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Abstract Toll-like receptor 4 (TLR4) signaling may play a
crucial role in the occurrence of cerebral vasospasm after sub-
arachnoid hemorrhage (SAH). The main purpose of this study
was to assess if selective blockage of TLR4 on cerebral arter-
ies prevents cerebral vasospasm development and neurologi-
cal impairments after SAH in mice. One hundred fourteen
mice underwent endovascular perforation SAH or sham oper-
ation and were randomly divided into the following 6 groups:
sham+vehicle, sham+LPS-RS ultrapure 8 μg, sham+LPS-RS
ultrapure 40 μg, SAH+vehicle, SAH+LPS-RS ultrapure 8 μg,
and SAH+LPS-RS ultrapure 40 μg. A selective TLR4 antag-
onist, LPS-RS ultrapure (8 or 40 μg), was administered
intracerebroventricularly to mice at 30 min, and the effects
were evaluated by neurobehavioral tests and India-ink angi-
ography at 24–48 h, and Western blotting and immunohisto-
chemistry on cerebral arteries at 24 h post-SAH. Higher but
not lower dosages of LPS-RS ultrapure significantly
prevented post-SAH neurological impairments and ameliorat-
ed cerebral vasospasm. SAH caused TLR4 activation and
cyclooxygenase-1 (COX1) upregulation in the endothelial
cells and smooth muscle cells of spastic cerebral arteries, both
of which were significantly suppressed by LPS-RS ultrapure.
Another selective TLR4 antagonist, IAXO-102, which has a
different binding site from LPS-RS ultrapure, also showed

similar protective effects to LPS-RS ultrapure. These findings
suggest that TLR4 signaling is implicated in cerebral vaso-
spasm development at least partly via COX1 upregulation,
and that TLR4 antagonists have therapeutic potential as a
new therapy against cerebral vasospasm.
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Introduction

Cerebral vasospasm still remains a major cause of morbidity
and mortality after aneurysmal subarachnoid hemorrhage
(SAH) [1]. Radiographic vasospasm is found in 50 to 70 %
of patients surviving SAH, and half of those are associated
with delayed cerebral ischemia (DCI) [2]. Although recent
investigations suggest that other factors such as early brain
injury also cause DCI [3], it is well-known that DCI more
frequently occurs associated with severe vasospasm [4].
Thus, cerebral vasospasm remains an important therapeutic
target, but the exact molecular mechanisms of vasospasm de-
velopment are obscure.

Neuroinflammation is a well-recognized consequence of
SAH and may be responsible for neurovascular events after
SAH. Toll-like receptor 4 (TLR4) belongs to a large family of
pattern recognition receptors that are potential links between
inflammation and vascular dysfunction [5]. Higher TLR4
levels on peripheral blood mononuclear cells were reported
to be an independent predictive factor for the occurrence of
cerebral vasospasm, DCI, and poor outcome after aneurysmal
SAH in a clinical setting [6]. In experimental SAH, TLR4 was
also activated in neurons, microglia cells, and capillary endo-
thelial cells [7] as well as in the endothelial and smoothmuscle
cells of spastic basilar artery [8]. TLR4 is activated by many
endogenous ligands, such as heme, fibrinogen, matricellular
protein tenascin-C, intracellular components of ruptured cells,
and products of genes that are activated by inflammation,
which are produced after SAH [5, 9–11]. TLR4 signaling
activates nuclear factor (NF)-κB transcription factors and
mitogen-activated protein kinases, leading to upregulation of
many inflammatory mediators [12]. Some pharmaceutical
agents actually reduced experimental vasospasm associated
with downregulation of TLR4 and the various downstream
inflammatory mediators [13–15]. In addition, our recent study
showed that a selective TLR4 antagonist inhibited tenascin-C-
induced constriction of cerebral arteries as well as TLR4 ex-
pression in the endothelial and smooth muscle cells of the
arteries in healthy rats [11]. Taken together, previous findings
suggest that TLR4 signaling in the endothelial and smooth
muscle cells of cerebral arteries play a pivotal role in the de-
velopment of cerebral vasospasm, although there are many
kinds of Toll-like receptors expressing in the central nervous
system [16]. However, the role of TLR4 in cerebral vaso-
spasm remains indistinct, because the effects of selective
blockage of TLR4 have never been investigated. Hanafy
[17] reported that TLR4 knockout suppressed cerebral vaso-
spasm in a prechiasmatic cistern blood injection model in
mice, but this study examined neither the effects of TLR4
knockout on post-SAH neurological impairments nor the role
of TLR4 expression in cerebral arteries. Thus, the aim of this
study was to examine if selective TLR4 antagonists prevent
cerebral vasospasm development and neurological

