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Summary

Perinatal asphyxia (PA) is among the most common causes of neonatal deaths. In the
survivors, PA may result in multi-organ damage including hypoxic-ischemic encephalopathy
(HIE) that often leads to life-long disabilities. Understanding the pathophysiological
mechanisms of HIE is key to the development of neuroprotective therapies, and large animal
PA/HIE models can help to bridge the translational gap between studies at the
molecular/cellular level and the cotside management.

Our research group has previously shown that 8- or 20-min-long PA resulted in
incrementally severe HIE in newborn pigs and that neuronal-vascular injury was alleviated by
molecular H> ventilation in these models. Our purpose was to address several hypotheses related
to the mechanisms of neuronal injury as well as Hz-induced neuroprotection using brain
samples chiefly obtained from these previous studies.

First, we investigated the abundance of cyclooxygenase-2 (COX-2) immunopositive
neurons in our samples, as COX-2 is known to be an important source of reactive oxygen
species in the neonatal brain, however, induction of neuronal COX-2 by PA has not yet been
shown in piglets. Oxidative cellular (DNA) damage was visualized with 8-hydroxy-
deoxyguanozin immunohistochemistry and was correlated with neuronal COX-2 expression.
Second, microglia were visualized with Iba-1 immunohistochemistry in order to detect
PA-induced neuroinflammatory changes in microglial morphology quantified by the so-called
ramification index. Third, the ratio of active (phosphorylated) and total forms of ERK and Akt
kinases were determined using Western blots to assess the activity and PA-induced changes of
these important antiapoptotic signal transduction mechanisms.

PA increased neuronal COX-2 expression neurons in several brain regions, where high
percentage of COX-2 positive neurons always coincided with severe neuronal damage. In the
parietal cortex, neuronal COX-2 abundance correlated both with oxidative damage and
microglial activations.H» attenuated all of these PA-induced changes. Erk and Akt displayed
high degree of phosphorylation in controls that was unaffected by PA in any studied region.

In conclusion, PA-induced neuronal COX-2 induction, oxidative damage and
neuroinflammation all contribute to neuronal injury and are reduced by H», however, induction

of antiapoptotic pathways appear to have a minor neuroprotective capacity in our HIE model.



1. Introduction

1.1. Perinatal asphyxia and hypoxic-ischemic encephalopathy

Perinatal asphyxia (PA) affects 1 to 6 newborns per 1000 full-term live births and represents
the third most common cause of neonatal death (23%) right after preterm birth and severe
infections'. PA is the medical condition resulted from impaired exchange of the respiratory
gases — resulting in hypoxemia and hypercapnia — during birth to a newborn infant that lasts
long enough to cause damage to the infant’s organs, including the heart, lungs, liver, guts,
kidneys and the brain’.

The clinical presentation of PA-induced brain injury is hypoxic-ischemic encephalopathy
(HIE) that is a sub-set of neonatal encephalopathy cases with a good evidence of a recent
hypoxic-ischemic cause (including but not limited to PA), characterized as “a clinically defined
syndrome of disturbed neurological function in the earliest days of life in the term infant,
manifested by difficulty with initiating and maintaining respiration, depression of tone and
reflexes, subnormal level of consciousness, and often by seizures’. The prognosis depends on
the severity of the hypoxic-ischemic insult’>. HIE cases can be graded into 3 clinical stages:
mild, moderate and severe encephalopathy according to the Sarnat scoring system*. Whereas
few infants survive even severe HIE without a handicap, many of them develop life-long
complications®. 10% of the survivors of moderate to severe HIE suffers in cerebral palsy and
the risk is threefold if there is a history of neonatal seizures®. 80% of dyskinetic cerebral palsy
can be associated to PA at term’. HIE may also result in sensory deficits including hearing loss®
or abnormal visual function’. Learning difficulties, impairments in episodic memory associated
with reduced hippocampal volume have all been found in children following HIE!'®. Reductions
in school readiness and attention, as well as increased irritability have been shown in survivors
of moderate encephalopathy without further disabilities!!. Children who were affected by HIE
have lower working memory, reading accuracy and comprehension scores, and increased
requirement for educational support at the age of 8-11'2. There is also a reported increase in
behavioural difficulties among these children: hyperactivity'® and increase in autistic spectrum
disorders and an increased risk of psychotic symptoms including schizophrenia'* are reported.

Although these studies are based on data of high-income developed countries,

unquestionably the burden of this disease is the most severe in the developing countries'®. Lack



of modern healthcare results in 8 times higher mortality in low income countries than in the
developed regions'.
We need to strive for an effective, reliable and inexpensive therapeutic intervention to

alleviate the threats of PA/HIE.

1.2. Potential therapeutic interventions

Though therapeutic cooling is an acknowledged treatment for newborns who suffered
from PA/HIE'®!7| a modern servo-controlled cooling set-up is expensive and inaccessible for
many underprivileged medical institutions'8, whereas the cooling-rewarming procedure should
be thoroughly controlled'**’. Even when performed with state-of-the-art technique, therapeutic
hypothermia can offer no full neuroprotection, however, the whole-body hypothermia may
cause various side effects, including bradycardia, hypotension or thrombogenesis?!. Therefore,
new studies aim to establish alternative/ complementary therapies, including the ventilation
with “inert” gases?.

We chose molecular hydrogen (H») as a putative neuroprotective agent based on the
original report of Ohsawa et al. in an adult stroke rat model, where inhalation of 2-4 % H>
proved to be the most effectively neuroprotective dose®*. H, is a small membrane-soluble gas
molecule, therefore inhaled Hx can easily penetrate the blood-brain barrier, indeed, H> has been
successfully used for measuring cerebral blood flow in hydrogen clearance technique since the
1960°s** and this method was even adopted in piglets®>?’. After rapid equilibration with the
blood, the inhaled 2.1% Ho in our studies is expected to result in approximately 10-20 pmol/l
brain H, levels, similar to the levels determined in both rats and humans**?®. The
neuroprotective effect of H> may be partly based on its antioxidant nature: it has been reported
that H, selectively eliminates free radicals such as OH" and ONOO™, though there are
suggestions of other, albeit little-known additional pharmacological targets. For instance, a
recent study suggests, that beside its radical scavenger role, H» may have a mitohormetic
effect?®, increasing the expression of anti-oxidative enzymes underlying the Nrf2-pathway?’,
and there can be further yet unknown direct targets of H». H» is readily available, inexpensive,
safe (not flammable in neuroprotective concentrations) and easy to apply, and shown to be

28,30,31

harmless both in piglets and humans . In this study we strived to gain a better

understanding about the mechanisms lying behind the neuroprotective effect of Ho.
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1.3. PA/HIE piglet models to study H2—-induced neuroprotection

The newborn piglet is an accepted large animal model of the term human neonates as
the brain of the newborn piglet has similarly gyrencephalic structure, its developmental state
and metabolic rate are matching around birth in the two species’2.

Our Experimental Neonatology Research Group performed two sets of subacute (24 h
survival) experiments to study the neuroprotective potential of H, against PA/HIE in term
newborn piglets: in the first study PA was induced with 8-minute long trachea-occlusion, in the
second study with 20-minute long ventilation of a hypoxic-hypercapnic gas mixture, completed
with respective time control and H treated asphyxia groups***2. The animals were similarly
monitored in the two studies, the recorded physiological parameters, the observed neuronal
injury and the neuroprotection afforded by H» in these PA/HIE models have been previously
published®*3?. However, as the major aim of the present thesis was to study the mechanisms of
PA/HIE-induced neuronal injury in brain samples obtained from these animals, I would like to
summarize the most important findings and also provide a little meta-analysis of these studies
in the following paragraphs.

The physiological parameters (heart rate, arterial blood pressure, O saturation, core
temperature), blood gas and blood glucose levels at baseline were always in the physiological
range** in all animals, in the normoxic time control animals also throughout the whole
experiment, Asphyxia induced severe mixed respiratory and metabolic acidosis, characterized
by elevated lactate and reduced base excess levels**. Our meta-analysis showed that by the end
of the asphyxia, acidosis, hypercapnia, and hyperglycemia was more severe in the 20-min-long
PA model (Figure 1).

We used cell counting in the first’*® and a neuropathology scoring system (0-9) in the
second study to assess the extent of cortical lesions (Table 1.)**. In the latter method, from each
region 20 fields of view of hematoxylin-eosin stained sections were assessed by two
independent observers. In each field of view, the pattern of neuronal lesions was described as
none, scattered, grouped/laminar or panlaminar. The neuropathology score was determined by
the incidence of the most severe lesion observed. If the most severe lesions represented less
than 20% of the total lesions, the scores were 1, 4, or 7; if 20-50%, 2, 6, or 8; and if more than
50%, 3, 6, or 9, respectively. Thus, higher scores represented increasingly severe neuronal

damage®. In order to be able to compare the cortical neuronal injury in the two PA models, we
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re-analyzed now the slides from the first study to also determine the corresponding
neuropathological scores. We could demonstrate that neuropathological scores were
significantly higher in the second study representing more severe cerebrocortical lesion in the
20-min-long asphyxiated animals. In a similar fashion, more severe neuronal injury was

observed in the hippocampus and in the basal ganglia as well (Figure 1.)

morphology of cortical percentage of damage in the
neore damage given area
0 no damage
1 <20 %
2 scattered 21-50%
3 50%<
4 <20 %
5 grouped/laminar 21-50%
6 50%<
7 <20 %
8 panlaminar 21-50%
9 50%<

Table 1. — Scoring system of cortical neuronal damage®’

In summary, we can state that PA in the first study elicited mild-moderate whereas in
the second study moderate-severe HIE. Thus, the 20-min-long PA was more appropriate to
demonstrate the neuroprotective potential of Hz, indeed, H> treatment decreased the lesion to
the level of the time controls in virtually all assessed regions: the cerebral cortex, the
hippocampus, the basal ganglia, the thalamus, and cerebellum as well showing remarkable
neuroprotection®®. In the following sections, three potential factors of neuronal cell

death/survival are introduced that could play a role in the pathomechanism of HIE.
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Fig. 1. Comparison of some physiological parameters at the nadir of experimentally induced
asphyxia and the grade of neuronal injury between the untreated asphyxia groups of our two
previous studies®**3. The 20 min asphyxia resulted in significantly more severe acidosis,
hypercapnia, and hyperglycemia. Neuropathological scoring revealed more severe injury 24h
after the 20 min asphyxia, neuropathological scores (0-9) from the frontal, parietal, temporal
and occipital cortices have been summated and plotted on the box plot showing median, 25™-
75" as well as 10™-90" percentiles (line, box, as well as whiskers, respectively). The
percentage of neuronal damage was also markedly larger in the CAl and CA3 fields of the
hippocampus, and in the basal ganglia as well. (n=7-7, * vs. 8-min trachea-occlusion; t-test /

Mann-Whitney U-test, p < 0.05)
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1.4. Cyclooxygenase-2

Cyclooxygenases (COXs) are the rate-limiting enzymes catalysing the first committing
step of prostaglandin (PG) production, i.e. the conversion of arachidonic acid released from
membrane phospholipids by phospholipase-A2 to PGH>**. PGH is then further converted to
biologically active prostaglandins, including PGD2, PGE2, PGFa,, PGI, and thromboxane-A,*
(Fig. 2.). There have been at least two COX isoforms described in the central nervous system,
COX-1 and COX-2%. They are both membrane-associated enzymes with 71kDa molecular
weight and they maintain 63% homology in their amino acid sequence®’. Although they have
similar catalytic activity, they differ in their pharmacological properties, as well as in cellular
and tissue distribution®®. Originally COX-1 was considered to be the constitutively expressed
while COX-2 to be the inducible isoform®. In contrast, both COX-1 and COX-2 are
constitutively expressed in the central nervous system®¢, furthermore, COX-2 proved to be the
dominant isoform of COXs in the neonatal brain*’, providing up to 80% of the total brain COX
activity*!. Whereas COX-1 is constitutively expressed in most brain regions*®, COX-2 is
especially enriched in the hippocampus and the cortex*’. The tissue distribution of COX-2
raised the issue whether COX-2 derived prostanoids have any modulatory role in the regulation
of synaptic transmission and neural plasticity. Yamagata et al. found that the basal expression
of COX-2 is regulated by NMDA receptor-dependent synaptic activity and COX-2 expression
is upregulated by high-frequency stimulation (HFS) associated with the induction of long-term
potentiation (LTP)*?. The putative connection was confirmed by the observation that specific
COX-2 inhibitors reduced the HFS-induced LTP at hippocampal synapses*’. This result
suggests that the COX-2 is involved in hippocampal long-term synaptic plasticity.
Hippocampal LTP found to be potentiated in COX-2 transgenic mice**, meanwhile the HFP-
induced LTP was not significantly different in COX-2 knockout mice*, presumably due to
compensatory COX-1 response*®7.

The function of COX-2 in synaptic transmission is verified by the reports that COX-2
is localized in the dendritic spines of neurons as well*®. COX-2 also participates in the flow-
metabolism coupling, e. g. in the functional hyperemia in the barrel-cortex following whisker
stimulation*”: COX-2 produces PGH> which is then further converted to PGE> which has

vasodilatory effect.
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Additionally, expression of COX-2 is well-known to be upregulated by various

51,52 53,54

deleterious stimuli including brain trauma’”~, cerebral ischemia’", and proinflammatory
insults®. The neuronal induction of COX-2 expression suggests the enzyme’s participation in
neuroinflammation, the pathogenesis of neurodegenerative diseases, traumatic brain injury, and
ischemia-induced neuronal damage and epileptogenesis>®.

Studies have shown that the stroke volume and neurological deficit is decreased by the
deletion of COX-2 gene or specific COX-2 inhibitors>’%,

During prostaglandin production, reactive oxygen species (ROS) are released by
COX-2%6% (Fig. 2.), which are eliminated by endogenous antioxidants - like superoxide
dismutase®® or glutathione peroxidase® - in physiological conditions, though neonates are
particularly sensitive for ROS due their organs’ structural and functional immaturity, the
overloading of aerobic metabolism with rapidly growing energy demand, the reduced ability to
induce efficient homeostatic mechanisms, as well as the lack of effective antioxidant systems
that mature during the first year of life in human neonates®’.

COX-2 has an undeniable role in the pathogenesis of HIE. A study showed that the
administration of COX-2 inhibitors before as well as soon after the ischemic insult provided
neuroprotection in a rat HIE model®. Additionally, human neonatal brain ischemia has been
also linked to high level of neuronal COX-2 expression by a human autopsy study®. Therefore,
the role of COX-2 in the pathomechanism of HIE could be best investigated in a translational
large animal model that could also be used to establish neuroprotective treatments.

COX-2 has been extensively researched in newborn piglets as well. It has been shown
that anoxic stress increases COX-2 but not COX-1 mRNA and protein levels both in the
cerebral vascular endothelium® as well as in the cortical and hippocampal neurons, meanwhile
this elevation was not successfully evoked by asphyxia within 2-8 hours of survival®*. The
regional distribution of COX-2 immunopositive neurons in piglet brain was already described
by our group, however within 4 hours following trachea-occlusion no change in COX-2
immunopositivity occurred®®. This study raised the question about whether a more effective

asphyxia induction or longer time window of observation was needed.
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Fig. 2. COX-derived arachidonic acid (AA) metabolites in neurons>®

Note that in an equimolar concentration with prostanoids, oxygen free radicals are
produced! (PGD:, PGE>, PGF>, PGH>, PG>, TBX> — prostanoids; DP1-2, EP1-4, FPa,p, IP,
TPa,p — corresponding prostanoid receptors, NSAIDs — non-steroid anti-inflammatory drugs)
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1.5. Microglial activation

Microglia are the resident immune-competent cells of the brain tissue, derived from
monocytes and entering the brain during the early embryonic brain development®’. They total
up to 5-12% of the glia population®®. Microglia develop a ramified phenotype and constantly
monitor their environment®®. They may get activated by any changes in the brain homeostasis
or a pathological event "°. Although there are different proposed models of morphological
changes occurring due to microglial activation, they all agree that the process results in de-
ramification’’. Therefore, the activational state of microglial cell can be characterized with the
so-called ramification index, published by Faulkner et al. in 2011%2. The ramification index
takes into account the number of microglial cells and their branches in a given area. The lower
the value of the ramification index is, the more activated the microglia are.

