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Hypoxic-ischemic encephalopathy (HIE) is the major consequence of perinatal aspy)xim ¢@rm neonates.
Although the newborn piglet is an acceptedyéamanimal R/HIE model, there is no consensus of-iRduction
methodology to produce clinically relevant HW/e aimed to create and to characterize a no&ahBdel faithfully
reproducing all features of asphyxiation including severe hypercapnia resulting in HIE, and to test whéther H
neuroprotective in this model. Piglets were anaesthetised, artificially ventilated, and intensively monitored
(electroencephalographgore temperature, GBaturation, arterial blood pressure and blood gadsphyxia (20 min)

was induced by ventilation with a hypoxic-hypercapnic (6%Q0%CQ) gas mixtureAsphyxia-induced changes in

the cortical microcirculation were assessed with fapeckle contrast imaging and analyAisphyxia was followed by
reventilation with air or air containing hydrogen (2.1%0# hours)After 24 hours survival, the brains were harvested

for neuropathologyOur A model was characterized by the development of severe hypoxia @O+ 4 mmHg), and
combined acidosis (pH = 6.76 £ 0.04; pCO114 + 1 mmHg; lactate = 12.12 + 0.83 mmol/L), howeveortical
ischemia did not develop during the stress. Severely depressed electroencephalography (EEG), and marked neuronal
injury indicated the development of HIE; as neuroprotective shown both by the enhanced recovery of EEG and by
the significant preservation of neurons in the cerebral cortex, hippocampus, basal ganglia, and the thappeaed

to reduce oxidative stress shown by attenuation of 8-hydroxy-2'-deoxyguanosine immunostaining. In,shismavy
PApiglet model is able to induce moderate/severe HIE, andfihaaf of hydrogen post-treatment to preserve neuronal
activity/function in this R/HIE model suggests the feasibility of this safe and inexpensive approach in the treatment of
asphyxiated babies.

Key words:hydmogen, neusprotection, hypoxic-ischemic encephalopathger speckle contrast imaging, perinatal asphyxia,
electoencephalography

