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Introduction

SUMMARY

Aim: Cerebral ischemic postconditioning has emerged recently as a kind of endogenous
strategy for neuroprotection. We set out to test whether hypoxia or glucose deprivation
(GD) would substitute for ischemia in postconditioning. Methods: Adult male C57BL/6J
mice were treated with postconditioning evoked by ischemia (bilateral common carotid
arteries occlusion) or hypoxia (8% O,) after 45-min middle cerebral arterial occlusion. Cor-
ticostriatal slices from mice were subjected to 1-min oxygen-glucose deprivation (OGD),
GD, or oxygen deprivation (OD) postconditioning at 5 min after 15-min OGD. Results:
Hypoxic postconditioning did not decrease infarct volume or improve neurologic function
at 24 h after reperfusion, while ischemic postconditioning did. Similarly, OGD and GD but
not OD postconditioning attenuated the OGD/reperfusion-induced injury in corticostriatal
slices. The effective duration of low-glucose (1 mmol/L) postconditioning was longer than
that of OGD postconditioning. Moreover, OGD and GD but not OD postconditioning
reversed the changes of glutamate, GABA, glutamate transporter-1 protein expression, and
glutamine synthetase activity induced by OGD/reperfusion. Conclusions: These results
suggest that the transient lack of glucose but not oxygen plays a key role in ischemic post-
conditioning-induced neuroprotection, at least partly by regulating glutamate metabolism.
Low-glucose postconditioning might be a clinically safe and feasible therapeutic approach
against cerebral ischemia/reperfusion injury.

postconditioning in clinical application. So far, however, little is
known about whether and how hypoxia or GD postconditioning

Over the past two decades, a variety of clinical trials of pharmaco-
logical neuroprotective strategies in stroke have been disappoint-
ing, and attention has turned to the brain’s own endogenous
strategies for neuroprotection, such as preconditioning [1]. The
unpredictable occurrence of stroke, however, greatly limits the
clinical application of preconditioning. Ischemic postconditioning,
another endogenous neuroprotective strategy, is attracting atten-
tion. In 2006, Zhao et al. [2] first reported that ischemic postcon-
ditioning reduces infarct volume in experimental cerebral
ischemia/reperfusion injury. After that, its cerebral protective
effects have been confirmed in several distinct models of ischemia
[3-6]. Considering the unpredictability of cerebral ischemia, post-
conditioning would provide more therapeutic opportunities than
preconditioning.

Hypoxia and glucose deprivation (GD) are two key factors in
ischemia. We proposed to substitute hypoxia or GD for ischemia
in postconditioning. In theory, if hypoxia or GD postconditioning
alone is neuroprotective, it may be

safer than ischemic
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alone produces neuroprotection against ischemic injury. Serviddio
et al. [7] found that brief hypoxic postconditioning before norm-
oxic reperfusion protects the heart against ischemia-reperfusion
injury. Recently, the existence of delayed hypoxic postcondition-
ing has also been described in brains. A late application of hypoxia
(5 days) after transient middle cerebral artery occlusion (MCAO)
reduces delayed thalamic atrophy, although its action is limited
[8]. Similarly, Zhan et al. [9] also demonstrated the neuroprotec-
tion of delayed hypoxic postconditioning against transient global
cerebral ischemia. In contrast, exposure to hyperoxia during rep-
erfusion after hypoxic-ischemic brain injury increases secondary
neural injury and ultimately impairs functional recovery [10].
However, the effect of rapid hypoxic postconditioning which is
applied at the beginning of reperfusion has not been demonstrated
in brains.

On the other hand, Els et al. [11] reported that hyperglycemia
in patients with focal middle cerebral artery (MCA) ischemia can
cause a worse clinical outcome despite the recanalization of the
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occluded vessel by thrombolysis therapy. And in animal models,
during acute focal and global ischemia, insulin therapy which
lowers blood glucose levels reduces ischemic brain damage and
can be neuroprotective [12,13]. These results suggest that it is
important to control glucose levels after reperfusion for neuropro-
tection. However, whether GD postconditioning is neuroprotec-
tive or not is still unknown. We hypothesize that the transient
lack of glucose in ischemic postconditioning may play a role in
neuroprotection.

