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Abstract: Cerebral ischemic injury has been the leading cause of death and long term disability in the world because
of the lack of successful therapies to it, leading to neurological and behavioral deficits. The present study aims to
investigate the effects of combined preconditioning (PC) with hypoxia and GYKI-52466 (GYKI) on cerebral ischemic
injury and to explore the mechanism. The results showed that combined preconditioning with hypoxia and GYKI-
52466 increased the survival rate of cerebral ischemia rats, alleviated the neurological deficit, increased the object
recognition and social recognition memory of rats and suppressed the inflammatory reaction induced by cerebral
ischemia. Further experiments found that preconditioning with hypoxia and GYKI-52466 significantly increased the
HIF-1ac and eNOS expression as well as eNOS activity, while inhibitors of HIF-1a and eNOS abolished the protective
effects of hypoxia+GYKI PC on neurological deficit. Taken together, these results indicate that combined precondi-
tioning with hypoxia and GYKI-52466 is effective to prevent cerebral ischemia injury, while HIF-1a and eNOS may

be involved in the mechanism.
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Introduction

Ischemic stroke has become the third leading
cause of death and the most causative factor
of long term disability worldwide [1], leading to
serious neuron damage and loss of neuronal
function. As brain needs large amount of oxy-
gen because of its high intrinsic oxygen con-
sumption rate, minutes of cerebral blood sup-
ply stoppage can cause oxygen deficiency and
energy metabolism disturbance to compro-
mised areas [2]. Cerebral ischemic injury often
causes deficits in spatial learning and memory
and seriously reduces the life quality of pa-
tients. Unfortunately, although decades of ef-
forts have been done to seek possible treat-
ment for ischemic stroke induced neuron dam-
age and deficits in spatial learning and memo-
ry, effective approach for prevention and tre-
atment of them remains unavailable [3].

Hypoxia preconditioning (PC) refers to a brief
period of sub-lethal hypoxia that provides pro-

tection against subsequent lethal hypoxia or
ischemia insults [4]. Many researchers have
found that it can trigger multiple endogenous
protective mechanisms to restore O, homeo-
stasis at the cellular, tissue and organism levels
[5, 6]. During hypoxia exposure, hypoxia-induc-
ible factor l-alpha (HIF-1a) is an important
protein activated and can provide protection
against subsequent lethal insults by regulating
the expression of many target genes involved
in cell metabolism. However, it still requires
more investigation to understand the underly-
ing mechanism of hypoxia PC and to optimize
the effect of hypoxia PC in experimental and
clinical settings. GYKI-52466 (a 2,3-bezodiaze-
pine derivative) is widely regarded as a selec-
tive non-competitive a-amino-3-hydroxy-5-me-
thyl-4-isoxazolepropionic acid (AMPA) receptor
negative allosteric modulator [7, 8]. Some pre-
vious studies have showed that GYKI-52466
has both anticonvulsant ability and neuropro-
tection against ischemia stroke [9, 10]. How-
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Figure 1. Experimental design. Rats received preconditioning with hypoxia or GYKI-52466 or hypoxia+GYKI-52466
for four constitutive days before MCAO surgery, then rested for one day. Next, rats received MCAO or sham surgery,
then recovered for another day. Some rat then received behavioral or memory tests and sacrifice; some rats were

sacrificed for biochemical assays.

ever, the therapeutic utility of normal dose of
GYKI-52466 is limited by its adverse side
effects, such as sedation, ataxia, and confu-
sion [11, 12]. Some recent studies showed that
low-dose GYKI-52466 PC significantly protects
against seizures and cerebral ischemia with-
out producing side effects, making the low-do-
se GYKI-52466 PC a new promising approach
to treat ischemia stroke [13, 14]. To optimize
the protective effect at the lowest dosage, we
hypothesized that a combined PC with hypoxia
and GYKI-52466 may produce better protec-
tion against cerebral ischemic injury. Therefore,
to testify this hypothesis, we examined the pro-
tective effects of combined PC with hypoxia
and GYKI-52466 in an animal model of cere-
bral ischemia by examining the survival rate,
neurological deficit, changes in spatial learning
and memory abilities and proimflammatory fac-
tors, then explored the involvement and inter-
action of HIF-1a and eNOSas the underlying
mechanism.

