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Isoflurane Neuroprotection in Hypoxic Hippocampal Slice
Cultures Involves Increases in Intracellular Ca2� and
Mitogen-activated Protein Kinases
Jonathan J. Gray, B.S.,* Philip E. Bickler, M.D., Ph.D.,† Christian S. Fahlman, Ph.D.,‡ Xinhua Zhan, M.D., Ph.D.,‡
Jennifer A. Schuyler, B.S.*

Background: The volatile anesthetic isoflurane reduces acute
and delayed neuron death in vitro models of brain ischemia, an
action that the authors hypothesize is related to moderate in-
creases in intracellular calcium concentration ([Ca2�]i). Specif-
ically, the authors propose that during hypoxia, moderate in-
creases in [Ca2�]i in the presence of isoflurane stimulates the
Ca2�-dependent phosphorylation of members of the mitogen-
activated protein kinase (MAP) kinase Ras-Raf-MEK-ERK path-
way that are critical for neuroprotective signaling and suppres-
sion of apoptosis.

Methods: Death of CA1, CA3, and dentate neurons in rat
hippocampal slice cultures was assessed by propidium iodide
fluorescence 48–72 h after 60–75 min of hypoxia. [Ca2�]i in CA1
neurons was measured with fura-2 and fura-2 FF. Concentra-
tions of the survival-signaling proteins Ras, MEK, MAP kinase
p42/44, and protein kinase B (Akt) were assessed by immuno-
staining, and specific inhibitors were used to ascertain the role
of Ca2� and MAP kinases in mediating survival.

Results: Isoflurane, 1%, decreased neuron death in CA1, CA3,
and dentate gyrus neurons after 60 but not 75 min of hypoxia.
Survival of CA1 neurons required an inositol triphosphate re-
ceptor–dependent increase in [Ca2�]i of 30–100 nM that acti-
vated the Ras-Raf-MEK-ERK (p44/42) signaling pathway. Isoflu-
rane also increased the phosphorylation of Akt during hypoxia.

Conclusions: Isoflurane stimulates the phosphorylation of
survival signaling proteins in hypoxic neurons. The mecha-
nism involves a moderate increase in [Ca2�]i from release of
Ca2� from inositol triphosphate receptor–dependent intracel-
lular stores. The increase in [Ca2�]i sets in motion signaling via
Ras and the MAP kinase p42/44 pathway and the antiapoptotic
factor Akt. Isoflurane neuroprotection thus involves intracellu-
lar signaling well known to suppress both excitotoxic and ap-
optotic/delayed cell death.

ISOFLURANE substantially reduces neuron death in or-
ganotypic cultures of rat hippocampus for up to 2 weeks
after oxygen and glucose deprivation, suggesting that
isoflurane may have the intrinsic capacity to mitigate
both acute and delayed neuron death.1 In intact rodents,
isoflurane may delay but not prevent apoptosis after
severe ischemic brain injuries,2,3 suggesting that isoflu-
rane may alter key events in the early injury process.

Compared with nitrous oxide–fentanyl anesthesia, isoflu-
rane results in less death of hippocampal neurons 5 days
after forebrain ischemia in rats, but after 3 months, this
difference is absent.4 Identification of the basis for this
early, but not late, neuroprotection is of interest because
it may be possible to devise treatments to extent the
benefit further into the postischemic recovery period.

Most of the mechanisms proposed for the protective
qualities of isoflurane observed in in vitro models have
focused on the actions of isoflurane on ion channels that
contribute to excitotoxic death. Inhibition of N-methyl-
D-aspartate (NMDA) receptors and potentiation of �-ami-
nobutyric acid receptors by isoflurane are important
antiexcitotoxicity mechanisms.5,6 Direct effects of anes-
thetics on the proteins of excitatory and inhibitory re-
ceptors are presumed to mediate these antiexcitotoxic
effects, consistent with strong experimental evidence
that isoflurane directly inhibits recombinant glutamate
receptors and calcium channels and augments the activ-
ity of �-aminobutyric acid receptors.7

In contrast, relatively less work has been done on the
effects of volatile anesthetics on apoptotic cell death.
Two studies have provided evidence that volatile anes-
thetics reduce apoptosis in hypoxic neurons,8,9 but
whether decreased apoptosis is a consequence of re-
duced excitotoxic injury, reduced apoptosis signaling,
or increased antiapoptosis signaling is not known. The
reduction of apoptosis by volatile anesthetics may in-
volve alterations in intracellular calcium signaling, which
is a major regulator of proapoptotic and antiapoptotic
events. Isoflurane prevents large increases in intracellu-
lar calcium concentration ([Ca2�]i) in hypoxic neurons,
enabling [Ca2�]i to remain in a survivable range.5 Even
with oxygen present, isoflurane induces small to moder-
ate increases in [Ca2�]i.

10 These moderate increases in
[Ca2�]i may be critical to survival of hypoxic neurons in
that they initiate adaptive responses to hypoxic condi-
tions. Moderate increases in [Ca2�]i trigger important
survival signals, including phosphorylation of the anti-
apoptotic factor Akt,11 the mitogen-activated protein ki-
nase (MAP) kinase ERK (p42/44),12 and the transcription
of brain-derived neurotrophic factor.13 Further, changes
in gene expression mediated by hypoxia-inducible factor
1� are potentiated by Ca2� via calmodulin and the
p42/44 MAP kinase pathway.14 Increases in [Ca2�]i of
50–200 �M abrogate serum or growth factor withdraw-
al–induced apoptosis in cultured mammalian neurons15

and may be a general stimulus for activation of cell

* Research Technician, † Professor, ‡ Research Scientist, Department of
Anesthesia and Perioperative Care.

