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Absence of Direct Antioxidant Effects from Volatile

Anestbetics in Primary Mixed Neuronal-Glial Cultures
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David S. Warner, M.D.§

Background: Volatile anesthetics decrease ischemic brain in-
jury. Mechanisms for this protection remain under investiga-
tion. The authors hypothesized that volatile anesthetics serve as
antioxidants in a neuronal-glial cell culture system.

Methods: Primary cortical neuronal-glial cultures were pre-
pared from fetal rat brain. Cultures were exposed to iron, H,0,,
or xanthine—xanthine oxidase for 30 min in serum-free media con-
taining dissolved isoflurane (0-3.2 mm), sevoflurane (0-3.6 mm),
halothane (0—4.1 mm), n-hexanol, or known antioxidants. Cell
damage was assessed by release of lactate dehydrogenase (LDH)
and trypan blue exclusion 24 h later. Lipid peroxidation was
measured by the production of thiobarbituric acid-reactive sub-
stances in a cell-free lipid system. Iron and calcium uptake and
mitochondrial depolarization were measured after exposure to
iron in the presence or absence of isoflurane.

Results: Deferoxamine reduced LDH release caused by H,O0,
or xanthine—-xanthine oxidase, but the volatile anesthetics had
no effect. Iron-induced LDH release was prevented by the vol-
atile anesthetics (maximum effect for halothane = 1.2 mmm,
isoflurane = 1.2 mym, and sevoflurane = 2.1 mm aqueous phase).
When corrected for lipid solubility, the three volatile anesthet-
ics were equipotent against iron-induced LDH release. In the
cell-free system, there was no effect of the anesthetics on thio-
barbituric acid-reactive substance formation in contrast to
Trolox, which provided complete inhibition. Isoflurane (1.2 mm)
reduced mean iron uptake by 46% and inhibited mitochondrial
depolarization but had no effect on calcium uptake.

Conclusions: Volatile anesthetics reduced cell death induced
by oxidative stress only in the context of iron challenge. The
likely reason for protection against iron toxicity is inhibition of
iron uptake and therefore indirect reduction of subsequent
intracellular oxidative stress caused by this challenge. These
data argue against a primary antioxidant effect of volatile
anesthetics.

IN a variety of laboratory models, volatile anesthetics
have been demonstrated to reduce ischemic brain injury.
In a brain temperature-regulated 1-week recovery focal
ischemic injury model, halothane reduced cerebral in-
farct size and improved neurologic injury relative to
awake controls.! This is consistent with observations
made in the cat that focal ischemic injury is reduced
with halothane as opposed to a-chloralose anesthesia.’
Similarly, isoflurane reduced infarct size relative to either
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awake or fentanyl-anesthetized rats subjected to focal
ischemia.®> In a temperature-regulated model of near-
complete forebrain ischemia, isoflurane reduced injury
in selectively vulnerable structures relative to controls
anesthetized with fentanyl-nitrous oxide. *> This is con-
sistent with an early report that both halothane and
isoflurane caused improvement in histologic- behaviorag
outcome from severe hemispheric ischemia relative t<§§
nitrous oxide-sedated controls.® Cumulatively, these re2
sults demonstrate potent effects of volatile anesthetic§
against ischemic mechanisms resulting in necrosis, aE‘Z
though effects on delayed apoptotic cell death ar@
controversial.”® '

When brain tissue is subjected to ischemia and reper§
fusion, reactive oxygen species are formed.”'° Thesé&
products can oxidize cellular constituents, resulting i3
enhanced ischemic injury. Although barbiturates ang
propofol have chemical structures substantially differeng_
from volatile anesthetics, both of these anesthetics havg
been shown to serve as antioxidants."'™' To our knowE
edge, there has been no effort to define effects of Volatil§
anesthetics against oxidative stress in neural tissue. Acg
cordingly, we hypothesized that volatile anesthetic
would reduce cell death in primary mixed neuronal
glial cultures subjected to a variety of forms of oxidativ
stress.
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Methods

All animal procedures were approved by the Duk
University Animal Care and Use Committee.

Aq 3pd"12006%00201002-2750000/82920/£0

Preparation of Mixed Neuronal-Glial Cell Cultures<

Mixed neuronal- glial cultures were prepared from fe‘%
tal Sprague-Dawley rat brains at 18 days of gestation a§
previously described.'® Brains were collected frong
10-15 pups and dissected to separate cortex from me%
ninges and subcortical structures using standard anatom*
ical landmarks. Cortices were pooled and minced into
2-mm?> pieces in a buffered salt solution (BSS; Hank’s
balanced salt solution; Life Technologies, Gaithersburg,
MD) supplemented with 20 mm HEPES buffer, pH 7.4,
containing 0.25% trypsin (Life Technologies). The tissue
was incubated for 20 min at 37°C in a 5% CO,-95% room
air atmosphere, then washed twice with ice-cold glu-
tamine-free minimum essential medium (MEM,; Life Tech-
nologies) containing 15 mm glucose, 5% fetal bovine
serum (Gibco Diagnostics, Inc., Madison, WI), 5% horse
serum (Gibco), and 1% DNase-I (Sigma Chemical Co., St.
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Louis, MO). Tissue pieces were dissociated by trituration
through a fire-polished 9-inch Pasteur pipette. The re-
sultant suspension was centrifuged at 50g for 10 min, the
supernatant was discarded, and the pellet was resus-
pended in growth medium (MEM supplemented with
15 mm glucose, 5% fetal bovine serum, and 5% horse
serum). The dissociated cells were plated to achieve a
confluent monolayer (4 X 10’ cells per well) on poly-p-
lysine- coated, 24-well culture plates (Falcon 3047; Bec-
ton Dickinson Co., Lincoln Park, NJ). Cultures were
maintained undisturbed at 37°C in a humidified 5% CO,-
balance room air atmosphere for 13-16 days before use.
Cultures were not fed after plating or before use in
experiments. Cell types in typical 13-16-day-old cultures
were determined to be 54 = 4% neurons and 46 * 7%
glia using immunohistochemical staining for cell-specific
cytoskeletal filaments (Neurofilament-160 [NF-160] for
neurons and glial fibrillary acidic protein [GFAP] for
astrocytes; see below).