Methods
Animals and chemicals

Adult male Sprague-Dawley rats (220-250 g)
were purchased from Shanghai Animal Center
and used in this study. The study was approved
by the institutional animal care and use com-
mittee in the Shuguang Hospital, Shanghai
University of Traditional Chinese Medicine. All
rats were housed in clean, pathogen-free poly-
carbonate cages in the animal care facility on a
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12 h light/dark cycle with free access to food
and water. The room temperature was kept at
22+4°C. All experimental procedures are in ac-
cordance with the Guide for the Care and Use
of Laboratory Animals, 8th Edition (National
Academies Press, Washington, DC, 2010).

Experimental protocol

The experimental protocol was summarized in
Figure 1. Rats were randomized into five groups
(N=10 per group): Sham; Ischemia; hypoxia PC;
GYKI PC; hypoxia+GYKI PC. Rats in Sham group
received a sham surgery similar to middle cere-
bral artery occlusion (MCAQ), except that the
cerebral artery was not occluded; Rats in Is-
chemia group received a MCAO surgery; Rats
in hypoxia PC group received preconditioning
with hypoxia for four constitutive days before
MCAO surgery; Rats in GYKI PC group received
preconditioning with GYKI-52466 for four con-
stitutive days before MCAO surgery; Rats in
hypoxia+GYKI PC group received combined pre-
conditioning with hypoxia and GYKI-52466 for
four constitutive days before MCAO surgery.
For GYKI PC, GYKI-52466 hydrochloride (Sig-
ma-Aldrich, Australia) was repeatedly s.c.Inje-
cted (0.5 mg/kg weight) for four times before
MCAO surgery, once a day.

MCAO surgery

The MCAO surgery was similar to the study of
Ren et al. [15]. First of all, rats were anaesthe-
tized by chloral hydrate (350 mg/kg, intraperi-
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toneally). After the depth of anesthesia was
confirmed, a midline ventral incision was made
in the neck to expose the right common carotid
artery and the right external carotid artery. A
4-0 nylon suture with a blunted tip was inserted
into the middle cerebral artery after the exter-
nal carotid artery was coagulated. After 90 min
(in survival experiment) or 60 min (in the rest
experiments) of occlusion, the suture was with-
drawn to restore the blood supply. The body
temperature was maintained at 37+0.5°C with
a thermostatically controlled infrared lamp dur-
ing the procedure. Buprenorphine hydrochlo-
ride was injected (0.65 mg/kg, intramuscularly)
to reduce postoperative pain.

Evaluation of neurological deficit scores

The neurological deficit scores were evaluated
24 h after MCAO with the modified Neurological
Severity Score by a professional investigator
who is blinded to the experimental groups, as
previously described [16]. The parameters in-
clude motor, sensory, reflex and balance tests.

Control behavioral tests

The control behavioral tests were performed
after rats have recovered from ischemia sur-
gery for one day using an open field test simi-
larly to Martins et al. [17]. Each rat was placed
in the left quadrant of a 50 x 50 x 39 cm open
field arena made with wood, and with a frontal
glass wall. Black lines were drawn to divide the
floor into 12 quadrants. Crossing and rearing
were considered as measures for locomotor
and exploratory activities, respectively, over 5
min [18].

