
i

 

Hy

resu

imma

ypoth

scita

ature

De

T

herm

ation 

e rats

Marit L

epartment 

Institute fo

Facu

Uni

Thesis for d

 

mia an

in NT

s and

 

 

Lunde Dal

of Paediat

for Surgica

ulty of Med

iversity of O

2011 

 

 

 

doctoral de

nd ro

T2-N 

d new

len, MD 

tric Resear

l Research

dicine 

Oslo 

 

egree (Ph.D

oom a

neur

wborn

rch 

h 

D) 

air 

rons,

n pigs

, 

s 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Marit Lunde Dalen, 2011 
 
 
Series of dissertations submitted to the  
Faculty of Medicine, University of Oslo 
No. 1205 
 
ISBN 978-82-8264-158-6 
 
 
All rights reserved. No part of this publication may be  
reproduced or transmitted, in any form or by any means, without permission.   
 
 
 
 
 
 
 
 
Cover: Inger Sandved Anfinsen. 
Printed in Norway: AIT Oslo AS.  
 
Produced in co-operation with Unipub.  
The thesis is produced by Unipub merely in connection with the  
thesis defence. Kindly direct all inquiries regarding the thesis to the copyright  
holder or the unit which grants the doctorate.   
 



            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            
            

          To Vidar 





5 

 

Table of Contents 
Table of Contents .............................................................................................................. 5 

Acknowledgements ........................................................................................................... 9 

Publications ..................................................................................................................... 13 

Abbreviations .................................................................................................................. 14 

Introduction ..................................................................................................................... 15 

Asphyxia ...................................................................................................................... 15 

Apgar score .................................................................................................................. 16 

Hypoxic-ischaemic encephalopathy ............................................................................ 16 

Aetiology and risk factors ........................................................................................ 17 

Distribution of injury ............................................................................................... 18 

Prediction of outcome .............................................................................................. 19 

Mechanisms of brain injury ..................................................................................... 20 

Energy failure, calcium overload and excitotoxicity .......................................... 21 

Apoptosis and necrosis ........................................................................................ 22 

DNA damage and DNA repair ............................................................................ 23 

Reactive oxygen species and nitric oxide ........................................................... 23 

Inflammation ....................................................................................................... 25 

Oxygen ......................................................................................................................... 26 

History of oxygen .................................................................................................... 26 

Mechanisms of oxygen toxicity ............................................................................... 27 

Hypothermia ................................................................................................................ 28 

History of therapeutic hypothermia ......................................................................... 28 

Mechanisms of hypothermic protection .................................................................. 31 

Improving hypothermic neuroprotection ..................................................................... 31 

Avoidance of hyperoxia during resuscitation .......................................................... 32 

Combination with pharmacological agents.............................................................. 32 



6 

 

Resuscitation and supportive care ................................................................................ 34 

Aims of the study ............................................................................................................. 35 

Materials and methods ..................................................................................................... 36 

NT2-N cells .................................................................................................................. 36 

In vitro hypoxia-ischaemia, reoxygenation and hypothermia .................................. 38 

Newborn pigs ............................................................................................................... 39 

Anaesthesia ............................................................................................................... 40 

Hypoxia and reoxygenation ...................................................................................... 41 

Hypothermia ............................................................................................................. 41 

Newborn rats ................................................................................................................ 42 

Hypoxia-ischaemia and reoxygenation .................................................................... 42 

Hypothermia ............................................................................................................. 43 

Analyses ....................................................................................................................... 43 

Cell viability ............................................................................................................. 43 

Hypoxanthine release ............................................................................................... 44 

Cytokines .................................................................................................................. 44 

Brain microcirculation, oxygenation and temperature ............................................. 44 

Histopathology ......................................................................................................... 45 

Gene expression ........................................................................................................ 46 

Oxidised DNA .......................................................................................................... 47 

Negative geotaxis test ............................................................................................... 47 

Statistical models ...................................................................................................... 47 

Summary of results .......................................................................................................... 48 

Discussion ........................................................................................................................ 50 

Hyperoxic reoxygenation ............................................................................................. 50 

Therapeutic hypothermia ............................................................................................. 52 

What is new in our research? - Therapeutic hypothermia and oxygen ........................ 53 

Considerations .............................................................................................................. 55 



7 

 

Conclusions ..................................................................................................................... 57 

References ....................................................................................................................... 59 

Papers I - IV .................................................................................................................... 83 

 

  



8 

 

  



9 

 

Acknowledgements 
This work was carried out at the Department of Paediatric Research and the Institute for 

Surgical Research, Oslo University Hospital – Rikshospitalet, and at the School of 

Clinical Sciences, University of Bristol, UK, during the years 2006-2010. The work was 

mainly financed through a generous grant from NevroNor, The Norwegian Research 

Council. In addition, financial support was received from The Norwegian Women’s 

Public Health Association, Anette and Brynjulf Skaugen Charitable Found, Tom 

Wilhelmsen’s Foundation, Norwegian SIDS and Stillbirth Society, Odd Fellow 

Medisinsk vitenskapelig forskningsfond, Action Medical Research, SPARKS, Lærdal 

Foundation for Acute Medicine, Children’s Foundation at Oslo University hospital, Ella 

and Robert Wenzin Foundation and S.G. Sønneland Foundation. 

I want to express my sincere thanks to my supervisors, who gave me this 

opportunity. First, to my co-supervisor and head of Department of Paediatric Research, 

Professor Ola Didrik Saugstad, for introducing me to the world of paediatric research, 

for stimulating ideas based on an extensive international experience and perspective, 

and for allowing me generous liberty in my pursuit for projects for this thesis. I am 

deeply grateful to my main supervisor, Terje Rootwelt (MD, PhD), for excellent 

guidance consisting of tireless enthusiasm combined with an impressive depth of 

knowledge and constructive feedback on protocols, manuscripts, numerous questions 

and unexpected challenges. Without your help I could not have completed this work. I 

would also like to thank Professor Marianne Thoresen, co-supervisor on the last part of 

this work, for believing in me and for giving me the opportunity to work with her group. 

Thank you also to Per G. Bjørnstad (MD, PhD), who first introduced me to research 

while I was still a medical student. I have appreciated your supportive, encouraging and 

enthusiastic input throughout this work, including constructive feedback on 

manuscripts. 



10 

 

I am grateful to Elisabeth Frøyland (MD, PhD), who welcomed me when I 

arrived at the Department of Paediatric Research, helped me plan the first experiment 

and taught me the NT2-N model together with Julie Kathrine Lindstad. Thank you also 

to Iren E. Helland for valuable assistance with cell culturing and laboratory analyses. 

Special thanks go to Tomas N. Alme (MD), who spent endless hours in the lab 

with me during the pig experiments, for many constructive ideas and for always being 

positive. I would also like to thank my other colleagues at the Department of Paediatric 

Research, especially Berit H. Munkeby (MD, PhD) and Jannicke Andresen (MD, PhD) 

who introduced me to the newborn pig model and helped me plan the experiment. Many 

thanks also to Yngve Sejersted (MD) for useful discussions on damage and repair of the 

DNA. I would further like to thank Hans Henrik Odland (MD) and Maria N. Naguib 

Leerberg, with whom I have shared office, ideas and laughs, and Embjørg J. Wollen 

(MD) for encouragement and support. 

I am also grateful to Professor Ansgar Aasen, head of the Institute for Surgical 

Research, who provided me with excellent working facilities during the pig experiment, 

and to his co-workers: Roger Ødegård, who spent many hours assisting us in the pig 

experiment, and Vivi Bull Stubberud, Aurora M. Pamplona and Sera T. Sebastian, who 

helped with all kinds of practical assistance. I would further like to express my gratitude 

to the Farmer, Kjersti Wamstad and the late chief veterinarian Dag Sørensen at the 

Department of Comparative Medicine for their assistance and delivery of animals. 

I wish to thank Monica Atneosen-Åsegg and Grethe Dyrhaug for never-ending 

encouragement and invaluable help with many of the laboratory analyses, and Marianne 

Wright (PhD) for valuable advice on the real time PCR. I also owe great thanks to 

Professor Else Marit Løberg and Ingeborg Løstegaard Goverud for the histopathology 

analyses. I would further like to thank Professor Tom Eirik Mollnes, Julie Kathrine 

Lindstad and Anne Pharo at the Institute of Immunology, and Professor Magnar Bjørås, 

Lars Eide (PhD) and Rune Forstrøm Johansen at the Centre for Molecular Biology and 

Neuroscience, Institute of Medical Microbiology, for valuable collaboration and skilful 



11 

 

help with laboratory analyses. I would also like to thank Are Hugo Pripp (PhD) and 

Professor Lars Walløe for advice on statistical analyses, respectively in the first three 

and in the fourth paper. 

A special gratitude to the fruitful collaboration we had with Professor Marianne 

Thoresen and colleagues at the School of Clinical Sciences, University of Bristol, UK, 

Xun Liu (MD, PhD), Nicholas Hoque (MD), Emma Scull-Brown and Maja Elstad (MD, 

PhD), who helped me plan, perform and analyse the results of the rat experiment. I am 

truly grateful for getting the opportunity to work with you. 

Finally, I want to thank my family and friends for their support, and my husband 

Vidar for endless support, patience, encouragement and for reminding me of what really 

matters in life. I could not have done this without you. 

  



12 

 

  



13 

 

Publications 
I Dalen ML, Froyland E, Saugstad OD, Mollnes TE, Rootwelt T  

Post-hypoxic hypothermia is protective in human NT2-N neurons regardless of 

oxygen concentration during reoxygenation. Brain Res. 2009, 1259, 80-89. 

 

II Dalen ML, Alme TN, Munkeby BH, Løberg EM, Pripp AH, Mollnes TE, 

Rootwelt T, Saugstad OD 

Early protective effect of hypothermia in newborn pigs after hyperoxic, but not 

after normoxic, reoxygenation. J. Perinat. Med. 2010, 38, 545-556. 

 

III Dalen ML, Alme TN, Bjørås M, Munkeby BH, Rootwelt T, Saugstad  

OD 

Reduced expression of DNA glycosylases in post-hypoxic newborn pigs 

undergoing therapeutic hypothermia. Brain Res. 2010, 1363, 198-205.  

 

IV Dalen ML, Liu XL, Elstad M, Brown E, Løberg EM, Saugstad OD, Rootwelt 

T, Thoresen M 

Resuscitation with 100% oxygen counteracts the neuroprotective effect of 

therapeutic hypothermia in the neonatal rat. Submitted in 2011. 

 

 



14 

 

Abbreviations 
8-oxodG 8-hydroxy-2'-deoxyguanosine 

aEEG  amplitude-integrated electroencephalography 

ATP  adenosine triphosphate 

BE  base excess 

BER  base excision repair 

CBF  cerebral blood flow 

CNS  central nervous system 

CT   threshold cycle 

ELISA enzyme-linked immunosorbent assay 

EPO  erytropoietin 

FiO2  inspired fraction of oxygen 

HIE  hypoxic-ischaemic encephalopathy 

ILCOR International Liaison Committee on Resuscitation 

IQR  interquartile range 

MRI  magnetic resonance imaging 

MTT  3-[3,5-dimethylthiazol-2-ul]-2,5-diphenyltetrazolium bromide 

NEIL  Nei-like DNA glycosylase 

NMDA N-methyl-D-aspartic acid 

NNT  number needed to treat 

NO  nitric oxide 

NT2  Ntera2/clone D1 

OGD  oxygen-glucose deprivation 

OGG  7,8-dihydro-8-oxoguanine-DNA glycosylase 

ROS  reactive oxygen species 

WHO  World Health Organization  



15 

 

Introduction 

Asphyxia 

Perinatal asphyxia is a result of compromised gas exchange in the placenta or in the 

lungs, and features hypoxemia (low partial pressure of oxygen in the blood), 

hypercapnia (increased partial pressure of carbon dioxide in the blood) and respiratory 

acidosis. Severe hypoxia (oxygen deficiency causing impaired tissue metabolism) 

results in anaerobic glycolysis and lactic acid production in peripheral tissues and the 

brain, causing metabolic acidosis. Ischaemia (reduced blood supply to organs and 

tissue) is both a cause and a result of hypoxia, as hypoxia and acidosis depress 

myocardial function with resulting hypotension and hypoperfusion and further 

compromise in the delivery of oxygen and removal of carbon dioxide and lactate 1, 2. 

Perinatal asphyxia is an important cause of neonatal death and 

neurodevelopmental disability manifested as cerebral palsy and cognitive defects 3, 4. 

Estimates of the incidence of asphyxia vary depending on how it is defined. Diagnostic 

criteria commonly include a combination of clinical and biochemical findings: Apgar 

score 3 or lower beyond 5 minutes (alternatively < 6 beyond 5 minutes), neonatal 

encephalopathy, multisystem organ dysfunction and metabolic acidosis. Metabolic 

acidosis is often defined as early arterial blood or umbilical cord arterial pH of <7.00 

and/or base excess (BE) < -12 mmol/L (alternatively < -16 mmol/L) 5-8. An umbilical 

cord pH <7.00 is suggested to reflect an insult severe enough for an increased risk of 

adverse outcome, and is seen in approximately 3 per 1000 term deliveries 9. The 

incidence of perinatal asphyxia severe enough to cause death or severe neurological 

impairment is approximately 0.5-1 per 1000 live births in high income countries and 5-

10 per 1000 live births in low income countries 10-14. According to the WHO, perinatal 

asphyxia accounts for 814,000 neonatal deaths each year, equal to 23% of the estimated 

3.6 million neonatal deaths worldwide 15, 16.  
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Apgar score 

The Apgar score is a useful method for reporting the clinical status of the newborn 

infant and is used throughout the world to evaluate the need for and response to 

resuscitation. The score is based on evaluation of the infant at one, five and ten minutes 

of age, where colour, heart rate, response to stimulation, muscle tone and respiration are 

assessed. These five parameters are given values from 0-2, where 2 is normal, 1 is 

reduced and 0 is absent, that are summarised to Apgar scores. A five-minute Apgar 

score of 7 or more indicates that the infant is in good to excellent condition, while a 

score of 3 or less indicates severe cardiorespiratory and/or neurological depression. 

Five-minute scores of 4, 5 and 6 are not markers of increased risk of neurological injury 

but indicate the need for further assistance 5. About 90% of all neonates have Apgar 

scores of 7-10 and require no interventions other than normal care. The incidence of low 

Apgar scores in normal, uncomplicated pregnancies is low; approximately 1 per 1000 

term newborns without risk factors have Apgar scores of 0-3 at five minutes 12, 17.  

The Apgar score may also be helpful for identification of infants with increased 

risk of adverse outcome18. Five-minute Apgar scores of 0-3 have been found to correlate 

with death and cerebral palsy, 17 and a ten-minute Apgar score of 5 or less is currently 

one of the main inclusion criteria for therapeutic hypothermia 19. However, a number of 

factors may influence the Apgar score, including maturity of the infant, drugs, trauma, 

congenital anomalies, infections, hypoxia and hypovolemia. Thus, it is inappropriate to 

use Apgar score alone for the diagnosis of perinatal asphyxia 5, 11 or for prediction of 

neurological outcome 20, 21.  

Hypoxic-ischaemic encephalopathy 

Neonatal encephalopathy is a clinical syndrome of disturbed neurological function in 

the earliest days of life, and is characterised by abnormal level of consciousness, 

seizures, abnormal tone and reflexes, apnoea, feeding difficulties and abnormal hearing 
4. It does not refer to any particular cause or timing, as neonatal encephalopathy includes 
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any type of brain injury, insult or other condition that results in central nervous system 

dysfunction. This includes infection, focal infarction, intracranial haemorrhage, 

hypoxia-ischaemia and conditions not specific to the central nervous system (CNS) such 

as metabolic disease and hypoglycaemia 4, 22. The term hypoxic-ischaemic 

encephalopathy (HIE) is used when encephalopathy is caused by a hypoxic-ischaemic 

insult. The severity of HIE is graded as mild (HIE I), moderate (HIE II) or severe (HIE 

III) based on clinical findings (Table 1), and is shown to correlate well with 

neurodevelopmental outcome 23. 
 

Table 1 Degree and Characteristics of HIE 

Degree  Clinical characteristics 

Mild irritability, mild hypotonia, poor 

sucking 

Moderate lethargic, seizures, marked hypotonia, 

tube feeding required 

Severe comatose, prolonged seizures, severe 

hypotonia, failure to maintain 

spontaneous respiration 

Clinical grading first published by Sarnat 24 and further modified by Levene 25. 

Aetiology and risk factors 

Hypoxic-ischemic encephalopathy is a result of acute or subacute brain injury due to 

hypoxia-ischaemia; however, in many cases the underlying cause and timing of injury is 

unknown. Perinatal asphyxia may occur antenatally (20%), intrapartum (35%), 

combined ante- and intrapartum (35%) or immediately postnatally (10%) 1. Maternal 

causes include impaired oxygenation (e.g. in pulmonary embolism) and inadequate 

perfusion of the placenta (cardiac arrest, maternal hypotension, preeclampsia). Placental 

causes include placental abruption, umbilical cord compression and uterine rupture. 

Foetal causes are rare (e.g. foetal thrombosis). The common denominator is impaired 
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foetal oxygenation and perfusion, causing impaired foetal cerebral blood flow. Postnatal 

causes of asphyxia include an obstructed airway (severe meconium aspiration), 

congenital sepsis and respiratory depression secondary to maternal opiates 1.  

The incidence is of perinatal asphyxia is increased in complicated pregnancies, 

particularly in cases of reduced placental reserve such as postmaturity, intrauterine 

growth restriction, abnormal placenta and severe pre-eclampsia 26. The risk for neonatal 

encephalopathy after perinatal asphyxia is also increased by maternal fever during 

labour. Experimental evidence shows that infection increases the vulnerability to a 

hypoxic-ischaemic insult 27, 28, and infants born to mothers with chorioamnionitis are at 

increased risk of cerebral palsy 29, 30. Other indicators of a high-risk delivery include 

very young or advanced maternal age, diabetes mellitus, substance abuse, prematurity, 

congenital anomalies, multiple gestation, transverse lie, breech presentation and 

meconium-stained amniotic fluid and abnormal foetal heart rate pattern indicating 

antenatal asphyxia 31. 

