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Abstract

Aneurysmal subarachnoid hemorrhage remains serious hemorrhagic stroke with high morbidities and
mortalities. Aneurysm rupture causes arterial bleeding-induced mechanical brain tissue injuries and ele-
vated intracranial pressure, followed by global cerebral ischemia. Post-subarachnoid hemorrhage ischemia,
tissue injuries as well as extravasated blood components and the breakdown products activate microglia,
astrocytes and Toll-like receptor 4, and disrupt blood-brain barrier associated with the induction of many
inflammatory and other cascades. Once blood-brain barrier is disrupted, brain tissues are directly exposed
to harmful blood contents and immune cells, which aggravate brain injuries furthermore. Blood-brain
barrier disruption after subarachnoid hemorrhage may be developed by a variety of mechanisms including
endothelial cell apoptosis and disruption of tight junction proteins. Many molecules and pathways have
been reported to disrupt the blood-brain barrier after subarachnoid hemorrhage, but the exact mecha-
nisms remain unclear. Multiple independent and/or interconnected signaling pathways may be involved
in blood-brain barrier disruption after subarachnoid hemorrhage. This review provides recent under-
standings of the mechanisms and the potential therapeutic targets of blood-brain barrier disruption after
subarachnoid hemorrhage.
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Introduction clipping or endovascular coiling to prevent rebleeding is

The rupture of cerebral aneurysms extravasates and spreads
arterial blood into the subarachnoid space, causing sub-
arachnoid hemorrhage, which remains a serious condition
with high morbidities and mortalities (Suarez et al., 2006;
Suzuki et al., 2018b). The aggregate worldwide incidence
of aneurysmal subarachnoid hemorrhage is about 2-5% of
all strokes and about 10.5 cases per 100,000 person-years,
but the increasing incidences are known in specific regions
(especially in Finland and Japan), older ages (mean age, 55
years), women, blacks, cases with a family history of first-de-
gree relatives with subarachnoid hemorrhage and some
heritable connective-tissue disorders (Suarez et al., 2006;
Connolly et al., 2012). The modifiable risk factors include
hypertension, smoking, alcohol abuse, and cocaine use; and
surgical treatment of unruptured aneurysms having high
risks for rupture (larger size, specific locations and shapes)
is recommend for preventing subarachnoid hemorrhage
(Connolly et al., 2012).

The most important determinant of poor outcome of
aneurysmal subarachnoid hemorrhage is early brain injury,
which begins within minutes after the initial bleeding by
increased intracranial pressure and subsequent global ce-
rebral ischemia as well as extravasated blood (Suzuki et al.,
2018a). Therefore, early aneurysmal obliteration by surgical
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the most important to improve the outcome (Connolly et
al., 2012). However, even if ruptured aneurysm is success-
fully treated, intensive medical care is required to manage
delayed cerebral ischemia with and without cerebral vaso-
spasm, and other various medical complications (Connolly
et al., 2012). Major clinical factors associated with poor
outcome are advanced age and surrogate markers of early
brain injury (initial clinical severity, increased amount of
subarachnoid hemorrhage, and global cerebral edema),
the latter of which is also a predictor of delayed cerebral
ischemia (Suarez et al., 2006; Suzuki et al., 2017, 2018a; Na-
katsuka et al., 2018; Nishikawa et al., 2018b). Blood-brain
barrier disruption is an important component of both early
brain injury and delayed cerebral ischemia, and we have
performed a PubMed literature search of articles published
in the period January 2014—October 2018 on brain-blood
barrier disruption after subarachnoid hemorrhage, focusing
on the mechanisms in this paper.

