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Isoflurane Preconditioning Improves Long-term Neurologic
Outcome after Hypoxic–Ischemic Brain Injury in Neonatal
Rats
Ping Zhao, M.D., Ph.D.,* Longyun Peng, M.D., Ph.D.,† Liaoliao Li, M.D., Ph.D.,† Xuebing Xu, M.D., Ph.D.,‡
Zhiyi Zuo, M.D., Ph.D.§

Background: Preconditioning the brain with relatively safe
drugs seems to be a viable option to reduce ischemic brain
injury. The authors and others have shown that the volatile
anesthetic isoflurane can precondition the brain against isch-
emia. Here, the authors determine whether isoflurane precon-
ditioning improves long-term neurologic outcome after brain
ischemia.

Methods: Six-day-old rats were exposed to 1.5% isoflurane
for 30 min at 24 h before the brain hypoxia–ischemia that was
induced by left common carotid arterial ligation and then ex-
posure to 8% oxygen for 2 h. The neuropathology, motor coor-
dination, and learning and memory functions were assayed 1
month after the brain ischemia. Western analysis was per-
formed to quantify the expression of the heat shock protein 70,
Bcl-2, and survivin 24 h after isoflurane exposure.

Results: The mortality was 45% after brain hypoxia–isch-
emia. Isoflurane preconditioning did not affect this mortality.
However, isoflurane preconditioning attenuated ischemia-in-
duced loss of neurons and brain tissues, such as cerebral cortex
and hippocampus in the survivors. Isoflurane also improved
the motor coordination of rats at 1 month after ischemia. The
learning and memory functions as measured by performance of
Y-maze and social recognition tasks in the survivors were not
affected by the brain hypoxia–ischemia or isoflurane precondi-
tioning. The expression of Bcl-2, a well-known antiapoptotic
protein, in the hippocampus is increased after isoflurane expo-
sure. This increase was reduced by the inhibitors of inducible
nitric oxide synthase. Inducible nitric oxide synthase inhibition
also abolished isoflurane preconditioning–induced neuropro-
tection.

Conclusions: Isoflurane preconditioning improved the long-
term neurologic outcome after brain ischemia. Inducible nitric
oxide synthase may be involved in this neuroprotection.

PERINATAL hypoxic–ischemic brain injury is estimated
to occur in 1 of 4,000 births.1 Most of the survivors
(approximately 60%) have long-term neurologic or cog-
nitive disability.1–3 Because of the huge impact on hu-
man health and financial burden on our society, finding
methods to reduce ischemic brain injury has been a

focus of medical research. Many interventions have been
explored for potential neuroprotection. However, clini-
cally practical methods to reduce ischemic brain injury
have not been well established yet.

One of the important advances on ischemic brain in-
jury research in the recent years is the recognition that
ischemic injury is a dynamic process characterized by
ongoing neuronal loss for a long period of time after
ischemia (for weeks in rodents).4,5 Various methods or
approaches have been shown to be neuroprotective in
animal studies. However, few of them are effective in
improving neurologic outcome in clinical studies. One
of the possible reasons for this phenomenon is that
previous animal studies often examined the neurologic
outcome a few days after the brain ischemia and that
human studies frequently evaluated neurologic outcome
a few months later. It is now a well-known phenomenon
that some of the protective methods may just delay cell
death after brain ischemia.6–8 Therefore, it is important
to evaluate the long-term neuroprotective effects of a
method in preclinical studies.

Pretreatment of various organs, including brain, with
brief episodes of ischemia has been shown to reduce
injury after a prolonged episode of ischemia.9 This phe-
nomenon is called ischemic preconditioning. Various
other stimuli, such as hypoxia and hypothermia, have
been shown to induce preconditioning effects.10–13

However, the utility of the preconditioning effects in-
duced by these stimuli in clinical practice is questionable
because of the danger or the complex biologic effects of
the stimuli. We and others have shown that isoflurane
can induce preconditioning effects in the brain.14–16

Isoflurane is a commonly used volatile anesthetic and has
been safely used in clinical practice for decades. We
designed this study to test the hypothesis that isoflurane
preconditioning can improve long-term neurologic out-
come after brain ischemia.

