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Abstract Inhalational anesthetic preconditioning can

induce neuroprotective effects, and the notch signaling path-

way plays an important role in neural progenitor cell differ-

entiation and the inflammatory response after central nervous

system injury. This study evaluated whether the neuropro-

tective effect of isoflurane preconditioning is mediated by the

activation of the notch signaling pathway. Mice were divided

into two groups consisting of those that did or did not receive

preconditioning with isoflurane. The expression levels of

notch-1, notch intracellular domain (NICD), and hairy and

enhancer of split (HES-1) were measured in mice subjected to

transient global cerebral ischemia–reperfusion injury. The

notch signaling inhibitor DAPT and conditional notch-RBP-J

knockout mice were used to investigate the mechanisms of

isoflurane preconditioning-induced neuroprotection. Immu-

nohistochemical staining, real-time polymerase chain reac-

tion assays, and Western blotting were performed. Isoflurane

preconditioning induced neuroprotection against global

cerebral ischemia. Preconditioning up-regulated the expres-

sion of notch-1, HES-1, and NICD after ischemic–reperfu-

sion. However, these molecules were down-regulated at 72 h

after ischemic–reperfusion. The inhibition of notch signaling

activity by DAPT significantly attenuated the isoflurane pre-

conditioning-induced neuroprotection, and similar results

were obtained using notch knockout mice. Our results dem-

onstrate that the neuroprotective effects of isoflurane pre-

conditioning are mediated by the pre-activation of the notch

signaling pathway.
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Introduction

The notch signaling pathway is highly conserved and

widely expressed across the animal kingdom. Functionally,

notch plays an important role in cell self-renewal, indi-

vidual growth, and development as well as a range of

physiologic and pathologic processes (Artavanis-Tsakonas

et al. 1999). In the central nervous system, notch is asso-

ciated with the differentiation, maturation, regeneration,

and functional maturation of neural progenitor cells and

has been implicated in neurodegenerative diseases (Yoon

and Gaiano 2005; Gaiano and Fishell 2002). Notch
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signaling, in combination with ciliary neurotrophic factor

(CNTF), causes neural stem cells to generate astrocytes in

the embryonic period (Nagao et al. 2007). However, the

notch protein and its ligands are not only present in

the embryonic stages but are also continuously present in

the adult nervous system (Presente et al. 2001). Hence, the

notch signaling pathway is actively involved in dynamic

changes in the cellular architecture and function of the

nervous system during the entire life span. The binding of

notch ligands to notch receptors leads to the cleavage of

notch receptors and the nuclear translocation of notch

intracellular domain (NICD), which induces the transcrip-

tional activation of notch-targeted genes. The hairy and

enhancer of split-1 (HES-1) directly affects cell fate deci-

sions as a primary target gene of notch signaling (Presente

et al. 2001). The activation of c-secretase results in tran-

sient notch-1 cleavage and increased levels of NICD after

focal cerebral ischemic–reperfusion in the rat, although

notch-1 antisense transgenic mice and normal mice treated

with c-secretase inhibitors exhibit less severe stroke-

induced brain damage and improved functional outcome

(Arumugam et al. 2006). Recently, notch signaling was

discovered to play an important role in the regulation of

neurogenesis and the functional recovery of rodents with

brain damage from stroke (Androutsellis-Theotokis et al.

2006; Yilmaz and Granger 2010).

As a classical inhalational anesthetic, isoflurane is gen-

erally considered to induce ischemic tolerance in the

myocardium, cerebrum, and spinal cord (Redel et al. 2009;

Xiong et al. 2003; Kitano et al. 2007; Sang et al. 2006).

Previously, our laboratory, along with others, showed that

isoflurane preconditioning can induce neuroprotective

effects on focal cerebral ischemia. This neuroprotection

may be mediated by many factors, including antioxidants,

the mitochondrial adenosine triphosphate-sensitive potas-

sium channel, nitric oxide synthase, and excitatory amino

acids (Wang et al. 2008; Matchett et al. 2009). However, it

remains unknown which of these factors are relevant to

acute isoflurane preconditioning-mediated neuroprotection

in the global cerebral ischemia–reperfusion model.

In this study, we investigated the relationship between

changes in the notch signaling pathway and neuroprotec-

tion induced by isoflurane preconditioning. Our hypothesis

was that the neuroprotection of isoflurane preconditioning

is mediated by the pre-activation of the notch signaling

pathway. Considering the pleiotropic functions of the notch

signaling pathway, the effects of cerebral ischemia–reper-

fusion injury on the notch cascade is potentially of great

interest with respect to neuroprotection and neuroregener-

ation strategies.

Materials and Methods

Experimental Protocols

All animal-related procedures were approved by the Ethics

Committee for Animal Experimentation of the Fourth Mil-

itary Medical University (Xi’an, China) and proceeded in

accordance with the guidelines for Animal Experimentation

of the University. Exclude for died or other reasons such as

surgical failure or failure to meet rCBF criteria, 168 male

C57BL/6 mice, aged 12 weeks and weighing 20–24 g, were

used in our experiments and were provided by the Experi-

mental Animal Center of the Fourth Military Medical Uni-

versity. Mice were kept in cages under a controlled-light

environment (lights on from 8:00 a.m. to 8:00 p.m.) and

allowed free access to a rodent diet (standardized rat food is

obtained from the Experimental Animal Center of Fourth

Military Medical University.) and tap water.

The male wild-type (WT) C57BL/6 mice (aged

10–12 weeks, weighing 20–25 g) were provided by the

Experimental Animal Center of the Fourth Military Medical

University. Neuron-specific RBP-J knockout mice were

generated by the Cre/loxP system. Conditional RBP-J allele

(RBP-J floxed) mice were a generous gift from Professor

Hua Han, M.D., Ph.D. (Department of Medical Genetics and

Developmental Biology, Fourth Military Medical Univer-

sity). The CamKIIa-Cre mouse, in which Cre expression is

controlled by the forebrain-specific calcium- or calmodulin-

dependent kinase IIa(CamKIIa) promoter in neuronal cells,

was presented by Gunther Schutz, M.D. (Professor, German

Cancer Research Center, Heidelberg, Germany). By mating

RBP-J-floxed mice with CamKIIa-Cre transgenic mice, we

obtained bitransgenic mice CamKIIa-Cre-RBP-Jflox/flox,

which were then mated with each other to generate RBP-J

knockout mice (CamKIIa-Cre-RBP-Jflox/flox). Male mice

were used for all experiments. Wild-type (WT) and hetero-

zygous (CamKIIa-Cre-RBP-Jflox/-) littermates were used in

the studies as controls. All mice were maintained in a path-

ogen-free environment with a 12-h light/dark cycle, a tem-

perature of 21 ± 2 �C, and a humidity of 60–70 %. (Yang

et al. 2012). The genotypes of the generated mice were

verified by polymerase chain reaction (PCR) analysis (Yang

et al. 2012).

