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Abstract 

Rationale: Emerging evidence has suggested that sphingosine 1-phosphate (S1P), a bioactive metabolite 
of sphingolipids, may play an important role in the pathophysiological processes of cerebral hypoxia and 
ischemia. However, the influence of S1P on cerebral hemodynamics and metabolism remains unclear.  
Material and Methods: Uniquely capable of high-resolution, label-free, and comprehensive imaging of 
hemodynamics and oxygen metabolism in the mouse brain without the influence of general anesthesia, 
our newly developed head-restrained multi-parametric photoacoustic microscopy (PAM) is well suited 
for this mechanistic study. Here, combining the cutting-edge PAM and a selective inhibitor of sphingosine 
kinase 2 (SphK2) that can increase the blood S1P level, we investigated the role of S1P in cerebral oxygen 
supply-demand and its neuroprotective effects on global brain hypoxia induced by nitrogen gas inhalation 
and focal brain ischemia induced by transient middle cerebral artery occlusion (tMCAO).  
Results: Inhibition of SphK2, which increased the blood S1P, resulted in the elevation of both arterial and 
venous sO2 in the hypoxic mouse brain, while the cerebral blood flow remained unchanged. As a result, 
it gradually and significantly reduced the metabolic rate of oxygen. Furthermore, pre-treatment of the 
mice subject to tMCAO with the SphK2 inhibitor led to decreased infarct volume, improved motor 
function, and reduced neurological deficit, compared to the control treatment with a less potent 
R-enantiomer. In contrast, post-treatment with the inhibitor showed no improvement in the stroke 
outcomes. The failure for the post-treatment to induce neuroprotection was likely due to the relatively 
slow hemodynamic responses to the SphK2 inhibitor-evoked S1P intervention, which did not take effect 
before the brain injury was induced.  
Conclusions: Our results reveal that elevated blood S1P significantly changes cerebral hemodynamics 
and oxygen metabolism under hypoxia but not normoxia. The improved blood oxygenation and reduced 
oxygen demand in the hypoxic brain may underlie the neuroprotective effect of S1P against ischemic 
stroke. 
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Introduction 
Affecting about 800,000 people in the United 

States every year, stroke is a leading cause of death 
[1]. Globally, stroke is the second leading cause of 
mortality, accounting for 11.8% of all deaths [2]. With 

increased number of stroke incidents and the 
prevalence of stroke survivors, disability-adjusted 
life-years (DALYs) lost due to stroke is rapidly 
increasing, making it the third leading cause of 
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DALYs lost worldwide [3]. Ischemic stroke, caused by 
obstruction of vessel(s) that supplies blood to the 
brain, is the major type of stroke and accounts for 85% 
of all stroke incidents [4]. Therefore, enormous efforts 
have been undertaken to explore preventions and 
treatments of this devastating disease.  

Despite decades of intensive research, clinically 
applicable interventions for ischemic stroke remain 
very limited [5]. Capable of re-establishing the 
cerebral blood flow by dissolving the blood clot, 
tissue plasminogen activator (tPA) is the only Food 
and Drug Administration-approved 
pharmacotherapy for acute ischemic stroke. However, 
owing to the increasing risk of hemorrhagic 
transformation over time, only a narrow therapeutic 
window (i.e., the first few hours after the stroke onset) 
is approved for the tPA treatment, which is not 
applicable to over 96% of stroke patients worldwide. 
Associated with reduced risks of hemorrhage, 
mechanical recanalization significantly extends the 
therapeutic window. However, this emerging 
approach has practical limitations, including limited 
accessibility [6] and the delay in treatment initiation. 
Thus, new pharmacotherapy strategies 
complementing currently available thrombolytic 
therapies are highly desired. Holding the potential to 
extend the viability of ischemic tissues for primary 
reperfusion interventions to initiate or be effective, 
neuroprotective agents are of particular interest and 
widely investigated [7]. 

Recently, sphingosine 1-phosphate (S1P), a 
bioactive metabolite of sphingolipids, has attracted 
increasing attention because of the newly observed 
neuroprotective effect against ischemic stroke [8]. S1P 
is generated solely by sphingosine kinases (SphKs), 
which have two isoforms (SphK1 and SphK2). Thus, 
the S1P level can be regulated via the inhibition of 
SphK1 or SphK2 [9]. Recent studies have shown that 
elevated S1P is vasoprotective and neuroprotective 
[10] and that S1P promotes increased erythrocyte 
2,3-bisphosphoglycerate and thus oxygen release as 
an adaptation to hypoxia [11], suggesting that the 
neuroprotective effect induced by the elevated S1P 
may be associated with cerebral hemodynamics and 
oxygen metabolism. However, the underlying 
mechanisms remain unclear. 

