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step-down avoidance test and a higher neuronal density of 
the hippocampal CA1 subfield in CIHH + IR group than 
in IR group. CIHH upregulated the expressions of BDNF, 
phosphorylated CREB, ERK1/2 and TrkB with or with-
out ischemia. The protective effects of CIHH were abol-
ished by PD98059 administration 15 min before ischemia. 
CIHH ameliorated ischemia-induced cognitive dysfunc-
tion through activation of ERK1/2-CREB-BDNF signaling 
pathway.

Keywords  Chronic intermittent hypobaric hypoxia · 
Cognitive dysfunction · Ischemia/reperfusion · Brain-
derived neurotrophic factor · Extracellular signal-regulated 
kinases · Mouse

Introduction

Emerging findings have indicated the critical role of cerebral 
ischemia in the pathogenesis of learning and memory dys-
function because it induces neuronal cell death [1, 2]. Many 

Abstract  Chronic intermittent hypobaric hypoxia (CIHH) 
has protective effects on heart and brain against ischemia 
injury through mobilizing endogenous adaptive mecha-
nisms. However, whether CIHH prevents against cognitive 
impairment was not elucidated. The present study aimed to 
investigate the effect and mechanism of CIHH treatment 
on ischemia/reperfusion (IR)-induced cognitive dysfunc-
tion. Mice were randomly divided into 8 groups: Control, 
Sham, CIHH (simulating 5000 m high-altitude for 28 days, 
6 h per day), IR (three 16-min occlusions of bilateral com-
mon carotid arteries interrupted by two 10-min intervals), 
CIHH + IR, PD98059 (inhibitor of MEK1/2) + CIHH + IR, 
PD98059 + Sham and PD98059 + IR group. Morris water 
maze and step-down passive avoidance tests were per-
formed to evaluate the capability of learning and memory 1 
month after ischemia. Thionine dyeing was to examine his-
tological manifestations of pyramidal neurons in hippocam-
pus CA1 region. Western blotting assay was for measure-
ment of the protein expressions in ERK1/2-CREB-BDNF 
signaling pathway. There were a shorter escape latency and 
a longer percentage of time retaining in the target quad-
rant in Morris water maze test, fewer times of errors in the 
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interventions have been explored to preserve the ability of 
learning and memory via increasing the neuron survival dur-
ing ischemia/reperfusion (I/R), such as clearing excessive 
glutamate, maintaining redox balance or modulating neuro-
trophic factors.

The key role of Brain-derived neurotrophic factor (BDNF) 
has been widely discussed in the process of synaptic plasticity 
and learning by enhancing long-term potentiation [3], the cel-
lular basis of learning and memory in the hippocampus [4, 5]. 
It is involved in the strengthening of synaptic transmission by 
binding of BDNF to the tropomyosin-related kinase B (TrkB) 
receptor [6]. Interestingly, cognitive impairment resulting 
from BDNF deficiency was rescued by reintroduction of 
BDNF. BDNF levels have previously been proved associ-
ated with cognitive impairment of schizophrenia patients [7, 
8], suggesting that BDNF as a potential biomarker of learn-
ing and memory [6, 9]. TrkB activation by BDNF stimulates 
intracellular signaling cascades involved in plasticity, such 
as the extracellular signal-regulated kinases (ERK)/MAPK 
pathway [10]. The consolidation of recognition memory was 
associated with BDNF release in the dentate gyrus (DG), 
which was associated with significant increase in ERK acti-
vation and c-fos expression [11]. The transcription factor of 
BDNF is phosphorylated cyclic AMP response element bind-
ing protein (CREB). CREB interacts with the transcription 
co-activator, CREB-binding protein, to initiate transcription 
and translation of CREB target genes, which are required for 
synaptic plasticity, learning and memory [12–14]. Therefore, 
enhancing BDNF pathway serves as a potential target for 
cognitive improvement.

