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Abstract

Subarachnoid hemorrhage represents a serious disease with high mortality and morbidity. Two important areas are becoming the
central research interest of subarachnoid hemorrhage: cerebral vasospasm and early brain injury. The authors have reviewed the
major contributions in experimental subarachnoid hemorrhage documented in the medical literature in the past 5 years.

Treatments interfering with nitric oxide - or endothelin-pathways continue to show antispasmotic effects in experimental models of
subarachnoid hemorrhage. Inflammation and oxidative stress play a vital role in the pathophysiology of cerebral vasospasm.
Apoptosis, a relevant cause of early brain injury after subarachnoid hemorrhage, also underline the etiology of cerebral vasospasm.
Future research studies will continue to elucidate the pathophysiological pathways and treatment modalities targeting cerebral
vasospasm and early brain injury, enabling an improvement in outcome for patients with subarachnoid hemorrhage.
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Introduction

Aneurismal subarachnoid hemorrhage (SAH)
represents a serious disease that carries a high mortality
and morbidity [69]. The incidence is of approximately
10/100,000 people per year [39]. Approximately 11% of
the patients die before receiving medical attention,
additional 40% of the patients die within 4 weeks after
admission to hospital [23]. Up to 30% of the survivors
exhibit significant morbidity and will depend on others for
activities of daily living [69]. Nearly 50% of the survivors
develop cognitive dysfunctions in the long time and never
return to their previous status [33]. Despite the advances
in diagnosis and treatment of SAH, effective therapeutic
interventions are still limited and clinical outcomes remain
disappointing. There is substantial evidence that two main
issues contribute to the significant mortality and morbidity
associated with SAH: cerebral vasospasm (CVS) and
early brain injury (EBI). Cerebral vasospasm occurs
usually on day 3 after SAH, peaks at days 6 and 8, and
lasts for 2-3 weeks [70]. CVS has been considered the
major cause of high mortality and poor outcome [17], thus
researches have been primarily focused on vasospasm
and its sequelae during the last several decades.
Nevertheless, the success rate with regard to
improvement of outcome is limited [57]. In addition,
although around 70% of the patients may present

angiographic cerebral vasospasm after SAH, only about
30% will exhibit neurological deficits [17].

Whether the vasospasm is the only major cause
of significant mortality and morbidity associated with SAH
is questionable. More recently, early brain injury following
SAH has also been linked to mortality and morbidity in
SAH patients [7,21]. Early brain injury refers to the
immediate injury to the brain, within the first 72 h following
SAH. The underlying pathophysiological mechanisms
include the immediate global ischemic brain injury caused
by an acute increase in intracranial cerebral pressure and
decrease in cerebral blood flow, initiation of cell death
signaling, blood brain barrier breakdown, brain edema
and inflammation [5,8,10,35,51,68]. In this literature
review, we intend to realize an overview of the major
advances in experimental SAH, published during the last
10 vyears, with an emphasis on the major
pathophysiological pathways involved in the development
of vasospasm and early brain injury, as well as treatment
strategies targeting vasospasm and early brain injury.

Vasospasm and Nitric Oxide Pathway

The pathway of endothelial nitric oxide has been
implicated as a major pathophysiological mechanism for
the development of cerebral vasospasm [16,53]. NO,



produced by the endothelial nitric oxide synthase (eNOS)
in the cerebrovascular endothelium, diffuses to adjacent
smooth muscle cells and stimulates soluble guanylyl
cyclase (sGC), leading to generation of cGMP. cGMP
activates intracellular calcium channels, transporting free
Ca?* into intracellular compartment and relaxing smooth
muscle cells [16]. Vatter et al. aimed to characterize the
endothelium-NO-cGMP-dependent pathway of cerebral
arteries altered by delayed cerebral vasospasm, since the
efficacy of the treatment targeting vasospasm by
interfering with the NO-pathway at different levels seems
to be inconsistent [66]. The results suggested that the
endothelium- NO-cGMP  dependent relaxation is
morphologically and functionally preserved in the major
cerebral arteries during vasospasm in a rat model, by
immunohistochemical analysis of eNOS and sGC
expression and measuring the vasorelaxant effect of
sodium nitroprusside (SNP), acetylcholine and 8-bromo-
cGMP on rat BA ring segments.

