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ABSTRACT

PURPOSE: To demonstrate the relationship between of sphingosine-1-phosphate (S1P) expression and subarachnoid hemorrhage
(SAH).

METHODS: The basilar arteries from a “double-hemorrhage” rabbit model of SAH were used to investigate the relation between S1P
expression and SAH. Various symptoms, including blood clots, basilar artery cross-sectional area, and S1P phosphatase expression were
measured at day 3, 5, 7, 9.

RESULTS: The expression of S1P was enhanced in the cerebral vasospasm after subarachnoid hemorrhage in the rabbits. And S1P
expression was consistent with the basilar artery cross-sectional area changes at day 3, 5, 7, 9.

CONCLUSION: Sphingosine-1-phosphate expression in the cerebral arterial may be a new indicator in the development of cerebral
vasospasm after subarachnoid hemorrhage and provide a new therapeutic method for SAH.
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Introduction

Subarachnoid hemorrhage (SAH) is usually defined
as a devastating cerebrovascular disease after bleeding into
subarachnoid space'. Delayed cerebral vasospasm is a common
and potentially incapacitating complication of subarachnoid
hemorrhage (SAH). It has been demonstrated to be a significant
predictor of adverse outcome and the leading potentially treatable
cause of mortality and morbidity in patients with SAH. This
phenomenon was first documented angiographically by Ecker
and Riemenschneider’? and was subsequently correlated to
the development of focal neurologic deficits by Fisher e al.’.
Vasospasm after SAH in humans is biphasic, with an acute and
a chronic phase. The acute phase typically occurs three to four
hours after the hemorrhage and generally resolves rapidly,
whereas the chronic phase typically occurs three to 14 days later®.
It is characterized by sustained narrowing of the arteries, causing
a reduction in cerebral blood flow, which can lead to permanent
deficits and death in 20% to 40% of patients™®. The outcome
and prognosis of SAH is poor’. In patients developing cerebral
vasospasm after SAH, the risk of mortality is increased 1.5-3
fold in the first two weeks®. Current management modalities for
this condition include hypervolemic—hemodilution—hypertensive
(HHH) therapy®, interventional neuroradiological procedures
like trans-luminal angioplasty, and administration of drugs such
as calcium channel antagonists, HMG-CoA reductase inhibitors
(or statins) and endothelin-1 antagonists'®!!. Despite the limited
success achieved by these approaches, 26-38% patients either
develop sequelae or die of severe symptomatic vasospasm'>!3, The
success of the current treatment strategies against delayed cerebral
vasospasm after SAH remain inconsistent, and seem to have
variable effects on the outcome'®. Despite its clinical significance
and the extensive research efforts placed into elucidating its
pathogenesis and therapy, vasospasm remains as an incompletely
understood and important clinical problem. Therefore, continuous
efforts are being made to improve the management of delayed
cerebral vasospasm by developing strategies to enhance cerebral
blood flow more effectively.

Lipid mediators, such as sphingosine-1-phosphate
(S1P) and lysophosphatidic acid (LPA), derived from membrane
sphingolipids and glycerophospholipids, are released by activated
platelets and affect the maturation and function of vascular
constituents, including endothelial and smooth muscle cells'>%,
They have gained increasing attention since the discovery of high
affinity G-protein coupled receptors!>?’. Sphingosine-1-phosphate
(S1P), a potent lipid-mediator produced from the metabolism of
sphingosine by sphingosine kinase 1 (SphK1) and SphK2, acts on

a family of G protein-coupled receptors (S1P1-5), and transduces
intracellular signals involved in numerous physiological and
pathological cellular processes?'22. SIP receptor expression has
been documented in endothelial as well as in vascular smooth
muscle cells'®?. Bischoff et al*** indeed reported that S1P
constricted renal and mesenteric microvessels in vitro and reduced
renal and mesenteric blood flow in vivo. As yet, however, there
is no study to explore the expression and role of SI1P expression
in the cerebral vasospasm after SAH. However, whether the
SIP is involved in SAH has not been characterized. Therefore,
the purpose of this study is to investigate the time course of S1P
expression during cerebral vasospasm after SAH and to clarify
the possible role for SIP during cerebral vasospasm. Besides, the
study is to evaluate the relationship between S1P expression and
SAH, providing a new indicator for SAH after cerebral vasospasm.

Methods

All experimental protocols involving animals (including
all surgical procedures) were approved by the Animal Care and
Use Committee of Three Gorges University and conformed to the
Guide for the Care and Use of Laboratory Animals published by
the National Institutes of Health. Fifty adult New Zealand White
rabbits weighing between 2.5 and 2.8 kg were acclimated in a
humidified room and maintained on a standard pellet diet at the
Animal Center of Yichang No.l Hospital for 10 days before the

experiment began.

