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Abstract

Introduction: This study aimed to investigate the treatment effect of G protein-
coupled receptor 30 (GPR30) agonist G1 combined with hypothermia (HT) on cognitive
impairment and anxiety-like behavior after subarachnoid hemorrhage (SAH) in rats.
Methods: Fifty male rats were randomly assigned to one of five groups: Sham group,
SAH group, SAH + G1 group, SAH + HT group, and SAH + G1 + HT group. The SAH
rat model was established by modified endovascular puncture in all groups except the
Sham group. Neurological function after the operation was assessed by Garcia scoring.
The degree of rat cerebral edema was determined using dry-wet weighing method on
the 28th day after operation. Moreover, the behavioral test was performed on rats on
the 4th and 28th days after operation.

Results: Compared with Sham group, the Garcia score of each SAH rat model group
decreased significantly on the first day and thereafter increased gradually. However,
the recovery rate of each treatment group was higher than the SAH group (no treat-
ment), and the Garcia score of SAH + G1 + HT group was much higher than the
SAH group on the seventh day after operation. In addition, each treatment group
could obviously reduce the cerebral edema degree of SAH rats, among which rats
in SAH + G1 + HT group had lower cerebral edema degree than SAH + G1 group
and SAH + HT group. Behavioral test results showed that the combination of GPR30
agonist G1 and HT markedly improved the learning and memory ability of SAH rats,
alleviated their anxiety- and emotion-related behavior, and enhanced their social
interaction.

Conclusion: GPR30 agonist G1 combined with HT reduces cognitive impairment and

anxiety-like behavior in rats with SAH.
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1 | INTRODUCTION

Subarachnoid hemorrhage (SAH) refers to a clinical syndrome caused
by a leakage of blood into the spinal subarachnoid space after rupture
of blood vessels at the base or surface of the brain. It is a severe and
common disease accounting for about 10% of factors causing acute
stroke (Mahmoud & Mason, 2015). It is reported that about 80% of
SAH is caused by rupture of aneurysm, and the remainder by vascular
malformation and vasculitis (Chen et al., 2017). The early manifesta-
tions of SAH include sudden severe headache, nausea, vomiting, and
meningeal irritation, with or without the presence of focal neurologic
signs. In advanced patients, poor prognosis such as hemiplegia, aphasia,
cognitive impairment, and even death often occur, which is mainly asso-
ciated with early brain injury and delayed brain injury caused by SAH
(Jangetal.,2017). As animportant feature of early brain injury, cerebral
edema is an independent risk factor causing death and poor prognosis
after developing SAH. Cerebral nerve injury after SAH, the main obsta-
cle to the recovery of SAH patients, may cause cognitive ability decline
and mental disorders such as anxiety and depression, and make it dif-
ficult for patients to return to work or live a functional life (Lawton &
Vates, 2017).

Currently, superselective intra-arterial embolization or craniotomy
clipping is the preferred treatment for SAH. However, the two treat-
ments have side effects, and the effect of neurological function
recovery after treatment still needs to be improved (Cruz et al.,
2013). Mild hypothermia (HT) nursing is a method to physically con-
trol the body temperature of the patient and inhibit vasogenic edema
and bleeding, so as to regulate intracellular calcium ion aggregation
and excitatory neurotransmitter release rate, maintain normal brain
metabolism, and thus protect the neurological function (Thomé et al.,
2005). However, the effect of mild HT nursing alone is not enough
to achieve the expectation. Therefore, the need for more effective
treatment for SAH is urgent. G protein-coupled receptor 30 (GPR30),
a novel membranous estrogen receptor, can play the role of tran-
scriptional regulation indirectly through the second messenger system
(Bologa et al., 2006). The studies indicated that GPR30 plays a vital
role in the regulation of neurological functions, such as neuroprotec-
tion, synaptic regulation, improvement of learning and memory ability,
and neurogenesis (Kumar et al., 2020). G1, the specific agonist of
GPR30, is effective in treating brain disease due to its multiple func-
tions. Studies have found that G1 can alleviate neuronal apoptosis
in male rats with SAH by activating src/EGFR/stat3/signaling path-
way, thereby alleviating the brain injury (Peng et al., 2019). It follows
then that G1 may provide a prospective treatment strategy for SAH
patients. However, there are still no studies reporting whether the
combination of GPR30 agonist G1 and HT can improve the cognitive
impairment and anxiety-like behavior of SAH patients or not. There-
fore, this study was proposed to explore the application effect of G1
or HT alone or the combination of the two on cognitive impairment
and anxiety-like behavior of SAH patients by establishing the SAH rat
model, in order to provide a new strategy for the clinical treatment of
SAH.
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2 | MATERIALS AND METHODS

