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Abstract

Spontaneous intracerebral hemorrhage (ICH) is the deadliest stroke subtype and
neuroinflammation is a critical component of the pathogenesis following ICH. Annexin A1-FPR2
signaling has been shown to play a protective role in animal stroke models. This study aimed to
assess whether Annexin Al attenuated neuroinflammation and brain edema after ICH and
investigate the underlying mechanisms. Male CD-1 mice were subjected to collagenase-induced
ICH. Annexin Al was administered at 0.5 hour after ICH. Brain water content measurement,
short-term and long-term neurobehavioral tests, Western blot and immnunofluorescence were
performed. Results showed that Annexin Al effectively attenuated brain edema, improved short-
term neurological function and ameliorated microglia activation after ICH. Annexin Al also
improved memory function at 28 days after ICH. However, these beneficial effects were abolished
with the administration of FPR2 antagonist Boc-2. Furthermore, AnxA1/FPR2 signaling may
confer protective effects via inhibiting p38-associated inflammatory cascade. Our study
demonstrated that Annexin A1/FPR2/p38 signaling pathway played an important role in
attenuating neuroinflammation after ICH and that Annexin A1 could be a potential therapeutic
strategy for ICH patients.
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Introduction

Spontaneous intracerebral hemorrhage (ICH) is the deadliest and least treatable stroke
subtype, affecting approximately 80,000 individuals in the United States (Go et al., 2014).
The extravasated blood products trigger a series of life threatening events, leading to
formation of brain edema, brain swelling, and possibly death (Dang et al., 2017; Jiang et al.,
2017; Strbian et al., 2008). However, no therapies have proven effective in improving the
acute and chronic outcomes following ICH. Mounting evidence has shown that
inflammation, which begins immediately after the formation of hematoma, is one of the
crucial contributors of ICH-induced secondary brain injury. Activated microglia and
infiltrating leukocytes have been implicated as essential factors of the neuroinflammatory
response promoting disease progression(Aronowski et al., 2011). Thus, an anti-
inflammatory medication is expected to reduce brain edema and microglial activation,
thereby optimizing recovery following ICH.

N-formyl peptide receptors (FPR) belong to a family of G-protein-coupled receptors that are
expressed on microglia in the central nervous system(Cui et al., 2002). Stimulation of the n-
formyl peptide receptor 2 (FPR2) by Annexin Al (AnxAl) attenuates inflammation and
immune cell activation in preclinical models of inflammatory disease (Bena et al., 2012;
Gavins, 2010; Gavins & Hickey, 2012; Gavins, Hughes, et al., 2012; McArthur et al., 2010).
A previous study demonstrated that AnxA1-FPR2 signaling decreased leukocyte adhesion to
cerebral endothelial cells, reduced proinflammatory cytokine levels as well as infarction
volumes in a rodent model of focal brain ischemia(Gavins et al., 2007).

Another human microarray study showed that among all the anti-inflammatory factors,
Annexin Al gene is the most significantly induced in the perihematomal tissues from ICH
patients, indicating an endogenous protective mechanism(Carmichael et al., 2008). Thus, to
investigating the protective mechanisms underlying FPR2 stimulation may uncover novel
therapeutic modalities for ICH.
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Previous research from our laboratory has shown that p38 MAPK is activated in response to
ICH and that p38-induced stimulation of PLA,/COX-2 may be involved in the injury
progression following ICH (Ma et al., 2011). Specifically, upstream inflammatory stimuli
activates PLA, and consequently increases the production of arachidonic acid, which is
converted by cyclooxygenase-2 (COX-2) to pro-inflammatory prostaglandins(Degousee et
al., 2001). However, the upstream regulator of p38 MAPK is largely unknown. In this study,
we aimed to investigate whether p38 MAPK was a potential target of AnxALl/FPR2
signaling pathway.

Thus, we hypothesized that Annexin Al attenuated neuroinflammation and brain edema
following ICH and that this protective effect was mediated by FPR2/p38 MAPK/COX-2
pathway.