Materials and Methods

The animal protocol was approved by the institutional
Animal Care and Use Committee of the University of
Virginia, Charlottesville, Virginia. All animal experiments
were conducted in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Labora-
tory Animals (National Institutes of Health publication
No. 80-23) revised in 1996. All reagents unless specified
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below were obtained from Sigma Chemical (St. Louis,
MO).

Neonatal Cerebral Hypoxia–Ischemia Model
Cerebral hypoxia–ischemia was induced as we previ-

ously described.17 Briefly, 7-day-old male and female
Sprague-Dawley rats were anesthetized by isoflurane in
30% O2–70% N2, and their left common carotid arteries
were permanently ligated with a double 7-0 surgical silk.
The rats were allowed to awake and were returned to
their cages with the mothers for 3 h. The neonates were
then placed in a chamber containing humidified 8%
O2–92% N2 for 2 h at 37°C. The air temperature in the
chamber was continuously monitored and maintained at
37°C. The chamber was then opened to room air for 15
min, and the animals were returned to their cages.

Isoflurane Preconditioning and Study Groups
Six-day-old rats were placed in a chamber containing

1.5% isoflurane carried by 30% O2–70% N2 for 30 min at
24 h before the cerebral hypoxia–ischemia. The neo-
nates usually started to feed within 30 min after the
isoflurane application. In the first set of experiments, six
groups of neonates were studied: (1) control, (2) 1.5%
isoflurane treatment only, (3) cerebral hypoxia–isch-
emia, (4) 1.5% isoflurane pretreatment and then cerebral
hypoxia–ischemia, (5) 1 mg/kg N-(3-(aminomethyl)ben-
zyl)acetamidine (1400 W; BIOMOL Research Laborato-
ries Inc., Plymouth Meeting, PA) injected intraperitone-
ally 24 h before cerebral hypoxia–ischemia, and (6) 1
mg/kg 1400 W injected intraperitoneally 30 min before
the isoflurane pretreatment and then cerebral hypoxia–
ischemia. Neonates from the same mother were assigned
to these six experimental conditions. Neonates in
groups 2, 4, and 6 were pretreated with isoflurane,
whereas the others from the same mother were placed
in a chamber containing 30% O2–70% N2 but no isoflu-
rane for 30 min and were assigned to groups 1, 3, and 5.

In the second set of experiments, four groups of rats
were studied: (1) control, (2) 1.5% isoflurane treatment,
(3) 200 mg/kg aminoguanidine administered intraperito-
neally 30 min before the isoflurane treatment, and (4) 1
mg/kg 1400 W injected intraperitoneally 30 min before
the isoflurane treatment. Aminoguanidine and 1400 W
were dissolved in normal saline, and the injected volume
was from 0.16 to 0.2 ml per rat. Rats in the control group
and isoflurane treatment only group received 0.2 ml
normal saline at the corresponding times. Aminoguani-
dine and 1400 W are inducible nitric oxide synthase
(iNOS) inhibitors that have been shown to inhibit iNOS
activity in rat brain18 and iNOS-mediated neuroprotec-
tion induced by isoflurane and prenatal hypoxic precon-
ditioning at the regimen used in this study.11,17 The rat
brains were harvested 24 h after isoflurane treatment for
Western analysis.

Mortality and Body Weight Monitoring
Death during the period from the onset of cerebral

hypoxia–ischemia to 1 month afterward was recorded,
and the mortality rate was calculated. Rat body weights
were measured just before and 1 month after the cere-
bral hypoxia–ischemia.