Materials and Methods
Ethics Statement

Full details of the study have been approved by the Zhejiang Uni-
versity Animal Experimentation Committee; the approval number
is Zju2009-1-01-005. All experiments were carried out in accor-
dance with the ethical guidelines of the Zhejiang University Ani-
mal Experimentation Committee and were in complete
compliance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Every effort was made to
minimize any pain or discomfort, and the minimum number of
animals was used.

Animals

Male adult C57BL/6 mice (n = 120) weighing 22-25 g were used
in vivo and in vitro.

Transient Focal Cerebral Ischemia

Mice were anaesthetized with an intraperitoneal injection of
sodium pentobarbital (45 mg/kg). Transient focal cerebral ische-
mia was induced by MCAO as previously described [14]. Briefly, a
6-0 nylon monofilament suture, blunted at the tip and coated
with 1% poly-L-lysine, was advanced 10 mm into the internal car-
otid to occlude the origin of the MCA. Reperfusion was allowed
after 45 min by monofilament removal. Achievement of ischemia
was confirmed by monitoring regional cerebral blood flow by laser
Doppler flowmetry (Model moorVMS-LDF2; Moor Instruments
Ltd., Axminster, UK). Animals with less than 80% reduction in
cerebral blood flow in the core regions of the MCA territory were
excluded from the study. Body temperature was maintained at
37°C by a heat lamp (FHC, Bowdoinham, ME, USA) during sur-
gery and for 2 h after the start of reperfusion.

Neurological deficit scores were evaluated as previously
described [15] at 24 h of reperfusion as follows: 0, no deficit; 1,
flexion of the contralateral forelimb on lifting of the whole animal
by the tail; 2, circling to the contralateral side; 3, falling to contra-
lateral side; and 4, no spontaneous motor activity.

Infarct volume was determined 24 h after MCAO. The brains
were quickly removed, sectioned coronally at 2-mm intervals, and
stained by immersion in the vital dye 2,3,5-triphenyltetrazolium
hydrochloride (TTC; 0.25%) at 37°C for 30 min. Extents of the
normal and infracted areas were analyzed using the ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA) and
determined by the indirect method, which corrects for edema
(contralateral hemisphere volume minus nonischemic ipsilateral
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hemisphere volume). The percentage of the corrected infarct vol-
ume was calculated by dividing the infarct volume by the total
contralateral hemispheric volume, and this ratio was then multi-
plied by 100.

Ischemic and Hypoxic Postconditioning In Vivo

For ischemic preconditioning, bilateral common carotid arteries
(CCA) were transiently occluded for 5 min at 10 min after reper-
fusion using aneurysm clips. For hypoxic postconditioning, the
mice were maintained by inhaling 8% O, (92% N;). According to
the design of ischemic postconditioning in the previous studies
[3,4], to characterize the temporal profile of hypoxic postcondi-
tioning, animals were assigned to six groups randomly (see Fig-
ure 1A), as following: (1) the control group: MCA was occluded
for 45 min; (2) the first postconditioning group: after 45 min of
MCAO, reperfusion was established for 30 s after which mice
were subjected to 30-s hypoxia followed by another four cycles of
30-s/30-s reoxygenation/hypoxia (total of five cycles); (3) the sec-
ond postconditioning group: after 45 min of MCAO, mice were
subjected to five cycles of 1-min/1-min reoxygenation/hypoxia;
(4) the third postconditioning group: after 45 min of MCAO, mice
were subjected to five cycles of 2-min/2-min reoxygenation/
hypoxia; (5) the fourth postconditioning group: after 45 min of
MCAO, mice were subjected to a cycle of 10-min/10-min reoxy-
genation/hypoxia; and (6) the fifth postconditioning group: after
45 min of MCAO, mice were subjected to a cycle of 30-min/30-
min reoxygenation/hypoxia. All the animals were killed at 24 h
after reperfusion.