Double-hemorrhage rabbit model

Experimental SAH was induced as described elsewhere®.
Briefly, the rabbits were anesthetized via intramuscular injection
of a mixture of ketamine (25 mg/kg) and droperidol (1.0 mg/kg)
on day 0. With the rabbit breathing spontaneously, a 23-gauge
butterfly needle was inserted percutanecously into the cisterna
magna. After withdrawal of 1.5 mL cerebrospinal fluid (CSF),
the same amount of non-heparinized fresh autologous auricular
arterial blood was slowly injected into the cisterna magna over 1
minute using aseptic technique. Animals were then kept in a 30°C
head-down position for 30 minutes. Forty-eight hours after the
first SAH, a second SAH was produced in the same manner as
the first. In control animals, the same technique was applied, but
sterile saline was used in-stead of blood.

Experimental design

In experiment, 50 rabbits were assigned randomly to five
groups: control, SAH day 3, SAH day 5, SAH day 7, and SAH
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day 9 groups. The animals in the SAH day 3, day 5, day 7, and
day 9 groups were subjected to experimental SAH on days 0 and 2
and were killed on days 3, 5, 7, and 9 respectively. The animals in
control group were killed on day 3. The basilar arteries were taken

for hematoxylin and eosin (HE) immunohistochemical staining.
Perfusion—fixation

The rabbits scheduled for death were anesthetized
with an intra-peritoneal injection of ketamine (100 mg/kg) and
xylazine (0.5 mg/kg). Perfusion—fixation was then performed.
The thorax was opened with a cannula placed in the left ventricle,
the descending thoracic aorta clamped, and the right atrium open.
Per-fusion was begun with 250 ml of physiological phosphate
buffer solution (PBS, pH 7.4) at 37°C, followed by 250 ml of
10% buffered formaldehyde under a perfusion pressure of 120 cm
H,O. After perfusion—fixation, the whole brain was removed and

immersed in the same fixative solution.
Analysis of SIP phosphatase by flow cytometry

Basilar artery tissues were washed with PBS and
detached with protein dissociation buffer, then S1P phosphatases
were stained with anti-S1P phosphatase antibodies (R&D systems,
USA), diluted in PBS/2 mM EDTA and 0.5% fatty acid free
BSA (Calbiochem, Germany). Expression of SIP phosphatase
conjugated antibodies was analyzed on a FACS Calibur Cytometer
(BD, Franklin Lakes, NJ, USA). Then the phosphorylation status
analyzed by flow cytometry FACSAria Ilu (BD Biosciences,
USA).

Measurement of blood vessel cross-sectional area

The degree of cerebral vasospasm was evaluated by
measuring the cross-sectional area of the basilar artery lumen.
Formalin-fixed and paraffin-embedded basilar artery sections
(4 pm in thickness) were deparaffinized, hydrated, washed and
stained with HE. The cross-sectional area and wall thickness of
blood vessels were determined by an investigator who was blinded
to the experimental group the animal came from. Measurements
were performed using the High Definition Medical Image Analysis
Program (HMIAP-2000, developed by Tongji Medical University,
China).

Cross-sectional areas were calculated by measuring
the perimeter of the vessel lumen and then calculating the area

of an equivalent circle (area = 7mr?, where r = radius) based on
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the calculated equivalent r value derived from the perimeter
thus

deformation and off-transverse sections. For each vessel, three

measurement (r=perimeter/2m), correcting for vessel
sequential sections (midpoints of the proximal, middle and distal

segments) were taken, measured and averaged.

Statistical analysis

All data were presented as mean + standard deviation.
SPSS 12.0 was used for statistical analysis of the data (SPSS Inc.,
Chicago, IL, USA). All data were subjected to one-way analysis
of variance. Differences between experimental groups were
determined by using Fisher’s least significant difference post-test.

Statistical significance was inferred at p<0.05.

Results

General observations and pre-test results

No significant changes in body weight mean arterial
blood pressure, temperature, or injected arterial blood gas data
were detected in any of the experimental groups. In the pre-test
results, there was no significant difference between the control
group and controls killed on days 3, 5, 7, 9 regardless of the time
of measurement. As shown in Figure 1, the rabbits in day 1 and
day 3 groups exhibited blood clots over the basal surface of the
brainstem but the blood staining at the base of the brainstem was

not observed in the day 5, day 7, and day 9 groups.

FIGURE 1 - Ventral view of typical brains from Control (A), SAH day
3 (B), SAH day 5 (C), SAH day 7 (D), and SAH day 9 (E) groups. The

images in B and C showed blood clots at the base of the brainstem.
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The basilar artery cross-sectional area

As shown in Figure 2, morphometric analysis of the
vessels revealed that the mean cross-sectional area of the basilar
artery in the day 3 group (288089.6 + 100335.0 um?, mean + SD)
showed extremely significant (p<0.01) compared with the control
group (550684.7.2 + 50928.3 um?). A moderate reduction was
detected in the day 5, 7 group ((331896.6 £94627.1, 437074.2 +
91768.1 um?, respectively) as compared with the normal control
value (p<0.05, p<0.01). No significant difference was detected
between the day 9 group (540441.6 £60967.0 um?) and the control
group (p>0.05).