Characteristics of Blood-Brain Barrier
Disruption after Subarachnoid Hemorrhage
Blood-brain barrier disruption is a prominent pathological
characteristic of both ischemic and hemorrhagic strokes,
and is usually associated with poor outcome (Keep et al.,
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2014; Jiang et al., 2018; Suzuki et al., 2018a). Disruption of
blood-brain barrier after intracerebral hemorrhage is main-
ly caused by extravasated blood components (Keep et al.,
2014), while focal ischemia itself plays a large role in blood-
brain barrier disruption after ischemic stroke (Jiang et al.,
2018). However, blood-brain barrier disruption after aneu-
rysmal subarachnoid hemorrhage is largely different from
that after cerebral infarction or intracerebral hemorrhage:
it may be caused by the combination of transient global ce-
rebral ischemia developing immediately after aneurysmal
rupture, delayed cerebral ischemia and extravasated compo-
nents at days 4 to 14 after onset (Suzuki et al., 2018a). Thus,
in aneurysmal subarachnoid hemorrhage, global cerebral
edema is observed in 8-67% of patients at admission, and
12% of patients develop delayed onset of cerebral edema
within two weeks of onset (Suzuki et al., 2018a). Especial-
ly, global cerebral edema or increased blood-brain barrier
permeability at an acute stage of aneurysmal subarachnoid
hemorrhage has been correlated with unfavorable outcomes,
and is an important manifestation of pathophysiologies
called early brain injury by basic scientists of experimental
subarachnoid hemorrhage (Ivanidze et al., 2018; Suzuki
et al., 2018a). In addition, relatively young people (mean
age, 55 years) suffer aneurysmal subarachnoid hemorrhage
compared with other types of strokes (Suarez et al., 2006),
and different comorbidities may occur between patients
with subarachnoid hemorrhage and those with other types
of strokes. Comorbidities also influence blood-brain barrier
disruption and outcome after any type of stroke (Jiang et al.,
2018; Suzuki and Nakano, 2018). Thus, blood-brain barrier
disruption after subarachnoid hemorrhage is unique, and
therefore different therapeutic approach should be needed.
Because global cerebral edema is a prognostic factor, its
timely and effective treatment may have a chance to im-
prove outcomes after subarachnoid hemorrhage (Suzuki
et al,, 2018a). However, therapies such as hyperosmolar
agents, hypertonic saline, therapeutic hypothermia, barbi-
turates, and decompressive craniectomy have been tried to
reduce brain edema and/or to control intracranial pressure
for poor-grade subarachnoid hemorrhage patients, but the
efficacy has not been established well (Komotar et al., 2009;
de Oliveira Manoel et al., 2016). Although similar players
have been reported to be involved in both early brain injury
and cerebral vasospasm, drugs that prevent vasospasm have
failed to improve outcome (Suzuki and Nakano, 2018): this
could be explained by a limited therapeutic window of early
brain injury or acute blood-brain barrier disruption. That is,
as early brain injury or acute blood-brain barrier disruption
begins within minutes after the initial bleeding, early ad-
ministration of a drug even within 24-72 hours of the ictus
might prevent cerebral vasospasm, but not early brain injury
(Suzuki and Nakano, 2018). Or more specific treatments
against blood-brain barrier disruption may be needed to
modulate it. Anyway, the mechanisms of blood-brain bar-

rier disruption after subarachnoid hemorrhage should be
clarified furthermore to develop new therapies against it.

Animal Models Used in Subarachnoid

Hemorrhage Studies
Subarachnoid hemorrhage-induced brain injuries are very

complex, and more than 72 kinds of animal models using
various species have been proposed with some modifications
dependent on the research question (Suzuki and Nakano,
2018). However, there remains a lack of guidance in the
performance and modeling of experimental subarachnoid
hemorrhage including differences in outcome measures
and methodological shortcomings, causing the failure in
translation of preclinical findings into clinical trials (Mar-
bacher et al., 2018). Preclinical researchers also know that
many factors including genetic background, strain-related
differences, age, sex, comorbidities, and anesthetics strongly
influence outcome measures (Marbacher et al., 2018; Suzuki
and Nakano, 2018). Nowadays, acute subarachnoid hem-
orrhage models in mice or rats produced by endovascular
perforation are increasingly used to study early brain injury
(Marbacher et al.,, 2018). In an endovascular perforation
model, acute physiological and metabolic changes such as
intracranial pressure elevation, subarachnoid blood distri-
bution and reactions by the blood including high mortalities
are similar to clinical findings in aneurysmal subarachnoid
hemorrhage (Schwartz et al., 2000). Thus, the endovascular
perforation animal model becomes the most popular one for
studies of blood-brain barrier disruption after subarachnoid
hemorrhage (Suzuki and Nakano, 2018), and most of find-
ings described in this paper have been obtained from the
model.