INTRODUCTION disorders that constitute a life-long social and financial burden for
the health care system andeated families (6, 7). Critical care
Infections and intrapartum-related complications are theof asphyxiated newborns requires immediate and adequate
leading causes of child mortality under the age of fiveresuscitation techniques (8) along witfeefive neuroprotective
(responsible for ~6.3 million deaths annually worldwide), andinterventions to prevent the progressive deterioration of the
approximately 40% of these children die during the neonataheonatal brain function resulting in HIE. Currently mild systemic
period (1, 2). Birth asphyxia is one of the major contributor tohypothermia is the gold standard neuroprotective therapy to
early neonatal loss, fatting 3— 4 newborns out of 1000 live alleviate asphyxia-induced brain damage 1%-lbut clearly
births in developing countries, accounting for around 1 millionfurther eforts are needed to establish additional therapeutic
neonatal deaths annually (3). Prolonged deprivation of oxygeapproaches that can compliment the existing treatment using
around the time of delivery (4) is defined as perinatal asphyxianimal models that have already been an invaluable aid to study
(PA) and it is presented with hypoxemia, hypercapnia andhe pathophysiology ofAZHIE (12).
acidosis (5) eliciting an immediate redistribution of blood flowto ~ The neuroprotective application of molecular hydrogen was
the vital ogans thus compromising the nutrition of other tissuesfirst employed by Ohsawet al.who reported that hydrogen was
If the respiratory distress-induced compensatory mechanisms age selective hydroxyl radical scavenger and was found
exhausted, tissue hypoperfusion may occisking permanent neuroprotective in an adult rat stroke model (13). Since then,
hypoxic/ischemic damage. Hypoxic-ischemic encephalopathynany preclinical and even clinical studies reported widespread
(HIE) is one of the most severe consequenceAofvith a wide  cytoprotective, anti-inflammatory and anti-apoptotiteets of
clinical spectrum among survivors: cerebral palsy (motor skillthis gas (14). ConcerningARHIE research, some (15, 16) but
abnormalities), seizure activjtyfeeding disorders as well as not all (17) studies found molecular hydrogen to be
mental- and somatic retardation, vision-, hearing- and speecheuroprotective in rodentAPHIE models.As far as we know
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our research group was the first to test tHectfof molecular  catheterized under aseptic conditions to maintain
hydrogen in a laye animal (newborn piglet) model following anaesthesia/analgesia with a bolus injection of morphine (100
asphyxia induced by airway obstructiowe found that pg/kg; Teva, Petacfikva, Israel) and midazolam (250 pg/kg;
reventilation after 8 — 10 min asphyxia with a gas mixtureTorrex Pharmayienna,Austria), then with continuous infusion
containing 2.1% hydrogen gas prevented both acute (1 hour) arad morphine (10 pg/kg/h), midazolam (250 pg/kg/h) and fluids
delayed (24 hours) neuronal-vascular dysfunction assessed l¢§% glucose, 0.45% NaCl 3 — 5 ml/kg/h) throughout the whole
determination of R-sensitive cerebrovascular responses (18,experiment, as artificial ventilation-induced stress (31gctd
19). Unfortunatelythe neuronal damage induced by this stresghe neuro-endocrine system in intubated neonatesecond
was relatively mild to be able to fully assess the neuroprotectiveatheter was placed into the right carotid artery for continuous
potential of hydrogen, as electroencephalography (EEGmonitoring of mean arterial blood pressure (MABP) and heart
recovered in 24 hours in virtually all asphyxiated animals andate (HR).This artery was chosen as ligation of the femoral
neuropathology revealed also only mild to moderate neuronartery resulted in critical ischemia of the hindlimb over the
injury in the untreated asphyxiated animals too (T8grefore, chosen survival period (personal observations), in contrast,
we sought to establish a translational moderate/seVvdiél P unilateral carotid artery occlusion has been shown tofectaf
piglet model that reproduced all clinical features &. P cerebral blood flow (32)After suturing the sgical incisions,
Although, the newborn piglet has become an accepteg lar animals were placed into a neonatal incubator (SPC 78-1; Narco
animal model of the human term neonate, the precisdir-Shields, Inc., Hatboro, Pa., USA) in prone position then
methodology to elicit a clinically feasible experiment#l P supplied with electrocardiograph (ECG) and
remains undetermined. Numerous pigled Phodels were electroencephalograph (Natus Neuroldgyddleton,WI, USA)
employed in the past decades, ranging from bilaterally inducedlectrodes. Rectal temperature was measured continuously and
pneumothorax (20), suspended ventilation (21) or raisedept in the physiologic range (38.5 + 0.5°C) with a servo-
intracranial pressure to produce selective cerebral ischemia (22pntrolled heating lamp. Oxygen saturation, MABFR and
offering limited clinical feasibility in terms of humanAP ECG were continuously monitored using a Hewlett-Packard
pathophysiology Recently hypoxic ventilation/reoxygenation M21094 monitor (PaloAlto, California, USA) and recorded
followed by airway obstruction (the Johns Hopkins model (23))online (Mecifew, Arlington, Mass., USA). Prophylactic
or hypoxic ventilation with bilaterally occluded carotid arteries antibiotics were given intravenously (v penicillin (50
(the University College London model (24)) are extensivelymg/kg/12 h,Teva, PetahTikva, Israel) and gentamicin (2.5
applied methods (i.e. 6%,@r 30 min. (25))We have recently mg/kg/12 h, Sanofi, Paris, France). Seizures were treated with 1
shown with laser speckle contrast imaging (LSCI), that bilateral- 2 bolus injections of midazolam (250 pg/kg) according to (33).
carotid artery occlusion does not reduce cortical blood perfusioffhe urinary bladder was tapped by suprapubic puncture at 12
in piglets (26) in accordance with the unique anatomy ofhour of survival Arterial blood samples (~300 pl/sample) were
extracerebral lgie arteries (27), although, bilateral carotid artery checked (ABL 5, Radiometer Denmark or EPOC Blood
occlusion (28) or 4-vessels occlusion (29) will induce trueAnalysis, Epocal Inc., Ottawa Canada) at baseline, at the end of
cerebral ischemia in rats. Furthermore, hypoxic ventilation alon@asphyxia; then at selected intervals up to 20 hours to keep blood
does not induce severe hypercapnia that could criticafiactaf  gas values in the physiological rangég( 1). After the sugical
the development of seizures (30) - a common complication irprocedure, one hour recovery period allowed stabilization of
clinical management ofAPHIE. monitored physiological parameters prior obtaining baseline
The purpose of the present study was twofold: 1) to establiskalues.These parameters were recorded then durngriel for
and to characterize a clinically relevant and reproducisleliE 10 minutes at the beginning of each survival hour
piglet model that reproduces the human conditions \ell.
describe the developing asphyxia in detail, we also determineBlectoencephalography (EEG)
cortical blood flow (CoBF) changes during asphyxia and in the
acute reventilation period; 2) to test the putative neuroprotective EEG activity was recorded via subcutaneously inserted silver
effect of hydrogen in our severeAIE model. We also  pin electrodes above the fronto-parietal and occipital regidres.
performed a meta-analysis on the structural brain damagenpedance of all electrodes was checked to be beloW@.5 k
between the current and our previously reporiednBdel (19). Bandpass filters were applied between 1 — 70 Hz, and an
automatic noise filter (notch filter) rejected the 50 Hz component.
EEG signal was amplified (Nicolet EEG v32, Natus Medical Inc,
MATERIALS AND METHODS San Carlos, California, USA), recorded (sampling rate: 250 Hz)
and visualized online during the entire experiment with the
manufacturer's software (Nicolet One). Data were stored on a
hard disc of a personal comput&EG activity was analysed
Newborn (~1 day old) male Lge-White piglets (body offline with two approaches. First, 10 minute EEG epochs
weight: 1.5 — 2.5 kg, n = 28) were obtained from a localrecorded at the beginning of each hour affeniére scored by a
company (Pigmark Ltd., Co., Szeged, Hungary) and delivered toesearcher unaware of the experimental group using an
the laboratory on the morning of the experimefiprocedures  amplitude-based, incremental scoring systeffable J),
were approved by th&nimal Care and Use Committee of the according to (34). Briefly continuous and high amplitude
University of Szeged. Anaesthesia was induced by background activities (> 10 uV) were given lower scores while
intraperitoneal injection of sodium thiopental (45 mg/kg; severely depressed and isoelectric activities (< 10 pV) received
Sandoz, KundlAustria). Piglets were intubateth tracheotomy  higher ones. In addition, if seizures appeared in the evaluated
and artificially ventilated with warmed, humidified medical air hour, 2 extra points were added. Second, EEG power spectrum
(21% Q, balance B that could be supplemented with oxygen analysis of the same EEG epochs was performed by the
via a pressure-controlled neonatal ventilat®&espiratory  NicoletOne Review software using Fast Foufiemnsformation
settings (fraction of inspired QFiO,): 0.21 — 0.25; respiratory (FFT, linear detrending, Hamming window;1 — 4 Hz,6 4 — 8
rate (RR): 30 — 35 1/min, peak inspiratory pressure: 120 — 136z, a 8 — 12 Hz3 12 — 30 Hz) and absolute band powers were
mmH,0) were adjusted to maintain blood gas values and oxygenalculatedTotal EEG power (u¥ (summation of bands) values
saturation in the physiologic rangehe right femoral vein was were selected to quantitatively characterize the recovery of brain

Animals
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electrical activity following R and to complement the short-term survival. Details of LSCI methodology are given in the
semiquantitative and the more obserdependent scoring respective section below
system.
Histology
Experimental perinatal asphyxiaAp
Twenty-four hours after the end of asphyxia, the brains were

