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ABSTRACT—Objective: Global cerebral ischemia-induced neuroinflammation causes neurofunctional impairment follow-

ing cardiac arrest. Previous studies have demonstrated that the activation of protease-activated receptor-2 (PAR-2)

contributes to neuroinflammation. In the present study, we aimed to determine the potential treatment effect of PAR-2

inhibition against neuroinflammation in the setting of asphyxial CA (ACA) in rats. Methods: A total of 116 adult, male Sprague-

Dawley rats were randomly divided into Sham (n¼18) and ACA (n¼98) groups. Time course, short-term outcome, and

mechanism studies were conducted. All drugs were delivered intranasally. The effect of PAR-2 inhibitor FSLLRY-NH2 on

neurocognitive functions was assessed by neurologic deficit score, number of seizures, and T-maze test, while hippocampal

neuronal degeneration was evaluated by Fluoro-Jade C staining after ACA. Western blotting was performed for the

mechanism study at 24 h following ACA. Selective PAR-2 agonist (AC55541) and ERK1/2 inhibitor (PD98059) were used

for intervention. Results: Inhibition of PAR-2 decreased neuroinflammation, reduced the number of degenerating hippocampal

neurons and improved neurocognitive functions following ACA. PAR-2 activator alone exerted opposite effects to PAR-2

inhibitor. PAR-2 mediated the augmented brain levels of proinflammatory cytokines by promoting the phosphorylation of ERK1/2.

Conclusions: PAR-2 inhibition diminished neuroinflammation and thereby reduced hippocampal neuronal degeneration and

neurocognitive impairment following ACA. This effect was at least partly mediated via the PAR-2/ERK1/2 signaling.

KEYWORDS—Cardiac arrest, global cerebral ischemia, neurocognitive, neuroinflammation, protease activated receptor 2

ABBREVIATIONS—ACA—Asphyxial CA; CA—Cardiac arrest; FJC—Fluoro-Jade C; GCI—Global cerebral ischemia;

GFAP—Glial fibrillary acidic protein; I/R—Ischemia/reperfusion; Iba-1—Calcium-binding adaptor molecule 1; MAPK—

Mitogen-activated protein kinases; NDS—Neurological deficit score; NFkB—Nuclear factor kappa-B; PAR-2—Protease

activated receptor-2; PBS—Phosphate buffered saline; ROSC—return of spontaneous circulation
INTRODUCTION

Sudden cardiac arrest (CA) is the leading cause of death and

an important cause of disability worldwide (1). Besides the low

overall survival rate, substantial numbers of CA survivors

suffer from moderate to severe functional impairments at

hospital discharge. This has long been attributed to the cerebral

ischemia/reperfusion (I/R) injury following initial global cere-

bral ischemia (GCI) and the return of spontaneous circulation

(ROSC) (2). Resultantly, injury mechanisms triggered by I/R
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injury lead to neurofunctional impairment and unfavorable

outcomes in CA survivors (3).

Specifically, CA-induced GCI has detrimental effects on the

ischemia vulnerable brain regions, such as the hippocampus,

thalamus, and cerebellum (4–6), depending on the duration of

the CA-related ischemic episode (7). Cerebral ischemia is also

associated with the activation of microglia and astrocytes which

play an important role in neuroinflammatory responses (8, 9)

and contribute to hippocampal neuronal degeneration (10).

Eventually, neuronal degeneration within the hippocampus,

particularly the CA1 region results in neurocognitive

impairment following CA (11). The neurocognitive decline,

including both short- and long-term memory deficits, depres-

sion and apathy (12, 13) may persist up to 3 years after CA and

substantially decreases the quality of life of the patients (14).

Protease activated receptor-2 (PAR-2) is a member of the

PAR family that is widely expressed in the central nervous

system (15, 16). PAR-2 is known as the endogenous receptor for
d reproduction of this article is prohibited.
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tryptase (17), the major secretory protein released from mast

cells upon their activation and degranulation. The activation of

mast cells plays a critical role in the regulation of neuro-

inflammation (18), as they are capable of initiating, maintain-

ing, and magnifying the neuroinflammatory reactions in

response to a variety of external stimuli (18, 19). Tryptase

was previously shown to potentiate the release of proinflam-

matory cytokines by activating microglia and astrocytes

through PAR-2 in-vitro (20, 21). Consistently, we have recently

demonstrated that CA was associated with the activation and

degranulation of cerebral mast cells and resulted in increased

levels of brain tryptase in rats (unpublished data). Importantly,

tryptase induced the release of proinflammatory cytokines and

this neuroinflammatory response was mediated by PAR-2 in the

brains of resuscitated rats.