Animals and surgical procedures

All animal procedures for this study were approved by the Animal Care and Use Committee
at Loma Linda University and complied with the US National Research Council’s Guide for
the Care and Use of Laboratory Animals, the US Public Health Service’s Policy on Humane
Care and Use of Laboratory Animals, and the Guide for the Care and Use of Laboratory
Animals. Animal use and procedures were reported according to ARRIVE guidelines.
Animal use and animal numbers of each experiment were outlined in Supplemental Table 1.
Eight-week-old male CD1 mice (weight 35-40g; Charles River, Wilmington, MA) were
housed at room temperature of 25°C with a 12-hour light cycle/12-hour dark cycle. Animal
surgeries were performed between 8am and 12pm. Animals had access to food and water ad
libitum.

We chose to focus on the male gender in this study since several clinical studies have
indicated that male sex could be one of the risk factors for spontaneous ICH(Marini et al.,
2017; Roquer et al., 2016). In addition, estrogen has been shown to be protective in
stroke(Faber et al., 2017; Lee et al., 2018; Nakamura et al., 2005). Naive female mice at this
age might not represent a large clinical population.

For collagenase ICH induction, mice were intraperitoneally injected with ketamine (100
mg/kg) and xylazine (10 mg/kg) (2:1 v/v,) and positioned prone in a stereotactic head frame
(Kopf Instruments, Tujunga, CA, USA). A cranial burr hole(dmm) was made close to the
right coronal suture, 2.2 mm lateral to the midline and 0.2 mm posterior to Bregma. To
perform the ICH model, a 27-gauge syringe (Hamilton Company, Reno, NV) with bacterial
collagenase (VII-S, Sigma-Aldrich, St Louis, MO) was inserted stereotactically into the
right basal ganglia coordinates and lowered 3.5 mm ventrally through the burr hole. The
syringe was then connected onto a micro-perfusion pump (Harvard Apparatus, Holliston,
MA). Bacterial collagenase (0.075 U dissolved in 0.5uL of PBS) was infused into the brain
over 2 minutes at a rate of 0.25 mL/min with a microinfusion pump. Sham operated mice
were subjected to needle insertion only. After completed injection, the needle was left in
place for an additional 5 min to prevent backflow.
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Intracerebroventricular (i.c.v) drug administration was performed as in our previous
study(Chen et al., 2018). Briefly, the 26-gauge needle of a 10ul Hamilton syringe was
inserted into the left lateral ventricle (the contralateral side of hemorrhage) through a cranial
burr hole at the coordinates relative to Bregma: 0.3mm posterior; 1.0 lateral; and 2.3mm
deep. Then drugs were infused by a microinfusion pump at a rate of 0.667ul/min over a
period of 3 minutes. The needle was left for an additional 5 minutes after the infusion and
then removed over a three-minute period. The burr hole was sealed with bone wax.

After completing ICH surgeries or i.c.v. injections, buprenorphine in 0.5 ml of normal saline
was given to each mouse by subcutaneous injection before surgical recovery to avoid post-
surgical dehydration and pain. Animals were placed on a heated blanket and observed
closely for recovery. We then closely monitored the body weight and feeding behavior of the
experimental animals. Mice were monitored closely every 20 minutes during the first 2
hours and then once daily till sacrifice.

Animals were excluded when 1) the Garcia Score of ICH animals was the same as Sham
animals; 2) hematoma was not observed when we sacrificed the animals, as shown in
Supplemental Table 1.

Experimental Protocols

Experiment 1.—Temporal expression profile of Annexin Al after ICH. 30 mice were
randomly divided into six groups: Sham (n=6), 12 hours after ICH (n=6), 24 hours after ICH
(n=6), 72 hours after ICH (n=6) and 7 days after ICH (n=6). Western blot analysis was used
to detect their expression in the ipsilateral/right hemisphere of each group.

Experiment 2.—Modified Garcia tests and brain edema measurement. Experimental
groups were Sham (n=6), ICH+Vehicle (n=6), ICH+AnxA1 (0.1 pg/animal, n=6) and ICH
+AnxAl (0.5pg/animal, n=6) for the 24-hour time point. Garcia tests were performed and
the same animals were used for brain water content measurement. The more optimal dose
(0.5pg/animal) was chosen for the 72-hour time point. Experimental groups include Sham
(n=6), ICH+Vehicle (n=6), ICH+AnxA1 (0.5ug/animal, n=6) for 72-hour time point. Garcia
tests were performed and the same animals were used for brain water content measurement.