2.1 | Establishment and grouping of rat SAH model
Totally 50 male standard deviation (SD) rats (age: 6-8 weeks; weight:
180-220 g) were purchased from Shanghai Model Organisms Cen-
ter, Inc. All rats were treated under the protocol approved by the
Institutional Animal Care and Use Committee and allowed for 1-week
adaptation before the experiment. All experiments in this study were
approved by the Animal Ethics Committee of Haikou Affiliated Hospital
of Central South University Xiangya School of Medicine (2022-200).
The rats were randomly divided into five groups: Sham group
(n = 10), SAH group (n = 10), SAH + G1 group (n = 10), SAH + HT
group (n = 10), and SAH + G1 + HT group (n = 10). The treatment
for each group is as follows. SAH group: SAH model was established
by modified endovascular puncture based on the modified modeling
method of Guo et al. (2016). Specifically, the rats were anesthetized by
intraperitoneal injection of 1% pentobarbital sodium (Boster Biologi-
cal Technology Co. Ltd) at a dose of 50 mg/kg. After the anesthesia,
the rats were subjected to exposure of the common carotid artery,
external carotid artery, and internal carotid artery, and then a nylon
thread was used to run through the internal carotid artery. When the
nylon thread reached the intracranial bifurcation, it was pushed fur-
ther to 3 mm. After the puncturation of the blood vessel and the apical
stitch, the blood flow was restored. SAH + G1 group: GPR30 agonist
G1 (300 ug/kg, Gayman Company) was intravenously injected 1 h after
the establishment of SAH model. SAH + HT group: The rats were inter-
mittently placed in a 5°C cryogenic box for 12 h after the establishment
of SAH model and then fed for 12 h. The rectal temperature was kept
at 32-34°C. SAH + G1 + HT group: GPR30 agonist G1 (300 ug/kg)
was intravenously injected 1 h after the establishment of SAH model,
and the rest of operations were the same as the SAH + HT group.
Sham group: After anesthesia of the rats, a midline incision of the neck
was performed to expose the common carotid artery, external carotid
artery, and internal carotid artery. A nylon thread ran through the inter-
nal carotid artery and was pushed forward until it reached the neck.
Notably, vascular puncture was not performed. Behavioral tests of the
rats were performed on the 4th and 28th days after the operation. Cal-
culate the mortality rate of rats, and subsequently take the brain tissue

of rats.

2.2 | Garcia neurological function score

The neurological function of rats in each group was evaluated using a
Garcia scale (Garcia et al., 1995) before the operation and on the first,
third, and seventh days after the operation. This scale items included
rats’ voluntary movement, activity symmetry of limbs, stretching abil-
ity of forepaws, ability to climb and grasp the iron cage, physical sense
reaction, and reaction to beard touching. Rats with normal functions
had the highest score (18 points), and those with the most severely

impaired functions had the lowest score (3 points).
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2.3 | Determination of cerebral edema degree

Brain tissue was rapidly separated on ice from rats after deep anesthe-
sia by intraperitoneal injection, and left, and right cerebral hemispheres
were taken. The wet weight of the brain tissue was measured by elec-
tronic analytical balance, and the tissue was baked in an incubator for
48 h. The tissue specimens were cooled for 10 min after being taken
out of the incubator. Then its dry weight was weighed by the electronic
analytic balance. The water content of the brain tissue was calculated
using the dry-wet weighing method, which is an index to evaluate the

degree of cerebral edema (Liet al., 2015).

2.4 | Behavioral tests of rats

Morris water maze test (MWM): A 4-day training experiment was per-
formed to evaluate the spatial learning and memory ability of rats in
each group. The escape latency (1-4 days), number of entries in the
target quadrant, the time spent in the target quadrant, and the aver-
age swimming speed of the rats were recorded. The worse the cognitive
function of experimental rats, the longer the escape latency and swim-
ming distance, the less the number of entries in the target quadrant,
and the shorter time spent in the target quadrant (Bromley-Brits et al.,
2011).

Novel object recognition test (NORT): The exploration time of ratsin
each group toward familiar objects (TF) and novel objects (TN) during
the test phase was recorded. If the rat’s cognitive ability was bad, there
was no difference between the time of TN and that of TF. If the rat’s
cognitive ability was normal, the time spent in exploring TN would be
longer than that of exploring TF. The recognition index (RI) of exploring
novel objects was calculated as Rl = TN/(TF + TN) (Leger et al., 2013).

Open field test (OFT): Rats were placed in the center zone of a black
square device (100 cm x 100 cm x 40 cm). The free activity of the rats
within 5 min was filmed by a camera and recorded by SMART software.
Before the test, the rats were transported to the test room and allowed
to adapt for 15 min. The noise in the room should be kept at 30 decibels
and the light at 60 W. The rats were placed in the center of the open
field gently and allowed to explore for 5 min. The total traveled distance
and time in the central zone were recorded. The total traveled distance
reflected the movement of the rat, whereas the time in the central zone
reflected the anxiety of the rat. The horizontal traveled distance and
time in the central zone of depressed rat decreased significantly (Gould
etal.,, 2009).

Elevated plus maze (EPM): The EPM consisted of two open shelves
(50 cm x 10 cm x 40 cm), a central zone (5 cm x 5 cm), and two closed
shelves (50 cm x 10 cm x 40 cm) (CWE company). The rats were placed
at the center of EMP and their tracks in 5 min were recorded by the
camera and the software. Before the test, the rats were transported
into the test room and allowed to adapt for 15 min. The noise in the
room should be kept at 30 decibels. The maze was positioned 100 cm
above the floor and the experiment was carried on in an environment

as dark as possible. The rats were then placed at the center platform

and the open arm entries of the rats and total time spent on open arms
were recorded. The EPM reflected the anxiety of the rats. After receiv-
ing antianxiety drugs, the rats had an obvious increase in the number
of open arm entries of the rats and the total time spent in open arm
(Kraeuter et al., 2019).

