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Abstract
Background Stroke is characterized by high morbidity, high mortality and disability. Therefore, it is very
important to illuminate the pathological mechanism and �nd effective treatment strategies. Hypothermia
therapy is widely used in clinical as a neuroprotective strategy practice. However, the exact mechanism is
not fully understood.

Methods Four-vessel occlusion (4-VO) was used to establish animal models of global cerebral ischemia-
reperfusion and nasopharyngeal cavity cooling method was used for hypothermia treatment.
Extracellular �uid in hippocampal CA1 area was collected by microdialysis technology, and extracellular
glutamate concentration ([Glu]e) was detected by high performance liquid chromatography (HPLC). The
expression levels of glial glutamate transport-1(GLT-1), Bcl-2 and Bax at the determined time points in
hippocampal CA1 area were detected by Western blotting and immunohistochemistry and
histopathological evaluation was performed by thionin staining. Dihydrokainate (DHK), a GLT-1 speci�c
inhibitor, was used to con�rm the function of GLT-1 in cerebral ischemia-reperfusion injury.

Results Cerebral brain ischemia-reperfusion caused the downregulation of GLT-1 and Bcl-2, the
upregulation of Bax, and an increase in [Glu]e, and leaded to neuron loss. Head mild hypothermia (HMH)
for 2 h applied 8min after ischemic insult attenuated the abovementioned effects of ischemia-
reperfusion, while pretreatment with DHK by injection into the lateral ventricle inhibited this effect.

Conclusion HMH can play a neuroprotective role by upregulating GLT-1 and reducing the excitotoxicity of
Glutamate during ischemia-reperfusion insult in rats. Keywords Ischemia-reperfusion; Mild hypothermia;
Glutamate transport; Neuroprotection

Background
Stroke is the second leading cause of death worldwide and is the leading cause of death in China, in
which a �fth of the world’s population resides [1, 2]. We have made great advances in the treatment of
stroke, but advances in acute care also mean that more people survive with sequelae, resulting in major
implications for health, the economy and society. Scholars have proposed a series of neuroprotective
strategies, such as drug therapy [3], ischemic preconditioning [4], exercise preconditioning [5], and
hypothermia [6]. Busto �rst proposed the application of hypothermia in cerebral infarction patients in
1987[7], and many basic studies [8, 9] and clinical trials [10, 11] have con�rmed that hypothermia can
effectively improve the prognosis of patients with cerebral ischemic diseases.

Glutamate, (Glu) is a major excitatory amino acid in the mammalian brain, it acts as a neurotransmitter to
transmit excitatory signals [12, 13], and it is also a neurotoxin. Excessive extracellular Glu produce
excitotoxicity and cause neuronal apoptosis [14]. Neurotransmission abnormalities occur in many brain
diseases and are associated with abnormal concentrations of Glu [15]. GLT–1 plays a major role in
maintaining a low concentration of glutamate in the extracellular space [16, 17]. However, there has been
little research on the relationship between GLT–1 and the neuroprotective effect of hypothermia during
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cerebral ischemia-reperfusion. This experiment investigated the effect of HMH on GLT–1 and the [Glu]e
immediately after global cerebral ischemia-reperfusion in rats to further explore the neuroprotective
mechanism of mild hypothermia.

Results
HMH inhibits the downregulation of GLT–1 caused by ischemia-reperfusion injury

GLT–1 is mainly expressed in astrocytes in the hippocampal CA1 region, as determined by
immunohistochemistry. A small amount of GLT–1 was uniformly distributed throughout the hippocampal
CA1 region in group C. Compared with that in group C, the expression of GLT–1 in group S was higher at 0
h, and the expression peaked at 8 h. A large number of brown-stained GLT–1-immunopositive particles
were observed in the hippocampal CA1 region; then, the expression decreased, increased from days 1–3,
and then continued to decrease until the end of the experiment. GLT–1 expression in the timepoint
subgroups were higher than that in group C at all time points (p < 0.05).. In I/R group, peak of GLT–1 in
hippocampal CA1 region appeared at 0h, then decreased, and there was a large area of the hippocampal
CA1 region in which GLT–1 expression was de�cient at 7 d. GLT–1 expression at each time point, except
for 0 h, was lower than that in group S (p < 0.05).. Compared with that in group I/R, GLT–1 expression in
group HI/R was increased at 7 d (p < 0.05).. Compared with that in group HI/R, GLT–1 expression in group
DHK+HI/R and group NS+HI/R was not signi�cantly different at 7 d (p >0.05),, as shown in Fig 2.