Although identification of risk factors is useful for optimal care, aiming to 

prevent asphyxia, in many cases the problems were not anticipated. A recent Canadian 

resuscitation study found that as much as 76% of the term infants that needed special 

assistance and resuscitation after delivery presented with unanticipated problems 32. 

Further, an acute perinatal event, such as placental abruption, was documented in only 

8% of neonates with neonatal encephalopathy 26 and in 10% of neonates with grey 

matter injury 33. 

Distribution of injury 

During the hypoxic-ischaemic insult, different regions of the CNS experience to a 

varying degree deprivation of oxygen and blood flow that may lead to permanent brain 

injury. The sensitivity to hypoxia-ischaemia and the pattern of injury depends on the 

degree of maturation (i.e. gestational age) 34 and the nature of the hypoxic-ischaemic 

insult, with mainly grey matter damage after severe acute insults and more white matter 

damage after subacute/chronic insults 35. In the developing brain, there is evidence of 
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increased injury to specific vulnerable cell populations or regions related to 

developmental stage, and areas with high metabolic rate, active myelination or a high 

number of glutamate receptors are especially sensitive to hypoxia-ischaemia 1. In the 

term infant, the cortex, basal gangliae and thalami are particularly vulnerable to 

hypoxia-ischemia, while isolated white matter injury is more rare 33, 36, 37. In the 

premature infant, with late oligodendroglial progenitors that are vulnerable to hypoxia-

ischaemia, white matter injury predominates after an insult 37.  

Prediction of outcome 

Prediction of outcome after perinatal asphyxia is important not only to be able to 

counsel parents, but also in order to select infants who may benefit from neuroprotective 

therapy and to make decisions about withdrawal of supportive care. The severity of 

hypoxic-ischaemic encephalopathy (HIE grade) has repeatedly been shown to correlate 

well with neurodevelopmental outcome 12, 23, 38, and according to Volpe, the percentage 

of 1) death or 2) neurological impairment according to HIE grade in term infants is 0% 

and 0% for mild HIE, 5% and 24% for moderate HIE, and 80% and 20% for severe HIE 
1. Importantly, therapeutic hypothermia may alter the predictive value of this early 

neurological examination (Sarnat HIE grade) on later neurodevelopmental prognosis 39, 

40.  

Imaging techniques such as magnetic resonance imaging (MRI), magnetic 

resonance spectroscopy (MRS) and MR diffusion weighted imaging (DWI) provide 

high resolution images of the brain. These are useful tools to diagnose the cause of brain 

injury (i.e. asphyxia, focal infarction, bleeding or structural brain anomaly), to show 

derangements in cerebral metabolic function (early detection by MRS) and to identify 

infants at risk of abnormal outcome (early detection of acute brain injury by DWI) 41, 42. 

They are further regarded as the most sensitive ways to detect cerebral lesions following 

asphyxia, and although the time between the insult and the scan may affect the findings, 

characteristic MRI lesions in the first week of life include injury in the basal gangliae, 

thalami and cortex 22, 33. The pattern and severity of the lesions detected with MR 
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techniques are also reliable predictors of later neurodevelopmental outcome. There is 

evidence that MRI at 8 days of age accurately predicts outcome at 18 months and that 

abnormal signal intensity in the posterior limb of the internal capsule is a particularly 

powerful predictor of poor outcome 33, 43-45.  

Electroencephalography (EEG) is helpful for detection of abnormal cerebral 

activity patterns such as seizures, low voltage activity and burst suppression, all which 

indicate abnormal cerebral function and are correlated with adverse outcome 46. The use 

of conventional 12-lead EEG in the neonatal intensive care unit is to some extent limited 

by practical challenges in obtaining and interpreting extended monitoring, and 

amplitude-integrated EEG (aEEG) is often used as an alternative or supplement to 

conventional EEG. The aEEG records a single channel EEG from biparietal electrodes, 

and the signal is filtered, rectified, smoothed and amplitude-integrated before 

interpretation. aEEG enables detection of seizures and depressed background activity 

(low voltage), and is useful for early identification of infants who might benefit from 

therapeutic hypothermia after asphyxia. It is frequently, but not always, used for 

continuous monitoring of cerebral function as part of a therapeutic hypothermia protocol 

(Table 2). aEEG may also be useful for prediction of neurodevelopmental outcome after 

asphyxia 47-49, especially in combination with early neurologic examination and MRI 50, 

51. Although early cranial ultrasonography is useful for detection of intracranial 

haemorrhage, congenital anomalies and changes in cerebral blood flow measured by 

Doppler (resistance index), it has not proved to be as useful for prediction of outcome 

after perinatal asphyxia 52. 

Mechanisms of brain injury 

Brain injury after hypoxia-ischemia is an evolving process with multiple cascades of 

biochemical events that ultimately lead to cell death. The initial energy failure causes 

depolarisation and excitotoxicity, and results in primary cell death directly related to the 

extent of the insult. At the same time, multiple cascades are initiated, and secondary 

energy failure and cell death occurs hours after reoxygenation and reperfusion, despite 
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of normalisation of blood pressure, oxygenation, blood glucose and pH 53. The severity 

of this delayed energy failure is associated with neurodevelopmental prognosis 54, 55. 

Thus, any intervention in the “therapeutic window” between primary and secondary cell 

death may improve final outcome. 

 

Figure 1 Simplified presentation of hypoxic-ischaemic injury and repair56 

 (Reprint with permission from S.Karger AG, Basel) 

 
 

Energy failure, calcium overload and excitotoxicity 

The initial phase of the insult is characterised by a decrease in cerebral microcirculation 

and oxygen delivery that results in energy failure and a shift to anaerobic metabolism. 

High-energy phosphate reserves such as adenosine triphosphate (ATP) are rapidly 

depleted and hypoxanthine, a breakdown product of ATP, and lactic acid accumulate. 

Energy-demanding cellular functions fail, causing depolarisation of cells and disruption 

of ionic homeostasis with influx of Na+, Ca2+ and Cl- ions and water, leading to both a 

cytotoxic oedema and release of the excitatory amino acid glutamate into the 

extracellular space. Accumulated glutamate activates the N-methyl-D-aspartate 

(NMDA) receptors, causing further influx of Na+ and Ca2+ and activation of cytotoxic 
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intracellular pathways. Increased calcium in the cytosol activates enzymes that degrade 

phospholipids, proteins and DNA. Increased membrane phospholipid turnover results in 

accumulation of free fatty acids in the cytoplasm, and peroxidation of fatty acids by 

reactive oxygen species (ROS) from mitochondria and hypoxanthine results in further 

production of ROS 1, 57. 

Many of these cascades continue into the secondary phase of the insult, which 

occurs hours after reoxygenation and reperfusion, and is responsible for a significant 

loss of neurons. The secondary phase is characterised by restored oxygenation of the 

brain, but with continued energy failure and mitochondrial dysfunction 58. Other 

important mechanisms for secondary cell death include cytosolic accumulations of 

calcium, damage by ROS and nitric oxide (NO), inflammatory response, withdrawal of 

trophic factors and activation of pro-apoptotic factors 37, 57, 59, 60.  

Apoptosis and necrosis 

Apoptosis and necrosis may be triggered by the same hypoxic-ischemic insult, where 

brain areas with severe energy failure develop predominantly necrosis, and shorter or 

less severe insults result in mainly apoptosis 61-63. Cell necrosis is a passive process 

characterised by cell swelling, disrupted function of mitochondria and endoplasmic 

reticulum, loss of membrane integrity and eventual lysis accompanied by an 

inflammatory response. Apoptosis is an active, energy-demanding process characterised 

by cell shrinkage, nuclear chromatin condensation and genomic fragmentation without 

an inflammatory response 57, 64. Following hypoxia-ischaemia, several mechanisms 

cause mitochondrial stress, including excitotoxicity, ROS, cytokines, calcium overload 

and pro-apoptotic factors. The resulting permeabilisation of the mitochondrial outer 

membrane causes release of mitochondrial proteins such as cytochrome C and 

apoptosis-inducing factor (AIF), which initiate multiple cascades, including activation 

of caspases, that result in DNA fragmentation and cleavage of proteins and ultimately 

cell death 58.  
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DNA damage and DNA repair 

DNA damage following hypoxia-ischaemia and reoxygenation is an important 

contributor to cell death and involves at least two mechanisms: active DNA degradation 

initiated by AIF and mediated by endonucleases, and passive DNA damage caused by 

direct ROS attack, also termed oxidative DNA damage. Types of oxidative DNA 

damage include oxidised bases, apurinic/apyrimidinic abasic sites and single strand 

breaks. These may occur as early as minutes after a hypoxic-ischaemic insult 65-67. The 

nucleoside 8-hydroxy-2’deoxyguanosine (8-oxodG) is a product of DNA oxidation, and 

corresponds to the highly mutagenic base lesion 8-hydroxyguanine (8-oxoG) 65.  

Oxidative DNA lesions may result in replication errors and must be repaired 

promptly in order to avoid accumulation of genomic errors leading to mutagenesis or 

cell death 65. The main system for repair of oxidative DNA damage is the base excision 

repair (BER) pathway, where the first step includes DNA glycosylases that recognise 

and remove specific lesions before further repair by other enzymes. Repair of 8-oxoG is 

initiated by the DNA glycosylases OGG1 (7,8-dihydro-8-oxoguanine-DNA glycosylase) 

and NEIL1 (Nei-like DNA glycosylase 1) 68. Some repair ability has been reported also 

for NEIL3 69, 70, which is otherwise suggested to be more important for neurogenesis 

than for classical DNA repair 71-74. The mechanisms for regulation of base excision 

repair after neuronal injury are not well understood. Recent studies have suggested that 

BER activity after cerebral ischaemia-reperfusion is differentially regulated related to 

the severity of the insult, and that this may be decisive for neuronal survival or death 75-

77. 

Reactive oxygen species and nitric oxide 

Reactive oxygen species (ROS) include superoxide radical (O2¯·), hydroxyl radical 

(OH·) and the oxidant hydrogen peroxide (H2O2). ROS are important mediators in many 

biological reactions, including cell signalling and bacteria killing, but may also directly 
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damage cellular components such as enzymes, lipids and DNA, resulting in altered 

function and initiation of cascades leading to cell death 78, 79.  

The mitochondrial respiratory chain is the most important source of ROS during 

normal cell metabolism. Oxygen is reduced to water in a four-electron reaction 

catalysed by cytochrome oxidase (complex IV). While complex I and III may leak 

electrons (approximately 1-2% of the electrons) to oxygen and cause formation of O2¯· 

during the normal state, complex IV acts as the principal site for ROS generation during 

hypoxia.  

Excess production of ROS is implicated in the development of hypoxic-

ischaemic injury in birth asphyxia 2, 80. Some ROS are generated during hypoxia-

ischaemia, but the production surges immediately after reoxygenation and reperfusion,  

when reintroduction of oxygen to hypoxic cells results in the formation of toxic ROS 

and reactive nitrogen species such as peroxynitrate (ONOO-.) 2, 80-87. In addition to the 

mitochondrial respiratory chain, other sources of ROS after reoxygenation include 

activated microglia, the hypoxanthine-xanthine oxidase system and oxidation of 

catecholamines and arachidonic acid 2, 88. Hypoxanthine is a breakdown product from 

ATP that accumulates during hypoxia 80, 83, 89, 90. It is substrate for the enzyme xanthine 

oxidase which is released to the systemic circulation during resuscitation 91. ROS such 

as superoxide and hydrogen peroxide are generated as by-products when xanthine 

oxidase, using oxygen as an electron acceptor, catalyses the conversion from 

hypoxanthine to xanthine, and from xanthine to uric acid 92.  

Normally, ROS are detoxified by antioxidant enzymes such as superoxide 

dismutase, catalase and glutathione peroxidase, and by free radical scavengers such as 

ascorbic acid, glutathione and �-tocopherol 2, 93. Oxidative stress is an imbalance 

between ROS and antioxidant capacity, where the excess ROS are capable of causing 

damage to cell structures. The immature brain has high concentrations of unsaturated 

fatty acids and free iron, and low concentrations of antioxidants, and is especially 

vulnerable to oxidative damage 2, 94. 
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Nitric oxide (NO) mediates the cytotoxic activity of macrophages, induces 

relaxation of blood vessels, acts as a neurotransmitter in the central and peripheral 

nervous system and is a weak free radical 57. Hypoxia-reoxygenation causes activation 

of NO synthase (NOS), resulting in increased production of NO. The potent free radical 

peroxynitrite (ONOO-) is formed when NO combines with superoxide, and may cause 

lipid peroxidation and further generation of ROS 2, 95.   

Inflammation 

Inflammation plays an important role in hypoxic-ischaemic injury, both as a 

consequence of the insult and as a contributing factor in the cascades of events that lead 

to delayed cell death and brain damage 28, 96. Furthermore, a synergistic effect of 

inflammation has been suggested, in that a “mild” hypoxic insult can cause brain injury 

if inflammation is already present 27. 

Newborn animal studies have shown that the inflammatory response following 

hypoxia occurs relatively early, with increased cerebral expression of inflammatory 

genes and microglial activation already 2-3 hours after the insult 97-99. In clinical studies, 

increased cytokine levels were detected during the first 1-4 days after asphyxia in the 

cerebrospinal fluid (CSF) 100, 101, in umbilical cord blood 102 and in serum 103. Although 

not used for prognosis, an association between the local release of cytokines and the 

degree of hypoxic-ischaemic encephalopathy has been suggested 104.  

Cerebral inflammation is characterised by infiltration of leukocytes, activation of 

resident cells (microglia, astrocytes, endothelial cells) and local production of cytokines 
105. It has been postulated that neurons can contribute to the inflammatory response 

following injury, as brain cells produce chemokines in situ and carry inflammatory 

receptors 106, 106, 107. We have previously shown that NT2-N neurons release chemokines 

after hypoxia 108, 109.  
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Oxygen 

History of oxygen 

Ambient air contains ~ 21% oxygen and any increase in concentration is often referred 

to as supplemental oxygen. The historical use of supplemental oxygen (as reviewed by 

Obladen and Saugstad) 93, 110 goes back to the 1770s when the gas oxygen was 

discovered. Therapeutic use of oxygen in the newborn setting was first described in the 

1890s, when it was used as a stimulant in preterm infants. In the 1930s, oxygen was 

used during positive pressure ventilation in asphyxiated newborns. In the 1950s, the first 

evidence of unwanted effects of oxygen in newborns emerged when a link between 

supplementary oxygen and retinopathy of prematurity (ROP) was reported. In the 

1980s, Saugstad and Aasen introduced the concept of hypoxia-reoxygenation injury 

through excess production of ROS 80.  

Approximately 5 to 10% of newborn term infants need some assistance to begin 

breathing after birth, and about 1% require extensive resuscitation including cardiac 

compression 111, 112. Supplementary oxygen has been widely used for resuscitation of the 

asphyxiated newborn infant. Until very recently it was debated whether resuscitation 

should be performed using air (21% oxygen), 100% oxygen or an intermediate level 11, 

113-115. The International Liaison Committee on Resuscitation (ILCOR) guidelines were 

changed in October 2010 112, after many years of research in both animal and clinical 

studies had provided evidence of detrimental effects of hyperoxic resuscitation. Animal 

experiments had showed not only that hyperoxia was potentially harmful, but also that 

resuscitation with air was as effective as with 100% oxygen 116-118. This was confirmed 

in clinical studies, which showed that resuscitation with 100% oxygen resulted in 

increased time to first breath/cry and increased oxidative stress in the newborn 114, 119-122. 

Importantly, the use of air instead of 100% oxygen during resuscitation was associated 

with reduced neonatal mortality 114, 121. A recent meta-analysis on the use of 

supplemental oxygen for resuscitation concludes with a reduction in mortality of 30% 
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with the use of air vs. 100% oxygen (RR 0.71, 95% CI 0.54-0.94, NNT 20, 12-100) 

without difference in risk of HIE II or HIE III, and no difference in incidence of cerebral 

palsy or developmental milestones at 18-24 months 113.  

Although the new 2010 ILCOR guidelines recommend that resuscitation of term 

infants should begin with air, the American Academy of Pediatrics 123 and the European 

Resuscitation Council 124 state in their recommendations that use of supplemental 

oxygen during resuscitation should be guided by pulse oximetry readings, meaning that 

some infants will continue to receive extra oxygen. Still unresolved questions include 

the optimal oxygen concentration during resuscitation of premature infants, where it 

appears that some supplemental oxygen may be necessary 112, 125. 

Mechanisms of oxygen toxicity 

Hyperoxia in itself may trigger inflammation and neuronal apoptosis in the developing 

brain 126-128. Evidence from newborn animal models shows that supplemental oxygen 

during resuscitation causes significant hyperoxia in the brain 129, 130 and that this is 

potentially harmful at the cellular level, with increased generation of ROS, 

inflammation, oxidative stress and injury in the brain 87, 97, 118, 131, 132, lungs 133, 134, heart 
135, 136 and kidneys 136. Supplemental oxygen during reoxygenation further causes 

delayed recovery of cellular metabolism 137 and increased urinary excretion of 8-oxodG 

indicating oxidative DNA damage 138. Thus, it is assumed that hyperoxia in vulnerable 

areas of the brain immediately after an insult could have detrimental effects, not only on 

short-term outcome, but also later. A long-term effect on cell growth and development 

is indicated by sustained signs of increased oxidative stress even four weeks after brief 

hyperoxic resuscitation 121. Further, reports of an association between childhood cancer 

and hyperoxic resuscitation 139, 140 raise the concern that supplemental oxygen during 

resuscitation may cause accumulated DNA damage with resulting mutagenesis. 

There is conflicting evidence on how high oxygen levels during reoxygenation 

affect cerebral blood flow. Although there is some evidence that hyperoxia reduces 

cerebral blood flow in preterm infants 141, 142, studies in term pigs show no effect of 
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supplemental oxygen after hypoxaemia 116, 143, 144. Following severe hypoxia, in the 

setting of reactive hyperaemia and a right-shift of the oxy-haemoglobin dissociation 

curve due to metabolic acidosis, a marked increase in tissue oxygen tension can occur 

even with normoxic reoxygenation 145.  