Three-chamber paradigm test: An empty metal cage (E) was placed
in the rightmost chamber and a strange rat of the same species (S) in a
mental cage was placed in the leftmost chamber. The tested rat (placed
in the center chamber) was allowed to move freely among the three
rooms. The time the tested rat spent in the chambers on either side
was recorded respectively to evaluate its sociability. Normal rats would
spend more time in the S chamber (Moy et al., 2004).

Reciprocal social interaction test: A tested rat and an S rat were
simultaneously placed into a box (40 cm x 40 cm x 30 cm) and allowed
to explore each other freely for 10 min. The number of bouts, includ-
ing crawl under and crawl over (push-crawl), nose-to-nose, anogenital
investigation (nose-to-anogenital), and self-grooming behaviors, were
recorded (Matsuda et al., 2016).

2.5 | Nissl staining

Paraffin-embedded rat hippocampal tissue sections were dewaxed and
stained with 1% toluidine blue solution (Solarbio) for 10 min. Then,
after washing with distilled water, Niss| differentiation solution was
added dropwise to the tissue sections for 2-4 min. Subsequently, 95%
ethanol was added for rapid differentiation, and after the Nissl changed
to purple and the other tissues became colorless. The sections were
dehydrated with anhydrous ethanol (Solarbio), transparent with xylene
(Solarbio), and finally sealed with neutral glue (Solarbio) to seal the

sections. Images were captured using an optical microscope (Olympus).

2.6 | Western blot

Follow the instructions provided by the manufacturer of the protein
extraction kit (Beyotime Biotech Inc.) to extract proteins from hip-
pocampal tissue. The protein was separated by 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (Bio Rad laboratory), and
then the protein in the gel was transferred to the polyvinylidene flu-
oride membrane. Seal the membrane with 5% skim milk for 2 h. Then,
the membrane was mixed with GPR30 (1:1000, Abcam) and -incubate
overnight with actin (1:5000, Abcam). Subsequently, incubate at room
temperature with corresponding goat anti mouse and goat anti rabbit
(1:5000, Abcam) for 2 h. Finally, the Tanon-5200 chemiluminescence
imaging system was used to detect protein bands, and Image software

was used to quantify the gray scale of protein bands.

2.7 | Statistical analysis

SPSS 21.0 software was used for statistical analysis. t-Test was used

for comparison between two groups, whereas one-way analysis of
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FIGURE 1 G1combined with hypothermiaimproves the neurological function and alleviates cerebral edema degree of subarachnoid
hemorrhage (SAH) rats. (a) The neurological function of rats in each group before operation and the first, third, and seventh days after operation
evaluated by Garcia score scale. (b) The cerebral edema degree of rats in each group measured by dry-wet weighing method 28th day after
operation. (c) The mortality rates of rats in Sham group, SAH group, SAH + G1 group, SAH + hypothermia (HT) group, and SAH + G1 + HT group
within 72 h were recorded, and Kaplan-Meier survival curves were plotted. **p < .01, versus Sham group; #p < .01, versus SAH group (n = 6).

variance for paired comparison among multiple groups. The results
were expressed by mean + SD. p < .05 was considered the criterion for

significant difference.

3 | RESULTS

3.1 | G1 combined with hypothermia improves the
neurological function and alleviates cerebral edema
degree of rats with subarachnoid hemorrhage

The results indicated that there was no significant difference in the
Garcia score of rats in each group before the operation (p > .05). On
the first day after the operation, the Garcia score of rats in each SAH
model group decreased significantly (p < .05) and increased gradually
thereafter. The recovery rates of all treatment groups were higher than
in the SAH group. On the seventh day after the operation, the Gar-
cia score of the SAH group decreased markedly compared to the Sham
group (p < .05), but there was no obvious difference in each treatment
group (p > .05). The Garcia score of the SAH + G1 + HT group was
notably higher than the SAH group (Figure 1a). In addition, the results
of the dry/wet ratio of brain tissue revealed that the cerebral edema
degree of rats in each SAH model group was much higher than the Sham
group (p < .05). Compared to the SAH group, each treatment group
displayed a significant decline in the cerebral edema degree of rats
(b < .05). However, the cerebral edema degree of the SAH + G1 + HT

group was lower than the SAH + G1 group and the SAH + HT group
(p < .05) (Figure 1b). In addition, we analyzed the survival of rats dur-
ing the experimental period, and the results showed that there was no
rat death in the Sham group; the mortality rate of SAH rats was sig-
nificantly increased compared with the Sham group (p < .05); and the
mortality rate of SAH + G1, SAH + HT, and SAH + G1 + HT rats was
significantly decreased compared with the SAH group (p < .05). Mean-
while, the mortality rate of rats in the SAH + G1 group and SAH + HT
group was slightly higher than that in the SAH + G1 + HT group, but
the difference was not statistically significant (Figure 1c) (p > .05).

