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Abstract Previous studies have shown that mitochondrial
Ca’" is undertaken by mitochondrial calcium uniporter
(MCU), and its accumulation is associated with the develop-
ment of many diseases. However, little was known about the
role of MCU in early brain injury (EBI) after subarachnoid
hemorrhage (SAH). MCU can be opened by spermine under a
physiological condition and inhibited by ruthenium red (RR).
Herein, we investigated the effects of RR and spermine to
reveal the role of MCU in SAH animal model. The data
obtained with biochemical and histological assays showed
that mitochondrial Ca** concentration was significantly in-
creased in the temporal cortex of rats 1, 2, and 3 days after
SAH, consistent with constant high levels of cellular Ca**
concentration. In agreement with the observation in the acute
phase, SAH rats showed an obvious increase of reactive
oxygen species (ROS) level and decrease of ATP production.
Blockage of MCU prevented Ca>" accumulation, abated the
level of oxidative stress, and improved the energy supply.
Translocation of cytochrome c, increased cleaved caspase-3,
and a large amount of apoptotic cells after SAH were reversed
by RR administration. Surprisingly, exogenous spermine did
not increase cellular Ca®" concentration, but lessened the Ca**
accumulation after SAH to benefit the rats. Taken together,
our results demonstrated that blockage of MCU or prevention
of Ca®" accumulation after SAH is essential in EBI after SAH.
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Introduction

Subarachnoid hemorrhage (SAH), a fatal subtype of stroke,
accounts for only 5 % of all strokes. However, SAH mostly
affects middle-aged patients with high disability and mortality
rates, which, thus, imposes a heavy burden on society and
economy [1, 2]. Early brain injury (EBI) and cerebral vaso-
spasm are two major complications that often present in
patients suffering from SAH. Past studies have focused pri-
marily on cerebral vasospasm, and the reduction in angio-
graphic vasospasm did not translate into a measurable clinical
benefit in a clinical trial [3—5]. Recent studies have indicated
that the pathophysiological event occurring within 72 h after
SAH, as termed as EBI, is the most important factor deter-
mining the prognosis of patients suffering from SAH [6].
Various mechanisms have been attributed to the pathogenesis
of EBI after SAH, including apoptosis, oxidative stress, and
impaired calcium homeostasis [7].

Mitochondrial calcium uniporter (MCU) locates in the
inner membrane of mitochondria. It can be inhibited by ru-
thenium red (RR) and opened by polyamine like spermine
(Sper) [8, 9]. Under physiological conditions, mitochondrial
Ca*" uptake is undertaken by MCU. Imported mitochondrial
Ca®" can activate three matrix dehydrogenases, pyruvate de-
hydrogenase, isocitrate dehydrogenase, and «-ketoglutarate
dehydrogenase. Stimulation of calcium-sensitive dehydroge-
nases, as a result, increases nicotinamide adenine dinucleotide
hydrogen (NADH) availability and the flow of electrons down
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the respiratory chain. Thus, adenosine triphosphate (ATP)
synthesis is enhanced in the stimulated cells [10]. Under
pathological conditions, mitochondrial Ca®" overload is detri-
mental to mitochondrial function and can lead to electron
leakage to increase reactive oxygen species (ROS) levels,
further to directly damage the cells, known as apoptosis/
necrosis [11]. Cellular and hence mitochondrial calcium ac-
cumulation, associated with increased ROS, mediate the
sustained opening of mitochondrial permeability transition
pore (mPTP). As a result, mitochondrial pro-apoptotic pro-
teins, such as cytochrome ¢ (cyt c) are released from the
mitochondria to the cytoplasm [12—14]. Previous studies have
shown that mitochondrial calcium accumulation is associated
with the physiopathologic process of many diseases such as
the ischemia/reperfusion injury of heart and brain [15, 16].
Rapid elevation in cytosolic free calcium was found after
SAH, and treatment of nimodipine, a calcium channel blocker,
can improve neurological outcomes but not cerebral vaso-
spasm [7, 17]. The exact molecular mechanism of the role of
calcium after SAH, however, has not been fully elucidated.
The purpose of this study is to clarify the subcellular calcium
accumulation and to investigate the potential role of MCU as a
therapeutic target in EBI following SAH.

