
Vol.:(0123456789)

Cellular and Molecular Neurobiology (2019) 40:629–642 
https://doi.org/10.1007/s10571-019-00760-x

ORIGINAL RESEARCH

Inhibition of mTOR Alleviates Early Brain Injury After Subarachnoid 
Hemorrhage Via Relieving Excessive Mitochondrial Fission

Yuchen Li1,2 · Pei Wu1 · Jiaxing Dai1 · Tongyu Zhang1 · Ji Bihl2 · Chunlei Wang1 · Yao Liu1 · Huaizhang Shi1 

Received: 12 October 2019 / Accepted: 7 November 2019 / Published online: 15 November 2019 
© Springer Science+Business Media, LLC, part of Springer Nature 2019, corrected publication 2024

Abstract
The mammalian target of rapamycin (mTOR) was reported to regulate cell autophagy and outcomes of several neurological 
diseases. Mitochondria, which serve as critical organelles in neurons. are also involved in the pathology of neurological dis-
eases. However, the role of mTOR in mitochondrial morphology has not been clarified especially in subarachnoid hemorrhage 
(SAH). In this study, we established SAH models both in vivo and in vitro. Rapamycin and 3-methyl adenine (3-MA) were 
then administered to alter mTOR activity. Post-SAH assessment included SAH grading, neurological evaluation, blood–brain 
barrier (BBB) permeability, brain water content, mitochondrial membrane potential (MMP), mitochondrial morphology, 
ATP content, cell viability, cytotoxicity, and expression of proteins related to apoptosis and mitochondrial fission. The results 
showed that (1) neurological deficits, BBB permeability, and brain edema were increased after SAH and that cell viability was 
exacerbated in brain tissue. (2) Excessive mitochondrial fission was evident based on changes in mitochondrial morphology, 
while MMP and ATP content were decreased in neurons after SAH. (3) Administration of rapamycin improved the exces-
sive mitochondrial fission and restored mitochondrial function, which subsequently reduced apoptosis. (4) 3-MA showed an 
adverse effect on mitochondria and aggravated excessive mitochondrial fission and dysfunction in SAH. Neurological deficits 
and neuronal viability were also exacerbated following the administration of 3-MA. Therefore, our study suggests that mTOR 
inhibition has neuroprotective effects against neuronal injury after SAH via alleviating excessive mitochondrial fission.
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Abbreviations
BBB  Blood–brain barrier
CCA   Common carotid artery
Cyt C  Cytochrome c
DMSO  Dimethylsulfoxide
Drp1  Dynamin-related protein 1
EBI  Early brain injury
ECA  External carotid artery
GTP  Guanosine-5′-triphosphate
Hb  Oxyhemoglobin

ICA  Internal carotid artery
MMP  Mitochondrial membrane potential
mTOR  Mammalian target of rapamycin
PBS  Phosphate-buffered saline
ROS  Reactive oxidative species
SAH  Subarachnoid hemorrhage
TEM  Transmission electron microscope
3-MA  3-Methyl adenine

Introduction

Subarachnoid hemorrhage (SAH) is a subtype of hemor-
rhagic stroke with a high mortality and morbidity (Sun et al. 
2014; Zhao et al. 2019). Despite therapies and improved 
clinical management, patients still suffer lasting psycho-
logical and physical effects even after “good” outcomes 
(Schuette and Barrow 2013). Early brain injury (EBI) and 
cerebral vasospasm are two major complications after 
SAH. Outcomes of anti-vasospasm treatment are poor, and 
researchers consider EBI that has occurred within 72 h after 
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SAH as the primary cause of these poor outcomes after 
SAH (Sun et al. 2019; Zhao et al. 2019). The pathologic 
mechanisms of EBI include increased intracranial pressure, 
decreased perfusion pressure, impaired blood–brain bar-
rier (BBB), brain ischemia, brain edema, and toxicity from 
hemolysate. All of these pathological processes ultimately 
result in neuronal injury and death. In addition, mitochon-
drial dysfunction is involved in nearly all of these pathologic 
mechanisms (Cahill et al. 2006; Wang et al. 2012).

Mitochondria are abundant in neurons due to their com-
plex functions and high demand for energy. Therefore, 
mitochondria play a pivotal role in both physiological and 
pathological events during neurological disorders (Cheng 
et al. 2010). Many pathological mechanisms post-SAH, such 
as brain edema, oxidative stress, and calcium overload, are 
accompanied by mitochondrial dysfunction and often result 
in neuronal apoptosis. Alterations in morphology have 
become a hot topic in the study of mitochondrial dysfunc-
tion during cell apoptosis (Ikeda et al. 2014). Mitochondria 
are dynamic organelles that continuously strike a structural 
balance of fission and fusion. Dynamin-related protein 1 
(Drp1) and fission protein 1 (Fis1) are reported to regulate 
mitochondrial fission, whereas mitochondrial fusion is regu-
lated by optic atrophy 1 and the mitofusins (Mfn). Usually, 
DRP-1 is activated by phosphorylation (p-Drp1), whereby 
p-Drp1 assembles at the mitochondrial surface similar to 
annuluses and constricts both inner and outer membranes 
with energy from hydrolyzing guanosine-5′-triphosphate 
(GTP), after which the mitochondrion undergoes fission to 
generate multiple mitochondria (Zhang et al. 2013). Abnor-
malities in mitochondrial morphology, especially excessive 
fission, has been reported in many nervous system diseases 
(Knott and Bossy-Wetzel 2008). In an ischemic study, 
researchers found that Drp1 and related downstream pro-
teins were increased immediately after ischemia, especially 
in the penumbral region (Pradeep et al. 2014). Our previ-
ous work also showed that mitochondria in the brain of rats 
appeared to undergo excessive fission after SAH, and inhi-
bition of mitochondrial fission facilitated the improvement 
of neurological deficits and neuronal apoptosis (Wu et al. 
2017, Zhang et al. 2018). Emerging evidence indicates that 
an imbalance of mitochondrial morphology is involved in 
the pathology of neurological disorders and might serve as 
a potential therapeutic target.

