatus was under the 

illumination of appropriately 100 lux lighted by 3 bulbs. The mice were placed individually 

in the far end of one arm and their movement monitored and recorded by a webcam (C920, 

Logitech, Newark, CA) and analyzed using the Any-Maze software (Stoelting, Wood Dale, 

IL). A mouse was considered to have entered an arm if its whole body (except for the tail) 

entered the arm and to have exited if the whole body exited the arm. If an animal 

consecutively entered three different arms, it was counted as a spontaneous alternation 

performance (SAP), which is an indication of sound working memory. If an animal went 

from A to B and came back to A, it was counted as an alternate arm return (AAR). Any time 

a mouse went from an arm (e.g., arm A) to the center and came back to the same arm (A), it 

was counted as a same arm return (SAR). Both AAR and SAR indicate defected working 

memory. The score of alternation was calculated using the formula: Score= number of 

alternating triads/ (total number of triads minus 2) × 100%.
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S1P quantification in culture media and cell pellet:

Primary cultured microglia were washed three times and changed into media with 10% 

delipidated FBS. Microglia culture media and cell pellet were collected and S1P level 

analyzed in the Lipidomics Core of Medical University of South Carolina and Virginia 

Commonwealth University (Bradley et al. 2014).

Preparation of delipidated FBS:

FBS was delipidated by charcoal according to published procedures (Obinata and Hla 2012). 

2.5 g of activated charcoal was washed with distilled water three times. 25 ml FBS added 

and rotated overnight at 4°C. The sera were centrifuged at 1,200 g for 15 min, filtered using 

0.45 μm and 0.2 μm pore size syringe filters.

Quantification and statistical analysis:

For quantification of IBA1, the total fluorescence intensity will be measured by the NIS-

Element AR 3.0 Imaging system in five sections. The intensity values will be averaged for 

each group of animals and expressed as the mean densitometry value. The mean, SD, and 

significance tests of control and treatment samples were calculated using Microsoft Excel 

and GraphPad Prism. Student’s t-test was used to compare two groups and one-way ANOVA 

with Tucky post-hoc test for three or more groups. Values of p<0.05 were considered 

significant.

Results

Spns2 transports S1P in microglia

The function of Spns2 in microglia is not known. We first determined whether Spns2 is 

expressed in primary cultured mouse microglia. RT-PCR showed Spns2 mRNA was detected 

in wild type control microglia (Con), while not detectable in littermate Spns2KO microglia 

(Fig.1A). Spns2 expression was also detected in BV2 cells, a microglia cell line (not shown). 

Lipidomics analyses found that the medial level of S1P is reduced by more than 70% in 

Spns2KO microglia when compared to that of Con (Fig.1B), while those of dihydro-S1P 

(dhS1P), Sphingosine (Sph), and dihydro-Sph (dhSph) remained unchanged (Fig.1B and 

Fig.1C). On the other hand, the intracellular S1P level in Spns2KO microglia was not 

significantly altered (Fig.1D), potentially due to a small sample size or the rebalanced 

expression of its metabolic enzymes SphK1, SphK2, and SgPL1 (Fig.1E). Mfsd2b, a newly 

discovered S1P transporter (Kobayashi et al. 2018; Vu et al. 2017), was not detectable in 

primary cultured microglia (not shown). These data indicate that Spns2 is expressed and 

functions to regulate S1P transport in microglia.

Spns2 depletion reduces pro-inflammatory activation of microglia

We next investigated the function of Spns2 in microglia activation by using primary cultured 

microglia. Lipopolysaccharide (LPS) is a bacterial endotoxin inducing microglia activation 

(Fu et al. 2017; H et al. 2017; Lall and Baloh 2017). Figure 2A shows that LPS treatment 

