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Abstract

Brain inflammation may play an important role in the pathophysiology of early brain injury after
subarachnoid hemorrhage (SAH). Our aim was to demonstrate brain inflammation development and
to determine whether isoflurane, a clinically available volatile anesthetic agent, prevents brain
inflammation after SAH. This study used 162 8-week-old male CD-1 mice. We induced SAH with
endovascular perforation in mice and randomly assigned animals to sham-operated (n=21), SAH
+vehicle-air (n=35) and SAH+2% isoflurane (n=31). In addition to evaluation of brain injury
(neurological scores, brain edema and Evans blue dye extravasation), brain inflammation was
evaluated by means of expression changes in markers of inflammatory cells (ionized calcium binding
adaptor molecule-1, myeloperoxidase), cytokines (tumor necrosis factor [TNF]-a, interleukin-1p),
adhesion molecules (intercellular adhesion molecule [ICAM]-1, P-selectin), inducers of
inflammation (cyclooxygenase-2, phosphorylated c-Jun N-terminal kinase [p-JNK]) and endothelial
cell activation (von Willebrand factor) at 24 hours post-SAH. Sphingosine kinase inhibitor (N, N-
dimethylsphingosine [DMS]) and sphingosine-1-phosphate receptor-1/3 antagonist (VPC23019)
were used to block isoflurane’s effects (n=22, each). SAH caused early brain injury, which was
associated with inflammation so that all evaluated markers of inflammation were increased.
Isoflurane significantly inhibited both brain injury (P<0.001, respectively) and inflammation
(myeloperoxidase, P=0.022; interleukin-1p, P=0.002; TNF-a, P=0.015; P-selectin, P=0.010;
ICAM-1, P=0.016; p-JNK, P<0.001; cyclooxygenase-2, P=0.003, respectively). This beneficial
effect of isoflurane was abolished with DMS and VVPC23019. Isoflurane may suppress post-SAH
brain inflammation possibly via the sphingosine-related pathway.
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Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is a life-threatening disease carrying the risk of
sudden death of 12.4% before receiving medical intervention (Huang and van Gelder, 2002)
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while a majority of deaths occur within the first 48 hours post ictus owing to the impact of the
initial bleeding (Broderick et al., 1994). Subarachnoid blood, elevation of intracranial pressure,
and reduced cerebral perfusion initiate an acute injury cascade such as microvascular
disturbance and inflammatory reaction, leading to early brain injury (EBI), one of the important
causes of unfavorable outcomes after SAH (Sehba and Bederson, 2006; Fujii et al., 2013).

Isoflurane is a volatile anesthetic and a lipophilic molecule (Antkowiak, 2001). We reported
that 2% isoflurane prevented post-SAH neuronal apoptosis and blood-brain barrier (BBB)
disruption through sphingosine-related pathway activation (Altay et al, 2012a, 2012b).
Preconditioning with isoflurane was also reported to reduce lipopolysaccharide-induced
inflammation in vivo (Plachinta et al., 2003). However, it remains undetermined whether
isoflurane post-treatment prevents brain inflammation in an acute stage of SAH. In this study,
thus, we examined effects of post-treatment isoflurane on brain inflammatory markers after
SAH in mice and whether the treatmant mechanism involved the sphingosine-related pathway,
which was verified by using a sphingosine kinase (SphK) inhibitor and a sphingosine-1-
phosphate (S1P) receptor-1/3 (S1P1/3) antagonist (VPC23019).

Material and Methods

Experimental Design and Animal Groups

The animal and ethics review committee at Loma Linda University approved all protocols.
One hundred sixty two 8-week-old male CD-1 mice (30-38g; Charles River, Wilmington, MA)
were used.

To examine whether isoflurane attenuated EBI and brain inflammation after SAH, animals
were randomly divided into 3 groups, and evaluated at 24 hours: sham-operated+30% O,+70%
medical air (O,-medical air; sham group, n=21), SAH+O,-medical air (vehicle group, n=35)
and SAH+2% isoflurane (isoflurane group, n=31).