The mammalian target of rapamycin (mTOR) is known as 
a key regulator of autophagy (Lee et al. 2009). Autophagy 
is a catabolic process of degrading intracellular components 
such as damaged proteins and organelles (Kardideh et al. 
2019). Several studies found that autophagy was markedly 
enhanced at the early stage of EBI and had neuroprotec-
tive effects against apoptosis in many neurodegenerative 
diseases (Jing et al. 2012, Guo et al. 2018). mTOR activ-
ity was shown to negatively regulate autophagy; the mTOR 

inhibitor, rapamycin, upregulated autophagy, whereas 
3-methyl adenine (3-MA), an agonist of mTOR, inhib-
ited autophagy (Hu et al. 2018, Kardideh et al. 2019). The 
significance of the mTOR pathway has been underscored 
in a myriad of nervous system disorders (Ma et al. 2015, 
Shi et al. 2017). In a study of SAH, researchers found that 
rapamycin could inhibit mTOR activity via suppressing its 
phosphorylation, which then attenuated neuronal injury in 
EBI (You et al. 2016). Another study on acute focal brain 
damage found that rapamycin, in addition to stimulating 
autophagy, could promote Drp1 accumulation and mitochon-
drial fission, which facilitated the degradation of damaged 
mitochondria by autophagy (Cavallucci et al. 2014). In rats 
subjected to hypoxia–ischemia, rapamycin was reported to 
prevent necrotic cell death via the mitochondrial pathway, 
while administration of 3-MA after rapamycin elicited the 
translocation of Bad and Bax to the mitochondria, which 
increased the cell death (Carloni et al. 2012). In a study 
of Leigh syndrome, Johnson et al. found that inhibition of 
mTOR-alleviated mitochondrial dysfunction in mouse mod-
els (Johnson et al. 2013). Unfortunately, there are no cor-
relative reports regarding the relationship between mTOR, 
mitochondrial function, and mitochondrial morphology after 
SAH.

In this study, we used SAH models, both in vivo and 
in vitro, to detect abnormalities-associated mitochondrial 
function and morphology after SAH. After, we administrated 
rapamycin and 3-MA to explore the effect of mTOR activ-
ity on mitochondrial abnormalities after SAH. The present 
study might provide evidence on an effective downstream 
pathway of mTOR to reduce neuronal apoptosis after SAH.

Materials and Methods

Animals and SAH Models In Vivo

Male Wistar rats weighing 250–350 g were purchased from 
the Animal Center of the Second Affiliated Hospital of Har-
bin Medical University (Harbin. China). The animals were 
acclimated at the animal center for at least 3 days before the 
operation. All experimental procedures were approved by 
the Animal Care and Use Committee of the First Affiliated 
Hospital of Harbin Medical University. The protocols for the 
animal experiments were performed in accordance with the 
Care and Use of Laboratory Animals published by the U.S. 
National Institution of Health.

The endovascular perforation method was used on rats to 
establish SAH models in this study. As in our previous report 
(Wu et al. 2017, Zhang et al. 2018), animals were anesthe-
tized with pentobarbital sodium (50 mg/kg) by intraperito-
neal injection. The external carotid artery (ECA), internal 
carotid artery (ICA) and common carotid artery were fully 
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exposed, and after distal ligation of ECA, a blunt 4-0 nylon 
suture was placed into the ECA and advanced through the 
ICA for about 2.0 cm. Prior to extraction, the nylon suture 
was held motionless for approximately 10 s to ensure the 
successful puncture of the artery. For the sham-operated 
animals, all procedures were same except for the puncture 
of the ECA. At 24 h post-SAH, surviving animals were anes-
thetized and perfused with ice-cold saline, then brain tissue 
samples were removed and stockpiled in liquid nitrogen for 
subsequent testing.

Oxyhemoglobin (Hb)‑Induced Neuronal Injury

The mouse hippocampal neuronal cell line, HT22, pur-
chased from Biotechnology Co. Ltd. Shanghai enzyme 
research (Shanghai, China), was used in the present study. 
The cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (HyClone, Logan, UT, USA) containing 10% fetal 
bovine serum (HyClone) at 37 °C in a 5%  CO2 humidified 
atmosphere.

As in previous reports (Sun et al. 2014, Zhang et al. 
2018), Hb (Sigma-Aldrich, MO, USA) co-incubation was 
used to induce SAH in vitro. In the Hb group, Hb was dis-
solved in complete culture medium and filtered through a 
0.22-μm sterile filter. HT22 cells were then co-incubated 
with Hb (10 μM) for 24 h.

Experimental Groups

As shown in Fig. 1, a total of 147 animals were randomly 
divided into five groups: the sham group, where animals 
underwent sham-operation; and the SAH, SAH + vehicle, 
SAH + rapamycin, and SAH + 3-MA groups, where animals 
were all subjected to SAH. Animals in the SAH + vehi-
cle group were administrated with 2% dimethylsulfox-
ide (DMSO) in normal saline at 30 min post-SAH. In the 
SAH + rapamycin and SAH + 3-MA groups, animals were 
respectively administrated with 40 µl rapamycin (1 ng/µl, in 
2% DMSO) and 50 µl 3-MA (10 mM, Sigma) intraventricu-
larly at 30 min post-SAH. Animals that died during surgery 
and within 24 h after SAH were not counted. All surviving 
animals were sacrificed at 24 h after SAH. The dose and 
concentration of rapamycin and 3-MA were selected based 
on a previous study (Zhao et al. 2013).

