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26 ABSTRACT

27 Blood brain barrier (BBB) dysfunction upon ischemia and hypoxia has been
28 implicated in the exacerbation of neuronal injury in stroke. Despite the therapeutic
29  potential of the cerebrovascular endothelium, the Ilimited understanding of the
30 endothelial signaling pathways governing BBB function restricts progress towards
31 developing novel therapeutic approaches specifically targeting the endothelium.
32  Sphingosine-1-phosphate (S1P) is a potent modulator of endothelial function via its
33 receptors (S1PR). Recent human and mouse studies indicate that vasoprotective
34  endothelial S1P signaling via S1PR1 may be impaired in cardiovascular and
35 inflammatory diseases. Herein, we investigated the expression of S1IPR1 in the mouse
36 and human cerebrovascular endothelium and the role of endothelial-specific S1PR1
37  signaling in brain injury in a mouse model of aneurysmal subarachnoid hemorrhage
38 (SAH), the most devastating type of stroke. We found that S1PR1 is the most abundant
39  S1PR transcript in the mouse brain and in mouse and human brain endothelial cells (20-
40 100 mRNA copies per cell). SIPR1 transcripts were significantly enriched (~6 fold) in
41  mouse cortical microvessels compared to total brain. Using the S1IPR1-eGFP knock in
42  mouse, we found that S1IPR1-eGFP is abundantly expressed in the cerebrovascular
43  endothelium in the mouse brain. A similar pattern of expression was observed in human
44  brain samples. Endothelial specific deletion of SIPR1 in adult mice (S1prl ""*x Cdh5-
45  Cre™ " referred to as S1pr1=©), resulted in exacerbation of brain edema, neuronal
46  injury and worsened neurological outcomes upon SAH compared to Siprl fofiox
47  littermates. No differences in the subarachnoid blood, hemostasis or cerebral blood flow
48  changes during and after SAH were found between groups. Mechanistically, S1pr1=<©
49  exhibited aggravated BBB dysfunction and increased phosphorylation of myosin light
50 chain (MLC) in isolated cortical microvessels, a downstream effector of the Rho-ROCK
51 pathway implicated in endothelial inflammation and barrier dysfunction. Taken together,
52 our data indicate that S1IPR1 is an endogenous protective signaling pathway in the
53  endothelium, critical to maintain BBB function and to mitigate neuronal injury in
54  pathological conditions. Thus, the therapeutic and diagnostic potential of the endothelial
55  sphingosine-1-phosphate pathway in stroke deserves further study.
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57 INTRODUCTION

58 Despite decades of intensive research, stroke is still a leading cause of mortality and
59 long-term disability worldwide [1] and novel therapeutic strategies are need. The
60 cerebrovascular endothelium, in coordination with pericytes [2, 3] and astrocytes [4]
61 plays a critical role in the maintenance of the blood brain barrier (BBB). BBB dysfunction
62 has been implicated in the exacerbation of neurovascular ischemic, hypoxic and
63 inflammatory injury in stroke. For instance, the use and effectiveness of current
64 therapies for ischemic stroke (i.e. tissue plasminogen activator, tPA, or mechanical
65 recanalization) are severely limited by the vascular complications of reperfusion injury
66 (i.e. blood brain barrier dysfunction leading to vasogenic edema and hemorrhagic
67 transformation)[5-9]. In hemorrhagic stroke, perihematoma edema and volume
68 expansion is associated with worsened outcomes [10]. In subarachnoid hemorrhage
69  (SAH), blood brain barrier breakdown occurs in the acute phase and correlates with
70  more severe neurological deficits [11-13]. Although the therapeutic potential of the
71  cerebrovascular endothelium is beginning to be recognized [14-17], the limited
72 understanding of the endothelial signaling pathways governing BBB function/dysfunction
73 in pathological conditions, restricts progress towards developing novel endothelial-
74  targeted therapies.

75  S1P, a bioactive lipid very abundant in plasma, is a potent modulator of endothelial and
76  lymphocyte function. Plasma S1P originates from endothelial cells[18, 19] and
77  erythrocytes[20] and it is bound to lipoproteins (e.g. HDL[21, 22] via apolipoprotein M
78  (ApoM)[22], albumin and other chaperones. In mice, S1P signaling via S1PR1 is
79  required for embryonic and postnatal vascular development and maturation in brain and
80  other organs [23, 24] [25]. In adult mice, S1IPR1 promotes endothelial barrier function,
81 vascular stabilization and inhibits endothelial inflammation [26-28]. These effects are

82 dependent on the activation of anti-inflammatory signaling pathways (Gi-
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83  phosphatidylinositol-3-kinase leading to activation of Rac and Akt) which strengthen
84  endothelial barrier function by promoting actin cytoskeleton dynamics (cortical actin
85 assembly) and adherens junctions assembly to the cytoskeleton. In contrast, S1P
86  binding to S1PR2 induces barrier dysfunction and activates pro-inflammatory signaling
87 pathways (e.g. NFxB) in a Rho-Rho kinase dependent way. S1P-S1PR1
88  antiinflammatory signaling pathway is predominant in the endothelium when S1P is
89 bound to HDL via ApoM [28] (Reviewed in [17]). Indeed, a good part of the
90 cardiovascular protective effects of HDL depend on its content of S1P [29-31] and ApoM
91 [28], which also has been shown to protect plasma S1P from degradation [22]. Recent
92  studies indicate that S1P anti-inflammatory and vasoprotective signaling via S1PR1
93  could be limiting in human cardiovascular and inflammatory diseases [31-34] [17]. For
94 instance, in coronary artery disease, the content of ApoM or S1P in the HDL fraction is
95  significantly reduced, and it inversely correlates with the severity of the disease[31, 32].
96 In addition, in patients suffering inflammatory conditions such diabetes or sepsis, plasma
97  ApoM levels are significantly decreased compared to control patients [35, 36].
98 Interestingly, S1IPR1 also plays a critical role in lymphocyte trafficking and function: mice
99 lacking S1PR1 in hematopoietic cells are lymphopenic due to impaired egress from
100  thymus and lymphoid organs [37]. Indeed, the immunosupressors, Fingolimod (FTY720)
101 [38, 39], and Siponimod (BAF312)[40], which have been approved by the FDA for
102  multiple sclerosis are potent SIPR1 agonists. Given the phenotype of the mice lacking
103  S1PR1 in hematopoietic cells[37] and in vitro studies which indicate that FTY720-P
104  induces desensitization of S1IPR1 [41, 42], it is accepted that Fingolimod, Siponimod and
105  other agonists [43] and antagonists [44] of S1PR1 lead to immunosuppression via
106 inhibition of S1PR1 signaling in lymphocytes.
107 Recent studies attempting to understand the role of S1P in cerebral ischemia have relied

108 on the use of these pharmacological modulators of S1PR1 [45, 46] [47] [48], which
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109  protected in experimental stroke. Although the mechanisms are not completely clear,
110  FTY720 protection has been attributed to its immunosuppressive effects [48] and its
111  ability to desensitize S1PR1 (reviewed in [17]). Thus, these studies could not determine
112  the role of endothelial-specific S1P signaling in BBB function modulation and its impact
113  on brain injury and stroke outcomes. Although immunosuppression is protective in
114  experimental stroke, it is not clear that it could be a good therapeutic strategy in humans,
115 since it also increases the vulnerability of patients to infections [49, 50], a leading cause
116  of mortality in stroke patients[51, 52]. Nevertheless, Fingolimod [53-55] and Siponimod
117  are currently being tested in stroke clinical trials. Understanding the role of endothelial
118 S1P signaling in stroke will be pivotal for future design of novel vasoprotective
119 therapeutic agents targeting this pathway specifically in the endothelium without
120  compromising the immune response.

121  In order to bridge this knowledge gap and given the pathophysiological relevance of the
122  S1P-S1PR1 pathway in humans, in this study we aimed to investigate the expression of
123  S1PR1 in the mouse and human cerebrovascular endothelium as well as the role of
124  endothelial-specific S1IPR1 signaling in modulation of blood brain barrier function and its
125 impact on brain injury upon subarachnoid hemorrhage, the most devastating type of
126  stroke. Our results show that S1IPR1 is an endogenous protective signaling pathway in
127  the endothelium, critical to maintain BBB function and to mitigate neuronal injury in SAH.
128 They also highlight the critical role of the endothelial S1PR1 pathway in the
129  pathophysiology of cerebral hypoxia-ischemia as well as its therapeutic potential.