Methods and Materials
Animal Preparation

All procedures were approved by the Animal Care and Use
Committee of Nanjing University and were conformed to
Guide for the Care and Use of Laboratory Animals by
National Institutes of Health. Male Sprague-Dawley (SD) rats
(6-8 weeks, 270 to 330 g) were obtained from Animal Center
of Jinling Hospital (Nanjing, China). The rats were housed in
a humidity-controlled room (25+1 °C, 12-h light/dark cycle)
and were raised with free access to water and food.

Experimental Design

Total 120 rats were randomly divided into the sham (surgery
with normal saline insult, n=30), SAH (n=30), SAH+RR
(SAH treated with RR 2.5 mg/kg, n=30), and SAH+Sper
(SAH treated with Sper 5 mg/kg, n=30) groups. RR or Sper
(both from Sigma, dissolved in sterile saline solution) were
injected directly intraperitoneally (IP) at 15 min after SAH.
The dose of 2.5 mg/kg RR and 5 mg/kg Sper was previously
determined to be the optimal dosage for producing neuropro-
tective effects on ischemia/reperfusion injury in rats [16, 18].
No treatments were administered in the sham and SAH
groups. Six rats from each group were selected randomly for
the analysis of Western blot, cellular ATP and ROS analysis,
cellular Ca** measurement, mitochondrial Ca** measurement,
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electron microscopic analysis, and immunofluorescence study
at days 1, 2, and 3 after SAH. All counted rats were used for
clinical evaluation including behavior examination and
weighing.

Prechiasmatic Cistern Blood Injection for SAH Model

Experimental SAH models were performed as reported previ-
ously [19-21]. The rats were anesthetized with chloral hydrate
(0.4 mg/kg, IP, Jinling Hospital). The hair on the head and
near the inguinal region was carefully shaved, and then the
rats were positioned prone in a stereotactic frame. After dis-
infection, a midline scalp incision was made and a 1-mm hole
was drilled 8.0 mm anterior to the bregma in the midline of the
skull, through the skull bone, down to duramater without
perforating the underlying matter. Then, the animals were
positioned supination. After disinfection again, we use insulin
syringe (1 ml129 Gx1/2 m, 0.33 mmx12.7 mm) (BD Science)
to draw 300-ul volume of blood from femoral artery. The
needle was advanced 11 mm into the prechiasmatic cistern
through the burr hole, at a 45° angle to the vertical plane, and
the 300 pl of blood was injected into the prechiasmatic cistern
over 20 s. Loss of cerebrospinal fluid (CSF) and bleeding
from the midline vessels were prevented by plugging the burr
hole with bone wax prior to inserting the needle. Sham ani-
mals were injected with 300 pl normal saline. After injection,
animals were kept in a 30 °C, heads-down position for 20 min.
After recovery from anesthesia, the rats were returned to their
cages and housed at 25+1 °C. Rats that died during surgery or
during surgical recovery were excluded, and the procedure
was repeated until final group sizes reached the planned
experimental number.

Clinical Evaluation

Three behavioral activity examinations were performed at day
2 after SAH using the previously described scoring system
modified for rodent subjects [22]. Scoring was conducted by
two independent researchers blinded to the groups. Grading of
neurologic deficits was as follows: 1, no neurologic deficit
(scores=0); 2, minimum or suspicious neurologic deficit
(scores=1); 3, mild neurologic deficit (scores=2-3); and 4,
severe neurologic deficit (scores=4—6). Appetite was quali-
fied by body weight change. The rats of each group were
weighed at days 1, 2, and 3 after drug injection, and body
weight change was calculated as follows:

Body weightchange
= bodyweightatindicated time after injection

—bodyweight 15 minbeforeinjection
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Perfusion—Fixation and Tissue Preparation

Animals were anesthetized as above and perfused
through the left cardiac ventricle with normal saline
(4 °C) until effluent from the right atrium was clear.
Animals which had obvious clots in the prechiasmatic
cistern were selected for further analysis. The temporal
lobe tissue (Fig. 1b) which was near the hematoma was
harvested on ice after blood clots on the tissue cleared
carefully. The fresh tissues were used for cellular ROS/
ATP analysis and mitochondria isolation. The other tis-
sues were stored in —80 °C till further use for Western
blot and measurement of cellular Ca**. For immunoflu-
orescence study, the rats were perfused with normal
saline (4 °C), followed by 4 % buffered paraformalde-
hyde (4 °C), and then the brains were immersed in 4 %
buffered paraformaldehyde (4 °C) for further study.