Microglia have a contrasting role in neuroinflammation. Depending on their subtype
they can activate either pro- or anti-inflammatory pathways’!. The M1 subtype, which is co-
activated by ROS, nevertheless releases pro-inflammatory cytokines and produces further ROS
meanwhile blocking the anti-inflammatory effects of the M2 subtype’! (Fig. 3.).

The microglial activation and polarization is influenced by the mechanism, location,
and severity of the injury and the age at which the injury occurs’®’?, therefore it is necessary to
describe the microglial activation in the given model of a neurodegenerative disease.

Previous reports about microglial activation in the piglet model of PA/HIE were
inconsistent?>’*. We sought to determine whether we can detect activated microglia after 24

hours of survival in our recent PA/HIE model.
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Fig. 3. Activation of microglia and the following immune response’’

The pro-inflammatory M1 subtype of microglia is co-activated by ROS and inhibits the
anti-inflammatory effects of the M2 subtype. (LPS — lipopolysaccharide, I[FN-y — interferon-y,
IL — interleukin, TGF-f — tumor growth factor-f, ROS — reactive oxygen species, TNF-o. —
tumor necrosis factor-a, FIZZ1 — =RETNLB - resistin like beta, CD206 — mannose receptor
C-type 1, Yml — chitinase-like 3, IGF-1 — insulin like growth factor 1, Argl — arginase 1,

iNOS — inducible nitric oxide synthase, ECM — extracellular matrix)
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1.6. ERK and Akt
While PA/HIE causes severe neuronal damage, many, sometimes the majority of the
neurons still survive the insult, but the role of antiapoptotic mechanisms in neuronal survival is
still not fully revealed. As the antiapoptotic mechanisms work in the favour of preserving the
neurons, therefore they can serve in theory as potential targets for neuroprotective strategies.
Neurotrophins activate different intracellular pathways (Fig. 4.) that may exert

neuroprotective effect’>’®,

Brain-derived neurotrophic factor (BDNF) belongs to the
neurotrophic factor family and plays an important role in neuronal development and maturation
in the central nervous system’’. BDNF proved to be neuroprotective against hypoxic-ischemic
injury in rodents’®”?. The neuroprotective effects of BDNF are mediated either by the mitogen-
activated protein kinase (MAPK) or phosphatidylinositide-3-kinase (PI-3-K) pathway®’
depending on environmental conditions and cellular stimuli. The activation of PI-3-K can be
detected by the phosphorylation of the RAC-alpha serine/threonine-protein kinase (Akt) which
regulates cell survival, proliferation, growth, and glycogen metabolism®!*2. Among MAPKs,
the extracellular signal related kinase (ERK) has been identified as a possible contributor to
neuroprotection®’. Intracerebroventricular administration of BDNF to postnatal day 7 rats
elevated the phosphorylation level of ERK1/2 and Akt kinases®*. Pharmacological inhibition of
ERK increased the tissue loss after the hypoxic-ischemic insult in rodents®, however little is

known about the activation of these pathways in a newborn large animal model after hypoxic-

ischemic injury.
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Fig. 4. The signalling pathway of Akt and ERK®
The receptor binding of BDNF dimer activates Akt and ERK kinase cascades which lead
to cell survival.

(BDNF — brain derived neurotrophic factor, NMDA — N-methyl-D-aspartate, CAMKII —
calmodulin kinase Il. — RAF — [rapidly accelerated fibrosarcoma] kinase family, MEK —
mitogen activated protein kinase kinase, ERK — extracellular signal-regulated kinase, Ras
— [rat sarcoma] small GTPase proteins, GEF — guanine nucleotide exchange factor,
Grb2 — growth factor receptor-bound protein 2, TrkB — tyrosine kinase receptor-B,
PI3K — phosphoinositide 3- kinase, AKT — protein kinase-B, FOXO3 — forkhead box O3,
BAD — Blc-2-associated death promoter, DNA — deoxyribonucleic acid, CREB — cAMP

response element-binding protein)
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2. Aims

Our group has successfully constructed translational piglet PA/HIE models, in which
the applied PA protocols induced mild or moderate-severe HIE. These models were also
adequate to test and to demonstrate the neuronal-vascular protection afforded by Hz applied in
the reventilation period after PA. However, the molecular mechanisms responsible for the
observed neuronal cell death, as well as the effector mechanism of the neuroprotective H> have
still many yet unmapped areas. To better describe our model, and also to tackle some of the
cellular events of the developing HIE, our aims were to answer the following questions:

1.) Regional differences in neuronal COX-2 expression have been previously reported®®.
We therefore asked if the 24 h observation of the anesthetized animals would per se
influence the percentage of COX-2 immunopositive neurons?

2.) Does PA induce neuronal COX-2 after 24 hours of survival? Are there any regional
differences in the response to PA?

3.) Is there any correlation between the percentage of COX-2 immunopositive neurons and
the severity of the neuronal lesion?

4.) Is there any correlation between the percentage of COX-2 immunopositive neurons and
the oxidative damage of neurons?

5.) Can microglial activation be demonstrated in our PA/HIE model? Is there any
correlation between the percentage of COX-2 immunopositive neurons and the degree
of microglial activation?

6.) Can the neuroprotective H» treatment interfere with the effect of PA on the percentage
of COX-2 immunopositive neurons or affect the microglial response?

7.) Can the activation of the Akt and ERK play an important role in neuronal survival in

24-48 hours after PA?
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3. Materials and Methods

3.1.Immunohistochemical analysis
3.1.1. Experimental groups and tissue sampling

For immunohistochemistry, we used the brain samples of newborn male Large-White
piglets (age < 24 h at beginning of experiments, body weight: 1.5-2.5 kg, n=47; Pigmark Ltd.,
Co., Szeged, Hungary) obtained mainly from the previous studies*®**. The major difference
between the two studies was the induction method and the duration of PA: asphyxia was elicited
by 8 minutes of trachea-occlusion and suspended ventilation in the first, and by 20-minute-long
ventilation with hypoxic-hypercapnic gas mixture (6% O2, 20% CO>) in the second study. The
animals were divided into the following 3-3 groups in both studies (Fig. 5.):

1.) normoxic time control groups (n=7-7) ventilated with air
2.) asphyxiated control groups (n=7-7) reventilated with air for 24 hours
3.) and asphyxiated groups reventilated with air containing 2.1% H> for 4 hours,

followed by air for the remaining (20 hours) survival time (n=7-7).
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We also included an additional naive control group to study baseline levels of the
different markers. In the naive control group, piglets (n=5) were anesthetized with sodium
thiopental (45 mg/kg; ip.; Sandoz, Kundl, Austria), and the brains were immediately perfused
with 100 ml cold physiological saline solution through the catheterized common carotid arteries
and harvested for immunohistochemical analysis.

All procedures were approved by the Animal Care and Use Committee of the University of
Szeged. Animal care and handling were in accordance with the National Institutes of Health

guidelines.

3.1.2. Histology

The brain tissue was immersion fixed with 4%, 4°C paraformaldehyde for 2 weeks.
Paraffin-embedded, 4 um sections were produced using a microtome (Leica Microsystems,
Wetzlar, Germany). The sections were mounted on sylanized slides. Haematoxylin-eosin
staining was performed to determine the degree of neuronal lesion, which was determined with
cell counting in most areas. In the cerebral cortex, however, neuropathology scores were

determined (0-9) in each region, as previously described.
3.1.3. COX-2 immunohistochemistry

COX-2 immunohistochemistry was performed using Leica Bond Max automated
immunostainer (Leica Microsystems, Wetzlar, Germany): the slides were dewaxed at 72°C, and
antigen retrieval was performed at pH: 6. The slides were then incubated with a 1:100 rabbit
monoclonal antibody against COX-2 (clone SP21, Labvision, Fremont, California, USA) for
30 min followed by horseradish peroxidase-conjugated anti-rabbit antibody (EnVision®; Dako,
Glostrup, Denmark). 3,3'-diaminobenzidine (DAB) tetrahydrochloride solution was used for
visualization, then the slides were counterstained with haematoxylin to visualize the cell nuclei.
The slides were dehydrated in ascending alcohol series, cleared in xylene and covered with a
coverslip, then scanned in a slide scanner (Pannoramic MIDI, 3DHISTECH Ltd., Budapest,
Hungary) and visualized on a personal computer using the Pannoramic Viewer software
(3DHISTECH Ltd.) at 20x magnification. Areas of interest were randomly selected and
photomicrographs were taken from each observed regions: 10-10 images of the frontal,

temporal, parietal and occipital cortex, 3-3 of the CA1, CA3 subfields and the dentate gyrus of
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the hippocampus, 10-10 of the thalamus and the basal ganglia, and 15 images of the cerebellar
cortex for the study of Purkinje-cells. Cells were manually counted with the help of the ImageJ
software (Wayne Rasband, NIH, Bethesda, Maryland, USA) by two independent observers.
Neurons were identified by their shape and size. The ratio of COX-2 immunopositive to all

neurons were determined, the averages/cerebral areas/animals were counted.

3.1.4. 8-OHdG and Iba-1 immunohistochemistry

Based on the results of our COX-2 studies, the parietal cortex has been selected for
further studies. Tissue microarrays from the parietal cortex were produced from using a custom-
made stainless steel tissue puncher (3 mm) from the paraffin embedded tissue blocks of the
second study (time control, 20 min asphyxia, 20 min asphyxia+H> groups). The microarrays
were also sectioned at 4 pum, mounted on sylanized slides and processed for
immunohistochemistry. To test the oxidative damage of the neurons, 8-OHdG
immunohistochemistry was performed?*. Slides were incubated with a 1:200 dilution of mouse
monoclonal primary antibody against 8-OHdG (JaICA Inc., Fukuroi, Japan) for 20 min
followed by horseradish peroxidase-conjugated rabbit anti-mouse secondary antibody for
15 minutes (n = 6-6-6). To assess microglial activation, Iba-1 immunohistochemistry was
performed (n = 7-6-6). Slides were incubated with rabbit anti-Iba-1 antibody (Wako Chemicals
GmbH, Neuss, Germany) for 30 min, followed by horseradish peroxidase-conjugated anti-
rabbit antibody (EnVision®; Dako, Glostrup, Denmark) for 15 min. In both cases
3,3’-diaminobenzidine was used to visualize the immunostaining, then the slides were
counterstained with haematoxylin, to visualize the cell nuclei. The slides were covered with a
coverslip then scanned in the slide scanner, and visualized on a personal computer using the
Pannoramic Viewer software at 40x magnification. As a sign of oxidative damage,
homogenous, strong nuclear 8-OHdG immunoreactivity was considered. The ratio of these
nuclei to the total neuronal nuclei was determined using the ImageJ software, similarly to the
previously described method. The average/sample was plotted on box plots. The groups were
compared with one-way ANOVA on ranks followed by Student-Newman-Keuls post hoc test
(p<0.05). Microglial activation was characterized by determining the so-called ramification
index (RI). We applied a 0.20 x 0.25 mm grid to the microphotographs of 3 randomly selected

areas/sample at 40x magnification. The immunopositive cell bodies (CBD) in the grid were
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counted as well as the microglial branches (B) crossing the gridlines. From these data, RI was

defined according to the following equation: RI = B%/CBD.

3.2. Western blot study

3.2.1. Experimental groups and surgical preparation

Anaesthesia was induced by intraperitoneal injection of sodium thiopental (45 mg/kg;
Sandoz, Kundl, Austria). Piglets (n=20) were intubated via tracheotomy and artificially
ventilated with humified, warmed room air (21% O, balance N»; respiratory rate: 30-35 1/min,
peak inspiratory pressure: 120-135 mmH>O). A catheter was introduced into the right femoral
vein to maintain anaesthesia/analgesia with a bolus injection of morphine (100 pg/kg; Teva,
Petach Tikva, Izrael) and midazolam (250 pg/kg; Torrex Pharma, Vienna, Austria), followed
by continuous infusion of morphine (10 pg/kg/h) and midazolam (250 pg/kg/h), as well as 5%
glucose and 0,45% NaCl 3-5 ml/kg/h) throughout the whole experiment. Another catheter was
placed either into the right femoral artery or into the right carotid artery for continuous
monitoring of arterial blood pressure and heart rate and take arterial blood samples for
determining the blood gas and blood sugar levels and certain time points of the experiment.

The animals used in the Western blot study were divided to naive, time control and
asphyxia groups with both 24 and 48 hours of survival (Fig. 6.). Asphyxia was elicited by
20-minute-long ventilation with hypoxic-hypercapnic gas mixture (6% Oz, 20% COz). Based
on our preliminary Western blot results, we added two special MAPK/ERK or Aktl/2 kinase

inhibitor treated groups to our Western blot study.

3.2.2. ERK and Akt kinase inhibitors

A custom-made closed cranial window with 3 injectable ports was inserted over the left
frontoparietal region, then filled with artificial cerebrospinal fluid (aCSF; 126.6 mM NaCl,
3 mM KCl, 1.5 mM CaClp, 1.2 mM MgCly, 24.5 mM NaHCO3, 6.7 mM urea, 3.7 mM glucose
bubbled with 95% O and 5% CO- to achieve a constant pH of 7.4). The dura mater was opened.
After the implantation we allowed a 45-min-long stabilization period. Both the MEK inhibitor
UO0126 and the Aktl/2 kinase inhibitor A-6730 drugs were dissolved in dimethyl-sulfoxide
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(DMSO) to a 10 mM stock solution then further diluted in aCSF to obtain 10 uM drug solutions
(final DMSO concentration was 0.01%). In the respective experimental groups, the drugs were
applied topically onto the cerebral cortex with continuous superfusion through one of the
injectible ports at a rate of 0.5 ml/min for 40 min. The other two ports allowed continuous efflux
of the aCSF. The cortex below the cranial window as well as the corresponding contralateral

untreated cortex were collected and processed as described in the following section.

