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A mutation in f3-amyloid precursor protein renders
SH-SYSY cells vulnerable to isoflurane toxicity: The
role of inositol 1,4,5-trisphosphate receptors
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Abstract. Isoflurane is a commonly used inhaled anesthetic,
which induces apoptosis of SH-SYSY cells in a dose- and
time-dependent manner; however, the underlying mechanisms
remain unknown. The authors of the present study hypoth-
esized that a mutation in B-amyloid precursor protein (APP),
which is a gene associated with familial Alzheimer's disease,
may render cells vulnerable to isoflurane-induced cytotoxicity
via activation of inositol 1,4,5-trisphosphate receptors (IP3R).
In the present study, SH-SYSY cells were transfected with a
vector or with mutated APP, and were treated with the equiva-
lent of 1 minimum alveolar concentration (MAC) isoflurane
for 8 h. Cell apoptosis rate, alterations to cytosolic calcium
concentrations ([Ca®*],), and protein levels of IP3R were
determined following exposure of cells to isoflurane. In addi-
tion, the effects of the IP3R antagonist xestospongin C were
determined on isoflurane-induced cytotoxicity and calcium
release from the endoplasmic reticulum (ER) of mutated
APP- and vector-transfected SH-SYSY cells. Treatment with
isoflurane (1 MAC) for 8 h induced a higher degree of cyto-
toxicity, and a marked increase in [Ca?*], and IP3R protein
levels in mutated APP-transfected SH-SYSY cells compared
with vector-transfected SH-SY5Y cells. Xestospongin C
significantly attenuated isoflurane-mediated cytotoxicity and
inhibited calcium release from the ER of SH-SY5Y cells.
These results indicated that the APP mutation may render
SH-SYS5Y cells vulnerable to isoflurane neurotoxicity, and the
underlying mechanism may be associated with Ca** dysregu-
lation via overactivation of IP3R.
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Introduction

Cognitive decline may occur following major surgery and
anesthesia, and has been reported by patients and their fami-
lies for decades. Elderly patients are particularly susceptible
to such an event, which is known as postoperative cognitive
dysfunction (POCD). POCD is self-limiting in the majority of
patients (1); however, in some patients it may be long-term or
permanent. Previous studies have reported that ~25% of elderly
patients exhibit POCD 1 week following non-cardiac surgery,
whereas ~10% of elderly patients exhibit POCD 3 months
after non-cardiac surgery (2,3); however, the association with
general anesthesia remains unclear. Inhalational anesthetics,
including isoflurane, sevoflurane and desflurane, are generally
considered to be safe in clinical anesthesia; however, numerous
studies have demonstrated that these agents can induce cell
damage, neurodegeneration or POCD (4-8). These observa-
tions raise concerns regarding the possibly deleterious effects
of general anesthesia in elderly patients.

Isoflurane is a common inhalational anesthetic agent,
exposure to which may induce cytotoxicity in various neuronal
and non-neuronal tissues and cells. In addition, isoflurane has
been reported to trigger widespread neuronal apoptosis in
the developing rat brain, subsequently leading to persistent
learning deficits and cognitive dysfunction, which may persist
for several weeks following treatment in adults, and aged rats
and mice (2,3). Our previous study demonstrated that exposure
to isoflurane at 1 minimal alveolar concentration (MAC) for
12 h,or at 2 MAC for 8 h, may decrease cell viability, and these
effects may be associated with the disruption of intracellular
calcium homeostasis (9). Intracellular calcium homeostasis is
primarily regulated by three protein receptors on the endo-
plasmic reticulum (ER): Inositol 1,4,5-trisphosphate receptors
(IP3R), ryanodine receptor (RyR) and Ca**-ATPases (2,3),
IP3R on the ER membrane is able to induce non-physiological
calcium release, thus leading to a depletion of ER calcium, and
increased cytosolic ([Ca?*],) and mitochondrial calcium; these
effects may contribute to cell apoptosis (10). A presenilin-1
mutation associated with familial Alzheimer's disease (AD)
has been reported to render neurons vulnerable to isoflurane
toxicity, via the induction of abnormal calcium release from
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the ER through IP3R activation (8). Mutations in 3-amyloid
(AP) precursor protein (APP) are also associated with AD;
therefore, the present study hypothesized that this mutation
may increase cell susceptibility to isoflurane-induced cytotox-
icity.