(24 hours) induced mRNA expression of TNFα, a pro-inflammatory polarization marker 

when compared to vehicle (Veh) treatment, in both littermate control (Con) and Spns2KO 
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microglia. However, the level of TNFα was reduced by more than 55% in Spns2KO 

microglia when compared to Con (Fig.2A and 2B). Other markers of pro-inflammatory 

polarization, interleukin 1-β (IL-1β) and IL6, are reduced even more significantly, by more 

than 90% and 98%, respectively (Fig.2B). However, the effect of Spns2KO on anti-

inflammatory polarization marker expression was mixed, with CD206 and IL4 being 

increased in Spns2KO microglia while ARG1 being reduced (Fig.2C). A time course study 

showed that, in both Con and Spns2KO microglia, TNFα mRNA was induced by LPS 

treatment within one hour and its level continued to increase until 24-48 hours at which it 

appeared to plateau (Fig.2D). However, the extent of TNFα mRNA increase in Spns2KO is 

significantly smaller than that of Con, consistent with results of Fig.2A and 2B.

Amyloid-β accumulation is one of the hallmarks of AD. We used amyloid-β peptide 1-42 

oligomer (Aβ42) because it is one of the most toxic forms of amyloid peptides in inducing 

inflammation and neurotoxicity (Malaplate-Armand et al. 2006). Similar to LPS, the soluble 

Aβ42 induced microglia activation shown by drastically increased TNFα mRNA expression 

(Fig.3A). The dose of Aβ42 of 1μM was used based on previous publications (Clapp and 

Gazzaley 2012; Heurtaux et al. 2010). Spns2KO significantly reduced TNFα mRNA 

expression, as well as other pro-inflammatory markers IL-1β and IL6, suggesting a reduced 

pro-inflammatory polarization of microglia (Fig.3A and 3B). Spns2KO significantly 

increased the mRNA levels of all three tested anti-inflammatory markers CD206, IL4, and 

ARG1 (Fig.3C). The time response curve of TNFα mRNA generation after Aβ42 treatment 

is included in Figure 3D.

To further validate that Spns2KO reduces production of Aβ42-induced pro-inflammatory 

cytokines and increases production of anti-inflammatory cytokines, we measured the protein 

levels of TNFα, IL6, IL4 and IL10 using ELISA in the media of primary cultured microglia 

treated with Aβ42. Figures 4A shows that the secreted protein levels of TNFα and IL6 were 

significantly reduced in Spns2KO microglia induced by Aβ42, while those of the IL4 and 

IL10 increased when compared to littermate Con

Spns2 regulates microglia activation partly through the S1P/S1PR axis

The above data indicate that Spns2 deficiency reduces Aβ42-induced pro-inflammatory 

polarization in microglia in vitro. Since Spns2 is a major S1P transporter in microglia (Fig.

1B), we added S1P (human serum albumin conjugated) into the culture media to determine 

S1P’s role in this process. S1P supplementation increased gene expression of pro-

inflammatory cytokine IL1β and IL6 and suppressed that of anti-inflammatory cytokines 

IL4 and CD206 (Fig.5A). These S1P dosages were chosen based on previous publications 

(Lv et al. 2016).

Extracellular S1P functions through five S1P receptors (S1PR) (Kim et al. 2009; Maceyka et 

al. 2012; Maceyka and Spiegel 2014; Takabe and Spiegel 2014). To further dissect the 

mechanism underlying Spns2KO-mediated reduction of pro-inflammatory cytokine 

generation, we assayed the levels of S1PRs. qPCR from mRNA of untreated control 

microglia detected all S1PRs except S1PR5, among which S1PR1 was the most abundant 

(Fig. 5B). S1PR5 was below detection limit in contrary to a previous report, possibly due to 

different culture conditions, treatment, or genetic background (Blaho and Hla 2014). Thus, 
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we reasoned that Spns2KO reduces pro-inflammatory response mainly through S1PR1 in 

microglia. This notion was supported by treatment with FTY-720, a functional antagonist for 

S1PR1 (Montalban et al. 2011; Noda et al. 2013), which significantly attenuated Aβ42-

induced IL-1β and IL6 expression in control microglia by 32.0±4.3% and 23.4±2.4% 

(Ab_FTY) (Fig. 5C). These data suggest that Spns2 promotes microglial pro-inflammatory 

activation, likely through extracellular S1P.

