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Purpose of review
Patients at risk for perioperative stroke, or those who have
suffered recent cerebral injury, may benefit from
neuroprotective properties of anesthetic agents during
surgery. This manuscript reviews recent clinical and
experimental evidence for neuroprotective effects of
common anesthetic agents, and presents potential
mechanisms involved in anesthetic neuroprotection.
Recent findings
Although strong experimental data support a
neuroprotective potential of several anesthetic agents,
specifically isoflurane and xenon, consistent long-term
protection by either agent has not been demonstrated.
Unfortunately, there is a lack of clinical studies that would
support the use of any one anesthetic agent over the others.
Mechanisms of neuroprotection by anesthetic agents
appear to involve suppression of excitatory
neurotransmission, and potentiation of inhibitory activity,
which may contribute to the reduction of excitotoxic injury.
Activation of intracellular signaling cascades that lead to
altered expression of protective genes may also be involved.
Summary
Solid experimental evidence supports neuroprotection by
anesthetic agents. It is too early to recommend any specific
agent for clinical use as a neuroprotectant, however. Further
study is warranted to unravel relevant mechanisms and to
appreciate the potential clinical relevance of experimental
findings.
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Introduction
Anesthesiologists routinely care for patients at risk for
intraoperative or perioperative cerebrovascular accidents
and cerebral ischemia, due to a combination of preexisting cerebrovascular disease or high-risk surgery, such as
clipping of cerebral aneurysms, or open heart surgery on
cardio-pulmonary bypass. It is obvious that the anesthesia
provider will be greatly interested in any effects that his
or her choice of anesthetic agents may have on the
functional deficit caused in these patients by ischemic
events that take place during anesthesia, or shortly thereafter. In addition, a positive or detrimental influence of
anesthetic agents on the still evolving brain damage in
patients who have recently suffered cerebral injury, and
now require surgery, would clearly affect the anesthesia
care provided to these patients. Unfortunately, despite a
long history of experimental studies and some highly
interesting data from recent experimental research, so far,
no anesthetic agent that would render profound neuroprotection in humans has been identified in clinical trials.

Change of paradigm in anesthetic
neuroprotection
Neuroprotection by anesthetic agents was first described
more than three decades ago, when barbiturates were
found to reduce neuronal energy consumption by reducing electrical activity. Accordingly, intraoperative neuroprotection by anesthetic agents for many years relied
mainly on the reduction of the cerebral metabolic rate of
oxygen (CMRO2) by suppressing electric activity, as
monitored by electroencephalography.
In parallel to our growing understanding of the many
facets of and pathways involved in ischemic cell death,
evidence has evolved in recent years that anesthetic
agents actually act more specifically, and can interfere
with detrimental ischemic cascades beyond a simple
reduction of metabolic activity. Various potential mechanisms have been described, including inhibition of
excitatory activity and potentiation of inhibitory circuits.
Most anesthetics have been found to be antagonists of
glutamate at N-methyl-D-aspartate (NMDA) and amino3-hydroxy-5-methyl-4-isoxazol-propionic acid (AMPA)
receptors, and to also potentiate inhibitory g-aminobutyric-acid (GABA)-A receptor activity [1,2]. In addition,
they reduce glutamate release [3,4] and increase glutamate reuptake from the synaptic cleft, thereby attenuating excitotoxic death of neurons. Volatile anesthetics as
well as xenon can also open Kþ channels, including the
newly described two-pore TREK channel, which causes
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neuronal hyperpolarization and contributes to anesthesia
as well as to resistance against ischemia [5]. Other important mechanisms potentially involved in neuroprotection
by anesthetics include blocking of calcium influx, activation of adenosine A1-receptors [6], activation of intracellular signaling cascades such as MAP kinase and Akt,
which may lead to changes in gene expression, as well as a
direct scavenging of damaging free radicals [7]. In a
change of paradigms, the relevance of these specific
effects on ischemic cascades is now thought to by far
exceed the benefits derived from a simple suppression of
cerebral metabolic activity.

