
A

m
i
i
n
b
i
i
b
P
c
t
©

K

I
t
c
r
b
t
s
t
b
f
i
a
I
n

0
d

Neuroscience Letters 425 (2007) 59–62

Isoflurane preconditioning inhibited isoflurane-induced neurotoxicity
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bstract

The commonly used inhaled anesthetic isoflurane has been shown to be both neuroprotective and neurotoxic in various cell cultures and animal
odels. We hypothesize that, like cerebral ischemia, isoflurane is inherently neurotoxic. Limited exposure of isoflurane provides neuroprotection via

nduction of endogenous neuroprotective mechanisms (preconditioning), while prolonged exposure of isoflurane induces neurotoxicity directly by its
nherent neurotoxic effects. To test this hypothesis, we treated rat primary cortical neurons at different days in vitro (DIV) and rat pheochromocytoma
eurosecretory (PC12) cells with or without Alzheimer’s mutated presenilin-1 (PS1) with 2.4% isoflurane for 24 h to induce cell damage determined
y both MTT (3-(4,5-dimethyithiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) reduction and LDH (lactate dehydrogenase) release assays. For
soflurane preconditioning, we treated the above cells with isoflurane at 0.6%, 1.2% and 2.4% for 60 min, 4 h prior to a prolonged exposure of 2.4%
soflurane for 24 h. One hour of preconditioning with isoflurane dose-dependently inhibited neurotoxicity induced by 2.4% isoflurane for 24 h in
oth primary cortical neurons and PC12 cells. This neuroprotection was most dramatically observed in matured cortical neurons (DIV 16) and

C12 cells with over expression of Alzheimer’s mutated PS1 (L286V). Preconditioning L286V PC12 cells with equivalent two minimal alveolar
oncentrations (MAC) of halothane (1.5%), but not sevoflurane (4%), also abolished the neurotoxicity induced by 2.4% isoflurane for 24 h. Overall,
hese results suggest that isoflurane may be both neuroprotective and neurotoxic, depending on the exposure concentrations and duration.

2007 Elsevier Ireland Ltd. All rights reserved.
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nhaled anesthetics, especially isoflurane, are commonly used
o maintain general anesthesia for various surgeries or pro-
edures in patients, as well as in animal models for studies
elated to neuroprotection or neurotoxicity. Isoflurane has long
een considered a neuroprotective agent in various cell cul-
ures and animal models [13–15,24,25]. Increasing evidence
uggests isoflurane also induces neuronal apoptosis dose- and
ime-dependently in various cell cultures and in the developing
rains in different animal models [5,8,12,16,19–21]. Therefore
or both clinical anesthesiologists and basic research scientists,
t is important to clarify whether isoflurane and other inhaled

nesthetics should be considered neuroprotective or neurotoxic.
n this study, we tested a hypothesis that isoflurane is inherently
eurotoxic. Like ischemia preconditioning, short exposure of
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soflurane protects against neurotoxicity induced by prolonged
xposure of isoflurane in both rat primary cortical neurons at
ifferent maturation ages and pheochromocytoma neurosecre-
ory (PC12) cells with or without over expression of Alzheimer’s

utated presenilin-1 (PS1).
The use of pregnant rats for primary cortical neuronal cul-

ure was approved by the Institutional Animal Care and Use
IACUC) at the University of Pennsylvania. Primary cultures
f cortical neurons were prepared from the dissociated cortices
f rat fetus at embryonic day 18 using a protocol previously
escribed [16]. Cortices were dissected from embryonic brain,
nd meninges were removed from the tissues. The cells were dis-
ociated by trypsinization and trituration, followed by DNase
reatment. The dissociated cells were resuspended in serum-
ree B27/neurobasal medium and were plated at a density of

× 105 cells/cm2 on poly-d-lysine-coated 96-well plates. Cul-

ures were maintained in serum-free B27/neurobasal medium in
humidified atmosphere (5% CO2, 95% air) at 37 ◦C. More

han 95% of the cells present on fifth day in vitro (DIV 5)

mailto:weih@uphs.upenn.edu
dx.doi.org/10.1016/j.neulet.2007.08.011


6 nce Le

d
o
m
r
e
w
t
s
(
w
n
L
I
L
a
fl
S
s
T
a

c
t
(
5
U
d
g
e
t
i

F
e
f
d
c
s
p

i
L
d
w
d
o
m
r
r
q
m
a
a

b
p
s

r

F
d
w
m
P

0 H. Wei et al. / Neuroscie

ifferentiate into neurons, as characterized by the appearance
f long neurites expressing neurofilament protein. Half of the
edium was changed every fourth day. Cerebral cortical neu-

ons at different maturations (DIV 3, 7 and 16) were used for the
xperiments. Rat pheochromocytoma cells (PC12) transfected
ith wild-type PS1 (WT), point mutated PS1 (L286V), and vec-

