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Subarachnoid Hemorrhage and Sevoflurane

ABSTRACT

without clear mechanisms, such as apoptosis, degeneration, 
inflammation, and energy failure (37). Designing the anesthetic 
plan for some surgical procedures (cardiopulmonary bypass, 
carotid surgery, and cerebral aneurysm surgery) and clinical 
situations (subarachnoid hemorrhage, stroke, brain trauma, 
and post-cardiac arrest resuscitation) for protecting the central 
neural system (CNS) is a priority (37). However, at present, 
available experimental data do not support the selection of 
any anesthetic agent over the others. Sevoflurane is gaining 
popularity in clinical neuroanesthesia practice in recent years. 
Considering the large number of surgical patients receiving 
sevoflurane anesthesia (29), it has proven to reduce periop-
erative morbidity and mortality (20,21).

When investigating animal studies in the literature, it is confus-
ing to say which dose and duration of volatile anesthetic pro-
vides the largest therapeutic benefit. Also, to our knowledge 
no study exists of SAH treatment with sevoflurane. Therefore, 
we focused on the effects of sevoflurane application, and 

█    INTRODUCTION

Subarachnoid hemorrhage (SAH) remains a life-threat-
ening disease despite progress in diagnostics and 
treatment with early neurosurgical intervention (4). Early 

brain injury (EBI) as a poor outcome occurs within 48 hours 
following cerebral aneurysm rupture that includes increased 
intracranial pressure (ICP), blood–brain barrier (BBB) disrup-
tion, brain edema formation, oxidative stress, and activation of 
inflammatory and apoptotic pathways (39,40). Early neuropro-
tective interventions for possible clinical use to treat EBI after 
SAH are needed urgently. Targeting apoptosis and inflamma-
tion may be an innovative treatment strategy to improve the 
outcome after SAH.

Available data indicate that anesthetic drugs such as barbitu-
rates, propofol, xenon and most volatile anesthetics (halothane, 
isoflurane, desflurane, sevoflurane) show neuroprotective 
effects that protect cerebral tissue from adverse events 

AIM: To examine whether post-treatment sevoflurane is protective against early brain injury (EBI) after subarachnoid hemorrhage 
(SAH) and how this neuroprotective effect occurs at different concentrations and durations of administration in mice. Furthermore, 
we tested whether the neuroprotective effect of post-treatment sevoflurane is associated with inhibition of apoptosis. 
MATERIAL and METHODS: SAH was induced in mice by endovascular perforation. Animals were randomly assigned to five groups 
in each study. Study 1, sham-operated; SAH+vehicle-air; and SAH+1.5% sevoflurane for 30, 60, and 90 min. Study 2, SAH+3% 
sevoflurane for 30, 60, and 90 min. Study 3, SAH+4.5% sevoflurane for 30, 60, and 90 min. Neurobehavioral function and brain 
edema (brain water content) were evaluated 24 h after SAH. Neuroglial cell death was examined by terminal deoxynucleotidyl 
transferase-mediated uridine 5′-triphosphate-biotin nick end-labeling (TUNEL) staining.
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function, brain edema, and attenuated neuronal cell death in the basal cortex at 24 h after SAH.
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examined whether sevoflurane post-treatment is protective 
against EBI after SAH in mice and whether this neuroprotec-
tive effect depends on different concentrations with different 
exposure times and prevents brain apoptosis.

█    MATERIAL and METHODS
Experimental Design and Animal Groups

Animal care and all experiments were performed in concor-
dance with the European Communities Council Directive of 
November 24, 1986 (86/609/EEC) on the protection of animals 
for experimental use. All experimental procedures performed 
were reviewed and approved by the ethical committee of Saki 
Yenilli Experimental Animal Production and Research Labora-
tory local authority (Decision no: 01; Date: 02.07.2018). We 
used 117 eight-week-old male BALB/c mice (30–38 g; Saki 
Yenilli Experimental Animal Production and Research Labora-
tory, Mamak, Ankara) for the study.

