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Abstract

Caspase-8 plays an important role in the mediation of inflammation and the effect of its role in subarachnoid hemorrhage remains elu-
sive. The nucleotide-binding oligomerization domain-like receptor protein 3 inflammasome has been postulated to mediate inflammation
during SAH. The aim of the present study was to investigate the effects of caspase-8 inhibition on SAH injury and further elucidate the
molecular mechanisms. In this study, a subarachnoid hemorrhage model was established by endovascular perforation process in adult
male Sprague-Dawley rats. Z-IETD-FMK (0.5, 1, 2 mg/kg; an inhibitor of caspase-8) was delivered via intravenous (tail vein) injection
immediately after subarachnoid hemorrhage. After 12 hours of subarachnoid hemorrhage, western blot assay showed that the expression
of cleaved caspase-8 was significantly increased at 12 hours, peaked at 24 hours, and then decreased at 72 hours after subarachnoid hem-
orrhage. Immunofluorescence staining demonstrated that caspase-8 was expressed in microglia after subarachnoid hemorrhage. Z-IETD-
FMK significantly improved neurological deficits and reduced brain water content 24 hours after subarachnoid hemorrhage. The Morris
water maze and rotarod test confirmed that Z-IETD-FMK significantly improved spatial learning and memory abilities and motor coor-
dination at 21-27 days after subarachnoid hemorrhage. Furthermore, inhibition of caspase-8 activation reduced the expression of pyrin
domain-containing 3, caspase-1, and interleukin-1p after subarachnoid hemorrhage. In conclusion, our findings suggest that caspase-8
inhibition alleviates subarachnoid hemorrhage-induced brain injuries by suppressing inflammation. The study was approved by the In-
stitutional Animal Ethics Committee of the First Affiliated Hospital, School of Medicine, Zhejiang University, China (approval No. 2016-
193) on February 25, 2016.
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Introduction

Subarachnoid hemorrhage (SAH) is a devastating disease
that accounts for about 5% of all strokes (Macdonald and
Schweizer, 2017; Kanamaru and Suzuki, 2019). A growing
body of evidence indicates that neuroinflammation after
SAH contributes to the progression and exacerbation of
brain injury (Simon et al., 2019; Shiba and Suzuki, 2019).
The nucleotide-binding oligomerization domain-like re-
ceptor (NLR) family pyrin domain-containing 3 (NLRP3)
inflammasome plays a crucial role in innate immunity and
inflammation, and can facilitate the production of caspase-1
and interleukin-1p (IL-1p), and increase inflammation
(Shao et al., 2016). Several studies have showed that NLRP3
inflammasome plays a pathogenic role in the pathophysiol-
ogy of SAH, and inhibition of NLRP3 is considered to be a
potential therapeutic target against SAH (Shao et al., 2016;
Zhang et al., 2017).

Caspases, a family of aspartate-specific cysteine proteases,
possess a well-characterized function in apoptotic signaling.
Caspase-8 is a cysteine protease that plays a pivotal role in
the extrinsic apoptotic signaling pathway via death receptors
(Crowder and El-Deiry, 2012). Recently, several non-apop-
totic roles of caspase-8 have been reported, especially its con-
tribution to neuroinflammatory responses (Burguillos et al.,
2011). Z-IETD-FMK, an inhibitor of caspase-8, has been re-
ported to reduce brain infarction size and seizure activity after
middle cerebral artery occlusion (Shabanzadeh et al., 2015).
However, the potential anti-neuroinflammation function of
caspase-8 inhibition has not been investigated in SAH. In this
study, we explored the effect of Z-IETD-FMK on brain injury
after SAH and its possible mechanism of action.

Materials and Methods

Experimental animals

All experiments for this study were approved by the Insti-
tutional Animal Ethics Committee of the First Affiliated
Hospital, School of Medicine, Zhejiang University, China
(approval No. 2016-193) on February 25, 2016. A total of 177
specific-pathogen-free male Sprague-Dawley rats (weighing
300-320 g and aged 8 weeks) were provided by the Labora-
tory Animal Center of Zhejiang Province, China (licence No.
SCXK (Zhe) 2014-0001) and housed in a light- and tempera-
ture-controlled facility with free access to food and water.
The investigators were blinded to group assignments during
the outcome assessments.

Figure 1 Experimental design and animal group classification.

Experimental design

Experiment 1

A total of 30 rats were randomly divided into the following
five groups: sham, SAH after 6, 12, 24, and 72 hours (n = 6
per group). The time course of endogenous cleaved caspase-8
expression in the ipsilateral cerebral cortex after SAH was
measured using western blot assay. Double immunofluores-
cence staining was used to test the localization of caspase-8
in microglia in the sham (n = 4) and SAH (24 hours) groups
(n =4) (Figure 1).

Experiment 2

A total of 48 rats were randomly divided into the following
five groups: sham (n = 12), SAH + vehicle (saline) (n = 12),
SAH + Z-IETD-FMK (0.5 mg/kg, n = 6), SAH + Z-IETD-FMK
(1 mg/kg, n = 12), and SAH + Z-IETD-FMK (2 mg/kg, n = 6).
Neurological scores and brain water content were evaluated at
24 hours after SAH. Based on neurological scores at 24 hours
after SAH, Z-IETD-FMK (1 mg/kg) was chosen for western
blot assay at 24 hours. The effect of Z-IETD-FMK (1 mg/kg)
on brain injuries at 72 hours and long-time neurobehavior
after SAH was also assessed. The remaining 18 rats were used
to test the effect of Z-IETD-FMK on neuron death in the hip-
pocampus at 24 hours after SAH (Figure 1).

Experiment 3

A total of 18 rats were randomly divided into the following
three groups to explore the effect of Z-IETD-FMK on long-
term neurological functions at 21 days after SAH: sham,
SAH + vehicle, SAH + Z-IETD-FMK (n = 6 per group)
(Figure 1).

Experiment 4

A total of 24 rats were randomly assigned to the following
four groups to explore the mechanism of caspase-8 inhibi-
tion on SAH: sham, SAH + vehicle, SAH + dimethyl sulf-
oxide, SAH + Z-IETD-FMK (n = 6 per group), and western
blot analysis was performed at 24 hours after SAH (Figure 1).

SAH model establishment

The SAH model was induced as previously described (Xie et
al,, 2017). Rats were intraperitoneally anesthetized with 10%
chloral hydrate. The left carotid artery and its branches were
surgically exposed. A sharpened 3-cm, 4-0 nylon suture was
inserted into the left internal carotid artery and the suture

Experiment 1 was for time course of endogenous cleaved caspase-8 expression after SAH and to test the localization of caspase-8 in microglia.
Experiments 2—4 was for exploring the effect of Z-IETD-FMK on brain injury after SAH and its possible mechanism of action. IF: Immunofluores-

cence; SAH: subarachnoid hemorrhage; WB: western blot.
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was advanced until resistance was felt, further advanced to
puncture the vessel, and then immediately withdrawn to
cause SAH. The sham group underwent the same procedure
but without perforation. After the operative procedure was
completed, the rats were allowed to recover within 1 hour on
an electric heating blanket.

Z-IETD-FMK administration

Intravenous (tail vein) administration of the three dosages
of Z-IETD-FMK was performed immediately after SAH, as
previously described for middle cerebral artery occlusion
(Shabanzadeh et al., 2015). Briefly, rats were administered
either saline (0.05 mL/kg), dimethyl sulfoxide (50%, 0.05
mL/kg), or Z-IETD-FMK (0.5, 1, and 2 mg/kg).

Measurement of SAH grade

The severity of SAH was assessed using a grading system
24 hours after SAH based on the amount of blood in six
segments in the basal cistern, as previously described (Suga-
wara et al., 2008). The total score (0—18) was calculated and
the animals were divided into three groups as follows 0-7:
mild SAH, 8-12: moderate SAH, and 13-18: severe SAH.
Since mild SAH rats did not show any neurological deficits
as compared to sham rats (Sugawara et al., 2008), SAH rats
with a score < 8 were excluded from this research.

Neurological score assessment
Neurological scores were assessed at 24 hours or 72 hours
after SAH using the modified Garcia test and beam balance
tests (Xie et al., 2018). The six items of modified Garcia
test were assessed, including spontaneous activity, vibris-
sae touch, trunk touch, spontaneous movement of the four
limbs, stretching of the forelimbs, and climbing capacity.
Each part of the test has a score ranging from 0 to 3, with a
maximum score of 18. The beam balance test was used to as-
sess the walking ability of rats (maximum score = 4), where-
by a score of 4 indicated normal balance.

Long-term neurological score evaluation

The Morris water maze was performed according to the
method of Bromley-Brits et al. (2011) from day 21 to day 27
after SAH, including visible platform tests, hidden platform
tests and probe trials. An accelerating rotarod test was used
to evaluate forelimb and hindlimb motor coordination and
balance. Animals were trained and tested on a rotarod that
gradually accelerated. The duration spent on the device was
recorded as the time before rats fell off the rungs with begin-
ning speeds of 5 and 10 r/min (Hamm et al., 1994).

Brain water content evaluation

The brain was separated into the left hemisphere, right hemi-
sphere, cerebellum, and brain stem at 24 hours or 72 hours
after surgery. Each sample was weighed immediately after
removal to obtain the wet weight and then dried in an oven
at 105°C for 72 hours to obtain the dry weight. Brain water
content (%) for each sample was calculated as (wet weight —
dry weight)/wet weight x 100 (Xie et al., 2017).

Double immunofluorescence staining

Double immunofluorescence staining was conducted as de-
scribed previously (Xie et al., 2018). At 24 hours after SAH,
rats were deeply intraperitoneally anesthetized with 10%

chloral hydrate. Then, rats were transcardially perfused with
cold phosphate-buffered solution (PBS) followed by 10%
paraformaldehyde. The whole brains were isolated and fixed
in 10% paraformaldehyde for 24 hours then in 30% sucrose
solution for 72 hours. Coronal brain sections (10 um) were
sectioned and permeabilized with 0.3% Triton X-100 in PBS
for 30 minutes. Blocking was performed by incubating the
sections with 5% donkey serum for 1 hour. Primary anti-
bodies against caspase-8 (rabbit, 1:200, Abcam, Cambridge,
UK) and ionized calcium binding adaptor molecule 1 (Iba-
1; goat, 1:200, Abcam) were added to the sections and incu-
bation occurred overnight at 4°C. After washing with PBS,
the sections were then incubated with donkey anti-rabbit
secondary antibodies (1:200, Santa Cruz Biotechnology, Dal-
las, TX, USA) at room temperature for 2 hours. Brain slices
were visualized using a fluorescence microscope (Olympus,
Tokyo, Japan).

Nissl staining

Neuron death in the hippocampus after SAH was evaluated
using Nissl staining, as previously described (Zhang et al.,
2016). Brain sections were hydrated in 1% toluidine blue for
10 min. After washing with double-distilled water, sections
were dehydrated and mounted onto slides using Permount
Mounting Medium. Sections were then photo-graphed by
a microscope (Olympus). Neurons with a big cell body, and
round and palely stained nuclei were regarded as normal neu-
rons, while those with a shrunken cell body and condensed
nuclei were regarded as damaged cells. Images were captured
and analyzed at 200x magnification with a light microscope
(Leica QWin Plus, Leica Microsystems, Wetzlar, Germany).

Western blot assay

Western blot analysis was performed as previously reported
(Kristian et al., 2011). The protein extracted from the left
cortex was used for western blot, and equal amounts of pro-
tein (50 pg) were loaded in each lane of the sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gel. After electro-
phoresis, the samples were transferred onto a nitrocellulose
membrane. Then, the membrane was blocked for 2 hours at
room temperature using blocking buffer and incubated at
4°C overnight with the following primary antibodies: rabbit
anti-cleaved caspase-8 (1:1000, Abcam), rabbit anti-NLRP3
(1:500, NOVUS, St. Louis, MO, USA), rabbit anti-cleaved
caspase-1 (1:1000, NOVUSA), and rabbit anti-IL-1f (1:1000,
Abcam). Rabbit anti-beta-actin was used as an internal load-
ing control (1:6000, Santa Cruz Biotechnology). The bands
were quantified using densitometry with ImageJ 1.4 software
(National Institutes of Health, Bethesda, MD, USA). The
membranes were washed with Tris-buffered saline-Tween
20 for 30 minutes, and then incubated with horseradish per-
oxidase-conjugated secondary anti-rabbit antibody (1:4000,
Santa Cruz Biotechnology) at room temperature for 2 hours.

Statistical analysis

The data analysis was performed using GraphPad Prism 6
(GraphPad software, San Diego, CA, USA). Data are showed
as the mean * standard deviation (SD). One-way analysis
of variance and then the Tukey’s tests were used to make
between-group comparisons of parametric data. The Krus-
kal-Wallis test followed by Dunn’s post-hoc tests were used to
make between-group comparisons of non-parametric data
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(neurological scores and beam walking). P < 0.05 was con-
sidered as significant.

Results

Quantitative analysis of SAH rats

The mortality rates were 14.6% (20/137) in the SAH model
group, and no rats from the sham group died. Eleven rats
were excluded from this study due to mild SAH. There were
no significant differences in SAH grading scores between the
SAH groups.

The time course of cortical caspase-8 expression after SAH
Compared with sham group, the expression of cleaved
caspase-8 was significantly higher at 12 hours, peaked at 24
hours, and lower at 72 hours in the left cortex after SAH (P <
0.05; Figure 2A and C).

Double immunofluorescence staining revealed that the
immunopositivity of caspase-8 was upregulated in microglia
in the left cortex at 24 hours post-SAH (P < 0.05 versus the
sham group) and was decreased in the Z-IETD-FMK group
(P < 0.05 versus SAH + vehicle group; Figure 2B and D).

Z-IETD-FMK attenuates brain injury following SAH
Neurological function was significantly impaired at 24 hours
in SAH + vehicle group when compared with sham group
(P < 0.05; Figure 3A). However, middle and high dosages of
Z-IETD-FMK attenuated neurological deficits compare to
SAH + vehicle group (P < 0.05; Figure 3A). SAH induction
significantly increased the brain water content compared
with the sham group (P < 0.05; Figure 3C). Treatment with
middle or high doses of Z-IETD-FMK reduced brain water
content (P < 0.05 vs. SAH + vehicle group; Figure 3C). The
middle dosage of Z-IETD-FMK also improved neurological
outcome and reduced brain edema at 72 hours after brain
injury (P < 0.05, vs. SAH + vehicle group; Figure 3B and D).
Nissl staining showed that Z-IETD-FMK significantly alle-
viated neuron injury at 24 hours following SAH (P < 0.05 vs.
SAH + vehicle group; Figure 3E and F).

Caspase-8 inhibition improves long-term neurological
outcomes post SAH

Swimming velocity was similar in all groups in the Morris
Water Maze study. Compared with the sham group, the
escape latency to find the platform and travel distance was
significantly increased in the SAH + vehicle group (P < 0.05;
Figure 4B). A decrease in the time to find the platform and a
significantly shorter distance were observed in the Z-IETD-
FMK treatment group (P < 0.05, vs. SAH + vehicle group;
Figure 4B).

In the probe quadrant trial, the rats spent less time in the
third quadrant in the SAH + vehicle group when compared
with the sham group. The percentage of time spent in the
target quadrant was higher in the treatment groups than
in the SAH + vehicle group. (P < 0.05; Figure 4C). In the
rotarod test, Z-IETD-FMK treatment group significantly im-
proved motor coordination at both 5 and 10 r/min (P < 0.05,
vs. SAH + vehicle group; Figure 4D).

Caspase-8 regulates NLRP3 inflammasome activation

Compared with the sham group, western blot analysis
showed that expression of cleaved caspase-8 was increased in
left cortex at 24 hours following SAH. IETD-FMK treatment
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reduced cleaved caspase-8 expression compared to the vehi-
cle group at 24 hours post SAH (P < 0.05; Figure 5). Double
immunofluorescence staining also showed that caspase-8
immunopositivity in microglia was decreased after IETD-
FMK treatment (Figure 2B and D). Compared with the
sham group, the expressions of NLRP3, cleaved caspase-1,
and IL-1p were increased dramatically in the SAH group (P
< 0.05; Figure 5). However, Z-IETD-FMK attenuated the
expressions of NLRP3, cleaved caspase-1 and IL-1P (P < 0.05,
vs. SAH + vehicle group; Figure 5).

Discussion

A previous study demonstrated that inhibition of casepase-8
could reduce ischemic damage after MCAO and anti-neu-
roinflammation function of inhibiting caspase-8 has not been
investigated in SAH (Shabanzadeh et al., 2015). The current
results suggest that caspase-8 inhibition decreases the neuro-
pathological consequences of neurological disease. Temporal
and spatial activation of caspase-8 in microglia/macrophages
have been found in both human stroke and animal models
of cerebral ischemia (Rodhe et al., 2016). Shabanzadeh et al.
(2015) found that Z-IETD-FMK reduced infarct volumes
and brain edema after brain ischemia. Krajewska et al. (2011)
demonstrated that in a model of traumatic brain injury, inhi-
bition caspase-8 reduced brain lesion volumes, motor func-
tion, spatial learning, and working memory performance.
We found that endogenous caspase-8 expression was initially
increased during the early stage following SAH. Medium or
high dosages of caspase-8 inhibitor alleviated neurological
damage and attenuated brain edema post-SAH when com-
pared with SAH group. Furthermore, both Morris water
maze and rotarod test water maze test and foot-fault test
results demonstrated that long-term neurological functions
were improved by inhibition of caspase-8 following SAH.
Taken together, our results suggest that caspase-8 inhibition
could provide neuroprotection after SAH.

Besides the execution of apoptosis, previous work has
found that caspases play an important role in immunity
regulation, cell differentiation, and cell fate determination
(Crowder and El-Deiry, 2012). The initial inflammatory re-
sponse after cerebral ischemia is mediated by microglia (Ma-
sahito et al., 2015; Yuan et al., 2018). In the present study,
double immunofluorescence staining revealed that endoge-
nous caspase-8 was expressed in microglia and upregulated
at 24 hours following SAH. Rodhe et al. (2016) found that
levels of caspase-8 in Ibal-positive cells in the peri-infarct
area were increased at 24 and 48 hours after ischemia in
double immunofluorescence staining. Kavanagh et al. (2015)
found that caspase-8 deletion in myeloid cells inhibited mi-
croglia activation in a mouse model of neurodegeneration.
These studies revealed that caspase-dependent signaling was
involved in microglia pro-inflammatory activation and asso-
ciated neurotoxicity.

The NLRP3 inflammasome is a multi-protein complex for
caspase-1 activation and IL-1{ maturation, and is in-volved
in the innate immune responses triggered by cellular stress
or infection (Shao et al., 2016). In a model of cerebral isch-
emia, Yang et al. (2014) reported that NLRP3 inhibition at-
tenuated brain injuries through alleviation of inflammation.
In an intracerebral hemorrhage model, the NLRP3 inflam-
masome amplified the inflammatory response and inflam-
matory damage, and neurological functions were improved
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after NLRP3 knockdown (Ma et al., 2014). In our study,
the expression of NLRP3 was also increased after SAH.
Recent studies have found that the NLRP3 inflammasome
contributes to neuroinflammation after SAH injury, and in-
hibition of the NLRP3 inflam-masome by pharmacological
treatment could ameliorate brain damage (Li et al., 2016;
Liu et al,, 2018). There is growing evidence that caspase-8
contributes to NLRP3 activation. Research has showed
that active caspase-8 induces the activation of NLRP3-as-
sociated caspase-1 and the maturation of IL-1p (Lawlor et
al., 2015). In acute glaucoma, Chi et al. (2014) found that
caspase-8 regulated activation of the NLRP3 inflammasome
and the production of IL-1p. In the present study, we found
that Z-IETD-FMK dramatically reduced the expression of
NLRP3, caspase-1, and IL-1p after SAH. Our results indicate
that caspase-8/NLRP3 pathway suppression could offer neu-
roprotection for the treatment of SAH.

This study has some limitations. First, caspase-8 plays an
important role in apoptosis and we cannot exclude the possi-
bility that inhibition of caspase-8 had an anti-apoptotic effect
on SAH. Further studies should explore the possible underly-
ing mechanisms of neuroprotection after caspase-8 inhibition.

To conclude, we found that casepase-8 elevation occurred
after SAH and a caspase-8 inhibitor alleviated neuroinflam-
mation and improved neurological outcome, potentially via
suppression of NLRP3 after SAH in rats. This finding sup-
ports the role of caspase-8 in alleviating neuroinflammation,
and suggests that caspase-8 could represent a therapeutic
target for treatment after middle cerebral artery occlusion.
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