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Abstract 
 
FTY720 (fingolimod) is an analog of sphingosine, a ubiquitous sphingolipid. 
Phosphorylated FTY720 (FTY720-P) non-selectively binds to sphingosine-1-phosphate 
receptors (S1PRs) and regulates multiple cellular processes including cell proliferation, 
inflammation, and angiogenesis. We recently demonstrated that S1PR3 expression in 
the medial prefrontal cortex (mPFC) of rats promotes stress resilience and that S1PR3 
expression in blood may serve as a biomarker for PTSD. Here we investigate the 
effects of FTY720 in regulating the stress response. We found that single and repeated 
intraperitoneal injections of FTY720 increased baseline plasma adrenocorticotropic 
hormone (ACTH) and corticosterone concentrations. FTY720 also mitigated restraint-
induced increases in ACTH and corticosterone. FTY720 reduced social anxiety- and 
despair-like behavior as assessed by increased social interaction time and reduced time 
spent immobile in the Porsolt forced swim test. In blood, FTY720 administration reduced 
lymphocyte and reticulocyte counts, but raised erythrocyte counts. FTY720 also 
reduced mRNA of angiopoietin 1, endothelin 1, plasminogen 1, Vegf-B, and Mmp2 in 
the medial prefrontal cortex, suggesting that FTY720 reduced angiogenesis. The 
antidepressant-like and anxiolytic-like effects of FTY720 may be attributed to reduced 
angiogenesis as increased stress-induced blood vessel density in the brain contributes 
to depression- and anxiety-like behavior in rats. Together, these results suggest that 
S1PRs regulate baseline HPA axis activity but reduces social anxiety and despair 
providing further evidence that S1PRs are important and novel regulators of stress-
related functions. 
 
1. INTRODUCTION 
 
Sphingosine-1-phosphate receptors (S1PRs, also known as endothelial differentiation 
genes or edg receptors) are a class of G-protein coupled receptors (GPCRs) that bind 
the endogenous ligand spingosine-1-phosphate (S1P). The S1PRs regulate a number 
of cellular processes including inflammation, angiogenesis, migration, differentiation, 
and proliferation in peripheral organs and blood cells 1-7. Little is known about their 
functions in the brain or on brain-regulated processes8-10.  We recently reported that 
S1PR3 expression in the medial prefrontal cortex (mPFC) promotes resilience to the 
adverse effects of stress by mitigating stress-induced TNFa production in the mPFC 8. 
Furthermore, S1PR1 activation in the hippocampus can increase adult neurogenesis 9. 
These studies highlight the importance of S1PRs in the brain for mediating multiple 
functions relevant to our understanding of affect and anxiety disorders.   
 
FTY720 (fingolimod) is an FDA-approved pharmaceutical (Gilenya) that is currently 
used for the treatment of relapsing-remitting multiple sclerosis (MS) and was the first 
orally administered disease-modifying therapy for long term MS treatment 10,11. As a 
structural analog of S1P, FTY720 modulates S1PR activity following its phosphorylation 
by sphingosine kinase 2 into FTYP 12,13. FTY720 targets S1PRs non-specifically, 
binding to S1PRs1,3-5 with a particularly high affinity for S1PR1 14-16. Although FTY720 
is an agonist at S1PR1 initially, chronic administration of FTY720 causes internalization 
of S1PR1s resulting in functional antagonism of S1PR1 16,17. Functional antagonism of 
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S1PR1 on lymphocytes is thought to underlie the efficacy of FTY720 in treating MS as it 
prevents lymphocytes from leaving lymph nodes, thereby reducing the autoimmune 
response 17,18. However, FTY720 does not cause internalization of S1PR3 and serves 
as a partial agonist of S1PR3 16. Therefore, FTY720 does not modulate the activity of all 
S1PRs through a common mechanism 
 
Beyond these immunosuppressive effects of FTY720, little is known about its ability to 
regulate behavior and physiology. FTY720 reduces immobility in the Porsolt forced 
swim test (FST) suggesting reductions in behavioral despair and reduces social anxiety-
like behavior as assessed by increased interaction time with a novel conspecific 19. 
FTY720-P inhibits hippocampal histone deacetylases (HDACs) 20 and increases 
hippocampal brain-derived neurotrophic factor (BDNF) 20,21, which may contribute to 
reductions in behavioral despair 22.  Further, hippocampal neurogenesis is increased 
with chronic FTY720 treatment 23. FTY720 may also reduce inflammatory processes in 
the brain through partial agonism of S1PR3 16. Therefore, there are multiple 
mechanisms by which FTY720 could modulate brain function that reduce affective- or 
anxiety-like behavior.  
 
S1PRs are expressed in the hypothalamus 24, pituitary 25, and adrenal glands 26 , and 
therefore may regulate hypothalamic-pituitary-adrenal (HPA) axis function. However, 
the role of S1PRs in modulating HPA activity is not clear. Here, we studied the effects of 
FTY720 on HPA axis activation and affective- and anxiety-like behaviors. Additionally, 
we studied cellular and molecular alterations that may contribute to these physiological 
and behavioral effects of FTY720. Because FTY720 reduces lymphocyte counts 27-30, 
we investigated the effects of FTY720 on counts of specific blood cell types. 
Additionally, functional antagonism of S1PR1 by FTY720 inhibits angiogenesis 31. Blood 
vessel plasticity is increased in rats that are vulnerable to the adverse effects of stress 
and contributes to their increases in behavioral despair and anxiety-like behaviors 32. 
Therefore, we investigated the expression of angiogenesis markers in the mPFC, a 
brain region that plays a key role in regulating stress resilience/vulnerability 8,33. 
 
2. METHODS 
 
2.1. Animals 
 
Adult male Sprague–Dawley rats (225–250 g) were obtained from Charles River 
Laboratories (Wilmington, MA, USA). Rats were singly housed in polycarbonate cages 
with standard bedding and with food and water available ad libitum. Animals were 
acclimated to a 12-h light–dark cycle with lights on at 06:15 and lights off at 18:15 in a 
temperature-controlled vivarium for at least 5 days prior to administration of any stress 
and/or drug administration protocols. All experiments took place during the inactive 
phase between 1000 and 1400 h. Rats were euthanized by rapid decapitation and their 
brains were immediately snap-frozen in 2-methylbutane. Experiments were performed 
in compliance with all relevant ethical regulations for animal testing and research. 
Experiment protocols followed the NIH Guide for the Care and Use of Laboratory 
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Animals and were approved by the Children’s Hospital of Philadelphia Research 
Institute’s Animal Care and Use Committee. 
 
2.2. Experimental Procedures 
 
2.2.1. Timecourse of FTY720 and FTY720-P concentrations in plasma following ip 
injection 
 
Rats were administered a single FTY720 ip injection at a dose of 2.5 mg/kg. This dose 
is sufficient to affect S1PR signaling 34 and is below higher functional doses (e.g. 10 
mg/kg) that have been reported in the absence of adverse side effects 30,35 . FTY720 
and FTY720-P concentrations in rat plasma was determined by liquid chromatography-
tandem mass spectrometry analysis. FTY720 and FTY720-P were extracted from rat 
plasma with methanol. Electrospray ionization in the positive ion mode was utilized for 
the selective detection of FTY720 (m/z 308.3à 255.2) and FTY720-P (m/z 388.2à 
290.1) using C17-sphingosine (m/z 286.2 à 238.1) as an internal standard with AB 
Sciex 4000 mass spectrometer. The separation was accomplished utilizing Xbridge C18 
(50 x 2.0 mm id., 3.5 µm) column with Shimadzu LC 20AD HPLC system and a run time 
of 6.0 min. The assay was linear over the range of 0.5 to 250 ng/mL for FTY720 and 1.0 
to 500 ng/mL FTY720-P in rat plasma. Rat plasma samples (50 µL) at different time 
points were analyzed to determine the concentration of FTY720 and FTY720-P. 
Group sizes were n = 3/group, standard in mass spectroscopic analyses.  
 