Combining light and ultrasound for 
high-resolution imaging of optical absorption in vivo, 
photoacoustic imaging has emerged as an enabling 
technology in biomedicine [12], particularly in brain 
research [13]. Taking advantage of the optical 
absorption of hemoglobin, the primary carrier of 
oxygen in the blood circulation, we have recently 
developed multi-parametric photoacoustic 
microscopy (PAM) for simultaneous imaging of blood 

perfusion, oxygenation and flow at the 
single-microvessel level [14] and in the awake mouse 
brain [15]. Further, combining these hemodynamic 
parameters allows quantification of cerebral oxygen 
extraction and consumption [15]. Uniquely capable of 
comprehensive assessment of cerebral hemodynamics 
and metabolism, multi-parametric PAM is well poised 
to investigate the hemodynamic and metabolic bases 
of S1P-mediated neuroprotection in the brain of 
awake behaving mice. 

Herein, we describe the use of a selective SphK2 
inhibitor to upregulate the blood S1P level. Then, the 
S1P-induced changes in cerebral hemodynamics and 
oxygen metabolism were investigated in the awake 
mouse brain under normoxia and hypoxia, using the 
multi-parametric PAM. Further, the neuroprotective 
effect of S1P against ischemic stroke was studied in an 
established mouse model of transient middle cerebral 
artery occlusion (tMCAO). The effects of both pre- 
and post-treatment were evaluated and compared.  

Materials and Methods 
Head-restrained Multi-parametric PAM 

To measure cerebral hemodynamics and 
metabolism without the influence of general 
anesthesia, the head-restrained multi-parametric 
PAM [15] was used in this study. In this system 
(Figure S1a), two nanosecond-pulsed lasers at 
wavelengths of 532 nm and 558 nm (BX40-2-G and 
BX40-2-GR, Edgewave) were applied. These two 
beams were combined, collimated, filtered, and 
coupled into a single-mode optical fiber 
(P1-460B-FC-2, Thorlabs). Before the fiber-optic 
coupling, the laser energy was monitored by a 
photodiode (SM1D12D, Thorlabs) to compensate for 
pulse-to-pulse fluctuation. Then, the fiber output was 
launched into a home-made scanning head, in which 
the optical excitation and acoustic detection were 
confocally aligned through an achromatic doublet 
(AC127-025-A, Thorlabs) and a ring-shaped ultrasonic 
transducer (central frequency: 35 MHz; 6-dB 
bandwidth: 70%) to achieve maximum sensitivity. A 
field-programmable gate array was used to 
synchronize laser pulsing, mechanical scan, and 
acquisition of the signals from the photodiode and the 
ultrasonic transducer. A home-made apparatus 
consisting of an adjustable head plate and an 
air-floated spherical treadmill was used to restrain the 
head of the awake mouse, while allowing voluntary 
movement on the treadmill (Figure S1b and Figure 
S1c). The treadmill was floated by slightly 
compressed air (15 psi) to provide minimal resistance 
to mouse movement. More details of the 
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head-restrained multi-parametric PAM can be found 
in our previous report [15]. 

Quantification of cerebral microvascular 
diameter, hemodynamics and oxygen 
metabolism 

With the head-restrained multi-parametric PAM, 
cerebral hemodynamics and oxygen metabolism can 
be comprehensively quantified in awake mice. Based 
on the differential absorption spectra of oxy- and 
deoxy-hemoglobin, the oxygen saturation of 
hemoglobin (sO2) can be quantified through 
spectroscopic analysis of the dual-wavelength 
measurement at 532 nm and 558 nm [16].  

