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ARTICLE INFO ABSTRACT

Keywords: Subarachnoid hemorrhage (SAH) results in neurological damage, acute cardiac damage and has a high mortality
Cardiac dysfunction rate. Immunoresponse in the acute phase after SAH plays a key role in mediating vasospasm, edema, in-
Immunoresponse flammation and neuronal damage. The S1P/S1PR pathway impacts multiple cellular functions, exerts anti-in-
Neuroprotection

flammatory and anti-apoptotic effects, promotes remyelination, and improves outcome in several central ner-
vous system (CNS) diseases. RP001 hydrochloride is a novel S1PR agonist, which sequesters lymphocytes within
their secondary tissues and prevents infiltration of immune cells into the CNS thereby reducing immune re-
sponse. In this study, we investigated whether RPO0O1 attenuates neuronal injury after SAH by reducing in-
flammation. S1PRs, specifically S1PR; 3 not only exerts anti-inflammatory effects, but also decreases heart rate
and induces atrioventricular conduction abnormalities. Therefore, we also tested whether RP001 treatment of
SAH regulates cardiac functional outcome. Male adult C57BL/6 mice were subjected to SAH, and neurological
function tests, echocardiography, and immunohistochemical analysis were performed. SAH induces neurological
deficits and acute cardiac dysfunction compared to sham control mice. Treatment of SAH with a low-dose of
RP001 induces better neurological outcome and cardiac function compared to a high-dose of RP001. Low-dose-
RPOO1 treatment significantly decreases apoptosis, white matter damage, blood brain barrier permeability,
microglial/astrocyte activation, macrophage chemokine protein-1, matrix metalloproteinase-9 and NADPH
oxidase-2 expression in the brain compared to SAH control mice. Our findings indicate that low-dose of RP001
alleviates neurological damage after SAH, in part by decreasing neuroinflammation.

RP001 hydrochloride
Subarachnoid hemorrhage

3 days after SAH [5,8], but most people die within 3 days after admis-
sion, indicating that delayed cerebral vasospasm may not be the pri-

1. Introduction

SAH (subarachnoid hemorrhage) is a devastating disease with high
morbidity and mortality rate [1,2]. SAH is described as sudden blood
flow into the subarachnoid space following an aneurysmal rupture or
traumatic injury, leading to decreased cerebral blood flow (CBF), in-
creased intracranial pressure (ICP), and early brain injury with patho-
physiological progression such as brain edema, inflammation, apop-
tosis, and oxidative stress [2,3]. Although surgical repair and some
postoperative interventions may improve outcome to some extent, SAH
remains a global burden and approximately 50-60% of SAH survivors
suffer from residual disability [1,4]. Furthermore, there is a lack of
treatments to improve neurological function after SAH [2,5,6].

Cerebral vasospasm and early brain injury are two primary reasons
for SAH induced brain damage [7]. Cerebral vasospasm usually occurs
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mary cause of high mortality in the acute phase of SAH. Thus, targeting
cerebral vasospasm may not be ideal to decrease mortality and improve
outcome after SAH [8]. The mortality rate in the acute phase of SAH
varies between 30 and 70% [8]. Recent and emerging evidence suggest
that early brain injury may be a leading cause of neurological dys-
function after SAH [9]. Early brain injury occurs in the immediate
period following the aneurysmal rupture, and initiates pathological
cascades such as blood brain barrier (BBB) disruption, inflammation,
oxidative stress, and cell death [5,10]. Immune response after SAH is a
primary cause of SAH induced early brain injury. Immune cells in-
filtrate into the central nervous system (CNS) and interact with neu-
rons, microglia, astrocyte, and vascular endothelium leading to CNS
injury. Therefore, inhibiting immune cell infiltration after SAH may be
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a viable strategy to reduce CNS injury and improve outcome [11].