Hypothermia 

The term therapeutic hypothermia is used for hypothermia applied after an insult and 

implies that a lower core body temperature than 37.5°C is targeted, normally a decrease 

in body temperature of 3-4°C. A spontaneous decrease in body temperature after 

asphyxia was first described in the 1950s, when it was observed that asphyxiated infants 

were 2°C colder than healthy newborns during the first 20 minutes after birth 146. It has 

later been suggested that this spontaneous decrease in temperature may be part of 

endogenous protective mechanisms in hypoxic-ischaemic injury. 

History of therapeutic hypothermia 

The historical use of hypothermia in medicine (as reviewed by Thoresen) 147 dates as far 

back as to the Hippocratic school on Cos (year 500 B.C.). Protective intra-ischaemic 

hypothermia was first reported in animals in 1949 148 and deep hypothermia was used 

during cardiac surgery and following cardiac arrest in the 1950s 149, 150.  Protective 

effects of hypothermia in asphyxiated newborns were first described in the 1950s and 

1960s 151; and in 1962, Westin and Miller used immersion in cold water for asphyxiated 

newborns who did not breathe by 5 minutes 152. However, due to reports of impaired 

growth and increased mortality following cold environment in premature infants 153, 

hypothermia was regarded as unsafe for resuscitation and was abandoned as therapy for 

many years.  

In the 1990s, a biphasic pattern of damage with a “therapeutic window” 

following asphyxia was reported 53, and therapeutic hypothermia was re-discovered as a 

possible neuroprotective strategy after perinatal asphyxia. This was based on the results 

from newborn animal studies, where improved outcome was reported across different 
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species 154-158 and with long and short survival after the insult 159. In the 2000s, the first 

pilot safety studies were performed 160, 161, followed by clinical trials and meta-analyses 

showing that therapeutic hypothermia improved survival and neurological outcome in 

term infants with HIE 19, 39, 162, 163. A recent meta-analysis of neurological outcome at 18 

months of age showed that therapeutic hypothermia results in a consistent reduction in 

death and neurological impairment, with a number needed to treat (NNT) of 9 to reduce 

the combined outcome of death and severe disability 164. A protective effect of 

therapeutic hypothermia has also been reported after cardiac arrest in adults 165, while 

hypothermia as rescue therapy after stroke and traumatic brain injury has so far shown 

disappointing results 166-168. The range of hypothermia used for HIE is generally 

regarded to be safe in term infants, although hypoglycaemia, coagulopathy and 

cardiovascular changes such as bradycardia and increased need for inotropy have been 

reported 160-162, 169, 170.  

The new 2010 International Liaison Committee on Resuscitation (ILCOR) 

guidelines recommend that therapeutic hypothermia should be considered for term and 

near-term infants with moderate-to-severe hypoxic-ischaemic encephalopathy 112. Still 

unresolved questions include ways to improve the effect of hypothermia, such as 

combination therapy with pharmacological agents, cut-off for maximum delay before 

initiation, and optimal duration and depth of cooling 171. Finally, it has not been settled 

whether therapeutic hypothermia should be limited to infants with gestational age � 36 

weeks or also include premature infants, with potentially higher risk of side effects (e.g. 

hypoglycaemia and coagulopathy) 112. 
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Table 2 Criteria for therapeutic hypothermia (33- 34°C) - National guidelines in Norway 2011, 

based on the TOBY protocol 172 

Within 6 (12) hours of birth, gestational age � 36 weeks 

A) At least one of:  

• Apgar score � 5 at 10 minutes after birth 

• Delay in establishing spontaneous respiration. Continued need for positive 

pressure ventilation at 10 minutes after birth 

• Metabolic acidosis. Cord umbilical artery blood or arterial blood within 60 

minutes of birth: pH < 7.00 and/or BE < -16  

If at least one of A), continue to B) 

B)  Moderate or severe encephalopathy, with altered level of consciousness and at 

least one of:  

• Abnormal deep tendon reflexes or abnormal pupillary reactivity 

• Weak or absent suck reflex 

• Clinical seizures  

If at least one of A) and at least one of B), initiate therapeutic hypothermia 

C)  Continue with amplitude integrated EEG (aEEG) (recommended). Pathological 

aEEG if > 30 minutes of aEEG showing abnormal activity or seizures. At least one of : 

• Normal background activity with some electrical seizure activity 

• Moderately abnormal activity, discontinuous EEG (upper margin > 10μV and 

lower margin < 5 μV)  

• Severely abnormal activity (upper margin < 10 μV and lower margin < 5 μV) 

• Presence of burst suppression 

• Continuous electrical seizure activity  

If pathological aEEG in addition to A) and B), continue hypothermia for 72 hours 

If A) and B), but normal aEEG within first 6 hours of cooling, consider ending cooling 

If pathological aEEG normalizes within first 6 hours (associated with good prognosis), 

continue hypothermia for 72 hours 
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Mechanisms of hypothermic protection 

A reduction in temperature slows down the metabolism, including the cerebral 

metabolic rate, and reduces energy demand 173: For every 1º C drop in temperature, 

more than a 5% drop in metabolism has been reported 174, 175. While intra-ischaemic 

hypothermia reduces energy failure during the insult, the effect of therapeutic 

hypothermia is to inhibit many of the pathways involved in delayed energy failure and 

cell death occurring hours after hypoxia and reoxygenation 155, 173, 176, 177. The precise 

mechanisms are only partly understood, but there is evidence that therapeutic 

hypothermia reduces the production of ROS, the release of excitotoxins and NO 178-181 

and attenuates the inflammatory response following hypoxia-ischaemia. The latter 

includes reduced activation and infiltration of inflammatory cells into the ischaemic 

brain 182-185, as well as reduced activity of the inflammatory transcription factor Nuclear 

factor kappa B (NF�B) 168. Therapeutic hypothermia further attenuates damage to 

mitochondrial function 186 and reduces apoptosis 156, 187-189, while less effect is seen on 

necrosis 64.  

Improving hypothermic neuroprotection 

Therapeutic hypothermia has become the standard of care in HIE in many institutions, 

yet it does not completely protect or repair the injured brain, neither in clinical studies 
162 nor in the experimental setting 190. It has therefore been suggested that additional 

benefit could be obtained by combining hypothermia with other interventions that target 

pathways leading to hypoxic-ischaemic injury 191, 192. It is likely that combinations of 

treatments that affect multiple levels of theses pathways will be most efficient. Thus, 

theoretically promising interventions would include glutamate receptor antagonists (to 

reduce excitotoxicity) and free radical scavengers (to reduce ROS toxicity). In theory, 

the latter also includes avoiding hyperoxia after the insult. 
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Avoidance of hyperoxia during resuscitation  

It is not known whether supplemental oxygen during (or after) resuscitation affects 

hypothermic neuroprotection. In the existing body of literature on therapeutic 

hypothermia it is not immediately obvious which oxygen tension was used during 

resuscitation, either because it is not mentioned 19, 163, 180 or because the inspired oxygen 

fraction was increased to normalise arterial pO2 155, 178. In a pilot study with 19 

asphyxiated neonates, average FiO2 at the point of randomisation to hypothermia or 

standard therapy was 0.68 193. This could be important, since evidence suggests that 

hyperoxia and hypothermia exert opposite effects on several mechanisms that contribute 

to brain injury after hypoxia-ischaemia, including generation of ROS and the post-

hypoxic inflammatory response 87, 97, 168, 178, 180, 183, 194. 

Combination with pharmacological agents 

Several pharmacological agents could in theory reduce secondary neuronal injury after 

hypoxia-ischaemia. Although some have shown promising effects in animal studies, few 

have been tested clinically and to date hypothermia is the only treatment with 

convincing results 1, 11, 191.  

So far, the most promising pharmacological agents are xenon and erythropoietin 

(EPO), but recent experimental evidence suggests that topiramate, N-acetylcysteine and 

melatonin may also have neuroprotective potential. Xenon is a noble gas which crosses 

the blood-brain barrier and is already used for anaesthesia in the clinical setting. It is a 

partial NMDA receptor antagonist, but also has anti-apoptotic properties 195, 196. Animal 

studies have shown an additive neuroprotective effect of therapeutic hypothermia 

combined with inhalation of xenon gas after hypoxia-ischaemia 192, 197-200.  

EPO was first discovered as an important growth factor in erythropoiesis, but is 

also produced in the central nervous system where it has anti-apoptotic, anti-

inflammatory and neurotrophic effects 201. A recent clinical study showed that 

asphyxiated infants treated with recombinant human erythropoietin for moderate HIE 



33 

 

had improved neurodevelopmental outcome at 18 months of age 202. It has been 

suggested that EPO in combination with hypothermia could improve outcome further 
203. 

Although neuroprotective in theory and with promising results in animal studies, 

several agents cannot be recommended for clinical use either because of insufficient 

clinical evidence or because of unacceptable side effects. Although results from 

hypoxia-ischaemia models in immature rats were promising 204, the free radical 

scavenger and xanthine-oxidase inhibitor allopurinol showed no benefit when given 

postnatally to asphyxiated infants 205. Recent results from models of hypoxia-ischaemia 

in the immature rat suggest neuroprotective effects of melatonin, a direct antioxidant 

and a free radical scavenger that may reduce oxidative brain damage206, and of the free 

radical scavenger N-acetylcysteine (NAC) 207. Experimental evidence from hypoxia-

ischaemia in pigs have shown a neuroprotective effect of topiramate, an anticonvulsant 

that may reduce excitotoxicity and calcium overload 208, and of nicotine, which has anti-

apoptotic features and attenuates the post-hypoxic decrease in Brain-derived 

neurotrophic factor 209, 210. Finally, recent evidence from newborn pigs suggests a 

neuroprotective effect of reoxygenation with room-air supplemented with 2.1% 

hydrogen 211. 

Pharmacological agents that have actually shown to be harmful, instead of 

neuroprotective, include the complete NMDA antagonist MK-801, which reduced 

cerebral expression of neurotrophic factors and caused apoptosis in the neonatal rat 

brain 212, and magnesium sulphate, an NMDA antagonist which caused unacceptable 

hypotension in a clinical trial 213. Potentially dangerous haemodynamic side effects also 

limit the use of calcium channel antagonists in infants 214. Although the anticonvulsant 

phenobarbital has been shown to augment the neuroprotective effect of therapeutic 

hypothermia in the neonatal rat 215, a reduction in neurogenesis in the neonatal brain 

secondary to phenobarbital use was recently reported 216.  
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 In summary, despite extensive search for ways to prevent perinatal asphyxia and 

to improve outcome after it occurs, the clinical results so far have been disappointing 

apart from therapeutic hypothermia. There are indications that combination therapy with 

Xenon or EPO may increase hypothermic protection 197, 202. 

Resuscitation and supportive care 

Supportive intensive care following resuscitation includes correction of hypotension, 

electrolytes and glucose, and the use of optimal ventilation and seizure treatment. 

Hyperventilation causes hypocapnia, which again results in cerebral vasoconstriction 

and may decrease cerebral perfusion 217. Hypocapnia is associated with poor outcome 

after HIE 218, while permissive hypercapnia may be beneficial up to a certain level 219. 

Evidence on the effects of inotrope support is inconclusive 220. Prophylactic 

administration of anticonvulsants may reduce the frequency of seizures but there is no 

evidence of improved outcome 11. Finally, hyperthermia should be avoided 112.  
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Aims of the study 
It is not known whether supplemental oxygen during resuscitation affects hypothermic 

neuroprotection after asphyxia. One possibility is that the two treatments have 

independent effects in opposite directions, ant that they counteract each other when 

combined. If that is the case, the toxicity of supplemental oxygen would counteract 

hypothermic protection, resulting in the most favourable outcome after the combination 

of air and hypothermia, and the worst outcome after 100% oxygen and normothermia. 

Another possibility is an “interaction” between the two effects, meaning that the rescue 

effect of hypothermia would be larger after the use of supplemental oxygen, given that 

hyperoxia induces or augments cascades that therapeutic hypothermia inhibits (e.g. ROS 

generation and inflammation). If that is the case, the extent of hypothermic protection 

would differ between subjects reoxygenated in air and supplemental oxygen, and 

seemingly, hypothermia would offer relatively more protection after hyperoxia.  

The hypothesis for the present work is based on the assumption that hyperoxic 

reoxygenation increases oxygen radical production after hypoxia and results in 

increased injury 80, 221. An important background for the present work is also the 

experimental evidence suggesting that hyperoxia and hypothermia exert opposite effects 

on important mechanisms in the cascades that lead to brain injury after hypoxia-

ischaemia 87, 97, 168, 178, 180, 183, 194.  

We hypothesised that oxygen level during reoxygenation would influence the 

neuroprotective effect of therapeutic hypothermia after asphyxia. We used an in vitro 

neuron model together with two animal models: one short-survival model using 

newborn pigs and one model with longer survival in newborn rats. We wanted to study 

the effect of hyperoxic reoxygenation on hypothermic neuroprotection after hypoxia, 

and if possible, to identify any interaction between the two effects. 
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Materials and methods 

NT2-N cells 

Ntera2/clone D1 is a human teratocarcinoma-derived cell line which differentiates into 

post-mitotic neuron-like cells (NT2-N cells) upon treatment with retinoic acid 222-224. 

The cells acquire several characteristics of CNS neurons as they differentiate, including 

expression of CNS specific proteins. Although NT2-N cells originate from a neoplastic 

cell line and therefore are not true CNS neurons, the cell line is of human origin and 

fully differentiated NT2-N cells resemble late embryonic human CNS neurons 225. Thus, 

NT2-N neurons have been widely and successfully used in physiological and 

pathophysiological studies in neuroscience.  

Differentiation of NT2-N cells is performed in two processes: First, 

undifferentiated cells are cultured for four to five weeks with retinoic acid (RA), 

mimicking the embryonic in vivo situation when high levels of RA, retinoic receptors 

and RA-binding proteins are found in the CNS 226. RA initiates the expression of 

neuronal markers that are found in developing human neurons 224, induces cholinergic 

differentiation 227 and increases apoptosis 228. Already after three days of RA treatment 

the cells show increased expression of neurofilament proteins, by 10 to 14 days the cells 

resemble neurons morphologically with process outgrowth and rounded cell bodies 229 

and after four weeks about 5% of the cells are neurons judged by the presence of 

neuron-specific markers 224. 

Following four to five weeks of retinoic acid treatment, the cells receive mitotic 

inhibitors for another four weeks to eliminate non-neuronal cells. The mitotic inhibitors 

have no evident effect on the NT2-N cells, and the result is a culture of >95 % 

differentiated NT2-N neurons with dendrites and NMDA receptors, while the remaining 

<5% of cells resemble glia cells 224, 230.  
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Figure 2 NT2-N neurons 222 

 
 

Morphologically, the NT2-N neurons develop a rich network of processes with 

dendrites containing ribosomes and RNA, and axons without ribosomes. Mature NT2-N 

neurons express neuronal markers appropriate for human neurons including CNS 

specific proteins 225, functional dopaminergic receptors 231, muscarinic acetylcholine 

receptors 232, GABA receptors 233, voltage-dependent calcium channels 234 and NMDA 

and non-NMDA glutamate receptor channels 225, 232, 235. There is a gradual increase in 

sensitivity to glutamate, from 2 to 6 weeks of culture, which resembles that found in 

human neurons 230, 235. The number of NMDA receptors in the mature NT2-N neurons is 

approximately at the same level as that found in neurons of the foetal human brain 230. 

NT2-N neurons survive, mature and integrate when transplanted into the CNS of 

rodents 236-238, and have shown promising effects in animal models of stroke 239, 240 and 

brain and spinal cord injury 238, 241. Finally, NT2-N cells that were transplanted into the 

human brain following stroke survived without evidence of reverting to a neoplastic 

state 242-244.  
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In vitro hypoxia-ischaemia, reoxygenation and 

hypothermia 

The NT2-N model represents a reproducible in vitro system for studying mechanisms of 

hypoxic cell death in human neuron-like cells under controlled conditions. Combined 

oxygen-glucose deprivation (OGD) is a widely used model for simulated global 

ischaemia in vitro. We needed to titrate the severity of the insult (described in paper I) to 

allow for both detection of potential toxic effects of hyperoxic reoxygenation and a 

rescue effect of subsequent hypothermia. In the NT2-N model, 2 hours of OGD causes 

substantially less damage than 3 hours 86, 245. We therefore performed four initial 

experiments where we evaluated the effect of different levels of oxygen on viability 

after 2 and 2.5 hours of OGD. Based on the results, we decided to expose the NT2-N 

cells to 3 hours of OGD, which reduced viability by about 74% compared to viability in 

non-deprived controls. 

We wanted to study the potential toxic effects of a relatively short hyperoxic 

exposure immediately after an insult. It has been shown that long-term hyperoxia has 

detrimental effects on the immature brain 128, and in order to test the effect of prolonged 

hyperoxia in the NT2-N model, we performed a pilot experiment where cells were 

subjected to 18 hours of 95% oxygen after 2.5 hours of OGD. We found that hyperoxia 

caused a reduced viability compared to cells kept in 21% oxygen, even in cells protected 

by the NMDA antagonist MK-801 during OGD and reoxygenation. Although prolonged 

hyperoxia increased injury in the NT2-N model, we chose to keep reoxygenation at 20 

minutes, which is a clinically relevant duration of resuscitation in perinatal asphyxia 112.  

Normal in vitro culturing conditions are 21% O2 plus 5% CO2 in nitrogen (N2). 

This gas mix is termed normoxia, although in reality the conditions represent hyperoxia 

compared to the in vivo situation and may cause altered gene expression and increased 

oxygen tolerance 246, 247. In order to choose an appropriate level of oxygen to mimic 

hyperoxia we performed an initial experimental series with 20 minutes of reoxygenation 

in a gas mix of either 1%, 5%, 10%, 21% or 95% oxygen balanced in N2 and 5% CO2 
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and a medium bubbled with the same gas. There were no significant differences in 

viability between the groups, and we decided to use 1% (low), 21% (normal) and 95% 

(high) oxygen for reoxygenation.  

Hypothermia was set at 33°C as a parallel to the reduction in temperature used in 

the clinical hypothermia studies 19, 163. The experiments were performed in a serum-free 

cell medium in order to avoid confounders related to unknown serum constituents. Since 

longer durations of serum deprivation may become a confounder in itself, this limited 

the duration of the experiment. Thus, the experiment was terminated 24 hours after the 

initiation of OGD, which also limited the duration of hypothermia to 20.5 hours.  