To examine whether sevoflurane (AbbVie, Queenborough 
Kent, England) application attenuated EBI after SAH and 
which dose and duration had an anti-apoptotic effect, we 
used three different concentrations and exposure times.

Animals were randomly divided into five groups in each 
study, and evaluated at 24 hours (h): Study 1 included sham-
operated+30% O2+70% medical air (O2-medical air; 24-h, 
n=9), SAH+O2-medical air (24-h, n=13), and SAH+1.5% 
sevoflurane+O2-medical air (24-h) for 30 (n=12), 60 (n=11), 
and 90 (n=13) minutes (min). Study 2 included SAH+3% 
sevoflurane+O2-medical air (24-hour) for 30 (n=11), 60 
(n=11), and 90 (n=13) min. Study 3 included SAH+4.5% 
sevoflurane+O2-medical air (24-hour) for 30 (n=8), 60 (n=8), 
and 90 (n=9) min.

Mouse SAH Model

An SAH endovascular monofilament model was produced, as 
previously described (1,2). Briefly, animals were anesthetized 
with an intraperitoneal injection of ketamine/xylazine (100/10 
mg/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 5 mm through the ICA without perforating the 
artery. Body temperature was kept constant (37.5°C ± 0.5°C) 
during the operation.

Drug Administration

The three concentrations of sevoflurane+O2-medical air 
were administered continuously beginning 1 hour after SAH 
induction in the three study groups.

Severity of SAH

The severity of SAH was blindly evaluated using the SAH 
grading scale at sacrifice (1,2). For the SAH grading system, 
the basal cistern was divided into six segments, and each 
segment was allotted a grade of 0–3 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 of 0–18 after adding the 
scores from all six segments. Four mice with SAH grading 
scores ≤7 and no significant brain injury were excluded (1,2).

Mortality and Neurologic Scores

We calculated mortality at 24 h after SAH. Neurologic 
score was blindly evaluated at 24 h after SAH as described 
previously (1,2). Evaluation consisted of six tests scored 0–3 or 
1–3, including tests on spontaneous activity, symmetry in the 
movement of all four limbs, forelimbs outstretching, climbing, 
side stroking, and response to vibrissae (whisker stimulation). 
Animals were given a score of 3–18 in 1-number steps (higher 
scores indicated greater function).

Brain Water Content (BWC)

Brains were quickly removed and separated into the left and 
right cerebral hemispheres, cerebellum, and brain stem, and 
weighed (wet weight) at 24 h (n=6 per group) postoperatively. 
Next, brain specimens were dried in an oven at 105°C for 72 h 
and weighed again (dry weight). The percentage of BWC was 
calculated as ([wet weight-dry weight]/wet weight) ×100% 
(1,2).

Terminal Deoxynucleotidyl Transferase-mediated Uridine 
5’-Triphosphate-biotin Nick End-labeling (TUNEL) Staining

Animals were euthanized 24 h postoperatively and brains were 
processed as described previously (1,2). Coronal sections (10-
µm thick) at the level of the bregma 1 mm (caudally) were cut 
on a cryostat (Leica Microsystems, Wetzlar, Germany). TUNEL 
staining was performed with an in situ cell death detection 
kit (Roche, Mannheim, Germany). TUNEL-positive cells were 
counted in three fields per case at ×400 magnification and 
expressed as the mean number of TUNEL-positive cells/mm2 
with a fluorescence microscope.

Statistical Analysis

Data were expressed as mean ± standard deviation (SD). After 
confirming that each population being compared followed 
a normal distribution using Shapiro-Wilk W tests, statistical 
differences were analyzed using unpaired t-tests or one-way 
analysis of variance (ANOVA) followed by Tukey-Kramer post 
hoc tests as appropriate. Differences in mortality were tested 
using Fisher’s exact or χ2 tests as appropriate. p<0.05 was 
considered statistically significant.

