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Abstract

20-hydroxyeicosatetraenoic acid (20-HETE) is a cytochrome P450 (CYP) metabolite of
arachidonic acid that that contributes to infarct size following focal cerebral ischemia. However,
little is known about the role of 20-HETE in global cerebral ischemia or neonatal hypoxia-
ischemia (H-1). The present study examined the effects of blockade of the synthesis of 20-HETE
with HET0O016 in neonatal piglets after H-1 to determine if it protects highly vulnerable striatal
neurons. Administration of HET0016 after H-1 improved early neurological recovery and
protected neurons in putamen after 4 days of recovery. HET0016 had no significant effect on
cerebral blood flow. CYP 4A immunoreactivity was detected in putamen neurons, and direct
infusion of 20-HETE in the putamen increased phosphorylation of Na*,K*-ATPase and NMDA
receptor NR1 subunit selectively at PKC-sensitive sites but not at PKA-sensitive sites. HET0016
selectively inhibited the H-l1-induced phosphorylation at these same sites at 3 h of recovery and
improved Na*,K*-ATPase activity.At 3 h, HET0016 also suppressed H-1-induced Erk1/2
activation and protein markers of nitrosative and oxidative stress. Thus, 20-HETE can exert direct
effects on key proteins involved in neuronal excitotoxicity in vivo and contributes to
neurodegeneration after global cerebral ischemia in immature brain.
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Neonatal hypoxic-ischemic encephalopathy causes significant infant mortality and
morbidity (Dixon et al. 2002). Ca%* entry secondary to activation of N-methyl-D-aspartate
(NMDA) receptor channels and other channels contributes to neuronal cell death following
H-1 (Szatkowski and Attwell 1994; Yang et al. 2011). A consequence of increased
intracellular Ca?* is stimulation of phopholipase A, and release of arachidonic acid. Indeed,
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the levels of fatty acids markedly increase following ischemia and reperfusion. In addition to
metabolism by cyclooxygenases and lipoxygenases, arachidonic acid can undergo -
hydroxylation by cytochrome P450 (CYP) enzymes of the 4A family to produce 20-
hydroxyeicosatetraenoic acid (20-HETE).

Several lines of evidence provide a rationale for the possibility that 20-HETE production
could be involved in neurodegeneration following cerebral ischemia. CYP 4A isoforms are
expressed in cerebral vascular smooth muscle (Dunn et al. 2008), and 20-HETE has been
well documented to be a potent vasoconstrictor of cerebral microvessels (Harder et al. 1994)
through mechanisms partly dependent on protein kinase C (PKC) (Lange et al. 1997). Thus,
20-HETE has been postulated to augment focal ischemic injury by reducing cerebral blood
flow (CBF) (Poloyac et al. 2006; Marumo et al. 2010). 20-HETE has also been shown to
serve as an intracellular signaling molecule in some types of non-neuronal cells. For
example, it exerts a profound depressive effect on Na* K*-ATPase activity in kidney
through PKC-mediated phosphorylation of Ser23 on the Na*,K*-ATPase a subunit
(Nowicki et al. 1997). In addition, 20-HETE can induce mitogen-activated protein kinase
(MAPK) activation in vascular smooth muscle cells and extracellular signal-regulated kinase
1/2 (Erk1/2) activation in renal epithelial cells (Muthalif et al. 1998; Akbulut et al. 2009).
Considering that CYP 4A is expressed in neurons after brain ischemia (Omura et al. 2006),
the possibility exists that 20-HETE may exert effects directly on neurons independent of its
effect on CBF. This possibility is supported by work demonstrating that 20-HETE synthesis
inhibition reduces injury from oxygen-glocose deprivation in hippocampal slice cultures
(Renic et al. 2011) and reduces infarct volume in experimental models of focal cerebral
ischemia (Miyata et al. 2005; Omura et al. 2006; Poloyac et al. 2006; Tanaka et al. 2007)
without producing intraischemic vasodilation (Cao et al. 2009; Renic et al. 2009). Whether
20-HETE contributes to neuronal injury after global cerebral ischemia or in a neonatal
model of hypoxia-ischemia (H-1), however, is unknown.

In the present study, we tested the hypothesis that treatment with a 20-HETE synthesis
inhibitor after H-1 in neonatal piglets attenuates neuronal damage. The neonatal H-1 model
involves induction of systemic hypoxia followed by asphyxic cardiac arrest and
resuscitation. We focused on putamen because this is the most vulnerable region to H-I
(Martin et al. 1997) and because increases in PKC-dependent phosphorylation on and
decreases in Nat,K*-ATPase activity persist in this region 3 hours after resuscitation (Yang
et al. 2007), thereby allowing evaluation of whether 20-HETE modulates Na*,K*-ATPase
activity in a manner analogous to that found in kidney (Nowicki et al. 1997). In addition,
increases in phosphorylation at PKC-dependent sites on NMDA receptors persist at 3 hours
(YYang et al. 2007) and permit evaluation of the possible role of 20-HETE in mediating
phosphorylation in non-vascular cells. The 20-HETE synthesis inhibitor N-hydroxy-N’-(4-n-
butyl-2-methylphenyl)formamidine (HET0016) (Miyata et al. 2001) was selected because of
its ability to reduce infarct volume after focal cerebral ischemia in adult rats when
administered systemically (Poloyac et al. 2006; Renic et al. 2009) and to protect neurons
from oxygen-glucose deprivation (Renic et al. 2011). Thus, we tested the additional
hypotheses that HET0016 administration 1) attenuates H-I-induced increases in
phosphorylation at PKC-sensitive sites on Na*,K*-ATPase and NR1 of the NMDA receptor
while sparing protein kinase A- (PKA) sensitive sites, 2) improves recovery of Na*,K*-
ATPase activity, 3) reduces markers of oxidative stress, and 4) results in less
phosphorylation of Erk1/2. Lastly, we tested whether administration of 20-HETE directly
into non-ischemic putamen via microdialysis could replicate the HET0016-inhibitable
phosphorylation changes seen after H-1.
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Materials and Methods

