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1. ABSTRACT 
 
The new generation of inhalational anesthetics has been 
widely used for general anesthesia in both clinical and 
experimental settings because of their safety, reliability and 
potency. A neuroprotective role has recently been revealed 

for some of these anesthetics, including the volatile gases 
isoflurane, sevoflurane, and desflurane, as well as the inert 
gas xenon. In vivo and in vitro studies have demonstrated 
that these gases were able to protect brain against ischemic 
injury, indicated by the decreases in infarct volumes and 
neuronal apoptosis. In this review, we 
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Table 1. Structures and properties of inhalational anesthetics used as neuroprotective agents in cerebral ischemia 
Agent Molecular formula Chemical  

structure 
Blood/gas  
partition coefficient 

Minimum alveolar concentration 

Isoflurane 
C3H2ClF5O 

 

1.4 1.15 vol % 

Sevoflurane 
C4H3F7O 

 

0.68 2.05 vol % 

Desflurane C3H2F6O  

 

0.42 6 vol % 

Xenon Xe 54Xe 0.115 63% 

 
will briefly introduce the properties of these gases, and 
discuss in detail their effects on brain ischemia, effective 
treatment regimens, and neuroprotective mechanisms. 
Perspectives are also discussed on future study and use of 
inhalational anesthetics.  
 
2. INTRODUCTION 
 

Stroke is the second most common cause of death 
and a major cause of disability worldwide. Stroke mortality, by 
estimation, will increase greatly in the next ten years due to the 
aging population (1). The two main pathological forms of 
cerebral ischemia are ischemic stroke and hemorrhagic stroke. 
Ischemic stroke accounts for approximately 80% of all stroke 
lesions (2). It is well known that some neurosurgical, vascular, 
and cardiovascular procedures present a high risk for transient 
focal cerebral ischemia (3, 4). Carotid endarterectomy (CEA), 
for example, has a reported perioperative stroke incidence 
from 0.25% to 7% (5, 6). According to the North American 
Symptomatic Carotid Endarterectomy Trial, perioperative 
strokes occurred intraoperatively or postoperatively, and 
approximately 56% of postoperative events occurred within 24 
hours after CEA (7). The substantial size of the at-risk 
population has fostered great interest in seeking 
neuroprotective agents to increase the brain’s tolerance to 
ischemia. 

 
For decades anesthetics have been considered as 

natural candidates to promote brain protection under ischemic 
circumstances, since clinical observations have indicated that 
patients under general anesthesia are more tolerant of ischemia 
than unanesthetized patients (8). The majority of studies has 
validated the neuroprotective effects of inhalational anesthetics 
on ischemic brain, although both neutral and detrimental 
findings have also been observed in experimental studies and 
clinical settings. However, data from hemorrhagic strokes, 
until now, have not been available. 

 
Currently, isoflurane (introduced into clinical 

practice in 1981), desflurane (introduced in 1992), and 
sevoflurane (introduced in 1995) constitute the primary 
inhaled anesthetic gases used either alone or in combination 
with other inhaled gas (nitrous oxide) or intravenous 
anesthetics/analgesics or muscle relaxants in clinical 
settings (9) (Table 1). Isoflurane is a clear and colorless 
liquid with a slightly pungent smell. Isoflurane causes 
minimal cardiovascular depression at concentrations below 
2 minimum alveolar concentration (MAC), but decreases 
systemic vascular resistance more than the other agents. 
Desflurane differs from isoflurane by just one atom, which 
decreases its solubility and potency. The similar blood/gas 
partition coefficients of desflurane and sevoflurane provide 
rapid induction and recovery properties. A rapid increase in 
the inspired concentration of desflurane causes an increase 
in heart rate and blood pressure. Isoflurane and desflurane 
have a dose-related depressive effect on cerebral 
autoregulation. Sevoflurane is particularly useful for 
induction in children due to its low solubility, lack of 
airway irritability and moderate potency. Sevoflurane 
causes myocardial depression and a reduction in vascular 
resistance similar to isoflurane, but has minimal effects on 
heart rate. Sevoflurane has been observed to increase 
cerebral blood flow while dose-independently preserving 
cerebral autoregulation (10-13).  

 
The noble gas xenon has been proposed as an 

alternative to classic anesthetics partly because of its 
favorable pharmacokinetic, analgesic, cardiovascular and 
safety properties (14). Xenon provides very rapid induction 
and recovery characteristics due to its lower blood/gas 
partition coefficient of 0.115, compared with that of 
isoflurane, sevoflurane and desflurane (15, 16). In recent 
years, the hemodynamic stability and organ protective 
properties of xenon, frequently observed at subanesthetic 
concentrations, has encouraged a wider use of this gas as a 
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routine anesthetic agent in Europe despite its high cost (17-
25). Other gaseous agents are not considered in this review 
because they are being phased out at many centers due to 
their undesirable side effects (9).  

 
Accumulating evidence has shown that 

inhalational anesthetic-induced immobility is mediated 
primarily by the spinal cord (26), whereas hypnosis and 
amnesia are mediated within the brain (27). To date, the 
mechanism of how inhaled anesthetics reversibly alter 
central nervous system function has not been completely 
defined. In early research, the predominant theories 
were the unitary hypothesis and the Meyer–Overton 
rule, both of which suggested that volatile anesthetics 
acted nonspecifically on hydrophobic lipid components 
of cells (27). However, subsequent studies have  
indicated that the effects of inhaled anesthetics depend 
on multiple features of their molecular structure, 
including hydrophobicity, electrostatics, and molecular 
size of anesthetics (28, 29). Many studies have been 
focused on ion channels which are sensitive to inhaled 
anesthetics at relevant clinical concentrations. Inhaled 
anesthetics are thought to possibly enhance inhibitory 
postsynaptic channel activity (e.g. gamma-aminobutyric 
acid type A receptors and glycine receptors) and inhibit 
excitatory synaptic activity (e.g. neuronal nicotinic 
acetylcholine receptors, serotonin type 3 receptors, and 
glutamate receptors). Weak inhibition of voltage- and 
non-voltage-active potassium, sodium and calcium 
channels have also been observed during inhalational 
anesthetic administration (26, 27). In addition, recent 
studies have demonstrated that activation of two-pore-
domain potassium channels TREK-1 may play a critical 
role in inhaled anesthesia (30, 31, 32). However, none 
of these receptor types is central to inhalational 
anesthesia and the true target in the central nervous 
system has yet to be discovered. 

 
The present discussion will focus on impacts of 

these inhalational anesthetics (isoflurane, sevoflurane, 
desflurane and xenon) on ischemic strokes, their underlying 
mechanisms, and future research perspectives. 
 
3. EFFECTS ON ISCHEMIC BRAIN 
 
 
3.1. Experimental studies 
3.1.1. Impact during brain ischemia  

Cerebral ischemia-reperfusion injury is involved 
in various surgical procedures including carotid 
endarterectomy, intracranial aneurysm exclusion and aortic 
repair under deep hypothermic circulatory arrest. The 
development and refinement of numerous experimental 
(mostly rodent) models of cerebral ischemic injury allow 
researchers to conduct perioperative neuroprotection 
studies (33, 34). This section will present the 
neuroprotective effects of inhaled anesthetics administered 
during brain ischemia in vivo and in vitro. Some neutral 
and detrimental findings will also be addressed. Animal 
gender, ischemic model, ischemic severity and inhaled 
anesthetic dose may play critical roles in brain histological 
and functional outcomes post-insult. 

3.1.1.1. Neuroprotective effects during brain ischemia 
3.1.1.1.1. Isoflurane 

A large body of studies has shown that isoflurane 
either delays or reduces brain injury up to 7 days post 
ischemia.  These studies compare histological changes and 
neurological deficits with “awake” ischemic controls or 
with other inhalational or injectable anesthetics (35). 
Recently, Sakai  and his colleagues pointed out that 
isoflurane repeatedly improved long-term neurologic and 
histologic outcomes from focal ischemia up to 8 weeks 
after ischemic insult (36). In in vitro models, the studies 
observed a dose-dependent therapeutic effect of isoflurane 
during ischemia or other forms of neuronal injury, which 
include hypoxia, oxygen–glucose deprivation (OGD), a-
amino-3-hydroxyl-5-methyl-4-isoxazol propionic acid 
(AMPA) induced- and N-methyl-D-aspartate (NMDA)-
induced excitotoxicity. For example, isoflurane 
administered concurrently with OGD reduced neuronal cell 
death and degeneration as measured from 5 hours to 14 
days post-insult in rat cerebellar and hippocampal slices 
(37-41). In rat primary mixed neuronal-glial cultures, 
isoflurane exposure increased the tolerance to NMDA-
induced excitotoxocity by reducing the release of the 
intracellular enzyme lactate dehydrogenase (42). 
 
3.1.1.1.2. Sevoflurane 

Although sevoflurane has been less well studied 
than isoflurane, the available data suggest that sevoflurane 
may provide short-term (72 to 96 hours) and long-term (28 
days) neuroprotective effects in the setting of focal or 
global cerebral ischemia (43-45). Sevoflurane has also been 
observed to prevent a deficit in cognitive function induced 
by incomplete global ischemia up to 10 days post-insult 
compared with fentanyl/N2O (46). The protection has been 
investigated in rat corticostriatal brain slices and mixed 
cerebrocortical neuronal-glial cell cultures concurrently 
with OGD and sevoflurane exposure (47, 48). 
 
3.1.1.1.3 Desflurane 

Desflurane has been observed to be 
neuroprotective during deep hypothermic circulatory arrest 
(49) and low-flow cardiopulmonary bypass (50) in 
newborn pigs. Post-injury outcomes were also improved in 
desflurane-anesthetized rats concurrently with focal 
ischemic (51, 52) and incomplete global cerebral ischemic 
(53) models. In cortex neuronal cell cultures subjected to 
OGD, desflurane was observed to significantly attenuate 
neuronal cell death regardless of concentration (54). 
 
3.1.1.1.4. Xenon 

The noble gas xenon, with an atomic number of 
54, is currently the subject of research investigating its 
profound impact on neurological outcomes during brain 
ischemic insult. As a noncompetitive antagonism of 
NMDA subtype of glutamate receptors, xenon affords 
anesthetic effects (17) as well as neuroprotective effects 
during ischemic injury (18). Xenon exerts a dose-dependent 
neuroprotective effect on rat neuronal-glial cocultures with 
NMDA-induced toxicity, glutamate-induced toxicity, 
hypoxic injury and oxygen-glucose deprivation, as 
reflected by reducing lactate dehydrogenase release (18-
20). The protective effects of xenon have also been 
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identified in rodents subjected to focal ischemia and 
neonatal hypoxic-ischemic injury (21, 22).  
 
3.1.1.2. No effect and detrimental effects during brain 
ischemia 

Although isoflurane administered during brain 
ischemia has been reported to possess sustained protection 
against ischemic injury, some studies have indicated that 
isoflurane exposure provides either little or no protection, 
and may even worsen outcomes evaluated from 2 hours to 
3 months post injury (55-59). For example, data from 
Kawaguchi and his team demonstrated that isoflurane 
reduced cerebral infarction 2 days after focal ischemia in 
comparison with the awake state. However, after a 7-day 
recovery period, this neuroprotective efficacy was no 
longer apparent as assessed by infarct size, TUNEL 
(terminal deoxynucleotidyl transferase-mediated dUTP-biotin 
nick end labeling) staining, and active caspase-3 and caspase-9 
staining (56, 57). These data suggest that isoflurane reduced 
the development of apoptosis early after ischemia but did not 
prevent it at later stages of post-ischemic recovery. Decreased 
neuroprotection by isoflurane was observed in OGD brain 
slices from aging rats, which might involve the decrease of the 
level of phosphorylated Akt and p42/44 (57). Larger 
concentrations of isoflurane (more than 1.5 MAC) were also 
observed to be either numerically or statistically associated 
with a greater magnitude of ischemic injury in vivo (58) and in 
vitro (59). Xenon has been reported to exacerbate ischemic 
brain damage and aggravate neurological dysfunction in a rat 
model combining cardiopulmonary bypass and cerebral air 
emboli (60). No research has been reported on detrimental 
effects of sevoflurane and desflurane in brain ischemic injury. 
 
3.1.2. Preconditioning effects 

The concept of ischemic preconditioning was 
introduced about 23 years ago (61, 62). Prior exposure of 
organs, such as brain and heart, to brief periods of sub-
lethal ischemia can initiate endogenous ischemic tolerance 
via a preconditioning phenomenon. There are two 
distinct patterns of ischemic tolerance: 1) acute 
preconditioning, which is mediated by post-translational 
protein modifications and is short-lived; and 2) delayed 
preconditioning, which is protein synthesis-dependent 
and sustained for days to weeks (63, 64). To date, a 
number of preconditioning stimuli have been reported to 
improve brain ischemic tolerance, including sublethal 
hypoxia, brief periods of global ischemia, cortical 
spreading depression, hypothermia, hyperthermia, long-
term hyperbaric oxygen and inflammation (65-71). 
However, these triggers of ischemic tolerance, if more 
prolonged or more severe, can cause cellular damage 
(72, 73). In addition, many preconditioning methods are 
difficult to implement in the clinic due to the dangers or 
the complex biological effects of the stimuli. 
Inhalational anesthetics are relatively safer and have 
been reported to precondition the brain against ischemic 
injuries by both early administration (when applied 
minutes before an injury) and late administration (a day 
or more before) in vivo (74-76) and in vitro (77, 78). 
This section will address the effects of four inhalational 
anesthetics on ischemic brain in experimental studies 
(Table 2). 

3.1.2.1. Neuroprotective effects of anesthetic 
preconditioning 

3.1.2.1.1. Isoflurane 
Isoflurane has been one of the most extensively 

studied volatile anesthetic brain preconditioning agents. 
Isoflurane preconditioning before permanent or transient focal 
cerebral ischemic insult significantly reduced brain infarct size 
in adult male rodents (74, 76, 79-81). In a cardiac arrest- 
induced global ischemic model, isoflurane pretreatment 
improved neurological deficit scores 20 hours post ischemia in 
female dogs (82). Isoflurane preconditioning in a rodent 
neonatal hypoxia-ischemia model also reduced preweaning 
male and female brain cell loss and damage, and partially 
improved adult perirhinal cortex and striatal dependent 
functions (75, 83, 84). 

 
Neuroprotective effects of isoflurane pretreatment 

have also been observed in in vitro models. Exposure of 
primary cortical neuronal cultures to isoflurane administered 
up to 24 hours before OGD with or without continued 
exposure during OGD resulted in a concentration-dependent 
reduction of neuronal cell apoptosis, death and degeneration 
(74, 85-88). Beneficial effects of isoflurane preconditioning 
have also been observed in rat cerebellar and hippocampal 
slice models of ischemia (76, 78, 89). 

 
3.1.2.1.2. Sevoflurane 

Studies on sevoflurane preconditioning are much 
fewer than those on isoflurane pretreatment. In a male rat 
global ischemic model, sevoflurane exposure 15 minutes or 
24 hours before ischemic insult significantly diminished 
neuronal damage (90, 91). In a transient focal cerebral 
ischemic model (60 minutes), sevoflurane preconditioning 
was observed to induce effective but transient 
neuroprotective effects, which improved functional 
outcomes and reduced infarct volume up to 3 days after 
injury, and decreased ischemia-induced apoptosis up to 7 
days post ischemia (92). A study on a neonatal rodent 
hypoxic and ischemic model showed that late pretreatment 
with sevoflurane partially protected perirhinal cortex and 
striatal-dependent functions as assessed by a battery of 
behavioral tests without any significant histological change 
against moderate to severe neonatal hypoxia-ischemia (84). 
The neuroprotection of sevoflurane preconditioning has 
also been identified in rat hippocampal slices subjected to 
OGD by a marked reduction in the increase in propidium 
iodide (PI) fluorescence and cleaved caspase-3 expression 
(93) and by a dose-dependent increase in recovery of 
neuronal function (77). 
 
3.1.2.1.3. Desflurane 

At this time, only a few studies have been 
performed evaluating the preconditioning effects of 
desflurane on ischemic brain injury. McAuliffe indicated 
that desflurane pretreatment 24 hours before ischemic 
insult partially protected perirhinal cortex and striatal-
dependent functions against moderate to severe neonatal 
hypoxia-ischemia up to 3 months post injury (84).  
 