█    RESULTS
Mortality and SAH Grade

There were no deaths in the sham-operated group. The mor-
tality rate was not significantly different among the treatment 
groups given vehicle (4/13 mice, 30.7%), and 1.5% sevo-
flurane for 30 (3/12, 25%), 60 (2/11, 18.2%), and 90 (4/13, 
30/7%) min in study 1; 3% sevoflurane for 30 (2/11, 18.2%), 
60 (2/11, 18.2%), and 90 (4/13, 30.7%) min in study 2; and 
4.5% sevoflurane for 30 (2/8, 25%), 60 (3/9, 33.3%), and 90 
(3/9, 33.3%) min in study 3. No sham-operated mice died. 
There was no significant difference in SAH grade among the 
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vehicle and treatment groups at 24 h in each study (p=0.739, 
p=0.458, and p=0.612 in studies 1–3, respectively; Figure 
1A–C).

Effects of Sevoflurane on Neurologic Score and BWC

In this study, neurologic score was not deteriorated in the 
sham group, and was significantly lower in the vehicle group 
compared to the groups given sevoflurane 1.5% for 60 min 
(p<0.001) and 3% for 30 and 60 min (p<0.001 and p<0.001, 
respectively). Therefore, a significant neurologic improvement 
was observed in these treatment groups at 24 h after SAH. 
However, there were no significant differences between the 
vehicle group and those given sevoflurane 1.5% for 30 and 
90 min in study 1 (p=0.067 and p=0.810, respectively), 3% 
for 90 min in study 2 (p=0.730), and 4.5% for 30, 60, and 90 
min in study 3 (p=0.943, p=0.999, and p=1.000, respectively; 
ANOVA; Figure 2A–C).

Brain edema is a common and important feature in EBI, is 
considered a major independent risk factor for poor outcome 
after SAH, and reflects disruption of the BBB evaluated 
with BWC (7). BWC was significantly higher in the vehicle 
compared to the sham groups and was significantly improved 
in the groups given sevoflurane 1.5% for 60 min (p<0.001) and 
3% for 30 and 60 min (p<0.001 and p<0.001, respectively) 
compared to the vehicle group. However, the groups given 
sevoflurane 1.5% for 30 and 90 min in study 1 (p=1.000 and 

p=0.545, respectively), 3% for 90 min in study 2 (p=0.567), 
and 4.5% for 30, 60, and 90 min in study 3 (p=1.000, p=0.592, 
and p=0.792, respectively) did not show beneficial effects 
on BWC at 24 h after SAH (ANOVA; Figure 3A–C). These 
results suggested that specific concentration and exposure 
time attenuate the SAH-induced neurologic deficit and brain 
edema.

Effects of Sevoflurane on Apoptosis in the Basal Cortex 
after SAH

We quantified apoptosis in the basal cortex using TUNEL 
staining at 24 h after SAH only in studies 1 and 2, because in 
study 3 we did not find a significant difference in neurologic 
score and BWC between the groups. The numbers of TUNEL-
positive cells were significantly higher in the vehicle than 
in the sham groups. Groups given sevoflurane 1.5% for 60 
min (p=0.011) and 3% for 30 and 60 min (p<0.001, p<0.001, 
respectively) showed decreased numbers of positive cells 
compared to the vehicle group (Figures. 4A-B, 5A-B). These 
results indicated that specific dose and exposure time 
attenuated the apoptosis induced by SAH in the basal cortex 
in EBI after SAH.

█    DISCUSSION
Different volatile anesthetic dose and duration protocols may 
manifest changing brain conditions, which may have good 

Figure 1: SAH grade (A, B, C) in studies 1, 2, 3 respectively, was evaluated at 24 hours after SAH. Values are mean ± SD; *p<0.05, 
ANOVA.

Figure 2: Neurologic scores (A, B, C) in studies 1, 2, 3 respectively, were evaluated at 24 hours after SAH. Values are mean ± SD; 
*p<0.05, ANOVA.
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Figure 5: Evaluation of TUNEL-positive cells in the ipsilateral basal cortex at 24 hours after SAH (Study 1). A) Immunofluorescence 
images showing the TUNEL (green)-positive cells. B) Quantitative analysis of TUNEL-positive neurons. Values are mean ± SD; *p<0.05, 
ANOVA.