The aim of the present study was to clarify whether the
APP mutation enhances susceptibility to isoflurane-mediated
apoptosis, and whether this effect was induced by Ca** dysreg-
ulation via IP3R overactivation.

Materials and methods

Cell culture. SH-SY5Y neuroblastoma cells can undergo
neuronal maturation and have been previously used as an in vitro
cell model for studying the mechanisms of neuronal differen-
tiation and neurotoxicity. The SH-SY5Y human neuroblastoma
cell line was obtained from the Shanghai Institute for Biological
Sciences of the Chinese Academy of Sciences (Shanghai,
China) and were cultured in Dulbecco's' modified Eagle's
medium (DMEM; Sigma-Aldrich; Merck Millipore, Darm-
stadt, Germany) supplemented with 10% fetal bovine serum
(Sigma-Aldrich; Merck Millipore), 200 pg/ml G418, 100 U/ml
penicillin and 100 pg/ml streptomycin. Monolayer cultures at a
density of 0.3x10° cells/cm? were incubated in plastic flasks in a
humidified atmosphere containing 95% air and 5% CO, at 37°C.
The medium was changed every 2 days, and cells were passaged
once they had reached 70-80% confluence. When the SH-SY5Y
cells reached 70% confluence, the cells were transfected with
overexpression plasmid pcDNA3.1-APP695, containing a
mutant APP695 gene (Wanleibio, Shenyang, China) using the
Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA) according to the manufacturer's
instructions. Cells were transfected with vector alone or mutated
APP. Prior to isoflurane exposure, medium was replaced with
serum-free DMEM.

Anesthetic exposure. Cells grown in plastic flasks were
exposed to isoflurane (1 MAC; 8 h) in a gas-tight chamber
inside a cell culture incubator. Cells in the control group
were exposed to atmospheric gas (5%CO0O,/21%0,/balanced
N,) for 8 h. Atmospheric gas (5%CO,/21%0,/balanced N,)
was pumped in via a calibrated agent-specific vaporizer, as
described previously (9). Gas phase concentrations in the
incubator were verified by infrared absorbance of the effluent
gas, and were constantly monitored and maintained at the
appropriate concentrations throughout the experiments using
an infrared Ohmeda 5330 Agent Monitor (Datex-Ohmeda;
GE Healthcare Life Sciences, Pittsburgh, PA, USA). Since the
experimental cell culture plates were inside the sealed anes-
thetic exposure chamber, which was continuously perfused
with a constant concentration of anesthetic, the anesthetic
concentration in the cell culture medium remained stable as
previously reported (11). There was no evidence of anesthetic
degradation in the cell culture over an 8 h time period. A group
of cells were pretreated with xestospongin C (100 nM; Merck
Millipore) for 30 in at room temperature prior to isofluarne
exposure.

Imaging analysis of Annexin V and propidium iodide
(PI). One of the early indications of cell damage is the
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translocation of the phospholipid phosphatidylserine from the
inner to the outer leaflet of the plasma membrane. Annexin V
is a phospholipid-binding protein with a high affinity for
phosphatidylserine, which binds to it once exposed to envi-
ronmental stress. PI is able to bind to nucleic acids following
penetration of a breached plasma membrane, which occurs in
the later stages of cell damage. Immediately after treatment,
the cells were analyzed using an Annexin V/PI apoptosis
kit [cat. no. AP 101-30; Multi Sciences (Lianke) Biotech
Co., Ltd., Hangzhou, China]. A total of 1-5x10° cells were
collected by centrifugation (5,000 x g, 4°C, 5 min) and were
resuspended in 500 pl 1X binding buffer, to which was added
5 pl Annexin V and 10 ul PI. The cells were then incubated
at room temperature for 5 min in the dark, and the number
of Annexin V- and/or PI-positive cells were determined by
flow cytometry.