Object recognition and social recognition
memory tests

The object recognition and social recognition
memory tests were carried out similarly to
Martins et al. [17]. The object recognition task
was performed in an open-field arena (50 x 50
x 50 cm) in a transparent acrylic. Rats were
allowed to freely explore objects in the arena
for 5 min. The object recognition index=(T__ _ -
camiion (T et T taminal) % 100%). The social re-
cognition task was performed with the same
apparatus. Social recognition training was per-
formed with inclusion of one unfamiliar rat in
the arena for 1 h of free exploration. After 24 h,
testing was performed when the same rat of
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training (now a familiar rat) and a new rat were
placed for 5-min exploration. The social recog-
nition indeX= (Tnovel - Tfamiliar)/(TnoveI + Tfamiliar) x
100%).

Morris water maze study

The water maze study was performed similarly
to Yang et al. [19]. The water maze was a black
circular pool filled with water (21°C-23°C) and
divided into four equal imaginary quadrants. A
black circular platform was hidden 2 cm below
the water surface. When rats were placed in
the water, the swimming time and path were
recorded with a video camera. Training was
done for five constitutive days with the hidden
platform kept at the same position. The time
used to find the platform (escape latency) and
the travel length before they arrived at the plat-
form was measured for five constitutive days,
once a day. The average escape latency and
travel length was obtained and presented in a
line graph.

Measurement of proinflammatory cytokines

After rats recovered from ischemia for one day,
they were scarified by quick decapitation. The
injured brain section was collected and 20 mg
of tissue was homogenized in 2 ml PBS on ice.
After they were centrifuged at 10,000 g for 15
min, the proinflammatory cytokines (IL-6, IL-1,
TNF-a) in the supernatant were measured using
sandwich enzyme-linked immunosorbent assay
(ELISA) kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the man-
ufacturer’s instructions.

Western blot analysis

The brains of rats were removed by quick de-
capitation after the preconditioning was fin-
ished for the western blot analysis of HIF-1a
and eNOS. The brain tissue was homogenized
at 12,000 g for 20 min before the protein was
extracted and determined using a BCA Protein
Assay Reagent Kit (Beyotime Biotech, Haimen,
China). An equivalent amount of total protein
(40 pg) was separated by SDS-PAGE on 10%
polyacrylamide gels and then transferred to
polyvinylidine membranes. Next, the mem-
branes were blocked with 5% dry milk in
PBS/0.1% Tween 20 (PBST) and then incubat-
ed with primary antibodies (anti-HIF-1¢, anti-
eNOS and anti-B-actin) diluted in 2% BSA in
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Table 1. Effect of hypoxia and/or GYKI preconditioning on rat
survival rate after 90-min cerebral ischemia

Survival
24 h 48 h 72 h
N % N % N %
Sham 10/10 100% 10/10 100% 10/10 100%
Ischemia 10/18% 56% 8/18% 44% 6/18% 33%
Hypoxia PC 11/18 61% 9/18 50% 8/18 44%
GYKI PC 10/18 56% 8/18 44% 8/18 44%

Hypoxia+GYKI PC 15/18* 83% 14/18* 78% 14/18* 78%

The survival rate at 24 h, 48 h and 72 h after cerebral ischemia was all
significantly lower than in Sham group. The hypoxia PC or GYKI PC alone did
alter the survival rate. The hypoxia+GYKI PC group significantly increased the
survival rate at every time point. N: number of survivors/number of rats in
the group. PC: preconditioning; GYKI: GYKI-52466. ¥p<0.05 compared to Isch-

cence (ECL, Amersham Bioscien-
ces, USA). The blots were exposed
to X-ray film for radiographic detec-
tion and the protein bands were
quantified by densitometry using
Quantity One (Bio-Rad Laborato-
ries, CA, USA). Antibodies were all
bought from Santa Cruz Biotech-
nologies (Santa Cruz, USA).