Brain Histopathology
Brain histopathologic evaluation was performed in rats

in the first set of experiments. One month (30 days) after
the cerebral hypoxia–ischemia, rats were euthanized by
isoflurane and transcardially perfused with 30 ml saline.
Brains were removed and stored in 4% phosphate-buff-
ered paraformaldehyde for 4 h at room temperature.
Eight-micrometer-thick cryostat coronal sections at ap-
proximately 3.3 mm caudal to bregma were obtained
and subjected to Nissl staining. These sections were
examined by an observer blinded to the group assign-
ment of the sections. The cerebral cortical and hip-
pocampal areas in each of the hemispheres were mea-
sured by using National Institutes of Health Image 1.60
(Bethesda, MD). The area ratio of the cerebral cortex and
hippocampus in the left hemisphere to those in the right
hemisphere was calculated and used to reflect brain
tissue loss in the left hemisphere after brain hypoxia–
ischemia. Neuronal density in the perirhinal cortex was
determined as follows. A reticle (approximately 0.034
mm2) was used to count cells in the same size area. Nissl
staining–positive cells were counted in the area. Three
determinations, each on different locations in the left
perirhinal cortex, were performed and averaged to yield
a single number (density of the neurons) for the brain
region of each individual rat. The neuronal density in the
right perirhinal cortex was determined in the same way.
The neuronal density ratio in the left/right perirhinal
cortex was then calculated to measure the neuronal loss
after brain hypoxia–ischemia.

Motor Coordination Evaluation
This evaluation was performed just before the rats

were killed for brain histopathology. Rats were placed
on a rotarod whose speed increased from 4 to 40 rpm in
5 min. The latency and the speed of rats’ falling off the
rod were recorded. Each rat was tested three times, and
the speed–latency index (latency in seconds � speed in
rpm) for each trial was calculated. The mean index value
of the three trials was used to reflect the motor coordi-
nation functions of each rat.

Y Maze and Social Recognition
The Y-maze and social recognition tests were per-

formed as described previously19 at 1 day before the rats
were killed for brain histopathology. During Y-maze test,
rats were placed in the center of a symmetrical Y maze
and were allowed to explore freely in the maze for 8
min. The total number and sequence of arms entered
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were recorded. An arm was entered if the hind paws of
the rat were completely in the arm. The percentage
alternation that was the percentage of the number of
entry into all three arms in the maximum possible alter-
nations (the total number of arms entered divided by 3)
was calculated for each rat.

The social recognition task was tested by placing a test
rat in a clean acrylic cage. A male juvenile (3- to 4-week-
old) rat was placed into the cage with the test rat for 2
min. The two rats were separated for 3 h and were
placed together again for 2 min. The duration of social
investigation of the juvenile rat by the test rat during the
two 2-min periods was recorded. Social investigation
behaviors include direct contact with the juvenile for
inspection and close following (� 1 cm) of the juvenile.
If there was any aggressive encounter between the rats,
the experiments were terminated and the data were
excluded from analysis. The ratio of duration of the
social investigation during the second 2-min period in
the duration of the first 2-min period was calculated to
measure the social recognition memory.

Western Blot Analysis
Cerebral cortex and hippocampus were dissected

from the rats in the second set of experiments and were
sonicated in ice-cold 20 mM Tris-HCl (pH 7.5) containing
5 mM Mg Cl2, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 20 �g/ml aprotinin, 1 mM DL-dithiothreitol, and
2 mM sodium orthovanadate. The sample was centri-
fuged at 1,000g at 4°C for 10 min. The protein concen-
trations in the supernatants were determined by the
Lowry assay using a protein assay kit. Equal protein
samples (50 �g per lane) were separated by 12% sodium
dodecyl sulfate–polyacrylamide gels and then electro-
transferred onto nitrocellulose membranes (Bio-Rad,
Hercules, CA). The primary antibodies were rabbit poly-
clonal anti–heat shock protein 70 (HSP70) antibody (1:
1,500 dilution, catalog No. SPA-812; Stressgen, Victoria,
British Columbia, Canada), antisurvivin antibody (1:500
dilution, catalog No. S8191), antiactin antibody (1:2,000
dilution, catalog No. A2066), and mouse monoclonal
anti–Bcl-2 antibody (1:2,000 dilution, catalog No. sc-509;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Protein
bands were visualized by the enhanced chemilumines-
cence detection method with reagents from Amersham
Pharmacia Biotech (Piscataway, NJ). The protein band
volumes were quantified by a densitometry with Image-
Quant 5.0 Windows NT software (Molecular Dynamics,
Sunnyvale, CA). The volumes of Bcl-2, HSP70, and sur-
vivin protein bands were normalized to those of actin to
control for errors in protein sample loading and trans-
ferring during the Western blot analysis. The results in
the groups after isoflurane exposure were then normal-
ized to those of control animals.