Experiment I

The purpose of this experiment was to investigate the

neuroprotective effects induced by isoflurane precondi-

tioning in a transient global cerebral ischemia mouse

model. Animals were randomly divided into three groups:
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Sham, isoflurane preconditioning ischemia–reperfusion

(Pre-IR), and Control (Con). The mice in the Pre-IR group

were placed in a chamber for isoflurane preconditioning

(98 % O2 and 1.2 % isoflurane) at a rate of 1 h/day for

5 days. The mice in the Con group were placed in the

chamber and inhaled oxygen (98 % O2 and 2 % N2) for

1 h/day for 5 days. At 24 h after the last day of precon-

ditioning and inhalation, mice in the Pre-IR and Con

groups were subjected to bilateral common carotid artery

occlusion (BCCAO) for 20 min. The mice in the Sham

group did not receive preconditioning or artery occlusion

during surgery.

Experiment II

The purpose of this experiment was to observe changes in

the expression of the notch signaling pathway during the

isoflurane preconditioning and ischemia–reperfusion pro-

cesses and to establish the relationship between changes in

notch signaling and the neuroprotective effects induced by

preconditioning. Mice were randomly divided into the

following four groups: Sham, Pre-IR, Con, and isoflurane

preconditioning only (Pre). In this experiment, the Sham

group mice did not receive preconditioning or artery

occlusion during surgery; the mice in the Pre-group only

received successive preconditioning without artery occlu-

sion during surgery.

Experiment III

To evaluate the effects of isoflurane preconditioning-

induced neuroprotection after the notch signaling pathway

was inhibited, mice were injected intraperitoneally with

100 mg/kg DAPT or an equal volume of vehicle (DMSO)

3 h prior to each preconditioning event for 5 days. DAPT

(ALX-270-416-M025; Axxora Bioscience, NY, USA), a

gamma-secretase inhibitor that can inhibit the notch sig-

naling pathway, was dissolved in dimethyl sulfoxide and

then diluted with saline. The DAPT dose and administra-

tion method in this experiment were selected based on the

results of a DAPT inhibitor efficacy validation test con-

ducted in our laboratory as well as the results of previously

published studies (Dovey et al. 2001; Lanz et al. 2003).

Mice were randomly divided into five groups:

DAPT ? Pre-IR, Vehicle ? Pre-IR, DAPT ? Con, Vehi-

cle ? Con, and Sham. The mice in the Sham group were

not administered any drug and did not receive precondi-

tioning or artery occlusion during surgery.

Experiment IV

A conditional RBP-J-knockout approach was used to fur-

ther reveal the role of the notch signaling pathway in

ischemic brain injury. WT, RBP-J knockouts (RBP-J-/-),

and heterozygous littermates (RBP-J?/-) were used. Mice

were divided into five groups: two received 98 % O2 and

2 % N2 inhalation (RBP-J?/- and RBP-J-/-), two received

1.2 % isoflurane and 98 % O2 preconditioning (Pre-

IR ? RBP-J?/- and Pre-IR ? RBP-J-/-), and the WT

group did not receive preconditioning or artery occlusion

during surgery. All mice except the WT group were sub-

jected to ischemia–reperfusion injury at 24 h after the last

preconditioning or inhalation.

A detailed description of the experimental grouping and

protocols is presented in Fig. 1.

Global Cerebral Ischemia and Regional Cerebral Blood

Flow Monitoring

Bilateral common carotid artery occlusion (BCCAO) was

used as a model of global cerebral ischemia (Kitagawa et al.

1998a; Ohtaki et al. 2008). Surgical operation was per-

forming by a person who was blinded to the animal groups.

Mice were anesthetized with 3 % isoflurane. After induction,

isoflurane was maintained at 1.5 %. Isoflurane was delivered

via a face mask that was constructed to fit over the animals’

frontal area. A midline incision was made to the region

between the neck and sternum to expose the trachea. Both the

right and left common carotid arteries were located lateral to

the sternocleidomastoid and were carefully separated from

the surrounding tissues and vagus nerve. Cerebral ischemia

was induced by clamping both of the arteries with two

miniature artery clips. A laser Doppler flowmeter (PeriFlux

system 5000, Perimed, Sweden) was used to measure the

regional cerebral blood flow (rCBF; 2–3 mm lateral to

bregma) from the time of anesthetic induction to 5 min after

reperfusion (Kitagawa et al. 1998b; Wacker et al. 2009). In

our experimental model, only mice whose mean cortical

rCBF was reduced to \ 10 % of the pre-ischemic value were

used for the data analysis. Totally, 22 animals were excluded

for failure to meet rCBF inclusion criteria and 17 mice were

excluded for surgical failure. After 20 min of cerebral

ischemia, the clips were removed from both arteries to allow

for the reperfusion of blood through the carotid arteries.

Sham-operated mice underwent the same surgical procedure

without artery occlusion. The incision was sutured using 4–0

Mersilk (Ethicon, Johnson & Johnson Company, CA, USA).

During the surgical procedure, the pericranial temperature

was monitored using a temperature probe and maintained at

37.0–37.5 �C using a heating pad. After surgery, animals

were placed in a warm environment (30–33 �C) to avoid

biased results due to hypothermia. According to our obser-

vation, except the animals that died during surgery and

failing in making the model, all of the animals in Pre-IR and

Con group survived after ischemia–reperfusion in Experi-

ment I/IV. In addition, two animals died in the Con group,
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one on the second day and the other on the third day in

Experiment II. One animal died in the DAPT Con group on

the third day after ischemia–reperfusion in Experiment III.

