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They are strongly expressed in endothelial cells, with S1P 1  
being the most abundant of the receptors ( 8–10 ). Genetic 
deletion of  S1pr1  results in lethality in utero due to edema 
and hemorrhage, an effect that has been attributed to loss 
of S1P 1  in endothelial cells ( 11–13 ). Recently, the ability of 
S1P 1  to stabilize nascent vascular networks during develop-
mental scenarios was shown ( 14, 15 ). 

 The S1P receptor-targeting drug FTY720 is phosphory-
lated by sphingosine kinase-2, and the phosphorylated 
form (FTY720-P) binds to four out of fi ve S1P receptors, 
but with highest affi nity for S1P 1  ( 16, 17 ). Binding of 
FTY720-P induces internalization and degradation of S1P 1  
( 5, 18–20 ), resulting in lymphopenia, because lympho-
cytes can no longer respond to the high S1P levels in 
lymph and plasma ( 5, 21 ). FTY720 has been approved for 
the treatment of multiple sclerosis (MS), and its ability to 
limit lymphocyte traffi cking, resulting in attenuation of 
neural infl ammation, demyelination, and neurodegenera-
tion, is thought to be its primary mechanism of action ( 22, 
23 ). However, this agent caused dose-dependent adverse 
events, including macular edema and reduced pulmonary 
function ( 24 ). Subsequent mechanistic studies using 
FTY720 and the S1P 1 -selective agent AUY954 ( 25 ) in mice 
found that degradation of S1P 1  resulted in pulmonary vas-
cular leakage ( 26 ). 

 Ulcerative colitis (UC) is a disease of the colorectum 
whereby patients manifest cyclical bouts of infl ammation, 
which can result in severe morbidity. The damage that oc-
curs in the colonic mucosa of UC patients is associated 
with an intense lymphocytic infl ux ( 27 ). The colonic vas-
culature also plays an important role in the pathogenesis 
of both human and experimental colitis. During infl amma-
tion, vascular density increases and blood vessels become 
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  Sphingosine-1-phosphate (S1P) receptors are a family 
of fi ve G protein-coupled receptors that induce cellular 
responses through interactions with S1P ( 1, 2 ). S1P recep-
tors expressed in immune cells enable egress from lymph 
nodes in response to the increasing S1P concentration 
gradient from lymph nodes to lymph and plasma ( 3–5 ). In 
addition to playing a critical role in controlling immune 
cell egress, S1P receptors regulate vascular function ( 6, 7 ). 
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 For bone marrow transplant experiments, male C57BL6/J 
mice aged 5 weeks were whole-body irradiated with 9 Gy for 
10 min using a Gammacell 40 Exactor Cesium source irradia-
tor (MDS Nordion Inc.; Kanata, Canada). Mice were then ret-
ro-orbitally injected with bone marrow isolated from the 
femurs and tibias of either  S1pr1 f/f  Rosa26-Cre-ER T2   or  S1pr1 f/f   
mice (n = 8/genotype). Eight weeks following the bone mar-
row transplant, all mice were administered tamoxifen and 
verifi ed for Cre status and deletion of the gene in DNA iso-
lated from blood. Both groups of mice were then challenged 
with 2% DSS for 7 days followed by 7 days of plain drinking 
water, and measurements of disease severity were recorded 
during the experimental period. All animal studies were ap-
proved by the Institutional Animal Care and Use Committee 
at Weill Cornell Medical College. 

 Quantitive real-time PCR 
 Total RNA was isolated from frozen human and mouse tis-

sues using the RNeasy mini kit (Qiagen; Valencia, CA). RNA was 
reverse transcribed to make cDNA using murine leukemia virus 
reverse transcriptase and oligo (dT) 16  primer. The resulting 
cDNA was used for amplifi cation using QuantiTect Primer As-
says (Qiagen) for the following genes:  S1P 1   (Hs_S1PR1_1_SG) 
(human);  platelet/endothelial cell adhesion molecule 1  ( PECAM1 ) 
(Hs_PECAM1_1_SG) (human);  S1pr1  (Mm__S1pr1_1_SG) (mouse). 
 GAPDH  was used as an endogenous normalization control for 
both human (Hs_GAPDH_2_SG) and mouse samples (Mm_
Gapdh_3_SG). Quantitive real-time PCR (qRT-PCR) was per-
formed using 2× SYBR green PCR master mix on a 7500 Real-time 
PCR system (Applied Biosystems; Carlsbad, CA). Relative fold 
induction was determined using the ddC T  (relative quantifi ca-
tion) analysis protocol. 