Isolation of Mitochondria

A tissue mitochondria isolation kit (Beyotime, China) was
used to isolate mitochondria and cytoplasmic fraction. The
mitochondria from fresh tissues were lysed for measurement
of mitochondrial Ca** and mitochondrial protein extraction.
The cytoplasmic and mitochondrial proteins were stored in
—80 °C for Western blot analysis.

Measurement of Cellular and Mitochondrial Ca®>* Levels

Measurement of cellular and mitochondrial Ca®" levels were
conducted with a tissue Ca®" concentration quantitative deter-
mination kit (Genmed Scientifics Inc.) and a mitochondrial
Ca*" concentration quantitative determination kit (Genmed
Scientifics Inc.) according to the instruction from the
manufacturer.

Fig. 1 Schematic representatives
of the brains for sham group (a)
and SAH group at day 1 (b), day 2
(¢), and day 3 (d). The areas taken
for assays in this study were
shown in black boxes for all
samples. Bloody clots in the
subarachnoid space rapidly
disappeared within 3 days

Sham

Measurement of Cellular ATP and ROS Levels

Cellular ATP levels were measured using a firefly luciferase-
based ATP assay kit (Beyotime), and cellular ROS levels were
analyzed using a ROS assay kit based on a fluorescence
technique (Genmed Scientifics Inc.) according to the given
protocol.

Western Blot Analysis

Western blot analysis was conducted as previously described
[23]. Briefly, cerebral tissues were completely homogenized
using lysis buffer (Thermo Fisher Scientific), followed by
centrifugation at 14,000xg for 15 min at 4 °C. The supernatant
was collected as the total protein extraction. Protein concen-
tration was determined with a BCA kit (Beyotime), and pro-
teins were normalized to 15 pg per lane for mitochondrial
cytochrome ¢ (mito-cyt c) analysis, 30 pg per lane for total/
cytoplasmic cytochrome ¢ (cyto-cyt ¢) analysis, and 70 pug per
lane for cleaved caspase-3 analysis. For Western blot analysis,
an equal volume of 2x sodium dodecyl sulfate (SDS) sample
loading buffer was added to the protein extraction, and the
samples were then boiled for 5 min. Then, the samples were
subjected to electrophoresis on 15 % SDS polyacrylamide
gels for 30 min at 80 V, followed by 100 min at 100 V and
then transferred onto nitrocellulose membrane (NC, PALL)
sheets for 90 min at 250 mA. After blocked with 5 % skim
milk for 90 min at room temperature, the sheets were incubat-
ed with primary antibodies at 4 °C overnight. Anti-cyt c
(1:5,000 dilution, Abcam, UK), anti-cleaved caspase-3
(1:500 dilution, Cell Signaling Technology, USA), anti-3-
tubulin (1:1,000 dilution, Sigma), and anti-VDAC (1:1,000
dilution, Cell Signaling Technology) were used in this study.
Then, the membranes were washed with Tween 20 in Tris-
buffered saline (TTBS, 100 mM Tris—HCI, pH 7.5, 0.9 %
NaCl, 0.1 % Tween 20). After incubation with secondary
antibodies and washing again, the blotted protein bands were

Day 2 Day 3
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visualized by enhanced chemiluminescence Western blot de-
tection reagents (Thermo Fisher Scientific). Relative changes
in protein expression were estimated from the mean pixel
density using UN-SCAN-IT, normalized to (3-tubulin
(VDAC for mitochondrial protein), and calculated as target
protein expression/-tubulin (VDAC) expression ratios.

Identification of Brain Mitochondria Using Electron
Microscopy

At day 2 after SAH, the rats were killed as above and perfused
with 2.5 % buffered glutaraldehyde. The temporal lobe tissues
were immediately fixed with 2.5 % buffered glutaraldehyde
for 3 h. The specimens were then minced into smaller
(<1 mm’®) fragments and again fixed with glutaraldehyde for
1 h, postfixed with 1 % OsO, in the same buffer for 1 h,
dehydrated with alcohol, and embedded in araldite. Semi-thin
sections were prepared, stained with 1 % toluidine blue in
distilled water at 60 °C, and observed by light microscopy.
The semi-thin sections were trimmed over the neurons in
order to have an overview of the mitochondria in neurons.
For ultrastructural analysis, nickel grids were used as sup-
ports. Thin sections, stained with uranyl acetate and lead
citrate, were observed with a transmission electron micro-
scope JEM-1011 (JEOL, Japan).