3.1.2.1.4. Xenon 
Recently, xenon has been investigated as a brain 
preconditioning agent. Ma et al. observed that xenon-
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Table 2. Preconditioning effects of inhaled anesthetics on experimental stroke models in vivo and in vitro 
Animal species 
and/or cell types 

Inhaled 
anesthetics and 
concentrations 

Precondition 
duration 

Intervals 
between 
preconditioning 
and ischemia 

Ischemia 
models 

Effects on ischemic brain Reference 
(number) 

Neuronal-glial 
coculture 
Hippocampal slices 
Rat (7-day-old) 

25%-75% xenon  
 
 
70% xenon 

2 hours 
 
 
2 hours 

24 hours 
 
 
2, 4, 8, 24 hours 

OGD1 (75 
minutes) 
 
 
Hypoxia/isc
hemia 
(90 minutes) 

Xenon PC2 reduced LDH3 release and 
propidium iodide staining in vitro, reduced 
infarction size and improved neurologic 
outcomes in vivo. CREB4, BDNF5 and 
Bcl-2 were upregulated by anesthetic PC. 

Ma D, 2006 
(23) 

Wistar rats (adult 
male)  
 
 
 
Primary cortical 
neuronal cultures 

1.4% isoflurane 
1.2% halothane 

3 hours 0, 12, 24, 48 
hours 
 
 
24 hours 

pMCAO6 
 
 
 
OGD (120 
minutes) 

Anesthetic PC within 24 hours 
significantly reduced infarct volumes 4 
days after pMCAO and decreased the 
OGD-induced release of LDH 24 hours 
post insult. The protection was able to be 
eliminated by an iNOS7 inhibitor. 

Kapinya KJ, 
2002 (74) 

Sprague-Dawley 
rats  
(6- or 7-day-old) 

1% or 1.5% 
isoflurane 

30 minutes 24 hours Hypoxia/isc
hemia  
(1, 2, 2.5 
hours)   

Isoflurane PC improved the survival of 
neonates with brain hypoxia/ischemia for 
1 hour and the weight ratio of left/right 
cerebral hemispheres. Isoflurane induced a 
time-dependent increase in iNOS proteins. 

Zhao P, 
2004 
(75) 

Sprague-Dawley 
rats 
(adult male) 

2% isoflurane 30 minutes 24 hours pMCAO Isoflurane PC reduced brain infarct sizes 
and improved neurological deficit scores 
assessed 6, 24, and 72 hours after 
pMCAO. Isoflurane induced a rapid and 
prolonged increase in phosphorylated p38 
MAPK8 in cerebral neocortex. 

Zheng S, 
2004 
(76) 

Rat hippocampal 
slices 

0, 1, 2 or 3 MAC9 
sevoflurane 

30 minutes 15 minutes Hypoxia  
(13 minutes) 

Sevoflurane PC improved the recovery of 
evoked CA1 population spikes at the end 
of 30-minute reoxygenation. The 
neuroprotection was blocked by a 
mitochondrial KATP channel inhibitor. 

Kehl F, 
2004 
(77) 

Rat cerebellar 
slices 

1-4% isoflurane 15 minutes 15 minutes OGD 
(20 minutes) 

Isoflurane PC decreased Purkinje cell 
injury and death by hematoxylin and eosin 
staining. The protection was blocked by a 
glutamate transporter inhibitor. 

Zheng S, 
2003 
(78) 

C57BL/6 mice 
(male) 
 

1% isoflurane 3 hours 0, 12, 24 hours tMCAO10 
(1 hour) 

Mean infarct volumes were significantly 
smaller in mice with isoflurane PC. Mild 
hypoxia during or desferrioxamine 
administered at the onset of isoflurane 
pretreatment completely abrogated the 
development of delayed tolerance (12 
hours) against focal cerebral ischemia. 

Kapinya KJ, 
2002 
(79) 

Sprague-Dawley 
rats 
(adult male) 

1.5% isoflurane 1 hour 1 hour tMCAO 
(2 hours) 

Isoflurane PC reduced brain infarction and 
improved neurological outcomes. The 
protection was attenuated by an adenosine 
A1 receptor antagonist. 

Liu Y, 2006 
(80) 

Sprague-Dawley 
rats 
(adult male) 

0.75%, 1.5%, 2% 
or 2.25% 
isoflurane 

1 hour/day 
×5 days 

24 hours tMCAO 
(2 hours) 

Repeated isoflurane PC reduced brain 
infarction and improved neurological 
outcomes in a dose-response manner. An 
ATP-regulated potassium channel blocker 
abolished the isoflurane PC-induced 
tolerance. 

Xiong L, 
2003 
(81) 

Beagle-like dogs 
(female) 

1.5% isoflurane 30 minutes 0 hour Cardiac 
arrest 
(8 minutes) 

Isoflurane PC reduced neurological deficit 
scores 20 hours post insult. 

Blanck T, 
2000 
(82) 

C57 mice 
(9-day-old) 
 

1.8% isoflurane 2 hours 24 hours Hypoxia/isc
hemia (65 
minutes)   

Isoflurane PC reduced preweaning 
mortality and improved striatal function in 
adult mice with equal injury in 
hippocampus compared with non-PC. 

McAuliffe 
JJ, 2007 
(83) 

C57 mice 
(9-day-old) 

8.4% desflurane  
1.8% isoflurane 
3.1% sevoflurane  
vs. room air 

3 hours 24 hours Hypoxia/isc
hemia  
(1 hour)   

Anesthetic PC partially improved 
perirhinal cortex and striatal-dependent 
functions, without significant histologic 
changes. 

McAuliffe 
JJ, 2009 
(84) 

Primary rat cortical 
neurons 

1.4% isoflurane 3 hours 24 hours OGD 
(2 hours) 

Isoflurane PC decreased LDH release, 
maintained neuronal viability and 
increased expression of EAAC1 (neuronal 
glutamate transporter) mRNA and protein 
compared with control. 

Kaneko T, 
2005 
(85) 
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Primary rat cortical 
neurons 

1.13%, 2.3% or 
3.3% isoflurane 

30 minutes 
plus during 
OGD 

0 hour OGD 
(30, 60, 90 
minutes) 

Isoflurane PC attenuated OGD-induced 
neuronal apoptosis by TUNEL11 
assessment in a concentration-dependent 
manner. 

Wise-
Faberowski 
L, 2001 (86) 

Primary mouse 
neuronal-glial 
cultures 

1.5% isoflurane 3 hours 24-96 hours OGD  
(3 hours) 

Isoflurane PC reduced OGD-mediated 
toxicity by LDH release assessment at 72 
hours after PC, and upregulated MT-1/212 
messenger RNA. MT-1/2 protein 
transfection significantly decreased OGD- 
mediated toxicity. Knockdown and 
knockout of MT-1/2 diminished and 
abolished isoflurane-mediated protection, 
respectively.   

Edmands 
SD, 2009 
(87) 

Primary 
hippocampal 
neuron culture 

1.4% isoflurane 3 hours 24 hours OGD 
(2 hours) 

Isoflurane PC increased the number of 
surviving neurons and their viability by 
assessing LDH release, and increased HO-
113 expression in OGD-induced  injury. 
The neuroprotection was able to be 
partially abolished by tin protoporphyrin 
(inhibition of HO activity).  

Li Q, 2008 
(88) 

Rat hippocampal 
slices 

0.5% or 1.5% 
isoflurane 

2 hours 24 hours OGD 
(1 hour) 

Isoflurane PC decreased neuron death in 
CA1 and CA3 regions, increased basal 
intracellular Ca2+ concentration and 
transient phosphorylation of MAPK 
p42/44 and Akt. The MAPK inhibitor and 
calmidazolium eliminated the PC 
protection. 

Bickler PE, 
2005 
(89) 

Rat hippocampal 
slices 

2.4% sevoflurane 30 
minutes/day×1 
day 
 
30 
minutes/day×4 
days 

15 minutes 
 
 
24 hours 

Cardiac 
arrest 
(7 minutes) 

Both early and late PC reduced ischemic 
neuronal damage and improved the 
recovery of evoked CA1 population 
spikes. 

Payne RS, 
2005 
(90) 

Rat cerebellar 
slices 

Various 
concentrations of 
isoflurane, 
halothane, 
sevoflurane and 
desflurane 

15 minutes 15 minutes OGD 
(10 minutes) 

All four anesthetics PC improved cell 
survival by TTC14 staining. The EC50 for 
PC effects was linearly correlated with the 
aqueous concentration of one MAC. 

Wang C, 
2007 
(91) 

Sprague-Dawley 
rats 
(adult)  

2.7% sevoflurane 45 minutes 1 hour tMCAO 
(1 hour) 

 

Sevoflurane PC significantly improved 
functional outcome and reduced infarct 
volume 3 days after tMCAO, with no 
differences 7 days, 14 days post insult. 
Apoptotic cells were significantly reduced 
3 days, 7 days post insult; no difference in 
14 days post ischemia. 

Codaccioni 
JL, 2009 
(92) 

Rat hippocampal 
slices 

Sevoflurane 10-4 
M 

1 hour 3 hours OGD 
(10, 20, 30, 
45, 50, 60 
minutes) 

Sevoflurane PC increased focal adhesion 
kinase (FAK) expression and markedly 
reduced the increase in propidium iodide 
fluorescence and cleaved caspase-3 
expression 1 hour after 10, 20, and 30 
minutes OGD. The neuroprotection was 
decreased by PP2 (an inhibitor of src 
tyrosine kinases). No protection was 
observed for periods of ischemia more 
than 30 minutes. 

Sigaut S, 
2009 
(93) 

C57 mice (young 
and middle-aged, 
male and female) 

1% isoflurane 4 hours 24 hours tMCAO 
(2 hours) 

Isoflurane PC decreased ischemic damage 
in male mice but increased infarction in 
young female mice. The protection was 
lost in Akt1-deficient male mice. 

Kitano H, 
2007 
(94) 

1oxygen-glucose deprivation; 2preconditioning; 3lactate dehydrogenase; 4cAMP-response element binding protein; 5brain-derived 
neurotrophic factor; 6permanent middle cerebral artery occlusion; 7inducible nitric oxide synthase; 8mitogen-activated protein 
kinase; 9minimum alveolar concentration; 10transient middle cerebral artery occlusion; 11terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling; 12metallothioneins-1/2; 13heme oxygenase-1; 142,3,5-triphenyltetrazolium chloride. 
 
induced pretreatment in neonatal hypoxic-ischemic rats decreased 
infarction size and improved neurological function (23). However, 
high cost and limited availability restrict clinical use of xenon. 
 
3.1.2.2. No effect and detrimental effects of anesthetic 
preconditioning 

Sevoflurane preconditioning in rat acute 
hippocampal slices was observed to provide no 

protection for periods of OGD longer than 30 minutes 
(93). In a transient focal cerebral ischemic model (2 
hours), isoflurane preconditioning markedly increased 
infarction in young female mice and had no effect in 
middle-aged female mice, and significantly decreased 
neuronal damage in young and middle-aged male mice 
(94). 
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3.1.3. Post-treatment effects 
Interventions with volatile agents applied after 

the onset of brain ischemia will have broad applications, 
since the occurrence of brain ischemia in patients with 
stroke and brain trauma is not predictable. However, 
studies on volatile anesthetic post-treatment, to date, have 
been published less than those on preconditioning and peri-
treatment with volatile agents. This section will review the 
protective, neutral or detrimental effects of inhaled agent 
post-treatment on ischemic brain. 
 
3.1.3.1. Neuroprotective effects of anesthetic post-
treatment 

Isoflurane treatment started at the onset of 
reperfusion was observed to reduce 2, 3, 5-
triphenyltetrazolium chloride (TTC) conversion and 
improved neurologic outcome in focal cerebral ischemic 
rats (95). Sevoflurane and desflurane were also indicated to 
have cerebral protective effects when given after 
incomplete cerebral ischemia in rats (96, 222). In a rat 
neonatal hypoxic-ischemic model, three hours of xenon 
post-administration was demonstrated to provide 
significant global protection, including cortex/white matter, 
hippocampus, basal ganglia and thalamus, up to 7 days post 
insult (22). Cooling combined with immediate or delayed 
xenon inhalation was reported to provide equivalent 
gender-independent long-term neuroprotection after 
neonatal hypoxia-ischemia (24, 25). The dose-dependent 
neuroprotective effects of volatile anesthetic post-treatment 
were also reported in corticostriatal slices subjected to 
OGD (95). To date, there is little evidence that post-
ischemic therapy with volatile agents long after ischemia 
would be beneficial. 
 
3.1.3.2. No effect and detrimental effects of anesthetic 
post-treatment 

In a porcine cardiac arrest and cardiopulmonary 
resuscitation (CPR) model, early administration of xenon 
and isoflurane was observed to have no significant effects 
on reducing neurological dysfunction and histopathological 
alterations induced by transient global brain ischemia (97). 
These  results contrast with the findings of Fries’ previous 
study (98). Pure oxygen administrated may contribute to 
worsening functional and histopathological outcomes after 
cardiac arrest and CPR. 
 
3.2. Clinical studies 

Clinically, there is much interest in determining 
the feasibility of pharmacologically protecting the human 
brain with anesthetics and the potential impact on 
perioperative stroke, since anesthetic cardioprotection has 
already been observed during human cardiac surgery. 
However, few clinical studies have been undertaken to 
assess the neuroprotective effect of inhaled anesthetics on 
populations undergoing CEA and cardiac bypass surgeries 
with potential perioperative stroke risks. In patients 
subjected to temporary middle cerebral artery occlusion 
(MCAO) longer than 15 minutes as part of an 
extracerebral-artery-to-intracerebral-artery bypass 
procedure, desflurane has been observed to increase brain 
tissue oxygen pressure and reduce acidosis compared with 
etomidate, which suggests that desflurane improves tissue 

metabolic status in ischemic brain regions, likely via 
enhancement of tissue perfusion (99). Several researches 
have determined the effects of inhalational anesthetics on 
critical regional cerebral blood flow (rCBF), defined as that 
flow below which the majority of patients developed 
ipsilateral EEG changeds of ischemia within 3 min of 
carotid ccclusion via a single extracranial collimated 
scintillation detector over the posterior parietal boss (MCA 
distribution). The critical rCBF during isoflurane anesthesia 
was observed to be much lower than critical rCBF during 
halothane or enflurane anesthesia in CEA patients, which is 
consistent with electroencephalogram ischemic changes 
(100, 101). Conversely, isoflurane was reported to induce 
more infarction compared with a mixed intravenous 
anesthetic in MCAO (102). In coronary artery bypass 
grafting patients, serum S100-beta protein levels, an early 
marker for neuronal degeneration and blood-brain-barrier 
disruption, were reported not to be significantly increased 
with isoflurane anesthesia as compared with propofol 
anesthesia (103).  

 
In aggregate, the clinical evidence is less 

convincing, although experimental data support the 
neuroprotective effects of volatile anesthetics. The clinical 
results may be explained by the view that a single 
pharmacological approach can hardly affect the multiple 
simultaneous pathological events in patients with the 
parallel variability of coexisting disease (104). 
Furthermore, most studies have utilized indirect markers, 
such as critical rCBF and S100-beta protein, for clinical 
assessment of volatile anesthetic neuroprotection. These 
markers may not be as sensitive, predictive, or reproducible 
as histopathology and cognitive function tests. Therefore, 
further studies with appropriate and sensitive assessments 
are needed to investigate volatile anesthetic effects on 
perioperative stroke and neurological outcomes post insult. 
 
4. MECHANISMS OF IMPACT ON ISCHEMIC 
BRAIN 
 
4.1. Common mechanisms for pre- and peri-treatment 

Much work has been performed evaluating the 
molecular and cellular mechanisms of inhalational 
anesthetics in ischemic brain injury. Several mechanisms 
have been implicated in both preconditioning and peri-
treatment of volatile agents on brain ischemic injury, 
including electrophysiological and metabolic modulation, 
reduction of glutamate-mediated excitotoxicity, moderate 
increases in intracellular calcium, antioxidant mechanisms 
and anti-apoptosis mechanisms. This section will focus on 
the common mechanisms for pre- and peri-treatment with 
volatile anesthetics. 
 
4.1.1. Electrophysiological and metabolic modulation 
 

A series of electrophysiological changes induced 
by hypoxia and ischemia have been demonstrated in 
cerebral tissues. These are characterized by an initial 
hyperpolarization, followed by a slow depolarization and 
then a rapid depolarization in extreme vulnerable 
hippocampal CA1 pyramidal neurons. At the time of 
depolarization, the ionic changes, a rapid influx of Na+ and 
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Ca2+ and an efflux of K+, lead to cell swelling and 
secondary damaging biochemical events (105-107). The 
irreversible damage will occur when the membrane 
completely depolarizes, even if sufficient reperfusion is 
supplied (108). 