Experiment 3.—Microglial activation. Experimental groups were Naive (n=6), Sham
(n=6), ICH+Vehicle (n=6) and ICH+ANnxA1 (n=6). Animals were sacrificed at 24 hours after
ICH for immunofluorescence.

Experiment 4.—Long-term memory function assessment. Experimental groups were
Sham (n=10), ICH+Vehicle (n=10) and ICH+AnxA1 (n=10). Water maze test was
performed between Day 25 and Day 28 after ICH.

Experiment 5.—Mechanistic study of Annexin Al signaling. Experimental groups were
Sham (n=6), ICH+Vehicle (n=6), ICH+AnxA1l (n=6), ICH+AnxAl1+Boc2 (n=6) and ICH
+Boc2+SB203580 (n=6). Samples were collected 24 hours after ICH for Western blot
analysis.
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Drug Administration

Recombinant human Annexin Al protein (AnxAl, R&D Systems) and the FPR2 antagonist
N-t-butyloxycarbonyl-Phe-DLeu-Phe-DLeu-Phe (Boc2; MP Biomedicals), and SB203580
(an inhibitor of p38 MAPK, Santa Cruz Biotechnology) were dissolved in 2pl sterile PBS.
AnxA1 was administered i.c.v. at 0.5 hour after ICH induction. Boc2 (0.8ug/mouse) and
SB203580(0.4pug/mouse) was given 1 hour before ICH induction via intracerebroventricular
injection. Vehicle animals received the same volume of PBS injection. All drugs were
administered to the contralateral side of hemorrhage to avoid interaction with collagenase.

Behavioral Assessment

Garcia tests—The sensorimotor Garcia tests were conducted in a blinded fashion to assess
neurological outcomes in mice at 24 and 72 h after surgery (J. H. Garcia et al., 1995). The
Garcia Test has been modified and consisted of 7 individual tests, namely spontaneous
activity, axial sensation, vibrissae proprioception, limb symmetry, lateral turning, forelimb
outstretching, and climbing. A score of 0 (worst performance) to 3 (best performance) was
given for each sub-test and a total Garcia score was calculated as the sum of all sub-tests
(maximum score of 21).

Morris water maze—Spatial learning ability was evaluated by Morris water maze
between Day 25 and Day 28 after ICH as previously described (Chen et al., 2018). Mice
were released in a metal pool (110 cm diameter) filled with water and were allowed to swim
to find a submerged platform (11 cm diameter). The location of platform and starting
direction were designed according to a previous publication (Bromley-Brits et al., 2011).
One day before Block 1, the cued water maze test was performed which assessed any
sensorimotor and/or motivational deficits that could potentially affect the performance
during the spatial water maze test. In the cued test, the animal was allowed to swim and find
the platform, which was made visible 5mm above the surface of water. If the animal could
not find the platform by the end of each trial, they were guided to the platform and stayed on
the platform for 5 seconds. The location of the platform was changed in each trial. Next, the
spatial water maze test was performed over 4 days to test for spatial learning and memory. In
the spatial test, the animal swam to find the platform, which will be submerged one
centimeter below the surface of the water. The location of the platform was kept in the same
place throughout the four blocks. At the end of Block 4, the platform was removed. Probe
Trial was performed to record the percentage of the time (60 seconds in total for each
animal) spent in the target quadrant in which the platform used to be. Block 4 and Probe trial
were conducted on the same day, with a five-hour period in between. An overhead camera
with a computerized tracking system (Noldus Ethovision; Noldus, Tacoma, WA) will record
the swim path and measure the swim distance, swim speed and time spent in probe quadrant.

Measurement of brain water content

Brain water content (edema) was evaluated via the wet-weight/ dry-weight method, as
previously described (Chen et al., 2018). Briefly, animals were sacrificed at 24 or 72 h after
ICH, brains were immediately removed and divided into 4mm-thick sections. Each brain
sections were further divided into ipsilateral cortex (Ipsi-CX) and basal ganglia (Ipsi-BG)
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and contralateral cortex (Cont-CX) and basal ganglia (Cont-BS). The tissue was then dried
at 100°C for 24 hours to determine the dry weight (DW). All samples were weighed on an
analytical microbalance (APX-60, Denver Instrument, Bohemia, NY). Brain water content
was calculated as (wet weight—dry weight)/wet weightx100%.