130 METHODS

131  Mice. All animal experiments were approved by the Weill Cornell Institutional Animal
132 Care and Use Committee. Endothelial cell specific Slprl knockout mice
133 (S1pri"™™xcdh5-Cref "% referred to as S1pr1®*°®) were generated as we have

134  described [56]. S1pr1"™™ mice [24] were crossed to Cdh5-CreR™ mice [57] to
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135 generate S1pri"™™ Cdh5-Cre®"™ mice. Mice were treated with tamoxifen (Sigma-
136  Aldrich) by oral gavage (75 mg kg™) for 3 days at the age of 8 weeks and used for the
137  experiments 3-4 weeks after tamoxifen treatment. S1pri"™™ |ittermates treated with
138  tamoxifen were used as control mice. S1prl-eGFP knock in mice [58] weighing 26-30 g
139  were used for the expression studies. All experiments were performed in male mice.

140 Isolation of cortical microvessels. The brain microvessels were isolated as we have
141  previously described [59]. All procedures were performed in a cold room. The brains
142  were collected and rinsed in MCDB131 medium (Thermo Fisher Scientific) with 0.5%
143  fatty acid-free BSA (Millipore Sigma). The leptomeninges, cerebellum, brainstem and
144  white matter were removed on ice. Ipsilateral cortices were homogenized in 8 mL of
145 MCDB131 medium with 0.5% fatty acid-free BSA using a 7-mL loose-fit Dounce tissue
146  grinder (Sigma-Aldrich) with 10 strokes. The homogenates were centrifuged at 2,000 g
147  for 5 min at 4 °C. The pellet was suspended in 15% dextran (molecular weight ~70,000
148  Da, Sigma-Aldrich) in PBS and centrifuged at 10,000 g for 15 min at 4 °C. The pellet was
149  resuspended in MCDB131 with 0.5% fatty acid-free BSA and centrifuged at 5,000 g for
150 10 min at 4 °C. The pellet contained the brain microvessels.

151 Isolation of mouse primary neurons and mouse mixed glial cells.

152  Mouse (C57BL6) E16.5 embryos were used for primary cortical neuron isolation as we
153  previously described [60]. Cortices were collected and incubated with 0.25% trypsin for
154  150Imin at 37 1°C for tissue digestion. Fetal bovine serum was added to stop the trypsin
155  activity. After centrifugation, the supernatant was discarded and DMEM complete media
156  containing 10% FBS and antibiotics were added to the cells. The cell suspension was
157  passed through 70Cum cell strainer (BD Biosciences, Falcon) and was plated on poly-L-
158 lysine (Sigma Aldrich, St Louis, MO) coated dishes with DMEM complete media. The
159 next day, the medium was changed to Neurobasal media containing B27 supplement,

160 antibiotics and GlutaMAX (Life Technologies). At 7 days in vitro, the cells (>95% NeuN
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161  positive) were harvested for RNA isolation and gene expression quantification by
162  reverse transcription and quantitative PCR (RT-gPCR).

163  Mixed glial cell culture was prepared using the mouse brains from postnatal day 2
164 mouse as we previously described [60] Briefly, cerebral cortices were dissected,
165  trypsinized with of 0.25% trypsin—~EDTA in Hank's Balance Salt Solution (HBSS) and
166  were incubated with trypsin (Thermo scientific) and DNase (Worthington) for 15 min at
167  370°C. Foetal bovine serum was added to the cell suspension to stop trypsin digestion.
168  Cell suspension was centrifuged and the pellet was resuspended with DMEM containing
169 20% FBS and antibiotics. Cell suspension was filtered with a 100-um cell strainer (BD
170  Falcon) into another 501 1ml conical tube. Cells were plated onto six-well plates, which
171  were pre-coated with poly-D-lysine. Three days after plating, the media was changed to
172  DMEM containing 10% FBS and antibiotics. Cells were maintained in DMEM containing
173  10% FBS and antibiotics at 371°C with 5% CO2, with a medium change every 3 days.
174 At day 10 after plating RNA was isolated for determination of gene expression by RT-
175 gPCR.

176  Endovascular perforation SAH surgery. SAH surgery was performed on C57/BL6/J,
177  S1pr1®°k° mice and their littermate S1pr1"®¥° controls as we have previously described
178 [61]. In brief, surgery was performed using a dissecting surgical microscope.
179  Temperature was maintained at 36.5-37.5 °C by using a thermostatic blanket (Harvard
180  Apparatus, CMA 450 Animal Temperature Controller) throughout the procedure. Mice
181  were anesthetized with isoflurane inhalation delivered by facemask with O,. A 15 mm
182  midline vertical incision was made on the skin in the head. The head was fixed in
183  stereotactic frame and cerebral blood flow was measured by Laser-speckle imager
184  (PeriCam PSI system, Perimed, Sweden). During surgery, mice were in supine position.
185 A 10 mm midline vertical incision was made on the skin in the neck. The common

186 carotid, external carotid and internal arteries were dissected from the adjacent tissue.
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187  The superior thyroid artery and the occipital artery were cauterized and cut. The external
188 carotid artery was sutured with a dead knot and cauterized above the suture. A second
189  suture loop was also placed in the external carotid artery just before the bifurcation of
190 the common carotid artery. A slit-knot was placed around the common carotid artery. A
191  small clip was applied to the internal carotid artery and the slip-knot around the common
192  carotid artery was tightened temporally. A small incision was made in the external
193  carotid artery stump. A 5-0 monofilament with a modified tip (0.3 mm x 0.3 mm or 0.3
194 mm x 1.7 mm) was inserted into the incision and the knot around the external carotid
195  artery was tightened to prevent bleeding. Then, the monofilament was advanced to the
196 common carotid artery, the small clip on the internal carotid artery was removed and the
197 monofilament was guided through the external carotid artery to the internal carotid
198 artery. The knot around the common carotid artery was opened again and the
199  monofilament was introduced to the bifurcation of the internal carotid artery. The
200  monofilament was gently pushed ~1 mm further and then withdrawn to the external
201 carotid artery. The knot around the external carotid artery was loosen and the
202  monofilament was slowly removed. The external carotid artery was quickly ligated to
203  prevent bleeding. The mouse was turned in prone position and induction of
204  subarachnoid hemorrhage was confirmed by reduction of cerebral blood flow by Laser-
205  speckle contrast imager. After the surgery, all animals were maintained in a small animal
206  heated recovery chamber. Two different severities of SAH models were created by
207  changing the tip shapes of a 5-0 monofilament: a rounded tip 0.3mm (width) x 0.3 mm
208  (length) was used for mild SAH model or a tip 0.3 mm (width) x 1.7 mm (length) for
209 severe SAH model. The surgeon and the investigator conducting the analysis were
210 blinded to the genotype of the mice. Animals which did not exhibit a reduction in CBF
211  upon endovascular rupture were excluded from the study.

212 RNAisolation, reverse transcription and quantitative PCR analysis (RT-qPCR)
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213  Total RNA from mouse brain, cells and microvessels was prepared using RNeasy Mini
214  Kit (Qiagen, Valencia, CA) as instructed by the manufacturer. To generate cDNA, 100 ng
215 of RNA was reverse transcribed using random primers and SuperScript Il RT-
216  polymerase (Invitrogen, Carlsbad, CA). Primers were designed using the Primer Express
217 oligo design program software (Applied Biosystems, Foster City, CA). Real-time
218 quantitative PCR was performed using the SYBR Green | assay on the ABI 7500
219 Sequence Detection System (Applied Biosystems). PCR reactions for each cDNA
220  sample were performed in duplicate and copy numbers were calculated using standard
221 curves generated from a master template as we previously described. The sequence of
222 the primers used for gPCR are shown in Table 2.

223  S1PR1 Immunohistochemistry

224  Human tissues were retrieved from Brigham and Women's Department of Pathology
225 archives; this work was approved by the Institutional Review Board (Protocol
226  #2013P001431).

227  Immunohistochemistry for SIPR1 was performed on an automated stainer (Leica Bond
228 I, Leica Biosystems, Buffalo Grove, IL) using an anti-human S1PR1 rabbit polyclonal
229 antibody (Santa Cruz Biotechnology Inc.) at a final concentration of 1.3 ug/ml. The IHC
230  technique for S1IPR1 was validated as we have previously described [62]. 5um formalin
231 fixed paraffin embedded tissue sections of human frontal cortex were deparaffinized and
232  processed using heat induced epitope retrieval with an EDTA-based buffer (Leica
233  #AR9640) for 20 minutes and incubated with primary antibody for 30 minutes at room
234  temperature. Secondary antibody (polymer) incubation (10 minutes) and
235 diaminobenzidine-based signal generation (10 minutes) were performed per
236  manufacturer's instructions (Leica # DS9800). Pictures were taken using SPOT Insight
237  Gigabit camera and SPOT Imaging Software (5.1).

