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Abstract
A brief exposure to isoflurane prior to brain ischemia reduces ischemic brain injury in rodents.
Here we showed that exposure of rat cerebral cortical neuronal cultures to 2% isoflurane for 30
min at 24 h before a 2-h oxygen-glucose deprivation (OGD) reduced the OGD-induced cell injury.
This effect was abolished by HA14-1, a selective inhibitor of B-cell lymphoma 2 (Bcl-2) protein.
Bcl-2 is well-known for its anti-apoptotic property. HA14-1 alone did not change OGD-induced
cell injury. OGD reduced the expression of Bcl-2 in these neurons. This reduction was attenuated
by isoflurane preconditioning. These results suggest that isoflurane preconditioning-induced
neuroprotection is mediated by Bcl-2.
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1. Introduction
Ischemic brain injury is a fundamental pathophysiological process underlying various
diseases, such as stroke and brain trauma. Thus, identifying methods to reduce ischemic
brain injury has been a research focus in the scientific community. One of these methods is
preconditioning that involves application of a preconditioning stimulus or drugs prior to an
insult to reduce the insult-induced cell injury (Gidday 2006). We and others have shown that
commonly used volatile anesthetics can induce a preconditioning effect in animal brains
(Kapinya et al., 2002; Li et al., 2008; Li and Zuo 2009; Zheng and Zuo 2004). This form of

Address correspondence to: Dr. Zhiyi Zuo, Department of Anesthesiology, University of Virginia Health System, 1 Hospital Drive,
PO Box 800710, Charlottesville, Virginia 22908-0710, USA. Tel: 434-924-2283, Fax: 434-924-2105, zz3c@virginia.edu.
^Drs. M-S Gwak and L Cao contributed equally to this study.
Conflicts of interest
We have no conflicting or competing interests.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Environ Toxicol Pharmacol. Author manuscript; available in PMC 2012 January 1.

Published in final edited form as:
Environ Toxicol Pharmacol. 2011 January 1; 31(1): 262–265. doi:10.1016/j.etap.2010.10.009.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



neuroprotection may have a significant implication in the perioperative period if this
protection can be demonstrated in humans.

Our previous studies have suggested a role of B-cell lymphoma 2 (Bcl-2) protein (Li et al.
2008; Li and Zuo 2009; Zhao et al., 2007), an anti-apoptotic protein (Yang et al., 1997), in
the isoflurane preconditioning-induced neuroprotection because isoflurane increased the
Bcl-2 expression in rat brain. We designed this study to test the hypothesis that Bcl-2
mediates isoflurane preconditioning-induced neuroprotection.

2. Materials and Methods
The animal protocol was approved by the institutional Animal Care and Use Committee of
the University of Virginia (Charlottesville, VA, USA). All animal experiments were
conducted in accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals (National Institutes of Health publication No. 80-23) revised in 1996.

2.1. Primary neuronal culture
Cerebral cortical neuron cultures were prepared as we described previously (Zuo et al.,
1999). Briefly, cerebral hemispheres of 16- to 18-day gestation Sprague–Dawley rat fetuses
were isolated and finely minced in Dulbecco’s phosphate-buffered saline (D-PBS) on ice.
They were digested by 5 mg/ml trypsin in Dulbecco’s modified Eagle’s medium (DMEM)
for 25 min at 37°C and then triturated with a “fire-polished” Pasteur pipette into DMEM
containing 1 M N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), 10% Ham’s
F12 medium, 10% heat-inactivated fetal calf serum, 100 μg/ml streptomycin and 100 U/ml
penicillin. Cells were plated in the same medium at a density of 3×106 cells/well of six-well
tissue culture plates that had been precoated with 20 μg/ml poly-L-lysine. The culture plates
were placed in a humidified incubator at 37°C in 5% CO2 in air. The medium was changed
every two or three days. Cytosine β-D-arabino-furenoside (10 μM) was added to thecultures
for 24 h to inhibit glial cell proliferation on day 4 or 5. They then were cultured in the same
medium but without Ham’s F-12 to eliminate glutamate in the medium. Cells were used for
experiments after 8 days in culture.