Measurement of eNOS activity

The method was previously des-
cribed by Mookerjee et al. [20].
Briefly, the brains of rats were re-

emia group; *p<0.05 compared to Ischemia group. N=10 or 18 per group.
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Figure 2. Effect of hypoxia and/or GYKI precondi-
tioning on rat neurological deficit after 90-min ce-
rebral ischemia. Rats received preconditioning with
hypoxia or GYKI-52466 or hypoxia+GYKI-52466 for
four constitutive days and 90-min cerebral ischemia
surgery, then tested for neurological deficit. Isch-
emia significantly increased the neurological deficit
score compared to Sham rats (p<0.05). Hypoxia PC
or GYKI PC significantly decreased the neurological
deficit scores (p<0.05). Combined PC with hypoxia
and GYKI-52466 further decreased the neurological
deficit score. PC: preconditioning; GYKI: GYKI-52466.
# p<0.05. N=10 per group.

PBST overnight at 4°C. The next day, mem-
branes were washed thrice with PBST, and then
incubated with horseradish peroxidase-conju-
gated secondary antibody at room tempera-
ture for 30 min, and then washed thrice with
PBST again. Finally, the immunoreactive ban-
ds were visualized by enhanced chemilumines-
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moved by quick decapitation after
the preconditioning was finished.
Tissues were then homogenized
with ice-cold HEPES buffer and centrifuged at
1000 g for 10 minutes at 4°C. 5 yl of the super-
natant were incubated with reaction buffer
[Tris-HCL buffer (30 mmol/L, ph7.4); NADPH
(1.25 mmol/L); 3H-arginine (10 pCi/ml); norva-
line (5 mmol/L); and cacl, (400 pmol/L)] at
30°C for 30 minutes. After the reaction was ter-
minated with ice-cold citrate buffer, the scintil-
lation activity was measured with a commercial
kit (Ultima Gold scintillant, MA, USA) and a lig-
uid scintillation analyzer (Tri-Carb 2100TR,
Packard Biosciences, UK) to obtain the eNOS-
activity, which was expressed as Unit (micro-
moles citrulline/mg protein/h)/mg protein.

Statistical analysis

Data were expressed as the Mean + SEM and
statistically analyzed with one-way Analysis of
Variance (ANOVA) followed by Tukey’s post hoc
test using SPSS 17.0. P < 0.05 was considered
significant.

Results

Effect of hypoxia and/or GYKI precondition-
ing on rat survival rate after 90-min cerebral
ischemia

Table 1 shows the effect of hypoxia and/or
GYKI preconditioning on rat survival rate after
90-min cerebral ischemia. In the Ischemic
group, the survival rate at 24 h, 48 hand 72 h
after cerebral ischemia was all significantly
lower than in Sham group. Only 33% of rats
survived at 72 h after cerebral ischemia. In the
hypoxia PC or GYKI PC groups, the survival rate
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Table 2. Results of control behavioral tasks

Sham Ischemia  Hypoxia PC GYKIPC  Hypoxia+GYKI PC
Total exploration time in OR training (s) 36.61+6.8 40.145.7 36.4+48.1 33.516.4 39.7+7.1
Total exploration time in OR test (s) 39.3+5.2 42.5+6.2 39.6+6.8 41.748.9 39.9+6.7
Total exploration time in SR test (s) 71.4+9.6 72.9+9.8 69.8+8.4 75.5+7.9 68.4+8.1
Open field Crossing (n) 40.5+£10.2 45.6+13.2 51.5+10.4 47.9+9.8 45.7+8.7
Open field Rearing (n) 16.9+3.5 19.8+4.5 17.2£3.2  19.1+3.7 14.2+4.2

Data are expressed as mean + SEM of the total exploration time in OR and SR. No significant difference in the exploratory and
locomotor activities was shown between the Sham group, Ischemia group, hypoxia PC group, GYKI PC group, orhypoxia+GYKI
PC group, indicating that the exploratory and locomotor activities were not influenced by the procedures. OR: object recogni-
tion; SR: social recognition; PC: preconditioning; GYKI: GYKI-52466. N=12 pre group.

was not significantly different from that in the
Ischemic group. In the hypoxia+GYKI PC group,
however, the survival rate was significantly in-
creased compared to that in the Ischemic group
(p<0.05) at every time point. 78% of rats sur-
vived at 72 h after cerebral ischemia.

