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Abstract
Tibet is an area in China with a high incidence of stroke, typically attributed to hypobaric hypoxia. The present study aimed to
observe the neuronal injury of ischemic stroke after hypobaric hypoxia and explore the mechanism by which N-methyl-D-aspartate
receptor (NMDAR) and its downstream pathways are involved. This study employed a hypobaric chamber to imitate high altitude at
4000 m. After hypoxia, the middle cerebral artery occlusion (MCAO) model was used to mimic ischemic stroke. Behavioral tests
and measurements of infarct area were used to observe neuronal injuries. The expression of NMDAR, Ca2+/calmodulin-dependent
protein kinase II (CaMKII) and phosphorylated CaMKII (Threonine 286) (P-CaMKII) was tested by western blot, and hematolog-
ical tests were used to count the number of red blood cells (RBCs) and hemoglobin. Compared with the plain+MCAO group, the
neurological deficit scores and infarct area of rats in the 4000 m +MCAO group were all decreased, and the protein expression of
NMDAR, CaMKII and P-CaMKII was reduced. Compared with the plain group, the numbers of RBCs, hemoglobin and hematocrit
were increased in the 4000 m group; compared with the 4000 m groups, the three indexes were increased in the 4000 m +MCAO
groups. The neuronal injuries after hypoxia were not more serious than those in rats enduring ischemia and reperfusion in plain. The
underlying mechanisms were related to the decreased expression of NMDAR and CaMKII; furthermore, the increased numbers of
RBCs and hemoglobin may be crucial mechanisms for the incidence and development of ischemic stroke at high altitude.
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Introduction

Stroke is the second most common cause of death and the
third most common cause of disability worldwide (Wu and

Tymianski, 2018). Stroke morbidity in China shows
regionality, and the high-prevalence provinces of stroke
are (in sequence) Heilongjiang, Tibet, Jilin, Liaoning,
Hebei, Xinjiang, Inner Mongolia, Beijing and Ningxia.
Stroke morbidity in the national minority is 14.8%, and
that in the Han nationality is 6.98%(Xu et al., 2013). The
two main types of stroke are ischemic and hemorrhagic;
among these, approximately 87% of strokes are cerebral
ischemic (Luo et al., 2019; Wu and Tymianski, 2018),
and in China, patients with ischemic stroke account for
69.6% (Wang, et al. 2017).

The pathogenesis of ischemic stroke is stenosis or occlu-
sion of the main artery supply to the cerebral artery, and dur-
ing disease development or the later treatment period, the oc-
cluded vasculature recanalizes, resulting in cerebral ischemia
and reperfusion injuries (Piccardi et al., 2018; Wu and
Tymianski, 2018). The mechanisms underlying cerebral is-
chemic stroke include calcium overload, neuronal
excitotoxicity induced by the overactivation of excitatory ami-
no acid receptors, free radical-mediated cytotoxicity, inflam-
matory reactions, destruction of the blood-brain barrier, and so
on (Luo et al., 2019; Wu and Tymianski, 2018). Furthermore,
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excitotoxicity plays an important role in the pathological pro-
cess of acute cerebral stroke (Wu and Tymianski, 2018; Wu
et al., 2019).

N-methyl-D-aspartate receptor (NMDAR) are one of the
main receptors of excitatory amino acids (Luo et al., 2019).
Structurally, NMDAR are constituted by two NR1 subunits
and two other subunits, including NR2A-NR2D, as well as the
NR3A and NR3B subunits (Wu and Tymianski, 2018). Ca2+/
calmodulin-dependent protein kinase II (CaMKII) is the
downstream signaling molecule of NMDAR. A great increase
in intracellular calcium, resulting from influx through
NMDAR, was reported to lead to the continuous activation
of CaMKII through the autophosphorylation of threonine 286,
which plays an important role in regulating excitotoxicity
(Wang and Peng, 2016; Wu et al., 2019).

Due to the high morbidity of stroke in Tibet, where the
hypobaric hypoxia is the typical feature of natural environ-
ment, therefore, the present study aimed to observe cerebral
ischemia and reperfusion injury after hypobaric hypoxia sim-
ulation and analyze the pathophysiologic mechanism under-
lying NMDAR and its downstream pathway to provide further
insight into ischemic stroke at high altitude.

Materials and methods

Animals and treatments

60 adult male Sprague-Dawley rats weighing 210–220 g were
procured from the Dossy Experimental Animal Corporation
(Chengdu, China) and allowed to acclimate for 1 week. The
ambient temperature was set to 25 °C, with a 12/12 light/dark
cycle, during which the rats were allowed free access to food
and water. All procedures of animal handling were approved
by the Ethics Committee for Experimental Research at Xizang
Minzu University, and conformed to the National Institutes of
Health guide for the care and use of Laboratory animals (NIH
Publications No. 8023, revised 1978).