There was a small amount of GLT–1 expression in group C, as determined by western blotting. Compared
with that in group C, GLT–1 expression in group S was signi�cantly increased at all time points (p < 0.05),,
and the expression peaked twice, once at 8 h and once at 3 d. The expression in group I/R peaked at 0 h
and then decreased continuously. GLT–1 expression in group I/R was lower than that that in group S at
each time point except 0 h and 1 d (p < 0.05).. Compared with that in group I/R, GLT–1 expression in
group HI/R increased at 7 d (p <0.05).. There was no signi�cant difference in GLT–1 expression in either
group HDK+HI/R or group NS+HI/R compared with group HI/R at 7 d (p >0.05), as shown in Fig 5A-C.

HMH inhibits Bcl–2 downregulation and Bax upregulation caused by ischemia-reperfusion injury, and
DHK can partially reverse this effect.

Bcl–2 was mainly distributed in the cytoplasm and neuronal synapses in the hippocampal CA1 region. A
small amount of Bcl–2 was expressed in group C. Bcl–2 expression was not signi�cantly different
between group C and group S at 7 d (p > 0.05).. Compared with that in group S, Bcl–2 expression in group
I/R was decreased (p < 0.05).. Compared with that in group I/R, Bcl–2 expression in group HI/R was
increased (p < 0.05).. Compared with that in group HI/R, Bcl–2 expression in group DHK+HI/R was
decreased (p < 0.05),, while there was no signi�cant difference in group NS+HI/R (p > 0.05),, as shown in
Fig 3. In western blotting analysis, result of Bcl–2 expression at 7d was the same with that in
immunohistochemistry (Fig 5B, D)
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Bax was also distributed in the cytoplasm and neuronal synapses. A small amount of yellowish
immunoreactivity was observed in group C. Bax expression was not different between group S and group
C at 7 d (p > 0.05).. Compared with that in group S, Bax expression in group I/R was increased (p < 0.05)..
Compared with that in group I/R, Bax expression in group HI/R was decreased (p < 0.05).. There was no
difference between group NS+HI/R and group HI/R, (p > 0.05),, while Bax expression in group DHK+HI/R
was increased compared to that in group HI/R (p < 0.05),, as shown in Fig 4. Western blotting analysis
result of Bcl–2 expression at 7d was the same with that in immunohistochemistry (Fig 5B,

E)

HMH reduces neuronal loss in the hippocampal CA1 region caused by ischemia-reperfusion injury, and
DHK inhibits this effect

In the hippocampal CAl sub�eld in control rats, pyramidal neurons were arranged in order, there were 2 to
3 cell layers, the membranes of the neurons were intact, the nucleus were full, and the nucleolus were
clear (ND: 214 ±9.0). At 7 d, there was no obvious neuronal death in the hippocampal CA1 region of the
rats from group S (ND: 195±14.5), and there was no signi�cant difference compared with that in group C
(p >0.05).. In group I/R, there was no obvious neuronal death at 1 d, partial neuronal death at 3 d, and a
large amount of neuronal death at 7 d (ND: 41±8.5). The ND increased in group HI/R compared to group
I/R at 7 d (ND: 141±16.0, p <0.05).. The ND decreased in group DHK+HI/R compared with group HI/R at 7
d (ND: 122±11.0, p <0.05),, while there was no signi�cant difference in the ND in group NS+HI/R
compared with group HI/R (p >0.05),, as shown in Fig 6.

HMH inhibits the increase in the [Glu]e caused by ischemia-reperfusion injury, and DHK attenuates this
effect.