impairments in an established endovascular perforation model
of SAH in mice [18]. In this study, cyclooxygenases (COXs)
were also investigated in cerebral arteries as a downstream
inflammatory mediator of TLR4 signaling pathway, because
COXsmay be responsible for cerebral vasospasm via multiple
mechanisms [19, 20].

Materials and Methods

All procedures were approved by the Animal Ethics Review
Committee ofMie University and were in accordance with the
institution’s Guidelines for Animal Experiments.

SAH Model and Study Protocol

The endovascular perforation model of SAH was produced in
C57BL/6 mice (male; weight, 25–30 g) as previously de-
scribed [18]. Each animal was anesthetized by an intraperito-
neal injection of tribromoethanol (250 μg/g body weight). A
sharpened 4–0 monofilament nylon suture was advanced ros-
trally into the left internal carotid artery (ICA) from the exter-
nal carotid artery stump to perforate the bifurcation of the left
anterior (ACA) and middle cerebral arteries (MCA). Blood
pressure and heart rate were measured noninvasively from
the tail. Sham-operated mice underwent identical procedures
except that the suture was withdrawn without puncture.

First, 114 mice underwent endovascular perforation SAH
or sham operation. At 30 min after surgery, 86 surviving mice
were randomly divided into 6 groups (sham+phosphate-buff-
ered saline [PBS; n = 15], sham+LPS-RS 8 μg [n = 3], sham+
LPS-RS 40 μg [n = 3], SAH+PBS [n = 30], SAH+LPS-RS
8 μg [n = 7], and SAH+LPS-RS 40 μg [n = 28]), and a
selective TLR4 antagonist, LPS-RS ultrapure (InvivoGen,
San Diego, CA) or vehicle (PBS), was administered
intracerebroventricularly. Cerebral vasospasm was evaluated
by means of neurobehavioral tests and India-ink angiography
at 24–48 h, and Western blotting and immunohistochemistry
at 24 h post-SAH.

Second, to confirm the involvement of TLR4 in the devel-
opment of vasospasm, another selective TLR4 antagonist,
IAXO-102 (Adipogen, San Diego, CA), was administered
intracerebroventricularly to 6 surviving SAH mice at 30 min
post-SAH, and the effects were compared with those in the
SAH+PBS mice. Vasospasm was evaluated by neurobehav-
ioral tests, India-ink angiography, and immunohistochemistry
at 24 h post-SAH. IAXO-102 was also administered
intracerebroventricularly to 3 sham-operated mice at 30 min
post-surgery, whose effects were compared with those in the
sham+PBSmice by means of neurobehavioral tests and India-
ink angiography at 24 h post-surgery.
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Severity of SAH

The severity of SAH was assessed blindly at each sacrifice as
previously described [21]. The basal cistern was divided into
six segments, and each segment was allotted a grade from 0 to
3 depending on the amount of SAH. The animals received a
total score ranging from 0 to 18 by summing the scores.

Intracerebroventricular Infusion

The intracerebroventricular infusion was performed by a mod-
ification of the method previously described [18]. The needle
of a 2-μL Hamilton syringe (Hamilton Company, Reno, Nev)
was inserted through a burr hole into the left lateral ventricle
using the following coordinates relative to the bregma:
0.2 mm posterior, 1.0 mm lateral, and 2.2 mm below the
horizontal plane of the bregma. Vehicle (PBS, 2 μL) or
TLR4 antagonists (8 or 40 μg LPS-RS ultrapure in 2-μL ve-
hicle; and 117 ng IAXO-102 in 2-μL vehicle) were infused at
a rate of 0.5 μL/min irrespective of the animal’s body weight.
The needle was removed 10 min after an infusion, and the
wound was quickly sutured.