Preparation of Volatile Anestbetic Solutions

Stock solutions of volatile anesthetics dissolved in cul-
ture medium were prepared using a modification of the
method of Blanck and Thompson.'> A 10-mm volatile
anesthetic solution was made by injecting 100 ul halo-
thane (Fluothane; Ayerst Laboratories Inc., Philadelphia,
PA), 130 wl isoflurane (1-chloro-2,2,2-trifluoroethyl di-
fluoromethyl ether; Abbot Laboratories Inc., Chicago IL),
or 140 ul sevoflurane (Ultane; Abbot Laboratories Inc.)
into 103 ml of BSS in a 100-ml volumetric flask. The flask
was sealed with a glass stopper so as to exclude all air
from the neck of the flask. The flask was wrapped in
aluminum foil, and the solution was stirred for 24 h to
solubilize the anesthetic. Immediately before use, 30 ml
of the concentrated stock solution was poured into a
50-ml polypropylene centrifuge tube and vortexed for
5-10 s to produce the working stock. An aliquot of the
working stock was assayed by gas chromatography as
described below to determine the concentration of dis-
solved volatile anesthetic. The working stock was then
diluted with BSS to produce the desired concentration
for treating cell cultures.

Measurement of Dissolved Volatile Anesthetic

Concentration

A 200-pl sample of media containing dissolved anes-
thetic was transferred to a 4.4-ml vial capped with a
Teflon seal. The vial was vortexed for 1 min to equili-
brate the volatile anesthetic in the gas and liquid phases.
A gas-tight Hamilton syringe was used to collect a 500-ul
sample of the air space within the vial. The sample was
injected onto a 6-foot Supelcoport 100/120 gas chroma-
tography column (Sopelco, Inc., Belle Fonte, PA) coated
with 3% SP2340. The anesthetic was detected by flame
ionization. The detector was calibrated using gas sam-
ples taken from a anesthetic vaporizer against values

Anesthesiology, V 94, No 2, Feb 2001

obtained with an infrared agent monitor (Model 5330,
Ohmeda Inc., Louisville, CO for halothane and isoflu-
rane; Capnomac Ultima, Datex Engstrom, Helsinki, Fin-
land for sevoflurane).

In preliminary studies, the stability of the volatile an-
esthetic in solution was determined by incubating sam-
ples of the working stock under identical conditions
used in treating cell cultures for 30 min. The concentra-
tion was measured before and after the incubation pe-
riod. The percentage loss of anesthetic over the 30-min
incubation was determined, by averaging a minimum of
10 observations, to be 27% for halothane, 48% for isoflug,
rane, and 43% for sevoflurane. Accordingly, values precé_’
sented in the tables and figures for anesthetic conceng
tration were corrected for percentage loss by averagin§
the concentrations at the start and end of the exposurei
interval.

Effects of Anesthetics on Oxidative Stress
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with Mg*"-free BSS containing 20 mm HEPES buffer, pH
7.4, and dissolved anesthetic (0-4.1 mm halothaneg
0-4.1 mu isoflurane, 0-3.6 mum sevoflurane, or 0-556 g
propofol) or the long-chain aliphatic alcohol, n-hexanq§
(0-4 mm; Aldrich Chemicals, St. Louis, MO). Volatil§
anesthetic concentration in the culture media was detex‘;%
mined by gas chromatography as previously described%
Treated cultures were subjected to a 30-min exposur§
to 300 um iron (ferrous sulfate:ferric chloride, 1:1)§
hydrogen peroxide (50 um H,0,), xanthine (200 MM)§
xanthine oxidase (4 mU/ml, grade III, Sigma), or malong
dialdehyde (50 uwm, prepared by acid hydrolysis of
1,1,3,3-tetracthoxypropan from Aldrich Chemicals). In'gz
all cases, the cultures were returned to the incubator an@
maintained at 37°C. Thirty minutes later, the exposuré
medium containing the dissolved anesthetic was re§
moved and replaced with MEM supplemented witly
20 mm glucose (with no dissolved anesthetic). Plateg
were returned to the incubator for 24 h, after whicli
lactate dehydrogenase (LDH) activity (LDH release) ir§)
the media was measured as described below. In som&
experiments, cells were exposed to an EDg, (100 hs
concentration of N-methyl-n-aspartate (NMDA).

In an independent series of studies, the effects of
known antioxidant agents on neuronal- glial cell survival
and lipid peroxidation were assessed under identical
conditions as those used for assessing volatile anesthetic
effects. Antioxidants [100 um probucol, 1 mm (*)-6-
hydroxy-2,5,7,8-tetra-methylchromane-2-carboxylic acid
(Trolox; Fluka Inc., Milwaukee, WI), 100 um a-tocoph-
erol, or 2 mMm deferoxamine] were added 1 h before and
maintained in the culture media throughout the interval
of oxidative stress. The effects of treatment on LDH
release were assessed.
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In additional experiments, volatile anesthetics were
studied in the absence of oxidative stress. Cultures were
exposed to 0.3, 1.1, 1.9, or 2.7 mm halothane or 0.3, 1.2,
or 3.1 mm isoflurane for 30 min. The media was then
replaced with MEM supplemented with 20 mwm glucose.
LDH release was measured 24 h later.

