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Abstract
Multiple sclerosis (MS) is an in�ammatory demyelinating disease of the central nervous system (CNS)
mediated by aberrant immune responses. The current immune modulatory therapies are unable to protect
and repair the brain damage caused by the immune attack. One of the therapeutic targets for MS is the
sphingosine-1-phosphate (S1P) pathways, which signals via sphingosine-1-phosphate receptors 1-5
(S1P1-5), in the CNS and immune cells. In light of the potential neuro-protective properties of S1P
signaling, we utilized the S1P1-GFP (Green �uorescent protein) reporter mice in the cuprizone-induced-
demyelination model, to investigate the in vivo S1P- S1P1 signaling in the CNS. We observed S1P1

signaling in a subset of neural stem cells in the subventricular zone (SVZ) during demyelination.
Additionally, oligodendrocyte progenitor cells in the SVZ and mature oligodendrocytes in the medial
corpus callosum (MCC) expressed S1P1 signaling during remyelination. We did not observe S1P1

signaling in neurons and astrocytes in the cuprizone model. This approach was unable to determine
S1P1-GFP signaling in the myeloid cells because of their aberrant GFP expression in GFP reporter mice.
Signi�cant S1P1 signaling was observed in lymphocytes during demyelination and in�ammation. Our
�ndings reveal β-arrestin dependent S1P1 signaling in oligodendrocyte lineage cells, indicating a role of
S1P1 signaling during remyelination.   

Introduction
Multiple sclerosis (MS) is a chronic, progressive, in�ammatory demyelinating disease of the

central nervous system (CNS) affecting more than two million young adults worldwide [1]. The
pathological hallmarks of MS are CNS in�ammation and dysregulated auto-reactive immune
response [2]. Chronic neuroin�ammation results in myelin loss, axonal damage and eventually
neurodegeneration [3, 4]. Brain atrophy is observed in the very early stages of MS and secondary
progression is associated with signi�cant neurodegeneration [5, 6]. Current immune-modulatory therapies
successfully suppress relapses but fail to halt progression and irreversible disability accumulation,
indicating that mechanisms other than autoimmunity and aberrant immune response contribute to
disease progression. Over time, approximately 80% of MS patients develop irreversible neurological
disability and thereby become refractory to immunomodulatory therapies. Recognizing mechanisms
dictating demyelination and repair in the CNS is essential to limit CNS injury, enhance repair and prevent
permanent damage.

    Sphingosine-1-phosphate (S1P) is a signaling molecule and has important regulatory functions in
normal physiology and disease processes, particularly in cardiovascular, central nervous and immune
systems. It can act as an intracellular mediator as well as a ligand for �ve speci�c high-a�nity S1P
receptor subtypes (S1P1–5). S1P and its receptors (S1P1-5) are crucial targets for immune regulatory
functions such as lymphocyte development, egression, and adaptive immune response [7, 8]. S1P
receptors are lipid G protein-coupled receptors (GPCRs) and express ubiquitously in all CNS cells [9, 10].
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Previous reports reveal that, astrocytes express S1P1,2,3,5, oligodendrocytes express S1P1,3,5 and microglia
express S1P1,2,3,5 [10-12]. However, the mechanism of S1P signaling in the CNS remains unclear, due to
receptor diversity, variation in expression levels, different signaling pathways and complex signaling
functions. The recognition of S1P signaling in the CNS is important since multiple S1P receptor-speci�c
modulators are in the pipeline for treatment of neurological disorders. 

    Clinical studies suggest that S1P receptor modulators directly affect the CNS beyond their immune
modulatory function. For instance, Fingolimod (FTY720) is a S1P1,3,4,5 modulator and a �rst-line immune
modulatory therapy for relapsing-remitting MS [13]. Fingolimod enhances the production
of various neuroprotective factors such as the brain-derived neurotrophic factor (BDNF) in microglia [14],
while also increasing GABAergic transmission, cortical parvalbumin positive interneurons, axonal growth
and regeneration [15-17]. FTY720 prevents dendritic spine loss and PSD-95 down-regulation in the
hippocampus and attenuates Amyloid-b production in neurons [16, 18-20]. In MS, Fingolimod protects the
brain from atrophy and halts disability progression; a feature lacking in most other therapies [20-22].
EXPAND studies indicate that Siponimod, a selective S1P1,5 modulator, could reduce neurological injuries
and progression of brain atrophy in secondary progressive MS [23, 24]. Increasing of S1P levels in
cerebrospinal �uid, and a decrease of S1P in white matter and CNS lesions of MS patients further
highlight the involvement of S1P signaling in neurodegeneration and in�ammation [25, 26]. Taken
together, these �ndings strongly suggest that S1P signaling is dysregulated in MS and that S1P targeting
drugs may have direct bene�cial effects on the CNS, independent of their immune modulatory function.
However, whether S1P signaling has direct protective effects or whether it prevents in�ammatory CNS
damage via its immune modulatory function has not been clearly evaluated. 

     The present study aimed to investigate S1P1 (S1P receptor 1) signaling during demyelination and
repair in the CNS using GFP signaling mice, which are a potent model to reveal CNS signaling pathways.
The cuprizone-induced demyelination model is a well-accepted model of CNS de- and re-myelination in
the absence of overwhelming CNS in�ammation caused by the peripheral immune response. In this study
S1P1-GFP signaling mice were exposed to a cuprizone diet for six weeks to induce demyelination
followed by remyelination upon reintroduction of a regular diet. To analyze S1P1-GFP signaling in the
context of in�ammatory demyelination, Experimental Autoimmune Encephalomyelitis (EAE) mice were
utilized.

        Our results revealed that upon cuprizone-induced demyelination a subtype of neural stem cells
(Sox2+ cells) in the SVZ express S1P1 signaling. During remyelination, a subpopulation of

oligodendrocyte progenitor cells (NG2+ cells) and mature oligodendrocytes (CC1+ cells) express S1P1. No
signi�cant S1P1 signaling was identi�ed in neurons and astrocytes during de- or remyelination. In both
the cuprizone and the EAE models a signi�cant increase in lymphocyte (T and B cells) S1P1 signaling
was revealed by �ow cytometry. In both models, myeloid cells showed aberrant GFP expression in GFP
reporter mice. S1P1-GFP signaling mice are an appropriate model to analyze S1P1 signaling in
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oligodendrocyte lineage cells during remyelination and lymphocytes in demyelination and in�ammation
phases. 