 
Early data from both clinical settings and 

experimental studies has shown that inhalational 
anesthetics not only decrease cerebral metabolism (109-
112) but also maintain the cerebral energy state during 
ischemia (109). Subsequent studies have demonstrated that 
the cerebral metabolic changes produced by inhaled agents 
are secondary to an effect on cortical electrical activity 
(109). In rat hippocampal slices, administration of 
isoflurane, desflurane and sevoflurane before and during 
hypoxia was observed to enhance the initial 
hyperpolarization, delay the hypoxic rapid 
depolarization, reduce peak hypoxic cytosolic calcium 
concentration and improve recovery of the resting and 
action potentials and postsynaptic evoked population 
spikes after hypoxia (113, 114). The anesthetic agents 
also significantly attenuated the fall in ATP and K+ 

concentrations and the increase in Na+ induced by 
hypoxia in CA1 pyramidal neurons (115). The 
protective effect and electrophysiological changes by 
pre- and peri-treatment with inhaled agents might be 
mediated by protein kinase C / protein kinase M 
(PKC/PKM) and by opening KATP channels, since either 
chelerythrine, a PKC/PKM inhibitor, or glybenclamide, a KATP 
channel blocker, has been observed to prevent anesthetic-
mediated electrophysiological changes (116, 117). 
 
4.1.2. Reduciton of glutamate excitotoxicity 
4.1.2.1. Glutamate release and uptake 

Glutamate is the major excitatory 
neurotransmitter in the central nervous system. Glutamate 
transporters, named excitatory amino acid transporters 
(EAATs), play a critical role in maintaining the 
extracellular homeostasis of glutamate (118). Brain 
ischemia can cause reversed transport of glutamate via 
EAATs from intracellular to extracellular space according 
to the glutamate concentration gradient (119). Ischemia can 
also activate glutamate-permeable volume-activated anion 
channels, which are proposed as a source of ischemia-
evoked glutamate efflux (120). Increased extracellular 
glutamate concentrations can cause excitotoxicity (121), 
which plays a major role in the initiation and evolution of 
ischemic brain injury (122).  

 
Quantitative in vivo studies have been 

undertaken to investigate the peri- or pretreatment effects 
of volatile anesthetics on ischemia-induced glutamate 
release and uptake compared with halothane, fentanyl-N2O, 
or “awake” ischemic treatment (123-127). For example, 
isoflurane exposure with 0.5 MAC or an 
electroencephalographic burst-suppression dose 
(approximately 2 MAC) during rat forebrain ischemia 
significantly reduced hippocampal glutamate accumulation 
70 minutes post ischemia by in vitro microdialysis and 
high-performance liquid chromatography (HPLC) (126). 
However, isoflurane peri-treatment, with which a burst-
suppressed electroencephalogram pattern was achieved, did 

not decrease hippocampal glutamate accumulation during 
repeated global cerebral ischemia estimated by the same 
methodology (124). The reasons for these conflicting in 
vivo findings are not known. The location of the 
microdialysis probe (in the ischemic core vs. in the 
penumbra) and brain ischemic model (global ischemia vs. 
incomplete global ischemia), may contribute to the 
different findings. In focal cerebral ischemia, intra-
ischemic isoflurane was observed to prevent ischemia-
induced efflux of glutamate without reduction of infarct 
volume 24 hours post ischemia compared with 
pentobarbital, suggesting that inhibition of glutamate 
release may not be enough to improve brain outcomes after 
cerebral ischemia (127).  

 
Several in vitro studies have supported the 

reduction of ischemia-induced glutamate release by 
inhalational agents pre- and peri-exposure under hypoxic, 
chemically anoxic, and ischemic (OGD) conditions (19, 47, 
48, 128, 129). A few studies have evaluated how volatile 
anesthetic preconditioning may modulate glutamate efflux 
during ischemia. For example, peri-treatment with 
sevoflurane was observed to reduce OGD-induced 
decreases in extracellular glutamate uptake, probably 
depending on the glial transporter GLT1, in rat mixed 
cerebrocortical neuronal–glial cell cultures (48). The 
neuroprotection of isoflurane preconditioning was observed 
to reduce Purkinje neuronal injury from glutamate 
excitotoxicity in rat cerebellar slices, which was abolished 
by a specific glutamate transporter inhibitor during OGD 
(76, 78). However, Jung et al. observed that isoflurane, 
sevoflurane and desflurane intra-ischemic exposure at 
clinically relevant concentrations did not affect OGD-
induced extracellular glutamate accumulation estimated by 
HPLC from adult rat brain slices. These results suggest that 
volatile agents do not affect reversed transport of glutamate 
via GLT1 and swelling-induced efflux of glutamate via 
volume-activated anion channels under ischemic condition, 
independent of the severity of the OGD and the 
concentrations of the volatile agents (130). More research 
is needed to validate the role of inhibition of ischemic 
glutamate release in inhalational anesthetic neuroprotection 
and preconditioning. 
 
4.1.2.2 NMDA and AMPA receptor antagonism 

Extracellular glutamate accumulation induced by 
brain ischemia stimulates postsynaptic glutamate receptors. 
The activation of these glutamate receptors results in 
excessive calcium accumulation in neurons, ultimately 
leading to their death (131). Inhalational anesthetics have 
been observed to attenuate ischemia-induced excitotoxicity 
through antagonism of glutamate receptors, such as AMPA 
and NMDA receptors, in many experimental animal 
settings (18, 40, 132-135).  

 
Several in vivo studies support the 

neuroprotective mechanism for volatile anesthetics against 
excitotoxic injury. For example, isoflurane and xenon 
exposure reduced rat cortical excitotoxic injury mediated 
by NMDA in a dose-dependent manner (18, 136). 
Isoflurane anesthesia in rats decreased AMPA-induced 
cortical injury in vivo (137).  
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Most of the work on inhalational anesthetics and 
NMDA/AMPA receptors has been performed in brain 
slices or cultures. Isoflurane intra-ischemic treatment and 
preconditioning has been shown to significantly reduce 
neuronal cell death caused by NMDA overstimulation in rat 
hippocampal and cerebellar slices (40, 133, 135). This 
protective effect was also validated by Bickler et al., who 
found that isoflurane exposure during stimulated ischemia 
temperature-independently reduced calcium fluxes and 
slowed the rate of calcium influx mediated by both L-
glutamate and NMDA in rat cortical slices (134). No 
evidence indicated that neuron cells protected by isoflurane 
had become apoptotic or apoptotic-like, suggesting that 
isoflurane protection against acute excitotoxic necrosis 
does not allow residual apoptotic cell death to proceed 
(138). Xenon, an NMDA receptor antagonist (17, 139), also 
exerted concentration-dependent neuroprotection against 
NMDA-induced injury at subanesthetic doses in vitro (18). 
In rodent in vitro models, isoflurane was also observed to 
reduce AMPA-induced excitotoxic injury and AMPA 
receptor-linked cyclic guanosine monophosphate 
production (38, 135, 140, 141). Since the use of different 
experimental protocols, receptor subtypes, and/or tissue 
sources confounds quantitative comparisons of the NMDA 
receptor inhibitory potencies of inhaled anesthetics, Solt et 
al. defined the extent to which different clinical inhaled 
anesthetics inhibit the NR1/NR2B subtype of the human 
NMDA receptor expressed in xenopus laevis oocytes. The 
inhalational agents tested (xenon, cyclopropane, enflurane, 
isoflurane, desflurane, halothane, and sevoflurane) 
inhibited NMDA receptors at equianesthetic concentrations 
(1 MAC) but to different extents, with xenon having the 
greatest effect and sevoflurane the least (142). 

 
However, isoflurane has been observed to have a 

dramatically different effect on NMDA-mediated Ca2+ 

influx in old compared with young rat hippocampal slices. 
A protein kinase C-mediated increase in NMDAR activity 
may result in increased excitotoxicity and decreased 
neuroprotection by isoflurane in the aging brain (57). 

 
In summary, these data suggest that the aging-

specific protective mechanism of volatile agents against 
brain ischemic injury appears to involve attenuation of 
glutamate excitotoxicity via inhibition of postsynaptic 
excitatory amino-acid pathways. 
 
4.1.3. Intracellular calcium and calcium-dependent 
processes 

Good evidence exists that calcium (Ca2+) is an 
important intracellular signal for cell survival and death. In 
hypoxic and ischemic conditions, activation of postsynaptic 
glutamate receptors, like NMDA receptor, results in 
excessive calcium accumulation in cytoplasm, 
mitochondria, or the endoplasmic reticulum, eventually 
leading to neuronal cell death (122, 131, 143). Volatile 
anesthetic treatment before, during or after brain ischemic 
injury was validated to reduce ischemic-induced cell death 
via reduction of NMDA-receptor-mediated calcium influx 
in vivo and in vitro (134, 144, 145). The protective effect 
afforded by inhalational agents prevents calcium 
overloading in ischemic/hypoxic neurons, enabling 

intracellular calcium concentration ([Ca2+]i ) to remain in a 
survivable range. 

 
Moderate increases in [Ca2+]i have been shown 

to trigger important calcium-dependent survival signals by 
mechanisms involving phosphorylation of the anti-
apoptotic factor Akt (146), the mitogen-activated protein 
kinase (MAP) kinase extracellular signal-regulated kinases 
(ERK) (p42/44) (147), the transcription of brain-derived 
neurotrophic factor (148) and changes in Ca2+-calmodulin- 
dependent gene expression (149). Isoflurane was observed 
to induce small to moderate increases in [Ca2+]i in cortical 
brain slices, hippocampal brain slices, and isolated cortical 
and hippocampal neurons in hypoxic/ischemic condition, as 
well as in oxygenated condition (37, 150). Pre-, peri- and 
post-treatment with inhalational agents was demonstrated 
to decrease hypoxic/ischemic-induced neuron cell death 
through avenues including release of Ca2+ from the 
endoplasmic reticulum, transient moderate increases in 
intracellular Ca2+ concentration and Ca2+-calmodulin-
mediated processes (134, 150, 151). Some studies showed 
that Ras and the MAP kinase-ERK pathway were involved 
in acute neuroprotection with isoflurane preconditioning in 
a calcium-dependent manner (37, 82, 89). Xenon exerted 
its neuroprotective effects partially by activation of the 
Ca2+ calmodulin-activated kinase 2 (CaMK2) system 
implicated in cellular death and over-release of 
neurotransmitter in vitro (19). 
 
4.1.4. Antioxidant mechanisms 

The neuroprotective effects of volatile 
anesthetics have been supposed to include decreasing 
reperfusion-induced oxidative injury, since volatile agents 
have been observed to decrease extracellular glutamate 
accumulation and subsequently prevent intracellular 
calcium overload. However, volatile anesthetics, unlike 
propofol and thiopental, have been shown to be devoid of 
direct antioxidant properties (152). They could not prevent 
primary mixed neuronal-glial cell culture death from H2O2-
induced oxidative stress (153). Moreover, sevoflurane has 
been observed to induce reactive oxygen species (ROS) 
generation in normoxic brain (48) and cardiac tissue (154).  

 
Recent studies, however, have reported that the 

generation of ROS was decreased by sevoflurane peri-
treatment in mature mixed cerebrocortical neuronal-glial 
cell cultures subjected to 90 minutes of OGD (48). 
Yurdakoc et al. examined the post-treatment effects of 
halothane, isoflurane, and sevoflurane on the time course of 
lipid peroxidation, measured by malondialdehyde (MDA) 
formation, in a rat closed head trauma model. Only 
isoflurane exposure 15 minutes post insult significantly 
reduced concentration of MDA (155). Isoflurane 
preconditioning was also indicated to promote the survival 
of cultured ischemic hippocampal neurons by mechanisms 
involving significantly increasing heme oxygenase-1 (HO-
1) mRNA and HO-1 protein expression (88). HO-1 
represents an important endogenous antioxidative defense 
mechanism against post-ischemic tissure damage (156), 
since biliverdin and bilirubin produced by HO-1 may act as 
physiological antioxidants and potent scavengers of oxygen 
radicals (157). Metallothioneins-1/2 (MT-1/2) were 
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indicated to play an important role in isoflurane-mediated 
delayed preconditioning against OGD toxicity of neuronal 
and glial cells in vitro (87), which has an ability to decrease 
both reactive oxygen species levels and peroxidation of 
cellular proteins and lipids (158). 

 
Nevertheless, additional investigation is needed 

to support the antioxidation effects of volatile anesthetics in 
ischemic brain. 
 
4.1.5. Anti-apoptosis 
Apoptosis, or programmed cell death, can be induced by 
low-level neuronal injuries including ischemia, hypoxia, 
radiation and others. Apoptosis is an active form of cell 
death morphologically characterized by shrinked cell 
bodies and nuclei, condensed nuclear chromatin, blebbing 
membrane and apoptotic bodies (159, 160). Li et al. 
observed that the number of cells undergoing apoptosis 
peaked at 24-48 hours post ischemia and continued to 
increase as late as 4 weeks after initiation of ischemia 
(161).  

Pre- and peri-treatment with volatile anesthetics 
were observed to reduce the number of apoptotic cells and 
the concentration of apoptosis-regulating proteins after 
brain ischemia in vivo and in vitro. For example, TUNEL-
positive or eosinophilic-positive neurons were significantly 
decreased by treatment with volatile agents (isoflurane, 
desflurane and sevoflurane) before and during ischemic 
injury in rodent neuronal cortical cell cultures and intact 
animal models (43, 54, 86). However, both TUNEL 
staining and hematoxylin and eosin (HE) staining have 
been validated not to be specific for apoptosis, since cells 
with either apoptotic or necrotic morphology have been 
stained TUNEL-positive (162, 163).  

 
Apoptosis-regulating proteins are more specific 

for measuring apoptotic cell death as they are triggered 
further downstream in the apoptotic cascade. Sevoflurane 
exposure during incomplete cerebral ischemia (30 min) in 
rats was observed to reduce concentration of the apoptosis-
inducing protein Bax in hippocampal tissue as early as 4 
hours after ischemic insult. Bcl-2, p53 and Mdm-2 were not 
changed at this time point (164). In a rat moderate 
hemispheric ischemia/reperfusion (45 minutes) plus 
hypotension model, sevoflurane peri-treatment was 
detected to increase the hippocampal concentration of the 
anti-apoptotic proteins Bcl-2 and Mdm-2 and inhibited the 
ischemia-induced upregulation of the pro-apoptotic protein 
Bax in the first 3 days after ischemic insult compared with 
a fentanyl and N2O/O2 group. No difference in p53 and 
active caspase-3 was detected between two groups over 
time (43). The data is consistent with Bickler’s findings. 
Bickler and his group recently have reported that 
expression of signal transduction genes differs after 
isoflurane preconditioning of rat hippocampal slices. 
Isoflurane preconditioning did not increase p53 mRNA, but 
it increased Mdm-2 mRNA, suggesting isoflurane would 
inhibit p53-mediated apoptosis via Mdm-2 (165). 

 
However, several investigations have shown that 

volatile anesthetics delayed but did not prevent apoptosis 
caused by severe brain ischemia. Kawaguchi et al. reported 

that apoptosis induced by 70-minute focal cerebral 
ischemia increased gradually during reperfusion and 
peaked at 4 days in the isoflurane group, and there was no 
difference in the number of caspase-3 and -9 positive 
neurons and brain infarction between the isoflurane and 
control groups up to 7 days post insult (55). By 
transiently protecting neurons, isoflurane might increase 
the therapeutic window for other drugs that can reduce 
neuronal injury. 

 
Bickler and Gray’s studies have indicated that 

isoflurane neuroprotection involves calcium-dependent 
intracellular signaling via Ras and the MAP kinase 
p42/44 pathway and the anti-apoptotic factor Akt (37, 
89). Moderate increases in [Ca2+]i observed in the 
presence of volatile anesthetics might be linked to the 
phosphorylation of the anti-apoptotic protein Akt, 
because anesthetic preconditioning neuroprotection in 
CA1 neurons can be eliminated by LY294002, a 
compound that prevents the phosphorylation of Akt by 
PI3 kinase. Consistent with a critical role for ERK and 
Akt in cell survival signaling, other studies have reported 
that Akt and related proteins, such as focal adhesion 
kinases, are associated with isoflurane neuroprotection (37, 
93, 165). The level of phosphorylated Akt and p42/44 was 
decreased by isoflurane in normally oxygenated and OGD 
brain slices from aging rats, which is consistent with 
decreased neuroprotection by isoflurane in the aging brain 
(57). Isoflurane preconditioning in a rat permanent right 
middle cerebral arterial occlusion (MCAO) model has been 
shown to induce a rapid and prolonged increase in 
phosphorylated p38 MAPK in cerebral neocortex (76). This 
neuroprotection has also been observed by the same 
research team to induce phosphorylation/activation of ERK 
and increase the expression of early growth response gene 
1 (Egr-1) and Bcl-2 in human neuroblastoma SH-SY5Y 
cells subjected to OGD (166). Xenon preconditioning 
was indicated to promote survival against neuronal injury 
by a phosphorylated cAMP (cyclic adenosine 3’ ,5’-
monophosphate)-response element binding protein 
(pCREB)-regulated synthesis of proteins (23). These data 
suggest a role of MAPK/P38, MAPK/ERK/RSK/CREB 
and MAPK/ERK/Egr-1/Bcl-2 pathways in inhaled 
anesthetic preconditioning-induced protection. 

