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Abstract Although there is evidence that sphingosine-1-
phosphate receptor-1 (S1P1) activation occurs following
experimental brain injury, there is little information about
its metabolic pathway in cerebral ischemia. The purpose of
this study was to evaluate the role of the sphingosine met-
abolic pathway including S1P1 and sphingosine kinases 1
(SphK1) and 2 (SphK2) in transient middle cerebral artery
occlusion (MCAO). Fifty-eight male Sprague–Dawley rats
were used to assess temporal profiles of S1P1, SphK1, and
SphK2 on neurons in infarct and periinfarct cortices at
preinfarct state, 6 h, and 24 h after MCAO. The animals
were then treated with vehicle and 0.25 mg/kg FTY720,
which is an agonist of S1P receptors, and evaluated regard-
ing neurological function, infarct volume, and S1P1 expres-
sion on neurons at 24 h after MCAO. The expressions of
S1P1, SphK1, and SphK2 were significantly decreased after
MCAO. Labeling of all markers was reduced in the infarct
cortex but remained present in the periinfarct cortex and
some were found to be on neurons. Significant improve-
ments of neurological function and brain injury were ob-
served in the FTY720 group compared with the vehicle and
untreated groups, although S1P1 expression on neurons was
reduced in the FTY720 group compared with the vehicle
group. We demonstrated that S1P1, SphK1, and SphK2
were downregulated in the infarct cortex, whereas they were
preserved in the periinfarct cortex where FTY720 reduced
neuronal injury possibly via S1P1 activation. Our findings

suggest that activation of the sphingosine metabolic path-
way may be neuroprotective in cerebral ischemia.
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Introduction

Experimental transient middle cerebral artery occlusion
(MCAO) is widely approved as a representative model for
cerebral ischemia in humans [1]. MCAO in rodent animal
modeling produces an infarct core which is defined as necrosis
and a penumbra (periinfarct area) in the frontoparietal cortex,
in which apoptotic pathways are mainly implicated [2, 3].
Neurons in the infarct core are undergoing a sudden failure
of cellular energy, swelling, and rupture of the organelles,
whereas neurons in the periinfarct area are viable targets as
they can be rescued with suitable treatments including
antiapoptotic drugs [4, 5].

Sphingosine 1-phosphate (S1P) is one of the sphingolipid
metabolites generated by sphingosine kinases (SphKs) 1 and 2
from sphingosine. Endogenous S1P levels are controlled by
the expression and activity of SphKs, and S1P is recognized as
an important bioactive mediator that regulates many cellular
and physiological processes [6]. S1P mediates its effects via a
family of G protein-coupled receptors, including S1P recep-
tors 1−5 (S1P1–5) [7]. It is previously reported that S1P1
activation could reduce brain injuries in various types of
experimental stroke models including transient MCAO [8],
intracerebral hematoma [9], subarachnoid hemorrhage [10],
and neonatal hypoxia–ischemia [11], most of which revealed
that S1P1 activation-mediated antiapoptotic pathway.
Therefore, S1P1 activation is thought to be a good candidate
subject for stroke research. Although increasing evidence
supports the beneficial effect of S1P1 activation, there is little
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information about the role of the sphingosine metabolism
pathway including S1P1, SphK1, and SphK2 on neurons
following cerebral ischemia.

The aim of this study was to determine the temporal
profile of changes of the sphingosine pathway (S1P1,
SphK1, and SphK2) in the early phase after experimental
cerebral ischemia and to examine the effects of S1P1 acti-
vation by FTY720, which is an S1P agonist, on neurons
after 2-h transient MCAO in rats.

Materials and Methods

Experimental Animals

All experiments were approved by the Institutional Animal
Care and Use Committee of Loma Linda University. Fifty-
eight male Sprague–Dawley rats (Harlan, Indianapolis, IN)
weighing 330–380 g were divided into the following
groups: preoperation (healthy control, n=8), sham operation
(n=6), MCAO (control group, n=24), MCAO treated
with dimethyl sulfoxide (DMSO) as a vehicle (vehicle
group, n=10), and MCAO with 0.25 mg/kg FTY720
(FTY group, n=10).