Isoflurane Preconditioning and Measurement

of Physiologic Parameters:

Mice from the Pre-IR group in Experiments I, II, III, and IV

were placed in a chamber (containing 1.2 % isoflurane and

98 % O2) for 1 h/day for 5 days as previously described

(Zhang et al. 2010). Mice from the Con group in Experi-

ments I, II, III, and IV were placed in the same chamber

without isoflurane preconditioning (98 % O2 and 2 % N2)

for 1 h/day for 5 days. At 24 h after the last day of pre-

conditioning, mice in the Pre-IR and Con/Vehicle groups

were subjected to BCCAO for 20 min. To avoid the hyp-

oxemia, 12 additional animals were used in a separate

experiment to measure blood gas levels during isoflurane

preconditioning (n = 6) or oxygen inhalation (n = 6).

Blood gas measurements were taken in each mouse at three

time points (before/during and post-preconditioning), that

each animal had a femoral artery catheter placed, that

sampling volume was 0.2 mL, and that a comparable vol-

ume of saline to replace withdrawn blood volume was

injected so as to control for the effects of hypovolemia on

blood pressure. Samples were then measured using a Bayer

Rapidlab 1260 system (Bayer, Leverkusen, Germany).

Neurologic Tests

The treated mice were allowed to recover for 24 h before

subsequent tests. Mice (n = 8) in Experiments I, II, and III

were subjected to a modified neurologic examination

designed to detect motor deficits. Briefly, mice were placed

on a 10- to 20-cm screen (grid size 0.2 9 0.2 cm) that could

be rotated from 0� (horizontal) to 90� (vertical). Mice were

placed on this screen, which was in a horizontal position, and

the screen was then rotated into the vertical plane. The

duration for which each mouse was able to hold on to the

vertical screen was recorded up to a maximum of 15 s

(corresponding to a maximum of three points). Next, the

mouse was placed at the center of a horizontal wooden rod

(1.5 cm in diameter), and the duration that the mouse was

able to remain balanced on the rod was recorded up to a

maximum of 30 s (corresponding to a maximum of three

points). Finally, a prehensile traction test was administered.

The time that the mouse was able to cling to a horizontal rope

was recorded up to a maximum of 5 s (corresponding to a

maximum of three points). From these tests, a total motor

score (9 possible points) was calculated. The neurologic tests

were performed at 24-, 48-, and 72-h post-reperfusion by an

observer who was unaware of the grouping. The total motor

score (TMS), as applied in the current study, has been shown

to be an accurate method for evaluating global cerebral

ischemia injury in mice (Homi et al. 2003; Sheng et al. 1999).

Histologic and Apoptotic Assessments

To evaluate histologic damage, the mice (n = 8) from

Experiments I, III, and IV were killed under deep anesthesia

at 72-h post-reperfusion by perfusion with physiologic saline

solution followed by perfusion with freshly prepared 4 % (v/

v) paraformaldehyde in 0.01 M phosphate-buffered saline

1.2% Iso+98% O2 1h/5d 24h BCCAO 20min

98% O2+2% N2 1h/5d 24h BCCAO 20min

Without Ischemia24h

Pre IR Group

Con     Group

Sham   Group

Experiment I/II

Pre     Group 1.2% Iso+98% O2 1h/5d 2h/24h
used in Experiment II

DAPT  Pre  IR

Vehicle  Pre  IR

DAPT  Con 

Vehicle  Con 

Sham

1.2% Iso+98% O2 1h/5d+DMSO 24h BCCAO 20min

1.2% Iso+98% O2 1h/5d+DAPT 24h

98% O2+2% N2 1h/5d+DMSO 24h BCCAO 20min

98% O2+2% N2 1h/5d+DAPT 24h BCCAO 20min

Without Ischemia24h

BCCAO 20min

Experiment III

RBP-J-/- Pre  IR

RBP-J+/- Pre  IR

RBP-J-/- Vehicle 

RBP-J+/- Vehicle 

Wild-type

1.2% Iso+98% O2 1h/5d 24h BCCAO 20min

1.2% Iso+98% O2 1h/5d 24h

98% O2+2% N2 1h/5d 24h BCCAO 20min

98% O2+2% N2 1h/5d 24h BCCAO 20min

Without Ischemia24h

BCCAO 20min

Experiment 

Fig. 1 Details of the experimental grouping and protocols
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(PBS) buffer (pH = 7.4). Brains were removed and post-

fixed in 4 % (v/v) paraformaldehyde for 6–8 h and then cut

on a freezing microtome (Leica CM 1900, Nussloch, Ger-

many). Backward from the optic chiasm consecutive six

sections (12 lm) that included the dorsal hippocampus were

stained with hematoxylin–eosin, and the pyramidal neurons

of the CA1 region were examined, as these are the neurons

that are most vulnerable to global ischemia–reperfusion

injury (Kitagawa et al. 1998a; Fujii et al. 1997). Viable

neurons were defined as neurons in which a clear nucleus

could be seen, and ischemic damaged neurons were defined

as neurons that exhibited features including pyknosis and

shrunken cell bodies. For the detection of in situ DNA

fragmentation, terminal deoxynucleotidyl transferase

(TdT)-mediated dUTP-biotin nick end-labeling (TUNEL)

staining was performed using an In Situ Cell Death Detection

Kit (Roche Diagnostics, Mannheim, Germany) according to

the manufacturer’s instructions. TUNEL staining was per-

formed on 12-lm-thick frozen coronal consecutive sections

backward from the optic chiasm. The sections were washed

in 0.01 M PBS, pH 7.4, for 5 min, treated with 0.3 % (v/v)

H2O2 for 20 min, rinsed in 0.01 M PBS for 5 min, and then

incubated in the TUNEL reaction mixture for 1 h at 37 �C.

The sections were then rinsed in 0.1 M PBS three times for

5 min and incubated in converter-peroxidase for 30 min at

37 �C. Following three washes in 0.01 M PBS for 5 min,

sections were developed with 3,30-diaminobenzidine for

5 min at room temperature. Six sections per animal were

used for histology and apoptotic assessment at 72 h after

ischemia–reperfusion. Viable neurons were defined as neu-

rons where a clear nucleus could be seen, and ischemic

damaged neurons exhibited features including pyknosis and

shrunken cell bodies. A neuron with a nucleus stained dark

brown was considered a TUNEL-positive cell. By counter-

staining with hematoxylin (a blue dye), viable neurons were

also observed. Viable neurons and apoptotic-positive cells

were counting and statistics by an observer who was blind to

the animal groups, respectively. To minimize variability of

neuron after ischemia-reperfusion, we observed the same

hippocampus CA1 area in 3 different fields for each section

under 400 9 for the analysis. The software we used was

Image-Pro Plus 6. Images of the viable neurons and TUNEL-

positive neurons in the hippocampal CA1 area in each sec-

tion were captured (BX51 microscope; Olympus, Tokyo,

Japan). The data are represented as the number of cells per

mm2.