 
Although the exact mechanisms and pathways 

of apoptosis remain unclear, the role of mitochondria in 
vitro and in vivo has been extensively described (167). 
Disruption of mitochondrial membrane permeability and 
alterations in mitochondrial membrane potential (MMP) 
have been observed to result in release of 
intramitochondrial proteins, such as cytochrome c, 
which activate the apoptotic process (168, 169). 
Desflurane showed better preservation of mitochondrial 
function at 4 hours after cerebral ischemia reperfusion 
injury, indicated by inhibition of mitochondrial 
swelling, increase of membrane potential, and 
improvement in functions of mitochondria respiratory 
complexes 1-4 when compared with halothane (170). 
Further study is needed to clarify the exact anti-
apoptotic mechanism for volatile anesthetics on 
ischemic brain. 



Inhalational anesthetics and cerebral ischemia 
 
 

1285 

 

 
 

Figure 1. Schematic diagram illustrating the mechanisms of inhalational anesthetic peri-treatment in cerebral ischemia, which 
include: reduction of cerebral metabolic rate (CMR), increase in energy store, reduction of glutamate release, NMDA and AMPA 
receptor antagonism, moderate increase in intracellular calcium, reduction of ROS, increase of anti-apoptotic factor (Bcl-2, 
Mdm-2 and Akt), reduction of apoptotic-induced protein (Bax), activation of RAS/MAPK/ERK pathway, activation of TREK-1, 
GABAA receptor potentiation, reduction of cerebral catecholamine concentrations (epinephrine, norepinephrine and dopamine), 
and activation of plasmalemmal KATP channels mediated by PKC activation. Abbreviations: E: epinephrine; NE: norepinephrine; 
DA: dopamine.  

 
4.2. Mechanisms for peri-treatment 
Much work has been done to delineate the exclusive 
mechanisms of volatile anesthetics administered during 
brain ischemia. This section will briefly review the 
molecular mechanism of volatile anesthetic peri-treatment 
for ischemic brain (Figure 1). 
 
4.2.1. Two-pore-domain potassium channels (K2P 
channels) 

Two-pore-domain potassium channels (K2P 
channels), found in various types of neuron, have been 
validated to play a key role in shaping the characteristics of 
neuronal excitability (171-174). TREK-1, an important 
member of K2P channels, is opened by polyunsaturated 
fatty acids (PUFAs) and lysophospholipids (LPLs) (175, 
176). PUFAs and LPLs have been reported to potentially 
protect neuronal cells from ischemia and seizures partly via 
TREK channels (177-179), suggesting that activation of 
TREK-1 might be a novel mechanism involved in 
neuroprotection. 

TREK-1 is also activated by volatile anesthetics 
(halothane, sevoflurane, desflurane (30), and xenon (31, 
180)) and has been suggested to be an important target in 
the action of these volatile agents, since TREK-1 knockout 
mice showed a marked decrease in sensitivity to the 
volatile agents (30). However, the literature is devoid of 
direct evidence supporting neuroprotective effects of 
volatile anesthetics via activating the TREK-1 channel. 
 
4.2.2. GABAA receptor potentiation 

Significant protection by isoflurane has been 
observed in rat incomplete global brain ischemia compared 
with fentanyl–nitrous oxide, and was completely reversed 
by co-administration of trimethaphan (181) with the 
property of gamma-aminobutyric acid type A (GABAA) 
receptor antagonism (182). The hypothesis that GABAA 
receptor potentiation may play a critical role in isoflurane 
neuroprotection for ischemic injury was validated in vivo 
and in vitro. In rat hippocampal slices subjected to an OGD 
and severe forebrain ischemic model, isoflurane exposure 
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Figure 2. Schematic diagram illustrating the mechanisms of inhalational anesthetic preconditioning in cerebral ischemia, which 
include reduction of cerebral metabolic rate (CMR), increase in energy store, reduction of glutamate release, NMDA and AMPA 
receptor antagonism, moderate increase in intracellular calcium, reduction of ROS via increasing HO-1 and MT, increase of anti-
apoptotic factor (Bcl-2, Mdm-2 and Akt), reduction of apoptotic-induced protein (Bax), activation of p21Ras and 
MAPK/ERK/Egr-1/Bcl-2, MAPK/ERK/RSK/CREB and MAPK/p38 pathway, activation of  plasmalemmal or mitochondrial 
KATP channels mediated by PKC/PKM activation, nitric oxide involvement, activation of adenosine A1 receptor, and increase in 
the expression of focal adhesion kinase (FAK). 

 
induced near-complete protection against ischemic 
injury. This neuroprotection was unaffected by co-
administration of phaclofen (a GABAB receptor 
antagonist) but largely reversed by bicuculline (a 
GABAA receptor antagonist) (35, 183), which is 
consistent with the pharmacologic affinity of isoflurane 
for the GABAA receptor in a physiological condition 
(184-187). 

 
Therefore, GABAA receptor potentiation may 

partially contribute to volatile anesthetic neuroprotection 
against ischemic injury. 
 
4.2.3. Catecholamine release 

Accumulating evidence has shown that there is a 
big increase of norepinephrine and dopamine in cerebral 
tissue (188, 189) during ischemia, which has adverse 

effects on neuronal tissue and biochemical recovery post 
insult (188, 190) by mechanisms that may be related to 
activation of L-type Ca2+ channel conductances and may 
thereby affect NMDA receptor-induced neuroexcitation 
(191). Reduction of catecholamine release thus 
represents a possible mechanism by which volatile 
anesthetics may exert a neuroprotective effect. Various 
volatile anesthetics have been observed to reduce 
circulating and cerebral concentration of epinephrine, 
norepinephrine and dopamine (47, 53, 123, 192, 193), 
which is related to improved neurological outcome. 
However, a poor correlation was observed between 
circulating and cerebral catecholamine concentrations 
(123, 193), which raises a question as to whether 
circulating catecholamines play a critical role in 
inhalational agent neuroprotection or in concentration of 
cerebral catecholamines. 
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4.2.4. Neurogenesis  
Whether neurogenesis and angiogenesis serve as 

probable sites of action for volatile anesthetic 
neuroprotection still remains unproven. One in vivo study has 
investigated the effect of sevoflurane (1.4% vs. 2.8%) on 
endogenous neurogenesis assessed by bromodeoxyuridine, a 
marker of neurogenesis, in a rat forebrain ischemic model plus 
hemorrhagic hypotension. The data suggest that high 
concentrations of sevoflurane (2.8%) stimulated neurogenesis 
in the dentate gyrus post insult (194). However, the data was 
obtained by comparing BrdU-NeuN positive cells undergoing 
sevoflurane-treatment with or without ischemic insult, and this 
does not validate the notion that sevoflurane-induced 
neurogenesis was significant compared with stroke-induced 
neurogenesis, since neurogenesis and angiogenesis are known 
to take place after brain ischemia (195-202). More studies are 
needed to identify the role of neurogenesis in volatile 
anesthetic neuroprotection. 
 
4.3. Mechanisms for preconditioning 

Recently, more research has been focused on 
volatile anesthetic preconditioning mechanisms in ischemic 
brain. Many preconditioning mechanisms described below 
have not yet been tested as potential peri-treatment 
mechanisms of volatile agents. Further studies are needed 
to validate the unique mechanisms for volatile anesthetic 
preconditioning (Figure 2). 
 
4.3.1. ATP-sensitive potassium channels 

Adenosine triphosphate-sensitive potassium 
(KATP) channels have been identified to have three tissue-
specific subtypes, including Kir6.2/SUR1 (beta-
cell/neuroendocrine/neuronal), Kir6.2/SUR2A (cardiac and 
skeletal muscle type), and Kir6.2 (or 6.1)/SUR2B in 
smooth muscles (203, 204). Several studies have 
investigated the role of mitochondrial KATP (mito KATP) 
channels in volatile anesthetic preconditioning on ischemic 
brain (77, 85). In rat, these channels have a six-fold higher 
concentration per milligram of mitochondrial protein in 
brain than in heart (205). These studies indicate that mito 
KATP channels might be involved in mechanisms of 
anesthetic preconditioning neuroprotection, since the 
beneficial effects of isoflurane or sevoflurane can be 
abolished by 5-hydroxydecanoic acid, a specific mito KATP 
channel blocker, in vivo and in vitro (77, 81, 85, 206). 
However, most of these studies investigating the anesthetic 
preconditioning simply relied on the perceived specific 
inhibitors for channel subtypes without observation of the 
KATP current (77, 81). 
 

Plasmalemmal Kir6.2/SUR1 channels are present 
in the brain, in areas such as hypothalamus, forebrain, and 
striatum, and are activated by ADP and inhibited by high or 
physiological intracellular ATP concentrations (207, 208). 
Bantel et al. examined the involvement of plasmalemmal 
KATP channels in volatile anesthetic-induced 
preconditioning by investigating the effects of sevoflurane 
and xenon directly on KATP currents. The data suggest that 
activation of plasmalemmal KATP channels, but not mito 
KATP channels, is essential for neuronal preconditioning by 
xenon, and verified that the opening of either 
plasmalemmal KATP channels or mito KATP channels was 

not involved in sevoflurane preconditioning in vitro (209). 
The results are consistent with those of Zheng and his 
group, who found that blocking KATP channels had no 
effect on isoflurane preconditioning in cerebellar brain 
slices (78).  

 
Further studies are needed to identify the exact 

effects of KATP channel and probable downstream proteins 
involved in volatile anesthetic pretreatment on ischemic 
brain. 
 
4.3.2. Nitric oxide 

Accumulating evidence has shown that nitric 
oxide is involved in physiologically regulating cerebral 
blood flow and neurotransmitter as well as pathologically 
promoting or attenuating neuronal cell death in ischemic 
brain (122). NO can induce the expression of the anti-
apoptotic protein Bcl-2 (210). NO was found to play a 
critical role in the p21ras /extracellular signal-regulated 
kinase cascade, which might be necessary for ischemic 
tolerance induction in neuronal cell culture (211). Nitroxyl 
anion (NO_), physiologically formed from NO by 
interfering with redox metal-containing proteins, has been 
indicated to reduce Ca2+ influx by interacting with the 
NR2A subunit of NMDA receptor (212). 

 
Nitric oxide can be synthesized by different 

types of nitric oxide synthases (NOS) including iNOS, 
endothelial NOS and neuronal NOS (213), among which 
iNOS may be important to mediate volatile anesthetic 
preconditioning-induced neuroprotection in adult rats (74, 
75). Pretreatment with volatile anesthetics was 
demonstrated to induce iNOS-dependent prolonged 
neuroprotection in rat adult in vitro and in vivo models 
(74). An increase in iNOS protein was revealed 6 hours 
after anesthetic pretreatment by Western blotting from 
cortical tissues. Consistent with Kapinya’s results, in a rat 
neonatal hypoxia/ischemia model, isoflurane 
preconditioning also provided effective protection 
accompanied by a time-dependent increase in iNOS 
expression in neonatal brains (75). This neuroprotection 
was abolished by aminoguanidine, an iNOS inhibitor. The 
expression of the anti-apoptotic protein Bcl-2 in the 
hippocampus increased after isoflurane pretreatment, and 
was reduced by inhibitors of iNOS (214). Nitric oxide, 
produced by iNOS, can induce Bcl-2 expression (210) via 
activating signal transducer and activator of transcription-3 
(215), a transcription factor that increases Bcl-2 expression 
(216). These data indicate that iNOS, which in large 
increases may be harmful and associated with inflammation 
(217), was a signaling molecule upstream of Bcl-2 and 
might be involved in the delayed phase of ischemic 
tolerance induced by isoflurane preconditioning in 
neonates. 

 
Further studies are needed to elucidate iNOS-

dependent downstream involvement in volatile 
preconditioning-induced neuroprotection and to determine 
whether endothelial NOS or neuronal NOS plays a 
favorable or unfavorable part in this neuroprotective 
mechanism. 
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4.3.3. Adenosine A1 receptor activation 
Adenosine A1 receptor activation may also play 

a critical role in the neuroprotection by volatile anesthetics 
against ischemic insult. In a rat focal cerebral ischemic 
model, preconditioning with isoflurane was shown to 
reduce ischemic injury, and the adenosine A1 receptor 
antagonist attenuated this neuroprotection (80). Activation 
of adenosine A1 receptor has been observed to 
physiologically promote the opening of neuronal KATP 
channels (218). The obtained data suggest that adenosine 
A1 receptor activity induced by isoflurane pretreatment 
could possibly be a trigger for KATP channel activation 
resulting in cerebral ischemic tolerance. Further studies are 
needed to demonstrate the role of the adenosine A1 
receptor activation-mediated pathway in volatile anesthetic 
neuroprotection. 
 
4.4. Mechanisms for post-treatment 

Although volatile anesthetic preconditioning is 
clinically feasible for preventing at-risk populations from 
perioperative ischemia, it is of limited value for patients 
with stroke and brain trauma occurring outside the hospital. 
Interventions that can be applied after the onset of brain 
ischemia will have broad applications. Ischemic post-
treatment has been indicated to promote neuronal cell 
survival in rodent models since 2006 (219, 220). However, 
limited studies have been focused on the neuroprotective 
effects of and mechanisms involved in volatile agent post-
treatment on ischemic brain.  
 
4.4.1. ATP-sensitive potassium channels 

A recent study has indicated that activation of 
mitochondrial adenosine 5’-triphosphate-sensitive 
potassium channels might be involved in the mechanism of 
volatile agent post-treatment. Isoflurane administered after 
OGD or focal brain ischemia provided neuroprotection 
which was able to be abolished by glibenclamide, a general 
adenosine 5’-triphosphate-sensitive potassium channel 
blocker, or 5-hydroxydecanoic acid, a mitochondrial 
adenosine 5’-triphosphate-sensitive potassium channel 
blocker (95). More work is needed to investigate the role of 
plasmalemmal KATP channels and changes in different KATP 
currents in inhalational anesthetic post-treatment in 
ischemic brain. 
 
5. SUMMARY AND PERSPECTIVES 
 

Although inhalational anesthetic neuroprotection 
has been successfully tested in reproducible and well-
controlled animal models of cerebral ischemia, the clinical 
evidence is less convincing. Clarifying the limitations of 
the current research may help us understand the 
translational loss. 

 
Data on ischemic brain impact afforded by inhaled 

anesthetics has been derived mostly from rodent stroke 
models, since rodents closely resemble higher species in 
physiological parameters and cerebrovascular anatomy (33). In 
addition, numerous studies examining the relative 
neuroprotective efficacy of inhaled agents assess neuronal 
survival by histological and functional outcomes at short-term 
end points (usually within 7 days). However, the ischemic 

cascade associated with neuronal damage can continue for a 
considerably longer time after the initial ischemic insult (221). 
Before extrapolation to future clinical trials, further research 
with higher-order and gyrencephalic animals is needed to test 
long-term histological and functional improvement afforded by 
volatile anesthetics. 

 
Most studies in animal stroke models have 

compared outcomes of different anesthetics with other 
anesthetics without normalized doses (i.e., MAC). Only a 
few studies have compared the effects of volatile 
anesthetics with the unanesthetized state, a more ideal 
control. In future research, designers need to utilize 
comparable doses (MAC) of inhaled anesthetics for 
neuroprotective assessment. 

 
Furthermore, studies need to be designed with 

strict controlled physiological variables via ventilation of 
the animals, administration of appropriate fluids, or use of 
warming blankets, since poor control of physiological 
parameters, including blood gas, body temperature, blood 
pressure, glucose levels and end-tidal CO2 (EtCO2), may 
fluctuate and lead to variability in outcomes (34), which 
ultimately can result in translational failure in the search for 
clinical neuroprotection.  

 
Another potential reason of the failure of 

translatiing the success from benchtop to bedside 
applications is that the majority of experimental stroke 
studies have used young adult and male animals. The 
epidemiological studies have shown that stroke in humans 
mainly afflicts the elderly and women have a greater 
perioperative stroke risk than men(223, 224, 225). The 
experimental studies have confirmed that age and gender 
may modify the response to inhalational anesthetic 
administration (57, 94, 226). Further studies are needed to 
identify the gender- or age-specific effects on 
neuroprotective capacity of inhalational anesthetics. 