Accumulating evidence demonstrate that chronic intermit-
tent hypobaric hypoxia (CIHH) has various beneficial actions 
on human being and has been widely used in athletes’ train-
ing to enhance the tolerance to anoxia [15]. Furthermore, 
CIHH exerts an anti-hypertension effect [15, 16] and protects 
heart and liver against I/R or hypoxia/reoxygenation injuries 
[17–19]. Recent study suggested the involvement of glial glu-
tamate and glucocorticoid receptor in CIHH-mediated protec-
tion against brain IR injury [20, 21]. However, whether CIHH 
has protective effects on cognitive impairments induced by 
cerebral ischemia in mice remains unknown.

The purpose of this study is to investigate whether 
CIHH can ameliorate learning and memory dysfunction 
by ischemia/reperfusion via modulating ERK1/2-CREB-
BDNF pathway.

Materials and Methods

Drug and Chemicals

Protease inhibitor and phosphoric acid protease inhibi-
tors were purchased from Roche Mannheim (#: 17669600, 

Germany). PVDF filters and the enhanced chemilumines-
cence detecting reagents were from Millipore Corporation 
(Billerica, MA, USA). The antibodies to CREB (#: 9197) 
and p-CREB (#: 9198) were from Cell Signaling (Dan-
vers, MA, USA). BDNF (#: ab108319) and PD98059 (#: 
ab146592) were supplied by Abcam (Cambridge, MA, 
USA). p-TrkB (for detecting phosphorylated at Tyr705, 
#: 11328-1, Signalway Antibody) and TrkB (#: sc-12) 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA), 
ERK1/2 (#: 05-1152) and p-ERK1/2 (for detecting ERK1/2 
MAPKs phosphorylated at Thr202/Tyr204 and Thr185/
Tyr187, Millipore, #: 05-797R) from Millipore Corporation 
and a rabbit antibody to GAPDH was from Sigma-Aldrich 
(#: G8795, St. Louis, MO, USA). Biotin labeled anti-rabbit 
IgG was from KPL Scaffold Inc (#: 074-1506, La Mirada, 
CA, USA) and anti-mouse IgG was from Earthox life sci-
ences (#: E030110-01, CA, USA). Sodium nitroprusside 
was purchased from Beijing Double-Crane Pharmaceu-
tical Co., Ltd (Beijing, China). Other drugs were from 
Sigma-Aldrich.

Animals and Protocols

Male ICR mice (weighing 20–30 g) were purchased from 
Beijing Vital River Laboratory Animal Center. The mice 
were allowed access to water and food ad  libitum. The 
environment was maintained at a constant temperature and 
humidity with a natural light:dark cycle (12:12 h). Animal 
experiments were carried out in accordance to the National 
Institutes of Health guide for care and use of laboratory 
animals (NIH Publications No. 8023, revised 1978).

One hundred and forty-five mice were randomly 
assigned into 8 groups: (1) Control group: mice without 
surgery and treatment. (2) Sham group: mice subjected 
only to surgery but no occlusion of the bilateral common 
carotid arteries. (3) CIHH group: mice exposed to hypo-
baric hypoxia simulating 5000 m altitude (PB = 53.87 kPa, 
PO2 = 11.2 kPa) in a hypobaric chamber for 28 days, 6 h/
day from 10:00 AM to 4:00 PM. The following three pro-
tocols were applied to this group. In 35 mice, the dynamic 
expressions of BDNF, p-TrkB, TrkB, CREB and p-CREB 
were examined at 0, 12 h, 1, 2, 3, 7 and 14 day post 28-day 
CIHH by western bolt analysis. In 5 mice, the hippocam-
pus was harvested 4 d after CIHH to compare the expres-
sion of related proteins among groups. In the remaining 10 
mice, the mice were subjected to behavioral test and sub-
sequent neuropathology evaluation. (4) Ischemia/reperfu-
sion (IR) group: mice were challenged by bilateral com-
mon carotid arteries occlusion for three 16  min with two 
intervals of 10  min. Five samples of hippocampus were 
harvested 3 day after I/R for proteins assay among groups. 
Ten mice were used for behavioral test 30 day after I/R and 
then the hippocampus was kept to evaluate the histological 
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changes. (5) CIHH + IR group: mice were given I/R 1 day 
after CIHH treatment. The following procedure is simi-
lar with IR group. (6) PD98059 + CIHH + IR group: 5  µl 
PD98059 (inhibitor of MEK1/2, 2  mmol/L) dissolved in 
2% DMSO was microinjected into the right lateral cerebral 
ventricle at coordinate −0.9 mm anteroposterior, ±1.5 mm 
mediolateral, and −3.5 mm dorsoventral from the bregma 
15 min before I/R [22]. The subsequent procedure is simi-
lar with CIHH + IR group. (7) PD98059 + Sham group, 
the procedure applied to Sham group except for PD98059. 
(8) PD98059 + IR group: Similar procedure with IR group 
was performed except for PD98059. The schematic of the 
experiment was illustrated in Fig. 1.