For the in vitro experimental design, the cells were also 
divided into five groups: the control group, where cells 
were only incubated with complete culture medium; the Hb 
group, where cells were co-incubated with 10 μM Hb in 
complete culture medium for 24 h; the Hb + vehicle group, 
where cells were pretreated with 2% DMSO in 10 μM Hb in 
complete culture medium for 24 h; and the Hb + rapamycin 
and Hb + 3-MA groups, where cells were respectively co-
incubated with 100 nM rapamycin and 5 mM 3-MA (diluted 

with 1% DMSO in 10 μM Hb in complete medium; Sigma-
Aldrich) for 24 h, the dose and time point of Hb were also 
selected based on previous studies (Li et al. 2017, Zhang 
et al. 2018).

SAH Grading

The severity of SAH was estimated by two blinded research-
ers following guidelines from a previous report (Sugawara 
et al. 2008). As shown in Fig. 2a, after the rats were sacri-
ficed at 24 h post-SAH and perfused with ice-cold saline, the 
basal brain was divided into six segments. Each segment was 
scored with a grade from 0 to 3 according to the amount of 
blood clotting. The total score of the six segments ranged 

Fig. 1  Experimental groups and protocols. MTT 3-(4,5-dimethyl-
2-thiazolyl, MDA malondialdehyde, TEM transmission electron 
microscopy, WB western blot
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from 0 to 18, and revealed the bleeding scale of every SAH 
model. The higher scores indicate more blood clotting.

Neurological Evaluation and Brain Water Content

As in previous reports, the Garcia JH scores were used to 
evaluate neurological deficits, the neurological scores were 
evaluated by two blinded observers at 24 h post-SAH (Wang 
et al. 2012, Wu et al. 2017). Briefly, the neurological defi-
cits consisted of six tests, including spontaneous activity, 
symmetry of the four limbs, forepaw outstretching, climb-
ing, body proprioception and response to vibrissae touch. 
According to detailed standards, each test was classified 
from 1 to 3 or 0 to 3. The lowest score was 6 and the high-
est was 18. The higher scores indicate better neurological 
outcomes.

The dry–wet weight method was used to test brain water 
content after SAH. The brains were removed at 24 h after the 
operation and divided into four parts: the left hemisphere, 
right hemisphere, brain stem, and cerebellum. Each part 
was weighed (wet weight), then dried in an oven for 24 h 

at 105 °C (dry weight). The percentage of brain water was 
calculated as (wet weight − dry weight)/wet weight × 100%.

BBB Permeability

BBB permeability was assessed as previously reported (Teng 
et al. 2016). Briefly, at 24 h post-SAH, Evan’s blue dye (2%, 
5 mL/kg, Sigma-Aldrich) was slowly injected into the right 
femoral vein. After the dye was circulated for 60 min, the 
rats were perfused with phosphate-buffered saline (PBS). 
The brain samples were removed and homogenized in 50% 
trichloroacetic acid. The amount of transudatory Evan’s 
blue dye was determined using spectroflourophotometry. 
Measurements were conducted at an excitation wavelength 
of 620 nm. All results were normalized to the sham group.

TUNEL Stain and MTT Assay

The cortex from the basal surface of the rat brain was 
selected to detect neuronal apoptosis by TUNEL stain. 
Paraformaldehyde-fixed (4%) brain tissues were embedded 
in paraffin and sectioned (4 μm thick) with a microtome. 

Fig. 2  Representative images 
of sham-operated and SAH-
operated brains, SAH grade 
scores, and mortality of rats. a 
The basal surface of the brain 
was divided into six areas for 
the SAH grade scoring. b Rep-
resentative image of a sham-
operated brain. c Representative 
image of a SAH-operated brain 
and schematic representation of 
the area for the cortex samples. 
d No significant difference 
in the SAH grade was found 
among the SAH rats in the dif-
ferent groups (n = 24, p > 0.05). 
e The mortality of each group
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According to protocols of the manufacturer, the sections 
were stained with TUNEL-staining Kit (Roche, Basel, Swit-
zerland) and examined by an LSM-710 laser scanning confo-
cal microscope (Carl Zeiss, Thornwood, NY, USA). After 
positive cells were identified and counted by a blinded inves-
tigator, the apoptosis index was calculated with the average 
number of TUNEL-positive cells in six microscopic fields 
in three different slices of the brain.

The MTT assay (Sigma-Aldrich) was used to detect the 
cell viability in each group. Briefly, 2 ×  103 cells in 100 μL 
complete medium were seeded into a 96-well plate. After the 
co-incubation, MTT solution (5 mg/mL, 20 μL) was added 
to the cells and incubated for 4 h at 37 °C. DMSO (150 μL) 
was added to each test well and incubated for 20 min at 
37 °C. The optical density (OD) was read on a microplate 
reader (BioTek, VT, USA) at 490 nm. Each test was done 
in triplicate wells and the result was repeated six times for 
each test group.

Transmission Electron Microscopy (TEM)

TEM was used to observe the change of mitochondrial struc-
ture in each group. Brains of rats were minced into small 
fragments (< 1  mm3), and fixed with 2.5% buffered glutar-
aldehyde for 4 h at 4 °C. Fragments were then fixed with 2% 
osmic acid in the fixative above for 90 min, dehydrated with 
incremental concentrations of ethyl alcohol and embedded in 
araldite for 24 h at 60 °C. The polymerized specimens were 
cut into 60–70 nm slices with an EM UC7 ultramicrotome 
(Leica, Wetzlar, Germany). After fixation to nickel grids, the 
sections were stained with uranyl acetate and lead citrate. 
Microscope photographs were taken with a transmission 
electron microscope (Carl Zeiss).