The main mechanism for hypoxic cell death in NT2-N neurons is excitotoxicity 
222 where accumulated glutamate activates NMDA receptors, causing neuronal influx of 

Na+ and Ca2+ and activation of cytotoxic pathways. Adding the NMDA antagonist MK-

801 during and after the hypoxic insult is highly protective in the NT2-N model 86. We 

therefore added MK-801 to at least one well on each culture plate during and after OGD 

to check that cell death in unprotected wells was predominantly related to the hypoxic 

insult, and not to other factors such as toxic substances in the medium or other 

unfavourable culture conditions. A synergistic effect of post-hypoxic hypothermia and 

MK-801 has been suggested by the finding of increased neuroprotection in gerbils 

receiving both treatments 248. However, since the presence of MK-801 during the insult 

confers almost complete protection against hypoxic cell death in NT2-N cells 86 it would 

be hard to detect any such effect in the present model. 

Newborn pigs 

The newborn pig is a good model for studying both hypoxic-ischaemic damage and 

potential neuroprotection 249-252. The anatomy and physiology is comparable to humans 
253, with brain maturation, growth and myelinisation 254 and distribution of grey and 

white matter 251 similar to the 36-38-week human newborn 255. Further, the newborn pig 

displays the same type of organ injury and cardiovascular response to global hypoxia-
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ischaemia as the human: It has a similar cerebral blood flow (CBF) response to hypoxia-

ischaemia 256, similar vulnerability of specific cerebral regions 158 and similar pattern 

and time course of delayed energy failure 53. The circulatory response to changing levels 

of carbon dioxide and blood pressure (i.e. cerebral autoregulation) is also similar to the 

newborn infant 257. However, compared to humans, cerebral blood flow and metabolism 

are suggested to be higher in pigs 258, with a lower limit of cerebral autoregulation 

around 40 mmHg 259.  

Another advantage of the newborn pig is the similarity of size with the human 

newborn which enables the use of standard intensive care equipment for procedures, 

monitoring and interventions. A limitation to the model is that adaptation to extra-

uterine life has already begun when pigs are subjected to global hypoxia at the age of 

12-36 hours. Further, although only healthy pigs in good condition were selected by the 

breeder for experiments, there is a large inter-individual variability, especially in 

vulnerability to hypoxia. This increases the variation in the data, which further increases 

the numbers of animals necessary to detect effects of interventions.  

Anaesthesia 

Adequate anaesthesia is necessary to minimise stress, pain and discomfort during the 

experiment. We used drugs that have previously been well tested in the newborn pig 260-

262. Nevertheless, anaesthetics have effects on systemic hemodynamics, cerebral blood 

flow and metabolic rate 263 and may also affect neuroprotection 264, 265. In order to 

minimise any confounding effects on the degree of brain injury, we carefully aimed for 

similar drug doses in all animals and used a set regimen for induction and surgery 

(described in paper II) with minimal doses and duration of Sevofluran and pentobarbital, 

both known to have neuroprotective potential 264, 265. In order to secure adequate quality 

of the probe recordings in the striatum, the muscle relaxant pancuronium 266 was added 

in cases of shivering that occurred in the unconscious pig without signs of stress on 

heart rate or mean arterial blood pressure.  
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Hypoxia and reoxygenation  

Several models for hypoxic-ischaemic insults have been developed in the newborn pig 
249-252, 267. We used a well-established model of respiratory hypoxia 209, 268 (papers II and 

III) where global hypoxia was induced by 8% O2 in N2 until Base Excess (BE) was � -

20mmol/L or MABP � 15mmHg. Hypercapnia is part of classical asphyxia, and some 

investigators have added CO2 during the experimental insult 134, 138. We chose not to add 

CO2 during or after the insult, as arterial pCO2 is a strong determinant of CBF 269 and 

mild hypercapnia following hypoxia can be neuroprotective 219.  

The animals were reoxygenated with either air or 100% oxygen for 20 minutes, 

which is a clinically relevant duration of resuscitation and has previously shown to be 

sufficient to cause detrimental effects of hyperoxia 209. We kept the inspired fraction of 

O2 at 21% at all other times than during hypoxia and hyperoxic reoxygenation, and 

normoventilation (saturation �90%, PaCO2 4.5–6.0 kPa) was achieved by adjusting peak 

inspiratory pressure or ventilatory rate.  

Hypothermia 

Normal newborn pig core temperature is ~39°C 270, 271 and was maintained at all times 

except during hypothermia (rectal temperature of 35°C). It is not known whether 

neuroprotection depends on the actual absolute temperature or on the relative reduction 

from normal body temperature (which is different between species). We chose 35°C for 

hypothermia in order to mimic the decrease in temperature used in human studies 19, 163 

and on background of previous hypothermia experiments in pigs 155. We applied whole-

body hypothermia, where a reduction in body temperature of 4°C was achieved by 

keeping the animal on a cooling mattress that contained a circulating liquid at variable 

temperatures. We initiated cooling immediately after reoxygenation, as a parallel to the 

clinical recommendation that heating up an infant should be avoided when development 

of HIE is suspected 112. Due to the relatively short survival after the insult, hypothermia 

was limited to 6.5 hours before termination of the experiment. Although a longer 
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duration of hypothermia would have been desirable, even shorter durations of 

hypothermia have also been shown to attenuate the development of hypoxic-ischaemic 

brain damage in the experimental setting: 3 hours of hypothermia in the newborn pig 158, 

272 and 3-6 hours of hypothermia in the newborn rat 272, 273.  

An important consequence of reduced temperature is an increased half-life of 

drugs due to a reduction in metabolic rate 274. Sedation is necessary not only to 

minimize discomfort, but also to avoid shivering, a side effect of hypothermia that may 

increase metabolism and reduce neuroprotection 275. Further, hypothermia causes pCO2 

to be lowered by about 4.5% per degree in reduced temperature, and induces a left-shift 

of the oxygen dissociation curve causing oxygen to be more tightly bound to 

haemoglobin 145. Since hypothermia leads to a relative alkalosis 145, and in line with the 

at the time ongoing clinical trials 172, a moderate hypercapnia (PaCO2 6.0-7.0 kPa) was 

allowed during hypothermia, aiming for a final temperature-corrected PaCO2 between 

4.5–6.0 kPa.  

Newborn rats 

The newborn rat model is the most commonly used and best described animal model for 

studies of HIE 276. The newborn rat is immature at birth, and the maturity of the 7-day 

old (P7) rat resembles that of the near-term to term human infant 277, 278. The P7 rat pup 

is small (10-12 g) and it was not possible to perform repeated blood sampling or 

advanced cardiovascular monitoring. However, an advantage of rodent models is the 

large litter size which permits block-randomisation of animals to reduce confounding 

between-litter-differences. Previous results show that glucose levels remain within 

normal range despite up to eight-hour duration of separation from the mother 279. 

Hypoxia-ischaemia and reoxygenation 

The well-established Vannucci neonatal hypoxia-ischaemia model, where unilateral 

ligation of a carotid artery is combined with respiratory hypoxia, was used for the insult 

in the rat study (paper IV) 278. After ligation of the left carotid artery, and followed by 
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<180 minutes of recovery, the rats were subjected to 90 minutes of hypoxia (8% O2 in 

N2) at a rectal temperature of 36.0°C. Hypoxia was achieved in a custom-made chamber 

controlled for temperature, gas levels and humidity, where each rat pup was in its own 

little enclosure during the insult. Each chamber contained a mattress which was 

perfused with a liquid of variable temperature, servo-controlled to rectal temperature 

measured in a probe animal within the chamber 192. Immediately following hypoxia, the 

rats were randomised to 30 minutes of reoxygenation with either air or 100% oxygen. 

Thirty minutes or reoxygenation, instead of twenty as in the in vitro and pig model, was 

chosen to increase the chance of detecting any effects of hyperoxia during 

reoxygenation, yet remaining short enough to be relevant for clinical resuscitation after 

asphyxia. 

Hypothermia 

Following 30-minute reoxygenation the animals were randomised to five hours of either 

whole-body hypothermia (32°C) or normothermia (37°C). Five hours of hypothermia is 

a significant duration of cooling in the newborn rat model, as three hours of therapeutic 

hypothermia has previously offered a 50% degree of protection in this model 192, 197 and 

long-term protection has been demonstrated one week after six hours of therapeutic 

hypothermia 159. Following temperature treatment, the rat pups were returned to the dam 

where they survived for one week. Daily recording of weight was performed to identify 

failure to feed and weight loss as an important indicator of injury.  

Analyses 

Cell viability 

The MTT assay is a frequently used method for assessment of cell viability and was 

used in the in vitro study (paper I). Cleavage of the yellow, soluble MTT (3-[3,5-

dimethylthiazol-2-ul]-2,5-diphenyltetrazolium bromide) occurs at two sites in the 

electron transport chain and results in a purple, insoluble product that can be measured 
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spectrofotometrically on an ELISA (enzyme-linked immunosorbent assay) reader. MTT 

cleavage correlates well with lactate dehydrogenase (LDH) release 86. However, MTT 

reduction is not specific for mitochondrial function as some reduction may also occur 

outside the mitochondria 280.  

Hypoxanthine release 

Accumulation of hypoxanthine is an indicator of energy failure 80, 222 and correlates with 

LDH release 223. Hypoxanthine release (�mol/L) to supernatant was used as a marker of 

cellular energy failure in the NT2-N model (paper I). Hypoxanthine was measured by 

capillary electrophoresis, which uses a capillary and high electric field strengths to 

separate molecules based on differences in charge, size and hydrophobicity. 

Cytokines 

Cytometric bead array was used for measuring chemokines release to supernatants 

(paper I) as a marker of inflammatory response following OGD, reoxygenation and 

hypothermia/normothermia. Cytometric bead arrays are based on the ELISA principle 

but uses flow cytometry. ELISA uses a specific antibody to bind to an antigen in a 

sample, and the added antibody is linked to an enzyme that converts a secondly added 

substance, generating a detectable signal. Commercial ELISA kits were used to detect 

cytokines in homogenised brain tissue, plasma and CSF (paper II).  

Brain microcirculation, oxygenation and temperature 

Continuous brain tissue oxygenation, temperature and microcirculation in the pig brain 

were measured with a triple probe (laser Doppler flowmetry, oxygen quenching and 

temperature probe) inserted into the striatum (paper II). There are several techniques for 

measuring microvascular blood flow, including microsphere injection, magnetic 

resonance imaging, high frequency Doppler ultrasound and laser Doppler flowmetry 281. 

Laser Doppler flowmetry measures the Doppler shift of light that is scattered back from 

red blood cells as they flow through the microvasculature of the sample volume where 
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the probe is inserted (approximately 1.0-3.5mm3). The sample volume may contain both 

capillaries and larger vasculature. Thus, in order to correct for variations in 

microcirculation readings caused by probe location in relation to microvasculature, 

blood perfusion values were calculated relative to baseline value. This means that the 

readings are not absolute CBF values but represent continuous recordings of relative 

changes in regional microcirculation. One disadvantage of the technique is that the flow 

recordings are very sensitive to movement 118, and although the pigs’ heads were fixed 

in a stereotactic frame with handling kept at a minimum during the experiment, we did 

observe a drift in the recordings in some pigs.  

According to the manufacturer (Oxford Optronix), the probe measures oxygen 

tension through a process where short pulses of LED light are transmitted along a fibre 

optic sensor. The resulting emission of fluorescent light, quenched by the presence of 

oxygen molecules, travels back up the fibre and is detected by the instrument. The 

lifetime of fluorescence is inversely proportional to the concentration of dissolved 

oxygen and provides an absolute value for pO2. In order to interpret the results it is 

important to keep in mind that tissue oxygen tension is determined by the balance 

between oxygen delivery (blood flow x oxygen content) and oxygen consumption.    

Histopathology 

Brain injury following a hypoxic-ischaemic insult is an ongoing process, but the first 

signs of damage such as microvacuolation of the neuronal cytoplasm can be seen 

already 15 minutes after ischaemia 282. Haematoxylin and eosin (H&E) staining is an 

established method for evaluating morphological changes in neuronal tissue. In the pigs 

(paper II), we assessed morphological changes in the cortex, striatum, hippocampus and 

cerebellum, areas that have been described as especially vulnerable to hypoxic-

ischaemic damage 37. Early cerebral necrosis, 6 hours and 50 minutes after the insult, 

was defined as areas with vacuolated neuropil, shrunken neurons with pyknotic nuclei 

and scattered eosinophilic neurons. In the cerebellum, necrosis was defined by the 

presence of eosinophilic Purkinje cells. In the rat experiment (paper IV), the degree of 
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brain injury was assessed one week after the insult, and was evaluated in the cortex, 

basal ganglia, thalamus and hippocampus. Brain injury was scored using a modification 
209 of a validated scoring system, where the severity of damage is graded on a nine-step 

scale ranging from 0-4 251, 272. 

Immunohistochemistry was performed in some of the pigs (paper II) to confirm 

correlation between morphologic changes in H&E-stained sections and loss of MAP-2 

(microtubule-associated protein 2). MAP-2 is an important component of the neuronal 

cytoskeleton and loss of MAP-2 immunostaining is a sensitive marker for injury 283. The 

principle of immunostaining is the binding of an antibody to an antigen in the tissue-

sample, with visualisation by light microscopy or immunofluorescence.  

Gene expression  

Real time polymerase chain reaction (real time PCR) was used to analyse gene 

expression in brain and liver tissue (papers II and III). The real time PCR uses a 

polymerase to amplify a specific target sequence, causing a chain reaction that is 

performed repeatedly to exponentially amplify the target DNA 284. A fluorescence signal 

increases proportionally to the amount of PCR product during each cycle (i.e. real time) 

and is detected at a certain threshold, the threshold cycle (CT). We used the comparative 

CT method of relative quantification (RQ) to estimate changes in gene expression, where 

RQ represents the fluorescence signal in the sample (here: from an experimental animal) 

relative to the fluorescence signal in the corresponding calibrator (here: the control pigs) 
285. In order to control for the amount of RNA added to the reaction, the CT for each 

gene was normalised to the CT for the reference gene (here: the housekeeping gene 

PPIA) in the same sample, giving �CT Sample. Average �CT Sample from the 6 control 

animals was used as �CT Calibrator for the calculation of ��CT. Finally, gene 

expression relative to control (RQ) was calculated as 2-��CT, where ��CT = �CT Sample 

- �CT Calibrator 285. 
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Oxidised DNA 

8-oxodG can be measured in nuclear and mitochondrial DNA isolated from tissue or as 

excreted 8-oxodG in urine. Urinary excretion of 8-oxodG is attributed to the repair of 

oxidative DNA damage and is recognised as a sensitive marker for oxidative stress 286, 

287. Levels of oxidised DNA (8-oxodG) in brain and liver tissue were analysed by high-

performance liquid chromatography (HPLC), which uses high pressure to generate a 

liquid flow and columns with chromatographic packing material to separate and detect 

compounds. A commercial ELISA-kit was used to analyse 8-oxodG in urine (paper III). 

Negative geotaxis test 

Early behavioural testing (Negative geotaxis test) was performed in rats at postnatal day 

14 (P14), one week after the hypoxic-ischaemic insult at P7 (paper IV). The Negative 

geotaxis test examines an innate postural response that develops in the second week of 

life in normal rat pups. The rat is placed head-down on a 45° slope and the time taken to 

rotate 180° to a head-up position is recorded 192, 288.  Poor performance (i.e. a slow 

response) indicates poor neurological function. 

Statistical models 

The experiments followed a factorial design, where each treatment group was exposed 

to a combination of one oxygen and one temperature level. The factorial design allows 

for the assessment of the effects of several independent factors (here: oxygen and 

temperature) and also of any possible interaction between these effects when the group 

sizes are large enough (here: does the effect of oxygen influence the effect of 

temperature). Thus, it is regarded as a way to reduce the number of animals needed to 

detect an effect of an intervention 289. Both ANOVA and regression analyses are 

suitable statistical methods for analysing the data from an experiment with factorial 

design. We used non-parametric methods when appropriate. 
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Summary of results 
I: In the NT2-N cell model, we were able to show that post-hypoxic hypothermia 

resulted in significantly higher cell viability. Relative to non-hypoxic control cells, 

mean (SD) MTT cleavage in hypothermic cells was 27 % (11%) vs. 24% (12%) in 

normothermic cells, p<0.01. Further, hypothermia attenuated the observed hypoxanthine 

release after OGD: median (IQR) increase 2.0 (1.2-3.2) �mol/L vs. 2.7 (2.1-4.1) �mol/L 

in normothermic cells, p<0.05. However, hypothermia did not affect the inflammatory 

response. Oxygen level did not affect cell viability, inflammatory markers or energy 

status, irrespective of subsequent temperature level.  

 

II: In the newborn pig, an average of 61 (SD 19) minutes of global hypoxia resulted in 

mild to moderate brain injury as assessed 6 hours and 50 minutes after the insult. 

Hyperoxic reoxygenation resulted in a significant overshoot in striatal oxygen tension, 

mean 12.4 (SD 6.7) kPa, but without affecting microcirculation. Tissue oxygen tension 

in the striatum following reoxygenation was improved in hypothermic animals. Cerebral 

and systemic inflammatory response (mRNA and protein levels of inflammatory 

mediators) did not differ between groups. There was an indication of a differential effect 

of post-hypoxic hypothermia between animals reoxygenated with air and 100% oxygen, 

as hypothermia reduced damage only in animals reoxygenated with 100% oxygen 

(p=0.001).  

 

III: Pigs subjected to hypoxia displayed increased urinary 8-oxodG levels: mean (SD) 

8-oxodG/creatinine 3.55 (1.46) vs. controls 2.02 (0.53), p<0.05. However, this was not 

affected by hyperoxia or hypothermia. Accumulation of 8-oxodG in the brain and liver 

did not differ across groups, including control pigs. Post-hypoxic transcription of DNA 

glycosylases was down-regulated by hypothermia: OGG1 in hippocampus and liver 

(p<0.01); NEIL1 in hippocampus (p<0.01), cortex and striatum (p<0.05) and liver 
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(p<0.001); NEIL3 in hippocampus (p<0.01) and cerebellum (p<0.001). Hyperoxia did 

not affect transcription of glycosylases in the brain.   