Measurement of Lactate Debydrogenase Release

Cellular injury was assessed 24 h after excitotoxic or
metabolic stress by measuring the amount of LDH re-
leased into overlying medium by damaged cells."” LDH
activity was determined by a modification of the method
described by Amador et al.'® A 200-ul sample of culture
medium was added to a polystyrene cuvette containing
10 mm lactate and 5 pmol nicotinamide adenine dinucleo-
tide in 2.75 ml of 50 mm glycine buffer, pH 9.2, at 24°C.
LDH activity was determined from the initial rate of
reduction of nicotinamide adenine dinucleotide as cal-
culated using a linear least-square curve fit of the tem-
poral changes in fluorescence signal from the cuvette
(340 nm excitation, 450 nm emission) and expressed in
units of enzymatic activity (nanomoles of lactate con-
verted to pyruvate per minute). Analysis was performed
on a fluorescence spectrophotometer (Perkin Elmer
Model LS50B; Bodenseewerk GmbH, Uberlinger, Germa-
ny). We previously determined that NMDA-responsive
neurons contribute approximately 40% of the total cel-
lular LDH in primary mixed neuronal- glial cultures pre-
pared according to the protocol described above.'®

Effects of Anesthetics on Lipid Peroxidation in a

Cell-Free System

To characterize the effect of volatile anesthetics on
iron-mediated lipid peroxidation, we used a cell-free
system described by Miyata and Smith.'? Serum lipopro-
tein (high-density lipoprotein from human plasma,
Sigma) was suspended in BSS at a concentration of 500 ug
protein per 3.3 ml. To induce lipid peroxidation, 25 um
iron (ferrous sulfate:ferric chloride, 1:1) was added to
the suspension. Lipid peroxidation was assessed at the
end of 1 h from the production of thiobarbituric acid-
reactive substances (TBARS) in the presence of halo-
thane (0, 1.2, or 4.1 mm), isoflurane (0 or 1.2 mm), or 100 um
Trolox. Samples were mixed with thiobarbituric acid
solution (0.3% thiobarbituric acid, 9% glacial acetic acid,
pH 3.4) and heated to 95°C for 1 h. Samples were
allowed to return to room temperature and centrifuged
for 10 min at 10,000g. TBARS in the supernatant were
measured by spectrofluorometry (Perkin-Elmer Model
LS50B, excitation = 515 nm, emission = 553 nm, read-
ings integrated over 10 s). Readings were adjusted for
background fluorescence as determined using a concom-
itantly run reagent blank and compared against a standard
curve established using freshly prepared malondialdehyde.
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Effects of Isoflurane Calcium and Iron Uptake after

Exposure to Iron

Calcium uptake from the extracellular space was as-
sessed using 45CaCl2 (American Radiolabeled Chemicals,
St. Louis, MO). Sister cultures were washed with Mg2+-
free BSS containing 20 mm HEPES buffer. Dissolved
isoflurane (final concentration = 1.2 mm) was added to
some cultures, and the remaining wells were not treated
and served as controls. “>Ca was added to each well
(0.28 uCi/ml, 0.9 pCi/well). Six isoflurane-treated cul-
tures and six untreated cultures were exposed to 300 um
FeSO4-FeCl; for 30 min at 37°C. Another six cultureg
received no iron. Thirty minutes later, the exposur<§
medium was removed, and each well was washed thre¢
times with ice-cold Mg”*-free BSS containing 20 m&
HEPES buffer to remove extracellular “>Ca. Calcium up%
take was determined by lysing cells with 0.2% sodiung
dodecyl sulfate. Radioactivity in aliquots of each lysaté’
were measured by liquid scintillation counting in 10 m§
Cytoscint (ICN, Biochemical Research Product, CA).

The effect of isoflurane on cellular uptake of adde
iron from the extracellular space was examined in
similar fashion using >°FeCl, (American Radiolabele
Chemicals).

Effect of Volatile Anesthetics and Iron on

Mitochondrial Inner Membrane Polarization

Mitochondrial membrane potential was determine@
with 5,5,6,6’-tetrachloro-1,1°,3,3 ’-tetraacethylbenzim%
dazolylcarbocyamine iodide (JC-1; Molecular Probe)§
Cells were loaded by changing culture medium to Mg? ‘8

A

free BSS containing 10 um JC-1 and incubating at 37"(@
for 30 min. Thereafter, cells were washed twice Witlg
Mg*"-free BSS containing 20 mm HEPES buffer and dis3
solved anesthetics (0, 0.3, 1.2, or 3.1 mwm isoflurane or 0%
0.3, 1.1, 2.0, or 2.7 mm halothane, final concentrationg
were added. Fluorescence was measured 20 min afteg
addition of anesthetic solutions at two sets of excitation%
emission wavelengths (485-530 nm and 530 -590 nm) i
a BIO-TEK FL60O fluorescence plate reader (BIO-TEIé
Instruments, Winooski, VT). The ratio of measured in%
tensities at both wavelengths was calculated as a meas
sure of mitochondrial membrane polarization.