To imitate hypobaric hypoxia, the rats were placed into a
hypobaric chamber (Xi’an Fukang Air Purification
Equipment and Engineering Co., Ltd., Xi’an, China) for
4 days, and the altitude was set at 4000 m (the barometric
pressure was about 61.3 Kpa). The speed for ascent and de-
scent was set at 135 m/min. To maintain continuous hypoxic
conditions, specially made bottles were placed in the rat cages
to allow rats to drink freely. The plain group used the altitude
of Xianyang in Shaanxi (410 m) as a reference.

As for the middle cerebral artery occlusion (MCAO) mod-
el, at first, rats were anesthetized with 6% chloralhydrate. A
midline incision was made in the neck to expose the right
common carotid artery and its branches. A small incision
was made in the external carotid artery, and a special suture
(Beijing Cinontech Co., Ltd., Beijing, China) was inserted and

gently advanced through the internal carotid artery until the tip
occluded the origin of the middle cerebral artery (Longa et al.,
1989). The operation was conducted on an operation table
with heating device to maintain a constant body temperature
of 37 ± 0.5 °C. After 30 min of occlusion, the suture was
withdrawn for 24 h of reperfusion.

The animals were randomly divided into two groups:
plain+ MCAO group and 4000 m +MCAO group. For the
4000 m +MCAO group, the MCAO model was made imme-
diately at the end of hypobaric hypoxia. Except for the treat-
ment of hypobaric hypoxia, all operations were same for the
two groups. In order to deeply analyze the role of red blood
cells (RBCs) and hemoglobin counts in this research, plain
group and 4000 m group were supplemented.

Evaluation of neurological deficits, brain edema and
the infarct area

The animals were evaluated for neurological deficits 24 h after
reperfusion in a double-blindedmanner and scored as follows:
0, no observable neurological deficit; 1, failed to extend the
left forepaw fully; 2, circled to the left side; 3, fell to the left;
and 4, did not walk spontaneously and showed a depressed
level of consciousness(Longa et al., 1989).

After scoring, all test subjects were deeply anesthetized with
6% chloralhydrate and sacrificed by decapitation. The brain
index was adopted to reflect brain edema, which was calculated
by the weight ratio of the whole cerebrum to the whole body.

For evaluation of the cerebral infarct area, whole rat brains
were equally sectioned into 6 coronal slices and then stained
with 2% 2,3,5-triphenyltetrazolium chloride (Sigma-Aldrich,
St. Louis, MO, USA) at 37 °C for 30 min in the dark and
subsequently fixed in 4% paraformaldehyde overnight. The
viable brain tissues were stained red, and infarcted tissues
could not be stained. Each slice was photographed and ana-
lyzed with Image J software (NIH, MD, USA). The area of
infarction was calculated and is expressed as the percentage of
infarct area to the total hemispheric area for each slice, and the
third brain slice of each rat was adopted for statistical analysis.

Red blood cells (RBCs) and hemoglobin counts

Before decapitation, blood was collected from the abdominal
aorta, and RBCs and hemoglobin were counted with aMindray
BC-2800 Vet Hematology analyzer (Mahwah, NJ, USA).

Western blot analysis

After 30 min of occlusion and 24 h of reperfusion, the animals
were decapitated, and the right hippocampus was rapidly dis-
sected separately at the desired time. The hippocampal tissue
samples were homogenized in RIPA lysis buffer (Beyotime
Institute of Biotechnology, Haimen, China) with protease and
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phosphatase inhibitors (Roche, Basel, CH), and the total pro-
tein concentration was measured by the bicinchoninic acid
assay. Equal amounts of protein (50 μg) were loaded onto
10% SDS-polyacrylamide gels. After separation by electro-
phoresis, proteins were transferred to PVDF membranes
(Millipore, MA, USA), which were blocked with 5% nonfat
milk in TBST at room temperature for 1 h and then incubated
with the indicated primary antibody overnight at 4 °C. The
primary antibodies were as follows: rabbit anti-NR1monoclo-
nal antibody (1:1000; Cell Signaling Technology, MA, USA),
rabbit anti-NR2A polyclonal antibody (1:1000; Millipore),
rabbit anti-NR2B polyclonal antibody (1:1000; Millipore),
rabbit anti-NR3A polyclonal antibody (1:1000; Millipore),
mouse anti-CaMKII monoclonal antibody (1:1000; Abcam,
Cambridge, UK), rabbit anti-CaMKII alpha (phospho T286)
polyclonal antibody (1:1000; Abcam), and mouse anti-β-actin
polyclonal antibody (1:3000; Millipore). Membranes were
washed 3 times with TBST for 5 min each and then incubated
for 1 h at room temperature with the indicated horseradish
peroxidase (HRP)-conjugated secondary antibody (anti-rabbit
antibody (1:1000; Millipore) and anti-mouse antibody
(1:3000; Millipore)). After washing with TBST, membranes
were revealed by ECL-Plus detection kit (Beyotime Institute
of Biotechnology) using the ChemiDoc™ XRS + System and
analyzed using the accompanying proprietary program Image
Lab™ Software (Bio-Rad Laboratories, Inc., CA, USA).