Statistical Analysis
Our previous study showed that a 2-h left hemisphere

hypoxia–ischemia reduced the weight of left brain hemi-
sphere by approximately 30% and isoflurane precondi-
tioning decreased this brain loss to approximately 10%
with an SD of approximately 12% when the brains were
examined at 7 days after the brain hypoxia–ischemia.17

Based on these results, it was estimated that 7 rats per
group would be needed to detect the protective effects
(brain loss reduction/brain pathology) of isoflurane pre-
conditioning with a desired power of 80% at an � level
of 0.05 by t test. However, this sample estimate was used
only as a reference in the experimental design of this
study because of the obvious differences in the duration
of observation after brain hypoxia–ischemia (1 week vs.
1 month) and outcome parameters between this study
and our previous study.17

Data are presented as mean � SD. Results of hip-
pocampal and cortical area ratio, neuronal density ratio,
speed–latency index, percentage of alternation, and the
ratio of the investigation times of the different study
groups were compared by one-way analysis of variance
(ANOVA) followed by the Student-Newman-Keuls (SNK)
method or by one-way ANOVA on ranks followed by the
Dunn method as appropriate. The Western blot data
were analyzed by one-way ANOVA on ranks followed by
the Dunn method. The mortality rates among groups
were analyzed by Z test. The comparison of body weight
among groups was performed by ANOVA for repeated
measures followed by the SNK method. P � 0.05 was
considered significant. All statistical analyses were per-
formed with SigmaStat (Systat Software, Inc., Point Rich-
mond, CA).

Results

General characteristics of various study groups in the
first set of experiments are presented in table 1. The
mortality was 45% in rats that had brain hypoxia–isch-
emia for 2 h. This mortality was not significantly altered
by isoflurane preconditioning or application of 1400 W.
The body weight of 7-day-old neonates (just before the
brain hypoxia–ischemia) and 37-day-old neonates (30
days after the brain hypoxia–ischemia) among all study
groups including control rats was not different (table 1).

There were significant differences among the various
groups of rats in the left brain loss/damage as assessed
grossly (fig. 1) or by the ratio of left/right cerebral cor-
tical area (F(5, 45) � 13.82, P � 0.001), hippocampal
area (F(5, 45) � 10.98, P � 0.001), and neuronal density
in the perirhinal cortex (F(5, 45) � 15.61, P � 0.001)
(fig. 2). Brain hypoxia–ischemia caused significant brain
loss/damage in the left hemisphere assessed at 30 days
after the injury (compared with control group by SNK
method, q � 7.75, P � 0.001 for cortical area; q � 8.36,
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P � 0.001 for hippocampal area; and q � 9.49, P �
0.001 for neuronal density in the perirhinal cortex) (figs.
1 and 2). This hypoxia-ischemia–induced brain loss/dam-
age was significantly attenuated by preconditioning with
1.5% isoflurane (comparison between hypoxia–ischemia
and isoflurane preconditioning plus hypoxia–ischemia
by SNK method, q � 3.69, P � 0.033 for cortical area; q
� 3.87, P � 0.043 for hippocampal area; and q � 4.40,

P � 0.016 for neuronal density in the perirhinal cortex)
(fig. 2). These results indicated that isoflurane precondi-
tioning improved neuropathology even at 1 month after
brain hypoxia–ischemia. This isoflurane precondition-
ing–induced improvement was attenuated by the iNOS
inhibitor 1400 W (fig. 1 and 2), suggesting a role of iNOS
in this protection.