Spns2 regulates microglia activation through NFκB signaling

NFκB is a major downstream effector of the S1PR signaling (Blaho and Hla 2014; Hisano et 

al. 2012). The most frequently activated form of NFκB is a heterodimer composed of P65 

(RelA) and p50. It is kept in the cytoplasm as a latent and inactive form by interaction with 

IkB proteins in unstimulated cells (Blaho and Hla 2014; Liang et al. 2013). Upon 

stimulation, IκB is rapidly phosphorylated (p- IκB) and degraded, allowing phosphorylation 

of P65 (pP65) and nuclear translocation of the heterodimer which activates transcription 

activation of pro-inflammatory genes (Blaho and Hla 2014; Liang et al. 2013). To define 

NFκB activity in Spns2KO microglia in AD, we measured the levels pP65 in Aβ42-treated 

microglia. The nuclear level of pP65 was greatly increased by Aβ42 (Fig.6A), consistent 

with previous reports that amyloid activates the NFκB pathway (Bonaiuto et al. 1997; 

Cramer et al. 2012). Spns2KO significantly reduced the nuclear level of pP65 to 40.8±9.0% 

of control when normalized to Histone H3 (HisH3) (Fig. 6A). Accordingly, the level of pIκB 

in Spns2KO microglia was significantly reduced to 42.8±8.9% of Con (Fig. 6B).

To investigate whether the reduced NFκB activity in Spns2KO microglia is caused by 

decreased extracellular S1P level, we added S1P (human serum albumin conjugated) into the 

culture media of microglia. S1P supplementation in both Con and Spns2KO microglia 

increased the level of pP65, although the level was higher in Con than in Spns2KO (Fig.6C 

and 6D). FTY720 treatment dampened Aβ42-induced NFκB activity. Combinative 

supplementation of S1P and Aβ42 exhibited a cumulative effect when compared to 

treatment alone, which was diminished by FTY720 (Fig.6C and 6D). These data suggest that 

S1P coordinates with or contributes to Aβ42-induced NFκB activation.

Spns2 deletion reduces microglia activity/acumulation and improves cognition in vivo

Neuroinflammation contributes to impaired cognitive function (Lee et al. 2008; Qin et al. 

2007; Shamim and Laskowski 2017). To investigate the role of Spns2 in microglia activation 

in vivo, we stereotaxically injected Aβ42 oligomers into the subgranular zone of Spns2KO 

mouse brains (AP:−2mm; ML: ±1.3mm; DL:−2mm) (Jean et al. 2015). Aβ42 oligomer has 

been found to induce microglia activation in vitro and in vivo (Jean et al. 2015; Sasaki et al. 

1997; Wu et al. 2000). After 6 weeks, we carried out a Y-maze behavioral test to assess 

spatial working memory affected by Spns2KO. Alternation of arm entries in a Y-maze is 

driven by an instinct to visit a novel place and requires the mouse to remember which arms it 

entered in its immediately previous exploration (for review, see [54]). During the 3 min test 

session in the Y-maze, Aβ42-treatment significantly reduced the probability of spontaneous 

alternation performance (SAP) to 51% (Con_Aβ) from 74% in vehicle-treated control mice 

(Con) (Fig.7A). Spns2KO prevented the decline of SAP caused by Aβ administration 

(KO_Aβ) (Fig.7A). Correspondingly, Aβ42 significantly increased the probability of 
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alternative arm return (AAR) and same arm return (SAR), while Spns2KO reversed the 

phenotype (Fig.7B and 7C). Treatment with scrambled Aβ42 did not produce a difference 

between Con and Spns2KO in the Y-Maze test (not shown). These results suggest that 

Spns2KO prevents/rescues the spatial working memory loss caused by Aβ42 administration.