Experimental protocol

All experimental protocols were approved by the Animal Care and Use Committee of the
Johns Hopkins University and performed in accordance with National Institutes of Health
guidelines. A total of 93 male piglets (2-2.5 kg) were studied at 4-7 days of age. As
described previously (Yang et al. 2007; Yang et al. 2010), the piglets were anesthetized with
sodium pentobarbital (50 mg/kg, intraperitoneal), orally intubated, and underwent
catheterization of a femoral artery and vein under aseptic conditions. To induce H-1, inspired
O, was decreased to 10.0 = 0.2% for 40 min, followed by ventilation with 21% O, for 5 min
(required for cardiac resuscitation) and airway occlusion (asphyxia) for 7 min (to produce
cardiac arrest). Piglets were then resuscitated by mechanical ventilation with 50% O,
manual chest compressions, and, if necessary, intravenous injection of epinephrine until
return of spontaneous circulation. After resuscitation, inspired O, was gradually reduced to
30% to maintain arterial O, saturation. Arterial blood pressure, blood gases, glucose and
rectal temperature were monitored until piglets regaining consciousness. Those surviving for
3 hours for biochemical measurements and 6 hours for CBF measurements were maintained
sedated with a continuous infusion of fentanyl (10 ng/kg/h, intravenously). Sham-operated
animals were subjected to catheterization but not hypoxia or asphyxia.

HET0016 (Cayman, Ann Arbor, MI) was injected intravenously at a dose of 1 mg/kg (low
dose) or 10 mg/kg (high dose) at 5 min after resuscitation or an equivalent time in sham-
operated piglets. Vehicle-treated piglets received the equivalent volume of 10% (2-
hydroxypropyl)-p-cyclodextrin in 0.9% saline. The dose of 1 mg/kg of HET0016 was based
on previous work showing efficacy in focal ischemia models (Renic et al. 2009). The higher
dose of 10 mg/kg was also selected to determine if protection at the lower dose was
maximal. Since no dose-dependent difference was found in the degree of neuroprotection,
only the low dose was used in studies of biochemical changes at 3 h of recovery. For the
CBEF study, the higher dose was used to enhance the likelihood of detecting an effect.

Neuronal cell death in putamen progresses between 6 and 24 h after reoxygenation (Martin
et al. 2000). Hence, biochemical measurements were made at 3 h before neuronal loss would
affect the measurements. Neuronal damage was evaluated after 4 days of recovery to allow
for a possible delay in the maturation of injury after HET0016 treatment.

Blood flow measurement

In separate cohorts of piglets, regional CBF was measured by laser-Doppler flowmetry
(LDF) (Moor Instruments, England) and by FluoSpheres Blood Flow Determination kit
(Molecular Probes, Eugene, OR). The laser-Doppler probe was placed on the cortical
surface through a small craniotomy and an incision in the dura 8 mm anterior and 4 mm
lateral from bregma. LDF was monitored continuously throughout the experiment.
Fluorescent microspheres permitted regional CBF to be measured at six discrete times
during the experiment with a procedure modified from previous work (Berkowitz et al.
1991; Glenny et al. 1993). In brief, a catheter was inserted from a femoral artery into the left
ventricle for microsphere injection. Approximately 1 x 108 microspheres (15 um diameter)
were injected into the left ventricle at 20 min before hypoxia, and at 30, 60, 120, 240, and
360 min of recovery. The microspheres labeled with different fluorochromes (Crimson,
Blue-Green, Red, Orange, Blue, Scarlet, and Yellow-Green) were randomly injected at the
six different times. Reference blood samples were withdrawn at a rate of 2 ml/min from the
femoral artery for 2 min during and after the injection. After harvesting the brain at 6 h of
recovery, the putamen was dissected, digested in 2 M ethanolic KOH with 0.5% Tween 80,
and centrifuged to obtain a suspension of microspheres. Fluorescent dyes were released from
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the microspheres in the tissue and arterial blood samples with the addition of 2-ethoxyethy!l
acetate and quantified by spectrofluorometry with excitation of each fluorochrome at the
appropriate wavelength (\Van Oosterhout et al. 1995).