Figure 3: Brain water content (A, B, C) in studies 1, 2, 3 respectively, was evaluated at 24 hours after SAH. Values are mean ± SD; 
*p<0.05, ANOVA.

Figure 4: Evaluation of TUNEL-positive cells in the ipsilateral basal cortex at 24 hours after SAH (study 1). B) Immunofluorescence 
images showing the TUNEL (green)-positive cells. B) Quantitative analysis of TUNEL-positive neurons. Values are mean ± SD; *p<0.05, 
ANOVA.
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subarachnoid hemorrhagic insults are mostly unpredictable. 
Therefore, post-treatment is more clinically feasible and is not 
tied to a specific time point.

The limiting factors for using higher concentrations of 
inhalational anesthetics in patients undergoing neurosurgery 
are the agents’ effects on cerebral blood flow (CBF) and 
cerebral blood volume (CBV), which are key determinants of 
ICP, and may add risk to neurosurgical patients (25). It has 
been reported that the average MAC was 1.71 ± 0.07% for 
isoflurane and 3.08 ± 0.4% for sevoflurane in domestic cats 
(38). No significant effect on CBF was reported by Fairgrieve 
et al. with 0.5, 1.0, and 1.5 MAC sevoflurane concentrations 
(9), and Satomoto et al. with 3% sevoflurane plus 60% 
oxygen for six hours (36). Kitaguchi et al. studied the effects 
of sevoflurane on the cerebral circulation of patients with 
symptomatic cerebrovascular disease and reported that 
carbon dioxide reactivity and pressure autoregulation were 
well maintained during 0.88 MAC sevoflurane/33% nitrous 
oxide anesthesia (17). However, Kaisti et al. reported that 
sevoflurane anesthesia is dose-dependent and induces a 
36%–53% decrease in CBF in all regions of the brain at 1 
MAC, and that 1.5 MAC sevoflurane does not significantly 
affect CBF velocity in healthy children (16). However, given 
the sustained increase in ICP, which persists in endovascular 
perforation models that mimic the clinical mechanism of artery 
rupture, sevoflurane might not contribute to ICP elevation for 
the rate of edema formation after SAH (22). However, effects 
of sevoflurane on CBF and CBV in the post-SAH brain remain 
undetermined. In addition, electroencephalographic (EEG) 
monitoring of normocapnic rabbits anesthetized with 1.0 MAC 
sevoflurane in 70% N2O revealed no spike or seizure activity 
(37).

Proposed mechanisms related to the neuroprotective effect of 
volatile anesthetic agents include upregulation of antiapoptotic 
factors, activation of ATP-dependent potassium channels, 
upregulation of nitric oxide synthase, reduction of excitotoxic 
stressors and cerebral metabolic rate, and augmentation of 
peri-ischemic CBF (27).

Apoptosis is involved in the pathogenesis of EBI after 
experimental SAH (5). Many factors such as global ischemia 
(32), microcirculatory disturbance (3), and subarachnoid blood 
toxicity (28), are involved in apoptosis-related mechanisms, 
including the death receptor pathway, caspase-dependent 
and -independent pathways, as well as the mitochondrial 
pathway, which are believed to have a role in SAH (12). It has 
been thought that glial cells are activated by signals originated 
from dying neurons, and these activated glial cells produce 
toxic inflammatory mediators that are responsible for further 
neuronal cell death (10,11,31). As a result, these activated 
molecular apoptotic pathways in neuroglia may induce brain 
edema, neurologic deficit, and higher mortality.