To confirm that isoflurane had anti-inflammatory effects on brain after SAH, we used a potent
and specific SphK inhibitor, N, N-dimethylsphingosine (DMS) and a S1P1- and S1P3- receptor
antagonist, VPC23019, both of which were reported to block isoflurane’s action on post-SAH
brain. Animals were randomly divided into 4 groups, and evaluated at 24 hours post-SAH:
dimethyl sulfoxide (DMSO; a vehicle)+sham-operated+0,-medical air (n=13), DMSO+SAH
+2% isoflurane (n=18), DMS+SAH+2% isoflurane (n=22), and VPC23019+SAH+2%
isoflurane (n=22).

Mouse SAH Model

SAH endovascular monofilament model was produced as described previously (Altay et al.,
2012a). Briefly, animals were anesthetized with an intraperitoneal injection of ketamine/
xylazine (100/10mg/kg). A sharpened 4-0 monofilament nylon suture was advanced through
the internal carotid artery (ICA) to perforate the anterior cerebral artery. In the sham surgery,
the filament was advanced 5mm through the ICA without perforating the artery. Body
temperature was kept constant (37.5+0.5°C) during the operation.

Drug Administration

One hour after SAH induction, 2% isoflurane (Baxter, Deerfield, IL) was continuously
administered for 1 hour with O,-medical air.

DMS (Enzo, Plymouth Meeting, PA; final concentration, 0.1719/0.5pL) and VPC23019
(Avanti Polar Lipids Inc., Alabaster, Alabama; final concentration, 0.2619/0.5pL) were
automatically infused at a rate of 0.1pL/minute intracerebroventricularly, 60 minutes before
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the SAH induction, because there was little information if the both drugs can pass the BBB.
The dose for intracerebroventricular injections was determined based on our previous studies
(Altay etal., 2012a, 2012b). The vehicle groups were given the same volume (0.5pL) of DMSO
(1.1g/mL/kg) diluted in phosphate-buffered saline (PBS). Mice were placed in a head holder
(Stoelting Stereotactic Instrument, Wood Dale, IL) and a 26s-gauge needle of a 10p.L Hamilton
syringe (Microliter #701; Hamilton, Reno, NV) was inserted through a burr hole perforated on
the skull into the right lateral ventricle using the following coordinates relative to bregma:
0.1mm posterior; 0.9mm lateral; and 3.1mm below the horizontal plane of bregma (Hirt et al.,
2004). The needle was removed 10 minutes after completion of the infusion, and the burr hole
was quickly plugged with bone wax.

Severity of SAH

The severity of SAH was blindly evaluated using the SAH grading scale at sacrifice (Altay et
al., 2012a, 2012b). The SAH grading system was as follows: the basal cistern was divided into
six segments, and each segment was allotted a grade from 0 to 3 depending on the amount of
subarachnoid blood clot in the segment; grade 0, no subarachnoid blood; grade 1, minimal
subarachnoid blood; grade 2, moderate blood clot with recognizable arteries; and grade 3, blood
clot obliterating all arteries within the segment. The animals received a total score ranging from
0 to 18 after adding the scores from all six segments. Thirteen mice with SAH grading scores
<7, which had no significant brain injury (Altay et al., 2012a, 2012b) were excluded.

Mortality and Neurological Scores

We calculated mortality at 24 hours after SAH. Neurological score was blindly evaluated at
24 hours after SAH as previously described (Altay et al., 2012a, 2012b: Supplementary
Material and Methods).

Brain Water Content and BBB Disruption

Brain water content (n=7 per group) (Altay et al., 2012a, 2012b) and Evans blue dye
extravasation (n=6 per group) (Manaenko et al., 2011) were measured as previously described
(Supplementary Material and Methods).

Western Blotting

We isolated and collected the left cerebral hemisphere (perforation side) at 24 hours after SAH
(n=5 per group in the first study; n=6 per group in the second study). Western blotting was
performed as previously described (Altay et al., 2012a, 2012b) using the following primary
antibodies: anti-phospho-c-Jun N-terminal kinase (JNK), anti-myeloperoxidase (MPO), anti-
P-selectin, anti-interleukin (IL)-18, anti-tumor necrosis factor (TNF)-a (1:200, Santa Cruz
Biotechnology, Santa Cruz, CA), anti-intercellular adhesion molecule (ICAM)-1 (1:1000,
Millipore, Temecula, CA) and anti-cyclooxygenase (COX)-2 (1:1000, Abcam, Cambridge,
MA\) antibodies.