After behavioral studies, the mice were sacrificed and brain sections were collected to detect 

microglia activation/proliferation by using IBA1 and P2Y12, marker proteins of microglia 

(Asai et al. 2015; Butovsky et al. 2014; Cao et al. 2017). Immunostaining showed that Aβ42 

induced profound activation/proliferation of IBA1 (+) cells in control brain (Con_Aβ) when 

compared to vehicle treated brains (Con_Veh), many of which exhibited an activated 

phenotype characterized by enhanced IBA1-immunoreactivity, retracted processes, 

perikaryal hypertrophy, and amoeboid appearance (Fig.8A and 8B). In contrast, Spns2KO 

brains exhibited a markedly reduced number of IBA1 (+) cells and IBA1 immunoreactivity 

(Fig.8A and 8B). Microglia labeling with another microglia exclusive marker, P2Y12 

(Ahlers et al. 2015; Bedard et al. 2007; Butovsky et al. 2014; Clark et al. 2010; Valdearcos et 

al. 2017), showed a similar phenotype (Fig.8C). Staining with secondary antibody-only did 

not show any discernible signal (Fig. S1). Next, we detected the level of cytokines in these 

brain samples. Figures 8D and 8E show that in the Spns2KO brains, the levels of brain pro-

inflammatory cytokines TNFα and IL6 were reduced, while those of anti-inflammatory 

cytokines IL4 and IL10 increased, when compared to Con, consistent with the results of our 

in vitro experiments (Fig. 2–4). Treatment with vehicle or scrambled Aβ42 did not induce 

microglia activation/proliferation and cytokine production (not shown). Collectively, these 

data indicate that Spns2 and extracellular S1P promote microglia pro-inflammatory 

activation and Spns2 deficiency ameliorates Aβ42-mediated inflammation and cognition in 
vivo.

Discussion

Chronic activation and production of pro-inflammatory cytokines by microglia is a 

contributing factor to neurodegenerative disease (Hollingworth et al. 2011; McGeer and 

McGeer 2015; Naj et al. 2011; Sims et al. 2017; Wes et al. 2016; Zhang et al. 2012). Long-

term use of nonsteroidal anti-inflammatory drugs (NSAIDs) protects against subsequent 

development of AD and Parkinson’s disease (PD), although randomized controlled trials 

using NSAIDs do not reveal statistically significant outcomes in treating AD after disease 

onset (Bornebroek et al. 2007; Gagne and Power 2010; Vlad et al. 2008; Wang et al. 2015a). 

Inhibiting TNFα mediated inflammation signaling pathway leads to improved cognition in 

AD (Shamim and Laskowski 2017). Microglia depletion/inhibition in animal models of AD 

ameliorates memory loss in adult mice (Asai et al. 2015). In addition, Genomic wide 

association studies (GWAS) have identified variants of several immune genes are risk factors 

for late onset AD including CD33 and TREM2 (Abduljaleel et al. 2014; Hollingworth et al. 

2011; Jonsson et al. 2013; Naj et al. 2011; Painter et al. 2015; Wang et al. 2015c). A most 

recent three-stage case-controlled study of 85,133 subjects identified three new genome-

wide significant nonsynonymous variants in PLCG2, ABI3, TREM2 (Sims et al. 2017). All 

of these genes are highly expressed in microglia, have limited expression in other neural 

cells, and play essential roles in inflammatory response. These studies provide clear 

evidence that microglia-mediated innate immune response associates with the development 
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of neurodegenerative diseases. However, recent studies have also found that the functional 

effects of microglia activation is much more complex than assumed, and are age and context 

dependent (Chen et al. 2012; Stetler et al. 2014). In aging or pathological conditions where 

chronic inflammation is predominant, microglia tend to polarize to a more destructive 

phenotype as exhibited in AD and other situations (Cherry et al. 2014; H et al. 2017; Parisi 

et al. 2016; Wang et al. 2015b). Thus, strategies to boost anti-inflammatory biased 

phenotype while inhibiting the pro-inflammatory phenotype may have a profound potential 

for effective treatment (Cherry et al. 2014; McGeer and McGeer 2015; Wes et al. 2016).

In AD, multiple approaches have been employed to redirect/reintroduce anti-inflammatory 

phenotype to aid in Aβ clearance and cognition improvement, including pharmacological 

methods, cell transplantation, and direct use of anti-inflammatory cytokines (Butovsky et al. 

2006; Cherry et al. 2014; Cramer et al. 2012; Kiyota et al. 2010; Mandrekar-Colucci et al. 