Compared with the baseline values, there was no signi�cant difference in the [Glu]e at each time point in
group S (p > 0.05).. The [Glu]e in the other groups at the t2 and t3 time points were higher than the
baseline values (p <0.05). The [Glu]e at the t4 and t5 time points in each group were not signi�cantly
different from the baseline values (p > 0.05).. To eliminate the differences in the pre-operation [Glu]e in
the rats, the ratio of the [Glu]e to the baseline [Glu]r was used for comparisons among groups. At t0 and
t1, there was no signi�cant difference in the [Glu]r among the groups (p > 0.05).. Compared with that in
group S, the [Glu]r in group I/R was increased at time points t2, t3 and t4 (p < 0.05).. Compared with that
in group I/R, the [Glu]r in group HI/R was decreased (p < 0.05).. Compared with that in group HI/R, the
[Glu]r in group DHK+HI/R was increased (p < 0.05),, while there was no signi�cant difference in group
NS+HI/R (p > 0.05).. There was no signi�cant difference at t5 among the groups (p > 0.05),, as shown in
Fig 7.

Discussion
Hypothermia and excitotoxicity
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Glutamate is the main excitatory transmitter in the central nervous system [12, 13]. High extracellular
concentrations of Glu lead to the excessive activation of glutamate receptors and excitotoxicity in nerve
cells [14]. A variety of neurological diseases, such as cerebral apoplexy, traumatic brain injury, Parkinson’s
disease, multiple sclerosis of the lateral cord, and Alzheimer’s disease, are associated with Glu
excitotoxicity [18–20]. The brain lacks Glu-metabolizing enzymes. The low extracellular concentration of
Glu is mainly maintained by the glutamate transport system, also known as excitatory amino acid
transporters (EAATs), which can uptake Glu into glial cells and neurons. The results of the present study
suggested that sham operation upregulated GLT–1, while I/R injury reduced this upregulation. The
occlusion of the vertebral artery, which is equivalent to a mild ischemic insult, in group S also affected
cerebral blood �ow. Ischemic preconditioning can upregulate GLT–1 expression by activating the
p38/MAPK pathway [4] and increase the maximum binding and a�nity of GLT–1[21], thus increasing Glu
reuptake and enhancing ischemic tolerance. We observed that HMH upregulated GLT–1 expression but
did test the binding and a�nity of GLT–1. In the present experiment, HMH increased GLT–1 expression
and decreased neuronal death, which suggests that hypothermia may play a neuroprotective role by
inhibiting the downregulation of GLT–1 expression. The use of the GLT–1 functional antagonist DHK to
inhibit the transport of GLT–1 increased neuronal death, which suggests the accuracy of our hypothesis.
In the experiment that evaluated the [Glu]e, we observed that cerebral ischemia insult caused a signi�cant
increase in the [Glu]e. High concentrations of Glu can cause intracellular Ca2+ overload, causing nerve
injury through the excessive activation of iGluRs[22]. HMH can inhibit the increase in the [Glu]e caused by
ischemia. Inhibiting GLT–1 function with DHK partially reverses the effect of hypothermia. The above
results indicate that mild hypothermia reduces the [Glu]e by upregulating GLT–1 and that this is one of
the neuroprotective mechanisms.

GLT–1 and energy dysfunction

The role of GLT–1 in ischemia reperfusion injury is related to energy metabolism disorders. Glu reuptake
is an energy-consuming process that depends on Na+. EAATs cotransport 3 Na+ and 1 H+ and
countertransport 1 K+ in the process of extracellular Glu uptake. Glu is uptaken by EAATs, and a part of
Glu generates glutamine under the action of glutamate synthase (GS), which is transferred to neurons for
the synthesis of Glu and GABA. Some Glu is converted to α ketoglutaric acid by glutamate
dehydrogenase in mitochondria, and it enters the TCA cycle to generate ATP, which provides energy for
EAATs to uptake Glu [23]. A decrease in mitochondria can affect Glu oxidation metabolism [24]. The
speci�c knockout of the glutamate dehydrogenase gene in the brain increases peripheral glucose
transport to the brain to increase energy to compensate for the loss of glutamate-derived energy [25].
Some studies have con�rmed that oxygen and glucose deprivation can cause delayed mitochondrial
de�ciency in astrocytic processes [26]. Mitochondrial dysfunction caused by ischemia-reperfusion injury
may further affect neuronal recovery after injury by affecting Glu oxidative metabolism and the energy
supply. We are currently performing experiments to observe the effect of hypothermia on Glu oxidative
metabolism.