Brain Slice Preparation

Mice were anesthetized with ether and then decapitated. The
brains were rapidly removed and placed in ice-cold artificial cere-
brospinal fluid (ACSF; in mmol/L, 124 NaCl, 5 KCl, 1.25 KH,PO,,
2 MgSO,, 26 NaHCOs, 2 CaCl,, 10 glucose, pH 7.4) bubbled with
5% CO, and 95% O,. The corticostriatal slices (400 um thick)
were prepared using a vibratome (World Precision Instruments,
Sarasota, FL, USA) in ice-cold ACSF bubbled with 5% CO, and
95% O,. Slices were preincubated on a nylon net in the wells of
an interface style holding chamber thoroughly wetted with ACSF
at 25°C, and gassed with warmed humidified 5% CO, and 95%
O,. After incubation for 1 h, the slices were incubated at 37°C for
20 min before they were used for experiments.

Oxygen-glucose Deprivation In Vitro

Ischemia was simulated in vitro by oxygen-glucose deprivation
(OGD). As described previously [16], slices were transferred into
an incubator containing glucose-free ACSF at 37°C bubbled with
5% CO, and 95% N,. Bubbling with these gases for 30 min before
the placement of slices reduced the oxygen content in the solution.
OGD was maintained for 15 min. The control slices were incubated
in normal ACSF bubbled with 5% CO, and 95% O,. After the
OGD, the slices were allowed to recover in oxygenated ACSF at 37°
C for 1 h. Slice injury was assessed by TTC (0.25%) conversion at
37°C for 30 min. Formazan in slices was extracted by 500 uL mix-
ture of ethanol/dimethylsulfoxide (1:1), and absorbance was
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Figure 1 Ischemic postconditioning model in vivo and in vitro. (A) In control group, adult male mice were subjected to 45-min middle cerebral artery
occlusion (MCAO). For ischemic postconditioning group, bilateral common carotid arteries (CCA) were occluded for 5 min at 10 min after reperfusion.
Infarct volume was quantified by TTC staining at 24 h after reperfusion. The upper panel shows the representative slices from each group. Data are
expressed as percentage of infarct volume (n =5). (B) Time-course of oxygen-glucose deprivation (OGD) postconditioning (an in vitro ischemic
postconditioning model). Corticostriatal slices from adult male mice were postconditioned with OGD for 30 s, 1 min or 2 min at 1 min after 15 min of
OGD. (C) Time windows of OGD postconditioning. Corticostriatal slices were postconditioned with OGD for 1 min at 1, 5, or 10 min after 15 min of OGD.
(D) Comparison of corticostriatal slice injury among the acute OGD group without reperfusion, OGD/reperfusion group and OGD postconditioning group
(OGD postconditioning was applied for 1 min at 5 min after 15 min of OGD). Slice injury was quantified by TTC conversion at 1 h after reperfusion. Data
are expressed as percentage of TTC conversion compared with control (n = 4-5). Bars represent mean £+ SEM, *P < 0.05, **P < 0.01. OGD/R, OGD/

reperfusion.

detected at 490 nm. Viability was determined by absorbance nor-
malized by the dry weight of the slice and expressed as the percent-
age of control slices included in each experiment.

Postconditioning and Study Groups of Brain
Slices

For time-course experiments, 30-s, 1-min, or 2-min OGD postcon-
ditioning was applied at 1 min after 15 min of OGD. For time-
window experiments, slices were postconditioned with OGD for
1 min at 1, 5, or 10 min after 15 min of OGD. In the GD postcon-
ditioning group, the slices were postconditioned with GD (5%
CO; and 95% O,, incubating in glucose-free ACSF) for 1 min at
5 min after 15 min of OGD. In the oxygen deprivation (OD) post-
conditioning group, the slices were postconditioned with hypoxia
(5% CO, and 95% N,, incubating in ACSF) for 1 min at 5 min
after 15 min of OGD. For the low-glucose concentration-response
study, 0, 1, 2, or 5 mmol/L glucose postconditioning was applied
for 1 min at 5 min after 15 min of OGD. For the low-glucose
time-course experiments, 1, 5, or 30 min of 1 mmol/L glucose
postconditioning was applied at 5 min after 15 min of OGD, and
5 min of OGD postconditioning was applied at the same time
point simultaneously.
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HPLC Determination of Glutamate and GABA
Concentrations

At 1 h after reperfusion, the corticostriatal slices were homoge-
nized with 0.4 mol/L perchloric solution, centrifuged at
15,000 g for 20 min at 4°C, and the supernatant was collected.
Analysis of glutamate and GABA in each sample was performed
by high-performance liquid chromatography (HPLC) as we
described previously [17,18]. The HPLC was controlled, and the
data acquired and analyzed using CoulArray® software (ESA,
Chelmsford, MA, USA). All of the equipment was from ESA
(CoulArray software).