 

IV: In the immature rat, hypothermia significantly reduced injury in hippocampus one 

week after the insult (coefficient -0.721, SEM 0.297, p=0.018). Further, reoxygenation 

with 100% O2 caused significantly increased injury compared to reoxygenation with air 

(coefficient + 0.647, SEM 0.297, p=0.033). The regression constant was 1.896, SEM 

0.257 and the residuals were normally distributed. Reoxygenation in 100% O2 also 

worsened postural reflex performance, while there was a non-significant trend of 

improvement after hypothermia.  
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Discussion 
Perinatal asphyxia remains one of the major causes of perinatal mortality and morbidity 

despite of extensive research on strategies for prevention and intervention. To date, 

therapeutic hypothermia is the only treatment that has been shown to reduce brain injury 

after perinatal asphyxia 1, 11, 162, 191. However, hypothermia does not confer complete 

protection, and numerous studies are currently being performed in the search for 

interventions that alone or in addition to hypothermia can improve outcome after 

perinatal asphyxia. In theory, approaches that affect downstream mechanisms at 

multiple steps in the cascades occurring after hypoxia-ischaemia will be most efficient. 

Before this thesis it was not known if supplemental oxygen during resuscitation 

affects hypothermic neuroprotection. Theoretically, the two treatments have opposite 

effects on several important contributors in the cascades after hypoxia-ischemia, 

including ROS generation 87, 180 and inflammatory response 97, 183. The overall aim of the 

present work was to study the effect of hyperoxic reoxygenation on hypothermic 

neuroprotection after hypoxia and, if possible, to identify any interaction between the 

two effects. We used in vitro neurons, newborn pigs and immature rats as hypoxia-

reoxygenation models and focused on evaluation of the degree of cell viability and 

energy failure (in vitro), brain injury, inflammatory response and oxidative DNA 

damage.  

Hyperoxic reoxygenation 

Previous experimental studies have showed a number of harmful effects of using 

supplemental oxygen during resuscitation, including delayed recovery of cellular 

metabolism 137, increased generation of ROS 87, oxidative stress 118, 131, inflammation 97 

and increased cerebral injury 131, 132, 209.  

In the present work, we found a detrimental effect of hyperoxic reoxygenation on 

brain injury and neurological function only in the rat model (paper IV), where 30-
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minute reoxygenation with 100% oxygen resulted in significantly increased histological 

injury in the hippocampus, with similar trends in the cortex and basal ganglia. This was 

supported by the results from early neurological testing, where hyperoxic reoxygenation 

resulted in poorer postural reflex performance indicating impaired neurological 

function.  

In the newborn pig model (papers II and III), 20-minute reoxygenation with 

100% oxygen resulted in significant hyperoxaemia in arterial blood. This, together with 

the observed cerebral hyperaemia, resulted in a significant overshoot in tissue oxygen 

tension in the striatum: Striatal oxygen tension increased well above baseline during 

reoxygenation with both air and 100% oxygen, but 3-fold higher with the latter. We 

found no effect of hyperoxic reoxygenation on the degree of histopathological brain 

injury, cerebral inflammation, systemic inflammatory response or oxidative DNA 

damage in the pig study. Further, oxygen level during reoxygenation did not affect 

striatal microcirculation, which is in line with previous studies of global hypoxia in term 

pigs 87, 116, 143, 144.  

In the NT2-N model (paper I), 20 minutes of hyperoxic exposure after in vitro 

hypoxia-ischaemia did not affect cell viability, energy failure or inflammatory response. 

The exposure may have been too short, but the cells may also have been conditioned to 

a hyperoxic environment during culture, meaning that the NT2-N model may not be 

ideal to study effects of transient hyperoxia. However, a lack of differences related to 

hyperoxic and normoxic reoxygenation has previously been found also in other in vitro 
290 and animal 116 studies.  

None of the three models displayed a beneficial effect of hyperoxia. The findings 

regarding oxygen toxicity differed in the rat and pig study. Compared to the rat 

experiment, it is likely that the pig study had lower power due to the smaller group size 

and the lower proportion of injured animals within each group. Also, the pigs had 

shorter survival after the insult. Further, the rat pathology data were supported by the 

results from early neurological testing, indicating that the results are robust. It is also 
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possible that the increased duration of hyperoxia in the rat study (only 10 minutes 

longer, but 1/3 longer than in the NT2-N cells and the pigs) could have increased the 

effect of hyperoxia. Nevertheless, as short as 15 minutes of hyperoxic reoxygenation has 

previously been shown to cause increased oxidative stress and signs of DNA damage in 

newborn pigs 138. 

Our findings add to the evidence that hyperoxia immediately after hypoxia may 

have detrimental effects on the newborn brain, and thus support the new ILCOR 

recommendation that resuscitation of the term infant is best started with air, rather than 

with pure oxygen 112.  

Therapeutic hypothermia 

A neuroprotective effect of hypothermia has been shown in both newborn animals 155, 

157, 291 and clinical trials 19, 39, 163, 164. In line with these studies we demonstrate a 

protective effect of therapeutic hypothermia across all three models in the present work: 

In vitro neurons, newborn pigs and immature rats.  

In the NT2-N model (paper I), hypothermia improved cell viability and 

attenuated post-hypoxic hypoxanthine release. The results indicate that hypothermia is 

protective also in isolated neurons without the interaction with other brain cells or 

systemic effects. The inflammatory response was not affected by hypothermia; one 

possible explanation could be that the neuron model lacks important inflammatory 

events that therapeutic hypothermia attenuates, such as activation of microglia and 

infiltration of leukocytes into the brain 183. 

In newborn pigs (papers II and III), therapeutic hypothermia reduced 

histopathological damage, although statistically significant only in pigs reoxygenated 

with 100% oxygen and not after reoxygenation with air. It has been suggested that 

hypothermic neuroprotection is linked to redistribution of oxygen in the brain, as 

moderate hypothermia in some models reduces cerebral blood flow, decreases metabolic 

rate and reduces neuronal oxygen uptake 173, 292-294. We did not observe any decrease in 
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striatal microcirculation in the pig model, but found increased striatal oxygen tension in 

hypothermic compared to normothermic animals. We found no effect of hypothermia on 

inflammatory response or accumulation of oxidative DNA damage, but observed a 

reduced expression of DNA repair glycosylases with hypothermia. Since this reduction 

was not accompanied by accumulated oxidative DNA damage in tissue or altered 

urinary 8-oxodG levels, the significance of the finding has yet to be determined.  

In immature rats (paper IV), we confirmed a ~50% neuroprotective effect of 

therapeutic hypothermia after reoxygenation with 21% oxygen, assessed one week after 

hypoxia-ischaemia. The effect reached statistical significance only in the hippocampus, 

one of the regions most sensitive to hypoxic-ischaemic injury 295, 296, but the same trend 

was apparent in both cortex and basal ganglia. The results were further supported by a 

similar trend in the early neurological performance test.  

We demonstrate a protective effect of therapeutic hypothermia across all three 

models in the present work. This is in line with previous research 162 and further 

supports the new 2010 ILCOR guidelines that recommend therapeutic hypothermia for 

term and near-term infants with moderate-to-severe hypoxic-ischaemic encephalopathy 
112.  

What is new in our research? - Therapeutic 

hypothermia and oxygen  

This is the first series of studies to investigate whether supplemental oxygen during 

reoxygenation affects hypothermic neuroprotection. During the time of the present work 

the ILCOR guidelines were changed, from not deciding on optimal oxygen 

concentration for resuscitation 297 to recommending that resuscitation of term infants 

should be started with air 112. Further, the 2010 ILCOR guidelines recommend 

therapeutic hypothermia for near-term and term infants with moderate-to-severe HIE. 

With these new recommendations, studies exploring the interactions between effects of 
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hyperoxic vs. normoxic reoxygenation and therapeutic hypothermia vs. normothermia 

can only be performed in animal models or in vitro. 

We found that therapeutic hypothermia was protective in all three models, but 

that the effect of supplemental oxygen during reoxygenation differed between the 

studies. Adverse effects of hyperoxic reoxygenation were evident only in the rat model, 

where the ~50% neuroprotective effect of therapeutic hypothermia seen when 

reoxygenation was in 21% oxygen was counteracted by breathing 100% oxygen before 

hypothermia. The best outcome appeared after reoxygenation in air followed by 

hypothermia, and the worst scores were seen after reoxygenation in 100% oxygen 

followed by normothermia. It appeared that the protective effects of hypothermia and 

reoxygenation with 21% oxygen were additive in the rat study, meaning that the starting 

point after hyperoxic reoxygenation was worse, resulting in an altogether seemingly 

reduced protection by hypothermia.  

Although we found indications of a differential effect of hypothermia related to 

reoxygenation with air or 100% oxygen in the pig experiment, this was not seen in the 

NT2-N cells or the rat experiment. The pig experiment consisted of fewer animals 

which further displayed large variations in degree of injury, and taken together with the 

results from the two other models, we cannot conclude that there is an interaction 

between the effects of post-hypoxic hypothermia and hyperoxia. However, none of the 

studies were sufficiently powered to fully exclude a statistically significant interaction 

between the two treatments. This means that the question regarding a possible 

interaction between the effects of post-hypoxic hypothermia and hyperoxia cannot be 

settled based on the results in the current work.  

Our results indicate that hyperoxia during reoxygenation counteracts hypothermic 

neuroprotection, and thus strongly support the two separate recommendations in the new 

2010 ILCOR guidelines: to use therapeutic hypothermia for HIE and to use air for 

resuscitation if supplemental oxygen can be avoided. The new knowledge added by the 

current work is that the combination of these two recommended treatments is the best 
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strategy to minimize brain injury after asphyxia. Further studies, including studies with 

longer survival, are warranted to establish the optimal combination of these two highly 

relevant clinical treatments. 

Considerations 

In vitro models represent an isolated system where it is possible to separate the response 

of neurons from the effects of other structures such as glia cells, white blood cells, 

endothelial cells and systemic effects of circulation. However, the results must be 

interpreted in the context that this isolated system lacks the interplay between neurons 

and the above mentioned factors. Further, in vitro models, and especially cell lines that 

are conditioned to hyperoxia, may not be ideal systems to study effects of short-term 

hyperoxia. As the NT2-N cell line is cultured in 21% oxygen it may be adjusted to 

supra-physiological oxygen tensions, and although the differentiated cells are 

susceptible to externally applied free radicals 86, it could be that oxygen toxicity is not a 

major cause of cell death in the NT2-N model.  

In the newborn pig model (papers II and II), the variation in the degree of 

damage within the groups was marked. Further, only 14 of 43 pigs displayed brain 

injury after the insult, resulting in a relatively low number of injured pigs in each of the 

four groups. Mean arterial blood pressure at the end of the insult was only moderately 

reduced and microcirculation in the striatum did not drop towards the end of hypoxia, 

both indicating that the ischaemic component of the insult was relatively mild. This 

could explain the relatively low number of injured animals in each group, and could also 

explain why we observed no inflammatory response or accumulation of oxidative DNA 

damage after global hypoxia. Since hypoxic animals and controls did not differ, it was 

less surprising that we did not find significant effects of oxygen or temperature. Similar 

findings related to insult severity were reported in newborn rats undergoing combined 

hypoxia and unilateral carotid occlusion, where the inflammatory response in the 

contralateral hemisphere (hypoxia only) took longer to occur and was either unchanged 
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compared to control animals, or showed a much lower increase than in the more injured 

ipsilateral hemisphere (hypoxia-ischaemia) 298. The mild to moderate degree of 

histopathological injury observed in the current study could also support the hypothesis 

that substantial DNA repair may already have occurred at the end of the experiment. An 

increased DNA repair activity has been seen following sub-lethal damage 299, with DNA 

repair as soon as 2 to 6 hours after an insult 65, 75, 300, 301. Finally, survival after the insult 

was relatively short in our pig model, only 6 hours and 50 minutes, and we did not 

detect a secondary deterioration in cerebral perfusion before sacrifice 53, 302. It is possible 

that both histopathological injury and inflammatory response would have become more 

evident with longer survival. However, due to the lack of necessary resources in our lab 

it was not possible to extend survival in the pig study, and this also limited the duration 

of hypothermia. Although the duration of hypothermia was relatively short compared to 

the clinical situation, where 48-72 hours of hypothermia is normally applied 172, it was 

initiated without significant delay following reoxygenation, which could have increased 

the protective effect. 

The immature rats (paper IV) were seven days old at the beginning of the 

experiment and were therefore already adapted to extra-uterine life. Further, the model 

includes hypoxia in combination with unilateral ligation of a carotid artery, meaning 

that the model produces a stroke-like cerebral insult with minimal injury to the rest of 

the body. Nevertheless, it is a well-described and validated model for neonatal hypoxia-

ischaemia that has been in use for more than 30 years 278, and it is regarded as one of the 

most robust and productive animal models of brain injury 303. 

 We hope that our findings, despite the above mentioned shortcomings, may 

contribute to further research in the quest for optimal treatment after perinatal asphyxia. 
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Conclusions 
I:  We were able to show that post-hypoxic hypothermia is protective also in 

isolated neurons without the interaction with other brain cells and systemic effects. 

Hypothermia in NT2-N cells is equally protective after hyperoxic, normoxic and 

hypoxic reoxygenation, but this protection does not seem to be related to attenuated 

inflammation. The questions concerning complex interactions between effects of 

oxygen and temperature after hypoxia should be further studied in in vivo models.  

 

II:  Our results could indicate that the protective effect of hypothermia after global 

hypoxia in newborn pigs may vary with oxygen level used during reoxygenation, as a 

neuroprotective effect of therapeutic hypothermia was only found after reoxygenation 

with 100% oxygen. Hyperoxic reoxygenation results in a significant overshoot in striatal 

oxygen tension without any effect on microcirculation compared to reoxygenation with 

air. Striatal oxygen tension was improved in hypothermic animals. Further research is 

needed to examine how oxygen level during resuscitation affects hypothermic 

neuroprotection. 

 

III:  We confirm an increased oxidative stress in newborn pigs after global hypoxia. 

DNA repair glycosylases were down-regulated by hypothermia, but without an effect on 

accumulation of oxidative damage in genomic DNA. Further research is needed to 

determine the effect of hypothermia and hyperoxia on DNA damage and DNA repair.

  

 

IV:  We confirm a neuroprotective effect of therapeutic hypothermia after hypoxia-

ischaemia in immature rats and further demonstrate increased injury following 

reoxygenation with 100% oxygen compared to reoxygenation with air. The protective 

effect of hypothermia is counteracted by using 100% oxygen during reoxygenation. One 
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way to optimise outcome after HI could be to avoid hyperoxia before therapeutic 

hypothermia.  
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Abstract

Mild hypothermia can attenuate the development of brain
damage after asphyxia. Supplemental oxygen during resus-
citation increases generation of reactive oxygen species,
compared to room air. It is unknown if supplemental oxygen
affects hypothermic neuroprotection. We studied the early
effects of hyperoxic reoxygenation and subsequent hypo-
thermia on tissue oxygenation, microcirculation, inflamma-
tion and brain damage after global hypoxia. Anesthetized
newborn pigs were randomized to control (ns6), or severe
global hypoxia (ns46). Three pigs died during hypoxia or
reoxygenation. After 20-min reoxygenation with room air
(ns22) or 100% oxygen (ns21), pigs were randomized to
normothermia (deep rectal temperature 398C, ns22) or total
body cooling (358C, ns21) for 6.5 h before the experiment
was terminated. We demonstrated a differential effect of
post-hypoxic hypothermia between animals reoxygenated
with 100% oxygen and with room air, with reduced damage
only in hypothermic animals reoxygenated with 100% oxy-
gen (Ps0.001). Hyperoxic reoxygenation resulted in a sig-
nificant overshoot in striatal oxygen tension, without
affecting microcirculation. Inflammatory response after the
insult did not differ between groups. The results indicate an
early protective effect of hypothermia which may vary with
oxygen level used during reoxygenation.
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Introduction

Perinatal asphyxia is an important cause of severe neurolog-
ical impairment and neonatal mortality. Recently, mild hypo-
thermia has emerged as a neuroprotective therapy after
asphyxia w4, 8, 30x. Hypothermia suppresses many of the
pathways leading to delayed energy failure and cell death
after hypoxia, including generation of reactive oxygen spe-
cies (ROS) w12x and the inflammatory response w35x, both
important contributors in the cascades leading to delayed cell
death and brain damage. Supplemental oxygen during reoxy-
genation causes increased generation of ROS w16x, inflam-
mation w20x and injury in the brain w15, 22x compared to
reoxygenation with room air. Hyperoxia itself may trigger
inflammation and neuronal apoptosis in the developing brain
w7x. Conflicting evidence exists regarding the effects of hype-
roxic reoxygenation on cerebral blood flow w6, 16, 19, 26x,
but clinical w25, 27, 28x and experimental w26x evidence sug-
gests that resuscitation with room air is as effective as with
100% oxygen. It is currently debated whether resuscitation
should be performed using room air, 100% oxygen, or an
intermediate level w21x. Still, current clinical practice is to
use 100% oxygen during neonatal resuscitation.

The introduction of hypothermia as a new therapy raises
not only safety issues, i.e. how a decreased body temperature
may influence other ongoing therapy or physiological para-
meters, but also questions on how or if other therapy may
influence the desired hypothermic neuroprotection. Impor-
tantly, there is little knowledge about the combined effects
of therapeutic hypothermia and potential oxygen toxicity
from either ongoing oxygen therapy or following hyperoxic
resuscitation. We have previously studied this clinically rel-
evant combination in isolated neurons in vitro w5x, where a
neuroprotective effect of hypothermia was found regardless
of oxygen concentration during reoxygenation. We hypoth-
esized that, in an intact animal model of neonatal hypoxic-
ischemic brain damage, the effect of post-hypoxic
hypothermia would be more evident after reoxygenation with
100% oxygen compared with room air, but that hypothermia
following room air reoxygenation would yield the most
favorable outcome.

