Genetics and Molecul

Online Journal

Mechanisms of cytotoxicity induced by the
anesthetic isoflurane: the role of inositol
1,4,5-trisphosphate receptors

W.-H. Zhai', J. Zhao?, S.-P. Huo?, X.-G. Chen?, Y.-D. Li!, Z.-L. Zhang!,
L.-L. Yu4, S. Song® and Q.-J. Wang?

"Department of Anesthesiology, Affiliated Hospital of Jining Medical University,
Jining, China

2Department of Cell Biology, School of Basic Medical Sciences,

Hebei Medical University, Shijiazhuang, Hebei, China

*Department of Anesthesiology, Third Hospital of Hebei Medical University,
Shijiazhuang, Hebei, China

‘Department of Anesthesiology, Cangzhou Central Hospital, Cangzhou, China
SDepartment of Anesthesiology, Yuhuanding Hospital, Yantai, China

Corresponding author: Q.-J. Wang
E-mail: giujunwang@126.com

Genet. Mol. Res. 14 (2): 6929-6942 (2015)
Received October 11, 2014

Accepted December 16, 2014

Published June 26, 2015

DOI http://dx.doi.org/10.4238/2015.June.26.1

ABSTRACT. Isoflurane can induce widespread cytotoxicity. We
hypothesized that isoflurane induces apoptosis partly by causing
excessive calcium release from the endoplasmic reticulum (ER) via
direct activation of inositol 1,4,5-trisphosphate receptors (IP,R). Rat
pheochromocytoma cells cultured for seven days with nerve growth
factor were divided into four groups: control group (C), IP,R antagonist
group (X), isoflurane group (I) and isoflurane + IP,R antagonist group
(I+X). Groups I and [+X were treated with 1 MAC isoflurane for 12 h.
Groups X and I+X were pretreated with IP,R antagonist. Annexin V/PI
apoptosis and TUNEL assays were performed to evaluate cell apoptosis.
TEM was used to observe changes in cell ultrastructure. Changes in
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calcium concentration ([Ca®"]) in the cytoplasm were measured by flow
cytometry. RT-PCR was performed to evaluate IP,R mRNA expression.
TEM showed that isoflurane treatment altered cell ultrastructure.
Compared to group C, cell apoptosis rate and [Ca**], increased in groups
[and [+X (P <0.05). Compared to group C, [P.R mRNA expression was
lower in group X and higher in group I (P < 0.05). Compared to group
X, cell apoptosis rate, [Ca*"], and IP,R mRNA expression increased in
groups I and [+X (P < 0.05). Compared to group I, cell apoptosis rate,
[Ca*], and IP,R mRNA expression decreased in group I+X (P < 0.05).
These results suggest that exposure to 1 MAC isoflurane for 12 h causes
excessive calcium release partly by direct activation of IP,R on the ER
membrane and triggers cell apoptosis.

Key words: Isoflurane; Apoptosis; Endoplasmic reticulum; Calcium,;
Inositol 1,4, 5-trisphosphate receptors

INTRODUCTION

Annually, more than 200 million people undergo surgery worldwide, most of which is
carried out under general anesthesia using inhalational anesthetics such as sevoflurane, isoflu-
rane and desflurane. Although these anesthetics are generally considered to be safe in clinical
anesthesia, several studies have shown that these agents can cause cell damage, neurode-
generation or postoperative cognitive decline (Yang et al., 2008; Wang et al., 2009; Wei and
Xie, 2009; Zhu et al., 2010; Bittner et al., 2011; Campbell et al., 2011; Zou et al. 2011). The
common inhalational anesthetic isoflurane induces cytotoxicity in both a concentration- and
time-dependent manner in different types of cultured cells.