Control

Day 3

600000+

400000+

2000004

Basllar Artery Area (|.m2)

FIGURE 2 - Representative cross-sectional area of basilar arteries of
the control rabbits or rabbits subjected to SAH (scale bar, 200 um). Bars
represent the means £ SD (n = 10, each group). “p < 0.01 vs. control

group, “ p < 0.05 vs. control group.

Expression of S1P phosphatase

As shown in Figure 3, the expression of S1P phosphatase
were increased from day 1 to day 7, and reached the peak at day

5. And also from the results in Table. 1, the expressions of S1P

phosphatase in the experimental rabbits were significantly up-
regulated compared with the control group, and the expression
level reached the peak at day 5, which is consistent with the result

of Flow cytometry (Figure 3).
Disscussion

Delayed or chronic vasospasm is the leading cause of
morbidity and mortality after aneurysmal SAH. Although cerebral
vasospasm after SAH has been the subject of substantial research
interest, the underlying pathogenic mechanisms remain obscure.
In the present study, we have demonstrated, for the first time, that
the expression of SI1P was incresed during cerebral vasospasm
after experimental SAH in rabbits. The enhanced expression of
S1P could be detected on day 3, peaked on day 5, and recovered
on day 7. This will lead to the hypothesis that S1P in the cerebral
arterial may be a new indicator in the development of cerebral
vasospasm after SAH and provide a new therapeutic method for
SAH.

In the present study we used a double-hemorrhage
rabbit model of cerebral vasospasm to investigate the relationship
between S1P expression and SAH. The double-hemorrhage model
used in this study had been shown to effectively generate a higher
degree of vasospasm with lower mortality, and hence seemed
more appropriate than the traditional model of subarachnoid
hemorrhage®-?. In these SAH rabbits, the time course of cerebral
vasospasm after SAH had a biphasic pattern (i.e. early and delayed
vasospasm), similar to that found in humans after SAH. And the
models generated by this method follow the same time course of
pathological progression as humans, with maximum narrowing of
blood vessels at day 7, and therefore were used in this study?. The
rabbit model and humans also underwent similar morphological
changes, and the percutaneous puncture technique was a relatively
safe SAH-induction method with a lower mortality rate than
dissection surgery®.

It is generally accepted that blood vessel walls are sites
of essential biological processes, such as blood coagulation and
leukocyte extravasation. Endothelial cells, located between
circulating blood and vessel wall, play an essential role in the
vascular inflammation and immunity®*3'. What’s more, a few
studies have demonstrated that vascular smooth muscle displays
elements of an innate immune response when stimulated both in
vitro and in vivo®**®, It is conceivable that vascular smooth muscle
is an important site within the vessel for pathogen activation.
As mentioned above, Sphingosine-1-phosphate (S1P) and
lysophosphatidic acid (LPA) are lysophospholipids that stimulate
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FIGURE 3 - Expression of S1P phosphatase from Control (A), SAH day 3 (B), SAH day 5 (C), SAH day 7 (D), and SAH day 9 (E) groups.

multiple cellular processes, including cell proliferation, stress
fiber formation and migration. They activate specific G-protein-
LPA, ,) that mediate the biological
responses to S1P and LPA. Lysophos-pholipids stimulate the
Rho, phospholipase C, Ras/MAP kinase and PI3K pathways, each

dependent on specific coupled heterotrimeric G-proteins. The Rho

coupled receptors (SIP

1-52

and the PI3K pathways regulate cellular movements that require
remodeling of the cytoskeleton, attachment through integrins and
detachment as the cell moves forward**. S1P might constrict basilar
arteries via two independent mechanisms: a high affinity receptor
signalling pathway through a Rho protein and a low affinity
receptor, signalling through Pertussis sensitive G proteins. While
the former pathway would be specific for cerebral blood vessels,
the latter would be found in both central and peripheral vessels
and might account for the response characterized by Bischoff**. In
our study, the cross-sectional area of the basilar artery in rabbits
subjected to SAH was significantly reduced compared with the
normal control group rabbits. And the expression of S1P could
be detected on day 3, peaked on day 5, and recovered on day 7
in the double-hemorrhage model rabbits. The results showed that
the time course of pathological progression of S1P in the rabbit
was similar to the humans. Thus, SIP may play a role in inducing
constriction of cerebral blood vessels associated with diminishing

cerebral blood flow after subarachnoid hemorrhage.
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Conclusions

The expression of sphingosine-1-phosphate was enhanced
in the cerebral vasospasm after subarachnoid hemorrhage in the
rabbits. And S1P expression was consistent with the basilar artery
cross-sectional area changes at day 3, 5, 7, 9. Thus, the S1P in the
cerebral arterial may be a new indicator in the development of
cerebral vasospasm after subarachnoid hemorrhage and provide a
new therapeutic method for SAH. While the exact role of S1P in
the cerebral vasospasm after subarachnoid hemorrhage calls for
further study.
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