Sphingosine-1-phosphate (S1P) is a biologically active metabolite
formed by sphingosine kinases (SphK1 and SphK2) from sphingosine,
and degraded by S1P lyase and phosphatases [12]. S1P mediates phy-
siological processes such as maintaining BBB integrity, macrophage
activation and immunocyte recruitment [11,13-15]. S1P is the phos-
phorylated form of sphingosine, and binds to one of 5 subtypes of S1P
receptors (S1PR;_s) [11]. S1PRs are G protein-coupled receptors and
are widely distributed in the heart, peripheral immune system, spleen,
liver and CNS [12,16]. S1PR;_3 can be found in the cardiac system and
CNS, while there is no SIPRy,5 expression in the heart [17]. In humans,
S1PR; is the primary cause for heart rate reduction and atrioventricular
(AV) abnormalities, while in murine experiments, SIPR; and S1PR; are
key contributors [11].

Fingolimod (FTY720), an analog of sphingosine and a non-selective
agonist of S1PRs, has been approved by the Food and Drug
Administration for the treatment of multiple sclerosis [11,15]. In brain
hemorrhage and ischemic stroke, Fingolimod treatment can reduce
neuroinflammation, neuronal death and improve neurological outcome
via suppressing immune response [11,15,18,19]. Fingolimod can pre-
vent the release of T cells and B cells from lymph nodes into peripheral
blood, inhibiting their infiltration into the CNS [11]. However, nu-
merous cardiac side effects including life-threatening bradycardia and
AV block have been reported [15,20]. Fingolimod has a high affinity to
S1PR; and S1PRj3, which may attribute to its cardiac side effects [15].
RPOO1 is a structural analog of Fingolimod, with similar mechanisms
and pharmacological effects as Fingolimod [21], but with greater affi-
nity for S1PR, and S1PRs, and little effect on SIPR, 3 4 [11,21]. RPOO1
is a short-acting agonist of S1PR;, which means that it can decrease
S1PR; to undetectable levels in blood by 8h after administration in
mice and highly effective even at picomolar concentrations [22,23].
Therefore, we do not expect RP001 to have any long-term effects on
S1PR; within the heart, and hence, minimal cardiac side effects. In this
study, we investigated whether RPO01 reduces SAH induced acute
neurological injury and behavioral deficits via modulating im-
munoresponse. We also investigated whether RP001 has a dose de-
pendent effect of neuroprotection after SAH by employing a high dose
(0.5mg/kg) and a low dose (0.3 mg/kg) treatment in an experimental
SAH model in mice. In addition, we also test cardiac function using
echocardiography to assess potential cardiac side effects of RP001
treatment of SAH.

2. Materials and methods

This study was conducted in accordance with the China Laboratory
Animal Regulation guidelines for the use of experimental animals.
Experimental protocols were approved by the Tianjin Medical
University General Hospital Animal Care and Use Committee. Adequate
measures were taken to minimize the number of animals used and to
ensure minimal pain or discomfort in animals. Mice were maintained in
a facility with a temperature-controlled environment on a 12-h light-
dark cycle, and all animals were allowed free access to food and water.

2.1. SAH model

Adult, male, C57BL/6 mice (8-12weeks old, 20-25g) were pur-
chased from Nanjing University. Mice were subjected to the en-
dovascular perforation puncture SAH model as previously described
[24-27]. Briefly, mice were anesthetized with 5% chloral hydrate
(7 mg/kg) body weight by intraperitoneal (i.p.) injection. Core tem-
perature was maintained at 37 °C with a homeothermic heating pad. A
blunt monofilament (0.14 mm diameter, 25mm long) was inserted
through external carotid artery (ECA) into internal carotid artery (ICA).
The filament was inserted along the ICA until the surgeon felt initial
resistance. Then the suture was advanced approximately 1-2mm to
puncture the vessel wall and the filament was withdrawn immediately
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to allow blood flow into the ventricle. The ECA was ligated, neck in-
cision was closed and mice returned to cages to recover. Mice that were
subjected to similar procedures but without puncture of the vessel wall
constitute the sham control group.