Tryptase-mediated neuroinflammatory response was also

associated with the activation of mitogen-activated protein kin-

ases (MAPK) through PAR-2 in earlier studies (15, 20). ERK1/2

is a member of the MAPK, which was previously shown to be

activated following reperfusion in both focal ischemia (22) and

GCI (23). Interestingly, inhibition of ERK1/2 phosphorylation

resulted in better neurologic outcomes as well as improved

survival in rodent models of ACA (24).

Based on this background, in the current study, we hypothe-

sized that inhibition of PAR-2 could attenuate neuroinflamma-

tion and hippocampal neuronal degeneration, thereby

improving short-term neurocognitive functions following

asphyxia-induced CA in rats.
MATERIAL AND METHODS

Animals and asphyxial cardiac arrest rat model

All experimental procedures were approved by the Institutional Animal Care
and Use Committee at Loma Linda University, Loma Linda, California. All
experiments were in concordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and the results were reported
according to the ARRIVE guidelines.

Adult male Sprague-Dawley rats (450–500 g, Envigo, Ind) were housed in a
humidity and temperature-controlled animal facility with a 12 h light/dark cycle
and ad libitum food and water access. Rat model of asphyxial CA (ACA) was
performed with the rats anesthetized deeply with pentobarbital (45 mg/kg,
intraperitoneal). Animals were endotracheally intubated under direct laryngos-
copy with a 14-gauge plastic catheter. The left femoral artery and vein were then
exposed via 1 cm skin incision along the left groin followed by blunt dissection
of the surrounding connective tissue. A PE50 catheter (Becton Dickinson,
Franklin Lakes, NJ) was placed in the femoral artery and was connected to a
pressure transducer. Another PE50 catheter was inserted in the left femoral vein
for drug administration during resuscitation. Lead-II electrocardiogram was
recorded continuously. A rectal probe was inserted to monitor rectal body
temperature. Animals were mechanically ventilated (respiratory frequency 100
Copyright © 2020 by the Shock Society. Unauthoriz

TABLE 1. Baseline and post-resuscitation hemodyna

Parameters Baseline Post-R

Body weight (g) 451.4 (� 22.6)

MAP (mm Hg) 118.3 (� 8.6) 101

Hearth rate (beats/minute) 377 (� 25.2) 380

EtCO2 (mm Hg) 47 (� 4.6) 55.5

Time to ACA (MAP < 20 mmHg) 256 (� 21.1)

Cardiac arrest period (seconds) 344 (� 21)

CPR time (seconds) 119.9 (� 47.3)

Data are expressed as mean � standard deviation.
ACA indicates asphyxial cardiac arrest; CPR, cardiopulmonary resuscitation
return of spontaneous circulation.
bpm, tidal volume 0.55 mL/100 g) for 15 min before the induction of ACA.
ACAwas initially induced the initiation of 10 min of asphyxia, by disconnecting
the ventilator and clamping the intubation tube after chemical neuromuscular
blockade with intravenous vecuronium bromide (2 mg/kg). Cardiac arrest was
defined as mean arterial pressure <20 mm Hg. After 10 min of asphyxia,
regardless of the cardiac arrest period, resuscitation was initiated by unclamp-
ing the tracheal tube, administering epinephrine (7.5 mg/kg) and sodium
bicarbonate (1mEq/kg), applying precordial compressions with a pneumatically
driven mechanical chest compressor, and restarting mechanical ventilation with
100% oxygen at a ratio of 2:1. Thus, the total cardiac arrest period was
calculated as the interval between the time at mean arterial pressure <
20 mm Hg to the start of CPR. Successful resuscitation and ROSC were
defined as mean arterial pressure >60 mm Hg and return of spontaneous sinus
rhythm for 5 min. The animals that did not achieve ROSC or those that achieved
ROSC beyond 5 min of resuscitation were excluded from the study. Mechanical
ventilation was continued with 100% oxygen for 30 min post-ROSC and
gradually reduced to 21% within 1 h. Eventually, rats were weaned from the
ventilator and extubated. All catheters were withdrawn, the wound was sutured,
and the animals were allowed to recover. A heating lamp was used to maintain
the body temperature at 36.5� 0.58C. Respiratory rate, electrocardiogram, end-
tidal carbon dioxide, and mean arterial pressure were monitored continuously
during the whole procedure on a PC-based data-acquisition system supported by
WINDAQ software (DATAQ, Akron, Ohio). We did not monitor the oxygen
saturations in the current study. Animals in the Sham group underwent the same
surgical procedures and baseline ventilation without ACA induction. The
baseline and post-ROSC hemodynamics of the rats are presented in Table 1.