Observation of the changes in cell ultrastructure. Following
experimental treatment, the cells were fixed in 2.5% glutar-
aldehyde. Following dehydration, soaking and embedding
as described previously (12), the samples were sliced and
stained in order to prepare transmission electron microscopy
(TEM) specimens for the observation of cell ultrastructure
alterations using a Libra200 microscope (Zeiss GmbH, Jena,
Germany).

Measurements of [Ca’*].. [Ca**], was measured by flow
cytometry. Cells were washed and incubated for 24 h at
37°C in NaCl Ringers solution containing 1 mM CacCl; or
in Na-gluconate Ringers solution [125 mM Na-D-gluconate,
5 mM K-D-gluconate, 1 mM MgSO,, 32 mM
HEPES/NaOH (pH 7.4) and 5 mM glucose] containing 1 mM
Ca-D-gluconate2. Cells were then loaded with Fluo-3/AM
in CaCl, (1 mM)-containing NaCl or Na-gluconate Ringers
solution with 2 uM Fluo-3/AM. Cells were incubated at 37°C
for 15 min with agitation, and were then washed twice and
resuspended in CaCl, (2 mM)-containing NaCl Ringers solu-
tion. Ca**-dependent Fluo-3/AM fluorescence intensity was
then measured in fluorescence channel FL-1, which repre-
sents changes in [Ca*]..

Western blot analysis. Following treatment, the cells were
harvested and total proteins were obtained by centrifugation
at 10,000 x g for 30 min at 4°C. Protein concentration was
determined using a Bio-Rad Dc assay kit (Bio-Rad Labo-
ratories, Inc., Hercules, CA, USA) and were samples were
subjected to western blot analyses. Proteins (1-5 yg/ml) were
separated on by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis on 7.5% gels and transferred onto polyvinyli-
dene difluoride membranes. The membranes were blocked at
room temperature for 90 min in Tris-buffered saline-Tween
containing 5% skim milk. Membranes were incubated with
rabbit polyclonal anti-IP3R antibody (1:800; cat. no. 07-1213;
EMD Millipore, Billerica, MA, USA) for 1 h at room
temperature to detect the protein levels of IP3R (250 kDa).
Anti-f-actin antibody (1:10,000; cat. no. MABES§9;
Sigma-Aldrich; Merck Millipore) was used to detect
B-actin (42 kDa). Subsequently, the membrane was incu-
bated with horseradish peroxidase-conjugated secondary
antibody (cat. no. AP181P; Bio-Rad Laboratories, Inc.) for
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Figure 1. After cells were treated with 1.2% isoflurane for 8 h, apoptosis was determined by flow cytometry. Briefly, the cells were harvested, stained with
annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI), and were then analyzed. (A-C) Representative results from one of six independent
experiments on mutated ff-amyloid precursor protein (APP)-transfected SH-SY5Y cells treated with (A) the control condition (Con), (B) xestospongin C
plus isoflurane (Xes) and (C) isoflurane (Iso). (D-F) Representative results from vector-transfected SH-SY5Y cells treated with (D) Con, (E) Xes and
(F) Iso. The quadrants of each plot exhibit the following: Viable cells (Annexin/PI'; lower left), early apoptotic cells (Annexin*/PI', lower right), necrotic
cells (Annexin*/PI*, upper right), and late apoptotic cells (Annexin’/PI*, upper left). (G) Data are presented as a sum of the percentage of apoptotic cells in
early apoptosis (annexin*/PI') and late apoptosis (annexin*/PI*). Data are presented as the mean =+ standard deviation of at least three separate experiments.
“"P<0.001 compared with Con and Xes; "*P<0.001 compared with Con; *"P<0.001 compared with vector control group.

