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ABSTRACT

Background: Sevoflurane preconditioning improves recov-
ery after hypoxia. Sevoflurane administered before and dur-
ing hypoxia improved recovery and attenuated the changes in
intracellular sodium, potassium, and adenosine triphosphate
(ATP) levels during hypoxia. In this study, the authors exam-
ine the effects of sevoflurane applied only before hypoxia on
sodium, potassium, and ATP.

Methods: Hippocampal slices from adult male Sprague—
Dawley rats were pretreated with 4% sevoflurane, washed,
and then subjected to hypoxia (n > 8 animals/group). The
cornus ammonis 1 regions of the hippocampal slices were
micro-dissected and sodium, potassium, and ATP concen-
trations measured.
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What We Already Know about This Topic

e Sodium influx, potassium efflux, and a decrease in adenosine
triphosphate content represent early phenomena that trigger
the ischemic/hypoxic cascade

e Sevoflurane administered before and during hypoxia attenu-
ates changes in sodium, potassium, and adenosine triphos-
phate during hypoxia

What This Article Tells Us That Is New

e Using the acute hippocampal slice, the authors provide evi-
dence that sevoflurane-induced preconditioning (4%, 60min
given before a 5-min period of hypoxia) attenuates the de-
crease in adenosine triphosphate stores, but not the changes
in sodium and potassium levels

These results suggest that improved adenosine triphosphate
content, but not Na* or K* levels, correlates with improved
physiological recovery induced by sevoflurane preconditioning

Results: Pretreatment with sevoflurane for 15 or 60 min
did not attenuate the increase in intracellular sodium or
the decrease in intracellular potassium during hypoxia.
After 60min of preconditioning and 5min of hypoxia,
sodium increased 57% (vs. nonpreconditioned hypoxia 54%
increase) and potassium decreased 31% (vs. 26%). These
changes were not statistically significant wversus untreated
hypoxia. The 60-min sevoflurane preconditioning group had
statistically significant higher ATP levels at 5 min of hypoxia
(3.8 nmol/mg dry wt.) when compared to untreated hypoxic
tissue (2.1 nmol/mg). There was no significant difference
in ATP levels between the sevoflurane preconditioned and
the untreated tissue before hypoxia (8.9 vs. 8.5 nmoles/mg,
respectively).

Conclusion: Preconditioning with sevoflurane for 60 min
before hypoxia does not alter changes in intracellular sodium
and potassium during hypoxia but does attenuate the fall
in intracellular ATP levels during hypoxia. Thus, there are
differences between anesthetic preconditioning and when
anesthetics are present before and during hypoxia.

EREBRAL ischemia and hypoxia are significant causes
of disability and neuropsychological deficits in patients
undergoing major vascular, cardiac, and neurosurgical pro-
cedures.!~® A significant body of work has provided evidence
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for improvements in neurologic outcomes with volatile
anesthetics administered prior to ischemic injury.”~'* Vola-
tile anesthetic agents have been shown to improve neuronal
recovery and decrease total infarct size when administered
before hypoxia/ischemia.’"!” This improvement is gained
not only when sevoflurane is administered before and dur-
ing hypoxia but also with pretreatment alone, sevoflurane
preconditioning.'®!” These findings may impact the anes-
thetic management for patients with a higher risk of hav-
ing an intraoperative stroke or poor cerebral perfusion while
exposing patients to no additional risks.

The hippocampal cornus ammonis 1 (CA1) region was
studied because tissue enriched with CAl pyramidal neu-
rons is easily isolated and these neurons demonstrate a high
susceptibility to ischemic injury after short periods of isch-
emia.’*? To examine the mechanism of sevoflurane precon-
ditioning protection, intracellular potassium (K*), sodium
(Na*), and adenosine triphosphate (ATP) levels were mea-
sured in the CAl region. Maintaining the intracellular con-
centrations of these two ions requires a major expenditure
of neuronal ATP stores due to the activity of the Na*/K*-
ATPase pump, which is required to pump the Na* and K*
that have leaked down their electrochemical gradients. Intra-
cellular ion concentrations have profound consequences on
cellular volume and metabolic pathways, both of which con-
tribute to the overall homeostasis of the cell. Sodium influx,
potassium efflux, and consumption of ATP stores represent
components of the ischemic cascade.