20-HETE infusion

Holes were drilled in the skull 8 mm anterior and 7.5 mm lateral from bregma in separate
sets of anesthetized piglets without H-I. The tip of the microdialysis probes (CMA 12;
CMA/Microdialysis, Solna, Sweden) with a 4-mm membrane length was inserted 16.5 mm
below the dura into putamen. The probes were perfused with artificial cerebrospinal fluid
without recirculation at a rate of 2.5 ul/min starting at 1 h after placement for 1 h, followed
by a freshly made solution of 30 uM 20-HETE (Cayman) or 10% ethanol vehicle for another
hour. The brains were then perfused transcardially with ice-cold phosphate-buffered saline
(PBS), and the putamen was rapidly dissected and processed for Western blot analysis. For
each brain, optical densities on blots were normalized by the optical densities in the
contralateral putamen without microdialysis perfusion.

Neurobehavioral assessment

A neurologic deficit score (0 = best outcome, 154 = worst outcome) was used to quantify
overall neurologic function based on seven different components: 1) level of consciousness;
2) brain stem function; 3) sensory responses; 4) motor function; 5) behavioral activities; 6)
spatial orientation; and 7) excitability (Agnew et al. 2003; Yang et al. 2007; Yang et al.
2010).

Immunohistochemical and double immunofluorescence staining

Anesthetized piglets were perfused transcardially with ice-cold PBS and 4%
paraformaldehyde at 3 h or 4 days of recovery. Brains were removed, bisected mid-
sagittally, and cut into 1-cm slabs. The left forebrain was embedded in paraffin for histology
with hematoxylin and eosin (H&E) staining and neuropathological assessment of damaged
neurons. The right forebrain was cryoprotected, frozen, and cut into serial 40-um coronal
sections through the putamen.

Double immunofluorescence staining was used to assess if CYP4A, p38 MAP kinase (p38),
c-Jun N-terminal kinase (JNK), or p44/42 MAPK (ERK1/2) localized in striatal neurons.
Sections were blocked in 10% normal horse serum and incubated with primary antibodies
overnight at 4°C. Primary antibodies included rabbit anti-CYP4A (1:500, Thermo,
Rockford, IL), mouse anti-NeuN (1:500, Chemicon, Temecula, CA), rabbit anti-p38, rabbit
anti-JNK, and rabbit anti-Erk1/2 (1:300, Cell Signaling, Danvers, MA). Antibody binding
was visualized by incubating sections with Cy3-conjugated (1:500, Jackson
ImmunoResearch, West Grove, PA) or Alexa Fluor 488-conjugated (1:500, Invitrogen,
Eugene, OR) secondary antibodies.

Western blotting

Putamen was rapidly dissected from H-I piglets at 3 h of recovery and time-matched sham-
operated piglets after transcardial cold PBS perfusion. Tissues were homogenized and
fractionated into membrane-enriched and cytosol-enriched fractions, as described previously
(Yang et al. 2007; Yang et al. 2010). Twenty-microgram protein samples were separated by
4-12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membranes. The membranes were probed with the following primary
antibodies: mouse anti-NR1 (1:2000, BD Pharmingen, San Jose, CA), rabbit anti-phospho-
NR1 Ser896, anti-phospho-NR1 Ser897 (1:2000, Upstate, Lake Placid, NY), mouse anti-
Na* K* - ATPase a1l (1:50,000, Sigma, St Louis, MO) or Na*,K*- ATPase a3 (1:50,000,
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Affinity Bioreagents, Golden, CO), rabbit anti-phospho Na*,K*- ATPase o Ser23 or

Na* K*- ATPase a Ser943 (1:2000, Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-
p38, anti-phospho-p38 Thr180/Tyr182, anti-JNK, anti-phospho-JNK Thr183/Tyr185, anti-
Erk1/2, anti-phospho-Erk1/2 Thr202/Tyr204 (1:2000, Cell signaling), mouse anti-
synaptophysin (1:20,000, Chemicon), mouse anti-nitrotyrosine (1:40,000, Upstate), or anti-
B-actin (1:5000, Santa Cruz). Synaptophysin and Bactin were used as a protein loading
standard for membrane- and cytosol- enriched fractions, respectively. Optical density values
were normalized to the value of a sham-operated, vehicle-treated piglet on each gel. Each
experiment was performed with tissue from four to six piglets per group.

Protein oxidation assay

Oxidative modification of proteins in putamen after H-1 was determined with an OxyBlot
protein oxidation detection kit (Chemicon) for carbonyl groups as described previously
(Mueller-Burke et al. 2008).

Na*, K*-ATPase biochemical assay

The biochemical activity of Na*,K*-ATPase in samples of putamen was modified from the
method described previously (Golden et al. 2001). In brief, cell membrane-enriched
putamen samples was reacted in 1.5 ml buffer containing 20 mM Tris-HCI (pH7.4), 0.57
mM EDTA, 5 mM MgCl,, 133 mM NacCl, with/without 1.0 mM ouabain. The reaction was
carried out in the presence of 3 mM ATP at 37°C for 15 min. The enzymatic hydrolysis of
ATP was terminated by adding 1.5 ml of 20% trichloroacetic acid followed by
centrifugation. The activity of ATPase was measured as a function of liberated inorganic
phosphate by the colorimetric assay.