Terminal Deoxynucleotidyl Transferase (TdT) dUTP
Nick-End Labeling (TUNEL) Staining

Brain tissues fixed with 4 % paraformaldehyde were dipped in
20 % saccharose phosphate-buffered saline (PBS) for 2 days and
then in 30 % saccharose PBS for another 2 days to remove water
in the tissues. Sections 7 pum in thickness were sliced and
washed with PBS. TUNEL assay was conducted using an In
Situ Cell Death Detection Kit (Roche Inc., Indianapolis, USA)
just as the given protocol. Then, the sections were counterstained
by 4', 6-diamidino-2-phenylindole (DAPI, Beyotime) for 3 min.
After three washes again, the slides were covered by microscop-
ic glass with Antifade Mounting Medium (Beyotime) for further
study. Fluorescence microscopy imaging was performed using
ZEISS HBO050 inverted microscope system (Zeiss, German).
The positive cells were identified, counted, and analyzed by
two investigators blinded to the grouping. The extent of brain
damage was evaluated by the apoptotic index, defined as the
average percentage of TUNEL-positive cells in each section
counted in six cortical microscopic fields (at x400 magnifica-
tion). Four animals per group were analyzed.

Nissl Staining and Cell Counting
For Nissl staining, the 4-um sections were hydrated in 1 %

toluidine blue at 50 °C for 20 min. After rinsing with double-
distilled water, the sections were dehydrated and mounted
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with permount. Normal neurons have relatively big cell body,
rich in cytoplasm, with one or two big round nuclei, while
damaged cells show shrunken cell bodies, condensed nuclei,
dark cytoplasm, and many empty vesicles. Cell counting was
restricted to the temporal lobe. Six random high-power fields
(400%) in each coronary section were chosen, and the mean
number of surviving neurons in the six views was regarded as
the data of each section. A total of four sections from each
animal were used for quantification. The final average number
of the four sections was regarded as the data for each sample.
Data were presented as the number of neurons per high-power
field. All the processes were conducted by two pathologists
blinded to the grouping.

Statistical Analysis

All data were presented as mean+SD. SPSS 17.0 was used for
statistical analysis of the data. All data were subjected to one-
way ANOVA. Differences between experimental groups were
determined by the Fisher’s LSD posttest. Statistical signifi-
cance was inferred at P<0.05.

Results

RR and Sper Improved the Appetite of SAH Rats and Helped
Rats Gain Weight

The SAH model of rats was established well in this study.
Among all the experimental animals (n=136), 106 rats were
injected with blood, 16 of which (15.1 %) died while no
animals died in the sham group (n=30). All mortality occurred
within 48 h of surgery and mortality rates were not signifi-
cantly different among the SAH, SAH+RR, and SAH+Sper
groups (data not shown). Four rats with SAH were excluded
later from the study because of little blood in prechiasmatic
cistern but lots of blood clot in the frontal lobe instead. The
blood clots could easily be found on surface of temporal lobe
and around the basilar arteries in SAH rats (Fig. 1b), while
there was no visible blood in sham rats (Fig. 1a). It was also
demonstrated that the blood clot in subarachnoid space disap-
peared rapidly within 72 h after blood injection (Fig. 1b—d).
Among the experimental groups, we hardly found obvious
neurological deficits including movement and reaction to
stimulation. However, marked change of appetite was ob-
served in all injection rats, displaying less food to eat and
water to drink. Consequently, body weight of the rats got lost
(Fig. 2). There was no significant difference of body weight
change at day 1 among the SAH, SAH-+RR, and SAH+Sper
groups. The SAH rats treated with RR showed less loss of
body weight at day 2 and day 3 than SAH-only group.
Surprisingly, the SAH rats treated with Sper also presented
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Concentrations, and RR and Sper Prevented the Effects

Calcium homeostasis is essential for physiological cell func-
tion, and impaired calcium homeostasis is involved in the
development of brain injury after SAH [7]. In the present
study, both cellular and mitochondrial Ca®" concentrations
of temporal cortex were measured. The results showed that
both cellular and mitochondrial Ca>* concentrations increased
significantly in the SAH group, and the levels were kept
constantly high within 3 days, particularly in mitochondria
(Fig. 3, P<0.05). Nevertheless, treatment with RR markedly
reduced cellular and mitochondrial Ca®" concentrations
(P<0.05). Surprisingly and consistently, cellular and mito-
chondrial Ca®" concentrations in SAH rats treated with Sper
also decreased remarkably (P<0.05). Combined with the
gain-of-weight effect of Sper on SAH rats, this result sug-
gested that Sper could inhibit MCU or prevent Ca®" accumu-
lation to protect from EBI.