Western Blotting

Western Blotting was performed as described previously (Chen et al., 2018; Ma et al., 2011).
Mice were sacrificed at 24h after ICH. Right brain hemispheres were collected and stored at
—-80°C immediately until analysis. Protein lysates were obtained by gently homogenizing
tissues in RIPA lysis buffer (Santa Cruz Biotechnology), followed by centrifugation at
14,000 g at 4°C for 30 minutes. Equal amounts of protein (30pg) were loaded on an SDS-
PAGE gel. After being electrophoresed and transferred to a nitrocellulose membrane, the
membrane was blocked in milk and incubated overnight at 4°C with the primary antibodies.
The primary antibodies were rabbit polycolonal anti-AnxA1 (ThermoFisher Scientific),
rabbit phosphorylated p38 (p-p38, Cell Signaling Technology), rabbit anti-p38 MAPK (Cell
Signaling Technology), rabbit polyclonal anti-tumor necrosis factor-a (TNF-a, Abeam) and
rabbit monoclonal anti-interleukin-1p (IL-1p, Cell Signaling Technology), rabbit polyclonal
anti-cytosolic phospholipase A2 (cPLA2, Abeam) and rabbit polyclonal anti-
cyclooxygenase 2 (COX-2, Abeam). Specific antibody information was listed in Table 1.
Nitrocellulose membranes were incubated with appropriate secondary antibodies (Santa
Cruz Biotechnology) for 1 hour at room temperature. Immunoblots were then probed with
an ECL Plus chemiluminescence reagent kit (Amersham Biosciences, Arlington Heights, IL,
USA) and visualized with the imaging system (Bio-Rad, Versa Doc, model 4000). The data
were analyzed by the software Image J (NIH). In addition, specificity of the antibodies was
tested using whole gels and membranes. The whole gel images were exposed and
demonstrated in Supplemental Figure 1.

Immunofluorescence

At 24 hours after ICH, mice were perfused under deep anesthesia with cold PBS (pH 7.4),
followed by infusion of 4% formalin. The brains were then removed and fixed in formalin at
4°C overnight and then were dehydrated with 30% sucrose in PBS (pH7.4) until they sank to
the bottom. The frozen coronal slices (10mm thick) were then sectioned with cryostat
(CM3050S; Leica Microsystems, Bannockburn, IL, USA). Immunohistochemistry was
performed as previously described(Chen et al., 2018). Briefly, samples were permeabilized
with 0.3% Triton-X-100, blocked with 5% donkey serum and incubated overnight at 4°C
with primary antibody anti-Iba-1 (1:100, Abeam). Sections were then incubated with
secondary antibody for two hours at room temperature and visualized with a fluorescence
microscope (Leica Microsystems, Germany). We chose three regions of interest (ROISs) in
the perihematoma area on each section, as illustrated in Figure 3. Six sections were imaged
to represent each animal and each experimental group had six animals. Values obtained from
one animal were averaged to represent each animal and values obtained from six different
animals were average to represent each experimental group. Quantitative analysis was
conducted using ImageJ (NIH) by an investigator who was blinded to the experimental
groups.
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Statistical Analysis

Results

Animals were numbered and randomized into different experimental groups using Excel.
Samples size of each experiment was determined according to previous research. All the
experimental groups were blinded to the scientists performing behavioral tests. Non-
parametric behavioral data were statistically analyzed using Kruskal-Wallis test, followed
by Dunn’s test. Parametric data were first tested for normal distribution. Multiple
comparisons of parametric data were statistically analyzed with one-way AVONA followed
by Tukey’s test. Latency of Morris water maze data were analyzed with two-way ANOVA
followed by Tukey’s test. Data were expressed as mean + SD. P value of < 0.05 was
considered statistically significant. All statistical analyses were performed using the
software Graphpad Prism6.

Endogenous Annexin Al level peaked at 24 hours after ICH

Western blot was performed to determine the expression profile of AnxAl at 12, 24, 72
hours and 7 days after ICH. Endogenous AnxAl level reached the peak level at 24 hours
(F(4,25)=60.66, total n=30; p<0.0001) and still remained higher than Sham at 72 hours. At 7
days after ICH, AnxAL expression returned to the baseline (Figure 1).