Received from the Severinghaus-Radiometer Research Laboratories, Depart-
ment of Anesthesia and Perioperative Care, University of California at San Fran-
cisco, San Francisco, California. Submitted for publication May 14, 2004.
Accepted for publication November 23, 2004. Supported by grant No. RO1 GM
52212 from the US National Institutes of Health, Washington, D.C. (to Dr.
Bickler).

Address reprint requests to Dr. Bickler: Sciences 255, Box 0542, University
of California Medical Center, 513 Parnassus Avenue, San Francisco, California
94143-0542. Address electronic mail to: bicklerp@anesthesia.ucsf.edu. Indi-
vidual article reprints may be purchased through the Journal Web site,
www.anesthesiology.org.

Anesthesiology, V 102, No 3, Mar 2005 606

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/102/3/606/358134/0000542-200503000-00020.pdf by guest on 10 April 2024



survival signals.16 In addition, moderate increases in
[Ca2�]i, mediated by NMDA receptors,17–19 brief hypox-
ia,20 or calcium ionophores21 may be central to all forms
of ischemic preconditioning.

The purpose of this study was to test the hypothesis
that alterations in [Ca2�]i homeostasis during hypoxia
are central to the in vitro neuroprotective effects of
isoflurane. To do this, we measured the effects of isoflu-
rane on [Ca2�]i, cell survival, and expression of survival-
related proteins in hippocampal slice cultures neurons
during and after hypoxia. Specific inhibitors of Ca2�-
related signaling pathways were then used to probe the
survival significance of the signaling patterns. We show
that intracellular signaling pathways and moderate in-
creases in [Ca2�]i are required for isoflurane protection
of hypoxic hippocampal neurons.

Materials and Methods

Preparation of Hippocampal Slice Cultures
All studies were approved by the University of Califor-

nia San Francisco (UCSF) Committee on Animal Research
(San Francisco, California) and conform to relevant Na-
tional Institutes of Health guidelines.

Organotypic cultures of the hippocampus were pre-
pared by standard methods22,23 as modified by Sullivan
et al.1 Briefly, Sprague-Dawley rats (8–14 days old; Si-
monsen Laboratories, Gilroy, CA) were given an intra-
peritoneal injection of ketamine (10 mg/kg) and diaze-
pam (0.2 mg/kg) and anesthetized with 1–2% halothane.
The rats were decapitated, and the hippocampi were
removed and placed in 4°C Gey’s Balanced Salt Solution
(UCSF Cell Culture Facility, San Francisco, CA) contain-
ing 50 �M adenosine and 0.038 mg/ml ketamine. Next,
the hippocampi were transversely sliced (400 �m thick)
with a tissue slicer (Siskiyou Design Instruments, Grants
Pass, OR) and stored in the Gey’s Balanced Salt Solution
at 4°C for 1 h.24 The slices were then transferred onto
25-mm-diameter membrane inserts (Millicell-CM; Milli-
pore, Bedford, MA), and put into six-well culture trays
with 1.2 ml slice culture medium per well. The slice
culture media for the first 48 h consisted of 50% Minimal
Essential Medium (Eagles with Earle’s Balanced Salt So-
lution; UCSF Cell Culture Facility), 25% Earle’s balanced
salt solution (UCSF Cell Culture Facility), and 25% heat-
inactivated horse serum (Hyclone Laboratories, South
San Francisco, CA) with 6.5 mg/ml glucose, 50 �M aden-
osine, and 5 mM KCl; subsequent media lacked adeno-
sine. Slices were kept in culture for 7–14 days before
study. Slices were discarded if they showed more than
slight propidium iodide (PI) fluorescence (see section on
assessment of cell death) at the beginning of the survival
studies.

Experiment Design
Cultures were exposed to hypoxia by placing them

into a 2-l airtight Billups-Rothenberg Modular Incubator
Chamber (Del Mar, CA) through which 95% N2–5% CO2

gas, preheated to 37°C, was passed at 5–10 l/min. The
temperature of the chamber was kept at 37°C by both
passing preheated gas through the chamber and by plac-
ing a heat lamp over the chamber. The temperature
inside the chamber was monitored with a thermocouple
thermometer. After 10 min of gas flow, the chamber was
sealed and placed in a 37°C incubator. The partial pres-
sure of oxygen was approximately 0.1–0.2 mmHg, mea-
sured with a Clark-type oxygen electrode. After hypoxia,
the culture tray was removed from the chamber, briefly
opened to restore oxygenation, and returned to the
incubator. For cultures treated with isoflurane, gas
flowed through a calibrated vaporizer before entering
the Billups-Rothenberg chamber. The hypoxic gas and
isoflurane entered the chamber at the same time. In
experiments involving inhibitors of MAP kinases or pro-
tein kinase B/Akt, the compounds were added to the
culture media just before the start of hypoxia, and the
media was replaced at the end of the hypoxia. A 10-�M

concentration of the MEK1/2 inhibitor U0126 was cho-
sen because this is the minimal concentration required
to produce inhibition of phosphorylation of MAPK
p42/44 in slice cultures12 and in addition has been
shown to prevent MAPK signaling in cultured neurons.25