 Immunofl uorescence 
 To generate mouse tissues, C57BL6/J mice were given 2% 

DSS for 7 days then euthanized, and colons were fl ushed with 
ice-cold PBS then placed into O.C.T. compound (Sakura; Tor-
rance, CA) and stored at  � 80°C until sectioning. Human biop-
sies were collected as described above and immediately placed 
into O.C.T. Frozen sections were placed into ice-cold methanol-
acetone (1:1) for 20 min, washed in PBS, then incubated in 2% 
BSA for 30 min. Sections were then incubated in anti-S1P 1  (H60) 
(1:100), anti-PECAM1 (1:100) (Santa Cruz Biotechnology; Santa 
Cruz, CA), or anti-CD3 (1:100) (Abcam; Cambridge, MA) pri-
mary antibodies for 1.5 h. After incubation, sections were washed 
in PBS and blocked in 2% BSA for 30 min, followed by incuba-
tion with anti-rabbit-FITC (1:500) and anti-goat-Cy3 (1:500) fl uo-
rescent secondary antibodies (Jackson ImmunoResearch; West 
Grove, PA) for 30 min. Slides were then washed in PBS and dried, 
and one drop of Prolong Gold anti-fade reagent (Life Technolo-
gies) was applied. 4 ′ ,6-Diamidino-2-Phenylindole, Dihydrochlo-
ride (DAPI)   (1:100) (Life Technologies) was applied to mouse 
tissues for 1 min following the fi nal PBS wash. Slides were cover-
slipped and allowed to stand for 24 h before imaging on a Fluoview 
FV10i confocal microscope (Olympus; Center Valley, PA). 

 Vascular permeability assay 
 Untreated  S1pr1 f/f  Rosa26-Cre-ER T2   and  S1pr1 f/f   littermates 

were administered tamoxifen as described above. One week 
later, mice were given tail vein injections of 0.5% Evans Blue 
dye (Sigma-Aldrich) dissolved in saline in a volume of 100 µl. 
Ninety minutes after injection, mice were euthanized, and colons 
were harvested and fl ushed with PBS. Colons were dried overnight 
at 56°C, weighed, then incubated in formamide (Sigma-Aldrich) 
at 37°C for 24 h, and the extravasation of dye was quantifi ed 

more permeable coincident with immune cell extravasa-
tion and infi ltration of the colonic mucosa ( 28, 29 ). Ab-
normal vasculature in UC is believed to contribute to the 
chronic infl ammatory state that damages the colon ( 29 ). 

 Although it is well established that S1P 1  controls vascu-
lar integrity and that dysfunctional vasculature is a feature 
of UC, the expression or role of S1P 1  in UC is unknown. In 
the present study, we have shown that S1P 1  localized to the 
colonic vasculature in UC. Genetic deletion of  S1pr1  in-
creased colonic vascular permeability in control mice and 
colitis-associated bleeding. These fi ndings suggest an im-
portant role for S1P 1  in the colonic vasculature under both 
normal and infl amed conditions. 

 EXPERIMENTAL PROCEDURES 

 Patient samples 
 Samples were obtained at the time of colonoscopic examina-

tion from both normal subjects and patients with active UC. Nor-
mal subjects and UC patients were matched for age, gender, and 
smoking status. In patients with UC, biopsies were taken from 
mucosa that was macroscopically infl amed ( 30 ). All samples were 
immediately placed into RNAlater (Life Technologies; Grand Is-
land, NY) and stored at 4°C for 24 h. RNAlater was then removed, 
and samples were stored at  � 80°C until RNA extraction. The 
study was approved by the Weill Cornell Medical College Institu-
tional Review Board, and all subjects provided informed consent 
for participation. 