The experiments in this article will determine whether the
maintenance of intracellular ATP, sodium, and potassium
concentrations during hypoxia contributes to the mecha-
nism by which sevoflurane-induced preconditioning reduces
neuronal injury. Previous studies with sevoflurane adminis-
tration before and during hypoxia found reduced changes
in Na*, K, and ATP levels during hypoxia. This study will
determine whether this is also the case for sevoflurane-
induced preconditioning and explicitly test the hypothesis
that sevoflurane-induced preconditioning leads to improved
Na*, K, and/or ATP levels during hypoxia. We will also test
whether sevoflurane-induced preconditioning alters the lev-
els of Na*, K, and/or ATP before hypoxia.

Material and Methods

Slice Preparation

All procedures involving animals were in accordance with
the U.S. National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of the State
University of New York Downstate Medical Center, Brook-
lyn, New York. The minimum number of animals needed to
achieve statistical significance was used.

Male Sprague—Dawley rats (100-120 days old) were
preoxygenated in a Plexiglass chamber for 3min and
anesthetized for 1min with 1% isoflurane, followed by
2 min of 2% isoflurane. When confirmed to be unconscious,
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the rat was decapitated, and its brain was quickly removed
and placed into chilled (2-4°C) artificial cerebrospinal fluid
(aCSF) saturated with 95% O,-5% CO,.** Hippocampal
slices of 500 pm thickness were sectioned perpendicular to
the long axis of the hippocampus in chilled aCSF (4-6°C)
using a tissue slicer with a vernier micrometer (Stoelting;
Wood Dale, IL). The slices were held in a beaker containing
ice-cold aCSF saturated with 95% O,~5% CO,, and quickly
transferred to grids in 20-ml beakers containing 10 ml of
oxygenated aCSF. The composition of the aCSF was, in mw,
NaCl, 126; KCl, 3; KH,PO,, 1.4; NaHCO,, 26; MgSO,,
1.3; CaCl,, 1.4; glucose, 4; at pH, 7.4, and was equilibrated
with 95% O,-5% CO,."® The gridded hippocampal slices
were maintained in oxygenated (95% O,~5% CO,) aCSF at
room temperature for 30 min and then slowly heated to 37°C.
The slices were pretreated for either 15 or 60 min with 4%
sevoflurane delivered from a calibrated sevoflurane vaporizer,
the anesthetic was washed out for 5 min with 95% O,-5%
Co,, and then the slices were subjected to either 5 or 10 min
of hypoxia (95% N,—5% CO,) (fig. 1). Normoxic untreated
control tissue was maintained at 37°C in the oxygenated
aCSF for the duration of the experiment. A control group
in each trial was maintained in oxygenated aCSF and
exposed to 4% sevoflurane in the absence of a hypoxic
event. The time in which the control group was exposed
to sevoflurane matched the corresponding sevoflurane time
in the preconditioned trial group. The experiments are
carried out with hippocampal slices from the same animal
in four different beakers, each of which is subject to one of
four different protocols: control no hypoxia, sevoflurane
no hypoxia, hypoxia alone, and hypoxia after sevoflurane
preconditioning. The values of Na*, K*, or ATP of the
CAL1 regions from the three or four slices in each beaker are
treated as one data point for that beaker and are normalized
for dry weight; the CA1l tissue from the different slices is
pooled before analysis. The procedures used in the current
experiments are carried out identically to our previous
physiology experiments, but the differences between the
physiology and biochemistry chambers may have some effect
on the slices.!® The physiology experimental chamber does
not allow different experimental protocols to be carried out
at the same time on tissue from the same animals; this would
reduce the statistical power of the biochemical analyses.

Sodium and Potassium Measurements

Following the experiment, slices were placed in agitated
ice-cold (4°C) isotonic sucrose for 10 min in order to wash
extracellular ions from the tissue (fig. 1). A washout period
of 10 min was used because this duration of time primarily
washes out the extracellular space with a minimal effect on
the intracellular concentrations.?*?> The CA1 regions were
micro-dissected and the tissue was dried at 85°C for 48h
and weighed. A minimum tissue weight of 450 pg was used
in order to guarantee sufficient tissue for ion measurements.
Ions were extracted in 0.1 N nitric acid, and the sodium
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Normoxia
=
Normoxia with sevoflurane preconditioning
f/;;j o ; o
Hypoxia
=

