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Abstract: Objective: Neuronal apoptosis plays an important pathological process in early brain injury (EBI) after
subarachnoid hemorrhage (SAH). This pathological process leads to a poor neurological prognosis for patients. This
study aimed to investigate whether endoplasmic reticulum (ER) stress mediates cortical neuron apoptosis in EBI af-
ter SAH. Methods: Eighty-four male Sprague-Dawley rats were randomly assigned to different groups as follows: the
control and the 3, 6, 12, 24, 48, and 72 h groups after SAH. The SAH model was established by injecting 0.3 mL of
nonheparinized blood into the prechiasmatic cistern. Hematoxylin-eosin staining, Garcia scoring, Western blotting,
transmission electron microscopy, and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) stain-
ing were performed. Results: SAH reduced the neurological scores and reached a trough at 24 h after the SAH. The
GRP78 expression was significantly upregulated at 6 h after the SAH, peaked at 24 h after the SAH, and then de-
creased. By comparison, the CHOP, caspase-12, ASK1, and p-c-Jun N-terminal kinase expressions were significantly
upregulated at 12 h after the SAH and peaked at 24 h after the SAH. The most serious swelling of the rough ER was
observed at 24 h after the SAH and remained notably swollen at 72 h after the SAH. The number of TUNEL-positive
cells substantially increased significantly at 12 h after the SAH, and the neuronal apoptosis decreased ratio after
reaching a peak at 24 h after the SAH. The apoptosis ratio at 72 h after the SAH was still significantly different from
the ratio in the control group. Conclusion: Our study clearly demonstrated that ER stress mediates cortical neuron
apoptosis after experimental subarachnoid hemorrhage in rats.
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Introduction

Subarachnoid hemorrhage (SAH) is a clinical
syndrome caused by cerebrovascular rupture
that forces blood to enter the subarachnoid
space. SAH has high mortality and morbidity
rates, accounting for approximately 10% of
patients with acute stroke [1]. Early brain injury
(EBI) is a series of complex pathological and
physiological processes, including brain isch-
emia, blood-brain barrier destruction, brain
edema, the oxidative stress response, the
immune inflammatory pathway, and neuronal
apoptosis, that occurs within a few minutes of
SAH and lasts for several days or longer [2].
Although the control of cerebral vasospasms
after SAH can alleviate symptoms, the patients’
neurological prognosis does not drastically
improve. In recent years, more and more stud-

ies have found that neuronal apoptosis plays
an important role in the nerve function progno-
sis in patients with SAH [3, 4].

Endoplasmic reticulum (ER) stress is involved
in the pathophysiological process after SAH
[5, 6]. Unfolded and misfolded proteins during
ER stress will activate the unfolded protein
response (UPR). After UPR is activated, inositol-
requiring enzymela (IRE1x), protein kinase
R-like ER kinase (PERK), and ATF6, which are
anchored on the ER membrane, dissociate
from GRP78 and initiate three apoptotic
pathways, namely, the IRE1a/c-Jun N-terminal
kinase (JNK), PERK/eukaryotic initiation fac-
tor-2 (elF2x), and the ATF6 pathways [7, 8].

Moderate UPR promotes normal cell metabo-
lism by eliminating unfolded or misfolded pro-
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Figure 1. Hematoxylin-eosin staining was used to identify the SAH model
(x200). (A and C) represent macroscopic and microscopic observations of
the control group, while (B and D) represent the SAH group. No blood clotting
was observed in the control group (A), but clots are diffused throughout the
brain cisterns in the SAH group (black arrow, B). The subarachnoid space
was normal and no red blood cell aggregation was observed in the control
group (C), but the SAH group showed a large amount of red blood cell aggre-
gation in the expanded subarachnoid space (black arrow, D).

teins in the ER. However, severe ER stress can
induce an excessive UPR to induce apoptosis
[9, 10]. EBI is an important pathological pro-
cess that occurs after SAH, and apoptosis is
the most common EBI mechanism. Antiapop-
totic therapy improves the prognosis of SAH
patients. Therefore, determining the molecular
mechanism of apoptosis after SAH is important
[11, 12]. In the present study, we explored
whether ER stress is involved in the occurrence
of neuronal apoptosis in the EBI process after
SAH.