 
In addition, many indirect parameters, including 

electroencephalograms and genetic, biochemical, and 
immunohistochemical markers, have been utilized by 
researchers in animal and clinical studies, but these may not 
be as sensitive or reproducible as histopathological and 
cognitive functional tests. More prospective randomized 
controlled clinical studies, with sensitive and appropriate 
end points, need to be undertaken to evaluate inhalational 
anesthetics and their effects on cerebral ischemia and 
functional outcomes. 
 
6. ACKNOWLEDGEMENTS 
 

This review was supported by the Chinese 
Natural Science Foundation (30772079 and 30870794), 
Shanghai Fund for Cooperation (08410703000), and 
Huashan Hospital Fund. The authors would like to thank 
Dr. Feng Zhang for critical comments on this manuscript. 
 
7. REFERENCES 
 
1. Geoffrey A Donnan, Marc Fisher, Malcolm Macleod, 
Srephen M Davis: Stroke. Lancet 371, 1612-1623 (2008) 



Inhalational anesthetics and cerebral ischemia 
 
 

1289 

2. Amanda G. Thrift, Helen M. Dewey, Richard A. L. 
Macdonell, John J. McNeil, Geoffrey A. Donnan: 
Incidence of the major stroke subtypes: initial findings from 
the North East Melbourne stroke incidence study 
(NEMESIS). Stroke 32, 1732–1738 (2001) 
 
3. J. E. Arrowsmith, H. P. Grocott, J. G. Reves, M. F. 
Newman: Central nervous system complications of cardiac 
surgery. Br J Anes 84, 378–393 (2000) 
 
4. Roger E. Kelley: Stroke in the postoperative period. Med 
Clin N Am 85, 1263–1276 (2001) 
 
5. Rae Allain, Luke K. Marone, Joseph Meltzer, Geetha 
Jeyabalan: Carotid endarterectomy. Int Anesthesiol Clin 43, 
15–38 (2005) 
 
6. Peter V. Wilson, Alex D. Ammar: The incidence of 
ischemic stroke versus intracerebral hemorrhage after carotid 
endarterectomy: a review of 2452 cases. Ann Vasc Surg 19, 1–
4(2005) 
 
7. Gary G. Ferguson, Michael Eliasziw, Hugh W. K. Barr, G. 
Patrick Clagett, Robert W. Barnes, M. Christopher Wallace, D. 
Wayne Taylor, R. Brian Haynes, Jane W. Finan, Vladimir C. 
Hachinski, Henry J. M. Barnett: The North American 
symptomatic carotid endarterectomy trail: surgical results in 
1415 patients. Stroke 30, 1751–1758(1999) 
 
8. BA Wells, AC Keats, DA Cooley: Increased tolerance to 
cerebral ischemia produced by general anesthesia during 
temporary carotid occlusion. Surgery 54, 216–223 (1963) 
 
9. Joan Stachnik: Inhaled anesthetic agents. Am J Health Syst 
Pharm 63, 623–635(2006) 
 
10. Nobuhiko Yasuda, Alexander G. Targ, Edmond I. Eger, 
Brynte H. Johnson, Richard B. Weiskopf:  Pharmacokinetics 
of desflurane, sevoflurane, isoflurane, and halothane in pigs. 
Anesth Analg 71, 340-348(1990) 
 
11. H Bundgaard, G von Oettingen, KM Larsen, U Landsfeldt, 
KA Jensen, E Nielsen, GE Cold: Effects of sevoflurane on 
intracranial pressure, cerebral blood flow and cerebral 
metabolism: A dose-response study in patients subjected to 
craniotomy for cerebral tumours. Acta Anaesthesiol Scand 42, 
621–627(1998) 
 
12. HM Koenig: What’s up with the new volatile anesthetics, 
desflurane and sevoflurane, for neurosurgical patients? J 
Neurosurg Anesth 6, 229-232 (1994) 
 
13. Kaike K. Kaisti, Jaakko W. Langsjo, Sargo M. Aalto, Vesa 
M. Oikonen, Hannu M. Sipila, Mika M. Teras, Susanna 
Hinkka, Liisa Metsahonkala, Harry Scheinin: Effects of 
sevoflurane, propofol, and adjunct nitrous oxide on regional 
cerebral blood flow, oxygen consumption, and blood volume 
in humans. Anesthesiology 99, 603–613 (2003) 
 
14. Benedikt Preckel, Wolfgang Schlack: Inert gases as the 
future inhalational anaesthetics? Best Pract Res Clin 
Anaesthesiol 19, 365–379 (2005) 

15. T Goto, K Suwa, S Uezono, F Ichinose, M Uchiyama, S 
Morita: The blood-gas partition coefficient of xenon may 
be lower than generally accepted. Br J Anaesth 80, 255-256 
(1998) 
 
16. Yoshinori Nakata, Takahisa Goto, Yoshiki Ishiguro, 
Katsuo Terui, Hiromasa Kawakami, Masayuki Santo, 
Yoshinari Niimi, Shigeho Morita: Minimum alveolar 
concentration (MAC) of xenon with sevoflurane in humans. 
Anesthesiology 94, 611-614 (2001) 
 
17. NP Franks, R Dickinson, SLM De Sousa, AC Hall, WR 
Lieb: How does xenon produce anaesthesia? Nature 396, 
324 (1998) 
 
18. Stefan Wilhelm, Daqing Ma, Mervyn Maze, Nicholas 
P. Franks: Effects of xenon on in vitro and in vivo models 
of neuronal injury. Anesthesiology 96, 1485–1491 (2002) 
 
19. Christian Petzelt, Per Blom, Wolfgang Schmehl, Jana 
Muller, Wolfgang J. Kox: Prevention of neurotoxicity in 
hypoxic cortical neuron by the noble gas xenon. Life Sci 72, 
1909–1918 (2003) 
 
20. Christian Petzelt, Per Blom, Wolfgang Schmehl, Jana 
Muller, Wolfgang J. Kox: Xenon prevents cellular damage 
in differentiated PC-12 cells exposed to hypoxia. BMC 
Neurosci 5, 55(2004) 
 
21. H. Mayumi Homi, Noriko Yokoo, Daqing Ma, David S. 
Warner, Nicholas P. Franks, Mervyn Maze, Hilary P. 
Grocott: The neuroprotective effect of xenon administration 
during transient middle cerebral artery occlusion in mice. 
Anesthesiology 99, 876–881(2003) 
 
22. John Dingley, James Tooley, Helen Porter, Marianne 
Thoresen: Xenon provides short-term neuroprotection in 
neonatal rats when administered after hypoxia-ischemia. 
Stroke 37, 501-506 (2006) 
 
23. Daqing Ma, Mahmuda Hossain, Garry KJ Pettet, Yan 
Luo, Ta Lim, Stanislav Akimov, Robert D Sanders, 
Nicholas P Franks, Mervyn Maze: Xenon preconditioning 
reduces brain damage from neonatal asphyxia in rats. J 
Cereb Blood Flow Metab 26, 199–208 (2006) 
 
24. Catherine Hobbs, Marianne Thoresen, Alexander 
Tucker, Kristian Aquilina, Ela Chakkarapani, John 
Dingley: Xenon and hypothermia combine additively, 
offering long-term functional and histopathologic 
neuroprotection after neonatal hypoxia/ischemia. Stroke 39, 
1307-1313 (2008) 
 
25. Marianne Thoresen, Catherine E Hobbs, Tommy Wood, 
Ela Chakkarapani, John Dingley: Cooling combined with 
immediate or delayed xenon inhalation provides equivalent 
long-term neuroprotection after neonatal hypoxia-ischemia. 
J Cereb Blood Flow Metab 29, 707-714 (2009) 
 
26. James M. Sonner, Joseph F. Antognini, Robert C. 
Dutton, Pamela Flood, Andrew T. Gray, R. Adron Harris, 
Gregg E. Homanics, Joan Kendig, Beverley Orser, Douglas 



Inhalational anesthetics and cerebral ischemia 
 
 

1290 

E. Raines, James Trudell, Bryce Vissel, Edmond I Eger II: 
Inhaled anesthetics and immobility: mechanisms, 
mysteries, and minimum alveolar anesthetic concentration. 
Anesth Analg 97, 718-740 (2003) 
 
27. Jason A. Campagna, Keith W. Miller, Stuart A. 
Forman: Mechanisms of actions of inhaled anesthetics. N 
Engl J Med 348, 2110–2124 (2003) 
 
28. Jason C. Sewell, Michael J. Halsey: Molecular 
similarity analysis: an alternative approach to studying 
molecular mechanisms of anaesthesia. Toxicol Lett 100-
101, 359-364 (1998). 
 
29. K. W. Miller: The nature of sites of general anaesthetic 
action. Br J Anaesth 89, 17-31 (2002) 
 
30. C Heurteaux, N Guy, C Laigle, N Blondeau, F Duprat, M 
Mazzuca, L Lang-Lazdunski, C Widmann, M Zanzouri, G 
Romey, M Lazdunski: TREK-1, a K+ channel involved in 
neuroprotection and general anesthesia. EMBO J 23, 2684-
2695(2004) 
 
31.Marco Gruss, Trevor J. Bushell, Damian P. Bright, William 
R. Lieb, Alistair Mathie, Nicholas P. Franks: Two-pore-
domain K+ channels are a novel target for the anesthetic gases 
xenon, nitrous oxide, and cyclopropane. Mol Pharmacol 65, 
443–452(2004) 
 
32. Benedikt Preckel, Nina C. Weber, Robert D. Sanders, 
Mervyn Maze, Wolfgang Schlack: Molecular Mechanisms 
Transducing the Anesthetic, Analgesic, and Organ-protective 
Actions of Xenon Anesthesiology 105, 187–197 (2006) 
 
33. Myron D. Ginsberg, Raul Busto: Rodent models of 
cerebral ischemia. Stroke 20, 1627–1642 (1989) 
 
34. Konstantin Alexander Hossmann: Experimental models for 
the investigation of brain ischemia. Cardiovasc Res 39, 106–
120 (1998). 
 
35. Hazem Elsersy, Javier Mixco, Huaxin Sheng, Robert D. 
Pearlstein, David S. Warner: Selective gamma-aminobutyric 
acid type A receptor antagonism reverses isoflurane ischemic 
neuroprotection. Anesthesiology 105, 81–90 (2006) 
 
36. Hiroaki Sakai, Huaxin Sheng, Robert B. Yates, Kazuyoshi 
Ishida, Robert D. Pearlstein, David S. Warner: Isoflurane 
provides long-term protection against focal cerebral ischemia 
in the rat. Anesthesiology 106, 92–99 (2007) 
 
37. Jonathan J. Gray, Philip E. Bickler, Christian S. Fahlman, 
Xinhua Zhan, Jennifer A. Schuyler. Isoflurane neuroprotection 
in hypoxic hippocampal slice cultures involves increases in 
intracellular Ca2+ and mitogen-activated protein kinases. 
Anesthesiology 102, 606–615 (2005) 
 
38. Jue Li, Shuqiu Zheng, Zhiyi Zuo: Isoflurane decreases 
AMPA-induced dark cell degeneration and edematous 
damage of Purkinje neurons in the rat cerebellar slices. 
Brain Res 958, 399–404(2002) 

39. Richard Liniger, Robert Popovic, Breandan Sullivan, 
George Gregory, Philip E. Bickler. Effects of 
neuroprotective cocktails on hippocampal neuron death in 
an in vitro model of cerebral ischemia. J Neurosurg 
Anesthesiol 13, 19–25 (2001)  
 
40. Robert Popovic, Richard Liniger, Philip E. Bickler: 
Anesthetics and mild hypothermia similarly prevent 
hippocampal neuron death in an in vitro model of cerebral 
ischemia. Anesthesiology 92, 1343–1349 (2000) 
 
41. Breandan L.Sullivan, David Leu, Donald M.Taylor, 
Christian S Fahlman, Philip E. Bickler: Isoflurane prevents 
delayed cell death in an organotypic slice culture model of 
cerebral ischemia. Anesthesiology 96, 189–195(2002) 
 
42. Masaya Kudo, Mitsuo Aono, Yoonki Lee, Gary 
Massey, Robert D. Pearlstein, David S. Warner: Effects of 
volatile anesthetics on N-methyl-D-aspartate excitotoxicity 
in primary rat neuronal–glial cultures. Anesthesiology 95, 
756–765(2001) 
 
43. Monika Pape, Kristin Engelhard, Eva Eberspacher, 
Regina Hollweck, Kristine Kellermann, Susanne Zintner, 
Peter Hutzler, Christian Werner: The long-term effect of 
sevoflurane on neuronal cell damage and expression of 
apoptotic factors after cerebral ischemia and reperfusion in 
rats. Anesth Analg 103, 173–179 (2006) 
 
44. David S. Warner, Claude McFarlane, Michael M. Todd, 
Paula Ludwig, Alice M. McAllister: Sevoflurane and 
halothane reduce focal ischemic brain damage in the rat. 
Possible influence on thermoregulation. Anesthesiology 79, 
985–992(1993) 
 
45. C Werner, O Mollenberg, E Kocks, J Schulte am Esch: 
Sevoflurane improves neurological outcome after incomplete 
cerebral ischaemia in rats. Br J Anaesth 75, 756–760 (1995) 
 
46. E. Eberspacher, B. Eckel, K. Engelhard,  K. Muller, W. E. 
Hoffman, M . Blobner, C. Werner: Effects of sevoflurane on 
cognitive deficit, motor function, and histopathology after 
cerebral ischemia in rats. Acta Anaesthesiol Scand 53, 774–
782 (2009) 
 
47. C.C. Toner, K. Connelly, R. Whelpton, S. Bains, A.T. 
Michael-Titus, D.P. McLaughlin, J.A. Stamford: Effects of 
sevoflurane on dopamine, glutamate and asparatate release in 
an in vitro model of cerebral ischemia. Br J Anaesth 86, 550–
554 (2001) 
 
48. Paula T. Canas, Lionel J. Velly, Christelle N. Labrande, 
Benjamin A. Guillet, Valerie Sautou-Miranda, Frederique M. 
Masmejean, AndreL. Nieoullon, Francois M. Gouin, Nicolas J. 
Bruder, Pascale S. Pisano: Sevoflurane protects rat mixed 
cerebrocortical neuronal–glial cell cultures against transient 
oxygen–glucose deprivation involvement of glutamate uptake 
and reactive oxygen species. Anesthesiology 105, 990–998 
(2006) 
 
49. C. Dean Kurth, Margaret Priestley, H. Marc Watzman, 
John McCann, Jeff Golden: Desflurane confers neurologic 



Inhalational anesthetics and cerebral ischemia 
 
 

1291 

protection for deep hypothermic circulatory arrest in newborn 
pigs. Anesthesiology 95, 959–964(2001) 
 
50. Andreas W. Loepke, Margaret A. Priestley, Steven E. 
Schultz, John McCann, Jeffrey Golden, C. Dean Kurth:  
Desflurane improves neurologic outcome after low-flow 
cardiopulmonary bypass in newborn pigs. Anesthesiology 97, 
1521–1527(2002) 
 
51. B. Haelewyn, A. Yvon, J. L. Hanouz, E. T. MacKenzie, P. 
Ducouret, J.L.Gerard, S. Roussel: Desflurane affords greater 
protection than halothane against focal cerebral ischemia in the 
rat. Br J Anaesth 91, 390–396 (2003) 
 
52. Shen-Kou Tsai, Su-Man Lin, Wei-Chih Hung, Martin S. 
Mok, Chun-Lien Chih, Shiang-Suo Huang: The effect of 
desflurane on ameliorating cerebral infarction in rats subjected 
to focal cerebral ischemia–reperfusion injury. Life Sci 74, 
2541–2549 (2004) 
 
53. K Engelhard, C Werner, W Reeker, H Lu, O Mollenbery, 
L Mielke, E Kochs: Desflurane and isoflurane improve 
neurological outcome after incomplete cerebral ischemia 
in rats. Br J Anaesth 83, 415–421(1999) 
 
54. Lisa Wise-Faberowski, Mohan K. Raizada, Colin 
Sumners: Desflurane and sevoflurane attenuate oxygen 
and glucose deprivation-induced neuronal cell death. J 
Neurosurg Anesthesiol 15, 193–199 (2003) 
 
55. Masahiko Kawaguchi, John C. Drummond, Daniel J. 
Cole, Paul J. Kelly, Mark P. Spurlock, Piyush Patel: 
Effect of isoflurane on neuronal apoptosis in rats 
subjected to focal cerebral ischemia. Anesth Analg 98, 
798–805(2004) 
 
56. M Kawaguchi, JR Kimbro, JC Drummond, J Cole, 
PJ Kelly, PM Patel: Isoflurane delays but does not 
prevent cerebral infarction in rats subjected to focal 
ischemia. Anesthesiology 92, 1335–1342 (2000) 
 
57. Xinhua Zhan, Christian S. Fahlman, Philip E. 
Bickler: Isoflurane Neuroprotection in rat hippocampal 
slices decreases with aging changes in intracellular Ca2+ 
regulation and N-methyl-D-aspartate receptor–mediated 
Ca2+ influx. Anesthesiology 104, 995–1003 (2006) 
 
58. Ikuko Nasu, Noriko Yokoo, Seiji Takaoka, Kosuke 
Takata, Tamie Hoshikawa, Masayuki Okada, Yoshihide 
Miura: The dose-dependent effects of isoflurane on 
outcome from severe forebrain ischemia in the rat. 
Anesth Analg 103, 413–418(2006) 
 
59. Christopher C. Toner, Andrew J. Milne, Karen L. 
Blatchford, Daniel P. McLaughlin, Jonathan A. Stamford:  
An assessment of the cerebroprotective potential of volatile 
anaesthetics using two independent methods in an in vitro 
model of cerebral ischaemia. Brain Res 958, 390–
398(2002) 
 
60. Bettina Jungwirth, M Lucia Gordan, Manfred Blobner, 
Wolfgang Schmehl, Eberhard F. Kochs, G Burkhard 

Mackensen: Xenon impairs neurocognitive and histologic 
outcome after cardiopulmonary bypass combined with 
cerebral air embolism in rats. Anesthesiology 104, 770–
776(2006) 
 
61. C.E.Murry, R.B.Jennings, K.A.Reimer: Preconditioning 
with ischemia: a delay of lethal cell injury in ischemic 
myocardium. Circulation 74, 1124–1136 (1986) 
 
62. Avital Schurr, Kenneth H. Reid, Michael T. Tseng, 
Catherine West, Benjamin M. Rigor: Adaptation of adult 
brain tissue to anoxia and hypoxia in vitro. Brain Res 374, 
244–248 (1986). 
 