Mechanisms Underlying Blood-Brain Barrier

Disruption After Subarachnoid Hemorrhage

Blood-brain barrier consists of a continuous endothelial
cell layer, astrocyte end feet and pericytes known as a neu-
rovascular unit. To maintain barrier functions or unique
properties of blood-brain barrier, the adjacent endothelial
cells strictly bind via tight junctions, thus preventing the
extravasation of intravascular contents and the invasion
of immune cells. Under normal conditions, blood-brain
barrier selectively passes specific substances such as water,
ions and small molecular weight particles, and regulates
brain homeostasis (Chow and Gu, 2015). However, when
blood-brain barrier is disrupted, harmful blood contents
(thrombin, fibrinogen, and so on) enter brain parenchyma
and are directly exposed to brain tissues (Keep et al., 2014).
In addition, dysfunction of blood-brain barrier allows the
abnormal transmigration and infiltration of leukocytes into
brain parenchyma (Fujimoto et al., 2018), causing increased
releasing of various cytokines, chemokines, reactive oxygen
species and proteases (Figure 1A). Blood-brain barrier dis-
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ruption further aggravates brain tissue damages, worsens
cerebral edema formation, and elevates intracranial pressure
(Chen et al., 2014). Thus, blood-brain barrier disruption is
considered as an important therapeutic target to treat early
brain injury and to improve outcomes of aneurysmal sub-
arachnoid hemorrhage.

Blood-brain barrier disruption after aneurysmal subarach-
noid hemorrhage may be developed by multiple mecha-
nisms including endothelial cell apoptosis and disruption of
tight junctions (Peeyush Kumar et al., 2018). After a rupture
of cerebral aneurysm, extravasated blood under arterial
pressure causes mechanical damages of the surrounding
brain tissues as well as elevated intracranial pressure, fol-
lowed by global cerebral ischemia. Moreover, various blood
components and the breakdown products are spread in the
subarachnoid space. These hemorrhage, ischemia and brain
tissue damage are all contributors to blood-brain barrier dis-
ruption with inducing many cascades such as inflammatory
reactions. This review focuses on the mechanisms and the
potential therapeutic targets of blood-brain barrier disrup-
tion after subarachnoid hemorrhage (Figure 1B).

Endothelial Cell Dysfunction or Apoptosis as
a Potential Target

Normal brain capillary endothelial cells maintain the func-
tion of blood-brain barrier, but aneurysmal rupture triggers
endothelial cell dysfunction and apoptosis, leading to blood-
brain barrier disruption. After aneurysmal subarachnoid
hemorrhage, multiple factors including oxidative stress,
oxyhemoglobin, and iron overload can induce endothelial
cell apoptosis within 10 minutes to 24 hours of onset (Frie-
drich et al., 2012; Peeyush Kumar et al., 2018). Oxyhemo-
globin a representative of subarachnoid blood component
directly exerts cytotoxic effects on brain endothelial cells via
caspases-3, -8 or -9, elevation of intracellular Ca™, activation
of matrix metalloproteinase (MMP)-9, and generation of
free radicals (Peeyush Kumar et al., 2018). There are several
sources for the excessive generation of free radicals after
subarachnoid hemorrhage, such as disrupted mitochondrial
respiration, extracellular hemoglobin following erythrolysis
and the subsequent iron overload, and endothelial cells are
known to be susceptible to oxidative stress (Ayer and Zhang,
2008). Reactive oxygen species can activate apoptotic signals
including p53, caspases-3 and -9 to promote apoptotic cell
death, causing blood-brain barrier disruption (Chen et al.,
2014).