Annexin Al improved neurological function and attenuated brain edema at 24 hours and
72 hours after ICH

Two doses of AnxA1l (0.1 pg/mouse and 0.5ug/mouse) were administered i.c.v. at 0.5 hour
after ICH. To evaluate the behavioral deficits after ICH, the Garcia test was conducted at 24
hours post-ictus. Vehicle-treated mice demonstrated significant neurological deficits
compared with sham mice (total n=24; p=0.0002). Treatment with lower dose of AnxAl (0.1
ug/mouse) did not improve the neurological outcomes compared with vehicle-treated
animals. However, treatment with high-dose AnxAl (0.5pg/mouse) significantly improved
neurobehavioral function as shown in the Garcia score at 24 hours (Figures 2A). Thus, we
chose the higher dose for the 72-hour assessment. This treatment regimen of AnxAl
significantly improved the neurological outcomes compared to the vehicle group at 72 hours
in modified Garcia tests (total n=18; p<0.0001, Figure 2B). Brain edema was measured as
brain water content. At both 24 hours and 72 hours after ICH, higher dose of AnxAl
significantly ameliorated brain edema in the ipsilateral basal ganglia part (F (3,20) =21.85,
n=24, p<0.0001 at 24 hours; F (2, 15)=9.671, n=18, p=0.002 at 72 hours). Lower dose of
AnxA1 did not significantly reduce the brain water content compared to the vehicle group.
Other parts of the brain had comparable water content among all the experimental groups
(Figure 2C and 2D). Thus, we chose the higher dose of AnxA1 (0.5ug/mouse) for the
following studies.

In addition, to test whether saline injections alone would cause any effects, we injected the
same volume of saline to sham-operated animals and measured the Garcia score and brain
water content at 24 hours after the sham operation. Results showed that saline injections
alone did not alter neurobehavioral score or brain edema (Supplemental Figure 2). Thus, we
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presume that saline injections would not induce neuroinflammation or impinge on AnxAl-
FPR2 signaling.

Annexin Al attenuated microglial activation at 24 hours after ICH

Annexin Al i

Microglia morphology was assessed using immunofluorescence staining of microglia
marker Iba-1 in the perihemotoma areas of the brain. At 24 hours after ICH, microglia were
activated as demonstrated by more Iba-1 positive cells, bigger soma size, increased Iba-1
fluorescence intensity and shorter process length than sham animals. AnxA1 treatment
effectively reduced the Iba-1 positive cells and the soma size of microglia compared to
vehicle-treated animals (F (3, 20)=99.37, total n=24, p<0.0001 in Iba-1 positive cell
numbers; F (3, 20)= 191.2, total n=24, p<0.0001 in soma size; F (3, 20)= 110.5, p<0.0001 in
Iba-1 intensity; F (3, 20)=64.21, total n=24, p<0.0001 in total process length per cell).
Nevertheless, 1ba-1 might not be a sufficient marker to distinguish microglia and
macrophages. We also included naive animals in this experiment to assess whether the
surgery itself elicited microglial activation or macrophage infiltration. Our data showed that
there were no significant differences between naive and sham-operated animals, suggesting
that the sham surgery alone did not induce microglia activation or macrophage infiltration
(Figure 3).

mproved spatial learning function at 4 weeks after ICH

To assess whether ICH also led to cognitive impairment in the long term, Morris water maze
was conducted to test the animals’ spatial learning ability. Each block was performed on a
different day over a course of four days. Escape latency was comparable among all the
experimental groups in the first two blocks. In Block 3 and Block 4, vehicle animals took
significantly longer time to find the platform than sham animals, indicating impaired
memory function (interaction F(6,108)=3.084, total n=30, p=0.008; different time blocks
F(3,108)=120.2, total n=30, p<0.0001; different treatments F(2, 108)=14.86, total n=30,
p<0.0001). AnxAl-treated group demonstrated significantly shorter escape latency in Block
3 and Block 4 compared to the vehicle-treated group (Figure 4A). During the probe trial,
vehicle-treated animals spent significantly less time in the target quadrant (F(2,27)=22.02,
total n=30, p<0.0001). The percentage of time spent in the target quadrant in the treatment
group was higher than the vehicle animals (Figure 4B). Swimming velocity was comparable
among all the experimental groups. It suggested that the longer escape latency was due to
the impaired learning and memory function, rather than the swimming ability (Figure 4C).