Malondialdehyde (MDA) Measurement

MDA levels in the brain were measured with Lipid Peroxida-
tion MDA Assay Kit (Beyotime Biotechnology, Shanghai, 
China) according to the manufacturer’s instructions. The 
left hemisphere of brains in different groups was used for 
the measurement of MDA. A spectraMax M2 spectrometer 
(Molecular Devices) was used to calculate data. The level 
of MDA was expressed as nmol/mg protein (λ = 523 nm),

ATP Content and Mitochondria Extraction

ATP content in HT22 cells was luminometrically determined 
by a rapid bioluminescent ATP assay kit (EnzyLight, USA). 
The ATP content was assessed according to the manufactur-
er’s protocol. The luminescence in each group was measured 
on a PowerWave 340 microplate spectrophotometer (Bio-
Tek, Winooski, USA). The results were normalized to the 
control group, the results were repeated six times per group.

Mitochondria extracted from brain tissues were used to 
explore the expression of apoptotic proteins. The brains were 
immediately removed after perfusion with ice-cold saline. 
The cerebral cortex covered with the blood clot was then 
isolated and frozen in liquid nitrogen. Mitochondrial frac-
tions were isolated with the Mitochondrial Extraction Kit 
(Solarbio Life Sciences, Beijing, China). According to the 
manufacturer’s instructions, the mitochondrial fraction was 
extracted and resuspended in store buffer to store at − 80 °C, 
the supernatants obtained were stored as cytosol fractions.

Super‑Resolution Imaging Microscope

To further evaluate the change of mitochondrial mor-
phology, HT22 cells were seeded on a glass-bottom dish 
(Shengyou Biotechnology, Hangzhou, China) and incubated 
for 24 h. After the co-incubation, the cells were fixed with 
4% paraformaldehyde in PBS for 15 min at room temper-
ature. Afterward, cells were washed with PBS twice and 
were labeled with Mito Tracker Red CM-XRos (Invitrogen, 
Camarillo, CA, USA) for 30 min at 37 °C. Then the mito-
chondria in cells were observed using a DeltaVision OMX 
super-resolution imaging microscope (GE, Atlanta, GA, 
USA). Mitochondrial morphology in cells was evaluated as 
previously reported (Regmi et al. 2014). The mitochondrial 
length, circularity, and area were analyzed by measuring 
the fluorescent area with the Image J software (National 
Institutes of Health, Bethesda, MD, USA). Mitochondrial 
circularity is a measurement of “roundness” of mitochondria 
with 0 referring to a straight line and 1 referring to a perfect 
circle. The results were repeated six times per group.

Flow Cytometry

Flow cytometry was used to detect the cell apoptosis rate 
and mitochondrial MMP in each group. The apoptosis index 
was tested with the AnnexinV:FITC Apoptosis Detection 
Kit (BD Pharmingen, Franklin Lakes, NJ, USA). Accord-
ing to the protocol, the cells were stained with Annexin 
V-FITC dye and PI dye without light for 30 min at 37 °C, 
after which the cells were washed with warm PBS once. The 
resuspended cells in PBS were then subjected to flow cytom-
etry (Beckman Coulter, USA). CellQuest software (BD Bio-
sciences) was used to quantify the number of apoptotic cells.

The MitoProbe JC-1 Assay Kit (Life Technologies, Carls-
bad, CA, USA) was used to detect the MMP in cells. Briefly, 
the cells in each group were collected and resuspended with 
warm PBS at approximately 1 ×  106 cells/mL. For the con-
trol group, 1 μL CCCP (50 mM) was added and incubated 
for 5 min at 37 °C. Cells in the other groups were incubated 
with 10 μL JC-1 (200 μM) for 30 min at 37 °C. Prior to 
being analyzed on the cytometer, cells were washed with 
warm PBS and resuspended with 500 μL PBS (Mendelev 
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et al. 2011). The CCCP-treated sample was used as standard 
compensation.

All experiments were replicated at least six times. The 
results were analyzed by FlowJo software (Tree Star, Ash-
land, OH, USA).

Western Blot

Western blot was used to determine the protein expression 
of apoptosis and mitochondrial fission in mitochondria 
and the cerebral cortex. Briefly, the samples (50 μg) were 
loaded onto PAGE gels (Genscript, Piscataway Township, 
NJ, USA), and following electrophoresis, were transferred to 
nitrocellulose membranes (Life Technologies) and blocked 
with 5% nonfat milk for 1 h at 37 °C. The membranes were 
then incubated with the following primary antibodies: anti- 
Cytochrome C (Cyt C), anti-cleaved caspase-3 and anti-β-
actin (1:1000, Beyotime Biotechnology, Shanghai, China); 
and anti-COX IV, p-DRP1 (1:1000, Cell Signaling Tech-
nology, Boston, MA, USA) and DRP1 (1:1000, Abcam, 
Cambridge, UK). The next day, the membranes were incu-
bated with anti-rabbit or anti-mouse HRP-conjugated second 
antibodies for 1 h at room temperature and detected with 
the Odyssey Infrared Imaging System (Licor Biosciences, 
Lincoln, NE, USA), The results were analyzed with the 
Image J software. β-Actin and COX IV were used as inter-
nal standards.