The motor coordination functions as reflected by the
speed–latency index in the rotarod test among the rats in
various groups were statistically different (F(5, 112) �
8.66, P � 0.001) (fig. 3). The brain hypoxia–ischemia
impaired motor coordination functions (compared with
control group by SNK method, q � 4.53, P � 0.005).
This impairment was significantly attenuated by isoflu-
rane preconditioning (comparison between hypoxia–
ischemia and isoflurane preconditioning plus hypoxia–
ischemia by SNK method, q � 3.26, P � 0.023) (fig. 3),
suggesting that isoflurane preconditioning improved mo-
tor functions after brain ischemia. The iNOS inhibitor
1400 W abolished this improvement caused by isoflu-
rane preconditioning (comparison between isoflurane
preconditioning plus hypoxia–ischemia and 1400 W
plus isoflurane preconditioning plus hypoxia–ischemia
by SNK method, q � 5.28, P � 0.002), indicating the
role of iNOS in the isoflurane preconditioning–induced
motor coordination improvement. There was no differ-
ence among the rats from various groups in the perfor-
mance of Y maze (by one-way ANOVA on ranks, H5 �
7.82, P � 0.166) or the social recognition tasks (by
one-way ANOVA on ranks, H5 � 4.29, P � 0.509) (fig. 3),
suggesting that brain hypoxia–ischemia or isoflurane
treatment did not affect the performance of rats in the
Y-maze and social recognition tasks. Of note, the total
numbers of arms entered by control rats and rats with
cerebral hypoxia–ischemia only were 15 � 9 and 16 �
12, respectively (P � 0.05), suggesting that cerebral
hypoxia–ischemia did not impair the motor functions
severely enough to affect the performance of rats in the
Y-maze test.

Western analysis showed that there was significant
difference in Bcl-2 expression in the hippocampus

Table 1. General Characteristics

Fate after Brain Hypoxia–Ischemia Body Weight of the Survivors, g

Dead Survived Mortality, % 7 days old 37 days old

Control 0 24 0 13.7 � 1.9 143 � 30
1.5% Iso 0 23 0 13.7 � 1.4 150 � 35
HI 25 30 45* 14.3 � 2.0 161 � 23
1.5% Iso � HI 38 30 56* 14.4 � 2.0 144 � 35
1400 W � HI 9 9 50* 14.9 � 1.7 156 � 13
1400 W � 1.5% Iso � HI 9 9 50* 14.9 � 1.2 153 � 5

Values (body weight) are mean � SD.

* P � 0.05 compared with control.

1400 W � 1 mg/kg N-(3-(aminomethyl)benzyl)acetamidine injected intraperitoneally; HI � brain hypoxia–ischemia that was induced by left common carotid artery
ligation plus hypoxia with 8% O2 for 2 h at 37°C to 7-day-old rats; Iso � isoflurane for 30 min.

Fig. 1. Brain hypoxia-ischemia–induced brain tissue loss. Rep-
resentative brains of 37-day-old rats with various treatments.
1400 W � 1 mg/kg N-(3-(aminomethyl)benzyl)acetamidine in-
jected intraperitoneally 30 min before the isoflurane exposure
or 24 h before the cerebral hypoxia–ischemia; Con � control;
HI � cerebral hypoxia–ischemia that was induced by left com-
mon carotid artery ligation plus hypoxia with 8% O2 for 2 h at
37°C to 7-day-old rats; Iso � 1.5% isoflurane for 30 min.
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among the various groups (by one-way ANOVA on ranks,
H3 � 13.18, P � 0.004). Isoflurane significantly in-
creased the expression of Bcl-2 in the hippocampus
(comparison between control and isoflurane exposure
groups by Dunn method, Q � 2.98, P � 0.05). This
increased expression was decreased by aminoguanidine
and 1400 W, two iNOS inhibitors, suggesting that isoflu-
rane-induced Bcl-2 expression was iNOS dependent (fig.
4). Isoflurane exposure did not change the expression of
survivin and HSP70 in the hippocampus or cerebral
cortex (fig. 4).