Materials And Methods
Experimental Animals

    The Tango design mice was used to monitor the S1P1 signaling (S1P receptor 1) and signaling was
visualized by the GFP reporter gene [27]. This model is able to detect S1P1 signaling through β-arrestin
interaction. In the Tango design mice, S1P1 activation and coupling with β-arrestin released the
tetracycline-controlled transactivator (tTA) from the C terminal of S1P1, activating the histone-EGFP
reporter gene (H2B-GFP) [27, 28]. The S1P1 reporter mice were designed and developed by Kono, et al [27,
28]. Brie�y, knock-in (ki) mice (S1P1ki/ki) were generated with two fusion genes, with S1Pr1 linked to tTA
via a TEV protease cleavage site and mouse β-arrestin linked to TEV protease gene. The S1P1ki/ki
mice were crossed with a histone-EGFP reporter mouse (H2B-GFP; Tg(tetO-HIST1H2BJ/GFP)47Efu/J; The
Jackson Laboratory), to derive the S1P1-GFP signaling mice. The transgenic mice expressed the histone
H2B-GFP controlled by a tetracycline-responsive element (TRE) upstream of a CMV promoter (Figs. 1a, b).
GFP reporter mice with one allele of the H2B-GFP reporter gene was used as a control in our
experiments. We used heterozygous knock-in allele (S1P1ki/wt) mice with one allele of the H2B-GFP
reporter gene to assay S1P1 signaling in all of our experiments. These mice showed no phenotypic
abnormalities. The mice were housed in groups of 3-5 within a 12-hour light/dark cycle at a controlled
temperature with food and water provided ad libitum. All the animal protocols were approved by the
Institutional Animal Care and Use Committee at Stanford University. 

Polymerase Chain Reaction (PCR) 

The S1P1 knock-in genotypes were determined using PCR analyses of genomic DNA isolated from mouse
tails. For genotyping by PCR, three primers were used, including 5′AGAGGAATGTGGGCTGTTGATCCT3′
(primer one for knock-in), 5′AGATGGCGGTAACTCGAGG3′ (primer two for the wild type), and
5′GGTTAGTGGTTGGCGATTAAATGCTGA3′ (primer three as reverse). Primers one and three detected the
S1P1 knock-in allele and ampli�ed a 612-bp fragment. Primers two and three detected the wild type allele
and ampli�ed a 405-bp fragment. In total, 40 cycles of 95°C (30 s), 62°C (30 s), and 72°C (45 s) were used
for the ampli�cation of these DNA segments. In addition, the GFP-reporter was detected by the two
primers, 5TG ⊤ CTGCTGGTAGTGGTCG3 (reverse) and 5GCAℂATC ⊤ C ⊤ C∀GGACG3
(forward) with a PCR product of 270 bp.

Cuprizone Experiments 

The knock-in S1P1-GFP signaling (H2B-GFP/S1P1ki/wt) and H2B-GFP reporter (control) mice were fed
with 0.2% cuprizone (TD.140800, ENVIGO) for six weeks followed by two weeks of normal chow. Brain
and spleen samples were collected at sequential time points during the cuprizone diet (weeks 0, 2, 4, andLoading [MathJax]/jax/output/CommonHTML/jax.js
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6) and after two weeks of normal chow (week 8) (Fig. 1c). Male mice aged 3-4 months were used for all
of the experiments (groups of 3-5).  

Luxol Fast Blue (LFB) Stain

LFB was applied to brain sections to assess loss of myelin. Brain tissues were placed in 0.1% LFB at
60oC overnight and then rinsed with 95% ethyl alcohol and distilled water. 0.05% lithium carbonate
solution was used to differentiate the stained tissues for 10-30 seconds and further differentiation was
performed with 70% ethyl alcohol for 10 seconds. Slides were counterstained with cresyl violet and
dehydrated with 75%, 95% and 100% alcohol, cleared in xylene and then coversliped. 

Quantitative Label-free Imaging

We used QLIPP, a quantitative label-free imaging method that measures the density and alignment of
molecular assemblies using polarized light [29]. The method reports the alignment of molecular
assemblies, such as myelin sheath, in terms of retardance. Retardance is the differential delay
experienced by light polarized along the axis of the axon and perpendicular to the axon. More precisely,
retardance is the difference in the optical path length experienced by light when it is polarized along two
orthogonal orientations: along the symmetry axis of the molecular assembly and perpendicular to the
symmetry axis of the assembly. Figure 3 demonstrates the use of optical anisotropy from QLIPP to study
the amount of myelination in the white-matter region of the mouse brain without �uorescence label. [29].

Immunohistochemistry 

Mice were anesthetized by inhalation of iso�urane and perfused with 25 ml phosphate buffered saline
(PBS) into the left cardiac ventricle, followed by 25 ml of 4% paraformaldehyde (PFA) in PBS solution.
Brains were post-�xed with 4% PFA for 12-16 hours and then transferred to 30% sucrose solution at 4oC
for 2-3 days until the tissue sank to the bottom of the container. Afterwards, the brains were embedded in
a tissue freezing medium (Tissue-Tek O.C.T compound 4583, Sakura) and stored at -80°C. A cryostat-
microtome (Leica CM 1850, Huston TX) was used for tissue sectioning (12 um) at -20 oC. Slides were
stored at -20 or -80 oC until further use. 