2.2. Experimental groups

Mice were randomized to the following experimental groups: 1)
sham control (n = 8); 2) SAH + PBS injection (n = 10); 3) SAH+ low
dose of RP001 treatment: SAH + 0.3 mg/kg RP001 (n = 15); 4) SAH+
high dose of RP001 treatment: SAH + 0.5 mg/kg RP001 (n = 7). RP001
(TOCRIS Bioscience, United Kingdom) was administered via i.p. injec-
tion at 0.5h, 24 h, 48 h post SAH. Mortality was calculated on the 3rd
day after SAH, before sacrifice.

2.3. Neurological behavior tests

A battery of neurological function tests including the modified
Garcia's score [6,28] and 100-point Katz's score [29] were conducted
daily for 3days after SAH by an investigator blinded to the experi-
mental groups. In Garcia's score, a higher score indicates better neu-
rological function while, in Katz's 100-point score, a lower score in-
dicates better outcome. Only animals which had significant
neurological dysfunction indicated by Gracia's score < 16 and Katz's
score > 20 at day 1 after SAH were included.

2.4. Transthoracic Doppler echocardiography

Cardiac function was evaluated at 3 days after SAH by transthoracic
Doppler  echocardiography  (VisualSonics Vevo 770, CA).
Echocardiography was measured and analyzed by a professional tech-
nician who was blinded to the experimental groups. Animals were an-
esthetized with 3.5% isoflurane and then maintained via a facemask
with 1.5% isoflurane. After shaving the thorax, ultrasound transmission
gel was applied to the left chest. Left ventricular ejection fraction
(LVEF), fractional shortening (FS), and heart rate were measured using
two-dimensional M-mode analysis along the short axis (the level of the
largest left ventricle diameter). Raw data were digitized by goal-di-
rected, diagnostically driven software and 3 beats were averaged for
each measurement.

2.5. Tissue harvest

Mice were sacrificed at 3 days after SAH. Mice were anesthetized
with 10% chloral hydrate (3 mg/kg, i.p.) and placed in a supine posi-
tion. Under deep anesthesia, an incision was made in the middle of their
chest, and transcardially perfused with cold PBS. Then brain was im-
mediately harvested and immersed in 4% (paraformaldehyde) for fur-
ther fixation or in cold PBS for subsequent staining.

2.6. Luxol fast blue (LFB) staining

Brain coronal paraffin blocks were cut into 7 um thin sections
(bregma —1 mm to +1 mm). Brain tissue sections were deparafinized,
and rehydrated by sequential immersion in absolute, 95% and 90%
ethyl alcohol. Sections were then treated with 0.1% LFB dye overnight
and then with a lithium carbonate solution, aiming at color separation
and making the myelin fibers appear blue and neurons appear violet.
Three sections from each brain and 3 fields of view of the striatal white
matter bundles were analyzed under a 20 X objective of a light mi-
croscope (Olympus, Japan).

2.7. Immunofluorescent staining

Brains were fixed overnight and immersed in 15% sucrose followed
by 30% sucrose. Brains were then embedded using O.C.T. Compound
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Fig. 1. Both high and low dose RP001 treatment significantly improves neurological functional outcome after SAH in mice.

A: Both high dose RP001 (0.5 mg/kg) and low dose RP001 (0.3 mg/kg) treatment of SAH significantly alleviates neurological functional deficits compared to SAH
control mice as indicated by Garcia's score (p < .05). In addition, low dose RP001 significantly improves neurological function compared to high dose RP001
treatment measured by Garcia's score (p < .05). B: Both high dose and low dose RP001 treatment of SAH significantly alleviates neurological functional deficits

compared to SAH control group as indicated by the Katz's score (p < .05).