Each dosage of the drugs was calculated on the basis of a
previous report [11] and each drug’s datasheet. In our previous
study, 200 μg LPS-RS was injected into the cisterna magna in
rats and completely inhibited cerebral arterial constriction by
tenascin-C [11]. As the cerebrospinal fluid (CSF) volume of
mice is considered to be 1/4 to 1/9 of that of rats [22], 22 to
50 μg LPS-RS may be enough to get an equivalent CSF LPS-
RS concentration in mice. Thus, 8 and 40 μg of LPS-RS
ultrapure dissolved in 2 μL of PBS was selected in this study.
The dosage of IAXO-102 was calculated for working concen-
trations of 5 μmol/L on the basis of the datasheet: 117 ng of
IAXO-102 was dissolved in 0.02 μL of 50 % dimethyl sulf-
oxide and ethanol (volume ratio = 1:1), diluted 100 times in
1.98μL of PBS (final concentration of dimethyl sulfoxide and
ethanol = 0.5 %, respectively) and injected to achieve an
equivalent CSF concentration of IAXO-102 in mice, whose
total CSF volume is presumed to be 40 μL [23].

Neurobehavioral Test

Neurological scores (3–18 points) were assessed by summing
up six test scores (spontaneous activity, spontaneous move-
ment of four limbs, forepaw outstretching, climbing, body
proprioception, and response to whisker stimulation) as previ-
ously described [21].

India-Ink Angiography

Gelatin–India-ink solution was made by dissolving gelatin
powder (7 g) in 100 mL PBS and mixing with 100 mL India
ink (Kuretake Co., Nara, Japan) [24]. The ascending aorta was

cannulatedwith a blunted 18-gauge needle attached to flexible
plastic tubing, which was connected to a pressure transducer
(Nihon Kohden Co., Tokyo, Japan) and a syringe on an auto-
matic infusion pump. After an incision was made in the right
atrium to allow for the outflow of perfusion solution, 50mL of
PBS, 15 min of 10 % formalin, and 10 min of 3.5 % gelatin–
India-ink solution were infused through the closed circuit. All
perfusates were passed through a 0.2-μm pore filter and de-
livered at 60–80 mmHg [24]. Then, the mouse was refrigerat-
ed at 4 °C for 24 h to allow gelatin solidification. The brains
were harvested and stored in 10 % neutral-buffered for-
malin for immunohistochemistry after high-resolution im-
ages of the circle of Willis and basilar arteries (BAs) were
taken with a scale. An experienced person who was un-
aware of the treatment groups measured the smallest lu-
men diameter within each vascular segment of intracranial
cerebral arteries (sphenoidal segment of the MCA,
precommunicating segment of the ACA, intradural ICA,
and BA) three times using Image J software (National
Institutes of Health, Bethesda, MD) and determined the
mean value per segment.

Western Blot Analyses

Western blot analyses were performed as previously described
[24]. The circle of Willis and BAs was harvested under a
microscope and homogenized. Equal amounts of protein sam-
ples (1 μg) were loaded on SDS-PAGE gels, electrophoresed,
and transferred onto a polyvinylidene difluoride membrane.
The membranes were blocked with 2 % bovine serum albu-
min, followed by incubation overnight at 4 °C with the rabbit
polyclonal anti-TLR4 antibody (1:800; Bioss, Woburn, MA),
rabbit polyclonal anti-phosphorylated TLR4 (1:2000;
ThermoFisher, Waltham, MA), rabbit polyclonal anti-
cyclooxygenase-1 (COX1) (1:200, Abnova, Buckingham,
MK), and rabbit polyclonal anti-cyclooxygenase-2 (COX2)
(1:500, Proteintech, Rosemont, IL) antibodies. Blot bands
were detected with a chemiluminescence reagent kit (ECL
Plus; Amersham Bioscience, Arlington Heights, IL) and
quantified by densitometry with Image J software. β-tubulin
(1:1000; Santa Cruz Biotechnology, Santa Cruz, CA) was
blotted onto the same membrane as a loading control.