or alone were cultured as previously described [4,7,16]. As a
hort summary, the cells were maintained in DMEM medium
Invitrogen Corporation, Grand Island, NY, USA) supplemented
ith 10% heat-inactivated horse serum (Invitrogen Life Tech-
ologies, Carlsbad, CA, USA), 5% fetal calf serum (Hyclone
aboratories, Logan, UT, USA), 200 �g/ml G418 (Mediatech,

nc., Herrden, VA, USA) and penicillin/streptomycin (Invtrogen
ife Technologies, Carlsbad, CA, USA). Monolayer cultures
t a density of 0.3 × 105 cells/cm2 were incubated in plastic
asks precoated with 0.01% poly-l-ornithine (Sigma–Aldrich,
t. Louis, MO, USA) in a 95% air, 5% CO2 humidified atmo-
phere at 37 ◦C. The culture medium was changed every 48 h.
he transfection of the WT and mutant PS1 has been described
nd confirmed in detail previously [6,7].

Rat primary cortical neurons and different types of PC12
ells grown on 24-well plates were exposed to inhaled anes-
hetics in a gas-tight chamber inside the culture incubator
Bellco Glass, Inc., Vineland, NJ, USA), with humidified
%CO2/21%O2/balanced N2 (AirGas East, Bellmawr, NJ,
SA) going through a calibrated agent-specific vaporizer as
escribed previously [16]. Gas phase concentrations in the

as chamber were checked with infrared absorbance of the
ffluent gas, and constantly monitored and maintained at
he designed concentration throughout experiments, using an
nfrared Ohmeda 5330 agent monitor (Coast to Coast Medical,

r
d
m
t

ig. 1. Preconditioning with short exposure of isoflurane inhibited neurotoxicity ind
ifferent days in vitro (DIV, A and B) and PC12 cells transfected with wild-type (WT
ith 2.4% isoflurane for 24 h with (ISO + ISO) or without (ISO) 1 h preconditionin
inimum 12 repeats of at least three separate experiments. *, ** or ***P < 0.05, P <
< 0.001 compared to ISO. #P < 0.05 compared to CON (C).
tters 425 (2007) 59–62

all River, MA, USA). The neurotoxic model of isoflurane was
stablished by exposing cells in the chamber to 2.4% isoflurane
or 24 h. The 1 h preconditioning of neurons with isoflurane at
ifferent concentrations or equivalent 2 minimal alveolar con-
entrations (MAC) of isoflurane (2.4%), halothane (1.5%) or
evoflurane (4%) was carried out 4 h prior to the initiation of the
rolonged exposure of 2.4% isoflurane for 24 h.

Neurotoxicity was assessed by the MTT (3-(4,5-dimethy-
thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) reduction and
DH (lactate dehydrogenase) release assays exactly as we
escribed previously [16]. The MTT tetrazolium compound
as bioreduced by cells into a colored formazan product, and
ecrease of MTT reduction of cells represented an early stage
f cell damage. LDH release assay determined the cell plasma
embrane integrity by measuring the degree of the LDH enzyme

eleased from the cells into the culture medium, representing a
elatively late stage of cell damage. Both assays have been fre-
uently used to determine cytotoxicity in different cell cultures
odels [16–18]. The results of MTS reduction and LDH release

ssays were expressed as a percentage of the control without
nesthetic treatment.

All data were expressed as mean ± S.E.M. and were analyzed
y one-way ANOVA followed by Newman–Keuls multiple com-
arison tests. P values less than 0.05 were considered statistically
ignificant.

Consistent with our previous publication [16], 2.4% isoflu-
ane for 24 h induced significant MTT reduction and LDH

elease in both primary cortical neurons (Fig. 1A and B) and
ifferent type of PC12 cells (Fig. 1C and D). In addition,
ature primary cortical neurons seemed to be more vulnerable

o isoflurane-induced late cell damage (LDH release) than the

uced by prolonged exposure of isoflurane. Both rat primary cortical neurons at
), vector or mutated (L286V) Alzheimer’s presenilin-1 (C and D) were treated
g at 4 h before the prolonged exposure. Data represents mean ± S.E.M. from
0.01 or P < 0.001 compared to control (CON). +, ++ or +++P < 0.5, P < 0.01 or
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mmature neurons (Fig. 1B, DIV 3 versus DIV 16), although this
ifference did not exist for the early cell damage (MTT reduc-
ion, Fig. 1A). Preconditioning primary cortical neurons and
ifferent types of PC12 cells with 2.4% isoflurane for 1 h abol-
shed the neurotoxicity induced by the subsequent prolonged
xposure of 2.4% isoflurane for 24 h, as determined by both
TT reduction (Fig. 1A and C, ISO versus ISO + ISO) and

DH release (Fig. 1B and D, ISO versus ISO + ISO) assays.
soflurane had greater preconditioning potency in L286V than
n WT or Vector control PC12 cells (Fig. 1C). In addition, a
hort exposure of isoflurane preconditioning not only abolished
he neurotoxicity induced by a prolonged exposure of isoflurane
ut also enhanced cell survival above the control level (Fig. 1A
nd C).