embedding medium (Sakura, USA). Frozen brain coronal tissue were
cut into 8 um thick sections (from bregma —1mm to +1mm) and
immunofluorescence staining was performed [30]. The tissue was
equilibrated at room temperature for at least 30 min. Then the slides
were permeabilized with cold acetone for 20 min at —20 °C, and wa-
shed three times with cold PBS for 5 min. Brain slides were incubated
with 3% BSA (bovine serum) in PBS for 1 h at room temperature. Pri-
mary antibody against MCP-1 (macrophage chemokine protein-1, a
macrophage chemokine protein, Rat monoclonal IgG, 1:200, Abcam),
NOX-2 (NADPH oxidase-2, component of membrane-bound oxidase and
generate superoxide, Rabbit polyclonal IgG, 1:250, Abcam), IBA-1
(marker of microglia, Goat polyclonal IgG, 1:500, Abcam), GFAP (glial
fibrillary acidic protein, marker of astrocytes, Rabbit polycolnal IgG,
1:500, Abcam), MMP-9 (matrix metalloproteinase-9, marker of extra-
cellular matrix breakdown, mouse monoclonal, 1:500, Santa Cruz Bio-
technology), albumin (marker of BBB disruption, rabbit monoclonal,
1:250, Abcam) diluted with 3% BSA. Overnight incubation with pri-
mary antibody was performed. The slides were washed 3 times with
cold PBS for 10 min. Fluorophore conjugated secondary antibody,
AF488 donkey anti-Rat (1:500, Invitrogen, Life Technologies), AF488
goat anti-Rabbit (1:500, Invitrogen, Life Technologies), AF546 donkey
anti-Goat (1:500, Invitrogen, Life Technologies), AF488 donkey anti-
mouse (1:500, Invitrogen, Life Technologies), were diluted with PBS
and incubated for 1h at room temperature. Slides were then counter-
stained with DAPI (diamidino phenylindole, nuclear staining, Abcam),
mounted with a compatible mounting medium and cover slipped. Three
slides from each brain and 4 fields of view from striatum and cortex
were analyzed under a 20 x objective of a fluorescence microscope
(Olympus, Japan).

2.8. TUNEL assay

Frozen tissue was prepared as described above. TUNEL (Roche,
Germany) staining was used to detect apoptosis [30]. Tissue was
equilibrated at room temperature for at least 30 min. Slides were then
permeabilized with cold acetone for 20 min at —20°C, and washed
three times with cold PBS for 5 min. TUNEL working solution was ap-
plied following manufacturer's guidelines for 1 h at room temperature.
Slides were counterstained with DAPI and cover slipped. Three slides
from each brain and 4 fields of view from striatum and cortex were
analyzed under a 20X objective of a fluorescence microscope
(Olympus, Japan).

2.9. Quantification

Data were analyzed by a technician who was blind to the experi-
mental groups. Image-Pro Plus 6.0 software was used for

immunostaining analysis. For TUNEL immunostaining, the number of
positively labeled cells was counted. For all other immunostaining, the
data are quantified as density of positive immunolabeling. For each
field of view, the positive stained area was measured using built-in
densitometry function with a density threshold above the unstained set
uniformly for all groups. Data were averaged to obtain a single value for
each animal and presented as either number of positive cells/area in
mm? or as percentage positive area.

2.10. Statistical analysis

Difference in mortality rate between SAH and SAH + 0.3 mg/kg
RP001 group was analyzed by Chi-Square test. All data were normally
distributed and the homogeneity of variances was tested. Differences
measured from two functional tests at each time point, LFB and im-
munostaining analysis were analyzed by one-way analysis of variance
(ANOVA) as appropriate using Graphpad Prism 5.0 software. All values
are expressed as mean *+ SE (standard error), p values < .05 are
considered statistically significant.