Dual Immunohistochemical Staining

In Experiment II, we also examined the dorsal hippocam-

pus tissue because of its sensitivity to ischemia–reperfusion

injury and because new neurons can be found in the hip-

pocampal CA1 region post-ischemically (Nakatomi et al.

2002; Oya et al. 2009). The mice (n = 4) from the Sham,

Pre-IR, and Con groups at 2, 24, and 72 h after reperfusion

and from the Pre-group at 2 and 24 h after the last pre-

conditioning step were deeply anesthetized and then tran-

scardially perfused with physiologic saline followed by

4 % (v/v) ice-cold paraformaldehyde in PBS (pH = 7.4).

Brains were post-fixed for 6–8 h in the same fixative at

4 �C and cryoprotected in 15 % (w/v) and 30 % (w/v)

sucrose solutions. Coronal sections (12 lm) were cut on a

freezing microtome (Leica CM 1900, Nussloch, Germany).

After blocking with PBS containing 0.3 % (v/v) Triton

X-100 and 10 % (v/v) normal goat serum, sections were

incubated overnight at 4 �C with primary antibodies for

both antineuronal nuclei mouse monoclonal antibody

(1:2,000, Chemicon, MA, USA) and anti-NICD rabbit

polyclonal antibody (1:500, Abcam, CA, UK). The sections

were washed with PBS and incubated with the secondary

antibody solution TRITC-labeled goat anti-rabbit antibody

(IgG, 1:800, Vector, USA) and FITC-labeled goat anti-

mouse antibody (IgG, 1:800, Vector, USA) at room tem-

perature for 1 h. Three sections per animal were used for

immunohistochemical staining, and four animals were

selected in corresponding time in each group. Finally,

sections were observed, and images were captured using a

fluorescence microscope (BX51; Olympus, Tokyo, Japan).

Western Blotting

In Experiment II, mice (n = 6) from the Sham, Con, Pre-IR,

and Pre-groups were killed at the same time points that were

utilized in the immunohistochemical staining experiments.

Animals were anesthetized and perfused with ice-cold PBS.

Tissue was instantly frozen in liquid nitrogen and stored at

-80 �C. Dorsal hippocampal tissue was homogenized on ice

in lysis buffer containing protease inhibitors. After centrifu-

gation (Allegra 64R Centrifuge, Beckman, CA, USA,

12,000 rpm/s, 10 min), the supernatant was collected and the

protein concentration of each sample was estimated by the

Lowry method using a protein assay kit. Aliquots of lysates

containing 20 lg of protein were separated by electrophoresis

on 8 % gradient sodium dodecyl sulfate–polyacrylamide gels

(SDS–PAGE) and transferred to nitrocellulose membranes

(Bio-Rad Laboratories, Richmond, CA, USA). After blocking

for 1 h at room temperature with 5 % (w/v) skim milk powder,

blots were incubated overnight at 4 �C with the primary rabbit

anti-NICD polyclonal antibody (1:800, Abcam, CA, UK). A b-

actin antibody (1:500; Biosynthesis, Beijing, China, bs-

0061R) was used as an internal control. Anti-rabbit antibody

was used as the secondary antibody, and antigens were

detected using a standard chemiluminescence method (ECL;

Millipore Biotech, Billerica, MA, USA). Image analyses were

performed using computerized analysis software (Bio-Rad

Laboratories, CA, USA).
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Real-Time PCR

In Experiment II, mice (n = 6) from the Sham, Con, Pre-IR,

and Pre-groups were killed at the same time points that were

utilized for immunohistochemical staining. Dorsal hippo-

campal tissue that had been subjected to ischemia–reperfu-

sion was harvested, and total RNA was extracted using

RNAiso Plus (Takara Biotech Corporation) according to a

standard protocol (Livak and Schmittgen 2001). Quantita-

tive PCR was performed using the SYBR Green real-time

PCR method on an Bio-Rad IQ5 real-time PCR instrument

(Applied Biosystems). The following 3-stage program

parameters provided by the manufacturer were used as fol-

lows: 2 min at 50 �C, 10 min at 95 �C, and then 40 cycles of

15 s at 95 �C and 60 s at 59 �C. Each sample was tested in

triplicate, and the analyses of the relative gene protocol

expression data using the 2-DDt method were performed. The

following primers were used for real-time PCR: Notch1

forward, TGC CAG GAC CGT GAC AAC TC; Notch1

reverse, CAC AGG CAC ATT CGT AGC CAT C; HES-1

forward, AAA GAC GGC CTC TGA GCA C; HES-1

reverse, GGT GCT TCA CAG TCA TTT CCA; GAPDH

forward, AGA ACA TCA TCC CTG CAT CC; and GAPDH

reverse, CAC ATT GGG GGT AGG AAC AC.

DAPT c-Secretase Inhibitor Efficacy Validation

In Experiment III, the animals in the inhibitor validation

group (a separate group, n = 3) were intraperitoneally

injected with the inhibitor DAPT (100 mg/kg) and then

killed after 1, 2, 3, 6, 12, or 24 h observe changes in NICD

expression via Western blot analysis.

Statistical Analysis

The statistical analyses were conducted using SPSS 11.0

for Windows software (SPSS Inc., Chicago, IL). All values,

except for total motor scores, are presented as the mean-

s ± the SDs and were analyzed using a one-way analysis

of variance. Between-group differences were detected

based on post hoc Student–Newman–Keuls tests. The total

motor scores are expressed as the medians and were ana-

lyzed using the Kruskal–Wallis test followed by the Mann–

Whitney U test with Bonferroni corrections. Values of

p \ 0.05 were considered statistically significant.