We further tested if isoflurane preconditioned cells dose-

ependently, similar to the way it induced neurotoxicity [16].
soflurane’s preconditioning ability significantly decreased as its
oncentration dropped (Fig. 2A), and 0.6% isoflurane demon-
trated no preconditioning protection against L286V PC12 cell

ig. 2. Comparison of preconditioning potency. (A) Short exposure of isoflurane
ISO) preconditioned L286V PC12 cells dose-dependently. PC12 cells trans-
ected with mutated Alzheimer’ presenilin-1 (L286V) were preconditioned with
.6%, 1.2% and 2.4% isoflurane for 1 h, then treated with 2.4% isoflurane for
4 h. (B) Equivalent 2 Minimal Alveolar Concentration (MAC) of isoflurane
2.4% ISO), halothane (1.5% HAL) and sevoflurane (4% SEVO) were used
o precondition (PRE) L286 PC12 cells for protection against MTT reduction
nduced by 2.4% isoflurane for 24 h. Data represents mean ± S.E.M. from mini-
um 12 repeats for at least three experiments. ***P < 0.001 compared to control

CON). + or +++P < 0.05 or P < 0.001 compared to ISO treatment alone without
SO preconditioning (ISO). #P < 0.05 compared to control.
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amage induced by 2.4% isoflurane for 24 h. To examine the pos-
ible cross preconditioning among different inhaled anesthetics,
e determined the preconditioning potential of equi-potent 2
AC of halothane (1.5%) or sevoflurane (4%) and compared

he results to that of isoflurane. Preconditioning L286V PC12
ells with 1.5% halothane but not 4% sevoflurane significantly
nhibited MTT reduction induced by 2.4% isoflurane for 24 h
Fig. 2B), suggesting the inhaled anesthetics may have cross-
reconditioning and the potency for preconditioning among
nhaled anesthetics may be different.

Isoflurane preconditions cells and induces endogenous cyto-
rotective mechanisms, including activation of the adenosine A1
eceptor, protein kinase C, ATP-dependent potassium channels,
levation of mitochondrial reactive oxygen species (ROS) [9]
r modulation of apoptotic regulatory proteins (e.g. elevation of
cl-2/Bax ratio) [25]. In addition, mild calcium release from the
R and moderate elevation of cytosolic calcium concentration
y isoflurane at low concentration and short duration may trig-
er the ER stress response, marked by the expression of genes
haracterizing the well-known “preconditioning” effect [1,2].
rolonged exposure of isoflurane at high concentration, pro-
ucing extensive and prolonged calcium release from ER may
eplete ER calcium and shut down protein synthesis leading to
cytotoxicity” effects [3,16,23].

Our results are most consistent with the hypothesis that isoflu-
ane may be both neuroprotective and neurotoxic, depending on
he concentrations and exposure durations. Similar to its dose-
ependent neurotoxic effects [8,16], the preconditioning effects
f isoflurane were also dose-dependent. In addition, the precon-
itioning potency of inhaled anesthetics may be related to their
otency of induced neurotoxicity. Sevoflurane has been shown to
e much less potent than isoflurane for induction of cytotoxicity
n different cells [10,11,16], while its potency to induce neuro-
rotection by preconditioning was also much less than isoflurane
n this study. Another interesting phenomenon was that precon-
itioning cells with short exposure of 2.4% isoflurane for 1 h not
nly abolished the neurotoxicity of prolonged exposure of 2.4%
soflurane for 24 h, but also significantly increased cell survival
bove the control level. These results suggest the possible stimu-
ating effects of isoflurane on the growth of these cells, for which
he mechanisms need further investigation. Our results also sug-
est that cross preconditioning mechanisms among different
nhaled anesthetics may exist as halothane preconditioning also
nhibited isoflurane-mediated neurotoxicity.

Reports from recent studies on neurotoxic effects of isoflu-
ane in different cell cultures [16,20,22] and in the developing
rains of rodents [8] have raised serious concerns about the
afety of anesthesia in surgical patients, particularly in the
eveloping brains of pediatric patients and those patients with
lzheimer’s disease. Although the data from this study cannot
e used directly for suggestions of anesthesia safety in clinical
atients, it at least unveiled the double feature of both neuro-
rotection and neurotoxicity by the commonly used inhaled

nesthetic isoflurane. The results of this study call for further
nvestigations in animal models and in patients to determine safe
uration and concentration margins for patients to avoid neuro-
oxicity caused by prolonged exposure to high concentrations
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f isoflurane. These studies appear to be especially relevant for
hose patients whose brains may be vulnerable to isoflurane neu-
otoxicity, as in developing brains and those with Alzheimer’s
isease.
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