3. Results

3.1. Treatment of SAH with RP001 significantly improves neurological
outcome

Mice subjected to SAH and treated with either high or low dose
RP001 exhibit significantly improved neurological function compared
to SAH control mice, identified by higher Garcia's score and lower
Katz's score (p < .05, Fig. 1A-B). Garcia's score also indicates that SAH
mice treated with low dose RP001 exhibit improved neurological
functional recovery compared to SAH mice treated with high dose
RP0O01 (p < .05, Fig. 1A). However, there were no significant differ-
ences between high and low dose RP001 treated SAH mice in Katz's
score (p > .05, Fig. 1B). No animals died in the sham control group.
Mortality rates were not significantly different among SAH (20%, 2 of
10 mice died), SAH + 0.3 mg/kg RP001 (26.7%, 4 of 15 mice died) and
SAH + 0.5 mg/kg RP001 (14.3%, 1 of 7 mice died) groups.

3.2. Treatment of SAH with RP001 does not induce evident adverse cardiac
side effects, while low dose RP001 increases heart rate

To test whether RP001 induces cardiac deficits after SAH, echo-
cardiography was performed at 3 days after SAH. Fig. 2 shows that SAH
significantly induces cardiac deficits identified by decreased LVFS,
LVEF, and decreased heart rate compared to sham control mice
(p < .05). Compared to sham control mice, both SAH mice treated
with low or high dose RP001 do not exhibit significant cardiac deficits
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Fig. 2. Low dose RP001 treatment of SAH in mice significantly improves heart rate without aggravating cardiac function compared to non treated SAH mice or SAH
mice receiving high dose RP001 treatment.

A: Representative images of M-mode echocardiography result in sham control, SAH control, low dose RP001 (0.3 mg/kg) and high dose RP001 (0.5 mg/kg) treated
SAH mice. B-D: SAH significantly induces cardiac deficits indicated by decreased FS, EF and heart rate compared to sham control mice. Both low and high dose RP001
treatment of SAH in mice do not influence FS or EF compared to SAH or sham control mice (p > .05), but significantly decrease heart rate compared to sham control
mice (p < .05). In addition, low dose RP001 treatment significantly increases heart rate (p < .05) compared to SAH control as well as high dose RP001 treated SAH

mice.

identified by LVFS and LVEF. SAH mice with or without RP001 treat-
ment exhibit significantly decreased heart rate compared to sham
control mice. Low dose RP001 treated mice exhibit significantly in-
creased heart rate compared to the SAH (non treated) group as well as
high dose RP001 treated mice. However, high dose RP001 treatment
failed to increase heart rate compared to SAH mice. The data indicate
that SAH treatment with both doses of RP001 significantly improves
neurological functional outcome without aggravating cardiac dysfunc-
tion. Low dose RP0O01 treatment induces improved neurological func-
tional outcome measured by Garcia's score and increases heart rate
after SAH in mice compared to SAH mice receiving high dose RP001
treatment. Therefore, we focus on low dose of RP001 treatment for
immunostaining analysis.

3.3. RP0O01 treatment decreases apoptosis, white matter damage and BBB
disruption after SAH

To investigate whether low dose RP001 treatment of SAH in mice
induces neuroprotection, TUNEL staining was used to evaluate neu-
ronal apoptosis. Fig. 3A-B shows that SAH significantly increases
apoptosis in the brain compared to sham control mice. Low dose RP001
treatment significantly reduces apoptosis in the brain compared to the
SAH control group (p < .05, n = 6/group).

To test whether RP0O01 induces white matter damage, LFB staining
was performed [31]. Fig. 3C-D shows that SAH significantly decreases
myelin density in the striatum compared to sham control mice. RP001
treatment significantly increases myelin density in the striatum com-
pared to non-treated SAH control mice (p < .05, n = 6/group).

To test if RPO01 treatment of SAH protects the BBB, immuno-
fluorescence staining against albumin was performed. Fig. 3E-F shows
that SAH significantly increases BBB leakage identified by increased
albumin density in the brain compared to sham control mice, while
RP001 treatment significantly reduces BBB breakdown compared to
SAH control mice (p < .05, n = 6/group). These data indicate that
SAH increases apoptosis, white matter damage and BBB leakage, while
RPO01 treatment reduces apoptosis, white matter damage and BBB
disruption after SAH.