Ischemia/Reperfusion

The modified model of acquired cognitive impairment is 
established as described previously [23]. Briefly, the ICR 
mice were anesthetized via intraperitoneal injection with 
350 mg/kg 10% chloral hydrate. After the bilateral carotid 
arteries were separated, a thread was passed below each 
carotid artery for facilitate the closure. Sodium nitroprus-
side was intraperitoneally injected (3.5  mg/kg) to cause 

hypotension. Bilateral carotid arteries were occluded by 
arteriole clips for 16  min (ischemia), and subsequently 
loosened for 10  min (reperfusion). This process was 
repeated for three times. Core body temperature was main-
tained at 37.0 ± 0.5 °C during surgery with heated blanket. 
Brain temperature was monitored with a tympanic mem-
brane probe into the ear and maintained at 36.5 ± 0.2 °C. 
The mice were then placed in cages for rearing.

Morris Water Maze Test

The Morris water maze (Jiliang Software Technology 
Co., Ltd Shanghai, China) consisted of a large circular 
pool (120 cm in diameter, 60 cm in height, water depth of 
45 cm, and water temperature 21 ± 1 °C). A 6-cm-diameter 
platform was submerged 1.5 cm below the water surface in 
the center of one quadrant. The mice received 6 trials a day 
for 5 consecutive days and performance was assessed by 
measuring the time (escape latency) to find the hidden plat-
form. Each mouse was placed in one of three quadrants (not 
containing the platform) in a random manner, with the head 
facing the wall. If the mouse could not find the escape plat-
form within 60 s, the experimenter gently guided it onto the 
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Fig. 1   The schematic of the experiment. Con control group, Sham 
sham group, CIHH CIHH treatment group, IR ischemia and reper-
fusion group, MWM Morris water maze test, Step Step-down avoid-
ance test, NE neuropathological evaluation, PD98059 inhibitor of 
MEK1/2. The red arrows represent the time point for operation in 

Sham or IR groups. The square head arrow represents the sample 
collecting for western bolt analysis. The letters of a, b, c, d, e, f, g and 
h with the square head arrow in CIHH group represent the different 
time points of sample collecting
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platform and allowed it to stay there for 10 s. The mouse 
was then dried and placed in a cage for a rest of at least 1 h. 
Spatial memory was then analyzed by the probe trial on the 
6th day, during which the platform was removed from the 
pool, and the animal was tracked during a 60-s exploration 
of the pool. Memory was then inferred based on the per-
centages of time spent in the target quadrant searching for 
the platform.

Step‑Down Avoidance Test

A passive avoidance reaction tank, 11 × 11 × 35 cm in size 
(Jiliang Software Technology Co., Ltd, Shanghai, China) 
was used as the jumping test device. An energized copper 
grid was placed on the bottom. An insulated rubber mat 
with diameter and height of 5 × 5  cm was placed on the 
right of the device, which was used as the safe platform 
for the mouse to avoid an electric shock. A voltage regu-
lator was used to regulate the electric current. The mice 
were placed in the jumping device to adapt for 3 min and 
then a 0.25 mA alternating current was turned on to shock 
the mice. The mice jumped onto the safe platform to avoid 
electric shock. The frequency of electric shock (number 
of errors) within 5  min was recorded, which was consid-
ered as their learning performance. After 24 h, the test was 
repeated. The mice were placed on the safe platform and an 
electric shock was induced when mice jumped to energized 
copper grid. For this time the number of electric shocks 
was taken as the number of errors, which was considered as 
the memory performance.