Changes in neurological deficit score

The changes in neurological deficit score were
demonstrated in Figure 2. There was signifi-
cant increase in neurological deficit score in Is-
chemia rats compared to Sham rats (p<0.05).
Compared to Ischemia rats, the neurological
deficit scores in the hypoxia PC or GYKI PC
group were significantly decreased (p<0.05).
When rats received combined PC with hypoxia
and GYKI-52466, the neurological deficit score
was further decreased (p<0.05 compared to
hypoxia PC or GYKI PC group).

Influence of the procedures on exploratory and
locomotor activities

Table 2 shows the influence of the procedures
on exploratory and locomotor activities. There
is no significant difference in the exploratory
and locomotor activities between the Sham
group, Ischemia group, hypoxia PC group, GYKI
PC group, or hypoxia+GYKI PC group, indicating
that the exploratory and locomotor activities
were not influenced by the procedures.

Changes in object recognition and social rec-
ognition memory

Figure 3 shows the changes in object recog-
nition memory and social recognition memory.
Both object recognition index and social re-
cognition index were significantly decreased
in Ischemia group compared to Sham group
(p<0.05). Either hypoxia PC or GYKI PC in-
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creased the object recognition index and social
recognition index compared to the Ischemia
group, while the hypoxia+GYKI PC increased
them more dramatically (p<0.05 compared to
hypoxia PC or GYKI PC group).

Changes in escape latency and travel length in
Morris water maze

The escape latency and travel length in Morris
water maze were shown in Figure 4. Figure 4A
shows the representive traces of rats traveled
in different groups. Figure 4B shows the trends
of escape latency in Morris water maze study
and Figure 4D demonstrates the area under
the curve (AUC) calculated from Figure 4B.
Escape latency was significantly increased in
Ischemia group compared to Sham group (p<
0.05). Bothhypoxia PC and GYKI PC decreased
the escape latency, while the hypoxia+GYKI PC
decreased it to a significantly lower level (p<
0.05 compared to hypoxia PC or GYKI PC gr-
oup). Figure 4C shows the trends of travel
length and Figure 4E demonstrates the AUC
calculated from Figure 4C. Similarly to escape
latency, the travel length was significantly in-
creased by Ischemia (p<0.05) but decreased
by both hypoxia PC and GYKI PC. Hypoxia+GYKI
PC decreased it to a significantly lower level
compared to hypoxia PC or GYKI PC group
(p<0.05).

Changes in the proinflammatory factors (IL-6,
IL-13 and TNF-«)

Figure 5 shows the changes in the proinflam-
matory factors (IL-6, IL-13 and TNF-«). Cerebral
ischemia caused significant increase in cere-
bral proinflammatory factors (IL-6, IL-1B and
TNF-a), which was reversed by treatment of
hypoxia PC, GYKI PC or hypoxia+GYKI PC (P<
0.05). The levels of proinflammatory factors
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Figure 3. Changes in object recognition and social recognition memory. Object recognition and social recognition
memory capacity was indicated by object recognition index and social recognition index, respectively. Ischemia
significantly decreased object recognition index and social recognition index. Hypoxia PC or GYKI PC increased the
object recognition index and social recognition index; hypoxia+GYKI PC increased them more dramatically. PC: pre-

conditioning; GYKI: GYKI-52466. #: p<0.05. N=10 per group.

(IL-6, IL-1B and TNF-&) in the hypoxia+GYKI PC
group was significantly different from either
hypoxia PC or GYKI PC group (P<0.05).