24h 48 h

Untreated n=3 Preparation (@
n=1 n=
Control n=3 Preparation ® ®
n=3 n=
Asphyxia n=6 Preparation . .

v o o= | R e
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inhibitor n=4 @ pang

Fig. 6. Experimental groups of Western blot analysis

3.2.3. Western blot analysis

Thawed samples were homogenized and harvested in ice-cold lysis buffer (50 mM Tris-
base, pH 7.4, 150 mM NaCl, 10% glycerol, ImM EGTA, 1 mM Na-orthovanadate, 5 uM ZnCl,
100 mM NaF, 10 pg/ml aprotinin, 1 pg/ml leupeptin, 1mM phenylmethylsulfonyl fluoride
(PMSF), 1% Triton X-100). The homogenate was centrifuged at 40,000 x g at 4°C for 30 min
and the protein concentration of the supernatant was determined (Bio-Rad Protein Assay Dye
Reagent Concentrate, Bio-Rad, Hercules, CA, USA). Samples prepared from equal amounts

(50 ng) of protein were mixed with Laemmli buffer (1M Tris-HCI, pH 6.8, glycerol, SDS, 100
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mM EDTA, 100mM EGTA and 1% bromophenolblue) and denatured by boiling. Subsequently,
they were loaded for 12% SDS-containing polyacrylamide gel and separated based on
molecular size. The gels were electroblotted for polyvinylidene difluoride (PVDF) membranes
(Hybond-P, GE Healthcare, United Kingdom). Detection of the protein of interest was carried
out by first blocking the membrane in 3% nonfat dry milk in Tris Buffered Saline -Tween (10
mM Tris-base, 150 mM NacCl, 0.2% Tween-20, pH 8.0; TBS-Tween). Membranes were probed
overnight at 4°C with antibodies recognizing the following antigens: phospho-p44/42 MAP
kinase to detect phospho-ERK1/2, total p44/42 MAP kinase, anti-Akt and phospho-Akt
(Ser473), (Cell Signalling Technology, Danvers, MA, USA), diluted 1:1000 in the blocking
solution. Excess antibody was removed by five washes of TBS-Tween. Membranes were
incubated with a horseradish-peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody
(Cell Signalling Technology, Danvers, MA, USA) diluted 1:1000 in blocking solution at room
temperature for 2 hours. Five washes in TBS-Tween were followed by detection of the
enhanced chemiluminescent signal (WesternBright ECL, Advansta, USA) on X-ray films. The
relative protein expressions were determined using densitometry (ImageJ software, National

Institutes of Health, USA). Each experiment has been performed at least three times.

3.3. Statistical analysis

COX-2 immunopositivity was plotted on box plots using R 3.3.1 software (The R
Foundation for Statistical Computing, Vienna, Austria) as the data followed a non-normal
distribution tested by Shapiro-Wilk normality test. For statistical analysis, ANOVA on ranks
followed by Student-Newman-Keuls post hoc test was performed using SigmaPlot 12.0 (Systat
Software Inc., Chicago, Illinois, USA). P<0.05 was considered statistically significant. The
ratio of COX-2 immunopositive neurons was correlated with the previously determined
histopathological score®®, and the result was plotted on a dot plot using R 3.3.1 software.

The RI values of each field of view were plotted on box plots and the groups were
compared with one-way ANOVA on ranks followed by Dunn’s post hoc test. Correlations were
plotted and tested using the R 3.3.1 software (Pearson’s correlation, p<0.05).

The Western blot results were plotted using SigmaPlot (v12.0, Systat Software Inc., San

Jose, CA., USA). Statistical comparisons include one-way analysis of variance (ANOVA) as
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well as two-way repeated measures ANOVA followed by the Holm-Sidak post hoc test for
pairwise comparisons. Neuropathology scores were expressed as median, 25-75 percentiles.
For non-parametric data Mann-Whitney U test was applied. P values <0.05 were considered to

be significant.
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4. Results

4.1. Neuronal COX-2 expression in the time controls

Neuronal COX-2 expression showed marked regional differences: in the naive animals
the highest percentage of COX-2 positive neurons could be observed in the frontal and parietal
cortices similar to our previous results in time controls at 4 hours of survival, as described
previously®®. However, this regional expression pattern appeared markedly changed in the 24h
time controls, as the COX-2 expression was significantly reduced in all neocortical regions
compared to naive or 4h survival animals (Fig. 7.). This reduction was found limited to the
neocortex: the ratio of COX-2 immunopositive neurons remained unchanged in the

hippocampus (Fig. 7.).
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harvested immediately after anaesthesia n=35), as well as from normoxic time controls with 4
hours of survival after anaesthesia (n=12) displayed similar COX-2 expression in accordance
with previous data showing regional differences among the regions®®. However, the percentage
of COX-2 immunopositive neurons in the 24h survival time control group (n=14) has been
significantly reduced compared to both the naive and the 4h time control groups in all
neocortical regions. Interestingly this reduction did not to affect the CAI and CA3 hippocampal
subfields. (* vs. naive animals, 1 vs. 4 h time control; ANOVA on ranks, Dunn’s post hoc test,
p<0.05; bold line, box, and whiskers represent the median, 25"-75" and 10"-90" percentiles,

respectively; black dots are outliers.)

4.2. Effect of asphyxia and H: ventilation on neuronal COX-2 expression

In the brain regions obtained from the study of 8-minute-long asphyxia, there was no
significant alteration in neuronal COX-2 expression (Fig. 8.) as no difference was noted
between the time control and asphyxiated groups in any of the observed regions (Fig. 8.). In
contrast, 20-minute-long asphyxia elicited significant increases in neuronal COX-2
immunopositivity in the parietal and occipital cortices, as well as in the hippocampal CA3
region (Fig. 8.). Furthermore, a tendency of asphyxia-induced elevation in COX-2
immunopositive neurons could also be observed in the frontal and temporal cortices and in the
basal ganglia too, albeit these changes did not reach statistical significance in these regions
(Fig. 8.). In the Hp-treated group, despite exposure to the same level of asphyxia, the ratio of
COX-2 immunopositive cells was similar to the time control group (Fig. 8.).

In contrast to the CA3 subfield, the hippocampal CA1 region and the dentate gyrus
displayed low percentage of COX-2 immunopositive neurons in time controls, and the ratio of
immunopositive neurons were unchanged by asphyxia, they were similar in all three groups. In
a similar fashion, COX-2 was present in about 30% of the cerebellar Purkinje cells in all

experimental groups (Fig. 8.).
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compared to the corresponding time control (n=7-7) and H>-treated asphyxia groups (n=7-7).
In the first study using 8 min asphyxia, the neuronal COX-2 expression was not significantly
affected neither in the asphyxia nor in the H>-treated asphyxia groups. On the other hand, in
the second study using 20 min asphyxia, the asphyxia elicited significant elevations in the ratio
of COX-2 immunopositive neurons in the parietal and occipital cortices, as well as in the
hippocampal CA3 region. The trends of increased COX-2 expression could also be observed in
the frontal and temporal cortices along with the basal ganglia, though the differences did not
reach statistical significance in these regions. The hippocampal CAI region and dentate gyrus,
as well as the thalamus showed low immunopositivity, which was unaffected both by asphyxia
and H>-treatment. About one third of cerebellar Purkinje-cells were COX-2 immunopositive,
no marked difference was detected among the three groups. (* vs. time control, 1 vs.
asphyxia+H> ANOVA on ranks, Student-Newman-Keuls post hoc test, p<0.05; bold line, box,
and whiskers represent the median, 25"-75™, and 10"-90" percentiles, respectively; black dots

are outliers)

Notably, strong COX-2 immunopositive areas were only recorded in the asphyxia group

of animals (Fig. 9.).
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Fig. 9. Representative photomicrographs (20x) showing cyclooxygenase-2 (COX-2)
immunopositive neurons (brown-stained neurons) from the assessed brain regions in the
matching time control, asphyxia and asphyxia+H> groups of the 8§ min asphyxia and the 20 min
asphyxia studies. The displayed fields of views were selected from the 10 analyzed fields of
views of those animals that yielded the median values of the respective groups in Fig. 8. No
remarkable difference can be detected among the experimental groups of 8 min asphyxia study,
the increased abundance of COX-2 immunopositive neurons is striking in virtually all
neocortical areas, in the CA3 hippocampal region and in the basal ganglia from the 20 min
asphyxia group.
4.3. Assessment of correlation between neuronal COX-2 expression and neuronal

damage

As neuronal COX-2 expression was affected by 20-minute-long asphyxia only, we
performed all subsequent studies on these animals. We first investigated whether the ratio of
COX-2 immunopositive neurons correlated with the previously determined neuropathology
scores, higher scores reflecting more severe neuronal damage in the cortex (Fig.10.). We found
no correlation between the neuropathology scores and neuronal COX-2 expression (r=0.38;
p<0.01), however, we could clearly identify 3 expression patterns: low neuropathology scores
were always associated with low-moderate levels of neuronal COX-2 expressions; high
neuropathology scores were associated either with high or with low COX-2 expression levels.
Notably, low neuropathology score never coincided with high COX-2 expression level

(Fig. 10.).
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severely damaged cortical and hippocampal regions. A) In the cortical regions of normoxic
time control group (n=7), neuropathology scores are usually low and associated with low levels
of COX-2 immunopositive neurons. Similar observations can be made for the 20 min
asphyxia+H> group (n=7) as well. However, in the 20 min asphyxia group (n=7), severe
neuronal lesion may or may not be associated with high percentage of COX-2 immunopositive
neurons. Importantly, high COX-2 immunpositivity is not associated with low neuropathology
scores in any animals/regions B) In the hippocampal CA3 subfield, the highest number COX-2

immunopositive neurons are from the 20 min asphyxia group with largest degree of neuronal

damage.
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4.4. Assessment of correlation between neuronal COX-2 expression and oxidative
DNA damage

In the parietal cortex, 20-minute-long asphyxia significantly increased the ratio of
8-OHdG immunopositive neuronal nuclei (Fig.11/A, B) compared to both the time control and
the Ho-treated asphyxia group indicating oxidative stress induced by asphyxia and the
mitigating effect of molecular Hz (Fig.11/A, B). By assessing the correlation between the ratios
of COX-2 and 8-OHdG immunopositive neurons (Fig. 11/C), we found a marked tendency

(r=0.71), either considering data from all groups or from the 20 min asphyxia group alone.
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Fig. 11. 8-OHdG immunopositivity in the parietal cortex of the matching time control, 20 min
asphyxia and 20 min asphyxia+H> groups. Representative photomicrographs (A) demonstrate
the oxidative damage of nuclei (40x) in the 20 min asphyxia group compared to the time control
and the 20 min asphyixa+H> groups. The ratio of 8-OHdG immunopositive neuronal nuclei/
total neuronal nuclei (B) is markedly increased in 20 min asphyxia group compared to time

control and 20 min asphyxia+H> groups (n=6-6-6, ANOVA on ranks, Student-Newman-Keuls
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post hoc test, p<0.05; bold line, box, and whiskers represent the median, 25"-75" and 10™-
90" percentiles, respectively; black dots are outliers) Correlating the 8-OHdG and COX-2

immunopositivity (C), we can detect a significant tendence (Pearson’s method, r = 0.71,

p<0.05).

4.5. Microglial activation and its correlation with COX-2 expression

The Iba-1 immunohistochemistry visualized the distribution and morphology of
microglia in the parietal cortex (Fig. 12/A). Microglial activation is associated with reduced
branching and assuming an amoeboid shape, and this change was quantified by RI
determination. We found that RI was significantly lower in the group subjected to 20 min
asphyxia, than in the time control group (Fig. 12/B). However, there was no statistical
difference between the time controls and the H»-treated asphyxiated animals. When considering
all data points, RI showed no correlation with neuronal COX-2 expression (r =-0.56, p<0.05,
Fig. 12/C), but when regarding exclusively the 20 min asphyxia group significant negative

correlation (r = -0.75, p<0.05) was observed.
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Fig. 12. Iba-1 immunopositivity and microglial ramification index in the parietal cortex of the
matching time control, 20 min asphyxia and 20 min asphyxia+H> groups. Representative
photomicrographs (A) show that while in time control and 20 min asphyxia+H> groups the
shape of microglial cells is ramified, in 20 min asphyxia group the microglial cells are getting
activated and start assuming a more amoeboid shape (40x). The ramification index (B) is
evidently decreased in the 20 min asphyxia group compared to the time control group, however,
the 20 min asphyxia+H> group is more similar to the time control group (n=7-6-6, ANOVA on
ranks, Dunn’s post hoc test, p=0.015). The correlation between the ramification index and
neuronal COX-2 expression (% of total neurons) (C) considering all 3 groups is less
pronounced (Pearson’s method, r =-0.56, p<0.05), however, when regarding the 20 min

asphyxia group only, we can detect a significant negative correlation (r = -0.75).

4.6. Activation of ERK/AKkt signalling pathways
Total ERK levels in the frontoparietal cortex were remarkably similar in all
experimental groups. In addition, the levels of phosphorylated ERK (P-ERK) were also similar
to the total levels; therefore the ratio of the P-ERK to total ERK was typically between 80-100
% indicating high degree of activation of the pathway (Fig. 13.). The results concerning total
and phosphorylated Akt (P-Akt) levels, the ratio of P-Akt to total Akt levels were also
remarkably high and there were no statistical differences among the groups, despite a slight

tendency of activation by asphyxia (Fig 13.).
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Fig. 13. Ratio of phosphorylated (P-ERK, P-Akt) and levels of total ERK and Akt in the cerebral
cortex of the different experimental groups (bar graphs) with representative blots. There were
no significant differences among the different groups. Untreated — untreated group, Control, C

— time control animals without asphyxia; A — asphyxia group, 24 h - 48 h — length of survival.
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High degree of ERK and Akt phosphorylation in the frontoparietal cortex was also
demonstrated in the samples taken from the control side in our short-term experiments
(Fig. 14.). However, under normoxic conditions, local, topical in vivo treatment with the MEK
inhibitor U0126 and the Aktl/2 kinase inhibitor A-6730 resulted in significant inhibition of
ERK and Akt phosphorylation, respectively (Fig. 14.).

15 1 MEK inhibition 13, 1 Aktl/2 kinase inhibition
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Fig. 14. Ratio of phosphorylated (P-ERK, P-Akt) and levels of total ERK and Akt in the
normoxic, non-asphyxiated cerebral cortex after inhibition with the MEK inhibitor U0126 and
the Aktl/2 kinase inhibitor A-6730, respectively. Both inhibitors significantly reduced
phosphorylation compared to the contralateral untreated side. (* p<0.05 compared to the

untreated side)

The ratios of P-ERK/total ERK and the P-Akt/total Akt in the other assessed brain regions were
remarkably similar to the values determined in the neocortex (Fig. 15.). In the untreated as well
as in the 48 h asphyxia animals, the phosphorylation ratios were remarkably high and there

were no statistical differences among the groups, indicating no effect of asphyxia.
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Fig. 15. Ratio of phosphorylated (P-ERK, P-Akt) and of total ERK and Akt levels in the assessed
brain regions from the untreated and 48 h asphyxia groups (n=3-3). Assessment of the different
brain regions yielded essentially similar data: both ERK and Akt displayed high degree of
phosphorylation that was unaffected by asphyxia, there were no significant differences among
the different groups. (naive — untreated group; 48 h asphyxia - asphyxia group with 48 h of

survival)
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5. Discussion
The major findings of the present study are as follows:
1) region-specific neuronal COX-2 expression in the neocortical areas is maintained at 4 hours,
but greatly reduced at 24 hours of survival in anaesthetized time controls;
2) 20-min, but not 8-min-long PA can significantly elevate the number of COX-2 positive
neurons in the neocortex and the hippocampal CA3 subfield but not in the assessed subcortical
areas or other hippocampal structures;
3) high ratios of COX-2 immunopositive neurons are always associated with severe neuronal
lesion;
4) the ratio of COX-2 expressing neurons correlates with the oxidative damage of the neurons
in the parietal cortex;
5) microglial activation can be detected in our HIE model already after 24 hours of survival in
the parietal cortex, and the ratio of COX-2 immunopositive neurons correlates with microglial
activation;
6) the neuroprotective H> administration prevents the upregulation of neuronal COX-2
expression in all sensitive brain regions, reduces oxidative damage, and alleviates microglial
activation after PA;
7) both ERK and Akt are constitutively phosphorylated/ active in the cerebral cortex and all
other assessed brain regions of newborn pigs irrespective of the length of anaesthesia and/or
exposure to asphyxia; meanwhile we proved that the high cerebrocortical ERK and Akt
phosphorylation levels under normoxic conditions can be in vivo modulated by specific

inhibitors.