Hence, the conclusion that treatment of cerebral
vasospasm aiming at the endothelium-NO-cGMP-
dependent pathway seems to be practicable [66]. Osuka
et al. showed that in a rat single-hemorrhage model,
eNOS was significantly activated in the basilar arteries at
an early stage after the onset of SAH, accompanied by
the upregulation of AMP activated protein kinase (AMPK
a) [52]. The AMPKa-eNOS signaling pathway could be
important in modulating cerebral blood flow in mild
vasospasm [52]. As therapeutic intervention, 17b-estradiol
benzoate (E2) was reported to attenuate vasospasm and
preserve the eNOS expression by activating estrogen
receptor subtype a (ERa) in a rat double-hemorrhage
model [38,62]. Furthermore, the same laboratory
demonstrated that E2 mediated vasoprotection through
inhibiting SAH-induced increase in expression levels of
inducible nitric oxide synthase (INOS) via NF-kB signaling
pathway [61].

Cerebral Vasospasm and Endothelin Pathway
Endothelin plays an important role in the
development of cerebral vasospasm after SAH.
Endothelin-1, a potent vasoconstrictor, was isolated from
cultured porcine endothelial cells by Yanagisawa and
colleagues in 1988 [73] and it acts by two specific
receptors, ET(A) and ET(B) [55]. Elevated levels of
endothelin have been found in the cerebrospinal fluid of
patient after SAH [71]. Activation of ET(A) receptor on the
vascular smooth muscle cells results in vasoconstriction,
whereas ET(B1) receptor subtype, expressed on the
vascular endothelial cells, mediates the vasorelaxant
effects of endothelin. ET(B2) receptor subtype is localized
on smooth muscle cells and causes vasoconstriction [76],
but the expression and function of the ET(B) receptor
subtypes after SAH is not well known. Vatter et al.
demonstrated an unchanged immunohistochemical
expression of the ET(B) receptor, which was observed
exclusively in the endothelium, during the development of
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delayed cerebral vasospasm in a rat double-hemorrhage
model [67]. Furthermore, they showed that sarafotoxin 6¢
(S6c), an ET (B) receptor agonist, did not cause
vasoconstriction under resting tension in basilar artery
segments. However, after preconstruction, activation of
ET(B) receptor by S6c results in a vasodilatation in sham-
operated rat, which decreased time-dependently after
SAH [67]. Thereby, a functionally relevant ET(B2)
receptor-mediated vasoconstriction of the
cerebrovasculature during vasospasm seems to be
absent [67]. In contrast, Ansar et al. reported that SAH
induces the upregulation of ET(B) receptor (mRNA and
protein levels) in the cerebrovascular smooth muscle cells
over the first 48 h in a rat single-hemorrhage model [1].

The discrepancy between the findings may relate
to differences in the SAH models (double- vs. single-
hemorrhage) and time point of ET(B) receptor
measurement (on day 3 and 5 vs. the first 48 h). In this
regard, further investigations are warranted. Schubert et
al. determined the role of endothelin in the acute phase
(the first minutes to hours) after SAH in a rat single
hemorrhage model.  Prophylactic treatment  with
clazosentan, the endothelin receptor antagonist, was
shown not to affect peracute cerebral perfusion pressure -
dependent hypoperfusion, but will block the continuous
cerebral blood flow reduction [58].