Through statistical analysis of the fluctuation of 
PAM signal caused by the Brownian motion of red 
blood cells (RBCs), the average number of RBCs 
within the detection volume of PAM can be derived as 

𝐸𝐸(𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅) = 𝐸𝐸(𝐴𝐴𝐴𝐴𝐴𝐴)
𝑉𝑉𝑉𝑉𝑉𝑉(𝐴𝐴𝐴𝐴𝐴𝐴)−𝑉𝑉𝑉𝑉𝑉𝑉(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)

, 

where 𝐴𝐴𝐴𝐴𝐴𝐴  and 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁  denote the amplitude of the 
signal and the noise of the PAM system, respectively. 
𝐸𝐸() and 𝑉𝑉𝑉𝑉𝑉𝑉() are the mean and variance operation, 
respectively. Further, given that on average each RBC 
contains ~15-pg hemoglobin [17], the total 
concentration of hemoglobin (CHb) can be estimated as 

𝐶𝐶𝐻𝐻𝐻𝐻 = 15 × 𝐸𝐸(𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅)
𝑉𝑉𝑁𝑁𝑉𝑉

 , 

where 𝑉𝑉𝑁𝑁𝑉𝑉 represents the detection volume of PAM 
and has been experimentally quantified to be 263 µm3 
in our previous study [14]. 

Furthermore, the speed of blood flow can be 
estimated by analyzing of the flow-induced 
decorrelation of adjacent photoacoustic A-line signals. 
Briefly, by fitting the experimentally measured 
decorrelation curve against the theoretical model of a 
second-order exponential decay, the decay constant 
can be calculated, from which the flow speed can be 
derived based on the linear relationship between 
these two parameters [18].  

Moreover, we have developed a segmentation 
algorithm [15,19], which allows us to extract the 
structural and hemodynamic parameters at the 
single-vessel level. The segmentation procedure 
consists of four steps: (1) manually identify the 
boundaries of individual vessels; (2) refine the 
boundaries using Otsu’s method [20]; (3) divide the 
vessels into segments based on bifurcation points; (4) 
remove overlapping vessels, if any. With this 
segmentation algorithm, the blood flow speed and 
vessel diameter can be extracted at the single-vessel 
level, from which the volumetric blood flow of 
individual vessels can be calculated as 

𝑉𝑉𝑁𝑁𝑉𝑉𝑉𝑉𝐴𝐴𝑁𝑁𝑉𝑉𝑉𝑉𝑁𝑁𝑉𝑉 𝑓𝑓𝑉𝑉𝑁𝑁𝑓𝑓 =  𝜋𝜋𝜋𝜋𝑉𝑉
2

8
, 

where D is the vessel diameter and V is the blood flow 
speed along the central axis of the vessel.  

Further, the total cerebral blood flow (CBF) over 
the region of interest (ROI) can be estimated by 
summing up the volumetric flow of all feeding 
arteries. Since the oxygen extraction fraction (OEF) 
can be calculated using the measured sO2, the cerebral 
metabolic rate of oxygen (CMRO2) can be derived as 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 = 𝜉𝜉 × 𝐶𝐶𝐻𝐻𝐻𝐻 × 𝑁𝑁𝑉𝑉𝐶𝐶2 × 𝐶𝐶𝐸𝐸𝑂𝑂 ×
𝐶𝐶𝐶𝐶𝑂𝑂
𝑊𝑊

, 

where 𝜉𝜉 is the oxygen binding capacity of hemoglobin 
(1.36 mL of oxygen per gram hemoglobin), 𝐶𝐶𝐶𝐶𝑂𝑂 is the 
total volumetric flow through the region, and W is the 
tissue weight estimated by assuming an average 
cortical thickness of 1.2 mm [21] and an average tissue 
density of 1.05 g/ml [22]. A more detailed description 
of the quantification of cerebral microvascular 
diameter, hemodynamics and oxygen metabolism can 
be found in our previous reports [14,15].  

Animal Preparation for Awake-brain Imaging 
The CD-1 mouse (male, 9–11 weeks old, Charles 

River Laboratory) was anesthetized by 1.5% 
isoflurane and kept at 37°C using a heating pad. After 
removing the hair in the scalp with a shaver and hair 
removal cream (Surgi Cream), a skin incision was 
made. Then, the periosteum was removed to expose 
the skull. Once the exposed skull was cleaned and 
dried, dental cement (C&B Metabond, Parkell Inc.) 
was applied to adhere a small nut (90730A005, 
McMaster-Carr) to the skull contralateral to the ROI. 
Ketoprofen (5 mg/kg) was subcutaneously injected to 
alleviate the pain caused by the surgical procedure. 
The mouse was returned to its home cage, when the 
cement was solidified and the nut was firmly 
adhered. In the following five consecutive days, the 
mouse was trained to acclimate the head restraint and 
attenuate possible stress.  