Methods

The National Council for Animal Research approved the experi-
mental protocol. The animals were cared for and handled in accor-
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Figure 1 Experimental design. Hypoxia until BE F–20 mmol/L or MABP F15 mm Hg, before 20-min reoxygenation, and subsequent
hypothermia or normothermia for 6.5 h.
BEsbase excess, MABPsmean arterial blood pressure.

dance with the European Guidelines for Use of Experimental
Animals.

Surgical preparation and anesthesia

Fifty-two Noroc (LY=LD) pigs were included in the study. The
piglets were anesthetized, tracheotomized, ventilated and surgically
prepared as previously described w2x. Inspired fraction of O2 was
kept constant at 21%, except during hypoxia and reoxygenation with
100% oxygen. Normoventilation wsaturation G90%, arterial carbon
dioxide tension (PaCO2) 4.5–6.0 kPax was achieved by adjusting
peak inspiratory pressure or ventilatory rate. A moderate hypercap-
nia (PaCO2 6.0–7.0 kPa) was allowed during hypothermia, aiming
at final temperature-corrected PaCO2 between 4.5 and 6.0 kPa. A
continuous intravenous infusion of Salidex (saline 0.3% and glucose
3.5%, 10 mL/kg/h) was given until 1 h after hypoxia, thereafter
4.5–6 mL/kg/h. A suprapubic urinary catheter was inserted through
a minimal cut-down superficial to the urinary bladder. Mean arterial
blood pressure (MABP) was measured in the left femoral artery
(MP150CE; Biopac Systems, Goleta, CA, USA), and in cases of
sustained MABP below 30 mm Hg, except during hypoxia, a bolus
10 mL/kg saline 0.9% was given, maximum four boluses during the
experiment.

Brain temperature, tissue oxygen tension, and

microcirculation

The head was fixed in a stereotactic frame, a 2.0-mm hole was
drilled through the skull and the dura pierced, 5 mm laterally and
8 mm anteriorly to the bregma, before a combined fiber-optic/tem-
perature/laser Doppler-probe (BF/OFT/E2; Oxford Optronix,
Oxford, UK) was inserted into the right corpus striatum for contin-
uous measurement of brain tissue oxygenation, temperature and
microcirculation (OxyLiteTM2000, OxyFloTM; Oxford Optronix,
Oxford, UK).

Cooling and temperature monitoring

Deep rectal temperature was recorded with a permanent probe (Bio-
pac Systems, Goleta, CA, USA), 6 cm from the anus. Temperature
control was achieved by a cooling mattress (Tecotherm TSmed 200;
TecCom, Halle, Germany), perfused with circulating liquid at var-
iable temperature. Normal piglet core temperature (398C"0.58C)
w9x was maintained at all times except during hypothermia
(358C"0.58C).

Experimental protocol

After surgery and 1-h stabilization, the animals were randomly
assigned to the control group (ns6) or hypoxia group (ns46) (Fig-
ure 1). Randomization was performed by opening of an envelope
for each of the three consecutive randomizations. Global hypoxia
was induced by 8% O2 in N2 until base excess (BE) Fy20 mmol/
L or MABP F15 mm Hg. After hypoxia, the animals were ran-
domized to 20-min reoxygenation with either room air or 100%
oxygen, before further randomization to either hypothermia or nor-
mothermia for 6 h and 30 min. This relatively short observation
period was chosen because of the demanding intensive care set-up
and the increased mortality with long-term survival in the current
model. Control animals had no hypoxia, hyperoxia or hypothermia,
but received otherwise identical treatment. At the end of the exper-
iment (6 h and 50 min after the insult), the animals were given an
intravenous overdose of 150 mg/kg pentobarbital.

Sampling of blood, cerebrospinal fluid (CSF) and

tissue

Baseline hemoglobin (HemoCue Hb 201q; HemoCue AB, Angel-
holm, Sweden), and regular acid/base status, glucose and lactate
(Blood gas Analyser 860; Ciba Corning Diagnostics, Midfield, MA,
USA) was analyzed in blood drawn from the femoral artery catheter.
At the end of the experiment, EDTA-plasma (centrifuged at
3000 rpm, 15 min, 48C) and CSF from a spinal tap were frozen at
–708C until further analyses. The brain was removed immediately
after sacrifice, and duplicate samples from the left temporo-frontal
cortex/subcortex, striatum and cerebellum were immersed in RNA-
safer� (Omega Bio-Tek, GA, USA) before freezing, as well as
directly frozen at –708C. The right hemisphere and the right part of
cerebellum with vermis were placed in 4% buffered formalin at a
temperature of 48C.

ELISA

Frozen tissue from cortex and striatum was homogenized (Dispo-
mix; Medic Tools AG, Zug, Switzerland) in CytoBuster Protein
Extraction Reagent (Novagen, Nottingham, UK) with Protease
Inhibitor Cocktail (Roche Diagnostics GmbH, Mannheim, Germa-
ny) and diluted to ;10 mg protein/mL. Interleukin-1b (IL-1b), IL-
6, IL-12p40, tumor necrosis factor-a (TNF-a) (R&D systems,
Minneapolis, MN, USA), IL-10 and IL-18 (BioSource, Camarillo,
CA, USA) in homogenized brain tissue, plasma and CSF were quan-
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Table 1 Primersa used for real-time PCR for porcine IL-12p40, IL-8, IL-1b, IL-6, TNF-a, TLR-2 and TLR-4.

Sense Antisense

IL-12p40 CCAGTACACCTGTCGCAAAGG AGCTCTTGTTTTTGGGCTCTTTCT
IL-8 CAGCTCTCTGTGAGGCTGCA GGAAAGGTGTGGAATGCGTATT
IL-1b AGTGATGGCTAACTACGGTGACAA CTCCCATTTCTCAGAGAACCAAG
IL-6 AATGAGAAAGGAGATGTGTGAGAAGTAT TGGAAGGTTCAGGTTGTTTTCTG
TNF-a CAAGGACTCAGATCATCGTCTCA CATACCCACTCTGCCATTGGA
TLR-2 CCCATCAGGCTTCTTCTCTGTCT ACATAGGCGATCCTGTTATTGGA
TLR-4 CAGAGCCGATGGTGTATCTTTG GCAGCAGGGACTTCTCCAACT
aPrimer sequence 59–39. Primer concentration 400 nM.
PCRspolymerase chain reaction, TLRstoll-like receptor.

tified according to manufacturers’ protocols. Lowest detectable lev-
els (pg/mL) in homogenized tissue: TNF-a (11), IL-12p40 (23),
IL-10 (8), IL-6 (39), IL-1b (19), IL-18 (140); and in plasma and
CSF: TNF-a (23), IL-12p40 (23), IL-10 (15), IL-6 (78), IL-1b (39),
IL-18 (70). All cytokine values below the detection limit were set
to zero. Finally, cytokine levels (pg/mL) in homogenized tissue were
divided by total protein content (mg/mL) in the sample.

Real-time polymerase chain reaction (real-time PCR)

Tissue samples in RNAsafer� were homogenized (OmniTipTM;
OMNI International, Marietta, GA, USA) in lysis buffer, total RNA
from supernatants were isolated, treated with DNase I (Total RNA
Kit and RNase-Free DNase I set; E.Z.N.A, Omega, Bio-tek), and
extracted total RNA was quantified (ND-1000 spectrophotometer;
NanoDrop Technologies, Wilmington, DE, USA), before reverse
transcription of total RNA into cDNA (High Capacity cDNA
Reverse Transcription Kit; Applied Biosystems Inc., Foster City,
CA, USA) in an MJResearch PTC-100 thermal cycle. Quantitative
real-time PCR was performed with 50 ng cDNA for target genes
and housekeeping gene (PPIA, peptidylprolyl isomerase A) in each
sample, employing the SYBR Green PCR Master mix in an ABI
PRISM� 7300 Real-time PCR System, universal instrument set-
tings. For primer sequences, see Table 1.

Real-time PCR quantification of nucleic acids was done by
employing the comparative CT method of relative quantification
(RQ), where RQ is the normalized signal level in a sample relative
to the normalized signal level in the corresponding calibrator. The
threshold cycle (CT) indicates the fractional number at which the
amount of amplified target reaches a fixed threshold. RQ is defined
as 2–DDCT, where DDCTsDCT sample–DCT calibrator w18x. The
CT for each gene was normalized to the CT for the reference gene
(PPIA) in the same sample, giving DCT sample. The average DCT
sample from the six control animals was used as DCT calibrator for
the calculation of DDCT.

Histopathology

Tissue blocks (0.5 cm thick) from striatum, cortex, hippocampus
and cerebellum were embedded in paraffin, sliced in 4 mm thick
sections and stained with hematoxylin and eosin (H&E). The sam-
ples were evaluated by a pathologist who was blinded to the treat-
ment of the animals. Areas with vacuolated neuropil, shrunken
neurons with pyknotic nuclei and scattered eosinophilic neurons
were defined as early necrosis. Histopathological damage is reported
as present (q) or not present (–). MAP-2 (microtubule-associated
protein-2) immunostaining is a sensitive marker for neuronal ische-
mic injury, and was used as a supplement in some animals to con-
firm the correlation between morphologic changes in H&E – stained
sections and loss of MAP-2 staining. Formalin-fixed paraffin-

embedded sections from the cortex and striatum were deparaffini-
zed, rehydrated and demasked in a microwave oven for 15 min in
Tris/EDTA at pH 9.1. Monoclonal anti-MAP2a and b (titer 1:300)
from Chemicon International was used as a primary antibody. The
antigen-antibody reaction was visualized with a DAKO EnVision
horseradish peroxidase system (DAKO Cytomation Norden A/S,
Glostrup, Denmark) using 3,39-diaminobenzidine as the chromogen.

Statistical analysis

SPSS Version 16 (SPSS Inc., Chicago, IL, USA) was used for sta-
tistical analyses. Fisher’s exact test was used to assess differences
between groups in appearance of early necrosis. Differences in
physiological parameters between the groups at baseline, end of
hypoxia, during reoxygenation and at the end of reoxygenation were
assessed with one-way analysis of variance (ANOVA) with Tukey
post-hoc test. Areas under the curve (AUC) for MABP, heart rate
(HR), pH, BE, PaCO2, arterial oxygen tension (PaO2), lactate, glu-
cose, rectal and brain temperature, striatal oxygen tension and
microcirculation were calculated for each animal from 30 min after
reoxygenation to the end of the experiment, and the effects of oxy-
gen and temperature levels were assessed by two-way ANOVA.
Pearson’s correlation test was used for calculation of correlations.
Kaplan-Meier survival analysis with log-rank test was performed to
compare the groups regarding recovery of BE and lactate. Gene
expression and enzyme linked immunosorbent assay (ELISA)
results were analyzed with Kruskal-Wallis test. The control group
was used to identify the level of constitutive mRNA expression and
cytokines. A two-sided P-0.05 was considered statistically signif-
icant. Values are reported as mean"SD unless otherwise stated.

Results

There were no differences in sex, weight, age, hemoglobin
or baseline physiological variables across the groups (Tables
2 and 3). The animals had a mean"SD weight 1980"106 g,
age 25"4.8 h, and hemoglobin 8.0"1.1 g/dL. Three animals
died (two during hypoxia before randomization to oxygen
groups, and one during reoxygenation with 100% oxygen,
before randomization to temperature group); these were
excluded from further analyses. Average duration of hypoxia
was 61"19 min, and average time needed to achieve hypo-
thermia was 49"20 min. The experimental groups did not
differ in the amount of anesthesia required (fentanyl and
midazolam, Ps0.16), diuresis (mL/kg/h, Ps0.15), or vol-
ume support after hypoxia (Ps0.81). Pavulon was



548 Dalen et al., Hypothermia and room air resuscitation

Article in press - uncorrected proof

Table 2 Weight, age, hemoglobin and duration of insult in piglets undergoing global hypoxia followed by reoxygenation with room air
and normothermia (21-NT) or hypothermia (21-HT), or by 100% oxygen and normothermia (100-NT) or hypothermia (100-HT).

Variables 21-NT 21-HT 100-NT 100-HT Controla P-valueb

(ns11) (ns11) (ns11) (ns10) (ns6)

Body weight (g) 1971 (123)c 2013 (105) 1948 (91) 2014 (116) 1935 (97) n.s.
Age (h) 24 (5) 25 (3) 25 (5) 26 (6) 26 (6) n.s.
Hemoglobin (mg/dL) 8.2 (0.9) 8.0 (1.5) 7.7 (1.2) 8.1 (1.2) 8.0 (1.2) n.s.
Duration of insult (min) 65 (17) 55 (13) 63 (20) 62 (25) NAd n.s.
aControl group not undergoing global hypoxia. bStatistic calculations between the five groups. cData are given as mean (SD). dNot applicable.

administered as boluses only, average 0.03"0.02 mg/kg/h,
slightly less (but statistically significant, 0.01"0.01 mg/kg/
h, Ps0.011), in the 100% O2-normothermia group.

Effect of cooling and hyperoxia on physiological

and biochemical variables

At the end of hypoxia, there were no significant differences
regarding MABP (37"15 mm Hg), HR (224"28 beats/
min), pH (7.03"0.03), BE (–20.8"1.3 mmol/L), plasma
lactate (11.3"3.9 mmol/L) or glucose (9.7"3.2 mmol/L)
across the experimental groups (Table 3). In all but three of
the animals, hypoxia was ended due to decreased BE. Ven-
tilation with 100% oxygen caused significant arterial hype-
roxemia (PaO2 59.7"18.0 kPa, P-0.001 vs. room air
11.2"1.6 kPa) (Table 3). Recovery times to reference values
(BE)–3 mmol/L, lactate -2 mmol/L) after hypoxia were
similar across the groups; in average 164 min for BE
(Ps0.14), and 159 min for lactate (Ps0.13) (Figure 2).
AUC (from 30 min after ended reoxygenation until the end
of the experiment) for PaCO2 was higher in hypothermic
(5.7"0.3 kPa) compared to normothermic animals
(5.4"0.3 kPa, Ps0.004) (Table 3). AUC for MABP, HR,
pH, BE, lactate, glucose and PaO2 did not differ related to
level of temperature or resuscitative oxygen tension (Table
3). There was, however, a trend towards higher PaO2

(Ps0.053) and lower HR (Ps0.099) in hypothermic ani-
mals (Table 3).

Cerebral temperature, circulation and oxygenation

At the end of hypoxia, oxygen tension in corpus striatum
(Figure 3A) was decreased to 0.1"0.2 kPa (baseline
2.9"1.4 kPa), while microcirculation (Figure 3B) had
increased to 169"42% of baseline. Room air efficiently
restored striatal oxygenation (Figure 3A), to above baseline
(4.1"1.9 kPa), whereas 100% O2 increased oxygen tension
dramatically (12.4"6.7 kPa, P-0.001 vs. room air). After
reoxygenation, oxygen tension (AUC) in the striatum was
significantly higher in hypothermic (2.3"1.3 kPa) compared
to normothermic animals (1.5"1.1 kPa, Ps0.045), but with-
out effect of previous resuscitative oxygen level (Ps0.229)
and no interaction between oxygen and temperature. Micro-
circulation was not affected by oxygen level during reoxy-
genation (Ps0.77), and neither temperature nor oxygen level
affected AUC for microcirculation after initial reoxygenation
(Figure 3B). There was no significant correlation between

PaCO2 and microcirculation (Ps0.91), or PaCO2 and striatal
oxygen tension (Ps0.56). Cerebral temperature (35.1"
0.38C vs. 38.5"0.38C) was congruent with deep rectal tem-
perature (35.4"0.18C vs. 39.0"0.18C) (Figure 3C).

Neuropathologic damage

A total of 14 of 43 animals subjected to global hypoxia dis-
played histological damage (Figure 4A–E) in one or more
regions of the brain after 6 h 50 min survival (Table 4). The
findings varied from no damage to 30–40% of the tissue
showing early hypoxic-ischemic injury. There was signifi-
cantly less damage in hypothermic (3 of 21), compared to
normothermic animals (11/22, Ps0.022); relative risk (RR)
0.29 (95% confidence interval 0.09–0.88). Oxygen tension
used during reoxygenation in itself did not significantly
affect the degree of damage (damage in 6 of 22 with room
air, and 8 of 21 after 100% O2, Ps0.53); RR 0.72 (95% CI
0.30–1.72). An early effect of post-hypoxic hypothermia
was, however, found only in animals reoxygenated with
100% oxygen (damage in 8 of 11 normothermic, and 0 of
10 hypothermic animals, Ps0.001), but not with room air
(damage in 3 out of 11 animals in both temperature groups).

Inflammation

Gene expression of inflammatory mediators 6 h and 50 min
after global hypoxia did not differ significantly between
hypoxic animals and controls (Figure 5). Temperature and
oxygen levels after hypoxia did not significantly affect
expression of IL-1b, IL-6, IL-12p40, TNF-a and IL-18 in
cortex and striatum, or toll-like receptor (TLR-2) and TLR-
4 in cortex (Figure 5A), striatum (Figure 5B) and cerebellum
(Figure 5C). Protein levels of cytokines in the brain, CSF
and plasma were frequently below the assay detection levels,
with no differences between groups (Table 5), although IL-
12p40 in CSF was detectable only in hypothermic animals,
ns6 (Ps0.068).

Discussion

Neuropathology

We demonstrated an early differential effect of post-hypoxic
hypothermia between animals reoxygenated with 100% oxy-
gen and with room air, with reduced damage only in hypo-
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Table 3 Physiological data in piglets undergoing global hypoxia followed by reoxygenation with room air and normothermia (21-NT) or
hypothermia (21-HT), or by 100% oxygen and normothermia (100-NT) or hypothermia (100-HT).

Variables 21-NT 21-HT 100-NT 100-HT Controla P-valueb

(ns11) (ns11) (ns11) (ns10) (ns6)

MABP (mm Hg)
Baseline 64 (11)c 67 (9) 61 (12) 76 (20) 64 (7) n.s.
End of insult 32 (11) 43 (20) 32 (13) 42 (8) 61 (10) n.s.
End reoxygenation 52 (7) 59 (8) 56 (14) 59 (13) 55 (7) n.s.
End of experiment 46 (8) 50 (13) 43 (7) 45 (6) 48 (3) n.s.
AUCd 48 (7) 51 (7) 48 (8) 47 (8) 55 (6) n.s.