238 Immunofluorescence staining
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239  Under deep anesthesia, mice were perfused with cold PBS and subsequently with 4%
240 PFA in PBS solution. The brains were removed, postfixed with 4% PFA for 24 h,
241  transferred to 30% sucrose solution in PBS, embedded in OCT media and frozen.
242  Coronal sections were cut (9 um) in a cryostat. Sections were washed three times with
243  PBS and were then blocked with blocking solution (5 % bovine serum albumin, 0.8 %
244  skim milk, and 0.3 % Triton X-100 in TBS) for 1 h and incubated with the specified
245  primary antibodies in blocking solution overnight on a shaker at 4 °C, followed by the
246  appropriate secondary antibodies and 4',6-diamidino-2-phenylindole (DAPI) for 1 hours
247  at room temperature and were mounted onto slides. Samples were observed on an
248  FluoView FV10i confocal microscope (Olympus, Japan) (original magnification, x 60).
249

250  Protein extraction from brain microvessels and western blotting. Brain
251  microvascular fragments were lysed in HEPES-RIPA buffer (50 mM HEPES pH 7.5; 1%
252 Triton; 0.5% sodium deoxycholate; 0.1% SDS; 500 mM NaCl; 10 mM MgCI2; 50 mM B-
253  glycerophosphate) with 1x Protease inhibitor cocktail (CalBiochem), 1 mM Na3VvVO4 and
254 1 mM NaF and centrifuged at 15,000 r min™* for 15 min. Equal amount of proteins were
255  mixed with SDS sample buffer, boiled and separated on a 4-15% polyacrylamide gel
256  (Bio-Rad), transferred to PVDF membranes (Millipore Sigma), and blocked 5 % milk in
257  0.1% Tween-20 in TBS. Immunoblot analysis was performed with S1PR1 (1:250; Santa
258  Cruz, cat. no. sc25489), p-MLC (1:1000; Cell Signaling, cat. no. 3671), and B-actin
259 (1:1,000; Santa Cruz, cat. no. sc-1616 HRP) antibodies. Membranes were washed with
260  0.1% Tween-20 in TBS, incubated with anti-rabbit IgG secondary antibody conjugated to
261  horseradish peroxidase (1:2,000; Cell Signaling), and protein bands were visualized with
262  enhanced chemilumescent (ECL) reagent (Thermo Fisher Scientific) on a Protec
263 OPTIMAX X-Ray Film Processor. Relative band intensities were obtained by

264  densitometric analysis of images using ImageJ software.
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265 Brain endothelial cell isolation and assessment of deletion efficiency of
266 endothelial S1prl mRNA. Two weeks after tamoxifen treatment, mice were sacrificed
267 and the brains were collected and rinsed in MCDB131 medium (Thermo Fisher
268  Scientific) with 0.5% fatty acid-free BSA (Millipore Sigma). The cortices were
269  homogenized in MCDB131 medium using a 7-mL loose-fit Dounce tissue grinder
270  (Sigma-Aldrich) with 15 strokes. The homogenate was mixed with same amount of 30%
271  dextran (molecular weight ~70,000 Da, Sigma-Aldrich) in PBS and centrifuged at 4,500 r
272  mint for 15 min at 4 °C. The pellet was resuspended in MCD131 medium and
273  centrifuged at 2,400 r min™ for 10 min. The pellet was resuspended in Liberase TM
274  solution (3.5 U; Roche) with DNasel (0.4 U; AppliChem Inc) and digested at 37.0 °C for
275 90 min. The enzymatic reaction was stopped by adding 2 mM of EDTA and 2% of BSA.
276  After centrifugation at 2,400 r min™ for 10 min, the pellet was incubated in purified Rat
277  Anti-Mouse CD31antibody (MEC13.3) (1 : 100; BD Biosciences) with Dynabeads Sheep
278  Anti-Rat IgG (Invitrogen, cat. no. 11035) for 35 min. CD31 positive endothelial cells were
279 isolated by using DynaMag-2 Magnet (Thermo Fisher Scientific). Total RNA was
280 extracted from the isolated endothelial cells using shredder (Qiagen) and RNeasy Mini
281 Kit (Qiagen) with RNase-free DNase treatment (Qiagen) according to the manufacturer’s
282  instructions. Reverse transcription was carried out using Verso cDNA Synthesis Kit
283  (Thermo Fisher Scientific). Real-time PCR was performed on a real-time PCR system
284  (Applied Biosystems, ABI 7500 Fast) by using PerfeCTa SYBR Green Fast Mix Low
285 ROX. PCR primer sequences for target molecules are in Table 2.

286 Grading system for SAH. Blood volume in the subarachnoid space was assessed
287 using the grading system previously reported [63]. Mice were sacrificed under deep
288 anesthesia 24 h after SAH induction and the brains were removed. Pictures of ventral
289 surface of the brain depicting the basal cistern with the circle of Willis and the basilar

290  artery were taken using a stereomicroscope (Olympus, SZX16) equipped with digital

11
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291 camera (Olympus, DP12). The basal cistern was divided into 6 segments and a grade
292 from 0 to 3 was given to each segment: Grade 0, no subarachnoid blood; Grade 1,
293  minimal subarachnoid blood; Grade 2, moderate blood clot with recognizable arteries;
294  Grade 3, blood blot obliterating all arteries. Blood volume was evaluated by a total score
295  ranging from O to 18 from six segments.

296 Tail bleeding assay. Tail bleeding time was determined as described previously[64]. A
297  mouse was anesthetized with a mixture of ketamine and xylazine, and body weight was
298 measured. The mouse was placed on a heating pad in prone position, the tail tip was
299  about 4 cm blow the body horizon. A distal 5 mm segment of the tail was amputated,
300 and the tail was immediately immersed in PBS pre-warmed at 37 °C. The time to
301 complete arrest of bleeding was determined: complete arrest is no blood flow for 1
302 minute. The blood volume was determined by hemoglobin assay. Blood cells were
303  separated by centrifuge at 4,000 r/min for 5 min at room temperature, and erythrocytes
304  were resuspended in BD Pharm Lyse (BD Biosciences). After 10 min incubation in the
305 buffer, the lysate was centrifuged at 10,000 rpm/min for 5 min. Hemoglobin
306 concentrations were measured spectrophotometrically at 550 nm using a plate reader
307  (Molecular Devices, SpectraMax M2e).

308 Mortality and neurological outcome. Mortality was assessed at 24, 48 and 72 hours
309 after SAH induction. Gross neurological outcome was blindly evaluated before and at 24,
310 48 and 72 hours after surgery by sensorimotor scoring as described previously [65, 66].
311  Briefly, a motor score (0 to 12; spontaneous activity, limb symmetry, climbing, and

312  balance) and a sensory score were used. Gross neurological outcome was evaluated by
313 atotal score of 4 to 24. Higher scores indicate better neurological outcome.

314 Brain water content. Brain edema was determined by using the wet/dry method as
315  previously described [67]. Mice were sacrificed at 72 hours after surgery and the brains

316  were quickly removed and separated into the left and right cerebral hemispheres and

12
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317 weighed (wet weight). The brain specimens were dried in an oven at 55°C for 72 hours
318 and weighed again (dry weight). The percentage of water content was calculated as
319  (Jwet weight-dry weight]/wet weight) x 100%.

320 Cell death detection. DNA strand breakage during apoptosis after SAH was assessed
321 by phospho-histon H2A.X (Ser 139) immunofluorescence as previously described [68].
322  Because phosphorylation of histone H2A.X at Ser 139 (y-H2AX) is abundant, fast, and
323 correlates well with each DNA strand breakage, it is the most sensitive marker that can
324 be used to examine the DNA damage [69, 70]. Mice were deeply anesthetized and
325 perfused with cold PBS and subsequently with 4% PFA in PBS solution. The brains were
326 removed, post-fixed with 4% PFA for 24 h and transferred to 30% sucrose solution.
327  Frozen brains were cut with a 10 um of thickness by a cryostat (Leica, CM3050 S). The
328  brain slices were blocked with TBS- blocking solution (5% bovine serum albumin and
329 0.5% Tween 20 in PBS) for 1 hour at room temperature and incubated with phospho-
330 histone H2A.X (Ser 139) (20E3) antibody (1:100; Cell Signaling) in blocking solution
331 overnight on a shaker at 4 °C. Sections were washed three times with 0.5% Tween 20 in
332  PBS and then incubated with goat anti- rabbit IgG Alexa- 488 (1:200; Life Technologies,
333 cat. no. A-11008). DAPI (40 ,6-diamidino-2-phenylindole) staining was used as a counter
334  staining. Sections were imaged by using an FluoView FV10i confocal microscope
335  (Olympus, Japan) (original magnification, x 40). For quantification, the percentage of
336  phospho-histone H2A.X positive cells per DAPI positive cells from three different fields in
337 the ipsilateral cerebral cortex area per mouse (bregma -1.64 to -1.28 mm) were counted
338 and the average values were plotted.