Data and statistical analysis

Results

Profile counting on H&E-stained paraffin sections was used to estimate viable neurons in
putamen at 4 days of recovery. Sections were coded and labeled in a manner that protects
the blinding. In level-matched sections, the number of ischemic and non-ischemic neuronal
profiles was counted randomly in an observer-blinded fashion in seven non-overlapping
microscopic fields at 1000x power in anterior, median, and posterior putamen sections
(bregma level: +15 mm, +9 mm, and +5 mm) (Salinas-Zeballos et al. 1986). The values
were averaged from 21 fields to obtain a single value of viable neurons per square
millimeter for each piglet to be used in the statistical analysis.

All values are expressed as means + SD. The neurologic deficit score was analyzed by two-
way analysis of variance (ANOVA) for repeated measures. Other measurements were
analyzed with Student t-test or one-way ANOVA followed by the Student-Newman-Keuls
multiple range test. P < 0.05 was considered statistically different.

Successful resuscitation was achieved in 49 of 60 piglets (82%) subjected to H-1. The
amount of epinephrine used during resuscitation did not differ among groups subsequently
treated with vehicle (111 £+ 150 ug/kg), the 1 mg/kg (low dose) of HET0016 (130 + 95 ng/
kg), or the 10 mg/kg (high dose) of HET0016 (80 + 123 nug/kg).

Neuronal damage in putamen after H-I

In the cohorts used for neurobehavior and histology, mortality during the 4-day recovery
period was 2 of 9 piglets in the vehicle group, 2 of 10 piglets in the low-dose HET0016
treatment group, 0 of 8 piglets in the high-dose HET0016 treatment group. Mortality rates
include piglets that were euthanized because of inability to extubate within 10 h of recovery
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or severe generalized seizures [2/0 (no extubation/seizures), 1/1, and 0/0 in the vehicle, low-,
and high-dose HETO0016 treatment groups, respectively]. In the survivors, no significant
difference was observed in arterial PO,, PCO», pH, or mean arterial pressure during H-I or
early recovery, and values at 1-3 h of recovery were in the normal physiological range
(Table 1).

After 4 days of recovery, sham-operated piglets treated with vehicle and HET0016 exhibited
normal cytoarchitecture and cellular morphology in the striatum, whereas H-1 piglets treated
with vehicle displayed ischemic morphology (Figure 1A). Consistent with previously
published work (Martin et al. 1997; Yang et al. 2007; Yang et al. 2010), most neurons in
putamen after H-1 exhibited cytoplasmic microvacuolation, eosinophilia, and nuclear
pyknosis, or no longer had a distinct structure based on H&E staining. Because the number
of viable neurons was not different between vehicle-treated and HET0016-treated sham
piglets, results were combined into one sham group for statistical purposes. The number of
viable neurons in the putamen of the H-I vehicle group was 21 + 11% of the number in the
sham-operated piglets (Figure 1B). Ischemic neuronal injury was less in groups treated with
low- and high-dose HET0016 treatment. The density of viable neurons was significantly
increased to 52 + 20% by the low dose of HET0016 and to 62 + 15% by the high dose of
HETO0016. No significant difference was detected between the two doses of HET0016
treatment.

In caudate nucleus, neuronal injury was less severe and more variable than in putamen. The
percentage of neurons with ischemic cytopathology was 69 + 36% in the vehicle group, 87 +
19% in the low dose of HET0016 group, 75 £ 19% in the high dose of HET0016 group.
These values were not significantly different.

Sham-operated piglets treated with vehicle or HET0016 showed no neurobehavioral deficits.
One day after H-1, most vehicle-treated piglets exhibited impaired consciousness, no light
and/or no auditory reflexes, and low muscle tone; some showed no response to pain
stimulation. Deficits diminished on subsequent days. Two-way repeated measures ANOVA
indicated an overall protective effect of HET0016 treatment (P<0.001) and time (P<0.001)
(Figure 1C).

Blood flow changes during and after H-I

CBF was measured in separate cohorts of piglets to determine if HET0016 post-treatment
had any hemodynamic effects. Vehicle-treated sham animals (n = 4) showed relatively
stable LDF over somatosensory cortex during the whole experiment, whereas LDF increased
approximately 60% during the 40 min of hypoxia, declined sharply to 10% of the baseline
level at the end of asphyxia, recovered to 30% above the baseline level transiently at 5 min
after resuscitation, and gradually returned to the baseline level by 15 min of recovery
(Figure 2A). Administration of the high-dose of HET0016 5 min after resuscitation (n = 4)
or at an equivalent time in sham-operated piglets (n = 4) did not change LDF. Regional
blood flow analysis in putamen with fluorescent microspheres did not reveal any significant
change between 30 and 360 min of recovery compared to baseline in any group (Figure 2B).
Thus, HETO0016 post-treatment did not change CBF during the first 6 h of recovery.