Cerebral Vasospasm and Hypoxia Inducible Factor-1
(HIF-1)

HIF-1 is a transcription factor involved in various
biological processes including energy metabolism,
angiogenesis, erythropoiesis, cell survival and apoptosis
[14,54]. HIF-1 is a key molecule in the pathophysiological
response to hypoxia and oxidative stress and regulates
more than 40 genes including vascular endothelial growth
factor (VEGF), erythropoietin, BNIP3, and glucose
transporter-1 [59]. Previous experimental data suggest
that HIF-1 may play a dual role by activating both
prosurvival and pro death pathways in the central nervous
system in the settings of ischemic stroke and cerebral
hemorrhage [3,22,28]. Likewise, HIF-1 protein expression
was shown to be upregulated on Day 7 after SAH in a rat
double-hemorrhage model [25]. Administration  of
deferoxamine (DFO), a HIF-1 activator, on Day 4
increased the HIF-1 protein expression and activity on
Day 7 and attenuated the basilar artery vasospasm in the
same SAH model [25]. However, Yan et al. reported that
HIF-1 protein expression and activity was significantly
increased at 24 h after SAH in a rat monofilament
puncture model. 2-Methxyestradiol (2ME2), a HIF-1
inhibitor, administered at 1 h after SAH attenuated
cerebral vasospasm and the neurological deficits [72].

It has been speculated that HIF-1 could also play
a prosurvival and pro death role in the context of SAH.
Activation of HIF-1 at an early stage after SAH may be
detrimental whereas HIF-1 stimulation at a later stage
could be neuroprotective. However, the HIF-1



downstream cascades mediating these beneficial and
detrimental effects after SAH remain to be further
elucidated.

Vasospasm and Inflammation

Substantial evidence implicates a critical role of
pro-inflammatory cascades in the development and
maintenance of cerebral vasospasm after SAH [18].
Administration of simvastatin after onset of SAH was
shown to attenuate vasospasm and decrease
perivascular granulocyte migration at 72 h after SAH in a
single-hemorrhage model, suggesting the efficacy of
simvastatin targeting vasospasm may dependent on its
anti-inflammatory effects [46]. Zhou et al. demonstrated
that SAH induces an increase in the NF-kB DNA-binding
activity and the mRNA levels of TNFa, IL-1b, intercellular
adhesion molecule-1 and vascular cell adhesion
molecule-1 on Day 5 after SAH in a double-hemorrhage
model [70].

The administration of pyrrolidine dithiocarbamate
(PDTC), a NF-kB inhibitor, reversed the aforementioned
SAH-induced effects and attenuated the vasospasm after
SAH, indicating NF-kB mediated pro-inflammatory
response in SAH may contribute to the development of
cerebral vasospasm [75]. N-benzyl-oxycarbonyl- Val Ala
Asp-fluoromethyl ketone (Z-VAD-FMK), a caspase
inhibitor, was shown to reduce the cerebral vasospasm on
Day 2 after SAH in a rabbit single-hemorrhage model,
which is associated with a decrease in the IL-1b release
into the cerebrospinal fluid and the levels of caspase-1
and IL-1b in macrophages infiltrating into the
subarachnoid space [27].

Monocyte chemoattractant protein-1(MCP-1), a
potent chemokine attracting macrophage, has been
implicated in the detrimental inflammatory processes
associated with stroke and other disorders in the central
nervous system [11,34]. Lu et al. found that the mRNA
and protein levels of MCP-1 increased in a parallel time
course to the development of cerebral vasospasm
(peaked on day 5) in a rat double-hemorrhage model,
suggesting that specific MCP-1 antagonists may be
beneficial to prevent vasospasm caused by SAH [41].
Experimental data from Bowman et al. indicates that
inflammatory cytokines, in particular IL-6, are involved in
the development of vasospasm in the rat femoral artery
model [6].

Cerebral Vasospasm / Early Brain Injury and
Oxidative Stress

Superoxide anion levels in the cerebrospinal fluid
have been shown to be increased parallel to the
development of cerebral vasospasm [47]. Treatment
strategies inhibiting free radical generating enzymes or
scavenging free radical have been reported to attenuate
vasospasm in animal models of SAH [4,26,45]. Karaoglan
et al. demonstrated that resveratrol, a stilbene polyphenol
and tyrosine kinase inhibitor, reduced SAH-induced
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cerebral vasospasm in a rat single-hemorrhage model.
This protective effect is associated with decreased lipid
peroxidation levels in brain and serum, and increased
superoxide dismutase expression compared to the
untreated group [30].