63. Krishnadas Nandagopal, Ted M. Dawson, Valina L. 
Dawson: Critical role for nitric oxide signaling in 
cardiac and neuronal ischemic preconditioning and 
tolerance. J Pharmacol Exp Ther 297, 474–478 (2001). 
 
64. Fabrizio Tomai, Filippo Crea, Luigi Chiariello, Pier 
A. Gioffre: Ischemic preconditioning in humans: 
models, mediators, and clinical relevance. Circulation 
100, 559–563 (1999) 
 
65. M. Chopp, H. Chen, K-L. Ho, M. O. Dereski, E. 
Brown, F. W. Hetzel, K.M.A. Welch: Transient 
hyperthermia protects against subsequent forebrain 
ischemic cell damage in the rat. Neurology 39, 1396-
1398(1989) 
 
66. Jeffrey M. Gidday, Jill C. Fitzgibbons, Aarti R. 
Shah, T. S. Park: Neuroprotection from ischemic brain 
injury by hypoxic preconditioning in the neonatal rat. 
Neurosci. Lett 168, 221–224 (1994) 
 
67. S.Kobayashi, V.A.Harris, F.A.Welsh: Spreading 
depression induces tolerance of cortical neurons to 
ischemia in rat brain. J Cereb Blood Flow Metab 15, 
721–727(1995) 
 
68. Kojiro Wad, Masataka Ito, Takahito Miyazawa, 
Hiroshi Katoh, Hiroshi Nawashiro, Katsuji Shima Hiroo 
Chigasaki: Repeated hyperbaric oxygen induces 
ischemic tolerance in gerbil hippocampus. Brain Res 
740, 15-20 (1996) 
 
69. H.Nawashiro, K.Tasaki, C.A.Ruetzler, 
J.M.Hallenbeck: TNF-alpha pretreatment induces 
protective effects against focal cerebral ischemia in 
mice. J Cereb Blood Flow Metab 17, 483–490 (1997) 
 
70. Kaoru Tasaki, Christl A. Ruetzler, Toshiho Ohtsuki, 
David Martin, Hiroshi Nawashiro, John M. Hallenbeck: 
Lipopolysaccharide pre-treatment induces resistance 
against subsequent focal cerebral ischemic damage in 
spontaneously hypertensive rats. Brain Res 748, 267–
270 (1997) 
 
71. Shinsaku Nishio, Zong-Fu Chen, Masatoshi Yunoki, 
Tomikatsu Toyoda, Matthew Anzivino, Kevin S. Lee: 
Hypothermia-induced ischemic tolerance. Ann N Y Acad 
Sci 890, 26–41 (1999) 



Inhalational anesthetics and cerebral ischemia 
 
 

1292 

72. Takaaki Kirino: Ischemic tolerance. J Cereb Blood 
Flow Metab 22, 1283–1296 (2002) 
 
73. Ulrich Dirnagl, Roger P. Simon, John M. Hallenbeck: 
Ischemic tolerance and endogenous neuroprotection. 
Trends Neurosci 26, 248–254(2003) 
 
74. Krisztian J. Kapinya, Diana Lowl, Carsten Futterer, 
Martin Maurer, Klaus F. Waschke, Nikolaj K. Isaev, Ulrich 
Dirnagl: Tolerance against ischemic neuronal injury can be 
induced by volatile anesthetics and is inducible NO 
synthase dependent. Stroke  33, 1889–1898 (2002) 
 
75. Ping Zhao, Zhiyi Zuo: Isoflurane preconditioning 
induces neuroprotection that is inducible nitric oxide 
synthase–dependent in neonatal rats. Anesthesiology  101, 
695–702(2004) 
 
76. Shuqiu Zheng, Zhiyi Zuo: Isoflurane preconditioning 
induces neuroprotection against ischemia via activation of 
p38 mitogen-activated protein kinases. Mol Pharmacol 65, 
1172–1180 (2004) 
 
77. Franz Kehl, Ralphiel S. Payne, Norbert Roewer, Avital 
Schurr: Sevoflurane-induced preconditioning of rat brain in 
vitro and the role of K(ATP) channels. Brain Res 1021, 76–
81(2004) 
 
78. S Zheng, Z Zuo: Isoflurane preconditioning reduces 
Purkinje cell death in an in vitro model of rat cerebellar 
ischemia. Neuroscience 118, 99–106 (2003) 
 
79. Krisztian J. Kapinya, Konstantin Prass, Ulrich Dirnagl: 
Isoflurane induced prolonged protection against cerebral 
ischemia in mice: a redox sensitive mechanism? Neuro 
Report 13:1431–1435 (2002) 
 
80. Yanhong Liu, Lize Xiong, Shaoyang Chen, Qiang 
Wang: Isoflurane tolerance against focal cerebral ischemia 
is attenuated by adenosine A1 receptor antagonists. Can J 
Anaesth 53, 194–201 (2006) 
 
81. Lize Xiong, Yu Zheng, Mingchun Wu, Lichao Hou, 
Zhenghua Zhu, Xijing Zhang, Zhihong Lu: Preconditioning 
with isoflurane produces dose-dependent neuroprotection 
via activation of adenosine triphosphate-regulated 
potassium channels after focal cerebral ischemia in rats. 
Anesth Analg 96, 233–237(2003) 
 
82. Thomas J. J. Blanck, Michael Haile, Fang Xu, Jin 
Zhang, Paul Heerdt, Robert A. Veselis, James Beckman, 
Richard Kang, Anna Adamo, Hugh Hemmings: Isoflurane 
pretreatment ameliorates postischemic neurologic 
dysfunction and preserves hippocampal Ca2+/calmodulin-
dependent protein kinase in a canine cardiac arrest model. 
Anesthesiology 93, 1285–1293(2000) 
 
83. John J. McAuliffe, Bernadin Joseph, Charles V. 
Vorhees: Isoflurane-delayed preconditioning reduces 
immediate mortality and improves striatal function in adult 
mice after neonatal hypoxia-ischemia. Anesth Analg 
104,1066–1077(2007) 

84. John J McAuliffe, Andreas W Loepke, Lili Miles, 
Bernadin Joseph, Elizabeth Hughes, Charles V Vorhees: 
Desflurane, isoflurane, and sevoflurane provide limited 
neuroprotection against neonatal hypoxia-ischemia in a 
delayed preconditioning paradigm. Anesthesiology 111, 
533-46 (2009) 
  
85. T Kaneko, K Yokoyama, K Makita: Late 
preconditioning with isoflurane in cultured rat cortical 
neurones. Br J Anaesth 95, 662–668 (2005) 
 
86. Lisa Wise-Faberowski, Mohan K. Raizada, Colin 
Sumners: Oxygen and glucose deprivation-induced 
neuronal apoptosis is attenuated by halothane and 
isoflurane. Anesth Analg 93, 1281–1287 (2001) 
 
87. Scott D. Edmands, Adam C. Hall: Role for 
metallothioneins-1/2 in isoflurane preconditioning of 
primary murine neuronal cultures. Anesthesiology 110, 
538–547 (2009) 
 
88. Qifang Li, Yesen Zhu, Hong Jiang, Hui Xu, Heping 
Liu: Up-regulation of heme oxygenase-1 by isoflurane 
preconditioning during tolerance against neuronal injury 
induced by oxygen glucose deprivation. Acta Biochim 
Biophys Sin 40, 803-810 (2008) 
 
89. Philip E. Bickler, Xinhua Zhan, Christian S. Fahlman: 
Isoflurane preconditions hippocampal neurons against 
oxygen–glucose deprivation. Anesthesiology 103, 532–
539(2005) 
 
90. Ralphiel S. Payne, Ozan Akca, Norbert Roewer, Avital 
Schurr, Franz Kehl: Sevoflurane-induced preconditioning 
protects against cerebral ischemic neuronal damage in rats. 
Brain Res 1034, 147–152(2005) 
 
91. Chengbin Wang, Jeong Jin Lee, Hae-Hyuk Jung, Zhiyi 
Zuo: Pretreatment with volatile anesthetics, but not with the 
nonimmobilizer 1,2-dichlorohexafluorocyclobutane, 
reduced cell injury in rat cerebellar slices after an in vitro 
simulated ischemia Brain Res 1152, 201 – 208 (2007) 
 
92. Jean-Laurent Codaccioni, Lionel J. Velly, Chahrazad 
Moubarik, Nicolas J. Bruder, Pascale S. Pisano, Benjamin 
A. Guillet: Sevoflurane preconditioning against focal 
cerebral ischemia: inhibition of apoptosis in the face of 
transient improvement of neurological outcome. 
Anesthesiology 110, 1271-1278 (2009). 
 
93. Stephanie Sigaut, Virginie Jannier, Danielle Rouelle, 
Pierre Gressens, Jean Mantz, Souhayl Dahmani: The 
preconditioning effect of sevoflurane on the oxygen 
glucose-deprived hippocampal slice: the role of tyrosine 
kinases and duration of ischemia. Anesth Analg 108, 601-
608 (2009). 
 
94. Hideto Kitano, Jennifer M Young, Jian Cheng, Lan 
Wang, Patricia D Hurn, Stephanie J Murphy: Gender-
specific response to isoflurane preconditioning in focal 
cerebral ischemia. J Cereb Blood Flow Metab 27, 1377–
1386 (2007)  



Inhalational anesthetics and cerebral ischemia 
 
 

1293 

95. Jeong Jin Lee, Liaoliao Li, Hae-Hyuk Jung, Zhiyi Zuo: 
Postconditioning with isoflurane reduced ischemia-induced 
brain injury in rats Anesthesiology 108, 1055–1062 (2008)  
 
96. Ali F Erdem, Mehmet Cesur, Haci A Alici, Fazli 
Erdogan, Nazim Dogan, Husnu Kursad, Mustafa S Yuksek. 
Effects of sevoflurane and desflurane in CA1 after 
incomplete cerebral ischemia in rats. Saudi Med J 26, 
1424-1428 (2005) 
 
97. Michael Fries, Mark Coburn, Kay W. Nolte, Anne 
Timper, Kai Kottmann, Timur H. Kuru, Joachim Weis, 
Rolf Rossaint: Early administration of xenon or isoflurane 
may not improve functional outcome and cerebral 
alterations in a porcine model of cardiac arrest. 
Resuscitation 80, 584-590(2009) 
 
98. Michael Fries, Kay W. Nolte, Mark Coburn, Steffen 
Rex, Anne Timper, Kai Kottmann, Katharina Siepmann, 
Martin Hausler, Joachim Weis, Rolf Rossaint: Xenon 
reduces neurohistopathological damage and improves the 
early neurological deficit after cardiac arrest in pigs. Crit 
Care Med 36, 2420–2426 (2008) 
 
99. Hoffman William E, Charbel Fady T, Edelman Guy, 
Misra Mukesh, Ausman James I: Comparison of the effect 
of etomidate and desflurane on brain tissue gases and pH 
during prolonged middle cerebral artery occlusion. 
Anesthesiology 88, 1188–94 (1998) 
 
100. Messick Joseph M Jr, Casement Brian, Sharbrough 
Frank W, Milde Leslie N, Michenfelder John D, Sundt 
Thoralf M Jr: Correlation of regional cerebral blood flow 
(rCBF) with EEG changes during isoflurane anesthesia for 
carotid endarterectomy: critical rCBF. Anesthesiology 66, 
344–349 (1987) 
 
101. Michenfelder John D, Sundt Thoralf M, Fode Nicolee 
RN, Sharbrough Frank W: Isoflurane when compared to 
enflurane and halothane decreases the frequency of cerebral 
ischemia during carotid endarterectomy. Anesthesiology 67, 
336–340 (1987) 
 
102. Sean D. Lavine, Lena S. Masri, Michael L. Levy, 
Steven L. Giannotta: Temporary occlusion of the middle 
cerebral artery in intracranial aneurysm surgery: Time 
limitation and advantage of brain protection. J Neurosurg 
87, 817–824(1997) 
 
103. Meral Kanbak, Fatma Saricaoglu, Alev Avci, Turgay 
Ocal, Zehra Koray, Ulku Aypar. Propofol offers no 
advantage over isoflurane anesthesia for cerebral protection 
during cardiopulmonary bypass: a preliminary study of S-
100beta protein levels. Can J Anesth 51, 712–717(2004) 
 
104. Christian Werner: Anesthetic drugs and sustained 
neuroprotection in acute cerebral ischemia: can we alter 
clinical outcomes? Can J Anesth 2009 Sep 25. [Epub ahead 
of print] 
 
105. K. M. Raley-Susman, I. S. Kass, J. E. Cottrell, R. B. 
Newman, G. Chambers, J. Wang: Sodium influx blockade 

and hypoxic damage to CA1 pyramidal neurons in rat 
hippocampal slices. J Neurophysiol 86, 2715–2726 (2001) 
 
106. Ira S. Kass, Peter Lipton: Mechanisms involved in 
irreversible anoxic damage to the in vitro rat hippocampal 
slice. J Physiol 332, 459–472 (1982) 
 
107. B. K. Siesjo, P. Siesjo: Mechanisms of secondary 
brain injury. Eur J Anaesth 13, 247–268 (1996) 
 
108. E Tanaka, S Yamamoto, Y Kudo, S Mihara, H 
Higashi: Mechanisms underlying the rapid depolarization 
produced by deprivation of oxygen and glucose in rat 
hippocampal CA1 neurons in vitro. J Neurophysiol 78, 
891–902 (1997) 
 
109. L. A. Newberg, J. D. Michenfelder: Cerebral 
protection by isoflurane during hypoxemia or ischemia. 
Anesthesiology 59, 29-35 (1983) 
 
110. Edward H. Jr. Stullken, James H. Milde, John D. 
Michenfelder, John H. Tinker: The nonlinear responses of 
cerebral metabolism to low concentrations of halothane, 
enflurane, isoflurane, and thiopental. Anesthesiology 46, 
28-34 (1977) 
 
111. Yasuhiro Kuroda , Mari Murakami , Junko Tsuruta , 
Toshisuke Murakawa , T. Sakabe: Preservation of the 
ration of cerebral blood flow/metabolic rate for oxygen 
during prolonged anesthesia with isoflurane, sevoflurane, 
and halothane in humans. Anesthesiology 84, 555-561 
(1996) 
 
112. Mark S Scheller, Akio Tateishi, John C Drummond, 
Mark H Zornow: The effects of sevoflurane on cerebral 
blood flow, cerebral metabolic rate for oxygen, intracranial 
pressure, and the electroencephalogram are similar to those 
of isoflurane in the rabbit. Anesthesiology 68, 548-551 
(1988) 
 