Hypothermia and apoptosis



Page 6/22

Bcl–2 and Bax belong to the Bcl–2 gene family and are closely related to apoptosis. Bcl–2 can inhibit
cell apoptosis and improve cell viability, mainly expresses in mitochondria, the endoplasmic reticulum
and nuclear membrane. The antiapoptotic effect of Bcl–2 may be related to antioxygen free radicals,
calcium overload and changes in intracellular proteases [27]. The physiological function of Bax is to
promote cell apoptosis, mainly expresses in the cytoplasm. Some studies have shown that Bax functions
by forming heterodimers with Bcl–2 on the mitochondrial membrane [28]. When Bax is highly expressed,
Bax homodimers can be formed to promote cell apoptosis. When Bcl–2 is highly expressed, Bcl–2 and
Bax form heterodimers to inhibit apoptosis [29]. Some researchers have found that the ratio of Bcl–2/Bax
determines the expression level of p53 and determines whether apoptosis occurs in cells [30]. We
observed that Bcl–2 decreased and Bax increased signi�cantly after I/R insult, and the ratio of Bcl–2/Bax
decreased signi�cantly. HMH upregulated Bcl–2 expression and inhibited Bax overexpression after
ischemia reperfusion. DHK treatment partially reversed this effect. High [Glu]e can cause intracellular
Ca2+ overload through the excessive activation of iGluRs [22], which further leads to mitochondrial
swelling and de�ciency [26]. Therefore, GLT–1 may affect the expression of Bcl–2 and Bax by reducing
Glu excitotoxicity and affecting mitochondrial structure and function, thus inhibiting apoptosis caused by
ischemia-reperfusion injury.

There are some limitations of the present experiment. First, thionin staining cannot accurately distinguish
necrosis from apoptosis. Although Bcl–2 and Bax can re�ect the level of apoptosis, TUNEL and �ow
cytometry are more speci�c. Second, we only studied the protective effect of HMH on ischemia-
reperfusion injury at the cellular level and molecular level, but we did not evaluate the recovery of
neurological function with behavioral evaluation. Finally, we observed the Glu concentration for 60 min
during ischemia reperfusion, but this re�ects the early changes that result from ischemia-reperfusion but
not the long-term changes.

Conclusions
In summary, cerebral ischemia-reperfusion injury causes the downregulation of GLT–1 expression and
increase of [Glu]e which produces excitatory toxicity and lead to neuron injury in the hippocampal CA1
region. Mild head hypothermia can promote extracellular Glu reuptake by inhibiting the downregulation of
GLT–1 expression, reduce excitotoxicity, inhibit apoptosis, and play a neuroprotective role. This
conclusion suggests that GLT–1 might be a potential target for treatment of cerebral ischemia
reperfusion injury and can better guide the clinical application of mild hypothermia.

Methods
Animals and Grouping

Experiments were carried out using adult male Wistar rats (220–250 g) obtained from The Experimental
Animal Center of Hebei Medical University. Animals were fed in the experimental room for 7 days to
habituate them to the environment of the laboratory. Animals were housed on a 12-h light/12-h dark
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cycle, with access to food and water. Every effort was made to minimize the number of animals used and
their suffering.All operational procedures were completed under iso�urane anesthesia. Animals were
decapitated under deepiso�urane anesthesia at determined time points or after experiment. All
procedures were approved by Animal Care and Use Committee of Hebei Medical University (Animal use
protocol No. 1509027).