Immunofluorescence

Animals were euthanized 24 hours after surgery and brains were processed (n=3 per group) as
previously described (Altay et al., 2012a). Ten-micron-thick coronal sections at the level of
bregma 1mm (caudally) were cut on a cryostat (LM3050S; Leica Microsystems, Bannockburn,
[11). Double-fluorescence labeling was performed using the following primary antibodies: anti-
von Willebrand factor (vWF; 1:400, Abcam, Cambridge, MA) and anti-P-selectin (1:200, Santa
Cruz Biotechnology, Santa Cruz, CA) antibodies. Besides, anti-ionized calcium binding
adaptor molecule (iba)-1 antibody (1:50, Abcam, Cambridge, MA) was applied and stained
alone.
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Neurological scores were expressed as median+25th to 75th percentiles and other data were
expressed as mean+SD. After confirming that each population being compared followed a
normal distribution using Barlett’s tests, neurological scores were analyzed using Kruskal-
Wallis test, followed by Tukey’s multiple comparisons. Other statistical differences were
analyzed using unpaired t tests and one-way analysis of variance (ANOVA) with Tukey-
Kramer post hoc tests. Differences in mortality were tested using Fisher’s exact tests or chi-
square tests as appropriate. P<0.05 was considered statistically significant.

Isoflurane prevents post-SAH brain injury and inflammation

Mortality rate was not significantly different between the SAH groups (vehicle, 32.3% [10 of
31 mice]; and isoflurane, 22.2% [6 of 27]). No sham-operated mice died. SAH grade was
equivalent between the groups (P=0.657). SAH significantly aggravated neurological scores,
brain edema and Evans blue dye extravasation in the left cerebral hemisphere compared with
the sham group (P<0.05, respectively), which were all significantly ameliorated by the
isoflurane treatment (P<0.001, respectively) as shown in our previous studies (Fig. S1) (Altay
et al., 2012a, 2012b).

Western blot analyses showed that SAH increased expression levels of neutrophils marker
MPO in the left cerebral hemisphere compared with the sham (P<0.001), which was
significantly suppressed by isoflurane (P=0.022; Figure 1A). Immunofluorescence showed
that SAH also significantly increased activated microglia/macrophages (immunopositive for
iba-1) in the left cerebral hemisophere, which was also inhibited by isoflurane (Figure 1B).
Consistent with these results, expression levels of cytokines (IL-1B, TNF-a; Figure 2), adhesion
molecules (P-selectin, ICAM-1; Figure 3) and intracellular mediators of inflammation (p-JNK,
COX-2; Figure 4) were significantly higher in the vehicle group than in the sham group
(P<0.001, P<0.001, P=0.003, P=0.047, P<0.001, P<0.001, respectively), and were
significantly suppressed in the isoflurane group (P=0.002, P=0.015, P=0.010, P=0.016,
P<0.001, P=0.003, respectively). The expression of P-selectin was colocalized with endothelial
cells, displaying VWF in the left cerebral hemisphere (Figure 3C).

DMS and VPC23019 block anti-inflammatory effects of isoflurane

No sham-operated mice died. Mortality rate was not significantly different among the DMSO
+SAH+2% isoflurane (23.5 %, 4 of 17 mice), DMS+SAH+2% isoflurane (35%, 7 of 20) and
VPC23019+SAH+2% isoflurane (35%, 7 of 20) groups. SAH grade also did not show
significant differences among the groups (P=0.701). Both DMS and VPC23019 treatments
significantly aggravated neurological scores (P<0.001, P=0.001, respectively) and brain edema
in the left cerebral hemisphere (P<0.035, P=0.05, respectively) compared with the vehicle-
treated SAH+2% isoflurane group as shown in our previous studies (Fig. S2) (Altay et al.,
2012a, 2012b). Both DMS and VVPC23019 treatments also increased ICAM-1 and IL-1p
expressions in the left cerebral hemisphere compared with the vehicle-treated SAH+2%
isoflurane group (P=0.004, P=0.045/P=0.003, P=0.038, respectively; Figure 5).