Statistical Analysis

All data were expressed as mean ± SD. Multiple compari-
sons were performed with one-way ANOVA; Bonferroni or 
Dunn’s post hoc analysis was used to determine where dif-
ferences occurred. Differences in mortality between groups 
were tested with Fisher’s exact test. GraphPad Prism 6 
(GraphPad, La Jolla, CA) was used in statistical analysis. 
p < 0.05 is considered statistically significant,

Results

Mortality and SAH Grade

Representative images of the brains of SAH-operated and 
sham-operated animals are shown in Fig. 2b and C. Blood 
clots are clearly evident on the basal surface and around 
the arteries of the brain in the SAH group. The SAH grad-
ing method (Fig. 2a), depending on the amount of blood 
clotting, was used to evaluate the severity of SAH. The 
mean of SAH grading score was 0 in the sham group. There 
was no difference among any of the experimental groups 

(SAH + vehicle, SAH + rapamycin, and SAH + 3-MA 
groups; p > 0.05, Fig. 2d).

A total of 123 animals underwent the SAH operation 
and 24 animals underwent the sham operation; a total of 
96 animals survived after the SAH procedure. The mor-
tality was 0% (0/24) in the sham group, 25.0% (8 of 32) 
in the SAH group, 27.3% (9 of 33) in the SAH + vehicle 
group, 14.3% (4 of 28) in the SAH + rapamycin group, and 
33.4% (12 of 36) in the SAH + 3-MA group. In addition, 
most deaths occurred within 6 h after the operation. There 
was no significant difference between the SAH group and 
the SAH + vehicle group in regard to mortality (p > 0.05). 
Despite the fact that rapamycin and 3-MA, respectively, 
decreased and increased the mortality after SAH, there 
was also no statistical significance as compared with the 
SAH group (p > 0.05, Fig. 2e).

mTOR Inhibition Improved Neurological Deficits, 
BBB Permeability, and Brain Edema After SAH

Neurological deficits were evaluated with the Garcia JH 
score. Neurological function deteriorated in rats of the 
SAH group (vs. sham, p < 0.01), while administration of 
rapamycin and 3-MA, respectively, improved (vs. SAH, 
p < 0.01) and further aggravated (vs. SAH, p < 0.05) neu-
rological deficits after SAH (Fig. 3a). There was no statis-
tical significance between the SAH and the SAH + vehicle 
group. This result indicated that inhibition of mTOR-
improved neurological outcomes of rats in the SAH group.

Evan’s blue leakage was used to detect the BBB perme-
ability. The result showed that the leakage was increased 
in the SAH group (vs. sham, p < 0.01) and vehicle group 
(vs. sham, p < 0.01). However, the leakage was decreased 
in the SAH + rapamycin group (vs. SAH, p < 0.05) and 
further increased in the SAH + 3-MA group (vs. SAH, 
p < 0.01, Fig. 3b). This result indicated mTOR inhibition 
improved BBB permeability after SAH.

Brain water content is known to reveal the severity 
of brain edema. The results showed that brain edema 
was obviously increased in the SAH group in the left 
(80.88 ± 1.38%, vs. sham, p < 0 0.01) and right hemi-
spheres (80.62 ± 1.22%, vs. sham, p < 0.01), while there 
was no brain edema found in the cerebellum or brainstem. 
Brain edema in the rats of the vehicle group in both the left 
(80.78 ± 1.08%) and right hemispheres (80.65 ± 1.21%) 
was comparable to the SAH group (p > 0.05). Compared 
with the SAH group, administration of rapamycin reduced 
the brain water content in both the left (79.55 ± 0.99%, 
p < 0.05) and right hemispheres (79.13 ± 0.85%, p < 0.05), 
while administration of 3-MA obviously reduced the brain 
water content only in the left hemisphere (82.20 ± 0.50%, 
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p < 0.05, Fig. 3c). Inhibition of mTOR-ameliorated brain 
edema after SAH.

mTOR Inhibition Ameliorated Neuronal Apoptosis 
After SAH

The TUNEL-staining method was used to detect apop-
totic neurons following surgery. There were few TUNEL-
positive cells in the sham-operated rat brains (6.5 ± 4.2%). 
Apoptotic cells were significantly increased in the SAH 
(39.6 ± 8.3%, vs. sham, p < 0.01) and SAH + vehicle 
groups (33.8 ± 8.3%, vs. sham, p < 0.01). Administration of 
rapamycin remarkably decreased apoptosis (16.5 ± 8.0%, 
vs. SAH, p < 0.01), but in the SAH + 3-MA group, apop-
tosis was significantly increased (55.4 ± 13.3%, vs. SAH, 
p < 0.05, Fig. 4a, b). Expression of cytoplasmic cleaved 
caspase-3 and Cyt C, both markers of apoptosis, were 
measured by western blot. Both proteins were upregulated 
in the SAH group (vs. sham, p < 0.05) and SAH + vehi-
cle group (vs. sham, p < 0.05). Rapamycin significantly 
reduced the overexpression of cleaved caspase-3 (vs. SAH, 

p < 0.05) and Cyt C (vs. SAH, p < 0 0.05), while mTOR 
activation via 3-MA further upregulated the levels of both 
proteins (vs. SAH, p < 0.01, Fig. 4c–e).