Immunoblotting and Glutamine Synthetase
Activity Analysis

At 1 h after reperfusion, the corticostriatal slices were homoge-
nized, and the total proteins were purified using cell and tissue
protein extraction reagents according to the manufacturer’s
instructions (KC-415; KangChen, Shanghai, China). Forty-five
micrograms protein equivalent of each sample was electrophore-
sed on polyacrylamide gel, transferred onto nitrocellulose, and
probed with monoclonal antiglutamate transporter-1 (GLT-1)
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antibodies (1:500; Cell Signaling, Beverly, MA, USA) or monoclo-
nal antiglutamine synthetase (GS) antibodies (1:800; Millipore,
Billerica, CA, USA) followed by IRDye 800-coupled antirabbit IgG
(1:10,000; LI-COR Biosciences, Lincoln, NE, USA) or IRDye 700-
coupled antimouse IgG (1:10,000; LI-COR Biosciences) secondary
antibodies. Antitubulin antibody (1:300; Boster, Wuhan, China)
was used as the control. Blots were visualized using an Odyssey
infrared imaging system (LI-COR Biosciences) and analyzed
using Odyssey software. Relative optical densities were obtained
by comparing measured values with the mean values from the
control group. GS activity was assayed by a GS activity kit
(Jiancheng, Nanjing, China) according to the manufacturer’s
instructions.

Statistical Analysis

All data were collected and analyzed in a blind fashion. Data are
presented as mean + SEM. One-way ANOVA (analysis of vari-
ance) with least significant difference (LSD) or Dunnett’s T3 post-
hoc test (in which equal variances were not assumed) was applied
for multiple comparisons, whereas Student’s ¢-test was used for
comparisons between two groups. Neurologic deficit scores were
analyzed with the nonparametric Mann—-Whitney U-test. P < 0.05
was considered statistically significant.

Results

Neuroprotective Effects of Ischemic
Postconditioning In Vivo and In Vitro

To determine whether ischemic postconditioning protects the
brain against MCAO/reperfusion-induced injury in mice, we
subjected animals to postconditioning with 5 min of bilateral
CCA occlusion at 10 min after reperfusion. Forty-five minutes
of MCAO in control group resulted in a significant infarct at
24 h after reperfusion, as determined by TTC staining (Fig-
ure 1A). Ischemic postconditioning significantly reduced infarct
volume by 41.22% (P <0.01 vs. control group). Similarly,
postconditioned animals exhibited lower neurologic deficit
scores at 24 h after reperfusion relative to control animals
(P < 0.05, data not shown).

Furthermore, an in vitro ischemic postconditioning model was
established in corticostriatal slices from adult male mice. Exposure
of the slices to 15-min OGD produced a significant injury, as
determined by TTC conversion, at 1 h after reperfusion. For OGD
postconditioning, we subjected the slices to 30 s, 1 min, or 2 min
of OGD at 1 min after reperfusion (Figure 1B). Both the 30-s and
1-min treatments significantly increased the viability of brain
slices (P < 0.01). But postconditioning evoked with the longer
duration (2 min) of OGD failed to induce neuroprotection. Then,
postconditioning evoked with 1 min of OGD conducted at 1 or
5 min after reperfusion reduced the slice injury caused by 15-min
OGD in a time-dependent manner (P < 0.01; Figure 1C). How-
ever, with 1-min OGD initiated at 10 min after reperfusion, post-
conditioning did not block the injury of slices. The effective time
window and duration of postconditioning in brain slices were
shorter than that in vivo, and the differences may be partly
attributed to the different tolerance to ischemia/reperfusion
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injury between in vivo and in vitro models. In addition, postcondi-
tioning with 1-min OGD initiated at 5 min after reperfusion
retained slice viability to the level of 15-min OGD without reper-
fusion, which implies that this postconditioning procedure almost
completely prevented the reperfusion process-induced injury
(Figure 1D).