Annexin Al exerted anti-inflammatory effect via FPR2/p38/COX-2 pathway

To assess the downstream signaling of Annexin Al, we treated the animals with FPR2
antagonist Boc2 and p38 MAPK inhibitor SB203580 and analyzed the downstream proteins
at 24 hours after ICH. Consistent with our previous finding, phosphorylated p38 level was
increased after ICH (F(4,25)=55.51, total n=30, p<0.001), which could potentially trigger
downstream proinflammatory cascade. AnxA1l treatment effectively attenuated the induction
p38. However, Boc2 abrogated these beneficial effects of AnxAl. The co-treatment of Boc2
and SB203580 also effectively attenuated this induction (Figure 5B). Phospholipase A2 (F
(4,25)=101.4, total n=30, p<0.0001) and COX-2 (F(4,25)=31.68, total n=30, p<0.0001)
levels were also significantly induced after ICH, suggesting more release of arachnoid acid
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and more production of prostaglandins. Annexin Al effectively attenuated this increase,
which was again abolished by Boc2. Moreover, the cotreatment with p38 inhibitor
SB203580 also significantly reduced PLA2 and COX-2 levels. This result suggested that
p38 signaling might be in the upstream of proinflammatory arachnoid acid metabolites
(Figure 5C and 5D). Proinflammatory cytokines IL-1p and TNF-a were also measured.
Annexin Al significantly reduced the cytokine levels compared to vehicle-treated animals
(F(4,25)=56.35, total n=30, p<0.0001 in IL-1B; F(4,25)=86.89, total n=30, p<0.001 in TNF-
a) while the co-treatment with Boc?2 restored the cytokine levels. However, the co-treatment
with SB203580 decreased the cytokine levels, indicating that p38 might be a downstream
factor of AnxA1/FPR2 signaling (Figure 5E and Figure 5F).

Discussion

ICH is a stroke subtype with high mortality rate and no effective treatment is currently
available. Mounting evidence has shown that inflammation, which begins immediately after
the formation of hematoma, is one of the crucial contributors of ICH-induced secondary
brain injury (Aronowski et al., 2011; Garton et al., 2017; Wang et al., 2018). In clinical
settings, besides the surgical attempts to remove the hematoma after ICH takes place,
corticosteroids were used to reduce inflammation and swelling. However, two clinical trials
demonstrated that corticosteroids increased the mortality rates due to some unclear
reason(Edwards et al., 2005; Roberts et al., 2004). The use of nonsteroidal anti-
inflammatory drugs (NSAIDs) also remains controversial (Bak et al., 2003; Saloheimo et al.,
2001). It has become critical for basic scientists to seek other anti-inflammatory treatments
for ICH.

Annexin Al has been shown to confer potential beneficial effects in preclinical stroke
studies(Gavins et al., 2007; Wang et al., 2017). In this study, we administered exogenous
Annexin Al intracerebroventricularly after ICH and assessed its therapeutic effects, with a
specific interest in brain edema, neurobehavioral outcomes and p38-related inflammatory
response. Our data suggested that Annexin Al attenuated brain edema at 24 hours and 72
hours after ICH, which mirrored the Garcia score at the same time points. This result was
also in line with a previous study showing that Annexin Al played a role in preserving
blood-brain barrier after ICH. The mechanism involved two phosphorylation sites on
Annexin Al that maintained the cytoskeleton integrity on brain microvascular endothelial
cells (Wang et al., 2017).

AnxA1 has been reported to be expressed on glial cells throughout the adult human and
rodent brain, particularly on microglia (McArthur et al., 2010). Microglia are the resident
immune cells in the central nervous system. They respond to immunological stimuli and
secret pro-inflammatory cytokines (Aronowski et al., 2011). Our results suggested that
microglia were activated after ICH as demonstrated by larger soma and that AnxAl might
attenuate microglial activation in the perihematoma area. However, Iba-1 positive cells
might also include peripheral infiltrating macrophages. Gavins and colleagues previously
demonstrated that AnxAl-induced stimulation of FPR2 decreased leukocyte adhesion to
cerebral endothelial cells and reduced proinflammatory cytokine levels in a rodent model of
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ischemia (Gavins et al., 2007). It is possible that AnxA1 also reduced peripheral macrophage
infiltration by attenuating inflammatory response in the brain.