Immunohistochemistry

The stored brains after India-ink angiography were used.
Immunohistochemistry was performed for formalin-fixed par-
affin-embedded sections as described previously [11]. Four
micron-thick coronal sections at 1.0 mm posterior to bregma
were cut. After dewaxing and rehydration, the sections were
treated with 3 % hydrogen peroxide for 10 min to block en-
dogenous peroxidase activities, placed in 1 mmol ethylenedi-
aminetetraacetic acid (pH 8.0) and heated in an autoclave at
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121 °C for 1 min. The sections were then blocked with 5 %
goat or horse serum and incubated overnight at 4 °C with the
rabbit polyclonal anti-phosphorylated TLR4 (1:2000;
ThermoFisher) and rabbit polyclonal COX1 (1:25, Abnova)
antibodies. They were subsequently incubated with biotinyl-
ated anti-rabbit immunoglobulin (Vector Laboratories,
Burlingame, CA) for 30 min and then with an avidin–biotin
complex for 30min at room temperature. Color reactions were
developed in diaminobenzidine/hydrogen peroxide solution
and the sections were counterstained with hematoxylin solu-
tion for light microscopic examination. Negative controls
consisted of serial sections incubated with buffer alone instead
of the primary antibodies.

Hematoxylin and eosin (HE) staining was also performed
to examine the morphology of cerebral arteries.

Statistics

In the statistical analysis, we calculated the power of the tests.
The number of animals per group necessary to reach the de-
sired power of 0.800 was in the range of 4 to 6 in SAH mice.
Mortality was compared by chi-square tests. SAH grade and
neurological scores were expressed as the median ± 25th–75th
percentiles andwere analyzed using theMann–Whitney U test
or Kruskal–Wallis test, followed by Steel–Dwass multiple
comparisons. Other values were expressed as the
mean ± standard deviation, and unpaired t test or one-way
analysis of variance (ANOVA) with Student–Newman–
Keuls post hoc tests was used as appropriate. P < 0.05 was
considered significant.

Results

Post-SAH LPS-RS Ultrapure Prevents Vasospasm

Comparisons of physiological parameters revealed no signif-
icant differences among the groups (data not shown). None of
21 sham-operated mice died within the 48-h observation pe-
riod. Twenty-eight (30.1 %) of 93 SAH mice died within
30 min after surgery and before the drug injection. The mor-
tality of SAH mice after randomization into each treatment
group was not significantly different among the PBS
(13.3 %, 4 of 30 mice), 8 μg (14.3 %, 1 of 7 mice), and
40 μg (7.1 %, 2 of 28 mice) of LPS-RS ultrapure groups
(chi-square tests). The median SAH grading score was similar
among the groups in each analysis at both 24 and 48 h post-
SAH (Fig. 1 upper). Among surviving animals, 2 PBS-treated
and 2 40 μg of LPS-RS ultrapure-treated SAH mice were not
used for further analysis, because their SAH grading scores
were mild and 7 or less at 24 h [21].

LPS-RS ultrapure injections did not cause neurological im-
pairments in sham-operated animals (Online Resource,
Figure S1). Neurological scores at 24 h were significantly
impaired after SAH in comparison with the sham groups
(Fig. 1 lower left). Post-SAH administration of 40 μg but
not 8 μg LPS-RS ultrapure significantly improved neurolog-
ical scores compared with the SAH+PBS group (Kruskal–
Wallis test). The neuroprotective effect was also shown at
48 h post-SAH (Fig. 1 lower right).

LPS-RS ultrapure injections had no effects on the ves-
sel diameter of cerebral arteries in sham-operated animals
(Online Resource, Figure S2). Higher dosages but not

Fig. 1 Effects of Toll-like
receptor 4 antagonist LPS-RS
ultrapure treatment on the severity
of subarachnoid hemorrhage
(SAH; upper) and neurological
scores (lower) at 24 h (left) and
48 h (right) post-SAH. PBS
phosphate-buffered saline; data,
median ± 25th–75th percentiles;
*P < 0.01, **P < 0.05, Kruskal–
Wallis tests
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lower dosages of LPS-RS ultrapure significantly attenuat-
ed post-SAH vasospasm in the left ACA, MCA, ICA, and
right MCA at both 24 and 48 h post-SAH compared with
the SAH+PBS group (ANOVA; Fig. 2, and Online Resource,
Figure S3).