Hypoxic Postconditioning did not Decrease
Infarct Volume or Neurological Deficit Scores
after Transient MCAO

To determine the effect of hypoxic postconditioning, mice were
subjected to hypoxia (8% O,) with various permutations after
transient MCAO (Figure 2A). Five cycles of 30-s/30-s and 1-min/
1-min reoxygenation/hypoxia had no effect on infarct volume
compared with the control group (Figure 2B), whereas five cycles
of 2-min/2-min reoxygenation/hypoxia and one cycle of 10-min/
10-min or 30-min/30-min reoxygenation/hypoxia increased
infarct volume (P < 0.05 vs. control group). Similarly, the neuro-
logical deficit scores also increased after one cycle of 10-min/10-
min or 30-min/30-min reoxygenation/hypoxia (P < 0.05 vs.
control group, Figure 2C). And the neurological deficit scores of
the other three hypoxic postconditioning groups did not signifi-
cantly change compared with control group.

GD but not OD Postconditioning Protected
Corticostriatal Slices Against OGD/Reperfusion-
induced Injury

To compare the effects of OGD, GD, and OD postconditioning,
we subjected corticostriatal slices to 1 min of OGD, GD, or OD
postconditioning at 5 min after 15-min OGD. Both OGD and
GD postconditioning produced significant neuroprotection
(P <0.01, Figure 3A), while no beneficial effect was observed
when OD postconditioning was applied. In addition, we tested
the effects of different concentrations of low-glucose postcondi-
tioning (Figure 3B). Postconditioning with 1 or 2 mmol/L glu-
cose for 1 min at 5 min after reperfusion also reversed the
slice injury (P < 0.01), and the beneficial effect was comparable
with that of GD postconditioning. However, 5 mmol/L glucose
postconditioning with the same procedure had no effect. In
addition, the effective duration of 1 mmol/L glucose postcondi-
tioning applied at 5 min after reperfusion was as long as 5 min
(P <0.01), but 5min of OGD postconditioning had no effect
on slices injury (Figure 3C).

Effects of Postconditioning Evoked by OGD, GD
and OD on Glutamate and GABA Levels, GLT-1
and GS Expression, and GS Activity After OGD/
Reperfusion in Corticostriatal Slices

In the early stage of reperfusion, the excitatory neurotransmitter
glutamate and the inhibitory neurotransmitter GABA are
involved in regulating ischemia/reperfusion-induced injury
[19,20]. Here, we determined the effects of postconditioning
evoked by OGD, GD and OD on glutamate and GABA levels after
OGD/repertusion. Fifteen-min OGD followed by 1-h reperfusion
resulted in an increase of glutamate (Figure 4A) and a decrease of
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Figure 2 Effects of hypoxic postconditioning on infarct volume and
neurologic deficit scores at 24 h after transient middle cerebral artery
occlusion (MCAO). (A) Experimental groups and protocols for hypoxic
postconditioning studies. The middle cerebral artery (MCA) was occluded
for 45 min, and reperfusion lasted for 24 h; Post 30"/30” indicates five
cycles of 30-s/30-s reoxygenation/hypoxia; Post 1'/1’, five cycles of 1-min/
1-min reoxygenation/hypoxia; Post 2'/2', five cycles of 2-min/2-min
reoxygenation/hypoxia; Post 10710', a cycle of 10-min/10-min
reoxygenation/nypoxia; Post 30'/30’, a cycle of 30-min/30-min
reoxygenation/hypoxia. (B) Quantification of infarct volume by TTC
staining after various permutations of ischemia and hypoxic
postconditioning. Data are expressed as percentage of infarct volume. (C)
Quantification of neurologic deficit scores. Bars represent mean + SEM
(n = 6-8). *P < 0.05 vs. control group.
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Figure 3 Effects of postconditioning with oxygen-glucose deprivation
(OGD), glucose deprivation (GD), oxygen deprivation (OD) and low glucose
on OGD/reperfusion-induced injury. (A) Corticostriatal slices were
postconditioned with OGD, GD or OD for 1 min at 5 min after 15 min of
OGD, and 1 h later slice injury was assessed by TTC conversion. (B) The
concentration response of low-glucose postconditioning. Zero, 1, 2 or
5 mmol/L glucose postconditioning was applied for 1 min at 5 min after
15 min of OGD. (C) The time-course of low-glucose postconditioning. One,
5, or 30-min of 1 mmol/L glucose postconditioning was applied at 5 min
after 15 min of OGD, and 5 min of OGD postconditioning was applied at
the same time point simultaneously. Data are expressed as percentage of
TTC conversion compared with control. Bars represent the mean + SEM
(n=4-5), **P <0.01. OGD/R, OGD/reperfusion; Post-OGD, OGD
postconditioning; Post-GD, GD postconditioning; Post-LG, low-glucose
postconditioning; Post-OD, OD postconditioning.