Transient MCAO Model

Anesthesia was induced with 4 % isoflurane and maintained
with 2.5 % isoflurane, 30 % oxygen, and 70 %medical air via
face mask. Arterial blood gas analysis, mean arterial blood
pressure, heart rate, and blood glucose level before, during,
and after MCAO were analyzed through the femoral artery.
Transient focal ischemia was induced by occluding the middle
cerebral artery (MCA) using the intraluminal technique [8].
Briefly, under the monitoring of body temperature and phys-
iological conditions, the left common carotid artery (CCA)
was exposed and a heat-blunted 3–0 nylon suture coated with
poly-L-lysine was introduced into the left internal carotid
artery through the CCA. After 2 h, the suture was withdrawn
to allow MCA reperfusion. For sham MCAO, vessels were
visualized but no additional manipulations were made.

Administration of Drugs

Two groups of rats with transient MCAO received DMSO
and 0.25 mg/kg FTY720 in DMSO [8] intraperitoneally
immediately after reperfusion. DMSO (1.1 g/ml/kg) at no
more than ≤0.4 ml was used [8].

Western Blot Analysis

The left cerebral cortex in the MCA region (MCA cortex;
Fig. 1a, black area), which is considered as a dying area over

24 h after transient MCAO (sometimes involving the area
perfused by the posterior cerebral artery), was isolated and
collected at preoperation, 6 h (4 h after reperfusion), or 24 h
(22 h after reperfusion) after MCAO (n=5, respectively).
Protein concentration was determined using DC protein
assay (Bio-Rad, Hercules, CA). SDS-polyacrylamide gel
electrophoresis was performed as previously described [8]
using the following primary antibodies: (1) anti-S1P1
(1:200, Cayman Chemical, Ann Arbor, MI), (2) anti-
SphK1 (1:200, Abgent, San Diego, CA), and (3) anti-
SphK2 (1:200, Lifespan Biosciences Inc., Seattle, WA).
Changes in expressions of S1P1, SphK1, and SphK2 were
measured as a percentage of the preoperative level. β-Actin
(Santa Cruz Biotechnology, Santa Cruz, CA) was used as an
internal control for every experiment.

Histology and Immunofluorescence Staining

Samples from preoperation, 6 h, or 24 h after MCAO in
control, vehicle, and FTY groups were used for experiments
(n=3, respectively). The rat brains were fixed by cardiovas-
cular perfusion with phosphate-buffered saline and 10 %
paraformaldehyde. The brains were quickly removed and
postfixed in 10 % paraformaldehyde followed by 30 %
sucrose for 3 days. Ten-micron-thick coronal sections at
the level of bregma +1 mm (rostrally) were cut on cryostat
(Leica Microsystems LM3050S) and mounted on poly-L-
lysine-coated slides. The stainings of double fluorescence
labeling and terminal deoxynucleotidyl transferase-
mediated uridine 5′-triphosphate-biotin nick end labeling
(TUNEL) were performed on the samples as described
previously [8, 12] without using Triton X-100 which can
modulate the activity of SphK [13]. The following primary
antibodies were used: anti-S1P1 (1:100, Cayman Chemical),
anti-SphK1 (1:100, Abgent), anti-SphK2 (1:100, Lifespan
Biosciences Inc.), and anti-NeuN (1:200; Chemicon
International, Temecula, CA). The specimens were then
subjected to TUNEL staining procedure with an in situ cell
death detection kit (Roche Inc., Mannheim, Germany). For
negative controls, the primary antibodies were omitted and
the same staining procedures were followed.