Materials and methods
Animals
Adult male Sprague-Dawley (SD) rats (250

g-300 g) were obtained from the Animal Center
of Xinjiang Medical University, China. The SD
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rats were cultured under the
conditions of 24°C on a nor-
mal light/dark cycle (12/12 h,
light: 7:00 AM to 7:00 PM) and
could drink water and eat food
freely. The rats were weighed
twice a week.

Experimental grouping

Eighty-four rats were random-
ly divided into the control
and the 3 h, 6 h, 12 h, 24 h,
48 h, and 72 h groups after
the SAH, with 12 rats in each
group. In the SAH group, the
subarachnoid space was in-
jected with fresh unheparin-
ized autologous arterial blood,
but the control group was not
surgically treated.

Prechiasmatic cistern SAH
model

The establishment of the SAH
model was done under asep-
tic surgery. The rats were in-
traperitoneally injected with
pentobarbital (40 mg/kg) for
the anesthesia and then the
rats were fixed on the orienta-
tor for the operation. A needle
with an oblique edge was tilt-
ed 45° on a sagittal plane and
inserted 7.5 mm anterior to the bregma at the
midline. The needle puncture site was located
on the right side of the harnpan. The point of
the needle was inserted into the harnpan base
and reached 2.5 mm before the chiasma and
then the needle was withdrawn by 0.5 mm.
Approximately 0.3 mL of fresh arterial blood
was removed from the femoral artery and then
injected into the prechiasmatic cistern using
aseptic manipulation. Hematoxylin-eosin (HE)
staining was used to identify the SAH model
(Figure 1).

Neurological scoring

Garcia scoring was performed for the neurologi-
cal scoring, which includes autonomous move-
ment, spontaneous movements of the limbs,
forearm stretching, climbing, proprioception,
and sensitivity to the stimulation of the beard.
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Figure 2. Changes in the Garcia scores at the dif-
ferent time points after the SAH. After the SAH, the
neurological function of the rats decreased and then
improved after reaching a trough at 24 h. The Garcia
scores were still significantly lower than they were in
the control group at 72 h after the SAH. *; P < 0.05
versus the control group, #; P < 0.05 versus the 24
h group after SAH.

The lowest score is three points, and a low
score represents a severe neurological deficit.

Terminal deoxynucleotidyl transferase dUTP
nick end labeling stain (TUNEL) staining

The cortical samples obtained were used for
the TUNEL staining. Conventional dewaxing
hydration for paraffin sectioning was perform-
ed. The obtained specimens were digested in
20 pg/ml proteinase K (Merck, Germany) at
37°C for 15 min and rinsed with PBS three
times. Next, 50 pL of the TUNEL reaction mix-
ture (A:B = 1:9) was added to the wells and
incubated in a humid chamber at 37°C for 60
min. The excess moisture around the samples
after they were washed with PBS three times
for 5 min was wiped before 50 L signal trans-
ducer (POD) was added. The cells were incu-
bated at 37°C for 30 min in a humid chamber.
The microscopic samples were prepared for
observation after being washed with PBS three
times for 5 min and after the hematoxylin and
eosin staining. The cells with dark brown nuclei
represented TUNEL positive cells. The TUNEL
staining results were observed under a x200
optical microscope. Finally, the obtained data
were averaged.

Transmission electron microscope (TEM) ob-
servation

The fresh brain cortical tissues were fixed with
2.5% glutaraldehyde at 25°C for 5 h, washed
with 0.1 mol/L PBS buffer at 25°C (3 times,
once every 6 min), and fixed with 1% citric acid
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at 25°Cfor 1 h. For the second round of embed-
ding, the tissues were washed with 0.1 mol/L
PBS buffer at 25°C (three times, once every
6 min) and fixed with ketone gradient dehydra-
tion at 25°C. A mixture of Epon812 embedding
solution and acetone (ratio = 4:1) was prepared
at 35°C for 30 min, placed in the mold, and
polymerized at 75°C for 12 h to create a semi-
thin sectioning slide. The embedding block was
modified to a trapezoidal shape under a stereo-
scopic microscope. The thickness of the slide
varied from 0.5 ym to 5 ym. The tissue was
fully exposed, and the area to be observed by
the electron microscope was determined. A
glass or diamond knife was used to create an
ultrathin section after two rounds of embed-
ding. The section thickness ranged from 60 nm
to 90 nm. For staining, the sequence was 2%
uranyl acetate for 30 min and lead citrate for
20 min, which was labeled and observed under
TEM (JEM-1230, JEOL, Japan).