SAH Triggered the Elevated ROS Levels and Limited
Mitochondrial ATP Generation

As much as Ca®" signaling is altered in the injured cells,
excess ROS can be produced due to an ineffective coupling
of mitochondrial respiration. To observe whether ROS gener-
ation after SAH is affected by mitochondrial Ca®" overload,
ROS levels were monitored by detection of 2',7'-
dihydrodichlorofluorescein diacetate (DCFH-DA) fluores-
cence. In the sham group, low levels of DCFH-DA fluores-
cence were observed. There was a marked increase of

Fig.3 Restored cellular (a) and mitochondrial (b) concentrations of Ca®*
by RR or Sper treatment after SAH. Bars represent the mean+SD (n=5 in
each group). *P<0.05, **P<0.01, ***P<0.001. Definition of SAH,
SAH+RR, and SAH+ Sper groups is the same as in Fig. 2
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Fig. 4 Reversed cellular ROS (a) and ATP (b) levels by RR or Sper
treatment after SAH. a Cellular ROS levels after SAH were repressed by
RR or Sper administration. b Cellular ATP was resupplied after SAH by
RR or Sper administration. Bars represent the mean+SD (n=5 in each
group). ¥*P<0.05, **P<0.01, ***P<0.001
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fluorescence in the SAH group (P<0.05), reaching a maxi-
mum at day 1 and then declining at day 2 and day 3 (Fig. 4a),
indicative of a rapid increase of ROS production. Following
treatment with RR and Sper, ROS generation was observed to
be significantly less than the sham group (P<0.05).

Calcium homeostasis depends on adequate supply of ATP
for maintaining ionic gradients across the cell membrane.
Overload calcium may be involved in the insufficient ATP
supply. As shown in Fig. 4b, ATP levels in SAH rats dramat-
ically decreased, compared with sham group (P<0.05).
Treatment with RR or Sper rescued the ATP supply funda-
mentally (P<0.05) at day 2. We speculate that a single dose of
RR or Sper had a transient neuroprotective effect which is
very important in EBIL.

SAH Deformed the Mitochondria, and RR and Sper
Stabilized Them

Mitochondrial calcium accumulation, associated with in-
creased ROS and insufficient ATP supply, mediates the
sustained opening of mPTP, as a result, leading to mitochon-
dria swelling even break [24]. To investigate the possible
mitochondrial damage in EBI after SAH, electron microscopy
was used. In the sham group, mitochondria were revealed to
have intact membranes, regular cristae, and dense matrix
space under electron microscopy (Fig. 5a). The swelling

Fig. 5 Electron
photomicrographs of
mitochondria after SAH. A
representative of a mitochondrion
with normal shape from the cortex
of the sham group (a), a swelling
mitochondrion with collapsed
cristae from the cortex of the SAH
group (b), a mitochondrion with
quite normal shape from the
cortex of the SAH+RR group (c),
and mitochondria with clear
cristae from the cortex of the
SAH+Sper group (d). Scale bar
indicates 0.5 um
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shape, disruption of the membranes, and near disappearance
of'the cristae were evident after SAH (Fig. 5b). Treatment with
RR and Sper could obviously protect the mitochondria from
deformation (Fig. 5c, d).

SAH Induced Apoptosis, and RR and Sper Blocked the Effect

To provide the molecular evidence of mitochondrial damage
after SAH, other than the morphological severe change, we
determined the translocation of cyt ¢, which is released from
the intermembrane space of mitochondria to cytosol due to the
opening of mPTP. Subcellular fractionation and Western blot
were used to detect the levels of cyt ¢ in mitochondria and
cytosol, respectively. The results showed that SAH promoted
a marked release of cyt ¢ from mitochondria (Fig. 6a, b,
P<0.05), therefore increased the level in cytoplasm
(Fig. 6c, d, P<0.05), reaching a maximum at day 2 after
SAH, while no clear change of total cyt ¢ (P>0.05) was found
(Fig. 6e, f). Treatment with RR and Sper greatly increased
mito-cyt ¢ levels and decreased cyto-cyt ¢ levels (P<0.05),
compared with SAH group.