Isoflurane exposure has been shown to cause cytotoxicity in various tissues and cells,
including hippocampal slices (Wise-Faberowski et al., 2005), lymphocytes (Wei et al., 2008;
Yang et al., 2008), neuroglioma cells (Xie et al., 2006a, 2007), hepatocytes (Mallédant et al.,
1990), gingival fibroblasts (Chang and Chou, 2001), the PC12 neurosecretory cell line (Wei
et al., 2005), and striatal neurons (Wei et al., 2008). Interestingly, these cells have different
intrinsic sensitivity to anesthetic-induced toxicity (Kvolik et al., 2005; Kim et al., 2006; Xie
et al., 2006a, 2006b, 2007).

The mechanisms of isoflurane-induced cell apoptosis are still unclear. Our previous
study demonstrated that exposure to isoflurane at 1 minimal alveolar concentration (MAC) for
12 h or at 2 MAC for 8 h decreased cell viability, and these effects might have been associ-
ated with the disruption of intracellular calcium homeostasis (Wang et al., 2010). Intracellular
calcium homeostasis is primarily regulated by three protein receptors on the endoplasmic
reticulum (ER): inositol 1,4,5-trisphosphate receptors (IP,R), ryanodine receptor (RyR) and
Ca*"-ATPases (Luciani et al., 2009). IP.R and calcium release from the ER are key factors of
intracellular signal transduction. Furthermore, IP,R hyperactivity may induce cell apoptosis.
Zhao et al. (2010) suggested that the hyperactivation of IP,R may play an important role in
intracellular calcium imbalance, but it is still unclear whether this is a direct effect of IP,R.
Therefore, we investigated whether isoflurane induced cell apoptosis via direct overactivation
of IP.R.
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MATERIAL AND METHODS
Trial registration

The trial registration occurred at Third Hospital of Hebei Medical University.
Design

The study design was randomied, placebo-controlled, double blinded.
Ethics

Ethical approval for this study was provided by the Ethical Committee of Third Hos-
pital of Hebei Medical University, Shijiazhuang, China (Chairperson Prof. Yingze Zhang) on
January 8, 2011.

Cell culture

Isoflurane exposure has been shown to cause cell damage in various neuronal and
non-neuronal tissues and cells. We selected the PC12 neurosecretory cell line, because these
cells possess neuroendocrine properties, have a high multiplication rate, and most importantly,
are vulnerable to anesthetic-induced neurotoxicity. PC12 cells were induced to differentiate
by nerve growth factor (NGF) and cultured in DMEM with 10% fetal bovine serum, 5%
horse serum, 4 mM L-glutamine, and antibiotics in a 95% air-5% CO, humidified incubator at
37.5°C. Medium was changed every two days, and cells were passage at ~ 70 to 80% conflu-
ence. Cells were randomly divided into four groups: control group (C), IP,R antagonist group
(X), isoflurane group (I), and isoflurane and IP,R antagonist group (I+X). Before exposure to
isoflurane, medium was changed to non-serum containing DMEM.

Anesthetic exposure

Groups | and [+X were exposed to 1 MAC (1.2%) isoflurane for 12 h in a gastight
chamber inside the incubator, with humidified 5% CO,-21% O,-balanced N, passing through
a calibrated agent-specific vaporizer. The gas phase was imported at the desired concentrations
throughout the experiments using an infrared Ohmeda 5330 agent monitor. Through high-
performance liquid chromatography measurements, others have verified that the anesthetic
concentration in the media is equivalent to the MAC in the gas phase inside the gas chamber
(Nour et al., 2002). Thirty minutes before isoflurane exposure, 100 nM xestospongin C was
added to the medium of groups X and [+X (Oka et al., 2002). Groups C and X were placed
directly in the incubator without any additional treatment.

Analysis of annexin V and propidium iodide (PI) staining
One of the early indications of cell damage is that the phospholipid phosphatidyl-

serine translocates from the inner to the outer leaflet of the plasma membrane. Annexin V, a
phospholipid-binding protein with a high affinity for phosphatidylserine, can bind to phos-
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phatidylserine once it is exposed to an environmental stress. PI can bind to nucleic acids after
penetrating a breached plasma membrane, which occurs in the later stages of cell damage. Im-
mediately after treating the four groups as indicated above, we analyzed the cells with an An-
nexin V/PI apoptosis kit (Multisciences, catalog #: AP 101-30). We collected 1-5 x 10° cells by
centrifugation, re-suspended cells in 500 puL 1X binding buffer, and added 5 pL annexin V-FITC
and 10 pL PIL. The cells were incubated at room temperature for 5 min in the dark, and we then
determined the number of annexin V- and/or PI-positive cells by flow cytometry (FCM).