3.2 | G1 combined with hypothermia improves the
learning and memory ability of rats with
subarachnoid hemorrhage

MWM results showed that on the fourth day after operation, the 3-
day escape latency of rats after training was obviously prolonged in the
SAH group (p < .01). The number of entries in the target quadrant and
the time spent in the target quadrant was markedly reduced in each
SAH model group (p < .05). However, the SAH + G1 + HT group had
an obvious shorter escape latency (p < .01), as well as an obvious larger
number of entries in the target quadrant and longer time spent in the
target quadrant of each treatment group than the SAH group (p < .05).
The number of entries in the target quadrant and the time spent in

the target quadrant of the SAH + G1 + HT group was markedly raised
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FIGURE 2 G1 combined with hypothermia improves the learning and memory ability of subarachnoid hemorrhage (SAH) rats. (a-d) Morris
water maze test (MWM) results (the fourth day after operation) of escape latency (1-4 days) (a), number of entries in target quadrant (b), time
spent in target quadrant (c), and average swimming speed (d). (E-H) MWM results (the 28th day after operation) of on the, escape latency (1-4
days) (e), number of entries in target quadrant (f), time spent in target quadrant (g), and average swimming speed (h). **p < .01, versus Sham group;
##p < 01,%p < .05, versus SAH group; $¥p < .01, $p < .05, versus SAH + G1 + hypothermia (HT) group (n = 6).

relative to the SAH + G1 group and SAH + HT group (p < .05). Notably,
there was no significant difference in average swimming speed among
these groups (p > .05) (Figure 2a-d).

On the 28th day after operation, the 3-day escape latency of rats
after training was significantly prolonged in the SAH group relative to
the Sham group (p < .01). The number of entries in target quadrant
and time spent in the target quadrant markedly decreased in the SAH
group relative to the Sham group (p <.05). Compared to the SAH group,
the SAH + G1 + HT group exhibited an obvious decrease in escape
latency (p <.01). A notable increase in the number of entries in the tar-
get quadrant and time spent in the target quadrant was found in each
treatment group in comparison with the SAH group (p < .05). Likewise,
there was no significant difference in average swimming speed among
these groups (p > .05) (Figure 2e-h).

In additional, NORT results showed that, on the fourth day after
operation, rats in the Sham group spent observably more time on
exploring TN than on TF (p < .01), and had much higher RI than other
groups (p < .01). There was no significant difference between the
time spent on exploring TN and on exploring TF by rats in the SAH
group, the SAH + G1 group, and the SAH + HT group. Rats in the
SAH + G1 + HT group spent considerably more time on exploring
TN than on TF (p < .01), but the time spent on exploring TN was less
than the Sham group. Compared to that of the SAH group, Rl of each
treatment group was notably higher (p < .05). By the way, RI of the
SAH + G1 + HT group was markedly higher than that of the SAH + G1
group and the SAH + HT group (p < .05) (Figure 3a,b).

As for the 28th day after the operation, rats in each group spent
more time on TN than on TF. However, the time rats in the SAH group
spent on exploring TN was quite shorter than the other groups, and the

time ratsinthe SAH + G1 + HT group spent on exploring TN was longer

than the SAH + G1 group and the SAH + HT group (p <.05). Compared
to the Sham group, Rl of rats in the SAH group declined significantly
(p < .05), whereas compared to the SAH group, Rl of each treatment
group increased markedly (p <.05) (Figure 3c,d).

3.3 | G1 combined with hypothermia reduces
anxiety- and emotion-related behavior of rats with
subarachnoid hemorrhage

As revealed by the tests performed on the fourth day after the oper-
ation, rats in each SAH model group showed a significant decline in
the total traveled distance, time in the central zone, arm entries, and
total time spent in the open arm of rats (p < .01); compared to the
SAH group, the total traveled distance, time in the central zone, arm
entries, and total time spent in the open arm of rats in each treatment
group increased markedly (p < .01); and compared to the SAH + G1
group and the SAH + HT group, the total traveled distance, time in
the central zone, arm entries, and total time spent in open arm of the
SAH + G1 + HT group were slightly higher, but no significant difference
existed (p > .05) (Figure 4a-d).

Onthe 28th day after the operation, the total traveled distance, time
in the central zone, arm entries, and total time spent in the open arm
of SAH rats noticeably decreased relative to the Sham group (p <.01).
Compared to the SAH group, the total traveled distance, time in the
central zone, arm entries, and total time spent in the open arm of each
treatment group markedly increased (p < .01). The SAH + G1 + HT
group showed obviously higher total traveled distance, time in the
central zone, arm entries, and total time spent in open arm than the
SAH + G1 group and the SAH + HT group (p < .01) (Figure 4e-h).
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FIGURE 3 G1 combined with hypothermia improves the learning and memory ability of subarachnoid hemorrhage (SAH) rats. (a and b) Novel
object recognition test (NORT) results (the fourth day after operation) of the exploration time (a) of rats in each group toward familiar objects (TF)
and novel objects (TN) during the testing phase and of recognition index (RI) (b) calculated as Rl = TN/(TF + TN). (C and D) NORT results (the 28th
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RI = TN/(TF + TN). **p < .01, versus Sham group, #p < .01, versus SAH group, $¥p < .01, versus SAH + G1 + hypothermia (HT) group (n = 6).
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paradigm test results (the fourth day after operation) of the time rats spent in two chambers (a). Reciprocal social interaction test results (the
fourth day after operation) of the number of push-crawl, nose-to-nose, nose-to-anogenital, and self-grooming bouts (b). (c and d) Three-chamber
paradigm test results (the 28th day after operation) of the time rats spent in two chambers (c). Reciprocal social interaction test results (the 28th
day after operation) of the number of push-crawl, nose-to-nose, nose-to-anogenital, and self-grooming bouts (d). **p < .01, versus Sham group,
##1y < 01, versus SAH group, $¥p < .01, versus SAH + G1 + hypothermia (HT) group (n = 6).