1 h at room temperature. The signal was visualized using
a Kodak Image Station 2000R system (Kodak, Rochester,
NY, USA) and RapidStep™ reagent (Merck Millipore). Each
band in presented western blots represents an independent
experiment. Results were averaged from between three and
10 independent experiments. Briefly, signal intensity was
analyzed using the National Institutes of Health (NIH) image

program (NIH Image 1.62; NIH, Bethesda, MD, USA).
Western blots were semi-quantified according to two steps.
Firstly, levels of $-actin were used to normalize levels of IP3R
to the control, in order to account for any loading differences
in total protein amount. Secondly, changes in IP3R protein
levels in treated cells were presented as a percentage of those
in control cells.
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Statistical analysis. Data were analyzed by SPSS 13.0 statis-
tical software (SPSS, Inc., Chicago, IL, USA). All data met
normality and homogeneity of variance, and were presented
as the mean =+ standard deviation. Results regarding the
effects of isoflurane on mutated APP-transfected cells and
vector-transfected cells were analyzed using unpaired
two-tail t-test. All other data were analyzed by one-way
analysis of variance followed by Newman-Keuls multiple
comparison tests. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Assessment of control conditions. The present study
initially assessed whether control conditions (5% CO,/21%
O,/balanced N,) were able to affect cell apoptosis, [Ca*"],
and IP3R expression. There were no significant differences
in cell apoptosis, [Ca®*]. and IP3R levels in the cells exposed
to control conditions compared with the cells exposed to
standard cell incubator conditions (data not shown).

Isoflurane induces apoptosis of SH-SY5Y cells transfected
with APP mutation. Our previous study demonstrated that
exposure to isoflurane at 1 MAC for 12 h, or at 2 MAC for
8 h (9), may decrease cell viability; therefore, in SH-SYS5Y
cells, the effects of isoflurane exposure at | MAC were
compared between cells transfected with an APP mutation
and those transfected with the vector. In order to confirm
that apoptosis observed in SH-SYSY cells was induced by
isoflurane, the number of Annexin V-positive/PI-negative and
Annexin V-positive/PI-positive cells was counted following
exposure to isoflurane (1 MAC) for 8 h (Fig. 1). Isoflurane
induced apoptosis in mutated APP-transfected SH-SYSY cells
(Fig. 1A-C) and vector-transfected SH-SYS5Y cells (Fig. 1D-F).
As shown in Fig. 1C, treatment with 1.2% isoflurane (~1 MAC)
for 8 h induced a significant increase in the apoptotic rate of
mutated APP-transfected SH-SYSY cells compared with the
vector-transfected SH-SYSY cells (Fig. 1F). Inhibition of IP3R
activity with xestospongin C partly reduced isoflurane-induced
cell apoptosis (Fig. 1B and E).

Effects of isoflurane on the ultrastructure of mutated
APP-transfected SH-SY5Y cells. The results of a TEM analysis
(Fig. 2) indicated that vector-transfected SH-SYSY cells were
characterized by a smooth nuclear membrane, and slight
expansion and degranulation of the ER. Conversely, mutated
APP-transfected SH-SYSY cells exhibited marked morpho-
logical alterations; there were a large number of vacuoles in the
cytoplasm, organelle structure was incomplete, the ER exhibited
amoderate to high degree of swelling and marked degranulation,
mitochondrial cristae were disordered, the membrane structure
was damaged, and the number of microtubules was increased.