In an additional experiment, cultures were exposed to
300 um FeSO4-FeCl; at 37°C in the presence or absence
of 1.2 mm isoflurane. Control cultures were not exposed
to 300 um FeSO4-FeCl; or isoflurane. After 30 min, the
mitochondrial membrane potential was measured. In
other plates, 300 um FeSO4-FeCl; (and isoflurane if pre-
sent)- containing media were removed and replaced
with MEM supplemented with 20 mm glucose. Six hours
later, mitochondrial membrane potential was measured
as above. LDH release studies were performed in parallel

€/2/76/Jpd-ajone/ABoj0IsSRs St/ ufSe ey



306

KUDO ET AL.

under identical treatment conditions with measurement
made after 30 min of iron or iron-plus-isoflurane exposure.

Cell Types and Iron Sensitivity

Cell typing in the primary neuronal-glial cultures was
performed using primary antibodies against cell-specific
cytoskeletal filaments (NF-160 and GFAP). For these
studies, cells were plated on poly-p-lysine- coated cover
slips instead of plastic 24-well plates. For immunohisto-
chemical staining, cells were washed with Hank’s BSS
and fixed with precooled absolute methanol for 10 min
(—20°C). Cover slips were subsequently washed three
times for 3 min in Hank’s BSS + 0.1% bovine serum
albumin, then exposed to primary antibodies (mouse
monoclonal anti-NF-160 Clone NN18 [Sigma], 1:40 dilu-
tion; mouse monoclonal anti-GFAP Clone G-A-5 [Sigma],
1:200 dilution, 30 ul/cover slip) and incubated 30 min at
room temperature. Cover slips were washed three times
for 3 min in Hank’s BSS + 0.1% bovine serum albumin,
then treated with secondary rhodamine-labeled antibody
(antimouse immunoglobulin G (H+L)-1-thodamine) for
30 min at room temperature, washed three times for
3 min in Hank’s BSS + 0.1% bovine serum albumin, then
mounted to glass slides using glycerol-Hank’s BSS (1:2).
Using digitized fluorescence microscopy, the percentage
of NF-106 and GFAP positively staining cells were
counted, respectively. Values were averaged from mul-
tiple counting sites from two different cultures.

Using the same cell-typing techniques, the types of
cells injured by exposure to FeSO4-FeCl; were deter-
mined. Culture plates were exposed to 300 um FeSO -
FeCl; at 37°C in the presence or absence of 1.2 mm
isoflurane for 30 min. Control cultures were not exposed
to 300 um FeSO4-FeCly or isoflurane. The media was
then removed and replaced with MEM supplemented
with 20 mm glucose. Twenty-four hours later, cells were
stained with NF-160 and GFAP as described above. Using
digitized fluorescent microscopy, the numbers of neu-
rons and glia having normal and abnormal morphology
were counted. The percentages of NF-160- and GFAP-
positive cells having normal morphology (considered as
alive) were calculated for each condition. In another
experiment, the effect of 300 um FeSO4-FeCl; with or
without isoflurane was measured on the entire cell pop-
ulation by assessing the percentage of cells impermeable
to trypan blue.

Statistical Analysis

Data were compared by one-way analysis of variance.
When indicated by a significant F ratio, post hoc analysis
was performed using the Scheffé F test. All data for
aqueous phase ECs, values were analyzed using an iter-
ative least square curve fit (KaleidaGraph; Synergy Soft-
ware, Reading, PA). Values are reported as mean = SD.
Significance was assumed when P was less than 0.05.
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Table 1. Effects of Volatile Anesthetics on Hydrogen Peroxide
and Xanthine—Xanthine Oxide—induced Lactate
Dehydrogenase Release

Halothane Isoflurane
Hydrogen peroxide (50 um)
0.04 mm 101 =8 97 = 7
0.8 mm 108 = 14 103 = 14
1.6 mm 113 £ 16* 98 + 8
3.2 mm 123 + 16* 100 = 11
Xanthine—xanthine oxidase (4 mU/ml)
0.04 mm 101 =8 103 = 11
0.8 mm 109 = 8 1056
1.6 mm 114 +£8 102 =6
3.2 mm 120 + 6* 102+89
Malondialdehyde (50 um) 5
0.8 mm 119 = 14 100 + 143
1.6 mm 126 + 20* 95i11§
2.4 mm 125 + 20* 98 + 11§

Concentrations of volatile anesthetic in cell culture media are given as mr
values. Lactate dehydrogenase release values are mean = SD as percents
values from cultures exposed to toxins in the absence of volatile anestheti
N = 8 culture wells per condition.

* P < 0.05 versus no treatment.

7

Results

Effects Of Volatile Anesthetics On H,0,-, Superoxide-,

and Malondialdebyde-induced Cell Lysis

Neither halothane nor isoflurane in concentrations of
up to 3.2 mm reduced LDH release caused by exposin§
cultures to H,O, (table 1). In fact, cultures treated witf%
halothane (1.6-3.2 mm) were more damaged by H,O,
induced oxidative stress than cultures without haldf’f

o

thane. No effect of isoflurane on H,Oyinduced LDEg

release was observed at any isoflurane concentratiorg
(table 1). Deferoxamine (2 mm) completely protecteéﬁ
the cultures against H,O,induced cell lysis (data nok
shown). 2

Similarly, neither halothane nor isoflurane protecte&%
against cell damage induced by exposing cultures to thé;
superoxide anion generating system, xanthine—xanthing"’
oxidase. Halothane treatment was associated with aljg
increased LDH release, whereas no effect was observe%
with isoflurane (table 1).