Neuropathological Evaluation

One day after the finish of behavioral test, mice were anes-
thetized with chloral hydrate and perfused with normal 
saline followed by 4% paraformaldehyde through ascend-
ing aorta. A 2-mm-thick brain slice containing the bilat-
eral dorsal hippocampus was excised coronally and fixed 
in 4% paraformaldehyde. Two days later, the slice was 
embedded in paraffin and sectioned (5  µm). The sections 
were stained with thionine. The DND (delayed neuronal 
death) of pyramidal neurons in the CA1 hippocampus was 
evaluated under light microscope and scored by histologi-
cal grade (HG) and neuronal density (ND) [24]. HG was 
divided into four grades and the standard is as following: 
grade 0, no neuron death; grade I, scattered single neuron 
death; grade II, mass neuron death; grade III, almost com-
plete neuron death. ND of the hippocampal CA1 subfield 
(i.e., the number of intact pyramidal cells per 1-mm linear 
length of CA1 stratum pyramidale) was determined accord-
ing to the method of Kirino et al [25]. The average numbers 
of pyramidal neurons in three areas of CA1 hippocampus 
were calculated to establish the ND value.

Western Blotting

The hippocampus was quickly separated and homogenized 
in lysis buffer containing protease inhibitor and phos-
phoric acid protease inhibitors. The supernatant was kept 
at −80 °C and protein concentration was determined by 
Coomassie assay. The samples were electrophoresed on 
SDS–PAGE and transferred to PVDF membranes. After 
blocking in 5% defatted milk for 1 h, the membrane were 
incubated overnight at 4 °C with the rabbit anti-BDNF, 
CREB, p-CREB, TrkB, p-TrkB, ERK1/2 and p-ERK1/2 
primary antibodies and a rabbit antibody to GAPDH. After 
washing with Tris Buffered Saline with Tween 20 (TBST), 
the membranes were incubated with biotin labeled anti-rab-
bit IgG for 1 h at 37 °C. After washing with TBST again, 
the signals developed with enhanced chemiluminescence 
system. Band images were quantified by the ratio of the 
band’s IOD of target band to that of GAPDH or the phos-
phorylated band to the total one.

Statistical Analyses

A Kruskal–Wallis analysis of variance on ranks with 
Dunn’s multiple comparisons test were performed to test 
for differences in HG between groups. Other data were 
presented as means ± SD, and were tested by one-way 
ANOVA, combined with a LSD test as a multiple com-
parison method to test differences between groups. P < 0.05 
was considered significant.

Results

The Effect of CIHH on Cognitive Dysfunction Induced 
by Cerebral Repetitive I/R

There were no significant differences in physiologic param-
eters, such as body weight, blood pressure and heart rate 
during experiment among groups.

In the Morris water maze, the time of escape latency to 
find the submerged platform was analyzed from the first 
to the fifth day, and became shorter in all groups. No sig-
nificant difference of latency time was detected between 
sham and CIHH group (22.21 ± 8.20 vs. 23.64 ± 10.84  s). 
Ischemia resulted in longer escape latency than sham group 
(40.06 ± 9.50 vs. 22.21 ± 8.20  s, p < 0.05) and CIHH pre-
treatment reversed the impairment partially (31.31 ± 8.65 
vs. 40.06 ± 9.50  s, p < 0.05, Fig.  2a). In the spatial probe 
test, we plotted the performance of different groups by ana-
lyzing the percentage of time in the target quadrant where 
the hidden platform had previously been in. The mice in 
IR group showed a shorter percentage of time in the target 
quadrant than Sham group (24.11 ± 5.84 vs. 38.66 ± 7.87%, 
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P < 0.05). The mice in CIHH + IR group was favora-
ble to cognitive improvement in searching for the target 
quadrant compared with the IR group (33.80 ± 6.47 vs. 
24.11 ± 5.84%, P < 0.05, Fig.  2b), yet no changes were 
observed between Sham and CIHH group.