2012; Neumann and Takahashi 2007). Some of these approaches target PPARγ signaling 

and TGFβ signaling that are shown to favor anti-inflammatory polarization (Mandrekar-

Colucci et al. 2012; Wyss-Coray et al. 2001). Overexpression of a homeobox gene msh-like 

homeobox −3 (MSX3) promotes anti-inflammatory but impedes pro-inflammatory 

polarization (Yu et al. 2015). MSX3 is dynamically regulated in experimental autoimmune 

encephalomyelitis but its role in AD or other neuroinflammatory diseases is unclear (Yu et 

al. 2015). Therefore, the intrinsic molecular mechanisms controlling pro-inflammatory vs 

anti-inflammatory dynamics are largely debatable and remain one of the most challenging 

questions in microglia research (Parisi et al. 2016).

Sphingosine-1-Phosphate (S1P) is a potent pleotropic bioactive sphingolipid that plays 

diverse roles in cellular function, including cell survival, proliferation, migration, and most 

remarkably, inflammation (Maceyka et al. 2012; Maceyka and Spiegel 2014; Spiegel et al. 

1998). The multi-functional characteristics of S1P and its signaling make it an attractive 

target for therapies of many diseases, e.g. cancer and neurological disorders. The recently 

approved immunosuppressant drug for multiple sclerosis, Fingolimod (FTY720), functions 

through S1P metabolism and signaling (Brinkmann et al. 2010; Doggrell 2007; Kappos et al. 

2006; Montalban et al. 2011). FTY720 treatment decreases Aβ peptide production in 

cultured neurons (Takasugi et al. 2013). However, 6-days treatment of APP transgenic mice 

with FTY720 resulted in a decrease in Aβ40, but an increase in Aβ42 levels in brains 

(Takasugi et al. 2013). Another study showed that, in 3-month-old 5xFAD mice, FTY720 

decreased plaque density, soluble and insoluble Aβ, GFAP staining, and the number of 

activated microglia (Aytan et al. 2016). These studies suggest that FTY720 or S1P 

modulators present a great potential for AD.

Using the Spns2 deficient mouse, we found that the lipid transporter plays key roles in 

microglia activation transition. We demonstrated that Spns2 is expressed and exports S1P in 

microglia (Fig.1), consistent with previous reports (Bradley et al. 2014; Donoviel et al. 2015; 

Kawahara et al. 2009; Koso et al. 2016; Mendoza et al. 2017; Nagahashi et al. 2012). Spns2 

deficiency in primary cultured microglia led to reduced levels of pro-inflammatory cytokines 

TNFα, IL-1β, and IL6 in response to LPS and Aβ42 oligomer treatment, indicating a 

reduced pro-inflammatory phenotype (Fig.2, 3, and 4). On the other hand, the levels of anti-

inflammatory cytokines were mostly reduced in Spns2KO microglia, suggestive of anti-
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inflammatory phenotype (Fig.2, 3, and 4). These data indicate that Spns2 plays a key role in 

enhancing pro-inflammatory polarization of microglia in vitro.

Supplementation of S1P increased pro-inflammatory cytokine production and reduced anti-

inflammatory cytokine production in a dose-dependent manner, indicating that extracellular 

S1P promotes pro-inflammatory polarization (Fig.5A). This notion is supported by treatment 

with FTY720, a functional inhibitor of S1PR1 signaling, the major S1PR in microglia (Fig.

5C). For signaling transduction, Aβ42 activated NFκB signaling control microglia, which 

was significantly attenuated in Spns2KO microglia. Supplementation of S1P and Aβ42 in 

both Con and Spns2KO microglia increased NFκB activity (Fig.6C and 6D). Combinatory 

supplementation exhibited a cumulative effect, which was attenuated by FTY720 the (Fig.

6C and 6D), suggesting that S1P contributes to Aβ42-induced NFκB signaling. S1P 

receptors have been found to interact with TLR4 functionally to enhance pro-inflammatory 

cytokine production in human gingival epithelial cells and lung cells (Eskan et al. 2008; 

Fernandez-Pisonero et al. 2014; Roviezzo et al. 2017). Aβ42 is also found binds to TLR4/

TLR2/CD14 to activate microglia (Doens and Fernandez 2014; Frank et al. 2008; Saijo et al. 