Detection of apoptosis by the TdT-mediated dUTP nick-end labeling (TUNEL) assay

Apoptosis is characterized by certain morphological features, including membrane
blebbing, nuclear and cytoplasmic shrinkage and chromatin condensation. The TUNEL as-
say is a simple, accurate and rapid method for the detection of apoptotic cells in situ at the
single-cell level by measuring nuclear DNA fragmentation. Biotinylated nucleotide is in-
corporated at the 3'-OH DNA ends using the recombinant terminal deoxynucleotidyl trans-
ferase (r'TdT) enzyme. Using this procedure, apoptotic nuclei are stained dark brown. Cells
were centrifuged, washed in PBS, resuspended and plated on poly-L-lysine-coated slides on
a six-well plate. One day later, cells adhering to the slides were exposed to isoflurane at 1
MAC for 12 h. Immediately after isoflurane exposure, slides were immersed in 10% buff-
ered formalin for 25 min, washed in PBS, and immersed in 0.2% Triton 100X in PBS for 5
min to permeabilize the cells, and 100 pL equilibration buffer were then added. Slides were
then labeled with 100 puL TdT reaction mix for 60 min at 37°C, immersed in 0.3% hydrogen
peroxide for 3-5 min, stained with DAB, and counterstained with methyl green. Stained
cells were observed with a light microscope and the apoptosis index (Al) was calculated.
Al = (number of apoptotic cells/total observed cells number) x 100%. Nuclei with obvious
tan particles were considered a positive indicator of apoptosis. At later stages of apoptosis,
DNA fragments can pass through the nuclear membrane and spread to the cytoplasm, caus-
ing the cytoplasm to stain tan as well. The positive cells were counted in three random high-
power fields (400X) on each slide.

Cell ultrastructure observed with transmission electron microscopy (TEM)

After experimental treatments, cells from groups C and I were collected and fixed in
2.5% glutaraldehyde. After dehydration, soaking, and embedding, samples were sliced and
stained to prepare TEM specimens to observe alterations in the cell ultrastructure.

FCM determination of [Ca™],

[Ca**]. was measured by FCM. Cells were washed and incubated for 24 h at 37°C in
NaCl Ringer’s solution containing 1 mM CaCl, or in Na-gluconate solution (in mM: 125 Na-
D-gluconate, 5 K-D-gluconate, 1 MgSO,, 32 HEPES/NaOH, pH 7.4, 5 glucose) containing
1 mM Ca-D-gluconate,. Cells were then loaded with Fluo3/AM in CaCl, (1 mM)-containing
NaCl or Na-gluconate Ringer’s solution with 2 pM Fluo3/AM. Cells were incubated at 37°C
for 15 min with shaking, washed twice and re-suspended in CaCl, (2 mM)-containing NaCl
Ringer’s solution. Ca?*-dependent Fluo3/AM fluorescence intensity (FI) was then measured in
fluorescence channel FL-1, which represents [Ca*"]..
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Reverse transcription-polymerase chain reaction (RT-PCR)