Immuno�uorescence staining was performed to assess S1P1 signaling in glial and neuronal cells during
demyelination and repair using various antibodies, including MBP (AB7349, Abcam,1/300), CD68
(MCA1957GA, AbD Serotec, 1/300), Sox2 (AB5603, Millipore,1/250), Olig2 (MABN50, Millipore,1/400),
NG2 (AB5320, Millipore,1/200), GFAP (20334, DAKO,1/700), NeuN (MAB377, Millipore,1/250), CC1 (OPBO,
calbiochem,1/300) and EDG1 (ab23695 Abcam,1/150). To complete immuno�uorescence, slides were
preserved at 37 oC for 15-30 minutes and washed twice in PBST (PBS+Tween-20 [0.1%]) for �ve minutes
each time. Sodium citrate buffer (10Mm, PH=6) and heat-induced antigen retrieval method were utilized
for Olig2 and CC1 staining. Nonspeci�c signaling was blocked using 5% serum (normal goat serum
[G9023, Sigma]) and the sections were incubated using antibodies diluted in PBS-Triton-100X 0.1% + 1%
goat serum and preserved at 4 oC overnight. Secondary antibodies, anti-rat Alexa Flour 555 (A21434,Loading [MathJax]/jax/output/CommonHTML/jax.js
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Invitrogen, 1/1000), anti-rabbit Alexa Flour 555 (A21428, Invitrogen, 1/1000), anti-mouse Alexa Flour 555
(A21424, Invitrogen, 1/1000), anti-mouse Alexa Flour 647 (A32728, Invitrogen, 1/1000) and anti-rabbit
Alexa Flour 647 (A27040, Invitrogen, 1/1000) were used for labeling. The slides were then counterstained
with DAPI and coverslipped. A Keyence microscope (BZ-X700 series) was used to evaluate staining and
take pictures. ImageJ software was applied for cell counting and intensity measurements. Blind count
and manual counting performed by ImageJ with higher magni�cation.  

EAE Experiments 

EAE was induced in male S1P1 -GFP signaling mice and GFP reporter mice aged 8-12

weeks. According to methods de�ned by Tsai et al [30, 31], mice were immunized with an emulsion
containing 200 micrograms of Complete Freund's Adjuvant (CFA), 100 micrograms of myelin
oligodendrocyte glycoprotein (MOG35-55) peptide35–55, and 200 nanograms of Bordetella pertussis toxin
(lot# 181236A1, List Biological Laboratories) on days zero and two. The spleen tissues were collected
after eight days of immunization which marked the onset of the clinical EAE symptoms.

GFP Signaling in the Immune Cells Isolated from Brain and Spleen Using Flow Cytometry

Brain and spleen of cuprizone-fed mice were collected at weeks 0, 2, 4, and 6 to analyze S1P1 signaling in
immune cells. In order to evaluate S1P1 signaling in the in�ammatory state, S1P1 signaling was also
examined in the spleen of EAE mice. Immune cells obtained from brain and spleen were isolated as
previously reported [32]. Brie�y, mice were anesthetized and then perfused with 25 ml cold PBS. The
spleens were removed before perfusion and homogenized through a 70-μm cell strainer. Red blood cells
(RBC) were lysed by ACK lysing buffer (0.15 M NH4Cl, 10 mM KHCO3, and 0.1 M EDTANa2.H2O 3.7) for

30-60 seconds and then washed with PBS; 106 cells were used for labeling with antibody. Brains were
collected after PBS perfusion and homogenized through a 70-μm cell strainer in sterile PBS and then
centrifuged. The pellet was treated with collagenase II (1mg/ml) for 1 hour at 37 °C. The collagenase
reaction was stopped by adding PBS to the cells and centrifugation. Immune cells were harvested from a
30% Percoll gradient by centrifugation, and residual red blood cells were lysed by ACK lysing buffer for 5-
10 seconds. The immune cells were washed with PBS and 0.5–1 × 106 cells were labeled with individual
antibodies and analyzed using the LSRII Flow Cytometer (BD) at the Stanford core Facility. BD FACS Diva
6.0 software was used to acquire data and FlowJo was employed for data analysis (Tree Star). The
monoclonal antibodies used in �ow cytometry analysis were purchased from the following sources: anti-
CD45 (clone 30-F11), anti-CD3 (clone 145-2c11), anti CD4 (clone GK1.5), anti CD8 (clone 53–6.7), anti
CD19 (clone 6D5), anti-CD11b (clone M1/70), anti-CD11c (clone N418), anti-Ly6C (clone HK1.4), and anti-
Ly6G (clone 1A8). Single color-stained BD-CompBeads (BD Bioscience) were used to set compensation
and gating the stained cells. CNS immune cells were gated by multi-dimensional �ow cytometry. First,
cells were gated into CD45lo and CD45hi from live leukocytes. CD45lo cells represent microglia and CD45hi

represent in�ltrating immune cells (Supplementary Fig. 1S). CD45hi cells were gated to CNS-in�ltrating
myeloid cells (CD45hiCD11b+) and lymphocytes (CD45hiCD3+). In�ltrating myeloid cells (CD45hiCD11b+)Loading [MathJax]/jax/output/CommonHTML/jax.js
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were further gated to monocyte derived dendritic cells (CD45hiCD11b+Cd11c+) and myeloid cells
(CD45hiCD11b+CD11c-). Afterwards CD11b+CD11c- myeloid cells were separated into neutrophils (Ly6C-

Ly6G+) and monocytes (Ly6C+Ly6G-). GFP expression was assessed in brain myeloid cells
(CD45hiCD11b+), granulocytes (CD11b+Ly6C-Ly6G+) and lymphocytes (CD45hiCD3+). Splenic cells were
gated as myeloid cells (CD45+CD11b+) and lymphocytes (CD45+CD3+), GFP expression was assessed in
splenic myeloid cells and lymphocytes. In EAE mice, splenic cells were collected as outline above and
were gated as myeloid cells (CD45+CD11b+), T cells (CD45+CD3+) and B cells (CD45+CD19+). 

Statistical Analyses

Data analysis was performed in GraphPad Prism 8 and results are expressed as mean standard error of
the mean (SEM). Unpaired t-test was applied for the statistical analysis of the two study groups, and
statistical signi�cance was determined by calculating the P-value (*P<0.05, **P<0.01, ***P<0.001 and
****P<0.0001).