Experimental design—Three main experiments were performed, including
time course, outcome, and mechanism studies (Fig. 1).

Experiment 1—The time course expression of endogenous PAR-2 was
evaluated by Western blot at 6, 12, 24, and 72 h after ACA. Cellular coloc-
alization of PAR-2 with microglia and astrocytes was assessed by double-
immunofluorescence staining in Sham and ACA animals at 24 h following
the injury.

Experiment 2—The potential treatment effects of PAR-2 inhibition as well
as the detrimental effects of PAR-2 activation on ACA outcomes were
examined. Given the lack of a prior literature evidence regarding the
optimum dose for the use of selective PAR-2 inhibitor, we have administered
2 different doses of FSLLRY-NH2 (50 mg/rat or 100 mg/rat; Tocris Bioscience,
Minneapolis, Minn) intranasally at 1 h post-resuscitation. Selective PAR-2
agonist (AC55541; 30 mg/rat; Santa Cruz Biotechnology, Dallas, Tex)
was intranasally administered intranasally at 2 h post-resuscitation (unpub-
lished data). Short-term neurologic functions were assessed by using the
neurological deficit score (NDS), number of seizures, and T-maze test over
7 days after ACA. The effects of FSLLRY-NH2 and AC-55541 on hippocampal
neuron degeneration were evaluated by Fluoro-Jade C (FJC) staining at 7 days
following ACA. Based on better outcomes observed following the administra-
tion of FSLLRY-NH2 at a dose of 50 mg, this dose was used for the mechanism
study.

Experiment 3—The potential neuroprotective mechanism of PAR-2 inhibition
with FSLLRY-NH2 (50 mg/rat) through the inhibition of ERK1/2 phosphorylation
and subsequent release of proinflammatory cytokines, was evaluated with
Western blot at 24 h following ACA. Selective PAR-2 activator AC55541
(30 mg/rat) and ERK1/2 inhibitor PD98059 (Santa Cruz Biotechnology, Dallas,
Tex; 2 mL of 2 mmol/L) were used for intervention (25). Neurologic outcome was
assessed with the NDS in the mechanism study groups at 24 h following ACA.

Intranasal drug administration

All drugs were diluted in 20% ethanol and delivered via the intranasal route
(26). Briefly, rats were placed in supine position under 2% isoflurane anesthe-
sia. Then, a total volume of 36 mL of the (20% ethanol) or 2 different doses of
ed reproduction of this article is prohibited.

mics and the resuscitation time of the animals

OSC 5 min Post-ROSC 30 min Post-ROSC 60 min

– – –

.2 (� 9) 104 (� 10.2) 112.4 (� 10.7)

(� 12.9) 388.1 (� 14.6) 386.2 (� 28.5)

(� 5.1) 52.8 (� 2.7) 52.4 (� 4.2)

– – –

– – –

– – –

; EtCO2, end-tidal carbon dioxide; MAP, mean arterial pressure; ROSC,



FIG. 1. Experimental design for the present study. Three main experiments included time course study (experiment 1), short-term outcome study
(experiment 2), and mechanism study (experiment 3). d indicates days; h, hours; IHC, immunohistochemistry; i.n, intranasal; min, minutes; WB, Western blot.
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FSLLRY-NH2 (50 mg/rat or 150 mg/rat) were administered at 1 h after ACA.
AC55541 (30 mg/rat) was administered at 2 h after ACA while PD98059 (2 mL
of 2 mmol/L diluted in 34 mL of vehicle to reach the total volume of 36 mL) was
administered 30 min prior to the induction of ACA. The drugs were adminis-
tered into the left and right nares, alternating 5 mL into one naris, every 2 min for
a period of 10 min.