2.2. Isoflurane preconditioning and OGD
Isoflurane preconditioning was performed in an airtight chamber with 2% isoflurane for 30
min in 5% CO2-95% air at 37°C as we described before (Xu et al., 2008). Cells were treated
identically but without isoflurane for the groups that did not need isoflurane preconditioning.

OGD was performed at 24 h after isoflurane preconditioning. As we described before (Kim
et al., 2009b), OGD was applied by replacing the culture medium with glucose-free buffer
containing 154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO3, 3.6 mM CaCl2 and 5.0 mM
HEPES at pH 7.4. This buffer was pregassed with 100% N2 for 5 min. The cells were placed
in an airtight chamber that was gassed with 100% N2 for 10 min. After confirmation of
hypoxia (< 1% oxygen content) in the chamber gas, the chamber was closed and kept at
37°C for 2 h. Cells in the groups that did not need OGD were incubated in the same solution
but containing 4.5 g/L glucose under normoxic conditions. After OGD, the buffer was
replaced with fresh culture medium. The cultures were maintained under their normal
culture conditions for 24 h before they were used for lactate dehydrogenase (LDH) release
assay or 3 h before they were harvested for western analysis.

Ethyl 2-amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-4H-chromene-3-carboxylate) (HA
14-1), a selective Bcl-2 inhibitor (Wang et al., 2000), was added to make a final
concentration of 7.5 μM just before the OGD and was present throughout the 24-h after the
OGD.
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2.3. Lactate dehydrogenase activity assay
The LDH activity assay was based on the cleavage of a tetrazolium salt by LDH. The assay
was performed as we described before (Kim et al., 2009a). The amount of LDH in the
culture medium (released LDH) and in the cells (intracellular LDH that was measured after
the cells were lyzed by 0.5% Triton X-100™ solution) was quantified. The percentage of
released LDH in the total LDH (released LDH plus intracellular LDH) was calculated and
used to reflect the cell injury.

2.4. Western analysis
Twenty microgram proteins per lane of cell lysates were subjected to 15% sodium
dodecylsulfate-polyacrylamide gel electrophoresis and then transferred onto a
polyvinylidene fluoride membrane. After incubation with PBS containing 5% nonfat milk
and 0.1% Tween-20 for 1 h at room temperature, the membrane was probed with various
primary antibodies in PBS containing 0.1% Tween-20 overnight at 4°C. The primary
antibodies used were mouse monoclonal anti-Bcl-2 antibody (1:200 dilution, catalog
number: ab16904, Abcam, Cambridge, MA), mouse monoclonal anti-Bax antibody (1:200
dilution, catalog number: sc-23959, Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit
polyclonal anti-actin antibody (1:1000 dilution, Catalog number: A2066, Sigma Chemical,
St Louis, MI). Appropriate secondary antibodies were used and the protein bands were
visualized with the enhanced chemiluminescence methods using a Genomic and Proteomic
Gel Documentation (Gel Doc) Systems from Syngene (Frederick, MD). The densities of
Bcl-2 and Bax protein bands were normalized to those of actin in the same sample to control
for variations in protein loading and transferring during western analysis. The results from
cells exposed to OGD or isoflurane preconditioning plus OGD were normalized to the
corresponding data of control cells in the same experiment.

2.5. Statistical analysis
Data are presented as means ± SD and were analyzed by one-way analysis of variance
followed by the Student-Newman-Keul’s test for post hoc comparison. A P < 0.05 was
considered as significant.

3. Results
A 2-h exposure to OGD significantly increased LDH release from the neuronal cultures,
suggesting that OGD caused cell injury. This injury was reduced significantly by isoflurane
preconditioning. Although the degree of cell injury was not different between OGD alone
and OGD plus HA14-1, HA14-1 abolished isoflurane preconditioning-induced
neuroprotection (Fig. 1).