Results
Validation of Cuprizone-Induced Demyelination in S1P1-GFP Signaling Mice 

Cuprizone causes immediate damage to the oligodendrocytes which consequently leads to
demyelination [33]. To validate demyelination in the S1P1-GFP signaling mice following exposure to
cuprizone diet, myelin basic protein (MBP) intensity was measured in the medial corpus callosum (MCC)
and oligodendrocytes in the MCC were counted. ImageJ was used for cell counting and measuring of
MBP intensity. The results indicated a signi�cant decrease in MBP intensity in the medial corpus
callosum after 4 weeks of cuprizone diet, ***p<0.001 (Figs. 2a, C). LFB test was carried out, indicating a
reduction in myelin after 4 weeks of cuprizone diet (Fig. 2b). In addition, we used a quantitative label-free
imaging method, QLIPP, to measure the optical anisotropy (retardance), which arises from ordered
molecular structures such as myelin, for visualizing the distribution of myelin in MCC without a label [29].
Label free imaging of myelination indicates a signi�cant difference in retardance (myelination level) in
MCC after 4 weeks of cuprizone diet (Fig. 3).

Oligodendrocyte number decreased at 2 weeks of cuprizone diet and returned to normal at 4 weeks,
*p<0.05 (Supplementary, Fig. 2S-a, d). Another important pathological feature of cuprizone-induced
demyelination was astrocytosis, the peak of which was observed after 4 weeks of cuprizone diet
(Supplementary, Fig. 2S-b). Active myeloid cells (CD68+ cells) were observed in the corpus callosum (CC),
hippocampus, amygdala, caudoputamen and septo�mberial nucleus at 2 weeks of cuprizone diet
(Supplementary, Fig. 2S-c). Furthermore, CD68+ cell number increased in the CC, hippocampus, primary
somatosensory cortex, caudoputamen and preoptic area at 4 weeks of cuprizone diet. After 6 weeks of
cuprizone diet, CD68+ cells were present in the CC, hippocampus, amygdala, and thalamus. At 8 week
(remyelination), CD68+ cells were still observed in the CC, deep layer of the cortex, thalamus, and dorsal
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hippocampal commissure. In total, myelin loss, astrocytosis, reduced oligodendrocyte number, and
increased CD68+ cells con�rmed the effects of cuprizone on S1P1-GFP signaling mice.

GFP Signaling in the CNS During Cuprizone-induced de- and re-myelination 

Based on the Tango design, S1P1 signaling is visualized by GFP expression. S1P1-GFP signaling was
analyzed in CNS glia and neurons during demyelination following exposure to cuprizone diet (weeks 0-6)
and upon remyelination (normal diet weeks 6-8) (Fig. 1c). The number of GFP+ cells increased during the
cuprizone diet in the CC. After 2 weeks, GFP+ cells appeared in the brain and reached a maximum at week
4. The cells in lateral corpus callosum (LCC) and MCC of the S1P1-GFP signaling mice displayed the
highest expression of GFP (Supplementary, Fig. 3S-a, c). GFP signaling was also detected in the CC of the
GFP reporter mice at various time points of the cuprizone diet (Supplementary, Fig. 3S-b, d). GFP reporter
mice showed less GFP+ cells in the CC than GFP-S1P1 signaling mice at 2, 4, and 6 weeks of the
cuprizone diet but the difference was not statistically signi�cant (Supplementary, Fig. 3S-e). 

GFP Signaling in the CNS cells during demyelination and repair 

We then investigated S1P1 signaling in neurons and CNS glia of S1P1-GFP signaling mice during
cuprizone-induced de- and -remyelination. GFP expression was assessed in oligodendrocytes, neurons,
neuronal stem cells, astrocytes and CNS myeloid lineage cells.

S1P1-GFP Signaling in Oligodendrocytes During Remyelination

S1P1 plays a key role in oligodendrocyte morphology and differentiation [34-37].  We quanti�ed the
number of Olig2+ cells in the MCC of cuprizone-fed S1P1-GFP signaling mice by immunohistochemistry.
The MCC of S1P1-GFP signaling mice showed a decreased number of oligodendrocytes (n=3, *P<0.05) at
two weeks of cuprizone diet (Supplementary, Fig. 2S-a, d). 2.3  0.3% of the GFP+ cells in the MCC of
S1P1-GFP signaling mice were positive for Olig2 after 4 weeks of cuprizone diet (Fig. 4a, e). After 6 and 8
weeks of cuprizone diet, 11  0.5% and 9.8  0.8% of the GFP+ cells were Olig2+ respectively (Fig. 4b, c, e).
To verify the speci�city of GFP signaling, S1P1 staining was performed and most of GFP+Olig2+ cells
were positive for S1P1 (Fig. 4d). Compared with S1P1-GFP signaling mice, only 2.3% and 3.3% of GFP+
cells of GFP reporter mice expressed Olig2+ in the corpus callosum at weeks 6 and 8 of the cuprizone diet
respectively (Fig. 4e).  Olig2+ cells in CC express higher GFP in S1P1-GFP signaling mice compared to
GFP reporter mice. Sox2, a critical transcription factor in neural stem cells, is essential for
oligodendrocyte progenitor cell (OPC) proliferation and oligodendrocyte regeneration following myelin
impairment in the adult brain [38]. Oligodendrocytes express NG2 in early stage of their development.
However, NG2+ cells are able to differentiate to gray matter astrocyte and pericytes [39-41]. Sox2 and
NG2 staining was performed along with quanti�cation of cells with GFP expression.  S1P1 signaling was
distinguished in 5% of Sox2+ cells in the SVZ of cuprizone-fed mice during demyelination (4 weeks) (Fig.
5a). The number of the Sox2+ cells decreased in the SVZ at 2-4 weeks of cuprizone diet, but the change
was not statistically signi�cant (Fig. 5d).  10.33  2.6% and 9  2% of the GFP+ cells were Sox2+ in 4 and
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6 weeks cuprizone fed respectively but Sox2+ cells did not express signi�cant S1P1 signaling during
remyelination (Fig. 5e). 