Discussion

Early studies showed infarct maturation after 2 days in
rat models of stroke.20,21 Studies in the recent years have
shown that ischemic injury is a dynamic process charac-
terized by ongoing neuronal loss for at least 14 days after
ischemia in rodents.4,5 Protective methods, such as
postinjury mild hypothermia, reduced brain injury eval-
uated a few days after the ischemia but did not show
protection when the evaluation was performed 1 month
after the brain ischemia.7,8 These studies underscore the
importance of examining the long-term neurologic out-
come of any protective methods. Our study showed that
isoflurane preconditioning reduced cerebral cortical and
hippocampal loss and improved motor coordination
functions at 1 month after the brain hypoxia–ischemia.

These results suggest that isoflurane preconditioning im-
proves the long-term neurologic outcome after brain
ischemia.

We used 1.5% isoflurane in this study. This concentra-
tion was the highest concentration that did not signifi-
cantly affect the blood gases and pH but induced pre-
conditioning effects on the brain in our previous study
using the same animal model.17 One minimum alveolar
concentration (the concentration to inhibit 50% of sub-
jects to respond to surgical stimuli) of isoflurane is 1.12%
and 1.15%, respectively, for adult rats and humans22,23

and 1.6% for human neonates.24 Therefore, the isoflu-
rane concentration used in this study is clinically rele-
vant.

We ligated one common carotid artery and then ex-
posed 7-day-old neonates to 8% oxygen to induce hy-
poxic–ischemic brain injury. This is a widely used animal
model to simulate human perinatal brain ischemia.25 The
maturation of the brain in the 7-day-old rat is similar to
that of human newborn brain.25,26 Perinatal brain isch-
emia in human is often caused by brain ischemia super-
imposed on severe systemic hypoxia.27 Therefore, the
brain injury in the animal model used in our study shares
many features of the human perinatal brain injury.

We monitored the mortality and body weight gain to
measure the general well being of the rats in each study
group. The hypoxic–ischemic injury caused 45% mortal-
ity and isoflurane preconditioning did not affect this

Fig. 2. Isoflurane preconditioning re-
duced brain hypoxia-ischemia–induced
neuropathology. (A) Representative coro-
nal sections at approximately 3.3 mm
caudal to bregma from 37-day-old rats
and after Nissl staining. (B) Area ratio of
left/right cerebral cortex. (C) Area ratio
of left/right hippocampus. (D) Neuronal
density ratio in the left/right perirhinal
cortex. Results are mean � SD (n �
6–11). * P < 0.05 compared with control.
# P < 0.05 compared with cerebral hy-
poxia–ischemia only. 1400 W � 1 mg/kg
N-(3-(aminomethyl)benzyl)acetamidine
injected intraperitoneally 30 min before
the isoflurane exposure or 24 h before
the cerebral hypoxia–ischemia; Con �
control; HI � cerebral hypoxia–ischemia
that was induced by left common carotid
artery ligation plus hypoxia with 8% O2

for 2 h at 37°C to 7-day-old rats; Iso �
1.5% isoflurane for 30 min.
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mortality rate. These results are consistent with those of
our previous report.17 The body weights of the survivors
at the end of the study in all four groups are not signif-
icantly different, suggesting the body weight gain is not
a sensitive parameter to reflect the degree of brain injury
in this animal model. These results are also similar to our
previous data.17

We quantified hypoxia-ischemia–induced brain loss by
the cortical and hippocampal area and neuronal density
in the perirhinal cortex at approximately 3.3 mm caudal
to bregma. The section at this level was used to reflex
the brain injury because this section contains hippocam-

pus and the degree of brain injury was similar in sections
from 1 mm rostral to 5 mm caudal to bregma in this brain
hypoxia–ischemia model.28 We chose to count neuronal
density in the perirhinal cortex because this brain region
is easily recognized and localization of this region in
brain sections can be very accurate. Blood supply of the
perirhinal cortex is mainly from the ipsilateral internal
carotid artery. Therefore, significant neuronal injury in
the perirhinal cortex was anticipated in our newborn
rats after the cerebral hypoxia–ischemia. Our study
showed that the cortical and hippocampal area and the
neuronal density in the perirhinal cortex of the ischemic
hemisphere were significantly decreased by the hypoxi-
a–ischemia and this decrease was attenuated by isoflu-
rane preconditioning. These results are strong evidence
that isoflurane preconditioning improves neuropatho-
logical outcome at 1 month after brain hypoxia–isch-
emia.