Measurement of Neurological Function

Three neurological scoring tests were carried out at 24 h
after MCAO among the groups. Firstly, rats were evaluated
regarding composite sensorimotor scoring (3 to 18) de-
scribed by Garcia et al. (18-point composite score) [2]: (1)
spontaneous activity, (2) symmetry in limb movement, (3)
forepaw outstretching, (4) climbing, (5) body propriocep-
tion, and (6) response to vibrissae touch. Higher scores
indicate greater function. Next, another sensorimotor scor-
ing (0–3) using the beam walking apparatus, described by
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Fig. 1 Changes in sphingosine-1-phosphate receptor-1 (S1P1), sphin-
gosine kinase 1 (SphK1), and sphingosine kinase 2 (SphK2) expres-
sions in the MCA region including infarct (I) and periinfarct (P)
cortices at preoperation (pre-op.), 6 h, and 24 h after MCA occlusion
(n=5). Representative changes of the infarct MCA region and Western
blots (a) and temporal profiles of quantitative analysis of S1P1 (b),

SphK1 (c), and SphK2 (d). The band density values were calculated as
a ratio of that of β-actin, and the values from the preoperation were
used as 100 %. Immunofluorescence of S1P1, SphK1, and SphK2
showed that the expressions were reduced in the infarct cortex, but
they were preserved in periinfarct cortex (e). Values are expressed as
mean±SD; *P<0.05, ANOVA
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Goldstein and Davis [14] with modification, was measured
in all animals (beam walking score). The rat’s performance
was scored as follows: 0 or 1 for rats which fell off or stood
stationary on the beam, and 2 or 3 indicated that the animals
could walk on the beam less than or beyond 20 cm during
1 min. The highest score of three trials was scored for each
rat. Finally, a four-point paralytic scoring described by
Bederson et al. [15] with slight modification was evaluated
(paralytic score). The rat’s performance was scored as fol-
lows: 0 was assigned to comatose animals, 1 and 2 when
there was decreased resistance to lateral push in the presence
or absence of circling, 3 in the presence of forelimb flexion,
and 4 was recorded in the absence of observable deficits.

Measurement of Infarct Volume

The animals were euthanized 24 h after MCAO (immedi-
ately after evaluating neurological function). Their brains
were sliced into 2-mm-thick coronal slices with a rodent
brain matrix. Six selected sections (±5, ±3, and ±1 mm from
the bregma) were stained for 10 min in a 2 % solution of
2,3,5-triphenyltetrazolium chloride. The volume of total,
cortex, and subcortex ischemic brain injuries was measured
separately as previously described [8].

Statistical Analysis

All values are expressed as the mean±SD. Statistical differ-
ences among the various groups were assessed with one-
way analysis of variance followed by a Tukey–Kramer post
hoc analysis. The differences between the two groups were
compared using an unpaired t test. Differences of P<0.05
were considered significant.

Results

Mortality

The mortality rate was as follows: 8.3 % (2 of 24 rats) in the
control group and 10 % (1 of 10 rats) in both of the vehicle
and FTY groups. No rats in the sham operation group died.
No statistical differences were observed among the groups
with regard to physiological parameters (data not shown).

The Temporal Profile of S1P1, SphK1, and SphK2
Expressions

We examined the temporal profiles in the expressions of S1P1,
SphK1, and SphK2 in MCA cortex (Fig. 1a) after transient
MCAO. Their expressions were significantly decreased at 24 h
afterMCAO (Fig. 1a–d). Immunofluorescence showed that the
expressions of all targets were reduced in infarct cortex, but

were preserved in periinfarct cortex, where some neurons co-
expressed them (Figs. 1e and 2a–c).

Immunohistochemical Evaluations of S1P1 and TUNEL
on Neurons

Next, we focused on the expression of S1P1 and examined
whether the receptor was observed on dead or surviving
neurons in the infarct cortex, thought to be an area progres-
sively dying (Fig. 3a–f). Immunofluorescence staining
showed that S1P1 was expressed on some neurons in the
infarct cortex (Fig. 3d). Additionally, TUNEL-S1P1 double
positive cells were also seen in the area (Fig. 3e), but only a
few dead neurons revealed S1P1 expression (Fig. 3f).

The Effect of S1P1 Activation by FTY720 on Neurons
in MCAO

Significant improvements in sensorimotor tests such as the
18-point composite and beam walking scores were observed
in the FTY group compared with the vehicle and control
groups at 24 h after MCAO (Fig. 4a, b), although there was
no significant difference in paralytic score among the groups
(Fig. 4c).