Effects of LPS-RS Ultrapure on Protein Expression
Changes in Cerebral Arteries After SAH

Western blot analyses showed that SAH significantly in-
creased phosphorylated TLR4 levels in the spastic cerebral
arteries compared with the sham-operated animals, although
expression levels of TLR4 were not significantly changed
(Fig. 3). SAH also increased COX1 levels compared with
the sham animals (Fig. 3). Higher dosages of LPS-RS ultra-
pure significantly suppressed expression levels of both phos-
phorylated TLR4 and COX1 in the post-SAH cerebral arter-
ies. COX2 levels were not significantly changed by SAH or
LPS-RS ultrapure.

Immunohistochemistry of the intracranial ICA showed that
both phosphorylated TLR4 and COX1 were increased mainly
in the endothelial and smooth muscle cells of the spastic ce-
rebral arteries in the SAH+PBS group. These immunoreactiv-
ities were attenuated in the SAH+LPS-RS 40-μg group
(Fig. 4).

Effects of Another TLR4 Antagonist IAXO-102
on Vasospasm

Comparisons of physiological parameters revealed no signif-
icant differences among the groups (data not shown). Two
(25 %) of 8 SAH mice died within 30 min after surgery and
before the drug injection. The mortality of SAH mice after
randomization into either treatment group was not significant-
ly different between the PBS (13.3 %, 4 of 30 mice) and
IAXO-102 (0 %, 0 of 6 mice) groups (chi-square tests). The
median SAH grading score was similar between the groups
(Fig. 5a).

IAXO-102 injections had no effects on neurological
scores and vessel diameters of cerebral arteries in sham-
operated animals at 24 h post-injection (Online Resource,
Figures S4 and S5). Post-SAH administration of IAXO-
102 significantly improved both neurological scores
(Mann–Whitney U test) and vasospasm (unpaired t test)
compared with the SAH+PBS group (Fig. 5 and Online
Resource, Figure S6).

Immunohistochemistry of the intracranial ICA also showed
that IAXO-102 attenuated post-SAH vasospasm, associated
with the suppression of post-SAH TLR4 activation and
COX1 upregulation in the endothelial and smooth muscle cell
layers of the cerebral arteries (Fig. 6).

Discussion

The novel findings of the present study are as follows: (1)
SAH induced TLR4 activation and COX1 upregulation in
the endothelial and smooth muscle cell layers of the spastic
cerebral arteries in a mouse endovascular perforation model,
(2) two kinds of selective TLR4 antagonists suppressed post-
SAH COX1 upregulation as well as TLR4 activation in the
cerebral artery, and (3) two kinds of selective TLR4 antago-
nists prevented cerebral vasospasm and neurological impair-
ments after SAH. These findings suggest that post-SAHTLR4
activation causes cerebral vasospasm and neurological impair-
ments at least partly via COX1 upregulation, which is effec-
tively inhibited by TLR4 antagonists.

TLR4-mediated NF-κB signaling pathway is increasingly
recognized to play a vital role in the initiation of cerebral
inflammation in central nervous system diseases [25].
NF-κB is a transcriptional factor required for the gene expres-
sion of many inflammatory mediators, such as interleukin
(IL)-1β, tumor necrosis factor (TNF)-α, IL-6, intercellular
adhesion molecule (ICAM)-1, and monocyte chemoattractant
protein (MCP)-1 [12]. TLR4 is expressed in various cell types
in the central nervous system, including microglia, neurons,
astrocytes and capillary endothelial cells in brain, endothelial
and smooth muscle cells in cerebral artery, and in peripheral
blood cells, such as leukocytes, macrophages, and platelets [5,
7, 8]. In aneurysmal SAH patients, higher TLR4 levels on
peripheral blood mononuclear cells were an independent pre-
dictive factor for cerebral vasospasm and poor outcome [6]. In
cultured vascular smooth muscle cells from rat aorta, oxyhe-
moglobin induced TLR4 expression and TNF-α production
[26]. In experimental SAH, expression of TLR4was increased
in the endothelial and smooth muscle cells of basilar artery
with vasospasm in a rabbit double blood injection model into
the cisterna magna [8]. Peroxisome proliferator-activated re-
ceptor gamma agonist rosiglitazone reduced SAH-mediated
upregulation of TLR4 and increased production of
myeloperoxidase and ICAM-1, and attenuated vasospasm in
the basilar artery in a rat double hemorrhage model into the
cisterna magna [15]. Ursolic acid, a natural pentacyclic
triterpenoid acid, reduced proinflammatory mediators such
as TNF-α, IL-1β, IL-6, ICAM-1, inducible nitric oxide
(NO) synthase, and matrix metalloproteinase-9 possibly by
suppressing TLR4 and NF-κB in post-SAH cerebral cortex,
and prevented vasospasm in the basilar artery in a rat SAH
model by endovascular perforation [13]. Glycyrrhizin, a tra-
ditional herbal remedy, also prevented TLR4 upregulation and
vasospasm in the basilar artery associated with suppression of
cytokine levels in the cerebrospinal fluid such as IL-1β, IL-6,
IL-8, and MCP-1 in a rat model of SAH by a single blood
injection into the cisterna magna [14]. In addition, TLR4
knockout suppressed cerebral vasospasm and neuronal apo-
ptosis in a prechiasmatic cistern blood injection model in
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Fig. 2 Effects of Toll-like
receptor 4 antagonist LPS-RS
ultrapure treatment on cerebral
vasospasm at 24 h after
subarachnoid hemorrhage (SAH).
a Representative India-ink
angiograms (lower magnification
of upper square areas). b Vessel
diameter of each cerebral artery.
Thick arrow, anterior cerebral
artery; arrowhead, middle
cerebral artery; thin arrow,
internal carotid artery; PBS
phosphate-buffered saline; data,
mean ± standard deviation;
*P < 0.01, **P < 0.05, ANOVA
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mice: the early phase was dependent on myeloid differentia-
tion primary response gene pathway, while the late phase was
dependent on Toll receptor-associated activator of interferon
pathway [17]. In the study, microglial TLR4 receptor was
necessary for vasospasm development possibly via TNF-α
induction [17]. In this study, two kinds of selective TLR4
antagonists, LPS-RS ultrapure that inhibits the interaction of
MD-2 with TLR4 [27] and IAXO-102 that interferes

selectively with the TLR4 co-receptors CD14 and MD-2
[28], were used, and it was first demonstrated that selec-
tive blockage of TLR4 could effectively prevent post-
SAH cerebral vasospasm and neurological impairments
as well as COX1 upregulation in cerebral arteries in a
clinically relevant endovascular perforation model in
mice. The endovascular perforation model mimics clinical
mechanism of artery rupture and shows a high mortality

Fig. 3 RepresentativeWestern blots (a) and effects of Toll-like receptor 4
(TLR4) antagonist LPS-RS ultrapure treatment on expression of TLR4
(b), phosphorylated TLR4 (p-TLR4) (c), cyclooxygenase-1 (COX1) (d),
and cyclooxygenase-2 (COX2) (e) in cerebral arteries at 24 h after

subarachnoid hemorrhage (SAH). Expression levels of each protein are
expressed as a ratio of β-tubulin levels for normalization and as the
mean ± standard deviation. PBS phosphate-buffered saline; *P < 0.05,
ANOVA

Fig. 4 Effects of Toll-like
receptor 4 (TLR4) antagonist
LPS-RS ultrapure treatment on
immunohistochemical staining of
the intracranial internal carotid
artery at 24 h after subarachnoid
hemorrhage (SAH). HE
hematoxylin and eosin, p-TLR4
phosphorylated TLR4, COX1
cyclooxygenase-1, PBS
phosphate-buffered saline.
Arrowhead, immunoreactive
endothelial cell; arrow,
immunoreactive smooth muscle
cell
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and acute metabolic changes similar to clinical findings,
thus being the most attractive model for studies of patho-
physiology after SAH [29].