Experiment 1: Changes in GLT–1 in rats during cerebral ischemia-reperfusion injury

One hundred and eighty male Wistar rats were randomly divided into 3 groups by random number
method: (1) the control group (C, n = 12) no treatment, (2) the sham group (S, n = 84), occlusion of
bilateral vertebral arteries (OBVA) were performed and then the bilateral common carotid arteries (BCCA)
were exposed without blocking the blood �ow 48 h later, (3) ischemia-reperfusion group (I/R, n = 84),
OBVA were performed, and then the BCCA were clipped for 8min before reperfusion. Twelve rat brains
were collected at given time points (after reperfusion for 0 h, 8 h, 16 h, 1 d, 3 d, 5 d, 7 d) under deep
anesthesia with iso�urane (Fig1A). Six of brains were used for immunohistochemistry and thionin-
staining, and 6 were used to isolate the hippocampal CA1 region, which was frozen in liquid nitrogen and
stored at –80°C for Western blot analysis.

Experiment 2: Effect of HMH on GLT–1 in rats during cerebral ischemia-reperfusion injury

Our previous studies con�rmed that nasopharynx cavity cooling has a neuroprotective effect [31]. To
observe the effect of HMH on the downregulation of GLT–1 caused by ischemia-reperfusion injury, we
added the following groups on the basis of experiment 1: (4) the hypothermia ischemia-reperfusion group
(HI/R, n = 12), after OBVA for 48 h, the BCCA were exposed, and then the blood �ow were blocked for
8min after the hippocampal temperature dropping to 32°C due to implementation of nasopharynx cavity
cooling method, and keep hypothermia for 2 h, (5) the normal saline + hypothermia ischemia-reperfusion
group (NS+HI/R, n = 12), 20μl of 0.9%NS was intracerebroventricularly injected 30min before HI/R
procedure, (6) the DHK+ hypothermia ischemia-reperfusion group (DHK+HI/R group, n = 12), GLT–1
functional inhibitor DHK(20μl) was injected into lateral ventricle 30min before HI/R procedure. According
to the results of experiment 1, we found that the differences of GLT–1 expression levels were the most
obvious at 7 d. Therefore, in this part of the experiment we only performed observations at 7 d (Fig1A).

Experiment 3: Effect of GLT–1 on the [Glu]e in rats during global cerebral ischemia-reperfusion injury

HMH can reduce the Glu concentration in the brain of rats with global cerebral ischemia-reperfusion injury
[31]. To clarify the neuroprotective role of GLT–1 in ischemia-reperfusion injury, we designed the following
experiment to observe the changes in the [Glu]e. The treatment groups were the same as (2) -(6) groups in
experiments 1 and 2, but the duration of HMH is 40 min (Fig1B). The extracellular �uid from the
hippocampal CA1 region was collected by microdialysis at various given periods (Fig1B), and the [Glu]e
was analyzed by high-performance liquid chromatography (HPLC).

Establishment of global cerebral ischemia-reperfusion model
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In this experiment, 4-vessel occlusion (4-VO) [2] was used to establish an animal model of global cerebral
ischemia-reperfusion. All operational procedures were completed under iso�urane anesthesia. detailed
method: oxygen �ow, 0.5–0.7 L/min, iso�urane concentration: anesthesia induction with 3%–4% and
maintenance with 1.5–2.5%. First, the bilateral vertebral arteries were electrocauterized under iso�urane
anesthesia. After 48 h of recovery, the BCCA of the rats were exposed under iso�urane anesthesia and
procaine (1%) local anesthesia. After the rats recovered from the anesthesia, the BCCA were clamped
using clips for 8 min to induce brain ischemic insult. Only animals, in which the consciousness lost, then
righting re�ex disappeared, and the pupils dilated obviously after the occlusion, were considered success
of global cerebral ischemia. The wounds were sutured after each operation.

Nasopharyngeal cavity cooling method

Endotracheal intubation with ventilation was performed after iso�urane anesthesia. The head of each rat
was �xed on a stereotaxic apparatus, and a temperature probe was inserted into the right hippocampus.
An 18G intravenous catheter was inserted into the nasopharynx of each rat and �xed, and a block of
cotton was placed in the throat to prevent aspiration. Cool water (4°C) was pumped into to the
nasopharynx at a rate of 100 ml•kg–1•min–1, and continuous suction was maintained simultaneously.
The speed was adjusted according to the thermometer data to maintain hippocampal temperature at
33±0.5°C. Use an electric blanket to keep the body warm and maintain the anal temperature at 37±0.5°C
[31].