RT-PCR analysis was performed to determine the expression level of IP,R in the ER.
During the reaction, cDNA of the gene of interest and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were co-amplified in a single PCR reaction. We used the SV total RNA
isolation system (Promega Z3100) to extract total RNA from PC12 cells. Concentration and
purity of RNA were determined by the absorbance values at 260 nm. A reverse transcription
system (Promega A3500) was used to reverse transcribe RNA to cDNA. Reverse transcription
reactions were performed in a 20-uL reaction volume. Conditions of the RT reaction were as
follows: 42°C for 15 min, 95°C for 5 min, and 4°C for 5 min. GoTaq Green Master Mix (Pro-
mega M7122) was used. The primers for IP,R and GAPDH were as follows: IP,R forward:
5'-CAGGTTCAACTGCTGGTTACTAGCC-3', IP,R reverse: 5-GGTCACGCTCGGACCGC
ATC-3', and the product segment was 796 bp; GAPDH forward: 5'-CCCATCACCATCTTCC
AGGAGCG-3', GAPDH reverse: 5-ATGCAGGGATGATGTTCTGGGCTGCC-3', and the
product segment was 412 bp. PCR was run with the following conditions: 94°C for 2 min, 35
cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 1 min, and 72°C for 5 min. PCR products
(5 uL) were loaded on 1% agarose gels, stained with ethidium bromide (EB), and separated by
electrophoresis at 100 V for 30 min until the EB ran through about two-thirds of the gel. The
gel was quantified by densitometry. The expression level of IP,R was quantified relative to that
of GAPDH PCR products. GAPDH expression did not differ between groups.

Statistical analysis

Data were analyzed by the SPSS 13.0 statistics software. All data met the normality
and homogeneity of variance and are reported as means = SD. Data were then analyzed by
one-way ANOVA followed by a Newman-Keuls multiple comparison test. P < 0.05 was con-
sidered to be statistically significant.

RESULTS
Isoflurane induced apoptosis in PC12 cells

Using the annexin V/PI and TUNEL assays, we found that the apoptosis rate increased
in groups I and [+X (P < 0.05), but there was no significant difference in group X (P > 0.05),
as compared to group C. Compared to group X, the apoptosis rate increased in groups I and
[+X (P < 0.05). In addition, compared to group I, the apoptosis rate decreased in group 1+X (P
<0.05) (Table 1, Figure 1-4). These results suggest that 100 nM xestospongin C alone had no
effect on cell apoptosis and that exposure to 1 MAC isoflurane for 12 h induced cell apoptosis,
which might have been associated with IP,R activity. Thus, inhibition of IP,R activity partly
reduced isoflurane-induced cell apoptosis.

Effects of isoflurane on ultrastructure of PC12 cells
The TEM results (Figure 5) showed that cells in group C had a smooth nuclear mem-

brane and slight expansion and degranulation of the ER. In contrast, cells in group I had sig-
nificant morphological alterations. Specifically, the nuclear shape changed, the nuclear chro-
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matin boundary shifted, the perinuclear gap was modestly broadened, the density of ribosomes
increased, the structure of organelles was incomplete, the mitochondria and ER showed a
moderate to high degree of swelling, mitochondrial cristae were disordered, membrane struc-
ture was damaged, and microtubule microfilament contents increased.

Table 1. Comparisons of the apoptosis rate (AR) by annexin V/PI assay, the apoptosis index (AI) by TUNEL
assay, the calcium concentration in the cytoplasm ([Ca*']), and the IP.R mRNA expression in the four groups.

Group C X 1 +X

AR (%, N=6) 25+07 24+08 7.6 £0.7° 5.3 +£0.3%
Al (%, N=18) 49+04 4.7+04 12.1 +1.0® 7.4 +0.3%
[Ca*], (N=6) 93+09 9.4+09 16.1 +£0.8® 13.6 + 0.8
IP.R (N=6) 1.002 + 0.008 0.892 + 0.004° 1.061 £ 0.006™ 0.994 + 0.006"