We believe to be the first to describe the induction of neuronal COX-2 expression
following asphyxia in a translational subacute piglet PA/HIE model. Previously, we extensively
characterized the effect of 20-min asphyxia elicited in newborn (<1 day old) piglets by
ventilation with a hypoxic-hypercapnic (6% Oz - 20% COz) gas mixture on hemodynamics,
blood gases, metabolites, electroencephalogram and neuropathology®®. The applied insult
resulted in alterations that matched both human pathology and naturally occurring birth
asphyxia in swine®® and corresponded to moderate to severe HIE in all of the animals. Our

present results elucidated the confounding results from previous studies in which elevations in
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COX-2 levels were reported after 10 min of global cerebral ischemia but not 10 min of
asphyxia®*. Our current results suggest that this reported difference was due to the more severe
hypoxic/ischemic insult elicited by global cerebral ischemia, and in the present study, the longer
asphyxia duration rather than the shorter treatment elicited conditions similar to those observed
with global ischemia, which resulted in the upregulation of COX-2.

In the present study, neuronal COX-2 abundance was conspicuously reduced in all neocortical
areas of the 24 h time control animals compared with the values previously reported in our 4 h
survival study®. This difference cannot be attributed to differences in methodology such as for
COX-2 immunostaining or cell counting, as the values obtained from the naive animals in the
present study yielded virtually identical data to the previously published values. The decreased
number of COX-2-expressing neurons may be in part explained by the inactivation of cortex
due to anaesthesia, as COX-2 expression is stimulated by neuronal activity®®. The applied
anaesthetic/analgesic drugs could exert an inhibitory effect on COX-2 expression by interacting
with the nuclear transcription factor NF-xB signalling pathway, which is a well-known
transcriptional regulator of COX-2%7. Although morphine has been reported to have ambiguous

88.89 midazolam is unequivocally known

stimulatory and inhibitory effects on NF-xB activation
to inhibit the NF-xB pathway®®. The applied anaesthetic regimen was chosen to enhance the
translational potential of our animal model, as morphine/midazolam analgesia/sedation is
routinely used in the management of human neonates affected by PA/HIE’!. Furthermore,
experimental data suggested that morphine analgesia may be an important permissive factor by
allowing neuroprotective therapies such as therapeutic hypothermia to be effective; mild
hypothermia failed to exhibit neuroprotection in the absence of anaesthesia and analgesia in
newborn pigs®2. Our current results suggested that this “supportive” analgesia may have a
beneficial effect on neuronal survival in part through the attenuation of COX-2 expression. Our
findings also suggested a time-dependent role of COX-2-derived ROS and prostanoids in the
pathomechanism of HIE development in different brain regions, as COX-2 activity-dependent
neuronal injury in the early reventilation/ reoxygenation phase will be most likely pronounced
in regions with high baseline COX-2 expression (especially the frontoparietal neocortex).
However, in the delayed secondary energy failure phase, COX-2 will likely remain a more
important pathogenic factor for neuronal injury in those areas where the asphyxia-induced

elevation dominates over the anaesthesia-induced depression of COX-2 levels.
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The present data thus suggest that at least in the neocortical areas, two factors affect
neuronal COX-2 abundance. Long-term anaesthesia tends to decrease the enzyme levels,
whereas asphyxia elevates them. Both the increase in COX-2 levels and the increase in the level
of neuronal injury were variable in the piglets subjected to asphyxia, in accordance with the
spectrum of human HIE severity. We found that very high percentages of COX-2-
immunopositive neurons were inevitably accompanied by the most severe types of cortical
neuronal damage. In some cases, however, similarly high neuropathology scores coincided with
rather low COX-2 immunopositivity. These areas may perhaps represent those severely
damaged areas where the hypoxia/ischemia-induced translational blockade might have
prevented the expression of COX-2. Thus, the areas displaying very high neuronal COX-2
levels may represent those areas that were still able after asphyxia to translate new proteins, and
the deleterious effects of COX-2 may have contributed most in these areas to the observed
neuronal damage.

We assessed the effect of a neuroprotective (2.1%) concentration of H, on neuronal

30,33,66

COX-2 expression. In addition to our previous studies , this concentration was found to

be neuroprotective in a number of other disease models as well>>>%4,

Our current results concerning the correlation of nuclear 8-OHdG immunoreactivity
with COX-2 expression and the remarkable efficacy of molecular H> inhalation to attenuate
elevations in both 8-OHdG and COX-2 levels after asphyxia suggest a role for ROS in the
mechanism of COX-2 expression. 8-OHdG is used as a biomarker of oxidative modifications
to DNA?7 and is one of the most studied catabolites. Guanine is the best electron donor that
has the lowest oxidation potential among the DNA bases’>. 8-Hydroxylation in the guanine
base occurs after an attack by hydroxyl radicals under oxidative stress. Thus, elevations in the
number of 8-OHdG-positive nuclei indirectly indicate significant oxidative stress imposed by
hydroxyl radicals. Importantly, as molecular H> was originally described as a selective hydroxyl
radical scavenger?’, the efficacy of H» to attenuate elevations in 8-OHdAG levels after asphyxia
further confirms the presence of significant oxidative stress perhaps characterized by significant
production of hydroxyl radicals in our present PA/HIE piglet model. The connection between
this oxidative stress and the observed induction of COX-2 expression may be the activation of

NF-«B, which is a transcription factor known to be induced by ROS and inhibited by

antioxidants®. The general physiological functions of NF-kB include the regulation of
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apoptosis, cell growth, cellular stress responses and intracellular signalling'®. NF-kB affects
various brain functions as well as neuronal development, inflammation and
neurodegeneration'®!. Brain injury has been shown to increase NF-xB activity!®2. The COX-2
gene is a neuronal target of NF-kB*’, and therefore the asphyxia-induced increase in neuronal
COX-2 expression is very likely mediated via NF-«kB. A recent report in neonatal rats
demonstrated reduced NF-kB activation in Ha-treated rat pups'®’, which lends experimental
support to our hypothesis.

Our results with Iba-1 immunohistochemistry that was used to visualize microglia to
determine the RI as an indicator of microglial activation are also in favour of the above-
mentioned mechanism. We found that microglia were activated by asphyxia only but not by
asphyxia followed by H>. As microglial activation has also been reported to be accompanied
by NF-«B activation'®, hydroxyl radicals may have activated the microglia by promoting NF-
kB activity in the present study.

The efficacy of molecular H> to prevent increases in COX-2 levels after asphyxia
suggest that the ROS responsible for triggering COX-2 induction were produced during the
early reventilation/reoxygenation phase, as H> was administered only in the first four hours of
survival. This is interesting, as ROS may arise at later time points as well, for instance from
mitochondria during the secondary energy failure'®, from COX activity itself!%, or from the
activated microglia'®’.

ROS also trigger mitochondrial dysfunction and DNA fragmentation leading to
apoptosis'?®. Therefore, another possible neuroprotective therapy would be the prevention of
neuronal cell death through the activation of antiapoptotic signalization. This therapeutic
approach can be used before the secondary energy failure giving us approximately 3-6 hours
after the asphyxia'®. Both endogenous and exogenous BDNF could exert neuroprotection
through stimulation of neuronal survival and inhibition of apoptosis in this period. BDNF might
be involved in the endogenous neuroprotective response after PA, as BDNF mRNA levels
detected at 48 h survival were significantly increased in all brain areas compared to naive
animals in a newborn piglet HIE model'!®. Furthermore, exogenous BDNF was found
neuroprotective in a rat HIE model®*. Neuroprotection elicited by intracerebroventrical
administration of BDNF to postnatal day 7 rat pups was causally linked to pronounced and

rapid increases in the phosphorylation/activation of ERK and Akt kinases lasting up to at least
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12 h®4, Furthermore, ERK activation was specifically shown to reduce apoptotic neuronal death
assessed with cleaved caspase-3 immunohistochemistry®*. In addition to BDNF, other growth
factors such as basic fibroblast growth factor have been identified as a factor promoting cell
survival and neurogenesis, through activation of the ERK pathway'!!. In addition, Cohen-
Armon et al. demonstrated that ERK?2 phosphorylation can be modulated by poly (ADP-ribose)
polymerase-1 (PARP-1) which catalyze a posttranslational modification of nuclear proteins by
polyADP-ribosylation!'?. PARP-1 activation could play a role in our model as it has been found
to be induced by hypoxia in newborn piglets''>. The importance of the activation of the
PI3K/Akt signalling pathway has been demonstrated in an adult rat stroke model''*, where
cerebral infarct was elicited with permanent middle cerebral artery occlusion (pMCAO). Again,
BDNF could reduce infarct size via the phosphorylation of Akt!!*. Wortmannin, a selective
PI3K inhibitor, could reverse the increment in p-Akt level and the afforded neuroprotection'!“.
The transient elevation in p-Akt levels was also noted in adult mice within hours of MCAO'">,
and this endogenous activation was regarded as neuroprotective. Our current study yielded
markedly different results concerning the phosphorylation levels of both ERK and Akt. Unlike
in the previously cited adult or P7 neonatal rodent studies, ERK and Akt phosphorylation was
virtually complete also in the cortex of untreated naive animals, and it was not changed
significantly for at least 48 h either in the normoxic time controls or the animals subjected to
PA. This high degree of baseline phosphorylation/activation of untreated animals was also
observed in virtually all of the assessed brain regions, not only in the neocortex, but also in the
hippocampus, the caudate nucleus, the thalamus, cerebellum, and the medulla oblongata
suggesting a general phenomenon. Similarly, high phosphorylation levels were maintained also
at 48 h after asphyxia. Given the high basic activation of these neuroprotective kinases, Ho-
induced neuroprotection is unlikely to accomplish neuroprotection via further Akt or ERK
activation. Our pharmacological experiments proved that our results cannot be simply attributed
to technical limitations. We could show in the neocortex, where local pharmacological
treatment through the closed cranial window was possible that the MEK and Akt1/2 kinase
inhibitors could reduce rapidly and statistically significantly the ratio of the phosphorylated
forms of ERK and Akt, respectively. The background of this substantial difference is unknown,
but one can assume to be associated with the fact that the piglets in the present study were

indeed in the perinatal period: they were all born < 24 h before the experiments. Vaginal
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delivery even under physiological conditions is associated with mild asphyxia and perhaps this
physiological amount of cerebral hypoxia is enough to trigger the observed activation of ERK

116 thus its level is

and Akt. BDNF acts as a participant of neuroendocrine cascade of delivery
elevated — measured in umbilical cord samples — and may interact through Akt and ERK
signalisation. This situation may be in sharp contrast with most of the neonatal rodent HIE
models. In these models P7-P8 pups are used because brain maturity is closest to the term
human baby at this postnatal age*2. However, our results suggest that in these models the effects
of delivery on cerebral function may have already likely faded, and the activation levels of ERK
and Akt may be significantly different from the immediate perinatal period. These results
question the efficacy of therapeutic interventions aiming to activate these antiapoptotic
signalling pathways to obtain neuroprotection. This suggestion is supported by the findings of
Robertson et al., who studied melatonin-induced neuroprotection in a very similar newborn
piglet 48 h survival HIE model™. Although melatonin was found neuroprotective, however,
significant anti-apoptotic effect of melatonin using cleaved caspase-3 immunohistochemistry
could not be shown in the cerebral cortex’*. These results support the findings of Yue et al.
describing that the cell death following hypoxia-ischemia is predominantly caused by
necrosis'!’.

We demonstrated in a translational newborn piglet model of PA/ HIE that the endogenous
activations levels of ERK and Akt kinases critical in antiapoptotic signalling are already high
in the cerebral cortex and all other assessed brain regions under baseline conditions and would
not significantly change up to 48 h following an asphyxia capable to induce significant neuronal
injury. We propose that further activation of these signalling pathways is difficult, and this

limitation should be taken into consideration when designing rational neuroprotective

treatments to mitigate the long-term adverse effects of HIE.



47

6. Conclusion

Our studies provide novel insight to the molecular mechanisms of HIE development in an
established large animal model of PA/HIE. We showed that neuronal COX-2 abundance is
dependent on the assessed brain region, the severity of PA, and even on the length of anaesthesia
associated with the survival period. Our results suggest that neuronal COX-2 elicits oxidative
stress that could be more severe in brain regions having larger baseline expression and can be
worsened by further PA-induced increases. However, COX-2 induction can also be mitigated
by anaesthesia/analgesia administered as a part of supportive care to infants exposed to PA.
We showed in the parietal cortex, a region displaying both high baseline COX-2 expression as
well as PA-induce elevations in COX-2 levels that neuronal COX-2 abundance correlates both
with microglial activation and oxidative damage of the neurons. These findings all support the
involvement of COX-2 derived ROS and neuroinflammatory mediators in the mechanism of
neuronal injury. 2.1% Hz-ventilation in the early reventilation period after PA was previously
found to be neuroprotective, however, the mechanism of this neuroprotective effect in this
model was unknown. Our studies revealed that the applied H> prevented the upregulation of
neuronal COX-2 that coincided with reduced oxidative damage and microglial activation,
suggesting that the presence of H» in the early reventilation/ reoxygenation period may break
the vicious circle of oxidative damage to cells leading to mitochondrial dysfunction and
secondary energy failure culminating in neuronal cell death mainly through necrosis. This effect
of Hz is in accordance with its putative antioxidant effect. Our results with Akt and ERK kinases
also emphasize indirectly the importance of necrosis in neuronal cell death. They appear to
maintain a highly activated status in the newborn piglet brain and were found not to be further
activated by PA; thus, the observed neuronal injury in our model takes place in the presence of

highly activated anti-apoptotic pathways suggesting most neuronal cell death is via necrosis.
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Molecular hydrogen alleviates asphyxia-induced
neuronal cyclooxygenase-2 expression in newborn
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Abstract

Cyclooxygenase-2 (COX-2) has an established role in the pathogenesis of hypoxic-ischemic encephalopathy (HIE). In this study we
sought to determine whether COX-2 was induced by asphyxia in newborn pigs, and whether neuronal COX-2 levels were affected by H,
treatment. Piglets were subjected to either 8 min of asphyxia or a more severe 20 min of asphyxia followed by H, treatment (inhaling
room air containing 2.1% H, for 4 h). COX-2 immunohistochemistry was performed on brain samples from surviving piglets 24 h after
asphyxia. The percentages of COX-2-immunopositive neurons were determined in cortical and subcortical areas. Only in piglets with
more severe HIE, we observed significant, region-specific increases in neuronal COX-2 expression within the parietal and occipital
cortices and in the CA3 hippocampal subfield. H, treatment essentially prevented the increases in COX-2-immunopositive neurons. In
the parietal cortex, the attenuation of COX-2 induction was associated with reduced 8’-hydroxy-2’-deoxyguanozine immunoreactivity
and retained microglial ramifcation index, which are markers of oxidative stress and neuroinflammation, respectively. This study
demonstrates for the first time that asphyxia elevates neuronal COX-2 expression in a piglet HIE model. Neuronal COX-2 induction may
play region-specific roles in brain lesion progression during HIE development, and inhibition of this response may contribute to the
antioxidant/anti-inflammatory neuroprotective effects of H, treatment.

Keywords: hypoxic-ischemic encephalopathy; COX-2; 8-hydroxy-2’-deoxyguanozine; microglia; molecular hydrogen; neuroprotection;
newborn pigs
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Introduction

In neonates, brain damage is most often associated with
perinatal asphyxia (PA), which occurs in approximately 1-6
per 1000 live full-term births™ ?. PA may result in neonatal
mortality, or depending on its severity, hypoxic-ischemic
encephalopathy (HIE) may develop, which results in long-
lasting neurodevelopmental motor and cognitive dysfunctions
in approximately 25% of survivors®.