Results

Physiologic Parameters

Changes in blood gas concentrations during isoflurane

preconditioning and oxygen inhalation are observed. There

were no significant differences between the isoflurane

inhalation and oxygen inhalation groups at any time points.

rCBF Measurements

The rCBF was immediately reduced to \ 10 % of the pre-

ischemic baseline after BCCAO and remained constant

during the ischemic period in all animals. After the clips

were removed, and the rCBF returned to pre-ischemic

values within 5 min. There were no significant differences

in the rCBF between the Pre-IR and Con groups (Experi-

ments I/II/III/IV) at any time points.

Isoflurane Preconditioning-Induced Improvements

in Neurologic Function are Compromised by DAPT

and Weakened in RBP-J Knockout Mice

At 24, 48, and 72 h after reperfusion, isoflurane precon-

ditioning significantly improved the TMSs relative to those

of the Con group at the same time points (Fig. 2a,

p \ 0.05). The notch signaling pathway inhibitor DAPT

compromised the beneficial effect of isoflurane precondi-

tioning (p \ 0.05, Vehicle Pre-IR versus DAPT Pre-IR).

Furthermore, the TMSs of the DAPT Con group at 48 and

72 h after reperfusion were higher than those of the

Vehicle Con groups at the same time points (Fig. 2b–d,

p \ 0.05). At 24, 48, and 72 h after reperfusion, isoflurane

preconditioning significantly improved the TMSs com-

pared with those of the Vehicle groups at the same time

points (p \ 0.05). The RBP-J knockout RBP-J-/- nullified

the beneficial effect of isoflurane preconditioning

(p \ 0.05, RBP-J?/- Pre-IR versus RBP-J-/- Pre-IR).

Furthermore, the TMSs of the RBP-J-/- Vehicle group at

48 and 72 h after reperfusion were higher than those

of the RBP-J?/- Vehicle groups at the same time points

(Fig. 2e–g, p \ 0.05).

Isoflurane Preconditioning-Induced Reduction

in Neuronal Degeneration is Attenuated by DAPT

and Absent in Notch Knockout Mice

Three days after reperfusion, isoflurane preconditioning

significantly reduced the neuronal degeneration in the CA1

region compared with that observed in the Con group

(Fig. 3a, p \ 0.05). At the same observation time points,

the number of viable neurons of the DAPT Pre-IR group

was significantly reduced compared to the Vehicle Pre-IR

group (p \ 0.05), and the abundance of viable neurons in

the DAPT Con group was greater than that of the Vehicle

Con group (Fig. 3b, p \ 0.05). Three days after reperfu-

sion, isoflurane preconditioning significantly reduced the

extent of neuronal degeneration in the CA1 region
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compared to the Vehicle groups. The number of viable

neurons of the RBP-J-/- Pre-IR group was significantly

reduced compared to the RBP-J?/- Pre-IR group

(p \ 0.05), and the number of viable neurons of the RBP-

J-/- Vehicle group was higher than that of the RBP-J?/-

Vehicle group (Fig. 3c, p \ 0.05).

Fig. 2 a Neurologic scores recorded in each animal of seven groups

24, 48, and 72 h after reperfusion in Experiment I. Significantly, the

total motor scores (TMS) in pre-IR group were significantly better

than those in the Con groups at 24, 48, and 72 h after reperfusion

(n = 8, *p \ 0.05). b–d Neurologic scores recorded in each animal of

five groups 24, 48, and 72 h after reperfusion in Experiment III.

Obviously, the total motor scores (TMS) in the Vehicle Pre-IR group

at 24 h/48 h/72 h after reperfusion were better than the DAPT Pre-IR

group in the corresponding time points (n = 8, *p \ 0.05), but the

scores of DAPT Pre-IR group at 24 h/48 h/72 h after reperfusion

were significantly better than the DAPT Con and Vehicle Con groups

in the corresponding time points (n = 8, #p \ 0.05); the scores of

DAPT Con group at 48 h/72 h after reperfusion were better than the

Vehicle Con groups in the corresponding time points (n = 8,
§p \ 0.05). e–g Neurologic scores recorded in each animal of five

groups 24, 48, and 72 h after reperfusion in Experiment IV. The total

motor scores (TMS) in the RBP-J?/- Pre-IR group at 24 h/48 h/72 h

after reperfusion were better than the RBP-J-/- Pre-IR group in the

corresponding time points (n = 6, *p \ 0.05), but the scores of RBP-

J-/- Pre-IR group at 24 h/48 h/72 h after reperfusion were signifi-

cantly better than the RBP-J-/- Vehicle and RBP-J?/- Vehicle

groups in the corresponding time points (n = 6, #p \ 0.05); the

scores of RBP-J-/- Vehicle group at 48 h/72 h after reperfusion were

better than the RBP-J?/- Vehicle groups in the corresponding time

points (n = 6, §p \ 0.05)