Western blotting (WB) analysis

The cortical frozen samples were homogenized
in PBS and clarified by centrifugation for 30 min
at 4°C. Then, the lysates were centrifuged at
13,000% g for 15 min. The resulting superna-
tant (40 pg of protein) was handled with poly-
acrylamide gel electrophoresis. A transfer
apparatus was used to shift the separated pro-
teins into a polyvinylidene difluoride membrane
(Millipore, USA) at 300 mA for 40 min. The
membrane was then incubated with the follow-
ing antibodies: anti-GRP78 (1:500, ab108613,
Abcam), anti-caspase-12 (1:1000, ab62484,
Abcam), anti-CHOP (1:500, ab11419, Abcam),
anti-ASK1 (1:1200, ab131506, Abcam), and
anti-p-JNK (1:5000, ab76572, Abcam). The
membranes were incubated with horseradish
peroxidase-conjugated secondary antibody for
2 h at room temperature after they were
washed with Tris-Buffered Saline and Tween
20. The blotted protein bands were observed
using enhanced chemiluminescence (Pierce
Inc., USA) and then exposed to X-ray film
(Kodak; Ximen, China). Densitometry was con-
ducted on the immunoreactive bands using a
Gel-Pro Analyzer 4 (Media Cybernetics, USA).
After they were incubated with an anti-rabbit
horseradish peroxidase-conjugated secondary
antibody (1:10,000 dilution, Zhongshan Jingiao
Biotechnology Co., Beijing, China), the imprint-
ed protein bands were observed using an
enhanced chemiluminescence system.

Int J Clin Exp Pathol 2020;13(7):1569-1577
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Figure 3. TUNEL staining was used to determine the changes in neuronal apoptosis in the cerebral cortex at various
time points after the SAH. (A-G) Represents the control and the 3 h, 6 h, 12 h, 24 h, 48 h, and 72 h groups after the
SAH, respectively. (H) Represents the change of neuronal apoptosis rate in each group. The most severe neuronal
apoptosis was observed at 24 h after the SAH, and then the level decreased. The number of apoptotic cells was still
significantly different from the control group at 72 h after the SAH. *; P < 0.05 versus the control group, #; P < 0.05

versus the 24 h group after SAH. Bar = 100 ym.

Statistical analysis

The data are expressed as the mean + SD and
analyzed using a one-way analysis of variance
(ANOVA) followed by Student-Newman-Keuls
multiple comparison processing. The statistical
analyses were performed using SPSS 21.0
(SPSS Inc., Chicago, IL, USA). Significant differ-
ences were accepted at P < 0.05.

Results

Morphological observation of the rats in the
control and SAH groups

The naked eyes of the rats in the control group
had no hemorrhages (Figure 1A). The SAH
group had diffusely distributed blood on the
surfaces of the basis cranii, and there was a
large amount of blood in the circles of Willis,
cerebellar medulla pools, and ventral sides of
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the brain stem (Figure 1B). Compared with
the control group (Figure 1C), the HE staining
showed that the subarachnoid spaces of the
rats in the SAH group were enlarged and accom-
panied by a large amount of red blood cell
deposition (Figure 1D).

The SAH reduced the neurological scores

The SAH caused neurological deficits in the
rats. As shown in (Figure 2), the SAH decreased
the Garcia scores at 6 h and reached a trough
at 24 h after the SAH compared with the control
group (P < 0.05). The scores at 72 h after the
SAH were still significantly lower than they were
in the control group (P < 0.05).