339 Assessment of blood brain barrier dysfunction.

340 To assess albumin extravasation, Evans blue dye (EBD) was used because EBD binds
341 to plasma albumin[71]. Mice were anesthetized and 2% EBD (4 ml kg™*) was injected in

342  the external jugular vein 21 hours after surgery. After 3 hours circulation, mice were

13
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343  deeply anesthetized and perfused with cold PBS to remove intravascular dye. The
344 ipsilateral hemispheres were removed and homogenized in 50% trichloroacetic acid in
345 PBS. The lysate was centrifuged at 15,000 rpm min™ twice for 15 min at 4 °C, and the
346  supernatant was used to measure fluorescence (excitation/ emission = 620/680 nm,
347  SpectraMax M2e, Molecular Devices). The relative fluorescence units (R.F.U.) were
348 normalized by the brain weights. To histologically confirm the plasma leakage into the
349  brain parenchyma, 70 kDa dextran-TMR was injected through jugular vein and let
350 circulate for 1h. Brain was removed without perfusion, embedded OCT compound
351 directly and frozen [72]. Sections were cut (9 um) in a cryostat and fixed with 4% PFA
352  before Immunohistochemistry. After staining with anti Glut-1 antibody, the ipsilateral
353  cortex was observed on an FluoView FV10i confocal microscope (Olympus, Japan)
354  (original magnification, x 60).

355  Statistical analysis. All results were expressed as mean + SEM. Statistical analysis
356  were performed with GraphPad Prism (GraphPad Software, Version 7.0c) by using two-
357 tailed Student’s t-test, one-way analysis of variance (ANOVA) followed by Tukey’s test or
358 two-way ANOVA followed by Bonferoni’'s test. P values < 0.05 were considered
359  statistically significant.

360
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361 RESULTS

362  Expression of S1IPR1 in the mouse and human brain

363  We first investigated the expression of S1PR in brain, mouse primary neurons and
364 mouse brain endothelial cells by reverse transcription and quantitative PCR analysis
365 (RT-gPCR), as we have previously described [62, 73]. We found that S1PR1 is robustly
366  expressed, being the most abundant S1PR transcript in the mouse brain in vivo, (Fig.
367 1A, 20.5+ 2.4 copies/10° 18S, which is equivalent to approximately 20.5+ 2.4 S1PR1
368 mRNA copies/cell [74]), as well as in the mouse brain endothelial cell line bEnd.3 [75]
369 (Fig. 1B, 87.3+2.9 copies/cell), mouse primary neurons (Fig. 1C, 16.4+1.3 copies/cell)
370 and mouse primary mixed glial cells (Fig. 1D, 8.3+0.15 copies/cell) in vitro. Then, we
371 compared the expression of S1PR1 in cortical microvessels fragments [56] to its
372  expression in total brain. Interestingly, we found that S1PR1 transcripts are highly
373  enriched in cortical microvessels when compared to total brain (Fig. 1E, ~6 fold
374  enrichment in microvessels vs whole brain).

375 Using the Silprl-eGFP knock in mice, in which S1PR1-eGFP fusion protein is
376  expressed under the control of the endogenous S1PR1 promoter [58], we found that
377  S1PR1 is abundantly expressed in the endothelium of cerebral microvessels throughout
378 the brain (Fig. 2A, B, representative pictures from corpus callosum and cortex) as
379 assessed by detection of SIPR1-eGFP and immunofluorescence (IF) analysis for the
380  glucose transporter 1 (Glut-1).

381 S1PR1is also expressed in neurons in various anatomical areas, mainly in the neuropil,
382 as assessed by Nissl and microtubule associated protein (MAP)-2 staining.
383  Representative pictures of cortex and hippocampus are shown (Supplementary Figures
384 1 and 2, A and B). In white matter areas (e.g. corpus callosum and internal capsule,

385  supplementary figures 1C and 2C, D), SIPR1-eGFP is localized mainly in the neuronal
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386  processes, surrounding MAP2 signal. Only some fibrous astrocytes express S1PR1
387  (Supplementary Figure 3).

388 A similar pattern of expression was observed in the mouse brain when
389 immunofluorescence analysis was conducted using a S1PR1 antibody previously
390 validated in our laboratory [62] (data not shown).

391 In order to investigate the expression of S1PR1 in the human brain, we conducted IHC
392  analysis in sections from the frontal lobe. The S1PR1 antibody and IHC protocol used in
393  human samples were previously validated in our laboratory [62]. Representative pictures
394  of the frontal cortex are shown in Figure 3. SIPR1 immuno positivity was observed both
395 in the grey matter (GM) and subcortical white matter (WM) areas (Figure 3A, low
396 magnification). S1IPR1 was widely detected in the cerebrovascular endothelium of
397  parenchymal vessels (in the grey matter and white matter, Fig. 3B, D-F) and pial vessels
398 (Fig. 3C). In the grey matter, S1IPR1 staining was observed mainly in the neuropil (Fig.
399 3B, C). In the subcortical white matter, the detection of SIPR1 was more diffuse and
400  weaker compared to the signal observed in the microvessels (Figure 3E and F).

401 Altogether, our data indicate that, SIPR1 is the most abundant S1PR transcript in the
402 brain, and in brain endothelial cells, neurons and mixed glial cells in vitro. S1IPR1 protein
403 is also widely detected in the mouse and human brain, in the cerebrovascular
404  endothelium and the grey matter neuropil. SIPR1 mRNA is highly enriched in mouse
405  cerebral microvessels when compared to total brain.

406 Endothelial S1PR1 is an endogenous protective pathway induced in cerebral
407  microvessels after SAH

408 In order to investigate the role of endothelial SIPR1 signaling in the pathophysiology of
409  aneurysmal SAH, we used the endovascular rupture model of SAH[61], which is a well
410 established and reproducible model that recapitulates key features of the

411  pathophysiology of the acute phase of SAH. 24, 48 and 72 hours after SAH, cerebral
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412 microvessels were isolated from the mouse cortex of wild type mice to determine
413  sphingosine 1-phosphate receptor 1 (S1IPR1) mRNA and protein levels compared to
414 sham mice. We found that S1IPR1 mRNA levels in cortical microvessels were
415  significantly increased at 24h after SAH (3.1440.55 fold induction) compared to sham
416 (Fig. 4A). Gfap mRNA levels in microvessels were significantly higher 24 h after SAH
417  compared to sham (Fig. 4B, 5.14+ 0.55 fold induction). The levels of endothelial (Tjp-1,
418 Fig. 4C), pericyte (Anpep, CD13, Fig. 4D) or astrocyte end foot (Aqp4, Fig. 4E) markers
419 did not significantly change suggesting similar cell composition among the microvessel
420  preparations from these groups of mice. S1IPR1 protein was widely detected by western
421 blot assay in cerebral microvessels in sham animals (Supplementary Figure 4). A
422  modest increase in S1IPR1 protein levels at 24 hours after SAH was observed (1.68 +
423 0.19-fold). These data indicate that, in the acute phase of SAH, neurovascular
424  inflammation occurs. In addition, SIPR1 mRNA and protein levels in cerebral
425  microvessels were significantly increased upon SAH.

426  Given the abundant expression of S1PR1 in the cerebrovascular endothelium in the
427 mouse and human brain, and the enrichment in S1IPR1 mRNA in mouse cortical
428  microvessels compared to total brain, we aimed to investigate the role of endothelial
429  S1PR1 signaling in early brain injury (EBI) after SAH. We generated endothelial-specific
430 S1PR1 null mice (S1IPR1 £%©) by treating adult S1pr1"®"*xCdh5-Cre*"™ mice (~2
431 month old) with 75 mg kg® tamoxifen for 3 consecutive days (Fig.4F) as we have
432 recently described[56]. S1pr1™™* |ittermate mice were also treated with tamoxifen and
433  used as wild type control. We assessed the efficiency of deletion in SIPR1EX° by
434  isolating brain endothelial cells from mice 2 weeks after tamoxifen treatment. RT-gPCR
435  analysis demonstrated ~90% reduction of Siprl expression in S1prl=*° mice
436  compared to S1pr1"™™* |ittermate mice treated with tamoxifen in the same manner (Fig.

437  4F). We previously reported that, in resting conditions, postnatal endothelial deletion of
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438 S1PR1 does not have an impact on central nervous system vascular development,
439  maturation, or pattern formation [56].