Changes in the expression of HIF-1a and eNO-
Sand eNOS activity

Figure 6 shows the expression of HIF-1ax and
eNOS and eNOS activity. As demonstrated in
Figure 6A, the expression of HIF-1a was signifi-
cantly increased by hypoxia PC and hypo-
xia+GYKI PC, but not changed by ischemia or
GYKI PC. Figure 6B shows the expression of
eNOS (See “Supplementary Figure 1” for origi-
nal bands). Either ischemia, hypoxia PC or GYKI
PC did not change the expression of eNOS, but
the hypoxia+GYKI PC significantly increased it.
Similarly to the expression of eNOS, the eNOS
activity was also only increased by hypoxia+GY-
Kl PC, as shown in Figure 6C.

Changes in neurological deficit scores by
inhibitors of HIF-1ax and eNOS

We treated with rats with hypoxia+GYKI PC and
HIF-1a inhibitor PX-478 or eNOS inhibitor L-NIO,
then re-measured the neurological deficit sco-
re (Figure 7). The results showed that both HIF-
1« inhibitor PX-478 and eNOS inhibitor L-NIO
abolished the effects of hypoxia+GYKI PC on
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neurological deficit score (P<0.05 compared to
hypoxia+GYKI PC). Treatment of PX-478 or
L-NIO alone had no impact on neurological defi-
cit score.

Discussion

In clinical level, cerebral ischemic injury has
been the leading cause of death and long term
disability, which targets approximately 20 mil-
lion people globally per year [21]. Prolonged cir-
culatory disturbance in cerebral blood flow le-
ads to broad range of neurological and behav-
ioral deficits, which has been the mostly char-
acterized behavioral abnormality induced by
global cerebral ischemic injury. Due to lack of
successful therapies to cerebral ischemic inju-
ry, it has become a major cause of mortality
and adult physical disability all over the world
[22]. The present study, for the first time, found
out that combined preconditioning with hypoxia
and GYKI-52466 increased the survival rate of
cerebral ischemia rats, alleviated the neurolog-
ical deficit, increased the object recognition
and social recognition memory of rats and sup-
pressed the inflammatory reaction induced by
cerebral ischemia. Further studies found that
preconditioning with hypoxia and GYKI-52466
significantly increased the HIF-1a and eNOS
expression as well as eNOS activity, while inhib-
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Figure 4. Changes in escape latency and travel length in Morris water maze. (A) Shows the representive traces
of rats traveled in different groups. (B) Shows the trends of escape latency in Morris water maze study and (D)
demonstrates the area under the curve (AUC) calculated from (B). (C) Shows the trends of travel length and (E)
demonstrates the AUC calculated from (C). Escape latency andtravel length was significantly increased in Ischemia
group, but decreased by hypoxia PC or GYKI PC. Hypoxia+GYKI PC decreased it to a significantly lower level. PC:
preconditioning; GYKI: GYKI-52466. #: p<0.05. N=10 per group.

itors of HIF-1a and eNOS abolished the protec-
tive effects of hypoxia+GYKI PC on neurologi-
cal deficit. These results indicate that HIF-1«x
and eNOS may be involved in the mechanism of
neuroprotection of hypoxia+GYKI PC.

GYKI-52466 hydrochloride is a non-competitive
AMPA and kainate receptor antagonist, which
blocks gluk 3 homomeric receptors and gluk 2b
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(R)/gluk 3 hetero receptors. Due to its antago-
nist ability for non-competitive AMPA receptor,
GYKI 52466 can prevent the excitotoxicity in-
duced by high extracellular glutamate levels
and protect animals against convulsions evo-
ked by AMPA or kainate, electroshock and
audiogenic stimulation [23]. Moreover, recent
studies demonstrated that GYKI-52466 has
neuroprotective actions in experimental mod-
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Figure 6. Changes in the expression of HIF-1a and eNOS and eNOS activity in the brain. Rats received precondition-
ing with hypoxia or GYKI-52466 or hypoxia+GYKI-52466 for four constitutive days before MCAO surgery, then rested
for one day before they were sacrificed for Western blot and eNOS activity assays in the brain. The expression of
HIF-1a was significantly increased by hypoxia PC and hypoxia+GYKI PC, but not changed by ischemia or GYKI PC.
The expression of eNOS and eNOS activity was only increased by hypoxia+GYKI PC. PC: preconditioning; GYKI: GYKI-
52466. #: p<0.05. N=10 per group.