Hypoxia with sevoflurane preconditioning
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)
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Fig. 1. Experimental paradigm to examine the effects of sevo-
flurane-induced preconditioning. Hippocampal slices were
maintained in oxygenated (95% O,-5% CO,; normoxia) artifi-
cial cerebrospinal fluid (aCSF) at room temperature for 30 min
and then slowly heated to 37°C. The slices were pretreated
for either 15 or 60min with 4% sevoflurane in 95% O,-5%
CO, (sevo/normoxia); only the 60-min treatment is shown.
The anesthetic was washed out for 5min with 95% O,-5%
CO, and then subjected to either 5 or 10 min of hypoxia (95%
N,-5% CO,). The sevoflurane was administered using a
calibrated sevoflurane vaporizer in line with the 95% O,-5%
CO, gas mixture before the aerator oxygenating the aCSF.
Normoxic untreated control tissue was maintained at 37°C
in oxygenated aCSF following the initial 30-min period at
room temperature. A preconditioned normoxic control group
was maintained under oxygenated aCSF and exposed to 4%
sevoflurane in the absence of an ischemic event. The time in
which the control group was exposed to sevoflurane matched
the corresponding sevoflurane time in the preconditioned trial
group. At the end of the sodium and potassium experiments,
the slices were placed in ice-cold (2-4°C) isotonic sucrose
for 10min to wash out the extracellular ions. In the adenosine
triphosphate (ATP) experiments, the slices were immediately
frozen in liquid nitrogen at the end of the experiment and were
not washed in sucrose.

and potassium concentrations were assayed using a flame
photometer.?4?> Percentage values are referenced to values in
tissue from the same animal not treated with either drugs or
hypoxia; each animal has a concurrent control. Each group
was composed of eight different rats; a total of eight animals
were used in each experiment as each animal contributed
slices to each group in a particular experiment.

ATP Measurement

ATP levels were measured within the CA1 regions. The
experimental treatment of the slices was as described eal-
ier, except that there was no sucrose washout period. At
the end of the hypoxia, or normoxia in the controls, the
slices were rapidly frozen in liquid nitrogen, maintained
in liquid nitrogen for up to a week, and then lyophilized.
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The CALI regions were micro-dissected from the lyophi-
lized tissue slices and weighted. ATP was extracted follow-
ing tissue homogenization in 3 N ice-cold perchloric acid.
ATP levels were then measured using a firefly luciferin—
luciferase assay as described in previous publications.?>=’
Percentage values are referenced to values in tissue from
the same animal not treated with either drugs or hypoxia;
each animal has a concurrent control. Each group con-
tained 10 different animals for each preconditioning time
period; each animal contributed slices to each group of
one experimental run.

Statistical Methods

As described in the previous section, the slices were distrib-
uted and the data were obtained such that a single animal
contributed tissue to each of the groups in an experiment.
While some slices were lost in some groups during the exper-
iments and before any analysis, all groups contained at least
two slices from each animal even after this loss. Fach data
point in the analysis consists of the sodium, potassium, or
ATP levels normalized by dry weight for all the CA1 regions
from slices in a particular beaker. All four beakers in a sin-
gle experiment contained tissue from the same animal; this
allows for a paired comparison between beakers. CAl tissue
per beaker and not slices are compared in a paired manner.
A preplanned paired 7 test examined hypoxia versus sevoflu-
rane-hypoxia and normoxia versus sevoflurane-normoxia for
both 15- and 60-min preconditioning. The 15- and 60-min
preconditioning experiments were completely separate; they
were performed at different times and compared to their
own separate controls. In the sodium and potassium experi-
ments, each group contained eight animals and the analyses
were performed with eight pairings; for the ATP experi-
ments, each group contained 10 animals and the analyses
were performed with 10 pairings.

In addition to this preplanned paired ¢ test, all data were
subjected to an ANOVA followed by the Newman—Keuls
multiple comparison test. Data were tested for normality
using the D’Agostino and Pearson omnibus normality test
and only these data were tested with parametric statistics.
For data comparisons that passed one test but not another
for significance, the results of both tests are explicitly stated
in the results section. This occurred only for the ATP data
with 15-min preconditioning and 5-min hypoxia. All
statistics were carried out using Graphpad Prism 4 software
(Graphpad Software Inc., San Diego, CA). In the text when
we state a result is significant, we mean that it is statistically
significant with P < 0.05 using a two-tailed test; all values in
the text are given as the mean + SD.