Intracerebroventricular injection

In the DHK+HI/R group and NS+HI/R group, 20μl of DHK (Lot:064M4608V, Sigma USA) solution (200
nmol) or normal saline were slowly injected into the right ventricle (1.5 mm to the right of the anterior
fontanelle, 0.8 mm posterior, and 3.9 mm below the surface of skull) with a stereotaxic instrument one
hour before global cerebral ischemia [32].

Neuropathological evaluation

At the determined time points, the rats were anesthetized with chloral hydrate and perfused through the
ascending aorta with normal saline followed by 4% paraformaldehyde. Coronal brain slices (3 mm thick)
that included the bilateral dorsal hippocampus were excised and �xed in 4% paraformaldehyde. The brain
slices were dehydrated in alcohol, and cleared with xylene, and then embedded in para�n. The para�n
embedded brain tissues were sectioned at a thickness of 5μm. The sections were stained with thionin for
neuropathological evaluation. According to the methods of Kitagawa et al. [33] and Kato et al. [34], the
neuronal density (ND) was determined by counting the number of surviving pyramidal neurons with an
intact cell membrane, a full nucleus, and a clear nucleolus within 1 mm of the CA1 region. The average
number of the pyramidal neurons in six such areas in three sections from each side was calculated as the
�nal ND value.

Immunohistochemistry assay
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After depara�nization, the sections were treated with 3 H2O2 in methanol for 30 min to inhibit
endogenous peroxidase activity, and incubated with 0.01 mmol/L citrate buffer(pH7.2) in the microwave
for 15 min After preincubation in 10 normal goat serum for 30 min to inhibit nonspeci�c reactions the
sections were incubated for 24 h at 4°C with a polyclonal guinea pig anti-GLT–1(1:200, Cat.: ab1783,
Millipore USA), Bax (1:200, cat:sc–526, Santa Cruze USA) and Bcl–2 (1:100, cat: 610538, BD, England)
primary antibodies. After washing with PBS, they were subsequently incubated for 60 min at 37°C with
the corresponding secondary antibodies (Cat.: PV–6000, BeiJing ZhongShan JinQiao, China) and treated
with 3,3’-diaminobenzidine tetrachloride-H2O2 (DAB-H2O2). All immunohistochemical staining was
performed with negative controls, in which PBS replaced the primary antibodies. A computer-assisted
image analysis system (HPIAS–1000, Tongji Medical University, Wuhan, China) was used for quantitative
analysis of the integrated optical density (IOD) of the GLT–1 positive areas after immunohistochemical
staining. The mean optical density (MOD) of the Bax and Bcl–2 positive regions were measured. Five
different areas of each slice were randomly measured, and the average value was calculated.

Western blotting analysis

Hippocampal CA1 tissue were frozen at –80°C, and the lysates were decontaminated and homogenized
in a homogenizer. The homogenate was centrifuged at 4°C, the supernatant was collected, and the total
protein was quanti�ed by the BCA method. The samples were electrophoresed by 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), and the protein was transferred to a polyvinylidene
di�uoride membrane (PVDF) by a semidry transfer method for 1 h. With the membrane was incubated
with a polyclonal guinea pig anti-GLT–1 antibody (1:1000, Cat.: ab1783, Millipore USA), Bax (1:1000,
cat:sc–526, Santa Cruze USA) and Bcl–2 (1:1000, cat: 610538, BD, USA) primary antibodies and β-actin
primary antibody (WH081637, ABclonal USA) overnight. After washing the membranes were incubated at
37 °C for 1 h with secondary antibodies to biotin labeled anti-guinea-pig immunoglobulin G (1:20,000, cat:
AP108B, Chemicon International Inc USA) for GLT–1, anti-rabbit IgG antibody IRDye700DX conjugated
(1:5000, cat: 611–130–122, Rockland USA) for Bcl–2, Bax and β-actin. The blots for Bcl–2, Bax and β-
actin were detected by Odyssey Fc Imager, and the integrated optical density(IOD) values were obtained.
Whereas, the membranes for GLT–1 were incubated with horseradish peroxidase-conjugated streptavidin
at 37 °C for 50 min (1:1500, cat: SA–5004 Vector Labs Inc. USA) and detected. The relative expression of
GLT–1 was expressed as the ratio of the IOD value of GLT–1, Bcl–2 and Bax to that of β-actin.