Assessment of neurologic performance

Neurobehavioral functions were assessed by a blinded investigator. Six
parameters including consciousness, respiration, corneal reflex, auditory reflex,
motor function, and behavior were evaluated to calculate the NDS, at 24 and
48 h and 7 days after ACA. In this test, higher scores indicated worse perfor-
mance and the total score of the test ranged between 0 (normal) and 500 (coma)
(27, 28). During the first 48 h after ACA, animals were also closely monitored
for a period of 4 hours/d for the number of seizure activities (at 24 and 48 h).
Cognitive deficits were evaluated by T-maze spontaneous alternation test at
7 days after ACA and the percentage of spontaneous alternation (number of
turns in each goal arm) were recorded. The results were expressed as percent
with respect to 50% reference (29).

Histological analyses

Under deep anesthesia, rats underwent a trans-cardiac perfusion of 100 mL
of chilled phosphate buffered saline (PBS, 0.01 M, pH 7.4), followed by 100 mL
of 10% formalin. The brains were harvested rapidly and fixed in 10% formalin
at 48C for 24 h, then dehydrated in 30% sucrose for another 72 h. After being
embedded into OCT (Scigen Scientific Gardena, Calif), the 10 mm coronal
brain sections were obtained at 3.8 mm posterior to the bregma on a cryostat
(CM3050S; Leica Microsystems, Bannockburn, III, Germany).

For double-immunofluorescence staining, the slices were washed in 0.01 M
of PBS (3�5 min) and blocked with 5% donkey serum at room temperature for
1 h. The slices were then incubated overnight at 48C with the following primary
antibodies: anti-PAR-2 (1:200), anti-Iba-1 (1:200), anti-GFAP (1:200) (all from
Abcam, Cambridge, Mass). On the following day, the sections were incubated
Copyright © 2020 by the Shock Society. Unauthorize
with appropriate fluorescence-conjugated secondary antibodies (1:100, Jackson
Immuno Research, West Grove, Pa) at room temperature for 1 h. The slides
were visualized and photographed under a fluorescence microscope (BZ-X800;
Keyence Corporation, Itasca, Ill) (30, 31).

Fluoro-Jade C Ready-to-Dilute Staining Kit (Biosensis, USA) was used for
FJC staining according to the manufacturer’s instructions. The number of FJC-
positive neurons was counted with ImageJ software (ImageJ 1.5, NIH, USA).
The data were presented as the number of FJC-positive neurons as per mm2 in
the fields (26).

Western blot analysis

Under deep anesthesia, rats underwent a trans-cardiac perfusion of 100 mL of
ice-cold PBS (0.01 M, pH 7.4) before the brains were removed rapidly. Brain
samples were snap frozen in liquid nitrogen and stored in�808C until use. During
preparation, samples were homogenized in RIPA lysis buffer (Santa Cruz Biotech-
nology Inc, Tex) before centrifuging at 14,000 g at 48C for 30 min. Protein
concentrations of the supernatants were measured using detergent compatible assay
(DC protein assay, Bio-Rad Laboratories, Calif). Equal amounts of protein (30 mg)
were separated by SDS-PAGE gel electrophoresis and transferred onto nitrocellu-
lose membranes which were blocked with 5% non-fat blocking grade milk (Bio-
Rad, Hercules, Calif) and incubated overnight at 48C with the following primary
antibodies: anti-PAR-2 (1:500), anti-ERK1/2 (1:500), anti-p-ERK1/2 (1:500), and
anti-b-actin (1:2,000) (all from Santa Cruz Biotechnology, Dallas, Tex), anti-IL-6
(1:500) and anti-TNF-a (1:500) (all from Abcam, Cambridge, Mass). On the
following day, the membranes were incubated with the appropriate secondary
antibody (1:2,000, Santa Cruz, Dallas, Tex) at room temperature for 2 h. The bands
were visualized with ECL Plus chemiluminescence reagent kit (Amersham Biosci-
ence, Pa). The immunoblot densities were quantified using the ImageJ software
(Image J 1.4, NIH, USA). b-actin was used as internal control (32).

Statistical analysis

All data were presented as the mean and standard deviation (mean � SD)
and analyzed using GraphPad Prism 7 (GraphPad Software, San Diego, Calif).
d reproduction of this article is prohibited.
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One-way ANOVA followed by Tukey post hoc test was used for comparison
among multiple groups. Log-rank test was used for comparing survival
distribution between groups. P< 0.05 was considered statistically significant.
RESULTS

Characteristics of the asphyxial cardiac arrest rat model
and mortality

A total of 116 rats were randomly divided into Sham (n¼ 18)

and ACA (n¼ 98) groups. ROSC was achieved in 71 (72.5%) of

the 98 rats that were subjected to ACA. Only the resuscitated

rats that achieved ROSC (n¼ 71) were included for our experi-

mental studies. Five of the animals which achieved ROSC died

during the study period (Post-ROSC mortality, 7%). There was

no significant difference in the mortality rates among ACA

groups (P¼ 0.7075).

The baseline as well as post-resuscitation hemodynamics of

the subjects are summarized in Table 1. During the ACA rat

model, each animal was subjected to 10-min asphyxia. Accord-

ingly, the cardiac arrest period as well as cardiopulmonary

resuscitation time differed between animals. The mean time

from the initiation of asphyxia to the reach of pulseless

electricity (MAP � 20 mm Hg) was 256� 21.12 s, thus result-

ing in a mean cardiac arrest period of 344� 21 s. There was no
Copyright © 2020 by the Shock Society. Unauthoriz

FIG. 2. Time course expression of endogenous PAR-2 following ACA. (A)
PAR-2 over 72 h following ACA showed significantly increased expression of PAR-2
the shams. Data are expressed as mean� SD. n¼4/group. (B) ANOVA, Tukey. *P<
immunofluorescence staining of PAR-2 with microglia (Iba-1) and astrocytes (GFAP
GFAP-positive astrocytes (green) in both Sham and ACA groups (white arrows). T
n¼2/group. ACA indicates asphyxial cardiac arrest; GFAP, glial fibrillary acidic p
significant difference of either time to cardiac arrest or arrest

period among groups (data not shown).

Temporal expression of endogenous PAR-2 in the brain
after ACA

Western blot analysis showed that PAR-2 levels were sig-

nificantly increased as early as 6 h after ACA, peaked at 24 h

and the elevation was sustained until 72 h compared to the

Sham group (Fig. 2A).

Double-immunofluorescence staining of PAR-2 with cal-

cium-binding adaptor molecule 1 (Iba-1, a marker for micro-

glia) and glial fibrillary acidic protein (GFAP, a marker for

astrocytes) revealed that PAR-2 was expressed in microglia and

astrocytes both in Sham and ACA animals at 24 hours following

ACA. There were more PAR-2-positive microglia and astro-

cytes in the ACA group compared to the Sham group (Fig. 2B).

Inhibition of PAR-2 attenuated neurobehavioral
impairment following ACA

ACA resulted in significant neurological impairment com-

pared to the Sham group, as defined by the higher NDS and

higher number of seizures at 24 and 48 h, as well as the lower

spontaneous alteration in the T-maze test at 7 days after ACA.
ed reproduction of this article is prohibited.

Representative Western blot images and quantitative analyses of endogenous
which started at 6 h following ACA and remained high up to 72 h compared to
0.05 compared to Sham group. Representative microphotographs of double-

) showed that PAR-2 (red) colocalized with Iba-1-positive microglia (green) and
op panel indicates the location of staining (small red box). Scale bar¼50 mm,
rotein; h, hours; Iba-1, calcium-binding adaptor molecule 1.



FIG. 3. Effect of FSLLRY-NH2 on neurocognitive functions after ACA. Effects of FSLLRY-NH2 on neurological functions were assessed by (A) NDS at 24
and 48 h, (B) number of seizures at 24 and 48 h, and (C) T-maze test at 7 days after ACA. ACA significantly worsened performance while treatment with FSLLRY-
NH2 at a dose of 50 mg significantly improved neurological functions in all tests following ACA. FSLLRY-NH2 treatment at a dose of 100 mg was not effective in
NDS at 24 h and T-maze test. AC55541 significantly deteriorated neurobehavioral outcome at all time points compared to the vehicle treated ACA group. Data are
expressed as mean� SD. n¼6/group. ANOVA, Tukey. **P<0.001 vs. Sham group, *P<0.05 vs. Sham group, #P<0.05 vs. ACAþ vehicle group. ACA indicates
asphyxial cardiac arrest; d, days; h, hours.
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Treatment with FSLLRY-NH2 at a dose of 50 mg significantly

improved performance in all tests and at all time points compared

to vehicle treated ACA rats. FSLLRY-NH2 treatment at a dose of

100 mg effectively improved neurologic outcomes as well; how-

ever, no significant difference was reached in NDS at 24 h and the

T-maze test at 7 days after ACA. Consistently, the administration

of PAR-2 agonist AC55541 markedly worsened NDS and

T-maze performance and increased the number of seizures

compared to the ACA þ vehicle group (Fig. 3, A–C).

Inhibition of PAR-2 reduced hippocampal neuronal
degeneration at 7 days following ACA

Fluoro-Jade C staining revealed that ACA markedly

increased neuronal degeneration within the hippocampal

CA1 region at 7 days after ACA. Compared to the ACA þ
vehicle group, the inhibition of PAR-2 with FSLLRY-NH2 at

both doses of 50 mg and 100 mg significantly reduced the

number of FJC-positive neurons within the hippocampal

CA1 region while activation of PAR-2 with AC55541
Copyright © 2020 by the Shock Society. Unauthorize
significantly enhanced the number of degenerating cells

(Fig. 4, A and B).

Inhibition of PAR-2 showed anti-neuroinflammatory effect
by suppressing the phosphorylation of ERK1/2

Western blotting was performed to evaluate the potential

mechanism of neuroprotection provided by PAR-2 inhibition

at 24 h after ACA. The results showed that the expression of

PAR-2, p-ERK1/2 as well as proinflammatory cytokines

TNF-a and IL-6 were significantly increased, while ERK1/

2 levels did not change at 24 h after ACA compared with the

Sham group. Treatment with FSLLRY-NH2 significantly

reduced PAR-2, p-ERK1/2, TNF-a, and IL-6 levels compared

to the vehicle treated ACA group. On the other hand, further

activation of PAR-2 with AC55541 aggravated the neuro-

inflammatory response by increasing the protein levels of

p-ERK1/2. This proinflammatory effect of AC55541 was

abolished by the administration of potent ERK1/2 inhibitor

PD98059, confirming p-ERK1/2 as the downstream effector
d reproduction of this article is prohibited.



FIG. 4. Effect of FSLLRY-NH2 on neuronal degeneration after ACA. Representative microphotographs (A) and quantitative analyses (B) of FJC-positive
cells revealed significant neuronal degeneration in hippocampal CA1 region at 7 days after ACA. AC55541 further exacerbated the number of FJC-positive cells in
rats subjected to ACA while FSLLRY-NH2 at doses of 50 mg and 150 mg markedly reduced hippocampal neuronal degeneration. Data are expressed as mean �
SD. n¼6/group. ANOVA, Tukey. Scale bar¼100 mm. **P<0.001 vs. Sham group, ##P<0.001 vs. ACA þ vehicle group, #P<0.05 vs. ACA þ vehicle group. ACA
indicates asphyxial cardiac arrest.
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of PAR-2 mediated neuroinflammation following ACA

(Fig. 5, A–F).

Inhibition of ERK1/2 reversed the detrimental effect of
PAR-2 activation on neurologic function following ACA

The inhibition of PAR-2 with FSLLRY-NH2 significantly

improved the NDS compared to the ACA þ vehicle group

at 24 h following ACA. Further activation of PAR-2 with

AC55541 markedly deteriorated neurological performance

compared to the ACA þ vehicle group, which was offset by

the ERK1/2 inhibitor, PD98059 (Fig. 5G).
DISCUSSION

Using a rat model of ACA, we found that GCI and reperfu-

sion increased PAR-2 expression in the brain and was associ-

ated with poor neurobehavioral performance, higher protein

level of p-ERK1/2, and proinflammatory cytokines of IL-6 and

TNF-a, and more hippocampal CA1 neuron degeneration in

resuscitated rats. Consistently, the inhibition of PAR-2 reduced
Copyright © 2020 by the Shock Society. Unauthoriz
neuroinflammation and improved the neurological functions

by suppressing ERK1/2 phosphorylation. On the other hand,

PAR-2 agonist further aggravated the CA-induced neuroin-

flammatory response leading to more neuronal degeneration

in the hippocampal CA1 region and deteriorated neurological

impairment caused by ACA.

Tryptase, which is known to potentiate the release of proin-

flammatory cytokines from the peripheral immune cells (33),

microglia (20), and astrocytes (21), is the major secretory

protein of mast cells. The activator effect of tryptase on micro-

glia and astrocytes was mediated through the activation of

PAR-2 and resulted in the release of IL-6 and TNF-a in earlier

in-vitro studies (20, 21). PAR-2, the endogenous receptor for

tryptase is a unique member of the PAR family as the other

members (PAR-1, 3, and 4) are activated by thrombin (17).

Increased expression and activation of PAR-2 have been impli-

cated in neuroinflammation and neurodegeneration (34–36).

Similarly, following ischemic brain injury, upregulated expres-

sion of PAR-2 was previously demonstrated both in-vivo and

in-vitro (37–39). In addition to its contribution to the activation
ed reproduction of this article is prohibited.



FIG. 5. Inhibition of ERK1/2 abolished the neuroinflammatory effect of PAR-2 activation at 24 h after ACA. Representative Western blot images (A) and
quantitative analysis of PAR-2 (B), ERK1/2 (C), p-ERK1/2 (D), IL-6 (E), and TNF- a (F) in the brain revealed increased protein levels at 24 h following ACA except
for ERK1/2 compared to the Sham group. Treatment with FSLLRY-NH2 significantly reduced p-ERK1/2 and proinflammatory cytokine levels compared to the ACA
þ vehicle group. Further activation of PAR-2 with AC55541 only aggravated the neuroinflammatory response by increasing p-ERK1/2 expression. Potent ERK1/2
inhibitor PD98059 reversed the neuroinflammatory effect of AC55541. Neurologic outcome assessment with NDS at 24 h following ACA (G) revealed that the
inhibition of PAR-2 significantly improved neurologic function while AC55541 alone significantly worsened performance compared to the ACA þ vehicle group.
This detrimental effect of AC55541 on NDS was reversed by the ERK1/2 inhibitor, PD98059. Data are expressed as mean � SD. n¼6/group. ANOVA, Tukey.
**P<0.001 vs. Sham group, *P<0.05 vs. Sham group, #P<0.05 vs. ACAþvehicle group, &&P<0.001 compared to ACAþ AC55541 group, &P<0.05 compared
to ACA þ AC55541 group. ACA indicates asphyxial cardiac arrest.
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of microglia and astrocytes during neuroinflammation, the

activation of PAR-2 also resulted in neuronal cell death and

disruption of the blood–brain barrier (16, 40, 41). During the

tryptase mediated neuroinflammatory response, PAR-2 led to

the activation of mitogen-activated protein kinases (MAPK)

and nuclear factor kappa-B (NFkB) signaling pathways that are

involved in the generation of proinflammatory cytokines (15,

20). Interestingly, PAR-2 mediated the I/R injury following its

activation by tryptase in organs other than the brain such as the

lungs (42) and small intestines (43) as well. In addition, some

studies have suggested a neuroprotective role of PAR-2 by

activating neuronal ERK1/2 signaling and triggering reactive

astroglial activation under ischemic conditions (44), which was

considered pathological by some others (9). Nonetheless, the

controversial results obtained from the abovementioned studies

evaluating the contribution of PAR-2 to ischemic brain injury

could have resulted from the variations in the functional role of
Copyright © 2020 by the Shock Society. Unauthorize
PAR-2 in different cell types and in different kinds of injury

mechanisms. In fact, consistent with previous works showing

the contribution of mast cell-derived tryptase to ischemic brain

injury (45), we recently observed elevated levels of tryptase in

the brain following CA in rats. Moreover, inhibition of tryptase,

the endogenous PAR-2 ligand, attenuated hippocampal neuro-

nal degeneration and led to improved neurocognitive functions

by diminishing neuroinflammation which was mediated by

PAR-2 and its downstream effectors p38 MAPK and NFkB

signaling pathways (unpublished data). In the present study,

we have focused on the potential neuroprotective role of

the inhibition of PAR-2-mediated neuroinflammation at the

receptor level.

Inhibition of the neuroinflammatory response following GCI

is known to reduce I/R-induced hippocampal neuronal death

and learning and memory deficits (46). Evidence from both

clinical human studies and experimental research has pointed to
d reproduction of this article is prohibited.
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the role of mast cells in neuroinflammation-associated cogni-

tive dysfunction (47, 48). However, despite emerging evidence

underlining the intercourse between mast cell-derived tryptase

and PAR-2 in the regulation of neuroinflammation, little

research has focused on the involvement of PAR-2 in such

neurocognitive decline so far. Additionally, although a potential

protective role of neuronal PAR-2 was previously suggested in

neuroinflammation associated cognitive impairment (49), a

negative regulatory role of PAR-2 activation on learning and

memory was reported afterwards (50). In line with previous

evidence underlining the contribution of PAR-2 to neuroin-

flammation associated conditions, in the present study, we

demonstrated less hippocampal neuronal degeneration and

improved short-term neurocognitive functions by inhibiting

the ACA-induced activation of PAR-2 and the benefit observed

in T-maze neurocognitive performance correlated with the

extinguished neuroinflammatory condition.

Increased activation of ERK1/2 persisting up to 24 h post-

ROSC was reported in previous ACA models (24). Moreover,

inhibition of ERK1/2 signaling by prohibiting its phosphoryla-

tion was associated with improved survival rates and better

neurologic outcomes (24). Earlier studies also reported that

ERK1/2 was one of the MAPK involved in the activation of

microglia and astrocytes and subsequent release of proinflam-

matory cytokines through the activation of PAR-2 (20, 21).

Consistently, we observed increased expression of p-ERK1/2

together with enhanced levels of proinflammatory cytokines in

the brain following ACA. Moreover, augmented phosphorylation

and thus, activation of ERK1/2 was due to the increased expres-

sion and activation of PAR-2 in the ischemic brain such that

inhibition of PAR-2 with FSLLRY-NH2 attenuated p-ERK1/2

levels. Conversely, activation of PAR-2 by exogenous PAR-2

agonist resulted in further increase in the protein levels of

PAR-2 and p-ERK1/2, IL-6 and TNF-a. In our study, the

augmented release of proinflammatory cytokines in response

to overexpression of PAR-2 with AC55541 was abolished by the

administration of ERK1/2 inhibitor PD98059, which suggested

that p-ERK1/2 was the downstream effector of PAR-2 in the

mediation of CA-induced neuroinflammation. Neurologic

deficits were associated with the status of the neuroinflammation

since FSLLRY-NH2 significantly improved the NDS which was

markedly worsened with AC55541 alone at 24 h following ACA.

Consistently, this detrimental effect of AC55541 on neurological

function was also offset by PD98059.

Collectively, our results show the deleterious effects of PAR-2-

mediated neuroinflammation on hippocampal neuronal degen-

eration and associated neurocognitive decline after ACA. The

neuroprotection provided by the inhibition of PAR-2 was at least

partly mediated through the ERK1/2 signaling pathway. How-

ever, it remains to be determined if other mechanisms such as the

blood–brain barrier preservation or antineuronal apoptosis also

contribute to the neuroprotection provided by PAR-2 inhibition.
CONCLUSIONS

Inhibition of PAR-2 prevents CA-associated short-term hip-

pocampal neuronal degeneration and neurocognitive dysfunc-

tion by attenuating neuroinflammation in a rat model of ACA.
Copyright © 2020 by the Shock Society. Unauthoriz
Thus, targeting the PAR-2-mediated neuroinflammatory

response remains a promising therapeutic strategy to improve

post-CA neurocognitive decline.
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