440  S1pr1®*° and S1pri"™* jittermates were subjected to SAH surgery using a modified
441 5.0 suture (0.3 mm x 1.7 mm) to induce severe SAH as described in the method section
442  [61]. The mortality rates were 10% in S1pr1"™™™ mice at day 1, 2 and 3 after SAH.

443  Interestingly, the mortality rates in endothelial-specific S1IPR1 null mice (S1pr1=<<°

444  40% at day 1, and 60% at day 2 and 3, Fig. 4G) were significantly higher compared to
445  wild type (S1pri"oiox

446  Given the high mortality rate in S1pri=*° subjected to the severe SAH model (Fig. 4G),
447  we used a milder SAH model for subsequent studies, by changing the shape of the tip of
448  the nylon suture to perforate the cerebral artery (0.3 mm x 0.3 mm, as described in
449  methods section). When S1pr1®*° mice were challenged with mild SAH, they exhibited
450 a trend towards a higher mortality rate (26.3% in day 1, 2 and 3) compared to
451  Si1pr1"™ which exhibited a mortality rate of 7.7% at day 1, 2 and 3 (Fig. 4H), although
452 it was not statistically significant. Altogether these data indicate that endothelial-specific
453  deletion of S1IPR1 in mice increases mortality in the acute phase of SAH.

454  Genetic deletion of Siprl in the endothelium has no effect on blood volume in the
455 subarachnoid space, hemostasis or CBF changes after SAH.

456 The volume of blood in the subarachnoid space, which depends on the amount of
457  bleeding and the clearance, directly correlates with worse outcomes after SAH [76] [63].
458  Thus, we quantified the amount of subarachnoid blood upon SAH in S1pr1™*™ and
459  S1pr1¥*°© mice by image analysis using a previously described SAH grading system
460 [63]. No significant differences were observed in the amount of subarachnoid blood
461  between S1pr1"™™ and S1pr1®° mice 24h after SAH (Fig. 5A, representative

462  pictures). SAH grading was 11.50 + 0.62 in S1pr1™™ mice and 11.67 + 0.42 in

463  S1pr1=*° (Fig. 5B). In addition, we determined the role of endothelial-specific SIPR1
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464 in hemostasis using the tail bleeding assay [64]. We did not find any significant
465  differences in the bleeding times or blood volumes between S1pr1"/°* and S1pr1’8<©
466  mice in the tail bleeding assay. Bleeding times were 68.88 + 4.98 seconds in S1pr1"oo
467 and 63.8 + 4.14 seconds in S1prl®¥° (Fig. 5C). Hemoglobin contents, assessed by
468  measuring the absorbance at 550 nm, were 0.73 + 0.07 in S1pr1=*® mice compared to
469  0.70 +0.12 in S1pr1"™™* mice (Fig. 5D). Altogether, these data indicate that hemostasis
470 is not impaired in S1pr1=°“° mice compared to wild type mice and that the amount of
471  blood in the subarachnoid space 24 h upon SAH is similar in wild type and S1pr1K°
472  mice.

473  We also determined cerebral blood flow (CBF) changes during SAH in both groups of
474  mice by Laser-Speckle flowmetry (Figure 5E). CBF in the middle cerebral artery (MCA)
475  territory rapidly dropped ~1 minute after SAH in a similar way in both S1pr1""* and
476  S1pr1=*° mice. In the ipsilateral hemisphere, CBF dropped to 40.26 + 4.09% of basal in
477  S1pr1"™ and to 31.65 + 3.46% of basal in S1pr1=°“®: in the contralateral hemisphere,
478  CBF dropped to 77.32 + 3.90% of basal in S1pr1"™"* and to 82.42 + 3.72% of basal in
479  S1pr1®°*°, Afterwards, as shown in Figure 5E, CBF progressively recovered similarly in
480  S1pr1™™* and S1pri®*° mice. 2 h after SAH, in the ipsilateral hemisphere, CBF
481 recovered to 82.83 + 5.88% of basal in S1pr1"™™* and to 87.46 + 7.15% of basal in
482  S1pr1®*®: in the contralateral side CBF recovered to 95.34 + 4.86% of basal in
483  S1pr1"™™* and to 102.81 + 1.97% of basal in S1pri¥*°. These data indicate that
484  genetic deletion of S1prl in the endothelium did not have a significant impact in CBF
485  changes upon SAH.

486 Finally, no significant differences were observed in arterial O, saturation, heart rate,
487  pulse distention (a surrogate of pulse pressure) and respiratory rate between S1pr1'5<©

488  and S1pr1"™™* mice, before or after SAH (Table 1).
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489 Altogether, these data indicate that endothelial-specific deletion of S1PRL1 in
490 adult mice did not have a significant impact on bleeding or clearance of subarachnoid
491 blood, cerebral blood flow changes or systemic physiological parameters such as heart
492  rate, respiratory rate, O, saturation or pulse distension.

493 Endothelial deletion of Slprl exacerbates brain edema and cell death after SAH
494  leading to worsened neurological outcomes.

495  In order to determine the impact of the lack of endothelial S1PR1signaling on brain injury
496 after SAH, we assessed brain edema at 72 hours after induction of mild SAH by

497  quantifying total brain water content. S1pr1"°/fox

mice exhibited a statistically significant
498 increase in brain water content in the ipsilateral hemisphere (82.83 + 0.53%) compared
499  to sham (81.34 + 0.20%) (Fig. 6A). Interestingly, in S1pri¥“*° mice, total brain edema in
500 the ipsilateral hemisphere was significantly exacerbated (84.39 + 0.91%) compared to
501  Si1pri"™™* (Fig. 6A). There were no changes in brain water content in contralateral
502  hemisphere (SAH versus sham) in either S1pr1"¥° or S1pr1’5<<° mice.

503 Next, we analyzed cell death at 24 hours after SAH using phospho-histone
504 H2A.X (Ser 139) immunostaining, a marker for apoptosis and DNA damage [69, 70]. We
505 found that S1pr1®=*° mice showed significantly higher number of phospho-histone
506  H2A.X positive cells compared to S1pr1"®/"* mice (50.85 + 2.56% in S1pr1=*° versus
507  34.00 + 2.98% in S1pr1"¥®) (Fig. 6B and C). No apoptotic cells were detected in sham
508 animals.

509 Finally, we aimed to determine the impact of genetic deletion of S1PR1 in the
510 endothelium on neurological outcomes after SAH. Neurological outcomes were
511 determined by assessing motor and sensory function using a total scale of 4 to 24 (being
512 24 the best neurological outcome) as previously described[65, 66]. Neurological

1iECKO

513 outcomes at 24h and 48h after mild SAH surgery were worsened in Silpr mice
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514 (16.29 + 1.37 and 17.14 + 1.40, respectively) compared to S1pri""* mice (20.91 +
515 0.81 and 21.00 + 0.83, respectively) (Fig. 6D).

516 These data indicate that genetic deletion of S1prl specifically in the endothelium
517 significantly exacerbates total brain edema and cell death resulting in poorer
518 neurological outcomes.

519 Endothelial specific deletion of Slprl in adult mice exacerbates blood brain
520 dysfunction after SAH.

521 Given the critical role of the cerebrovascular endothelium in BBB maintenance, we
522  determined BBB dysfunction 24 hours after SAH or sham surgery. Albumin leakage was
523 quantified by Evans Blue Dye (EBD) extravasation assay, in S1pr1"™* and S1pr1’8K°
524 mice. In addition, leakage of macromolecules into the brain parenchyma was
525  histologically confirmed by detection of intravenously injected 70kDa
526  tetramethylrhodamine (TMR)-dextran and immunofluorescence analysis of the
527  endothelial marker Glut-1. We found that 24 h after SAH, albumin leakage in the

528 ipsilateral hemisphere was significantly increased in S1pr1"oiox

mice compared to sham
529 animals (Fig 7A, 1.53 + 0.06 fold in S1pr1"®™* SAH versus S1pr1"™ sham) and
530 significantly higher in S1pri¥“° mice with regards to S1pri"®"* (1.83 + 0.08 in
531  S1pri®X, Fig. 7A). In addition, upon sham surgeries, no differences in albumin leakage
532  were observed between S1pr1""* and S1pr1®*°, consistent with our recent report
533  [56]. Histological analysis of 70kDa tetramethylrhodamine (TMR)-dextran localization,
534 confirmed increased leakage into the brain parenchyma and outside of cerebral
535 capillaries upon SAH (Fig. 7B). Altogether, these data indicate that BBB dysfunction
536  upon SAH is exacerbated in animals lacking S1PR1 specifically in the endothelium.