After obtaining the baseline physiologic parameters, animalperfused with cold (4°C) physiologic saline through the
were divided into 3 group$ig. 1): time control group (CTR, n = catheterized common carotid arteries. Brains were gently collected
7), asphyxia group (ASPH, n = 8) and asphyxia + hydrogen treateahd were immersion-fixed in 4°C, 4% paraformaldehyde solution
group (ASPH + H n = 8).Animals were randomized between and further processed after two weeks. Fiarabedded, 4 um
groupsASPH andASPH + H by coin flip. A in groupsASPH and  sections were made from the frontal, temporal, parietal, occipital
ASPH + H was induced by switching ventilation from medical air lobes.The haematoxylin-eosin stained slides were evaluated by a
to a hypoxic-hypercapnic gas mixture (6% @0% CQ, balance researcher blinded to the experimental groups with light
N,) for 20 minutes, reducing the RR to 15 1/min and stopping thenicroscopy (Leica Microsystem$yetzlar Germany). Damaged
fluid/glucose administration. Piglets were reventilated (RR: 30neurons were identified using the major hallmarks of dark
1/min) in groupASPH with medical ajiwhereas in groupSPH + eosinophilic cytosol, as well as pyknotic or disrupted nu€led
H, with a gas mixture containing hydrogen gas (2.19®% Q, degree of cerebrocortical neuronal damage was determined
balance Y. In groupASPH + H, after 4 hours hydrogen treatment adapting a previously published scoring systéablé 2 (35) that
was stopped and ventilation with medical air was resued. allowed more comprehensive study of thesgedsrain regions
additional group of animals (group LSCI, n = 5) was added tacompared to the cell counting used in our previous studies (18, 19).
assess CoBF changes during asphyxic conditidmsmals Briefly, the pattern of neuronal injury (none < scattered < grouped
received similar anaesthesia and instrumentation regimen as thgpanlaminar) was determined in-2@0 non-overlapping fields of
other groups then 20 minute asphyxia was induced as in groupssion under 20x magnification in each assessed cortical region.
ASPH andASPH + H followed by room-air reventilation and Then, scores (6- 9) were given to each region based on the

Continuously monitored: Ventillation: 21% O,, balance N,, RR: 30-35 1/min, PIP: 120-135 mmH,O, 2-3 Imin
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Fig. 1. Experimental protocol and groupihe putative neuroprotectivefeft of molecular hydrogen gHagainst asphyxia-induced
hypoxic-ischemic encephalopathy was assessed in 3 grAftps.instrumentation and recording of baseline (B) physiological
parameters (core temperature, heart rate (HR), arterial blood pressure (ABP) and oxygen saturation as well as ECG and EEG), animals
were divided into the following experimental groups: piglets in group CTR (n = 7, white) served as normoxic time controls. Piglets in
groupsASPH (n = 7, light greyhatched) andSPH + H (n = 7, dark grey) were subjected to 20 min asphyxia (ventilation with 6%

0O,, 20% CQ, balance M with a respiratory rate (RR) reduced from 30-35 to 15 1/mimimals in groupASPH were reventilated

with medical air whereas in gro&fSPH + H by a H-containing gas mixture (2.1%,H21% Q, balance . Ventilation in group

ASPH + H was switched back to medical air at 4 hour of survilVaé brains were collected for neuropathology analysis at 24 hour

of survival. Piglets in group LSCI (n = 5, white, crosshatched) were equipped with a closed cranial window to determine the acute
effect of asphyxia on the cortical microcirculation using laser speckle contrast imaging (LSCI).

Table 1.Amplitude-based scoring system was applied to visually assess brain electric activity during experimental asphyxia and the
evolution of HIE. High amplitude patterns (> 10 uV) during the initial 10 minute of given time points received lower (1 — 3) scores,
while severely depressed (< 10 pV) brain electric activity was given higher (4 — 7Ybegwesence of seizure activity during the
evaluated period was indicated by adding 2 extra points to the assessed background activity