Cyclooxygenases (COXs) are the rate-limiting enzymes that
catalyze the conversion of arachidonic acid released from
membrane phospholipids by phospholipase-A, to prostaglan-
din (PG)-H,, which is further converted to biologically active
prostaglandins, including PGD,, PGE,, PGF,,, PGI, and throm-
boxane A", The two COX isozymes, COX-1 and COX-2, have

*To whom correspondence should be addressed.
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similar catalytic activities but differ in their pharmacological
properties and tissue distributions®. Although COX-1 and
COX-2 are both constitutively expressed in the central ner-
vous system!®, COX-2 is enriched in the hippocampus and
7 Furthermore, COX-2 is the dominant
isoform in the newborn brain', providing up to 80% of the
total brain COX activity™. In the central nervous system,
prostanoids modulate synaptic transmission and neurovas-
cular coupling™ ™. Neuronal COX-2 plays an essential role
in the modulation of excitatory glutamatergic synaptic trans-
mission and long-term synaptic plasticity™. Simultaneously,
COX-2-derived prostanoids also participate in flow-metabo-
lism coupling, for instance in the local blood flow response to
whisker stimulation in the barrel cortex!". Expression of the
inducible COX-2 isoform is well-known to be upregulated by
various deleterious stimuli including brain trauma™

0519 and proinflammatory insults!”..

the cerebral cortex

, cere-

bral ischemia The neu-
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ronal induction of COX-2 suggests the enzyme’s participation
in neuroinflammation, the pathogenesis of neurodegenerative
diseases, traumatic brain injury, and ischemia-induced neuro-
nal damage and epileptogenesis!"®.

COX-2 has an established role in the pathogenesis of HIE.
For instance, a previous study showed that administration
of COX-2 inhibitors before as well as soon after ischemic
insult provided neuronal protection in a rat HIE model™.
Furthermore, brain ischemia has been associated with high
neuronal COX-2 levels also in the neonatal human brain
in an autopsy study™!. Therefore, the role of COX-2 in the
mechanism of hypoxic-ischemic neuronal injury could per-
haps be best studied in a translational large animal model
that could also be used to establish possible neuroprotective
treatments.

The newborn pig is an accepted large animal model for the
human neonate, as brain size, gyrencephalic structure, neu-
rodevelopmental state of the brain and cerebral metabolism
at birth are similar in both species’®. COX-2 has been quite
extensively studied in the piglet model and has been identified
as the major constitutive isoform in this species®. Accord-
ing to immunohistochemistry analysis, COX-2 expression in
the brain and cerebral arteries of newborn piglets is mark-
edly induced by global cerebral ischemia!™ ' but, confound-
ingly, not by asphyxial'®*
ischemia was induced by raising the intracranial pressure

. In these studies, global cerebral

above the arterial pressure for 10 min while venous blood was
withdrawn to control the blood pressure and asphyxia was
induced by suspending ventilation for 10 min. The transla-
tional significance of the findings concerning the possible role
of neuronal COX-2 induction in neuronal damage during HIE
development has thus become difficult to determine, as the
clinical presentation of HIE is associated with asphyxia and
not global no-flow ischemia. Furthermore, animals in these
studies survived only 4-8 h, so it was also possible that the
expression changes after asphyxia would have occurred at a
later and thus undetected time point.

In recent years, we established and published two piglet
PA/HIE models of increasing severity[zz’ Zl to assess the neu-
roprotective effect of inhaled molecular hydrogen (H,)* **!
that was first reported by Ohsawa et al in an adult rat stroke

[25]

model H, was described as a neuroprotective agent that

penetrates the blood-brain barrier and selectively reduces

cytotoxic hydroxyl radicals™. H, was also found to be effec-

(26271 and in various other neu-

[28]

tive in rodent HIE models
ropathological conditions, such as Parkinson’s disease
auditory neuropathy™!
impairment®”. The mechanistic details of H,-induced neu-

and even stress-induced learning

roprotection are still unclear but likely involve inhibition
of oxidative injury and inhibition of neuroinflammation®",
However, we have virtually no information on the mechanism
of Hy-induced neuroprotection in PA/HIE, let alone in a large
animal model.

Therefore, the major purpose of the present study was to
determine the effect of H, on asphyxia-induced neuronal
COX-2 expression correlated with 8'-hydroxy-2’-deoxyguano-
zine™ (8-OHAG) and Iba-1 immunohistochemistry markers of

Acta Pharmacologica Sinica

oxidative stress and neuroinflammation, respectively, in our
translational PA /HIE piglet model.

Materials and methods

To study neuronal COX-2 expression, we used brain samples
of newborn male Large-White piglets (age < 24 h at beginning
of experiments, body weight: 1.5-2.5 kg, n=59), which were

23,32 |p

obtained mainly from previously published studies
both studies, the anesthetized, artificially ventilated animals
were divided into 3-3 experimental groups (n=7-7) including
a normoxic time control group ventilated with room air, an
asphyxiated group reventilated with room air for 24 h, and
an asphyxiated group reventilated with room air containing
2.1% H, for 4 h followed by room air for the remaining (20 h)
survival time. The major difference between the two previ-

(3321 was the induction method and

ously published studies
the duration of asphyxia. Asphyxia was elicited by 8 min of
trachea occlusion and suspended ventilation in the first study
and by 20 min of ventilation with a hypoxic-hypercapnic gas
mixture (6% O,, 20% CO,) in the second study. Our prelimi-
nary results suggested that the length of anesthesia per se in
the absence of asphyxia might have affected COX-2 expres-
sion, therefore we included an additional naive control group
to study baseline neuronal COX-2 expression. Furthermore,
we also used brain samples from normoxic time control ani-
mals with 4 h survival from another previous study.. In the
new naive control group, piglets (n =5) were anesthetized with
sodium thiopental (45 mg/kg, ip; Sandoz, Kundl, Austria),
and the brains were immediately perfused with 100 mL cold
physiological saline solution through the catheterized com-
mon carotid arteries and harvested for immunohistochemical
analysis. All procedures were approved by the Animal Care
and Use Committee of the University of Szeged. The brain
tissues were immersion-fixed with 4% paraformaldehyde at
4 °C for 2 weeks. Paraffin-embedded, 4-pm sections were
produced using a microtome (Leica Microsystems, Wetzlar,
Germany) and mounted on sylanized slides. Hematoxylin-
eosin staining was performed to assess the extent of neuronal
lesions, which was determined by cell counting in most areas.
In the cerebral cortex, however, neuropathology scores were

determined (0-9) as described previously™.

Briefly, in each
region, 20 fields of view were assessed by two independent
observers. In each field of view, the neuronal lesions were
described as none, scattered, grouped/laminar or panlaminar.
The neuropathology score was determined by the incidence
of the most severe lesion observed. If the most severe lesions
represented less than 20% of the total lesions, the scores were
1,4, or 7; if 20%-50%, 2, 6, or 8; and if more than 50%, 3, 6,
or 9. Thus, higher scores represented increasingly severe neu-
ronal damage.

COX-2 immunohistochemistry was performed using the
LEICA BOND-MAX automated immunostainer (Leica Micro-
systems, Wetzlar, Germany). The slides were dewaxed at
72 °C, and antigen retrieval was performed at pH 6. The
slides were then incubated with a rabbit monoclonal antibody
against COX-2 diluted at 1:100 (clone SP21, Labvision, Fre-



mont, California, USA) for 30 min followed by horseradish
peroxidase-conjugated anti-rabbit antibody (EnVision®; Dako,
Glostrup, Denmark). 3,3'-Diaminobenzidine (DAB) tetrahy-
drochloride solution was used for visualization, and the slides
were then counterstained with hematoxylin to visualize the
cell nuclei. The slides were dehydrated in an ascending alco-
hol series, cleared in xylene, covered with a coverslip, scanned
in a slide scanner (Pannoramic MIDI, 3DHISTECH Ltd, Buda-
pest, Hungary) and visualized on a personal computer using
the Pannoramic Viewer software (3DHISTECH Ltd) at 20x
magnification. Areas of interest were randomly selected, and
photomicrographs were acquired from each region observed,
including 10-10 images of the frontal, temporal, parietal and
occipital cortex; 3-3 images of the CA1, CA3 subfields and the
dentate gyrus of the hippocampus; 10-10 images of the thala-
mus and the basal ganglia; and 15 images of the cerebellar
cortex for the study of Purkinje-cells. The cells were manu-
ally counted by two independent observers using Image]
software (Wayne Rasband, NIH, Bethesda, Maryland, USA).
Neurons were identified by their shape and size. The ratio of
COX-2-immunopositive neurons relative to all neurons was
determined, and the averages/cerebral areas/animals were
counted and plotted on box plots using R 3.3.1 software (The
R Foundation for Statistical Computing, Vienna, Austria). For
statistical analysis, ANOVA on ranks followed by the Student-
Newman-Keuls post hoc test was performed using SigmaPlot
12.0 (Systat Software Inc., Chicago, Illinois, USA). P<0.05 was
considered statistically significant. The ratio of COX-2-immu-
nopositive neurons was correlated with the previously deter-
mined histopathological score®™), and the result was plotted on
a dot plot using R 3.3.1 software.

Based on the results of our COX-2 studies, the parietal
cortex was selected for further studies. Tissue microarrays
from the parietal cortex were produced from the paraffin-em-
bedded tissue blocks of the second study (including the time
control, 20 min asphyxia, and 20 min asphyxia+H, groups)
using a custom-made stainless steel tissue puncher (3 mm).
The microarrays were also sectioned at 4 pm, mounted on
sylanized slides and processed for immunohistochemistry.
To determine the extent of oxidative damage in the neurons,
8-OHdG immunohistochemistry was performed™!. The sli-
des were incubated with a mouse monoclonal primary anti-
body against 8-OHdG diluted at 1:200 (JaICA Inc, Fukuroi,
Japan) for 20 min, followed by incubation with a horseradish
peroxidase-conjugated rabbit anti-mouse secondary antibody
for 15 min (n=6-6-6). Iba-1 immunohistochemistry was per-
formed to assess microglial activation (n=7-6-6). Slides were
incubated with rabbit anti-Iba-1 antibody (Wako Chemicals
GmbH, Neuss, Germany) for 30 min, followed by horseradish
peroxidase-conjugated anti-rabbit antibody (EnVision®; Dako,
Glostrup, Denmark) for 15 min. In both cases, 3,3’-diamino-
benzidine was used to visualize the immunostaining, and the
slides were then counterstained with hematoxylin to visua-
lize the cell nuclei. The slides were covered with coverslips,
scanned in the slide scanner, and visualized on a personal
computer using the Pannoramic Viewer software at x40 mag-
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nification. Homogeneous, strong nuclear 8-OHdG immuno-
reactivity indicated oxidative damage. The ratio of these nuc-
lei to the total neuronal nuclei was determined using Image]J
software, similarly to the previously described method. The
average/sample was plotted on box plots. The groups were
compared with one-way ANOVA on ranks followed by the
Student-Newman-Keuls post hoc test (P<0.05). Microglial acti-
vation was characterized by determining the so-called ramifi-
cation index (RI)®!. We applied a 0.20 mmx0.25 mm grid to
the microphotographs of 3 randomly selected areas/sample
at x40 magnification. The immunopositive cell bodies (CBD)
in the grid were counted as well as the microglial branches
(B) crossing the gridlines. From these data, the RI was defi-
ned according to the following equation: RI=B>/CBD. The
RI values for each field of view were plotted on box plots,
and the groups were compared with one-way ANOVA on
ranks followed by Dunn’s post hoc test (P=0.015). Corre-
lations were plotted and tested using R 3.3.1 software (Pear-
son’s correlation, P<0.05).

Results

Neuronal COX-2 expression in the time controls

Neuronal COX-2 expression in the naive animals was similar
to our previous observations and showed marked regional
differences: the highest percentages of COX-2-positive neu-
rons were observed in the frontal and parietal cortices as
described previously®
pattern appeared markedly changed in the 24-h time controls,

. However, this regional expression

as COX-2 expression was significantly reduced in all neocorti-
cal regions compared with the naive or 4-h survival animals
(Figure 1). This reduction was found to be limited to the cor-
tex, as the ratio of COX-2-immunopositive neurons remained
unchanged in the hippocampus (Figure 1).

Effect of asphyxia on neuronal COX-2 expression

In the brain regions obtained from the study of animals
exposed to 8-min asphyxia, there was no significant altera-
tion in neuronal COX-2 expression (Figure 2), as no difference
was noted between the time control and asphyxiated groups
in any of the observed regions (Figure 2). In contrast, 20-min
asphyxia elicited significant increases in neuronal COX-2
immunopositivity in the parietal and occipital cortices, as well
as in the hippocampal CA3 region (Figure 2). Furthermore,
the asphyxia-induced elevation of COX-2-immunopositive
neurons was also observed in the frontal and temporal cor-
tices and the basal ganglia, although these changes did not
reach statistical significance in these regions (Figure 2). In
the Hj-treated group, despite exposure to the same level of
asphyxia, the ratio of COX-2-immunopositive cells was similar
to that in the time control group (Figure 2). Notably, strong
COX-2-immunopositive areas were only recorded in the
asphyxia group (Figure 3). In contrast to the CA3 subfield, the
hippocampal CA1 region and the dentate gyrus displayed low
percentages of COX-2-immunopositive neurons in the time
controls. In addition, the ratio of immunopositive neurons
was unchanged by asphyxia, as these percentages were similar

Acta Pharmacologica Sinica
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Figure 1. The ratio of neocortical COX-2-immunopositive neurons decreased over time under normoxic conditions in anesthetized time control animals.
In the different cortical lobes, the percentages of COX-2-immunopositive cells determined in samples from naive animals (brains harvested immediately
after anesthesia, n=5) and from normoxic time controls with 4 h of survival after anesthesia (n=12) displayed similar COX-2 expression in accordance
with previous data showing regional differences®?. However, the percentage of COX-2-immunopositive neurons in the 24 h survival time control group
(n=14) was significantly reduced compared with those of both the naive and the 4 h time control groups in all neocortical regions. Interestingly, this
reduction did not affect the CA1 and CA3 hippocampal subfields. ("P<0.05 vs naive animals, *P<0.05 vs 4 h time control; ANOVA on ranks, Dunn’s post
hoc test. Bold line, box, and whiskers represent the median, 25th-75th, and 10th-90th percentiles, respectively; black dots are outliers).

among all three groups. In a similar fashion, COX-2 was pres-
ent in approximately 30% of the cerebellar Purkinje cells in all
experimental groups (Figure 2).

Assessment of correlation between neuronal COX-2 expression
and neuronal damage

As neuronal COX-2 expression was affected by 20-min
asphyxia exposure only, we performed all subsequent studies
on these animals. We first investigated whether the ratio of
COX-2-immunopositive neurons correlated with the previ-
ously determined neuropathology scores™ with higher scores
reflecting more severe neuronal damage in the cortex (Figure
4). We found no correlation between the neuropathology
scores and neuronal COX-2 expression (r=0.38; P<0.01); how-
ever, we clearly identified 3 expression patterns. Low neuro-
pathology scores were always associated with low-moderate
levels of neuronal COX-2 expression, and high neuropathol-
ogy scores were associated either with high or with low COX-2
expression levels. Notably, low neuropathology score never
coincided with high COX-2 expression levels (Figure 4).

Assessment of the correlation between neuronal COX-2 expression

Acta Pharmacologica Sinica

and oxidative DNA damage

In the parietal cortex, 20-min asphyxia significantly increased
the ratio of 8-OHdG-immunopositive neuronal nuclei (Figure
5A) compared with both the time control and the H,-treated
asphyxia group, indicating the oxidative stress induced by
asphyxia and the mitigating effect of molecular H, (Figure
5B). By assessing the correlation between the ratios of COX-2-
and 8-OHdG-immunopositive neurons (Figure 5C), we found
a marked tendency towards a positive correlation (r=0.71),
considering data either from all groups or from the 20-min
asphyxia group alone.