Effects of isoflurane on intracellular calcium homeostasis.
[Ca**], was determined by measuring the average value of
calcium fluorescence intensity by flow cytometry in mutated
APP-transfected SH-SYSY cells (Fig. 3A-C) and vector-trans-
fected SH-SYSY cells (Fig. 3D-F). Treatment with isoflurane
(1 MAC) induced a significant elevation in the [Ca**], of mutated
APP-transfected SH-SYSY cells (Fig. 3C) compared with in
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Isoflurane (x5000)

Figure 2. Transmission electron microscopy of APP-transfected SH-SY5Y
cells. (A and B) Cells in the control group exhibited the following character-
istics: Smooth nuclear membrane, and slight expansion and degranulation of
the endoplasmic reticulum (ER). (C and D) Characteristics of the cells in the
isoflurane group were as follows: Large number of vacuoles in the cytoplasm,
incomplete organelle structure, a moderate to high degree of ER swelling,
ER degranulation, disordered mitochondrial cristae, damaged membrane
structure, and microtubule microfilament contents increased. These ultra-
structural changes indicated that exposure to 1 MAC isoflurane for 8 h could
induce cell injury.

the vector-transfected SH-SYSY cells (Fig. 3F). In addition, it
was determined whether calcium release from the ER via IP3R
contributed to isoflurane-induced elevation in the [Ca*'], of
mutated APP-transfected SH-SYS5Y cells. Pretreatment with
the potent IP3R antagonist, xestospongin C, for 30 min reduced
isoflurane-induced calcium release from the ER (Fig. 3B). These
results suggest that exposure to 1 MAC isoflurane for 8 h may
significantly increase intracellular calcium concentration via
activation of IP3R in mutated APP-transfected SH-SYSY cells.

Isoflurane increases the protein expression levels of IP3R.
The present study assessed the effects of 1.2% isoflurane on
IP3R expression in SH-SY5Y cells. Treatment with 1.2%
isoflurane led to increases in the protein expression levels of
IP3R in mutated APP- and vector-transfected SH-SY5Y cells
compared with the cells in the control or xestospongin C
groups (Fig. 4A and B). Compared with vector-transfected
SH-SYSY cells, IP3R expression was increased in mutated
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Figure 3. After cells were treated with 1.2% isoflurane for 8 h, cytosolic calcium concentration ([Ca**].) was determined by flow cytometry. Briefly, the cells
were harvested, stained with Fluo-3/AM and were then analyzed. (A-C) Representative results from one of six independent experiments on mutated $-amyloid
precursor protein (APP)-transfected SH-SYSY cells treated with (A) the control condition (Con), (B) xestospongin C plus isoflurane (Xes) and (C) isoflu-
rane (Iso). (D-F) Representative results from vector-transfected SH-SY5Y cells treated with (D) Con, (E) Xes and (F) Iso. The positive rate of [Ca**], loading
with Fluo-3/AM was >99%. (A-F) X-axis refers to the average value of calcium fluorescence intensity, and Y-axis refers to cell count. (G) Data are presented
as the mean + standard deviation of at least three separate experiments. ‘P<0.05 and ““P<0.001 compared with Con and Xes; “P<0.001 compared with Con;
""P<0.001 compared with vector control group.

APP-transfected SH-SYSY cells. These results indicate that  cells by elevating [Ca®*], levels, whereas exposure to control
isoflurane exposure at | MAC for 8 h may increase IP3R protein ~ conditions (5% CO,/21% O,/N,) did not. Furthermore,
expression, and 100 nM xestospongin C could partly suppress  isoflurane induced a larger increase in apoptotic rate, and

isoflurane-induced upregulation of IP3R protein expression. increased the elevation of [Ca*"], and IP3R protein levels in
mutated APP-transfected SH-SYSY cells compared with in

Discussion vector-transfected control cells. These findings implicated
IP3R as the main source of calcium release from the ER.