3.4 | G1 combined with hypothermia enhances the
social interaction of rats with subarachnoid
hemorrhage

In order to assess the sociability of SAH rats, we carried out a three-
chamber paradigm test and a reciprocal social interaction test. It was
found that on the fourth day after the operation, rats of the Sham
group and the SAH + G1 + HT group spent more time in the S chamber
than in the E chamber (p <.01), but there was no significant difference
between the time spent on S chamber than on E chamber of rats in the
SAH, the SAH + G1 group, and the SAH + HT group (p > .05); com-
pared to the Sham group, the number of reciprocal social interaction
bouts of SAH rats significantly declined (p < .01); compared to the SAH
group, the number of reciprocal social interaction bouts of rats in each
treatment group increased markedly (p <.05); the number of reciprocal
social interaction bouts of rats in the SAH + G1 + HT group was obvi-
ously larger than the SAH + G1 group and the SAH + HT group (p <.05)
(Figure 5a,b).

On the 28th day after the operation, the time spent on the S cham-
ber and the reciprocal social interaction bouts of rats in the SAH group
were much less than the Sham group (p < .01). Nevertheless, those
in each treatment group were markedly higher than the SAH group
(b < .01). The time spent on the S chamber and the reciprocal social
interaction bouts of rats in the SAH + G1 + HT group were slightly
mounted relative to the SAH + G1 group and the SAH + HT group, but
no significant difference was displayed between them (p > .05), as well
as between the Sham group and the SAH + G1 + HT group (p > .05)
(Figure 5¢,d).

3.5 | G1 combined with hypothermia treatment
reduces neuronal damage in hippocampal tissue of
SAH rats

In the present study, the histopathological changes of the hippocampus
of SAH rats were detected by Nissl staining, and the results showed
that at 4 and 28 days, no significant changes were found in the mor-
phological changes of neurons in the CA1 area of the hippocampus
of the Sham group rats, with clear neuronal demarcation, abundant
cytoplasm, and dome-shaped nuclei. At 4 days, compared with the
Sham group, different degrees of neuronal damage and loss in hip-
pocampal tissues were seen in SAH rats after different treatments,
with shrunken cell bodies, condensed nuclei, concentrated and deeply
stained nuclei, and cytoplasm, and the ratio of normal neurons was sig-
nificantly reduced; compared with the SAH group (p < .01), G1 alone
or HT or G1 combined with HT treatment significantly improved the
pathology of hippocampal tissues in SAH rats damage and increased
the ratio of normal neurons (p < .01). In addition, the ratio of normal
neurons in the SAH + G1 + HT group was significantly higher than that
in the SAH + G1 and SAH + HT groups (p < .01). At 28 days, different
degrees of neuronal loss were still visible in the hippocampal tissues
of SAH, SAH + G1, and SAH + HT groups, and a small amount of neu-
ronal loss occurred in the SAH + G1 + HT group (p < .01) (Figure 6a).
In addition, we also examined the protein levels of GPR30 at 4 and
28 days, and the results showed that at 4 and 28 days, there was no
significant difference in the protein levels of GPR30 in the brain tis-
sues of rats in the Sham group (p > .05). At 4 and 28 days, the protein
levels of GPR30 were significantly higher in SAH rats compared with
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FIGURE 6 G1 combined with hypothermia treatment reduces neuronal damage in hippocampal tissue of subarachnoid hemorrhage (SAH)
rats. (b and a) Nissl staining was used to detect the morphological changes of hippocampal CA1 neurons in Sham group, SAH group, SAH + G1
group, SAH + hypothermia (HT) group, and SAH + G1 + HT group rats on 4th and 28th days. (B/C) Western blot was used to detect the protein
levels of G protein-coupled receptor 30 (GPR30) in the brain tissues of rats in Sham group, SAH group, SAH + G1 group, SAH + HT group, and

SAH + G1 + HT group on 4th and 28th days. **p < .01, versus Sham group, #

the Sham group; compared with the SAH group, the protein levels of
GPR30 were significantly higher in the SAH + G1 group, SAH + HT
group, and SAH + G1 + HT group (p < .01), and the protein levels of
GPR30 in hippocampal tissues of SAH rats after G1 combined with HT
treatment were significantly higher than those in the SAH + G1 group
and SAH + HT group (p < .01) (Figure 6b,c).

4 | DISCUSSION
SAH is a cerebral hemorrhage condition that seriously damages the
brain and causes cognitive impairment (Mahmoud & Mason, 2015).
Clinical emphasis has been directed toward saving life and lowering
the mortality and mutilation rate, but not toward cognitive impairment
after SAH (Cornea et al., 2022). Based on foreign relevant statistics,
at least more than 60% of SAH patients have cognitive impairment at
various degrees, involving impairment in multiple cognitive domains,
such as attention, memory, orientation, calculability, as well as analyt-
ical, comprehensive, judgment and executive abilities (Al-Khindi et al.,
2010). Among them, memory, executive ability, and language are most
commonly involved. The cognitive impairment associated with these
domains usually occurs within 3 months of onset and even lasts up to
5 or more years after onset (Proust et al., 2009), which poses tremen-
dous difficulties in both work and the life of the patient. Therefore, it is
crucial to seek effective drugs or treatment that can alleviate cognitive
impairment after SAH.