 Studies of dextran sodium sulfate-induced colitis 
 For drug intervention studies, male C57BL6/J mice (Jackson 

Labs; Bar Harbor, ME) aged 8 weeks were administered 2% dex-
tran sodium sulfate (DSS) (MP Biochemical; Irvine, CA) dis-
solved in drinking water for 7 days, then switched to plain 
drinking water for an additional 7 days. For FTY720 studies, mice 
were administered FTY720 (Cayman Chemical; Ann Arbor, MI) 
(3 mg/kg) dissolved in 2% 2-hydroxypropyl- � -cyclodextrin (HBC) 
(Sigma-Aldrich; St. Louis, MO) or 2% HBC alone, daily by oral 
gavage. For AUY954 studies, mice were administered AUY954 
(1 mg/kg) (gift from Novartis Pharmaceuticals) dissolved in 2% 
HBC containing 0.05% DMSO or 2% HBC/0.05% DMSO alone 
daily by oral gavage. Both drugs were given during the entire 14 day 
experimental period, during which body weights were measured 
and bleeding and diarrhea scores recorded as a measurement of 
disease severity. Bleeding was assessed by detection of heme in 
stool using the Hemoccult Sensa test (Beckman Coulter; Fuller-
ton, CA) or evidence of gross bleeding on a scale from 0 to 3. 
Diarrhea was assessed by measuring the softness or appearance of 
the stool on a scale from 0 to 3. 

 For studies using  S1pr1 f/f  Rosa26-Cre-ER T2   mice or  S1pr1 f/f   lit-
termates, tamoxifen (Sigma-Aldrich) was administered by oral 
gavage (200 mg/kg), and 1 week later, 1.5% DSS was given for 
7 days or 7 days then switched to plain drinking water for 14 
days. A separate group of mice was given 2% DSS for 7 days fol-
lowed by 10 days of plain drinking water. Measurements of dis-
ease severity as described above were recorded during the entire 
experimental period. Blood platelet counts were determined at 
the end of each experimental period by the Center for Com-
parative Medicine and Pathology at Weill Cornell Medical Col-
lege. Cre status and verifi cation of gene deletion after tamoxifen 
administration was performed on tail DNA using primers previ-
ously described ( 15 ). 
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PECAM1-positive cells were also positive for S1P 1 . To con-
fi rm that the vasculature was a major source of S1P 1  in UC 
biopsies, qRT-PCR was performed on endoscopic biopsies 
from normal subjects and subjects with active UC. Expres-
sion levels of S1P 1  and PECAM1 were significantly in-
creased [median (range)] in samples from UC patients 
relative to normal subjects (S1P 1 : [2.3 (0.8–7.2)] vs. [0.9 
(0.5–3.2)],  P  = 0.006; PECAM1: [3.2 (1.1–7.6)] vs. [1.0 
(0.7–1.4)],  P  < 0.001). Moreover, a strong correlation be-
tween S1P 1  and PECAM1 expression was found in UC bi-
opsies ( Fig. 1B ). 

 Genetic deletion of  S1pr1  disrupts colonic vascular integrity 
 Given the strong expression of S1P 1  in the colonic 

vasculature in human biopsies, we postulated that this re-
ceptor could be playing a functional role. To test this idea, 
a mouse model with a tamoxifen-inducible deletion of 
 S1pr1  ( S1pr1 f/f  Rosa26-Cre-ER T2  ) was utilized. S1pr1 ex-
pression was fi rst measured in colonic tissue from  S1pr1 f/f  

spectrophotometrically at 595 nm. Concentrations were calcu-
lated by using a standard curve of known concentrations of Evans 
Blue dye and normalized by dry tissue weight ( 26 ). 

 Blood lymphocyte quantifi cation 
 Male C57BL6/J mice aged 8 weeks were administered FTY720 