Na*, K*-ATPase phosphorylation and activity and NR1 phosphorylation after H-I

The expression of the neuronal specific Na*,K*-ATPase a3 subunit and the more
widespread al isoform remained unchanged with administration of HET0016 in both sham
and H-1 groups (Figure 3). HET0016 did not significantly change the basal level of Ser23 or
Ser943 phosphorylation in sham piglets (n = 4) compared to sham piglets treated with
vehicle (n = 4). Consistent with previous observations (Yang et al. 2007), H-1 significantly
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increased both Ser23 and Ser943 phosphorylation (n = 6). The increase in Ser23
phosphorylation at 3 h after H-1 was markedly reduced by the low dose of HET0016
treatment at 5 min after H-1 (n = 6). In contrast, HET0016 did not inhibit the H-1-induced
PKA-dependent phosphorylation of Ser943. At the same time, the activity of Na*,K*-
ATPase in the putamen was markedly decreased at 3 h after H-I in the group treated with
vehicle, which is consistent with previous work (Golden et al. 2001; Yang et al. 2007).
Administration of HET0016 had no significant effect on Na*,K*-ATPase activity in sham-
operated piglets. However, administration of HET0016 significantly increased Na*,K*-
ATPase activity after H-1 compared to vehicle treatment after H-I, and the level was not
significantly different from the value seen in the sham group treated with vehicle.

The NMDA receptor NR1 subunit can be phosphorylated by PKC at Ser896 or by PKA at
Ser897. Both sites show increased phosphorylation during early recovery from H-1I in piglet
striatum and may play an important role in sustaining excitotoxic damage (Guerguerian et
al. 2002; Yang et al. 2007). In agreement with earlier work, H-1 increased phosphorylation
of NR1 at Ser897 and Ser896 without a change in overall NR1 expression (n = 6) in
putamen at 3 h of recovery (Figure 4). Administration of HET0016 did not change the basal
level of NR1, phospho-NR1 Ser896, or phospho-NR1 Ser897 in sham-operated piglets (n=4
each). However, administration of the low dose of HET0016 (n=6) after 5 min of recovery
following H-1 selectively inhibited the increase in phosphorylation of Ser896 but not Ser897.
The levels of total NR1 protein were unaffected by HET0016 treatment.

Changes in Na*, K*-ATPase and NR1 phosphorylation during 20-HETE infusion

To determine if 20-HETE could directly increase phosphorylation at the PKC-sensitive sites
on Na*,K*-ATPase and NRL1 in the absence of ischemia, 30 uM of 20-HETE was perfused
through microdialysis probes into piglet putamen. A relatively high infusate concentration
was used to allow for diffusion limitation across the dialysis membrane, radial diffusion in
the piglet putamen, reuptake into the phospholipid membrane, degradation, and clearance by
blood flow. 20-HETE increased phosphorylation of Ser23 in Na*,K*-ATPase (Figure 5A)
and Ser896 in NR1 (Figure 5B) compared to the levels in the contralateral putamen without
a microdialysis probe (n = 4). No significant difference could be found in PKA-dependent
Ser943 in Na*,K*-ATPase and Ser897 in NR1 in piglets treated with 20-HETE. Perfusion of
microdialysis probes with vehicle did not alter the phosphorylation state at PKC- or PKA-
sensitive sites compared to their contralateral levels (n = 3). The levels of total NR1 and
Na*,K*-ATPase al and a3 protein were unaffected by 20-HETE or vehicle treatment.

Neuronal CYP4A localization and Erk1/2 activation after H-I

The changes in the phosphorylation of the Na*,K*-ATPase o subunit and NR1 after 20-
HETE and HET0016 administration suggest that 20-HETE acts within neurons. Members of
the CYP4A family that possess w-hydroxylase activity are located in vascular smooth
muscle (Dunn et al. 2008). Double immunofluoresent staining was used to determine if
CYP4A is expressed in neurons in piglet putamen. Robust CYP4A immunoreactivity was
observed throughout the piglet putamen and was colocalized with NeuN-positive cells
(Figure 6A).

MAPKSs are involved in the regulation of neuronal survival and the pathophysiological
process of brain ischemia (Nozaki et al. 2001; Sawe et al. 2008). We also tested whether
HETO0016 alters MAPKSs’ activity after H-1. INK1/2/3-, p38-, and Erk1/2-immuno-signals
were localized in striatal neurons after H-I (Figure 6B). HET0016 did not change the basal
level of phospho-JNK1/2/3, phospho-p38, or phospho-Erk1/2 in sham-operated piglets (n=4
each). H-1 increased phosphorylation of p38 and Erk1/2, but not phosphorylation of
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JNK1/2/3 in putamen at 3 h of recovery (n=6). The low dose of HET0016 (n=6) inhibited
the increase in phosphorylation of Erk1/2 but not p38 (Figure 7).

Nitrosative and oxidative stress after H-I

3-Nitrotyrosine immunoreactivity and protein carbonyl formation were used as markers of
nitrosative and oxidative stress (Yang et al. 2007; Yang et al. 2010). Immunoblotting of
membrane-enriched extracts from putamen at 3 h after H-1 indicated increased 3-
nitrotyrosine immunoreactivity in vehicle-treated piglets (Figure 8A). Treatment with the
low dose of HET0016 had no effect on 3-nitrotyrosine immunoreactivity in the sham group,
but it significantly reduced immunoreactivity in the H-I group to levels similar to that in the
sham-vehicle group. Oxyblot analysis of carbonyl groups indicated a significant increase in
the membrane-enriched proteins at 3 h of recovery from H-1 (Figure 8B). HET0016
significantly attenuated carbonyl formation at 3 h of recovery from H-I.