Statistical analysis

The data are presented as the mean ± SEM. Statistical analyses
were performed with one-way ANOVA or a paired Student’s t
test (for comparisons of two groups) using SPSS 18.0 statis-
tical software. Differences with P < 0.05 were considered sta-
tistically significant.

Results

Death rate of the MCAO model and weight loss after
MCAO

For the plain +MCAO group, 14 rats were used, and 2 rats died;
the death rate was 14.29%. For the 4000 m +MCAO group, 18
rats were used, and 5 rats died; the death rate was 27.78%.

Compared with the plain + MCAO group (24.38 ± 1.08),
the weight loss of rats in the 4000 m +MCAO group (19.00 ±
2.04, P < 0.05) was less.

Neurological deficit score after MCAO

Compared with the plain + MCAO group (1.50 ± 0.19), the
neurological deficit score of rats in the 4000 m +MCAO
group (0.63 ± 0.18, P < 0.05) was decreased (Fig. 1a).

Changes in brain index after MCAO

Compared with the plain + MCAO group (0.60% ± 0.01%),
the brain index of rats in the 4000 m +MCAO group (0.48%
± 0.01%, P < 0.01) was decreased ((Fig. 1b).

Variance in infarct area after MCAO

Compared with the plain + MCAO group (36.97% ± 3.85%),
the area of cerebral infarction in the 4000 m +MCAO group
(26.66% ± 3.19%, P < 0.05) was reduced ((Fig. 2).

Variance in parameters related to RBCs after hypoxia
and MCAO

Compared with the plain group (7.97 ± 0.09; 146.5 ± 3.05;
41.24 ± 0.93), the RBCs, hemoglobin and hematocrit counts
in the 4000 m group (9.49 ± 0.11, P < 0.01; 186.5 ± 1.18,
P < 0.01; 52.78 ± 0.39, P < 0.01), plain+MCAO group
(10.28 ± 0.70, P < 0.05; 194.88 ± 14.37, P < 0.05; 55.01 ±
3.35, P < 0.05), and 4000 m +MCAO group (12.16 ± 0.67,
P < 0.01; 229.41 ± 12.35, P < 0.01; 65.79 ± 2.67, P < 0.01)
were all significantly increased; compared with the 4000 m
group, the above three indexes in the 4000 m +MCAO group
were all increased (P < 0.05; P < 0.05; P < 0.05) ((Fig. 3).

Changes in NMDAR subunits in the hippocampus after
MCAO

Compared with the expression of NR1 (1.03 ± 0.10), NR2A
(0.98 ± 0.07), NR2B (0.96 ± 0.03), and NR3A (1.11 ± 0.10) in
the plain+MCAO group, the expression of these proteins in
the hippocampus of the 4000 m +MCAO group (0.49 ± 0.05,
P < 0.01; 0.55 ± 0.05, P < 0.01; 0.40 ± 0.03, P < 0.01; 0.59 ±
0.04, P < 0.05) were all decreased ((Fig. 4).

Changes in CaMKII and P-CaMKII protein expression
in the hippocampus after MCAO

Compared with the protein expression of CaMKII (0.90 ±
0.04) and P-CaMKII (0.97 ± 0.05) and the ratio of P-
CaMKII to CaMKII (1.08 ± 0.05) in the plain+MCAO group,
these values in the 4000 m +MCAO group (0.56 ± 0.02,
P < 0.01; 0.51 ± 0.01, P < 0.01; 0.91 ± 0.03, P < 0.05) were
all decreased ((Fig. 5).