Collection of extracellular �uid and measurement of the [Glu]e.

Rats were placed in a stereotaxic apparatus after anesthesia. A microdialysis probe (MAB 6.14.2.ss, MAB
Sweden) was stereotaxically implanted into the parietal cortex for 2 mm (3 mm posterior to and 3 mm to
the left of the bregma) and perfused with Ringer’s solution at a �ow rate of 2 μl/min using an infusion
pump. When the electroencephalogram was stabilized, microdialysis �uid was collected every 10min for
60min. t0: 20 ~ 10 min before global cerebral ischemia, t1: 10 min 0 min before ischemia; t2: 0 min~10
min after ischemia; t3: 10 min ~ 20 min after ischemia; t4: 20 min ~ 30 min after ischemia; t5: 30 min ~
40 min after ischemia. The samples collected should be away from light and stored at –80℃ for testing.

http://6.14.2.ss/
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The peak areas of Glu standard products with various concentrations were determined by high
performance liquid chromatography analyzer (Thermo UltiMate 3000, Thermo USA), and the standard
curve was drawn according to the functional relationship between the absorption peak area and the
content. According to the regression equation of the standard curve and the recovery rate of the
microdialysis probe, the actual [Glu]e in rat brain tissue was calculated. The average concentration at t1
and t2 was taken as the basic value. The ratio of [Glu]e to the basic value [Glu]r was calculated for inter
group comparison [35].

Statistical analysis

Statistical analysis was performed using SPSS 21.0. All data are presented as the mean±SEMs
Comparisons were performed by one-way ANOVA and the LSD method for multiple comparisons.
Unmatched dates were analyzed by the nonparametric rank sum test combined with Dunn-Bonferroni test
for multiple comparisons method to test the differences between the groups. P<0.05 was considered
signi�cant

Abbreviations
Glu: Glutamate; GLT–1: Glial glutamate transport–1; DHK: dihydrokainate; HMH: Head mild hypothermia;
4-VO: four(4)-vessel occlusion; [Glu]e: extracellular glutamate concentration; HPLC: high performance
liquid chromatography; EAATs: excitatory amino acid transporters; GS: glutamate synthase; OBVA:
occlusion of bilateral vertebral arteries; BCCAs: bilateral common carotid arteries; C: control group; S:
sham group; I/R ischemia-reperfusion group; NS+HI/R: normal saline + hypothermia ischemia-
reperfusion group; DHK+HI/R: DHK+ hypothermia group; ND: neuronal density; IOD: integrated optical
density; MOD: mean optical density; PVDF: polyvinylidene di�uoride membrane; SDS-PAGE: SDS-
polyacrylamide gel electrophoresis.
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Figure 1

The protocol of the experiments. (A) Protocols of experiment 1 and experiment 2. (B) Protocol of
experiment 3. Abbreviations: C: control group; S: sham group; I/R: ischemia-reperfusion group; HI/R:
hypothermia ischemia-reperfusion group; NS+HI/R: normal saline + hypothermia ischemia-reperfusion
group; DHK+HI/R: dihydrokainate + hypothermia ischemia-reperfusion group; HMH: head mild
hypothermia; OBVA: occlusion of bilateral vertebral arteries; OBCCA: occlusion of bilateral common
carotid arteries for 8 min; EBCCA: exposure of bilateral common carotid arteries.
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Figure 2

Immunohistochemical assay of GLT-1 expression in the hippocampal CA1 region at 7d in each group. The
upper pictures show immunohistochemical microphotographs (40×, scale bar: 20 μm). The bar graph
shows the comparison of the IOD of GLT-1 in each group. Abbreviations: C: control group; S: sham group;
I/R: ischemia-reperfusion group; HI/R: hypothermia ischemia-reperfusion group; NS+HI/R: normal saline +
hypothermia ischemia-reperfusion group; DHK+HI/R: dihydrokainate + hypothermia ischemia-reperfusion
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group. Compared with group C, *P < 0.05; compared with group S, #P < 0.05; compared with group I/R, $P
< 0.05; compared with group HI/R, &P < 0.05.