There are many other players possibly involved in brain
endothelial cell injuries. Post-subarachnoid hemorrhage
ischemia, tissue injuries and subarachnoid blood compo-
nents including heme, thrombin, fibrinogen, platelets and
leukocytes can activate microglia as well as Toll-like recep-
tor 4, which recognizes damage-associated molecular pat-
terns and initiates inflammatory cascades via nuclear factor
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kappa-light-chain-enhancer of activated B cells (NF-«B)
and/or activator protein-1 that is mainly mediated by mito-
gen-activated protein kinases (MAPKs) (Okada and Suzuki,
2017; Suzuki et al., 2018a). Activation of Toll-like receptor
4 produces pro-inflammatory cytokines and mediators such
as tumor necrosis factor-a, interleukins-1p, -6, -8, and -12,
and MMP-9 (Okada and Suzuki, 2017). Pro-inflammatory
cytokines cause caspase-dependent endothelial cell apopto-
sis and blood-brain barrier dysfunction, and also upregulate
specific cell adhesion molecules on endothelial cells, which
consequently allow macrophages and neutrophils to migrate
into the subarachnoid space and brain tissues and to release
a multitude of inflammatory factors including endothelins
and oxidative radicals through activation of Janus kinase-2
and signal transducer and activator of transcription-3, NF-
kB, and Smad signaling pathways (Chen et al., 2009; Peey-
ush Kumar et al., 2018). Oxyhemoglobin also directly induc-
es endothelin-1 production in endothelial cells and vascular
smooth muscle cells via protein kinase C-cyclic adenosine
monophosphate signaling, and the binding of endothelin-1
to endothelin-A receptors activates macrophages, increases
neutrophil-vessel wall interactions, and induces free radical
production, all of which lead to endothelial cell dysfunction
in myocardial ischemia (Singhal et al., 2010; Peeyush Kumar
et al., 2018). However, clazosentan an endothelin receptor
antagonist decreased large-artery vasospasm, but did not
suppress oxidative stress, endothelial nitric oxide synthase
dysfunction, and microthromboembolism after experimen-
tal subarachnoid hemorrhage in mice (Sabri et al., 2011).

A derangement in neurotransmitter release and inhibition
of the reuptake leading to excitotoxicity, cortical spreading
depolarization, and loss of energy stores causing ionic im-
balance also occur after subarachnoid hemorrhage, and con-
tribute to subarachnoid hemorrhage-induced endothelial
cell death (Chen et al., 2014). Glutamate, a major excitatory
transmitter, is synthesized by activated astrocytes and mi-
croglia, and mediates toxic effects via excessive activation of
N-methyl D-aspartate receptors, leading to massive Ca*" in-
flux and subsequent apoptotic cell death and necrosis (Chen
etal., 2014).

Disruption of Tight Junctions

The contraction of endothelial cells and disassembly of tight
junctions increase the permeability of blood-brain barrier
and cause blood-brain barrier disruption, leading to brain
edema formation after subarachnoid hemorrhage (Peeyush
Kumar et al., 2018). Two main routes exist for the transport
of materials across the blood-brain barrier: the paracellular
(via tight junctions between cells) and the transcellular (ca-
veolin- and clathrin-mediated endocytosis and macropino-
cytosis) pathways. Tight junction proteins include occludin,
zonula occludens-1 and claudin-5, which are phosphopro-
teins and whose interaction, redistribution and transmem-
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brane protein localization are regulated by changes in the
phosphorylation state (Li et al., 2015). Caveolin-1 is the
main component of caveolae, the specific microstructures
on plasma membrane surfaces, and mediates transcellular
transport pathways (Deng et al., 2012). In a study investigat-
ing changes in the expression of blood-brain barrier-related
proteins, expressions of caveolin-1 and claudin-5 in the
basement membrane were not changed, but tight junction
proteins occludin and zonula occludens-1 were downreg-
ulated in an acute stage of subarachnoid hemorrhage (Li et
al,, 2015). Thus, it is considered that increased permeability
or disruption of blood-brain barrier after subarachnoid
hemorrhage may be caused by the disturbance of paracellu-
lar pathways.