Discussion

The present study indicates that selective inhibition of the synthesis of 20-HETE with
HETO0016 after resuscitation in neonatal piglets (1) protected striatal neurons from H-I
injury, (2) reduced H-I-induced phosphorylation at PKC-dependent sites of NMDA receptor
NR1 subunit and Na*,K*-ATPase, (3) increased Na*, K*-ATPase activity early after H-1, (4)
suppressed H-1 induced Erk1/2 activation, and (5) reduced nitrosative and oxidative damage
to proteins. Moreover, local administration of 20-HETE in non-ischemic putamen replicated
phosphorylation selectively at PKC-sensitive sites on Na*,K*-ATPase and NR1.

Synthesis of 20-HETE by CYP 4A is sensitive to PO, (Harder et al. 1996; Gebremedhin et
al. 2008). Indeed, during the perinatal period, synthesis of 20-HETE in cerebrovascular
smooth muscle is postulated to serve a physiological function by producing pial arterial
constriction during the transition from the placental circulation to air breathing and thereby
limit the increase in oxygen delivery to the brain at birth (Ohata et al. 2010). Likewise, 20-
HETE synthesis might serve to limit CBF recovery during the reoxygenation after asphyxia.
However, we found no evidence that HET0016 altered CBF during the first 6 h following H-
I. Selective 20-HETE synthesis inhibitors have been shown to be protective following focal
cerebral ischemia in adult animals (Miyata et al. 2005; Omura et al. 2006; Poloyac et al.
2006; Tanaka et al. 2007; Renic et al. 2009). However, administration of the inhibitor at
reperfusion was able to reduce infarct volume without affecting LDF (Renic et al. 2009). In
addition, superfusion of HET0016 over the pial surface did not significantly attenuate the
loss of pial arteriolar dilation during focal cerebral ischemia (Cao et al. 2009). Thus,
protection during reperfusion from focal ischemia and from global H-I in immature brain
appears to be independent of CBF. Protection of hippocampal slice cultures from oxygen-
glucose deprivation by HET0016 is also consistent with a non-vascular mechanism (Renic et
al. 2011). The neuronal localization of CYP4A in naive piglet putamen in our study, in post-
ischemic cortical neurons of adult rat (Omura et al. 2006), and in neurons in hippocampal
slice cultures (Renic et al. 2011) suggest that protection by 20-HETE synthesis inhibition
may mediated by activation of a signaling cascade pathway in neurons.

PKC appears to play a critical role in 20-HETE-induced signal transduction. For example,
PKC is involved in the mechanism by which 20-HETE inhibits opening of calcium-activated
K* channels and activates voltage-operated Ca2* channels in vascular smooth muscle and
cardiac myocytes (Lange et al. 1997; Sun et al. 1999; Zeng et al. 2010). Moreover,
suppression of renal Na*,K*-ATPase by 20-HETE is also PKC-dependent (Nowicki et al.
1997). Na* K*-ATPase plays an important role in maintaining ion gradients, osmotic
balance, cell volume regulation, resting membrane potential, neuronal excitability, and the
Na*-coupled reuptake of glutamate. PKC can phosphorylate Na*,K*-ATPase and decrease
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its activity in a cooperative manner with PKA (Cheng et al. 1997; Therien and Blostein
2000; Blanco 2005). Our previous work has indicated that the suppressive effect of
dopamine D1 receptor activation on Na*,K*-ATPase during H-1 is associated with PKA-
dependent phosphorylation of Ser943 (Yang et al. 2007). Here, we show that 20-HETE can
lead to phosphorylation of Ser23 in Na*,K*-ATPase in the putamen of piglets and that
HETO0016 can reduce the H-1 induced phosphorylation at this PKC-sensitive site and limit
the H-1-induced decrease in Na*,K*-ATPase activity. These findings are in agreement with
a previous report in renal tubular cells showing 20-HETE suppression of activity associated
with Ser23 phosphorylation (Nowicki et al. 1997). Because either a D1 antagonist or a 20-
HETE synthesis inhibitor can improve striatal Na*,K*-ATPase activity after H-1 in the
present model, both Ser23 and Ser943 phosphorylation appear to be required for much of the
observed suppression of activity. Together, these observations are consistent with protein
studies showing that the PKC-mediated suppression of Na*,K*-ATPase activity requires
Ser23 (Logvinenko et al. 1996) and that PKA-dependent phosphorylation of Ser943
modulates the PKC-dependent regulation of enzyme activity (Cheng et al. 1997).

Our previous work has shown that H-I could produce PKC-dependent phosphorylation of
NR1 after reoxygenation (Guerguerian et al. 2002; Yang et al. 2007; Mueller-Burke et al.
2008). In the present work, 20-HETE was found to be capable of producing phosphorylation
at the PKC-sensitive site, Ser896, on NR1, and HET0016 alleviated H-I-induced
phosphorylation at this site. Phosphorylation is an important mechanism for the regulation of
NMDA receptor function. Although It is not precisely known how phosphorylation at
Ser896 modulates NMDA receptor channel activity, studies have shown that hypoxia
increases NMDA receptor Ca2* influx into cultured cortical neurons through a mechanism
involving PKC-mediated phosphorylation of NR1 Ser896 (Bickler et al. 2004). PKC is
thought to be involved in recruitment of NMDA receptors to the cell surface through
exocytosis and potentiate its function (Carroll and Zukin 2002; Barria 2007). In addition,
PKC is associated with rapid delivery of NMDA receptors to the neuronal dendritic shafts
and spines (Lan et al. 2001). These findings imply that PKC-dependent phosphorylation of
NR1 might augment downstream signal cascades that result from NMDA receptor activation
after H-1. Therefore, the neuroprotection of HET0016 may rely, in part, on the alleviation of
H-I induced PKC-dependent NR1 phosphorylation.