One day before the PAM imaging, the skull 
above the ROI was carefully thinned following the 
established protocol [23]. To avoid bleeding during 
the skull thinning, a mixed solution of lidocaine (1%) 
and epinephrine (1:100,000) was applied topically. 
According to the previous study [24], no severe 
inflammation or microglial activation was expected 
due to the relatively thick skull window (~100 μm). 
During the PAM imaging, the mouse brain was in 
contact against a temperature-controlled water tank, 
which was kept at 37 °C to maintain the brain 
temperature. The bottom of the water tank was sealed 
by an optically and acoustically transparent 
polyethylene membrane, and a thin layer of ultrasonic 
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gel was applied between the thinned-skull window 
and the membrane for acoustic coupling. 

Blood S1P Regulation and Measurement 
The blood S1P levels were manipulated using 

our optimized selective SphK2 inhibitor 
(SLM6031434, 
[S-2-(3-[4-(octyloxy)-3-(trifluoromethyl)phenyl]-1,2,4-
oxadiazol-5-yl)pyrrolidine-1-carboximidamide]), 
while the less potent R-enantiomer (SLM6081442, 
[R-2-(3-[4-(octyloxy)-3-(trifluoromethyl)phenyl]-1,2,4-
oxadiazol-5-yl) pyrrolidine-1-carboximidamide]) was 
used as a control. The synthesis and characteristics of 
SLM6031434 and SLM6081442 are detailed in our 
previous report [25]. Groups of CD-1 mice (male, 9 
weeks old, Charles River Laboratory) were injected 
intravenously with different doses of SLM6031434, 
while the vehicle group was injected with an equal 
amount of phosphate-buffered saline. After the 
injection, mice were bled via a tail nick at 1, 2 and 4 
hours. The whole blood was acquired and processed 
immediately for liquid chromatography mass 
spectrometry (LC/MS) analyses to quantify the blood 
S1P level, following previously reported sample 
preparation protocols [26]. The LC/MS analyses were 
performed using a Shimadzu Prominence LC and an 
AB Sciex 4000 QTRAP triple quadrupole mass 
spectrometer [25]. 

Transient Middle Cerebral Artery Occlusion 
The mouse was anesthetized using isoflurane 

(1.5–2.0% for induction and 1.0–1.5% for 
maintenance). A feedback-controlled heating pad was 
used to maintain its body temperature during the 
surgery. A midline neck incision was made to expose 
the right common carotid artery and external carotid 
artery. The common carotid artery was temporarily 
clamped, and the external carotid artery was ligated 
with strings. Then, a small incision was made in the 
common carotid artery before the bifurcation to 
introduce a filament (Beijing CiNongtech Co.). The 
filament was carefully inserted into the internal 
carotid artery to occlude the takeoff point of the 
middle cerebral artery. After 90-minute occlusion, the 
filament was withdrawn for reperfusion. Successful 
occlusion (<20% of the baseline flow) and reperfusion 
(>70% of the baseline flow) were both confirmed 
using laser Doppler flowmetry.  

Stroke Outcome Evaluation 
The motor coordination was evaluated 24 hours 

before and 24 hours after the tMCAO. The mouse was 
placed on an accelerating rotarod. The speed of the 
rotarod was increased from 4 rpm to 40 rpm in 5 
minutes. The latency and speed of the mouse falling 
off the rotarod were recorded. Each mouse was tested 

five times. The speed-latency index of each test was 
calculated as latency (in second) × speed (in rpm), and 
the mean index of the five trials was computed to 
reflect the motor coordination function before and 
after the MCAO. All mice were trained 5 times per 
day for 3 continuous days before formal tests. The 
3-day training started 4 days before the tMCAO. The 
ratio of the speed-latency index measured 24 hours 
after the stroke onset to that measured before the 
onset was used to indicate the changes in the motor 
functions.  

The neurological functions were evaluated 24 
hours after the tMCAO, right before animal 
euthanasia. The tMCAO-induced neurological deficit 
in the left hemisphere was scored in a blind fashion 
according to an established 8-point scale: 0, no 
apparent deficits; 1, failure to fully extend the right 
forepaw; 2, decreased grip of the right forelimb; 3, 
spontaneous movement in all directions and 
contralateral circling only if pulled by the tail; 4, 
circling/walking to the right; 5, walking only if 
stimulated; 6, unresponsiveness to stimulation and 
with depressed level of consciousness; and 7, dead 
[27,28]. Thus, higher neurological deficit scores 
indicate worse ischemic outcomes.  