Results

Sodium and Potassium

Fifteen Minutes Sevoflurane Preconditioning Followed by
5min Hypoxia. Sodium and potassium measurements were
made at the end of 5-min of hypoxia. In normoxic tissue, the
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mean ( SD) sodium concentration was 89 + 14 nmol/mg and
the mean potassium concentration was 151+17 nmol/mg;
all percentages in this section are referenced to these values.
Sodium levels increased by 70% (to 152 +29 nmol/mg), while
potassium levels decreased by 26% (to 112+26 nmol/mg)
after 5min of hypoxia without preconditioning (fig. 2A).
Sodium levels increased by 71% (to 153 +22 nmol/mg) and
potassium levels decreased by 29% (to 108 + 15 nmol/mg) in
the 5-min hypoxic tissue preconditioned for 15 min with 4%
sevoflurane. There was no significant difference in intracel-
lular sodium and potassium concentrations between the CA1
regions exposed to hypoxic conditions and those exposed
to hypoxic conditions following sevoflurane precondition-
ing (P = 0.90 for sodium and P = 0.64 for potassium; paired
£ test; n = 8 pairs).
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In the control group treated with sevoflurane alone (no
hypoxia), sodium increased by 4% (to 93 + 12 nmol/mg)
and potassium decreased by 4% (to 108+ 15 nmol/mg),
these changes were not significant when compared to
normoxic tissue. Thus there was no difference in intracel-
lular sodium and potassium levels between the untreated
oxygenated CA1 regions and the oxygenated CA1 regions
exposed to 4% sevoflurane for 15min (P = 0.49 for
sodium and P = 0.46 for potassium; paired 7 test; n = 8
pairs).

Fifteen Minutes Sevoflurane Preconditioning at 10-min
Hypoxia. The impact of 15 min of sevoflurane precondition-
ing on hippocampal slices subjected to 10 min of hypoxia
was examined (fig. 2B). The mean sodium concentration in
normoxic untreated tissue was 119420 nmol/mg and the
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Fig. 2. Effect of 15-min sevoflurane preconditioning on sodium and potassium concentrations during hypoxia. Sodium (Na*)
and potassium (K*) concentrations were measured in the cornus ammonis 1 (CA1) region of rat hippocampal slices at 5 (A) and
10 (B) min of hypoxia (Hypo). The tissue was treated with 4% sevoflurane (Sevo) in 95% O,-5% CO, for 15min and then the
anesthetic was washed out with 95% 0,-5% CO, for 5min (Sevo or Sevo/Hypo). The tissue was then subjected to either 5min
(A) or 10min (B) of hypoxia by aerating the tissue with 95% N,-5% CO,; the Normoxia and Sevo groups were not subjected to
hypoxia. At the end of the experiment, the tissue from each group was placed in ice-cold isotonic sucrose for 10 min to wash out
the extracellular ions. The CA1 regions were then dissected, dried, weighed, and analyzed in a flame photometer. Values are the
mean + SD (n = 8 animals per group) and are expressed as nmol per mg dry weight. The normoxia groups (Normoxia and Sevo)
are significantly different from the hypoxia groups (Hypoxia and Sevo/Hypo); P < 0.05 (Newman-Keuls multiple comparison test;
n = 8/group); however, the Hypoxia and Sevo/Hypo groups are not significantly different from each other (Newman-Keuls or
paired t test).
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potassium concentration was 170 + 28 nmol/mg; all percent-
ages in this section are referenced to these values. Intracellu-
lar sodium increased by 83% (to 217 +38 nmol/mg), while
potassium levels decreased by 52% (to 81422 nmol/mg)
in hypoxic tissue compared to the normoxic tissue. In isch-
emic tissue preconditioned for 15 min with 4% sevoflurane,
intracellular sodium increased by 73% (to 205+36 nmol/
mg) and intracellular potassium levels decreased by 43% (to
97 +31 nmol/mg) compared to normoxic tissue concentra-
tions (fig. 2B). The change due to sevoflurane precondition-
ing was not significant (2 = 0.39 for sodium and = 0.21 for
potassium; paired £ test; n = 8 pairs).

In the normoxic group treated with sevoflurane alone, the
intracellular sodium concentration decreased by 10% (not
significant) and the potassium mean concentrations were
identical to those of the normoxic untreated CAl regions
(P = 0.30 for sodium and P = 1.00 for potassium; paired ¢
test; n = 8 pairs).