Discussion

In the present study, we showed consistent results when compared with previous publications
(Altay et al., 2012a, 2012b) that 2% isoflurane post-treatment improved neurological score,
brain edema, and BBB permeability after SAH in mice. In addition, we demonstrated that many
inflammatory mediators increased in the brain after SAH at 24 hours, and that isoflurane
prevented this inflammatory reaction.
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The presence of a blood clot in the subarachnoid space and local accumulation of luminal
platelet aggregates in parenchymal microvessels may initiate post-SAH inflammation (Sehba
et al., 2004; Friedrich et al., 2010). BBB dysfunction is also well known to occur after SAH
and may contribute to a “vicious circle” of the disease process: that is, it may allow greater
influx of blood-borne cells and substances into brain parenchyma and activate the inflammatory
response through a complex series of cellular and molecular events, thus amplifying
inflammation and leading to further parenchymal damage (Doczi, 1985; Zhang et al., 2012).
Experimental models using the magnetic resonance imaging techniques have shown a fall of
the apparent diffusion gradient as early as 2 minutes after SAH, demonstrating a global
ischemic insult and edema (Busch et al., 1998).

Vascular injury is associated with activation of the coagulation cascade and release of thrombin,
which activates cytokine/chemokine production (Szaba and Smiley, 2002; Chen-Roetling et
al., 2012). Monocyte-endothelial interactions are key initiating events for vascular
inflammation (Bolick et al., 2005; Hammond et al., 2012), and increase endothelial
permeability (Mehta and Malik, 2006). In the injured brain, macrophages are generally
recruited from the blood to sites of inflammation by chemokine gradients (Fathali et al.,
2013). Inaddition microglia function as the resident brain macrophage and microglia activation
is considered the hallmark of brain inflammation (Dheen et al., 2007; Simard et al., 2012).
Activated microglia cells are identified by the marker iba-1 (Schabitz et al., 2008). Activated
monocytes release cytokines such as TNF-a and IL-1f that mediate a variety of pathological
responses including neuroinflammation (Aggarwal, 2002). MPO, a member of the haeme
peroxidase-COX superfamily, is abundantly expressed in neutrophils (Klebanoff, 2005) and
is considered to play a role in the pathogenesis of endothelial dysfunction and brain
inflammation (Eiserich et al., 2002; Baldus et al., 2001). Adhesion molecules, such as P-
selectin and ICAM-1 that belong to the immunoglobulin superfamily are required for leukocyte
migration (Springer, 1990). Leukocyte-astrocyte interaction, via ICAM-1 stimulation, might
contribute to cerebral TNF-a production by astrocytes, and thus, participate in an amplification
of the inflammatory response (Etienne-Manneville et al., 1999). Moreover, TNF-a can affect
astrocytes by overexpression of ICAM-1, leading to a further enhancement of leukocyte
adhesion and activation (Etienne-Manneville etal., 1999). COX-2 an inducible isoform thought
to mediate inflammatory events in response to inflammatory stimuli, such as IL-18 and TNF-
a, is a critical factor in the cytotoxicity associated with inflammation (ladecola et al., 2001).
It has been also shown that the level of inflammatory cytokines, including IL-18 and TNF-a
were related to the severity of SAH and brain damage (Mathiesen et al., 1997). P-selectin as
an early mediator of BBB injury plays an essential role in the initial recruitment of leukocytes
(Del Conde et al., 2005): it is expressed on stimulated endothelial cells, and mediates the rolling
and loose tethering of leukocytes on the luminal surface of endothelia (Springer, 1990). vVWF
is a large adhesive glycoprotein that serves as a tool to assess the extent of endothelial cell
activation (van Mourik et al., 1999). TNF-a may stimulate the VWF release in plasma and on
the surface of endothelial cells to induce platelet aggregation and adhesion on the vascular
endothelium, describing a potential linkage between inflammation and thrombosis (Bernardo
et al., 2004) which may aggravate secondary ischemic brain damage (Balduini et al., 2004).
JNK is a member of the mitogen-activated protein kinase group, activated by cytokines
(Manning and Davis, 2003). JNK signaling has been shown to be involved in SAH-induced
BBB disruption (Yatsushige et al., 2007). Besides, it has been reported that IL-1f activation
causes BBB disruption partly via the JNK pathway in EBI after SAH in mice (Sozen et al.,
2009). Activation of INK may promote the binding and recruitment of neutrophils to the
vascular endothelium as well as neutrophil adhesion-dependent oxidant production (Kapitonov
etal., 2009).