Neuromol Med (2014) 16:191–204 197

123



Fig. 3 A Isoflurane preconditioning protects hippocampal CA1

neurons against ischemic injury in Experiment I. a Representative

microphotographs of hematoxylin–eosin-stained hippocampal CA1

regions at 72 h after global ischemia in mice. A Sham, B Con 72 h,

C Pre-IR 72 h. b Viable CA1 neurons were counted and analyzed at

72 h after global cerebral ischemia. Viable neuronal cells were

significantly increased in the CA1 area in the Pre-IR group compared

with those in the Con and Sham groups at the corresponding time

points (n = 8, *p \ 0.05). B Isoflurane preconditioning-induced

reduction in neuronal degeneration is attenuated by DAPT in

Experiment III. a Representative microphotographs of hematoxylin–

eosin-stained hippocampal CA1 regions at 72 h after global ischemia

in mice of administration. A Sham, B Vehicle Pre-IR 72 h, C DAPT

Pre-IR 72 h, D Vehicle Con 72 h, E DAPT Con 72 h. b Viable CA1

neurons were counted and analyzed at 72 h after global cerebral

ischemia. The numbers of viable neurons in the CA1 region were

significantly increased in the Vehicle Pre-IR group at 72 h after

reperfusion compared with those in the DAPT Pre-IR and Sham

groups (n = 8, *p \ 0.05), but the numbers of viable neurons in the

DAPT Pre-IR group at 72 h after reperfusion were higher than the

DAPT Con and Vehicle Con groups in the corresponding time points

(n = 8, #p \ 0.05), and DAPT Con group viable neurons at 72 h after

reperfusion were higher than Vehicle Con in the corresponding time

points (n = 8, §p \ 0.05). C Isoflurane preconditioning-induced

reduction in neuronal degeneration is absent prevented by notch

knockout in Experiment IV. a Representative microphotographs of

hematoxylin–eosin-stained hippocampal CA1 regions at 72 h after

global ischemia in mice. A Wild-type, B RBP-J?/- Pre-IR 72 h,

C RBP-J-/- Pre-IR 72 h, D RBP-J?/- Vehicle 72 h, E RBP-J-/-

Vehicle 72 h. b Viable CA1 neurons were counted and analyzed at

72 h after global cerebral ischemia. The numbers of viable neurons in

the CA1 region were significantly increased in the RBP-J?/- Pre-IR

group at 72 h after reperfusion compared with those in the RBP-J-/-

Pre-IR and wild-type groups (n = 6, *p \ 0.05), but the numbers of

viable neurons in the RBP-J-/- Pre-IR group at 72 h after reperfusion

were higher than the RBP-J?/- Vehicle and RBP-J-/- Vehicle groups

in the corresponding time points (n = 6, #p \ 0.05), and RBP-J-/-

Vehicle group viable neurons at 72 h after reperfusion were higher

than RBP-J?/- Vehicle in the corresponding time points (n = 6,
§p \ 0.05)
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Fig. 4 A Isoflurane preconditioning decreases the number of hippo-

campal CA1 TUNEL-positive neurons following ischemia in Exper-

iment I. a Representative microphotographs of TUNEL-stained

hippocampal CA1 regions at 72 h after global ischemia in mice.

A Sham, B Con 72 h, C Pre-IR 72 h. b TUNEL-positive neurons were

observed and analyzed at 72 h after global cerebral ischemia.

TUNEL-positive neurons in the CA1 area were significantly

decreased in the Pre-IR group compared with those in the Con and

Sham groups at the corresponding time points (n = 8, *p \ 0.05).

B Isoflurane preconditioning-induced reduction in apoptosis is

attenuated by DAPT in Experiment III. a Representative micropho-

tographs of TUNEL-stained hippocampal CA1 regions at 72 h after

global ischemia in mice of administration. A Sham, B Vehicle Pre-IR

72 h, C DAPT Pre-IR 72 h, D Vehicle Con 72 h, E DAPT Con 72 h.

b TUNEL-positive neurons were observed and analyzed at 72 h after

global cerebral ischemia. The numbers of TUNEL staining-positive

neurons in the CA1 region were significantly decreased in the Vehicle

Pre-IR group at 72 h after reperfusion compared with the DAPT Pre-

IR and Sham groups (n = 8, *p \ 0.05); the numbers of TUNEL-

positive neurons in the DAPT Pre-IR group at 72 h after reperfusion

were lower than the DAPT Con and Vehicle Con groups in the

corresponding time points (n = 8, #p \ 0.05); and DAPT Con group

positive neurons at 72 h after reperfusion were lower than Vehicle

Con in the corresponding time points (n = 8, §p \ 0.05). C Isoflurane

preconditioning-induced reduction in apoptosis is absent by notch

knockout in Experiment IV. a Representative microphotographs of

TUNEL-stained hippocampal CA1 regions at 72 h after global

ischemia in mice. A Wild-type, B RBP-J?/- Pre-IR 72 h, C RBP-

J-/- Pre-IR 72 h, D RBP-J?/- Vehicle 72 h, E RBP-J-/- Vehicle

72 h. b TUNEL-positive neurons were observed and analyzed at 72 h

after global cerebral ischemia. The numbers of TUNEL staining-

positive neurons in the CA1 region were significantly decreased in the

RBP-J?/- Pre-IR group at 72 h after reperfusion compared with the

RBP-J-/- Pre-IR and wild-type groups (n = 6, *p \ 0.05); the

numbers of TUNEL-positive neurons in the RBP-J-/- Pre-IR group at

72 h after reperfusion were lower than the RBP-J?/- Vehicle and

RBP-J-/- Vehicle groups in the corresponding time points (n = 6,
#p \ 0.05); and RBP-J-/- Vehicle group positive neurons at 72 h

after reperfusion were lower than RBP-J?/- Vehicle in the corre-

sponding time points (n = 6, §p \ 0.05)
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Isoflurane Preconditioning-Induced Reductions

in Apoptosis are Attenuated by DAPT and Absent

in Notch Knockout Mice

The number of TUNEL-positive neurons in the CA1 region of

the Con group was significantly increased at 72 h after

reperfusion compared to the Pre-IR group (Fig. 4a, p \ 0.05).

At the same time point, the number of TUNEL-positive

neurons in the CA1 region of the Vehicle Pre-IR group was

significantly lower than that of the DAPT Pre-IR group

(p \ 0.05), and the number of TUNEL-positive neurons in the

DAPT Con group was lower than that of the Vehicle Con

group (Fig. 4b, p \ 0.05). At the same observation time point,

the number of TUNEL-positive neurons in the CA1 regions of

the RBP-J?/- Pre-IR group was significantly reduced com-

pared to the RBP-J-/- Pre-IR group (p \ 0.05), and the

number of TUNEL-positive neurons in the RBP-J-/- Vehicle

group was reduced compared to the RBP-J?/- Vehicle group

(Fig. 4c, p \ 0.05).

Isoflurane Preconditioning Pre-activates Notch

Signaling

To identify the molecular mechanisms underlying the iso-

flurane preconditioning-mediated notch signaling pathway,

the expression levels of Notch-1, NICD, and HES-1 were
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measured after ischemia–reperfusion in Experiment II

(Zacharek et al. 2009; Chen et al. 2008). First, the

expression and localization of NICD was examined by dual

immunofluorescence staining of the neuronal nuclei and

NICD (neuronal marker in green and NICD in red). As

shown in Fig. 5a, NICD was mainly localized in the neu-

rons of the hippocampus. In the Sham group, a low-level

expression of NICD was observed in the hippocampus. In

contrast, NICD expression gradually increased in the Con

group between 2 and 24 h after reperfusion, although the

fluorescence intensities were weaker than those of the Pre-

IR group at the same time points. However, 72 h after

reperfusion, NICD expression in the remaining neurons in

the Con group was stronger than in the Pre-IR group.

Isoflurane preconditioning induced an apparent activa-

tion of notch signaling in the hippocampus, as revealed by

the protein (Fig. 5b–d) and mRNA (Fig. 5e–h) assays.