(3 mg/kg) or AUY954 (1 mg/kg) or their respective vehicles 
daily by oral gavage for 14 days. Fifteen microliters of blood was 
collected by tail nick and immediately mixed with 0.6% EDTA. 
One milliliter of 0.83% NH 4 CL was added to samples to lyse red 
blood cells. Samples were centrifuged, and resulting pellets were 
washed twice in HBSS. Cells were counted on a hemocytometer, 
transferred to a 96-well plate, and stained for fl uorescence-acti-
vated cell sorting (FACS) analysis. Cells were incubated with 
Mouse BD Fc Block (BD Biosciences; San Jose, CA) blocking so-
lution for 5 min then incubated with anti-CD4-APCcy7 (BD Bio-
sciences) (1:200), anti-CD8b-FITC (ebioscience; San Diego, CA) 
(1:200), and anti-B220-efl uor (ebioscience) (1:100) antibodies 
on ice for 20 min. After staining, cells were washed and fi xed in 
0.5% formaldehyde. Cell populations were quantifi ed using an 
LSRII fl ow cytometer (BD Biosciences). Individual cell popula-
tions were calculated as a percent of the total cells in each sam-
ple, and the percent decrease in the drug-treated group was 
calculated relative to the vehicle-treated group. 

 Statistical analysis 
 Human sample characteristics were summarized in terms of 

mean plus or minus the standard deviation for continuous vari-
ables and count/frequency for categorical variables. Expression 
of S1P 1  and PECAM1 in human biopsies from UC patients was 
determined relative to biopsies from healthy controls using the 
ddC T  (relative quantifi cation) analysis protocol. Correlation in 
expression level between the two genes in the UC samples was 
quantifi ed using Spearman’s method. The nonparametric Wil-
coxon rank-sum test was used to examine differences in various 
end-points, including S1P 1  and PECAM1 expression in human 
biopsies, S1pr1 expression in mouse colons, vascular permeabil-
ity by the Evans Blue dye assay, maximum DSS-induced weight 
loss, platelet counts, and the numbers of circulating lymphocytes 
between FTY720/AUY954-treated versus vehicle-treated mice. 
The generalized linear mixed-effects model was used to evaluate 
differences in the probability of having severe DSS-induced diar-
rhea or colonic bleeding. The log-rank test was used to deter-
mine whether genetic deletion of  S1pr1  resulted in signifi cantly 
increased death due to DSS administration. 

 RESULTS 

 S1P 1  is expressed in the colonic vasculature in UC 
 The infl amed mucosa of subjects with active UC is char-

acterized by lymphocytic infi ltration. S1P 1  is a known regu-
lator of lymphocyte traffi cking and could potentially 
mediate immune cell function in UC. Initially, we exam-
ined the expression of S1P 1  in lymphocytes in endoscopic 
biopsies from subjects with active UC. Using coimmuno-
fl uorescence, we found a large number of CD3-positive 
lymphocytes in these samples, but only a small subset also 
expressed S1P 1  (  Fig. 1A  ,  top panels, arrows). Increased 
vasculature is another well-known feature of UC. Notably, 
S1P 1  colocalized with PECAM1, a marker for endothe-
lial cells ( Fig. 1A , bottom panels, arrows). In fact, all 

  Fig.   1.  S1P 1  is expressed in the colonic vasculature in UC. A: 
Coimmunofl uorescence for S1P 1  and CD3 (top panels) or S1P 1  
and PECAM1 (bottom panels) was performed on endoscopic biop-
sies from subjects with UC. Arrows indicate colocalization of S1P 1  
and CD3 or PECAM1. Images were acquired using a 63× objective. 
B: S1P 1  and PECAM1 expression was measured by qRT-PCR in 
endoscopic biopsies from healthy subjects (n = 10) and subjects 
with active UC (n = 12). After determining expression levels in 
UC biopsies relative to healthy subjects, the correlation ( � ) of the 
relative expression of both markers was determined for the same 
UC samples.   
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administered to  S1pr1 +/+   and  S1pr1  � / �    mice for 7 days, 
followed by 14 days of plain drinking water.  Figure 3B  
shows that a signifi cantly greater percent of  S1pr1  � / �    mice 
had severe bleeding as compared with  S1pr1 +/+   littermates 
upon DSS exposure. By contrast, other endpoints of dis-
ease severity, including diarrhea severity and weight loss, 
were unaffected ( Fig. 3C, D ). Importantly, genetic dele-
tion of  S1pr1  sensitized mice to DSS-induced death ( Fig. 
3E ). Recent evidence has shown that loss of  S1pr1  in mice 
impairs platelet production by interfering with pro-plate-
let release from mature megakaryocytes ( 31 ). To deter-
mine whether a reduction in the number of platelets may 
have contributed to the observed increased bleeding in 
 S1pr1  � / �    mice, platelet counts were quantifi ed in both 
genotypes after DSS exposure. Platelet counts were not 
signifi cantly different [median (range)] between  S1pr1  � / �    
and  S1pr1 +/+   mice after 7 days of DSS exposure [1,226 × 
10 3  (1,028 × 10 3 –1,683 × 10 3 )/µl] vs. [1,066 × 10 3  (850 × 
10 3 –1,487 × 10 3 )/µl] ( P  = 0.11), or 14 days after complet-
ing 7 days of DSS administration [1,491 × 10 3  (1,187 × 
10 3 –2,150 × 10 3 )/µl] vs. [1,456 × 10 3  (1,252 × 10 3 –1,851 × 
10 3 )/µl] ( P  = 0.48). 