In the step-down avoidance test, Sham and CIHH 
group remained no change in learning and memory 
ability. IR group were coupled with increased number 

of errors than Sham group (5.3 ± 1.64 vs. 2.6 ± 0.84, 
P < 0.05), Which was reversed by CIHH pretreatment 
(3.7 ± 1.42 vs. 5.3 ± 1.64, P < 0.05, Fig. 2c).

These results suggested that cerebral ischemia could 
cause the learning and memory disability, while CIHH 
could protect the brain tissue against the cognitive 
disorder.

In order to test whether activation of ERK pathway was 
pivotal for the neuroprotective effect of CIHH, MAPK/
ERK Kinase (MEK), the upstream kinase of ERK, was 
inhibited pharmacologically with PD098059 (2 mmol/L in 
5  µl), a MEK inhibitor. Compared PD98059 + CIHH + IR 
group with CIHH + IR group, the escape latency is 
38.062 ± 10.49733 vs. 31.31 ± 8.65 (p < 0.05), the percent-
age time retaining in the target quadrant is 26.11 ± 6.11 
vs. 33.80 ± 6.47% (p < 0.05) and the number of errors is 
4.9 ± 1.20 vs. 3.7 ± 1.42 (p < 0.05) (Fig.  2). The result 
showed that in the presence of the MEK inhibitors, the neu-
roprotective effects of CIHH against cognition impairment 
were obviously abrogated, suggesting that ERK pathway 
mediated the neuroprotective effect of CIHH against cogni-
tive impairment produced by I/R.

The Effect of CIHH on Pyramidal Neurons 
in Hippocampal CA1 Region After Cerebral I/R

One day after the behavioral tests, the neuropathological 
evaluation on hippocampus CA1 was performed and the 
neuroprotective effect of CIHH against cerebral I/R was 
confirmed. The pyramidal neurons in the CA1 hippocam-
pus were arranged in order with 2–3 cell layers, intact 
outlines, full nuclei, and clear nucleoli in sham rats. The 
HG values were 0, and ND was 261.21 ± 34.33 mm−1. The 
histological characteristics of the CA1 hippocampi in the 
CIHH group were similar to Sham group. However, almost 
all neurons died 30 days after ischemia in IR group, which 
were represented by increase in HG and significant decrease 
in ND (37.46 ± 18.21 vs. 261.21 ± 34.33  mm−1, P < 0.05) 
compared with Sham groups. The above noted lesions were 
prevented by CIHH pretreatment (ND: 210.33 ± 49.52 in 
CIHH + IR group vs. 37.46 ± 18.21 mm−1 in IR group).

With the presence of PD98059, the neuroprotec-
tive effect of CIHH against DND in hippocampus 
CA1 region was abolished. ND was much lower in 
PD98059 + CIHH + IR group than in CIHH + IR group 
(61.33 ± 25.27 vs. 210.33 ± 49.52 mm−1, P < 0.05, Fig. 3). 
The histological changes of neurons in hippocampus CA1 
area were also examined upon PD98059 injection into 
Sham and IR animals, and there were no obvious effects 
(Fig.  3). These results indicated that CIHH could protect 
pyramidal neurons in the CA1 hippocampus against DND 
induced by ischemia via promoting ERK1/2 cascade.

Fig. 2   Effects of CIHH on the escape latency (a), percentage time in 
target quadrant (b) and times of errors (c) in mice. Sham sham group, 
CIHH CIHH treatment group, IR ischemia and reperfusion group. 
Data were expressed as mean ± SD, n = 10 for each group, *P < 0.05 
vs. sham group, #P < 0.05 vs. IR group, +P < 0.05 vs. CIHH + IR 
group



506	 Neurochem Res (2017) 42:501–512

1 3

Effects of CIHH Pretreatment on the Expressions 
of BDNF, p‑TrkB and TrkB

The expression of BDNF was increased obviously at dif-
ferent time points at 0, 12 h, 1, 2, 3 and 7 day after 28-day 

CIHH treatment compared with control group. The maxi-
mal expression of BDNF was detected between 0  h and 
2 day and then it declined and reached to control level at 
14 day (Fig. 4a). The expressions of BDNF among groups 
were compared at 3 day after I/R or at corresponding time 