GPR30, a novel estrogen transmembrane receptor, can regulate

rapid non-genomic estrogen signal transduction (Revankar et al.,

#p < .01, versus SAH group (n = 6).

2005). It is mainly expressed in brain areas of the central nervous
system, such as the hippocampus, cortex, and striatum (Hammond
& Gibbs, 2011). Previous studies have shown that the neuroprotec-
tive effect of GPR30 agonist G1 on hippocampus and striatum before
CA/CPR was similar to that of estrogen 2, indicating that this ago-
nist has the dual effect of estrogen. Accordingly, activation of GPR30
has clinical value in the protecting brain tissue, and GPR30 also pro-
vides new ideas for estrogen replacement therapy in cerebral ischemia
(Prossnitz et al., 2008). In addition, G1 can reduce the infarction size
of hippocampus and striatum after cerebral ischemia (Kuiper et al.,
1996). In a global brain ischemia model induced by vascular occlu-
sion, G1 was demonstrated to reduce the neuronal mortality in the
hippocampal CA1 region after cerebral ischemia and improve the cog-
nitive impairment of neurons (Zhang et al., 2010). Our study revealed
that Garcia scores of rats in all SAH model groups declined signifi-
cantly on the first day after the operation, and the cerebral edema
degree decreased markedly and increased gradually thereafter. How-
ever, the SAH + HT group, the SAH + G1 group, and the SAH + G1 + HT
group had higher recovery rates but lower cerebral edema degree
than the SAH group. Garcia score and cerebral edema degree of the
SAH + G1 + HT group were better than the SAH + HT group and
the SAH + G1 group. The above suggested that G1 combined with
HT improved the neurological function of SAH rats and alleviated the
cerebral edema. In addition, our study also found a significant increase
in the expression level of GPR30 protein in hippocampal tissue of
SAH rats, which may be to reduce the damage to the brain tissue of
rats for protection. Moreover, the pathological histological examina-

tion showed that neurons in hippocampal tissue showed damage and
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loss, cell shrinkage, nuclei condensation, and concentrated and deep
staining of nuclei and cytoplasm, and the administration of HT or G1
or G1 combined with HT significantly increased the GPR30 protein
expression level in SAH rats and improved the pathological damage in
hippocampal tissue. This finding is similar to the discoveries in previ-
ous studies. For instance, a study performed an intravenous injection
of 300 ug/kg G1 1 h after SAH, and finally, the neurological function
of male rats was improved, which could be explained by the reduc-
tion of TUNEL/FJC positive neuronal mortality in the brain tissue of
male rats with SAH. Although the combined treatment of G1 and HT
in this study shows a more pronounced intervention effect in SAH, fur-
ther research into the mechanism of the combined treatment is still
necessary.

A large number of literature studies suggested that those who
have survived SAH will have varying degrees of medium-long-term
neurocognitive impairment, which is primarily manifested as impaired
balance, memory, and learning abilities, and impaired thought and
expression (Turan et al., 2016). Multiple studies have demonstrated
that the MWM test possesses various advantages, such as providing
more experimental indexes to objectively reflect the rat’s learning and
memory abilities of spatial orientation (Zhong et al., 2017); NORT is
a non-aversion learning model depending on spontaneous exploration
behavior of animals, which can detect the learning and memory abilities
of animals (Okuda et al., 2004). Both the MWM test and NORT were
adopted in this study to evaluate the learning and memory abilities of
SAH rats. The results suggested that on the 4th and 28th days after
operation, all SAH model groups with the longest escape latency had
a significant decrease in the number of entries in the target quadrant
and the time spent in the target quadrant of rats. However, compared
to the SAH group, each treatment group with a lower escape latency,
especially the SAH + G1 + HT group, significantly increased the num-
ber of entries in the target quadrant and the time spent in the target
quadrant. It makes sense to assume that treatment of HT alone or G1
treatment alone can improve the learning and memory ability of SAH
rats, but more importantly, the combined treatment appears to have
a slightly better effect. Moreover, the anxiety- and emotion-related
behavior and social interaction of the rats were monitored using OFT,
EPM test, three-chamber paradigm test, and reciprocal social interac-
tion test in this study. All test results demonstrated that, compared to
the SAH group, the anxiety- and emotion-related behavior of rats was
reduced, and their social interaction enhanced obviously in all treat-
ment groups, among which the SAH + G1 + HT group exhibited the
strongest effect. It is speculated that this may be the result of the neu-
roprotective effect of G1 in the rats and the mitigative effect of HT

therapy in brain tissue injuries.

5 | CONCLUSION

Collectively, G1 combined with HT can improve neurological function
and reduce the cerebral edema degree, thereby alleviating cognitive
impairment and anxiety-like behavior of SAH rats. The preliminary

speculation of this result involves the respective functional effects of

the two treatments. However, there are still some limitations in this
study, like the lack of research into the mechanism of the combined
treatment. Therefore, more exploration must be done on the detailed
functional mechanism.