537 In order to shed light on the mechanisms whereby endothelial deletion of S1PR1 leads

538 to exacerbated BBB dysfunction, we isolated cerebral microvessels after SAH from
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539  Si1pri"™™* 51pr1i¥° mice and determined the activation of signaling pathways
540 implicated in BBB dysfunction by western blot analysis. The Rho-ROCK pathway has
541 been shown to play a critical role in endothelial barrier dysfunction, endothelial
542 inflammation [77] and also in blood brain barrier dysfunction in central nervous system
543  pathologies [78-80]. We found that exacerbated BBB dysfunction in endothelial-specific
544  S1PR1 null mice correlated with increased phosphorylation of myosin light chain (MLC)
545 in isolated cortical microvessels (Fig. 7C and D, 6.96+1.6 fold in S1pri<*° versus
546  Si1pri"™™ a downstream effector of the Rho-ROCK pathway critical for the induction
547  blood brain barrier dysfunction [78]. The levels of endothelial markers (e.g. occludin, Fig.
548 7C and D) were similar, indicating consistent cell composition between microvessel
549  preparations [59]. Altogether, these data indicate that BBB dysfunction after SAH
550 (albumin and 70 KDa dextran leakage) is heightened in mice lacking S1PR1 specifically
551 in the endothelium and correlates with increased levels of phosphorylated MLC in
552  cerebral microvessels.

553
554
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555 DISCUSSION

556 In this study, we aimed to determine the expression of S1PR1 in the cerebrovascular
557  endothelium in mice and humans and the role of endothelial S1IPR1 signaling in stroke
558 outcomes in mice. Using tissue specific SIPR1 null mice in which genetic deletion of
559 S1PR1 in the endothelium was induced in the adult and a mouse model of aneurysmal
560 SAH, the most devastating type of stroke, we unveil the critical role of this endothelial
561 pathway in SAH outcomes. We found that S1IPR1 transcripts are significantly enriched
562  (~6 fold) in mouse cortical microvessels compared to total brain and that SIPR1 mRNA
563 is induced in cerebral microvessels after SAH. Endothelial specific deletion of S1IPR1
564 resulted in aggravated brain injury and significantly worsened outcomes, indicating that
565 S1PR1 is an endogenous protective mechanism of the endothelium to mitigate
566 exacerbation of neurovascular injury in stroke. Our study unveiled a previously
567 unappreciated role of the endothelial S1P pathway in the pathophysiology of stroke and
568 implies that activation of this endogenous protective endothelial pathway could have
569 important therapeutic applications in CNS pathologies.

570

571  Cerebral microvascular dysfunction has been implicated in the pathophysiology of
572  numerous acute [5-13, 81] [82-85], and chronic neurological conditions [86-89].
573  Aneurysmal SAH, the most devastating type of stroke, occurs when an intracranial
574  aneurysm ruptures. Compared to other types of stroke, SAH occurs earlier in life (40-60
575 years)[90] and leads to higher mortality (50%) [91]. In addition, SAH survivors
576  experience a high degree of disability and cognitive impairment (memory, language and
577  executive function) [92] with personal and societal consequences. SAH causes transient
578  cerebral ischemia and accumulation of blood in the subarachnoid space, leading to brain
579 injury, BBB dysfunction, cytotoxic and vasogenic cerebral edema in the acute phase [12,

580 93, 94]. Although numerous studies have reported the direct correlation between
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581 endothelial barrier dysfunction and worsened SAH outcomes in humans [95, 96] and
582  mice [94, 97-102], the impact of specific endothelial signaling pathways on brain injury
583 and SAH outcomes has remained uncertain. Given the emerging pathophysiological
584 relevance in humans of the S1PR1 pathway, in this study, we aimed to investigate the
585 role of the endothelial-specific S1IPR1 signaling in brain injury in the acute phase of
586 SAH. We used a well-established mouse model of aneurysmal SAH, the endovascular
587  rupture model [61]. This experimental model faithfully recapitulates key features of the
588 acute phase of SAH: upon rupture of the MCA, blood pours into the subarachnoid space,
589 increasing intracranial pressure which gives rise to a brief period of transient (~3-5
590 minutes) cerebral ischemia [61] (Fig. 5E, ~70%reduction of CBF in ipsilateral
591 hemisphere). CBF slowly recovers over the time, but the brain remains hypoperfused in
592  the acute phase of SAH (Fig. 5E, ~30% reduction vs basal). BBB breakdown, cerebral
593 edema and neuronal injury ensue [97, 100]. Our study demonstrates the critical role of
594 the endothelium in SAH outcomes and highlights the therapeutic potential of the
595 endothelial S1IPR1 pathway to prevent exacerbation of brain injury in this devastating
596  condition.

597

598 There is mounting evidence in humans of the pathophysiological relevance of the S1P-
599  S1PR1 pathway in endothelial [31, 32] and lymphocyte function [38, 39] [40]. Fingolimod
600 [38, 39] and Siponimod [40], 2 immunosupressor drugs FDA approved for the treatment
601  of multiple sclerosis, are pharmacological modulators of SIPR1. Remarkably, they are
602  currently being tested in stroke clinical trials. In experimental stroke, FTY720 and S1PR1
603  specific agonists, as other immunosuppressor drugs, have been shown to be
604  protective[45, 46] [47, 48]. Although the mechanisms are not completely clear, FTY720
605  protection has been attributed to its immunosuppressive effects [48] and its ability to

606 desensitize and inhibit S1IPR1 signaling. Due to the immuno-suppressor effects of
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607  S1PR1 pharmacological modulators, these previous studies could not determine the role
608  of endothelial specific SIPR1 signaling in BBB function and stroke outcomes. We sought
609 to address this pivotal question by inducing the deletion of S1IPR1 in adult mice,
610 specifically in the endothelium [57] and directly testing the role of endothelial S1IPR1
611 signaling in BBB function and its impact on early brain injury upon SAH. Our data
612 demonstrate that endothelial S1P signaling via S1PR1 is an endogenous protective
613  signaling pathway that mitigates neurovascular ischemic-hypoxic injury. These data are
614  consistent with previous studies from our laboratory which indicated that FTY720 exerts
615  agonistic activity for SIPR1 in the endothelium and promotes endothelial barrier function
616 [17, 27]. Overall, our findings with the endothelial-specific SIPR1 mice highlight the
617  therapeutic potential of this endothelial pathway in stroke. Future strategies to activate
618 this pathway specifically in the endothelium without compromising the immune response
619  hold promise as novel vasoprotective therapeutic agents in stroke.

620

621 Mechanistically, we found that endothelial deletion of S1PR1 exacerbates BBB
622  dysfunction (albumin and 70kDa dextran leakage) upon SAH. BBB dysfunction
623  heightens neurovascular injury by various mechanisms such as by allowing the entrance
624  of neurotoxic plasma components into the brain parenchyma (e.g. albumin [103],
625 fibrinogen [104]) and by compromising the ability of cerebral capillaries to deliver oxygen
626  and nutrients to the neurons [7-9, 105]. In homeostatic conditions, the cerebrovascular
627  endothelium, in cooperation with pericytes and astrocytes maintain a physical, metabolic
628 and transport barrier to restrict the passage of molecules into the brain parenchyma [4,
629 106, 107]. Crosstalk between the cellular components of the blood brain barrier are
630 critical to maintain the unique phenotype of the cerebrovascular endothelium,
631 characterized by the presence of TJ as well as low expression of molecules involved in

632  vesicular trafficking (e.g. plasmalemma vesicle-associated protein) [108] [3] [109] and
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633  leukocyte adhesion (e.g. ICAM-1), which prevents trafficking of plasma molecules and
634  blood cells via paracellular and transcellular routes. Upon ischemic or hypoxic injury,
635 BBB dysfunction ensues, primarily due to two cellular mechanisms, transcellular and
636  paracellular permeability. Gelatinase activity in cerebral microvessels [94, 100, 101, 110-
637 113] is induced leading to basal lamina degradation [7, 114], weakening of pericyte-
638 endothelial interactions and increased endothelial transcytosis (transcellular
639  permeability)[3, 109]. Intercellular junctions (tight and adherens junctions) [78, 115]
640 undergo post-translational modifications (e.g. phosphorylation) and disassembly from
641 the actin cytoskeleton [116] giving rise to increased paracellular permeability. Barrier
642  dysfunction is also accompanied by the acquisition of the cerebrovascular endothelium
643 of a pro-inflammatory phenotype, characterized by the expression of leukocyte-
644  endothelial adhesion molecules (e.g. E-Selectin, ICAM-1). The GTPase Rho, is
645 emerging as a central key regulator of these cellular processes. Rho, and its effector,
646 ROCK play a critical role in endothelial dysfunction via the regulation of the actin
647  cytoskeleton dynamics [78, 80], caveolin-mediated endothelial transcytosis [79, 117] as
648  well as the induction of pro-inflammatory gene expression via activation of nuclear factor
649 k B[118, 119]. In the current study we found that, at the molecular level, exacerbated
650  BBB dysfunction in S1PR1 endothelial specific null mice correlated with increased levels
651  of phosphorylated MLC, a downstream effector of the Rho-ROCK pathway implicated in
652  blood brain barrier dysfunction [77, 78, 80]. Altogether, our data indicates that the
653 aggravation of albumin leakage observed in endothelial specific SIPR1 null mice
654  correlates with increased activation of Rho-ROCK pathway, implicating the role of
655  endothelial S1PR1 signaling in the regulation of the endothelial cytoskeleton and
656  vesicular trafficking leading to barrier dysfunction.