Discussion

In our previous study, we found that MCAO damage was
reflected not only in the brain but also in the whole body, as
evidenced as weight loss in rats. In the present study, the
weight loss of rats in the 4000 m +MCAO group was less
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than that in the plain +MCAO group. Then, we used the neu-
rological deficit score, brain index and infarct area to observe
differences in the degree of cerebral ischemia and reperfusion
injury between plain and hypobaric hypoxia, two different
circumstances. The more severe the injury is, the higher the
neurological deficit scores. Brain edema, a serious complica-
tion of ischemic stroke, significantly affects mortality follow-
ing ischemic brain injury (Wu et al., 2018). Hence, the brain
index can be employed to reflect the degree of edema. The
infarct area is the index used to represent damaged brain tissue
directly. As shown in the results, the plain+MCAO group had
higher neurological deficit scores than the 4000 m +MCAO
group, and the brain index and infarct area in the plain
+MCAO group were both larger than those in the 4000 m +
MCAO group. The results were unexpected, and which in-
duced us to explore further.

Regarding the death rate of the MCAO model in the pres-
ent study, we performed an analysis and found that the death
rate of rats in the plain+MCAO group was 14.29%, while that

of rats in the 4000 m +MCAO group was 27.78%, which was
higher than that of rats in the former group. These results show
that the mortality of individuals suffering from ischemic
stroke after hypobaric hypoxia is high, but damage to the
cerebral system in survivors may not be too serious. Like
some diseases, there may not be a positive correlation between
the morbidity and the degree of injury. The mechanism un-
derlying the disease may be complicated, that is why we car-
ried out the study. Based on the results described above, we
further speculate that hypoxic rats have some resistance to
cerebral ischemia reperfusion injury, which may be related
to the increase in antioxidant capacity in vivo. As we reported
before, the ratio of superoxide dismutase to malondialdehyde
increased with increasing altitude (Zhu et al., 2019).

NMDAR is an important receptor that causes excitotoxic
injury. CaMKII is an important downstream signaling path-
way molecule of NMDAR, and its phosphorylation state can
also reflect the activation state of NMDAR and the degree of
involvement of this signaling pathway in excitotoxic injury

Fig. 1 Changes in the
neurological deficit score and
brain index after MCAO. (a)
neurological deficit score, (b)
brain index. *P < 0.05,
**P < 0.01, compared with the
plain+MCAO group; x ± SEM,
n = 8. MCAO: middle cerebral
artery occlusion

Fig. 2 Comparison of the
cerebral infarct area after MCAO.
(a) 2,3,5-triphenyltetrazolium
chloride staining, (b) statistical
analysis of the cerebral infarct
area. *P < 0.05, compared with
the plain+MCAO group; x ±
SEM, n = 7. MCAO: middle
cerebral artery occlusion
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(Baucum et al., 2013; Wu et al., 2019). Selective inhibition of
synaptic NMDAR can attenuate excitotoxicity induced by
global NMDAR stimulation in primary hippocampal neurons
(Lai et al., 2014). In an MCAO model with transient or per-
manent occlusion, NMDAR antagonists can also protect neu-
rons from ischemic death (Wu and Tymianski, 2018). Some
studies have reported that suppression of the expression of
NR2B and P-CaMKII generates a protective effect against
cerebral ischemia and reperfusion injury (Lai et al., 2014;
Wu and Tymianski, 2018; Wu et al., 2019).

Compared with the plain+MCAO group, the protein ex-
pression of NR1, NR2A, NR2B, and NR3A, as well as
CaMKII and P-CaMKII, was decreased in the 4000 m +
MCAO group. Therefore, it can be inferred that compared
with plain hypoxia, hypobaric hypoxia may protect rats with
MCAO against ischemic and reperfusion injuries to some ex-
tent, which are related to the decreased expression of
NMDAR subunits, CaMKII and its phosphorylated form.

Tibet is a high incidence area of stroke in China, the inci-
dence of stroke was 466.9 per 100,000 per year (Xu et al.,
2013). There were different opinions about the incidence of
stroke in different subtypes. Hemorrhagic stroke may be com-
mon in Tibet due to high blood pressure, heavy drinking, a
meat diet and genetic differences in the population (Fang
et al., 2011). The relatively low incidence of ischemic stroke

in Tibet does not exclude that some patients with ischemic
stroke have mild symptoms and have not been admitted to a
hospital for treatment and therefore not be included in the
statistical analysis (Fang et al., 2011). Another study reported
that ischemic stroke is the most common type of stroke in the
population of state-owned enterprises and government institu-
tions in Lhasa. Good medical services and healthy lifestyles
may reduce the risk factors for hemorrhagic stroke in the re-
search population (Fang et al., 2011; Zhao et al., 2010). At
present, there are few epidemiological investigations on stroke
at high altitude, and the existing studies have their own limi-
tations. We hope that more information will be provided as
references for future research.