AUTHOR CONTRIBUTIONS

Jun Peng and Zheng-tao Yu were responsible for project design
and conducting experiments, data analysis and interpretation, and
manuscript and figure confection. Yang He conducted experiments,
data analysis, and interpretation. Jun He provided technical support.
Ji-kun Zhang reviewed the manuscript and provided help with sta-
tistical analysis. Ying Xia conceived the project, interpreted data,
provided technical and material support, and reviewed the manuscript.

All authors have read and approved the submitted manuscript.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The datasets used and analyzed in the current study are available from

the corresponding author on reasonable request.

ORCID
Ying Xia & https://orcid.org/0000-0002-1437-333X
PEER REVIEW

The peer review history for this article is available at https://publons.
com/publon/10.1002/brb3.3204.

REFERENCES

Al-Khindi, T., Macdonald, R. L., & Schweizer, T. A. (2010). Cognitive and
functional outcome after aneurysmal subarachnoid hemorrhage. Stroke,
41(8),e519-e536.

Bologa, C. G., Revankar, C. M., Young, S. M., Edwards, B. S., Arterburn, J. B,
Kiselyov, A. S., Parker, M. A,, Tkachenko, S. E., Savchuck, N. P, & Sklar,
L. A. (2006). Virtual and biomolecular screening converge on a selective
agonist for GPR30. Nature Chemical Biology, 2(4), 207-212.

Bromley-Brits, K., Deng, Y., & Song, W. (2011). Morris water maze test for
learning and memory deficits in Alzheimer’s disease model mice. Jour-
nal of Visualized Experiments, 2011 Jul 20;(53):2920. doi: 10.3791/2920.
PMID: 21808223; PMCID: PMC3347885.

Chen, Z., Qiu, P. Y., & Ma, C. G. (2017). Dexmedetomidine preconditioning
protects against retinal ischemia/reperfusion injury and inhibits inflam-
mation response via toll-like receptor 4 (TLR4) pathway. Biomedicine &
Pharmacotherapy, 93, 1018-1024.

Cornea, A, Simu, M., & Rosca, E. C. (2022). Montreal cognitive assess-
ment for evaluating cognitive impairment in subarachnoid hemorrhage:
A systematic review. Journal of Clinical Medicine, 11(16), 4679.

Cruz, J., OKelly, C., Kelly, M., Wong, J., Alshaya, W., Martin, A., Spears,
J., & Marotta, T. (2013). Pipeline embolization device in aneurysmal
subarachnoid hemorrhage. American Journal of Neuroradiology, 34(2),
271-276.

Garcia, J. H., Wagner, S., Liu, K. F,, & Hu, X. J. (1995). Neurological deficit
and extent of neuronal necrosis attributable to middle cerebral artery
occlusionin rats. Statistical validation. Stroke, 26(4), 627-634. discussion
635.


https://orcid.org/0000-0002-1437-333X
https://orcid.org/0000-0002-1437-333X
https://publons.com/publon/10.1002/brb3.3204
https://publons.com/publon/10.1002/brb3.3204

Brain and Behavior

100f 10 Wl LEY

Gould, T. D, Dao, D. T,, & Kovacsics, C. E. (2009). The open field test.
Neuromethods, 83(2), 1-20.

Guo, Z., Hu, Q, Xu, L., Guo, Z. N., & Zhang, J. H. (2016). Lipoxin A4 reduces
inflammation through formyl peptide receptor 2/p38 MAPK signaling
pathway in subarachnoid hemorrhage rats. Stroke, 47(2), 490-497.

Hammond, R., & Gibbs, R. B. (2011). GPR30 is positioned to mediate
estrogen effects on basal forebrain cholinergic neurons and cognitive
performance. Brain Research, 1379, 53-60.

Jang, S., Patel, P. N., Kimple, R. J., & McCulloch, T. M. (2017). Clinical out-
comes and prognostic factors of adenoid cystic carcinoma of the head
and neck. Anticancer Research, 37(6), 3045-3052.

Kraeuter, A. K., Guest, P. C., & Sarnyai, Z. (2019). The elevated plus maze
test for measuring anxiety-like behavior in rodents. Methods in Molecular
Biology, 1916, 69-74.

Kuiper, G. G., Enmark, E., Pelto-Huikko, M., Nilsson, S., & Gustafsson, J. A.
(1996). Cloning of a novel receptor expressed in rat prostate and ovary.
Proceedings of the National Academy of Sciences, 93(12), 5925-5930.

Kumar, A., & Foster, T. C. (2020). G protein-coupled estrogen receptor:
Rapid effects on hippocampal-dependent spatial memory and synaptic
plasticity. Frontiers in Endocrinology, 11, 385.

Lawton, M. T,, & Vates, G. E. (2017). Subarachnoid hemorrhage. New England
Journal of Medicine, 377(3), 257-266.

Leger, M., Quiedeville, A., Bouet, V., Haelewyn, B., Boulouard, M., Schumann-
Bard, P, & Freret, T. (2013). Object recognition test in mice. Nature
Protocols, 8(12),2531-2537.

Li, L., Tao, Y., Tang, J., Chen, Q, Yang, Y., Feng, Z., Chen, Y., Yang, L., Yang, Y.,
Zhu, G,, Feng, H., & Chen, Z. (2015). A cannabinoid receptor 2 agonist
prevents thrombin-induced blood-brain barrier damage via the inhibi-
tion of microglial activation and matrix metalloproteinase expression in
rats. Translational Stroke Research, 6(6), 467-477.