2.2.2. Effects of acute peripheral administration of FTY720 
 
2.2.2.1. Effects of acute peripheral administration of FTY720 on basal and acute 
restraint-induced HPA axis activity 
 
Rats were administered a single injection of saline or FTY720 (2.5 mg/kg, i.p.). Sixty 
min following injection, rats were restrained for 30 min in a plexiglass tube (20.7 cm long 
x 11 cm in diameter). Tail blood was taken (~400 µL) at 0min (baseline), and at 15min 
and 30min (during restraint). Rats were returned to their home cage and 30min later (at 
the 60min timepoint) trunk blood samples were collected (recovery timepoint).  
Radioimmunoassay kits from MP Biomedical (Orangeburg, NY, USA) were used to 
assay plasma samples for adrenocorticotropic hormone (ACTH) and corticosterone. 
Two independent cohorts of rats were used. Group sizes were n=10/group. 
 
 
2.2.2.2. Effects of repeated peripheral FTY720 administration on basal HPA axis activity 
 
We examined the effects of steady-state concentrations of FTY720 achieved by 3 daily 
injections of saline or FTY720 (2.5 mg/kg, ip) administered 24 hours apart on plasma 
ACTH (saline n=5, FTY720 n=8) and corticosterone (saline n=5, FTY720 n=10) 
concentrations. Blood samples were collected 60min after the third injection. 
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2.3. Effects of repeated peripheral administration of FTY720 on specific blood cell type 
populations 
 
Rats received daily injections of saline or FTY720 (2.5 mg/kg, i.p.) for three days. Sixty 
minutes following the third injection, 50 µL of blood was collected and added to a 
collection tube containing 10 µL of ethylenediaminetetraacetic acid (EDTA). Blood 
samples were diluted 1:5 with Sysmex CELLPACK (EPK, sodium chloride 6.38 g/L, 
boric acid 1.0 g/L, sodium tetraborate 0.2 g/L, EDTA-2k 0.2 g/L) and underwent 
hematological analysis conducted by the Children’s Hospital of Philadelphia 
Hematology Core using the Sysmex XT-2000i. The Sysmex XT-2000i uses the electric 
resistance detecting method with hydrodynamic focusing to measure red blood cell 
shape and volume, hematocrit, mean platelet volume, and mean corpuscular volume. A 
633 nm semi-conductor laser is used for flow cytometry analysis of the quantities of 
specific blood cell types including erythrocytes, reticulocytes, lymphocytes, monocytes, 
total white blood cells, neutrophils, eosinophils. Side scatter is sued to determine the 
internal complexity of the cell (size, shape, nuclear/granule densities). Hemoglobin is 
measured photocolorimetrically using SLS-HGB. Group sizes were: saline n=7, FTY720 
n=8.  
 
2.4.  Effects of repeated administration of FTY720 on behaviors 
 
2.4.1. Effects on repeated peripheral FTY720 treatment on behavior in the social 
interaction test 
 
Rats received daily injections of saline or FTY720 (2.5 mg/kg, i.p.) for three days. Sixty 
minutes following the third injection, rats were subjected to the social interaction test. 
Rats were placed in an open field black box (90 cm x 90 cm) with an age-matched novel 
stimulus rat of the same strain (Sprague-Dawley) and of a similar size and allowed to 
interact for 15min. Time interacting with the stimulus rat was defined by the time the 
experimental rat was actively investigating the stimulus rat with its snout closer than 3 
cm away (approximately the length of the snout of the rat) from the stimulus rat. Each 
interaction was videotaped and coded for social interaction time by 2 coders who were 
blind to the experimental conditions. Group sizes were: saline n=5, FTY720 n=6. 
 
2.4.2. Effects of repeated peripheral FTY720 treatment on behaviors in the open field 
 
Rats received daily injections of saline or FTY720 (2.5 mg/kg, i.p.) for three days. Sixty 
minutes following the third injection, rats were subjected to the open field test. Rats 
were placed alone in an open field black box (90 cm x 90 cm) and video recorded for 15 
minutes. The Noldus EthoVision®XT software automated tracking and analysis function 
was used to analyze the total distance traveled during the 15min trial. Group sizes were 
n=9/group.  
 
2.4.3. Effects of repeated peripheral FTY720 treatment on behaviors in the Forced 
Swim Test 
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Rats were placed in a glass cylinder filled with 60 cm of water so that their tails could 
not touch the bottom of the cylinder while floating. Rats underwent a 15 min training 
phase followed by a 5 min test phase on the following day. Similar to previous studies 
assessing the efficacy of antidepressants 36, rats were treated with FTY720 (2.5 mg/kg, 
ip) immediately following the training phase and 60 minutes prior to the test phase. The 
test phase was videotaped and coded for time engaged in immobile, swimming, and 
climbing behaviors by 2 coders who were blind to the experimental conditions. Group 
sizes were n=8/group. 
 
 
2.4.4. Effects of centrally administered FTY720 on behaviors in the Porsolt FST and 
brain concentrations 
 
We next examined whether the behavioral changes induced by peripheral 
administration of FTY720 were due to direct effects of FTY720 in the brain. Rats were 
anesthetized with a cocktail of ketamine, xylazine, and acepromazine (5:0.1:1, 1 µL/g) 
and fitted with intracerebral cannulae to target the lateral cerebral ventricles (A/P: 
Bregma -1.1 mm, M/L: ± 1.5 mm, D/V -3.2 mm). Three additional holes were drilled and 
bone screws (Plastics One, 0-80) were fastened in the skull (Bregma – 3.5 mm, 5.0 mm 
left; Bregma – 2.0 mm, 4.0 mm right; Bregma – 8.0 mm, 6.0 mm right) to securely fix the 
cannulae in place. The bilateral cannulae (Plastic One, C232I/SPC), which allow for a 1 
mm projection ventral to their placement, were positioned 2.2 mm ventral to the skull 
surface. Dental cement was used to adhere the cannulae to the skull and bone screws. 
22 gauge double dummy cannulae (Plastics One, C232DC/spc) were placed in the 
intracerebral cannulae to prevent the cannulae from closing. An infusion dust cap 
(Plastics One, 303DC/1) was used to cover the cannulae and fasten the dummy 
cannulae. Rats were administered meloxicam (300 µL) and monitored until they woke 
up and were allowed to recover for 7 days. For each experiment, the dummy cannulae 
were removed and a hydraulic syringe filled with saline was used to inject 1 µL of either 
saline or FTY720 (1 µg/µL) in awake rats. Dummy cannulae were replaced and the rats 
were returned to their homecage or underwent behavioral testing. Similar to methods 
assessing the efficacy of antidepressant drugs 53, we administered FTY720 immediately 
after the 15-minute training phase of the FST and 60 minutes prior to the 5-minute FST 
test phase. Punches (1mm) of the basolateral amygdala (BLA), medial prefrontal cortex 
(mPFC) and dorsal and ventral hippocampal (dHPC and vHPC) regions were collected 
at 60 min following icv administration of FTY720. Concentrations of FTY720 and 
FTY720-P were assessed in both plasma and these brain regions by liquid 
chromatography-tandem mass spectroscopy as in the first experiment. Group sizes 
were: saline n=6, FTY720 n=10. 
 
2.5. Effects of repeated peripheral administration of FTY720 on expression of 
angiogenesis markers in the mPFC 
 
Rats received daily injections of saline or FTY720 (2.5 mg/kg, i.p.) for three days. Sixty 
minutes following the third injection, rats were sacrificed and their brains were snap-
frozen in 2-methylbutane. Snap-frozen brains were placed on a cryostat and the mPFC 
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was dissected using a standard punch method. RNA was isolated using the RNeasy 
Plus MicroKit (74034, Qiagen) and carried out per the manufacturer's instructions. 
Approximately 500 ng of RNA was collected per mPFC sample. RNA was used as a 
template for cDNA synthesis using the RT2 First Strand Kit (330404, Qiagen). A 
customized RT2 Profiler PCR array for rat angiogenesis markers (PARN 042Z, 330231, 
Qiagen) containing SYBR Green RT PCR assays for 84 genes of interest, and 3 
synthetic control genes (reverse transcription control, positive PCR control and rat 
genomic DNA contamination control) was used to run quantitative PCR on an ABI 7500 
PCR system.  b2-microglobulin was used as a housekeeping gene. Samples were run 
according to manufacturer's instructions. The comparative Ct method was used to plot 
mRNA expression differences for genes of interest. Ct values were normalized to the 
average Ct values of the five housekeeping genes for each rat. Group sizes were: 
saline n=7, FTY720 n=8. 
 