Exposure of the cultures to malondialdehyde caused g
dose-dependent release of LDH (data not shown). Neig
ther halothane nor isoflurane reduced malondialdehyde3
induced LDH release. Halothane treatment was again
associated with increased LDH release at concentrations
of 1.6 mm or greater. This effect was not seen for isoflu-
rane at doses up to 4.1 mm (table 1).
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Iron-induced Oxidative Stress

Cultures were exposed to FeSO4-FeCl; (100 um or 300 )
for 30 min and then allowed to recover for 24 h before
LDH release was measured. Iron caused a dose-depen-
dent increase in LDH release (fig. 1). Exposure of cells to
100 um NMDA resulted in approximately one half the
severity of damage as was produced by 300 um iron.
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LDH Release

0_

Control Fe 100 Fe 300 NMDA 100

Fig. 1. Release of lactate dehydrogenase (LDH) from neurons—
glia after exposure to iron. Primary neuronal-glial cultures
(13-16 days in culture) were exposed to iron (0-300 um
FeCl,:FeSO,, 1:1) or to the neuronal excitotoxin, N-methyl-p-
aspartate (NMDA; 100 um) for 30 min in a balanced salt solution.
LDH release was measured 24 h later. Values are mean = SD of
10 observations from two to three different cell preparations
expressed in units of enzymatic activity (nanomoles lactate
oxidized to pyruvate per minute at room temperature). All val-
ues were significantly different from each other (P < 0.001),
except there was no difference between Fe 100 and NMDA 100.
Control = no iron—no NMDA; Fe 100 = 100 um FeCl,:FeSO,; Fe 300 =
300 pm FeCl,:FeSO,; NMDA 100 = 100 pv NMDA.

Iron-induced LDH release was decreased by pretreating
cultures with either Trolox (100 um), probucol (100 um),
a-tocopherol (100 um), or deferoxamine (2 mwm), but not
by the NMDA receptor antagonist, MK-801 (fig. 2).
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Fig. 2. Protection against iron-induced lactate dehydrogenase
(LDH) release. Mixed neuronal-glial cultures were treated with
100 puMm probucol, 1 mm Trolox, 2 muM deferoxamine (DFO), 100 um
a-tocopherol, or 10 um MK-801 for 1 h before adding 300 um
iron for 30 min. LDH release was assessed 24 h after exposure.
Significant protection was observed for all antioxidants, al-
though no effect was present for MK-801. Values are mean * SD
of four to eight observations from one or two culture prepara-
tions expressed as a percentage of LDH release in control cul-
tures (iron exposed-no treatment) where 100% of control =
1.09 * 0.24 units of enzymatic activity (nanomoles lactate oxi-
dized to pyruvate per minute at room temperature). *P less than
0.01 versus no treatment.

Anesthesiology, V 94, No 2, Feb 2001

Prevention of Iron-induced Cell Lysis by Anestbetics

Treatment of cell cultures with media containing dis-
solved anesthetic during the 30-min exposure to 300 um
iron produced dose-dependent protection against cell
lysis (fig. 3). All three volatile anesthetics and propofol
provided potent protection against iron-induced LDH
release, albeit at different concentrations. The aqueous
phase ECs,, values (concentration producing a 50% reduc-
tion in LDH release) were calculated to be: halothane =
0.13 = 0.02 mwm; isoflurane = 0.28 = 0.05 mmMm; and
sevoflurane = 1.39 = 0.10 mm. Potency of protection by
propofol was approximately two orders of magnitude
greater than that of the volatile anesthetics. EliminaltiotgU
of calcium from the culture medium did not alter thg%L
potency of anesthetics in reducing LDH release in res
sponse to iron exposure (data not shown). Hexanol had
similar potency in protecting against iron-induced LDH
release (data not shown).

We performed additional studies directly comparing.
halothane, isoflurane, and sevoflurane treatment effect§
in sister cultures. Under conditions in which the culture$
were treated at approximately equal aqueous Concentra%
tions for the respective anesthetics, sevoflurane was lesg
protective against iron-induced cell lysis than either hal 5
thane or isoflurane (fig. 4A). However, when the treats
ment concentrations were adjusted so as to attain equai
concentrations in the hydrophobic membrane space (bg
compensating for differences in saline- oil partition coz
efficients®* ~>?), the volatile anesthetics were equally pr:
tective (fig. 4B).

We also observed a diminished protective effect of th
volatile anesthetics by pretreating the cultures for 1
and replacing the volatile anesthetic-containing mes
dium immediately before a 30-min exposure to 300 W\E
iron. In contrast, treatment with volatile anesthetic afte%
oxidative stress resulted in an increase in LDH releasg§
(table 2).

The protection afforded by isoflurane against iron—ing
duced injury was also apparent using trypan blue uptaké
as the marker of irreversible cell damage. Approximatelg
90% of cells (neurons + glia) were found to excludég
trypan blue (indicating an intact plasma membrane) iy
cultures not exposed to iron. Only 28 * 4% of cell§
excluded the dye 24 h after exposure to 300 um FeSO4%
FeCl; in the absence of isoflurane, whereas 58 * 6% of
the isoflurane-treated, iron-exposed cells were found to
exclude trypan blue. Isoflurane was found to protect
both neurons and astrocytes against iron-induced dam-
age in cultures where cells were immunolabeled with
NF-160 and GFAP (table 3).