 Given that S1P 1  has been shown to play a role in im-
mune cell function, we confi rmed that the bleeding de-
fect observed in  S1pr1  � / �    mice was not related to loss of 
S1P 1  specifi cally in myeloid and other hematopoietic/
immune cells. To test this, bone marrow from  S1pr1 f/f  
Rosa26-Cre-ER T2   or  S1pr1 f/f   mice was transplanted to le-
thally irradiated wild-type mice and challenged with 2% 

Rosa26-Cre-ER T2   ( S1pr1  � / �   ) and  S1pr 1  
f/f   ( S1pr1 +/+  ) litter-

mates after tamoxifen administration. S1pr1 levels were 
reduced by  � 80% in  S1pr1  � / �    mice  (  Fig. 2A  ). To deter-
mine whether S1P 1  was lost in the colonic vasculature of 
 S1pr1  � / �    mice, coimmunofl uorescence was performed for 
S1P 1  and PECAM1. As shown in  Fig. 2B , S1P 1  colocalized with 
PECAM1 in the wild-type mice. By contrast, S1P 1  expression 
was lost on PECAM1-positive cells in  S1pr1  � / �    mice. 

 To test whether loss of S1P 1  resulted in a vascular defect 
in the colon, we performed a permeability assay using Ev-
ans Blue dye. As shown in  Fig. 2C , leakage of dye out of the 
colonic vasculature was signifi cantly increased in  S1pr1  � / �    
mice. We also determined whether loss of S1P 1  resulted in 
colonic bleeding. Three out of 10  S1pr1  � / �    mice were posi-
tive for fecal blood, whereas none of the  S1pr1 +/+   mice 
showed evidence of fecal blood. Furthermore, histological 
analysis of colonic tissue from  S1pr1  � / �    mice revealed red 
blood cells within the colonic mucosa that were not con-
tained within blood vessels ( Fig. 2D ). 

 DSS-induced bleeding is enhanced after  S1pr1  deletion 
 To determine whether S1P 1  is potentially important in 

UC, the DSS model of colitis was employed. We tested 
whether genetic deletion of  S1pr1  enhanced colitis-associ-
ated bleeding. Consistent with the fi ndings in humans, we 
fi rst showed that S1P 1  colocalized with PECAM1 in ulcer-
ated regions of the colons of wild-type mice given DSS for 
7 days  (  Fig. 3A  ). To determine whether genetic dele-
tion of  S1pr1  enhanced colitis-related bleeding, DSS was 

  Fig.   2.  Genetic deletion of  S1pr1  results in colonic 
vascular fragility. A: Colonic tissue was harvested 
from  S1pr1 +/+   and  S1pr1  � / �    mice, and S1pr1 expres-
sion was determined by qRT-PCR. A statistically sig-
nifi cant reduction in S1pr1 expression [median 
(range)] was found in  S1pr1  � / �    [0.2 (0.1–0.3)] com-
pared with  S1pr1 +/+   [1.0 (0.9–1.1)] mice. B: Tissues 
from mice described in panel A were examined by 
coimmunofl uorescence for the expression of S1P 1  
and PECAM1 (63× objective). Note the loss of S1P 1  
expression on PECAM1-expressing cells in the co-
lons of  S1pr1  � / �    mice. Images were cropped and 
magnifi ed to enhance visualization of individual 
blood vessels. C: Evans Blue dye was injected into 
the tail veins of  S1pr1 +/+   and  S1pr1  � / �    mice, and the 
extravasation of dye from colonic tissue was deter-
mined, as described in Experimental Procedures. A 
statistically signifi cant increase in vascular permea-
bility [median (range)] was found in colons from 
 S1pr1  � / �    [0.047 (0.040–0.051)] compared with 
 S1pr1 +/+   [0.037 (0.032–0.040)] mice. D: A represen-
tative photomicrograph of a colon from an  S1pr1  � / �    
mouse showing red blood cells (arrows) in the co-
lonic mucosa that are not contained within a blood 
vessel (400×). The inset shows a cropped and magni-
fi ed version of this image to enhance visualization of 
red blood cells.   