2.6. Statistical Analyses 
Statistical analyses were performed using Prism 5 and 7. Differences between means of 
two groups were assessed using a two-tailed, unpaired Student’s t test unless otherwise 
indicated. One-way ANOVA was used to analyze FTY720 and FTY720-P plasma 
concentrations following a single FTY720 injection. Repeated-measures two-way 
ANOVA (Drug x Time, with repeated measures on Time) with Tukey’s multiple 
comparisons post hoc tests were used for analyzing data over multiple time points (e.g. 
restraint-induced ACTH and corticosterone concentrations) when comparing saline- and 
FTY720-treated rats. p values were set at p<0.05. Data beyond three standard 
deviations from the mean were considered outliers and discarded from analysis.  
 
 
3. RESULTS 
 
3.1. Timecourse of FTY720 and FTY720-P concentrations in plasma following 
intraperitoneal (ip) administration. 
 
We observed significant changes in concentrations of FTY720 (F11,24 = 9.72, p < 
0.0001) and FTY720-P (F11,24 = 19.6, p < 0.0001) over time in plasma following a single 
injection of FTY720 (2.5 mg/kg, ip). Compared to baseline (0min) values, FTY720 was 
increased at 15 min (p = 0.009), 30 min (p = 0.04), 1 hour (p = 0.002), 4 hours (p = 
0.0031), 8 hours (p = 0.004), and 24 hours (p = 0.0001). Compared to baseline (0min) 
values, FTY720-P was increased at 4 hours (p < 0.0001), 8 hours (p < 0.0001), 24 
hours (p < 0.0001), 48 hours (p = 0.0002), and 72 hours (p = 0.03). These results show 
that FTY720 concentrations in blood are increased 30min after injection and remain 
elevated up to 24h later. Because of the delayed and prolonged increase in FTY720-P 
following a single injection, FTY720 was injected every 24 hours in experiments in 
which FTY720 was injected repeatedly to ensure elevated steady-state plasma 
concentrations of FTY720-P (Fig. 1A). 
 
3.2 Effects of acute peripheral administration of FTY720  
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3.2.1. Effects of acute peripheral administration of FTY720 on basal and acute restraint-
induced HPA axis activity 
 
For ACTH, results of the two-way repeated measures analyses (Drug x Time) showed a 
significant Time effect (F3,54 = 15.13, p < 0.0001), and a significant Interaction effect 
(F3,54 = 7.862, p = 0.0002) but not a significant Drug group effect. Post-hoc analyses of 
the significant Interaction effect indicated that plasma ACTH in saline-treated rats was 
increased at 15min and 30min compared to 0min baseline and ACTH concentrations at 
60min were reduced compared to 15min and 30min and not significantly different from 
0min baseline concentration. In FTY720-treated rats, post-hoc analyses indicated a 
significant increase in plasma ACTH at 15min compared to 0min baseline but ACTH 
concentrations at 30min and at 60min were not significantly different from baseline. 
Comparing saline to FTY720 treatment, ACTH concentrations were higher in FTY720-
treated rats at baseline (0min) compared to saline treated rats but were lower at 30min 
(Fig. 1B). 
 
For corticosterone, results of the two-way repeated (Drug x Time) measures analyses 
showed a significant Drug Group effect (F1,18 = 18.7, p = 0.0004), a significant Time 
effect (F3,54 = 19.62, p < 0.0001) and a significant Interaction effect (Interaction F3,54 = 
21.62, p < 0.0001). The significant Drug Group indicated that FTY720-injected animals 
had significantly increased overall concentrations of corticosterone compared to saline-
injected animals. Post-hoc analyses of the significant Interaction effect indicated that 
plasma corticosterone concentrations in saline-treated rats were increased at 15min, 
30min and 60min compared to 0min baseline. In FTY720-treated rats, no significant 
differences across time were observed in corticosterone concentrations. Furthermore, 
corticosterone concentrations were higher at 0min in FTY720-treated compared to 
saline-treated rats (p<0.0001) (Fig. 1C).  
 
3.2.2. Effects of repeated peripheral FTY720 administration on basal HPA axis activity 
 
Basal ACTH concentrations trended toward an increase (t11 = 1.862, p = 0.089) and 
basal corticosterone concentrations were significantly increased (t13 = 3.833, p = 
0.0021) in FTY720-treated rats compared to saline-treated rats (Fig. 1D,E),  
 
 
3.3. Effects of repeated peripheral administration of FTY720 on specific blood cell type 
populations 
 
Compared to vehicle-treated rats, FTY720-treated rats displayed reductions in 
lymphocyte counts (t13 = 8.59, p < 0.0001) (Fig. 2A) and in the percentage of total 
reticulocytes that were immature (t13 = 2.296, p = 0.0389) (Fig. 2B). FTY720 treatment 
produced an increase in the percentage of total blood volume composed of erythrocytes 
(t13 = 3.01, p = 0.01) (Fig. 2C). FTY720 treatment had no effects on the overall counts of 
reticulocytes, monocytes, eosinophils, platelets, neutrophils or mean corpuscular 
volume (Fig. 2D-I).  
 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 10, 2021. ; https://doi.org/10.1101/2021.05.10.443108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443108


3.4. Effects of repeated administration of FTY720 on behaviors. 
 
3.4.1. Effects on repeated peripheral FTY720 treatment on behavior in the social 
interaction test 
 
FTY720 increased the amount of time spent interacting with a stimulus rat in the social 
interaction test compared to saline-treated rats (t9 = 3.884, p < 0.004) (Fig. 3A). This 
result suggests that FTY720 reduced social anxiety-like behavior.  
 
3.4.2. Effects of repeated peripheral FTY720 treatment on behaviors in the open field 
 
No changes in distance traveled were observed as saline- and FTY720-treated rats 
traveled a similar distance in the open field (t16 = 0.43, p < 0.921) (Fig. 3B). This result 
suggests that FTY720 does not produce any significant effects on locomotor activity 
 
3.4.3. Effects of repeated peripheral FTY720 treatment on behaviors in the Forced 
Swim Test 
 
FTY720 reduced time spent immobile in the Porsolt FST (t14 = 2.42, p < 0.029) 
compared to saline-treated rats. This result indicates that FTY720 reduced behavioral 
despair. Time engaged in swimming or climbing were unaffected (Fig. 3C).  
 
3.4.4. Effects of centrally administered FTY720 on behaviors in the Porsolt FST and 
brain concentrations 
 
We observed reduced time spent in immobility in FTY720-treated rats (t14 = 2.27, p < 
0.039) (Fig. 3D) with no significant changes in the times spent climbing or swimming, 
similar to the findings with the ip injection. Following administration of FTY720 into the 
lateral ventricles, we found that FTY720 and FTY720-P levels were enriched in the 
mPFC, dorsal (d) and ventral (v) hippocampus (HPC). FTY720 and FTY720-P levels 
were detected at lower concentrations in the basolateral amygdala (BLA). These data 
suggest that FTY720 and FTY720-P accumulate in multiple limbic structures following 
central administration of FTY720. FTY720 and FTY720-P levels were low in blood 
plasma samples (Fig. 3E), indicating minimal leakage of FTY720 from the brain to 
periphery.  
  