Cell viability and apoptosis in the Hb-treated cell mod-
els were also determined. MTT results showed that the cell 
viability in the Hb and Hb + vehicle groups was decreased 
when compared with the control group (p < 0.01), while 
the viability was increased after rapamycin treatment (vs. 
Hb, p < 0.05) and was decreased after 3-MA administra-
tion (vs. Hb, p < 0.05, Fig. 4f). Apoptosis in the SAH mod-
els in vitro was evaluated by the Annexin V/PI double 
stain, and the apoptotic cell populations were quantified by 
flow cytometry. The results showed that the mean propor-
tion of apoptotic cells was increased from 13.19 ± 0.99% 
in the control group to 34.53 ± 1.04% in the Hb group (vs. 
control, p < 0.01) and 33.86 ± 2.57% in the Hb + vehi-
cle group (vs. control, p < 0.01). Rapamycin treatment 
decreased the apoptosis rate to 18.43 ± 1.76% (vs. Hb, 
p < 0.01), while 3-MA treatment increased the apoptosis 
rate to 43.34 ± 1.57% (vs. Hb, p < 0.05, Fig. 4g, h). The 
data revealed that inhibiting mTOR with rapamycin facili-
tated the survival of HT22 cells treated with Hb.

Fig. 3  Inhibition of mTOR-alle-
viated neurological deficits and 
decreased BBB permeability 
and brain edema after SAH. a 
Neurological scores of surviv-
ing animals were evaluated at 
24 h after the operation (n = 24). 
b Quantification of Evan’s blue 
extravasation was used to detect 
BBB permeability (n = 3). c 
The brain water content of dif-
ferent parts was used to detect 
the brain edema in each group 
(n = 6, **p < 0.01 vs. sham, 
#p < 0.05 and ##p < 0.01 vs. 
SAH)
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Fig. 4  Inhibition of mTOR-
alleviated neuronal apoptosis 
after SAH. a Representative 
photographs of TUNEL stain-
ing in brain sections (scale 
bar = 25 μm). b Apoptosis index 
of the TUNEL staining in each 
group (n = 3). c Representative 
images of Cyt C and cleaved 
caspase-3 bands in rat neurons. 
d Quantification of the cleaved 
caspase-3 expression (n = 6). 
e Quantification of the Cyt C 
expression (n = 6). The results 
were normalized to β-actin. f 
The cell viability in each group 
was detected by the MTT assay 
(n = 6). g The apoptotic rate was 
assessed by flow cytometry. 
h Statistical analysis of the 
apoptotic rate in each group 
(n = 6, **p < 0.01 vs. sham/con-
trol, #p < 0.05 and ##p < 0.01 vs. 
SAH/Hb)
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mTOR Inhibition Improved Mitochondrial 
Dysfunction After SAH

The mitochondrial ultrastructure was observed using TEM. 
The micrographs showed that mitochondria in neurons of 
SAH rats were swollen, and the organelle structure including 
the crista was destroyed. Inhibiting mTOR with rapamycin 
ameliorated mitochondrial injury and improved ultrastruc-
ture. However, mitochondria in the SAH + 3-MA group 
were extremely swollen, and almost no ultrastructure was 
observed inside the mitochondria (Fig. 5a).

The expression of Cyt C in mitochondria was measured 
by western blot (Fig. 5b). Quantitative analysis showed Cyt 
C was downregulated in the mitochondria of the SAH group 
(vs. sham, p < 0.01) and SAH + vehicle group (vs. sham, 
p < 0 0.01). Administration of rapamycin partially upregu-
lated mitochondrial Cyt C when compared with the SAH 
group (p < 0.05), while 3-MA increased downregulation 
of Cyt C (p < 0.05, Fig. 5c). The data indicated rapamycin 
inhibited the release of mitochondrial Cyt C into the cyto-
plasm. As an oxidative damage marker, MDA was measured 
in the brain of rats. MDA levels in the brains of rats in the 
SAH and SAH + vehicle groups were increased compared 
with those in the sham group (p < 0.01). Administration of 
rapamycin and 3-MA, respectively, reduced and increased 
MDA levels (vs. SAH, p < 0.05 for both, Fig. 5d).

ATP content and MMP in HT22 cells were used to detect 
mitochondrial function. The data of co-incubation groups 
were all normalized to the control group. After co-incubation 
with Hb, the ATP content in HT22 cells decreased (vs. con-
trol, p < 0.01). Compared with the Hb group, administration 
of rapamycin elevated the ATP content (p < 0.05); however, 
3-MA further decreased the ATP content (p < 0.05, Fig. 5e). 
MMP in HT22 cells was detected with the JC-1 fluorescent 
probe. The results showed that MMP in the cells of the Hb 
and Hb + vehicle groups obviously depolarized (Fig. 5f), 
which indicated MMP in the Hb and vehicle groups sig-
nificantly decreased (p < 0.01, vs. control), whereas, MMP 
in the Hb + rapamycin group and Hb + 3-MA groups, was 
respectively improved (p < 0.01) and deteriorated (p < 0.01) 
when compared with the Hb group. These results verified the 
inhibition of mTOR-ameliorated mitochondrial dysfunction 
after SAH.

mTOR Inhibition‑Alleviated Excessive Mitochondrial 
Fission After SAH

Super-resolution imaging and expression of Drp1, as well as 
p-Drp1 were used to evaluate the change of mitochondrial 
morphology. Mitochondria were characterized as puncti-
form shape or linellae under the super-resolution imaging 
(Fig. 6a). The mitochondrial length, circularity, and area 
were measured in our study (Fig. 6b–d). Long and circular 

mitochondria could be observed in the micrographs of the 
control group. However, reduced mitochondrial length and 
circularity were found in the Hb (vs. control, p < 0.01) and 
Hb + vehicle groups (vs. control, p < 0.01). Mitochondrial 
area was also increased in the Hb (vs. control, p < 0.05) and 
Hb + vehicle groups (vs. control, p < 0.01). In the Hb + rapa-
mycin group, linear and circular mitochondria appeared to 
be increased (vs. Hb, p < 0.05) and the mitochondrial area 
was decreased (vs. Hb, p < 0.05), whereas 3-MA further 
decreased the mitochondrial length (vs. Hb, p < 0.05), cir-
cularity (vs. Hb, p < 0.05) and increased the area (vs. Hb, 
p < 0.01) in the Hb-treated cells.