Several previous reports from our laboratory identified p38 MAPK as a detrimental factor in
intracerebral hemorrhage as it contributed to inflammatory response and blood-brain barrier
disruption(Chen et al., 2018; Ma et al., 2011). However, the upstream mechanisms still
remain unclear. Recent data showed that AnxA1l could inhibit PLA2 activity and thus reduce
arachidonic acid release and its downstream metabolites(Liu et al., 2007). In this study, we
were trying to test whether AnxA1-FPR2 signaling could be a potential upstream candidate
in inhibiting p38-triggered inflammatory cascade. Thus, we co-treated the animals with
FPR2 inhibitor Boc-2 and p38 inhibitor SB203580 to see whether SB203580 could still
mitigate the detrimental events after ICH even in the presence of FPR2 antagonism. Our data
showed that the co-treatment with Boc-2 and SB203580 significantly reduced the protein
levels of PLA2, COX-2, IL-1p and TNF-a compared to the vehicle treatment, meaning that
p38 inhibition could significantly reduce inflammation even in the presence of FPR2
antagonism. However, animals receiving co-treatment of Boc-2 and SB203580 still have
significantly higher levels of PLA2 and IL-1p compared to sham animals. This indicated
that p38 inhibition partially, but not fully, mitigated the inflammatory response after ICH.
There might be other pro-inflammatory mediators, not inhibited with SB203580, that trigger
downstream inflammatory cascade. As for the further downstream factors, there could be
other proinflammatory arachnoid acid metabolites produced independently of COX-2
activity, such as leukotrienes and 20-HETE. These lipid metabolites were not tested in this
study and it would be intriguing to study their roles in future studies.

This study and several our previous papers indicated that ICH elicited acute inflammatory
response, which may have a long-term impact on the memory function(Chen et al., 2018; Lu
etal., 2019; Zhao et al., 2018). This current study focused on the expression profile of these
signaling proteins at the acute phase. We did not expect the expression of these signaling
proteins would be different at four weeks after ICH, when the inflammatory response is
diminished. However, long-term structural or cellular changes, such as glial scar formation
and decreased neuroplasticity, could sustain and might be attributed to the acute
inflammatory response (Saulle et al., 2016). In clinical settings, long-term memory deficits
are observed in ICH patients (P. Y. Garcia et al., 2013; Saulle et al., 2016; Xiong et al.,
2016). However, the underlying mechanisms are still poorly understood. It is speculated that
accumulation of amyloid precursor protein after ICH could contribute to memory loss and
other types of cognitive impairment in the long term (Hijioka et al., 2016). However, further
investigation and more evidence would be needed.

There are a few limitations with this study. First, we focused on the local immune response
in the brain. We did not assess how the intracerebral administration of AnxAl altered the
peripheral immune response. Second, we focused on p38 MAPK in this study. Recent data
have indicated that other MAPKS, such as ERK and JNK, may also have interplay with p38
in ICH (Chen et al., 2018). Whether and how ERK and JNK also play a role as the
downstream factors of FPR2 signaling in the context of ICH remain to be investigated in
future studies. Third, we only employed male mice in the current study. Although research
data indicated that females are more protected due to estrogen in ICH(Nakamura et al.,
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2005), it would still be critical to assess the therapeutic effects of AnxALl in both
premenopausal and postmenopausal females.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significant Statement

No effective treatment strategies have yet been developed to ameliorate intracerebral
hemorrhage (ICH) induced brain damage. Our goal of this study is to explore the
therapeutic window, short-term and long-term effects of FPR2 activation in ICH induced
brain damage and investigate the underlying mechanisms. Achieving our goal will lay the
foundation for clinical evaluation of administration of AnxA1, an FPR2 agonist, in
patients for the treatment of brain damage from ICH.
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ICH elicits inflammatory response in the brain. Annexin A1/ FPR2 signaling attenuates
neuroinflammation via inhibiting p38-associated inflammatory cascade.
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Figurel.
Time course of endogenous AnxA1l expression after ICH. Representative Western blot bands

and quantitative analyses of AnxALl expression from ipsilateral hemispheres after ICH.
*p<0.05 vs sham. Error bars are represented mean + SD. One-way ANOVA, Tukey’s test,
n=6 per group.
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Figure 2.