els of global and focal cerebral ischemia. It is transient MCAO model a widely accepted ex-
shown that the acute administration of GYKI- perimental model to study cerebral ischemic
52466 at doses greater than 10 mg/kg res- injury [25]. As death is the most severe conse-
cues CA1 neurons in animal models of global quence of cerebral ischemic injury, we treated
ischemia [24]. However, protection against rats with a prolonged duration of ischemia (90
cerebral injury following ischemia with precon- min), then examined the impacts of treatments
ditioning with low doses of GYKI-52466 has on survival rate. In the Ischemic group, the sur-
not been investigated. As the middle cerebral vival rate at 24 h, 48 h and 72 h after cerebral
artery is the most commonly occluded artery in ischemia was all significantly decreased. Only
embolic and thrombotic stroke, it makes the 33% of rats survived at 72 h after cerebral isch-
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preconditioning with hypoxia+GYKI PC for four consti-
tutive days and HIF-1a inhibitor PX-478 or eNOS in-
hibitor L-NIO before MCAO surgery, then re-measured
the neurological deficit score. Both HIF-1a inhibitor
PX-478 and eNOS inhibitor L-NIO abolished the ef-
fects of hypoxia+GYKI PC on neurological deficit
score, while treatment of PX-478 or L-NIO alone had
no impact on neurological deficit score. PC: precon-
ditioning; GYKI: GYKI-52466. # p<0.05. N=10 per
group.

emia. Either hypoxia PC or GYKI PC did not alter
the survival rate, but hypoxia+GYKI PC signifi-
cantly increased the survival rate at every time
point. 78% of rats survived at 72 h after cere-
bral ischemia, indicating the effectiveness of
hypoxia+GYKI PC on survival protection.

The damage induced by middle cerebral artery
occlusion to neurons in hippocampus and cor-
tex region causes memory impairments and
motor dysfunction [26]. The results in our study
revealed that ischemia rats had significant ne-
urological deficit, which was attenuated by hy-
poxia PC or GYKI PC, and most reduced by
combined PC with hypoxia and GYKI-52466.
Similarly, both object recognition index and
social recognition index were significantly de-
creased by ischemia group, but increased by
hypoxia PC and GYKI PC. Hypoxia+GYKI PC in-
creased them more dramatically compared to
hypoxia PC or GYKI PC. The escape latency and
travel length in Morris water maze showed a
similar trend, which were decreased by both
hypoxia PC and GYKI PC, and decreased to a
significantly lower level by hypoxia+GYKI PC.
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These results indicate that combined PC with
hypoxia and GYKI-52466 had a better effect on
neurological functions than hypoxia PC or GYKI
PC alone.

Inflammation is critically involved in the molec-
ular and cellular mechanisms of cerebral isch-
emia and results in cell death eventually [27].
It was reported that excessive inflammatory
response functions prominently in the patho-
genesis of cerebral ischemia [28]. Cerebral is-
chemia induces a complex series of inflamma-
tory events, including activation of microglia
and astrocytes and influx of hematogenous
cells across the blood vessel wall. These inflam-
matory events eventually cause an increase in
behavioral deficits and secondary brain dam-
age. Therefore, targeting inflammation may be
an important therapeutic strategy in the pre-
vention and treatment of cerebral ischemia
injury. As shown in Figure 5, cerebral ischemia
caused significant increase in cerebral proin-
flammtory factors (IL-6, IL-13 and TNF-«), which
was reversed by treatment of hypoxia PC, GYKI
PC or hypoxia+GYKI PC. The levels of proinflam-
mtory factors in the hypoxia+GYKI PC group
was significantly different from either hypoxia
PC or GYKI PC group, suggesting that hy-
poxia+GYKI PC had a significant higher ability
to repress the inflammatory reaction in cere-
bral ischemia.