S1P 1  in ulcerative colitis 847

cells  (  Fig. 5A  ). To test the effect of these drugs on the 
severity of colitis induced by DSS exposure, mice were 
given 2% DSS for 7 days then switched to plain drinking 
water for an additional 7 days. Mice were treated with ei-
ther FTY720 or AUY954 or their respective vehicles daily 
during the entire experimental period, and clinical scores 
of colitis were measured. As shown in  Fig. 5B–D , neither 
drug affected the severity of DSS-induced bleeding or 
weight loss. However, FTY720 did ameliorate the severity 
of diarrhea. 

 DISCUSSION 

 S1P 1  plays important roles in both lymphocyte traffi ck-
ing and vascular function. The role or expression pattern 
of this receptor in the colon under normal or pathological 
conditions is unknown. The present study shows that S1P 1  
is strongly expressed in the colonic vasculature in both UC 

DSS following tamoxifen administration.   Figure 4    shows 
that deletion of  S1pr1  specifi cally in the bone marrow 
had no effect on colonic bleeding severity or other end-
points of colitic disease. 

 S1P receptor-targeting agents do not disrupt the colonic 
vasculature 

 Because genetic deletion of  S1pr1  resulted in defective 
colonic vasculature, we investigated whether administra-
tion of the nonselective S1P receptor functional antago-
nist FTY720 or S1P 1 -selective agent AUY954 would cause a 
similar phenotype. To fi rst ensure that these drugs were 
administered at therapeutic doses, both drugs were given 
for 14 consecutive days and lymphocyte counts were deter-
mined in the peripheral blood by FACS. Compared with 
vehicle-treated mice, mice given FTY720 (3 mg/kg) had a 
signifi cant reduction in the number of circulating CD4-, 
CD8b-, and B220-positive cells, whereas mice given AUY954 
(1 mg/kg) had a signifi cant reduction in CD8b-positive 
cells and a modest reduction in CD4- and B220-expressing 

  Fig.   3.  Genetic deletion of  S1pr1  results in enhanced DSS-induced bleeding. A: Wild-type C57BL6/J mice were administered 2% DSS for 
7 days, and colons were examined for the expression of S1P 1  and PECAM1 by coimmunofl uorescence in a region of ulcerated mucosa (as 
verifi ed by DAPI stain). Arrows indicate positive staining for both S1P 1  and PECAM1 (63× objective). B–D:  S1pr1 +/+   and  S1pr1  � / �    mice (n = 
10/group) were administered 1.5% DSS for 7 days, followed by 14 days of plain drinking water; and severity of bleeding (B), diarrhea (C), 
and weight loss (D) were recorded. Error bars represent SD. (E)  S1pr1 +/+   (n = 8) and  S1pr1  � / �    (n = 7) mice were administered 2% DSS for 
7 days, followed by 10 days of plain drinking water, and death was recorded. Differences   in bleeding or diarrhea severity were determined 
by quantifying the percent of mice with a score >1 or  � 2, respectively, in each group. Differences in body weight loss were determined by 
quantifying the maximum weight loss of individual mice in each group.   
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homeostasis ( 8, 11–13 ). It is also very likely that the ob-
served phenotype results from loss of S1P 1  in endothelial 
cells, given the strong expression of S1P 1  in colonic en-
dothelial cells in wild-type mice, which was lost in  S1pr1  � / �    
mice ( Fig. 2B ). Furthermore, this study demonstrates 
that whole-body deletion of  S1pr1 , but not solely in he-
matopoietic cells, results in an enhanced bleeding phe-
notype ( Fig. 4 ). Importantly, previously published work 
has shown a similar phenotype comparing whole-body 
genetic deletion of  S1pr1  and VE-cadherin-specifi c dele-
tion, in relation to vascular abnormalities ( 15 ). 