Fig. 3   Effects of CIHH on the 
histological grade and neuronal 
density in CA1 hippocampus. a 
Representative thionine-stained 
photomicrographs (Scale bar 
400 µm in the first inset and 
25 µm in others). b Group data 
of histological grade. Each dot 
represents one animal assigned 
that grade. c Group data of neu-
ronal density. Sham sham group, 
CIHH CIHH treatment group, 
IR ischemia and reperfusion 
group, CIHH + IR CIHH + IR 
group, PD98059 + CIHH + IR 
PD98059 + CIHH + IR 
group, PD98059 + Sham 
PD98059 + Sham group, 
PD98059 + IR PD98059 + IR 
group. Data were expressed 
as mean ± SD, n = 8 for each 
group. *P < 0.05 vs. sham 
group, #P < 0.05 vs. IR group, 
+P < 0.05 vs. CIHH + IR group
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point in other groups. The expression of BDNF was signifi-
cantly upregulated in IR and CIHH groups compared with 
Sham group,but the expression in CIHH + IR group was 
higher than that in IR group. The increased expression of 
BDNF was blocked in PD98059 + CIHH + IR group com-
pared with CIHH + IR group even though PD98059 had no 
effect on BDNF in Sham and IR animals (Fig. 4b, c).

The dynamic expression of TrkB, receptor of BDNF, 
was observed. The expression of p-TrkB was increased at 
time points at 0, 12 h, 1, 2 and 3 day after 28 day-CIHH 
treatment compared with control group, whereas TrkB 
expression unchanged. The increase was maintained from 
0  h to 3 day, and decreased to control level at the 7 day 
(Fig.  4d). The expressions of TrkB among groups were 
also observed. The expression of TrkB was similar among 
groups, but the p-TrkB expression was increased in CIHH 
group and decreased in IR group compared with Sham 
group. The down-regulated expression of p-TrkB in IR 
group was restored in CIHH + IR group (Fig.  4e). The 
results suggested that the protective effect of CIHH on 
cognitive dysfunction induced by I/R might be carried out 
through upregulating the expression of BDNF and p-TrkB 
might be involved.

Effects of CIHH Pretreatment on the Expressions 
of p‑ERK1/2, ERK1/2, p‑CREB and CREB

No significant difference of ERK1/2 expression was 
detected among groups, but the expression of p-ERK was 
changed. The expression of p-ERK1/2 was upregulated 
by CIHH while downregulated by I/R compared with 
Sham group. Furthermore, the expression of p-ERK1/2 is 
higher in CIHH + IR group than in IR group. The increased 
expression of p-ERK 1/2 in CIHH + IR group was abol-
ished by PD98059 (Fig. 5a).

The expression of CREB was similar in every group, 
but the expression of p-CREB on ser-133 was increased 
by CIHH. The dynamic expression of p-CREB promoted 
obviously at time points of 0, 12 h, 1, 2, 3 and 7 day after 
28-day CIHH treatment compared to control group. The 
maximal expression of p-CREB was between 0 h and 1 day 
time points, and then the expression of p-CREB decreased 
to control levels at 14 day (Fig. 5b).

Total CREB expressions were not significantly differ-
ent among groups, but the expression of p-CREB on Ser 
133 was increased by CIHH treatment. In addition, the 
downregulation of p-CREB induced by I/R were recovered 
when pretreatment with CIHH. Pretreated with PD98059, 
the up-regulated expression of p-CREB was reversed 
in PD98059 + CIHH + IR group, although there was no 
change in CREB expression (Fig.  5c). These results sug-
gested that CIHH could enhance the expression of the 

related proteins in ERK1/2-CREB-BDNF-TrkB path-
way and antagonize the downregulation of these proteins 
expression during I/R.