The present study demonstrated that treatment with isoflurane Previous studies have proposed that inhalational

at equipotent concentrations induced apoptosis of SH-SY5Y  anesthetics induce apoptosis via dysregulated intracellular
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Figure 4. Isoflurane induces inositol 1,4,5-trisphosphate receptor (IP3R) acti-
vation in mutated -amyloid precursor protein (APP)-transfected SH-SY5Y
cells. (A and B) Treatment with 1.2% isoflurane (Iso) inducesd IP3R cleavage
compared with in the control (Con) and xestospongin C (Xes) groups in both
cell types. There was no significant difference in f3-actin expression between
the groups. (C) Treatment with 1.2% isoflurane induced a higher increase
in IP3R protein expression in the mutated APP-transfected SH-SY5Y cells
compared with vector-transfected SH-SY5SY cells. Data are presented as the
mean = standard deviation of at least three separate experiments. "P<0.05
compared with Con. ““P<0.001 compared with Con and Xes. """P<0.001
compared with vector control group.

calcium homeostasis (5,7,13). Ca** regulation in neurons
is complex. [Ca*'], in neurons is maintained at -100 nM,
a low level relative to the extracellular fluid (extracellular
[Ca**]=1.2 mM). The dynamic balance of intracellular Ca**
homeostasis is maintained by Ca*" transportation across cell
membranes and regulation of intracellular calcium stores.
In response to stress, neurons will instantly improve [Ca*'],
levels, in order to trigger a series of physiological activities.
The ER is the primary source of releasable intracellular
calcium in neurons (11) and has an important role in the
maintenance of intracellular calcium homeostasis, protein
synthesis, cell survival and apoptosis (14,15). RyR and IP3R
are calcium-activated calcium release channels that are
present on the ER membrane. Calcium release from the ER
via RyR activation can result in activation of IP3R and vice
versa. In neurons, isoflurane appears to induce calcium release
from the ER; however, it remains unclear whether this is due
to direct or indirect effects on IP3 or RyR. Our previously
published and current data suggested that overactivation of
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IP3R may contribute to isoflurane-induced calcium elevation
and cell apoptosis. Excessive calcium release from the ER via
IP3R may induce calcium overload in the mitochondria and
depletion of ER calcium (11), which may result in collapse
of the mitochondrial membrane potential and promotion of
apoptosis.

To determine the importance of IP3R in isoflurane-induced
apoptosis, IP3R activity can be altered either genetically or
with the use of pharmacological agents. A previous study
in cultured chicken T lymphocytes with triple knock out of
IP3R indicated that the cells were resistant to inhalational
anesthetic-induced apoptosis, decreases in ER calcium
concentrations and increases in cytosolic and mitochondrial
calcium concentrations (5,7). Furthermore, rat pheochromo-
cytoma neurosecretory PC12 cells with elevated IP3R activity
that were transfected with presenilin-1 (L286V), or Q-111
rat striatal neurons (a cell model of Huntington disease),
were susceptible to isoflurane-induced apoptosis and ER
calcium release. However, these effects were significantly
attenuated following treatment with the IP3R antagonist xesto-
spongin C (5). These studies suggested that activation of IP3R
may have an important role in inhalational anesthetic toxicity.
In support of this viewpoint, the present data clearly indicated
that prolonged isoflurane exposure was able to induce cell
apoptosis via direct activation of IP3R, and treatment with the
IP3R antagonist xestospongin C reduced the rate of cell apop-
tosis. Based on these findings, we aim to develop a therapeutic
approach that targets IP3R to protect patients undergoing
inhalational anesthesia from the potential deleterious side
effects of prolonged exposure.

The present study demonstrated that isoflurane-induced
enhancement in [Ca®*], in cells carrying an APP mutation is
consistent with the higher degree of neurotoxicity observed
in these same cells after exposure to isoflurane. These data
indicated that a risk factor for early AD may increase cell
susceptibility to clinical concentrations of isoflurane. A
previous study reported that a clinically relevant concentra-
tion of isoflurane was able to induce apoptosis, alter APP
processing, and increase Af levels in H4 human neuroglioma
cells stably transfected with an APP mutation, which is
thought to be a key feature in the pathogenesis of AD (16).
AP has been demonstrated to augment calcium release
from the ER via RyR or IP3R; therefore, anesthetic-induced
increases in A production may be considered another indi-
rect mechanism by which inhalational anesthetics enhance
ER calcium release (17). Isoflurane induces apoptosis via
calcium release from the ER, which consequently increases
the activity of beta-site APP-cleaving enzyme and y-secretase,
which are associated with the generation of A proteins (18).
Isoflurane-mediated elevation and aggregation of Af proteins
may further induce apoptosis, resulting in the initiation of a
vicious cycle. However, due to the findings of xestospongin C
experiments in PC12 cells and rat cerebral cortical neurons
it is likely that isoflurane acts directly on IP3R to enhance
calcium release.