3.4. RP001 treatment reduces immunoresponse and oxidative stress after
SAH

To test whether RP001 treatment affects immunoresponse and
oxidative stress after SAH, we employed immunofluorescence to mea-
sure MCP-1, MMP-9 and NOX-2 expression in the brain. SAH sig-
nificantly increases MCP-1, MMP-9 and NOX-2 expression in the brain
compared to sham control mice. RP001 treatment of SAH significantly
decreases the expression of MCP-1 (Fig. 4A-B), MMP-9 (Fig. 4C-D) and
NOX-2 (Fig. 4E-F) in the brain compared with the non-treated SAH
control group (p < .05, n = 6/group). The data indicate that RP001
treatment of SAH significantly reduces neuroinflammation and oxida-
tive stress in the brain compared to SAH control mice.

3.5. RP001 treatment reduces SAH induced microglial and astrocyte
activation

Microglia and activated astrocytes are the major resident macro-
phages in the CNS [30,32]. In addition, immune cell infiltration can
also activate astrocytes [33]. To test whether RP001 treatment reduces
the resident glial cell immunoresponse, IBA-1 and GFAP immuno-
fluorescent staining were performed. Fig. SA-D shows that SAH sig-
nificantly increases the activation of microglia (A-B) and astrocytes
(C-D) compared to sham control mice. RPO0O1 treatment of SAH sig-
nificantly decreases activation of microglia (A-B) and astrocytes (C-D)
compared to non-treated SAH control mice (p < .05, n = 6/group).
The data indicate that low dose RP0O1 treatment decreases microglial
and astrocyte activation compared with the SAH group.

4. Discussion

This is the first study to investigate the therapeutic effects of RP001
treatment in the acute phase of SAH in mice. We report that low dose
RP0O01 treatment of SAH improves neurological function, decreases
white matter damage, BBB leakage, immune response, and oxidative
stress in the brain, while increasing heart rate compared with SAH
mice. High dose RP001 also significantly improved neurological func-
tion compared to sham SAH mice; however, low dose treatment sig-
nificantly improved Garcia's score compared to high dose RP001



R. Li et al Journal of the Neurological Sciences 399 (2019) 6-14

A TUNEL MERGE B TUNEL

* p<0.05 vs. Control
# p<0.05 vs. SAH

(3]
o
N

*

Control
(%] P
S 3

SAH

Number of positive cells/mm?
(mean * SE)

104 #
()
X 0
Y] 8 Control SAH +0.3 mg/Kg
£ Q9 RP001
o
M
o
+
C e D LFB
Luxo! F?st Bl o 209 * p<0.05 vs. Control
2 | #p<0.05 vs. SAH #
S 154
£
£ *
Control i (SAH ___ +03mg/KgRPO01 g &
X od
E DAPI Albumin MERGE Control SAH  +0.3mg/Kg
RP001

Albumin

* p<0.05 vs. Control
# p<0.05 vs. SAH

nt SE)
L .

*

104

#

%Positive area (mea
<

Control SAH +0.3 mg/Kg
RP001

Fig. 3. Low dose RP001 treatment of SAH in mice significantly decreases apoptosis, white matter damage and BBB disruption compared to SAH control mice.
A-B: Representative images and quantitative data show that SAH significantly increases neuronal apoptosis in the brain compared to sham control mice, while low
dose RP001 (0.3 mg/kg) treatment significantly decreases apoptosis compared to SAH control mice, as indicated by TUNEL immunostaining. Scale bar: 100 pm,
*p < .05 vs. Control, *p < .05 vs. SAH. C-D: Representative images and quantitative data showing that SAH significantly decreases myelin density in the striatal
white matter bundles compared to sham control mice, while low dose RP001 treatment significantly increases myelin density compared to SAH control mice,
indicated by Luxol fast blue (LFB) immunostaining. Scale bar: 20 um, *p < .05 vs. Control, *p < .05 vs. SAH. E-F: Representative images and quantitative data
showing that SAH significantly increases BBB leakage compared to sham control mice, while low dose RP001 treatment significantly decreases BBB leakage com-
pared to SAH control mice, indicated by albumin immunostaining. Scale bar: 100 um, *p < .05 vs. Control, *p < .05 vs. SAH.
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Fig. 4. Low dose RP001 treatment of SAH in mice significantly reduces inflammation and oxidative stress compared to SAH control mice.