The MAPKSs are a family of intracellular signaling molecules, including three major
members: ERK (including ERK1/2), p38 MAPK, and JNK (including JINK1, JNK2, and
JNK3). ERK, p38, and JNK represent three different signaling cascades that transduce a
broad range of extracellular stimuli into diverse intracellular responses by both
transcriptional and non-transcriptional regulation (Johnson and Lapadat 2002). All the
MAPKS, activated by phosphorylation via different upstream MAPK Kkinases, regulate a
diverse set of functions affecting cell fate, including cell proliferation and differentiation,
adaptation to the stress, and apoptosis (Widmann et al. 1999). The MAPKSs regulate
neuronal survival and are involved in brain ischemia (Nozaki et al. 2001; Sawe et al. 2008).
JNK and p38 MAPK are detrimental in ischemic brain, and inhibition of these two kinases
can impede apoptosis (Barone et al. 2001; Guan et al. 2006). Erk1/2 activation was found in
putamen of H-I piglet brain, which is consistent with a previous report of activated Erk1/2 in
neonatal H-1 rat brain (Wang et al. 2003). Although it is still not clear how 20-HETE
activates Erk1/2, previous work has indicated that this effect is independent of PKC
activation. For instance, 20-HETE can activate the raf/MEK/Erk pathway through epithelial
growth factor receptor and c-Src in cultured renal epithelial cells (Akbulut et al. 2009). The
precise role of activated Erk1/2 in ischemic brain is still debatable (Sawe et al. 2008),
however, some evidence suggests that Erk1/2 may exacerbate neuronal injury. For example,
activated Erk1/2 immuno-signals are mainly located in injured neurons early after H-I
(Wang et al. 2003); Erk1/2 exaggerates inflammation via interleukin 1p up-regulation
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(Wang et al. 2004); and inhibition of Erk1/2 phosphorylation induced the NF-xB-regulated
anti-apoptotic pathway (Lu et al. 2010). Therefore, further evidence is needed in the future
to clarify the role of Erk1/2 activation in H-1 piglet brain.

Synthesis of 20-HETE is associated with increased superoxide production in aortic
endothelial cells (Cheng et al. 2008), cerebral arteries (Dunn et al. 2008), and hippocampal
slice cultures exposed to oxygen-glucose deprivation (Renic et al. 2011). Here, we found
evidence of increased nitrosative and oxidative stress that was alleviated by the 20-HETE
synthesis inhibitor. Therefore, whether the reduced oxidative stress is directly related to
reduced synthesis of 20-HETE or secondary to downstream effects of 20-HETE on PKC-
dependent alterations of NMDA receptors, Na*,K*-ATPase activity, or voltage-operated
Ca?* channels in neurons requires more detailed study in neuronal systems.

A limitation of the present study is that we did not measure tissue concentrations of 20-
HETE after H-1 and demonstrate that HET0016 inhibited an increase in 20-HETE
concentration. Although HET0016 is a specific inhibitor of 20-HETE synthesizing enzyme
relative to other eicosanoid enzymes and reduces 20-HETE level in rat brain (Miyata et al.
2001; Renic et al. 2009), we cannot exclude an off-target effect of HET0016.

H-I encephalopathy in term newborns produces chronic neurological disability in survivors.
Our study demonstrates that treatment with two different doses of the selective 20-HETE
synthesis inhibitor HET0016 after H-I reduces neuronal injury in selectively vulnerable
putamen and accelerates neurologic recovery in a large animal model of neonatal H-I
encephalopathy. One limitation of the present study is that the time course of
phosphorylation changes and the efficacy of delayed treatment were not determined.
Nevertheless, the present study demonstrates that 20-HETE plays an important role in
intensifying neuronal injury in the selectively vulnerable putamen and leads to the marked
suppression of Na*,K*-ATPase activity and to nitrative and oxidative protein alterations.
These adverse effects of 20-HETE may be mediated by PKC-dependent phosphorylation of
Na* K*-ATPase o and NMDA receptor NR1subunits. In addition, Erk1/2 activation may
also be involved in the pathophysiological process. Therefore, 20-HETE is an important
mediator that contributes to oxidative stress and neurodegeneration in global cerebral
ischemia in immature brain. Therapeutic use of a 20-HETE synthesis inhibitor may provide
a new strategy for reducing brain damage after neonatal H-1 injury.
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Effects of HET0016 on neuronal damage and neurologic deficits in piglets subjected to H-1.
Piglets exposed to H-I or sham operation received vehicle, low-dose HET0016 (HET0016-