Assessment of the correlation between neuronal COX-2 expression
and microglial activation

The Iba-1 immunohistochemistry results revealed the distribu-
tion of microglia in the parietal cortex (Figure 6A). Microglial
activation is associated with reduced branching and the adop-
tion of an amoeboid shape, and these changes were quantified
by RI determination. We found that the RI was significantly
lower in the group subjected to 20-min asphyxia than in the
time control group (Figure 6B). However, there was no signif-
icant difference between the time controls and the H,-treated
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Figure 2. The effect of perinatal asphyxia and neuroprotective molecular H, on the ratio of COX-2-immunopositive neurons determined after 24 h of
survival. Two levels of perinatal asphyxia of different durations (8 and 20 min) were studied, and both asphyxia groups (n=7-7) were compared with the
corresponding time control (n=7-7) and H,-treated asphyxia groups (n=7-7). In the first study using 8-min asphyxia, neuronal COX-2 expression was not
significantly affected in either the asphyxia or the H,-treated asphyxia group. On the other hand, in the second study, 20-min asphyxia elicited significant
elevations in the ratios of COX-2-immunopositive neurons in the parietal and occipital cortices and in the hippocampal CA3 region. The trends towards
increased COX-2 expression were also observed in the frontal and temporal cortices and the basal ganglia, although these differences did not reach
statistical significance in these regions. The hippocampal CA1 region, dentate gyrus, and thalamus showed low immunopositivity, which was unaffected
by both asphyxia and H, treatment. Approximately one-third of cerebellar Purkinje-cells were COX-2-immunopositive, and no marked differences were
detected among the three groups. ("P<0.05 vs time control. #*P<0.05 vs asphyxia+H,; ANOVA on ranks, Student-Newman-Keuls post hoc test. Bold
line, box, and whiskers represent the median, 25th-75th, and 10th-90th percentiles, respectively; black dots are outliers).
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Figure 3. Representative photomicrographs (x20) showing cyclooxygenase-2 (COX-2)-immunopositive neurons (brown colored neurons) from the
assessed brain regions in the matching time control, asphyxia and asphyxia+H, groups of the 8-min asphyxia and the 20-min asphyxia studies. The
displayed fields of view were selected from the 10 analyzed fields of view of those animals that yielded the median values of the respective groups
in Figure 2. No remarkable differences were detected among the experimental groups subjected to 8 min of asphyxia. The increased abundance of
COX-2-immunopositive neurons was striking in virtually all neocortical areas, in the CA3 hippocampal region and in the basal ganglia from the 20-min
asphyxia group.
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Figure 4. High ratios of COX-2-immunopositive neurons/total neurons are exclusively found in severely damaged cortical and hippocampal regions.
(A) In the cortical regions of the normoxic time control group (n=7), the neuropathology scores were typically low and associated with low levels of

COX-2-immunopositive neurons. Similar observations were made for the 20-min asphyxia+H, group (n=7) as well.
group (n=7), severe neuronal lesions may or may not be associated with high percentages of COX-2-immunopositive neurons.

However, in the 20-min asphyxia
Importantly, high COX-2

immunopositivity was not associated with low neuropathology scores in any animals/regions. (B) In the hippocampal CA3 subfield, the highest number
COX-2-immunopositive neurons was from the 20-min asphyxia group with largest degree of neuronal damage.

asphyxiated animals. When all data points were considered,
the RI showed no correlation with neuronal COX-2 expres-
sion (r=-0.56, Figure 6C), but when data from only the 20-min
asphyxia group were considered, a significant negative corre-
lation (r=-0.75) was observed.

Discussion

The major findings of the present study are as follows: 1)
neuronal COX-2 expression in the neocortical areas is greatly
reduced in 24-h anesthetized time controls; 2) 20-min, but not
8-min, asphyxia exposure elevates the number of COX-2-posi-
tive neurons both in the cortex and the hippocampal CA3 sub-
field but not in the assessed subcortical areas or other hippo-
campal structures; 3) the effect of asphyxia on neuronal COX-2
abundance is associated and correlated with oxidative stress
and microglial activation as shown by enhanced 8-OHdG
staining and reduced RI, respectively; and 4) post-asphyxia
administration of neuroprotective molecular H, prevents the
upregulation of neuronal COX-2 expression in all sensitive
brain regions with simultaneous reductions in oxidative stress
and prevention of microglial activation.

This study is the first to describe the induction of neuro-
nal COX-2 expression following asphyxia in a translational
subacute piglet PA/HIE model. In our previous study™
extensively characterized the effect of 20-min asphyxia elicited

in newborn (<1 day old) piglets by ventilation with a hypoxic-
hypercapnic (6% O,,20% CO,) gas mixture on hemodynamics,
blood gases, metabolites, electroencephalogram and neu-
ropathology. The applied insult resulted in alterations that
matched both human pathology and naturally occurring birth
asphyxia in swine® and corresponded to moderate to severe
HIE in all of the animals. Our present results elucidated the
confounding results from previous studies in which elevations
in COX-2 levels were reported after 10 min of global cerebral
ischemia but not 10 min of asphyxia"”. Our current results
suggest that this reported difference was due to the more
severe hypoxic/ischemic insult elicited by global cerebral isch-
emia, and in the present study, the longer asphyxia duration
rather than the shorter treatment elicited conditions similar
to those observed with global ischemia, which resulted in the
upregulation of COX-2.

In the present study, neuronal COX-2 abundance was con-
spicuously reduced in all neocortical areas of the 24-h time
control animals compared with the values previously reported
in our 4-h survival study™. This difference cannot be attrib-
uted to differences in methodology such as for COX-2 immu-
nostaining or cell counting, as the values obtained from the
naive animals in the present study yielded virtually identical
data to the previously published values. The decreased num-
ber of COX-2-expressing neurons may be in part explained
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Figure 5. 8-OHdG immunopositivity in the parietal cortex of the matching time control, 20-min asphyxia and 20-min asphyxia+H, groups.
Representative photomicrographs (A) demonstrate the oxidative damage of nuclei (x40) in the 20-min asphyxia group compared with the time control
and the 20-min asphyxia+H, groups. The ratio of 8-OHdG-immunopositive neuronal nuclei/total neuronal nuclei (B) was markedly increased in the
20-min asphyxia group compared with time control and 20-min asphyxia+H, groups (n=6-6-6, ANOVA on ranks, Student-Newman-Keuls post hoc test,
“P<0.05; bold line, box, and whiskers represent the median, 25™-75", and 10™-90™ percentiles, respectively; black dots are outliers). Correlation
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analysis of the 8-OHdG and COX-2 immunopositivity (C) detected a significant tendency (Pearson’s method, r=0.71, P<0.05).

Figure 6. Iba-1 immunopositivity and microglial ramification index in the parietal cortex of the matching time control, 20-min asphyxia and 20-min
asphyxia+H, groups. Representative photomicrographs (A) show that while in the time control and 20-min asphyxia+H, groups, the shape of the
microglial cells becomes ramified, in the 20-min asphyxia group, the microglial cells become activated and start assuming a more amoeboid shape
(x40). The ramification index (B) was evidently decreased in the 20-min asphyxia group compared with the time control group; however, the 20-min
asphyxia+H, group was more similar to the time control group (n=7-6-6, ANOVA on ranks, Dunn’s post hoc test, "P=0.015). The correlation between the
ramification index and neuronal COX-2 expression (% of total neurons) (C) considering all 3 groups was less pronounced (Pearson’s method, r=-0.56,
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P<0.05); however, when regarding the 20-min asphyxia group only, a significant negative correlation was detected (r=-0.75).
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by the inactivation of cortex due to anesthesia, as COX-2
expression is stimulated by neuronal activity™. The applied
anesthetic/analgesic drugs could exert an inhibitory effect on
COX-2 expression by interacting with the nuclear transcrip-
tion factor NF-xB signaling pathway, which is a well-known

[36]

transcriptional regulator of COX-2"". Although morphine

has been reported to have ambiguous stimulatory and inhibi-

137, 38]

tory effects on NF-kB activation™” ", midazolam is unequivo-

39]

cally known to inhibit the NF-xB pathway™. The applied
anesthetic regimen was chosen to enhance the translational
potential of our animal model, as morphine/midazolam anal-
gesia/sedation is routinely used in the management of human
neonates affected by PA/HIE®). Furthermore, experimental
data suggested that morphine analgesia may be an important
permissive factor by allowing neuroprotective therapies such
as therapeutic hypothermia to be effective; mild hypothermia
failed to exhibit neuroprotection in the absence of anesthesia

and analgesia in newborn pigs!*!l.

Our current results sug-
gested that this “supportive” analgesia may have a beneficial
effect on neuronal survival in part through the attenuation
of COX-2 expression. Our findings also suggested a time-
dependent role of COX-2-derived ROS and prostanoids in
the pathomechanism of HIE development in different brain
regions, as COX-2 activity-dependent neuronal injury in the
early reventilation/reoxygenation phase will be most likely
pronounced in regions with high baseline COX-2 expression
(especially the frontoparietal neocortex). However, in the
delayed secondary energy failure phase, COX-2 will likely
remain a more important pathogenic factor for neuronal injury
in those areas where the asphyxia-induced elevation domi-
nates the anesthesia-induced depression of COX-2 levels.

The present data thus suggested that at least in the neocorti-
cal areas, two factors affect neuronal COX-2 abundance. Long-
term anesthesia tends to decrease the enzyme levels, whereas
asphyxia elevates them. Both the increase in COX-2 levels and
the increase in the level of neuronal injury were variable in the
piglets subjected to asphyxia, in accordance with the spectrum
of human HIE severity. We found that very high percentages
of COX-2-immunopositive neurons were inevitably accompa-
nied by the most severe types of cortical neuronal damage. In
some cases, however, similarly high neuropathology scores
coincided with rather low COX-2 immunopositivity. These
areas may perhaps represent those severely damaged areas
where the hypoxia/ischemia-induced translational blockade
might have prevented the expression of COX-2. Thus, the
areas displaying very high neuronal COX-2 levels may represent
those areas that were still able after asphyxia to translate new
proteins, and the deleterious effects of COX-2 may have con-
tributed most in these areas to the observed neuronal damage.

In the present study, we assessed the effect of a neuroprotec-
tive (2.1%) concentration of H, on neuronal COX-2 expression.

[22-24

In addition to our previous studies™?!, this concentration

was found to be neuroprotective in a number of other disease

models as well® >4,

Inhaled H, can easily penetrate into the
brain, as has been shown numerous times by the successful

application of the so-called Hj-clearance technique to quanti-
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tatively determine cerebral blood flow in newborn pigs!**l.

After rapid equilibration with the blood, the applied H, con-
centration likely resulted in approximately 10-20 pmol/L H,
brain levels, as determined in both rats and humans® *!, Our
current results concerning the correlation of nuclear 8-OHdG
immunoreactivity with COX-2 expression and the remarkable
efficacy of molecular H, inhalation to attenuate elevations in
both 8-OHdG and COX-2 levels after asphyxia suggest a role
for ROS in the mechanism of COX-2 expression. 8-OHdG is
used as a biomarker of oxidative modifications to DNA
and is one of the most studied catabolites. Guanine is the best
electron donor that has the lowest oxidation potential among
the DNA bases™ *l. 8-Hydroxylation in the guanine base
occurs after an attack by hydroxyl radicals under oxidative
stress®™. Thus, elevations in the number of 8-OHdG-positive
nuclei indirectly indicate significant oxidative stress imposed
by hydroxyl radicals. Importantly, molecular H, was origi-
nally described as a selective hydroxyl radical scavenger™,
and thus, the efficacy of H, to attenuate elevations in 8-OHdG
levels after asphyxia further confirms the presence of sig-
nificant oxidative stress perhaps characterized by significant
production of hydroxyl radicals in our present PA/HIE piglet
model. The connection between this oxidative stress and the
observed induction of COX-2 expression may be the activation
of NF-xB, which is a transcription factor known to be induced
by ROS and inhibited by antioxidants®™. The general physio-
logical functions of NF-kB include the regulation of apoptosis,
cell growth, cellular stress responses and intracellular signal-
ing™. NF-xB affects various brain functions as well as neu-
ronal development, inflammation and neurodegeneration!™.
Brain injury has been shown to increase NF-kB activity™. The
COX-2 gene is a neuronal target of NF-xB”, and therefore the
asphyxia-induced increase in neuronal COX-2 expression is
very likely mediated via NF-xB. Indeed, a very recent report
in neonatal rats demonstrated reduced NF-xB activation in
H,-treated rat pups, which lends experimental support to our
hypothesis™!. Our results with Iba-1 immunohistochemistry
that was used to visualize microglia to determine the RI as
an indicator of microglial activation are also in favor of the
above-mentioned mechanism. We found that microglia were
activated by asphyxia only but not by asphyxia followed
by H,. As microglial activation has also been reported to be
accompanied by NF-kB activation®, hydroxyl radicals may
have activated the microglia by promoting NF-xB activity in
the present study.

The efficacy of molecular H, to prevent increases in COX-2
levels after asphyxia suggest that the ROS responsible for
triggering COX-2 induction were produced during the early
reventilation/reoxygenation phase, as H, was administered
only in the first four hours of survival. This is interesting, as
ROS may arise at later time points as well, for instance from
mitochondria during the secondary energy failure®™, from

COX activity itself [0 or from the activated microglia[“].

Conclusion
In our translational HIE model, PA-induced increases in neu-
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ronal COX-2 expression were dependent on regional vulnera-
bility and on the severity of asphyxia. ROS are known to trig-
ger COX-2 expression, and in turn, COX-2 activity is also an
important source of ROS after PA”®J. One of the limitations
of the present study was that although it showed changes in
neuronal COX-2 abundance, it could not directly demonstrate
the changes in neuronal COX activity. However, the demon-
strated increases in oxidative DNA damage and microglial
activation may also indirectly signal enhanced COX-2 activity
via the effects of ROS and neuroinflammation. Furthermore,
these mechanisms indicate the development of a vicious cycle
where ROS-inflicted changes (COX-2 induction, neuroinflam-
mation triggered by microglial activation, and ROS-inflicted
mitochondrial damage) lead to progressive neuronal injury.
Molecular H, appears to interrupt this vicious cycle when
applied immediately during the early reoxygenation phase
after asphyxia.

We conclude that H, remains a promising neuroprotective
agent to combat HIE development. H,-induced neuroprotec-
tion involves not only direct scavenging of ROS but also the
inhibition of deleterious neuronal COX-2 induction in vulner-
able neurons.
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ABSTRACT

Aims: Perinatal asphyxia (PA) often results in hypoxic-ischemic encephalopathy (HIE) in term neonates.
Introduction of therapeutic hypothermia improved HIE outcome, but further neuroprotective therapies are still
warranted. The present study sought to determine the feasibility of the activation of the cytoprotective PI-3-K/
Akt and the MAPK/ERK signaling pathways in the subacute phase of HIE development in a translational new-
born pig PA/HIE model.

Main methods: Phosphorylated and total levels of Akt and ERK were determined by Western blotting in brain
samples obtained from untreated naive, time control, and PA/HIE animals at 24-48 h survival (n = 3-3-6,re-
spectively). PA (20 min) was induced in anesthetized piglets by ventilation with a hypoxic/hypercapnic (6%
0,20%CO0,) gas mixture. Furthermore, we studied the effect of topically administered specific Aktl/2 and
MAPK/ERK kinase inhibitors on Akt and ERK phosphorylation (n = 4—4) in the cerebral cortex under normoxic
conditions.