3.5. Effects of repeated peripheral administration of FTY720 on expression of 
angiogenesis markers in the mPFC 
 
We assessed the expression of 84 angiogenesis- and inflammation-related mRNA 
transcripts using a targeted PCR array (complete results provided in Table 1). The 
expression of angiogenesis markers angiopoietin (t13 = 3.86, p = 0.002), endothelin 1 
(t13 = 3.16, p = 0.007), plasminogen 1 ( t13 = 2.9, p = 0.012), vascular endothelial growth 
factor B (Vegf-B) (t13 = 2.21, p = 0.04), and matrix metalloprotease 2 (Mmp2) (t13 = 3.09, 
p = 0.008) were reduced in the mPFC of rats 60min following a third daily injection of 
FTY720 (Fig. 4A-E). Together, these results provide evidence that FTY720 reduces 
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expression of genes in the mPFC that are involved in angiogenesis. S1pr1 mRNA was 
reduced in the mPFC of FTY720-treated rats (t13 = 2.25, p = 0.04) (Fig. 4F), indicating 
that FTY720 reduces transcription of S1PR1. 
 
 
4. Discussion 
  
In the current study, we determined that FTY720 concentrations increase within 15min 
of intraperitoneal administration and remain elevated for at least 24 hours. The 
concentrations of phosphorylated FTY720, FTY720-P, thought to be the physiologically 
active compound increased more slowly, were elevated at 60min and peaked at 24h 
after administration. Because of this profile, we examined actions of FT720 
administration 60min after a single administration and repeated administration when 
FTY720 concentrations were expected to be in an elevated steady-state.  We observed 
that FTY720 increased baseline ACTH and corticosterone concentrations. FTY720 
administration also reduced lymphocyte counts (ie. lymphopenia) which is typically 
attributed to impairments in lymphocyte trafficking due to S1PR1 internalization in 
lymphocytes 16,17,28. Thus, because lymphocytes were reduced 60min following a third 
daily injection we hypothesize that S1PR1 was internalized at this timepoint. However, 
FTY720 does not internalize all S1PRs 16 and therefore we hypothesize that FTY720 
was an agonist to other S1PRs at this timepoint.  It should be noted that in addition to 
S1PR1 internalization, elevated glucocorticoids can also induce lymphopenia 37-40, and 
therefore FTY720-induced increases in basal corticosterone concentrations may also 
contribute to FTY720-mediated lymphopenia. We observed that repeated administration 
of FTY720 reduced social anxiety-like behavior as assessed by the social interaction 
paradigm and confirmed previous work that demonstrated antidepressant-like effects of 
FTY720, which we also observed after icv administration of FTY720. We determined 
that FTY720 reduced expression of the angiogenesis markers Angiopoietin, Endothelin 
1, Plasminogen 1, Vegf-B, and Mmp2 in the mPFC, suggesting that these markers may 
be important for the behavioral effects of FTY720. We also observed reduced S1pr1 
mRNA expression in the mPFC following FTY720 treatment, suggesting that in addition 
to known effects of S1PR1 internalization 16, FTY720 may further functionally 
antagonize S1PR1 by reducing their transcription. Together, these results indicate that 
FTY720 treatment increases baseline HPA axis activity while reducing behavioral 
despair- and social anxiety-like behavior. Additionally, FTY720 increases angiogenesis 
markers and reduces S1PR1 mRNA expression in the mPFC.  These results further 
support a role of S1PRs in the regulation of HPA activity and behaviors related to 
anxiety and affect. 

 
FTY720 increased baseline ACTH and corticosterone concentrations and produced a 
blunted HPA response to restraint. Increased baseline corticosterone may contribute to 
blunted ACTH and corticosterone responses to restraint via fast negative feedback of 
the stress response 41,42. S1PRs are expressed throughout the HPA axis, including the 
hypothalamus 43, the pituitary 25, and the adrenal gland 26 so it is unclear whether 
FTY720 induction of basal ACTH and corticosterone is centrally or peripherally 
mediated. FTY720 could act centrally to impact basal HPA activity. The mPFC is an 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 10, 2021. ; https://doi.org/10.1101/2021.05.10.443108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443108


important regulator of both basal HPA activity 44,45 and negative feedback 46. FTY720 
may act there to regulate basal HPA activity. However, this potential action would have 
to be mediated through S1PR1 and not through S1PR3 as S1PR3 over-expression or 
knock-down did not impact basal HPA activity 8. S1PRs are thought to be widely 
distributed in the brain and therefore other sites of actions cannot be ruled out. 
Alternatively, FTY720 induction of basal ACTH and corticosterone could be mediated by 
its direct actions in the pituitary and/or adrenal glands. The functions of S1PRs in the 
pituitary and adrenal glands are not known but would represent a novel mechanism for 
the regulation of ACTH and glucocorticoids. Basal glucocorticoid concentrations are 
important for permitting homeostatic metabolic and immune functions and important for 
optimal functioning of other stress responsive systems 47. Basal glucocorticoids are also 
disrupted in some stress-related psychiatric disorders such as depression 48 and PTSD 
49. Thus, S1PR regulation of glucocorticoid release represents a novel mechanism by 
which circulating concentrations of these hormones can be titered, ultimately modulating 
their widespread effects of glucocorticoids on physiology and neural functions under 
both baseline and stressed conditions. S1PRs could therefore modify a wide variety of 
metabolic, immune and neural functions through regulation of ACTH or glucocorticoids.  
 
It is possible that shorter durations of FTY720 treatment may increase baseline ACTH 
and/or glucocorticoids in humans, similar to what we observed here, but there is a 
report of a lack of effect following long-term treatment of FTY720 on basal cortisol 50. 
One potential mechanism for this lack of effect could be FTY720 inhibition of S1P lyase, 
the enzyme that degrades S1P 51. Loss of function mutations in the gene encoding S1P 
lyase are associated with cortisol deficiency in certain families 52,53 and may be due to 
adrenal calcification 54. The increased baseline plasma concentrations of ACTH and 
corticosterone reported in this study were observed following relatively short exposure 
to FTY720 (3 days or less). It is possible that longer exposure to FTY720 could result in 
adrenal calcification, which may ultimately negate the acute effects of FTY720 in 
increasing baseline ACTH and corticosterone or due to other mechanisms that have not 
yet been identified.  
 
Previous work has demonstrated that FTY720 exerts antidepressant-like and anxiolytic 
effects in rodents 19 and humans undergoing treatment for MS 55. Here, we confirmed 
previous preclinical work demonstrating that intraperitoneal injection of FTY720 reduces 
time spent immobile in the FST and increases time interacting with a stimulus rat in the 
social interaction paradigm 19. We elaborated on these findings by demonstrating that 
icv injections of FTY720 are sufficient to reduce time spent immobile in the FST. 
FTY720 administered via icv injection accumulated in the mPFC and hippocampus. 
Lower levels of FTY720 were observed in the BLA, which may be because of its 
relatively distal location from ventricles. FTY720 levels were also low in plasma, 
suggesting that these behavioral effects were due to brain actions of FTY720. For 
testing in the FST, FTY720 was administered immediately following the training phase 
and 60min prior to the test phase of the FST. This mimicked the administration regimen 
that identifies efficacious anti-depressant drugs such as fluoxetine 36. FTY720 increases 
hippocampal BDNF 20,21, which provides antidepressant-like effects within a similar 
timeframe 22. The reduced time spent immobile in the FST displayed by FTY720-treated 
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rats may be linked to increased hippocampal BDNF. Thus, FTY720 seems to have anti-
depressant properties but further studies are required to determine the mechanisms 
through which FTY720 acts to reduce behavioral despair and passive behaviors in the 
FST. 
 
We demonstrated that FTY720 reduces markers for angiogenesis and related 
processes in the mPFC. Blood vessel plasticity is intimately tied to both neuronal and 
immune activity. Blood vessels can undergo plasticity and growth to support increases 
in neuronal activity 56-59. We have previously shown that rats vulnerable to repeated 
social defeat exhibit increases in chronic neuronal activity accompanied by remodeling 
of blood vessels in the ventral hippocampus 32. Blood vessels can also become 
permeable resulting in leakage of peripheral immune or other factors that increase 
microglial activity which promotes expression of pro-inflammatory cytokines 60,61. In the 
mPFC, we previously showed that S1PR3 signaling (FTY720 is a partial agonist for 
S1PR3 16) reduces pro-inflammatory cytokine expression and promote resilience to 
social defeat, by reducing immobility in the FST and social anxiety 8. Together, these 
findings suggest that FTY720 actions through processes tied to blood vessel 
remodeling and angiogenesis may underlie the reductions in behavioral despair and 
social anxiety we observed with FTY720 administration.    
 