Data are reported as means + SD. Compared to group C, *P < 0.05; compared to group X, °P < 0.05; compared to
group L, °P < 0.05. Compared to group C, cell apoptosis rate and [Ca*]; increased in groups I and I+X (P < 0.05),
but there was no significant difference in group X (P> 0.05). The IP,R mRNA expression was lower in group X, the
IP.R expression was higher in group I (P < 0.05), but there was no significant difference in group I+X (P > 0.05).
Compared to group X, cell apoptosis rate, [Ca**], and IP,R mRNA expression increased in groups I and I+X (P <
0.05). Compared to group I, cell apoptosis rate, [Ca*"], and the IP,R mRNA expression decreased in group 1+X (P
< 0.05). These results suggest that exposure to 1 MAC isoflurane for 12 h causes excessive calcium release partly
by direct activation of IP,R on ER membranes, thereby triggering cell apoptosis.
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Figure 1. Apoptosis rate determined by the annexin V/PI assay. Annexin V-FITC and PI were used to detect cell
apoptosis, where FITC/PI represents living cells, FITC*/PI" represents early apoptotic cells, FITC/PI" represents
middle-to-late apoptotic cells, and FITC /PI" represents necrotic cells. Xestospongin C (100 nM) had no effect on
cell apoptosis, exposure to 1 MAC isoflurane for 12 h induced cell apoptosis, and inhibition of the activity of IP.R
could partly reduce isoflurane-induced cell apoptosis.
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Figure 2. Comparisons of apoptosis rate of the four treatment groups by the annexin V/PI assay. Data are reported
as means + SD. Compared to group C, *P < 0.05; compared to group X, “P < 0.05; compared to group I,*P < 0.05.

Figure 3. Apoptosis index (Al) determined by the TUNEL Assay (400X). Apoptotic cells are brown, and are
considered as TUNEL-positive cells. The percentage of TUNEL-positive cells on each slice in different planes was
used to determine cell apoptosis. Xestospongin C at a concentration of 100 nM had no effect on cell apoptosis,
exposure to I MAC isoflurane for 12 h induced cell apoptosis, and inhibition of the activity of IP,R could partly
reduce isoflurane-induced cell apoptosis.
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Figure 4. Comparison of apoptosis index (Al) of the four treatment groups by TUNEL assay. Data are reported as
means + SD. Compared with group C, *P < 0.05; compared to group X,*P < 0.05; compared to group I,*P < 0.05.
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i A e
Figure 5. Ultrastructure of PC12 cells determined by transmission electron microscopy (TEM). C,: Group C
(4000X). C,: Group C (15,000X). I,: Group I (4000X). I,: Group I (15,000X). The cells in group C had a smooth
nuclear membrane, and slight expansion and degranulation of the ER. In group I, the nuclear shape changed, the
nuclear chromatin boundary shifted, the perinuclear gap mildly broadened, the density of ribosomes increased,
the structure of organelles was incomplete, the mitochondria and ER showed moderate to high swelling, the crest
of mitochondria were disordered, membrane structure was damaged, and microtubule microfilament content
increased. These ultrastructural changes indicated that exposure to 1 MAC isoflurane for 12 h induced cell injury.
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Isoflurane caused marked elevation in [Ca*],

We observed that compared to group C, [Ca*], increased in groups I and I+X (P <
0.05), but there was no significant difference in group X (P > 0.05). Compared to group X,
[Ca*]. increased in groups I and I+X (P < 0.05), and compared to group I, [Ca*]. decreased
in group [+X (P < 0.05) (Table 1, Figures 6 and 7). These results suggest that 100 nM xesto-
spongin C had no effect on [Ca®'], and that exposure to 1 MAC isoflurane for 12 h elevated
intracellular calcium, which might have been associated with IP,R activity. Inhibition of IP,R
activity reduced the increase in [Ca*"], induced by isoflurane.
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Figure 6. Calcium concentration in cytoplasm ([Ca*"]) measured by flow cytometry (FCM). The positive rate of
[Ca*], loading with Fluo-3/AM was above 99%. X axis is the average value of calcium fluorescence intensity, and
Y axis is cell volume. Xestospongin C (100 nM) had no effect on [Ca*'], exposure to 1 MAC isoflurane for 12 h
induced a marked elevation of [Ca*'],, which may be associated with the activity of IP,R. Inhibition of the activity
of IP,R partly reduced isoflurane-induced increases in calcium.
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Figure 7. Comparisons of calcium concentrations in cytoplasm ([Ca*']) of the four treatment groups. Data are reported
as means = SD. Compared to group C, *P < 0.05; compared to group X, “P < 0.05; compared to group L,*P < 0.05.
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Effects of isoflurane on IP,R mRNA expression

IP.R mRNA expression was lower in group X, higher in group I (P < 0.05), and
unchanged in group I+X (P > 0.05), as compared to group C. Compared to group X, IP,.R
mRNA expression was higher in groups I and I+X (P < 0.05), and compared to group I, IP.R
mRNA expression was lower in group [+X (P < 0.05) (Table 1, Figures 8 and 9). The results
demonstrated that 100 nM xestospongin C downregulated IP,R mRNA expression. Isoflurane
exposure at I MAC for 12 h increased IP,R gene expression, and inhibition of IP R activity did
not completely block isoflurane-induced upregulation of IP.R mRNA expression.