HIF-1a is a key protein involved in hypoxic pre-
conditioning. Exposure to hypoxia prevents HIF-
1a degradation and allows it to dimerize with
HIF-1B protein. The HIF-1 heterodimer binds to
a specific hypoxia-response element in the pro-
moter and enhancer regions of many hypoxia-
inducible genes (such as vascular endothe-
lial growth factor and erythropoietin), which in-
creases ischemic tolerance through upregula-
tion of glucose uptake and glycolysis [29]. Be-
rnaudin et al. Demonstrated that hypoxia PC
24 hours before ischemia could increase HIF-
1a expression and reduce infarct volume by
22% to 36% in mice [29]. Prass et al. Showed
that hypoxic PC markedly activated HIF-1 DNA-
binding activity and reduced infarct volume in
subsequent cerebral ischemia [30]. It has been
widely accepted that eNOS can regulate cere-
bral blood flow and inhibit neutrophil adhesion
to the vascular endothelium [31, 32]. NO-
inducing chemicals are able to promote endo-
thelial cell proliferation and migration in vivo
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and in vitro [33]. To study the role of HIF-1ax and
eNOSin the mechanism of hypoxia+GYKI PC,
we measured the expression of HIF-1a and
eNOS and eNOS activity after preconditioning.
The expression of HIF-1a was significantly in-
creased by hypoxia PC and hypoxia+GYKI PC,
but not changed by ischemia or GYKI PC. In-
terestingly, either ischemia, hypoxia PC or GYKI
PC did not change the expression of eNOS, but
the hypoxia+GYKI PC significantly increased it.
Similarly to the expression of eNOS, the eNOS
activity was also only increased by hypoxia+GY-
Kl PC. These results revealed that hypoxia PC
or GYKI PC alone could not change the expres-
sion of eNOS, but the combined precondition-
ing of hypoxia and GYKI-52466 could induce
the expression of eNOS and increase the eNOS
activity, which eventually protects rats from
cerebral ischemia injury. The direct regulation
of GYKI-52466 on eNOS, has not been investi-
gate priviouly, but some studies has suggested
the potential relationship between GYKI-524-
66, AMPA/kainate receptor and NOS [34, 35].
The present first observed the effects of com-
bined preconditioning with hypoxia and GYKI-
52466 on NOS expression, suggesting a new
mechanism and target to prevent cerebral isch-
emia injury. To further confirm the involvement
of HIF-1a and eNOS, we treated rats with
hypoxia+GYKI PC and HIF-1« inhibitor PX-478
or eNOS inhibitor L-NIO, then re-measured the
neurological deficit score. The results showed
that both HIF-1a inhibitor PX-478 and eNOS
inhibitor L-NIO abolished the effects of hypo-
xia+GYKI PC on neurological deficit score, indi-
cating the involvement of HIF-1ax and eNOS in
the neuroprotection of hypoxia+GYKI PC.

In conclusion, our study demonstrated that hy-
poxia+GYKI PC ameliorated the cerebral isch-
emia injury, alleviated the neurological deficit,
increased the recognition and memory function
of rats and suppressed the inflammatory reac-
tion. Preconditioning with hypoxia and GYKI-
52466 significantly increased the HIF-1a and
eNOS expression as well as eNOS activity, while
inhibitors of HIF-1a and eNOS abolished the
protective effects of hypoxia+GYKI PC on neu-
rological deficit. Although the underlying mech-
anism needs further exploration, these results
indicate that HIF-1a and eNOS may be involved
in the mechanism of neuroprotection of hy-
poxia+GYKI PC and provides a new target for
cerebral stroke prevention.
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