The total infarct volume in the FTY group (145±53 mm3)
was significantly smaller than in the vehicle (263±110 mm3)
and control (317±58 mm3) groups at 24 h after MCAO
(Fig. 4d). This reduction in infarct size was derived from
reduced infarct volume in the cortex, but not in the subcortex
(Fig. 4e, f).

To examine whether S1P1 expression on neurons was
modulated by FTY720 after transient MCAO, the region in
periinfarct cortex was immunostained with anti-NeuN and
anti-S1P1 antibodies. Although S1P1 expressions were seen
on neurons in both the vehicle and FTY groups, the expres-
sions were less observed in the FTY group (Fig. 4g).

Discussion

The present study showed that S1P1, SphK1, and SphK2
were decreased in the infarct cortex, whereas they were
preserved in the periinfarct cortex after transient MCAO.
We also demonstrated that FTY720, an S1P receptor ago-
nist, acting upon S1P1 on neurons [8], reduced infarct
volume in the cortex but not the subcortex, improving
sensorimotor function at 24 h after MCAO in rats.

SphK1 has an 80 % sequence homology to SphK2 [13]
and both produce physiological concentrations of S1P if
either is expressed, indicating that they can compensate for
each other [16]. The brain contains the largest amount of
S1P [17] and neurons are the candidate cells for this signif-
icant source of S1P. The expressions of SphK2 and S1P1
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mRNAwere quickly upregulated (within 30 min) after exper-
imental MCAO [18, 19]. Ipsilateral SphK2 mRNAwas found
to be decreased in the striatum, which can be considered an
ischemic core, and preserved in the cortex (penumbra) at 24 h

after 2-h transient MCAO in mice [19]. In this study, Western
blotting and immunofluorescence analyses demonstrated that
S1P1, SphK1, and SphK2 were decreased in the infarct cortex
but preserved in the periinfarct cortex after transientMCAO. It
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Fig. 2 Representative
immunofluorescence of
colocalizations (arrow)
between neuronal nuclei
(NeuN) and sphingosine-1-
phosphate receptor-1 (S1P1; a),
sphingosine kinase 1 (SphK1;
b), or sphingosine kinase 2
(SphK2; c) in infarct (I) and
periinfarct (P) cortices at 24 h
after middle cerebral artery
occlusion (n=3). Scale bar,
100 μm
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is reasonable that protein synthesis within dead regions would
be exhausted after cerebral ischemia, due to a cerebral blood
flow (CBF) reduction and related ATP depletion.
Furthermore, neurons in the periinfarct cortex should be dying
as CBF is decreased. Molecular signaling pathways in the
periinfarct cortex occurring after transient MCAO such as
S1P1, SphK1, and SphK2 are supposed to have important
roles in cell death and thought to be therapeutic targets in
cerebral ischemia. Although endogenous S1P may act as a
neuroprotectant in cerebral ischemia, it was reported that S1P
gradually decreased in the ischemic brain over 3 days after
photochemical-induced permanent cerebral infarction [20].
Therefore, we suggested that pharmacological activation of
the sphingosine signaling pathway may be a fruitful area of
research for neuroprotection in cerebral ischemia.

FTY720 derived from the fungal metabolite ISP-1
(myriocin; 2-amino-2-[2-(4-octylphenyl)ethyl] propane-1,3-
diol) showed clinical efficacy in phase III clinical trials for
multiple sclerosis [21] and was recently approved by the
FDA for clinical use. The drug is rapidly phosphorylated in
vivo to form FTY720 phosphate, which behaves as a full
agonist on S1P1, S1P4, and S1P5 at low nanomolar concen-
tration [22]. Although SphK1 is the major SphK isoform in
many tissues and both endogenous SphK1 and SphK2 are
capable of phosphorylating FTY720 in vivo, SphK2 is pre-
dominantly responsible for FTY720 phosphorylation [19,
23]. In fact, it was reported that the well-established
neuroprotective effect of FTY720 was preserved in SphK1
−/−mice but lost in SphK2−/−mice [24]. On the other hand,
the well-known biological effect of FTY720 is a depletion of
immune cells, in particular lymphocytes by preventing their