Assessment of Cell Death
Cell viability was assessed 2 and 3 days after hypoxia

with PI (Molecular Probes, Eugene OR), a highly polar
fluorescent dye that penetrates damaged plasma mem-
branes and binds to DNA. Slice culture media containing
2.3 �M PI was added to the wells of the culture trays.
After 15 min, the slices were examined with a Nikon
Diaphot 200 inverted microscope (Nikon Corporation,
Tokyo, Japan), and digital images of fluorescence were
taken using a SPOT Jr. digital camera (Diagnostic Instru-
ments Inc., Sterling Heights, MI). Excitation light wave-
length was 490 nm, and emission was 590 nm. The
sensitivity of the camera and intensity of the excitation
light was standardized so as to be identical from day to
day. PI fluorescence was measured in the dentate gyrus,
CA1, and CA3 regions of the hippocampal slices. Slices
were imaged prior to hypoxia to obtain a PI image
assumed to represent 0% cell death. We found that
maximum posthypoxia death occurred after 2 or 3 days
and declined during the next 11 days.1 Serial measure-
ments of PI fluorescence intensity were made in pre-
defined areas (manually outlining CA1, CA3, and dentate
separately) for each slice using NIH Image software (free
software from the US National Institutes of Health, Wash-
ington, DC). Thus, cell death was followed in the same
regions of each slice after hypoxia. After the measure-
ment of PI fluorescence on the third day after hypoxia,
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all of the neurons in the slice were killed with the
application of 100 �M potassium cyanide and 2 mM

sodium iodoacetate to the cultures for 20–30 min to
produce a fluorescence signal equal to 100% neuron
death in all regions of interest. Twelve to 24 h later, final
images of PI fluorescence (equated to 100% cell death)
were acquired. The percentage of dead cells at 2 and 3
days after hypoxia were then calculated based on these
values, because a linear relation exists between cell
death and PI fluorescence intensity.23,24

Measurements of [Ca2�]i
In separate groups of slices, [Ca2�]i was measured

before and after the period of hypoxia and/or isoflurane
exposure. Estimates of [Ca2�]i in CA1 neurons in slice
cultures were made using the indicators fura-2 AM or
fura-2 FF-AM and a dual excitation fluorescence spec-
trometer (Photon Technology International, South
Brunswick, NJ) coupled to a Nikon Diaphot inverted
microscope. Slice cultures were incubated with 5–10 �M

of either indicator dye for 15–30 min before measure-
ments. Cultures for these measurements were grown on
Nunc Anopore (Nalge Nunc, Rochester, NY) culture tray
inserts because of their low autofluorescence at fura-2

excitation wavelengths. Slit apertures in the emission
light path were adjusted to restrict measurement of light
signals to those coming from the CA1 cell body region.
Calibration of [Ca2�]i was done by using the dissociation
constant (KD) of fura-2 and fura-2 FF determined in vitro
with a Ca2� buffer calibration kit (Molecular Probes).
The calibration process involved using the same light
source, optical path, and filters as used with the slice
culture measurements. The KD values for fura-2 and
fura-2 FF were 311 nM and 8.1 �M, respectively, similar to
published values.26 Fura-2 was used to measure [Ca2�]i in
the range from 0–600 nM, and fura-2 FF was used when
larger increases in [Ca2�]i were expected, i.e., after hyp-
oxia. Background fluorescence (i.e., fluorescence in the
absence of fura) was subtracted from total fluorescence
signals before calculation of [Ca2�]i as described previ-
ously.27 Estimates of [Ca2�]i with this technique are
accurate to approximately �10 nM.

Immunostaining and Western Blots of Slice
Cultures
Western blots of proteins from culture homogenates

were performed with standard methodology. Five to
eight slices were pooled for each assay and repeated

Fig. 1. Isoflurane reduced cell death after 60 but not 75 min of hypoxia. Percentage of dead CA1, CA3, and dentate neurons 48 h after
60 and 75 min of hypoxia. In the isoflurane/hypoxia groups, 1% isoflurane (in 95% air–5% CO2) was present during the entire period
of hypoxia. * Significant reduction in cell death compared with hypoxia group; P < 0.05. The number of slices in each group was
10–15. Examples of propidium iodide fluorescence in slice cultures at 48 h after hypoxia are also shown at the lower right. Dark
areas indicate fluorescence in the nuclei of dead neurons.
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three to four times. Samples were obtained both before
and 24 h after hypoxia. Protein content in each sample
was measured and adjusted so that equal amounts of
protein were applied to each lane. Protein bands were
visualized after incubation with biotinylated secondary
antibodies followed by an enhanced chemiluminescence

assay and quantified by image analysis software (NIH
Image). In situ immunostaining of the activated forms of
Akt and MAP kinase ERK (p42/44) were done in hip-
pocampal cultures fixed with 4% chilled paraformalde-
hyde. Antibodies to p-Akt (Ser 473 phosphorylation) and
those to MAPK p42/44 (Thr 202/204 phosphorylation)
were obtained from Cell Signaling Technology (Beverly,
MA). Relative protein concentrations in the in situ prep-
arations were measured with a microscope, a digital
camera, and NIH Image software.

Statistical Analysis
The percentage survival of neurons in the different

regions of the slices is generally not normally distributed.
Therefore, the Kruskal–Wallis test followed by the Mann–
Whitney U test (JMP; SAS Institute, Cary, NC) was used
to compare the means of different treatment groups. T
tests or analyses of variance were used to compare other
group means, and allowance was made for multiple
comparisons. Differences were considered significant
for P � 0.05.

Fig. 2. Intracellular calcium measurements (made with fura-2;
see Materials and Methods) from the CA1 neuron cell body
region of hippocampal slice cultures before hypoxia (control,
n � 12 cultures) and after 60 or 75 min of hypoxia with (n � 6)
and without (n � 6) 1% isoflurane present during the entire
period of hypoxia. * Isoflurane present during hypoxia reduced
intracellular calcium concentration in CA1 neurons compared
with the hypoxia group (P < 0.01, analysis of variance).