Amplitude based EEG pattern
Score

1 > 25 uV dominating pattern

2 > 25 pV with short durations (1 — 5 s) below

3 25-10 pVv

4 10— 15pVv

5 Low voltage (< 5pV) with bursts (> 25 uV, 1 -5s)
6 <5uVvV

7 practically isoelectric
+2 electro/clinical convulsion
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frequency (% of 20 examined fields) of the most severe pattern afiere centrifuged at 2200 g and 4°C for 5 minutes (Model 5418R,
injury observedThe neuronal damage in the ganglionic cell layer Eppendorf, Hambygy, Germany) and the plasma was transferred
of the cerebellum, basal ganglia, thalamus and the hippocamptd fresh microcentrifuge tubes and stored8t°C. Blood plasma
CA1 and CA3 regions was assessed with cell counting in norNSE levels were determined using a commercially available,
overlapping areas (in 10, 5, 5, 3, 3 fields of vision respectivelyporcine-specific  sandwich  ELISA kit  (Elabscience
under 20x magnification) as in (19jbe impact of asphyxia on Biotechnology Co., Ltd.Wuhan, China).The measurements
cerebellum and subcortical brain regions was expressed as tiaere performed in duplicates following the manufacturer's
percentage of damaged neurons. In order to be able to compare thstructions using a microplate reader (Fluostar Optima, BMG
severity of asphyxia-induced cortical neuronal damage at 24 howtABTECH, Gmbh, Ortenbey, Germany) ak = 450 nm.
of survival between the present new and our previously published
(19) asphyxia method (20 min ventilation with 6%0%CQ Laserspeckle contrast imaging and analysis (LSCI/LASCA) to
versus 8 min suspension of ventilation), we re-analyzed the corticatudy cotical blood flow (CoBF) changes
samples from thASPH group (n = 9) of the previous study using
the scoring system as well, and we present the combined CoBF changes induced by Rvere recorded (5 min baseline,
neuropathology scores in the Results for this group as well. 20 min R, 10 min room air reventilation) and assessed by
LSCI/LASCA in additional animalsHig. 1, group LSCI, n = 5).
8-hydioxy-2'-deoxyguanosine (8-OHdG) immunohistochenistr Our custom-designed speckle imager and the LAS@#vare has
been described recently in details (26). BrieflgCI/LASCA
Parietal cortex tissue microarrays were produced using allows to monitor rapid changes in tissue perfusion by determining
custom-made stainless steel tissue puncher (3 mm) from thtée autocorrelation decay timg 6f interference patterns produced
parafin tissue blocks, sectioned at 4 um, mounted on sylanizetly laser light (laser speckle) scattered from moving particles (red
slides and processed for 8-OHdG immunohistochemistry using blood cells).The average velocity is directly proportional ta.1/
LEICA BOND-MAX automated immunostainer (Leica Anaesthesia and initial gical procedures were similar to the
Microsystems). In the immunostaingre slides were dewaxed at other groups, howeven these animals after a circular craniotomy
72°C, and antigen retrieval was performed at pHFhén, slides  and removal of the dura mater closed cranial window with 3
were incubated with a 1:200 dilution of mouse monoclonalinjectible ports was inserted over the left parietal region as
primary antibody against 8-OHdG (Jal@#c., Fukuroi, Japan) described in (36)The cranial window was sealed with bone wax,
for 20 min followed by horseradish peroxidase-conjugated rabbityanoacrylate and dental acrylate (Lang Dental Manufacturing Co
anti-mouse secondary antibody for 15 minutes. 3,3-Inc, Wheeling, IL, USA). After 45 min incubation, the
diaminobenzidine was used to visualize the immunostainingsubarachnoidal space under the cranial window (~3 ml chamber
then the slides were counterstained with haematoxylin, tovolume) was filled with warmed, pH equilibrated artificial
visualize the cell nucleThe slides were covered with a coverslip cerebrospinal fluid (aCSF) through the poftise cranial window
then scanned in a slide scanner (Pannoramic MIDI, 3DHISTECHas illuminated with a neanfrared diode laseiA(= 808 nm) and
Ltd., Budapest, Hungary), and visualized on a personal computepeckle images were recorded (1 Hz, 2 ms) through an operating
using the Pannorami¢iewer software (3DHISTECH Ltd.) at microscope by a PL-B771F monochrome camera (PixeLINK,
40x magnification. Homogenous, strong nuclear 8-OHdGOttawa, Canada), visualised online with a custom-made software
immunoreactivity was considered as a sign of oxidative damagand stored on a personal comput&SCAwas performed dfne;
and the ratio of such nuclei to the total number of cell nuclei wasegions of interests (4 for each timepoint/animal) were selected

determined and presented in the Results. over the cortical parenchyma not obstructed by surface pial vessels.
The determined tAhalues were normalized for baseline, and data
Neuon specific enolase (NSE) ELISA were then expressed as relative changes from baseline.

One ml arterial blood samples were taken at regular intervalSatistical analysis
(baseline, 4 and 20 hour of survival) into E®Toated
microcentrifuge tubes supplemented with 40 pl protease inhibitor Results were analysedflife and plotted using SigmaPlot
cocktail procured following the manufacturer's directions(v12.0, Systat Software Inc., San Jose, CA., USA) core
(cOmplete, EDA-free Protease Inhibitor Cocktail, Roche temperature, saturation, HR and MAB® well as arterial blood
Diagnostics Gmbh, Mannheim, Germanyhe blood samples gas and metabolic parameters, cell counts, relative CoBF changes

Table 2.Cortical neuronal damage was assessed using a neuropathology scoring system accordingetaak(35¢hased on the
occurrence of the most severe pattern observed in 20 visual fields/regions. Higher scores represent more severe neuronal damage.

Morphology of cortical damage Ratio of the most severe pattern per area
Score

0 No damage

1 <20%
2 Scattered 21 -50%
3 >50%
4 <20%
5 Grouped 21 -50%
6 >50%
7 <20%
8 Panlaminar 21 -50%
9 >50%
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were expressed as mean + S.E.M. EEG scores, EEG total power RESULTS
and neuropathology scores were expressed as median, 25 — o . .

and 5 — 95 percentiles. Normality was tested with the Shapiro_gﬁaractenzatlon of the perinatal asphyxiacss

Wilk test. Parametric data were compared with one-way- or two-

way repeated measure of analysis of variance @RWDOVA) The normoxic time control animals (CTR) had physiological
followed by the 8ident-Newman-Keulpost hoctest. For non-  core temperature, MABRHR, oxygen saturation, arterial pH,
parametric data RMANOVA on ranks and for pairwise blood gas values (37), and glucose levéig.(2) as well as
comparisons the t@dent-Newman-Keulgpost hoctest was  continuous EEG activity throughout the experiments.

applied. The significance of linear regression dagénts was In groupsASPH andASPH + H, baseline MABP HR,
tested withANOVA. Level of significance (P) was set at 0.05.  oxygen saturation, arterial pH, pG@O, and glucose values
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Fig. 2. Monitored physiological parameters in group CTR (n = 7), g&&iPH (n = 7) and groupSPH + H (n = 7) during baseline (B),

in the last minute of 20 min asphyxia (A) and the survival period: core temperaturedPargten saturation (Panel B), heart rate (Panel

C), and mean arterial blood pressure (MABP) (Panel D). On the bar graphs arterial blood pH (Panel E), partial pressures of carbon dioxide
(Panel F) and oxygen (Panel G), as well as glucose levels (Panel H) are presented only up to 8 hours of reventilation as thieremas no dif
among the experimental groups at later time points and they remained in the physiologicaspémyge induced similar degree of acidosis,
hypercapnia and hypoxia in groudSPH andASPH + H. The asphyxiated groups did notfelif markedly in the monitored parameters

during the survival period except that heart rate was significantly higher inA@®k during the first 18 12 hours of survival (Panel C).