Release of cyt ¢ from injured mitochondria into the cytosol
may initiate apoptosis. Caspase-3 can, in turn, be activated,
which is an important indicator of apoptosis [25-27]. We then
analyzed whether the activation of caspase-3 was coupled
with the release of cyt ¢ with Western blotting by evaluating
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Fig. 6 Translocation of cytochrome c after SAH and protective effects of
RR and Sper. Representative Western blots to show cytochrome ¢ levels
in mitochondria (a), cytoplasm (c), and cells in total (e). b, d, and f are
quantitative data from a, ¢, and e, respectively. As shown here,

cleaved caspase-3 level. Cleaved caspase-3 production in-
creased obviously after SAH (P<0.05) compared to sham
group, reaching a maximum at day 2 (Fig. 7). This increase
after SAH was markedly attenuated to a great extent by
systemic administration with RR or Sper (Fig. 7a, b, P<0.05).

To further analyze the SAH-induced apoptosis and effect of
the two drugs, TUNEL assay was designed to detect apoptotic
cells that undergo extensive DNA degradation during the late
stages of apoptosis with the cortex samples at day 2 after
SAH. In the sham group, few TUNEL-positive cells were
found (Fig. 8a, e, 1). However, numerous TUNEL-positive
cells with chromatin condensation and fragmented nuclei
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mitochondrial cytochrome c¢ release took place after SAH and was sig-
nificantly inhibited by RR and Sper treatment, while the levels of the total
cellular cytochrome ¢ were kept constant. Bars represent the mean+SD
(n=5 in each group). *P<0.05, **P<0.01, ***P<0.001

could be easily found in the temporal cortex (Fig. 8b, f, j,
P<0.001), which was positively correlated with the levels of
released cyt ¢ from mitochondria and cleaved caspase-3.
Treatment with RR (Fig. 8c, g, k, P<0.01) or Sper
(Fig. 8d, h, 1, P<0.01) triggered a significant reduction in
TUNEL-positive cells compared with the SAH animals.

The Number of the Neurons Reduced After SAH
and Reversed by RR and Sper Treatment

The induced apoptosis in the early response to SAH would
cause neurons’ death. To confirm this, Nissl staining was
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revealed by TUNEL staining of the brain slices. Representative micro- TUNEL staining. Bars represent the mean+SD (n=5 in each group).
photographs of DAPI-positive (a—d, i-1) and TUNEL-positive (e-h, i-1) **P<0.01, #**¥P<0.001. Scale bar indicates 25 pm
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applied to illustrate the number and morphology change of the
remained neurons in the cortex. In the sham group, rare
injured neurons were detected (Fig. 9a, ¢). The visual field
was full of clear and intact neurons, without edema around the
cells. While a significant proportion of neurons in the SAH
group were damaged (Fig. 9b, f, P<0.01), exhibiting exten-
sive degenerative changes including sparse cell arrangements,
loss of integrity, shrunken cytoplasma, oval or triangular
nucleus, and swollen cell bodies. In contrast, the severity of
neuronal degeneration in the SAH+RR (Fig. 9¢c, g, P<0.01)
and SAH+Sper (Fig. 9d, h, P<0.01) groups was evidently
alleviated compared to that in the SAH group.

Discussion

The present study provides evidence that intraperitoneal ad-
ministration of RR could reverse the injury resulting from
SAH to a great extent during the early phase. More notably,

Sham

x100

x400

o 100 ——y

Q2

o

o

[Z2]

=

g

g 404

8 20

3

Q 0
& &
) ) X Q“%
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Fig. 9 Nissl staining to visualize the neuronal cell outline and structure.
SAH reduced the number of the neurons, and treatment of RR or Sper
preserved neurons from damage, including neuron loss and degeneration.
SAH group (b, f): cells were arranged sparsely, and the cell outline was
fuzzy, compared with sham group (a, e). Groups SAH+RR (¢, g) and

Sper, thought to be an opener of MCU for calcium access to
mitochondria, showed a similar effect to RR, a blocker of
MCU. Interestingly, the molecular mechanism of the neuro-
protective effect of both RR and Sper from SAH is, likely,
through inhibiting MCU to decrease the levels of mitochon-
drial and cellular calcium accumulation.