A role for MMP-9 in the early disruption of blood-brain
barrier has been repeatedly reported after subarachnoid
hemorrhage (Peeyush Kumar et al., 2018; Suzuki et al,,
2018a). MMP-9 is induced by inflammatory cytokines and
reactive oxygen species, and degrades the extracellular ma-
trix of cerebral microvessel basal lamina such as collagen IV,
laminin, fibronectin, and inter-endothelial tight junction
proteins such as zonula occludens-1, causing blood-brain
barrier disruption after subarachnoid hemorrhage (Guo
et al., 2010; Peeyush Kumar et al., 2018). The activation
of NF-kB is known to directly regulate the transcription
of MMP-9 and tissue inhibitor of MMP-1 in addition to
orchestrating the inflammatory cascade, and the balanced
interaction between MMP-9 and tissue inhibitor of MMP-1
may determine the severity of blood-brain barrier disrup-
tion after subarachnoid hemorrhage (Suzuki et al., 2010a).
In addition, several reports have shown that blood-brain
barrier disruption after subarachnoid hemorrhage is caused
by MAPK-mediated MMP-9 activation (Okada et al., 2018).
Tenascin-C and periostin, matricellular proteins, were re-
spectively induced and caused blood-brain barrier disrup-
tion after subarachnoid hemorrhage via MAPK-mediated
activation of MMP-9 and subsequent zonula occludens-1
degradation in brain capillary endothelial cells in mice (Fu-
jimoto et al., 2016; Liu et al., 2017; Nishikawa and Suzuki,
2017; Shiba and Suzuki, 2019). Tenascin-C and periostin
may form a positive feedback mechanism and upregulate
each other to aggravate blood-brain barrier disruption af-
ter subarachnoid hemorrhage (Liu et al., 2017). Another
matricellular protein galectin-3 also activated endothelial
cell MMP-9 and caused blood-brain barrier disruption via
MAPK and signal transducer and activator of transcription
pathways (Nishikawa and Suzuki, 2018; Nishikawa et al.,
2018a), while another matricellular protein osteopontin
was induced in reactive astrocytes and capillary endothelial
cells in a delayed fashion, and prevented MMP-9 activation
and blood-brain barrier disruption by inactivating MAPK
and NF-kB (Suzuki et al., 2010b, 2018¢). Post-subarachnoid
hemorrhage Toll-like receptor 4 activation can activate both

NF-kB and MAPKs, and upregulates pro-inflammatory
cytokines and mediators as well as matricellular proteins
(Okada et al., 2017). Actually, selective blockage of Toll-like
receptor 4 inhibited post-subarachnoid hemorrhage upreg-
ulation of these molecules and activation of MAPKs and
MMP-9, resulting in maintaining the blood-brain barrier
function (Okada et al., 2018).

Accumulated evidence suggests that many molecules,
for example, vascular endothelial growth factor (VEG-
F)-A, VEGE-B, angiopoietin (Ang)-1, Ang-2, MAPKs, and
MAPK phosphatase-1, are involved acting simultaneously
or at different stages during blood-brain barrier disruption
(Suzuki et al., 2010b). VEGF-A is a potent inducer of blood-
brain barrier disruption, while VEGF-B and Ang-1 block
effects of VEGF-A and have a potent anti-permeability
property possibly by regulating MAPK activation: MAPKs
are upstream and downstream of VEGF-A, and MAPK
phosphatase-1 is an endogenous MAPK inhibitor (Nag et
al., 2009; Suzuki et al., 2010b). Moreover, Ang-2 is a natu-
rally occurring inhibitor of Ang-1 (Nag et al., 2009). Blood-
brain barrier disruption after subarachnoid hemorrhage
was associated with downregulation of Ang-1 and MAPK
phosphatase-1, activation of MAPKs, and upregulation of
VEGE-A, whereas the restoration of the damaged blood-
brain barrier was associated with MAPK phosphatase-1 in-
duction, MAPK inactivation, and VEGF-A downregulation
(Suzuki et al., 2010b). However, expressions of VEGF-B
and Ang-2 were unchanged after subarachnoid hemorrhage
(Suzuki et al., 2010b). The remarkable thing is that recom-
binant osteopontin could regulate theses molecules toward
preserving and restoring the blood-brain barrier (Suzuki et
al., 2010b).