Approximately 70% of the NG2+ cells in the SVZ of S1P1-GFP signaling mice were Olig2+ cells during
remyelination (Supplementary, Fig. 4S). Oligodendrocyte precursor cells (NG2+Olig2+) express GFP
during remyelination (Fig. 5b). NG2+ cells in the SVZ increased signi�cantly at 2 weeks, *p<0.05. An
increase of NG2+ cells during remyelination (8 weeks) did not reach statistical signi�cance (Fig. 5f).
NG2+ cells were negative for S1P1 signaling at 2 weeks of cuprizone diet, whereas around 2% of GFP+
cells were NG2+ in the SVZ at 8 weeks (Fig. 5g). Sox2+ cells expressed GFP during demyelination but
NG2+ cells expressed GFP during remyelination.  

In order to analyze GFP expression in mature oligodendrocytes, CC1 (a marker for mature
oligodendrocytes) staining was performed, showing that 10.5  2.4% of the GFP+ cells were CC1-positive
after 8 weeks of cuprizone diet (Fig. 5c, h). In conclusion, S1P1 signaling is observed in immature
progenitor oligodendrocytes (NG2+ cells) in the SVZ and in mature oligodendrocytes (CC1+ cells) in the
MCC during remyelination. The Olig2+GFP+ cells may represent S1P1 signaling through β-arrestin in
oligodendrocytes.

No Signi�cant S1P1 Expression in Astrocytes During De- and Re-myelination 

FTY720 is a S1P1-3-4-5 modulator, which downregulates NF-κB signaling in astrocytes, thereby
decreasing the expression of proin�ammatory and neurotoxic mediators [42]. Moreover, SEW2871, a
selective S1P1 agonist, stimulates astrocyte migration [43]. In order to determine whether GFP expression
is correlated with S1P1 signaling in astrocytes, GFAP staining was assessed. GFAP+ cells did not express
GFP signaling during de- and re-myelination (weeks 2, 4, 6 and 8) (Fig. 6a).

S1P1 Signaling Is not Detected in Mature Neurons

Previous reports indicated that the S1P1-3-4-5 modulator, FTY720, suppressed neuronal injury and
improved cognition after cerebral ischemia [44]. In the present study, the role of neuronal S1P1 signaling
was further investigated during demyelination and repair. An immuno�uorescence test with NeuN
staining was performed but S1P1 signaling was not detected in the neurons of the CC, hippocampus and
cortex (Fig. 6b). 

Myeloid Cell-S1P1 Signaling in S1P1-GFP Signaling Mice During De- and Re-myelination 

Our previous research indicated that  myeloid S1P1 signaling plays a key role in CNS autoimmunity and
neuroin�ammation [31]. Previous reports suggest that S1P1 regulates pro and anti-in�ammatory
microglia (M1/M2) polarization, and a study by Gaire (2019) demonstrated that the suppression of S1P1
activity attenuates M1 polarization and induces the M2 phenotype [45]. Considering the key role of S1P1
in microglia polarization, we investigated S1P1 signaling in CNS myeloid-lineage cells, in�ltrating
monocytes and microglia. CD68 immuno�uorescence staining was performed on brain sections of
cuprizone-fed mice at sequential time points (weeks 0, 2, 4, 6 and 8). At two weeks of cuprizone diet,Loading [MathJax]/jax/output/CommonHTML/jax.js
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almost 92% of GFP+ cells in CC were positive for CD68, whereas at weeks 4, 6, and 8 only 80-76-83% of
GFP+ cells also expressed CD68+ in CC respectively (Fig. 7a, Supplementary Fig. 5S). Unexpectedly, GFP
expression was also observed in CD68+ cells of GFP reporter mice at 4, 6 and 8 weeks of cuprizone diet
(Fig. 7b). The colocalization of GFP and CD68 in GFP reporter and S1P1-GFP signaling mice indicates
that GFP signaling is not associated with S1P1 signaling. Naïve GFP reporter and S1P1-GFP signaling
mice did not express GFP, however, following exposure to cuprizone diet myeloid cells in both groups
expressed GFP signaling. 

To validate the outcomes of the study, myeloid cells and lymphocytes were examined in the brain and
spleen of mice with cuprizone-induced demyelination using �ow cytometry.

Gating strategy for CNS immune cells is shown in supplementary Fig. 1S. The number of CNS in�ltrating
myeloid cells (CD45hiCD11b+), lymphocytes (CD45hiCD3+) and granulocytes (CD45hi CD11b+Ly6G+)
increased signi�cantly at 2-week of cuprizone diet (**p<0.01, *p<0.05 and **p<0.01 respectively) in S1P1-
GFP signaling mice.  However, both GFP reporter and S1P1-GFP signaling mice expressed GFP in myeloid
cells and granulocytes. Lymphocytes (CD3+) showed higher but not statistically signi�cant GFP signaling
in the brain of S1P1-GFP signaling mice compared to the GFP reporter mice after 2 and 4 weeks of
cuprizone diet (Fig. 8c, g and supplementary Fig. 6S-c, g). The expression of GFP in microglia (CD45lo
CD11b+) increased signi�cantly in GFP reporter and S1P1-GFP signaling at 4 weeks cuprizone-fed
(*p<0.05) (Fig. 8i, j and supplementary Fig. 6S-i, j).

It could not be con�rmed whether GFP leakiness was limited to CNS myeloid cells. Therefore, splenic
myeloid cells and lymphocytes were assessed in GFP-reporter and S1P1-GFP signaling cuprizone-fed
mice. Myeloid cells (CD45+CD11b+) decreased signi�cantly in the spleen after 2 weeks of cuprizone diet
(*P<0.05). However, no signi�cant difference was observed in the GFP+CD11b+ cells between GFP
reporter and S1P1-GFP signaling mice. The CD3+ cells increased signi�cantly in the spleen after 2 and 4
weeks of cuprizone diet (*p<0.05). Interestingly, GFP+CD3+ cells were signi�cantly more abundant in
S1P1-GFP signaling mice compared to the GFP reporter mice after 2 and 6 weeks of cuprizone diet
(**p<0.01 and *p<0.05, respectively) (Fig. 9 and supplementary Fig. 7S). 