AnxA1 improved neurological outcomes and attenuated brain edema at 24 and 72 hours
after ICH in mice. A) Garcia Test at 24h, B) Garcia Test at 72h. C) Brain water content at 24
h, D) Brain water content at 72 h. Brains were divided into five parts: ipsilateral basal
ganglia (ipsi-BG), ipsilateral cortex (ipsi-CX), contralateral basal ganglia (cont-BG),
contralateral cortex (cont-CX), and cerebellum (cerebel). *p<0.05 vs. sham, #p<0.05 vs.
vehicle. Error bars are represented mean + SD. Garcia score results were analyzed by
Kruskal-Wallis test, followed by Dunn’s test. Brain water content results were analyzed by
one-way ANOVA, Tukey’s test, n=6 per group.

J Neurosci Res. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ding et al. Page 18

A
Naive Sham
ICH+
ICH+
Vehicle AnxAf
B
.
‘: 8
5%
D .
i
23]
Figure 3.

Microglial activation in the perihematoma area of the brain at 24 hours after ICH. Microglia
were stained with Iba-1 (red). A) Representative images of each experimental group. B)
Soma size of microglia. C) Numbers of Iba-1 positive cells per field. D) Iba-1 fluorescence
intensity. E) Total process length per cell (um). Scale bar = 25um. *p<0.05 vs. naive,
#p<0.05 vs. sham, & p<0.05 vs. vehicle. Error bars are represented mean + SD. One-way
ANOVA, Tukey’s test, n=6 per group.
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Figure 4.

AnxA1 improved memory function in Morris water maze. (A) Escape latency from Day 25
to Day 28 after ICH, (B) probe quadrant duration and (C) swimming velocity on Day 28
after ICH. *p<0.05 vs. sham, #p<0.05 vs. vehicle. Error bars are represented mean + SD.
Two-way ANOVA, Tukey’s test for escape latency and one-way ANOVA, Tukey’s test for
probe quadrant duration and swimming velocity, n=10 per group.
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Figureb.

AnxA1 conferred anti-inflammatory effects through FPR2/p38/COX-2 pathway. (A)
Representative Western blot bands. (B-F) Quantitative analyses of phosphorylated p38,
CPLA2, COX-2, TNF-a, and IL-1p in the ipsilateral hemisphere at 24h after ICH. *p<0.05
vs. sham, #p<0.05 vs. vehicle, p<0.05 vs. AnxA1l, %p<0.05 vs. AnxAl+Boc2. Error bars

are represented mean + SD. One-way ANOVA, Tukey’s test, n=6 per group.
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Table 1.
Information of antibodies in this study.
Antibody Table
Antibody Immunogen Structure Manufacturer Cataé%glgand Species Concentration

: Full length human ThermoFisher 71-3400 Rabbit
Annexin Al recombinant Scientific AB_2533983 polyclonal 1/1000

Rabbit
Iba-1 Human Ibal aa 1-100 Abcam ab178847 monaclonal 1/100

phosphorylated p38 (p- Thr180/Tyr182 of human Cell Signaling :
p38) p38 MAPK Technology CST9211 Rabbit 1/1000
Synthetic peptide
corresponding to the Cell Signaling 9212 :
P38 MAPK sequence of human p38 Technology AB_330713 Rabbit 171000
MAPK

Cytosolic Phospholipase Human cPLA2 phospho- ab58375 Rabbit
A2 (cPLA?) S505 Abcam AB._881998 polyclonal 1/1000

Cyclooxygenase-2 Rat COX-2 aa550 to the C- ab15191 Rabbit
(COX-2) terminus Abcam AB_2085144 polyclonal 1/1000

Cell Signaling Rabbit
IL-1B mouse IL-1B Val175 Technology CST12426 monoclonal 1/1000

Recombinant full length ab6671 Rabbit
TNF-a protein Abcam AB_305641 polyclonal 1/1000

. : : Santa Cruz sc1616

B-actin C-terminus of human actin Biotechnology AB_630836 Goat Polyclonal 1/3000
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