can accommodate protection of the brain from evolving damage after the initial insult, and recent in-vitro
studies [12,13] of posttreatment with anesthetic agents
have accordingly supplied promising results. Lasting
beneficial effects of previous exposure to anesthetic
agents, namely preconditioning, may additionally contribute to improved outcome after cerebral ischemia in
the immediate postoperative period. Potential mechanisms involved in this preconditioning effect are currently
studied, and may involve adenosine A1 receptor activation [14] and altered gene transcription secondary to
changed activation of intracellular signaling cascades
[15].

Relevance of anesthetic neuroprotection
The degree of protection that can be achieved by anesthetics, as well as the longevity of this effect, remain
unclear. Most experimental studies have failed to show a
long-term protection by anesthetics, despite impressive
short-term protection. In an experimental setup [8] that
employs a very mild ischemia regimen, however, protection was still present one month after the insult. This
apparent discrepancy may be due to a selective effect
of anesthetics on one mode of ischemic cell death only:
anesthetic agents may reduce excitotoxic damage by
their antagonistic action on NMDA-receptors, suppression of glutamate release, and potentiation of inhibitory
activity, thereby decreasing immediate neuronal death.
Delayed apoptotic death that takes place long after the
anesthetic agent was discontinued may not be affected,
however. Alternatively, anesthetics may reduce the
severity of the ischemic insult, reducing the number of
cells that undergo immediate necrotic death, yet failing to
prevent delayed apoptotic suicide of damaged neurons.
Either way, the main clinical relevance of neuroprotection by anesthetic agents may be that time is gained and a
window of opportunity arises, in which additional means
of protection aiming at other elements of the ischemic
cascade, such as caspase inhibitors [9,10], may be
applied (multimodal neuroprotection). Beyond a certain
threshold of damage severity, however, anesthetics may
not be able to protect cells from imminent death [11].
Thus, instead of aiming at complete neuroprotection
(reducing the incidence of perioperative stroke), the
current approach for anesthetic neuroprotection focuses
more on reducing the severity of the insult (reducing
morbidity after perioperative stroke).

Tolerability of anesthetic neuroprotection
Reports [16,17] that exposure to anesthetic agents can
cause neurodegeneration and cell death, especially in
immature brains, have caused new questions about the
tolerability of these agents. The discussion focuses on
isoflurane, nitrous oxide and ketamine, all of which block
the NMDA-glutamate receptor subtype. Interestingly,
xenon, also assumed to act via the same receptor system,
has not been associated with detrimental effects. Some
strongly argue that the reports about anesthetic neurotoxicity in the newborn result from experimental methodology and cannot be easily translated to clinical
practice in humans [18,19,20]. The relevance of these
findings for clinical applications remains uncertain, but
further study employing clinically relevant regimens is
clearly warranted.

Chiasm between bench and bedside

Timing of anesthetic neuroprotection

This discussion emphasizes once more the difficulties
encountered when clinical situations are to be modeled in
experimental paradigms, and the importance of choosing
appropriate controls and outcome measures to achieve
meaningful results from experimental studies. Longterm outcome is difficult to study after experimental
ischemia, as many models do not permit long-term survival. This is especially true for in-vitro preparations.
Appropriate control groups are difficult to establish, as
effects of the anesthetic agent on cerebral blood flow and
energy consumption before or during ischemia may affect
the severity of the insult, which complicates group comparison. In addition, the comparison of results across
individual studies is not easy, due to a wide array of
different experimental setups, outcome measures used,
and time-points studied.