In addition to the abovementioned behavioral and molecu-
lar detections related to cerebral functions, blood parameters
were also our focus. Priti Azad et al. reported that between
1.2% and 33% of individuals living at high altitude suffer
from chronic mountain sickness (CMS) (Azad et al., 2017).
In high altitude areas, blood viscosity will increase with an
increased hematocrit, leading to polycythemia. Although there
is an increase in RBC compensation, there is still a lack of
blood oxygen due to hypoxia. These two parameters are risk
factors for cerebral stroke and myocardial infarction in pa-
tients with CMS (Azad et al., 2017). Jha SK et al. reported
that the most common type of stroke at high altitude is

Fig. 3 Comparison of parameters
related to red blood cell after
hypoxia and MCAO. (a) red
blood cell, (b) hemoglobin, (c)
hematocrit. *P < 0.05,
**P < 0.01, compared with the
plain group; #P < 0.05, compared
with the 4000 m group; x ± SEM,
n = 8. MCAO: middle cerebral
artery occlusion
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Fig. 4 Changes in the expression
of NMDAR subunits. (a)
representative blots showing the
levels of NMDAR subunits, (b)
semiquantitative analysis of the
NR1 protein expression, (c)
semiquantitative analysis of the
NR2A protein expression, (d)
semiquantitative analysis of the
NR2B protein expression, (e)
semiquantitative analysis of the
NR3A protein expression.
*P < 0.05, **P < 0.01, compared
with the plain+MCAO group; x ±
SEM, n = 6. MCAO: middle
cerebral artery occlusion;
NMDAR: N-methyl-D-aspartate
receptor

Fig. 5 Changes in the expression
of CaMKII and P-CaMKII. (a)
representative blots showing the
levels of CaMKII and P-CaMKII,
(b) semiquantitative analysis of
the CaMKII protein expression,
(c) semiquantitative analysis of
the P-CaMKII protein expression,
(d) the ratio of P-CaMKII/
CaMKII. *P < 0.05, **P < 0.01,
compared with the plain+MCAO
group; x ± SEM, n = 6. MCAO:
middle cerebral artery occlusion;
CaMKII: Ca2+/calmodulin-
dependent protein kinase II; P-
CaMKII: phosphorylated
CaMKII (Threonine 286)
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ischemic stroke, and the important risk factor for its occur-
rence is an increase in blood viscosity (Jha et al., 2002).
Another retrospective case control study found that the prima-
ry hemorrhagic neurovascular diseases patients in Tibetan
with high blood viscosity due to high HGB levels easily
formed tiny thromboses, and further caused cerebral infarction
(Chen et al., 2017). This is basically consistent with our find-
ings. For further exploration, four groups were employed here,
and we found that hypoxia simulation at high altitude can
induce an increase in the number of RBCs and hemoglobin
in rats compared with that of rats in plain. In addition, regard-
less of the normoxic or hypoxic condition, the MCAO model
exhibited a further increase in the number of RBCs and he-
moglobin, and hence, the most significant increase in the num-
bers of RBCs and hemoglobin was observed in the MCAO
group after hypoxia.

In conclusion, compared with plain circumstance, the mor-
tality of individual rats suffering from ischemic stroke after
hypobaric hypoxia at high altitude is higher; however, as long
as the rats survive, damage to the cerebral system is slightly
less. This finding can be explained by two reasons: the aug-
mentation of antioxidant abilities with increased altitude and
the reduced neuroexcitoxicity engendered by the decreased
expression of NMDAR subunits and activation of the
CaMKII pathways. Hypoxia can cause an increase in the num-
bers of RBCs and hemoglobin at high altitude, which would
be further exacerbated by cerebral ischemia and reperfusion
injury. The increase in blood viscosity is a risk factor for the
incidence of ischemic stroke at high altitude and also a path-
ophysiological mechanism for neuronal injury during the de-
velopment of ischemic stroke at high altitude.

Due to limitations in experimental instruments, the
MCAO model can not be conducted under continuous
hypoxic conditions. However, the conclusions reached
in the present study represent a solid theoretical basis
for further research on ischemic stroke at high altitude,
and in future, we would explore the pathophysiological
mechanism of the stroke at high altitude from other
aspects, including dietary patterns, the variances in eth-
nic genetic, and so on. As we are in the primary stage
of this experiment, there are some flaws in the group-
ing, but future experiments will include improvements
in the experiment’s design like including the additional
four groups added in the hematology analyzing.
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