Two types of neurologic functions were monitored in
our study. The motor coordination functions of the rats
were assayed by the rotarod test. Hypoxic–ischemic
brain injury significantly reduced the duration and speed
that the rats could stay on the rotarod compared with
control rats, suggesting that these rats had impaired
motor coordination functions. Rats preconditioned by
isoflurane before the hypoxic–ischemic injury per-
formed better than rats subjected to hypoxic–ischemic
injury only. Therefore, isoflurane preconditioning im-
proves not only the neuropathologic outcome but also
neurologic functions after brain ischemia.

The learning and memory functions were evaluated by
the Y-maze and social recognition tasks. These two tasks
are very sensitive for measuring early learning and mem-
ory deficits.19 The social recognition tests rats to identify
and remember con-specifics, whereas the spontaneous
alternation Y maze assesses spatial working memory.
Because these two tasks measure hippocampus-depen-
dent learning and memory functions19 and the hip-
pocampus in the ischemic hemisphere in our model was
obviously injured, one would expect that the rats after
hypoxic–ischemic brain injury would have had worse
performance than did control rats in the Y-maze and
social recognition tasks. To our surprise, there was no
significant difference in the performance of these two
tasks among the six groups of rats. Poor performance on
water maze tasks that examine long-term spatial learning
and reference memory was found with the neonatal rats
after hypoxic–ischemic brain injury.29 However, the per-
formance of those rats on eight-arm maze tasks that test
long-term reference memory and short-term working
memory was not significantly different from the control
rats in the same study.29 The reasons for the apparent
discrepancy of the findings from water maze and eight-
arm maze tasks in this previous study and the obvious
brain structure injury and the maintained learning and
memory functions assayed by the Y-maze and social

Fig. 3. Isoflurane preconditioning improved motor coordina-
tion after brain hypoxia–ischemia. (A) Speed–latency index of
37-day-old rats with various treatments in the rotarod test. (B)
Percentage of alternation of 37-day-old rats with various treat-
ments in the Y-maze test. (C) Ratio of the investigation times in
the second trial over those in the first trial. Results are mean �
SD (n � 9–30). * P < 0.05 compared with control. # P < 0.05
compared with cerebral hypoxia–ischemia only. ^ P < 0.05
compared with isoflurane preconditioning plus cerebral hy-
poxia–ischemia. 1400 W � 1 mg/kg N-(3-(aminomethyl)benzy-
l)acetamidine injected intraperitoneally 30 min before the
isoflurane exposure or 24 h before the cerebral hypoxia–isch-
emia; HI � cerebral hypoxia–ischemia that was induced by left
common carotid artery ligation plus hypoxia with 8% O2 for 2 h
at 37°C to 7-day-old rats; Iso � 1.5% isoflurane for 30 min.
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recognition tasks in our study are not known. Y-maze,
social recognition, and eight-arm tasks are nonstressful,
and the water maze test is stressful. One explanation for
the discrepancy is that rats after hypoxic–ischemic brain
injury can compensate well with various mechanisms,
such as through the functions of the nonischemic hemi-
sphere, in performing nonstressful tasks but not perform
well in the stressful tasks that measure the learning and
memory functions.