Another question that remains to be answered is what
timing is best for neuroprotection by anesthetics. Postinsult protection by anesthetics was not easily explained
according to the old paradigm of reduction of energy
needs by anesthetics, and a clinical study of posttreatment with barbiturates in survivors of cardiac arrest failed
to prove beneficial effects. The more modern concept of a
specific, receptor-mediated protective action, however,

The chiasm between the current lack of clinical evidence
of neuroprotection by anesthetic agents in humans and
the numerous positive experimental studies results from
several factors, which need to be addressed to enable
translation from bench to bedside: long-term functional
outcome is the single relevant endpoint for patients
experiencing cerebral ischemia, yet the vast majority of
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experimental studies use short-term follow-up, and
assess histopathological endpoints, or even apply in-vitro
models of ischemia; dose–response studies are rarely
conducted; many models do not adequately depict the
clinical reality, that is age, co-morbidity, clinical monitoring, postinsult critical care are not modeled; the
pathomechanisms involved in ischemic injury and in
neuroprotection by anesthetic agents appear to differ
between developing and adult brains, yet many in-vitro
models utilize neuronal cells or slices derived from
immature animals.
That being said, a number of recent studies on neuroprotection by anesthetics have enhanced our basic understanding of the neuroprotective potential of several
anesthetic agents, and of the molecular mechanisms
involved in protection.

Isoflurane
Isoflurane may be the one anesthetic receiving most
experimental attention. Today, there is a large body of
evidence supporting a neuroprotective potential of isoflurane in various experimental models, but the longevity
of this effect and the mechanisms behind it remain
subjects of intense study.
Acute neuroprotection

Isoflurane protection may be more pronounced against
moderate, rather than severe ischemia. Isoflurane at 1%
reduced neuronal death in rat hippocampal slice cultures
48–72 h after 60 min of hypoxia, but the protection was
lost when hypoxia was maintained for 75 min. The protection required calcium release from intracellular stores,
and subsequent activation of MAP kinase and Akt signaling pathways [11]. These signaling cascades may elicit
changes in gene expression, as isoflurane exposure (2%
for 30 min) was shown to increase expression of heatshock protein in neuronal/glia co-cultures, while decreasing genes associated with apoptosis [21].
The neuroprotective effect of isoflurane appears to be age
dependent, as it is lost in the aging rat. When hippocampal slices derived from 5-day or 23-month-old rats
were exposed to oxygen–glucose deprivation (OGD) for
20 min, neuronal injury was more pronounced in the
tissue from the older animals, and 1% isoflurane reduced
damage in the young, but not the older animal [22].
Interestingly, isoflurane without OGD resulted in significant neuronal death in slices from older animals. The loss
of protection may be related to the failure of isoflurane to
limit intracellular Ca2þ increase by OGD, or to elicit
MAP kinase and Akt signaling in slices from aging
animals [22].
Isoflurane-mediated neuroprotection may only be transient. Hippocampal CA1 neuronal survival 5 days after

10 min of global cerebral ischemia was increased in rats
that were anesthetized with isoflurane as opposed to
fentanyl/nitrous oxide during ischemia and 2 h of reperfusion [23]. No difference in cell count between the
groups was seen 3 weeks or 3 months after the insult,
however [23]. This may be due to failure of isoflurane to
prevent postischemic apoptosis of damaged neurons.
Infarct size was only transiently reduced (on days 1
and 4, but not on day 7) following focal ischemia (MCAO)
in isoflurane-anesthetized, as opposed to awake, rats,
while apoptotic death was more pronounced in the isoflurane group on days 4 and 7 [24].
Preconditioning

Isoflurane can also been used as a preemptive treatment
to increase the tolerance of neurons against a subsequent
lethal insult. In a recent study [15], hippocampal slices
exposed to 2 h of 0.5–1.5% isoflurane 24 h prior to OGD
exhibited reduced neuronal death 48 h after the insult.
This preconditioning effect was associated with Ca2þ
release from the endoplasmatic reticulum, and depended
on calmodulin and MAP kinase signaling.
Isoflurane pretreatment may also influence experimental
traumatic brain injury. Isoflurane 1% compared with
fentanyl infusion for 30 min before traumatic brain injury
in rats was associated with improved functional and
cognitive performance 5 days after trauma, while posttreatment after the trauma had no effect [25].

Other volatile anesthetics
Similar to isoflurane, sevoflurane pretreatment recently
was shown to induce ischemia tolerance. One MAC of
sevoflurane for 30 min applied 15 min before cardiac
arrest (acute), or for 30 min on four consecutive days
24 h before arrest (chronic) reduced neuronal death in
hippocampal slices harvested 7 days later [26]. The
mechanism responsible is unclear, but may involve opening of ATP-dependent potassium channels [26].
Halothane and desflurane have also been shown to possess neuroprotective effects. Both agents reduced infarct
size 24 h after 2 h of transient focal cerebral ischemia in
rats when applied during ischemia at 1.5 MAC, as compared with the awake state. Infarct reduction by desflurane was more pronounced than by halothane, which was
attributed by the authors to a more pronounced decrease
in sympathetic tone than can be achieved by desflurane
[27].

Xenon
Xenon’s anesthetic properties are thought to be mediated
in part through NMDA receptor blockade and, accordingly, xenon was shown to have neuroprotective potential
[28]. Seventy percent inhaled xenon during 60 min of
focal cerebral ischemia in mice improved neurologic
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function and decreased infarct size at 24 h of reperfusion,
as compared with 70% nitrous oxide [29]. Xenon can
precondition against OGD in vitro and against hypoxia/
ischemia in neonatal rats by CREB-mediated alteration
of gene expression [30]. Posttreatment with xenon is also
effective in reducing neuronal damage. Three hours of
50% inhaled xenon after 90 min of hypoxia–ischemia
reduced damage 1 week after the insult in 7-day-old rats
[13]. Subanesthetic doses of xenon add to the neuroprotective effects of hypothermia and appear to favorably
affect the ratio of pro compared with antiapoptotic
proteins after OGD in neuronal culture as well as after
hypoxia–ischemia in neonatal rats [31].

Barbiturates
While the barbiturates were the first anesthetic agents
widely used for perioperative neuroprotection, they
became less popular when the focus of the field moved
away from protection by reduction of energy consumption to receptor-mediated protection. Although it is now
recognized that barbiturates can block glutamate receptors, potentiate GABA-ergic activity and inhibit calcium
influx, similarly to other anesthetic agents [32], there is
also strong evidence for a pronounced systemic immunosuppression by barbiturates, which increases the risk of
infection [33,34]. This may contribute to the reduced
research interest in this group of anesthetics.

Propofol
Propofol at doses resulting in burst-suppression reduced
the number of dying neurons and positively affected the
ratio of apoptosis-associated proteins following incomplete hemispheric [8]. In this model of mild ischemic
injury, neuroprotection was sustained until 4 weeks after
the insult [8]. While comparable doses in vitro (100 mM)
reduced NMDA receptor response in cultured CA1
neurons and hippocampal slices, however, they failed
to protect the CA1 region from OGD-induced cell death
in a hippocampal slice preparation [35]. The discrepancy
between the in-vivo and in-vitro findings is currently best
explained by propofol’s potential to scavenge free
radicals. While neuronal damage from transient cerebral
ischemia is in part mediated by free radicals generated
during early reperfusion, this mechanism may be less
relevant in slice cultures [35]. In contrast to this, however,
propofol could reduce infarct size 24 h after permanent
middle artery occlusion in rats [36].
No clinical data exist that establish neuroprotection by
propofol in humans. A small study [37] comparing propofol compared with isoflurane anesthesia during coronary artery bypass grafting (CABG) in 20 patients found no
difference in neuropsychological performance early (days
3–6) after the intervention, and even saw a transient
increase in serum S100b levels (a surrogate marker for
neuronal damage) in the propofol group.

Ketamine
The neuroprotective potential of ketamine is attributed
to its activity as an NMDA-receptor antagonist. A recent
in-vitro study [38] showed that 100 mM ketamine
during or after 1 h of OGD protected the cellular
integrity (reduced LDH release) in striatal slices cultures,
although it did not affect neurotransmitter release
from these cells. Neuroprotection by ketamine has
been described in a variety of different experimental
settings, including transient focal and global, as well as
permanent ischemia, traumatic brain injury, and in-vitro
hypoxia/ischemia. Clinical studies [39] comparing ketamine sedation with fentanyl or sufentanil after traumatic
brain injury, however, failed to find effects on functional
outcome after 6 months. Similarly, the addition of
Sþ-ketamine to propofol/remifentanyl anesthesia during
open heart surgery in a clinical study [40] including
106 patients had no effects on neurobehavioral outcome
tests one and 10 weeks after the intervention.

Lidocaine
Neuroprotection by lidocaine has been attributed to
Naþ-channel blockade. A recent in-vitro study [12] found
that postinsult administration of lidocaine to hippocampal slice cultures reduces cell death after OGD.
Another study [41] identified a reduction in infarct size
24 h after focal ischemia in rats that was associated with
reduced early release of cytochrome c release and caspase-3 activation. Protection of hippocampal slices from
OGD was associated with preservation of mitochondrial
integrity [42].

Neurotoxic effects of anesthetics
While several lines of clear evidence suggest a distinct
neuroprotective potential for various anesthetics, others
have reported neurotoxic effects of the very same drugs.
NMDA-receptor blockade during synaptogenesis in
the immature brain can induce widespread neuronal
degeneration [16], and it was suggested that NMDAantagonistic anesthetics cause cerebral damage in neonates [17]. A recent study [43] on cultured rat forebrain
neurons showed evidence of apoptotic cell death and
increased expression of bax and the NR1 NMDA receptor subunit after 48 h of ketamine exposure. Ketamine
also increased death in nonhuman primate forebrain
cultures, which was associated with increased NFkB
translocation [44].
Another recent study [18] adds new evidence to this
discussion. Sixty minutes of isoflurane anesthesia (1.8%
in oxygen) was found to induce severe hypoglycemia in
10-day-old mice, which was more pronounced after
60 min of hypoxia/ischemia. Isoflurane induced hypoglycemia in newborn mice is an interesting observation, as it
may contribute to the neurodegeneration observed in
newborn rodents after long-term (6-h) exposure to
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volatile anesthetics [17]. These findings emphasize
that complete monitoring and control of physiologic
parameters, although technically challenging, is a necessary prerequisite if clinically meaningful results are to
be obtained from these kinds of experiments [19,20].
Recent evidence [45] suggests that lidocaine can also
exert neurotoxic effects in animal and human spinal cord.
This appears to be unrelated to Naþ channel blockade,
but the precise mechanism remains unclear.

Conclusion
Recommending the use of a specific agent for the care of
patients at risk for perioperative cerebral ischemia, or in
the immediate postinjury period seems premature. Isoflurane appears to be the most promising candidate for a
protective agent, but this may be a selection bias, as it is
among the most commonly used and studied agents, both
clinically and experimentally. Potential negative effects
of isoflurane and ketamine in very young and elderly
people require more careful study using appropriate, well
controlled models. At this point, it seems reasonable to
recommend that the anesthesia provider use standard
evaluation to choose the anesthetic regimen that is most
appropriate for the individual patient, judging by clinical
status and co-morbidities. As always, anesthesiologists
should strive to provide the best care possible, which
may include using techniques they are familiar with,
rather than choosing a regimen they are less comfortable
with, based on less-than-convincing experimental data.

References and recommended reading
Papers of particular interest, published within the annual period of review, have
been highlighted as:

of special interest
 of outstanding interest
Additional references related to this topic can also be found in the Current
World Literature section in this issue (p. 579).
1

Grasshoff C, Rudolph U, Antkowiak B. Molecular and systemic mechanisms
of general anaesthesia: the ‘multisite and multiple mechanisms’ concept. Curr
Opin Anaesthesiol 2005; 18:386–391.

2

Asahi T, Hirota K, Sasaki R, et al. Intravenous anesthetics are more effective
than volatile anesthetics on inhibitory pathways in rat hippocampal CA1.
Anesth Analg 2006; 102:772–778.

3

Winegar BD, MacIver MB. Isoflurane depresses hippocampal CA1 glutamate
nerve terminals without inhibiting fiber volleys. BMC Neurosci 2006; 7:5.

4

Westphalen RI, Hemmings HC Jr. Volatile anesthetic effects on glutamate
versus GABA release from isolated rat cortical nerve terminals: basal release.
J Pharmacol Exp Ther 2006; 316:208–215.

5

Franks NP, Honore E. The TREK K2P channels and their role in general
anaesthesia and neuroprotection. Trends Pharmacol Sci 2004; 25:601–608.

6

Tas PW, Roewer N. Halothane inhibits spontaneous calcium oscillations via
adenosine A1 receptors. Neuroreport 2005; 16:2047–2050.

7

Lee H, Jang YH, Lee SR. Protective effect of propofol against kainic acidinduced lipid peroxidation in mouse brain homogenates: comparison with
trolox and melatonin. J Neurosurg Anesthesiol 2005; 17:144–148.

8

9

Engelhard K, Werner C, Eberspacher E, et al. Influence of propofol on
neuronal damage and apoptotic factors after incomplete cerebral ischemia
and reperfusion in rats: a long-term observation. Anesthesiology 2004;
101:912–917.
Inoue S, Drummond JC, Davis DP, et al. Combination of isoflurane and
caspase inhibition reduces cerebral injury in rats subjected to focal cerebral
ischemia. Anesthesiology 2004; 101:75–81.

10 Inoue S, Davis DP, Drummond JC, et al. The combination of isoflurane and

caspase 8 inhibition results in sustained neuroprotection in rats subject to
focal cerebral ischemia. Anesth Analg 2006; 102:1548–1555.
The combination of isoflurane anesthesia during the insult with caspase inhibition
after focal cerebral ischemia causes sustained protection, suggesting that the
delay of ischemic cell death by isoflurane creates a window of opportunity to apply
additional neuroprotective drugs (multimodal neuroprotection).
11 Gray JJ, Bickler PE, Fahlman CS, et al. Isoflurane neuroprotection in hypoxic
hippocampal slice cultures involves increases in intracellular Ca2þ and
mitogen-activated protein kinases. Anesthesiology 2005; 102:606–615.
12 Cao H, Kass IS, Cottrell JE, Bergold PJ. Pre or postinsult administration of
lidocaine or thiopental attenuates cell death in rat hippocampal slice cultures
caused by oxygen–glucose deprivation. Anesth Analg 2005; 101:1163–
1169.
13 Dingley J, Tooley J, Porter H, Thoresen M. Xenon provides short-term

neuroprotection in neonatal rats when administered after hypoxia–ischemia.
Stroke 2006; 37:501–506.
Xenon posttreatment after hypoxia/ischemia in neonatal rats decreases neuronal
damage 1 week after the insult.
14 Liu Y, Xiong L, Chen S, Wang Q. Isoflurane tolerance against focal cerebral
ischemia is attenuated by adenosine A1 receptor antagonists. Can J Anaesth
2006; 53:194–201.
15 Bickler PE, Zhan X, Fahlman CS. Isoflurane preconditions hippocampal

neurons against oxygen–glucose deprivation: role of intracellular Ca2þ
and mitogen-activated protein kinase signaling. Anesthesiology 2005;
103:532–539.
Isoflurane preconditioning causes delayed tolerance against oxygen–glucose
deprivation in hippocampal slices, which depends on phosphorylation of MAP
kinase and activation of calmodulin.
16 Ikonomidou C, Bosch F, Miksa M, et al. Blockade of NMDA receptors and
apoptotic neurodegeneration in the developing brain. Science 1999;
283:70–74.
17 Jevtovic-Todorovic V, Hartman RE, Izumi Y, et al. Early exposure to common
anesthetic agents causes widespread neurodegeneration in the developing rat brain and persistent learning deficits. J Neurosci 2003; 23:876–
882.
18 Loepke AW, McCann JC, Kurth CD, McAuliffe JJ. The physiologic effects of
 isoflurane anesthesia in neonatal mice. Anesth Analg 2006; 102:75–80.
This excellent study applied comprehensive physiological monitoring to 10-day-old
mice undergoing isoflurane anesthesia and hypoxic–ischemic injury. Isoflurane
anesthesia induced severe hypoglycemia and metabolic acidosis, and was associated with 100% mortality in spontaneously breathing animals during hypoxia–
ischemia.
19 Kochanek PM, Clark RS, Statler KD, Jenkins LW. Physiological assessment
and control in studies evaluating central nervous system injury: should size
matter? Anesth Analg 2006; 102:72–74.
20 Soriano SG, Anand KJ. Anesthetics and brain toxicity. Curr Opin Anaesthesiol
 2005; 18:293–297.
An excellent review that weighs the experimental evidence for neurotoxic effects of
anesthetics in immature animals against the clinical evidence for benefits from
anesthesia for painful procedures in very immature infants. The methodological
shortcomings of several experimental studies are emphasized, and the developmental differences between rodents and humans that complicate translation of the
experimental findings are summarized.
21 Huang Y, Zuo Z. Effects of isoflurane on oxygen–glucose deprivation-induced
changes of gene expression profiling in glial–neuronal cocultures. Acta
Anaesthesiol Scand 2005; 49:1544–1551.
22 Zhan X, Fahlman CS, Bickler PE. Isoflurane neuroprotection in rat hippo
campal slices decreases with aging: changes in intracellular Ca2þ regulation
and N-methyl-D-aspartate receptor-mediated Ca2þ influx. Anesthesiology
2006; 104:995–1003.
Isoflurane failed to protect slices from aging brains against oxygen–glucose
deprivation. Slices from aging animals exhibited neuronal death after isoflurane
exposure, suggesting that age influences neuronal effects of isoflurane.
23 Elsersy H, Sheng H, Lynch JR, et al. Effects of isoflurane versus fentanyl–
nitrous oxide anesthesia on long-term outcome from severe forebrain ischemia in the rat. Anesthesiology 2004; 100:1160–1166.
24 Kawaguchi M, Drummond JC, Cole DJ, et al. Effect of isoflurane on neuronal
apoptosis in rats subjected to focal cerebral ischemia. Anesth Analg 2004;
98:798–805.
25 Statler KD, Alexander H, Vagni V, et al. Isoflurane exerts neuroprotective
actions at or near the time of severe traumatic brain injury. Brain Res 2006;
1076:216–224.
26 Payne RS, Akca O, Roewer N, et al. Sevoflurane-induced preconditioning
protects against cerebral ischemic neuronal damage in rats. Brain Res 2005;
1034:147–152.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

486 Neuroanaesthesia
27 Haelewyn B, Yvon A, Hanouz JL, et al. Desflurane affords greater protection
than halothane against focal cerebral ischaemia in the rat. Br J Anaesth 2003;
91:390–396.

36 Adembri C, Venturi L, Tani A, et al. Neuroprotective effects of propofol in
models of cerebral ischemia: inhibition of mitochondrial swelling as a possible
mechanism. Anesthesiology 2006; 104:80–89.

28 Sanders RD, Maze M. Xenon: from stranger to guardian. Curr Opin Anaes
thesiol 2005; 18:405–411.
An overview of xenon’s potential for clinical use, emphasizing cardiostability and
cardioprotective as well as neuroprotective effects.

37 Kanbak M, Saricaoglu F, Avci A, et al. Propofol offers no advantage over
isoflurane anesthesia for cerebral protection during cardiopulmonary bypass:
a preliminary study of S-100beta protein levels. Can J Anaesth 2004;
51:712–717.

29 Homi HM, Yokoo N, Ma D, et al. The neuroprotective effect of xenon
administration during transient middle cerebral artery occlusion in mice.
Anesthesiology 2003; 99:876–881.

38 Basagan-Mogol E, Buyukuysal RL, Korfali G. Effects of ketamine and
thiopental on ischemia reoxygenation-induced LDH leakage and amino
acid release from rat striatal slices. J Neurosurg Anesthesiol 2005; 17:
20–26.

30 Ma D, Hossain M, Pettet GK, et al. Xenon preconditioning reduces brain

damage from neonatal asphyxia in rats. J Cereb Blood Flow Metab 2006;
26:199–208.
Xenon preconditioning upregulates expression of prosurvival genes and causes
sustained improvement of functional outcome after experimental hypoxic–
ischemic injury.
31 Ma D, Hossain M, Chow A, et al. Xenon and hypothermia combine to provide

neuroprotection from neonatal asphyxia. Ann Neurol 2005; 58:182–193.
Posttreatment with a subanesthetic dose of xenon in combination with hypothermia improves functional outcome after hypoxic–ischemic injury in neonatal rats,
suggesting therapeutic potential for the treatment of perinatal asphyxia (multimodal
neuroprotection concept).
32 Kawaguchi M, Furuya H, Patel PM. Neuroprotective effects of anesthetic
 agents. J Anesth 2005; 19:150–156.
This excellent review gives a detailed discussion of the differential effects of
anesthetic agents on excitotoxic injury, but not apoptotic death.

39 Himmelseher S, Durieux ME. Revising a dogma: ketamine for patients with
 neurological injury? Anesth Analg 2005; 101:524–534.
This review emphasizes the tolerability of ketamine for neurologically impaired
patients. A neuroprotective effect is likely, but was only found in studies with shortterm outcome.
40 Nagels W, Demeyere R, Van Hemelrijck J, et al. Evaluation of the neuroprotective effects of S(þ)-ketamine during open-heart surgery. Anesth Analg
2004; 98:1595–1603.
41 Lei B, Popp S, Capuano-Waters C, et al. Lidocaine attenuates apoptosis in
the ischemic penumbra and reduces infarct size after transient focal cerebral
ischemia in rats. Neuroscience 2004; 125:691–701.
42 Niiyama S, Tanaka E, Tsuji S, et al. Neuroprotective mechanisms of lidocaine
against in vitro ischemic insult of the rat hippocampal CA1 pyramidal neurons.
Neurosci Res 2005; 53:271–278.

33 Ploppa A, Kiefer RT, Nohe B, et al. Dose-dependent influence of barbiturates
but not of propofol on human leukocyte phagocytosis of viable Staphylococcus aureus. Crit Care Med 2006; 34:478–483.

43 Wang C, Sadovova N, Fu X, et al. The role of the N-methyl-D-aspartate
receptor in ketamine-induced apoptosis in rat forebrain culture. Neuroscience
2005; 132:967–977.

34 Keel M, Mica L, Stover J, et al. Thiopental-induced apoptosis in lymphocytes is
independent of CD95 activation. Anesthesiology 2005; 103:576–584.

44 Wang C, Sadovova N, Hotchkiss C, et al. Blockade of N-methyl-D-aspartate
receptors by ketamine produces loss of postnatal day 3 monkey frontal
cortical neurons in culture. Toxicol Sci 2006; 91:192–201.

35 Feiner JR, Bickler PE, Estrada S, et al. Mild hypothermia, but not propofol, is
neuroprotective in organotypic hippocampal cultures. Anesth Analg 2005;
100:215–225.

45 Johnson ME. Neurotoxicity of lidocaine: implications for spinal anesthesia and
neuroprotection. J Neurosurg Anesthesiol 2004; 16:80–83.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