Thus there was a significant increase in intracellular

sodium and a significant decrease in potassium concentra-
tions in both groups exposed to hypoxic conditions when
compared to the normoxic group (P < 0.001; Newman—
Keuls test; n = 8/group). No statistically significant differ-
ence in intracellular sodium and potassium concentrations
was seen between the CAl regions exposed to hypoxic con-
ditions and those exposed to hypoxic conditions following
15 min of sevoflurane preconditioning (Na* P= 0.90; K* P =
0.64; paired 7 tes; n = 8 pairs).
Sevoflurane 60-min Preconditioning at 5 min of Hypoxia.
The effect of a more prolonged 60-min sevoflurane pre-
conditioning period was next examined. In normoxic tis-
sue, the mean sodium concentration was 92+ 14 nmol/
mg and the mean potassium concentration was 170 +25
nmol/mg; all percentages in this section are referenced
to these values. In untreated tissue, sodium increased by
54% (to 142+ 11 nmol/mg) and potassium decreased by
26% (to 125+29 nmol/mg) after 5min of hypoxia in
the hippocampal CA1 region when compared to the nor-
moxic tissue. In tissue preconditioned with sevoflurane for
60 min prior to the 5-min period of ischemia, intracel-
lular sodium was found to increase by 57% (to 144+ 17
nmol/mg) and intracellular potassium decreased by 31%
(to 118+28 nmol/mg) compared to the normoxic tissue
concentrations (fig. 3A).

While both preconditioned and nonpreconditioned
groups demonstrated a significant difference when hypoxic
and normoxic tissue are compared for sodium and potas-
sium (P < 0.001; Newman—Keuls test; n = 8/group), there
was no significant difference in intracellular sodium and
potassium concentrations when the hypoxic and the sevoflu-
rane preconditioned hypoxic tissue were compared (P = 0.60
for sodium and P = 0.25 for potassium; paired # test; n = 8
pairs). There was also no difference between the normoxic
and sevoflurane-normoxic tissue (P = 0.91 for sodium and
P =0.87 for potassium; paired # test; n = 8 pairs).
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Sevoflurane 60-min Preconditioning at 10-min Hypoxia. In
normoxic tissue, the mean sodium concentration was 79 + 8
nmol/mgand the mean potassium concentration was 175 +9
nmol/mg; all percentages in this section are referenced to
these values. In the untreated group after 10 min of hypoxia,
the sodium levels increased by 118% (to 172 +22 nmol/mg)
and potassium levels decreased by 50% (to 88+ 11 nmol/
mg) when compared to normoxic tissue. Sodium concen-
trations in preconditioned tissue after 10 min of hypoxia
increased by 114% (to 169+ 17 nmol/mg) and potassium
concentrations decreased by 60% (to 78 + 14nmol/mg) com-
pared to the normoxic tissue (fig. 3B). At the end of 10-min
hypoxia, the concentrations of sodium and potassium in the
sevoflurane preconditioned and untreated hypoxic groups
were not significantly different (2 = 0.79 for sodium and P
= 0.12 for potassium; paired # test; n = 8 pairs). However,
both the sevoflurane-hypoxia and the untreated hypoxia
groups were significantly different from the normoxic group
for both sodium and potassium (2 < 0.001; Newman—Keuls
test; n = 8/group).

In the normoxia group treated with sevoflurane alone,
the mean sodium concentration was 5% lower (to 75+ 13
nmol/mg) and the mean potassium concentration was 4%
lower (to 169+ 15 nmol/mg) when compared to untreated
normoxia. There was no significant difference in the sodium
or potassium concentrations of the normoxic tissue and the
normoxic-sevoflurane treated tissue (P = 0.45 for sodium
and P = 0.30 for potassium; paired # test; n = 8 pairs).

ATP Concentrations following 15-min Preconditioning at
5-min Ischemia. ATP levels were measured after 5min of
hypoxia because this is the time when most of the damag-
ing cellular changes are initiated and also the time at which
we found the largest differences between groups in previ-
ous studies.?” All percentages in this section are referenced
to the normoxic unpretreated ATP level (6.4 1.5 nmol/
mg). In slices not subjected to hypoxia, the AT level was
not altered by 15min of sevoflurane; ATP measured in
the 15-min sevoflurane group was 3% higher (to 6.6+1.8
nmol/mg) than its level in the nonpreconditioned group;
this difference was not significant (P = 0.41, paired ¢ test; n
= 10 pairs; fig. 4A). In trials where the hippocampal slices
were not preconditioned prior to 5 min of hypoxia, the fall
in ATP levels in the CALl region of the hypoxia group was
to 19% of its normoxic levels (it fell to 1.2+ 0.4 nmol/mg at
5min of hypoxia); in slices that were preconditioned with
4% sevoflurane prior to the hypoxic period, the ATP fell to
27% of its normoxic level (it fell to 1.7 +0.6 nmol/mg at
5 min of hypoxia; fig. 4A). A paired ¢ test demonstrated that
the sevoflurane-hypoxic and the untreated hypoxic groups
were significantly different (= 0.0008; n = 10 pairs); how-
ever, a Newman—Keuls multiple comparison test that did
not use pairing did not show significance (n = 10/group).