The expression of Drp1 and p-Drp1 was used to quan-
tify mitochondrial fission. Both Drp1 and p-Drp1 expres-
sion in the cortex of rats was increased after SAH (vs. 
sham, p < 0.01). Compared with the SAH group, Drp1 and 
p-Drp1 were downregulated after rapamycin administra-
tion (p < 0.01), while the two proteins were upregulated 
in the SAH + 3-MA group (vs. SAH, p < 0.05, Fig. 6e–g). 
The results suggest that mitochondria in neurons undergo 
excessive fission after SAH, and mTOR inhibition-reduced 
morphological damage.

Discussion

In the present study, mitochondrial morphology and func-
tion in neurons were found to be deteriorated in our SAH 
models, which may have contributed to EBI after SAH. We 
next tested the effect of mTOR activity on these mitochon-
drial abnormalities. The results indicated that inhibition of 
mTOR with rapamycin could alleviate excessive mitochon-
drial fission and dysfunction in EBI and improve neurologi-
cal deficits after SAH. In contrast, the mTOR agonist, 3-MA, 
further aggravated mitochondrial abnormalities. This work 
provides a new direction in the therapy of SAH involving 
the restoration of mitochondrial morphological homeostasis.

Mitochondria are dynamic organelles that constantly 
undergo fission and fusion under physiological conditions. 
Researchers verified that the fusion and fission homeostasis 
acted as a key checkpoint for mitochondrial functionality 
(Mendl et al. 2011). In the process of disease, aging, and 
development, the morphological balance was deemed to be 
crucial for mitochondrial function (Chan 2006). Mitochon-
drial fission in the brain of rats was distinctly increased after 
ischemic injury, while inhibition of excessive fission was 
shown to reduce mitochondrial dysfunction and apoptosis 
in neurons (Zhang et al. 2013; Tian et al. 2014). Studies on 
EBI after SAH verified mitochondrial dysfunction in neu-
rons, which included cellular calcium overload, oxidative 
stress injury, and release of pro-apoptosis factors (Cahill 
et al. 2006; Xu et al. 2015). Our previous work indicated 
that excessive mitochondrial fission might be the cause 
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of mitochondrial dysfunction, and that a fission inhibitor 
relieved mitochondrial injury after SAH (Wu et al. 2017). As 
a main regulatory factor of fission, the active form of Drp1, 
p-Drp1, assembles on the outer membrane of mitochondria 
and “cleaves” mitochondria with energy utilized from GTP 
hydrolyzation (Liu et al. 2012; Zhang et al. 2013). Therefore, 
the expression of Drp1, and in particular p-DRP1, revealed 
the extent of mitochondrial fission. Researchers have iden-
tified Drp1 and p-Drp1 as biomarkers of mitochondrial 
fission after stroke (Liu et al. 2012). In our study, results 
from TEM indicated the mitochondrial impairment, and the 
expression of both Drp1 and p-Drp1 were upregulated after 
SAH, These were in agreement with our previous report 
(Wu et al. 2017). We then further investigated mitochondrial 
dysfunction and morphological abnormalities in HT22 cells 
treated with Hb. MMP depolarization is known to play a 
key role in the release of pro-apoptotic proteins including 
Cyt C from mitochondria into the cytoplasm (Mendl et al. 
2011). In addition, mitochondria are the major sources of 
generating ATP in neurons (Chan 2006). The population of 
cells with depolarized MMP significantly increased while 
the ATP content decreased in cells treated with Hb. Simul-
taneously, many mitochondria in HT22 cells ruptured into 
punctiform instead of normal line shape after Hb exposure. 
Hence, we provided powerful evidence that mitochondrial 
injury including excessive fission and dysfunction occurred 
in the early stages of SAH.

Mitochondrial injury is associated with neuronal apop-
tosis and neurological deficits after SAH, and therefore, 
neurological scores, BBB permeability, and brain edema 
after SAH were deteriorated in our study. These results 
indicated that excessive mitochondrial fission may cause 
mitochondrial dysfunction and subsequent neuronal dam-
age. Our study not only confirmed that mitochondrial 
damage occurred after SAH, in agreement with a previous 
study(Huang et al. 2013), but also showed the destruction of 
mitochondrial morphological homeostasis in neurons after 
SAH.

The mTOR pathway plays a key role in multiple cellular 
processes, including mRNA translation, ribosome biogen-
esis, autophagy, and metabolism (Ramanathan and Schreiber 
2009). Previous studies showed that the mTOR pathway is 
involved in multiple types of stroke, and influences out-
comes in animal models (Wang and Zhang 2017; Wang 