Data are shown as means + S.E.M. ®05. * versus baseline, T versus time control group and 8 ¥&8Uks$ + H at given time point.
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were all similar to the time control&if. 2). After the onset of  further increase in MABRNnd HR that was gradually restored
asphyxia, howeverMABP and HR were markedly raised as (Fig. 3). CoBF increased also further thus showing a strong
oxygen saturation rapidly felF{g. 3). The severe reduction in reactive hyperaemic responséd.. 4).

oxygen saturation in addition to the values obtained by Asphyxia resulted in severe acidosis, hypercapnia and
pulsoxymetry were confirmed by blood gas analysis, in thehypoxemia along with hypglycemia that were similar in
arterial blood sample taken at the end A&f fhis central oxygen groupsASPH andASPH + H (Fig. 2). In addition to the
saturation also fell from 94 + 5 to 13 + 4% (data from grouphypercapnia-induced respiratory acidosis, marked metabolic
LSCI). The EEG became isoelectric within 1 — 2 min after thecomponent of the acidosis was also demonstrated as blood
onset of R. In additional animals (group LSCI) using lactate levels were profoundly elevated from 1.80 + 0.55 to
LSCI/LASCA, we found that this stress resulted in a modestl2.12 + 0.83 mmol/l. Blood lactate was moderately elevated at 1
(~30 — 50%) increase in CoBFig. 4). Reventilation resulted in  hour (5.28 + 1.06) but returned to baseline (1.33 + 0.10) by 4
quick restoration of oxygen saturation with a simultaneoushour of reventilation (groupSPH, n = 7).
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Hypoxic-ischemic encephalopathy development After PA, in groupsASPH andASPH + H, normocapnia
was restored by 30 minutes after the onset of reventilation
Mortality of PA was 12.5% (2/16) as 1 — 1 piglet in groups (PaCQ: 39 + 2 mmHg and 39 + 4 mmHg, respectively) and core
ASPH andASPH + H were lost at 8 and 12 hours of survival, temperature, MABPoxygen saturation as well as arterial blood
respectively due to cardiorespiratory failur&he data from gas and glucose values were maintained in the respective

these animals were excluded from the study physiological ranges and were statistically nofedént from the
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Fig. 5. Representative EEG tracings (occipital electrode; 20 second epochs displayed from the analyzed @ minutes tracings at

the indicated time points) registered in animals representing the median EEG score values of each groupAoiB RaetS. Similar
continuous EEG activity (> 25 pV) can be observed at baseline in all subjeeiontrol animal from group CTR (PaAgImaintained

high amplitudes throughout the observation period meanwhile 20 minute asphyxia in the piglet frohS§tduPanel B) elicited severe
electrocortical depression. InterestindBCG artefacts became prominent over the isoelectric EEG background pattern in this severely
injured animal. Molecular hydrogen resulted in restoration of the EEG by 4 hours in this piglet frotagjpbuip H (Panel C)The EEG
recordings were analyzed using two methods. First, a custom-made amplitude-based scoring system waabteehtethere higher

scores represent progressive deterioration of electrical activity (Panel D). Second, total EEG power (Panel E) was determined. EEG tracings
of time control animals (n = 7, white) were characterized by continuous EEG activity and high total power during the entire experiment.
Asphyxia (Aon Panels D, E), induced isoelectric EEG that was followed by slow regeneration of electrical Betijgheration of EEG

was more rapid and more complete in the hydrogen-reventilated animals oA&®BHp+ H (n = 7, dark grey) shown by lower EEG

scores and higher EEG powas compared to those of grodpPH (n = 7, light greyhatched) that were reventilated with air oflata

of Panels D and E are shown as mediath,2B5", and 8 — 95" percentiles (line, box, and error bars, respectively).OF05. t versus

time control group at respective time point, § veS8BH + H at respective time point.
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time control group during the survival peridéd. 2). Only HR EEG patterns. Hydrogen administration facilitated the
was significantly elevated in grodSPH compared to time restoration of the EEG activity and most of the animals (5 out of
controls during the early reventilatiofig. 2), but significant  7) presented continuous background activity by the end of the
differences of the monitored physiological parameters betweesurvival period with higher power valuesig. 5), furthermore,

the asphyxiated groups (groubSPH andASPH + H) were not  none of the animals in gro&SPH + H showed electrographic
observed even then. Some piglets (5 versus 7 versus 4 animalsseizure activity PA did not induce elevations in plasma NSE
groups CTR,ASPH andASPH + H, respectively), required levels that were 96.2 + 6.7% and 106.1 + 36% of baseline levels
higher FIQ to maintain similar oxygen saturation that was at 4 and 20 hour of survival, respectively (grét&PH, n = 6).
responsible for the diérence in Pa@ during the early

reventilation periodKig. 2G). Brain electrical activity remained Neuopathology

virtually isoelectric in théSPH group that resulted in low total

power and high EEG scoreFig. 5. Two animals in group In the normoxic time control group, no significant neuronal
ASPH manifested electro-clinical convulsions appearing at 3@lamage was noted except for the low-frequency occurrence of
and 13 hours of survival, respective8eizures were identified scattered damaged neurons. In contrast, neuropathology analysis
by repetitive trunk/limb muscle contractions and characteristiaevealed marked cortical neuronal damage in gA&PH that is
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Fig. 6. Histology results and representative photomicrographs taken from subjects representing the median of the groups. Neuronal

damage induced byAAn groupASPH and neuroprotectionfafded by H may be observed in the selected cortical and subcortical
areas. Scale bar for photomicrographsC: 200 um (top bar), for D — O: 100 um (bottom bar). In all assessed cortical regions (Panel
P), the hydrogen-reventilated animals (ASPH s = 7, dark grey) had significantly smaller cortical damage as compared to air
reventilated (ASPH, n = 7, light grelyatched) piglets. Brain damage was minimal in the time control animals (CTR, n = 7, white). In

other brain regions, including the ganglionic cell layer of the cerebellar cortex; the basal ganglia, the thalamus and the CA1 and CA3
regions of the hippocampus (Panel Q) the neuronal damage was determined by cell counting. Similar to the cortex there was a striking

neuroprotective éfct aforded by hydrogen, especially marked neuroprotection was observed in the hippocampus and the basal
ganglia. Data are shown as mediart; 253", and B — 95" percentiles (line, box, and error bars, respectively for PaaeldPas mean
+ S.E.M. for Panel Q. R 0.05. T versus group CTR and § versus giBpH + H.
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tube occlusion) R model, by determining also the
neuropathology scores of the same cortical regions obtained in
our previous study (19). In summamye found that in group