Con�rmation of S1P1 Expression in Immune Cells in the EAE Model 

Myeloid S1P1 signaling was investigated in EAE mice, an animal model of MS. Flow cytometry was
performed to characterize S1P1 signaling in myeloid cells and lymphocytes during in�ammation. While
splenic myeloid cells (CD45+CD11b+) expressed high levels of GFP in both the EAE GFP reporter and
S1P1-GFP signaling mice (Supplementary Fig. 8S), GFP expression was signi�cantly higher in splenic
lymphocytes of S1P1-GFP signaling mice. Splenic B (CD19+) and T cells (CD3+) of EAE mice expressed
signi�cantly higher GFP signaling compared to the control group during in�ammation (Supplementary
Fig. 9). 

Discussion
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S1PR1-5 modulators, such as Fingolimod and Siponimod, reduce neurological injuries and progression of
brain atrophy in secondary progressive MS, but mechanisms underlying S1P signaling in the CNS cells
entail further studies. The complexity of S1PR1-5 signaling assessment results from ubiquitous
expression in various cell types and the promotion of different signaling pathways through association
with different G proteins which employs various cell behaviors. Nevertheless, expression levels, function
and mechanism of each receptor subtype in neurons and glial cells during demyelination,
neurodegeneration and repair remain elusive. In this study, we used S1P1-GFP signaling mice to analyze,
S1P1 signaling in the CNS during de- and re-myelination using a cuprizone model. To the best of our
knowledge, this is the �rst study to analyze S1P1 signaling in vivo via GFP expression in CNS cells during
de- and re-myelination.

      One of the objectives of the current research was to determine whether oligodendrocytes express S1P1

signaling during toxic insult and repair. According to the literature, S1P receptors are expressed in the
oligodendrocyte lineage. For instance, FTY720 regulates the survival and maturation of OPCs [34, 35].
S1P1 conditional knockout mice displayed a reduction in myelin thickness in the CC and S1P1‐de�cient
oligodendrocytes had slower process extension [37]. However, previous studies indicated that cuprizone
feeding does not increase cell death in S1P1‐de�cient oligodendrocytes [46]. S1P1 signaling is essential
for neural stem cell mobilization and migration to sites of CNS injury and also plays a major role in
oligodendrocytes differentiation [47-49]. Also, Sox2 is crucial for oligodendrocyte proliferation and
differentiation in the adult brain [48]. S1P1 signaling in neural stem cells (Sox2+ cells) during
demyelination suggest a role in proliferation and differentiation of neural stem cells to oligodendrocytes
and/or migration of neural stem cells to the site of injury. Our results showed S1P1 signaling in immature
and mature oligodendrocytes during remyelination (Figs. 5e, g, h) which implicate S1P1 signaling in
differentiation, maturation, survival and morphology of oligodendrocytes. Heterogeneity in
oligodendrocyte lineage cells and dynamics of oligodendrocyte differentiation and maturation [50,
51] may be the reason for β-arrestin dependent S1P1 signaling in subpopulation of oligodendrocytes.  In
support of our �ndings related to MS, other studies have reported a decrease of S1P in the white matter
and CNS lesions of MS patients. Further, it is known that �ngolimod prevents brain atrophy and halts
disability progression, and Siponimod reduces neurological injuries and progression of brain atrophy in
secondary progressive MS. 

       Previous studies reported protective effects of S1P1 signaling in neurons after ischemic stroke [52] .
Furthermore, S1P1 signaling regulates glutamate secretion and synaptic transmission [53]. However, in
the present study, β-arrestin dependent S1P1 signaling was not detected in neurons during de- and -
remyelination. S1P1 signaling is essential for switching the intermediate/transition astrocytes to reactive
astrocytes [54]. Hypertrophic astrocytes in the brain lesions of MS patients express S1P1 [55, 56]. The
high arborization and density of astrocytes during demyelination made it di�cult to determine the exact
number of the GFP+GFAP+ cells by immuno�uorescence. To overcome this di�culty in our analyses, we
only counted GFP+GFAP+ cells when GFP was located in the cell body of the astrocytes rather thanLoading [MathJax]/jax/output/CommonHTML/jax.js
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around the arborization. Nevertheless, S1P1 signaling was not distinguished signi�cantly in astrocytes of
S1P1-GFP signaling mice. The absence of S1P1 signaling in neurons and astrocytes can be interpreted by
low levels of S1P1 expression and/or reduced turnover of these cells. Also, β-arrestin independent
signaling and involvement of other S1P receptor subtypes (such as S1P3) may account for the lack of
S1P1 signaling in neurons and astrocytes reported here [57].

    S1P1 is the major S1P receptor expressed in immune cells and plays a pivotal role in immune cell
function, development and tra�cking. Lymphocyte exit from secondary lymphatic organs into the
systemic circulation is regulated by S1P1 signaling [8, 58]. Moreover, S1P1 is essential for the transfer of
immature B cells from the bone marrow to the circulation[59]. 

In the current research, lymphocytes and myeloid cells were examined in the brain and spleen of mice
with cuprizone-induced demyelination by �ow cytometry. Remarkably, splenic lymphocytes (CD3+)
expressed signi�cantly higher levels of GFP in S1P1-GFP signaling mice compared to the GFP reporter
mice. Another objective of the present study was to determine whether GFP expression was speci�c in
lymphocytes during in�ammation. To this end, EAE mice were used as an animal model of MS, and
speci�c GFP signaling was observed in splenic T cells and B cells (CD3+ and CD19+) during in�ammation
in the EAE GFP-S1P1 signaling mice compared to GFP reporter mice. The subpopulations of T cells, CD8+

and CD4+ cells, expressed signi�cantly higher S1P1 signaling in EAE GFP-S1P1 signaling mice compared
to GFP reporter mice. These results demonstrated that increased S1P1 signaling in splenic
lymphocytes during demyelination and in�ammation occurs in a β-arrestin dependent manner. Previous
studies have shown increased S1P concentration in the CSF of MS subjects. Higher levels of S1P in the
CSF may provoke immune cells tra�cking in the CNS and inhibit T(reg) function via β-arrestin dependent
S1P1 signaling [60, 61].