Western blot analyses showed that isoflurane

preconditioning significantly increased the expression of

NICD protein compared with that in the Sham and Con

groups at 2 and 24 h after reperfusion (p \ 0.05). How-

ever, at 72 h after reperfusion, the expression of NICD

protein in the Pre-IR group was weaker than that in the Con

group (Fig. 5c, p \ 0.05). Moreover, the NICD expression

at 2 h in the Pre-group was stronger than that in the Sham

group (Fig. 5d, p \ 0.05), although there was no signifi-

cant difference between the Pre- and Sham groups 24 h

after reperfusion.

The expression levels of receptor Notch-1 and target

gene HES-1 mRNA were significantly increased at 2 and

24 h after reperfusion in the Pre-IR groups compared to the

Sham and Con groups (p \ 0.05). However, at 72 h after

reperfusion, Notch-1 mRNA expression in the Con group

was higher than in the Pre-IR group (Fig. 5e, p \ 0.05). At

the same time point, there was no significant difference in

HES-1 mRNA expression between the Pre-IR and Con

groups (Fig. 5f, p \ 0.05). Additionally, at 2 h, Notch-1

and HES-1 mRNA expression levels were higher in the

Pre-group than in the Sham group (Fig. 5g–h, p \ 0.05),

whereas there was no significant difference between the

Pre-and Sham groups at 24 h after reperfusion.

Fig. 5 a Representative microphotographs showing immunofluores-

cent staining for NICD (red) and NeuN (neuronal marker, green).

Note that NICD is expressed in neurons (Merge). In the Sham group,

little expression of NICD was observed in the hippocampus, while

Con group gradually increased NICD expression at 2 and 24 h after

reperfusion, but the fluorescence intensity was weaker than that in the

Pre-IR group at the same time points. However, 72 h after

reperfusion, the NICD expression of Con group in remaining neurons

was stronger than that in the Pre-IR group. Scale bar = 50 lm.

b Isoflurane preconditioning makes notch signaling pre-activated as

revealed by the presence of protein. c Representative Western blot

and quantitative evaluation of NICD expression after reperfusion or

preconditioning in the Con, Pre-IR, and Pre-groups. NICD expression

was normalized to the expression of b-actin. The NICD expression in

the Con group at 2, 24, and 72 h after reperfusion gradually increased

was stronger than the Sham group (n = 6, #p \ 0.05); the NICD

expression in Pre-IR group at 2 h and 24 h after reperfusion was

stronger than the Con group in the same time (n = 6, *p \ 0.05), but

at 72 h after reperfusion, the NICD expression in Pre-IR group was

weaker than the Con group (n = 6, *p \ 0.05). d The NICD

expression in the Pre-group at 2 h was stronger than the Sham group

(n = 6, *p \ 0.05), but there was no significant difference between

the Pre-group at 24 h and Sham. e-h Isoflurane preconditioning

makes notch signaling pre-activated as revealed by the presence of

mRNA. e mRNA expression of the receptor notch-1 in the Con group

increased at 2 and 72 h after reperfusion, and higher than the Sham

group (n = 6, #p \ 0.05); notch-1 expression of the Pre-IR group at

2 h/24 h after reperfusion was higher than the Con group at the same

time point (n = 6, *p \ 0.05), but lower than the Con group at the

time point of 72 h after reperfusion (n = 6, *p \ 0.05). f The mRNA

expression levels of target gene HES-1 in the Con group at 2 h/24 h

after reperfusion increased gradually were higher than Sham group

(n = 6, #p \ 0.05). HES-1 expression of the Pre-IR group at 2 h/24 h

after reperfusion was higher than the Con group at the same time

point (n = 6, *p \ 0.05), but at 72 h after reperfusion, the HES-1

mRNA expression of the these two groups between Pre-IR and Con

groups was no significant difference compared with the Sham group.

g, h The notch-1, HES-1, and NICD expression levels of Pre-group at

2 h were higher than the Sham group (n = 6, *p \ 0.05), but there

were no significant difference between the Pre-group at 24 h and

Sham (Color figure online)

Fig. 6 c-Secretase inhibitor DAPT efficacy validation test. a Repre-

sentative Western blot and quantitative evaluation of NICD expres-

sion at after injected DAPT (100 mg/kg) intraperitoneally. NICD

expression was normalized to the expression of b-actin. b The NICD

expression in this group at 1, 2, and 3 h after injected the inhibitor

DAPT by intraperitoneal gradually decreased. Three hours of

administration reached the inhibitor peak efficacy, and NICD

expression was the lowest compared with the other time points

(n = 3, *p \ 0.05 vs. Admin. 1 and 24 h). NICD expression of 24 h

after administration was the lower compared with the Admin. 1 h

indicated injected DAPT (100 mg/kg) maintain the inhibitor effect to

24 h (n = 3, #p \ 0.05 vs. Admin. 1 h)

b
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DAPT c-Secretase Inhibitor Efficacy Validation

Verification of the effects of this inhibitor showed that

intraperitoneal injection of DAPT (100 mg/kg) reached a

peak efficacy at 3 h after injection and continued its inhi-

bition for 24 h (Fig. 6a, b, *p \ 0.05 vs. Admin. 1 and

24 h, #p \ 0.05 vs. Admin. 1 h).

Discussion

The results of this study demonstrate that isoflurane pre-

conditioning has a neuroprotective effect in cerebral

ischemia–reperfusion in mice. Isoflurane preconditioning

significantly improved the TMS and reduced neuronal

degeneration after cerebral ischemia–reperfusion. We

found that isoflurane preconditioning induced a pre-acti-

vation of the notch signaling pathway and increased NICD

expression. The neuroprotection induced by isoflurane

preconditioning was reduced by both conditional RBP-J-

knockout and the administration of the notch signaling

inhibitor DAPT prior to cerebral ischemia–reperfusion.

According to the protocols of our previous studies and

those of other groups, C57BL/6 mice were pre-treated with

isoflurane for five consecutive days in the current study

(Homi et al. 2003; Bekker et al. 2006; Zhang et al. 2010).

The neuroprotective effects of isoflurane preconditioning

were evidenced by significant improvements in neurologic

function scores in the 3 days subsequent to ischemia–

reperfusion injury. Furthermore, histopathologic studies

showed that preconditioning remarkably decreased the

necrosis and apoptosis of hippocampal neurons that was

caused by ischemia–reperfusion injury.