Representative images and quantitative data show that SAH significantly increases inflammatory factors MCP-1 (A-B) and MMP-9 (C-D), as well as oxidative stress
marker NOX-2 (E-F) compared to sham control mice. Low dose RP001 (0.3 mg/kg) treatment of SAH significantly decreases MCP-1, MMP-9 and NOX-2 expression in
the brain compared to SAH control mice. Scale bar: 100 um, *p < .05 vs. Control, #p < .05 vs. SAH.

electrocardiogram abnormalities, cardiac arrhythmia, Takotsubo car-
diomyopathy and myocardial enzyme changes, are common after SAH
[4,34]. In this study, we found that SAH significantly induces cardiac
deficits indentified by decreased LVFS, LVEF and heart rate compared
to sham control mice. Low dose RP001 treatment of SAH significantly
improves neurological outcome and heart rate without cardiac side
effects. The mechanisms underlying low dose RP001 induced heart rate
improvement are not clear. A potential mechanism may be attributed to
observation that S1PR;_; is strongly expressed in cardiomyocytes, while
very low levels of SIPR, and S1PR;s are detected in the heart tissue
[16,36]. RPO01 has a primary affinity to SIPR; and SIPRs, but not
S1PRj3, which is the main cause for heart rate reduction, AV conduction
disturbances and sinus bradycardia [21,37]. Therefore, there are no
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rate [36]. Previous studies have found that inflammation mediates
brain-heart interaction after stroke and brain injury (). Stroke increases
inflammatory cell infiltration into heart and promotes circulating in-
flammatory factor expression which may induce cardiac deficits Q.
Anti-inflammation may reduce stroke induced heart damage. RP001
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Fig. 5. Low dose RP001 treatment of SAH reduces microglial and astrocyte activation compared to SAH control mice.