Hypersensitivity of the basilar artery to hydroxyl
radicals has been implicated to underlie the pathogenesis
of cerebral vasospasm after SAH [48]. Furthermore, free
radicals can damage neurons and other major cell types
in the brain by enhancing lipid peroxidation, protein
oxidation and degradation, and DNA damage, which
results in endothelial injury and blood brain barrier (BBB)
breakdown by initiating apoptotic cascades or necrosis
processes [2,37,42).

Inhibition of oxidative stress has been shown to
prevent apoptosis and BBB permeability. Recently,
Ersahin et al. showed that administration of antioxidant
melatonin prevented BBB breakdown, reduced brain
edema and neurological deficits in a rat single-
hemorrhage model [20]. Using transgenic rats, Endo et al.
demonstrated that reduction in oxidative stress by
superoxide dismutase (SOD) over expression results in
decreased apoptosis in an endovascular perforation SAH
model [19]. In addition, this antiapoptotic effect
contributed to the activation of Akt/glycogen synthase
kinase-3beta (GSK-3b) signaling pathway [19]. Another
antioxidant, Mexiletine was shown to attenuate apoptosis
of endothelial cells and prevent cerebral vasospasm in a
rabbit single hemorrhage model [60], suggesting a cross-
talk between vasospasm and early brain injury and that
the attenuation of vasospasm may be contributed at least
partially to the preservation of endothelium integrity due to
the reduction in oxidative stress.

Cerebral Vasospasm and Apoptosis

Apoptosis is one of the major pathophysiological
components of early brain injury, and may also play a
significant role in the etiology of cerebral vasospasm in
the setting of SAH. Zhou et al. demonstrated previously
that treatment with caspase inhibitors reduced endothelial
apoptosis and vasospasm in a dog model of experimental
SAH [74].

Recombinant human erythropoietin (rhEPQ) has
been shown to attenuate the vasospasm in a rabbit
double-hemorrhage model by inhibiting the endothelial
apoptosis and these beneficial effects may be mediated
by the activation of JAK2/STAT3 signaling pathway [13].
Likewise, JAK2 has been shown to be activated in the
arterial wall after SAH and inhibition of JAK2 by AG490
aggravated the endothelium apoptosis and cerebral
vasospasm by downregulation of bcl-2 and bel-xL [12].

Reduction in apoptosis by administration of PFT-
a, a p53 inhibitor, results in preventing severe cerebral
vasospasm and blood brain barrier (BBB) breakdown in a
rat monofilament puncture model of SAH by down-
regulating caspase 8, cytochrome C, apoptosis inducing
factor (AIF) and caspase 3 in the basilar arteries [9]. The



mentioned study results and previously experimental data
implicate that prevention of apoptosis might attenuate
cerebral vasospasm after SAH [8,12,13,56].

One of the possible mechanisms could be the
reduced function of endothelial cells in SAH to prevent
smooth muscle cell proliferation and vasoconstriction by
generating inhibiting factors such as endothelial NO
synthase or absence of endothelial vasodilative ET(B)
receptor-mediated vasorelaxation due to the endothelial
cell injury. Further studies are warranted to explore the
cross talk between early brain injury and cerebral
vasospasm after SAH.

Statin and Cerebral Vasospasm

Previous experimental and clinical studies have
suggested that treatment with 3-hydroxy-3-methylglutaryl
coenzyme A (HMGCoA) reductase inhibitors, also
referred to as statins, promotes endothelial function, and
reduces cerebral vasospasm in the setting of SAH
[36,43,44,49]. Recently, Sugawara et al. demonstrated
that the administration of simvastatin attenuated cerebral
vasospasm and improved neurological outcomes in a rat's
SAH endovascular perforation model. Moreover, this
simvastatin-mediated neuroprotection depends on the
activation of PI3K/Akt/eNOS pathway [63]. Prophylactic
treatment with atorvastatin has been shown to reduce
apopto apoptotic cell death, prevent blood brain barrier
disrupt, attenuate cerebral vasospasm and improve
neurological outcome in a rat perforating SAH model.