L, 1 mg/kg), and high-dose HET0016 (HET0016-H, 10 mg/kg) treatment at 5 min of

recovery. (A) Representative photographs of H&E-stained sections at 4 days of recovery
show normal neuronal morphology (arrow head) and cytoarchitecture in putamen of sham-
operated animals treated with vehicle. All H-1 groups contained putaminal neurons that
exhibited ischemic morphology (cytoplasmic microvacuolation, eosinophilia, and nuclear
pyknosis, arrow) or that had lost distinct structure. However H-I piglets treated with low or
high dose of HET0016 showed many neurons with normal morphology. Scale bar = 40 um.
(B) Quantitative results for viable putamen neurons (expressed as a percentage of the mean
value of the sham+vehicle group). Data are means + SD (n = 7 to 8 per group). *P < 0.05
versus sham-operated group; # P < 0.05 versus H-1 vehicle group; ANOVA followed by the
Student-Newman-Keuls test. (C) Neurologic scores during the 4-day recovery. Two-way
ANOVA with repeated measured indicated a significant overall effect of treatment (P <.

001) and recovery time (P < 0.001).
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Figure 2.

Laser-Doppler flow (LDF) over somatosensory cortex (A) and microsphere-determined
blood flow in putamen (B) during baseline, hypoxia, asphyxia, and first 6 h of recovery after
H-1 or equivalent time in sham-operated piglets (means £ SD; n = 4 per group). Piglets were
treated with vehicle or 10 mg/kg of HET0016 at 5 min of recovery.
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Figure 3.

Western blot analysis showing effects of 1 mg/kg of HET0016 treatment at 5 min of

Page 17

recovery on phosphorylated Ser23 and Ser943 and total protein levels of Na*,K*-ATPase

(NKA) in a membrane-enriched fraction of putamen at 3 h of recovery (n = 4 to 6 per

group). Synaptophysin (Syn) was used as a loading control. NKA activity was measured in
contralateral putamen. Optical density (O.D.) data (means + SD) were normalized to the

sham+vehicle value. *P < 0.05 versus sham+vehicle group; # P < 0.05 versus H-I+vehicle
group; one-way ANOVA followed by the Student-Newman-Keuls test.
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Figure 4.

Western blot analysis showing effects of 1 mg/kg of HET0016 treatment at 5 min of
recovery on phosphorylated Ser896 and Ser897 and total protein levels of NR1 in a
membrane-enriched fraction of putamen at 3 h of recovery (n = 4 to 6 per group).
Synaptophysin (Syn) was used as a loading control. Optical density (O.D.) data (means *
SD) were normalized to the sham+vehicle value. *P < 0.05 versus sham+vehicle group; # P
< 0.05 versus H-I+vehicle group; one-way ANOVA followed by the Student-Newman-
Keuls test.
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Figure 5.

Western blot analysis showing effects of microdialysis perfusion of 30 uM of 20-HETE in
piglet putamen on phosphorylated and total protein levels of Na*,K*-ATPase (A) and
NMDA receptor NR1 subunit (B) in a membrane-enriched fraction of putamen of piglets
without H-1 (n = 3 to 4 per group). Synaptophysin (Syn) was used as a loading control.
Optical density (O.D.) data (means + SD) were normalized to the value of vehicle-treated
group. *P < 0.05 versus vehicle group, Student’s t-test. c: putamen contralateral to
microdialysis probe; i: putamen ipsilateral to microdialysis probe; Veh: vehicle treatment.
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A

BINZEE

Erk1/2

(A) Double immunofluorescent staining of normal pig striatum shows co-localization of
CYP4A with NeuN. (B) Double immunofluorescent staining on piglet putamen at 3 h of
recovery from H-I shows co-localization of INK1,2,3, p38 MAPK, and Erk1/2 with NeuN.
Scale bar =20 um.

Figure 6.
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Figure 7.

Western blot analysis showing effects of 1 mg/kg of HET0016 treatment at 5 min of

- s N
o o o
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recovery on levels of phosphorylated and total INK1,2,3 (JNK), p38 MAPK (p38), and

Erk1/2 in cytosol-enriched fraction of putamen from H-I piglets at 3 h of recovery or

equivalent time in sham-operated piglets (n = 4 to 6 per group). B-actin (actin) was used as a
loading control. Optical density (O.D.) data (means + SD) were normalized to the sham

+vehicle value; *P < 0.05 versus sham-+vehicle group. # P < 0.05 versus H-I1+vehicle group;
one-way ANOVA followed by the Student-Newman-Keuls test.
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Figure 8.
Effect of 1 mg/kg of HET0016 treatment at 5 min of recovery on H-I-ind

uced nitrative and

oxidative stress in putamen at 3 h of recovery. Western blot analysis showed that HET0016

decreased H-I-induced 3-nitrotyrosine (A) and carbonyl (B) immunoreac

tivity on multiple

protein bands in putamen of H-I piglets. Optical density (O.D.; means + SD) was integrated
over multiple protein bands for nitrotyrosine (14-191 kDa) and carbonyls (29-98 kDa). *P
< 0.05 versus sham+vehicle group; #P < 0.05 versus H-1+vehicle group; one-way ANOVA

followed by the Student-Newman-Keuls test.
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