2013). Thus, it is possible that S1P receptors coordinate with amyloid receptors (e.g., TLR4) 

in stimulating NFκB signaling and microglia activation. Another interesting observation is 

that the levels of pP65 were generally higher in Con microglia that those of Spns2KO under 

the same treatment (Fig.6C and 6D), suggesting that there are potentially other mechanisms 

involved in the process.

To test the in vivo neuroinflammation-regulatory function of Spns2, we injected Aβ42 

oligomers into the subgranular zone. Spns2KO mouse brains showed markedly less IBA1 

(+) and P2Y12 (+) cells, suggesting that Spns2 regulates microglia activity/proliferation in 
vivo (Fig.8A-C). Western blot analyses revealed that the protein levels of pro-inflammatory 

cytokines TNFα and IL6 were reduced while those of anti-inflammatory cytokines IL4 and 

IL10 increased in Spns2KO mouse brains (Fig. 8C and 8D). More interestingly, Spns2 

deficiency in mice showed improved working memory in a Y-Maze test and reduced 

neuronal cell death after Aβ42 treatment in vivo (Fig.7). This is consistent with previous 

reports that Aβ42 oligomer infusion induces neurodegeneration (Jean et al. 2015; Takuma et 

al. 2004; Wan et al. 2010).

Our data suggest that Spns2/S1P plays a pro-inflammatory role in microglia in Aβ42-

induced neuroinflammation. However, we could not exclude the potential effect of 

Spns2/S1P on other neural cell types, such as astrocytes and neurons, and infiltrating 

macrophages, in the in vivo anti-inflammatory effects (Fig. 7 and 8). It should also be noted 

that although the intracellular S1P level in Spns2KO microglia was not significantly altered 

(Fig.1D), we could not rule out the potential role of local or acute changes of intracellular 

S1P or its intracellular interacting proteins (Alvarez et al. 2010).

In conclusion, our data demonstrate that Spns2 promotes Aβ42-induced pro-inflammatory 

activation of microglia and contributes to Aβ42-induced cognitive decline. These data 

suggest that Spns2 could be a new mediator of Aβ42-induced pro-inflammatory polarization 

of microglia and may play a crucial role in AD pathogenesis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of Spns2KO microglia. A. Spns2 was expressed in littermate control 

primary cultured microglia (Con) while not detectable in Spns2 Knockout (Spns2KO) 

microglia. B. S1P was significantly reduced in the culture media of Spns2KO microglia 

compared to littermate Con microglia when using media with delipidated FBS, while the 

level of dhS1P did not change. N=3. *, p<0.05. C. The levels of Sphingosine (Sph) and 

dhSph were not significantly altered in Spns2KO microglia culture media. P>0.05. N=3 D. 

Intracellular levels of dhS1P and S1P were not significantly altered in Spns2KO microglia 
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when compared to Con. P>0.05. N=2. E. Spns2KO differentially affected expression of S1P 

metabilic enzymes SphK1, SphK2, and SgPL1. *, p<0.05. N=3.
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Figure 2. 
Spns2KO reduced pro-inflammatory polarization of microglia induced by LPS. Microglia 

were treated with LPS for 24 hours. A. LPS treatment significantly increased mRNA 

expression of TNFα when compared to vehicle (Veh). Spns2KO (KO) significantly reduced 

LPS-induced TNFα mRNA expression when compared to littermate control (Con). ***, 

p<0.001. N=3. B. Spns2KO significantly reduced expression of LPS-induced mRNA levels 

of TNFα, IL1b and IL6, when compared to littermate Con microglia. ***, p<0.001. N=3. C. 

Spns2KO significantly increased expression of LPS-induced mRNA levels of CD206 and 

IL4, but not ARG1, when compared to littermate Con microglia. *, p<0.05. **, p<0.01. 