The SAH increased cortical neuron apoptosis

TUNEL staining was used to determine the
degree of neuronal apoptosis in the rat’s cere-
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Figure 4. The ultrastructural changes of the rough ER at the different time points were observed using TEM after
SAH. The black arrow indicates the rough ER. (A-G) Represents the control and the 3 h,6 h, 12 h, 24 h, 48 h,and 72
h groups after SAH, respectively. (H) Represents the width variation of rough ER in each group. The rough ER swelling
was most serious at 24 h after the SAH. Compared with the control group, rough ER swelling was still observed at
72 h after the SAH. *; P < 0.05 versus the control group, #; P < 0.05 versus the 24 h group after SAH. Bar = 0.5 ym.

bral cortexes. As shown in (Figure 3), dark
brown staining represents TUNEL-positive cells.
The number of apoptotic cells increased signi-
ficantly at 12 h and peaked at 24 h after the
SAH (P < 0.05) (Figure 3A-G). The amount of
neuron apoptosis was significantly reduced at
72 h after the SAH, but there was still a signifi-
cant difference compared with the control
group (P < 0.05) (Figure 3H).

The SAH caused swelling of the rough ER

The newly composited proteins were machined
and modified in the cisterna of the ER, and the
unfolded or misfolded proteins were mainly
gathered on the rough ER. The changes in the
rough ER in each group were observed using
TEM. As shown in (Figure 4), the rough ER was
significantly swollen in the SAH groups com-
pared with the control group (P < 0.05) (Figure
4A-G), and was most serious at 24 h after the
SAH and burst into vesicles of different sizes.
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The swelling could be still observed at 72 h
after the SAH compared with the control group
(P < 0.05) (Figure 4H).

The SAH increased the ER stress-related apop-
totic proteins expressions

The ER stress-related proteins expressions
were analyzed using western blotting. As shown
in Figure 5, compared with the control group,
the GRP78 expression in the SAH group was
upregulated at 6 hours, peaked at 24 h, and
then decreased (P < 0.05). Meanwhile, the
CHOP, caspase-12, ASK1, and p-JNK expres-
sions increased significantly at 12 h after the
SAH, peaked at 24 h, and then decreased sig-
nificantly (P < 0.05) (Figure 5B-F).

Discussion

We investigated the temporal changes in the
neurological scores, ER stress-related apoptot-
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Figure 5. The expression changes in the ER stress-related proteins at different time points after the SAH were deter-
mined using a WB analysis (A). (B-F) Represents the quantitative analysis of the GRP78, CHOP, caspase-12, ASK1,
and p-JNK expressions, respectively. *; P < 0.05 versus the control group, #; P < 0.05 versus the 24 h group after

the SAH.

ic protein expressions, rough ER swelling
degrees, and cortical neuron apoptosis in
experimental SAH in rats. After the SAH, the
neurological scores decreased, but the GRP78,
CHOP, caspase-12, ASK1, and p-JNK expres-
sions significantly increased. The rough ER seri-
ously swelled, and numerous apoptotic cortical
neurons appeared.

Neuronal apoptosis, cerebral edema, and cere-
bral vasospasm affect patients’ nerve function.
However, neuronal apoptosis is a key link in
many pathological factors, and the degree of
neuron survival is closely related to prognosis
[8, 13]. We found that the Garcia scores were
the lowest at 24 h after SAH, but the apoptosis
was the most active at this time, suggesting
that neuronal loss reduced the neurological
function in the rats. Although no external inter-
vention was performed, the Garcia scores
improved to a certain extent at 48 h after the
SAH, probably because of the reduction in neu-
ronal apoptosis and the relief of the acute
phase of the cerebral vasospasm [14, 15].

Recently, neuronal apoptosis has been the
focus of research on EBI after SAH [16].
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Apoptosis can increase the permeability of the
blood-brain barrier and the degree of brain
edema and can reduce cerebral blood flow,
thereby decreasing the neurological function
[5, 17]. Apoptosis is manifested in the cerebral
cortex and hippocampus and is related to
delayed cognitive and memory dysfunction
after SAH [18]. Moreover, neuron survival
directly affects patients’ neurological function
[13, 19]. TUNEL staining revealed that the neu-
ronal apoptosis rate significantly increased at
12 h after SAH and was most severe at 24 h
after SAH compared with the rate in the control
group. These results are consistent with those
of our previous study [20]. The results indicated
that apoptosis is an important pathological pro-
cess of EBI that can lead to the loss of numer-
ous neurons after SAH. Therefore, inhibiting
neuronal apoptosis is necessary to improve the
prognosis of patients with SAH.