Fig. 3. Isoflurane increases signaling via Raf-MEK-ERK 24 h after hypoxia. Western blots and in situ immunostaining (negative
images) of several mitogen-activated protein kinase signaling molecules in hippocampal slice cultures exposed to hypoxia (24 h
after 60 min of 95% N2–5% CO2) and hypoxia plus 1% isoflurane with and without the MEK1/2 inhibitor U0126 (10 �M). Molecular
weights of bands are indicated along sides of gels. The lower left bar graph shows the average staining intensity of the p44 band in
four gels. Note that isoflurane present during 75 min of hypoxia (same group of slices, separate immunoblot from 60-min hypoxia
group) is not associated with increased p42/44 concentrations.
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Results

Isoflurane Reduces Cell Death after 60 but Not 75
Minutes of Hypoxia
Isoflurane, 1%, reduced cell death in CA1, CA3, and

dentate neurons 48 h after 60 but not 75 min of hypoxia
(fig. 1). In slice cultures without isoflurane, 60 min of
hypoxia caused the death of 24% of CA1 neurons, 23% of
CA3 neurons, and 37% of dentate neurons. Isoflurane,
1%, reduced these percentages by 20–30%, to less than
3% death in each region. In contrast, after 75 min of
hypoxia, 80–100% of neurons were dead in CA1, CA3,
and dentate regions, and isoflurane did not provide pro-
tection. Examples of the degree and distribution of cell
death in slice cultures 48 h after hypoxia are also shown
in the images in figure 1. Peak cell death in hippocampal
slice neurons occurred 48–72 h after hypoxia, similar to
injuries involving oxygen and glucose deprivation.1

In a separate group of slice cultures, we measured
[Ca2�]i in CA1 neurons just after 60 and 75 min of
hypoxia. These estimates of [Ca2�]i, made with fura-2,
were corrected for background fluorescence changes
that may occur during hypoxia because of changes in
endogenous fluorescent compounds such as reduced
nicotinamide dinucleotide. Isoflurane, 1%, reduced the
increase in [Ca2�]i that occurred in CA1 neurons during
60 but not 75 min of hypoxia (fig. 2). Therefore, the
protective effects of isoflurane in hypoxic CA1 neurons
after 60 min of hypoxia was correlated with a smaller
increase in [Ca2�]i at the end of the hypoxic period.

Isoflurane Increases Signaling through the Ras-Raf-
ERK-MEK MAP Kinase Signaling Pathway during
Hypoxia and Is Essential for Neuroprotection
A screen of several intracellular signaling pathways in

cultured cortical and hippocampal neurons revealed that
the MAP kinase p42/44 pathway (also known as the
Ras-Raf-MEK-ERK pathway) was strongly up-regulated in
neurons exposed to a combination of hypoxia and isoflu-
rane (unpublished data, Christian S. Fahlman, Ph.D.,
UCSF, San Francisco, California, August 2004). Accord-
ingly, we performed Western blots and in situ immuno-
staining of several components of this pathway. Figure 3
shows that although hypoxia alone had a small effect on
the concentration of Raf, MEK and ERK, the combination
of isoflurane and 60 min of hypoxia produced a large
increase in phospho-ERK (p42/44) immunostaining. One
upstream component of this pathway (Raf) showed a
similar increase in the presence of 60 min of hypoxia and
isoflurane, whereas phospho-MEK 1/2, which is just up-
stream of ERK (p42/44), remained unchanged. The
MEK1/2 inhibitor U0126 decreased the phosphoryla-
tion of p44 in slices exposed to isoflurane and hyp-
oxia. Further, in situ immunostaining of intact slice
cultures showed that in CA1 neurons, isoflurane
present during hypoxia resulted in increased p42/44
for 24 h after hypoxia. Taken together, the data in
figure 3 show that isoflurane substantially increases
signaling via the Ras-Raf-MEK-ERK pathway during 60
min of hypoxia. In contrast, the more severe injury of

Fig. 4. Isoflurane neuroprotection requires ERK (p42/44). The MEK1/2 inhibitor U0126 (10 �M) antagonizes isoflurane protection of
CA1, CA3, and dentate neurons. There were 9–12 slices in each treatment group. The lower right panel shows an example of a
propidium iodide fluorescence image showing dead CA1, CA3, and dentate neurons in a culture treated with the MEK1/2 inhibitor
U0126 (10 �M).

610 GRAY ET AL.

Anesthesiology, V 102, No 3, Mar 2005

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/102/3/606/358134/0000542-200503000-00020.pdf by guest on 10 April 2024



75 min of hypoxia, which was associated with exten-
sive cell death (fig. 1), resulted in minimal p42/44
immunostaining (fig. 3, separate immunoblot shown
in upper left).

To test the hypothesis that isoflurane neuroprotection
in slice cultures depends on the Ras-Raf-MEK-ERK path-
way, we used the MEK inhibitor U0126 (10 �M), a com-
pound we previously found to inhibit phosphorylation
of p42/44 in our slice cultures.21 U0126 eliminated
isoflurane neuroprotection at 48 h after 60 min hypoxia
(fig. 4). Further, U0126 did not increase death after
hypoxia compared with hypoxia alone (fig. 1), making it
unlikely that the reversal of isoflurane protection was
caused by U0126 toxicity.

Isoflurane Promotes Maintenance of Moderate
Increases in [Ca2�]i during and after Hypoxia and
Increases Calcium-dependent Signals
Moderate increases in [Ca2�]i are linked to the activa-

tion of the MAP kinase p42/44 pathway and other sur-
vival signals.14,21 We therefore hypothesized that the
moderate increases in [Ca2�]i seen in hypoxic neurons
in the presence of isoflurane are causally related to the
phosphorylation of MAP kinases and subsequent reduc-
tions in cell death. To pursue this possibility, we used
the compound xestospongin C as a tool to eliminate the
hypoxia- and/or anesthetic-induced release of Ca2� from
inositol triphosphate (IP3) receptor–dependent intracel-

Fig. 5. Intracellular calcium concentra-
tion ([Ca2�]i) changes in CA1 neurons
during hypoxia. Isoflurane reduced the
increase in [Ca2�]i normally seen in hy-
poxic neurons and the inositol triphos-
phate (IP3) receptor antagonist decreases
[Ca2�]i to below baseline levels. The up-
per panel shows measurements with the
high-affinity calcium indicator fura-2,
and the lower panel shows correspond-
ing measurements with fura-2 FF, a low-
affinity indicator. Fura-2, because of its
high calcium affinity, is more appropri-
ate for estimates of resting cell [Ca2�]i.
Conversely, fura-2 FF, with a dissociation
constant (KD) of approximately 8 �M, is
better for posthypoxia estimates of
[Ca2�]i (see text).

Fig. 6. Phosphorylation of mitogen-activated protein kinase
p42/44 in hypoxic slice cultures exposed to 1% isoflurane was
prevented by the IP3 receptor antagonist xestospongin C (1 �M).
Xestospongin C also prevented increases in intracellular cal-
cium concentration during hypoxia and blocked the neuropro-
tective effects of isoflurane (figs. 4 and 6). The bar graph shows
mean staining intensity of three blots. * Significant increase
compared with control.
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lular stores.28 In CA1 neurons, a significant portion of
the increase in [Ca2�]i during hypoxia was due to release
from intracellular stores (endoplasmic reticulum) be-
cause xestospongin C prevented the increase in [Ca2�]i

during hypoxia (fig. 5). The same was seen in neurons
exposed to xestospongin C in the presence of hypoxia
combined with 1% isoflurane. Importantly, figure 5 also
shows that the IP3 antagonist xestospongin C actually
results in average net decreases in neuron [Ca2�]i com-
pared with before hypoxia. This was observed with both
a high-affinity and a low-affinity Ca2� indicator in sepa-
rate cultures.

Next, we investigated whether the stimulation of IP3

receptor–mediated Ca2� release was required for activa-
tion of the Ras-MEK pathway. The increase in p44 con-
centrations mediated by isoflurane during hypoxia de-
pended on Ca2� release from intracellular stores,
because the IP3 antagonist xestospongin C prevented
the increase in p44 immunostaining (fig. 6).

Finally, we examined the link between Ca2� release
from intracellular stores and isoflurane-mediated neuro-
protection. As shown in figure 7, xestospongin C pre-
vented isoflurane from decreasing cell death after hy-
poxia. This was observed in CA1, CA3, and dentate
neurons. The presence of xestospongin C in hypoxic
cultures did not significantly increase cell death, making

it unlikely that the reversal of isoflurane protection was
due to toxicity of xestospongin C.

Isoflurane Activates Antiapoptotic Proteins during
Hypoxia
Intracellular calcium signaling has many important ef-

fects on cell survival, including modulation of the anti-
apoptotic protein kinase B-Akt pathway; moderate ele-
vation of [Ca2�]i increases Akt phosphoactivation and
promotes survival in slice cultures.21 Accordingly, levels
of immunostaining of two phosphorylation sites of Akt
and a downstream target of Akt (glycogen synthase ki-
nase) were measured in slice cultures before and after
hypoxia with or without 1% isoflurane. Western blots of
phospho-Akt are shown in figure 8, indicating that isoflu-
rane present during hypoxia increased the phosphoryla-
tion of Akt at one of two critical phosphorylation sites
(threonine 308, target of PDK229). Another phosphory-
lation site on Akt, S473, did not show increased phos-
phorylation, but a target of activated Akt, glycogen syn-
thase kinase, was phosphorylated in the presence of
isoflurane (P � 0.05). In this case, the phosphorylation
was not dependent on IP3 receptors because phosphor-
ylation occurred equally strongly in the presence of
isoflurane and xestospongin C. This suggests that al-
though the combination of hypoxia and isoflurane acti-

Fig. 7. Effects of xestospongin C on isoflurane neuroprotection in slice cultures. The lower right shows examples of cell death (dark
staining) in cultures in which xestospongin C was present during hypoxia combined with isoflurane. There were 9–13 slices in each
group. * P < 0.05 compared with hypoxia, xestospongin–hypoxia, and isoflurane–hypoxia–xestospongin groups.
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vates the survival factor Akt, its activation does not
depend only on increases in [Ca2�]i mediated by IP3

receptors.

Discussion

This study reports several novel findings: (1) Isoflurane
neuroprotection from hypoxia-induced death requires
that [Ca2�]i during hypoxia increases moderately; (2)
the presence of isoflurane during hypoxia increases the
phosphorylation of the Ras-MEK-ERK pathway and is
required for neuroprotection; and (3) isoflurane in-
creases the concentration of active (phosphorylated)
Akt, an antiapoptotic protein, during hypoxia. There-
fore, the findings of this study point to phosphorylation
of key signaling molecules as crucial to the neuroprotec-
tive effect of isoflurane. We suggest that moderate in-
creases in [Ca2�]i set in motion events that regulate this
pattern of phosphorylation.

Increased [Ca2�]i Is Required for Neuroprotection
with Isoflurane
A proposed intracellular signaling scheme involving

the interaction of isoflurane and Ca2� during hypoxia is

presented in figure 9. During hypoxia, the presence of
isoflurane results in [Ca2�]i remaining within 30–100 nM

of resting levels (figs. 2 and 5), whereas without it,
[Ca2�]i increases to near 2 �M. Confirmed by both a
high-affinity and a low-affinity Ca2� indicator, [Ca2�]i

during hypoxia normally increases to levels associated
with cell death. We propose that isoflurane, by inhibit-
ing NMDA receptors30 and by decreasing glutamate re-
lease,31 allows [Ca2�]i to increase moderately to a neu-
roprotective window of [Ca2�]i that triggers the
elaboration of survival signals (fig. 9). Our data suggest
that an increase in [Ca2�]i is required for survival, be-
cause when increases in [Ca2�]i during hypoxia are
prevented by xestospongin C (fig. 5), isoflurane protec-
tion is eliminated and neurons die (fig. 7). A large in-
crease in [Ca2�]i has been recognized as playing a cen-
tral role in excitotoxic neuronal death after anoxic/
ischemic injuries, whether from glutamate receptors or
from TRPM7 cation channels.32–34 However, the impor-
tance of Ca2� as a signal molecule necessary for normal
synaptic health and long-term survival of neurons is
increasingly clear as well. A substantial body of evidence
shows that moderately increased [Ca2�]i may be a criti-

Fig. 8. Isoflurane neuroprotection is associated with phosphorylation of Akt at T308 (* P < 0.05) but not at S473 during hypoxia. The
phosphorylation of the Akt target glycogen synthase kinase (pGSK) was also increased by isoflurane during hypoxia. The bar
graphs show mean staining intensity from three to four Western blots.
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cal survival signal, including data from our slice culture
model.21 Conversely, excessively low [Ca2�]i is detri-
mental during or after brain ischemia because it deprives
neurons of defensive mechanisms and trophic influences
critical for survival35,36 and promotes neuronal apopto-
sis.37 We propose that the neuroprotective actions of
isoflurane may be summarized as keeping [Ca2�]i not
only within survivable limits during hypoxia but into a
zone associated with active survival signaling.

Isoflurane and Ca2�-dependent Regulation of
Cell Fate
Our data show that during hypoxia, the presence of

isoflurane is associated with increased concentrations of
proteins related to cell survival, including increases con-
centrations of the neuroprotective factors MAP kinase
p42/44 and Akt. The MAP kinase p42/44 pathway is
important in neuroprotective signaling via membrane-
associated growth factor receptors.38 Activated Akt is a
potent inhibitor of apoptosis in neurons39 and requires
increases in Ca2� for its up-regulation,11,40 although as
shown in figure 8, the phosphorylation of the Akt target
glycogen synthase kinase apparently does not require IP3

receptor–mediated increases in [Ca2�]i. We did not test
whether phosphorylation of Akt at T308 is dependent on
IP3 receptors. The MAP kinase p42/44 is also involved
with isoflurane protection, similar to the role of the
persistent increase in MAP kinase p38 concentrations
associated with preconditioning reported in intact rats.8

Further, MAP kinase p42/44 links growth factor recep-
tors for nerve growth factor and brain-derived neurotro-
phic factor to neuroprotective effects such as NMDA
receptor modulation and reduction of glutamate excito-
toxicity.41 MAP kinase p42/44 also phosphorylates hy-
poxia-inducible factor 1�, a transcription factor required

for the adaptation of cells to acute and chronic hypoxia.14

It is not clear whether the moderate increase in [Ca2�]i

during hypoxia is sufficient for the protective actions of
isoflurane or whether additional factors independent of
[Ca2�]i changes are required. However, small increases
in [Ca2�]i in slice cultures are strongly neuroprotective if
present just before oxygen and glucose deprivation.21

Thus, the effects of isoflurane on signaling pathways are
consistent with known neuroprotective processes in
other models and contexts.

The protective actions of isoflurane on signaling path-
ways and on apoptosis regulators are not in conflict with
earlier proposals that isoflurane either inhibits excito-
toxic31,42 or augments inhibitory processes.6 The signal-
ing mechanisms described here interact with processes
involved in excitotoxicity. For example, activation of the
MAP kinase ERK pathway via growth factor receptors
results in decreased NMDA receptor activity and excito-
toxicity.41 The possibility that one neuroprotective ef-
fect of isoflurane is related to second-messenger modu-
lation of NMDA receptors and TRPM7 cation channels is
currently under investigation.

Limitations of Isoflurane Neuroprotection and
Delayed Apoptosis
The neuroprotective effects of isoflurane were present

after 60 but not 75 min of hypoxia (Fig. 1). Beyond
noting that isoflurane did not increase p42/44 concen-
trations after 75 min of hypoxia, we did not investigate
the mechanisms for this difference. It is possible that this
or other deleterious events relate to the lack of sustained
neuroprotection observed in rodent models of relatively
severe cerebral ischemia2,3 and may mean, as pointed
out by Warner,43 that anesthetic neuroprotection may
be one of decreasing the effective severity of an injury.

Fig. 9. Proposed scheme of how moderate
increases in intracellular calcium con-
centration ([Ca2�]i) in hypoxic neurons
in the presence of isoflurane initiates
survival signaling. During hypoxia, re-
lease and accumulation of glutamate
from energy-stressed neurons normally
causes a large increase in [Ca2�]i, an ac-
tion opposed by isoflurane via inhibition
of N-methyl-D-aspartate (NMDA) recep-
tors and augmentation of �-aminobutyric
acid (GABA) receptors and other pro-
cesses. At the same time, isoflurane
causes the release of Ca2� from intracel-
lular stores, with the net result being a
moderate increase in [Ca2�]i. The in-
crease in [Ca2�]i activates the calcium-
binding protein calmodulin and the cal-
cium-dependent kinase CaM kinase II as
well as Ras. Ras in turn activates both the
mitogen-activated protein kinase (MAPK)
signaling family and protein kinase B.29