The mouse was euthanized for infarct volume 
analysis 24 hours after the tMCAO. Right after 
euthanasia, the brain was rapidly dissected and cut 
coronally into 1-mm-thick slices except for the first 
and last slices, which were 2-mm thick. Assessment of 
the infarct volume was performed with 
2,3,5-triphenyltetrazolium chloride (TTC) staining. 
The infarct areas were quantified using the ImageJ 
(v1.60, National Institutes of Health), and the 
percentage of infarct volume in the ipsilateral 
hemisphere was calculated. 

Statistical Analysis 
The two-way analysis of variance (ANOVA) was 

used in Figure 1 to compare the readouts of different 
doses of SLM6031434 and the vehicle, at any of the 
given time points. The paired t-test was used in Figure 
3 to examine the statistical significance of the 
hypoxia-induced changes and SLM6031434-induced 
changes. The One-way ANOVA and Tukey’s honest 
significance test with correction for multiple 
comparisons was used in Figure 4 to analyze the 
time-dependent hemodynamic responses to 
SLM6031434. The unpaired t-test was used in Figs. 5b 
and 5c to compare the differences in infarct volume 
and behavior performance between the pre-treatment, 
post-treatment, and control groups. The one-way 
repeated measures analysis of variance with the 
Holm-Sidak test was used in Figure 5d to compare the 
differences in neurological deficient between the three 
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groups. All data are shown in mean ± standard 
deviation. All p-values of <0.05 were considered 
statistically significant. 

Results 
Pharmacodynamics of the SphK2 inhibitor 

To examine the influence of SLM6031434 on the 
blood S1P level and to identify the optimal dosage, 
three different doses (0.05, 0.5, and 2 mg/kg) were 
evaluated. After the injection of SLM6031434, animals 
were bled at 1, 2, and 4 hours to measure the levels of 
blood S1P and the compound, using LC/MS analyses. 
As shown in Figure 1a, SLM6031434 increased the 
blood S1P level in a dose-dependent manner, and a 
dose of 2 mg/kg doubled the S1P level 2 hours after 
injection. Moreover, the S1P level remained elevated 4 
hours after injection (Figure 1a) and the inhibitor was 
detectable in the blood even 6 hours later (data not 
shown), indicating that the S1P upregulation was 
continuously in effect (Figure 1b). Based on the 
LC/MS analyses, the dosage of 2 mg/kg was chosen 
for the studies on cerebral hemodynamics and 
neuroprotection.  

Hemodynamic Responses to Blood S1P 
Increase in Hypoxic Brain 

Given that acute tissue hypoxia is a major cause 
of injury in ischemic stroke, we studied the 
neuroprotective effect of S1P on cerebral hypoxia, 
which was induced by inhalation of mixed medical air 
and nitrogen with an oxygen concentration of ~12%. 
Specifically, cerebral hemodynamics, including CHb, 
sO2 and CBF, in the awake mouse was assessed before 
and 2 hours after the injection of 2-mg/kg 
SLM6031434, by the head-restrained multi-parametric 
PAM. The time point of 2 hours post-injection was 
chosen to be consistent with the pre-treatment study 
in ischemic stroke, in which the tMCAO was 
performed 2 hours after the injection of this 
compound. 

As shown in Figure 2, following the switch from 
normoxia to hypoxia, decreases in both arterial and 
venous sO2 values were observed, accompanied by a 
noticeable increase in blood flow speed. These were in 
good agreement with our previous observations in the 
awake mouse brain [15]. These mice were reimaged 
two hours after injection of either the active 
(SLM6031434) or inactive (SLM6081442) compound 
through a needle pre-implanted in the tail vein. In 
contrast to the lack of hemodynamic responses to the 
inactive compound (Figure 2a), the sO2 values in the 
mice treated with the active compound largely 
recovered while the blood flow remained unchanged 
(white arrows in Figure 2b). Interestingly, no 
hemodynamic response to the S1P upregulation was 
observed in the normoxic mouse brain (Figure S2). 