It has been proposed that delayed neuroprotection
that occurs a few hours after the application of precon-
ditioning stimuli involves synthesis of protective pro-
teins.30 Bcl-2 can reduce ischemia-induced increase of
mitochondrial membrane permeability and cytochrome
c release from the mitochondrion.31 The released cyto-
chrome c will bind with protease-activating factor 1 to
form the apoptosome that will activate caspase 9. This
process ultimately will activate caspase 3 to induce cell
apoptosis. Bcl-2 can bind with the C terminus of pro-
tease-activating factor 1 to inhibit the association of
caspase 9 with protease-activating factor 1.32–34 Thus,
Bcl-2, via acting on various steps, inhibits apoptosis and
is a protective protein. Our results showed that rats
exposed to isoflurane had an increased Bcl-2 in the
hippocampus and this increase was inhibited by amino-
guanidine and 1400 W, two iNOS inhibitors. Isoflurane
preconditioning–induced neuroprotection observed 1
week after the brain ischemia was shown to be iNOS

dependent in our previous study using the same animal
model.17 In this study, 1400 W abolished the isoflurane
preconditioning–induced neuroprotection. Therefore,
our results suggest that the increased Bcl-2 expression
contributes to the neuroprotection induced by isoflu-
rane preconditioning. Consistent with this idea, it is
known that brain injury in the neonatal brain hypoxia–
ischemia model is caused, at least partly, by apopto-
sis.35,36 Our results also suggest a link between iNOS and
Bcl-2. Nitric oxide can induce Bcl-2 expression.37 Nitric
oxide produced by iNOS can activate signal transducer
and activator of transcription 3,38 a transcription factor
that increases Bcl-2 expression.39 These previous stud-
ies, along with the results presented here, suggest that
iNOS is a signaling molecule upstream of Bcl-2 to medi-
ate isoflurane preconditioning–induced neuroprotec-
tion.

Survivin is a member of the inhibitor of apoptosis gene
family and may be through its association with caspases
to inhibit apoptosis.40,41 Our results showed that isoflu-
rane exposure did not alter the expression of survivin in
the cerebral cortex and hippocampus of rats, suggesting
that isoflurane preconditioning–induced neuroprotec-
tion does not involve survivin. Isoflurane exposure also
did not change the expression of HSP70. HSP70 is mo-
lecular chaperons for damaged proteins and can be in-
duced by various stress stimuli to provide protec-
tion.42,43 Our results indicate that HSP70 is not involved

Fig. 4. The effects of isoflurane on the expression of heat shock protein 70 (HSP70), Bcl-2, and survivin proteins in the cerebral
cortex and hippocampus of 7-day-old rats. Six-day-old rats were exposed to 1.5% isoflurane for 30 min, and the cerebral cortex and
hippocampus were removed for Western analysis at 24 h after the isoflurane exposure. (A and C) A representative film image of the
bands. (B and D) The graphic presentation of HSP70, Bcl-2, and survivin protein abundance quantified by integrating the volume of
bands from 5–10 rats for each experimental condition and normalizing the data by those of actin. Values in graphs are mean � SD
of the fold changes over the controls, with the controls being set as 1. * P < 0.05 compared with controls. # P < 0.05 compared with
isoflurane only. 1400 W � Iso � 1 mg/kg N-(3-(aminomethyl)benzyl)acetamidine (1400 W) injected intraperitoneally 30 min before
the isoflurane exposure; Ag � Iso � 200 mg/kg aminoguanidine injected intraperitoneally at 30 min before the isoflurane exposure;
Iso � 1.5% isoflurane for 30 min.
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in the isoflurane preconditioning–induced neuroprotec-
tion. However, caution should be exercised regarding
the suggestion of noninvolvement of survivin and HSP70
in the isoflurane preconditioning–induced neuroprotec-
tion because the expression change of these two pro-
teins may occur at other time points after isoflurane
preconditioning. We chose to quantify protein expres-
sion at 24 h after isoflurane exposure in this study be-
cause we subjected the rats to the brain hypoxic–isch-
emic injury at this time point and reasoned that the
involved protective proteins should be expressed at this
time to reduce brain injury.

In summary, we have shown that preconditioning with
isoflurane at a clinically relevant concentration can in-
duce a long-lasting neuroprotection in rats. This effect
may involve an increased expression of Bcl-2. Because
isoflurane is a commonly used and relatively safe drug,
our finding may have implications in clinical situations
that brain ischemia occurs as a planned or anticipated
event, such as perceived difficult labor with potential
newborn brain ischemia, newborns for open heart sur-
gery and newborns with high risks of intraventricular or
periventricular hemorrhage.
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