Key findings: PA resulted in significant neuronal injury shown by neuropathology assessment of haematoxylin/
eosin stained sections. However, there were no significant differences among the groups in the high phos-
phorylation levels of both ERK and Akt in the cerebral cortex, hippocampus and subcortical structures. However,
the Akt1/2 and MAPK/ERK kinase inhibitors significantly reduced cerebrocortical Akt and ERK phosphorylation
within 30 min.

Significance: The major finding of the present study is that the PI-3-K/Akt and the MAPK/ERK signaling path-
ways appear to be constitutively active in the piglet brain, and this activation remains unaltered during HIE
development. Thus, neuroprotective strategies aiming to activate these pathways to limit apoptotic neuronal
death may offer limited efficacy in this translational model.

1. Introduction

The newborn piglet is an established large animal model of the term
neonate because of its gyrencephalic brain, developmental stage, body

According to the World Health Organization's estimates, perinatal
asphyxia (PA) affects 4 neonates out of 1000 live births [1]. The neu-
ronal injury triggered by PA may lead to the so-called hypoxic-ischemic
encephalopathy (HIE) in the survivors leading to lifelong neurodeve-
lopmental disorders. The neuronal injury eliciting HIE is no longer
considered as a single “event” during PA but rather an evolving process
that lasts for days after the resolution of the asphyxia. Correspondingly,
mild whole body hypothermia applied in the first 2-3 days after PA is
currently the only effective therapy to mitigate HIE severity [2].
However, hypothermia cannot cure HIE alone, and thus clearly further
therapies are needed that can augment the neuroprotection afforded by
cooling.

size, cerebrovascular regulation and its cerebral glucose metabolic rate
are similar to the term human neonate [3]. We have recently created
and characterized a piglet PA/HIE model that resulted in moderate/
severe brain damage in most of the animals [4]. This model faithfully
reproduces all major hallmarks of human PA/HIE, and can be used to
assess the molecular mechanisms of HIE development, and to identify
appealing targets for neuroprotective interventions. One of these may
be the brain-derived neurotrophic factor (BDNF) signaling pathway.
BDNF is a member of the neurotrophic factor family that plays an im-
portant role in regulating neural proliferation, differentiation and sur-
vival [5,6]. The neuroprotective actions of BDNF are mediated through
the phosphatidylinositide 3-kinases (PI-3-K) and the mitogen-activated
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protein kinase (MAPK) pathways [7]. The PI-3-K pathway activates the
kinase Akt, one of its direct downstream protein kinase effectors, which
regulates multiple biological processes including cell survival, pro-
liferation, growth, and glycogen metabolism [8,9]. Similarly, MAPK-s
also regulates widespread cellular processes including cell survival, and
apoptosis. Extracellular signal-regulated kinase (ERK) is an anti-
apoptotic MAPK, as its downstream pathways are usually linked to
growth factor action: cellular differentiation and proliferation. Thus,
ERK usually promotes cell survival [10]. Maintaining the delicate bal-
ance between the simultaneously active and inactive kinases is critical
in determining cell fate [11]. There are both in vitro and in vivo studies
providing evidence that BDNF-supported neuronal survival is mediated
via the activation of the ERK pathway [12,13], while others have shown
that rather the PI-3-K pathway is involved [14]. Therefore, it appears
that growth factor-mediated protection of neurons can occur via dif-
ferent pathways depending on various factors such as cell types, en-
vironmental conditions, and cellular stimuli. However, the potential in
vivo role of these pathways in the neuronal injury/survival during HIE
has not yet been previously studied in a PA/HIE large animal model.

Therefore, the major objective of the present study was to determine
the in vivo activation of the PI-3-K/Akt and the MAPK/ERK signaling
pathways under normoxic conditions and over the course of HIE de-
velopment (24-48 h). The results emanating from these studies urged
us to test also if cortical kinase activities can be in vivo modified by
specific inhibitors.

2. Materials and methods
2.1. Experimental groups

All necessary permits to perform the in vivo animal experiments
including the approval from the Institutional Animal Care and Use
Committee have been obtained preceding the experiments. Animal care
and handling were in accordance with the National Institutes of Health
guidelines. The levels of activated ERK and Akt kinases have been de-
termined in the following experimental groups (Fig. 1): (1) untreated
animals without any interventions (n = 3); (2) normoxic time controls
(n = 3) with 24 or 48 h of survival (n = 1-2, respectively); (3) animals
undergoing 20 min PA (n = 6) also with 24 or 48h of survival
(n = 3-3, respectively); (4) non-asphyxiated animals treated topically
with the MAPK/ERK kinase (MEK) inhibitor U0126 monoethanolate
(n = 4); and (5) non-asphyxiated animals treated topically with the
Aktl/2 kinase inhibitor A-6730 (n = 4) onto the cerebral cortex. The
detailed procedures applied to the different groups are given in the

Untreated n=3

Preparation .
Control n=3

Preparation

Asphyxia n=6

—

I I e
i T TN

MEK inhibitor n=4  Preparation

Akt1/2 kinase
inhibitor n=4
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subsequent paragraphs.

2.2. Animals

Newborn (< 24 h old) male Large-White piglets (weighing between
1.5 and 2.5 kg, n = 20) were used in the present study, they were de-
livered to the laboratory on the morning of the experiments from a local
company (Pigmark Ltd., Co., Szeged, Hungary). The animals were an-
esthetized with an intraperitoneal injection of sodium thiopental
(45 mg/kg; Sandoz, Kundl, Austria). The animals were placed on a
heating pad. The skin was disinfected, and the animals were intubated
through a tracheotomy. Then the piglets were artificially ventilated
with warmed, humidified medical air (21% O,, balance N,) at a fre-
quency of 30-35 breaths/min, using a pressure controlled ventilator
applying peak inspiratory pressure = 120-135 mmH,O. Aseptic tech-
nique was followed during all aspects of the animal surgery. With the
exception of the untreated animals, the right carotid artery and femoral
vein were cannulated with catheters. To maintain anesthesia/analgesia
the mechanically ventilated animals were given a bolus injection of
morphine (100 ug/kg; Teva, Petach Tikva, Israel) and midazolam
(250 pg/kg; Torrex Pharma, Vienna, Austria), then were infused with
morphine (10 pg/kg/h), midazolam (250 pg/kg/h) and fluids (5%
glucose, 0.45% NaCl 3-5 ml/kg/h) throughout the whole experiment.
The wounds were closed and covered with warm compress to minimize
heat and fluid losses.

2.3. Experimental PA/HIE

The piglets between the time control and the asphyxia groups were
randomized with coin flip. The animals were placed into a neonatal
incubator (SPC 78-1; Narco Air-Shields, Inc., Hatboro, Pa., USA).
Oxygen saturation, mean arterial blood pressure (MABP) through the
arterial catheter, heart rate (HR), and ECG were continuously mon-
itored using a Hewlett-Packard M1094 monitor (Palo Alto, California,
USA) and recorded online (MecifView, Arlington, Mass., USA). Core
temperature was maintained rigorously between 38.5 + 0.5 °C with a
servo-controlled heating pad. Prophylactic antibiotics were given in-
travenously (penicillin: 50 mg/kg/12h, Teva, Petah Tikva, Israel and
gentamicin: 2.5 mg/kg/12h, Sanofi, Paris, France) and the urinary
bladder was tapped by suprapubic puncture every 12 h of survival.
Arterial blood gases, along with blood sugar and lactate levels were
determined (~ 300 pl/sample; EPOC Blood Analysis, Epocal Inc.,
Ottawa, Canada) at defined intervals to monitor the effect of PA and to
keep the values in their respective physiological ranges during the

Fig. 1. Experimental protocol. Untreated animals

24 h 48 h
served as naive controls; Control animals were an-
esthetized, ventilated, and monitored, but not sub-
jected to asphyxia. Asphyxia animals were like
Controls but were exposed to 20 min asphyxia. The
animals in the MEK and Aktl/2 kinase inhibitor
groups were fitted with closed cranial windows and
the respective drugs were applied locally onto the

n=1 n=2 cerebral cortex.
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survival period.

PA was induced by ventilation with a hypoxic/hypercapnic gas
mixture containing 6% O, and 20% CO, for 20 min while respiratory
rate was reduced from 30 to 15 breaths/min, and intravenous glucose
administration was suspended. Arterial blood gases were also de-
termined to check the severity of PA at the end of asphyxia (blood
sample was taken at the 18th min of asphyxia). Reventilation was
commenced with medical air throughout the survival period.

2.4. The study of ERK and Akt kinase inhibitors

In these groups, the head of the anesthetized, mechanically venti-
lated animals were fixed in a stereotactic frame. Monitoring of phy-
siological parameters was similar to the previous groups. After retrac-
tion of the scalp, a circular craniotomy was made in the left
frontoparietal region, where after careful removal of the dura mater, a
stainless steel closed cranial window with three needle ports was in-
serted. The cranial window was sealed with bone wax, cemented in
place with dental acrylic, and was filled with artificial cerebrospinal
fluid (aCSF; containing KCl 220 mg/1, MgCl, 132 mg/1, CaCl, 221 mg/1,
NaCl 7710 mg/l, urea 402 mg/l, dextrose 665mg/l, and NaHCO,
2066 mg/1, warmed to 37 °C and equilibrated with a gas mixture con-
taining 6% O,, 6.5% CO- and 87.5% N,). There was a 45 min stabili-
zation period allowed after the implantation of the cranial window
before commencing the experiments.

Both the MEK inhibitor U0126 and the Aktl/2 kinase inhibitor A-
6730 drugs were prepared similarly: first a 10 mM stock solution was
produced in dimethyl-sulfoxide (DMSO) that was further diluted in
aCSF to obtain 10 uM drug solutions (final DMSO concentration was
0.01%). In the respective experimental groups, the drugs were applied
topically onto the cerebral cortex with continuous superfusion through
one of the injectable ports at a rate of 0.5 ml/min for 40 min. The other
two ports allowed continuous efflux of the aCSF. Immediately after the
completion of the drug treatment, the animals were euthanized with
300 mg Na-pentobarbital (Release®, WDT, Garbsen, Germany). The
cortex below the cranial window as well as the corresponding con-
tralateral untreated cortex were collected and processed as described in
the following section.

2.5. Western blot analysis

At the end of the respective experimental periods (Fig. 1), both
carotid arteries were catheterized in the distal direction, and the brains
were perfused through them with cold (4 °C) physiological saline. The
brains were gently removed from the skull, and tissue samples were
snap frozen in liquid N,, and stored at — 80 °C before Western-blot
analysis.

Thawed samples were homogenized and harvested in ice-cold lysis
buffer (50 mM Tris-base, pH 7.4, 150 mM NacCl, 10% glycerol, 1 mM
EGTA, 1 mM Na-orthovanadate, 5 uM ZnCl,, 100 mM NaF, 10 ug/ml
aprotinin, 1 pg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 1% Triton X-100). The homogenate was centrifuged at
40,000 X g at 4 °C for 30 min and the protein concentration of the su-
pernatant was determined (Bio-Rad Protein Assay Dye Reagent
Concentrate, Bio-Rad, Hercules, CA, USA).

Samples prepared from equal amounts (50 pg) of protein were
mixed with Laemmli buffer (1 M Tris-HCl, pH 6.8, glycerol, SDS,
100 mM EDTA, 100 mM EGTA and 1% bromophenol blue) and dena-
tured by boiling. Subsequently, they were loaded for 12% SDS-con-
taining polyacrylamide gel and separated based on molecular size. The
gels were electroblotted for polyvinylidene difluoride (PVDF) mem-
branes (Hybond-P, GE Healthcare, United Kingdom).

Detection of the protein of interest was carried out by first blocking
the membrane in 3% nonfat dry milk in Tris Buffered Saline -Tween
(10 mM Tris-base, 150 mM NacCl, 0.2% Tween-20, pH 8.0; TBS-Tween).
Membranes were probed overnight at 4 °C with antibodies recognizing
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the following antigens: phospho-p44/42 MAP kinase to detect phospho-
ERK1/2, total p44/42 MAP kinase, anti-Akt and phospho-Akt (Ser473),
(Cell Signaling Technology, Danvers, MA, USA), diluted 1:1000 in the
blocking solution. Excess antibody was removed by five washes of TBS-
Tween. Membranes were incubated with a horseradish-peroxidase
(HRP)-conjugated goat anti-rabbit secondary antibody (Cell Signaling
Technology, Danvers, MA, USA) diluted 1:1000 in blocking solution at
room temperature for 2 h. Five washes in TBS-Tween were followed by
detection of the enhanced chemiluminescent signal (WesternBright
ECL, Advansta, USA) on X-ray films. The relative protein expressions
were determined using densitometry (ImageJ software, National
Institutes of Health, USA). Each experiment has been performed at least
three times. Values are expressed as mean * S.E.M.

2.6. Histology

Brain samples collected for histology were immersion-fixed in 4 °C,
4% paraformaldehyde solution for two weeks then processed further.
From the cerebral cortex, paraffin embedded 4 um sections were
stained with haematoxylin-eosin. The slides were evaluated by two
independent researcher blinded to the experimental protocol with light
microscopy (Leica Microsystems, Wetzlar, Germany). The degree of
cerebrocortical neuronal damage in the frontoparietal region was
graded on a 10-step scale from 0 to 9 using our previously established
scoring system [15,4]. Briefly, four pattern of neuronal injury (none;
scattered; grouped; panlaminar) was determined in 20-20 non-over-
lapping fields of vision in the frontal region. Then, final score (0-9)
were given to the region based on the most severe level of damage seen
for a particular region.

2.7. Statistical analysis

Results were plotted using SigmaPlot (v12.0, Systat Software Inc.,
San Jose, CA., USA). Core temperature, saturation, HR and MABP as
well as arterial blood gas and metabolic parameters were expressed as
mean * S.E.M.

Statistical comparisons include one-way analysis of variance
(ANOVA) as well as two-way repeated measures ANOVA followed by
the Holm-Sidak post-hoc test for pairwise comparisons. Neuropathology
scores were expressed as median, 25-75 percentiles. For non-para-
metric data Mann-Whitney U test was applied. p values < 0.05 were
considered to be significant.

3. Results
3.1. In vivo observations

At the beginning of the experiments, piglets in both the control and
the asphyxia group had similar, physiological values of core tempera-
ture (38.6 = 0.1 and 38.6 * 0.1 °C), oxygen saturation (91 = 3 and
97 + 3%), heart rate (133 + 10 and 150 * 14 1/min), and MABP
(68 = 7 and 65 = 9 mmHg), respectively. Also, arterial blood pH,
blood gases and metabolites were similar and within the normal range
for these and the untreated group as well (Table 1).

Asphyxia elicited marked increases in HR and MABP (peak values
were 200 + 60 1/min and 94 *= 18 mmHg, respectively) and large
drop in oxygen saturation (to 27 = 1%). Correspondingly, the blood
gas analysis performed at the end of the asphyxia period revealed se-
vere hypoxemia, acidosis due to both hypercapnia and elevated blood
lactate levels, and hyperglycemia (Table 1). Reventilation restored
oxygenation quickly, and the assessed physiological parameters all re-
turned toward baseline levels and they were not then statistically dif-
ferent from the corresponding values of the control group with the
exception of blood glucose and lactate levels. These remained sig-
nificantly elevated at 1 h of reventilation but then returned to baseline
values by 4 h of reventilation. (Fig. 2, Table 1). Then, the assessed
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Table 1
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Arterial blood gas and metabolite analysis in the different groups. Arterial blood pH, partial pressures of carbon dioxide, partial pressures of oxygen, as well as blood glucose- and lactate
levels were in the normal ranges at baseline conditions in all three groups. Asphyxia resulted in severe hypoxemia, hypercapnia, acidosis, hyperglycemia and elevations in lactate
indicating severe mixed respiratory and metabolic acidosis. Reventilation quickly restored blood gases, however, and blood sugar and lactate levels were still elevated at 1 h compared to
controls, and normalized only by 4 h after reventilation. The values then remained in the physiological range and there was no difference between the experimental groups at any later
time points (data beyond 20 h are not shown). Data are shown as mean + S.E.M. Level of significance (p) was set at 0.05. *vs. baseline; {vs. asphyxia at given time point.