113. D. Dimaculangan, A. A. Bendo, R. Sims, J. E. 
Cottrell, I. S. Kass: Desflurane improves the recovery of the 
evoked postsynaptic population spike from CA1 pyramidal 
cells after hypoxia in rat hippocampal slices. J Neurosurg 
Anesthesiol 18, 78–82 (2006) 
 
114. Gina Matei, Rostislav Pavlik, Tai McCadden, James 
E. Cottrell, Ira S. Kass: Sevoflurane improves 
electrophysiological recovery of rat hippocampal slice CA1 
pyramidal neurons after hypoxia: J Neurosurg Anesthesiol 
14, 293-298 (2002) 
 
115. J. Wang, F. Meng, J. E. Cottrell, I. S. Kass: The 
differential effects of volatile anesthetics on 
electrophysiological and biochemical changes during and 
recovery after hypoxia in rat hippocampal slice CA1 
pyramidal cells. Neuroscience 140, 957–967 (2006) 
 
116. J. Wang, J. E. Cottrell, I. S. Kass: Effects of 
desflurane and propofol on electrophysiological parameters 
during and recovery after hypoxia in rat hippocampal slice 
CA1 pyramidal cells. Neuroscience 160, 140–148 (2009) 



Inhalational anesthetics and cerebral ischemia 
 
 

1294 

117. J. Wang, B. Lei, S. Popp, F. Meng, J. E. Cottrell, I. 
S. Kass: Sevoflurane immediate preconditioning alters 
hypoxic membrane potential changes in rat hippocampal 
slices and improves recovery of CA1 pyramidal cells 
after hypoxia and globle cerebral ischemia. 
Neuroscience 145, 1097–1107 (2007)  
 
118. Niels C. Danbolt: Glutamate uptake. Prog 
Neurobiol;65, 1–105 (2001) 
 
119. David J. Rossi, Takeo Oshima, David Attwell: 
Glutamate release in severe brain ischaemia is mainly 
by reversed uptake. Nature 403, 316–321(2000) 
 
120. HK Kimelberg, SK Goderie, S Higman, S Pang, 
RA Waniewski. Swelling-induced release of glutamate, 
aspartate, and taurine from astrocyte cultures. J 
Neurosci 10, 1583–1591(1990) 
 
121. DW Choi, M Maulucci-Gedde, AR Kriegstein. 
Glutamate neurotoxicity in cortical cell culture. J 
Neurosci 7, 357–368(1987) 
 
122. Anish Bhardwaj, Nabil J. Alkayed, Jeffrey R. Kirsch, 
Patricia D. Hurn: Mechanisms of ischemic brain damage. Curr 
Cardiol Rep 5, 160–167(2003) 
 
123. Kristin Engelhard, Christian Werner, William E. 
Hoffman, Bianca Matthes, Manfred Blobner, Eberhard Kochs: 
The effect of sevoflurane and propofol on cerebral 
neurotransmitter concentrations during cerebral ischemia in 
rats. Anesth Analg 97, 1155–1161 (2003) 
 
124. U.M.Illievich, M.H.Zornow, K.T.Choi, M.A. Strnat, 
M.S.Scheller: Effects of hypothermia or anesthetics on 
hippocampal glutamate and glycine concentrations after 
repeated transient global cerebral ischemia. Anesthesiology 80, 
177–186 (1994) 
 
125. Ken Nakashima, Michael M. Todd: Effects of 
hypothermia, pentobarbital, and isoflurane on 
postdepolarization amino acid release during complete global 
cerebral ischemia. Anesthesiology 85, 161–168(1996) 
 
126. P.M.Patel, J.C.Drummond, D.J.Cole, R.L.Goskowicz: 
Isoflurane reduces ischemia-induced glutamate release in rats 
subjected to forebrain ischemia. Anesthesiology 82, 996–
1003(1995) 
 
127. Marie-Francoise Ritz, Petra Schmidt, Aminadav 
Mendelowitsch: Effects of isoflurane on glutamate and taurine 
releases, brain swelling and injury during transient ischemia 
and reperfusion. Int J Neurosci 116, 191–202(2006) 
 
128. P.E.Bickler, L.T. Buck, J.R Feiner: Volatile and 
intravenous anesthetics decrease glutamate release from 
cortical brain slices during anoxia. Anesthesiology 83, 1233–
1240(1995) 
 
129. Helge Eilers, Philip E. Bickler: Hypothermia and 
isoflurane similarly inhibit glutamate release evoked by 

chemical anoxia in rat cortical brain slices. Anesthesiology 
85, 600–607(1996) 
 
130. Hae-Hyuk Jung, Jeong Jin Lee, Jacqueline M. 
Washington, Zhiyi Zuo: Inability of volatile anesthetics to 
inhibit oxygen–glucose deprivation-induced glutamate 
release via glutamate transporters and anion. Brain Res  
1227, 234-239 (2008) 
 
131. Shirlee Tan, Yutaka Sagara, Yuanbin Liu, Pamela 
Maher, David Schubert: The regulation of reactive oxygen 
species production during programmed cell death. J Cell 
Biol 141, 1423–1432 (1998). 
 
132. David S. Warner: Anesthetics provide limited but real 
protection against brain injury. J Neurosurg Anesthesiol 16, 
303–307(2004) 
 
133. Breandan L. Sullivan, David Leu, Donald M. Taylor, 
Christian S. Fahlman, Philip E. Bickler: Isoflurane prevents 
delayed cell death in an organotypic slice culture model of 
cerebral ischemia. Anesthesiology 96, 189–195 (2002) 
 
134. Philip E. Bickler, Leslie T. Buck, Bonnie M. Hansen: 
Effects of isoflurane and hypothermia on glutamate 
receptor-mediated calcium influx in brain slices. 
Anesthesiology 81, 1461–1469 (1994) 
 
135. Shuqiu Zheng, Zhiyi Zuo: Isoflurane preconditioning 
decreases glutamate receptor overactivation-induced 
Purkinje neuronal injury in rat cerebellar slices. Brain Res 
1054, 143–151 (2005) 
 
136. Hideki Harada, Paul J. Kelly, Daniel J. Cole, John C. 
Drummond, Piyush M. Patel: Isoflurane reduces N-methyl-
D-aspartate toxicity in vivo in the rat cerebral cortex. 
Anesth Analg 89, 1442–1447 (1999) 
 
137. JR Kimbro, PJ Kelly, JC Drummond, DJ Cole, PM 
Patel: Isoflurane and pentobarbital reduce AMPA toxicity 
in vivo in the rat cerebral cortex. Anesthesiology 92, 806–
812 (2000) 
 
138. Lisa Wise-Faberowski, Robert D. Pearlstein, David S. 
Warner: NMDA-induced apoptosis in mixed neuronal/glial 
cortical cell cultures: The effects of isoflurane and 
dizocilpine J Neurosurg Anesthesiol 18, 240–246(2006) 
 
139. SLM De Sousa, R Dickinson, WE Lieb, NP Franks: 
Contrasting synaptic actions of the inhalational general 
anesthetics isoflurane and xenon. Anesthesiology 92, 1055–
1066 (2000) 
 
140. Vincenzo Carla, Flavio moroni: General anesthetics 
inhibit the responses induced by glutamate receptor 
agonists in the mouse cortex. Neurosci Lett 146, 21–24 
(1992) 
 
141. Z Zuo, T A ichotsky, RA Johns: Inhibition of 
excitatory neurotransmitter-nitric oxide signaling pathway 
by inhalational anesthetics. Neuroscience 93, 1167–
1172(1999) 



Inhalational anesthetics and cerebral ischemia 
 
 

1295 

142. Ken Solt, Edmond I. Eger, Douglas E. Raines: 
Differential modulation of human N-methyl-D-aspartate 
receptors by structurally diverse general anesthetics. Anesth 
Analg 102, 1407–1411(2006) 
 
143. Wulf Paschen: Mechanisms of neuronal cell death: 
diverse roles of calcium in the various subcellular 
compartments. Cell Calcium 34, 305–310 (2003) 
 
144. Jacques H. Abraini, Helene N. David, Marc Lemaire: 
Potentially neuroprotective and therapeutic properties of 
nitrous oxide and xenon. Ann NY Acad Sci 1053, 289–300 
(2005) 
 
145. Helene N David, Frederic Leveille, Laurent 
Chazalviel, Eric T MacKenzie, Alain Buisson, Marc 
Lemaire, Jacques H Abraini: Reduction of ischemic brain 
damage by nitrous oxide and xenon. J Cereb Blood Flow 
Metab 23, 1168–1173 (2003) 
 
146. Aiwu Cheng, Shuqin Wang, Dongmei Yang, Ruiping 
Xiao, Mark P. Mattson: Calmodulin mediates brain-derived 
neurotrophic factor or cell survival signaling upstream of 
Akt kinase in embryonic neocortical neurons. J Biol Chem 
278, 7591–7599(2003) 
 
147. CS Fahlman, PE Bickler, B Sullivan, GA Gregory: 
Activation of the neuroprotective ERK signaling pathway 
by fructose-1,6-bisphosphate during hypoxia involves 
intracellular Ca2+ and phospholipase C. Brain Res  958, 
43–51(2002) 
 
148. Wen G. Chen, Qiang Chang, Yingxi Lin, Alexander 
Meissner, Anne E. West, Eric C. Griffith, Rudolf Jaenisch, 
Michael E. Greenberg: Derepression of BDNF transcription 
involves calcium-dependent phosphorylation of MeCP2. 
Science 302, 885–889(2003) 
 
149. Denis Mottet, Gaetan Michel, Patricia Renard, Noelle 
Ninane, Martine Raes, Carine Michiels: Role of ERK and 
calcium in the hypoxia-induced activation of HIF-1. J Cell 
Physiol 194, 30–44(2003) 
 
150. Christoph H. Kindler, Helge Eilers, Paul Donohoe, 
Surhan Ozer, Philip E. Bickler: Volatile anesthetics 
increase intracellular calcium in cerebrocortical and 
hippocampal neurons. Anesthesiology 90, 1137–
1145(1999) 
 
151. PE Bickler, CS Fahlman: Moderate increases in 
intracellular calcium activate neuroprotective signals in 
hippocampal neurons. Neuroscience 127, 673–683(2004) 
 
152. John X. Wilson, Adrian W. Gelb: Free radicals, anti-
oxidants, and neurologic injury: Possible relationship to 
cerebral protection by anesthetics J Neurosurg Anesthesiol; 
14:66–79(2002) 
 
153. Masaya Kudo, Mitsuo Aono, Yoonki Lee, Gary 
Massey, Robert D. Pearlstein, David S. Warner: Absence of 
direct anti-oxidant effects from volatile anesthetics in 

primary mixed neuronal–glial cultures. Anesthesiology 94, 
303–312(2001) 
 
154. Leo G. Kevin, Enis Novalija, Matthias L. Riess, 
Amadou K. S. Camara, Samhita S. Rhodes, David F. 
Stowe: Sevoflurane exposure generates superoxide but 
leads to decreased superoxide during and reperfusion in 
isolated hearts. Anesth Analg 96, 949–955(2003) 
 
155. A. Yurdakoc, I. Gunday, D. Memis: Effects of 
halothane, isoflurane, and sevoflurane on lipid peroxidation 
following experimental closed head trauma in rats. Acta 
Anaesthesiol Scand 52, 658–663 (2008)  
 
156. Sei-ichiro Tsuchihashi, Constantino Fondevila, Jerzy 
W. Kupiec-Weglinski. Heme oxygenase system in ischemia 
and reperfusion injury. Ann Transplant 9, 84−87(2004) 
 
157. R Stocker, Y Yamamoto, AF McDonagh, AN Glazer, 
BN Ames. Bilirubin is an antioxidant of possible 
physiological importance. Science, 235, 1043−1046(1987) 
 
158. Masao Sato, Masuo Kondoh: Recent studies on 
metallothionein: Protection against toxicity of heavy metals 
and oxygen free radicals. Tohoku J Exp Med 196, 9–22 
(2002) 
 
159. MJ Ishimaru, C Ikonomidou, TI Tenkova, TC Der, K 
Dikranian, MA Sesma, JW Olney: Distinguishing 
excitotoxic from apoptotic neurodegenetration in the 
developing rat brain. J Comp Neurol; 408, 461-476(1999) 
 
160. Carlos Portera-Cailliau, Donald Price, Lee J. Martin. 
Non-NMDA and NMDA receptor-mediated excitotoxic 
neuronal deaths in adult brain are morphologically distinct: 
further evidence for an apoptosis-necrosis continuum. J 
Comp Neurol 378, 88–104(1997) 
 
161. Yi Li, Michael Chopp, Ning Jiang, Zheng Gang 
Zhang, Cecylia Zaloga: Induction of DNA fragmentation 
after 10 to 120 minutes of focal cerebral ischemia in rats. 
Stroke 26, 1252–1258 (1995) 
 
162. Steven H. Graham, Jun Chen: Programmed cell death 
in cerebral ischemia. J cereb Blood Flow Metab 21, 99-109 
(2001) 
 
163. John A. Kiernan, Cheryl M. Macpherson, April Price, 
Tina Sun: A histochemical examination of the staining of 
kainate-induced neuronal degeneration by anionic dyes. 
Biotech Histochem 73, 244-254 (1998) 
 
164. K. Engelhard, C. Werner, E. Eberspacher, M. Pape, 
M. Blobner, P. Hutzler, E. Kochs: Sevoflurane and 
propofol influence the expression of apoptosis-regulating 
proteins after cerebral ischemia and reperfusion in rats. Eur 
J Anaesthesiol 21, 530-537 (2004) 
 
165. Souhayl Dahmani, Antoine Tesniere, Danielle 
Rouelle, Madeleine Toutant, Jean-Marie Desmonts, Jean 
Mantz: Effects of anesthetic agents on focal adhesion 



Inhalational anesthetics and cerebral ischemia 
 
 

1296 

kinase (pp125FAK) tyrosine phosphorylation in rat 
hippocampal slices. Anesthesiology 101, 344–353(2004) 
166. Zhiyi Zuo, Ying Wang, Yueming Huang: Isoflurane 
preconditioning protects human neuroblastoma SH-SY5Y 
cells against in vitro simulated ischemia-reperfusion 
through the activation of extracellular signal-regulated 
kinases pathway. Eur J Pharmacol 542, 84–91(2006) 
 
167. Nina J. Solenski, Charles G. diPierro, Patricia A. 
Trimmer, Aij-Li Kwan, Gregory A. Helms: Ultrastructural 
changes of neuronal mitochondria after transient and 
permanent cerebral ischemia. Stroke 33, 816–824(2002) 
 
168. Solange Desagher, Jean-Claude Martinou: 
Mitochondria as the central control point of apoptosis. 
Trends Cell Biol 10, 369–377(2000) 
 
169. Hiroki Yoshida, Young-Yun Kong, Ritsuko Yoshida, 
Andrew J. Elia, Anne Hakem, Razqallah Hakem, Josef M. 
Penninger, Tak W. Mak: Apaf1 is required for 
mitochondria pathways of apoptosis and brain 
development. Cell  94, 739–750(1998) 
 
170. Bing Zhang, Xia Wei, Xiaoguang Cui, Huacheng 
Zhou, Wengang Ding, Wenzhi Li: Desflurane affords 
greater protection than halothane in the function of 
mitochondria against forebrain ischemia reperfusion injury 
in rats. Anesth Analg 106, 1242–1249 (2008) 
 
171. D Kim, CD Sladek, C Aguado-Velasco, JR Mathiasen: 
Arachidonic acid activation of a new family of K+ channels 
in cultured rat neuronal cells. J Physiol 484, 643–
660(1995) 
 
172. A Wei, T Jegla, L Salkoff: Eight potassium channel 
families revealed by the C. elegans genome project. 
Neuropharmacology 35, 805–829 (1996) 
 
173. Florian Lesage, Michel Lazdunski: Molecular and 
functional properties of two pore domain potassium 
channels. Am J Physiol 279, 793–801(2000) 
 
174. Edmund M. Talley, Jay E. Sirois, Qiubo Lei, Douglas 
A. Bayliss: Two-pore-domain (KCNK) potassium 
channels: dynamic roles in neuronal function. 
Neuroscientist 9,46–56(2003) 
 
175. AJ Patel, E Honore, F Maingret, F Lesage, M Fink, F 
Duprat, M Lazdunski: A mammalian two pore domain 
mechano-gated S-type K+ channel. EMBO J 17, 4283-4290 
(1998) 
 
176. Francois Maingret, Amanda J. Patel, Florian Lesage, 
Michel Lazdunski, Eric Honore: Lysophospholipids open 
the two pore domain mechano-gated K+ channels TREK-1 
and TRAAK. J Biol Chem 275, 10128–10133 (2000) 
 