We repeated this experiment in 4 mice for 
statistical analysis. As expected, CHb was not affected 
by either hypoxia or the active compound (Figure 3a). 
In contrast, the arterial and venous sO2 significantly 
dropped in response to hypoxia (from 93.7±0.9% to 
77.8±3.3% for the arterial sO2 and from 70.3±0.7% to 
45.4±3.2 % for the venous sO2). Increasing the blood 
S1P level with SLM6031434 was able to recover the 
sO2 values back to the corresponding baseline levels 2 
hours after injection (90.8±4.4% for the arterial sO2 
and 67±8.1% for the venous sO2, as respectively 
shown in Figure 3b and 3c). These sO2 changes 
resulted in increased OEF under hypoxia (from 
0.25±0.01 to 0.42±0.04) and the subsequent decrease 2 
hours after the injection of SLM6031434 (0.26±0.07). 
Interestingly, the increased S1P level in blood did not 
significantly change the average vessel diameter 
(Figure 3e) and blood flow speed (Figure 3f). As a 
result, the CBF was also unaffected by SLM6031434 
(Figure 3g). Due to the decreased OEF and unchanged 
CBF, CMRO2 was found to decrease by 36.7 % in 
response to the injection of SLM6031434 (Figure 3h), 
suggesting that blood S1P lowered cerebral oxygen 
demand and thus mitigated the oxygen crisis under 
hypoxia.

 

 
Figure 1. Pharmacodynamics of the SphK2 inhibitor. (a) SLM6031434 level and (b) S1P level at 1, 2, and 4 hours in the whole blood after the injection of saline 
(Vehicle) or the indicated doses of SLM6031434. Sample size: n=4. *, p<0.05. 
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Figure 2. S1P-induced hemodynamic responses in the awake hypoxic mouse brain. Time-lapse PAM of CHb, sO2 and blood flow speed before the 
injection of (a) “inactive” compound SLM6081442 and (b) “active” compound SLM6031434. Normoxia, before the injection under normoxia; Hypoxia, before the 
injection under hypoxia; Post-injection, 2 hours after the injection under hypoxia. The white arrows in the 1st and 2nd rows of (b) highlight the changes in sO2 and 
blood flow speed, respectively. Scale bar, 500 µm. 

 

 
Figure 3. Quantitative analysis of S1P-induced hemodynamic and oxygen-metabolic responses in the awake hypoxic mouse brain. (a) CHb, (b) 
arterial sO2, (c) venous sO2, (d) OEF, (e) average vessel diameter, (f) average blood flow speed, (g) regional CBF, and (h) regional CMRO2. Normoxia, before the 
injection of SLM6031434 under normoxia; Hypoxia, before the injection under hypoxia; Post-injection, 2 hours after the injection under hypoxia. Sample size: n=4. 
Data are shown as Mean ± SD. *, p<0.05. 

 

Time Course of S1P-induced Hemodynamic 
Responses under Hypoxia 

Given the observation that the blood S1P level 
increased gradually after the injection of SLM6031434 
(Figure 1), we also investigated the time course of 
S1P-induced cerebral hemodynamic responses. To 
this end, the mice were first imaged under normoxia 
to obtain the baseline and then time-lapse monitored 
under hypoxia to reveal the dynamic responses. To 
allow for equilibrium under hypoxia, SLM6031434 
was injected after imaging the hypoxic brain for 60 

minutes. Then, the brain was monitored for 2 hours 
with an interval of 30 minutes (Figure 4a).  

Again, this experiment was repeated in 4 mice 
for statistical analysis. The baseline values measured 
under normoxia were used to calculate the percentage 
changes of cerebral hemodynamics in response to 
hypoxia and SLM6031434 intervention. While CHb 
remained unchanged after the injection of the active 
compound (Figure 4b), both the arterial sO2 (Figure 
4c) and venous sO2 (Figure 4d) gradually increased 
following the injection and eventually became 
significantly higher than the corresponding 
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pre-injection values at 2 hours (from 83.0±4.0% 
pre-injection to 96.7±5.5% 2 hours post-injection for 
the arterial sO2 and from 64.5±4.7% pre-injection to 
95.3±11.8% 2 hours post-injection for the venous sO2). 
Determined by the difference between the arterial and 
venous sO2, OEF did not experience significant 
change until 1.5 hours after the injection and 
eventually dropped from 167.5±19.0% pre-injection to 
105.5±31.4% 2 hours post-injection (Figure 4e). In 
contrast to the dynamic response in blood 
oxygenation, the vessel diameter (Figure 4f), flow 
speed (Figure 4g), and CBF (Figure 4h) remained 
unchanged over the entire monitoring period. Given 
the lack of change in CBF, the time course of CMRO2 
followed that of OEF, with significant changes 
observed after 1.5 hours post-injection (from 
186.2±24.9% pre-injection to 151.7±30.3% at 1.5 hours 
and 118.3±11.5% at 2 hours; Figure 4i). 