For all of the anesthetics tested, higher doses of the
drugs did not protect against iron-induced LDH release.
Because volatile anesthetics have been shown to inter-
fere with mitochondrial oxidative phosphorylation in
vivo at high concentrations,*® we examined the effect of
isoflurane and halothane administered in the absence of
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1607 Halothane (mM) Sevoflurane (mM)
140 1
120 120
[}
& 1007 100 -
o Fig. 3. Prevention of iron-induced cell lysis
o 807 80 by dissolved anesthetics: dose response.
o Mixed neuronal-glial cultures were treated
T 60° 60 with anesthetic dissolved in culture medium
o at the indicated concentration immediately
=1 40- 40 before iron exposure (300 pum, 30 min). All
anesthetics protected against cell lysis (lac-
20 - 20 tate dehydrogenase [LDH] release reported
as percent of LDH release occurring in cong
0 - 0 - trol cultures exposed to 300 um iron in thg
absence of corresponding anesthetic). Ex§
004 01 04 12 24 32 01 04 12 14 21 29 36 periments were performed independentl§
for each volatile anesthetic and its respecs
tive control (no anesthetic) group. Value§:
_ 300~ are mean = SD (n = 16) from at least tw&
140 Isoflurane (mM) PrOpOfOl (HM) * different culture preparations. *P less tha@
120 250- 0.01 versus corresponding controls, wher¢,
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iron on mitochondrial inner-membrane polarization as a
function of anesthetic concentration. We found no ad-
verse effects of the anesthetics within the lower range of
concentrations over which the anesthetics produced
dose-dependent protection. However, at the higher
range over which protection was progressively lost (Z.e.,
at isoflurane 3.1 mm and halothane 2.0 mm), discharge of
the mitochondrial membrane potential occurred. Iron,
in the concentration shown to cause cytotoxicity, also
caused mitochondrial membrane discharge but only
when assessed 6 h after exposure. This was inhibited by
coadministration of 1.2 mwm isoflurane (fig. 5). Concur-
rent studies showed a 40% reduction in iron-induced LDH
release at 6 h by 1.2 mm isoflurane (control = 0.71 = 0.12;
300 um FeSO4-FeCl; alone = 2.78 * 0.56; 300 um FeSO4-
FeCl; plus 1.2 mum isoflurane = 1.95 * 1.05 nmol lactate
oxidized to pyruvate per minute at room temperature;
P = 0.0001; n = 10 wells per condition).

To assure that effects of iron toxicity or anesthetic
treatment on LDH release were not immediate and there-
fore lost to the medium exchange required after 30 min
to halt exposure to iron and anesthetic, we examined
LDH concentrations of the medium at termination of
exposure to 300 um FeSO4-FeCl; in the presence or
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absence of 1.2 mu isoflurane. There was no difference i
LDH activity in the medium taken from these culture§
versus cultures not exposed to iron or isoflurane (cong
trol = 0.15 = 0.04; 300 um FeSO-FeCl; alone = 0.13 ﬁé
0.05; 300 um FeSO-FeCl; plus 1.2 mum isoflurane = 0.14 32
0.04 nmol lactate oxidized to pyruvate per minute at roon§
temperature; P = 0.60; n = 10 wells per condition)§
indicating that LDH release caused by iron exposure i&
delayed and that no artifact was introduced by the me2
dium exchange.

Effects of Volatile Anesthetics on Iron-induced Lipi

Peroxidation

The effects of volatile anesthetics on iron-induced lipid
peroxidation were assessed in a cell-free lipid system.
Iron exposure (25 um) resulted in TBARS accumulation
that was completely inhibited by the water-soluble a-to-
copherol analog, Trolox. In this system, neither halo-
thane (halothane 0 mm = 216 * 16%; 1.2 mm = 272 *+
5%; 4.1 mM = 266 * 16%; Trolox = 116 = 12% of
control cultures not treated with iron or halothane) nor
1.2 mm isoflurane (247 = 11% of control cultures not
treated with iron or isoflurane) was found to decrease
the generation of TBARS.

202 IU% 60 Uo isen
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Fig. 4. Direct comparison of halothane, isoflurane, and sevoflu-
rane in protecting against iron-induced lactate dehydrogenase
(LDH) release. (4) Sister cultures were simultaneously treated
with one of the anesthetics at a concentration of 0.4 mm during
exposure to iron (300 pum, 30 min). Under these conditions,
sevoflurane was less protective than either halothane or isoflu-
rane. (B) The concentrations of volatile anesthetic in the culture
medium was adjusted so as to attain equal concentrations of
volatile anesthetics in the cell membranes. All anesthetics con-
ferred equivalent protection (P = 0.792). Values are mean = SD
(n = 16) from at least two different culture preparations. “P less
than 0.05 versus controls (LDH release from untreated iron-
exposed cultures); PP less than 0.01 versus halothane-treated
iron-exposed cultures; P less than 0.01 versus isoflurane-
treated iron-exposed cultures. In (4), 100% = 2.54 * 0.10 nmol
lactate oxidized to pyruvate per minute at room temperature in
untreated iron-exposed control cultures. In (B), 100% = 1.62 +
0.31 nmol lactate oxidized to pyruvate per minute at room
temperature in untreated iron-exposed control cultures.

Effects of Volatile Anesthetics on Calcium and Iron

Uptake

In an effort to define the mechanism by which the
anesthetics prevent iron-induced irreversible damage to
neuronal- glial cultures, we assessed the effect of isoflu-
rane (1.2 mm) on cellular uptake-internalization of ex-
tracellular calcium and iron. Neither iron exposure alone
nor iron exposure in isoflurane-treated cultures resulted
in a change in the rate of cellular calcium uptake (P =
0.34; fig. 6A). In contrast, isoflurane treatment reduced
cellular uptake-internalization of extracellular iron (P =
0.04; fig. 6B).