657

658  Other possible vascular mechanisms responsible for the worsened outcomes in
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659  endothelial specific S1prliECKO mice vs wild type could be differences in cerebral blood
660 flow or in bleeding upon cerebral artery rupture. However, we did not observe
661 differences in the CBF changes or physiological parameters during and after SAH
662  between these two groups of mice. In addition, the amount of blood in the subarachnoid
663  space (SAH grade), which plays an important role in the severity of brain injury and SAH
664  outcomes was similar in both groups of mice, indicating that there were no differences in
665 bleeding or the clearance of the subarachnoid blood. Furthermore, there were no
666 differences in hemostasis, assessed by the tail-bleeding assay, between wild type and
667  SlprliECKO mice. Thus, the exacerbation of neuronal injury upon SAH in the
668  endothelial specific slprl null mice vs wild type cannot be attributed to differences in
669  bleeding or in cerebral blood flow regulation. Altogether our data points to exacerbation
670 of BBB permeability (albumin leakage) as the main cellular mechanism underlying the
671 aggravation of brain injury upon endothelial deletion of S1PR1 in the adult mice,
672  providing proof of concept of the critical role of endothelium and blood brain barrier
673  dysfunction in SAH outcomes.

674

675  Lastly, our study also underscores the pathophysiological relevance of the S1P pathway
676 in humans. Using RT-gPCR in combination with mouse genetic approaches and IHC
677  techniques previously validated in our laboratory [62], we found that S1IPR1 is the most
678 abundant S1PR transcript in the mouse brain and mouse brain microvessels and widely
679  detected in the human cerebrovascular endothelium and brain parenchyma. Our human
680 data, together with our mouse studies using the endothelial-specific SIPR1 null mice,
681  highlight the therapeutic and prognostic potential of the endothelial S1IP pathway in
682  stroke. Given recent human studies which indicate that S1P-S1PR1 vasoprotective
683  signaling [28, 30] may be limiting in cardiovascular and inflammatory diseases [17, 31-

684  34] our present data imply that patients having limiting endothelial S1PR1
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685  antiinflammatory signaling (e.g. with lower levels of ApoM or HDL-bound S1P), could be
686 at risk of worsened outcomes upon stroke. In addition, our data suggests that the
687 adverse effects reported in some subsets of multiple sclerosis patients in chronic
688 treatment with FTY720, such as macular edema or posterior reversible encephalopathy
689  syndrome [120-123] could be due to antagonism of endothelial SIPR1.

690

691 In summary, our study demonstrates the critical role of the endothelial SIPR1 signaling
692 in BBB function and SAH outcomes in mice. Our human data strengthen the
693  pathophysiological relevance of these findings and highlight the therapeutic and
694  prognostic potential of the endothelium, more specifically the endothelial S1P signaling
695 pathway in stroke. New strategies to modulate S1P signaling specifically in the
696 endothelium to prevent exacerbation of BBB leakage and brain injury without
697 compromising the immune response [17, 60, 124] could hold promise as novel
698 neurovascular protective therapies in stroke and other pathological conditions
699  associated with BBB dysfunction [5-13, 81-85], [86-89].

700
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714 FIGURE LEGENDS

715 Figure 1. SIPR1 mRNA is the most abundant S1PR transcript in brain, brain
716  endothelial cells and neurons and it is highly enriched in brain microvessels.
717  S1PR mRNA levels in A) normal mouse brain, B) the mouse brain endothelial cell line
718 bEnd.3, C) primary mouse neurons and D) primary mouse mixed glial cells. E)
719  Comparison of S1PR1 mRNA levels in brain microvessels versus whole brain.
720  Quantitative reverse transcription and polymerase chain reaction (RT-gPCR)
721 demonstrates that S1IPR1 transcript is predominant over the other S1PR and it is highly
722  enriched in brain microvessels compared to whole brain. B) Log scale. The individual
723  values and the mean = SEM are shown. N=3-6. *p<0.05.

724  Figure 2. S1PR1 is expressed in the cerebrovascular endothelium of the mouse
725  brain. Confocal analysis of SIPR1-eGFP fluorescence and Glut-1 immunodetection in
726  white matter (A, corpus callosum) and grey matter (B, C, cortex) areas of the mouse
727  brain. SIPR1-eGFP (green channel) is expressed in the cerebrovascular endothelium.
728  Immunofluorescence for Glut-1 (endothelial marker) is shown in the red channel. C)
729  Inset shown in panel (digital zoom). Representative pictures are shown. Scale bar 20um.
730 N=5-6. Sections were captured using an FluoView FV10i confocal microscope
731  (Olympus, Japan) (original magnification, x 60). Arrows in the green channel point to
732  bright green signal in the microvessels (Glutl positive).

733  Figure 3. S1PR1 is detected in the human cerebrovascular endothelium.
734  Representative images of S1IPR1 immunohistochemistry from 5 human brain autopsy
735 samples. Formalin-fixed paraffin-embedded tissue sections were used for
736  immunohistochemical staining of S1PR1, as described in the Methods section. A)
737  Expression of S1PR1 in frontal cortex grey matter (GM) and subcortical white matter

738  (WM). Scale bar 500 uM. B) Representative picture showing S1IPR1 immunopositivity in
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739  arterioles and capillaries as well as the neuropil of the cortical grey matter. C) Detection
740 of S1PR1 in the cerebrovascular endothelium of pial vessels. D-F) Representative
741 pictures of S1IPR1 immunodetection in the subcortical white matter. Notice S1PR1
742  positivity in parenchymal arterioles (D, F), venules (E) and capillaries (E, F). B-F) Scale
743  bar 50 uM. Pictures were taken with a 60x objective (Olympus, Japan).

744  Figure 4. Endothelial S1IPR1 is an endogenous protective pathway induced in
745  cerebral microvessels after SAH. A-E) Slprl, Gfap, Tjp-1 (ZO-1), Anpep (CD13) and
746  Agp4 mRNA levels in cerebral microvessels were quantified by RT-gPCR in sham
747  animals 24 h after SAH. Slprl and Gfap are induced in cerebral microvessels after
748 SAH. The mRNA levels of the endothelial (ZO-1, Tjp-1), pericyte (Anpep, CD13) or
749  astrocyte (Agp4) markers did not significantly change suggesting similar cell composition
750  among the microvessel preparations from these groups of mice. F) Efficiency of deletion
751 of S1PR1 in the cerebrovascular endothelium. S1pri"™™ and S1pr1=“° mice were
752  treated with tamoxifen (75 mg kg™) for the consecutive 3 days at the age of 8 weeks.
753  Silprl mRNA levels were analyzed by qPCR in brain endothelial cells isolated from
754  S1pri"™™* and S1pr1=°° mice, 2 weeks after tamoxifen treatment (n = 4). Efficiency of

1O mice is shown relative to

755  deletion in the cerebrovascular endothelium in Slpr
756  S1pri"™™* mjce. Individual values and mean + SEM are shown. *P < 0.05, **P < 0.01,
757  **P < 0.001, Student's t-test. G) Survival curves in S1pr1"™ and S1pr1=*° mice after
758  severe SAH surgery (n = 10). H) Survival curves in S1pr1"®/"* and S1pr1¥¢° mice after
759  mild SAH surgery (n = 13 or 19). G and H) Log-rank test, *P < 0.05. Red line, S1pr1'=<°;
760  blue line, S1pr1oiox,

761  Figure 5. Genetic deletion of Slprl in the endothelium has no effect on
762  subarachnoid blood volume, hemostasis or CBF changes after SAH.