A'< 3 o0 .';:{:; -;'/_'_’f C,;/ﬂ_m e Y N ASPH, the summated damage scores of the four assessed
R .-/ g (Tt s g ge o 0¥ e cortical regions were 32; 20; 36 (mediant285" percentile),
3 v v, 8 ¥ s/ et 5._! ! ‘/ : ;F”,' 5 o whereas in our previousARmodel the values were significantly
3 e e e L1 AR ’/ lower: 17; 10; 21 (= 0.026) indicating a much more robust
et e i sl ;—‘ ‘ “‘_\u e f_/,‘___' cerebrocortical damage in the present modletordingly, very

severe neuronal loss and destructed neuropil were found in the
CAl and CA3 hippocampal regions in gro&$PH of the
present studyand significant neuronal loss was also obvious in
the basal ganglia, the thalamus and the cerebellar Purkinje cells
(Fig. 6). Molecular B applied in the early reventilation (group
ASPH + H) significantly improved neuronal viability in
virtually all cortical and subcortical regions studied. Importantly
the hippocampal CA1 and CA3 subfields preserved their
structural integrity and most of its cells. Similar preservation of
viable neurons was noted in the cerebellum, thalamus and the
basal ganglia in the hydrogen treated gragpPH + H (Fig. 6).

In the parietal cortex, the number of 8-OHdG
immunoreactive cell nuclei was low in group CTR, howgver
strong, significantly elevated staining was characteristic of group
ASPH andASPH + H. However there was also a significant
difference between the ratios of 8-OHdG immunoreactive nuclei

Fig. 7.Hydrogen reduces oxidative stress afterRepresentative
photomicrographs (Panefs — C) of 8-OHdG immunopositive
nuclei from the parietal corteXime control animals (group CTR)
exhibited only few strongly stained immunopositive nuclei
(arrows). 20 minute asphyxia markedly increased DXidation,
resulted in strong immunoreactivity against 8-OHdG at 24 hour of
survival (groupASPH). Molecular hydrogen (grogSPH + H)
significantly reduced oxidative damage afté. fPanel D). X
0.05. T versus group CTR and § versus gispH + H, n = 14
— 28 regions of interests/ group, scale bar 100 pum.

between groupASPH andASPH + H, indicating reduced
oxidative stress in the hydrogen treated grdtig. (7).

DISCUSSION

In the present stugywe introduce a novel pigletARHIE
model that is relatively simple to induce but still faithfully
reproduces all major symptoms associated with(iBoelectric
EEG severe hypoxemia, hypercapnia, lactacidemia) and elicits
significant encephalopathy shown by severely depressed EEG
activity and neuronal damage at 24 hours survival. By
reflected by high damage scoreBig( 6) corresponding to characterizing our model we showed that this level of asphyxia
laminar or even confluent panlaminar necrotic lesions virtuallydid not induce severe cerebral ischemia during fhetfess but
in all cortical areas observed at least in some of the assesseas able to induce more severe brain damage as compared to our
fields of view We compared the cortical neuronal damageprevious R model (8 min tracheal occlusion) (19)his more
induced by our newAmethod to our previous (8 min tracheal robust model thus enabled us to discover the marked
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Fig. 8. EEG activity at 20 hour of survival shows good correlation with cortical neuronal damage assessed with neuropathology in the
animals subjected toAPLinear regression analysis shows significant correlations between both EEG scores)(Btatiothl EEG power