Previous studies showed that apoptotic-related pathway 
modulation by treatment could improve outcome in EBI after 
SAH (1,5,34). Antiapoptosis is one pivotal common mecha-
nism underlying the inhalational anesthetic-afforded neuro-
protection against ischemic injury (1,13,26), and it has been 
reported that sevoflurane postconditioning reduced apoptosis 

or bad effects on neuroglial cells. Therefore, there might be 
an optimal concentration and duration for neuroprotection, 
which also agrees with the results of one report showing that 
the neuroprotective effect of preconditioning with isoflurane 
depended on the doses (30). In our study, we confirmed 
that post-treatment sevoflurane reduced brain edema and 
improved neurologic scores after SAH in mice. We found 
that application of sevoflurane 1.5% for 60 min and 3% for 
30 and 60 min had a neuroprotective effect against EBI after 
SAH. However, sevoflurane 1.5% for 30 and 90 min, 3% 
for 90 min, and 4.5% for 30, 60, and 90 min did not show 
a neuroprotective effect. We suggested that post-treatment 
sevoflurane has potential for future clinical application 
and that the neuroprotective effect of sevoflurane occurs 
depending on concentration and duration after SAH. Although 
whether a higher concentration of >4.5%, exposure time of >2 
h, or multiple treatments for the long term, may provide better 
neuroprotection needs further study.

A growing number of studies have reported that pretreatment 
with 2.7% sevoflurane for 45 min (6), and 2% sevoflurane for 
60 min significantly reduced neurologic deficit in rats after 
middle cerebral artery occlusion (MCAO) (23). Another study 
has reported that 2.4% sevoflurane pretreatment for 60 min 
effectively improved spatial learning and memory ability in a 
focal cerebral ischemia animal model (14). Also, pretreatment 
with 2.7% sevoflurane for 30 min conferred neuroprotective 
effects in in vivo global cerebral ischemia showed that 2.4% 
sevoflurane pretreatment for 1 hour inhibited microglial 
activation and alleviated neuronal apoptosis caused by 
inflammatory reactions (24,33).

In addition to pretreatment intervention, emerging evidence 
has demonstrated that post-treatment with sevoflurane also 
provided neuroprotection. It has been reported that 30 min of 
2.5% sevoflurane post-treatment displayed neuroprotective 
effects via the phosphatidylinositide 3-kinase (PI3K)/AKT 
signaling pathway in neonatal hypoxia-ischemia–induced 
brain damage (19), and also 2.5% post-treatment sevoflurane 
for 60 min significantly reduced neurologic deficit after MCAO 
in rats (44). Likewise, post-treatment with sevoflurane (1.0 
minimum alveolar concentration [MAC] and 1.5 MAC) for 
30 min not only reduced infarct volume, but also improved 
learning and memory after MCAO in a rat model (42). In another 
study, 2.5% sevoflurane post-treatment for 90 min attenuates 
astrogliosis and glial scar formation after MCAO in a stroke 
model (45). Additionally, sevoflurane at 3% and 7% for 1 hour 
decreased TLR2 and TLR4 expression as well as significantly 
lowered tumor necrosis factor (TNF)–α and interleukin (IL)–6 
levels in human endothelial cell culture media at 24 hours (35).

According to these data, animal studies have shown that 
pretreatment and post-treatment sevoflurane can provide 
neuroprotective effects (41). However, no consensus has 
yet been reached to guide clinical practice of concentration, 
duration, and conditioning with sevoflurane in terms of 
neuroprotection. This problem is at least partly due to the 
lack of information concerning the duration and timing of 
anesthetic conditioning in the human system (18, 27). However, 
pretreatment in clinical use is limited since ischemic and 
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mechanisms for neuronal cells in early brain injury after 
subarachnoid hemorrhage. Acta Neurochir Suppl 110:43-48, 
2011

13. Hosaka K, Hoh BL: Inflammation and cerebral aneurysms. 
Transl Stroke Res 5: 190-198, 2014

14. Hu X, Zhang Y, Li W, Liu J, Li Y: Preconditioning with 
sevoflurane ameliorates spatial learning and memory deficit 
after focal cerebral ischemia-reperfusion in rats. Int J Dev 
Neurosci 31:328-333, 2013