Anesthesiology, V 94, No 2, Feb 2001

Table 2. Comparison of Volatile Anesthetic Treatment Timing
on Lactate Dehydrogenase Release Caused by 30-min
Exposure to 300 um Iron

(mm) Halothane Isoflurane
Pretreatment
1.2 92 + 8 91 + 6
2.4 94 + 11 92 + 8
41 153 = 11~ 76 = 6*
Posttreatment
1.2 108 = 11 107 = 6*
2.4 124 + 14~ 113 = 14*
4.1 247 = 14* 117 =17~

Concentrations of volatile anesthetic in cell culture media are given as mg
values. Lactate dehydrogenase release values are mean + SD as percents oi
values from cultures exposed to toxins in the absence of volatile anesthetic§
N = 8 culture wells per condition.

* P < 0.05 versus no treatment.

Discussion

1o/(bs zese//:dny wouj pa)

The principal findings of this study were that volatil
anesthetics offered no direct protection against 0x1d
tive stress induced by exposure of primary mixed neus
ronal- glial cultures to hydrogen peroxide or to a supel3
oxide-generating system, xanthine-xanthine oxidase. 11$
contrast, all three volatile anesthetics provided a dose«e
dependent protective effect against iron-induced cytqz
toxicity (for both neurons and glia) at concentration;
similar to those used to produce clinical anesthesmg
Potency was dependent on timing of treatment and
whether aqueous phase or lipid phase anesthetic corrzg
centrations were considered. Although the anesthetic§
reduced iron-induced LDH release, there was no effecE
on toxicity from malondialdehyde, a lipid perox1datlorg
metabolite. Furthermore, there was no effect of th@
volatile anesthetics on iron-induced lipid peroxidation 11@
a cell-free system. Using isoflurane as a prototype Volatilé
anesthetic, we found reduction in iron but not calciung
uptake in cells exposed to iron. This was associated Witl§
protection against a delayed mitochondrial depolariza%’
tion. Cumulatively, these data indicate that volatile anesg
thetics do not serve as direct antioxidants. In the uniqué
case of iron toxicity, volatile anesthetic protection apf
pears to be attributable to inhibition of iron uptake 08
stabilization of the mitochondrial membrane potent1a$
rather than direct antioxidant activity.
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Table 3. Percentage of Alive Neurons and Glia in Cultures
Exposed to 300 um FeSO —FeCl; with or without 1.2 mm
Isoflurane

300 um 300 pum
FeSO,—FeCl; FeSO,-FeCl; +
Alone Isoflurane
Neurons (%) 13x+4 55 + 16*
Glia (%) 16 £ 8 53 * 24*

Cell viability was defined by trypan blue exclusion. Values are mean + SD
relative to cultures receiving neither 300 um FeSO,4-FeCl; nor isoflurane.

* P < 0.01 compared with 300 um FeSO,-FeCl; alone.
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Fig. 5. Effect of exposure of cultures to iron with or without
isoflurane exposure on mitochondrial membrane potential.
Cultures were pretreated with 10 pum 5,5,6,6’-tetrachloro-
1,1°,3,3’-tetraacethylbenzimidazolylcarbocyamine iodide (JC-1)
for 30 min, washed, and then exposed to iron or iron plus
isoflurane. Fluorescence was measured at either 20 min after
onset of iron or iron-plus-isoflurane exposure (Intra Exposure)
or 6 h after completion of a 30-min exposure (6 h Post Expo-
sure) at two sets of excitation—emission wavelengths (485-530 nm
and 530—590 nm). The ratio of fluorescence intensity measured at
each wavelength was calculated as mitochondrial membrane po-
larization. Higher ratios indicate depolarization of the mitochon-
drial inner membrane. Cont. = untreated control cultures; Fe =
300 um FeSO,—FeCls; Fe + Iso = 300 um FeSO,FeCl; + 1.2 mm
isoflurane. Values are mean * SD. °P less than 0.01 versus un-
treated controls; PP less than 0.01 versus Fe. N = 16 culture wells
per condition. Cont. + DNP = effects of 500 um dinitrophenol (a
potent uncoupler of oxidative phosphorylation).

Because we know of no other work that has specifi-
cally examined this issue in neural tissue, it is difficult to
directly compare our work to that of others. In other
organ or cellular systems, results of studies examining
interactions between volatile anesthetics and free radical
injury have been mixed. In vivo, exposure to halothane
has been shown to cause free radical formation and
impairment of the hepatic antioxidant defense sys-
tem.?*?> Inhibition of the renal antioxidant defense sys-
tem has also been shown for isoflurane in guinea pigs
exposed to hyperoxia as defined by attenuation of su-
peroxide dismutase and catalase activities.?® In rats, a 2-h
exposure to halothane resulted in hepatic lipid peroxi-
dation, and this was enhanced when coadministered
with hypoxia.?” Finally, in rats subjected to isoflurane
anesthesia in the absence of any ischemic-hypoxic in-
sult, hippocampal nitric oxide production was in-
creased, allowing possibility that increased peroxynitrite
formation could occur under conditions of enhanced
superoxide production.*®?° Cumulatively, in vivo evi-
dence, if anything, suggests that volatile anesthetics
might enhance free radical injury in ischemic-hypoxic
brain.

In contrast, in vitro work using isolated rat hepato-
cytes found no evidence of halothane-induced free rad-
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Fig. 6. Effects of isoflurane on uptake-internalization of extrag
cellular calcium and iron in cells exposed to iron. Radloactlvg
cations (°*°Fe or 3Ca) were added to the culture medium i 1mmeC>
diately before exposure to 300 um FeSO,—FeCl;. The amount 0;8;
cation uptake was assessed after 30-min incubation at 37°C. (4%
Neither iron exposure alone (Fe) or in the presence of 1.2 ml\k%
isoflurane (Fe + Iso) affected the rate of calcium uptake ag
compared with controls receiving no treatments (Control). (B§
Iron exposure caused an increase in uptake—internalization of
extracellular iron. The increase was less in cultures treated W1t18
isoflurane during iron exposure. Values are mean * SD (n = 1@‘
culture wells for “>Ca uptake study, n = 6 for >°Fe uptake study)s
2P less than 0.05 versus untreated controls; °P less than 0. Og
versus >°Fe alone. CPM = counts/min.