Arterial pH Base Asph. 1h 4h 8h 12h 16h 20h
Untreated 7.55 = 0.09
Control 7.51 = 0.04 NA 7.51 = 0.04 7.49 = 0.02 7.5 £ 0.1 7.52 £ 0.07 7.54 = 0.09 7.53 = 0.08
Asphyxia 7.55 + 0.05 6.87 + 0.01* 7.47 + 0.06 7.51 + 0.06 7.31 + 0.42 7.49 + 0.08 7.48 = 0.11 7.53 + 0.04
Arterial pCO, (mmHg) Base Asph. 1h 4h 8h 12h 16h 20h
Untreated 35.3 *+ 89
Control 371 £ 6 NA 397 £ 73 433 £ 4.4 41.7 = 14.2 39.2 = 13.6 37.7 = 8.2 386 = 7.7
Asphyxia 36.5 + 4.6 164.3 = 31+ 351 = 54 414 £ 6.3 374 £ 17.6 388 £ 79 43.1 = 125 40.8 = 16.2
Arterial pO, (mmHg) Base Asph. 1h 4h 8h 12h 16h 20h
Untreated 76.7 + 17.4
Control 529 + 4 NA 52.5 £ 59 584 £ 79 52.5 = 2.4 51.3 = 2.8 531 = 4 53.8 + 2.2
Asphyxia 63.5 = 9.6 20 = 6.2% 60.4 = 7.7 60.9 = 10.5 58.6 = 9.4 60 = 7.2 65.8 = 5.3 70.3 = 7.8
Blood glucose (mmol/1) Base Asph. 1h 4h 8h 12h 16h 20h
Untreated 55 * 1.9
Control 53 = 0.2 NA 4.8 = 0.9 57 = 1.7 55 * 24 43 = 21 4.5 = 0.7 51 = 0.8
Asphyxia 5.8 £ 0.9 9 + 1.2¢ 7.3 = 1.1* 5.6 £ 0.6 41 = 0.8 46 = 0.9 4.7 = 0.9* 4.6 = 0.8
Blood lactate (mmol/1) Base Asph. 1h 4h 8h 12h 16 h 20 h
Untreated 2 =13
Control 22 = 0.8 NA 1.2 = 0.1 1.1 + 04 1.3 = 0.7 1.3 = 0.7 15 =1 1.5 + 0.6
Asphyxia 1.6 = 0.7 7.4 = 0.7% 7.7 + 2.2+ 1.5 = 0.6 1.2 £ 05 1.2 + 0.4 1.1 = 0.4 1.1 = 0.3
physiological parameters remained in the respective physiological inhibition of ERK and Akt phosphorylation, respectively (Fig. 4).

ranges and were statistically not different from the time control group
during the rest of the survival period.

3.2. Neuropathology

Asphyxia resulted in severe neuronal damage similar to previously
reported values confirming HIE development. In the frontoparietal
cortex, the neuropathology scores were significantly higher as com-
pared to the values of the normoxic (combined untreated/time control
animals) groups: the scores were 7; 6; 8 versus 1; 1; 4 *(median;
25th;75th percentiles; asphyxiated versus normoxic animals, respec-
tively; n = 5-5, *p = 0,008, Mann-Whitney U test).

3.3. Activation of ERK/Akt signaling pathways

Total ERK levels in the frontoparietal cortex were remarkably si-
milar in all experimental groups. In addition, the levels of phosphory-
lated ERK (P-ERK) were also similar to the total levels; therefore the
ratio of the P-ERK to total ERK was typically between 80 and 100%
indicating high degree of activation of the pathway (Fig. 3.) The results
concerning total and phosphorylated Akt (P-Akt) levels, the ratio of P-
Akt to total Akt levels were remarkably high and there were no statis-
tical differences among the groups, despite a slight tendency of acti-
vation by asphyxia (Fig. 3.)

High degree of ERK and Akt phosphorylation in the frontoparietal
cortex was also demonstrated in the samples taken from the control side
in our short-term experiments (Fig. 4). However, under normoxic
conditions, local, topical in vivo treatment with the MEK inhibitor
U0126 and the Aktl/2 kinase inhibitor A-6730 resulted in significant

The ratios of P-ERK/total ERK and the P-Akt/total Akt in the other
assessed brain regions were remarkably similar to the values de-
termined in the neocortex (Fig. 5). In the untreated as well as in the
48 h asphyxia animals, the phosphorylation ratios were remarkably
high and there were no statistical differences among the groups, in-
dicating no effect of asphyxia.

4. Discussion

The most important novel findings of the present study are the
following: (1) we could assess activation levels of two signaling path-
ways important for neuronal survival in a large animal model of HIE;
(2) we found that both ERK and Akt are constitutively phosphorylated/
active in the cerebral cortex and all other assessed brain regions of
newborn pigs irrespective of the length of anesthesia and/or exposure
to asphyxia; (3) we proved that the high cerebrocortical ERK and Akt
phosphorylation levels under normoxic conditions can be in vivo
modulated by specific inhibitors.

The pathophysiology of HIE is not yet fully understood, however, in
recent years the neuronal injury during HIE is increasingly being
viewed as a multi-step process consisting of distinct pathomechanisms
characteristic of the successive phases of HIE development. These
phases include (1) the primary energy failure during the PA stress, (2)
the reoxygenation/reperfusion injury associated with the reventilation/
resuscitation efforts, and (3) the so-called “secondary energy failure”
triggered perhaps by accumulated mitochondrial damage and asso-
ciated clinically with bouts of apnoe periods and seizures [16]. During
the primary energy failure of PA, the lack of oxygen and the reduction
of blood flow shifts cellular metabolism from an aerobic to a less



V. Kovdcs et al.

A

39.0
O 351 gt o esetyeys
§ 38.0 S
8
8 375
8
« 370
b
3 365
36.0 + . . . .
1 4 8 12 16 20
Survival time (h)
C"
250 )
1771 11171144
o200 TTatete ul*L**‘”*
-8 s SAP S0 R o !
© : i
B
100 1
g
- 50
0 T T T T 3 T

1 4 8 12 16 20

Survival titme (h)

Life Sciences 192 (2018) 1-8

60

Saturation (%0)
N
{— |

b
o

o

100
80
o I 13
£ 601 - pt
& Ioé“i'”'{ i
oy
%—1 407

20

0 . - - v - v

1 4 8 12 16 20
Survival time (h)

Fig. 2. Core temperature (Panel A), oxygen saturation (Panel B), heart rate (Panel C), and mean arterial blood pressure (MABP) (Panel D) data in the control and in the asphyxia groups
during the first 24 h survival period. There were no significant differences between the groups in the monitored parameters either in the first or the second (data not shown) 24 h period.

Data are shown as mean + S.E.M.

efficient anaerobic pathway, resulting in the depletion of NAD ™" stores,
decrease in ATP levels, and lactate accumulation [17]. ATP depletion
will soon lead to the depression of neuronal activity soon followed by
anoxic depolarization. Anoxic depolarization is characterized by the
loss of transmembrane ionic gradients eliciting the accumulation of
intracellular Na*, H*, and Ca®"* ions causing edema and worsening
tissue acidosis [18,19], the unregulated release of excitatory amino
acids along with the inhibition of astrocytic uptake can also contribute
to excitotoxic damage via the N-methyl-p-aspartate (NMDA) receptor
[20,21]. Upon reventilation/reoxygenation, the high energy phosphate
levels and the transmembrane ionic gradients are gradually restored,
but the initially still increased intracellular and intramitochondrial
Ca?* levels will activate a host of intracellular proteases and nucleases,
as well as enzymatic and non-enzymatic synthesis of reactive oxygen
species (ROS). These alterations will trigger mitochondrial dysfunction
[17] and DNA fragmentation [22] setting the stage for further delayed
and programmed neuronal cell death during the secondary energy
failure stage. Based on the above delineated sequence of events, ra-
tional neuroprotective therapies aimed to mitigate neuronal injury of
HIE should focus on (1) shortening the duration of asphyxia, (2) ad-
ministration of cytoprotective/antioxidant agents simultaneously with
the resuscitation to limit reoxygenation/reperfusion injury, and (3) to
implement neuroprotective interventions before the neuronal injury
related to secondary energy failure occurs. These options can and
should be combined to maximize their neuroprotective potential, but
perhaps the third option has the largest translational feasibility as there
is usually a latent phase between the restoration of brain energy me-
tabolism upon reoxygenation and the onset of secondary energy failure

that offers at least a 5-6 h long therapeutic window for interventions.

In the current experiments, we used a large animal (piglet) PA/HIE
model that was previously characterized [4] and now confirmed to
present all the major metabolic hallmarks of PA also observed in hu-
mans at birth (hypoxemia, hypercapnia and lactic acidosis), and to
develop HIE shown by neuropathology scores. This model has been
successfully implemented to show neuroprotection afforded by re-
ventilation with gas mixture containing 2.1% molecular hydrogen,
likely mitigating the oxidative stress-induced neuronal damage asso-
ciated with reoxygenation/reperfusion [4]. Another attractive neuro-
protective target would be the prevention of neuronal cell death
through the activation of antiapoptotic signaling pathways. This ap-
proach could be used in the latent phase after reoxygenation but before
the onset of secondary energy failure as although necrosis can be ob-
served within minutes, apoptosis takes more time to develop [23]. For
instance, exogenous or endogenous BDNF could exert neuroprotection
through stimulation of neuronal survival and inhibition of apoptosis in
this period. BDNF might be involved in the endogenous neuroprotective
response after PA, as BDNF mRNA levels detected at 48 h survival were
significantly increased in all brain areas compared to naive animals in a
newborn piglet HIE model [24]. Furthermore, exogenous BDNF was
found neuroprotective in a rat neonatal hypoxic-ischemic brain injury
model [13]. Neuroprotection elicited by intracerebroventrical admin-
istration of BDNF to postnatal day 7 rat pups was causally linked to
pronounced and rapid increases in the phosphorylation/activation of
ERK and Akt kinases lasting up to at least 12 h. Furthermore, ERK ac-
tivation was specifically shown to reduce apoptotic neuronal death
assessed with cleaved caspase 3 immunohistochemistry [13].
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In addition to BDNF, other growth factors such as basic fibroblast
growth factor have been identified as a factor promoting cell survival
and neurogenesis, through activation of the ERK pathway [25,26]. In
addition, Cohen-Armon et al. demonstrated that ERK2 phosphorylation
can be modulated by PolyADP-ribose polymerase-1 (PARP-1) which
catalyze a posttranslational modification of nuclear proteins by
polyADP-ribosylation [27]. PARP-1 activation could play a role in our
model as it has been found to be induced by hypoxia in newborn piglets
[28]. The importance of the activation of the PI3K/Akt signaling
pathway has been demonstrated in an adult rat stroke model, where

MEK inhibition

12
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04
0.2
0.0 -

P-ERK/ total ERK

Untreated side  Treated side

cerebral infarct was elicited with permanent middle cerebral artery
occlusion (pMCAO). Again, BDNF could reduce infarct size that was
associated with the phosphorylation of Akt. Wortmannin, a selective
PI3K inhibitor, could reverse the increment in p-Akt level and the af-
forded neuroprotection [29]. The transient elevation in p-Akt levels was
also noted in adult mice within hours of MCAO, and this endogenous
activation was regarded as neuroprotective [30].

Our current study yielded markedly different results concerning the
phosphorylation levels of both ERK and Akt. Unlike in the previously
cited adult or P7 neonatal rodent studies [13,29,30], ERK and Akt

Akt1/2 kinase inhibition
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Fig. 4. Ratio of phosphorylated (P-ERK, P-Akt) and levels of total ERK and Akt in the normoxic, non-asphyxiated cerebral cortex after inhibition with the MEK inhibitor U0126 and the
Akt1/2 kinase inhibitor A-6730, respectively. Both inhibitor significantly reduced phosphorylation compared to the contralateral untreated side. *p < 0.05 compared to the untreated

side. Data are shown as mean * S.E.M.
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Fig. 5. Ratio of phosphorylated (P-ERK, P-Akt) and of total ERK
and Akt levels in the assessed brain regions from the untreated
and 48 h asphyxia groups (n = 3-3). Assessment of the different
brain regions yielded essentially similar data: both ERK and Akt
displayed high degree of phosphorylation that was unaffected by
asphyxia, there were no significant differences among the dif-
ferent groups. Untreated — untreated group; 48 h Asphyxia — as-
phyxia group with 48 h period of survival. Data are shown as
mean * S.E.M.
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phosphorylation was virtually complete also in the cortex of untreated
naive animals, and it was not changed significantly either in the nor-
moxic time controls or the animals subjected to PA for at least 48 h.
This high degree of baseline phosphorylation/activation of untreated
animals was also observed in virtually all of the assessed brain regions,
not only in the neocortex, but also in the hippocampus, the caudate
nucleus, the thalamus, cerebellum, and the medulla oblongata sug-
gesting a general phenomenon. Similarly, high phosphorylation levels
were maintained also at 48 h after asphyxia. Our pharmacological ex-
periments proved that these findings cannot be simply attributed to
technical limitations. We could show in the neocortex, where local
pharmacological treatment through the closed cranial window was
possible that the MEK and Aktl/2 kinase inhibitors could reduce ra-
pidly and statistically significantly the ratio of the phosphorylated
forms of ERK and Akt, respectively. The background of this substantial
difference is unknown, but one can assume to be associated with the
fact that the piglets in the present study were indeed in the perinatal
period: they were all born < 24 h before the experiments. Vaginal de-
livery even under physiological conditions is associated with mild as-
phyxia and perhaps this physiological amount of cerebral hypoxia is
enough to trigger the observed activation of ERK and Akt. This situation
may be in sharp contrast with most of the neonatal rodent HIE models.
In these models P7-P8 pups are used because brain maturity is closest
to the term human baby at this postnatal age [31]. However, our results
suggest that in these models the effects of delivery on cerebral function
may have already likely faded, and the activation levels of ERK and Akt
are significantly different from the immediate perinatal period. These
results question the efficacy of therapeutic interventions aiming to ac-
tivate these antiapoptotic signaling pathways to obtain neuroprotec-
tion. This suggestion is in line with the recent findings of an elegant
study. Robertson et al. studied melatonin-induced neuroprotection in a
very similar newborn piglet 48 h survival HIE model. Although

melatonin was found neuroprotective, however, significant anti-apop-
totic effect of melatonin using cleaved caspase-3 im-
munohistochemistry could not be shown in the cerebral cortex [32].

5. Conclusion

We demonstrated in a translational newborn piglet model of PA/
HIE that the endogenous activations levels of ERK and Akt kinases
critical in antiapoptotic signaling are already high in the cerebral cortex
and all other assessed brain regions under baseline conditions and
would not significantly change up to 48 h following asphyxia capable to
induce significant neuronal injury. We propose that further activation
of these signaling pathways is difficult, and this limitation should be
taken into consideration when designing rational neuroprotective
treatments to mitigate the long term adverse effects of HIE.
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