MAPK p42/44 (ERK) is both a transcrip-
tion factor and negative regulator of Ca2�

influx via NMDA receptors.41 IP3 � inosi-
tol triphosphate; PKB � protein kinase B.
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The antiapoptotic signaling found here and more di-
rectly observed in other studies8,9 suggests that isoflu-
rane will provide sustained protection for mild injuries.
More study is needed in both in vitro and in vivo animal
models to determine the effects of anesthetics on the
time course of cell death, cell death processes, and
regeneration of lost neurons. Whether anesthetics can,
under some conditions, produce durable neuroprotec-
tion in animal models or clinically relevant neuroprotec-
tion in humans is an important unanswered question.44

Conclusions

Isoflurane and hypoxia interact to trigger neuroprotec-
tive signals in hippocampal neurons. This seems to be a
result of moderate increases in [Ca2�]i during hypoxia
when 1% isoflurane is present. The moderate increases
in [Ca2�]i are related to phosphorylation of the Ras-Raf-
MEK-ERK pathway, which is important in neuroprotec-
tive signaling. Preventing isoflurane-induced increases in
[Ca2�]i and interfering with the ERK pathway during
hypoxia blocks neuroprotection. Furthermore, isoflu-
rane protection is associated with increased activity of
the antiapoptotic factor protein kinase B/Akt, which is
consistent with the reduction of apoptosis by isoflurane
observed in other in vitro studies.

References

1. Sullivan BS, Leu D, Taylor DM, Fahlman CS, Bickler PE: Isoflurane prevents
delayed cell death in an organotypic slice culture model of cerebral ischemia.
ANESTHESIOLOGY 2002; 96:189–95

2. Kawaguchi M, Drummond JC, Cole DJ, Kelly PJ, Spurlock M, Patel PM:
Effect of isoflurane on neuronal apoptosis in rats subjected to focal cerebral
ischemia. Anesth Analg 2004; 98:798–805

3. Kawaguchi M, Kimbro JR, Drummond JC, Cole DJ, Kelly PJ, Patel PM:
Isoflurane delays but does not prevent cerebral infarction in rats subjected to
focal ischemia. ANESTHESIOLOGY 2000; 92:1335–42

4. Elsersy H, Sheng H, Lynch JR, Moldovan M, Pearlstein RD, Warner DS:
Effects of isoflurane versus fentanyl-nitrous oxide anesthesia on long-term out-
come from severe forebrain ischemia in the rat. ANESTHESIOLOGY 2004; 100:1160–6

5. Bickler PE, Buck LT, Hansen BM: Effects of isoflurane and hypothermia on
glutamate receptor-mediated calcium influx in brain slices. ANESTHESIOLOGY 1994;
81:1461–9

6. Bickler PE, Warner DS, Stratmann G, Schuyler J: GABA receptors contribute
to isoflurane neuroprotection in organotypic hippocampal cultures. Anesth
Analg 2003; 97:564–71

7. Sonner J, Antognini J, Dutton R, Flood P, Gray A, Harris R, Homanics G,
Kendig J, Orser B, Raines D, Rampil I, Trudell J, Vissel B, Eger EI II: Inhaled
anesthetics and immobility: Mechanisms, mysteries, and minimum alveolar anes-
thetic concentration. Anesth Analg 2003; 97:718–40

8. Zheng S, Zuo Z: Isoflurane preconditioning induces neuroprotection
against ischemia via activation of P38 mitogen-activated protein kinases. Mol
Pharmacol 2004; 65:1172–80

9. Wise-Faberowski L, Raizada MK, Sumners C: Oxygen and glucose depriva-
tion-induced neuronal apoptosis is attenuated by halothane and isoflurane.
Anesth Analg 2001; 93:1281–7

10. Kindler CH, Eilers H, Donohoe P, Ozer S, Bickler PE: Volatile anesthetics
increase intracellular calcium in cerebrocortical and hippocampal neurons. AN-
ESTHESIOLOGY 1999; 90:1137–45

11. Cheng A, Wang S, Yang D, Xiao R, Mattson MP: Calmodulin mediates
brain-derived neurotrophic factor or cell survival signaling upstream of Akt
kinase in embryonic neocortical neurons. J Biol Chem 2003; 278:7591–9

12. Fahlman CS, Bickler PE, Sullivan B, Gregory GA: Activation of the neuro-
protective ERK signaling pathway by fructose-1,6-bisphosphate during hypoxia
involves intracellular Ca2� and phospholipase C. Brain Res 2002; 958:43–51

13. Chen WG, Chang Q, Lin Y, Meissner A, West AE, Griffith EC, Jaenisch R,
Greenburg ME: Derepression of BDNF transcription involves calcium-dependent
phosphorylation of MeCP2. Science 2003; 302:885–9

14. Mottet D, Michel G, Renard P, Ninane N, Raes M, Michiels C: Role of ERK
and calcium in the hypoxia-induced activation of HIF-1. J Cell Physiol 2003;
194:30–44

15. Franklin JL, Johnson EMJ: Block of neuronal apoptosis by a sustained
increase of steady-state free Ca2� concentration. Philos Trans R Soc Lond B Biol
Sci 1994; 345:251–6

16. Berridge M, Lipp P, Bootman M: The versatility and universality of calcium
signaling. Nat Rev Mol Cell Biol 2000; 1:11–21

17. Semenov DG, Samoilov M, Lazarewicz J: Calcium transients in the model
of rapidly induced anoxic tolerance in rat cortical slices: Involvement of NMDA
receptors. Neurosignals 2002; 11:329–35

18. Raval AP, Dave KR, Mochly-Rosen D, Sick TJ, Perez-Pinzon MA: Epsilon
PKC is required for the induction of tolerance by ischemic and NMDA-mediated
preconditioning in the organotypic hippocampal slice. J Neuroscience 2003;
23:384–91

19. Grabb MC, Choi DW: Ischemic tolerance in murine cortical cell culture:
Critical role for NMDA receptors. J Neuroscience 1999; 19:1657–62

20. Tauskela JS, Brunette E, Monette R, Comas T, Morley P: Preconditioning of
cortical neurons by oxygen-glucose deprivation: Tolerance induction through
abbreviated neurotoxic signaling. Am J Physiol Cell Physiol 2003; 285:C899–911

21. Bickler P, Fahlman CS: Moderate increases in intracellular calcium activate
neuroprotective signals in hippocampal neurons. Neuroscience 2004;
127:673–83

22. Stoppini L, Buchs PA, Muller D: A simple method for organotypic cultures
of nervous tissue. J Neurosci Methods 1991; 37:173–82

23. Laake JH, Haug F-M, Weiloch T, Ottersen OP: A simple in vitro model of
ischemia based on hippocampal slice cultures and propidium iodide fluores-
cence. Brain Res Protocols 1999; 4:173–84

24. Newell DW, Barth A, Papermaster V, Malouf AT: Glutamate and non-
glutamate receptor mediated toxicity caused by oxygen and glucose deprivation
in organotypic hippocampal cultures. J Neuroscience 1995; 15:7702–11

25. Gavalda N, Perez-Navarro E, Gratacos E, Comella JX, Alberch J: Differential
involvement of phosphatidylinositol 3-kinase and p42/p44 mitogen activated
protein kinase pathways in brain-derived neurotrophic factor-induced trophic
effects on cultured striatal neurons. Mol Cell Neurosci 2004; 25:460–8

26. Hyrc K, Handran DS, Rothman SM, Goldberg MP: Ionized intracellular
calcium concentration predicts excitotoxic neuronal death: Observations with
low affinity fluorescent calcium indicators. J Neurosci 1997; 17:6669–77

27. Bickler PE, Hansen BM: Hypoxia-tolerant neonatal CA1 neurons: Relation-
ship of survival to evoked glutamate release and glutamate receptor-mediated
calcium changes in hippocampal slices. Dev Brain Res 1998; 106:57–69

28. Hossain MD, Evers AS: Volatile anesthetic-induced efflux of calcium from
IP3-gated stores in clonal (GH3) pituitary cells. ANESTHESIOLOGY 1994; 80:1379–89

29. Kandel ES, Hay N: The regulation and activities of the multifunctional
serine/threonine kinase Akt/PKB. Exp. Cell Res 1999; 253:210–29

30. Criswell HE, Ming Z, Pleasant N, Griffith BL, Mueller RA, Breese GR:
Macrokinetic analysis of blockade of NMDA-gated currents by substituted alco-
hols, alkanes and ethers. Brain Res 2004; 1015:107–13

31. Bickler PE, Buck L, Feiner JR: Volatile and intravenous anesthetics de-
crease glutamate release from cortical brain slices during anoxia. ANESTHESIOLOGY

1995; 83:1233–40
32. Aarts M, Iihara K, Wei WL, Xiong ZG, Arundine M, Cerwinski W, Mac-

Donald JF, Tymiansk M: A key role for TRPM7 channels in anoxic neuronal death.
Cell 2003; 115:863–77

33. Choi DW: Calcium: still center stage in hypoxic-ischemic neuronal death.
Trends Neurosci 1995; 18:58–60

34. Lipton P: Ischemic cell death in brain neurons. Physiol Rev 1999; 79:1431–
567

35. Yu SP, Canzoniero LMT, Choi DW: Ion homeostasis and apoptosis. Curr
Opin Cell Biol 2001; 13:405–411

36. Lee J-M, Zipfel GJ, Choi DW: The changing landscape of ischaemic brain
injury mechanisms. Nature 1999; 399(suppl):A7–14

37. Lampe PA, Cornbrooks EB, Juhasz A, Johnson EM Jr, Franklin JL: Suppres-
sion of programmed neuronal death by a thapsigargin-induced Ca2� influx.
J Neurobiol 1995; 26:205–212

38. Hetman M, Kanning K, Cavanaugh JE, Xia Z: Neuroprotection by brain-
derived neurotrophic factor is mediated by extracellular signal-regulated kinase
and phosphatidylinositol 3-kinase. J Biol Chem 1999; 274:22569–80

39. Vanhaesebroeck B, Alessi D: The PI3K-PDK1 connection: More than just a
road to PKB. Biochem J 2000; 346:561–76

40. Lilienbaum A, Israel A: From calcium to NF-kappa B signaling pathways in
neurons. Mol Cell Biol 2003; 23:2680–98

41. Nicole O, Ali C, Docagne F, Plawinski L, MacKenzie ET, Vivien D, Buisson
A: Neuroprotection mediated by glial cell line-derived neurotrophic factor: In-
volvement of a reduction of NMDA-induced calcium influx by the mitogen-
activated protein kinase pathway. J Neuroscience 2001; 21:3024–33

42. Patel PM, Drummond JC, Cole DJ, Goskowicz RL: Isoflurane reduces
ischemia-induced glutamate release in rats subjected to forebrain ischemia. AN-
ESTHESIOLOGY 1995; 82:996–1003

43. Warner DS: Perioperative neuroprotection: Are we asking the right ques-
tions? Anesth Analg 2004; 98:563–5

44. Patel PM: No magic bullets: The ephemeral nature of anesthetic-mediated
neuroprotection. ANESTHESIOLOGY 2004; 100:1049–51

615MAP KINASES IN ISOFLURANE NEUROPROTECTION

Anesthesiology, V 102, No 3, Mar 2005

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/102/3/606/358134/0000542-200503000-00020.pdf by guest on 10 April 2024