Discussion

This is the first study to investigate the protective effect 
of CIHH pretreatment on cognitive dysfunction induced 
by I/R and underlying mechanism in mice. The results 
showed that CIHH could ameliorate learning and memory 
impairment induced by repetitive cerebral I/R and antago-
nize DND in the hippocampus CA1. Additionly, CIHH 
promoted expressions of BDNF, p-TrkB, p-ERK1/2 and 
p-CREB in the hippocampus. Furthermore, CIHH could 
restore the changes of the proteins induced by I/R. Nota-
blely, these effects were abrogated by blocking the activa-
tion of ERK1/2. So it demonstrated that CIHH has protec-
tive effect against learning and memory defects through 
activation of ERK1/2-CREB-BDNF pathway.

As a kind of stress stimulation, hypoxia is a double-
edged sword. In this regard, severe hypoxia is involved in 
the genesis and prognosis of acute and chronic diseases 
such as diabetes, cardiovascular and cerebrovascular dis-
eases. In contrast, the intensity and duration programed 
hypoxia produces a beneficial effect through an adaptive 
mechanism. CIHH has been reported to enhance athletic 
performance frequently through increasing tolerance to 
hypoxia [26]. CIHH can mobolize protective effect on heart 
against ischemia or hypoxia injury through triggering pow-
erful endogenous adaptive mechanisms [27, 28]. Besides 
its beneficial effect on heart, limited research has been 
focused on its protective effect on brain [20], especially on 
cognition [29]. In this study, we demonstrated that learn-
ing and memory function of mice was severely impaired 
by repeated cerebral I/R combined with lower blood pres-
sure, and CIHH protected against the learning and memory 
dysfunction by ischemia effectively for the first time. The 
promising results suggest a potential role of CIHH on pre-
vention of cognitive dysfunction.

Previous studies have elucidated that the pathogenesis of 
vascular cognitive impairment is due to delayed neuronal 
death in the hippocampus CA1 area, and repetitive cerebral 
I/R is an important cause of vascular cognitive impairment 
[30]. In the hippocampus, the CA1, CA2/3 and DG areas 
are basic area involved in long-term memory formation 
[31]. Hippocampal neuronal death is a major factor in the 
progress of memory impairment in many brain disorders 
and prevention of hippocampal neuronal deaths provides 
a potential therapeutic strategy to ameliorate memory and 
cognitive impairment in many neurological disorders [32, 
33]. In this study, Prevention of DND in hippocampus 
CA1 by CIHH pretreatment was consistent with the better 
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Fig. 4   Effects of CIHH on the expressions of BDNF, p-TrkB and 
TrkB proteins. a The dynamic expressions of BDNF in time points 
of post-CIHH. b Effects of PD98059 on BDNF in Sham and IR ani-
mals. c The expressions of BDNF among groups. d The dynamic 
expressions of p-TrkB and TrkB in time points of post-CIHH. e 
The expressions of p-TrkB among groups. Samples used to com-
pared the proteins expressions among groups were obtained 3  day 

after ischemia or at corresponding time points in groups. Sham 
sham group, CIHH CIHH treatment group, IR ischemia and reper-
fusion group, CIHH + IR CIHH + IR group, PD98059 + CIHH + IR 
PD98059 + CIHH + IR group. Data were expressed as mean ± SD, 
n = 5 for each group, *P < 0.05 vs. control or sham group, #P < 0.05 
vs. IR group, +P < 0.05 vs. CIHH + IR group
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behavioral performance. The result suggested that the ben-
efits of CIHH on neuronal loss in hippocampus CA1 region 
caused by ischemia might be the basis of the restoration of 
learning and memory ability.

BDNF plays a crucial role in memory formation and 
storage. It is implicated in protein synthesis-dependent 
memory consolidation [34]. BDNF in the hippocampus 
is essential for the effects of various memory enhancing 
agents that promotes dendritic recovery and increases neu-
ronal connectivity and memory facilitation [10, 35–37]. 
Infusion of BDNF and activation of BDNF signaling are 
promising targets for learning and memory enhancement 
and improvement of memory impairment observed in vari-
ous brain disorders [38, 39]. In our study, CIHH elevated 
the expression of BDNF in hippocampus and reversed 
the downregulation of BDNF produced by ischemia. The 
results suggested that maintaining the expression of BDNF 
in neurons might be a reason of CIHH protective effect on 
cognitive dysfunction.