We identified decreases of angiopoietin 1, endothelin 1, plasminogen 1, Vegf-B, and 
Mmp2 in the mPFC 60min following a third daily injection of FTY-720. Angiopoietin 1 
binds to tyrosine protein kinase receptors on endothelial cells and mediates 
angiogenesis through reciprocal interactions between endothelial cells and the 
extracellular matrix 62. Endothelin 1 binds to the endothelinA G-protein coupled receptor 
to induce angiogenesis and vasoconstriction 63. Plasminogen 1 is cleaved to become 
active plasmin, a protease involved in the cleavage of blood plasma proteins including 
fibrin, which mediates blood clotting 64. Vegf-B binds to Vegf receptor 1 and is critical for 
blood vessel survival. Vegf-B is not critical for blood vessel growth under normal 
conditions but is critical for blood vessel growth under pathological conditions 32,65. 
Mmp2 regulates angiogenesis by promoting breakdown of the extracellular matrix, a 
process critical for tissue remodeling and angiogenesis 66. Thus, FTY720 reduces the 
expression of multiple genes important for angiogenesis. This may decrease 
angiogenesis through impaired blood vessel survival and reduced remodeling of the 
extracellular matrix.  
 
Glucocorticoids are generally reported to induce depressive- and anxiety-like behavior 
67. Thus, the effects of FTY720 on increasing ACTH and corticosterone may seem 
contradictory to its effects on reducing despair- and social anxiety-like behavior. One 
possible explanation is that FTY720-mediated reductions in despair- and social anxiety-
like behaviors are attributed to the central mechanisms described above and function 
independently of peripheral effects on HPA axis activity. Therefore, while FTY720-
induced increases in corticosterone may promote despair- and anxiety-like behavior on 
their own, these effects may be overcome by central effects of FTY720 that reduce 
despair- and social anxiety-like behavior. Further studies are required to determine the 
specific S1PRs and the target sites that mediate these effects of FTY720. 
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Regardless of the site of action, our results contribute to our growing understanding of 
S1PR functions and the results here suggest that S1PRs are novel regulators of 
baseline HPA axis activity and behaviors relevant to affect and anxiety. 
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Figure 1. Intraperitoneal administration of FTY720 increased baseline ACTH and 
corticosterone concentrations. A) Characterization of plasma concentrations of 
FTY720 and FTY720-P by liquid chromatography-tandem mass spectrometry analysis 
over days following a single injection of FTY720 (2.5 mg/kg i.p.). B) Plasma ACTH 
concentrations in saline- and FTY720-treated rats following a single injection of 
FTY720. C) Plasma corticosterone concentrations in saline- and FTY720-treated rats 
following a single injection of FTY720. D) Basal ACTH at 60min following a third daily 
injection of saline or FTY720. E) Basal corticosterone at 60min following a third daily 
injection of saline or FTY720. Bars/squares represent group means ± SEM. 
For FTY720 and FTY720-P concentrations in A, * indicates significant increase 
compared to its respective baseline (0min) value. For B-E, **p<0.01, *p<0.05, #p<0.1 
between drug groups. & denotes significant increase compared to 0min baseline in 
saline-treated rats. ∆ denotes significant increase compared to 60min timepoint in 
saline-treated rats. ∫ denotes significant increase compared to 0min baseline in FTY720-
treated rats. 
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Figure 2. Repeated systemic administration of FTY720 reduced total lymphocyte 
counts. A) FTY720 reduced total lymphocyte cell counts. B) FTY720 reduced the 
percentage of immature reticulocytes compared to total reticulocytes. C) FTY720 
increased the percentage of the total blood volume composed of erythrocytes. FTY720 
did not affect D) reticulocyte count, E) monocyte count, F) eosinophil count, G) platelet 
count, H) neutrophil count, or I) mean corpuscular volume. Bars represent group means 
± SEM; ****p<0.0001, **p<0.01, *p<0.05. 
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Figure 3. FTY720 reduces behavioral despair and social anxiety-like behavior. A) 
Intraperitoneal administration of FTY720 increased time interacting with the stimulus rat 
in the social interaction paradigm. B) FTY720 ip administration did not affect distance 
traveled in the open field. C) Rats receiving ip injections of FTY720 displayed reduced 
time spent immobile in the Porsolt forced swim test. Neither time spent swimming or 
climbing was affected. D) ICV FTY720 treatment reduced time spent immobile in the 
Porsolt forced swim test. Neither time spent swimming or climbing was affected. E) 
Concentrations of FTY720 and FTY720-P in plasma and brain regions following ICV 
delivery of FTY720. Bars represent group means ± SEM; **p<0.01, *p<0.05.  
BLA, basolateral amygdala; mPFC, medial prefrontal cortex; dHPC, dorsal 
hippocampus; vHPC ventral hippocampus. 
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Figure 4. FTY720 treatment alters the expression of genes in the mPFC that 
regulate angiogenesis. Compared to saline-treated rats, FTY720-treated rats 
displayed reduced mRNA expression of A) Angiopoietin 1, B) Endothelin 1, C) 
Plasminogen 1, D) Vegf-B, and E) Mmp2. F) S1pr1 mRNA. Bars represent group 
means ± SEM; **p<0.01, *p<0.05. 
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Table 1. Expression of angiogenesis marker mRNA in the mPFC of saline- and 
FTY720-treated rats. Data are presented as fold change normalized to controls.  
 

Transcript 
Saline 
mean 

FTY720 
mean 

Saline 
SEM 

FTY720 
SEM p-value 

Angiopoietin 1 1 0.528 0.114 0.057 0.002 
Endothelin 1 1 0.507 0.16 0.043 0.0076 
Plasminogen 1 0.706 0.09 0.053 0.0123 

Vascular endothelial growth factor 
B 1 0.662 0.149 0.061 0.0457 

Matrix metallopeptidase 2 1 0.544 0.148 0.049 0.0085 
Sphingosine-1-phosphate receptor 

1 1 0.65 0.153 0.058 0.0423 
V-akt murine thymoma viral 

oncogene homolog 1 1 0.599 0.175 0.074 0.0458 
Angiogenin, ribonuclease, RNase 

A family, 5 1 0.781 0.13 0.105 0.2089 
Angiopoietin 2 1 0.721 0.103 0.084 0.0542 

Alanyl (membrane) 
aminopeptidase 1 0.644 0.15 0.089 0.0548 

Brain-specific angiogenesis 
inhibitor 1 1 0.462 0.369 0.082 0.153 

Chemokine (C-C motif) ligand 2 1 0.751 0.103 0.104 0.1156 
Cadherin 5 1 0.696 0.16 0.071 0.0917 

Collagen, type XVIII, alpha 1 1 0.552 0.293 0.086 0.1437 
Collagen, type IV, alpha 3 1 0.643 0.166 0.081 0.0651 

Connective tissue growth factor 1 0.96 0.088 0.223 0.8774 
Chemokine (C-X-C motif) ligand 1 1 2.049 0.093 0.322 0.0113 
Chemokine (C-X-C motif) ligand 9 1 1.715 0.22 0.272 0.0663 

Ephrin A1 1 0.741 0.081 0.096 0.0634 
Epidermal growth factor 1 0.604 0.187 0.073 0.0579 

Endoglin 1 0.624 0.234 0.076 0.1295 
Endothelial PAS domain protein 1 1 0.795 0.097 0.079 0.1218 
V-erb-b2 erythroblastic leukemia 

viral oncogene homolog 2 1 0.63 0.176 0.077 0.0653 
Coagulation factor III 

(thromboplastin, tissue factor) 1 0.89 0.078 0.074 0.3264 
Fibroblast growth factor 1 1 0.607 0.165 0.092 0.0507 
Fibroblast growth factor 2 1 0.728 0.145 0.091 0.1271 