In addition to osteopontin, VEGF-B, Ang-1 and MAPK
phosphatase-1, activation of B-catenin transcription may be
a promising therapeutic target for maintaining blood-brain
barrier integrity as a kind of endogenous protective mech-
anisms against blood-brain barrier disruption. p-catenin is
an adherens junction protein linking to the actin cytoskele-
ton, a part of blood-brain barrier, and is a Wnt pathway sig-
nal transducer in endothelial cells. Disruption of -catenin
leads to downregulation of tight junction proteins, blood-
brain barrier disruption, and neuroinflammation, which are
attenuated by activation of Wnt-p-catenin signaling (Tran
et al,, 2016). In fact, some interventions to stabilize -catenin
or promote B-catenin nuclear translocation were reported
to protect blood-brain barrier integrity by increasing the
expression of tight junction proteins (claudin-3, claudin-5,
occludin, and zonula occludens-1) and an adherens junc-
tion protein vascular endothelial-cadherin in experimental
subarachnoid hemorrhage animal models (Zuo et al., 2017).
However, aberrant activation of Wnt-B-catenin signaling
may accumulate B-catenin in the nucleus and promote the
transcription of many oncogenes, contributing to tumori-
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Figure 1 Schema of potential mechanisms (A) and signaling
pathways (B) of blood-brain barrier disruption after subarachnoid
hemorrhage (SAH).

CSD: Cortical spreading depolarization; EC: endothelial cell; JAK:
Janus kinase; MAPK: mitogen-activated protein kinase; MCP: matri-
cellular protein; MMP-9: matrix metalloproteinase-9; NF-kB: nuclear
factor kappa-light-chain-enhancer of activated B cells; PKC-cAMP:
protein kinase C-cyclic adenosine monophosphate; ROS: reactive oxy-
gen species; STAT: signal transducer and activator of transcription; TJ:
tight junction; TLR4: Toll-like receptor 4; VEGF-A: vascular endotheli-
al growth factor-A.

genesis and tumor progression of several cancers (Shang et
al., 2017). Although it is unknown whether B-catenin as a
part of blood-brain barrier provides tumorigenesis, further
studies are needed.

Perspective

Many pathways have been reported to disrupt the blood-
brain barrier after subarachnoid hemorrhage, but the exact
mechanisms remain unclear. In addition, lots of therapies to
prevent endothelial cell apoptosis and to preserve tight junc-
tion proteins have been proposed in experimental subarach-
noid hemorrhage studies, but not decisive in subarachnoid
hemorrhage in a clinical setting. Possibly, multiple inde-
pendent and/or interconnected signaling pathways may be
involved in blood-brain barrier disruption after subarach-
noid hemorrhage with complex pathogeneses, and therefore
it may be difficult to block only one specific molecule and
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then to prevent or treat blood-brain barrier disruption after
subarachnoid hemorrhage in vivo. Thus, further discovery
of novel therapeutic targets against blood-brain barrier dis-
ruption would contribute and lead to improving outcomes
in patients with subarachnoid hemorrhage. Further strict
experimental as well as clinical studies are needed to prove
that treatments against blood-brain barrier disruption im-
prove outcome of subarachnoid hemorrhage patients (Suzu-
ki and Nakano, 2018).
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