15. Jeon YT, Hwang JW, Lim YJ, Kim AN, Park HP: A combination 
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expression after transient global cerebral ischemia compared 
with either sevoflurane postconditioning or albumin alone. J 
Neurosurg Anesthesiol 25:43-50, 2013

16. Kaisti KK, Metsahonkala L, Teras M, Oikonen V, Aalto S, 
Jääskeläinen S, Hinkka S, Scheinin H: Effects of surgical 
levels of propofol and sevoflurane anesthesia on cerebral 
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by regulating the expression of apoptotic and antiapoptotic 
proteins after global cerebral ischemia (15,46). TUNEL stain-
ing is used widely to examine the integrity of DNA fragmenta-
tion as a marker of apoptosis and has shown that the fluores-
cent spots indicating cell death mainly corresponded with the 
distribution of neuronal cell bodies (1,44). Apoptotic cell death 
detected by TUNEL was seen in the cortex, subcortex, and 
hippocampus, which is related to global ischemia (8,34).

We found that 1.5% sevoflurane for 60 min and 3% sevoflurane 
for 30 and 60 min decreased the number of TUNEL-positive 
cells compared to the vehicle group, which we showed in 
the basal cortex after SAH and which is consistent with the 
neurologic score and brain edema evaluations. In other words, 
sevoflurane bears the potential to delay or even prevent 
neurologic complications, thereby expanding the therapeutic 
window for other prospective neuroprotective agents (47).

█    CONCLUSION
We demonstrated that post-treatment sevoflurane has an 
anti-apoptotic effect on neuroglial cells at least for 24 hours 
after SAH. Identification of anesthetics with properties that 
help to attenuate neuroglial cell damage as a consequence 
of aneurysmal rupture is clinically highly relevant. Our results 
suggested that sevoflurane is a good candidate because 
the first step for intensive care of aneurysmal SAH patients 
is aneurismal obliteration under general anesthesia. Further 
studies are warranted to test the combination with other 
neuroprotectants for EBI after SAH. 

█     ACKNOWLEDGMENTS
The authors thank pathologist Dr Evrim Onder (Department 
of Pathology, SBU Ankara Diskapi Yildirim Beyazit Training 
and Research Hospital) for her support in preparation and 
evaluation of the TUNEL staining. 

█    DISCLOSURE
Supported by the personal funds from two researchers (M.S., 
O.A.) and the endowments from Metuas Medical Company 
(Ankara, Turkey), which commercializes the essential oil patch, 
Artcure®  to Dr. Sorar. However, the aforementioned company 
does not have any role in the study design, data collection, 
data analysis, data interpretation, writing of the article, or 
decision to submit the article for publication.

█    REFERENCES
1. Altay O, Hasegawa Y, Sherchan P, Suzuki H, Khatibi NH, Tang 

J, Zhang JH: Isoflurane delays the development of early brain 
injury after subarachnoid hemorrhage through sphingosine-
related pathway activation in mice. Crit Care Med 40:1908-
1913, 2012

2. Altay O, Suzuki H, Hasegawa Y, Ostrowski RP, Tang J, Zhang 
JH: Isoflurane on brain inflammation. Neurobiol Dis 62:365-
371, 2014



360 | Turk Neurosurg 30(3):354-360, 2020

Sorar M. and Altay O: Subarachnoid Hemorrhage and Sevoflurane

34. Prunell GF, Mathiesen T, Diemer NH, Svendgaard NA: 
Experimental subarachnoid hemorrhage: Subarachnoid 
blood volume, mortality rate, neuronal death, cerebral blood 
flow, and perfusion pressure in three different rat models. 
Neurosurgery 52:165-175; discussion: 175, 2003

35. Rodríguez-González R, Baluja A, Veiras Del Río S, Rodríguez 
A, Rodríguez J, Taboada M, Brea D, Álvarez J: Effects of 
sevoflurane postconditioning on cell death, inflammation and 
TLR expression in human endothelial cells exposed to LPS. J 
Transl Med 11: 87, 2013

