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Aim: The purpose of the study was to observe the ultrastructural changes of neuronal
mitochondria in perihematomal brain tissue and assess the therapeutic potential of Huperzine
A (HA, a mitochondrial protector) following intracerebral hemorrhage (ICH).

Methods: Brain hemorrhage was induced in adult Sprague Dawley rats by injecting autologous
blood into the striatum and then removing the brains 3, 6, 12, 24, or 48 hours later to analyze
mitochondrial ultrastructure in a blinded manner. Parallel groups of ICH rats were treated with
HA or saline immediately after ICH. Perihematomal apoptosis was determined by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), caspase-3 activation and
cytochrome C translocation were tracked by immunoblots, and neurobehavioral test results
were compared between the groups.

Results: Mitochondria in perihematomal neurons demonstrated dramatic changes includ-
ing mitochondrial swelling, intracristal dilation, and decreased matrix density. HA treatment
decreased mitochondrial injury and apoptosis, inhibited caspase-3 activation and cytochrome
C translocation, and improved behavioral recovery.

Conclusion: These data show that ICH induces dramatic mitochondrial damage, and HA
exhibits protective effects possibly through ameliorating mitochondrial injury and apoptosis.
Collectively, these findings suggest a new direction for novel therapeutics.
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Introduction
Intracerebral hemorrhage (ICH) is a primary event in 15% to 20% of all strokes,' the
mortality rate of which approaches 58%.% Unfortunately, the pathophysiology of brain
damage remains poorly understood, but it is known that apoptosis is the prominent
form of cell death in perihematomal regions following ICH.**¢

Mitochondria directly participate in the signaling pathways that precede apoptosis
by releasing cytochrome C (CytoC) and apoptosis-inducing factor (AIF),”® which play
a central role in neuronal survival or death.’ Previous studies have reported reduced
mitochondrial respiratory function'® and CytoC release* in the perihematomal region
after ICH, suggesting that mitochondrial dysfunction is associated with brain injury.
However, no studies have reported morphological mitochondrial changes after ICH.

Huperzine A (HA), a lycopodium alkaloid isolated from the Chinese herb Huperzia
serrata, exerts neuroprotective effects by attenuating mitochondrial dysfunction,'!-!?
and has been used in neurodegenerative disorders such as Alzheimer disease' and
amyotrophic lateral sclerosis.'* More importantly, it has been shown to reduce inflam-
mation and brain injury in a rat model of cerebral ischemia.'® Therefore, it was thought
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useful to investigate the protective effects of HA against
ICH-induced damage. In this study, we tried to identify
ultrastructural changes in neuronal mitochondria and assess
the therapeutic potential of HA after ICH.

Methods

Experimental design

The experiment was separated into two consecutive parts
(Figure S1). First, we assessed the effect of autologous
blood on the ultrastructural morphology of neuronal mito-
chondria. Animals with hemorrhage were sacrificed 3, 6,
12, 24, and 48 hours following ICH; control animals were
killed at 12 hours. Then, the mitochondria were collected for
morphology study (Figure S1). In the second part, rats were
treated with HA [0.1 mg/kg, intraperitoneal (ip), used in a rat
model of ischemic stroke'’] or saline immediately after the
surgery, once daily for 2 days (ie, DO and D1). Mitochondrial
structure, caspase-3 (Cas-3) activation, CytoC translocation,
apoptosis, and behavioral scores were compared between the
groups (Figure S1). To verify the optimal HA dosage, a pilot
experiment was performed by applying five gradient doses
and then analyzing brain edema,’ which is the most sensitive
and important readout following ICH. HA doses of 0.1 mg/
kg and higher (no difference among 0.1, 0.2, and 0.4 mg/kg
groups) effectively reduced edema, but not lower dosages
(Figure S2) did not.

Intracerebral hemorrhage
Male Sprague Dawley rats weighing 240-280 g (Shanghai
SLAC Laboratory Animal Co. Ltd.) were used according to

the principles of Laboratory Animal Care (NIH publication
No 86-23, revised 1985). The animal study protocols were
approved by the Committee on the Use and Care of Animals,
Fudan University.

A double blood injection model was employed. The
rats were anesthetized with pentobarbital (50 mg/kg ip) and
placed in a stereotaxic frame (Kopf Instruments, Tujunga,
CA, USA). Autologous blood samples were drawn from the
femoral artery.'® After a burr hole was prepared, a 26-gauge
needle was inserted into the striatum (location 3.0 mm lateral
to the midline, 0.2 mm posterior to bregma, and 6 mm below
the skull). Next, ICH was induced by a 3-minute injection of
15 pL autologous blood, and a second 5-minute injection of
30 uL 7 minutes later. The sham-injected animals received
45 pL saline over the same duration. The needle was slowly
withdrawn 10 minutes after the second injection, and the
incision was carefully sutured. Another ICH model induced
by collagenase IV'7 was also investigated and yielded similar
results (data not shown).

Magnetic resonance imaging

To ensure accurate hematoma localization, T2-weighted
magnetic resonance (MR) images were obtained,'® and only
rats with positive hyperintense T2 signals in the appropri-
ate area were used for the following studies (Figure 1A). A
Bruker Biospec MSL-X 7/21 spectrometer (Bruker Analytik
GmbH, Karlsruhe, Germany) was used. Briefly, after the rats
were anesthetized with pentobarbital (50 mg/kg ip), eleven
contiguous coronal T2-weighted spin echo images were
acquired using a 256x256 matrix, four averages, a field of

Figure | Hematoma location and tissue collection.

Notes: (A) To confirm a striatal hematoma location, MRI was performed to track hemorrhage. On T2-weighted MRI, the hematoma appeared hyperintense in the striatum.
(B) The fixed brain was dissected into slices through the coronal plane. In the center section, four |- to 2-mm blocks of representative perihematomal brain tissue were
obtained to assess mitochondrial structure. The circles denote the ICH core (inner circle) and its periphery (outer).

Abbreviations: MRI, magnetic resonance imaging; ICH, intracerebral hemorrhage.
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view of 3.5%3.5 cm?, a slice thickness of 1 mm, echo times
of 20, 40, and 60 milliseconds, and a repetition time of
1,500 milliseconds.

Electron microscopy

Electron microscopy was performed as previously
described.'”* The rat brains were perfused with normal
saline solution followed by phosphate-buffered 2% glu-
taraldehyde and 4% paraformaldehyde. The brains were
carefully removed and immersed in the same fixative before
they were dissected in the coronal plane through the needle
site at 0.2 mm posterior to bregma. Four 1-2 mm tissue
cubes were obtained at random within the region adjacent
to the hemorrhage core (Figure 1B). Each sample was then
postfixed in 1% potassium ferrocyanide-reduced osmium
tetroxide, dehydrated in graded acetones, and embedded in
Epon 812. Thin (0.5 um) sections were cut from the tissue
blocks, stained with 0.5% toluidine blue, and then stained
with lead citrate and uranyl acetate before they were photo-
graphed using a JEOL 1200EX electron microscope (JEOL,
Tokyo, Japan).

Approximately 20 representative neurons per speci-
men, as identified by a typical nucleus and surrounding
perikaryon, were randomly found and imaged for analysis.
Mitochondrial injury was blindly assessing using a grading
system based on the characteristic ultrastructural features
of mitochondria.?!

Cell death analysis

A terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) kit was used to examine the extent of
cell death in the perihematomal areas.’> After an overdose
of pentobarbital, the animals were perfused through the left
ventricle with 100 mL 0.9% saline, followed by 100 mL 4%
paraformaldehyde in 0.1 mol/L phosphate-buffered saline
(PBS). Then the brains were postfixed overnight at 4°C and
placed in 20% sucrose in PBS for 24 hours, followed by 30%
sucrose for 24 hours. The brains were cut into 20 pim sections
with a cryostat microtome (CM1800; Leica Microsystems,
Wetzlar, Germany). After staining, apoptotic cells were
counted on a computer screen grid from four random fields
within the perihematomal region.

Western blot

Fresh brain tissue around the hematoma was removed, and
protein extraction of both the cytosolic and mitochondrial
fractions was performed using a multiple centrifugation
method.?® Briefly, the homogenized tissue was centrifuged

at 750x g for 10 minutes at 4°C and then at 10,000x g for
20 minutes. The pellets were used to obtain the mitochon-
drial fraction. Then the supernatant was further centri-
fuged at 100,000x g for 60 minutes and was used for the
cytosolic analysis. After the protein concentrations were
determined, equal amounts of the samples were loaded, and
the proteins were separated by 10%—20% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes. The primary antibod-
ies were as follows: 1:1,000 anti-cleaved Cas-3 (9664, Cell
Signaling Technology, Danvers, MA, USA); 1:1,000 anti-
CytoC (556433; BD, Franklin Lakes, NJ, USA); and 1:5,000
anti-COX (A21348; Thermo Fisher Scientific, Waltham, MA,
USA). After incubation with secondary antibodies, protein
bands were detected and captured, and the intensities were
quantified with the Quantity One version 16.0 software (Bio-
Rad Laboratories Inc., Hercules, CA, USA).

Behavioral tests

Both behavioral tests were performed in a blinded fash-
ion.?* For the forelimb placing test, the rats were held
by their torsos, allowing the forelimbs to hang free, and
forelimb movement was induced by brushing the vibrissae
on the edge of a countertop. The intact limb (ipsilateral
to ICH) would immediately be placed on the countertop
in response to the stimuli, but the paralyzed forelimb
(contralateral to ICH) might fail to move. The number of
positive reactions was counted out of ten. Asymmetric
forelimb use was recorded by videotaping rats placed in
a transparent cylinder for 5 minutes. We calculated the
number of times each animal used the paralyzed (C), nor-
mal (I), or both forelimbs (B) to contact the wall during a
full rear. The limb-use asymmetry score was calculated as
(I-C)/(1+C+B).

Statistical analysis

Data are presented as mean + SD. Multiple comparisons of
mitochondrial injury scores among different groups and the
optical density (OD) values of immunoblots were obtained
through one-way analyses of variance (ANOVA) followed
by Bonferroni post hoc tests. Differences in apoptosis
and mitochondrial scores between the vehicle and HA-
treated groups were compared by independent sample z-tests.
Repeated measures ANOVA followed by the Tukey—Kramer
test was used to compare behavioral test results. All statisti-
cal analyses were performed using SPSS 16.0 (SPSS Inc.,
Chicago, IL, USA). Differences were considered statistically
significant at P<<0.05.

Neuropsychiatric Disease and Treatment 2015:11

submit your manuscript

2651

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Lu et al

Dove

Results

All rats survived ICH and had an appropriate T2 hyperin-
tense signal on MR imaging (Figure 1A). The center of the
hematoma was located 0.2 mm posterior to the bregma,
where the needle for blood injection was inserted. Physi-
ological parameters such as arterial blood pressure, heart rate,
temperature, and arterial blood gases were not significantly
different between the groups (data not shown). Electron
microscopy did not show any fixative artifacts.

Normal mitochondria structure

Neurons in the sham group had normal nuclei and cytoplasmic
contents without signs of edema, nuclear membrane breaks,
or clumped tigroid chromatin (Figure 2A). Mitochondria
also appeared to have normal morphology, demonstrating no
evidence of swelling, outer membrane breaks, or intracristal
dilation (Figure 2B).

ICH led to mitochondrial changes

Mitochondrial injury was assessed using a scoring sys-
tem based on known ultrastructural characteristics.?! The
mitochondrial morphology changes in ICH rats were time
dependent. At 3 hours after blood injection, few neu-
ronal mitochondria around the hematoma were abnormal
(Figure 3A). However, we observed significant morpho-
logical transformation at 12 hours, including mitochondrial
swelling, intracristal dilation, and decreased electron den-
sity of the matrix (Figure 3B). These findings are similar
to previously reported results.'”?! Most severely damaged
mitochondria were prominent at 24 hours, with some exhibit-
ing broken surrounding membranes (Figure 3C, arrow) and

A

Figure 2 Normal mitochondria ultrastructure.

endoplasmic reticulum (ER) swelling (Figure 3C, stars).
Mitochondrial ultrastructural damages were also dramatic
at 48 hours (Figure 3D). The time-dependent characteristics
of injury are summarized in Figure 3E.

HA attenuated mitochondrial damage
and apoptosis

Accumulating evidence suggests that HA exerts neuro-
protective functions by attenuating mitochondrial injury.'3
Compared to the vehicle-treated group, the HA-treated group
showed significantly reduced mitochondrial damage score
(Figure 4A, P<<0.05).

Programmed cell death is the main form of ICH-induced
cell death,*¢ and TUNEL was used to detect apoptosis within
the perihematomal tissue. Compared to saline injection,
HA significantly decreased the number of apoptotic cells
(Figure 4B, P<<0.05).

HA inhibited Cas-3 activation and CytoC

translocation

To further analyze the impact of HA on mitochondria-mediated
apoptosis, Western blot was performed to test Cas-3 activa-
tion and CytoC. Compared to saline, HA significantly
inhibited Cas-3 cleavage and CytoC cytoplasmic transloca-
tion (Figure 5A and B, P<<0.05).

HA improved locomotion recovery

All animals resumed normal weight gain after ICH surgery,
and there were no differences in body weight between the
groups. Two behavioral tests were performed at different time
points. One day after ICH, there was no significant difference

Notes: (A) Neurons of sham rats that received saline injection showed normal nuclei and cytoplasm and no signs of edema, nuclear membrane breaks, or clumped tigroid
chromatin. (B) Enlargement of boxed area in (A), showing healthy mitochondria without intracritical dilation or matrix changes. Arrows: mitochondria. The scale bars

represent 1,000 nm and 250 nm in (A) and (B), respectively.
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injury score

Mitochondria

Control

ICH

Figure 3 Morphological changes in mitochondria after ICH.

Notes: (A) At 3 hours after ICH, few mitochondria were damaged. (B) At 12 hours, transformations were obvious, with representative neurons exhibiting swollen
mitochondria with crystal dilation. (C) At 24 hours, severely swollen mitochondria with endoplasmic reticulum (ER) swelling were prominent, some of them showing broken
surrounding membrane and crystal segmentation that led to decreased matrix density. (D) Mitochondrial ultrastructural damage was still severe at 48 hours. (E) Time-
dependent injury characteristics were summarized according to the mitochondrial injury scoring system. Arrows: swollen mitochondria, Stars: ER swelling. Scale bars
represent 250 nm in (A), (B), and (D), and 125 nm in (C). *P<0.05 and **P<<0.01 compared with the control group.

Abbreviations: ICH, intracerebral hemorrhage; h, hours.
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Figure 4 HA treatment decreased mitochondrial injury and apoptosis.

Notes: (A) After ICH, HA was injected and mitochondrial injury was recorded. Compared to the vehicle group, HA significantly reduced the mitochondria damage score.
(B) Apoptosis was analyzed by TUNEL, and fewer apoptotic cells were observed in HA-treated animals. TUNEL-positive cells are shown in red (arrows), and all cells were
counterstained with DAPI (blue). Arrows in (A): swollen mitochondria, (B): TUNEL-positive cells. Scale bars represent 250 nm in (A) and 10 pum in (B). *P<0.05 compared
with the vehicle group.

Abbreviations: HA, Huperzine A; ICH, intracerebral hemorrhage; TUNEL, transferase dUTP nick end labeling; DAPI, 4,6-diamidino-2-phenylindole; Sal, saline.
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Figure 5 HA inhibited caspase-3 (Cas-3) activation and cytochrome C (CytoC) translocation.

Notes: Western blots were performed to test Cas-3 activation and CytoC translocation. (A) Compared to the control group, HA significantly inhibited Cas-3 cleavage.
(B) CytoC translocation was reduced by HA treatment. *P<<0.05, **P<<0.01, and ***P<<0.00| compared with the vehicle group.

Abbreviations: HA, Huperzine A; M-CytoC, mitochondrial cytochrome C; C-CytoC, cytoplasmic cytochrome C; ICH, intracerebral hemorrhage; Sal, saline.

between the groups. However, after D2, rats that received HA
showed significantly improved locomotor recovery compared
to control (Figure 6, P<<0.05).

Discussion

Mitochondrial swelling, first described ~80 years ago, is one
of the most universal ultrastructural changes after cerebral
ischemia.® Since then, several histopathological studies have
described mitochondrial changes following ischemia.!®252¢
However, there is a paucity of modern ultrastructural inves-
tigations examining mitochondrial morphology after ICH,
though reduced mitochondrial respiratory function?’” and
CytoC release® have been reported in perihemorrhage areas.
To the best of our knowledge, this is the first investigation
designed to observe ultrastructural mitochondrial changes
after ICH. Our study was designed to build upon previous
findings; the present results show that ICH altered the mito-
chondrial structure, which could be the reason for or result of
functional changes. Combining our and other findings, a fair
conclusion is that mitochondrial damage might be playing a
role in ICH pathogenesis.

Mitochondria initiate common forms of programmed
cell death by releasing proteins from the intermembrane and
intracristal spaces. These include CytoC, which induces apop-
tosis through activating caspases, and AIF, which is linked

with caspase-independent apoptosis.”* Permeabilization of
the outer membrane of mitochondria results in the release of
caspase-activating molecules and caspase-independent death
effectors and/or mitochondrial metabolic failure, which lead
to mitochondrial swelling and neuronal death.” We found
that ultrastructural changes occurred very soon after ICH
and would be a leading cause for apoptosis, although we did
not find any direct evidence to support the hypothesis that
neuronal death was triggered by mitochondrial damage.

A previous study reported that reduced State 3 res-
piration was evident 6 hours following hemorrhage.?’
We found obvious mitochondrial ultrastructure changes
taking place at a similar time point, suggesting that mito-
chondrial swelling is associated with cellular respiratory
dysfunction and leads to apoptosis. To further prove this,
we treated the ICH rat model with HA, which attenu-
ates apoptosis by inhibiting mitochondria-dependent
Cas-3 activation.'? Surprisingly, in addition to reduc-
ing apoptosis, HA treatment enhanced neurobehavioral
recovery, possibly by attenuating mitochondrial injury.
More importantly, HA inhibited Cas-3 cleavage and
cytoplasmic translocation of CytoC, suggesting that a
mitochondrial-dependent pathway of apoptosis was pre-
vented by HA treatment after ICH. As the efficacy and
safety of HA has been tested by many clinical trials for
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Figure 6 HA improved neurobehavioral recovery.

Notes: Two different neurobehavioral tests were performed at different time points. One day after ICH, there was no difference in neurological deficits between the groups.
However, starting from D3, there were obvious improvements in the HA treatment group. *P<<0.05 compared with the vehicle group.

Abbreviations: HA, Huperzine A; ICH, intracerebral hemorrhage; Sal, saline; D, Day.

Alzheimer disease,® it would be equally important and
interesting to observe its effects of HA in ICH patients
after additional preclinical studies are performed to
explore the benefits, molecular mechanisms, and safety
of HA in various stroke models.

Conclusion

Mitochondrial morphology damage is apparent in perihe-
matomal areas after ICH, and mitochondrial dysfunction
may contribute to secondary injury. HA is protective against
neurological damage, possibly via its ability to ameliorate
mitochondrial injury. These findings suggest a new direction
for developing novel ICH therapies.
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Figure S| The entire experiment was separated into two consecutive parts.

Notes: In Part |, the ultrastructural changes of neuronal mitochondria were assessed at different time points. In Part Il, rats were treated with Huperzine A or saline
immediately after ICH, and then outcomes were compared between the groups.

Abbreviations: HA, Huperzine A; ICH, intracerebral hemorrhage; Cas-3, caspase-3; CytoC, cytochrome C; D, day; h, hours; W, week.
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Figure S2 Testing the optimal HA dosage.

Notes: After ICH, brain edema was analyzed by applying five gradient dosages of HA (0.025, 0.05, 0.1, 0.2, and 0.4 mg/kg). Lower dosages did not reduce brain water
content; however, all higher dosages of HA (=0.1 mg/kg) were able to decrease edema, and there were no significant differences among these groups. *P<<0.05 and **P<<0.01|
compared with vehicle.

Abbreviations: HA, Huperzine A; ICH, intracerebral hemorrhage.
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