Figure 8. IP.R mRNA expression by RT-PCR. A. Representative gel images of IP,R results from the four treatment
groups. B. Representative gel images of GAPDH (positive control) results from the four treatment groups. The
gray value ratio of the sample and GAPDH strip reflected the mRNA expression. Xestospongin C (100 nM)
downregulated IP.R mRNA expression. Exposure to 1 MAC isoflurane for 12 h increased IP,R gene expression,
and inhibition of the activity of IP,R completely reduced the isoflurane-induced upregulation of IP.R mRNA

expression.
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Figure 9. Comparisons of IP,.R mRNA expression by RT-PCR. Densitometric quantifications of relative band
intensities from RT-PCR for each indicated mRNA. Data are reported as means + SD. Compared to group C, *P <
0.05; compared to group X, “P < 0.05; compared to group I,P < 0.05.
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DISCUSSION

In this study, isoflurane at 1 MAC for 12 h induced cell apoptosis due to the elevation of
[Ca*], and this effect was reversed by the specific IP,R antagonist xestospongin C, suggesting a
role for IP,R in isoflurane-induced cell apoptosis. To our knowledge, this study is the first to dem-
onstrate a direct interaction between isoflurane and IP,R on the ER membrane. Strong evidence
was provided in support of a mechanism by which isoflurane, and perhaps other inhalational anes-
thetics, cause cell apoptosis partly via excessive activation of [P,R. Given that calcium release from
the ER via IP,R plays an important role in many cellular functions, the results of this study may
lead to future work on the pharmacological or side effects of general anesthetics.

Our previous and present studies showed that calcium release from intracellular stores
in the ER seems to contribute to the majority of isoflurane-triggered elevation of [Ca*],, which
was mostly abolished by the IP,R antagonist xestospongin C. Primary rat cortical neurons are
vulnerable to isoflurane cytotoxicity but not sevoflurane cytotoxicity. Dysregulation of cal-
cium rather than changes in reactive oxygen species production underlies the cytotoxic effects
of anesthetics (Wang et al., 2008). The downstream mechanism by which isoflurane induces
apoptosis is relatively unknown. In an earlier study, exposure to 0.6% isoflurane for 24 h in-
creased the viability of primary rat cortical neurons, while exposure to 1.2% isoflurane for 12
or 24 h and to 2.4% isoflurane for 8, 12 or 24 h decreased cell viability, which might have been
related to changes in [Ca*], in the neurons (Wang et al., 2010).

In this study, ultrastructural modifications in cells after exposure to isoflurane, as de-
termined by TEM, showed swelling of the mitochondria and the ER in addition to nuclear
changes. The abnormal changes in the structure of the ER can induce calcium flow into the cy-
toplasm, which can cause the [Ca*]. to quickly increase and participate in inducing apoptosis.
Some studies have proposed that the apoptotic pathway of ER-induced apoptosis ultimately
occurs through the mitochondrial pathway, and thus the abnormal changes of the mitochondria
may be caused by changes in the ER (Ferrari et al., 2010; Ma et al., 2010).

In addition, in this study, microtubule and microfilament content increased after isoflurane
exposure. Microtubules are an important component of the cytoskeleton, and are related to mitosis,
intracellular translocation, overall cellular morphology, cell markers, and a variety of other func-
tions. The structural integrity of microtubules is the basis of nutrient transport between the nerve
cell body and axons in nerve cells. A large number of clinical-pathological studies have shown that
there is a parallel relationship between neuronal density containing neurofibrillary tangles in the
joint cortex and the degree of dementia (Rapp et al., 2008, 2010). In this study, we did not find typi-
cal apoptotic bodies by TEM, suggesting that apoptosis may occur at an earlier stage.