ER is a site for the synthesis and folding of
secreted and membrane proteins. Properly
folded and modified proteins can be transport-
ed into the Golgi apparatus for further process-
ing. The width of rough ER reflects the extent of
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ER expansion under pressure, which can reflect
the severity of ER [21, 22]. The morphology of
rough ER in the SAH group changed within 6 h
after the SAH, and the degree of swelling was
the most severe at 24 h after the SAH. However,
the swelling of the rough ER at 48 h after SAH
was less severe than it was at 24 h after the
SAH, consistent with the expression of the ER
stress-related apoptosis proteins CHOP, cas-
pase-12, ASK1, and p-JNK. Studies have found
that autophagy activated by UPR can relieve ER
stress by eliminating unfolded or misfolded
proteins [23, 24], which may be the reason for
the changes in the above results at 48 h after
SAH. The GRP78, CHOP, caspase-12, ASK1,
and p-JNK expressions at 72 h after the SAH
were not significantly different from what they
were in the control group. However, the rough
ER was still swollen, suggesting that the recov-
ery of the ER morphology lagged behind its
functional recovery.

SAH activates multiple pathways of ER stress
to induce apoptosis. Intracellular protein syn-
thesis, modification, and folding occur in the
ER. ER also stores Ca®* and regulates Ca?*
metabolism. Stress responses caused by
hypoxia, glucose deficiency, inflammation, and
oxidative stress lead to an abnormal accumula-
tion of misfolded and unfolded proteins in the
ER cavity, which initiates UPR to relieve ER
stress [25, 26]. Mild ER stress promotes cell
survival, but prolonged ER stress upregulates
the expression of apoptotic proteins CHOP, cas-
pase-12, ASK1, and JNK in the ATF6, IRE1la/
JNK, and PERK/elF2a pathways. CHOP medi-
ates apoptosis by regulating cell sensitivity to
oxidative stress and Bax and Bcl-2 expressions
[27, 28]. As a proteolytic enzyme unique to ER,
caspase-12 specifically binds to the ER mem-
brane, and its activation can be recognized as
a marker of ER stress-mediated neuronal apop-
tosis [29, 30]. The downstream molecule JNK
of ASK1 is a member of the signal transduction
protein family, which regulates the expression
of antiapoptotic genes by activating MAPKS,
JNKs, and p38MAPKS, consequently inducing
apoptosis [31].

At the early stage of ER stress, GRP78 was
upregulated to correct the protein misfolding.
The GRP78 expression significantly increased
at 6 h after the SAH but not at 3 h after the
SAH. This result was likely obtained because
the glucose stored in cells maintains a normal
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metabolism in the short term, and the subse-
quent energy expenditure leads to a wide-
spread activation of the UPR within 6 h after
the SAH [32, 33]. The Western blot analysis
revealed that the CHOP, caspase-12, ASK1,
and P-JNK expressions peaked at 24 h after the
SAH and significantly decreased at 48 h after
the SAH, indicating that the ER stress reached
its peak within 48 h after the SAH. This finding
is consistent with the neuron apoptosis and the
changes in the rough ER width. All the above
results indicate that ER stress mediates corti-
cal neuron apoptosis in EBI after SAH.

The persistence of UPR indicates that ER stress
is not relieved and homeostasis is not restored.
The severity and duration of ER stress are
related to neuron survival [34]. The relief of ER
stress helps reduce neuronal apoptosis and
improves the prognosis of SAH patients. In this
study, the neuronal apoptosis rate reached its
peak within 48 h after the SAH. This result pro-
vides a time reference for the clinical treatment
of EBI after SAH. Therefore, relevant measures
should be implemented within 48 h after SAH;
otherwise, the critical treatment window will be
missed. In addition, there may be differences in
the pathological progress of the SAH between
the experimental animals and human beings,
which need to be further explored.

Conclusion

Our study clearly demonstrates that ER stress
mediates cortical neuron apoptosis after exper-
imental SAH in rats.
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