(Panel B) and the sum of histopathology scores from 4 cortical regions. Solid lines represent the regressi®d.06&6(of Panél and
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neuroprotection &brded by molecular ki 4 h inhalation of indicating that in this model likely not the absolute degree of
2.1% H started together with the reventilation followind P hypoxia, hypercapnia or acidosis itself rather than its duration
facilitated the recovery of brain electric activiind ameliorated determines the degree of elicited brain damage. However
neuronal damage in numerous cortical and subcortical regionshypercapnia appears to be an important determinant of HIE
Approximately 13 million newborns require assisted severity Goodwinet al.(39) reported that newborns withdO,
ventilation at birth worldwide while 1 million newborns die values greater than 140 mmHg, manifested major neurological
annually due toRcomplications (2). Despite the introduction of deficits and good correlation to seizure activitioreover in an
therapeutic hypothermia, HIE induced b& Femains a major  other study by Beladt al.(40), HIE did not develop in all infants
health care problem, and translational animal models argith P,CO, below 140 mmHgA marked advantage of our
warranted to test further putative neuroprotective theraphes. Pcurrent model is also the stability of systemic hemodynamic
has multiple aetiologies, and unfortunateflge onset, cause, parameters, virtually no animals were lost during the
severity and duration offPare often dfficult to determine under PA/immediate reventilation period and none of the animals
clinical conditions, so the exact pathophysiology of hunfaisP  required pharmacological treatment for hypotension afterwards.
still poorly understood challenging researchers whilst designing his is in sharp contrast with thé Fhodel published by Chalak
PA/HIE animal models.The newborn piglet has become a et al. (41), who ventilated the animals with 5.3% &nd 7.5%
widely accepted lgre animal model for studyingAHIE as its ~ CO, gas mixture and decreased the RR by 10 1/min every 15
brain developmental stage, structure and metabolism is similaninute and reached asystole in order to produce blood gas and
to the term neonate (38). Furthermore, its size, cost angH values that are similar to our results and in accordance with
availability are also in favour of its application i®\/RIE those reported from term newborns umggéng severe & (40,
research. During the past few decades, numerous piyldt® 42). We found a moderate increase in CoBF duriAgirPthe
models were tested with variable clinical feasibility (20-25). In present studyso our R model clearly does not induce cortical
our previous paper assessing théeaf of molecular Hon ischemia, howevetthe increase in CoBF was still 2 — 3 times
neurovascular unit integrity afterAP(19), we used 8 min less (~35% versus ~100%) than in animals ventilated with the
tracheal tube occlusion to inducé&.PThis method was very 10% G combined with bilateral carotid artery occlusion (26).
useful to show delayed attenuation of cerebrovascular reactivityve previously reported (43) that 10 minute hydrogen ventilation
however the neuropathology revealed only limited number ofdid not influence cortical microcirculation in newborn piglets,
irreversibly damaged neurons at 24 hour of survival. Increasingpence we did not test thefedt of the neuroprotectant in a
the duration of R by tracheal occlusion to induce more severeseparate group in the present study
HIE proved to be impossible because of the high occurrence of Unfortunately in the clinical setting precise prediction of
lethal cardiac complications (personal observatiofsgre is a  neurodevelopmental outcome in infantéeefed by R/HIE is
multitude of piglet R models in the literature that are elicited by difficult in most casesA recent meta-analysis suggested that
ventilating the animals with hypoxic gas mixturésese models neurophysiology tests (i.e. serial EEG-s) within the first week of
vary considerably in the applied REi@nd whether the gas life may prove to be promising tools in thiaef (44). Moreover
mixture contains also CQor not. Moreover bilateral carotid magnetic resonance spectroscopy (MRS) and imaging (MRI)
artery occlusion is often combined with hypoxic ventilati/e. offer an invaluable aid for assessing morphologic and metabolic
chose the R model employed in the present study based on twachanges in the neonatal brain as early as the first days of life (45)
lines of experimental evidence. First, we found that bilaterabut its accessibilitythe facility to serial imaging as well as the
carotid artery occlusion during normoxic or hypoxic conditionsnecessary human and material resources are not available
did not induce reductions in CoBF (26). Second, Heéthwl. everywhere. Bedside neonatal EEG monitoring provides
(30) showed that in rat pups hypoxia alone (9% @d not  continuous information about the impaired cortical electrical
whereas hypoxia combined with hypercapnia (9%a@ 20%  activity after A and was reported to be a useful tool to predict
CQ,) elicited seizures - an important hallmark of Hlteerefore, late outcome as early as 24 hours (46, #fthough, it is
our task was to develop & jury that elicits more severe HIE widespread in neonatal intensive care as its application and
than our previous (tracheal occlusior) fodel (18, 19). maintenance does not require special conditions, however
We performed a number of preliminary experiments intrained stéfis required to interpret the EEG patterfise clinical
which we used EEG recovery as a primary indicator of HIEevaluation of EEG signals is predominantly based on the
severity In our previous studyone of théA\SPH group animals amplitudes of waves, the presence/absence of sleep-wake cycles,
displayed continuous (normal) EEG pattern in the first 4 hourseizures, repetitive signals; the quantification of given periods is
of reventilation. We assumed therefore, that anj Btress more challenging. Consequentlgustom-made scoring scales
allowing full recovery of the EEG faster than 4 hours likely were introduced and were widely accepted in the literature (48),
induced less severe neuronal injuapd therefore more severe thus first, we established our own amplitude-based scoring
PA was still warrantedwe first induced R using 9%Q — 20%  system according to international recommendations (34), but we
CGO, gas mixture with increasing durations of 30, 40, and 60also simultaneously determined the total power of the recorded
mins (n = 2—2-2) as thes@ khjuries were not severe enough, EEG at given time points. OuARnodel elicited similgrsevere
we reduced FiQto 6% and performed additional experiments electrocortical depression within 1 — 2 minutes in groApBH
with 35, 25, and 15 min duration (n = 2, 2, and 3, respectively)andASPH + H that remained practically isoelectric (< 5, jnigh
Animals subjected to 35 — 25 mirARvere presented with EEG scores, low total power) in the asphyxia-only animals
isoelectric/very low voltage EEG at 24 h survival and were allwhereas EEG activity was at least partially restored in the
dependent on inotropics to keep their blood pressure at 40 — 4%drogen treated group. InterestingBEG scores and the total
mmHg indicating cardiac complications. In contrast, all threepower of EEG of all asphyxiated animals (groPH and
animals subjected to 15 min oAMad quickly recovered their ASPH + H) at 20 hours showed strong correlatiéing( 8., r2:
electrical brain activityOur experiments using®Rasting for 20  83.06% and 69.9%; respectivelp < 0.05) to the summated
min produced consistently animals that showed both stabléistopathological scores characterizing cortical brain damage,
hemodynamics and EEG signs of moderate/severe brain injuyus EEG activity this time point might be predictive for
forming later grougASPH of the present studife would like to  indicating the severity of brain injury in our present model.
note that pH and blood gas values taken at the last minufe of Pindeed, the recovery of EEG amplitudes correlated well with the