COXs catalyze the conversion of arachidonic acid to pros-
taglandin H2, which is further converted to many prostaglan-
dins and thromboxanes. Various arachidonic acid metabolites,

Fig. 5 Effects of Toll-like
receptor 4 antagonist IAXO-102
treatment on the severity of
subarachnoid hemorrhage (SAH)
(a), neurological scores (b), and
cerebral vasospasm
(representative India-ink
angiograms: lower magnification
of upper square areas (c), vessel
diameter of the left intracranial
internal carotid artery (d)) at 24 h
post-SAH. PBS
phosphate-buffered saline; data,
median ± 25th–75th percentiles
(a, b) or mean ± standard
deviation (d); *P < 0.01, Mann–
Whitney U test; **P < 0.05,
unpaired t test; thick arrow,
anterior cerebral artery;
arrowhead, middle cerebral
artery; thin arrow, internal carotid
artery

Fig. 6 Effects of Toll-like
receptor 4 (TLR4) antagonist
IAXO-102 treatment on
immunohistochemical staining of
the intracranial internal carotid
artery at 24 h after subarachnoid
hemorrhage (SAH). HE
hematoxylin and eosin, p-TLR4
phosphorylated TLR4, COX1
cyclooxygenase-1, PBS
phosphate-buffered saline.
Arrowhead, immunoreactive
endothelial cell; arrow,
immunoreactive smooth muscle
cell
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including thromboxane A2, prostaglandin F2α, and prostacy-
clin, contribute to endothelium-dependent contractions that
are ultimately attributable to activation of thromboxane–pros-
tanoid receptors of the vascular smooth muscle [30]. Thus,
COXs may cause vasospasm by producing vasoconstrictor
arachidonic acid metabolites [19]. In addition, COXs have
other actions potentially causing cerebral vasospasm: (1)
COXs may be involved in the mechanism of vascular endo-
thelial dysfunction, especially in a disturbance in cross-talk
between endothelin (ET)-1 and NO, causing vasospasm [20]
and (2) COXs may induce phenotypic modulation of vascular
smooth muscle cells or vascular remodeling [31], playing a
role in vasospasm development [32]. COXs can be divided
into two isoforms, COX1 and COX2. Whereas the expression
and/or presence of COX1 is usually stable under most exper-
imental conditions, COX2 can be induced or upregulated by a
number of stimuli, in particular cytokines [33]. In experimen-
tal SAH, only COX2 was examined and has been reported to
play an important role in the pathogenesis of vasospasm [20].
A recent study reported that COX2 induction was mainly
observed in the endothelial cells of rabbit basilar artery after
SAH, associated with upregulation of ET-1 and ETA receptor
expression and downregulation of endothelial NO synthase
expression, possibly causing endothelial cell dysfunction and
thereby vasospasm [20]. However, COX1 is the major source
of endothelium-derived contracting factors, and the exposure
of the endothelial cells to high glucose results in increased
oxidative stress and overexpression of both COX1 and
COX2 in the arteries of normotensive diabetic animals [34].
TLR4-induced COX1 activation was also responsible for en-
dothelial dysfunction and augmented endothelium-derived
contracting factor-mediated contractions in carotid arteries of
obese and diabetic mice [35]. This study first showed that
COX1 was induced in cerebral arteries after SAH and that
TLR4 antagonists suppressed both post-SAH COX1 induc-
tion and vasospasm, suggesting the involvement of COX1
induction in cerebral vasospasm development.

This study is somewhat limited. First, the degree of vaso-
spasm in mice is less severe compared with that in large ani-
mal models; therefore, the effects of TLR4 antagonists should
be confirmed using large animal models. Secondly, only an
immediate post-SAH intracerebroventricular injection of
TLR4 antagonists was tested and showed that the TLR4 an-
tagonists attenuated vasospasm and neurological impairments
effectively. To be more translational, the effects of single or
multiple systemic administrations at different dosages or time
courses on vasospasm and brain injury as well as long-term
functional outcomes should be examined in future preclinical
evaluations. Thirdly, this study demonstrated that TLR4 an-
tagonists prevented vasospasm via inhibiting COX1 upregu-
lation. However, we cannot exclude the possibility that TLR4
inactivation prevented vasospasm without the involvement of
COX1. In addition, neither ligands that activated TLR4 nor

the exact mechanism of how TLR4 inactivation reduced arte-
rial smooth muscle contraction is missing in this study. Thus,
further studies are needed.

In conclusion, this study showed that TLR4-COX1 signal-
ing pathway could be a promising therapeutic target for post-
SAH vasospasm, which was effectively inhibited by selective
TLR4 antagonists. The findings of this study warrant further
studies.
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