0 158N

ical formation, but halothane also had no effect on CCI%
death when the hepatocytes were exposed to hypoxig
conditions.>® When either sevoflurane or isoﬂuran%
were examined in an isolated heart ischemia-reperfu”
sion preparation, no enhancement of salicylate trapping
(a marker of hydroxyl radical production) was observed
relative to untreated controls.>! However, in an isolated
rat liver preparation, isoflurane significantly reduced su-
peroxide generation on reperfusion from a hypoxic in-
sult.>? To our knowledge, no in vitro work has been
performed in brain tissue.

Given the unique case of volatile anesthetic protection
against iron-induced toxicity, we considered the possi-
bility that the protective effects of the volatile anesthet-
ics might be related to blockade of astrocyte gap junc-
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tions but rejected this based on prior work by Blanc et
al.,’® who demonstrated that gap junction inhibitors
increase neuronal vulnerability to iron toxicity. We then
examined whether, instead of serving as antioxidants,
volatile anesthetics might increase tolerance of the cul-
tures to oxidant injury. Minakami and Fridovich** have
shown protective effects of alcohols against cold shock
injury in Escherichia coli. When logarithmic phase cells
are subjected to cold shock (e.g., 0-15°C), weakening of
cellular membranes occurs. The severity of damage is a
function of the rate of temperature reduction, suggesting
differential sensitivities of the inner and outer plasma-
lemma to temperature. Introduction of long-chain alco-
hols (e.g., n-octanol, n-hexanol) caused a dose-depen-
dent increase in bacterial respiration and survival. These
alcohols are known to increase membrane fluidity simi-
lar to volatile anesthetics that might reduce membrane
disruption.®> Therefore, hexanol was examined in paral-
lel to cultures treated with the volatile anesthetics during
iron exposure. Indeed, similar efficacy of hexanol was
found for reducing LDH release. This is consistent with
the fact that anesthetic potency against iron toxicity was
related to the calculated lipid partitioning of the volatile
anesthetics (fig. 4).

If it was true that volatile anesthetics inhibited iron
toxicity by reducing membrane disruption, it would be
essential to show increased membrane permeability to
material normally regulated in its flux across the plasma-
lemma. Accordingly, we performed the iron and calcium
uptake studies in cultures exposed to iron. There was no
effect of iron toxicity on calcium uptake, but cellular
iron uptake was selectively increased, and this was in-
hibited by isoflurane. We therefore cannot conclude that
generalized volatile anesthetic effects on membrane flu-
idity are responsible for the protection observed against
iron toxicity. Instead, we conclude that volatile anesthet-
ics reduce iron toxicity by reducing iron uptake.

As previously stated, iron is known to catalyze conver-
sion of hydrogen peroxide to the hydroxyl radical. Se-
lective uptake of iron could promote intracellular hy-
droxyl radical formation. We did not specifically
measure hydroxyl radical formation or accumulation of
any reactive products. However, mitochondrial mem-
brane polarization is known to become altered under
conditions of oxidative stress, and this is accentuated by
increased iron concentrations.>®3” Indeed, we observed
mitochondrial depolarization after iron exposure and at
least partial reversal of this effect by isoflurane. We
speculate that isoflurane primarily reduced iron-induced
cell death by inhibiting iron uptake, which in turn re-
duced intracellular oxidative stress, but we cannot rule
out the possibility that isoflurane also provided a direct
stabilizing effect on the mitochondrial membrane
potential.

It was interesting that the effect of volatile anesthetics
against iron toxicity was present only at lower concen-
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trations. Although the drugs caused a dose-dependent
reduction in iron-induced LDH release, larger doses ac-
tually accentuated injury. The toxicity at higher doses of
halothane was also observed when cells were coadmin-
istered hydrogen peroxide, xanthine-xanthine oxidase,
or malondialdehyde. This caused us to examine the di-
rect neurotoxic effects of these anesthetics. Indeed,
higher doses of volatile anesthetic administered alone
stimulated LDH release and mitochondrial depolariza-
tion. This may explain the reversal of protection ob-
served against iron toxicity observed at higher doses of
volatile anesthetic. However, the clinical relevance of
this is likely to be small. For example, an isoflurane dosé
of 3.1 mm was required to induce LDH release and Causg?L
mitochondrial depolarization. This is approximatelﬁ
equivalent to 10 minimum alveolar concentratmns
which greatly exceeds doses used in clinical practice. §
The goal of this series of experiments was to eluc1dat@
potential mechanisms by which volatile anesthetics reg
duce ischemic brain injury. Damage from reactive oxys
gen species is a known component of ischemic braif
injury. However, the study could provide no evidencgg
that volatile anesthetics serve as primary antioxidantsg
The case for iron toxicity appears to be spurious and ig_
most likely attributable to effects on iron uptake b§
neurons and glia. Other mechanisms must be invoked tq
explain the repeated observations that volatile anesthet—
ics protect against ischemic brain damage in vivo. Th%
one finding of this study that warrants further 1nvest1gaa
tion is the effect of isoflurane (and presumably halothan@
and sevoflurane) on preventing mitochondrial depolaum
ization during oxidative stress. Examination of this 1ssu§

in a system not reliant on iron toxicity (e.g., oxygen+§
glucose deprivation) would be of interest. E
(=3
g
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