Neuroprotective Effect of S1P against 
Ischemic Stroke 

Capable of improving blood oxygenation and 
reducing cerebral oxygen demand, increasing the 
blood S1P level was expected to protect the brain 
against ischemic stroke. To evaluate the 

neuroprotective effects of pre-treatment and 
post-treatment with SLM6031434, mice were 
randomly assigned into 3 groups (control, 
pre-treatment, and post-treatment). The mice in the 
pre-treatment group were administered with the 
active compound 2 hours prior to the tMCAO, while 
the post-treatment groups were injected immediately 
after the reperfusion. The control groups were subject 
to the same tMCAO procedure but without treatment. 
After finishing the injection and tMCAO, the mice 
were returned to their home cages and closely 
monitored until the completion of neurological 
evaluation and brain harvest.  

As shown in the representative TTC pictures 
(Figure 5a), the infarct region is noticeably smaller in 
the pre-treatment mouse, compared to that in the 
control mouse. However, the post-treatment mouse 
did not show clear reduction in infarct volume. 
Indeed, statistical analysis (Figure 5b) showed 
significantly reduced infarct volume in the 
pre-treatment group (26.8±11.6%) compared to that in 
the control group (62.5±6.9%), while the improvement 
in the post-treatment group was not statistically 
significant (52.8±17.4%). 

 

 
Figure 4. Dynamics of the S1P-induced responses in the awake hypoxic mouse brain. (a) Time-lapse PAM of the hemodynamic changes before (normoxia 
and hypoxia) and after the injection of SLM6031434 (0.5, 1, 1.5, and 2 hours). Time courses of (b) CHb, (c) arterial sO2, (d) venous sO2, (e) OEF, (f) average vessel 
diameter, (g) average blood flow speed, (h) regional CBF, and (i) regional CMRO2. Scale bar, 500 µm. Data are shown as Mean ± SD. *, p<0.05. 
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Figure 5. S1P-induced neuroprotection against ischemic stroke. (a) Representative images of the TTC stain of brain coronal slices harvested 24 hours after 
the tMCAO. Statistical comparison of the (b) infarct volume, (c) motor functions, and (d) neurological deficit between the control group, pre-treatment group, and 
post-treatment group. Sample size: n=7. *, p<0.05. 

 
As shown in Figure 5c, although all mice 

demonstrated impaired motor coordination after 
brain ischemia with the speed-latency index ratio less 
than 0.5, the pre-treatment group showed much better 
motor coordination functions compared to the control 
and post-treatment groups. Furthermore, the 
neurological deficit score also suggested 
improvement of the stroke outcome in the 
pre-treatment group. As shown in Figure 5d, both the 
control group (average score: 4.4) and the 
post-treatment group (average score: 4.2) showed 
severely impaired neurological functions. Most of 
mice in these two groups only circled or walked to 
one side. In contrast, most mice in the pre-treatment 
group (average score: 2.9) still had spontaneous 
movement in all directions and did contralateral 
circling only when pulled by the tail. 

Discussions 
In previous studies [29–32], S1P has been 

reported to be neuroprotective against ischemic 
stroke. However, the underlying mechanisms remain 
incompletely understood. Recently, Sun et al. have 
found that elevated S1P levels in blood promote the 
oxygen release for adaptation to high-altitude 
hypoxia [11]. Moreover, it has been demonstrated that 
the pathways involving S1P and its kinases are related 

to hypoxia signaling [33–35]. Together, these 
observations suggest that the S1P-induced 
neuroprotection against brain hypoxia and ischemia 
may be mediated, in part, through the regulation in 
cerebral hemodynamics and oxygen metabolism. 
However, a direct experimental validation of this 
hypothesis is still missing, mainly due to technical 
limitations. 