using a given gas mixture were very similar to each othepreservation of the cerebral cortex after hydrogen ventilation.
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Neuronal injury was assessed by a previously reported scoring Molecular hydrogen was administered as before in our
system as cell counting alone does not represent the pattern afirrent model for two reasons. First, the brevity of the
cortical damage: a single panlaminar necrosis may elicit mor¢éherapeutic window demands the introduction of a potential
severe clinical outcome compared to similar number of injurecheuroprotective intervention up to 6 hours, secaondly
neurons distributed along the 20 fields of vision. Concerning theeventilation/reperfusion-induced ROS generation (58) is the
other brain regions studied, it is worth noting that themost important contributor to hypoxic-ischemic brain damage
hippocampal CA1 and CA3 regions as well as the basal gangligh9, 60). Hydrogen resuscitation facilitated the recovery of the
suffered the most extensive neuronal damage in our model iEEG amplitudes in our model, moreoverevented structural
accordance with early MRI findings irARHIE survivors (49), neuronal damage assessed at 24 hour of survival.
and that H could exert marked neuroprotectivdeet in these The present study has some limitatigkithough this 24 hour
areas as well. Despite marked neuronal injuvg could not  observation period likely spans the time frame in which molecular
detect increases in plasma NSE levels after asphiihias hydrogen can &rd protection, it does not allow conclusions on
finding is in accordance with those of Nagdynetral. (50) who long-term neuroprotection or late neurodevelopmental outcome
reported also unaltered NSE levels in asphyxiated term newborngith certainty A longer at least 48 hour survival would likely
during the first day of life Admittedly, Kecskeset al. (51) allow us to study if anti-apoptotic mechanisms played also a role
reported NSE elevations in piglets at 24 hours, but only followingn the neuroprotective fefct of molecular K using for instance
a longer R stress (40 min hypoxic ventilation combined with cleaved caspase 3 immunohistochemistry that has already been
arterial hypotension) that likely severelyfeafted at least shown in piglets to indicate anti-apoptotideefs elicited by
transiently the integrity of the blood brain barrier hypothermia or melatonin at this timepoint (61, 62). Moreci@r
Therapeutic hypothermia has become the gold standard calmurs survival would also allow us to study altered neurotoxic
to combat HIE development (8), howeveot all of the babies activation of microglia by determining microglial ramification
may benefit from total body cooling (52) thus supplementaryindex or CD86 mRNAevels that have also been found useful to
neuroprotective ébrts are ugently required. Furthermore, characterize anti-inflammatory neuroprotection in this animal
‘therapeutic' hypothermia has recently been reported not to prevemiodel (61, 62). Second, the neuroprotectifecéfof molecular
white matter damage followingAPin piglets, but hypothermia hydrogen in combination with therapeutic hypothermia was not
was in fact shown to per se induce white matter damage itested, although the latter became the gold standard carefafter P
normoxic controls, raising concerns about the safety of thidJnfortunately the use of hypothermia with this survival period
approach (53). Molecular hydrogen was introduced as a novetlas not feasible; although cooling can be achieved within an hour
hydroxyl radical scavenger by Ohsaetaal. (13) and since then, rewarming must be not faster than 0.5°C/h (53) that would last
its antioxidant, anti-inflammatory and anti-apoptotifeets were  more than 10 hours, allowing only very limited time in the
proved in numerous preclinical and clinical studies (A#)ong therapeutic temperature range likely causing underestimation of
the animal models of A?HIE, first Cai et al. (15) reported its neuroprotective potentigds molecular hydrogen was found in
neurological improvement after molecular hydrogen (2%4rH the present study to befaftive against moderate/severe HIE
medical air) resuscitation in a neonatal rodent HIE makies stress, combining the therapeutiéeef of molecular hydrogen
finding was in accordance with the neuroprotectivecebdf H, in with total body hypothermia using an even longer<4& hours)
a transient global ischemia rat model showing improved neuronaurvival period remains our future directidrne third limitation
survival (2% H in medical air) and cognitive functions in rats is the use of anaesthesia/analgesia during the experiments,
(54). SurprisinglyMatchettet al.(17) reported no benefit fromyH  especially during R complicating translation of the model and the
administration in a neonatal rat HIE model, in contrast, H results to the human clinical situatiohdequate anaesthesia is
pretreatment even appeared to enhance hypoxic/ischemic brammandatory to meet ethical concerns using laboratory animals,
damageTo the best of our knowledge, our research group was theowever we carefully chose an anaesthethic/analgesic regimen
first who reported the beneficialfefts of hydrogen in a Ige that is often used in neonatology (63) to support HIE patients:
animal R/HIE model (18, 19).The current study importantly morphine to combat mechanical ventilation-induced pain and
expands our previous knowledge in that aspect thet kbt only ~ stress (64), and midazolam is routinely administered to suppress
able to reduce injury in a mild but also in a sevé&f#iFE model. neonatal seizure activityFurthermore, midazolam has been
The efect of H, is quite robust in a translationally feasible shown to undéct the EEG and not jeopardising amplitude-based
administration route: administration started after thddgether  EEG analysis (65).
with the reventilation ébrts. Furthermore, we showed in the In conclusion, we introduce a new piglé/RIE model that
present study for the first time in this dar animal model that faithfully represents the human clinical and metabolic hallmarks
molecular hydrogen alleviated the level of oxidative stresspf PA and results in moderate/severe brain injlihe degree of
indicated by reduced 8-OHdG levels in the parietal cortex, similaHIE has been characterized by depressed EEG activity and
to method and findings of Zhat al. (55) who reported the robust histopathology findings at 24 hour of survival confirming
antioxidant capacity of hydrogen in an adult stroke rat model. a more severe asphyxic insult compared to our previdus P
The direct molecular tget/ mechanism of action of this model (tracheal occlusion) (19). Molecular hydrogen
relatively inert gas is still unknown, although several administered in this severeAfMIE model displays marked
biochemical markers have shown altered expression followed bgeuroprotection shown by facilitating the restoration of brain
hydrogen administration (56). Howeydr is often dificult, or electrical activity and preserving structural integrity virtually in
virtually impossible, to deciphen vivo if the observed éfct all assessed brain regions.
has a causative role in hydrogen-induced neuroprotection or
rather is the consequence of the hydrogen-induced protection Authors' contributions:Janos Nemeth: performing vivo
achieved through an independent mechanism. Neverthelessxperiments, EEG scoring, neuropathology evaluation, writing
very recently hypoxia-induced elevations in cerebrocorticalthe manuscript;Valeria Toth-Szuki: performingin vivo
interleukin 18 mRNAevels have been shown to be inhibited by experiments, histologyViktoria Vama: performingin vivo
ventilation with 2% Hin piglets (57) suggesting that in addition experiments, neuropathology evaluatioviiktoria Kovacs:
to the putative reactive oxygen species scavenging capacitperformingin vivo experiments; Gabor Remzso: performing
anti-inflammatory eect of hydrogen can contribute to reduced vivo experiments, EEG scoring; Ferenc Domoki: perforning
neuronal death afteiAHn the newborn brain. Vvivo experiments, statistics, writing the manuscript.
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