177. Inger Lauritzen, Nicolas Blondeau, Catherine 
Heurteaux, Catherine Widmann, Georges Romey, Michel 
Lazdunski: Polyunsaturated fatty acids are potent 
neuroprotectors. EMBO J 19,1784–1793 (2000) 
 

178. N Blondeau, C Widmann, M Lazdunski, C Heurteaux: 
Polyunsaturated fatty acids induce ischemic and epileptic 
tolerance. Neuroscience 109, 231–241(2001) 
 
179. Nicolas Blondeau, Inger Lauritzen, 
Catherine Widmann, Michel Lazdunski and 
Catherine Heurteaux: A potent protective role of 
lysophospholipids against global cerebral ischemia and 
glutamate excitotoxicity in neuronal cultures. J Cereb 
Blood Flow Metab 22, 821–834(2002) 
 
180. Nicholas P. Franks, Eric Honore: The TREK K2P 
channels and their role in general anaesthesia and 
neuroprotection. Trends Pharmacol Sci 25, 601-608 (2004) 
 
181. G. Burkhard Mackensen, Bengt Nellgard, Yoshihide 
Miura, Charleen T Chu, Franklin Dexter, Robert D Pearlstein, 
David S Warner: Sympathetic blockade masks positive effect 
of isoflurane on histologic outcome from near-complete 
ischemia in the rat. Anesthesiology 90, 873–881(1999) 
 
182. VE Wotring, KW Yoon: The inhibitory effects of 
nicotinic antagonists on currents elicited by GABA in rat 
hippocampal neurons. Neuroscience 67, 293–300(1995) 
 
183. Philip E. Bickler, David S. Warner, Greg Stratmann, 
Jennifer A. Schuyler: gamma-aminobutyric acid-A receptors 
contribute to isoflurane neuroprotection in organotypic 
hippocampal cultures. Anesth Analg 97, 564–571 (2003) 
 
184. BD Harris, EJ Moody, AS Basile, P Skoknick: Volatile 
anesthetics bidirectionally and stereospecifically modulate 
ligand binding to GABA receptors. Eur J Pharmacol 267, 
269–274 (1994) 
 
185. Joseph J. Quinlan, Susan Firestone, Leonard L. Firestone: 
Isoflurane’s enhancement of chloride flux through rat brain 
gamma-aminobutyric acid type A receptors is stereoselective. 
Anesthesiology 83, 611–615(1995) 
 
186. Mathew V. Jones, Penelope A. Brooks, Neil L. Harrison: 
Enhancement of gamma-aminobutyric acid-activated Cl- 
currents in cultured rat hippocampal neurones by three volatile 
anaesthetics. J Physiol 449, 279–293(1992). 
 
187. NL Harrison, JL Kugler, MV Jones, EP Greenblatt, DB 
Pritchett: Positive modulation of human gamma-aminobutyric 
acid type A and glycine receptors by the inhalation anesthetic 
isoflurane. Mol Pharmacol  44, 628–632 (1993) 
 
188. MY-T Globus, R Busto, WD Dietrich, E Martinez, I 
Valdes, MD Ginsberg: Effect of ischemia on the in vivo release 
of striatal dopamine, glutamate, and g-aminobutyric acid 
studied by intracerebral microdialysis. J Neurochem 51,1455-
1463(1988) 
 
189. MY-T Globus, R Busto, WD Dietrich, E Martinez, I 
Valdes, MD Ginsberg: Direct evidence for acute and 
massive norepinephrine release in the hippocampus during 
transient ischemia. J Cereb Blood Flow Metab  9:892-
896(1989) 
 



Inhalational anesthetics and cerebral ischemia 
 
 

1297 

190. Nobukazu Hashimoto, Takashi Matsumoto, Hideo M. 
Abe, Takeshi Hashitani, Hitoo Nishino: Dopamine has 
inhibitory and accelerating effects on ischaemia-induced 
neuronal damage in the rat striatum. Brain Res Bull 33, 
281-288 (1994) 
 
191. Carlos Cepeda, Christopher S. Colwell, Jason N. Itri, 
Scott H. Chandler, Michael S. Levine: Dopaminergic 
modulation of NMDA-induced whole cell currents in 
neostriatal neurons in slices: Contribution of calcium 
conductances. J Neurophysiol 79, 82-94(1998) 
 
192. Robert Koorn, Julian Martinez-Tica, Jesse 
Weinberger, Ronald Kahn, Timothy Brannan, David Reich 
: Effect of isoflurane and halothane on in vivo ischemia-
induced dopamine release in the corpus striatum of the rat. 
A study using cerebral microdialysis. Anesthesiology 79, 
827–835(1993) 
 
193. Yoshihide Miura, G. Burkhard Mackensen, Bengt 
Nellgard, Robert D. Pearlstein, Robert D. Bart, Franklin 
Dexter, David S. Warner, MD: Effects of isoflurane, 
ketamine, and fentanyl/N2O on concentrations of brain and 
plasma catecholamines during near-complete cerebral 
ischemia in the rat. Anesth Analg 88, 787–792 (1999) 
 
194. Kristin Engelhard, Uta Winkelheide, Christian 
Werner, Julia Kluge, Eva Eberspacher, Regina Hollweck, 
Peter Hutzler, Jurgen Winkler, Eberhard Kochs: 
Sevoflurane affects neurogenesis after forebrain ischemia in 
rats. Anesth Analg 104, 898–903 (2007) 
 
195. Jack M. Parent, Zinaida S. Vexler, Chao Gong, Nikita 
Derugin, Donna M. Ferriero: Rat forebrain neurogenesis 
and striatal neuron replacement after focal stroke. Ann 
Neurol 52, 802-813(2002). 
 
196. R. L. Zhang, Z. G. Zhang, L. Zhang, M. Chopp: 
Proliferation and differentiation of progenitor cells in the 
cortex and the subventricular zone in the adult rat after 
focal cerebral ischemia. Neuroscience 105, 33-41(2001) 
 
197. Andreas Arvidsson, Tove Collin, Deniz Kirik, Zaal 
Kokaia, Olle Lindvall: Neuronal replacement from 
endogenous precursors in the adult brain after stroke. Nat 
Med 8, 963-970(2002) 
 
198. Kunlin Jin, Manabu Minami, Jing Q. Lan, Xiao Ou 
Mao, Sophie Batteur, Roger P. Simon, David A. 
Greenberg: Neurogenesis in dentate subgranular zone and 
rostral subventricular zone after focal cerebral ischemia in 
the rat. Proc. Natl. Acad. Sci. U.S.A. 98, 4710-4715 (2001). 
 
199. J Krupinski, J Kaluza, P Kumar, S Kumar, JM Wang: 
Role of angiogenesis in patients with cerebral ischemic 
stroke. Stroke 25, 1794–1798 (1994) 
 
200. Karl H. Plate, Heike Beck, Simone Danner, Peter R. 
Allegrini, Christoph Wiessner: Cell type specific 
upregulation of vascular endothelial growth factor in an 
MCA-occlusion model of cerebral infarct. J Neuropathol 
Exp Neurol 58, 654–666 (1999) 

201. A. Sbarbati, Claudio Pietra, Angela Maria Baldassarri, 
Uliano Guerrini, Luigi Ziviani, Angelo Reggiani, 
Andrea Boicelli, Francesco Osculati: The microvascular 
system in ischemic cortical lesions. Acta Neuropathol 92, 
56–63 (1996) 
 
202. Ling Wei, Joseph P. Erinjeri, Carl M. Rovainen, 
Thomas A. Woolsey: Collateral growth and angiogenesis 
around cortical stroke. Stroke 32, 2179–84 (2001) 
 
203. Lydia Aguilar-Bryan, Joseph Bryan: Molecular 
biology of adenosine triphosphate-sensitive potassium 
channels. Endocr Rev 20, 101–135 (1999) 
 
204. Birgit Liss, Jochen Roeper: Molecular physiology of 
neuronal K-ATP channels. Mol Membr Biol 18, 117-
127(2001) 
 
205. Robert Bajgar, Subramaniam Seetharaman, Alicia J. 
Kowaltowski, Keith D. Garlid, Petr Paucek: Identification and 
properties of a novel intracellular (mitochondrial) ATP-
sensitive potassium channel in brain. J Biol Chem 276, 33369–
33374 (2001) 
 
206. J. Wang, F. Meng, J. E. Cottrell, I. S. Kass: The 
differential effects of volatile anesthetics on 
electrophysiological and biochemical changes during and 
recovery after hypoxia in rat hippocampal slice CA1 pyramidal 
cells. Neuroscience 140, 957–967 (2006) 
 
207. Mangala M. Soundarapandian, Xiaofen Zhong, Lisheng 
Peng, Di Wu, Youming Lu: Role of K(ATP) channels in 
protection against neuronal excitatory insults. J Neurochem 
103, 1721–1729 (2007).  
 
208. Hong-Shuo Sun, Zhong-Ping Feng, Takashi Miki, 
Susumu Seino, Robert J. French: Enhanced neuronal damage 
after ischemic insults in mice lacking Kir6.2-containing ATP-
sensitive K+ channels. J Neurophysiol 95, 2590–2601 (2006). 
 
209. Carsten Bantel, Mervyn Maze, Stefan Trapp: Neuronal 
preconditioning by inhalational anesthetics: evidence for the 
role of plasmalemmal adenosine triphosphate–sensitive 
potassium channels. Anesthesiology 110, 986–989(2009) 
 
210. Manabu Nishikawa, Kenta Takeda, Eisuke F. Sato, Tetso 
Kuroki, Masayasu Inoue: Nitric oxide regulates energy 
metabolism and Bcl-2 expression in intestinal epithelial cells. 
Am J Physiol 274, 797–801 (1998) 
 
211. Mirella Gonzalez-Zulueta, Alicia B. Feldman, Laura J. 
Klesse, Robert G. Kalb, James F. Dillman, Luis F. Parada, Ted 
M. Dawson, Valina L. Dawson: Requirement for nitric oxide 
activation of p21(ras)/extracellular regulated kinase in neuronal 
ischemic preconditioning. Proc Natl Acad Sci U S A 97, 436–
441(2000) 
 
212. Won-Ki Kim, Yun-Beom Choi, Posina V. Rayudu, 
Prajnan Das, Wael Asaad, Derrick R. Arnelle, Jonathan S. 
Stamler, Stuart A. Lipton: Attenuation of NMDA receptor 
activity and neurotoxicity by nitroxyl anion, NO-. Neuron. 
24, 461–469 (1999) 



Inhalational anesthetics and cerebral ischemia 
 
 

1298 

213. Krishnadas Nandagopal, Ted M. Dawson, Valina L. 
Dawson: Critical role for nitric oxide signaling in cardiac 
and neuronal ischemic preconditioning and tolerance. J 
Pharmacol Exp Ther 297, 474–478 (2001) 
 
214. Ping Zhao, Longyun Peng, Liaoliao Li, Xuebing Xu, 
Zhiyi Zuo: Isoflurane preconditioning improves long-term 
neurologic outcome after hypoxic–Ischemic brain Injury in 
neonatal rats. Anesthesiology 107, 963–970 (2007) 
 
215. Christian Hierholzer, Jorg C. Kalff, Timothy R. 
Billiar, Anthony J. Bauer, David J. Tweardy, Brian G. 
Harbrecht: Induced nitric oxide promotes intestinal 
inflammation following hemorrhagic shock. Am J Physiol 
Gastrointest Liver Physiol  286, 225–33(2004) 
 
216. Steve Alas, Christos Emmanouilides, Benjamin 
Bonavida: Inhibition of interleukin 10 by rituximab results in 
down-regulation of bcl-2 and sensitization of B-cell non-
Hodgkin’s lymphoma to apoptosis. Clin Cancer Res 7, 709–
723 (2001) 
 
217. E. Anggard: Nitric oxide: Mediator, murderer, and 
medicine. Lancet 343, 1199-1206 (1994) 
 
218. Tomio Andoh, Dai Ishiwa, Yoshinori Kamiya, Noriyuki 
Echigo, Takahisa Goto, Yoshitsugu Yamada. A1 adenosine 
receptor-mediated modulation of neuronal ATP-sensitive K 
channels in rat substantia nigra. Brain Res 1124, 55-61 (2006) 
 
219. Heng Zhao, Robert M Sapolsky, Gary K Steinberg: 
Interrupting reperfusion as a stroke therapy: Ischemic 
postconditioning reduces infarct size after focal ischemia in 
rats. J Cereb Blood Flow Metab 26, 1114–1121 (2006) 
 
220. Jozef Burda, Viera Danielisova, Miroslava Nemethova, 
Miroslav Gottlieb, Milina Matiasova1, Iveta Domorakova, 
Eva Mechirova, Marianna Ferikova, Matilde Salinas, 
Rastislav Burda: Delayed postconditioning initiates additive 
mechanism necessary for survival of selectively vulnerable 
neurons after transient ischemia in rat brain. Cell Mol 
Neurobiol 26, 1141–1151 (2006) 
 
221. Cheng Du, Rong Hu, Cynthia A Csernansky, Chung Y 
Hsu, Dennis W Choi: Very delayed infarction after mild focal 
cerebral ischemia: A role for apoptosis? J Cereb Blood Flow 
Metab 16, 195–201 (1996) 
 
222. H. Wang, S. Lu, Q. Yu, H Gao, W. Liang, J. Chen, Y. 
Gao: Preconditioning or postconditioning with sevoflurane 
can induce neuroprotection against focal cerebral ischemia 
in rats. XXIVth international symposium on cerebral blood 
flow, metabolism and function and IXth international 
conference on quantification of brain function with PET. 
June 29-July 3, Chicago, IL, USA. Abstract No. 387. 
(2009) 
 
223. R Bond, K Rerkasem, R Cuffe, PM Rothwell: A 
systematic review of the associations between age and sex 
and the operative risks of carotid endarterectomy. 
Cerebrovasc Dis 20, 69–77 (2005) 

 

224. Jens Weise, Sascha Kuschke, Mathias Bahr: Gender-
specific risk of perioperative complications in carotid 
endarterectomy patients with contralateral carotid artery 
stenosis or occlusion. J Neurol 251, 838–844 (2004) 
 
225. Peter Appelros, Birgitta Stegmayr, Andreas Terent: 
Sex differences in stroke epidemiology: a systematic 
review. Stroke 40, 1082-1090 (2009) 
 
226. Lan Wang, Hideto Kitano, Patricia D Hurn, Stephanie 
J Murphy: Estradiol attenuates neuroprotective benefits of 
isoflurane preconditioning in ischemic mouse brain. J 
Cereb Blood Flow Metab 28, 1824-1834 (2008) 
 
Abbreviations: CEA: carotid endarterectomy; OGD: 
oxygen–glucose deprivation; AMPA: a-amino-3-hydroxyl-
5-methyl-4-isoxazol propionic acid; NMDA: N-methyl-D-
aspartate; TUNEL: terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling; MAC: minimum 
alveolar concentration; PI: propidium iodide; TTC: 2,3,5-
triphenyltetrazolium chloride; CPR: cardiopulmonary 
resuscitation; MCAO: middle cerebral artery occlusion; 
rCBF: regional cerebral blood flow; EAATs: excitatory 
amino acid transporters; HPLC: high-performance liquid 
chromatography; MAPK: mitogen-activated protein kinase; 
ERK: extracellular signal-regulated kinases; ROS: reactive 
oxygen species; MDA: malondialdehyde; HO-1: heme 
oxygenase-1; MT-1/2: metallothioneins-1/2; HE: 
hematoxylin and eosin; Egr-1: early growth response gene 
1; MMP: mitochondrial membrane potential; PUFAs: 
polyunsaturated fatty acids; LPLs: lysophospholipids; 
GABAA: gamma-aminobutyric acid type A; KATP channels: 
adenosine triphosphate-sensitive potassium channels; mito 
KATP channels: mitochondrial KATP channels; NO__: 
Nitroxyl anion; NOS: nitric oxide synthases; PKC: protein 
kinase C; PKM: protein kinase M; cAMP: cyclic adenosine 
3’ ,5’-monophosphate; pCREB: phosphorylated cAMP-
response element binding protein.  
 
Key Words Anesthetics, Inhalation, Isoflurane, 
Sevoflurane, Desflurane, Xenon, Brain ischemia, Review 
 
Send correspondence to: Weimin Liang, Department of 
Anesthesiology, Huashan Hospital, affiliated with Fudan 
University, Shanghai, China, Tel 86-21-52887690, Fax 86-
21-52887690, E-mail: chiefliang@yahoo.com.cn 
 
http://www.bioscience.org/current/vol2E.htm 