HR (beats/min)
Baseline 156 (23) 167 (29) 166 (39) 179 (31) 162 (41) n.s.
End of insult 228 (29) 228 (29) 213 (26) 227 (28) 166 (35) n.s.
End reoxygenation 201 (44) 221 (39) 223 (28) 215 (36) 168 (34) n.s.
End of experiment 185 (36) 156 (35) 173 (49) 165 (15) 161 (29) n.s.
AUC 190 (23) 169 (28) 185 (40) 176 (13) 162 (21) 0.099i

Lactate (mmol/L)
Baseline 1.54 (0.67) 1.53 (0.57) 1.66 (0.52) 1.52 (0.61) 1.70 (0.94) n.s.
End of insult 11.87 (4.16) 12.09 (2.78) 12.54 (3.16) 8.89 (4.74) 1.06 (0.29) n.s.
End reoxygenation 11.66 (3.03) 11.76 (1.69) 12.66 (2.61) 11.46 (2.41) 1.10 (0.29) n.s.
End of experiment 1.10 (0.55) 0.57 (0.16) 1.23 (0.50) 0.67 (0.27) 0.81 (0.10) -0.05e

AUC 1.80 (0.85) 1.83 (0.60) 2.27 (0.69) 1.71 (0.61) 0.85 (0.14) n.s.
Glucose (mmol/L)

Baseline 6.3 (0.8) 6.7 (1.6) 7.1 (0.9) 6.8 (1.3) 7.2 (1.9) n.s.
End of insult 9.3 (3.3) 10.4 (4.2) 10.2 (1.8) 9.0 (3.1) 6.4 (1.7) n.s.
End reoxygenation 11.0 (4.6) 11.3 (3.8) 12.1 (2.9) 11.7 (4.7) 6.5 (1.6) n.s.
End of experiment 5.1 (0.7) 6.0 (1.5) 5.5 (0.8) 5.8 (1.2) 5.2 (0.8) n.s.
AUC 5.6 (1.0) 6.8 (1.5) 6.4 (1.1) 6.6 (1.8) 5.3 (0.9) n.s.

pH (tp-corrected)
Baseline 7.43 (0.07) 7.44 (0.03) 7.42 (0. 05) 7.41 (0.04) 7.44 (0.05) n.s.
End of insult 7.02 (0.03) 7.04 (0.02) 7.05 (0.03) 7.02 (0.02) 7.42 (0.04) n.s.
End reoxygenation 7.12 (0.06) 7.12 (0.05) 7.07 (0.04) 7.08 (0.03) 7.43 (0.04) -0.05f

End of experiment 7.37 (0.09) 7.39 (0.04) 7.39 (0.05) 7.36 (0.04) 7.42 (0.04) n.s.
AUC 7.36 (0.06) 7.37 (0.03) 7.36 (0.04) 7.33 (0.04) 7.42 (0.05) n.s.

BE (mmol/L)
Baseline 3.6 (5.1) 2.0 (2.8) 0.8 (3.3) 2.0 (3.3) 3.0 (2.9) n.s.
End of insult –20.6 (1.7) –20.7 (0.8) –20.9 (1.7) –21.1 (0.7) 0.3 (2.4) n.s.
End reoxygenation –17.3 (2.1) –17.3 (0.9) –18.1 (1.8) –18.0 (1.2) 1.3 (2.7) n.s.
End of experiment –0.4 (6.6) 1.2 (3.1) 0.3 (3.8) –1.3 (2.6) 2.5 (3.3) n.s.
AUC –2.3 (3.4) –1.3 (2.4) –1.8 (2.1) –2.7 (2.5) 0.9 (2.6) n.s.

PaO2 (kPa, tp-corrected)
Baseline 11.17 (1.22) 11.34 (1.35) 11.29 (1.26) 12.07 (1.57) 11.64 (1.19) n.s.
End of insult 3.82 (0.41) 4.08 (0.42) 4.13 (0.46) 3.97 (0.32) 11.73 (1.52) n.s.
End reoxygenation 10.73 (2.11) 11.63 (0.49) 59.76 (18.72) 59.71 (18.13) 11.59 (1.64) -0.001g

End of experiment 10.51 (1.22) 9.29 (1.10) 11.14 (1.53) 10.85 (1.76) 11.05 (1.69) -0.05h

AUC 10.95 (1.55) 10.06 (1.02) 11.25 (1.13) 10.54 (1.54) 11.23 (1.76) 0.056i

PaCO2 (kPa, tp-corrected)
Baseline 5.69 (0.40) 5.28 (0.41) 5.29 (0.38) 5.74 (0.66) 5.46 (0.49) n.s.
End of insult 5.19 (0.52) 4.80 (0.33) 4.69 (0.75) 5.04 (0.44) 5.25 (0.58) n.s.
End reoxygenation 4.97 (0.69) 5.01 (0.73) 5.62 (0.68) 5.33 (0.64) 5.47 (0.52) n.s.
End of experiment 5.70 (0.25) 5.90 (0.55) 5.71 (0.50) 5.87 (0.45) 5.68 (0.27) n.s.
AUC 5.40 (0.30) 5.64 (0.41) 5.47 (0.27) 5.80 (0.15) 5.39 (0.33) -0.01i

Rectal tp (8C)
Baseline 39.0 (0.2) 39.1 (0.2) 39.0 (0.3) 39.2 (0.2) 39.1 (0.3) n.s.
End of insult 38.9 (0.2) 38.9 (0.2) 38.8 (0.2) 38.9 (0.2) 39.0 (0.2) n.s.
End reoxygenation 38.9 (0.2) 39.1 (0.2) 39.0 (0.1) 39.1 (0.2) 39.1 (0.3) n.s.
End of experiment 39.0 (0.3) 35.1 (0.2) 38.9 (0.2) 35.2 (0.2) 39.1 (0.2) -0.001j

AUC 39.0 (0.1) 35.5 (0.9) 39.0 (0.1) 35.3 (0.1) 39.1 (0.1) -0.001i

aControl group not undergoing global hypoxia. bStatistic calculations between the groups wTwo-way analysis of variance for effects of
resuscitative oxygen (O2) and temperature (HT) on AUC; otherwise one-way ANOVA with Tukey post-hoc testx. cData are given as mean
(SD). dArea under the curve (AUC) calculated for each animal from 30 min after end reoxygenation until the end of the experiment. eP-0.05
21-NT vs. 21-HT, and P-0.01 21-HT vs. 100-NT. f21-NT vs. 100-NT. gEffect of oxygen level (analysis of variance). h21-HT vs. 100-NT.
iEffect of temperature level (analysis of variance). jHT groups vs. NT groups.
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Figure 2 (A, B) Recovery of lactate and BE after global hypoxia followed by reoxygenation with room air and normothermia (21-NT)
or hypothermia (21-HT), or by 100% oxygen and normothermia (100-NT) or hypothermia (100-HT). Recovery time to reference values
(BE )–3 mmol/L and lactate -2 mmol/L) after hypoxia did not differ between experimental groups (BE average 164 min, Ps0.14 and
lactate 159 min, Ps0.13, Kaplan-Meier analysis). Bsbaseline, Reoxsreoxygenation, =s21-NT, Ds21-HT, ds100-NT, js100-HT,
*scontrol.
BEsbase excess.

thermic animals reoxygenated with 100% oxygen. This was
in accordance with our hypothesis that the effect of hypo-
thermia would be more evident after reoxygenation with sup-
plemental oxygen. We could not, however, confirm that
hypothermia following room air reoxygenation would yield
the most favorable outcome, as oxygen concentration in itself
did not significantly affect the degree of early necrosis. This
early differential effect could imply that hypothermia pro-
tects against deleterious cascades initiated by hyperoxic
resuscitation, and that hypothermic neuroprotection thus can
be affected by other ongoing therapy. There is, for example,
evidence that hyperoxia increases the generation of ROS w16x
and inflammatory mediators after hypoxia w20x, and that
post-hypoxic hypothermia attenuates ROS generation w12x
and inflammation w35x.

Therapeutic hypothermia has a moderate effect on brain
injury in clinical studies, estimating that six infants need to
be treated for one infant to benefit w8x. It has been suggested
that additional benefit could be obtained by combining hypo-
thermia with other interventions targeting pathways leading
to hypoxic-ischemic injury w11x. To the best of our knowl-
edge, there are no animal or clinical studies that have sys-
tematically compared the use of room air vs. 100% oxygen
for reoxygenation before therapeutic hypothermia. In the
existing body of literature on therapeutic hypothermia it is
not immediately obvious which oxygen tension was used
during resuscitation, either because it is not mentioned w8,
30x, or because the inspired oxygen fraction was increased
to normalize arterial pO2 w32, 33x. In a pilot study with 19
neonates the average FiO2 at the point of randomization to
hypothermia or standard therapy was 0.68 w29x. In animal
studies where 30% O2 was used for reoxygenation, thera-

peutic hypothermia was found to be both protective w9, 34x
and not protective w14x.

We have previously demonstrated a neuroprotective effect
of hypothermia in isolated neurons in vitro without additional
effects of oxygen concentration w5x. We now applied a new-
born animal model of hypoxia-ischemia, where alveolar
hypoxia causes severe hypoxemia and acidosis. This model
has previously resulted in moderate to significant brain dam-
age, with signs of early necrosis already at 150 min of obser-
vation w2x, and extensive damage in 36% of animals after
27 h of observation w1x. In the present study, where hypo-
thermia was initiated after hypoxia, early brain damage was
found in 14 of 43 animals, where 11 of the 14 animals were
in the normothermic groups. The histopathological findings
ranged from no damage to 30–40% of necrotic tissue. The
duration of the observation period after global hypoxia was
only 6 h and 50 min in the current experiment. In order to
predict the final degree of injury, a long-term survival study
would have needed to be performed. Nevertheless, we argue
that the present finding is important, as we demonstrate an
early differential effect of hypothermia, reducing early
necrosis only after hyperoxic, but not after normoxic
reoxygenation.

Physiological response

Recovery rates for BE and lactate did not differ according
to oxygen or temperature level. There were no differences
between hypothermic and normothermic piglets regarding
pH or glucose, but a trend towards lower HR during hypo-
thermia. During hypothermia, we allowed an elevated non-
corrected PaCO2 (6.0–7.0 kPa), aiming for final tem-
perature-corrected PaCO2 between 4.5 and 6.0 kPa. This
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Figure 3 Tissue oxygen tension, microcirculation, and temperature in the striatum after global hypoxia followed by reoxygenation with
room air and normothermia (21-NT) or hypothermia (21-HT), or by 100% oxygen and normothermia (100-NT) or hypothermia (100-HT).
Mean"SEM values for controls (ns4–6) and four hypoxic groups: 21-NT (ns9–10), 21-HT (ns10–11), 100-NT (ns9–11), 100-HT
(ns10).
(A) Tissue oxygen tension (kPa, mean"SEM). Significantly higher oxygen tension during and immediately after reoxygenation with 100%
oxygen (*P-0.001). Significantly higher oxygen tension in hypothermic animals (§P-0.05, area under the curve from 30 min after
reoxygenation until the end of the experiment). Bsbaseline, Reoxsreoxygenation, =s21-NT, Ds21-HT, ds100-NT, js100-HT,
*scontrol. (B) Microcirculation (laser Doppler flow relative to baseline value, mean"SEM). Microcirculation did not differ significantly
between experimental groups. The magnitude and frequency of the Doppler-shifted light are directly related to the number and velocity of
blood cells moving through the illuminated area of the tissue (sampling volume 0.3–0.5 mm3), and is given as blood perfusion units (BPU).
Bsbaseline, Reoxsreoxygenation, =s21-NT, Ds21-HT, ds100-NT, js100-HT, *scontrol. (C) Mean"SEM brain and rectal tem-
perature (8C) in hypothermic (HT) and normothermic (NT) animals. Bsbaseline, Reoxsreoxygenation, ssNT-rectal tp, msNT-brain tp,
esHT-rectal tp, �sHT-brain tp.
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Figure 4 Early necrosis in cortex, striatum (H&E and MAP-2) and cerebellum (H&E). H&E-stained sections from cortex (A) and striatum
(C) showing vacuolated neuropil and shrunken or eosinophilic neurons (area defined by arrows). MAP-2 immunostained sections from the
same areas: cortex (B) and striatum (D), showing less staining of the necrotic area (4A–D obj. =10). H&E-stained section from cerebellum
(E) with eosinophilic Purkinje cells (obj. =40).

Table 4 Occurence of necrosis in cortex, striatum, hippocampus and cerebellum in piglets undergoing global hypoxia followed by reox-
ygenation with room air and normothermia (21-NT) or hypothermia (21-HT), or by 100% oxygen and normothermia (100-NT) or hypo-
thermia (100-HT).

Region 21-NT 21-HT 100-NT 100-HT Controla

(ns11) (ns11) (ns11) (ns10) (ns6)

Cortex 3/8b 3/8 7/4 0/10 0/6
Striatum 1/10 1/10 2/9 0/10 0/6
Hippocampus 0/11 2/9 1/10 0/10 0/6
Cerebellum 1/10 1/9 3/8 0/10 0/6
Total number of animals with/without 3/8 3/8 8/3 0/10 0/6
damage in one or more regionsc

aControl group not undergoing global hypoxia. bData presented as number with damage/number without damage. In this case: three animals
with damage and eight animals without. cStatistic calculations (Fisher’s exact test) between the four hypoxic groups (Ps0.003). Significantly
less damage with hypothermia after reoxygenation with 100% oxygen (Ps0.001), but not after room air (Ps0.53).

strategy resulted in a slightly higher temperature-corrected
PaCO2 in hypothermic piglets. There was, however, no sta-
tistical correlation between PaCO2 and microcirculation, or
PaCO2 and striatal oxygenation.

Cerebral circulation and oxygenation

Striatal microcirculation increased during hypoxia (to 140%
of baseline), then fell gradually during and after reoxyge-
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Figure 5 Gene expression in cortex, striatum and cerebellum after global hypoxia followed by reoxygenation with room air and nor-
mothermia (21-NT) or hypothermia (21-HT), or by 100% oxygen and normothermia (100-NT) or hypothermia (100-HT).
Six hours and 50 min after global hypoxia, gene expression for IL-1b, IL-6, IL-12p40, TNF-a and IL-18 in the cortex (A) and striatum
(B), and for TLR-2 and TLR-4 in the cortex, striatum and cerebellum (C) did not differ significantly related to hypoxia, oxygen level or
hypothermia. Data are expressed as median (5th–95th percentile). Dotted line represents average gene expression in controls. Relative gene
expression (RQ) is the signal level in the experimental sample related to the signal level in the control sample, after both samples have
been normalized to the expression of the reference gene (PPIA) in the same sample. hs21-NT, Zs21-HT,
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Table 5 Cytokines in cortex, striatum and CSF in piglets undergoing global hypoxia followed by reoxygenation with room air and
normothermia (21-NT) or hypothermia (21-HT), or by 100% oxygen and normothermia (100-NT) or hypothermia (100-HT).a

21-NT 21-HT 100-NT 100-HT Controlb

(ns11) (ns11) (ns11) (ns10) (ns6)

Cortex/subcortex (pg/mg total protein)
IL-10 4 (3–4)c 3 (3–4) 4 (3–4) 4 (3–5) 4 (4–4)
IL-18 136 (100–193) 125 (111–206) 153 (99–175) 179 (141–221) 187 (129–202)

Striatum (pg/mg total protein)
IL-12p40 0 (0–5) 0 (0–8) 6 (0–11) 5 (0–7) 2 (0–8)
IL-10 4 (3–5) 4 (3–5) 4 (3–5) 6 (4–6) 5 (3–6)
IL-18 144 (100–182) 140 (121–222) 171 (138–208) 170 (117–212) 161 (149–192)

CSF (pg/mL)
IL-12p40d 0 (0–0) 0 (0–36) 0 (0–0) 0 (0–63) 0 (0–0)

Plasma (pg/mL)
IL-12p40 64 (55–83) 70 (50–87) 65 (25–90) 60 (36–73) 46 (38–60)
TNF-a 46 (33–89) 60 (49–98) 51 (38–61) 73 (64–87) 51 (35–61)

aNot included in the table are cytokines detectable in too few animals to allow for statistical comparisons: cortex TNF-a, IL-12p40, IL-6,
IL-1b; striatum TNF-a, CSF IL-18, IL-10; plasma IL-10, IL-18. (Plasma IL-6, IL-1b and CSF IL-1b, IL-6, IL-8, and TNF-previously
tested in a pilot, with too few detected to warrant further analyses.). bControl group not undergoing global hypoxia. cData are given as
median (IQR); cytokine values below the ELISA detection limit set to zero. dStatistic calculations between the five groups (Kruskal-Wallis
test): no significant differences, but a trend toward increased CSF IL-12p40 in hypothermic animals (Ps0.068).

nation, yet remained elevated compared to baseline, which
is in line with reports from other models of global hypoxia
w13, 16x. Oxygen tension in the striatum increased well above
baseline during reoxygenation with both room air and 100%
oxygen, however, dramatically higher with 100% oxygen
(12 kPa vs. 4 kPa). This increase was even higher than pre-
viously reported in the cortex (2.5 kPa vs. 1.5 kPa) w13x.
There is evidence that the use of 100% oxygen reduces cer-
ebral blood flow in the newborn w19, 23x. In the present
study, hyperoxic, compared to normoxic reoxygenation did
not affect striatal microcirculation, during reoxygenation or
later, a finding which is also supported by previous studies
w13, 26x.

Striatal oxygen tension after reoxygenation was increased
in hypothermic animals, while temperature did not affect
microcirculation. Whether the difference in oxygen tension
represents improved cerebral conditions in hypothermic pig-
lets, or a physiological effect with decreased metabolic rate
w17x, cannot be determined from our results.

In the current experiment, there was no post-hypoxic
hypoperfusion during 6 h and 50 min, but it is possible that
the animals were sacrificed too early after the insult to detect
a secondary deterioration. Also, an indication that a milder
insult was produced in the current experiment than in pre-
vious experiments in the same model is the moderate reduc-
tion of MABP at the end of hypoxia. There were relatively
large variations in microcirculation within the groups, which
could be related to the location of the probe in relation to
microvasculature, although we attempted to correct for this
by using blood perfusion relative to baseline.