       Several preclinical studies have demonstrated the effects of S1P signaling on microglia. For example,
FTY720 upregulates the brain-derived neurotrophic factor and downregulates production of pro-
in�ammatory cytokines in microglia [14] . In myeloid cells S1P1 signaling is critical in the polarization of
M1/M2 macrophages [62]. Our previous research demonstrated that continuous S1P1 signaling in
myeloid cells mediates TH17 polarization [31]. GFP expression in GFP reporter mice should be silent in
the absence of tTA. However, our immunohistochemistry and �ow cytometry tests indicated aberrant
expression of the transgene in activated myeloid cells in the GFP reporter mice after EAE and cuprizone
induced demyelination. Previous studies have identi�ed GFP leakage in hematopoietic stem cells in H2B-
GFP reporter mice [63, 64]. Putative GFP leakage prevents us from drawing any conclusions regarding
S1P1-GFP signaling in CNS resident and peripheral myeloid cells. Several studies have reported accuracy
and reliability of the S1P1-GFP signaling murine model [27, 65]. However, none of these studies
investigated CNS in�ammations and activated myeloid cells. The causes of the aberrant GFP expression
in the absence of the tTA protein remain unclear. It is possible that the H2B-GFP transgene was integrated
into a region of DNA in the myeloid cells, switching the transcriptional activity by the cuprizone diet or
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EAE induction. H2B-GFP protein in the nucleosome may affect the chromatin structure and gene
expression in the activated myeloid cells, as well as our �ndings regarding the potential leakiness of GFP.
Non-speci�c binding to the synthetic promoter in activated microglia may be another cause of the GFP
leakiness. S1P could also act as an intracellular messenger and bind to nuclear S1P1, which inhibits the
activity of histone deacetylase 1 and 2 (HDAC1/2), thereby resulting in epigenetic regulation of gene
expression [66, 67]. Modulation of HDAC1/2 by nuclear S1P1 may also account for the GFP leakiness in
myeloid cells.

β-arrestins act as multifunctional adaptors for activated GPCRs including S1P1. β-arrestin-dependent
signaling is extremely diverse and incites distinct cellular responses. The binding of β-arrestin to the
intracellular domain can halt G protein-mediated signaling and desensitize S1P1 signaling. The
association of β-arrestin with S1P1 can initiate endocytic machinery and internalize the S1P1. Activated β-
arrestin supports multiple components of a kinase cascade and propagating speci�c signaling
pathway [68, 69]. Consequently, S1P1- β-arrestin signaling can create different cell behaviors in CNS glial
cells and immune cells.

In summary, our results indicate that the S1P1 signaling in the oligodendrocyte lineage during
remyelination may have a protective effect by regulating myelination in response to injury. Elucidating
regulatory mechanisms downstream of S1P1- β-arrestin signaling in oligodendrocytes will provide
important evidence to design effective therapies for demyelinating diseases like MS. S1P1 was not
signi�cantly expressed in neurons and astrocytes, possibly because S1P1 signaling in CNS neurons and
astrocytes is not dependent on β-arrestin. 

S1P1 signaling was identi�ed in lymphocytes during demyelination and in�ammation. In this regards,

S1P1-GFP signaling mice could be used to analyze the anti-in�ammatory role of CD3+ cells, as well as the
role of B cells in neurodegeneration and repair in EAE and cuprizone models.  

Flow cytometry and immuno�uorescence detected GFP leakage upon EAE induction and cuprizone
exposure in GFP reporter mice, complicating interpretation. It is essential to generate new lines of H2B-
GFP reporter mice to demonstrate appropriate reporter for analysis of myeloid cells. 
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Figure 1

Generation of S1P1-GFP signaling mice using the Tango system. (a) Diagram depicting generation of the
S1pr1 knock-in allele. The S1pr1 knock-in vector is constructed using two sets of fusion genes, TEV
protease cleavage site and tTA linked to S1P1 C terminal, and β-arrestin-2 linked to TEV protease (Arrb2-
TEV). The two fusion genes connected via an IRES segment. S1P-S1P1 interaction results in the coupling
of S1P1 with β-arrestin-TEV protease fusion protein and initiates the release of tTA from the C terminus ofLoading [MathJax]/jax/output/CommonHTML/jax.js
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modi�ed S1P1. Free tTA transfers to the nucleus and initiates GFP expression in histone-EGFP reporter
(H2B-GFP) mice. Diagram adapted from Kono et al (2014). (b) S1P1 knock-in mice are crossed with H2B-
GFP mice to generate S1P1-GFP signaling mice. (c) Experimental design of the cuprizone-induced
demyelination model. Arrb2; β-arrestin-2, TEV; Tobacco etch virus, tTA; tetracycline-controlled
transactivator, IRES; internal ribosome entry site, GFP; Green �uorescence protein, S1pr1; S1P receptor 1
gene, S1P1; S1P receptor 1.

Figure 2

Validation of cuprizone-induced demyelination in S1P1-GFP signaling mice. (a) Immunohistochemistry
using MBP staining of the brain depicting de/remyelination in the MCC (arrowhead) of S1P1-GFP
signaling mice following exposure to cuprizone diet (0-8 weeks). Scale bar, 200 µm. (b) LFB staining
depicting myelination in the MCC (arrowhead) of S1P1-GFP mice upon cuprizone exposure (0-8 weeks),
Scale bar, 50 µm. (c) Quanti�cation of MBP intensity in the MCC of S1P1-GFP signaling mice fed with
cuprizone diet from (a), (n=3 mice /group). Values shown are expressed as mean ± SEM. Statistical
signi�cance was determined by unpaired t-test, *p<0.05, ***p<0.001. MCC; Medial corpus callosum, LFB;
Luxol Fast Blue, MBP; myelin basic protein.
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Figure 3