Since volatile anesthetics are commonly used in surgical

procedures, volatile anesthetic preconditioning has been

speculated to be an applicable and promising method of

inducing cardiac and cerebral ischemic tolerance during

perioperative periods (Kitano et al. 2007; Bein 2011;

Schifilliti et al. 2010). However, the mechanisms involved

in the neuroprotective effects of volatile anesthetic pre-

conditioning remain unclear and are the subject of ongoing

study. As a highly conserved signaling pathway, notch

plays a very important role in cell self-renewal, individual

growth, and development as well as a range of physiologic

and pathologic processes (Artavanis-Tsakonas et al. 1999).

Notch signaling regulates the cell differentiation, matura-

tion, and regeneration of neural progenitors (Yu et al.

2007). Previous studies have also shown that notch sig-

naling is altered after focal cerebral ischemia and may be

involved in the neuroprotective effects of ischemia pre-

conditioning (Yang et al. 2012; Yang et al. 2011). To

determine the role of the notch signaling pathway in the

mediation of the neuroprotective effects of isoflurane

preconditioning, we assessed changes in the expression of

molecules related to the notch signaling pathway at dif-

ferent time points after ischemia–reperfusion. Using

immunofluorescence staining, we found that NICD was

mainly expressed in neurons after ischemia–reperfusion

injury. NICD expression increased significantly after

reperfusion in both the Pre-IR and Con groups. The

expression levels of NICD were higher in the Pre-IR group

than in the Con group at 2 and 24 h after reperfusion.

However, the expression level of NICD in the Pre-IR group

began to decrease at 72 h after reperfusion, whereas the

control group maintained increased expression levels at

this time point. Therefore, these results indicate that iso-

flurane preconditioning advanced the peak of NICD

expression, which may be related to the mechanisms of

ischemic tolerance induced by isoflurane preconditioning.

Similar trends in the expression were found for other

molecules related to notch signals, such as the notch sig-

naling pathway ligands notch-1 and the target gene HES-1.

The function of notch signaling in cerebral ischemia–

reperfusion injury remains unclear. Previous research has

demonstrated that the activation of notch signaling reduces

the tolerance of neurons to ischemic injury and induces an

inflammatory response, which exacerbates injury (Arumu-

gam et al. 2006). In contrast, Androutsellis-Theotokis et al.

(2006) found that the activation of notch signaling pro-

motes the growth of nerves and plays a key role in the self-

repair process after nerve injury. The changes in notch

signals observed in our experiment indicate that notch

signaling may play different roles at different time points

after ischemia–reperfusion injury. By observing changes in

NICD, notch-1, and HES-1 expression, we found that

isoflurane inhalation pre-activated the notch signaling

pathway and advanced the peak of notch signaling to 24 h

after reperfusion. To demonstrate that the pre-activation of

notch signaling plays a crucial role in isoflurane precon-

ditioning, a notch signal inhibitor was administered prior to

isoflurane preconditioning in the current study. Neurologic

behavioral scoring and morphologic neuron quantification

showed that the neuroprotective effects of isoflurane pre-

conditioning were partially reversed by DAPT adminis-

tration prior to isoflurane inhalation. DAPT also inhibited

the preconditioning-induced pre-activation of the notch

signaling pathway, which reduced the tolerance to the

detrimental stimulation of notch signaling. These results

are consistent with those described (Wang et al. 2009), who

reported that the activation of the notch pathway after

ischemia–reperfusion injury inhibits the differentiation of

progenitor cells and that the notch pathway ultimately

participates in neuronal injury.

Our results support a neuroprotective effect of notch

signaling, as isoflurane preconditioning up-regulated the

notch signaling pathway before ischemia–reperfusion.
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However, we also found that the neuroprotective effect in

the DAPT ? Pre-IR group, although less robust, was

greater than that in the Con group without inhibitor pre-

treatment, suggesting that DAPT did not completely

inhibit the protective effects of preconditioning. In addi-

tion, we observed that trends in neurologic function and

morphology in neuronal notch-RBP-J knockout mice were

similar to those observed after the administration of the

inhibitor DAPT, suggesting that the notch signaling

pathway is not the only pathway involved in the neuro-

protective effects of isoflurane preconditioning. Notch

signal activation contributes to post-ischemic inflamma-

tion by directly modulating the microglial innate response

and establishes a role for notch signaling in modulating

the microglia innate response based on these experimental

results of activation of notch worsens ischemic brain

damage (Wei et al. 2011). It indicates that the relationship

between inflammation and notch signaling may be an

important factor in neuroprotection and need to be further

elucidated.

Another interesting finding of our study is that the

inhibition of the notch signaling pathway had subtle pro-

tective effects on ischemia–reperfusion injury. These

results are consistent with the previous findings (Arumu-

gam et al. 2006). DAPT has a half-life of approximately

18 h (Dovey et al. 2001) and may accumulate within the

body after five consecutive days of administration. This

accumulation may have caused the subtle protective effects

observed in the DAPT ? Con group.

The present study has several limitations. First, this

study did not reveal whether other molecules in the notch

signal pathway are involved in this neuroprotective effect.

Second, the mechanism of notch pathway was only studied

in male and young mice. However, the patients at risk for

perioperative stroke tend to be both genders and older.

Thus, it would be interesting to determine whether the

protection of isoflurane preconditioning occurs in female

and aged animals when subjected to global brain ischemia

and whether this neuroprotective effect is related to the

activation of notch signals in future studies. Moreover, we

did not measure or control for blood pressure, so changes in

blood pressure may also have an impact on the neuropro-

tective effect, such as hypotension, which may produce a

similar effect as ischemic preconditioning.

In conclusion, isoflurane preconditioning can activate

and advance the peak expression of notch signaling after

global cerebral ischemia–reperfusion. The neuroprotective

effect of isoflurane preconditioning against cerebral

ischemia is diminished by blocking the notch signal. These

findings indicate that notch signals are crucial pathway for

inducing ischemic tolerance by isoflurane preconditioning.

Summary

In this study, we established the relationship between

preconditioning-induced neuroprotection and the notch

signaling pathway. This relationship is based on the fact

that isoflurane preconditioning induces neuroprotective

effects after global cerebral ischemia in mice. This work

establishes a foundation for future research to investigate

new mechanisms and therapeutic targets.
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