BDNF stimulates ERK-promoted activation of CREB, 
which is critical for long-term memory formation. At the 
same time, the activation of CREB could increase BDNF 
production [40, 41]. As an important transcription fac-
tor, CREB is implicated in control of adaptive neuronal 
responses and contributes to several critical functions of 
BDNF-mediated cell survival [42]. Specifically, phos-
phorylated CREB can activate the transcription of genes 
involved in cell survival and memory [36, 43]. It was 
reported that dephosphorylation of ERK1/2 and CREB 
could participate in neurocognitive impairments induced 
by chronic intermittent normoxic hypoxia simulating sleep 
apnea syndromes [44]. In this study, the expression of 
p-CREB and BDNF proteins were increased after CIHH. 
Furthermore, CIHH could reverse the downregulated 
expression of p-CREB and BDNF induced by repetitive 
ischemia. The result suggested the neuroprotective effect 
of CIHH might be mediated by activating the CREB signal 
pathway and promoting the expression of its downstream 
pro-survival gene, BDNF, in turn preventing neuronal 
death in hippocampus CA1 region and further preserving 
the learning and memory ability during I/R stress.

The upstream phosphorylating enzyme of phosphoryl-
ated CREB is ERK1/2 that is required for BDNF-induced 
increase in spine density on hippocampal pyramidal neu-
rons and promotes memory [45]. ERK1/2, a key player in 
both upstream and downstream signaling of BDNF [12, 
46], is activated by BDNF signaling through the Ras/Raf/
MEK signaling cascade [47, 48]. Moreover, ERK1/2 acti-
vation may further generate BDNF or mediate the neuro-
tropic actions of BDNF, including synaptic strength [49] 
and neurogenesis [50]. Previous work has shown that 
CREB can be a prosurvival target of ERK1/2 [51]. And 
BDNF, ERK1/2 and CREB compose a positive feedback to 

Fig. 5   Effects of CIHH on the expressions of p-ERK1/2, ERK1/2, 
p-CREB and CREB proteins. a The expressions of p-ERK1/2 and 
ERK1/2 among groups. b The dynamic expressions of p-CREB and 
CREB in time points of post-CIHH. c The expressions of p-CREB 
and CREB among groups. Samples used to compare the proteins 
expressions among groups were obtained 3 day after ischemia or at 
corresponding time points in groups. Sham Sham group, CIHH CIHH 
treatment group, IR ischemia and reperfusion group, CIHH + IR: 
CIHH + IR group, PD98059 + CIHH + IR: PD98059 + CIHH + IR 
group. Data were expressed as mean ± SD, n = 5 for each group. 
*P < 0.05 vs. sham group, #P < 0.05 vs. IR group, +P < 0.05 vs. 
CIHH + IR group
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promote the production of each other [48, 49]. In our study, 
CIHH not only increased the expression of p-ERK1/2, but 
also reversed the downregulated expression induced by 
ischemia. And CIHH-induced upregulated expressions 
of BDNF and p-CREB were mostly blocked by PD98059 
administration. Thus, it can be speculated that ERK1/2 may 
be an upstream signaling molecule involved in the CIHH-
induced increase of BDNF and p-CREB expression.

It is reported that BDNF exerts its cognition-promoting 
effect mainly via combining the receptor of phosphorylated 
TrkB and activating MAPK/ERK or phosphatidylinositol-
3-kinase and phosphorylated protein kinase B (PI3K/Akt) 
pathways [11]. Other studies have shown that activation 
of TrkB receptors elicits a complex program of changes 
in gene expression, which will cause multiple changes 
in the proteome [52]. In our study, CIHH augmented the 
expression of p-TrkB and it also reversed the decrease of 
the expression of p-TrkB induced by I/R. Therefore, the 
combined upregulation of BDNF and p-TrkB suggests that 
CIHH could modulate BDNF/TrkB pathway to exert cogni-
tion-promoting effect.

In summary, our results demonstrate for the first time 
that CIHH ameliorated I/R-induced cognitive dysfunction 
through activation of ERK1/2-CREB-BDNF signaling 
pathway in mice.
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