Representative images and quantitative data showing that SAH significantly increases microglia marker IBA-1 expression (A-B) and astrocyte marker GFAP ex-
pression (C-D) compared to sham control mice, while low dose RP001 (0.3 mg/kg) treatment significantly decreases IBA-1 and GFAP positive immunolabeling
compared to SAH control mice. Scale bar: 100 um, *p < .05 vs. Control, *p < .05 vs. SAH.
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has anti-inflammatory effects which may also play a role in RP001 in-
duced heart rate improvement after SAH. However, the mechanisms by
which RP001 mediates heart function warrant further investigation.
Many clinical trials aiming at reducing cerebral vasospasm after
SAH have failed [38]. To date, Nimodipine, the most commonly used
vasodilator, is employed to treat SAH via lowering intracranial pressure
[5,8,39]. Clazosentan can decrease vasospasm after SAH, but does not
significantly improve neurological injury and mortality rate [2,4,40].
RP001 has a primary affinity to S1PR; and S1PRs, but less affinity to
S1PR,_4. Also, S1PR;_3 s is present in the CNS but SIPR, is lacking [41].
S1PR; is expressed by neurons, oligodendrocytes, astrocytes, microglia
and endothelial cells, and plays a key role in neurite extension and
retraction, myelinogenesis, astrogliosis and microglial activation [41].
S1PRs is highly expressed on endothelial cells within the BBB [42,43].
S1PRs decreases transendothelial migration of monocytes, and by de-
creasing the activation of NFkB, SIPRs reduces downstream leukocyte
adhesion molecules and inflammatory chemokines and cytokines [43].
S1PRs is also expressed on oligodendrocytes, mediates oligodendrocyte
differentiation and survival and thereby influences neuronal myelina-
tion processes [44,45]. CNS inflammation is known to induce neuronal
apoptosis, demyelination, oxidative response, inflammatory factor ex-
pression and activation of microglia and astrocytes [11]. Microglia are
the primary resident macrophages in the CNS, and serve as the first-line
of immune defense in the CNS [39,46]. Importantly, activated microglia
release a large number of pro-inflammatory cytokines which may ag-
gravate brain injury [46]. Activated microglia also stimulate astrocytes
to secrete pro-inflammatory factors [47]. S1PRs activate neuro-in-
flammatory responses and regulate astrogliosis [48]. RP001 can induce
internalization of S1PRs, primarily S1PR; and S1PRs [21]. Inter-
nalization of S1PRs leads to decrease of CNS inflammation, BBB dis-
ruption, and apoptosis [11]. In this study, we found that low dose
RP001 treatment not only decreases microglial activation, but also
decreases activation of astrocytes, promotes remyelination and de-
creases apoptosis as well as improves functional outcome after SAH.
Immune response is rapidly triggered upon aneurysm rupture [9],
and inflammation plays an important role both in early [9] and delayed
brain injury [49]. After SAH, pro-inflammatory cytokines are released
into serum and cerebrospinal fluid (CSF) causing early brain injury,
delayed vasospasm and long-term neurological deficits [8,9,40]. MCP-1
is an important inflammatory factor that mediates monocyte migration
and infiltration, as well as activation of memory T lymphocytes and
natural killer (NK) cells [50]. MCP-1 is highly expressed in aneurysms
but is not present in normal arteries, and MCP-1 is closely related to
CNS immunoresponse [50,51]. CSF and serum levels of MCP-1 sig-
nificantly correlate to long-term neuroinflammation, cerebral vasos-
pasm, and poor clinical grades after SAH [50-52]. Some studies show
that expression of MCP-1 is elevated on days 1-5 after SAH, with peak
expression on day 3 and decline after day 5 [50]. Oxidative response
occurs early after SAH, and causes brain injury such as vascular smooth
cell and endothelium damage, BBB disruption, vasospasm, and apop-
tosis, all of which contribute to poor prognosis [8,33]. NOX-2, often
referred to as, phagocytic NOX, has a high expression in neurons,
phagocytes and astrocytes [33,53]. NOX-2 plays a crucial role in early
brain injury after SAH [54]. Our data show that SAH increases the
expression of MCP-1 and NOX-2, and RP001 treatment of SAH sig-
nificantly decreases MCP-1 and NOX-2 expression after SAH. In addi-
tion, RPOO1 treatment also suppresses inflammation and apoptosis.
Protecting the integrity of the BBB is a crucial factor which affects
severity of brain injury and prognosis of SAH [14]. Brain edema fol-
lowing BBB disruption leads to increased severity of brain injury [55].
Inflammation and neuronal apoptosis contribute to BBB leakage [17].
Endothelial cells in the CNS highly express S1PRs [17]. Increased MMP-
9 expression is typically associated with aggravated BBB damage in
most cerebrovascular diseases including SAH [11,55]. Preventing/
minimizing BBB disruption after SAH may have therapeutic effects such
as improved neurological outcome [55]. In this study, we found that

13

Journal of the Neurological Sciences 399 (2019) 6-14

RPO01 treatment significantly decreases MMP-9 expression and de-
creases BBB leakage after SAH. It is likely that RPO0O1 improves BBB
integrity and decreases inflammatory response as well as promotes
neuronal remyelination which may in concert contribute to improved
functional outcome after SAH.

5. Conclusions

Low dose RPOO1 treatment following SAH in mice significantly
decreases immune response and oxidative stress in the brain, improves
neurological function, and alleviates early brain injury without indu-
cing cardiac side effects. Alleviating neuroinflammation may be an
important target for SAH treatment in the acute phase.
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