Apoptosis is a form of programmed cell death that can be triggered by various sig-
nals (Elmore, 2007; Giorgi et al., 2008). Broadly speaking, there are three major apoptotic
pathways: the death receptor pathway (Ashkenazi and Vishva, 1998), mitochondrial path-
way (Jeong and Seol, 2008) and ER pathway (Breckenridge et al., 2003). The apoptosis cas-
cade process includes a group of proteolytic enzymes called caspases, which can be activated
by various types of stimulation. Our previously published and current data suggest that the
over-activation of IP,R contributes to isoflurane-induced calcium elevation and cell apop-
tosis. Excessive calcium release from the ER via IP,R could cause calcium overload in the
mitochondria, as well as depletion of ER calcium (Marc and Mark, 2011; Zhivotovsky and
Orrenius, 2011). Furthermore, calcium overload in the mitochondria has been shown to cause
cytochrome c release (Pinton et al., 2008), which can activate caspase-3 (Hanson et al., 2004).

Genetics and Molecular Research 14 (2): 6929-6942 (2015) ©FUNPEC-RP www.funpecrp.com.br



W.-H. Zhai et al. 6940

Thus, excessive and/or prolonged activation of IP,R by isoflurane may result in apoptosis. In
support of this hypothesis, our data clearly showed that prolonged isoflurane exposure caused
cell apoptosis via direct activation of IP,R. In addition, the IP,R antagonist xestospongin C
could reduce the rate of cell apoptosis. On the basis of this, we hope to develop a therapeutic
approach that targets IP,R, and as such, the antagonist should cross the blood-brain barrier
after intraperitoneal injection so that patients undergoing inhalational anesthesia can be pro-
tected from the possible deleterious side effects of prolonged exposure.

It has long been known that anesthetics such as halothane activate RyR, the other ma-
jor calcium release channel complex on the ER (Duke et al., 2010). Like IP,R, RyR also plays
an important role in both normal cell function and various neurodegenerative diseases. Both
IP,R and RyR contribute to the regulation of intracellular calcium homeostasis and may inter-
act with each other to mediate isoflurane-induced cell apoptosis (Luciani et al., 2009). Thus,
studies should investigate the possible interaction between IP,R and RyR during exposure to
inhalational anesthetics.

It is unclear whether all inhalational anesthetics directly activate IP,R. Sevoflurane,
a relatively new inhalational anesthetic, does not induce similar elevations of [Ca*] or neu-
rotoxicity as isoflurane at equipotent concentrations (Wang et al., 2008). Thus, there is the
prospect that other inhalational anesthetics may be less neurotoxic. Ultimately, clinical studies
are required to support this notion.

There are several limitations to the present study. 1) PC12 cells are rat neurosecretory
cells, not neurons. Therefore, the sensitivity to isoflurane exposure may be different, and the con-
centration and time of isoflurane exposure that induces cell apoptosis may be different. 2) All
results are from cultured cell lines. Brambrink et al. (2010) exposed postnatal day 6 rhesus ma-
caque to a surgical plane of isoflurane anesthesia for 5 h, and through biochemical assays revealed
widespread neuroapoptosis affecting all divisions of the cerebral cortex. However, they did not
determine behavioral changes. Thus, more animal studies are needed, in both rodents and primates,
to investigate the effect of isoflurane exposure on animal memory, cognition and behavior.

In summary, our results indicate that exposure to isoflurane may induce excessive cal-
cium release and cell apoptosis via direct activation of IP,R on the ER. More importantly, phar-
macological inhibition of this receptor mostly prevents isoflurane-induced cell apoptosis. This
study provides a mechanism to explain anesthesia-induced cell apoptosis and identifies IP,R as
a potential therapeutic target for prevention of the effects of prolonged exposure to anesthetics.
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