N=3. B. Time response curve for LPS treatment.
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Figure 3. 
Spns2KO reduced pro-inflammatory polarization and increased anti-inflammatory 

polarization induced by Aβ42 Oligomer (Aβ42). Microglia were treated with Aβ42 for 24 

hours. A. Aβ42 treatment significantly increased mRNA expression of TNFα when 

compared to vehicle (Veh). Spns2KO (KO) significantly reduced Aβ42-induced TNFα 
mRNA expression. ***, p<0.001. N=3. B. Spns2KO significantly reduced expression of 

Aβ42-induced mRNA levels of TNFα, IL1b and IL6, when compared to littermate Con 

microglia. *, p<0.05. N=3. C. Spns2KO significantly increased expression of Aβ42-induced 

mRNA levels of ARG1, CD206, and IL4, when compared to littermate Con microglia. *, 

p<0.05. N=3.
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Figure 4. 
Spns2KO reduced secreted pro-inflammatory and increased anti-inflammatory protein levels 

from microglia induced by Aβ42. A. Secreted protein levels of TNFα and IL6 were reduced 

in Spns2KO microglia detected by ELISA. p<0.05. N=3. B. Secreted protein levels of IL4 

and IL10 were increased in Spns2KO microglia detected by ELISA. p<0.05. N=3.

Zhong et al. Page 23

Glia. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Spns2 enhanced microglia pro-inflammatory polarization through S1P signaling. A. S1P 

augmented pro-inflammatory cytokine production. 1nM (S1P-1) and 10nM (S1P-10) S1P 

were supplemented into microglia culture. Samples were collected 1 hour later for qPCR. 

p<0.05. N=3. B. S1PR mRNA levels in untreated microglia. N=6-8. C. Control microglia 

were treated with 1μM Aβ42 oligomer for 1 hour with or without FTY-720. mRNA was 

extracted and IL-1β and IL6 assayed by qPCR. *, p<0.05. N=3.
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Figure 6. 
Spns2 enhanced microglia pro-inflammatory polarization partly through NFκB signaling. A. 

Spns2KO reduced Aβ42-induced nuclear pP65. *, p<0.05. N=3. The bands were quantified 

by densitometry using ImageJ and normalized to Histone H3 (HisH3). B. Spns2KO 

significantly reduced Aβ42-induced pIκB level. The bands were quantified using ImageJ 

and normalized to GAPDH. **, p<0.01. N=3. C and D, S1P coordinated with Aβ42 to 

induce NFκB activity determined by Western blot (C) and densitometry analysis (D). *, 

p<0.05. N=3.
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Figure 7. 
Spns2KO ameliorated Aβ42-induced cognition in vivo. Four μl of 5nM Aβ42 oligomers 

were injected stereotactically into the subgranular zone of 6 to 8-month-old male mouse 

brains. Six weeks later, the animals were subjected to Y-maze to test spatial working 

memory. Spns2KO ameliorated the memory decline caused by Aβ42 shown by: A, improved 

Spontaneous alternation performance (SAP), B, reduced alternative arm return (AAR), and 

C, reduced same arm return (SAR). *, p<0.05; **, p<0.01. N=4. SAP is defined as the 

percentage of triads that an animal goes into three different arms of the Y-maze in a triad 

entry; AAR as the percentage of an animal going into alternative arms in a triad entry, and 

SAR as the percentage of an animal returning to the same arm in any consecutive entries in a 

triad entry.
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Figure 8. 
Spns2KO reduced Aβ42-induced inflammation in vivo. Four μl of 5nM Aβ42 oligomers 

were injected as in Figure 7. Brain samples were collected for immunofluorescence and 

Western Blot analyses. A. Representative images of microglia labeling of microglia in 

control (Con) and Spns2KO (KO) brains injected with Aβ42 and Vehicle (Veh) for IBA1 

(microglia), NeuN (neuron), and Hoechst (Hoe, nuclei). B. Quantification of 

immunoreactivity of IBA1 in A. *, p<0.05. N=4. C. Co-labeling of microglia with IBA1 and 

P2Y12 in brain sections injected with Aβ42. D. Western blot to detect TNFα, IL6, IL4, and 
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IL10 protein levels in brains injected with Aβ42. E. Densitometry quantification of the 

bands in D. *, p<0.05; **, p<0.01. N=3-5.
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