OGD significantly reduced Bcl-2 expression in these cortical neuronal cultures. This
reduction was attenuated by isoflurane preconditioning (Fig. 2). The expression of Bax was
not affected by OGD or isoflurane preconditioning (Fig. 2).

4. Discussion
We and others have shown that isoflurane preconditioning-induced neuroprotection in
rodents under in vivo conditions (Kapinya et al. 2002; Li et al. 2008; Zheng and Zuo 2004).
Our current results showed that isoflurane preconditioning also induced a protection in
neuron-rich cultures, consistent with previous studies (Kapinya et al. 2002; McMurtrey and
Zuo 2010). These results suggest that isoflurane may directly precondition the neurons to
protect them against detrimental insults, such as ischemia/OGD.
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Preconditioning-induced protection has two temporal phases (Dirnagl et al., 2003). The
acute phase starts a few minutes after the preconditioning stimulus and lasts for a few hours.
This phase of protection usually involves functional changes of existing proteins in the cells.
The delayed phase occurs a few hours after the preconditioning stimulus and can last for
days or even weeks. This protection is often mediated by increased expression of protective
proteins (Dirnagl et al. 2003). We have shown that isoflurane can increase Bcl-2 expression
in rat brain (Li et al. 2008; Li and Zuo 2009). Inhibition of inducible nitric oxide synthase
inhibits isoflurane preconditioning-induced neuroprotection and increase of Bcl-2
expression (Zhao et al. 2007). These results, along with the knowledge that Bcl-2 is a
protective protein (Yang et al. 1997), suggest a role of Bcl-2 in isoflurane preconditioning-
induced neuroprotection. Our current study showed that OGD reduced Bcl-2 expression and
that isoflurane preconditioning preserved Bcl-2 expression in cells subjected to OGD. In
addition, HA14-1, a specific Bcl-2 inhibitor (Wang et al. 2000), abolished isoflurane
preconditioning-induced neuroprotection in the neuronal cultures. These results provide
stronger and more direct evidence for Bcl-2 to mediate the isoflurane preconditioning-
induced neuroprotection.

One of the important mechanisms for Bcl-2 to provide protection is to block cytochrome c
release from the mitochondria and, therefore, to prevent the activation of apoptotic pathways
(Cahill et al., 2006; Ferrer and Planas 2003). This effect may be due to its binding to
damaging proteins, such as Bax, to prevent these damaging proteins to form pores in the
mitochondrial membrane (Cahill et al. 2006; Ferrer and Planas 2003). These pores can allow
cytochrome c release from the mitochondria. HA14-1 is a small non-peptide ligand that can
bind the Bcl-2 surface pocket. This binding blocks Bcl-2 to bind with the damaging proteins
including Bax and, thus, inhibits the protective effects of Bcl-2 (Wang et al. 2000). In our
study, OGD did not affect the Bax expression but decreased Bcl-2, suggesting a role of
Bcl-2 decrease in the OGD-induced cell injury.
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Fig. 1. Isoflurane preconditioning-induced protection
Rat cerebral cortical neuronal cultures were exposed to or not exposed to 2% isoflurane for
30 min at 24 h before a 2-h oxygen-glucose deprivation (OGD). Lactate dehydrogenase
release was assayed at 24 h after the OGD. Results are means ± SD (n = 30 – 35). * < 0.05
compared with control. ^ P < 0.05 compared with OGD only. # P < 0.05 compared with
isoflurane preconditioning and OGD. Con: control; IsoP: Isoflurane preconditioning.
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Fig. 2. Isoflurane preconditioning-induced perseveration of Bcl-2 expression
Rat cerebral cortical neuronal cultures were exposed to or not exposed to 2% isoflurane for
30 min at 24 h before a 2-h oxygen-glucose deprivation (OGD). Cells were harvested 3 h
after the OGD for western blotting. Results are means ± SD (n = 6) in the bar graphs. * P <
0.05 compared with control. ^ P < 0.05 compared with OGD only. Con: control; IsoP:
Isoflurane preconditioning.
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