36. Satomoto M, Satoh Y, Terui K, Miyao H, Takishima K, Ito M, 
Imaki J: Neonatal exposure to sevoflurane induces abnormal 
social behaviors and deficits in fear conditioning in mice. 
Anesthesiology 110: 628-637, 2009

37. Scheller MS, Lu H, Werner C, Engelhard K, Scholz M, 
Kochs E: The effects of sevoflurane on cerebral blood flow 
autoregulation in rats. Anesth Analg 87:854-858, 1998

38. Schifilliti D, Grasso G, Conti A, Fodale V: Anaesthetic-related 
neuroprotection: Intravenous or inhalational agents? CNS 
Drugs 24:893-907, 2010

39. Shaughnessy MR, Hofmeister EH: A systematic review of 
sevoflurane and isoflurane minimum alveolar concentration in 
domestic cats. Vet Anaesth Analg 41:1-13, 2014

40. Steffey EP, Mama KR: Inhalation anesthetics. In: Tranquilli 
WJ, Thurmon JC, Grimm KA, (eds), Veterinary Anesthesia and 
Analgesia. IA: Wiley, 2007:355-393

41. Suzuki H, Hasegawa Y, Chen W, Kanamaru K, Zhang JH: 
Recombinant osteopontin in cerebral vasospasm after 
subarachnoid hemorrhage. Ann Neurol 68: 650-660, 2010

42. Wang H, Li P, Xu N, Zhu L, Cai M, Yu W, Gao Y: Paradigms 
and mechanisms of inhalational anesthetics mediated 
neuroprotection against cerebral ischemic stroke. Med Gas 
Res 6:194-205, 2016

43. Wang JK, Yu LN, Zhang FJ, Yang MJ, Yu J, Yan M, Chen 
G: Postconditioning with sevoflurane protects against focal 
cerebral ischemia and reperfusion injury via PI3K/Akt pathway. 
Brain Res 1357: 142-151,2010

44. Wei H, Teng H, Huan W, Zhang S, Fu H, Chen F, Wang J, 
Wu C, Zhao J: An upregulation of SENP3 after spinal cord 
injury: Implications for neuronal apoptosis. Neurochem Res 
37: 2758-2766, 2012

45. Ye Z, Guo Q, Xia P, Wang N, Wang E, Yuan Y: Sevoflurane 
postconditioning involves an up-regulation of HIF-1alpha and 
HO-1 expression via PI3K/Akt pathway in a rat model of focal 
cerebral ischemia. Brain Res 1463:63-74, 2012

46. Zhu YM, Gao X, Ni Y, Li W, Kent TA, Qiao SG, Wang C, Xu XX, 
Zhang HL: Sevoflurane postconditioning attenuates reactive 
astrogliosis and glial scar formation after ischemia-reperfusion 
brain injury. Neuroscience 356:125-141, 2017

47. Zitta K, Meybohm P, Bein B, Ohnesorge H, Steinfath M, 
Scholz J, Albrecht M: Cytoprotective effects of the volatile 
anesthetic sevoflurane are highly dependent on timing and 
duration of sevoflurane conditioning: Findings from a human, 
in-vitro hypoxia model. European Journal of Pharmacology 
645:39-46, 2010

19. Lai Z, Zhang L, Su J, Cai D, Xu Q: Sevoflurane postconditioning 
improves long-term learning and memory of neonatal hypoxia-
ischemia brain damage rats via the PI3K/Akt-mPTP pathway. 
Brain Res 1630:25-37, 2016

20. Landoni G, Biondi-Zoccai GG, Zangrillo A, Bignami E, 
D’Avolio S, Marchetti C, Calabrò MG, Fochi O, Guarracino F, 
Tritapepe L, De Hert S, Torri G: Desflurane and sevoflurane in 
cardiac surgery: A meta-analysis of randomized clinical trials. 
J Cardiothorac Vasc Anesth 21:502-511, 2007