In the present study, ultrastructural alterations to cells
following exposure to isoflurane were determined by TEM;
the results demonstrated that the most typical changes were
swelling of the mitochondria and the ER. Abnormal changes
in ER structure can induce calcium flux into the cytoplasm,
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resulting in a rapid increase in intracellular calcium concen-
tration and promotion of cell apoptosis. Previous studies have
proposed that ER-induced apoptosis ultimately occurs via the
mitochondrial pathway (19,20). Abnormal alterations in the
mitochondria may be caused by changes to the ER. In addition,
microtubule and microfilament content increased following
isoflurane exposure; microtubules are an important compo-
nent of the cytoskeleton, which are associated with mitosis,
intracellular translocation, overall cellular morphology, cell
markers, and various other functions. The structural integrity
of microtubules is the basis of nutrient transport between the
nerve cell body and axons. Several pathological clinical studies
demonstrated that neuritic plaques and hippocampal neurofi-
brillary tangles are associated with dementia severity (21,22).
In the present study typical apoptotic bodies were not detected
by TEM, suggesting that apoptosis may occur at an early stage.

It has long been reported that anesthetics enhance calcium
release via the activation of RyR, which is the other major
calcium release channel complex on the ER (23). Similar to
IP3R, RyR has an important role in normal cell function and
various neurodegenerative diseases. Since IP3R and RyR
interact, it remains unclear as to whether one or both of these
receptors are direct targets of isoflurane; however, calcium
influx from the extracellular space also has a role in isoflu-
rane cytotoxicity (13). Memantine is a noncompetitive partial
antagonist of N-methyl-D-aspartate receptor (NMDAR),
which inhibits calcium influx and markedly suppresses
isoflurane-induced apoptosis and cell death (24). Further
studies are required to investigate how calcium release from
the ER and calcium influx from the extracellular space may
contribute to anesthetic-associated toxicity.

The present study only focused on an APP mutation;
however, there are other factors that contribute to neuro-
degeneration in AD. These include tau, presenilin, various
secretases, apolipoprotein E, and perhaps heat shock proteins
and ferritins. Several of these factors may be modulated by
calcium (25-27).

A presenilin-1 mutation has been reported to render
neurons susceptible to isoflurane toxicity by inducing abnormal
calcium release from the ER via activation of IP3R (28).
The measurements of intracellular calcium conducted in the
present study were limited to the cytosolic compartment;
therefore, secondary or primary alterations in Ca** levels may
be occurring in the ER and mitochondria. Further studies are
required to clarify the effects of volatile anesthetics on calcium
dynamics in these organelles.

SH-SYS5Y cells are not neurons; therefore, their sensitivity
to isoflurane exposure may differ, and the concentration
and duration of isoflurane exposure required to induce cell
apoptosis may be different. The results of the present study
were from cultured cell lines, more studies are required
in animals, such as rodents and primates, to investigate the
effects of isoflurane exposure on animal memory, cognition
and behavior.

In conclusion, the present study demonstrated that an APP
mutation associated with familial AD may render SH-SY5Y
cells more vulnerable to isoflurane-induced cytotoxicity.
Calcium release from IP3R on the ER may underlie the cyto-
toxic effects of isoflurane. Notably, pharmacological inhibition
of IP3R attenuated isoflurane-induced cell apoptosis. Further
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investigation into the cytotoxic effects of isoflurane is required
in animal models and in patients with risk factors for, or symp-
toms of AD. These findings may improve the decision-making
capabilities of anesthesiologists with regards to the use of
inhalational anesthetics in the elderly population.
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