Fibroblast growth factor receptor 3 1 0.764 0.103 0.076 0.0835 
C-fos induced growth factor 1 0.72 0.099 0.081 0.0459 

Fms-related tyrosine kinase 1 1 0.727 0.162 0.087 0.1472 
Fibronectin 1 1 0.637 0.162 0.058 0.0436 

Hepatocyte growth factor 1 0.696 0.097 0.088 0.0371 
Hypoxia-inducible factor 1, alpha 

subunit 1 0.854 0.09 0.063 0.1978 
Inhibitor of DNA binding 1 1 0.632 0.133 0.072 0.0256 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 10, 2021. ; https://doi.org/10.1101/2021.05.10.443108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443108


Interferon-alpha 1 1 0.627 0.274 0.078 0.1877 
Interferon beta 1, fibroblast 1 0.54 0.197 0.124 0.0636 

Interferon gamma 1 0.848 0.261 0.179 0.6324 
Insulin-like growth factor 1 1 0.805 0.05 0.052 0.0183 

Interleukin 1 beta 1 1.338 0.046 0.07 0.0018 
Interleukin 6 1 1.316 0.087 0.092 0.0275 

Integrin, alpha 5 (fibronectin 
receptor, alpha polypeptide) 1 0.637 0.323 0.08 0.2652 

Integrin, alpha V 1 0.705 0.157 0.072 0.0968 
Integrin, beta 3 1 0.896 0.106 0.104 0.497 

Jagged 1 1 0.902 0.1 0.08 0.4502 
Kinase insert domain receptor 1 0.567 0.194 0.054 0.0395 

Leukocyte cell derived chemotaxin 
1 1 0.815 0.123 0.059 0.1823 

Mitogen activated protein kinase 
14 1 0.742 0.154 0.054 0.1193 

Midkine 1 0.857 0.042 0.054 0.0603 
Matrix metallopeptidase 14 

(membrane-inserted) 1 0.401 0.225 0.074 0.0191 
Matrix metallopeptidase 19 1 0.782 0.102 0.051 0.0686 
Matrix metallopeptidase 3 1 0.639 0.129 0.106 0.048 
Matrix metallopeptidase 9 1 0.543 0.251 0.066 0.0839 
Nitric oxide synthase 3, 

endothelial cell 1 0.901 0.198 0.069 0.6246 
Neuropilin 1 1 0.554 0.252 0.071 0.0935 
Neuropilin 2 1 0.614 0.14 0.076 0.0262 

Platelet-derived growth factor 
alpha polypeptide 1 0.641 0.13 0.051 0.0179 

Platelet-derived growth factor beta 
polypeptide 1 0.531 0.209 0.085 0.0485 

Platelet/endothelial cell adhesion 
molecule 1 1 0.704 0.181 0.076 0.1383 

Placental growth factor 1 0.779 0.191 0.027 0.2401 
Plasminogen activator, urokinase 1 0.723 0.264 0.132 0.3456 

Prostaglandin-endoperoxide 
synthase 1 1 0.659 0.2 0.078 0.1195 

PTK2 protein tyrosine kinase 2 1 0.62 0.157 0.058 0.0325 
Serpin peptidase inhibitor, clade E 1 0.798 0.291 0.136 0.5225 
Serpin peptidase inhibitor, clade F 1 0.732 0.123 0.085 0.0897 

Sphingosine kinase 1 1 0.496 0.434 0.084 0.244 
TEK tyrosine kinase, endothelial 1 0.687 0.221 0.066 0.1736 
Transforming growth factor alpha 1 0.705 0.124 0.08 0.0608 

Transforming growth factor, beta 1 1 0.645 0.206 0.059 0.1015 
Transforming growth factor, beta 2 1 0.699 0.079 0.035 0.003 
Transforming growth factor, beta 3 1 0.726 0.162 0.079 0.1379 
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Transforming growth factor, beta 
receptor 1 1 0.711 0.155 0.068 0.0967 

Thrombospondin 1 1 0.666 0.217 0.121 0.1873 
Tyrosine kinase with 

immunoglobulin-like domains 1 1 0.489 0.266 0.075 0.0718 
TIMP metallopeptidase inhibitor 1 1 0.904 0.112 0.09 0.5096 
TIMP metallopeptidase inhibitor 2 1 0.79 0.08 0.049 0.038 
TIMP metallopeptidase inhibitor 3 1 0.797 0.097 0.052 0.0777 

Tumor necrosis factor (TNF 
superfamily, member 2) 1 0.854 0.097 0.113 0.3534 

Thymidine phosphorylase 1 0.51 0.185 0.092 0.028 
Vascular endothelial growth factor 

A 1 0.857 0.119 0.062 0.2879 
Vascular endothelial growth factor 

C 1 0.797 0.077 0.129 0.2152 
 
 

 
 
 
 
 
 
  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 10, 2021. ; https://doi.org/10.1101/2021.05.10.443108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443108


References 
 
 
1 Awojoodu, A. O. et al. Sphingosine 1-phosphate receptor 3 regulates recruitment of anti-

inflammatory monocytes to microvessels during implant arteriogenesis. Proc Natl Acad 
Sci U S A 110, 13785-13790, doi:10.1073/pnas.1221309110 (2013). 

2 Cuvillier, O. & Levade, T. Sphingosine 1-phosphate antagonizes apoptosis of human 
leukemia cells by inhibiting release of cytochrome c and Smac/DIABLO from 
mitochondria. Blood 98, 2828-2836, doi:10.1182/blood.v98.9.2828 (2001). 

3 Eigenbrod, S., Derwand, R., Jakl, V., Endres, S. & Eigler, A. Sphingosine kinase and 
sphingosine-1-phosphate regulate migration, endocytosis and apoptosis of dendritic cells. 
Immunol Invest 35, 149-165, doi:M7W733386R435478 [pii] 

10.1080/08820130600616490 (2006). 
4 Imeri, F. et al. FTY720 and two novel butterfly derivatives exert a general anti-

inflammatory potential by reducing immune cell adhesion to endothelial cells through 
activation of S1P(3) and phosphoinositide 3-kinase. Naunyn Schmiedebergs Arch 
Pharmacol 388, 1283-1292, doi:10.1007/s00210-015-1159-5 (2015). 

5 Lee, O. H. et al. Sphingosine 1-phosphate induces angiogenesis: its angiogenic action and 
signaling mechanism in human umbilical vein endothelial cells. Biochem Biophys Res 
Commun 264, 743-750, doi:10.1006/bbrc.1999.1586 

S0006-291X(99)91586-3 [pii] (1999). 
6 Singh, I. N. & Hall, E. D. Multifaceted roles of sphingosine-1-phosphate: how does this 

bioactive sphingolipid fit with acute neurological injury? J Neurosci Res 86, 1419-1433, 
doi:10.1002/jnr.21586 (2008). 

7 Vann, L. R. et al. Involvement of sphingosine kinase in TNF-alpha-stimulated 
tetrahydrobiopterin biosynthesis in C6 glioma cells. J Biol Chem 277, 12649-12656, 
doi:10.1074/jbc.M109111200 

M109111200 [pii] (2002). 
8 Corbett, B. F. et al. Sphingosine-1-phosphate receptor 3 in the medial prefrontal cortex 

promotes stress resilience by reducing inflammatory processes. Nat Commun 10, 3146, 
doi:10.1038/s41467-019-10904-8 (2019). 

9 Ye, Y. et al. Activation of Sphingosine 1-Phosphate Receptor 1 Enhances Hippocampus 
Neurogenesis in a Rat Model of Traumatic Brain Injury: An Involvement of MEK/Erk 
Signaling Pathway. Neural Plast 2016, 8072156, doi:10.1155/2016/8072156 (2016). 