Murine macrophages express only S1P1 and S1P2 receptors (Hughes et al., 2008). FTY 720,
a S1P receptor modulator, reduced macrophage infiltration into the peripheral nerves in
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experimental autoimmuneneuritis, which was accompanied by an increase in S1P1/5 and a
decrease in S1P3/4 receptor subtypes (Zhang et al. 2008). Others have demonstrated that
FTY720 reduced leukocyte infiltration into the central nervous system in experimental
autoimmune encephalomyelitis in vivo (Fujino et al., 2003). Besides that, S1P1 mediates
inhibitory effects on motility and trans-endothelial migration attributable to the coupling of
S1P2 to the G12/13/Rho pathway (Sugimoto et al., 2003). It has been reported that S1P may
inhibit actin filament reorganization in leading edges of neutrophil pseudopodia by acting
through the cell surface receptor, thus resulting in the inhibition of motility and trans-
endothelial migration (Kawa et al. 1997).

This study has revealed that isoflurane treatment after SAH decreases brain expression levels
of neutrophils marker MPO and early mediator of initial recruitment of leukocytes P-selectin,
which indirectly demonstrates reduced amount of leukocytes in injury sites. More specifically,
the results suggest that, isoflurane can attenuate leukocyte motility, trans-endothelial migration
and initiation of leukocyte-platelet-endothelial cell and neuroglial cell interactions by
activating the SphK-related pathway. Our previous studies demonstrated that 2% isoflurane
increased SphK1 in post-SAH brain (Altay et al., 2012a, 2012b). SphK1 generates S1P, which
binds to the receptor on macrophages, vascular endothelium and neuroglial cells, and it has
been reported that nanomolar concentrations of S1P activates a potent anti-inflammatory
signaling cascade to prevent initiation of inflammation in in-vitro and in-vivo studies (Taussef
et al. 2008; Hughes et al., 2008; Kawa et al. 1997; Bolick et al. 2005; Whetzel et al. 2006).
Consistently, SphK inhibitor DMS and S1P1/3 receptor inhibitor VPC23019 used in the present
study abolished anti-inflammatory effects of isoflurane.

This study has some limitations. First, this study demonstrated that isoflurane decreased brain
expression levels of marker of activated microglia cells/macrophages iba-1, suggesting reduced
monocyte activation in injury sites. As activated monocytes release cytokines that mediate
neuroinflammation (Aggarwal, 2002), microglia/macrophages may be a main source of the
changes in pro-inflammatory markers in this study. However, lack of the immunostaining data
does not allow us to exclude other possibilities. Secondly, we repeatedly reported that SAH
does not change brain SphK levels, but 2% isoflurane increases SphK1 in post-SAH brain
(Altay et al., 2012a, 2012b). As well, this study showed that SphK inhibitor DMS abolished
anti-inflammatory effects of isoflurane, indirectly suggesting isoflurane’s anti-inflammatory
effects through SphK upregulation. The direct demonstration, however, would support the
sphingosine-related mechanisms more surely. Lastly, reduced inflammatory reaction does not
necessarily mean the causative role of inflammation in post-SAH bran injury, and may merely
be a result of reduced brain injury. Sozen et al (Sozen, 2009) reported that an anti-
proinflammatory agent administered at 1 hour pot-SAH suppressed brain inflammation and
then prevented EBI in the endovascular perforation model of SAH in mice used in this study,
demonstrating the causative role of inflammation on post-SAH EBI and supporting the anti-
inflammatory effects of isoflurane in this study. However, it would be helpful in defining the
causative role to detail the time course of inflammatory mediator expression and neuronal
injury in this model. Anyway, the identification of anesthetics with properties that help to
attenuate post-SAH brain injury is clinically highly relevant, because the first step to treat
aneurysmal SAH is aneurysmal obliteration under general anesthesia. This study showed that
isoflurane is the good candidate. Further studies are warranted to elaborate the protocol of
isoflurane treatment.