Calcium is crucial as a second messenger in modu-
lating many cellular physiological functions, but Ca®"
overload is detrimental to mitochondria. Mitochondrial
dysfunction that is caused by excessive Ca’" uptake
through the MCU is a key event in severe excitotoxicity
that leads to depolarization of Alpm, ROS generation,
and inhibition of ATP production. Our results supported
that Ca®" overload coupled the stimulated ROS genera-
tion due to the defects in mitochondrial energy metab-
olism. An increase in ROS can also modulate Ca®"
dynamics and augment Ca>" surge [28]. The reciprocal
interactions between Ca®'-induced ROS increase and
ROS modulated Ca®" upsurge may cause a feed for-
ward, self-amplified loop that creates cellular damage

SAH+RR SAH+Sper

SAH-+Sper (d, h): drugs substantially increased the proportion of sur-
vived neurons. i Cell counts per visual field (x400) was quantified in the
slides with Nissl staining. Representative slides of Nissl staining
at two different magnifications (a—d, x100; e—h, x400). Bars
represent the mean+SD (n=5 in each group). **P<0.01
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far beyond direct Ca**-induced damage [11]. As ob-
served in this study, blockage of MCU could remark-
ably alleviate this overload. As a result, ROS production
was decreased and the energy supply of the brain was
improved. Consequently, RR and Sper protected the
neurons from injury, which is very important for a
long-term neurological improvement suffering from
SAH.

The maintenance of mitochondrial Ca** homeostasis in
neurons is modulated by MCU, which locates in the inner
membrane of mitochondria. It can rapidly transport cytoplas-
mic Ca?" into the mitochondrial matrix, driven by the negative
charge of the membrane potential established by the respira-
tory chain [29]. In consistence with previous reports, we
showed that SAH caused cytosolic and mitochondrial Ca*"
overload, which is an essential event to initiate cell death [30].
As anticipated, treatment of RR after SAH abated the Ca®"
uptake/accumulation and level of oxidative stress, further
improved the energy supply. The unexpected protective effect
of Sper differs from other studies [16, 18, 31, 32], although
Sper was proposed as an antioxidant to scavenge hydroxyl
radicals at physiological concentrations [33]. The properties
of antioxidant and pro-oxidant activities of Sper depend on
what conditions the cells are under [34]. Under oxidizing
condition, especially in the presence of iron and copper ions,
Sper acts as an oxidant, which phenomenon is well known for
ascorbic acid [34, 35]. Thus, Sper is not a simple activator of
MCU to stimulate Ca®" uptake. Even though, Sper may be
bidirectionally transported across the inner membrane by cy-
cling, in which influx and efflux are driven by electrical and
pH gradients, respectively [36]. SAH-induced mitochondrial
injury could make the membrane at least partial permeable,
which would cause a movement of ions down the concentra-
tion gradient. As a result, Sper cycling stops, which may
unfavor the Ca** accumulation in the mitochondria to have a
protective effect as observed in this study.

A substantial amount of evidence indicates that brain injury
begins at the aneurysm rupture, and rapid Ca®" influx was
observed in several studies and is involved in the pathophys-
iological process of brain injury [30, 37, 38]. If the EBI after
SAH could be blocked, the patient’s outcome would be mark-
edly improved [7, 39]. Due to the early nature, drugs were
administrated within 15 min after SAH in this animal model of
EBI. Within 3 days, the substantial improvement of the effects
of SAH from the administration of RR and Sper was observed
in all aspects including ROS levels, apoptosis, neuronal death,
and weight loss of the animals. Thus, the failure of clinical
translation of therapies, very likely, results from no prompt
interference with the calcium/ROS levels.

We have proven in present study that blockage of MCU has
beneficial effects in attenuating EBI. It is still not clear that a
single dose of RR or Sper may not provide long-lasting
protection. In the future, we will use different dosages and

@ Springer

time windows of medicine taken and method of administra-
tion to test whether blockage of MCU could improve the long-
term outcome after SAH.

Summary

In the acute phase after SAH, mitochondrial calcium overload
may produce a large amount of ROS and lead to cellular
bioenergetic crisis, which in turn contributed to cell death.
Blockage of MCU or prevention of Ca*" accumulation could
significantly ameliorate oxidative injury and reduce neuronal
cell death. Thus, MCU may be a potential therapeutic target
for patients suffering from SAH.
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