10 Kappos, L. et al. A placebo-controlled trial of oral fingolimod in relapsing multiple 
sclerosis. N Engl J Med 362, 387-401, doi:NEJMoa0909494 [pii] 

10.1056/NEJMoa0909494 (2010). 
11 Chun, J. & Brinkmann, V. A mechanistically novel, first oral therapy for multiple 

sclerosis: the development of fingolimod (FTY720, Gilenya). Discov Med 12, 213-228 
(2011). 

12 Paugh, S. W., Payne, S. G., Barbour, S. E., Milstien, S. & Spiegel, S. The 
immunosuppressant FTY720 is phosphorylated by sphingosine kinase type 2. FEBS Lett 
554, 189-193, doi:S0014579303011682 [pii] 

10.1016/s0014-5793(03)01168-2 (2003). 
13 Billich, A. et al. Phosphorylation of the immunomodulatory drug FTY720 by sphingosine 

kinases. J Biol Chem 278, 47408-47415, doi:10.1074/jbc.M307687200 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 10, 2021. ; https://doi.org/10.1101/2021.05.10.443108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443108


M307687200 [pii] (2003). 
14 Chun, J. & Hartung, H. P. Mechanism of action of oral fingolimod (FTY720) in multiple 

sclerosis. Clin Neuropharmacol 33, 91-101, doi:10.1097/WNF.0b013e3181cbf825 
(2010). 

15 Mandala, S. et al. Alteration of lymphocyte trafficking by sphingosine-1-phosphate 
receptor agonists. Science 296, 346-349, doi:10.1126/science.1070238 

1070238 [pii] (2002). 
16 Sykes, D. A. et al. Investigating the molecular mechanisms through which FTY720-P 

causes persistent S1P1 receptor internalization. Br J Pharmacol 171, 4797-4807, 
doi:10.1111/bph.12620 (2014). 

17 Matloubian, M. et al. Lymphocyte egress from thymus and peripheral lymphoid organs is 
dependent on S1P receptor 1. Nature 427, 355-360, doi:10.1038/nature02284 

nature02284 [pii] (2004). 
18 Pappu, R. et al. Promotion of lymphocyte egress into blood and lymph by distinct sources 

of sphingosine-1-phosphate. Science 316, 295-298, doi:1139221 [pii] 
10.1126/science.1139221 (2007). 
19 di Nuzzo, L. et al. Antidepressant activity of fingolimod in mice. Pharmacol Res 

Perspect 3, e00135, doi:10.1002/prp2.135 (2015). 
20 Hait, N. C. et al. Active, phosphorylated fingolimod inhibits histone deacetylases and 

facilitates fear extinction memory. Nat Neurosci 17, 971-980, doi:nn.3728 [pii] 
10.1038/nn.3728 (2014). 
21 Deogracias, R. et al. Fingolimod, a sphingosine-1 phosphate receptor modulator, 

increases BDNF levels and improves symptoms of a mouse model of Rett syndrome. 
Proc Natl Acad Sci U S A 109, 14230-14235, doi:1206093109 [pii] 

10.1073/pnas.1206093109 (2012). 
22 Shirayama, Y., Chen, A. C., Nakagawa, S., Russell, D. S. & Duman, R. S. Brain-derived 

neurotrophic factor produces antidepressant effects in behavioral models of depression. J 
Neurosci 22, 3251-3261, doi:20026292 

22/8/3251 [pii] (2002). 
23 Efstathopoulos, P. et al. Fingolimod induces neurogenesis in adult mouse hippocampus 

and improves contextual fear memory. Transl Psychiatry 5, e685, doi:tp2015179 [pii] 
10.1038/tp.2015.179 (2015). 
24 Silva, V. R. et al. Hypothalamic S1P/S1PR1 axis controls energy homeostasis in Middle-

Aged Rodents: the reversal effects of physical exercise. Aging (Albany NY) 9, 142-155, 
doi:101138 [pii] 

10.18632/aging.101138 (2016). 
25 Meng, H. & Lee, V. M. Differential expression of sphingosine-1-phosphate receptors 1-5 

in the developing nervous system. Dev Dyn 238, 487-500, doi:10.1002/dvdy.21852 
(2009). 

26 Wang, C. et al. Systemic distribution, subcellular localization and differential expression 
of sphingosine-1-phosphate receptors in benign and malignant human tissues. Exp Mol 
Pathol 97, 259-265, doi:S0014-4800(14)00126-9 [pii] 

10.1016/j.yexmp.2014.07.013 (2014). 
27 Brinkmann, V. Sphingosine 1-phosphate receptors in health and disease: mechanistic 

insights from gene deletion studies and reverse pharmacology. Pharmacol Ther 115, 84-
105, doi:S0163-7258(07)00083-6 [pii] 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 10, 2021. ; https://doi.org/10.1101/2021.05.10.443108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443108


10.1016/j.pharmthera.2007.04.006 (2007). 
28 Garris, C. S., Blaho, V. A., Hla, T. & Han, M. H. Sphingosine-1-phosphate receptor 1 

signalling in T cells: trafficking and beyond. Immunology 142, 347-353, 
doi:10.1111/imm.12272 (2014). 

29 Klatt, J., Hartung, H. P. & Hohlfeld, R. [FTY720 (Fingolimod) as a new therapeutic 
option for multiple sclerosis]. Nervenarzt 78, 1200-1208, doi:10.1007/s00115-007-2298-
9 (2007). 

30 Li, Q. & Li, F. Effects of different dose of FTY720 on lymphocyte cell cycle arrest in 
cardiac transplantation model of rats. Immunopharmacol Immunotoxicol 32, 680-687, 
doi:10.3109/08923971003674433 (2010). 

31 LaMontagne, K. et al. Antagonism of sphingosine-1-phosphate receptors by FTY720 
inhibits angiogenesis and tumor vascularization. Cancer Res 66, 221-231, doi:66/1/221 
[pii] 

10.1158/0008-5472.CAN-05-2001 (2006). 
32 Pearson-Leary, J. et al. Inflammation and vascular remodeling in the ventral 

hippocampus contributes to vulnerability to stress. Transl Psychiatry 7, e1160, 
doi:10.1038/tp.2017.122 (2017). 

33 Kumar, S. et al. Prefrontal cortex reactivity underlies trait vulnerability to chronic social 
defeat stress. Nat Commun 5, 4537, doi:ncomms5537 [pii] 

10.1038/ncomms5537 (2014). 
34 Zhao, Z., Wang, R., Huo, Z., Li, C. & Wang, Z. Characterization of the Anticoagulant 

and Antithrombotic Properties of the Sphingosine 1-Phosphate Mimetic FTY720. Acta 
Haematol 137, 1-6, doi:000448837 [pii] 

10.1159/000448837 (2017). 
35 Wallington-Beddoe, C. T. et al. Disparate in vivo efficacy of FTY720 in xenograft 

models of Philadelphia positive and negative B-lineage acute lymphoblastic leukemia. 
PLoS One 7, e36429, doi:10.1371/journal.pone.0036429 

PONE-D-11-19057 [pii] (2012). 
36 Page, M. E., Detke, M. J., Dalvi, A., Kirby, L. G. & Lucki, I. Serotonergic mediation of 

the effects of fluoxetine, but not desipramine, in the rat forced swimming test. 
Psychopharmacology (Berl) 147, 162-167, doi:91470162.213 [pii] 

10.1007/s002130051156 (1999). 
37 Sauer, J. et al. The glucocorticoid sensitivity of lymphocytes changes according to the 

activity of the hypothalamic-pituitary-adrenocortical system. Psychoneuroendocrinology 
20, 269-280, doi:030645309400058I [pii] 

10.1016/0306-4530(94)00058-i (1995). 
38 Okamoto, T. et al. [Relative lymphopenia in Cushing's syndrome]. Nihon Naibunpi 

Gakkai Zasshi 69, 636-640, doi:10.1507/endocrine1927.69.6_636 (1993). 
39 Dong, T., Zhi, L., Bhayana, B. & Wu, M. X. Cortisol-induced immune suppression by a 

blockade of lymphocyte egress in traumatic brain injury. J Neuroinflammation 13, 197, 
doi:10.1186/s12974-016-0663-y 

10.1186/s12974-016-0663-y [pii] (2016). 
40 Toft, P., Tonnesen, E., Svendsen, P. & Rasmussen, J. W. Redistribution of lymphocytes 

after cortisol administration. APMIS 100, 154-158, doi:10.1111/j.1699-
0463.1992.tb00855.x (1992). 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 10, 2021. ; https://doi.org/10.1101/2021.05.10.443108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443108


41 Osterlund, C. D. et al. Glucocorticoid Fast Feedback Inhibition of Stress-Induced ACTH 
Secretion in the Male Rat: Rate Independence and Stress-State Resistance. 
Endocrinology 157, 2785-2798, doi:10.1210/en.2016-1123 (2016). 