 FTY720 (Fingolimod) is FDA-approved for use in 
MS, owing to its ability to reduce relapse rate ( 24, 34 ). 
FTY720 is believed to be beneficial by reducing lym-
phocyte homing and subsequent destruction of myelin 
sheaths in the central nervous system ( 23 ). Reduced 
pulmonary function and macular edema were reported 
in patients taking this drug ( 24 ). In an attempt to ex-
plain the observed toxicity, mechanistic studies utilizing 
supratherapeutic doses of FTY720 or AUY954 were car-
ried out in mice and showed increased lung vascular 
permeability when S1P 1  was degraded ( 26 ). In the cur-
rent study, therapeutic doses of FTY720 and AUY954 (as 
determined by induction of lymphopenia) failed to en-
hance colonic bleeding in mice challenged with DSS 
( Fig. 5 ). Although the concentration of both agents was 
suffi cient to cause lymphopenia, it is likely that higher 
doses that cause quantitative and complete degradation 
of the receptor in the colon are needed to induce a 
bleeding phenotype. Although we found modest in-
creases in vascular permeability and bleeding in  S1pr1  � / �    

and experimental colitis. Furthermore, we demonstrate 
that genetic deletion of  S1pr1  results in a vascular defect 
in the colon under basal conditions and during mucosal 
injury. 

 The importance of S1P 1  in maintaining vascular integ-
rity was fi rst demonstrated by showing that genetic dele-
tion of  S1pr1  resulted in embryonic lethality ( 13 ). This 
death was related to a lack of blood vessel maturation ow-
ing to a defect in the recruitment of vascular smooth mus-
cle cells to vessel walls ( 13 ). Tissue-specifi c gene deletion 
studies demonstrated that endothelial cell  S1pr1  was criti-
cal to this process ( 11 ) and that loss of  S1pr1  but not  S1pr2  
or  S1pr3  resulted in this phenotype ( 12 ). Furthermore, 
several studies have shown that S1P 1  is the main S1P recep-
tor expressed in endothelial cells ( 8 ). In addition to vessel 
formation, S1P 1  plays a key role in maintaining endothe-
lial cell junctions. Signaling through S1P 1  activates Rac1, 
which results in vascular endothelial cadherin (VE-cadherin) 
junction assembly, in addition to other events that en-
hance vascular barrier function ( 7, 32 ). The importance 
of VE-cadherin expression and assembly is highlighted by 
studies showing that genetic deletion of  VE-cadherin  in 
mice results in embryonic lethality owing to a vascular 
defect ( 33 ). The data presented in the current work 
demonstrate that genetic deletion of  S1pr1  increases 
vascular permeability in the colon under control condi-
tions and enhances bleeding in experimental colitis 
( Figs. 2, 3 ). Although our study does not address the role 
of other S1P receptors in this process, it is likely that 
S1P 1  is the key receptor, given the results of numerous 
previous studies highlighting the role of S1P 1  in vascular 

  Fig.   4.  Genetic deletion of  S1pr1  in bone marrow has no effect on the severity of DSS-induced bleeding. Bone marrow from  S1pr1 f/f  Ro-
sa26-Cre-ER T2   and  S1pr1 f/f   mice was transplanted to lethally irradiated C57BL6/J mice. Following tamoxifen administration, recipient mice 
were given 2% DSS for 7 days, followed by 7 days of plain drinking water, and colitis severity was recorded including colonic bleeding (A), 
diarrhea (B), and body weight change (C). Error bars represent SD. Differences in bleeding or diarrhea severity were determined by quan-
tifying the percent of mice with a score >1 or  � 2, respectively, in each group. Differences in body weight were determined by quantifying 
the maximum weight loss of individual mice in each group  .   
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risk of intestinal bleeding in MS patients taking FTY720 
( 24 ). Nonetheless, it will be prudent to closely monitor 
gastrointestinal (GI) bleeding in those MS patients on 
FTY720 with comorbid conditions such as UC. 

mice, pharmacological targeting of a receptor does not 
typically recapitulate the completeness of genetic dele-
tion. Most importantly, our fi ndings are consistent with 
the fact that there have been no reports of increased 