Down regulation of caspase 3 and caspase 8
may  contribute to  the  atorvastatin-induced
neuroprotection in the context of SAH [15].

Thrombin and Cerebral Vasospasm

Thrombin, a serine protease coagulation protein,
has been previously implicated in the pathogenesis of
cerebral vasospasm after SAH and blood brain barrier
permeability in animal models of ischemic stroke and
intracerebral hemorrhage [32,50]. Thrombin activity in
patient cerebrospinal fluid has been shown to coincide
with the development of cerebral vasospasm and the
degree of SAH [31]. Inhibition of thrombin activity by
antithrombin Il attenuated cerebral vasospasm, which
associated with decreased immunoactivity of MAPK in
smooth muscle cells of basilar artery [65]. Recently, Kai et
al. Demonstrated that inhibition of proteinase activated
receptor 1 (PAR1), which mediates thrombin’s vascular
effects [24], by E5555 blocked the upregulation of PAR1
expression and the hypercontractile response of the
basilar artery to thrombin in a rabbit double-SAH model
[29]. Moreover, the administration of argatroban, a direct
thrombin inhibitor, has been shown to prevent early brain
injury after SAH in a rat intravascular perforation model,
including reduction in cell death, brain edema and
expression of inflammatory marker, and preservation of
BBB integrity [64].
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These new data further provide evidence that
inhibiton ~ of  thrombin  may  exhibit  powerful
neuroprotection in the setting of SAH by targeting both
cerebral vasospasm and early brain injury, the two major
events of SAH, which contribute to the significant mortality
and morbidity of SAH.

Conclusion

Research efforts with regard to SAH during the
last 10 years have been continued focusing on exploring
the pathogenesis of cerebral vasospasm and more
recently, that of early brain injury. Endothelium- NO-
cGMP dependent vasodilatation appears to be conserved
in the major cerebral arteries during cerebral vasospasm
and treatment strategies interfering this pathway seem to
be practicable.

Endothelin appears to play a significant role not
only in the development of delayed cerebral vasospasm,
but also in the acute vasoconstriction after SAH.
Prophylactic endothelin antagonism has been shown to
prevent the acute hypoperfusion after SAH. The role of
endothelin B receptor subtype after SAH remains to be
clarified.

HIF-1 seems to play a dual role in the setting of
SAH. Inhibition of HIF-1 at early stage and activation of
HIF-1 at later stage have been shown to prevent
vasospasm after SAH. Further researches to evaluate the
involved HIF-1 downstream cascades are warranted.

The inflammatory response as well as oxidative
stress associated to SAH may play biphasic roles in the
pathophysiology after SAH, as it has been suggested for
ischemic stroke [40]. Pro-inflammatory reactions and free
radicals at acute stage of SAH may contribute to cell
death and cerebral vasospasm, whereas they might be
required for neurovascular remodeling and neurogenesis
in later stage. In this regard, further studies are needed to
elucidate the time course and evaluate the optimal time
windows for treatment targeting the inflammatory
reactions and oxidative stress after SAH.

Early brain injury and cerebral vasospasm are
the two major components contributing to brain injury after
SAH. Cell death after SAH plays an important role not
only in the long-term morbidity of SAH, but also possibly
in the etiology of cerebral vasospasm.

Cerebral vasospasm in turn results in
hypoperfusion of the related brain areas and may also
trigger cell death processes. Molecular pathways
underlying early brain injury after SAH remains further to
be elucidated. Given the complexity of the pathogenesis
in SAH, therapeutic modalities interfering with different
pathophysiological pathways of SAH, and interventions
targeting both cerebral vasospasm and early brain injury
appear to be more desirable.
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