GABA (Figure 4B) in corticostriatal slices. Postconditioning
evoked by OGD and GD abolished the increase of glutamate
(P < 0.01) and the decrease of GABA (P < 0.05) induced by OGD/
reperfusion. However, OD postconditioning had no effects on
glutamate and GABA levels.
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Furthermore, GLT-1 and GS specifically expressed in astrocytes
are two major mediators for maintaining glutamate and GABA
levels and are involved in regulating the ischemia-induced excito-
toxicity [21]. GLT-1 expression (Figure 4C) and GS activity (Fig-
ure 4E) of the slices were significantly down-regulated at 1 h
after reperfusion, but GS expression did not change (Figure 4D).
Postconditioning evoked by OGD and GD, but not OD signifi-
cantly reversed OGD/reperfusion-induced down-regulation of
GLT-1 expression and GS activity. There was no difference among
the five groups in GS expression (Figure 4D).

Discussion

In the present study, we provided the first evidence that GD post-
conditioning inhibited the injury induced by OGD/reperfusion in

© 2012 Blackwell Publishing Ltd

cultured corticostriatal slices. This effect was comparable to that of
OGD postconditioning with the same procedure. However, the
beneficial effect was not observed when OD postconditioning was
applied. This phenomenon was also verified in cerebral ischemia
in vivo. Application of hypoxic postconditioning in the early period
of reperfusion did not produce neuroprotection and even exacer-
bated the injury after ischemia. These results suggest that the tran-
sient lack of glucose but not oxygen in ischemic postconditioning
is a key factor inducing neuroprotection during the early phase
after reperfusion.

Despite the fact that reperfusion halts the process of ischemic
cell death, it still leads to further cell death in the early stage.
Hence, targeting cell death due to reperfusion has the potential to
maximize cell salvage [22]. Ischemic postconditioning, as a novel
neuroprotective strategy, does limit the extent of reperfusion
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injury and maximizes reperfusion salvage, which has been dem-
onstrated in several distinct models of brain ischemia [3—6]. In this
study, we further confirmed the neuroprotection of ischemic post-
conditioning against MCAO/reperfusion-induced injury in mice
(Figure 1A). In addition, we established an in vitro ischemic post-
conditioning model in cultured corticostriatal slices from adult
male mice. Postconditioning with 30 s or 1 min of OGD con-
ducted at 1 min after reperfusion reduced slice death caused by
OGD/repertusion. However, with a longer duration of OGD post-
conditioning (2 min), the slice survival rate was not improved.
One-minute OGD postconditioning initiated at 1 or 5 min, but
not >10 min after reperfusion-induced robust neuroprotection.
So, these results indicate that the onset time and duration of post-
conditioning are critical for generating neuroprotection. Com-
pared with acute OGD injury and OGD/reperfusion injury, OGD
postconditioning completely reversed the reperfusion process-
induced injury, which implies that ischemic postconditioning can
induce a robust neuroprotection which inhibits progressive injury
after reperfusion.