egress from lymph nodes via a mechanism which involves a
downregulation of lymphocyte S1P1 [25]. The reduction of
circling lymphocytes by FTY720 prevented the infiltration at
the sites of inflammation in autoimmune disease and hepatic
ischemia/reperfusion injury [26, 27]. Moreover, increasing
evidences support that cerebral invasion by lymphocytes is a
significant pathogenesis in the neuroinflammation against
cerebral ischemia [28, 29]. Therefore, immunosuppression
by FTY720 is thought to be a major neuroprotective action
against ischemic stroke [30–32]. However, FTY720, which
can cross the blood–brain barrier, may have additional ben-
eficial effects via direct regulation of S1P receptors on brain
cells [7]. Previously, we showed that FTY720 had a
neuroprotective effect through antiapoptosis after transient
MCAO [8]. The current study also demonstrated that
FTY720 did not show a protective effect in the subcortex
(mostly a sight of necrosis) but did provide protection in the
periinfarct cortex at 24 h after MCAO, suggesting that
FTY720 directly acts in the periinfarct cortex where S1P1
expressions can be preserved, and induce its antiapoptotic
effects. Again, FTY720 needs to be phosphorylated by
SphK2 to acquire its bioactive roles [15] and local SphK
activity is needed for the phosphorylation of FTY720 [23].
In this study, we demonstrated that S1P1 and SphK2 were
preserved in the periinfarct cortex at least 6 h after MCAO.
Therefore, we believe FTY720 could be phosphorylated by
local SphK2 and acts as a neuroprotectant in this region.
Also, we speculate that FTY720 may inhibit the gradual
delayed infarct expansion by activation of S1P1 in the
periinfarct cortex. Another finding in this study is that
S1P1 expression in the periinfarct cortex of the FTY720
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Fig. 3 Representative
immunofluorescence of
sphingosine-1-phosphate
receptor-1 (S1P1; a), neuronal
nuclei (NeuN; b), terminal
deoxynucleotidyl transferase-
mediated uridine 5′-
triphosphate-biotin nick end
labeling (TUNEL; c), and
colocalizations of S1P1 + NeuN
(arrow; d), S1P1 + TUNEL
(arrow; e), and S1P1 + NeuN +
TUNEL (arrowhead; f) in the
infarct MCA cortex at 24 h after
middle cerebral artery occlusion
(n=3). Scale bar, 100 μm
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group was less preserved compared with the vehicle group.
Although it was reported that the function of FTY720 on
neurons might be limited [33], our findings support the
possible direct effect of FTY720 on neurons.

It is quite difficult to rescue neurons in the ischemic core
after cerebral ischemia. In this study, we observed some
TUNEL-negative neurons, which expressed S1P1 in the
infarct cortex at 24 h after MCAO. It was reported that
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S1P1 plays a role in neurogenesis and that endogenous S1P
was upregulated in chronic phase after cerebral ischemia
[20]. Although the chronic time course of S1P1 expression
is unclear in the infarct cortex, we speculate that the neuro-
nal S1P1 may have a beneficial role by promoting
neurogenesis after cerebral ischemia. In this regard, further
studies are needed.

Assessment of functional recovery is important to evaluate
the efficacy of therapies to protect neurons in brain injuries
including cerebral ischemia [34]. In this study, neurological
evaluation, using an 18-point composite neuroscore and beam
walking scores, demonstrated the neuroprotective effect of
FTY720, but paralytic score failed to do so. These data sup-
port that the sensorimotor tests might be more sensitive in-
dicators for neuronal dysfunction than the standard
neurological test in experimental stroke models [35].

Considering the translation of these discoveries to clini-
cal treatments, long-term behavioral and pathological out-
comes should be evaluated [36, 37]. Also, we did not
evaluate the therapeutic time window of FTY720 even if
S1P1 and SphKs were preserved in periinfarct cortex at least
6 h after MCAO. We plan on addressing these issues in our
next projects.

In conclusion, we showed that S1P1, SphK1, and SphK2
were downregulated in the infarct cortex, whereas they were
preserved in the periinfarct cortex during the early phase of
cerebral ischemia. FTY720 reduced infarct size in the cortex
and improved neurological function after transient MCAO.
We believe that FTY720 could be a novel compound avail-
able for treatment of stroke patients.
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