763  A) Representative images of the ventral side of the brain from S1pri""* and S1pr1’8K°

764  mice at 24 hours after SAH. B) Subarachnoid blood volume (SAH grade) was calculated
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765 by quantifying the blood in the subarachnoid space by image analysis as described in
766  methods section. (n = 6). (C-D) Quantification of hemostasis in the tail bleeding assay.
767  C) bleeding time and D) blood volume (n = 8). (B-D) Student’s t-test. Individual values
768 and meantSEM are shown. (E) CBF in the middle cerebral artery territory was
769  measured by Laser-speckle contrast imager in S1pr1"®™ and S1pr1=°*° mice before (0
770 min.), 1 min, 10 min, 2 h, 4 h, 24 h after SAH induction. The relative CBF values (%)
771  versus before SAH are shown. Data are mean + SEM. (n = 6). Two-way ANOVA
772  followed by Bonferoni’'s test showed no statistically significant differences between wild
773  type and S1IPR15°°. Red solid line, S1IPR1""* ipsilateral side; blue solid, SIPR1'EK°
774  ipsilateral; light dotted line, SIPR1"™"* contralateral; light blue dotted line, SIPR1EK°
775 contralateral. IL, ipsilateral side. CL, contralateral side.

776

777  Figure 6. Exacerbated cerebral edema and neuronal injury after SAH in endothelial
778  specific Slprl null mice A) 72 hours after SAH, brain edema was evaluated by
779  quantification of brain water content in S1pr1"®/"* and S1pr1¥° mice (n = 7 - 14). Brain
780  water content in the ipsilateral and contralateral hemispheres was calculated as (jwet
781  weight-dry weight]/wet weight) x 100. * p<0.05, one-way ANOVA followed by Tukey’s
782  test. B) Immunofluorescence confocal analysis of phospho-histone H2A.X, a marker for
783  DNA damage (green channel). Nuclear staining (DAPI) is shown in the blue channel.
784  Representative images of ipsilateral hemisphere (cortex) from S1pr1"™™ and S1pr1®*°
785 mice after SAH stained are shown. Scale bar, 50 um. C) Quantification of phospho-
786  histone H2A.X positive cells (%) (n = 7-8 mice). *P < 0.05, student’s t-test. The individual
787  values and the mean = SEM are shown. Each data point represents a mouse and it is
788 the average of 3 different fields. D) Neurological (sensory and motor) deficits after mild
789  SAH surgery in S1pr1"™ and S1pr1®*° mice (n = 12 or 14) were assessed as

790  described in methods. From 4 to 24 points: 24 points (best), 4 points (worst). Data are
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791 mean + SEM. *P < 0.05, *P < 0.01, One-way ANOVA followed by Tukey’s test. Red
792  line, S1pr1®=*®; Blue line, S1pr1"mx,

793  Figure 7. Endothelial specific S1prl null mice exhibit exacerbated BBB leakage
794  after SAH compared to wild type littermates. A) Albumin BBB leakage, assessed by
795  Evans Blue Dye extravasation, 24 hours after sham or SAH surgery in S1pri""* and
796  S1prl®*° mice (n = 6 - 10). Evans blue dye was circulating for 3 hours. The individual
797  values and mean + SEM are shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
798 (One-way ANOVA followed by Tukey's test). y axis shows relative fluorescence units
799  (R.F.U.) per gram of tissue. B) Histological determination of 70kDa of TMR-dextran
800 leakage (red channel) into the brain parenchyma. Immunofluorescence for Glut-1
801 (endothelial marker) is shown in the green channel. Nuclear stain (DAPI) is shown in the
802 blue channel. White arrows point to extravascular-parenchymal TMR-dextran.
803 Representative pictures are shown. Scale bar 20um. N=5-6. Sections were captured
804  using an FluoView FV10i confocal microscope and a 60x objective (Olympus, Japan). C-
805 D) Increased levels of phosphorylated myosin light chain (p-MLC) in isolated cortical
806  microvessels in S1pri¥*° mice compared to S1pr1""* Cortical microvessels were
807 isolated 24 h after SAH in S1pr1=*° and S1pr1"™ mice. C) Western blot analysis for
808 phospho-MLC (p-MLC), occludin and B-actin. D) Western blot quantification was
809  conducted using Image J. Individual values and mean + SEM are shown. *P < 0.05 ( t
810 test).

811

812
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Table 1. Physiological variables in S1pr1"*°* and S1pr1¥°° mice.
Time points Parameters Sipryfiox/flox S1pr1'Eeko
5 min before SAH Arterial O, saturation 98.6 £0.2 98.4+0.1
(SpO2, %)
Heart rate 442.0 £ 23.2 459.2 + 10.7
(b.p.m.)
Pulse distention 13.8+0.7 12.8+0.9
(Hm)
Respiratory rate 162.3+4.9 155.0+ 6.7
(br.p.m.)
5 min after SAH Arterial O, saturation 98.6+0.1 98.6 £0.2
(SpO2, %)
Heart rate 539.8+9.9 549.7 £ 9.9
(b.p.m.)
Pulse distention 132+1.1 125+0.9
(Hm)
Respiratory rate 133.3+4.4 126.8 £ 6.5
(br.p.m.)
bpm, beats per minute; br.p.m., breaths per minute. Pulse distention is a surrogate for pulse
pressure. No significant differences were observed in the physiological parameters (arterial
O, saturation, heart rate, pulse distention and respiratory rate) between S1pri"®/* and
S1pr1=%° mice, before and after SAH

813
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815 SUPPLEMENTARY FIGURE LEGENDS

816  Supplementary Figure 1. Expression of SIPR1-eGFP and Nissl stain in brain in the
817 S1PR1-eGFP knock in mouse. S1PR1-eGFP fluorescence confocal analysis in grey
818 matter (A, cortex and B, hippocampus) and white matter areas (C, corpus callosum) of
819 the mouse brain. Neuronal somas are stained with NeuroTrace® 530/615 Red
820  Fluorescent Nissl (red channel). Note that SIPR1-eGFP is expressed in neurons and
821 localized around the soma, mainly in the neuropil (A, B) and axons (C). Sections were
822  imaged by using an FluoView FV10i confocal microscope (Olympus, Japan), (original
823  magnification, x 60). Scale bar 20um. Representative pictures are shown. N=5-6

824  Supplementary Figure 2. Expression of S1PR1-eGFP and MAP-2
825 immunofluorescence in neurons in the SIPR1-eGFP knock in mice. S1IPR1-eGFP
826 fluorescence confocal analysis in grey matter (A, cortex and B, hippocampus) and white
827 matter areas (C, D, internal capsule) of the mouse brain. Notice that SIPR1-eGFP
828  signal is localized in the dendrites and neuronal processes (MAP-2 positive). D) Inset
829  shown in panel C (digital zoom). Image shows localization of SIPR1-eGFP around the
830  microtubules. Sections were imaged by using an FluoView FV10i confocal microscope
831 (Olympus, Japan), (original magnification, x 60). Scale bar 20um. Representative
832  pictures are shown. N=5-6

833 Supplementary Figure 3. Expression of S1PR1-eGFP and GFAP
834 immunofluorescence in astrocytes in the S1PR1-eGFP knock in mice. S1PR1-
835  eGFP fluorescence confocal analysis in white matter areas (A, B, corpus callosum, C,
836 internal capsule) of the mouse brain. Arrows indicate fibrous astrocytes positive for
837 S1PR1-eGFP. B) Digital zoomed image of an astrocyte positive for SIPR1-eGFP. C)

838 Digital zoomed image of an astrocyte negative for SIPR1-eGFP.Sections were imaged
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839 by using an FluoView FV10i confocal microscope and a 60x objective (Olympus, Japan)
840  Scale bar 20um. Representative pictures are shown. N=5-6

841

842  Supplementary Figure 4. S1PR1 protein levels in cortical microvessels are
843 increased 24h after SAH. Western blot analysis for SIPR1 in brain microvessels. 24
844  after subarachnoid hemorrhage (SAH) cortical microvessels were isolated and S1PR1
845 levels were detected by western blot (n = 4). Immunoblot image (A) and quantification of
846 S1PR1 (B) are shown. Bactin bands are used as a loading control and for normalization
847  in quantification. Individual values and mean £SEM are shown. **P < 0.01, t test.

848
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849
Table 2. Sequences of the primers used for RT-gPCR
Target Genes Primer’'s Sequences
Mouse S1PR1 F: CCGGATCGTATCTTGTTGCA
R: AAATTCCATGCCTGGGATGA
Mouse S1PR2 F: ATGGGCGGCTTATACTCAGAG
R: GCGCAGCACAAGATGATGAT
Mouse S1PR3 F: GCCTAGCGGGAGAGAAACCT
R: CCGACTGCGGGAAGAGTGT
Mouse S1PR4 F: TTAGAGTGGTCCGAGCCAATG
R: GATCATCAGCACGGTGTTGAGT
Mouse S1PR5 F: CACCGGCAGTCCTGGAGTA
R: AAGGGTTGGGAAGCGTCAGT
18S F: ACCTCTCGAAGTGTTGGATACAG
R: TTCACTAATGACACAAACGTGATTC
850
851
852
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