It has been demonstrated that both rapid and delayed hyp-
oxic preconditioning offer neuroprotection [14,23,24]. We
hypothesized that rapid hypoxic postconditioning may also
induce neuroprotection, just like ischemic postconditioning.
Based on the OGD postconditioning model, we compared the
effects of postconditioning with OGD and OD alone (Fig-
ure 3A). Surprisingly, although OGD postconditioning was sig-
nificantly neuroprotective, the beneficial effect was not
observed when OD postconditioning was applied. It is likely
that the mechanisms of rapid hypoxic preconditioning and
postconditioning are different. This phenomenon was also ver-
ified in cerebral ischemia in vivo (Figure 2). Application of
hypoxic postconditioning in the early period of reperfusion
did not improve neurological function or decrease infarct vol-
ume, and even exacerbated the injury after ischemia if the
duration of hypoxic postconditioning was longer than 10 min.
Therefore, these results suggest that, different from hypoxic
preconditioning, transient hypoxia in ischemic postcondition-
ing may not be a key factor inducing neuroprotection during
the early phase after reperfusion. However, Leconte et al. [8]
reported that a late application of hypoxia starting 5 days but
not 1 day after transient MCAO reduces injury. This conflict
may be attributed to the different onset times of hypoxic
postconditioning, because in our study hypoxic postcondition-
ing was applied rapidly within minutes after reperfusion. So,
hypoxic postconditioning applied at different phases (early or
delayed) may play different roles in cerebral ischemia/reperfu-
sion injury. In addition, the neuroprotection induced by
delayed hypoxic postconditioning is limited. Only delayed tha-
lamic atrophy but not cortical or striatal damage is inhibited
[8]. Therefore, whether rapid or delayed, hypoxic postcondi-
tioning may be difficult to apply for treating focal cerebral
ischemic/reperfusion-induced injury.

Furthermore, we were interested to find that GD postcondi-
tioning-induced neuroprotection was comparable with the
effect of OGD postconditioning, which suggests that the tran-
sient GD in ischemic postconditioning may play a key role in
inducing neuroprotection. Not only GD but also low-glucose
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(1 or 2 mmol/L) postconditioning-induced neuroprotection.
These results offer the possibility for the clinical application of
low-glucose postconditioning, because complete deprivation of
blood glucose is impossible. In addition, the effective duration
of low-glucose postconditioning was as long as 5 min, while
5 min of OGD postconditioning had no effect on slice injury.
Therefore, the effective range of low-glucose postconditioning
duration is much wider than that of OGD postconditioning. It
is likely that transiently maintaining blood glucose at a low
level after thrombolysis or reperfusion is a potential and alter-
native therapeutic approach instead of ischemic postcondition-
ing. Considering that it is hard to maintain low blood glucose
level within minutes at the beginning of reperfusion in mice
and insulin itself has direct neuroprotection besides down-reg-
ulating blood glucose [25], in the present study, a low-glucose
postconditioning model in vivo was absent.

In addition, we found that postconditioning evoked by GD
or OGD but not OD abolished the increase of glutamate and
the decrease of GABA induced by OGD/reperfusion. GLT-1
and GS are specifically expressed in astrocytes and are impor-
tant for glutamate metabolism and GABA synthesis [26,27].
Both are down-regulated by cerebral ischemia, which further
aggravates the ischemic injury [28-30]. Interestingly, we fur-
ther found that both GD and OGD postconditioning reversed
the OGD/reperfusion-induced down-regulation of GLT-1
expression and GS activity. These results imply that the
improved glutamate metabolism might be involved in postcon-
ditioning-induced neuroprotection through maintaining GLT-1
expression and GS activity in astrocytes. However, the benefi-
cial effects were not observed when OD postconditioning was
applied in the present study. Therefore, GD but not OD in
ischemic postconditioning is involved in maintaining GLT-1
expression and GS activity in astrocytes, which might further
regulate glutamate and GABA levels and injury induced by
ischemia/reperfusion.

Overall, the results of this study suggest that transient lack of
glucose but not oxygen in ischemic postconditioning is a key fac-
tor for inducing neuroprotection. Regulating glutamate metabo-
lism might be involved in this beneficial effect, although the
underlying mechanisms deserve to be further examined. Low-glu-
cose postconditioning is effective for a longer duration than ische-
mic postconditioning, which means it might be a clinically safe
and feasible therapeutic approach against cerebral ischemia/reper-
fusion injury.
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