et al. 2018). We also confirmed that the activity of mTOR 
was closely correlated with neurological and mitochondrial 
function after SAH. Rapamycin, which inhibits mTOR by 
decreasing its phosphorylation (You et al. 2016), improved 
neurological outcomes and reduced BBB permeability and 
brain edema after SAH, as well the population of apoptotic 
cells in the cortex covered by blood clots. However, 3-MA 
administration exacerbated injury after SAH, which was in 
accordance with previous reports (Wang et al. 2012; Zhao 
et al. 2013). Current evidence indicates that mTOR regulates 
mitochondrial function in live cells (Morita et al. 2015). We, 
therefore, detected mTOR activity in neuronal mitochondrial 
function after SAH. ATP content, MMP, and ultrastructure 
were used to evaluate mitochondrial function. mTOR inhibi-
tion with rapamycin restored ATP levels in HT22 cells after 
Hb treatment, alleviated swelling of mitochondria and par-
tially recovered mitochondrial ultrastructure in the SAH rats. 
The number of HT22 cells with depolarized MMP was also 
decreased in the Hb + rapamycin group, which indicated that 
less pro-apoptotic proteins were released from mitochondria 
into the cytoplasm (Mendelev et al. 2011). The quantitative 
analysis of Cyt C and cleaved caspase 3 in mitochondria and 
in the cytoplasm also confirmed the above findings. In con-
trast, the opposite findings were observed in the Hb + 3-MA 
group. A few cristae could still be found in the SAH group, 
but there were nearly no recognizable ultrastructures in the 
mitochondria of the SAH + 3-MA group. The ATP content 
and MMP in the cells of the Hb + 3-MA group were fur-
ther decreased after the administration of 3-MA and pro-
apoptotic proteins in the cytoplasm were upregulated. The 
cell viability and apoptosis rate of HT22 cells were consist-
ent with the expression of apoptotic proteins in each group. 
Hence, we can conclude that inhibition of mTOR-improved 
neurological deficits and decreased neuronal injury and 
mitochondrial dysfunction after SAH, while activation of 
mTOR resulted in the opposite.

Mendl et al. reported that a decrease of MMP was accom-
panied by a change of mitochondrial dynamics and that the 
fusion was suppressed (Mendl et al. 2011). In addition, 
mitochondrial morphology is crucial for energy homeosta-
sis, oxidative phosphorylation, reactive oxidative species 
management, calcium homeostasis and cell apoptosis in 
neurological diseases (Rose et al. 2017; An et al. 2019). 
Therefore, the function and morphology of mitochondria 
are inseparable. Rapamycin has been reported to affect 
mitochondrial changes in pathological states. Quesniaux 
reported rapamycin contribute to the continuous bone mar-
row cell proliferation by blocking the response to all major 
hematopoietic cytokines (Quesniaux 1993). A current study 
showed rapamycin can normalize mitochondrial size, num-
ber, and appearance via inhibition of mTOR complex 1 
in the heart (Grevengoed et al. 2015). We thus speculated 
that mitochondrial morphology may also be influenced by 

Fig. 5  Inhibition of mTOR alleviated the mitochondrial dysfunction 
after SAH. a Representative micrographs of mitochondria observed 
by TEM. b Representative images of Cyt C band in mitochondria. c 
Quantification of the expression of Cyt C in mitochondria. (n = 6). 
d MDA levels in the brains were used to detect oxidative damage in 
each group (n = 6). e ATP content in cells of each group was used to 
reveal mitochondrial function (n = 6). f MMP in the cells was indica-
tive of mitochondrial function in every group (n = 6, **p < 0.01 vs. 
sham/control, #p < 0.05 and ##p < 0.01 vs. SAH/Hb)

◂
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mTOR activity as inhibition of mTOR-improved mitochon-
drial function after SAH. The final work of the present study 
was to detect alterations in mitochondrial morphology after 
administration of mTOR inhibitor or agonist in SAH models. 
Interestingly, super-resolution microscopy showed decreased 
mitochondrial length, circularity, and area after SAH, which 
was reversed after the administration of rapamycin, while 

3-MA exacerbated excessive fission. The expression of 
Drp1 and p-Drp1 confirmed that excessive mitochondrial 
fission was improved after rapamycin treatment and was 
further exacerbated after 3-MA treatment. Importantly, we 
not only confirmed that excessive fission and mitochondrial 
dysfunction were the early events of neuronal apoptosis after 
SAH, but also found that inhibition of mTOR alleviated the 

Fig. 6  Inhibition of mTOR-alleviated excessive mitochondrial fission 
after SAH. a Representative micrographs observed by super-resolu-
tion microscopy showed the mitochondrial morphology in each group 
(scale bar = 10 μm). b Quantification of mitochondrial length in each 
group (n = 6). c Quantification of mitochondrial circularity in each 
group (n = 6). d Quantification of mitochondrial area in each group 

(n = 6). e Representative bands of Drp1 and p-Drp1. f Quantification 
of the expression of Drp1 in rat brains (n = 6). g Quantification of the 
expression of p-Drp1 in rat brains (n = 6). Results were normalized 
to β-actin (**p < 0.01 vs. sham/control, #p < 0.05 and ##p < 0.01 vs. 
SAH/Hb)
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excessive mitochondrial fission and dysfunction, which 
relieved the poor neuronal outcomes after SAH. In contrast, 
activation of mTOR further aggravated the mitochondrial 
and neuronal injury.

The present study provided evidence that the mTOR path-
way is involved in neuroprotection against EBI after SAH 
via maintaining mitochondrial morphological homeostasis, 
and extends previous knowledge in regard to mTOR and reg-
ulation of autophagy. There are still some limitations in the 
study, rapamycin may also affect the mitochondrial changes 
via other pathways such as TNF-α (Quesniaux 1993). In 
addition, the mitochondrial fusion proteins Fis1 and Mfn 
were not detected, and that the mechanisms of mTOR on 
mitochondrial morphology need to be explored in future 
work.

Conclusion

Our present study demonstrated that the dynamic morphol-
ogy of mitochondria in neurons appeared to be altered due to 
excessive fission after SAH, and that mitochondrial morpho-
logical homeostasis dysfunction was involved in neuronal 
injury and neurological deficits in EBI. However, inhibition 
of mTOR with rapamycin effectively decreased excessive 
mitochondrial fission, and alleviated mitochondrial and 
neuronal injury, while 3-MA further exacerbated these out-
comes after SAH.
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