Mahmoud, M., & Mason, K. P. (2015). Dexmedetomidine: Review, update,
and future considerations of paediatric perioperative and periproce-
dural applications and limitations. British Journal of Anaesthesia, 115(2),
171-182.

Matsuda, I., Shoji, H., Yamasaki, N., Miyakawa, T., & Aiba, A. (2016). Compre-
hensive behavioral phenotyping of a new Semaphorin 3 F mutant mouse.
Molecular Brain, 9, 15.

Moy, S. S., Nadler, J. J,, Perez, A, Barbaro, R. P, Johns, J. M., Magnuson,
T. R, Piven, J., & Crawley, J. N. (2004). Sociability and preference for
social novelty in five inbred strains: An approach to assess autistic-like
behavior in mice. Genes Brain Behavior, 3(5), 287-302.

Okuda, S., Roozendaal, B., & McGaugh, J. L. (2004). Glucocorticoid effects
on object recognition memory require training-associated emotional
arousal. Proceedings of the National Academy of Sciences, 101(3),853-858.

Open Access

PENGET AL.

Peng, Y., Huang, O., Takeshi, S., Gang, Z., & Tang, G. (2019). Activation
of GPR30 with G1 attenuates neuronal apoptosis via src/EGFR/stat3
signaling pathway after subarachnoid hemorrhage in male rats. Experi-
mental Neurology, 320, 113008.

Prossnitz, E. R., Sklar, L. A, Oprea, T. ., & Arterburn, J. B. (2008). GPR30: A
novel therapeutic target in estrogen-related disease. Trends in Pharmaco-
logical Sciences, 29(3), 116-123.

Proust, F., Martinaud, O., Gerardin, E., Derrey, S., Leveque, S., Bioux, S.,
Tollard, E., Clavier, E., Langlois, O., Godefroy, O., Hannequin, D., & Freger,
P. (2009). Quality of life and brain damage after microsurgical clip
occlusion or endovascular coil embolization for ruptured anterior com-
municating artery aneurysms: Neuropsychological assessment. Journal
of Neurosurgery, 110(1), 19-29.

Revankar, C. M., Cimino, D. F.,, Sklar, L. A., Arterburn, J. B., & Prossnitz, E. R.
(2005). A transmembrane intracellular estrogen receptor mediates rapid
cell signaling. Science, 307(5715), 1625-1630.

Thomé, C., Schubert, G. A,, & Schilling, L. (2005). Hypothermia as a neuro-
protective strategy in subarachnoid hemorrhage: A pathophysiological
review focusing on the acute phase. Neurological Research, 27(3), 229-
237.

Turan, N., Miller, B. A, Heider, R. A.,, Nadeem, M., & Pradilla, G. (2016).
Neurobehavioral testing in subarachnoid hemorrhage: A review of meth-
ods and current findings in rodents. Journal of Cerebral Blood Flow &
Metabolism, 37(11),0271678X16665623 3461-3474.

Zhang, B., Subramanian, S., Dziennis, S., Jia, J., Uchida, M., Akiyoshi,
K., Migliati, E., Lewis, A. D., Vandenbark, A. A., & Offner, H. (2010).
Estradiol and G1 reduce infarct size and improve immunosuppres-
sion after experimental stroke. Journal of Immunology, 184(8), 4087-
4094.

Zhong, J. Y., Magnusson, K. R, Swarts, M. E., Clendinen, C. A., & Moffat, S.
D. (2017). The application of a rodent-based Morris water maze (MWM)
protocol to an investigation of age-related differences in human spatial
learning. Behavioral Neuroscience, 131(6), 470-482.

How to cite this article: Peng, J., He, Y., He, J., Zhang, J.-k., Yu,
Z.-t.,, & Xia, Y. (2023). GPR30 agonist G1 combined with
hypothermia alleviates cognitive impairment and anxiety-like
behavior after subarachnoid hemorrhage in rats. Brain and
Behavior, 13,e3209. https://doi.org/10.1002/brb3.3204


https://doi.org/10.1002/brb3.3204

	GPR30 agonist G1 combined with hypothermia alleviates cognitive impairment and anxiety-like behavior after subarachnoid hemorrhage in rats
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Establishment and grouping of rat SAH model
	2.2 | Garcia neurological function score
	2.3 | Determination of cerebral edema degree
	2.4 | Behavioral tests of rats
	2.5 | Nissl staining
	2.6 | Western blot
	2.7 | Statistical analysis

	3 | RESULTS
	3.1 | G1 combined with hypothermia improves the neurological function and alleviates cerebral edema degree of rats with subarachnoid hemorrhage
	3.2 | G1 combined with hypothermia improves the learning and memory ability of rats with subarachnoid hemorrhage
	3.3 | G1 combined with hypothermia reduces anxiety- and emotion-related behavior of rats with subarachnoid hemorrhage
	3.4 | G1 combined with hypothermia enhances the social interaction of rats with subarachnoid hemorrhage
	3.5 | G1 combined with hypothermia treatment reduces neuronal damage in hippocampal tissue of SAH rats

	4 | DISCUSSION
	5 | CONCLUSION
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES


