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Stroke causes brain dysfunction and neuron death, and the lack of
effective therapies heightens the need for new therapeutic
targets. Here we identify prokineticin 2 (PK2) as a mediator for
cerebral ischemic injury. PK2 is a bioactive peptide initially discov-
ered as a regulator of gastrointestinal motility. Multiple biological
roles for PK2 have been discovered, including circadian rhythms,
angiogenesis, and neurogenesis. However, the role of PK2 in neu-
ropathology is unknown. Using primary cortical cultures, we
found that PK2 mRNA is up-regulated by several pathological
stressors, including hypoxia, reactive oxygen species, and excito-
toxic glutamate. Glutamate-induced PK2 expression is dependent
on NMDA receptor activation and extracellular calcium. Enriched
neuronal culture studies revealed that neurons are the principal
source of glutamate-induced PK2. Using in vivo models of stroke,
we found that PK2 mRNA is induced in the ischemic cortex and
striatum. Central delivery of PK2 worsens infarct volume, whereas
PK2 receptor antagonist decreases infarct volume and central in-
flammation while improving functional outcome. Direct central
inhibition of PK2 using RNAI also reduces infarct volume. These
findings indicate that PK2 can be activated by pathological stimuli
such as hypoxia-ischemia and excitotoxic glutamate and identify
PK2 as a deleterious mediator for cerebral ischemia.
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Ischemic injuries such as stroke are devastating neurological
insults that affect about 750,000 people in the United States
each year (1). During such injury, rapid release of glutamate
triggers an increase in free cytosolic Ca®>* concentrations and
the generation of reactive oxygen species (2, 3), activating a
variety of genes (3-5), some with protective, beneficial effects
(e.g., neurotrophins) (6) and others with deleterious ones (e.g.,
proinflammatory cytokines) (7-9). Currently, the only approved
pharmacological treatment for stroke is the recombinant throm-
bolytic tissue plasminogen activator, which has a narrow time
window (3-4.5 h) and is contraindicated in hemorrhagic stroke
(10, 11). Identifying molecules that participate in the patho-
logical mechanisms underlying ischemic injury will help eluci-
date potential therapeutic targets.

Prokineticins 1 (PK1) and 2 (PK2), also known as “endocrine
gland vascular endothelial factor” and “Bombina varigata 8,” are
a pair of secreted bioactive peptides that are highly conserved
across species (12, 13). Since their initial discovery in 2001,
multiple physiological roles for PKs have been discovered, in-
cluding gastrointestinal motility (12), generation of circadian
rhythms (14-16), angiogenesis (17, 18) and choroidal neo-
vascularization (19), olfactory bulb neurogenesis (20), neuro-
excitation (21-24), inflammation (25-28), and reproduction (29,
30). Recent evidence implicated PK2 in a human disease in
which different point mutations in genes encoding PK2 or its
receptor (PKR2) lead to a type of Kallmann syndrome (29),
a disease characterized by abnormal olfactory function and un-
derdeveloped gonads caused by a deficiency in hypothalamic
gonadotropin-releasing hormones. Mice lacking PK2 or PKR2
also exhibited similar phenotype (20, 31).
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Despite the versatile effects of PKs during homeostasis, the role
of PKs in neuropathology is unclear. Analyses of the PK promoter
revealed the existence of multiple copies of hypoxia-responsive
elements (HRESs) (17), suggesting that their transcription can be
regulated during hypoxic conditions. Indeed, both PKs have been
shown to be inducible by hypoxia in human adrenal carcinoma
cells (17). However, it is unknown whether PK expressions are
activated in neurological insults such as stroke and, if so, whether
PKs play a protective or deleterious role. PK2 has been shown to
protect against NMDA excitotoxicity in cerebellar cultures (32),
to protect cardiomyocytes against oxidative stress (33), and to
promote neurogenesis in the olfactory bulb (20). However, PK2
also induces monocyte and macrophage migration and stimulates
LPS-induced production of proinflammatory cytokines such as IL-
1 and IL-12 in mouse peritoneal macrophages (25). Thus, the
current knowledge of PKs suggests intriguing possibilities for their
role in neurological insults such as stroke.

In this study we investigated the role of PK2 in cerebral is-
chemic injury. Using primary cortical cultures, we investigated
PK2 expression after various insults. We also examined the ex-
pression profile of PK2 in the ischemic rat brain after in vivo
focal ischemia. Furthermore, we investigated the effects of en-
hancing or blocking PK2 on infarct volume, inflammatory in-
filtration, and behavioral outcome after stroke. Our data show
that PK2 is a deleterious mediator for ischemic injury and
identify PK2 as a potential therapeutic target for stroke.

Results

PK2 Expression Is Up-Regulated by Pathological Insults. We first
examined PK2 expression after exposure to various pathological
insults (Fig. 1). We used primary cortical cultures, which provide
a more controlled environment than in vivo, allowing us to assess
the direct effects of various pathological insults. Using quanti-
tative PCR (qPCR), we found that PK2 expression is up-regu-
lated by 6 h of hypoxia (Fig. 14) and reactive oxygen species (750
uM hydrogen peroxide) (Fig. 1B). Interestingly, treatment with
corticosterone (1 pM) or lipopolysaccharide (10 pg/mL) did not
induce PK2 expression (Fig. 1 C and D).

Treatment with excitotoxic glutamate also induced PK2 ex-
pression, with the greatest potency in the 250-500 nM range
(Fig. 1E). NMDA (100 pM) also up-regulated PK2 expression,
an effect blocked by the noncompetitive NMDA receptor
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Fig. 1.

PK2 mRNA is up-regulated by various pathological insults in vitro. Primary cortical cultures were treated with 6 h of (A) hypoxia, (B) reactive oxygen

species (hydrogen peroxide, 750 uM), (C) corticosterone (1 uM), (D) LPS (10 ug/mL), or (E) excitotoxic glutamate (2-1,000 uM). PK2 mRNA is induced by
hypoxia, reactive oxygen species, and glutamate. n = 4-6. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t test or one-way ANOVA with Bonferroni’s post hoc
test. (F) Glutamate-induced PK2 expression is dependent on NMDA receptor activation and extracellular calcium. Error bars represent SEM. n = 7-11, ***P <

0.001, two-way ANOVA, Bonferroni’'s post hoc test.

antagonist MK801 (5§ pM) (Fig. S1). Glutamate-induced PK2
expression was dependent on NMDA receptor activation, be-
cause treatment with 50 pM DL-2-amino-5-phosphonopentanoic
acid, a competitive NMDA receptor antagonist) completely
blunted glutamate’s actions, whereas treatment with 50 pM
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) or 10-20 pM ni-
fedipine (a calcium-channel blocker) had no effect (Fig. 1F). The
extracellular Ca®* chelator EGTA (2 mM) also completely abol-
ished this effect (Fig. 1F), indicating that extracellular Ca** is
required for glutamate-induced PK2 expression.

Cellular Expression of PK2 and Its Receptors. To determine the cell
type(s) expressing PK2 and its receptors, we examined their
mRNA expression in neuron-enriched, astrocyte-enriched, and
microglia-enriched primary cultures using qPCR (Fig. 24 and B).
During normal conditions, PK2 mRNA was detected mainly in
neurons (Fig. 2B). Interestingly, PK1 receptor (PKR1) mRNA
expression was higher in microglia, whereas PK2 receptor
(PKR2) mRNA expression was higher in neurons (Fig. 2B). After
treatment with excitotoxic glutamate (200 pM), we found that
glutamate-induced PK2 occurred mainly in neurons (Fig. 2C),
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Fig. 3. Time course of in situ of PK2 hybridization mRNA in a model of an
in vivo stroke. (A) Cresyl-violet staining of brains subjected to moderate
(striatum infarct only) and severe (striatum and cortex) stroke in the tMCAO
model. (B) In situ hybridization showed that PK2 expression is induced
biphasically in the brains subjected to severe stroke: A small peak at 3 h is
followed by a larger peak at 24 h. (C) Representative autoradiographic
images of PK2 expression 1, 3, 6, 12, 24, and 48 h after tMCAO. Error bars
represent SEM. n = 5-6 per time point.

although a small increase also occurred in astrocytes. PK2 mRNA
was not altered by glutamate in microglia (Fig. 2C).

PK2 mRNA Up-Regulation After Transient Intraluminal Middle Ce-
rebral Artery Occlusion. Next we examined whether PK2 mRNA is
up-regulated after an in vivo stroke model. Using a model of
transient intraluminal middle cerebral artery occlusion
(tMCAO) (Fig. 34), we examined PK2 mRNA at various time
points after reperfusion. In situ hybridization showed that PK2
mRNA is induced specifically in the ischemic striatum as early as
1 h after reperfusion (Fig. 3 B and C). Time-course analysis in-
dicated a biphasic pattern of PK2 mRNA in severely infarcted
brains, with a small peak at 3 h followed by a larger peak at 24 h
after reperfusion, whereas stroke brains subjected to moderate
stroke exhibit only the first peak at 3 h (Fig. 3 B and C). We also
used qPCR to verify PK2 expression after MCAO. In both ex-
perimental models of stroke, qPCR showed that PK2 mRNA is
induced significantly in the ischemic striatum (Fig. S2B), ische-
mic core, and infarct regions (Fig. S2C). PK2 expression is de-
pendent on the severity of stroke damage, because prolonged
MCAO (2-h vs. 1-h tMCAO) causes a significantly higher ex-
pression of PK2 (Fig. S3). Sense control for PK2 showed un-
detectable levels, indicating that stroke-induced PK2 expression
is specific (Fig. S4). Interestingly, PKR2 mRNA also is up-reg-
ulated in the ischemic cortex after MCAO (Fig. S5).

Enhancing PK2 Levels Worsens Infarct Volume. The induction of
PK2 expression after stroke suggests a potential role of PK2 as
a mediator of ischemic brain injury. To investigate whether the
stroke-induced PK2 is beneficial or deleterious, we manipulated
PK2 levels poststroke and examined its effects on infarct volume.
To increase PK2 levels, we administered recombinant PK2
intracerebroventricularly (ICV) after stroke. This administration
resulted in a worsened infarct volume (Fig. 4 4 and B); 10 pmol
PK2 caused the most dramatic effect on infarct volume, whereas
no significant effect was observed with 1 pmol PK2 (Fig. 4B).
Please note that the endotoxin level for all of the PK2 and
control samples was below 0.25 endotoxin units (EU)/kg. The
Food and Drug Administration/United States Pharmacopeial
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Fig. 4. ICV PK2 worsened ischemic injury. (A) (Left) Representative images
of TTC-stained brain treated with ICV saline (SAL) or PK2. White area indi-
cates infarct tissue. (Right) Quantitation of infarct volume in brains treated
with 300 pmol saline or PK2 (from rostral to caudal). ICV PK2 increased in-
farct volume significantly. n = 6 per group. *P < 0.05, **P < 0.01. Two-way
ANOVA with Bonferroni’s post hoc test indicates a significant difference
between levels 4, 5, and 6. (B) Quantitation of infarct volume in brains
treated with 1, 10, or 300 pmol saline (open bar) or PK2 (black and hatched
bars). Treatment with 10 pmol PK2 had the most severe effect on infarct
volume. Error bars represent SEM. n = 6-7 per group. *P < 0.05, **P < 0.01,
one-way ANOVA with Bonferroni’s post hoc test.

Convention standard for endotoxin limit is 5 EU-kg™"- h™" for
parental drugs and 0.25 EU-kg™'- h™! for intrathecal injections
(34). Levels below this limit are considered nonpyrogenic. Thus,
the effects we observed in our in vivo studies of PK2 in stroke
were not caused by endotoxin contamination.

Blocking PK2 Actions Reduces Infarct Volume and Central In-
flammation. To block PK2 actions, we used a small-molecule
PK2 receptor antagonist (PKR-A) that blocks both PKR1 and
PKR2. PKR-A is a morpholine carboxamide synthesized in the
laboratory of Q.-Y. Z. (Fig. 54) (35). PKR-A has an ICsq 0f 48.1 +
4.6 nM for PKR2 (Fig. 5B), measured by an aequorin-based
Ca’* luminescent assay in CHO cells stably expressing the
photoprotein aequorin and PKR2, as described previously (36).
Lp. delivery of PKR-A (75 mg/kg) reduced infarct volume when
given 30 min poststroke (Fig. 5C), compared with the poly-
ethylene glycol (PEG)-treated control group. Treatment with
PKR-A poststroke also decreased the number of CD68* cells in
the infarct (Fig. S6A4). Similarly, a decrease in neutrophil in-
filtration in the infarct was observed in antagonist-treated ani-
mals, as indicated by myeloperoxidase immunostaining (Fig.
S6B). In contrast, ICV PK2 significantly increased CD68™ cells
in the ischemic striatum (Fig. S6C).

Although i.p. delivery of PK2R-A reduced ischemic injury, it
remains unclear whether this protection was secondary to other
peripheral effects of the antagonist. To address this question,
we designed shRNAs OB1 and OB2 and cloned them into
a lentiviral vector to knockdown stroke-induced PK2 expres-
sion directly in the striatum and examined the effects of this
knockdown on infarct volume (Fig. 5D). Initial screening of
shRNA candidates in HEK 293 cells indicated that OB1 and
OB2 shRNAs were most effective in PK2 knockdown (Fig. S5E).
Using primary striatal cultures, we showed that excitotoxic
glutamate (250 pM) induced PK2 mRNA (Fig. 5F), and OB2
shRNA inhibited glutamate-induced PK2 expression by ~60%
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Fig. 5. Blocking PK2 actions reduced infarct volume after stroke. (A) Chemical structure of PKR-A. (B) The PKR-A ICso for PKR2 is 48.1 + 4.6 nM, measured by
an aequorin-based Ca®* luminescent assay in CHO cells stably expressing the photoprotein aequorin and PKR2. RLU, relative luminescence unit. (C) I.p. de-
livery of PKR-A (75 mg/kg) significantly reduced infarct volume when given 30 min poststroke. Error bars represent SEM. n = 6-7 per group. *P < 0.05,
Student’s t test. (D) Central delivery of lentiviral-mediated RNAi against PK2 reduced ischemic injury. Diagram displays sequence of shRNAs against PK2 and
Scrambled negative control (Scr). (E) Screening of shRNA candidates in HEK cells indicated that shRNA candidates OB1 and OB2 are the most effective in
knockdown of PK2 expression. (F) Glutamate (250 uM) induced PK2 expression in primary striatal cultures. n = 5. **P < 0.01, Student’s t test. (G) Lentiviral-
mediated OB2 shRNA inhibited glutamate-induced PK2 expression as compared with Scrambled negative control. n = 4-5. *P < 0.05, Student'’s t test. (H)
Confocal images of GFP, OB2, and Scrambled expression in the striatum. Lentivirus was delivered into striatum stereotaxically 1 wk before dMCAO. (/)
Lentiviral-mediated OB2 shRNA reduced infarct volume. Error bars represent SEM. n = 11-13 per group. *P < 0.05, Student’s t test. (Scale bar, 0.1 mm.)

(Fig. 5G). We next tested the effects of lentivirus-OB2 shRNA
in vivo. We delivered lentivirus-OB2 shRNA into the striatum
and confirmed its transduction by GFP fluorescence (Fig. SH).
Using an in vivo model of stroke [permanent distal MCA oc-
clusion (dAMCAO) with 30-min bilateral common carotid artery
occlusion that produces infarct only in the cortex], we showed
that lentiviral-mediated knockdown of PK2 results in reduced
infarct volume (Fig. 5I).

Blocking PK2 Action Improves Behavioral Functional Outcome. Al-
though PKR-A reduced infarct volume and central inflam-
mation, it is important to examine if this protection translates
into an improvement in functional outcome. A single dose of
PKR-A (75 mg/kg) was given i.p. 30 min poststroke, and be-
havioral tests were performed at days 2, 4, 7, 14, and 21 d after
reperfusion (Fig. 64). PKR-A treatment significantly improved
behavioral outcome, especially at day 2 and day 4 poststroke, as
shown by the vibrissa-elicited forelimb placing test (whisker test)
(Fig. 6B). PKR-A treatment accelerated recovery; PKR-A-
treated animals started to recover at day 4, and all PKR-A-
treated animals reached 100% recovery by day 14 (Fig. 6B). In
contrast, the control PEG-treated animals did not start to re-
cover until day 7 and did not recover completely even by day 21.
The forelimb flexion test also showed a significant improvement
at day 2 in the PKR-A group (Fig. 6C).

Discussion

Stroke is an acute neurological insult that disrupts brain func-
tion and causes neuron death. Understanding the molecular
changes that occur during stroke will help identify potential
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therapeutic targets. This study provides evidence that PK2
mediates cerebral ischemic injury. We showed that PK2 mRNA
can be up-regulated in primary cortical cultures by various
pathological insults, including hypoxia, reactive oxygen species,
and excitotoxic glutamate (Fig. 1 4, B, and E). Glutamate-in-
duced PK2 expression is NMDA receptor-dependent (Fig. 1F)
and occurs mainly in neurons (Fig. 2 B and C). Using two in vivo
models of stroke, we showed that PK2 expression is induced in
the ischemic striatum and cortex (Fig. 4 B and C), suggesting
that stroke-induced PK2 expression is a general response to is-
chemic injury. Interestingly, PK2 expression is induced in a bi-
phasic manner in brains that experienced severe stroke (Fig. 3),
and the level of PK2 expression increases with severity of
damage (Fig. S3). To determine the role of stroke-induced PK2,
we examined the effects of enhancing or blocking PK2 post-
stroke. Exogenous delivery of PK2 poststroke worsened infarct
volume (Fig. 4), whereas blocking PK2 with a PKR-A reduced
infarct volume (Fig. 5C), decreased central inflammation (Fig.
S6 A and B), and improved behavioral outcome (Fig. 6). Cen-
tral inhibition of PK2 using RNAI also reduced ischemic injury
(Fig. 5I). Together, these data suggest that injury-induced PK2
expression is deleterious and that blocking PK2 after stroke may
be therapeutic.

Our data show that PK2 expression can be induced by a num-
ber of pathological insults, including hypoxia, reactive oxygen
species, and excitotoxic glutamate (Fig. 1 4, B, and E). These
results suggest that the stroke-induced biphasic expression of
PK2 may be driven by a number of factors released during stroke
(Fig. 2 B and C). Because glutamate can up-regulate PK2 ex-
pression potently (Fig. 1E), this initial expression of PK2 at 1-3 h
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Fig. 6. Blocking PK2 actions improved functional behavioral outcome after
stroke. (A) Diagram of the experimental design for behavior studies. A single
dose (75 mg/kg) of PK2 receptor antagonist was given 30 min after stroke,
and neurological tests were performed on days 2, 4, 7, 14, and 21 d after
reperfusion. Baseline data were collected 7 d before stroke. PKR-A signifi-
cantly improved neurological outcome in the whisker test (B) and in the
forelimb flexion test (C). Error bars represent SEM. n = 10-12. *P < 0.05, **P <
0.01, two-way ANOVA with Bonferroni's post hoc test.

may be driven predominantly by the rapid release of excitotoxic
glutamate upon injury, whereas the larger peak of PK2 expres-
sion at 24 h after injury may be driven by other factors in addition
to glutamate. A likely candidate is transcription factor hypoxia-
inducible factor 1-a, which peaks around 12-24 h after hypoxia-
ischemia (37) and in which the PK2 promoter contains an HRE
(17). In addition to an HRE, a bioinformatic search using Bio-
base Match algorithm of the human and rat PK2 promoter pre-
dicted additional transcription factor binding sites relevant to
stroke (Table S1). Thus, multiple transcription factors may con-
tribute to the biphasic expression of PK2 after stroke. However,
future studies are needed to elucidate further the molecular
mechanisms by which stroke up-regulates PK2 expression.

PKs exert their actions by binding to two G protein-coupled
receptors, PKR1 and PKR2 (36). Under normal conditions, ac-
tivation of PK2 receptors has been shown to stimulate in-
tracellular calcium and activate the Erkl,2/MAPK and Akt
pathways (38-40). However, it is unclear whether these pathways
also are activated by PK2 during insult. Although Erk1,2 and Akt
signaling have been associated mostly with beneficial effects such
as promoting cell survival and proliferation (41-43), they also
can exert deleterious effects (44-46). For example, Erkl1,2 gen-
erated from cytokines and free radicals can increase ischemic
damage (44). Similarly, Akt phosphorylation in astrocytes can
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cause vascular leakage in ischemic brain (45), and Aktl has been
demonstrated to mediate leukocyte migration and acute in-
flammation (46). Interestingly, our data suggest that PK2 is
a deleterious mediator during pathological insult such as ische-
mic stroke. To address whether PK2 activates differential Erk1,2
and Akt signaling during insult, we used primary neuron cultures
that overexpressed PKR1 or PKR2 and examined the effects of
PK2 on the levels of pErkl,2 and pAkt after excitotoxicity or
oxygen glucose deprivation (OGD) (Fig. S7). In addition, we also
examined levels of pSAP/JNK, a stress-activated MAPK that has
been associated with inflammation and cell death (47). In normal
neuron cultures, PK2 treatment increased pErkl,2 levels, but
pAkt and pSAP/INK levels did not change. Interestingly, after
excitotoxicity or OGD, PK2 treatment increased both pErk1,2
and pSAP/JNK MAPK levels, but no changes were detected in
pAkt levels. Because of the dual role of Erkl,2 and the endan-
gering role of SAP/JNK (44, 47), these results suggest that PK2
activates differential signaling during insult conditions, and
PK2’s effects on pErkl,2 and pSAP/JNK may contribute in part
to its deleterious effects in ischemic injury. Further studies are
required to understand fully the mechanism by which PK2
exacerbates ischemic injury.

The biphasic stroke-induced expression of PK2 suggests that
PK2 may participate in multiple cellular events that lead to
neuron death. The smaller peak of PK2 may contribute to po-
tentiating glutamate excitotoxicity, because PK2 is neuro-excit-
atory (21-23). The larger PK2 expression at 24 h may have an
additional role; this time point also marks the period when up-
regulation of a number of proinflammatory genes and infiltration
of various inflammatory cells, such as monocytes and macro-
phages, occurs poststroke (3, 48). Inflammation is a key mecha-
nism that occurs during ischemic injury, leading to edema, cellular
necrosis, and tissue infarction (3, 48, 49). Because PK2 has been
shown to induce cytokine expression and attract inflammatory
monocytes and macrophages in mouse peritoneal macrophages
(25), the second, larger phase of PK2 expression may promote the
production of proinflammatory cytokines and augment migration
of inflammatory cells. In agreement with this notion, ICV delivery
of PK2 1 h poststroke increased CD68* inflammatory cells in the
ischemic infarct (Fig. S6C) and increased infarct volume (Fig.
4B); blocking the PK2 receptor had the opposite effects, lessening
such inflammation (Fig. S6 A and B). However, because greater
injury causes more inflammation, and vice versa, future studies
are needed to understand fully whether the increased in-
flammation by PK2 is a direct contributor to the ischemic injury,
is a consequence of such injury, or is independent of the increased
infarct volume.

Since their discovery in 2001, prokineticins have been asso-
ciated with central and peripheral functions (13, 30, 50). We
now report that PK2 is an insult-inducible endangering medi-
ator for cerebral ischemia. A recent transcriptome study by
Choke et al. (51) also showed that PK2 expression is up-regu-
lated after abdominal aortic ruptures in humans, further sup-
porting a role of PK2 in pathological states. Our study identifies
PK2 as an endangering mediator for ischemic brain injury and
a compelling target for stroke treatment. Because PK2 can be
activated by a number of pathological insults, these results
suggest that PK2 may be a mediator in other neurological/
neurodegenerative diseases.

Methods

All experiments were conducted in compliance with animal care laws and
institutional guidelines and were approved by the Stanford Institutional
Animal Care and Use Committee. In vivo models of stroke were used as
described in S/ Methods. In situ hybridization and gPCR were used to assess
PK2 mRNA expression. Infarct volume was assessed by triphenyl tetrazolium
chloride (TTC) staining as described in S/ Methods. Details of materials and
methods used are given in SI Methods.
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