21. Landoni G, Fochi O, Tritapepe L, Guarracino F, BelloniI, 
Bignami E, Zangrillo A: Cardiac protection by volatile 
anesthetics. A review. Minerva Anestesiol 75:269-273, 2009

22. Lee JY, Sagher O, Keep R, Hua Y, Xi G: Comparison of 
experimental rat models of early brain injury after subarachnoid 
hemorrhage. Neurosurgery 65:331-343; discussion 343, 2009

23. Li X, Luo P, Wang F, Yang Q, Li Y, Zhao M, Wang S, Wang 
Q, Xiong L: Inhibition of N-myc downstream-regulated gene-2 
is involved in an astrocyte-specific neuroprotection induced 
by sevoflurane preconditioning. Anesthesiology 121:549-562, 
2014

24. LiX Q, Cao XZ, Wang J, Fang B, Tan WF, Ma H: Sevoflurane 
preconditioning ameliorates neuronal deficits by inhibiting 
microglial MMP-9 expression after spinal cord ischemia/
reperfusion in rats. Mol Brain 7:69, 2014

25. Lorenz IH, Kolbitsch C, Hörmann C, Schocke M, Felber S, 
Zschiegner F, Hinteregger M, Kremser C, Pfeiffer KP, Benzer 
A: Subanesthetic concentration of sevoflurane increases 
regional cerebral blood flow more, but regional cerebral blood 
volume less, than subanesthetic concentration of isoflurane in 
human volunteers. J Neurosurg Anesthesiol 13:288-295, 2001

26. Lu H, Werner C, Engelhard K, Scholz M, Kochs E: The effects 
of sevoflurane on cerebral blood flow autoregulation in rats. 
Anesth Analg 87:854-858, 1998

27. Matchett GA, Allard MW, Martin RD, Zhang JH: Neuroprotec-
tive effect of volatile anesthetic agents: Molecular mecha-
nisms. Neurol Res 31:128-134, 2009

28. Matz PG, Copin JC, Chan PH: Cell death after exposure to 
subarachnoid hemolysate correlates inversely with expression 
of CuZn-superoxide dismutase. Stroke 31:2450-2459, 2000

29. Mesnil M, Capdevila X, Bringuier S, Trine PO, Falquet Y, 
Charbit J, Roustan JP, Chanques G, Jaber S: Long-term 
sedation in intensive care unit: A randomized comparison 
between inhaled sevoflurane and intravenous propofol or 
midazolam. Intensive Care Med 37:933-941, 2011

30. NasuI Yokoo N, Takaoka S, Takata K, Hoshikawa T, Okada 
M, Miura Y: The dose-dependent effects of isoflurane on 
outcome from severe forebrain ischemia in the rat. Anesth 
Analg 103:413-418, 2006

31. Ock J, Cho HJ, Hong SH, Kim IK, Suk K: Hypoxia as an 
initiator of neuroinflammation: Microglial connections. Current 
Neuropharmacology 3:183-191, 2005

32. Park S, Yamaguchi M, Zhou C, Calvert JW, Tang J, Zhang 
JH: Neurovascular protection reduces early brain injury after 
subarachnoid hemorrhage. Stroke 35:2412-2417, 2004

33. Payne RS, Akca O, Roewer N, Schurr A, Keh lF: Sevoflurane-
induced preconditioning protects against cerebral ischemic 
neuronal damage in rats. Brain Res 1034:147-152, 2005


	ref1
	ref2
	ref3
	ref4
	ref5
	ref6
	ref7
	ref8
	ref9
	ref10
	ref11
	ref12
	ref13
	ref14
	ref15
	ref16
	ref17
	ref18
	ref19
	ref20
	ref21
	ref22
	ref23
	ref24
	ref34
	ref25
	ref26
	ref27
	ref28
	ref29
	ref30
	ref31
	ref32
	ref33
	ref35
	ref36
	ref37
	ref38
	ref39
	ref40
	ref41
	ref42
	ref43