Inflammatory response

Several studies report an inflammatory response following
hypoxia-ischemia w20, 24, 31x. Contrary to our hypothesis,
we could not provide evidence of significant differences

between groups regarding gene expression or protein levels
of cytokines in cortex, striatum, plasma or CSF 6 h and
50 min after global hypoxia. Our findings are consistent with
reports of reduced cytokine levels in the hypoxic, non-ische-
mic hemisphere following hypoxia with carotid ligation w10x,
as well as reduced brain cytokine levels shortly after global
hypoxia w3x. We cannot rule out that significant differences
in inflammatory response between groups would have
occurred also in the current model if the time of survival had
been extended.

Conclusion

We demonstrate an early differential effect of post-hypoxic
hypothermia between animals reoxygenated with 100% oxy-
gen and room air, with reduced damage only in hypothermic
animals reoxygenated with 100% oxygen. Further research
would be required to investigate if the mechanism for this
early difference includes changes in generation of ROS.
Also, it would be necessary to extend the observation period
for evaluation of final damage. Our results suggest that the
protective effects of hypothermia may vary with oxygen lev-
el used during reoxygenation, and possibly also with other
ongoing therapy.
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2. Abstract  

Background and Purpose 

Mild therapeutic hypothermia (HT) reduces brain injury in survivors after perinatal 

asphyxia. The 2010 International Liaison Committee on Resuscitation (ILCOR) 

guidelines recommend that resuscitation of term infants should begin with air and that 

HT should be considered for moderate-to-severe hypoxic-ischemic (HI) 

encephalopathy. It is not known if supplemental oxygen during resuscitation affects 

hypothermic neuroprotection. We wanted to study whether 30 min of reoxygenation 

in air or 100% oxygen would affect hypothermic neuroprotection starting after 

reoxygenation.  

Methods 

Hypoxia-ischemia in an established neonatal rat hypoxia-ischemia model was 

followed by 30 minutes of reoxygenation in either 21%O2 or 100%O2, before 5 hours 

of either normothermia 37°C (NT) or 32°C (HT). The effects of HT and hyperoxia on 

histopathological injury in hippocampus, basal ganglia and cortex, and on postural 

reflex performance 7 days after the insult were estimated by linear regression. 

Results 

Wilcoxon-median (95% confidence interval, CI) hippocampal injury-scores (range 

0.0-4.0; 0% to >90% injury) were for 21%O2-NT: 2.00 (1.25-2.50), 100%O2-NT: 2.50 

(1.50-3.25), 21%O2-HT: 1.00 (0.50-1.50), and 100%O2-HT: 2.00 (1.25-2.50). HT 

significantly reduced injury in hippocampus (B=-0.721, SEM=0.297, p=0.018), while 

100%O2 significantly increased injury (B=+0.647, SEM=0.297, p=0.033). The 
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regression constant was 1.896, SEM 0.257, and the residuals were normally 

distributed. Reoxygenation in 100%O2 also worsened postural reflex performance. 

Conclusions 

We confirm a ~50% neuroprotective effect of therapeutic hypothermia starting after a 

30 min delay of breathing 21%O2 in the immature rat, assessed one week after 

hypoxia-ischemia. Breathing 100%O2 during reoxygenation cancelled the HT 

protection seen when reoxygenation was in 21%O2. 
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3. Text 

Introduction 

Perinatal asphyxia occurs in 1 to 6 per 1,000 term human births1 and is an important 

cause of severe neurological impairment and neonatal mortality.  

Therapeutic hypothermia has emerged as a neuroprotective therapy in both 

newborn animals2-4 and clinical trials.5-7 The collective evidence from these trials 

confirms that mild therapeutic hypothermia improves outcome in encephalopathy, 

where ~50% of infants normally die or have significant neurological disability.8 In the 

United Kingdom, the National Institute for Health and Clinical Excellence declared for 

the National Health Service that hypothermia should be used as standard of care 

after perinatal asphyxia.9 Further, the recent 2010 International Resuscitation 

Guidelines (ILCOR) recommend hypothermia after perinatal asphyxia.10 Hypothermia 

suppresses many of the pathways leading to delayed energy failure and cell death 

after hypoxia11-13 including generation of reactive oxygen species (ROS),14 

excitotoxicity15 and the inflammatory response.16  

 Supplemental oxygen was previously recommended for resuscitation of the 

asphyxiated newborn infant, but after the changes in the 2010 ILCOR guidelines, it is 

now recommended that resuscitation of the term infant is best started with air, rather 

than pure oxygen.10 Evidence from animal studies show that supplemental oxygen 

during resuscitation causes significant hyperoxia in the newborn brain,17, 18 with 

increased generation of ROS,19 oxidative stress,20 inflammation21 and cerebral 

injury.20, 22, 23 Clinical studies have shown that resuscitation with 100% oxygen has no 

advantage over air, but causes increased time to first breath and/or cry,24-27 and more 

importantly increased mortality.25  
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It is not known if supplemental oxygen during resuscitation affects hypothermic 

neuroprotection, but the two treatments have opposite effects on important 

contributors in the cascades after hypoxia-ischemia (HI), such as the generation of 

ROS14, 19 and inflammatory response.16, 21 We used an established newborn rat 

model to study whether air or 100% oxygen during 30 min reoxygenation after HI 

would affect the development of brain injury following asphyxia, - and whether it 

would influence the neuroprotective effect of therapeutic cooling. 

Materials and Methods 

All procedures were carried out under Home Office license in accordance with UK 

regulations. The Vannucci neonatal HI rat model has been in use for > 30 years.28 

This is a unilateral hemispheric stroke model based on ischemia (ligation of the left 

common carotid artery) followed by hypoxia (90 min in a hypoxic chamber of 8% 

oxygen). We reduced experimental variability by brief duration of anesthesia (median 

5.5 minutes, two experienced researchers performing ligations in parallel), short 

duration (<180 min) between carotid ligation and the beginning of hypoxia, and 

controlled temperature and oxygen levels in our specially designed exposure 

chamber.29 The chamber temperature was servo-controlled to target rectal 

temperature, which was continuously monitored (<0.1°C deviation) in one probe 

animal in each chamber (CritiCool, MTRE, UK).  

Procedures 

Ligation of the left carotid artery was performed under general anesthesia (isoflurane, 

3.5% induction, 1.5% maintenance, in NO2/O2 (2:1), followed by <180 min recovery 

with the dam. Five animals died during surgery and were excluded. 68 seven-day old 

(P7) Wistar rats of both sexes from 6 litters were subjected to hypoxia (8% O2 in N2) 
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for 90 minutes at rectal temperature 36.0°C (Figure 1). Four rats died during hypoxia, 

before randomization and treatment allocation, and were excluded. After hypoxia, 

rats were randomized to 30 min reoxygenation at 37°C in either 21% O2 or 100% O2, 

followed by further randomization to 5 hours of either normothermia (NT, 37°C) or 

hypothermia (HT, 32°C), both in 21% O2. Probe rats were excluded from further 

analyses as the stress of carrying a rectal probe may affect outcome.30 After 5 h of 

HT or NT, the pups were returned to the dam, and were kept in a 12:12 h dark/light 

cycle at 22 °C environmental temperature with adequate food and water. Weights 

were recorded daily to detect failure to thrive as an indicator of injury.  

Early Behavioral Testing (Negative Geotaxis Test) 

At 2 weeks of age, 1 week after the HI insult, the animals underwent the negative 

geotaxis test, which tests an innate postural reflex that develops in the second week 

of life in normal rat pups. The rats were placed with the head down on a 45° slope, 

and the time taken to rotate 180° to a head-up position was recorded.29, 31 The 

shortest time out of three attempts was used for statistical analysis. Testing was 

performed by an individual unaware of treatment allocation. 

Histopathology 

Transcardiac perfusion with 4% phosphate-buffered (0.1 M) formaldehyde was 

performed under deep isoflurane/N2O anesthesia 1 week after the HI insult. The 

brains were kept in 4% formaldehyde until further processing. Coronal 3 mm blocks 

were cut through the brain using a standard matrix for uniformity (ASI Instruments 

Inc., Warren, MI) and then embedded in paraffin. Blocks were sectioned at 3 μm and 

stained with haematoxylin and eosin. A pathologist blinded to treatment allocation 

evaluated the degree of brain injury in three regions (cortex, basal ganglia and 
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hippocampus) using a validated scoring system with a 9-step scale from 0.0 (no 

injury) to 4.0 (�90% injury).32 This scoring scale has been validated against cell 

counting previously and is also used by other investigators.29, 32-34 

Statistics 

Statistical analyses were performed with SPSS version 17 (SPSS Inc., Chicago, IL) 

and StatExact (Cytel Studio 7, Cytel Inc., Cambridge, MA). Since histopathological 

and neurological test data were skewed, non-parametric tests (Wilcoxon Mann 

Whitney test and Hodges-Lehman estimates of median) were used for comparisons 

between groups,35 and data are given as Wilcoxon-median (95%CI) unless otherwise 

specified. Effects of HT, hyperoxia, sex and weight of pups on histopathological 

injury-score in the brain and on neurological testing were estimated by linear 

regression. Two-sided testing with p<0.05 was considered statistically significant. 

Histopathology data for five animals that died prematurely before P14, (one 21%O2-

NT, none 21%O2-HT, one 100% O2-NT, three 100% O2-HT), were replaced by data 

from the animal with maximal damage and the most similar characteristics in the 

same treatment group.  

Results 

A total of 64 seven-day old (P7) rats survived the exposure to hypoxia-ischemia and 

were randomized between the four treatment groups. There were no significant 

differences between groups regarding P7 weight (10.5 (10.1-10.8) grams), sex 

(female 58%), or weight gain after the insult (9.8 (9.2-10.4) grams) (Table 1). 

Duration of anesthesia was 5.5 (5.0-6.0) minutes, and the time between ligation and 

hypoxia was 107 (96-117) minutes. Regression analysis showed that sex and weight 

of pups did not significantly influence injury (p>0.3). 
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Histopathological injury scores in the hippocampus are shown in Figure 2 a 

and b. 30-minute reoxygenation in100% O2 after hypoxia increased injury in the 

normothermia group, and abolished the neuroprotective effect of HT seen when 

reoxygenation was in air. Table 2 shows the results from the linear regression, where 

HT significantly reduced injury in hippocampus (p=0.018), while 100% O2 significantly 

increased injury (p=0.033). Table 2 further shows non-significant trends of increased 

injury after 100% O2 and of decreased injury after HT in cortex and basal ganglia. 

There was no statistical interaction between the effects of HT and oxygen (data not 

shown). 

Postural reflex performance (time to rotate 180° in the negative geotaxis test) 

(Table 3) worsened with hyperoxia, as reoxygenation in 100% O2 significantly 

increased time to rotate 180° (p=0.041), while the reduction after hypothermia was 

not statistically significant (p=0.122). Time to rotate 180° (seconds) in the groups 

were for 21%O2-NT: 4.6 (3.1-5.9), 100%O2-NT: 5.1 (4.4-6.0), 21%O2-HT: 3.3 (2.3-

4.1), and 100%O2-HT: 4.5 (3.4-6.7). 
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Discussion 

The main finding of the current study is that the neuroprotective effect of 

therapeutic hypothermia is counteracted by breathing 100% oxygen during 30 min 

reoxygenation before HT. We confirm a ~50% neuroprotective effect of therapeutic 

hypothermia after reoxygenation in 21% O2 in the immature rat one week after 

hypoxia-ischemia. Breathing 100% O2 for 30 min after hypoxia, but before HT, 

cancelled the HT protection seen when reoxygenation was in 21% O2. The best 

outcome appeared after reoxygenation in air followed by HT, and the worst scores 

were seen after reoxygenation in 100% O2 followed by NT. The effects of hyperoxia 

and hypothermia were in the opposite direction in all brain regions, but reached 

statistical significance only in the hippocampus, one of the most sensitive regions for 

hypoxic injury.36, 37 In the previous HT studies using the same degree and duration of 

HT we demonstrated significant neuroprotection by HT in all areas of the brain, not 

only in hippocampus.29, 38 We speculate that introducing a 30 minute delay for 

administration of 100% or 21% O2 before HT, together with an increased core 

temperature from 36°C to 37°C during this period, may have reduced the effect of HT 

in cortex and basal ganglia in the current experiment.  

We report increased brain injury after 30 minute reoxygenation in 100% O2 

following an HI-insult. This is in line with results in a newborn mouse survival model, 

where 30 min of 100% O2 after hypoxia caused increased brain injury, disrupted 

myelination and accumulation of nitrotyrosine.20 In contrast to this, other investigators 

found no difference in brain injury in rats after reoxygenation in 100% oxygen vs. 

air,39 or even reduced injury after 100% oxygen in mice.40 Importantly, more animals 

in the 100% group died prematurely and were excluded from analyses in the latter 

study.  
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The postural reflex examined in the negative geotaxis test was significantly 

slower in animals reoxygenated in 100% O2 after the insult, while there was a trend 

towards improved performance after hypothermia. Thus, the pathology results were 

supported by neurological performance. 

The present results are in line with studies showing protective effects of 

hypothermia2-4, 12-16 and studies demonstrating harmful effects of hyperoxic 

reoxygenation.19-22 The new and important knowledge added by the current study is 

the effect of the combination of these two highly relevant treatments. Contrary to 

previous findings in a newborn pig model,17 there was no indication that the 

protective effect of hypothermia was stronger after hyperoxia, but rather that 

hypothermic neuroprotection was counteracted by reoxygenation in 100% O2. Thus, 

the results suggest that hypothermia is effective both after 21% O2 and 100% O2, but 

that the starting point after hyperoxic reoxygenation is worse, resulting in a seemingly 

reduced protection by hypothermia. One explanation could be that hypothermia and 

hyperoxia have opposite effects on important contributors in the cascades after HI 

injury, such as ROS generation and the inflammatory response. 

Summary 

We confirm a neuroprotective effect of therapeutic hypothermia, and also 

demonstrate increased injury following reoxygenation in 100% O2 compared to 

reoxygenation in air. Further, the protective effect of hypothermia is counteracted by 

using 100% oxygen during reoxygenation. One way to optimize outcome after HI 

could be to avoid hyperoxia before therapeutic hypothermia.  
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        7. Figure Legends 

Figure 1. Experimental Design and Rectal Temperature Recordings 

during the Experiment  

Rectal temperature recordings in temperature probe rats. Experimental 

design: 90-minute hypoxic exposure at 36°C in a chamber with 8%O2 (HI 

insult), before 30 minute reoxygenation at 37°C in either pure oxygen 

(100%O2) or air (21%O2), followed by 5 hour recovery at either 37°C (NT) or 

32°C (HT). This resulted in four groups: 21-NT, 100-NT, 21-HT and 100-HT. 

 

Figure 2. Pathology Scores in Hippocampus 

Figure 2a. Wilcoxon-median (95%CI) pathology score in hippocampus 7 days 

after the insult were significantly reduced by HT (p=0.018), and significantly 

increased by reoxygenation in 100%O2 (p=0.033). The median values are 

almost identical to the values estimated by regression (Table 2). 21=air, 

100=100% O2, NT=normothermia, HT=hypothermia. Pathology scores (grade 

0.0-4.0, given at 0.5 intervals) corresponding to degree of brain injury: 0.0-1.0 

= 0-10%, 1.0-2.0 = 10-30%, 2.0-3.0 = 30-60%, 3.0-4.0 =60-90%, 4 � 90%. 

Figure 2b. Distribution of individual pathology scores in the hippocampus. 

Circles = 21-NT, squares = 100-NT, open triangles = 21-HT, diamonds = 100-

HT. 
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Table 1. Animal Characteristics 

 
21%-NT 

n = 16 

100%-NT 

n = 15 

21%-HT 

n = 18 

100%-HT 

n = 15 

Weight at P7,  

grams* 

10.6 

(9.5-11.6) 

10.3 

(9.3-11.2) 

10.6 

(10.0-11.2) 

10.3 

(9.5-11.2) 

Female 63% 60% 61% 53% 

Weight gain at P14, 

grams* 

10.6 

(9.3-12.3) 

9.5 

(8.4-10.5) 

9.7 

(8.4-10.7) 

9.3 

(8.3-10.9) 

*Wilcoxon-median (95%CI). Weight gain includes only rats that survived until P14, 

5 rats lost weight until they died prematurely. NT=normothermia, HT=hypothermia.
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Table 2. Linear Regression Showing the Independent Effects of Hyperoxia and 

Hypothermia on Pathology Score 

Model Coefficient 95% CI SEM p 

Hippocampus     

    Constant   1.896 (1.383, 2.410) 0.257 <0.001 

    Hypothermia - 0.721 (-1.314, -0.128) 0.297   0.018 

    100% O2 +0.647 (0.054, 1.241) 0.297   0.033 

Cortex     

    Constant   2.101 (1.481, 2.721) 0.310 <0.001 

    Hypothermia - 0.385 (-1.101, 0.331) 0.358   0.286 

    100% O2 +0.392 (-0.325, 1.108) 0.358   0.279 

Basal ganglia     

    Constant   1.779 (1.316, 2.242) 0.232 <0.001 

    Hypothermia - 0.305 (-0.840, 0.230) 0.268   0.259 

    100% O2 +0.357 (-0.179, 0.893) 0.268   0.188 

Dependent variable: Neuropathology score in hippocampus, cortex and basal 

ganglia. Independent variables: temperature; Hypothermia or Normothermia, and 

oxygen; 21% O2 or 100% O2. SEM = standard error; CI = confidence interval. The 

residuals were normally distributed. 
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Table 3. Linear Regression Showing the Independent Effects of Hyperoxia and 

Hypothermia on Postural Reflex Performance (Negative Geotaxis Test) 

Model Coefficient 95% CI SEM p 

Constant   4.304 (3.357, 5.250) 0.473 <0.001 

Hypothermia - 0.863 (-1.962, 0.237) 0.549   0.122 

100% O2 +1.158 (0.050,2.265) 0.553   0.041 

Dependent variable: Best time to rotate 180° from head down to head up position on 

a 45° slope. Independent variables: temperature; Hypothermia or Normothermia, and 

oxygen; 21% O2 or 100% O2. SEM = standard error; CI = confidence interval. The 

residuals were normally distributed. 
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Figure 1 
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Figure 2a 
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Figure 2b 
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