Capitalizing on the head-restrained 
multi-parametric PAM, we performed the first in vivo 
characterization of S1P-induced hemodynamic and 
oxygen-metabolic changes in the mouse brain without 
the confounding of general anesthesia. Using 
SLM6031434, a selective SphK2 inhibitor, we were 
able to gradually increase the blood S1P level and 
double it 2 hours after the injection. Our PAM studies 
showed that, in the hypoxic brain, the dynamic 
increase of blood S1P resulted in progressively 
increased arterial and venous sO2. In contrast, the 
vessel diameter and CBF remained unchanged. These 
findings suggest that the protective effect of S1P again 
cerebral hypoxia is likely mediated through changes 
in blood oxygenation rather than blood supply. 
Moreover, the decreased OEF (due to increased 
venous sO2) and unchanged CBF together resulted in 
reduced CMRO2, in response to the elevated blood 
S1P. Recent findings showed that increased blood S1P 
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enhances the release of membrane-bound glycolytic 
enzymes to the cytosol, inducing glycolysis and the 
production of 2,3-bisphosphoglycerate [11]. Also, 
other studies showed that S1P increases glucose 
uptake through trans-activation of insulin receptor 
[36]. The S1P-induced shift in cerebral metabolism 
from oxidative phosphorylation to glycolysis may be 
responsible for the observed reduction in CMRO2 and 
help alleviate oxygen crisis in the hypoxic brain. 
Interestingly, under normoxia, the cerebral 
hemodynamics and oxygen metabolism were 
insensitive to changes in blood S1P. Although the 
underlying mechanism requires further investigation, 
it is reasonable to speculate that the S1P-induced 
metabolic re-programming may require activation of 
hypoxia-related signaling pathways. 

We validated the neuroprotective effect of S1P 
against ischemic stroke in the established mouse 
model of tMCAO. Although significant improvement 
in the stroke outcome was observed in the 
pre-treatment group, no noticeable benefit was shown 
in animals treated with SLM6031434 immediately 
after the reperfusion. Given the relatively slow 
pharmacodynamics of this compound in eliciting the 
protective hemodynamic and oxygen-metabolic 
responses (e.g., it took 2 hours to reduce CMRO2 to 
near the baseline level, as shown in Figure 4), it may 
not be fast enough to protect the ischemic penumbra 
from permanent infarction when applied following 
reperfusion. To increase the translational potential of 
this neuroprotective agent, further studies are 
required to improve its pharmacodynamics. 

Although S1P synthesis relies on two different 
forms of SphK, SphK1 and SphK2, our results showed 
that injection of the SphK2 inhibitor was sufficient to 
increase the blood S1P level within 4 hours. This is in 
contrast to S1P reduction induced by SphK1 inhibitors 
[37]. Our results and previous studies, together, 
suggest that the blood S1P turnover is likely due to 
the role of SphK2 in the clearance of S1P from blood 
[25]. However, the mechanism underlying the 
clearance remains obscure, and the role of SphK2 in 
this process remains unknown. Besides, the whole 
blood S1P was measured in this study, including S1P 
in different components such as erythrocyte, platelet 
and plasma. However, the roles of SphK1 and SphK2 
in these components are different. For instance, 
SphK1 is responsible for erythrocyte S1P synthesis 
and most plasma S1P is derived from erythrocytes, 
while SphK2 is responsible for platelet S1P synthesis 
[38]. Therefore, further studies are needed to better 
understand how SLM6031434 increases S1P in the 
blood and the molecular mechanisms of the 
S1P-induced hemodynamic responses.  

In conclusion, we studied the hemodynamic 

mechanisms of the S1P-induced neuroprotection in 
the awake mouse brain using the head-restrained 
multi-parametric PAM. Our results showed the 
elevated blood S1P led to improved cerebral blood 
oxygenation and reduced oxygen demand under 
hypoxia, both of which alleviate the oxygen crisis 
during brain ischemia and hypoxia. Consistent with 
these findings, significantly improved neurological 
outcomes were observed in animals pre-treated with 
the SphK2 inhibitor but not in the post-treatment 
group. The failure to induce neuroprotective effects 
by post-treatment was likely due to the relatively slow 
pharmacodynamics of the compound to elicit S1P 
increase. Providing new insights into the 
S1P-mediated neuroprotection from the much 
understudied hemodynamic perspective, our work 
may facilitate the translation of this therapeutic 
strategy for brain hypoxia and ischemia. 
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