Figure 3

Immunohistochemical assay of Bcl-2 expression in the hippocampal CA1 region at 7d in each group. The
upper pictures show immunohistochemical microphotographs (40×, scale bar: 20 μm). The bar graph
shows the MOD of Bcl-2 in each group. Abbreviations: C: control group; S: sham group; I/R: ischemia-
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reperfusion group; HI/R: hypothermia ischemia-reperfusion group; NS+HI/R: normal saline + hypothermia
ischemia-reperfusion group; DHK+HI/R: dihydrokainate + hypothermia ischemia-reperfusion group.
Compared with group C, *P < 0.05; compared with group S, #P < 0.05; compared with group I/R, $P < 0.05;
compared with group HI/R, &P < 0.05.

Figure 4
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Immunohistochemical assay of Bax expression in the hippocampal CA1 region at 7d in each group. The
upper pictures show immunohistochemical microphotographs (40×, scale bar: 20 μm). The bar graph
shows the MOD of Bax in each group. Abbreviations: C: control group; S: sham group; I/R: ischemia-
reperfusion group; HI/R: hypothermia ischemia-reperfusion group; NS+HI/R: normal saline + hypothermia
ischemia-reperfusion group; DHK+HI/R: dihydrokainate + hypothermia ischemia-reperfusion group.
Compared with group C, *P < 0.05; compared with group S, #P < 0.05; compared with group I/R, $P < 0.05;
compared with group HI/R, &P < 0.05.

Figure 5

Western blotting analysis of GLT-1, Bcl-2 and Bax expression. (A) GLT-1 expression over time in the rat
CA1 hippocampus. The upper portion shows the immunoblot bands, and the lower portion is the
quanti�ed ratio of GLT-1 to β-actin. (B) The immunoblot bands of GLT-1, Bcl-2 and Bax expression in each
group at 7d. (C) The bar graph of quanti�ed GLT-1 in each group at 7d (D) The bar graph of quanti�ed
Bcl-2 in each group at 7d. (E) The bar graph of quanti�ed Bax in each group at 7d. Abbreviations: C:
control group; S: sham group; I/R: ischemia-reperfusion group; HI/R: hypothermia ischemia-reperfusion
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group; NS+HI/R: normal saline + hypothermia ischemia-reperfusion group; DHK+HI/R: dihydrokainate +
hypothermia ischemia-reperfusion group. Compared with group C, *P < 0.05; compared with group S, #P <
0.05; compared with group I/R, $P < 0.05; compared with group HI/R, &P < 0.05.

Figure 6

Neuropathological evaluation after thionin staining of the hippocampal CA1 region in each group at 7d.
The upper pictures are microphotographs after thionin staining (40×, scale bar: 20 μm). The bar graph is
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the quanti�cation of ND. Abbreviations: C: control group; S: sham group; I/R: ischemia-reperfusion group;
HI/R: hypothermia ischemia-reperfusion group; NS+HI/R: normal saline + hypothermia ischemia-
reperfusion group; DHK+HI/R: dihydrokainate + hypothermia ischemia-reperfusion group. Compared with
group C, *P < 0.05; compared with group S, #P < 0.05; compared with group I/R, $P < 0.05; compared with
group HI/R, &P < 0.05.

Figure 7

Comparison of the [Glu]e in different groups at each time point. Abbreviations: S: sham group; I/R:
ischemia-reperfusion group; HI/R: hypothermia ischemia-reperfusion group; NS+HI/R: normal saline +
hypothermia ischemia-reperfusion group; DHK+HI/R: dihydrokainate + hypothermia ischemia-reperfusion
group. Compared with group S, #P < 0.05; compared with group I/R, $P < 0.05; compared with group HI/R,
&P < 0.05.
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