Conclusion

This study investigated the mechanisms of isoflurane on brain inflammation. From the results
obtained in this study, we speculate that one possibility is that isoflurane may prevent
inflammation directly by activating the SphK-related/S1P1 pathway inhibiting leukocyte-
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platelet-endothelial cell interactions. On the other hand, we cannot exclude the possibility that
isoflurane’s anti-inflammatory action may turn out to be a secondary effect in such a scenario,
isoflurane may prevent EBI [neuronal apoptosis and BBB disruption (Altay et al., 2012a,
2012b)] firstly, and as a result, inflammation may be suppressed. However, even in this case,
isoflurane still may have some direct anti-inflammatory effects, because SAH by itself may
cause brain inflammation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

SAH Subarachnoid hemorrhage

EBI Early brain injury

SphK Sphingosine kinase

S1P Sphingosine 1-phosphate

S1P1/3 Sphingosine-1-phosphate receptor-1/3

BWC Brain water content

iba-1 lonized calcium binding adaptor molecule-1

MPO Myeloperoxidase

TNF-a Tumor necrosis factor-alpha

IL-1B8 Interleukin-1beta

ICAM-1 Intercellular adhesion molecule-1

COX-2 Cyclooxygenase-2

p-JNK Phosphorylated c-Jun N-terminal kinase

VWF von Willebrand factor

DMS N, N-dimethylsphingosine
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Figure 1.

Representative Western blots, quantitative analysis of MPO expression (n=5 per group) (A),

representative brain section and immunofluorescence for iba-1 (n=3 per group) (B) in the left
cerebral hemisphere at 24 hours after SAH. The protein band density values are calculated as
aratio of that of B-actin. Vehicle, SAH+vehicle-air group; 2% ISO, SAH+2% isoflurane group;
values, mean+£SD; *P<0.05, ANOVA.
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Figure 2.

Regpresentative Western blots and quantitative analysis of IL-13 (A) and TNF-a (B) expressions
in the left cerebral hemisphere at 24 hours after SAH. The protein band density values are
calculated as a ratio of that of -actin. Vehicle, SAH+vehicle-air group; 2% 1SO, SAH+2%
isoflurane group; n=>5 per group; values, mean£SD; *P<0.05, ANOVA.
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Figure 3.

Representative Western blots, quantitative analysis of P-selectin (n=5 per group) (A) and
ICAM-1 (n=5 per group) (B) expressions, representative brain section and double
immunofluorescence images showing the colocalization of P-selectin (red) with vWF (green)
(n=3 per group) (C) in the left cerebral hemisphere at 24 hours after SAH. The protein band
density values are calculated as a ratio of that of -actin. Vehicle, SAH+vehicle-air group; 2%
ISO, SAH+2% isoflurane group; values, meanSD; *P<0.05, ANOVA.
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Figure4.

Representative Western blots and quantitative analysis of p-JNK (A) and COX-2 (B)
expressions in the left cerebral hemisphere at 24 hours after SAH. The protein band density
values are calculated as a ratio of that of JINK or -actin. Vehicle, SAH+vehicle-air group; 2%
1SO, SAH+2% isoflurane group; n=5 per group; values, meantSD; *P<0.05, ANOVA.
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Figureb5.

Regpresentative Western blots and quantitative analysis of ICAM-1 (A) and IL-18 (B)
expressions in the left cerebral hemisphere at 24 hours after SAH. The protein band density
values are calculated as a ratio of that of 3-actin. 2% 1SO, 2% isoflurane group; n=6 per group;
values, mean+SD; *P<0.05, ANOVA.
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