ATP Concentrations following 60-min Preconditioning at
5-min Ischemia. The effect of a more prolonged sevoflurane
preconditioning period on ATP levels was next examined
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Fig. 3. Effect of 60-min sevoflurane preconditioning on sodium and potassium concentrations during hypoxia. Sodium (Na*) and
potassium (K*) concentrations were measured in the cornus ammonis 1 (CA1) region of rat hippocampal slices at 5 (A) and 10 (B)
min of hypoxia. The tissue was treated with 4% sevoflurane in 95% O,-5% CO, for 60 min and then the anesthetic was washed
out with 95% 0,-5% CO, for 5min (Sevo or Sevo/Hypo). The tissue was then subjected to either 5min (A) or 10min (B) of hy-
poxia by aerating the tissue with 95% N,-5% CO,; the Normoxia and Sevo groups were not subjected to hypoxia. At the end
of the experiment, the tissue from each group was placed in ice-cold isotonic sucrose for 10 min to wash out the extracellular
ions. The CA1 regions were then dissected, dried, weighed, and analyzed in a flame photometer. Values are the mean + SD (n =
8 animals per group) and are expressed as nmol per mg dry weight. The normoxia groups (Normoxia and Sevo) are significantly
different from the hypoxia groups (Hypoxia and Sevo/Hypo); P < 0.05 (Newman-Keuls multiple comparison test; n = 8/group);
however, the Hypoxia and Sevo/Hypo groups are not significantly different from each other (Newman-Keuls or paired t test).

(fig. 4B). All percentages in this section are referenced to the
normoxic unpretreated ATP level (8.5+0.9 nmol/mg). The
ATP level in normoxic tissue with 60 min of sevoflurane pre-
conditioning was increased by 5% (to 8.9+1.3 nmol/mg);
this difference was not significant compared to untreated
normoxic tissue (P = 0.53, paired 7 test; n = 10 pairs). In
tissue preconditioned for 60 min with 4% sevoflurane and
then subjected to 5-min hypoxia, the fall in ATP levels in the
CAI region was significantly attenuated compared to that in
the untreated hypoxic slices. The mean ATP level measured
from the sevoflurane preconditioned group fell to 45% of its
normoxic level (3.8 +0.8 nmol/mg), while in the untreated
hypoxic group, it fell to 25% of its normoxic level (2.1+0.6
nmol/mg); these differences were significant (2 = 0.0001,
paired £ test, n = 10 pairs; P= 0.001 Newman—Keuls test
n = 10/group). Thus, 60 min of 4% sevoflurane precondi-
tioning significantly attenuated the fall in ATP levels dur-
ing hypoxia; this may be one of the mechanisms by which

Anesthesiology 2013; 119:119-28

sevoflurane preconditioning improves the recovery of neu-
rons after hypoxia and ischemia.

Discussion

In the current study, the effects of sevoflurane-induced
preconditioning on intracellular sodium, potassium, and
ATP levels are examined during hypoxia using an in vitro
model. Our study examines sevoflurane-induced immedi-
ate preconditioning. In this study, there is only a minimal
time between sevoflurane application and washout and the
onset of the hypoxia. This type of protection would be use-
ful for surgical patients under general anesthesia who are
at risk of ischemic brain injury. Sevoflurane is a commonly
used anesthetic that allows for rapid awakening, and any
clinically used anesthetic will not expose the patient to addi-
tional risks as anesthesia is required for the surgery. Previous
studies have shown that volatile anesthetic agents, includ-
ing sevoflurane, may protect against neuronal injury to CA1
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Fig. 4 . Effect of 15 or 60min of sevoflurane preconditioning on adenosine triphosphate (ATP) concentrations during hypoxia.
ATP was measured in the cornus ammonis 1 (CA1 region) of rat hippocampal slices at 5min of hypoxia. The tissue was treated
with 4% sevoflurane (Sevo) in 95% O,-5% CO, for either 15 (A) or 60 (B) min and then the anesthetic was washed out with 95%
0,-5% CO, for 5min (Sevo and Sevo/Hypo groups). At 5min of hypoxia (Hypo) with 95% N,-5% CO, (Hypoxia and Sevo/Hypo
groups) or at an equivalent time period (Normoxia and Sevo groups), the tissue was frozen in liquid nitrogen. The hippocampal
slices were lyophilized and the CA1 region was then dissected, weighed, and analyzed using a bioluminescent assay. Values are
the mean + SD (n = 10 rats per group) and are expressed as nmol per mg dry weight. A paired t test indicated that the Hypoxia
versus the Sevo/Hypo groups were significantly different from each other as indicated by * (P < 0.001; n = 10 pairs). The nor-

moxia groups (Normoxia vs. Sevo) were not significantly different from each other (P > 0.4; Paired t test; n = 10 pairs).