Validation of cuprizone-induced demyelination by quantitative label-free microscopy. Retardance
intensity from myelin anisotropy in the MCC of (a) naïve and (b) cuprizone diet-fed (4 weeks) S1P1-GFP
signaling mice (n=2/group). The grayscale color bar indicates the range of displayed retardance
measurement in the unit of nanometer (nm). The histograms of the signals from the blue-box areas in the
MCC of brain sections show retardance of myelin (nm) from naïve mice from (a) (c), and cuprizone diet-
fed mice (from b) (d). The Y axis of histogram represent the number of pixels in the bin with ∼ 0.3 nm.
Scale bar, 200 µm. MCC; Medial corpus callosum.
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Figure 4

S1P1 signaling in oligodendrocytes depicted by GFP expression during remyelination. (a)
Immunohistochemistry of oligodendrocytes (Olig2+) in the MCC of S1P1-GFP signaling mice at 4 weeks,
(b) 6 weeks and (c) 8 weeks following exposure to cuprizone diet. White arrowheads indicate GFP
expression colocalizing with Olig2+. Magni�cation of S1P1 signaling in oligodendrocytes is depicted in
the upper right corner. (d) S1P1 and Olig2 staining in the SVZ of S1P1-GFP signaling mice at 8 weeks of
cuprizone diet. White arrowheads represent GFP expression in Olig2+S1P1+ cells and magenta
arrowheads represent GFP expression in Olig2+S1P1- cells. The image on the right shows a higher
magni�cation of GFP expression in Olig2+NG2+ cells. Scale bars, 20 µm. (e) Quanti�cation of
GFP+Olig2+ to the total GFP+ cells in 0.1 mm2 of MCC of the control and S1P1-GFP signaling mice, (n=3
mice/group). ImageJ used for counting the cells, values shown are expressed as mean ± SEM. Unpaired
t-test was used to compare signi�cant difference between the two groups, **p<0.01, ***p<0.001. SVZ;
subventricular zone. MCC; Medial corpus callosum, OPCs; Oligodendrocyte progenitor cells and NG2;
Neural/glial antigen.
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Figure 5

S1P1 signaling in oligodendrocyte progenitor cells detected by GFP expression. The images represent
S1P1 signaling in (a) Sox2+ (b) NG2+ and (c) CC1+ cells in SVZ of S1P1-GFP signaling mice at 4 (a) and
8 (b and c) weeks following exposure to cuprizone. Arrowheads indicate colocalization with GFP signal.
The upper right corner images depict higher magni�cation of S1P1 signaling in oligodendrocyte
progenitor cells. The graphs represent the percentage of (d) Sox2+ and (f) NG2+ cells in 0.1 mm2 SVZ of
S1P1-GFP signaling mice and normalized by DAPI, n=3-6 mice/groups. The percentage of (e)
GFP+Sox2+, (g) GFP+NG2+ and (h) GFP+CC1+ cells of total GFP+ cells per 0.1 mm2 of SVZ during
cuprizone diet (0, 2, 4, 6, and 8 weeks), n=3-6 mice/groups. Values shown are expressed as mean ± SEM.
Unpaired t-test was used to compare signi�cant difference between the two groups, *p<0.05, **p<0.01.
SVZ; subventricular zone. Scale bars: 20 µm. SVZ; Subventricular zone. NG2; Neural/glial antigen 2., VL;
Lateral ventricle.
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Figure 6

Lack of GFP expression in astrocytes and neurons in S1P1-GFP signaling mice during cuprizone diet. The
images indicated (a) Astrocytes (GFAP+) and (b) NeuN+ cells were GFP negative in the LCC of S1P1-GFP
signaling mice at 4 weeks of cuprizone diet. scale bars, 50 µm (a and b). LCC; Lateral corpus callosum.
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Figure 7

GFP expression in myeloid cells of S1P1-GFP signaling and GFP reporter mice upon cuprizone exposure.
GFP expression in myeloid cells (CD68+) in the LCC of (a) S1P1-GFP signaling mice and (b) GFP reporter
mice at 0, 2, 4, 6, 8 weeks of the cuprizone diet. In the upper right corner higher magni�cation of GFP
expression in CD68+ cells are shown. Scale bars; 50 µm and 20 µm for images with higher magni�cation.
LCC; Lateral corpus callosum.

Loading [MathJax]/jax/output/CommonHTML/jax.js



Page 30/32

Figure 8

Flow cytometry analysis of S1P1 signaling via GFP expression in cerebral immune cells upon cuprizone-
induced demyelination. GFP expression in cerebral immune cell subpopulations upon cuprizone exposure
(0, 2, 4 and 6 weeks) in GFP reporter and S1P1-GFP signaling mice. (a) In�ltration of immune cells
(CD45hi), (b) myeloid cells (CD11b+CD45hi), (c) lymphocytes (CD3+CD45hi) and (d) granulocytes
(LyG+CD45hi) into the brain during demyelination (0-6 weeks) in S1P1-GFP signaling and GFP reporter
mice. (e) GFP expression in in�ltrating immune cells (CD45hi), (f) myeloid cells (CD11b+CD45hi), (g)
lymphocytes (CD3+CD45hi) and (h) granulocytes (LyG+CD45hi) in GFP reporter and S1P1-GFP signaling
mice during demyelination. GFP expression in (i) resident microglia GFP+CD45lo and (j) GFP+CD45lo
CD11b+ in GFP reporter and signaling mice. Values shown are expressed as mean ± SEM. Unpair t-test
was used to analyze signi�cant difference between two groups. *p<0.05, **p<0.01, ***P<0.001, and
****P<0.0001.
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Figure 9

Flow cytometry analysis of S1P1 signaling via GFP expression in splenic immune cells upon cuprizone-
induced demyelination. (a) GFP expression in leukocytes (CD45+), (b) myeloid cells (CD11b+) and (c)
lymphocytes (CD3+) in the spleens of S1P1-GFP signaling and GFP reporter mice following exposure to
cuprizone diet (0-6 weeks). (d) Percentage of myeloid cells (CD11b+) and l (e) lymphocytes in CD45+
population during cuprizone diet. Values shown are expressed as mean ± SEM. Unpair t-test was used to
analyze signi�cant difference between two groups, *p<0.05 and **p<0.01.
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