  Fig.   5.  FTY720 and AUY954 administration does not enhance DSS-induced bleeding. A: The percent of circulating lymphocytes was ex-
amined after 14 days of daily administration of FTY720 (3 mg/kg) or AUY954 (1 mg/kg) relative to vehicle-treated mice (n = 4–5/group), 
under control conditions. A statistically signifi cant reduction in the percent of CD4-, CD8b-, and B220-expressing cells [median (range)] 
was found in FTY720-treated mice [CD4: 2.0 (0.7–5.0)], [CD8b: 0.5 (0.3–0.7)], [B220: 4.3 (3.7–11.9)] compared with controls [CD4: 8.6 
(6.5–10.4)], [CD8b: 7.9 (6.0–9.3)], [B220: 22.7 (16.6–26.6)]. A statistically signifi cant reduction in the percent of CD8b-expressing cells 
[median (range)] was found in AUY954-treated mice [0.8 (0.6–1.4)] compared with controls [5.2 (4.8–5.50] with a trend for a reduction 
in CD4 and B220-expressing cells [CD4: 2.1 (1.4–8.7)], B220: [8.6 (3.4–18.3)] vs. [CD4: 6.4 (5.5–7.2)], B220: [16.9 (13.9–21.8)]. (B–D) To 
assess whether either drug had effects on the severity of experimental colitis, 2% DSS was administered to wild-type mice for 7 days, then 
mice were switched to plain drinking water for an additional 7 days. FTY720, AUY954, or their respective vehicles were administered daily 
during the entire 14 day experimental period (n = 10/group). Clinical endpoints of colitis severity including bleeding (B), diarrhea (C) 
and body weight change (D) were measured during disease progression. Error bars represent SD. Differences in bleeding or diarrhea sever-
ity were determined by quantifying the percent of mice with a score >1 or  � 2, respectively, in each group. Differences in body weight were 
determined by quantifying the maximum weight loss of individual mice in each group  .   
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 Because lymphocytic infi ltration into the gut is a major 
feature of UC, administration of S1P receptor-targeting 
agents remains a promising therapeutic strategy. Preclini-
cal studies have shown the ability of FTY720 to effectively 
ameliorate colitis in the trinitrobenzene sulfonic acid 
(TNBS) and oxazolone haptenating chemical models, 
which elicit a strong T cell response ( 35, 36 ). The drug’s 
effect in these studies was mediated through an increase 
of T-regulatory cells and suppression of T helper type 2 
cytokine production in the TNBS and oxazolone models, 
respectively ( 35, 36 ). In the current study, treatment with 
neither FTY720 nor AUY954 led to meaningful improve-
ments in DSS-induced colitis ( Fig. 5 ). DSS administration 
is primarily a model of tissue injury after which an acute 
infl ammatory response occurs, consisting primarily of in-
nate immune cells ( 37, 38 ). Although other models of 
colitis may prove to be more relevant for evaluating the 
therapeutic potential of S1P receptor-targeting agents as a 
treatment for infl ammatory bowel disease, our fi ndings do 
not exclude the importance of the S1P signaling axis in 
DSS-induced colitis. Work by Snider et al. ( 39 ) demon-
strated that genetic deletion of  sphingosine kinase 1 , the en-
zyme that converts sphingosine to S1P, reduced the severity 
of DSS-induced injury. The benefi cial effects of reducing 
the levels of ligand can potentially be explained by effects 
mediated by one or more of the fi ve S1P receptors. Alter-
natively, metabolic function of sphingosine kinase 1 may 
be relevant ( 40 ). Our data suggest that S1P 1  does not play 
an important role in DSS-induced injury. By contrast, ge-
netic deletion of  S1pr4  reduced the severity of DSS-induced 
disease ( 41 ). 

 Infl ammatory diseases of the GI tract, including UC, are 
characterized by increased and dysfunctional vasculature. 
The data presented here demonstrate the important role 
of S1P 1  in maintaining colonic vascular function and lend 
insight into a receptor previously unexplored in UC. 
Whether S1P 1  also plays a role in vascular homeostasis in 
other infl ammatory disorders of the GI tract warrants fur-
ther investigation.  
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