pyramidal cells when present during rewarming follow-
ing hypothermia, a condition that may lead to excitotoxic
injury.?® Our previous iz vive studies have shown that sevo-
flurane preconditioning provided robust protection of CA1l
hippocampal neurons 1 and 6 weeks after global ischemia.'®
The concentration of sevoflurane used in the current and
previous studies was 4%, a level of anesthetic commonly
used in the operating room with proper pharmacologic sup-
port of blood pressure.

We chose a dose of 4% sevoflurane for 15 min starting
20 min before a 10-min hypoxia as that is the concentra-
tion we found that improved recovery in a previous study.?’
This dose regimen increased the synthesis of a protein kinase
that is necessary for preconditioning protection. In a pre-
vious study, we found that 2% sevoflurane for 15 min did
not induce preconditioning protection of hippocampal slices
and therefore we only examined preconditioning with 4%
sevoflurane.!® In the current study, we did examine a more
prolonged application of sevoflurane and found increased
preservation of ATP during hypoxia when 4% sevoflurane
was present for 60 min before hypoxia.

Research examining the mechanisms of protection by
anesthetic preconditioning have focused predominantly
on minimizing neurotransmitter toxicity, modulation of
apoptotic pathways, modulation of cerebral blood flow,
modulation of reactive oxygen species, and maintenance of
electrophysiological parameters and intracellular ion concen-
trations.”!>16:39-35 Current research suggests that sevoflurane
preconditioning influences numerous pathways within the
neurons; however, the identities of the pathways responsible
for neuroprotection remain controversial.

Anesthesiology 2013; 119:119-28 125

Our in vitro experiments use procedures that have been
found not to alter or obstruct the protective effects of anes-
thetics. We have found through past investigation that 2%
isoflurane does not protect neuronal tissue from ischemic
damage in the rat model even when present 10 min before
and during a hypoxic event.?7:3035-38 [ the methods of the
current study, 2% isoflurane is present for only 2 min, so it is
unlikely to influence the results in the slices 2 h after its wash-
out. In any case, the control and experimental animals were
both subjected to 2 min of 2% isoflurane; therefore, any differ-
ences found represent the additional effects of 4% sevoflurane.

In our previous studies, when sevoflurane is present
before and during hypoxia, direct neuroprotection with
4% sevoflurane significantly attenuated the increase in
intracellular sodium and the fall in intracellular potassium.?”
In the current study with preconditioning, we did not find
a statistically significant reduction of the effects of hypoxia
on Na* and K* levels. These point to an important difference
between preconditioning and application of anesthetic
during the hypoxia. Anesthetics are known to have direct
effects on glutamate and y-aminobutyric acid transmission.
This effect is thought to require the continuous application
of anesthetic and would directly affect excitability and ion
flux. This may be the cause of the reduced hypoxic changes in
Na and K with application during hypoxia. Preconditioning
is by definition after the anesthetics are washed off, so these
direct effects on transmission and ion flux would be absent.
Indeed we found no effect of anesthetic preconditioning on
ion levels during hypoxia.

It remains unclear why the normoxic untreated ATP
levels from the 15-min and 60-min sevoflurane-induced

Esenther et al.

20z Iidy 01 uo 3s8nb Aq Jpd'€2000-0 0020€102/S28092/6 L L/L/61 L/pd-8joiie/ABojoisayisaue/wod lIBYDIBA|IS ZesE//:dJy Wwouy papeojumoq



preconditioning experiments are different (6.4 vs. 8.5) as
the conditions of these experiments are identical. The two
experiments were run 2 months apart and differences in the
reagents, techniques, and/or animals may have caused altered
baseline values. However, all experiments are compared back
to a simultaneous control; therefore, within experiments the
comparative values are valid. If there was a systematic error
in values, the use of a simultaneous control as a comparison
will correct for the different baseline values. The analysis of
ATP was run in two large batches: one for all the 15-min
experiments and the other for the 60-min experiments.