42 Dallman, M. F. et al. Regulation of ACTH secretion: variations on a theme of B. Recent 
Prog Horm Res 43, 113-173, doi:10.1016/b978-0-12-571143-2.50010-1 (1987). 

43 Silva, V. R. et al. Hypothalamic S1P/S1PR1 axis controls energy homeostasis. Nat 
Commun 5, 4859, doi:ncomms5859 [pii] 

10.1038/ncomms5859 (2014). 
44 Sullivan, R. M. & Gratton, A. Lateralized effects of medial prefrontal cortex lesions on 

neuroendocrine and autonomic stress responses in rats. J Neurosci 19, 2834-2840 (1999). 
45 Weinberg, M. S., Johnson, D. C., Bhatt, A. P. & Spencer, R. L. Medial prefrontal cortex 

activity can disrupt the expression of stress response habituation. Neuroscience 168, 744-
756, doi:S0306-4522(10)00510-5 [pii] 

10.1016/j.neuroscience.2010.04.006 (2010). 
46 Diorio, D., Viau, V. & Meaney, M. J. The role of the medial prefrontal cortex (cingulate 

gyrus) in the regulation of hypothalamic-pituitary-adrenal responses to stress. J Neurosci 
13, 3839-3847 (1993). 

47 Sapolsky, R. M., Romero, L. M. & Munck, A. U. How do glucocorticoids influence 
stress responses? Integrating permissive, suppressive, stimulatory, and preparative 
actions. Endocr Rev 21, 55-89, doi:10.1210/edrv.21.1.0389 (2000). 

48 Dienes, K. A., Hazel, N. A. & Hammen, C. L. Cortisol secretion in depressed, and at-risk 
adults. Psychoneuroendocrinology 38, 927-940, doi:S0306-4530(12)00335-6 [pii] 

10.1016/j.psyneuen.2012.09.019 (2013). 
49 Wahbeh, H. & Oken, B. S. Salivary cortisol lower in posttraumatic stress disorder. J 

Trauma Stress 26, 241-248, doi:10.1002/jts.21798 (2013). 
50 Sunter, G. et al. Acquired modification of sphingosine-1-phosphate lyase activity is not 

related to adrenal insufficiency. BMC Neurol 18, 48, doi:10.1186/s12883-018-1049-9 
10.1186/s12883-018-1049-9 [pii] (2018). 
51 Bandhuvula, P., Tam, Y. Y., Oskouian, B. & Saba, J. D. The immune modulator FTY720 

inhibits sphingosine-1-phosphate lyase activity. J Biol Chem 280, 33697-33700, 
doi:C500294200 [pii] 

10.1074/jbc.C500294200 (2005). 
52 Lovric, S. et al. Mutations in sphingosine-1-phosphate lyase cause nephrosis with 

ichthyosis and adrenal insufficiency. J Clin Invest 127, 912-928, doi:89626 [pii] 
10.1172/JCI89626 (2017). 
53 Prasad, R. et al. Sphingosine-1-phosphate lyase mutations cause primary adrenal 

insufficiency and steroid-resistant nephrotic syndrome. J Clin Invest 127, 942-953, 
doi:90171 [pii] 

10.1172/JCI90171 (2017). 
54 Janecke, A. R. et al. Deficiency of the sphingosine-1-phosphate lyase SGPL1 is 

associated with congenital nephrotic syndrome and congenital adrenal calcifications. 
Hum Mutat 38, 365-372, doi:10.1002/humu.23192 (2017). 

55 Ziemssen, T., Kern, R. & Cornelissen, C. The PANGAEA study design - a prospective, 
multicenter, non-interventional, long-term study on fingolimod for the treatment of 
multiple sclerosis in daily practice. BMC Neurol 15, 93, doi:10.1186/s12883-015-0342-0 

10.1186/s12883-015-0342-0 [pii] (2015). 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 10, 2021. ; https://doi.org/10.1101/2021.05.10.443108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443108


56 Andreone, B. J., Lacoste, B. & Gu, C. Neuronal and vascular interactions. Annu Rev 
Neurosci 38, 25-46, doi:10.1146/annurev-neuro-071714-033835 (2015). 

57 Black, J. E., Isaacs, K. R., Anderson, B. J., Alcantara, A. A. & Greenough, W. T. 
Learning causes synaptogenesis, whereas motor activity causes angiogenesis, in 
cerebellar cortex of adult rats. Proc Natl Acad Sci U S A 87, 5568-5572, 
doi:10.1073/pnas.87.14.5568 (1990). 

58 Lacoste, B. & Gu, C. Control of cerebrovascular patterning by neural activity during 
postnatal development. Mech Dev 138 Pt 1, 43-49, doi:S0925-4773(15)00047-7 [pii] 

10.1016/j.mod.2015.06.003 (2015). 
59 Xanthos, D. N. & Sandkuhler, J. Neurogenic neuroinflammation: inflammatory CNS 

reactions in response to neuronal activity. Nat Rev Neurosci 15, 43-53, doi:nrn3617 [pii] 
10.1038/nrn3617 (2014). 
60 Pober, J. S. & Sessa, W. C. Inflammation and the blood microvascular system. Cold 

Spring Harb Perspect Biol 7, a016345, doi:cshperspect.a016345 [pii] 
10.1101/cshperspect.a016345 (2014). 
61 Shalev, H., Serlin, Y. & Friedman, A. Breaching the blood-brain barrier as a gate to 

psychiatric disorder. Cardiovasc Psychiatry Neurol 2009, 278531, 
doi:10.1155/2009/278531 (2009). 

62 Brindle, N. P., Saharinen, P. & Alitalo, K. Signaling and functions of angiopoietin-1 in 
vascular protection. Circ Res 98, 1014-1023, doi:98/8/1014 [pii] 

10.1161/01.RES.0000218275.54089.12 (2006). 
63 Kowalczyk, A., Kleniewska, P., Kolodziejczyk, M., Skibska, B. & Goraca, A. The role of 

endothelin-1 and endothelin receptor antagonists in inflammatory response and sepsis. 
Arch Immunol Ther Exp (Warsz) 63, 41-52, doi:10.1007/s00005-014-0310-1 (2015). 

64 Hoover-Plow, J. Does plasmin have anticoagulant activity? Vasc Health Risk Manag 6, 
199-205, doi:10.2147/vhrm.s9358 (2010). 

65 Zhang, F. et al. VEGF-B is dispensable for blood vessel growth but critical for their 
survival, and VEGF-B targeting inhibits pathological angiogenesis. Proc Natl Acad Sci U 
S A 106, 6152-6157, doi:0813061106 [pii] 

10.1073/pnas.0813061106 (2009). 
66 Rojiani, M. V., Alidina, J., Esposito, N. & Rojiani, A. M. Expression of MMP-2 

correlates with increased angiogenesis in CNS metastasis of lung carcinoma. Int J Clin 
Exp Pathol 3, 775-781 (2010). 

67 Huang, Z. et al. Curcumin reverses corticosterone-induced depressive-like behavior and 
decrease in brain BDNF levels in rats. Neurosci Lett 493, 145-148, doi:S0304-
3940(11)00197-2 [pii] 

10.1016/j.neulet.2011.02.030 (2011). 
 
 
 
 
 
 
 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 10, 2021. ; https://doi.org/10.1101/2021.05.10.443108doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443108