The fall in cellular ATP levels was statistically signifi-
cantly attenuated with both sevoflurane preconditioning
and sevoflurane direct neuroprotection. This may serve as
one mechanism of protection during ischemic events. In
our earlier study of sevoflurane direct neuroprotection, we
attributed the attenuation of the fall in ATP to the reduced
changes in intracellular Na* and K* concentrations and
therefore reduced Na*-K* ATPase pump activity. In our cur-
rent study, we found that although changes in the Na* and
K* concentrations are not significantly improved by sevoflu-
rane preconditioning, the fall in ATP levels was statistically
significantly attenuated. Therefore, reducing the net influx
in Na* and the net efflux in K* during ischemia appears not
to be the sole mechanism that leads to improved ATP levels
during hypoxia.

An effect of sevoflurane that may explain the attenuation
of the fall of ATP and the other actions of sevoflurane pre-
conditioning, such as membrane hyperpolarization, may
be enhanced protein kinase M zeta and ATP-dependent

potassium channel ( channel) activity via the activa-

29,39

Krp
tion of the mammalian target of rapamycin pathway.

Both plasma membrane and mitochondrial K, channels
have been implicated in the protection due to ischemic
and anesthetic preconditioning in cardiac and neuronal

tissue.’14-42 Tn studies where mitochondrial K, ., chan-

nels were blocked with 5-hydroxydecanoic acid,ATtIEle pre-
conditioning effects of sevoflurane were blocked.?!:344344
Chelerythrine, a blocker of protein kinase C family of
isoenzymes which includes protein kinase M zeta blocked
the preconditioning effects of sevoflurane.!®4? A recent
in vivo study found that sevoflurane-induced precondi-
tioning led to a mitochondrial K, ., channel-dependent
increase in protein kinase C epsilon, which is an enzyme
similar to protein kinase M zeta that we found increased
in vitro.>* Protein kinase M zeta is a constitutively active
protein kinase C family member that has a long half-life
and remains active in the neurons for prolonged periods
of time.* Additionally, it has been demonstrated that a
mitochondrial K

ATP
sevoflurane preconditioning by reducing infarct size and

channel opener, diazoxide, mimics

improving neurological recovery in a rat model of isch-
emia.* The role of K, channels may be integral to the
mechanism of sevoflurane preconditioning protection.?’

Our previous article proposed a pathway for sevoflurane
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preconditioning protection; the mammalian target of
rapamycin pathway increases protein kinase M zeta and
this leads to increased K, ., channel activity.”” This previ-
ous article used tolbutamide and glybenclamide to block
the Kyrp channels and prevent preconditioning protection;
preliminary experiments indicate that 5-hydroxydecanoic
acid, a mitochondria-specific K,
effective in preventing preconditioning protection in our
preparation.

Previous studies found an enhanced hypoxic hyperpolar-
ization with sevoflurane preconditioning that was blocked
by glibenclamide and tolbutamide; this implicated enhanced
activity of K, channels. The current study did not find a
change in either Na or K levels during hypoxia with sevoflu-
rane preconditioning; however, it did find improved ATP

levels. The enhanced ATP is not likely due to reduced pump-

channel blocker, is also

ing; if anything, K pumping should be increased due to the
increased activity of the membrane Kyrp channel. Therefore,
the improved ATP is likely due to a direct effect on the mito-
chondria, perhaps viz enhanced mitochondrial K, channel
activity preserving function.

There are many similarities between anesthetic
preconditioning and anesthetic postconditioning: both
affect cell signaling pathways and are not reliant on direct
continuous anesthetic action on membrane ion channels
such as y-aminobutyric acid and glutamate receptor ion
channels. Thus, it is likely that pre- and postconditioning
share similar mechanisms. In this study, we found that
sevoflurane-induced preconditioning did not directly
affect sodium or potassium levels and, therefore, did not
likely directly activate or inhibit membrane ion channels.
Sevoflurane  preconditioning  causes  metabotropic
responses that alter cellular signaling pathways which
may then alter ion channel activity and/or activate other
pathways.?>% It seems likely that during postconditioning
the same or similar metabotropic pathways are activated
by sevoflurane.

In conclusion, we found that sevoflurane precondition-
ing does not attenuate changes in intracellular sodium and
potassium following periods of ischemia, but did lead to
better maintenance of intracellular ATP levels. The effect
of sevoflurane preconditioning is different from the effect
of sevoflurane before and during hypoxia with respect to
Na* and K* levels, but the two anesthetic regimens have
similar effects with respect to ATP preservation. Thus, the
improved ATP but not Na* and K* levels correlate with
the improved physiological recovery due to sevoflurane
preconditioning.
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